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Van der Waals heterostructures can be designed to con-
fine electrons and holes in unique ways. One remarkable 
approach is to vertically stack two atomically thin layers of 

transition metal dichalcogenide (TMD) semiconductors. The rela-
tive twist or lattice mismatch between the two layers leads to moiré 
pattern formation, which modulates the electronic band structure 
according to the atomic registry. Single-particle wave packets can 
be trapped in the moiré-induced potential pockets with three-fold 
symmetry, leading to the formation of trapped interlayer excitons 
(IXs)1,2. Trapped IXs, observed so far in MoSe2/WSe2 heterobilay-
ers, have compelling properties. In the limit of low temperature 
and weak excitation, the confocal photoluminescence (PL) spectra 
exhibit a few sharp lines (~100 μeV linewidths) with strong helical 
polarization dependent on the atomic registry and the C3 symmetry 
of the crystal lattice3,4. In addition, highly uniform g-factors depen-
dent on the relative layer twist are observed, clear fingerprints of the 
spin and valley configurations of excitons composed of band edge 
electrons and holes3–6. The PL emission from an individual trapped 
IX exhibits photon antibunching due to its quantum nature and, 
due to its large out-of-plane permanent dipole, is highly tunable 
in energy with a vertical electric field7. With increasing excitation 
power, the trapped IX density increases and the ensemble emission 
exhibits broader linewidths (≥5 meV) and multiple peaks due to 
different IX species can arise8–12, including charged excitons (tri-
ons), which can be controlled in gate-tunable devices9,10,12.

However, it is not yet clear what the relationship of the trapped 
IXs with the moiré superlattice is. In principle, trapped IXs should 
form in regular arrays according to the moiré pattern1,2. But, 
because the superlattice periodicity is ~10 nm, visualizing emitter 
positions in the far field is a substantial challenge. Nevertheless, 
far-field optical spectroscopy has revealed the existence of intra-
layer moiré excitons and hybridization13,14 and enabled observations 
of strong electron and hole correlations15–18, providing evidence 

that the moiré superlattice can be robust at the micrometre-scale 
in TMD heterobilayers. At the nanoscale, however, reconstructions, 
strain, ripples and other imperfections can affect moiré patterns, 
as observed with non-destructive local imaging techniques19,20.  
These structural ‘imperfections’ in a moiré pattern can have consid-
erable impact on the optical properties of IXs21–23. But, for trapped 
IXs that exhibit magneto-optical properties consistent with per-
fect C3 symmetry at a specific atomic registry, it is unclear how 
robust the moiré superlattice is and what the local environment of a 
trapped IX might be.

A trapped exciton can form a highly sensitive electrometer with 
optical read-out24,25. In this study we have exploited this technique 
to probe the local charge environment of trapped IXs as a function 
of carrier doping. We show that the trapped IX emission energy is 
sensitive to the Coulomb interaction energy of single nearby elec-
trons trapped in the plane of the TMD.

Electrostatic doping in a moiré superlattice. Our concept is illus-
trated in Fig. 1. Figure 1a shows a sketch of the dual-gated 2H-type 
stacked MoSe2/WSe2 heterostructure device that allows indepen-
dent control of doping and electric field. Figure 1b–d depicts a 
few moiré-trapped IXs at different electron doping densities in the 
moiré lattice. The white circles represent moiré sites where the hexa-
gon centres of MoSe2 and WSe2 are vertically aligned (that is, with 
an Hh

h local atomic registry). At low excitation power, only a few 
optically generated IXs are formed and confined in the most favour-
able moiré sites12, as shown in Fig. 1b. As additional electrons are 
added, the neutral IXs (IX0) are charged, forming on-site negative 
trions (IX–), and more empty moiré sites start to fill with excess elec-
trons (Fig. 1c). Upon further electron doping, the number of moiré 
trapping sites filled by excess electrons increases and the cumula-
tive Coulomb interaction between the trapped IXs and the spatially 
pinned electrons becomes stronger (Fig. 1d). Figure 1e shows a 
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schematic of the expected change in photon energy for a trapped 
IX as increasing electron density leads to sequential filling of the six 
nearest-neighbour (NN) moiré sites. At small electron densities, the 
Fermi level in the device stays within the bandgap and the energy 
of the localized IX0 remains constant, resulting in an energy plateau 
around the charge neutrality point (CNP). As the electron density 
increases and the Fermi energy reaches the bottom of the conduc-
tion band, excess electrons start to fill the moiré lattice. The first 
electrons are expected to occupy the same moiré sites as the trapped 
IXs due to the positive on-site trion binding energy9,10,12. This leads 
to the formation of an on-site IX–, whose energy is redshifted relative 
to the trapped exciton. Upon further electron doping, the increas-
ing density of excess electrons leads to a sequential filling of the NN 
sites. The repulsive Coulomb interaction between the IX– and the 
electrons in the NN sites induces a blueshift of the IX– energy. In 
contrast to conventional semiconductors, in which the doped car-
riers can move freely, the spatial pinning of the additional electrons 
to the moiré superlattice is expected to result in a discretization of 
the Coulomb interactions, creating an effective Coulomb blockade 
effect. Thus, the discrete Coulomb interactions between the local-
ized IX– and the carriers trapped in neighbouring moiré sites should 
give rise to a staircase-like blueshift of the exciton energy (Fig. 1e), 
rather than a continuous and smooth shift. We refer to this effect as 
the Coulomb staircase. These distinguishing spectral features under 
controlled carrier doping might represent valuable optical probes 
to read out the charge configuration of the local moiré landscape in 
TMD heterobilayers.

Here, we used the same dual-gated 2H-type stacked MoSe2/
WSe2 heterostructure device used in previous works7,12. Hexagonal 
boron nitride (hBN) layers were used as dielectric spacers, with near 
identical thickness (~20 nm, see ref. 7 for detailed information), and 
graphene was used as the electrical contact for the top, bottom and 
heterobilayer gates. The carrier density in the device can thus be 

controlled by applying the same voltage to the top (VTop) and bot-
tom (VBottom) gates, minimizing the electric field across the hetero-
bilayer. The 2H stacking configuration was confirmed by the Landé 
g-factor of the trapped IXs, a clear indicator of the relative valley 
alignment between the layers hosting the carriers3–6,12. The quality of 
the sample and formation of the moiré superlattice were undoubt-
edly demonstrated by voltage-dependent reflectance spectroscopy 
measurements: clear signatures of strongly correlated states in both 
the conduction and valence bands were observed for fractional fill-
ing factors of 1/3, 2/3, 1 and 4/3 (Supplementary Sections 1 and 
2). In-depth analysis of this experiment is beyond the scope of the 
current manuscript, but our observations are consistent with recent 
reports of correlated insulating states in angle-aligned WSe2/WS2 
heterobilayer samples15–18. Based on the applied voltage required to 
realize the specific fractional filling factors, the relative twist angle 
was determined to be 56.7 ± 0.2° across the sample (seven indepen-
dent positions were measured). This confirms our estimate of the 
twist angle from the cleaved edges of MoSe2 and WSe2 (see ref. 7 and 
Supplementary Section 3), and our expectation that moiré domain 
reconstruction is unlikely in our sample26,27.

Charged moiré interlayer excitons. Figure 2a shows a confocal PL 
spectrum measured at a representative position in the sample (posi-
tion P1) as a function of the applied gate voltage (Vg = VTop = VBottom). 
The energy of the continuous wave excitation laser was set to 
1.705 eV to resonantly excite the 1s state of intralayer A excitons of 
WSe2, and an excitation power of 9 nW was used to ensure that only 
a handful of trapped IXs were optically generated12. At Vg = 0.1 V, 
the PL spectrum shows several discrete lines with emission energies 
in the range 1.39–1.40 eV, in agreement with previously reported 
values for localized IX0 in 2H-stacked MoSe2/WSe2 heterobilayers3,4. 
As expected for a device with symmetric gates, the emission energy 
of the trapped excitons remains constant in the neutral region 
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Fig. 1 | Schematic illustration of moiré lattice doping. a, A schematic of the dual-gated device structure for independent control of the electric field and 
heterobilayer doping. Gr, graphene; HS, heterostructure. b, A few IXs confined in moiré trapping sites in a 2H-type stacked MoSe2/WSe2 heterobilayer. The 
moiré trapping sites are shown as white circles. The key for the other elements contained in the superlattice are shown below b–d. c,d, With increasing 
doping of the moiré superlattice, IX trions are formed (b) and the number of filled moiré lattice sites increases (d). e, Illustration of the trapped IX energy 
versus electron density. As the electron density increases, a neutral IX converts into an on-site IX trion and the photon emission jumps to a lower energy. 
Successive filling of NN moiré sites leads to a Coulomb staircase.
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(0.04 V < Vg < 0.19 V), confirming a negligible electric field in the 
direction parallel to the IX permanent electric dipole. We have 
labelled the peaks in this region A to F. At Vg > 0.19 V (that is, elec-
tron doping), the spectrum changes drastically: the overall emis-
sion energy redshifts abruptly by ~7 meV (in agreement with the 
formation of on-site IX– trions12) and the number of emission peaks 
increases compared with the neutral charge regime (Supplementary 
Section 4). A further increase in Vg results in a combination of con-
tinuous and staircase-like blueshifts of the emission energies of the 
localized IX–. At Vg ≈ 0.4 V, the additional PL peaks collapse again 
into a handful of IX– (labelled from A to G). At larger biases, the 
intensity decreases; we do not understand this behaviour but specu-
late that Auger processes could be involved. The behaviour in the 
hole-doping regime (negative applied Vg), in which we observe the 
formation of positively charged IXs (IX+) with an average binding 
energy of ~6 meV, is generally similar to the n-doped regime. We 
remark that these spectra as a function of doping are remarkably 
reproducible: the spectral jumps and slopes observed as the dop-
ing is tuned are reproducible numerous times; they are unlikely 
to be caused by charge noise. Figure 2b shows the PL spectra at 
Vg = –0.3 (IX+), 0.1 (IX0) and 0.6 V (IX–) extracted from Fig. 2a 
(indicated by the dashed lines); each spectrum has been shifted 
in energy by the amount ΔE indicated on the right of the figure. 
Surprisingly, we observe that the number of emission peaks in the 
spectra of the charged IXs, their relative energies and their over-
all relative intensities resemble the PL spectrum observed in the  

neutral charge regime. We note that this behaviour is not particular 
to this position in the sample, but is a general behaviour observed at 
several other positions (Supplementary Section 5). Such similarities 
between the PL spectra under negative, neutral and positive doping 
conditions suggest that the PL peaks in the different doping regimes 
originate from the same moiré potential traps, whereas the spectral 
jumps as carriers fill the lattice are caused by each emitters’ local 
environment.

To corroborate this hypothesis, we employed a subdiffraction 
positioning technique to track the spatial positions of emitters 
A–H as a function of doping. In a confocal microscope, the spa-
tial two-dimensional (2D) intensity distribution resulting from a 
subdiffraction point-like source (such as a localized IX) is given 
by the point spread function. The centre of the 2D intensity dis-
tribution corresponds to the spatial position of the emitter, which 
can be located with arbitrarily high precision under the appropri-
ate experimental conditions28,29. Our method to determine the 
spatial positions of the trapped IXs involved several steps: first, we 
obtained 2 × 2 µm2 high-resolution spatial PL maps with a step size 
of 50 nm centred around the spatial position where the brightest 
emission is observed. Second, we obtained 2D spatial maps of the 
integrated PL intensity for each emitter. This was achieved by fitting 
the emission peak of each emitter to a Lorentzian function and plot-
ting the resulting intensity as a function of the spatial position on 
the sample. We note that this process can be carried out efficiently 
as long as the different emitters can be spectrally resolved and  
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precision. d, Spatial positions of the trapped IX0 and IX– for various emitters. Error bars represent the standard deviation of repetitive measurements.

Nature Nanotechnology | VOL 16 | November 2021 | 1237–1243 | www.nature.com/naturenanotechnology 1239

http://www.nature.com/naturenanotechnology


Articles Nature Nanotechnology

present signal-to-noise ratios of >5. Figure 2c shows an example 
of the resulting spatial distribution of the integrated PL intensity 
from a single trapped IX, as obtained for emitter D under n-doped 
conditions. The position of each trapped exciton and its uncertainty 
(standard deviation) can then be obtained by numerical fitting of 
the corresponding spatial intensity distribution to a 2D Gaussian30. 
To mitigate the effects of possible experimental artifacts in the emit-
ter positioning (such as scanning stage hysteresis or instabilities), 
the described localization procedure was repeated twice for each 
Vg, and an average position and uncertainty were obtained for each 
trapped IX. This process allowed us to estimate the spatial positions 
of the individual trapped IXs with an average accuracy of 25 nm 
(that is, ~20 times smaller than the diameter of our confocal micros-
copy spot). Figure 2d shows the estimated spatial positions of the 
emitters shown in Fig. 2b under neutral and n-doping conditions. 
We note that the spectral overlap of peaks B and F at Vg = 0 V pre-
vented us from extracting a reliable spatial position for these emit-
ters in the neutral doping regime. The good agreement observed for 
both the individual and the relative positions of the emitters in the 
undoped and electron-doped regimes corroborates that the spectral 
lines observed in the neutral and n-doped conditions originate from 
the same moiré potential traps. Further, the spatial mapping of the 
trapped IX positions indicates that, at the exceptionally low density 
of excitons that we optically generated, their position is essentially 
random: the moiré lattice is not discernible. We speculate that the 
particular site chosen by the exciton is likely determined by the local 
environment and perhaps aided by dipolar repulsion effects31,32.

Coulomb staircases in a moiré superlattice. Having determined 
that the PL emission peaks observed at Vg = 0.1 and 0.6 V in Fig. 2a  
belong to the same moiré-trapped IXs, we next focused on the 
behaviour of the emission energy of IX– as a function of electron 
doping in several spatial positions of the sample. As previously 
discussed for Fig. 2a, the emission energy of the trapped IX– blue-
shifts with increasing electron doping, featuring a combination of 
staircase-like and continuous evolution. We speculate that such 
distinct spectral features have their origin in the Coulomb interac-
tion between the localized IX– and electrons trapped in neighbour-
ing moiré sites. To investigate this in more detail, we modelled the 
Coulomb interaction between a trapped IX– and a nearby, spatially 
pinned, excess electron. Figure 3a shows a schematic illustration of 
the real-space configuration of the charges considered in our calcu-
lation. The Coulomb interaction (U) between the localized IX– and 
the nearby electron modifies the energies of both the initial (IX–) 
and final states (single electron) of the PL emission process. It can 
therefore be estimated by the equation:

U =
e2

4πεrε0

[

1
s −

1
√

s2 + d2

]

, (1)

where e is the elementary electron charge, ε0 is the dielectric per-
mittivity of a vacuum, εr = 4.5 is the relative dielectric constant of 
hBN33,34, s is the moiré period and d = 0.5 nm is the interlayer dis-
tance. Moreover, because the thickness of the hBN spacers in our 
sample (~20 nm) is much larger than the estimated s we ignored 
the small screening effect caused by the conducting graphene gates. 
Figure 3b shows the calculated U as a function of s. Because d is 
much smaller than s, U decreases as ~1/s2.

Figure 3c,d presents two representative examples of the energy 
blueshift observed for IX– in our heterobilayer as the excess electron 
density increases (see Supplementary Section 6 for several more 
examples). As can be seen in Fig. 3c and Supplementary Section 
6, increasing Vg leads to a staircase-like blueshift of the emission 
energy for some IX–, featuring well-defined discrete spectral jumps. 
We note that these spectral features are highly reproducible upon 
electron doping (for example, multiple scans in Vg). The observed 

energy jumps are in the range of 0.2‒0.4 meV, which corresponds 
to a moiré period of 4.6–5.8 nm and agrees very well with the 
5.7 ± 0.4 nm moiré lattice estimated from the twist angle of our 
heterobilayer (Supplementary Section 2). These results support the 
hypothesis that the staircase-like blueshifts of IX– originate from the 
Coulomb interactions of the localized excitons with charge carriers 
trapped in NN sites.

We underpinned the experimental observation of the Coulomb 
staircases by a Monte Carlo simulation of the IX trion energy as the 
moiré lattice sites are randomly occupied with electrons (see Methods 
section). The model successfully reproduced the prominent features 
of the experimental data, as exhibited in Fig. 3e,f, and could be used 
to gain further insights into the local environment of each trapped 
IX. In the following, we provide a brief summary of these findings. 
(1) The Coulomb interaction between the IX and NN sites dominates 
the trapped IX emission energy and accounts for the spectral jumps. 
(2) The preferred sequential filling of the NN sites results in reduced 
overlap of the different energy plateaux. (3) Inhomogeneities in the 
spectral jump energy is caused by small (nanometre scale) varia-
tions in the moiré period for an individual NN site. (4) The volt-
age extent of each charging plateau in the energy staircase is given 
by the probability of occupation of the corresponding NN site. (5) 
Because U decreases as ~1/s2, a long-range Coulomb interaction 
with a single electron occupying a non-NN site has a small effect. 
However, the sum of such interactions from filling many non-NN 
sites leads to a continuous evolution (as shown in Fig. 3d,f). We refer 
to Supplementary Section 7 for full details about the model.

Polarization of charged moiré interlayer excitons. To further 
investigate the properties of the individual trapped IXs, we moni-
tored their degree of circular polarization (DOCP) as a function of 
carrier doping. We define the DOCP as Iσ−−I

σ+

I
σ−

+I
σ+

, where Iσ+ (Iσ−) 
is the intensity of right (left) circularly polarized emission. Figure 
4a shows the DOCP as a function of Vg obtained for position P1 
under σ– polarized laser excitation. Representative PL spectra 
with σ+ and σ– collection polarization are presented in Fig. 4b for 
n-doped, undoped and p-doped conditions. In Fig. 4a, the doping 
map shows almost no charge noise and is highly reproducible. The 
exception is one trapped IX+ emitter, which appears as blue and red 
peaks at ~1.3866 eV in Fig. 4a due to a slightly different energy in 
the σ+ and σ– maps. We observe that the trapped IXs exhibit strong 
co-polarization with the excitation laser for both the undoped and 
electron doping conditions, with an estimated DOCP of 0.7 (0.86) 
at Vg = 0.1 (0.56 V). In stark contrast, the DOCP of the trapped IXs 
reduces to almost 0 in the hole-doped regime. We interpret the 
drastic change in the DOCP for hole doping as an indication that 
the photoexcited holes in WSe2 preserve the valley polarization of 
the excitation laser, whereas the valley polarization of the excita-
tion laser field is lost in the photoexcited electrons. Figure 4c,d 
shows schematic configurations of IX– and IX+ under σ– excitation 
for a 2H-type stacked heterobilayer. Due to the type-II band align-
ment, the excess electron (hole) of IX– (IX+) resides in the MoSe2 
(WSe2) layer. As a consequence of Pauli exclusion, the additional 
carrier occupies the opposite valley to that containing the initial IX0. 
Therefore, because electrically injected electrons (holes) populate 
both +K and –K valleys for IX– (IX+), the DOCP of the trion state 
is given by the conservation of the valley polarization of the opti-
cally created hole (electron) in WSe2 (MoSe2). The large DOCP val-
ues observed for IX– in the electron-doped regime suggest that the 
valley polarization of the excitation laser can be robustly preserved 
by the excited hole in WSe2. In contrast, the absence of DOCP for 
hole-doping indicates that the valley polarization of the excitation 
laser is totally lost for the photoexcited electrons in MoSe2. Such 
contrasting behaviour for the photoexcited carriers in MoSe2 and 
WSe2 originates from the different intervalley scattering processes 
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in these materials. As previously reported, the valley relaxation time 
in monolayer MoSe2 is much shorter than that in WSe2, leading to 
valley depolarization35,36. Additionally, the slight increase in DOCP 
from 0.79 for IX0 to 0.86 for IX– can also be explained by the higher 
scattering rate in MoSe2. For example, in the case of σ– excitation, 

the probability of occupancy of the conduction band at the –K val-
ley for IX0 decreases due to the intervalley scattering of electrons in 
MoSe2 limiting the recombination rate of IX at the –K valley. On 
the other hand, for IX–, the scattered electrons can be compensated 
by electrically doped electrons, and the recovered recombination  
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rate leads to an increased DOCP because it is proportional to  
1/(1 + τ/τr), where τ is the exciton decay time and τr is the val-
ley relaxation time37. Moreover, it is worth noting that the overall 
behaviour of the DOCP is similar under resonant excitation of 
MoSe2 A excitons (Supplementary Sections 9 and 10). This suggests 
that the valley polarization is preserved exclusively by the holes in 
WSe2 even under resonant excitation to MoSe2.

Magneto-optical properties of charged moiré interlayer excitons. 
Finally, we investigated the magneto-optical properties of the local-
ized IX under different doping conditions. Figure 5a–c shows the 
PL spectra of the trapped IXs at position P1 for applied Vg of 0 (IX0), 
0.6 (IX–) and –0.4 V (IX+), respectively, as a function of the applied 
out-of-plane magnetic field (Faraday geometry). We observe that, 
similar to the behaviour reported for localized IX0 (refs. 3,4,7), 
both IX+ and IX– show linear Zeeman splittings with no observ-
able fine structure. Linear fits of the measured Zeeman splittings 
revealed Landé g-factors of –16.10, –15.75 and –16.37 for IX0, IX– 
and IX+, respectively, as shown in Fig. 5d–f, which agree well with 
the effective g-factor expected for spin–triplet optical transitions in 
2H-stacked MoSe2/WSe2 heterobilayers4,6.

Conclusions
In summary, we have reported here the deterministic creation 
of a low density of moiré-trapped IX trions in a charge-tunable 
2H-type stacked MoSe2/WSe2 heterostructure device. We spectro-
scopically investigated their properties and exploited their sensi-
tivity to their immediate environment to characterize the doping 
of the moiré superlattice. First, by spatially tracking their positions, 
we were able to spectrally track individual emitters as a function 
of doping. This enabled us to unambiguously identify the on-site 
trion binding energy, which is highly uniform for numerous emit-
ters, and probe the spectral jumps that arise with filling of the 
moiré superlattice. We observed several examples of the Coulomb 

staircase: stepwise changes in the IX trion emission energy due to 
Coulomb interactions with carriers at NN moiré sites. We per-
formed a Monte Carlo simulation to better understand the effects 
of short-range moiré site uniformity and long-range interactions. 
These results demonstrate a non-invasive, highly local technique 
to characterize the moiré superlattice. An interesting prospect 
would be to combine this approach with complementary tech-
niques to probe the local disorder, homogeneity and reconstruc-
tion in a moiré lattice. For example, the two types of trapped IX 
trion peak shifts in Fig. 3c,d show either well-defined discrete 
spectral jumps or a more continuous energy shift upon doping, 
respectively. These two general responses suggest that the local lat-
tice in the vicinity of the trapped IXs has different properties, likely 
caused by disorder. For the IX peak in Fig. 3c, the small effect of 
long-range Coulomb interactions from a single electron occupy-
ing non-NN sites is negligible, which implies that the moiré site 
responsible for the IX trapping and its nearby sites have a much 
higher probability of charge occupation than sites farther away. On 
the other hand, moiré sites in the region of the emitter in Fig. 3d 
can be considered quite homogeneous, allowing random charge 
filling of both NN sites and non-NN sites with equal probabil-
ity. Combining this optical read-out technique with other surface 
probe microscopy techniques that provide structural information 
to correlate distinct features of local disorder (for example, strain, 
ripples, reconstruction and other imperfections) in a moiré super-
lattice21,23,38 would provide valuable new insights into moiré sys-
tems. Furthermore, an exciting prospect would be to locally probe 
long-range charge-ordered states in a fractionally filled moiré lat-
tice, such as correlated Mott insulators and Wigner crystals15–17. 
The optical read-out of Coulomb interactions between a single 
moiré-trapped IX and its neighbouring charges presents a viable 
route to visualize the formation and Coulomb interaction energies 
of such charge-ordered states in TMD heterobilayers, although the 
signatures can be complex (Supplementary Section 8).
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Methods
PL spectroscopy. A confocal microscope with an objective lens with a numerical 
aperture of 0.82 was used for PL measurements. The device was loaded into a 
closed-cycle cryostat (4 K) with a superconducting magnet. A continuous wave 
Ti:sapphire laser was used to resonantly excite MoSe2 and WSe2 A excitons at 
λ = 759.6 and 727.0 nm, respectively. The PL emission was dispersed in a  
500-mm focal length spectrometer and detected by a nitrogen-cooled 
charge-coupled device with a spectral resolution of ∼70 μeV at λ = 900 nm  
for 1,200 lines mm–1. Polarization-resolved PL was measured by changing the 
relative angle between quarter-wave plate and linear polarizer both for laser 
excitation and PL collection.

Monte Carlo simulation for Coulomb staircases. We simulated the change in 
emission energy of a stationary trapped exciton as a function of carrier density 
using a Monte Carlo model. Our model shared many features with that of Houel 
et al.25. We note that we did not simulate the Hubbard model here, for example, we 
accounted for only U, not for the hopping probability t, and that our model did 
not take into account interactions between the excess electrons. The occupation 
of an electron at each trapping site i was determined randomly and the resulting 
Ui caused by the occupied lattice sites was calculated. A control parameter (p), 
swept from 0 to 1, was introduced to simulate the doping density. This value 
was multiplied with a weighting factor wi, which varied from moiré site to site 
and accounted for the probability of the different sites to trap the injected excess 
carriers due to the inhomogeneity among moiré sites. Then wip was compared with 
a random number (r) in the range 0 ≤ r ≤ 1. If wip ≥ r, the moiré site was considered 
to be filled by an electron, otherwise the site was considered to be empty. 
Therefore, all sites were filled when p reached 1. This process was conducted at 
each trapping site, and r was newly regenerated for every comparison. In this way, 
the occupation state of the neighbouring moiré trapping sites was established, 
and the total Coulomb energy (Utot) from the occupied sites was calculated as 
Utot =

∑

i
Ui, where

Ui =
e2

4πεrε0

[
1
si

−

1
√

s2i + d2

]

,

as discussed in Eq. (1). A PL spectrum was then created assuming a Lorentzian line 
shape with a width of 100 µeV and a central energy Utot. This process was repeated 
N (typically 100–1,000) times at a given p resulting in N PL spectra, which were 

summed together to obtain a final PL spectrum. Finally, by changing p from 0 to 1 
we were able to simulate PL spectra at different doping levels.
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