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Supplementary Note 1. Micro-photoluminescence spectra of HS1
and HS2 before and after hBN-capping

Fig. shows a comparison between the u-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. Tt should also be noticed that the MX band is very close in energy for HS1 (after capping)

and HS2.
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Figure 1.1: u-PL spectra acquired at 6 K and with analogous power on HS1 (deposited on a SiOs
substrate) and on HS2 (deposited on a hBN flake) before and after hBN-capping.

The energy of our MX band (Epr,) agrees with those reported in the literature. Figure[l.2)(a)
shows the PL peak energies of WSes/MoSey HSs with the corresponding reference. All data refer
to low temperature (7<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
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Figure 1.2: (a) Survey of the photoluminescence (PL) peak energies, Epy,, of WSey/MoSe; HSs as
reported in the literature. R and H indicate HSs with twist angle f~ 0° and =~ 60°, respectively.
(b) Same data as in (a) for R-type HSs as a function of §. The plot shows only data for which the
twist angle is provided by the authors. References. a:[I]; b:[2]; c:[3]; d:[4]; e:[B]; £:[6]; g:[7]; h:[8];

1:[9]; j:[10]; k:[11]; 1:[12]; m:[13]; n:[14]; o:[15]; p:[16]; q:[I7]; r:[I8].

on the relative alignment angle: i) R-type HSs corresponding to a twist angle, 8, around 0° and
ii) H-type HSs corresponding to 6 around 60°. We note that the Epy, values relative to each type
of HS remain rather distinct, although a large spread of values is observed within each type of
HS. Fig. (b) shows the dependence on 6 of Epy, for R-type HSs (namely, the type investigated



in our work). The plot includes Epr, values for those works, where 6 was given. Clearly, no
well-defined trend can be overall observed. This is likely due to the large uncertainties in the
determination of 0, 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 [I9]. The R-type HSs considered in our work feature Epy, values, which are
higher than the average reported values, yet well within the literature distribution of Epy, 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 u-PL measurements
performed while scanning the laser (Pex. = 0.22 uW) over HS2 with an S-like scan. The scanning step
was of about 0.3 um. 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. 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 pm. 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.



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.



Supplementary Note 2. Moiré period and stacking angle

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

h2 k‘2
H =0+ —— + A(r), 2.1

o+ T Aw) (2.)
where the first term is an energy constant, the second term is the center of mass kinetic energy, M
is the exciton mass and A(r) is the moiré potential energy. For a MoSes/WSeq HS, M ~ 0.84m,
where m, is the electron bare mass [10]. Near its minima, the moiré potential A(r) can be
approximated as parabolic: A(r) = 8(r/ans)?/2, where ay; is the moiré potential period and j3
is a constant independent of ap;. Excitons confined in this parabolic potential have quantised
energy levels:

ph?

E, = —s
m Ma%\/[

(g +ny + 1), (2.2)

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

| BR?
S = . (2.3)
Ma?\/[
Following ref. [10], § = 2.84 V.

The moiré period ay; can thus be estimated by measuring the spacing, as:

2
aM:%-\/%. (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. 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: Sps; = (12.8 £1.3)
meV and Sgse = (20.3 &+ 3.4) meV. Through Eq. we estimate: apps: = (39.8 &£ 3.9) nm
and aprps2 = (25.1 £4.2) nm. According to the calculations by Liu et al. [2], such periods
correspond to stacking angles of fg; = (0.467007)° and gz = (0.747019)°.

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 fgge ~ 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.

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
0 with respect to an arbitrary set of laboratory coordinates (X,Y). Fig. displays the SHG
measurements taken on pieces of the WSey and MoSes MLs that stick out of the HS. The two
sets of data were then fitted by the equation:

Isuc = [A-cos(30")]%, 0 =0 -6 (2.5)

where 0’ is the angle between the excitation laser polarisation and the armchair direction, and 6
defines the direction of the armchair lattice direction with respect to the X axis of the laboratory
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Figure 2.1: p-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.
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Figure 2.2: SHG normalised intensity measured in the WSes and MoSes MLs that constitute HS1
as a function of the rotation angle of the sample.

system. Indeed, the 0y angles found for WSes and MoSey are very close to each other, with a
relative twist ABp = 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. [I4] 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
Fig2:3], 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 MoSez/WSep 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 p-PL signal of HS2 recorded in the At=0-800 ns interval from
the laser pulse and comparison with the analogous data acquired for HS1. The excitation power was
1 uW. 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. [I4]. 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.



Supplementary Note 3. Time-resolved micro-photoluminescence data

Fig. [3.1] shows the time resolved u-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
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Figure 3.1: Time-evolution of the u-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. 7qn is the decay time relative to the n-th component, whose weight is given by wq p.

Energy Range 74,1 (ns) wq,1 (%) 74,2 (1s) waz (%)  7a3 (ns)  wasz (%)
Low (pink) 227+0.09 609+14 14.0+ 0.6 34.6 £ 0.8 51 +4 4.4+ 0.7
Medium (cyan) 1.59+0.01 78.1+04 15.24+0.2 15.8+0.1 77.0+£03 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




Supplementary Note 4. Estimation of photogenerated carrier density

Figure 3 in the main text shows the cw p-photoluminescence (PL) spectra at T=6 K varying
the laser power Pey. between 44 nW and 100 pW. To each Py, value we associate a specific
density of electron-hole pairs ne_1, 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
Pexe - U(ne—h)
S-hv
where o(ne_y) is the dependence of the absorbance of the MoSes/WSes HS on the photogen-
erated carrier density, S = mr? is the laser spot area with 7=500 nm, and hv—=2.33 eV is the
exciting photon energy. In addition, in a stationary (i.e. continuous wave) regime we have

G(ne_p) = (4.1)

dne_n Ne—h
Ol ) — _ 4.2
dt G(ne h) T(nefh) 07 ( )

where 7(ne_p) is the dependence of the exciton decay time of the MoSez/WSes HS on the
photogenerated carrier density. To solve this equation we need to derive o(ne_p) and 7(ne_y).
0(ne—y) was previously reported in Ref. [9] and it is reproduced in Fig. 4.1
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Figure 4.1: Optical absorbance of a MoSes/WSey 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].

T(ne—n) was deduced in two steps. We first measured the time decay of the exciton u-PL
signal, whose temporal traces are shown in Fig. [£.2] for different Peycs. We then fitted the data
using Eq. (1) in the main text with n = 3 components characterised by their decay time 74,
with relative weight wq,. Table reports the 74, and wq, values for different Pexcs along
with the weighted value of the decay time 7. Finally, we obtained 7(ne_yp) using the following
relationship under pulsed excitation between the injected carrier density n and Peyc:

Poxc -0

_ 4,
S'frep'hV7 ( 3>

n
where 0=0.08 is the absorbance of the MoSes2/WSey HS evaluated for hv=2.33 eV as reported
in Ref. [9] of this Supplementary Material, and fiep=1.2 MHz is the pulsed laser repetition rate.
Therefore, we can relate n to Pexe and hence to 7 via Table 4.1 Fig. shows the dependence
of 7 on n.
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Figure 4.2: a Some exemplifying plots of the time-evolution of the u-PL signal of the investigated
WSey /MoSey HS recorded at 6 K for different excitation powers Py, in the At=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 Egs. (2) (left column) and (1) (right column) of the main text. b Summary of the estimated
rise times 7, as a function of Pey.. Above 1 pum (as highlighted by the vertical dashed line) the rise
time goes below the resolution limit of our setup. ¢ Summary of the estimated decay times 74, as
a function of Py and corresponding weights wgq y.

Table 4.1: Fitting parameter values shown in Fig. . Td,n is the decay time relative to the n-th
component, whose weight is given by wq . The last column reports the weighted decay time 7.

Pexe (MW) 741 (ns) wgn  Ta2 (n8) wq2 Ta3 (ns) waz T (ns)

10 9.3 0.32 60.2 0.34 254.9 0.34 1104
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 9.3 0.50 38.4 0.32 201.2 0.17 499
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 0.08 229
1000 2.3 0.73 241 0.20 170.8 0.06 17.6
2000 2.1 0.77 22.6 0.18 159.2 0.06 13.7
3000 1.5 0.81 19.1 0.15 150.7 0.04 9.9

Given the results shown in Figs. and we can solve Eq. fna,mely Ne—h =G (Ne—_1) -
T(ne—n)— numerically as displayed in Fig. The solutions are given by the crossing of the first
and second member of the above equation plotted on the y and z axis, respectively. That plot
finally allows us to give the density of photogenerated electron-hole pairs for a specific excitation
power Peyc.
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Figure 4.3: Dependence of the weighted decay time 7 (symbols; see Table on the density of
photogenerated carriers ne_p. The solid line is a bi-exponential fit used to interpolate the data.
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Figure 4.4: Plot of G(ne—p) - T(Ne—n) vS ne—n. The intersections between the bisecting black line
and the other curves gives the solutions of Eq. [f.2] for each of the cw Pey. 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 pu-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. Indeed, very similar
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Figure 5.1: Decay times and weights derived from time-resolved pu-PL measurements performed at
6 K for different excitation powers P.... The data were acquired in the At=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 74, as a function of Py (top) and corresponding weights wq ,, (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 ws
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-Pg, (6.1)
where Py is the laser excitation power, A is a scaling constant and « a coefficient, whose value
suggests the type of transition involved (e.g a=1 exciton transition, =2 uncorrelated electron-
hole pairs, <1 finite density two-level system). Figure shows the dependence of I on Py,
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

12



7 10 . e
c o F 3 :
2 10 r . 3
0 3 3 3
[ 5 [ -
o 10 - ( Q.,B 3 X - 3 3 1 - }
2 . F 7 = 0.55 + 0.023 10'f 0/9 oy = 062+ I].CH_1 10k y o o, =062+ 0.01_;
Ewf e e ° s e SRR
= g L R WL 10° e PRSP sE, 9 RET B
n‘ 2 3 4 5 2 3 4 S5 10 2 3 4 5
10 10 10 10 10 10 10 10 10 10 10 10
E 1 10 L et r I I I 8 7
£ 0¥ 110" kla0K 1 :
5 r 1 10 rD 1: 10‘ - >
g of e ' RS X 3
L I 10F LI D 2 4 :
£ 10* i' . ..e__..-@ Uy = 0.65 + 0,01_; 10° 3 & [ []]4#_[].02_; . r _,9-’9/. Uy = 0- 79_+ 0. 05}
. E o =1.01+001 3§ .F ¢ (,=113:001 3 10 & ,, =1.07+0.03 1
o ot 10° L ATV Ao | E ol el Xl E
0 10 10° 10° 10
z 10° |
c 5
S 3
s 10
© i
-— 10 y
= ; & 0, = 0.93 £0.02
£ 10° k o 0@ .
X a, =099 +0.02
T 2 '

;:n-.. . AL NENLELELLLLL B LLLL | 10& r- RAAALL NN LR Ll B AR L L LL B R L | 3 105 ll.ul[ LRLELELL | LERELERLLL B LY 3
c 3 3 ] C 9 3
> ok MX-IX ] 10°f MX-IX 110°k MX-IX 1
0 3 3 - E 3 L
= 10* E 3 10° r : e 1 10* o 4
— 3 1
2 Uy = 0.99+0.023 10° | Q__/e_-.-‘i wxax = 0-90 £ 0. 06, X U, = 0.95+0. 053
g = 03 1 40f — X o =100 0.04 10° F _ .
E 310k v T BT |
10° 1[)3 10 10°

E‘ N 100 !_ | LR Ll | 1 100 !_

; y 105 !_- _l 105 !.
'D E 4 : - 4 :
S 1 10°F . & -! 10 F
E' =0 931'006: 103 MXIJ(._- 1. 09“+’0“ 021 103 i.
- L 1 w3 2 ~ sl N I“: (I‘ A 2 Fod

10 10

& 10° 10° 10* 10° 10° 10° 10°* 10"’
7 : 5] e 3
€ 10k B r 5 e 4

- 3 MX-1X ] 3 A 3
g f 1 ok o MX-1X 3
o 10°F 10 F 3
: i hxix =1.01+0. 02! E e Capeax = =0.97 + 0.043
c 3 [ | @ S 1
= 1W0F 97 + 0.0 3 =1.00£0.02 +
d E ¥ ) Eauul sl wl 3

10° 10° 10°*
™ L [ T
E ]
o E .
s 10'F ]
N: F
E 10 E 3 1
10° 10‘ 10°
Power (nW) Power (nW) Power (nW)

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. The « coefficient values obtained from the fits are displayed within each plot.
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Supplementary Note 7. Integrated photoluminescence intensity of HS2 wvs
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 p-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 P.y. to the IX prevailing at high Pey..
The same trend was indeed observed also for HS2, as demonstrated by the power-dependent
spectra acquired at 80 K and shown in Fig.

HS1 HS2

//\ A o
44 yWwW
m % o
100 nW

MX |

MX 44 nW
1 " 1 " 1 " 1 " 1 " 1 "

1.20 1.25 1.30 1.35 1.40 1.45 1.20 1.25 1.30 1.35 1.40 1.45
Energy (eV) Energy (eV)

Norm. PL Int.
Norm. PL Int.

Figure 7.1: Left: T=90 K p-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 « coefficients shown in Fig.
)

Similarly to HS1, also for HS2 one can notice a saturation behaviour (evidenced by the
sublinear power trend, i.e., @ < 1) of the MX/IX band at low temperatures, with the « coefficient
that increases with temperature. From about 100 K, the power trend becomes linear (o = 1).
Interestingly, for HS2 the linear trend is reached at a 7" value about 20 K lower than for HS1 (as
highlighted by the black dashed lines is Fig. , 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
Py for the MX-IX and X bands and the corresponding fits, from which the « coefficients were
derived, is shown in Fig.
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Figure 7.2: Temperature variation of the « 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. The « 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 p-photoluminescence (PL)
spectra recorded on the investigated WSes/MoSes heterostructure for a given laser excitation
power Pexe (=10 pW). 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 shows a similar study performed at a higher (=100 W) and lower (=1 W)
Pexe. Figure [B1] indicates that, for a given T, the de-trapping process becomes more apparent
for a larger density of photogenerated carriers (i.e. larger Peyc).

Peye =100 pW Peye =10 pW Peye =1 HW
- 1~ 1 r T 1 T T T - 1~ 1 r T 1
IX IX

,;;ﬁwwm‘

L

296
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‘w’ 0

180 K
160 K
140 K
120K

/‘/\"
=
%
—

5K M MX
1 L 1 L 1 L 1 L 1 1 L 1 L 1 L 1 L 1 1 L 1 L 1 L 1 L 1
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]

Figure 8.1: u-PL spectra vs T at three different laser excitation powers Pey. (focused via a 20x
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.

160KI ot T
L IX
> MX
‘@
C
Q
= _
§ 1 uW
S
z
100 uW

n 1 X 1 n 1 1 1

120 125 130 135 140

Energy (eV)
Figure 8.2: u-PL spectra at 160 K for different laser excitation powers P.y. (focused via a 20x

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-u-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. shows the polarisation-resolved
magneto-u-PL spectra acquired on HS2 at 10 K with Pey. = 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 ot polarisation with respect to the
o~ one, and the g-factor is thus positive. Fig. shows instead the spectra acquired at 160
K with P.. = 100 uW. 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 o~ component lies at higher energy than the o™ component,
indicating a negative g-factor.

a 10 K, Py = 50 nW b 160K, P, = 100 W
T — T T T

6_ '0+| T T T T T T T T
y% 16T

M
SS === —
M
SSises

Norm. Intensity

Norm. Intensity

| | | M2I 1 1 1 ot

M2

N 1 N N N N N 1 N N N N L 1 N N 1 N
1.33 134 135 136 1.37 1.33 1.34 135 1.36 1.37 1.32 136 1.40
Energy (eV) Energy (eV) Energy (eV)

Figure 9.1: Magneto-u-PL measurements on HS2 at low and high T's. a Polarisation-resolved
magneto-u-PL spectra acquired on HS2 with P, = 50 nW from 0 to 16 T in steps of 0.5 T. Two
moiré narrow lines (Ms) are indicated. b Polarisation-resolved magneto-u-PL spectra at T' = 160 K
and Poy.=100 uW of the free IX band for ¢* and ¢~ polarisations. A negative ZS can be observed,
with the o7 and o~ 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. 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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Figure 9.2: g-factor of the MXs and IX of HS2. d ZS of the two moiré-localised excitons M1 and
M2 highlighted in Fig. and of the free IX exciton shown in Fig. vs magnetic field, resulting
in the g-factors displayed in the figure. The ZS data of the M2 line was shifted by y-offset (by 2
meV) for ease of visualisation.
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Supplementary Note 10. g-factor of the moiré energy levels

Fig. [10.]] shows the polarisation-resolved magneto-u-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-u-PL
spectra acquired on HS1 with Py = 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 o~ and ot polarisations. ¢ 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. 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 [I}, [5].
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Supplementary Note 11. Temperature-dependent g-factor of the MX /IX band

Figure [T1.1] shows a series of magneto-u-PL spectra recorded with an excitation power of 75
uW at different magnetic fields for 7=210, 160 and 100 K, panels (a), (c) and (e), respectively.
The spectra were recorded with opposite circular polarisation filtering (oF and o~) and the ZS
was then derived. The ZS dependence on B is shown in panels (b), (d) and (f) for 7=210,
160 and 100 K, respectively. At the considered temperatures, g is negative and corresponds to
the gyromagnetic factor of the free interlayer exciton gexcix. 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 gexcix sign and absolute value can be ascribed to the avoided
action of the moiré potential determined by the 7T-induced MX de-trapping. Indeed, gexcix
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 u-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 7" = 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 Pex. = 75 uW (focused via
a 100x 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-u-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-u-PL measurements at a relatively high 7" 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. We acquired the

wKfp.= o

I / lmax

16T

0T

123 126 129 132 135 138
Energy (eV)

Figure 11.2: Polarisation-resolved magneto-u-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 o~ 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 7" 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-p-PL measurements on HS1 and HS2 employing a fixed
magnetic field B of 16 T, with Pey. values ranging over five orders of magnitude. The results are
shown in Fig. With increasing Pexc (or equivalently n._y), the positive Zeeman splitting
(i.e., E”+>E(’7) 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 Pex.) becomes nearly zero
as the PL band broadens and eventually turns negative on the high energy side of the u-PL
spectrum at the highest Pey. used. Thus, the high density of excitons achieved for large Py
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 u-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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