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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 WSe,/MoSe, 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 evolution with temperature show clear signatures that MXs
de-trap from the moiré 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 68" 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
gap”®. The moiré potential can be as deep as 100 meV**” and can
localise both intralayer excitons (Xs) residing in the MLs of the HS® and

interlayer excitons (IXs)*® and trions', 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 emitters>".
Furthermore, their space-indirect character endows IXs, and specifi-
cally MXs, with long lifetimes*® 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 WSe,/
MoSe, HS™. The topology of the moiré potential also induces strongly
correlated electron and exciton states™* that led to the observation of
an exciton insulator surviving up to 90 K in a WS,/bilayer-WSe, HS". In
addition, the MXs themselves were employed as a probe of the
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existence of Mott insulators and Wigner crystals in WSe,/WS, HSs at
relatively large temperatures'®".

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)
magnetic moments. Specifically, we studied the emission properties of
two exemplary WSe,/MoSe, HSs by continuous-wave (cw) micro-
photoluminescence (u-PL) measurements, also under magnetic field,
and by time-resolved (tr) u-PL. Low-temperature (7= 6 K) tr-u-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 potential**'®", as well as of MXs
localised at minima with different atomic registry as apparent from
their gyromagnetic factor®. 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 WSe,/MoSe, HSs were fabricated by depositing
the first ML on the substrate (directly on a SiO,/Si substrate in one HS,
and on a h-BN flake deposited on a SiO,/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 MoSe, and WSe, MLs
was estimated to be 6=0.46" in the first HS (hereafter HS1) and 0.74" in
the second (hereafter HS2), as detailed next. Such angles are close to 0°
and correspond to the configuration referred to as R-type (while HSs
with 6 close to 60° are named H-type). We will discuss mainly the
results obtained on HS1 with 8=0.46" and refer to HS2 (§=0.74") as a
comparative case. Figure 1a shows an optical microscope image of HS1
along with its sketch. Cw and tr-u-PL measurements were carried out at
variable laser excitation power Pe,. and temperature using a confocal
microscope setup. For p-PL excitation (u-PLE) measurements, we
employed the same setup using a wavelength-tunable laser as excita-
tion source. Magneto-u-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 u-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
MoSe, ML with a small contribution from similar transitions in the
WSe, 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 MoSe, and WSe, layer, respec-
tively), as also reported in other works*®”">, The blue line in Fig. 1b is
the p-PLE spectrum obtained by monitoring the MX signal while

scanning the excitation laser wavelength. The MX signal shows a
resonant contribution from the MoSe, and WSe, ML exciton states of
the HS, thus confirming the interlayer nature of the MX band. We point
out that, at variance with ref. 21, no MX-related absorption feature is
instead observed in the p-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 P.,. = 5 nW (corresponding to 0.64 W/cm?).
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 potential**'>"°, 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 minimum’*. The centroid energy of the MX band (1.357 eV)
indicates that the investigated HS is R-type (8 = 0°)**"% with R local
atomic registry>’. In fact, for H-type HSs (0=60°) the MX
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Fig. 1| Optical properties of the WSe,/MoSe, R-type HS1. a Optical micro-graph
(left) and sketch (right) of HS1. b Low-T u-PL and u-PLE spectra of the HS, left and
right axis, respectively. In the p-PL spectrum (Pey. = 2 uW), X indicates the intralayer
exciton recombination from localised states of the MoSe, and WSe, monolayers
(lower- and higher-energy side, respectively). MX is the moiré exciton band. In the
p-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 MoSe, and WSe, layers. ¢ y-PL
spectrum of the MX band acquired with very low laser power excitation (5 nW). The
spectrum can be reproduced by five Gaussian 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 u-PL spectra recorded at different temperatures (and Pey. =20
UW). The moiré/interlayer (MX/IX) exciton band is visible up to room temperature.
X indicates the exciton band related to the single layer MoSe, and WSe;, con-
stituents of the HS.
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Fig. 2 | Decay and rise of the moiré exciton band. a 7=10 K and Pey. =1 uW p-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 the MX band. On each of these regions, the u-PL time evolution was
recorded. b Time-evolution of the u-PL signal recorded in the At = 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 74, values obtained by fitting the data via Eq. (1)
(see solid lines) are displayed. ¢ The same as b for At = 0-1.0 ns. The rise time 7,
values displayed in the panels are those used to reproduce the data with Eq. (2) (see
solid lines). The data in the right-most panel could not be fitted reliably.

recombination is centred at a higher energy —by about 40
meV>371011222431_ dque to the shallower moiré potential for H-type
HSs with respect to R-type HSs’, see also Supplementary Note 1. From
the spacing between the MX states, as detailed in Supplementary
Note 2, we estimate a moiré superlattice period ap, of about 40 nm,
which corresponds to 8= (0.46* 597 ) °. Second harmonic generation
(SHG) measurements confirm that estimation and provide
6=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
6=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-u-PL results at T =10 K, where most of the
HS emission is due to the MX recombination in the RX minima of the
moiré potential®’*2, Figure 2a shows the u-PL spectrum of HS1 recor-
ded at a power 200 times larger (Pe =1 uW, i.e., 128 W/cm?) 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 R 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 R} and Rﬁ 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 corresponding u-PL signal time evolution from the laser pulse up 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

3
t—t
Idecay(t) = ZAd,n - €EXp <_ TO> ’ (1)

n=1 n

where ¢y is a reference time (from which the decay starts), and 74, is
the decay time relative to the n-th component, whose weight is given
by Wqn=Adn/(Adq1+Adz+ Aq3). The fitting curves are superimposed to
the data as solid lines in Fig. 2b and the 74, values are displayed in the
same figure (the complete set of the fitting parameters, including wq
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 states®. In any case, 74, gets shorter for the
higher energy ranges considered; this is particularly true for the 1.4 eV
component, similar to recent results**"*", This finding supports the
hypothesis that the structured MX emission corresponds to a ladder of
discrete states arising from the moiré potential**'"’. 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 TMD MLs 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 ps****, in contrast with MX. A similar behaviour is found in the
second WSe,/MoSe, HS investigated, or HS2, with energy spacing
between the moiré resonances equal to (20.3+3.4) meV and twist
angle 8=(0.74"01)"1°, The data for HS2 can be found in Supplemen-
tary Note 2. As shown there, it is worth remarking that for HS2,
featuring greater 6 than HS1, longer decay times 74, 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

lia(®= = A 0xp (=12 gy 0 @

r

where 7; is the luminescence rise time and /yecay 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 A, and 7, as fitting
parameters. The 7, 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. 3 | Photo-generated carrier density and temperature dependence of the
exciton bands. a 7= 6 K u-PL spectra of HS1 recorded for different laser excitation
power values. MX indicates the moiré exciton band and X the intralayer exciton
recombination in the MoSe, and WSe, layers (lower- and higher-energy side,
respectively). b PL integrated intensity dependence on the laser power Pe,. for
the MX or MX-IX bands (azure symbols) and for the X band (light orange symbols)
at T=6 K (full symbols) and T=90 K (open symbols), respectively. Solid and dashed
lines are fits to the data with Eq. (3) for T=6 Kand 90 K, respectively. At T=6 K, the a
coefficient values are 0.55+0.02 and 0.89 + 0.02 for MX and X, respectively.

At T=90K, the a coefficient values are 0.99 + 0.02 and 0.97 + 0.03 for MX-IX and X,
respectively. ¢ Temperature variation of the a coefficient for the MX-IX and X
bands. In the former case, a clear transition from a sublinear to a linear behaviour is
found and ascribed to the transition from a moiré localisation regime to a free
interlayer exciton one (hence the mixed label MX-IX). d T = 90 K u-PL spectra 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. e Same as d for T =296 K, where only the IX
transition is observable.

potential (together with the likely population of moiré excitons in the
relative minimum at the RE 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-u-PL
measurements on both HSs, reported in Supplementary Note 4 and 5,
show a progressive shortening of the time decay of the MX band as Py,
increases. This is a likely consequence of exciton-exciton interactions,
that tend to diminish the exciton lifetime®°,

Exciton recombination vs carrier density and temperature

The X and MX 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 u-PL spectra
of HS1 at T= 6 K for P.,. ranging from 44 nW (i.e. 5.6 W/cm?) to 100 uW
(i.e.1.3-10* W/cm?). The MX band broadens and its centroid blueshifts
with increasing P, likely as a consequence of the dipole-dipole
interaction between MXs**?2?%%73%_ Following Ref. 13, we determine
that in the Pey. = (0.044-100) uW range the density of photo-generated
electron-hole pairs within the HS varies from n.;, = L1-10" cm™ to
2.3-10" cm™ (see Supplementary Note 4). We note that the highest
nep, achieved by us is smaller than the value necessary to observe an
optically induced Mott transition from IXs to spatially separated
electron and hole gases”. Nevertheless, from the previously estimated
period of the moiré potential a,, =40 nm, the corresponding density of
moiré minima is equal to 7.2-10° cm™ 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 Pe..>*>*%. Recent simulations based on the Green’s
function formalism®® showed that exciton densities around 10" - 102
cm 2 trigger intercell hopping and exciton delocalisation effects, which
reflect in a blue-shift and broadening of the moiré emission band. In

the present case, we observe such effects starting from Pey. = 4.4 uW
(see Fig. 3b), corresponding to nes,=4-102 cm?, in good agreement
with ref. 38. On the other hand, the X band, which, as we recall, com-
prises the MoSe, and WSe, 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 / of the HS exciton and X bands as a function of P for
T=6Kand T=90K. At 90 K, the HS exciton band is labelled MX-IX to
indicate the contribution from IXs (or de-trapped MXs) occurring at
high P 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¢&

exc’ 3
where A is a scaling constant. At T= 6 K, a is equal to 0.55 + 0.02 for MX
and 0.89 +0.02 for X. The smaller a found at low T for the MX signal
from the HS (as opposed to that from intralayer excitons X in the MLs) 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 P, is maintained also at 7 = 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 7. As a matter of fact, the a value of MX-IX becomes
approximately equal to 1 at 90 K.

Nature Communications | (2024)15:1057



Article

https://doi.org/10.1038/s41467-024-44739-9

Puzzled by this finding, we investigated the dependencies on Peyc
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 3¢ summarises the variation of the
coefficient a with T, as obtained from Eq. (3). For the X band, a nearly
linear behaviour is observed at all temperatures. Instead, for the MX-IX
band, a 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 (a =
1) all over the temperature range. Although also in HS2 the coefficient a
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 angles®. On the one hand, these results strengthen the picture
described so far. On the other hand, they point to the crucial role of 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 HSI at
different P, 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 Pe,.) to the single component peaked at
about 1.37 eV (at the highest Pe,.). 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 WSe,/MoSe, HS**7). This behaviour is not
evident at the lowest T values (see, e.g., Fig. 3a), when MXs are frozen in
their potential minima. Eventually, for 7>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 Peyc.
See Supplementary Note 7 for similar data recorded on HS2 (having
greater 6).

Moiré exciton de-trapping, magnetic moment and dynamics
vsT
The moiré exciton de-trapping is even more evident in Fig. 4a, which
shows the u-PL spectra of HS1 for different T values and Pey. = 10 uW;
similar studies for higher and lower P.,. are shown in Supplementary
Note 8. From 7= 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 7 =
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
WSe,/MoSe, HSs**”7, where only the exciton singlet state is optically
permitted (the MX-IX energy distance becomes 75 meV in the HS2 with
greater 6). Although qualitatively, also this observation agrees with the
expected shallower moiré potential depth for greater twist angles®; 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 higher®??”. Also, we exclude that the two transitions
coexisting at intermediate T are ascribable to Kcg-Kyg (CB and VB stand
for conduction and valence band, respectively) and Acg-Kvg IX
transitions”, which differ by 55 meV*.

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 WSe,/MoSe, HSs with a transition
temperature <50 K that is in contrast with our results. On the other
hand, exciton diffusivity measurements’ showed the absence of MX
de-trapping in a WSe,/MoSe, HS with nearly perfect lattice alignment
(6=0.15"), while a clear de-trapping was visible for 6> 27.

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 g... —embedding the spin, orbital and valley properties of
the bands— turned out to be an extremely sensitive parameter of the
electronic structure of nanostructures*® and of 2D crystals*** and
their HSs>'02022724264548 10 WSe,/MoSe, 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 HSs*’. The spin-singlet and spin-triplet
excitons feature a g.. value with a positive (=+ 7) and a negative (=-15)
sign, respectively, the exact value depending on the specific
sample>?02224254648 Qur HS is R-type, as discussed before, and there-
fore we expect a positive gex value. Figure 4b shows the magnetic
field, B, dependent p-PL spectra of HSI in the HS exciton region at
T=10 K and Pex. = 10 nW (corresponding to ney, = 2.0 -10° cm?, see
Supplementary Note 4). For each field, the opposite circular polarisa-
tions ¢* were recorded simultaneously on two different regions of the
CCD detector, see Methods. Figure 4b shows the ¢ and o -polarised
p-PL spectra that exhibit several narrow lines due to different MXs.
They all undergo a Zeeman splitting (ZS) given by

ZS(B)=E" —E” =ge\ - B )

E° are the peak energies of components with opposite helicity o' and
o, and g is the Bohr magneton. The positive (negative) energy shift
with B of the ¢* (07) component of the lines displayed in Fig. 4b indi-
cates that gex. > O for the individual MXs. Then, magneto-u-PL mea-
surements were performed also at T=160 K and Pe,=75 uW, where the
HS exciton band is instead dominated by free IXs. Figure 4c shows the
o' and o° components of the IX spectra at different magnetic fields.
Remarkably, the two components shift with B accordingly to a negative
ZS, i.e. opposite to that found at 7= 10 K for the MX lines (for IXs, the ¢*
red component is at lower energy than the o~ blue one). Figure 4d
shows the ZS field dependence for the MX lines at 10 K and for the IX
band at 160 K, both fitted by Eq. (4). The resulting ge. for the (trapped)
MXs and (free) IXs are gexcmx =+ 6.73 £ 0.10 (this is an average value
over the 5 measured MXs) and gexc,x = — 4.64 + 0.10, respectively. The
former is in close agreement with previous experimental******” and
theoretical® results found for MXs in R-type WSe,/MoSe, 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 Pe,., 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 Ze..=+4.43+0.89. The smaller g, 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 single moiré lines, but also of an exciton
interaction-induced broadening of the the moiré 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 7 = 210 K and 100 K, as
described in Supplementary Note 11. The origin of the sign reversal of
Bexcix 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 gexx 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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Fig. 4 | Exciton magnetic moment sign reversal. a u-PL spectra of HS1 recorded
for different temperatures and fixed Peyx. = 10 uW focused via a 20 x objective
(NA=0.4). MX indicates the moiré exciton band and IX the free interlayer exciton
recombination. Note the major spectral transfer from MXs to IXs for 7>120 K.

b Magneto-u-PL spectra from O to 12 T (in steps of 1 T) of the MX band at T=10 K
and Pey. =10 nW (focused via a 100x objective with NA = 0.82). The upper and lower
panels correspond to the ¢* (red) and o™ (blue) circular polarisations, respectively.
The data are stacked by y-offset. The positive and negative slopes of the ¢* and o~
polarisations with the field indicate a positive gyromagnetic factor. The arrows

denote some specific MX lines. ¢ Magneto- y-PL spectra at T=160 K and Py =

75 uW of the free IX band for the ¢ * and ¢ ~ polarisations. A negative Zeeman
splitting (ZS) can be observed, with the 6 * and o~ spectra being at lower and higher
energy, respectively. d ZS of the five moiré-localised excitons M1 to M5 highlighted
by the arrows in panel b (M1 is the lowest energy one, M5 the highest) and of the
free IX exciton vs magnetic field measured in panel ¢, resulting in the gyromagnetic
factors displayed in the figure. The ZS data of the M2 to M5 lines were shifted by
y-offset for ease of visualisation. Error bars are within the symbol size.

procedure to that employed in ref. 43 for strained WS, MLs, for this HS
we use

Zexcix = 2[Lcp(MoSe,) — Lyg(WSe,)], ©)

where the first and second terms are the expectation values of the
orbital angular momentum of the MoSe, CB and WSe; VB, respectively
(the spin contribution cancels out because the band extrema involved
in the free IX transition have the same spin for R-type HSs). As reported
in ref. 20, Lcg(MoSe,) = 1.78 and Lyg(WSe;) = 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 ge. is found for the MX band
also at T= 80 K, as shown by u-PL measurements on HS1 performed at
B=16T and sufficiently low laser power (as low as 10 nW) to emphasize
the contribution of the MX band at high T; see Supplementary Note 11.

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

The exciton ZS in WSe,/MoSe; HSs may depend on the local atomic
registry, too?. Figure 5a shows a series of u-PL spectra recorded on HS1
with opposite circular polarisation (¢ and o) at different magnetic
fields for T =6 K and low laser excitation power Pe,. = 0.2 uW. 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 Sexcmx =+ 6.78+0.11
(panel ¢ of the figure). Figure 5b shows the same study of panel a
recorded on the same point of the HS but with a P.,. 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 of more than 30 meV with respect to the low-energy side of the MX
band at lower Pe,.. Quite interestingly and unexpectedly, under these
circumstances, the ZS value reverses its sign resulting in a gyromagnetic
factor gexc == 6.93, as shown in Fig. 5c. We also performed a PL study at
fixed B=16 T by varying Pe. over more than three orders of magnitude.
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 single moiré 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
100 meV (i.e., the moiré potential depth®*”) and (ii) the modulus of ey
(1-6.93|) found at high Pe,. and T = 10 K is larger than that (| - 4.64|)
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atomic registries”’. The experimental g-factors calculated for the MX lines at low

power (as an average of the g-factors estimated for the M1, M2 and M3 lines of panel
), and for the MX band measured at high power (pink data in panel c) are displayed
as orange pentagons, and —based on their value— are associated to the RX and R'ﬁ
registries, respectively. The cyan solid line and the orange dashed line provide the
g-factor calculated based on Eq. (5) and that measured experimentally (Fig. 4c, d) for
the free IX, respectively. The insets show the atomic alignment corresponding to the
three atomic registries. Error bars are within the symbol/line size. Bottom: Variation of
the interlayer exciton potential landscape with respect to its minimum at the R} point
(AE) in R-type MoSe,/WSe, HSs. Adapted from the calculations of ref. 3.

measured at high T (see Fig. 4c, d), where moiré de-trapped (and thus
free) excitons (IXs) dominate the emission spectrum. Thus, we conclude
that the main contribution to the MX band in Fig. 5b (high Pe,.) comes
from moiré excitons with Rﬂ local registry. Indeed, at low power, the
lowest energy Rﬁ states are first populated. When P, is increased, the
Rﬂ 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. The RY states, that lie at even higher energy, are not
visible due to their small oscillator strength®. This picture is corrobo-
rated by theoretical calculations, showing that g.,. =+ 6.19 for the R,’f
registry, while ge,. = 6.15 for the RE registry”. Figure 5d summarises
these findings and provide a comparison between experimental and
theoretical g, values for moiré-localised as well 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 phases'>'>16!,

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 u-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 Pey. = 44 nW (ne4=1.1-10" cm™).

It is clear that the MX formation dynamics becomes faster with
increasing T (for T < 100 K and Pey. = 44 nW, MXs dominate). The
experimental data were fitted by Eq. (2) and the T dependence of 7, is
displayed in panel b for two different photo-generated carrier

densities. At T = 100 K, t, 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 is more evident with increasing Pey., as can be noted in Fig. 6b.
As a matter of fact, a larger photo-generated carrier density tends to
saturate the MX states shifting the spectral centroid of the MX-IX band
towards the faster-forming IX levels.

The luminescence decay is also highly influenced by tempera-
ture variations. Figure 6¢ shows the MX-IX band decay curves at Pey
=1uW (e, = 1.2-10% cm™?) and different temperatures. The curves
can be reproduced using Eq. (1) and the values of the fitting para-
meters (74, and wy ) are displayed in Fig. 6d. The three values of the
decay time 74, decrease monotonically, with the shorter one (74;)
reaching the resolution limit (0.23 ns) at T =140 K, and the weights
of the slower components (wq , and wq 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 time®. The marked decrease of 74, 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
channels™.
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data get close to the resolution limit, the estimated rise time is affected by the
system response and thus only qualitatively indicative. ¢ Time-evolution of the z-PL
signal of the MX-IX band (see Fig. 3) recorded in the At = 0-800 ns interval from the
laser pulse. The data were recorded at different temperatures, as indicated in the
figure, and fixed Pex.. The grey area indicates the instrumental response. d Decay
times 74, values used to reproduce the data of panel c via Eq. (1). The same for the
spectral weights wg , of the different time components, see Eq. (1).

In summary, we investigated the process of temperature-induced
exciton de-trapping from moiré minima in WSe,/MoSe, HSs. We
observed that at temperatures above 100 K moiré excitons turn into
free interlayer excitons with relevant consequences for quantum
technology applications” and for the observation of many-body phe-
nomena, such as exciton condensation or Mott transition'**", 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 7. Indeed, the interlayer exciton g-factor exhibits a
remarkable reversal of its sign and decrease of its modulus (going from
about +7 to about-S5) concomitantly with the de-trapping of the
moiré-confined excitons for 72100 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 exciton capture 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 on PDMS. MoSe; and WSe, MLs on the PDMS were identified
and deposited. For HS1, the MoSe, ML was deposited first on a SiO,/Si
substrate, and the WSe, was deposited atop of it. h-BN flakes were 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
SHG measurements. For HS2, a h-BN flake was first deposited on a SiO,/
Si substrate. The WSe, ML was then deposited atop. The orientation of
the ML was checked by SHG. The orientation of the MoSe, ML on
PDMS was also checked, and the ML was deposited aligned to the WSe,
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 every deposition step, the samples were annealed in high vacuum
at 150 °C for some hours.

Continuous-wave p-PL measurements
For u-PL measurements, the excitation laser was provided by a single
frequency Nd:YVO, 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 N,-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 x 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 resolution measurements 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 p-PL measurements

For tr u-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 by means of a lens on an avalanche
photodetector from MPD with temporal resolution of 30 ps.

H-PL excitation measurements

For u-PL excitation (u-PLE), we employed the same ps supercontinuum
laser used for tr u-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 p-PL measurements.

Magneto-u-PL measurements

Magneto-u-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 x 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 ¢ and 0~ 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 x 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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