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Abstract
We revisit and extend the standard bosonic interpretation of interlayer excitons (ILX) in the moiré
potential of twisted heterostructures of transition-metal dichalcogenides. In our experiments, we
probe a high quality MoSe2/WSe2 van der Waals bilayer heterostructure via density-dependent
photoluminescence spectroscopy and reveal strongly developed, unconventional spectral shifts of
the emergent moiré exciton resonances. The observation of saturating blueshifts of successive
exciton resonances allow us to explain their physics in terms of a model utilizing fermionic
saturable absorbers. This approach is strongly inspired by established quantum-dot models, which
underlines the close analogy of ILX trapped in pockets of the moiré potential, and quantum
emitters with discrete eigenstates.

1. Introduction

Semiconductor van der Waals heterostructures are
a recognized platform for emerging applications in
nanophotonics and optoelectronics. Band alignments
of different material combinations allow for tunab-
ility of the emission wavelength of spatially-indirect
excitons that are made up from electrons and holes
residing in the individual layers of the bilayer system.
The possibility to influence the strength of the Cou-
lomb interaction by dielectric [1–4] and strain [5–7]
engineering has created additional tuning knobs that
can be employed to design optoelectronic build-
ing blocks with tailored absorption and emission
properties [8–10].

Controlling the twist angle between monolay-
ers of transition metal dichalcogenides (TMDs),
forming homo- or hetero-bilayer systems has

opened up yet another avenue of solid-state emitter
nanoengineering [11–14]. At small twist angles
between the stacked TMD monolayers, an addi-
tional potential landscape is superimposed that, in
the ideal case, forms a periodic lattice of confine-
ment potentials, both for interlayer excitons (ILX)
as well as intralayer excitons [15–17]. ILX traversing
the moiré potential are referred to as indirect moiré
excitons—seemingly bosonic entities that are made
up of a charge carrier in each layer that strongly exper-
ience the moiré potential [18–20] with the addition
of featuring a permanent dipole moment [21–24].
Moiré excitons have been observed in a series of
papers, which reported the emergence of multi-
peak features associated with excitonic bands [25],
as well as quantum dot-like signatures associated
with full excitonic trapping yielding a quantum
blockade [16, 26].
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Here, we revisit the core nature of moiré excitons
at small twist angles and provide indications that their
non-linearity is centrally governed by fermionic sat-
uration, which is very much analogous to discrete-
state quantum-dot arrays [20, 27–30]. By describ-
ing results of pump-power dependent spectroscopic
measurements with a configuration-based model, we
explain the appearances and line shifts of two moiré
ILX resonances in terms of phase-space filling of sat-
urable absorbers.

2. Sample & spectroscopy experiments

Figure 1(a) depicts an optical microscope image of
the studied sample. It is composed of an AlAs/AlGaAs
distributed Bragg reflector with 20 λ/4 mirror pairs,
which is capped by a thin layer of SiN to support the
electro-magnetic fieldmaximum at the SiN–air inter-
face. We utilize the dry stamping method to assemble
the van derWaals heterostructure composed of a thin
hBN layer (approx. 5–10 nm), a monolayer of WSe2,
a MoSe2 monolayer and finally a second hBN layer
(approx. 5–10 nm), which were prepared by mechan-
ical exfoliation. Finally, the sample stack with a moiré
twist angle of 59◦ was annealed for 3 h at 300 ◦C in
inert gas atmosphere.

We study the basic optical properties of our
device via position-resolved scanning micro-
photoluminescence (microPL) spectroscopy at a
cryogenic temperature of 5 K. The sample was excited
by a frequency-doubled Nd:YAG laser (532 nm). In
the spectral region between 1.6–1.68 eV, we clearly
observe the characteristic emission features of the
MoSe2 monolayer (cf. figure 1(a, I)). It is worth not-
ing that the monolayer is fully encapsulated in the

bottom region of the sample plotted in figure 1(a),
whereas it is uncapped in the spatial region on the
right-hand side. The optical spectrum in the encap-
sulated region features two distinct PL peaks (cf.
figure 1(b)) which we attribute to the PL from the
exciton- and trion resonances, and which feature
spectral linewidths as narrow as 2.5 meV with a
Lorentzian lineshape. This clearly reflects the very
high optical quality of our device. In figure 1(c),
we depict the PL spectrum in the spectral region
1.3–1.41 eV. This spectral signature evolves in the
region of the full heterobilayer and is dominated by
two strong PL features at 1.362 eV and 1.378 eV,
with a much dimmer feature at 1.4 eV. We note that
although the spectra in figures 1(b) and (c) are recor-
ded close the edge of material regions, we excluded
the influence of strain at the monolayer edge as the
spectral features are consistent in terms of energy
position and linewidth over the whole mapped-out
area.

The energy separation of peak 1 and 2 is
18 meV, which is consistent with previously reported
assignment of singlet and triplet ILX trapped in
Hh

h atomic registry of high-quality 2H stacked
WSe2/MoSe2 heterobilayer [31]. The total energy
shift of ∼50 meV of both peaks 1 and 2, relative
to the current literature, could be due to a reduced
moiré potential and local strain in our sample, in
which the former one is twist-angle dependent. In
[32] the peaks are energetically consistent with our
results, and they are assigned to the Hh

h-site singlet
ILXs with finite momentum. More generally, these
emission peaks can be associated with the ILX, which
is spatially confined in the high-symmetry Hh

h poten-
tial minima of the moiré superlattice in the case of
H-stacking here.

Figure 1. (a) Microscope image of the sample stacking with a bottom and top layer of hBN (limits highlighted in dashed yellow
and orange, respectively, as a guide to the eyes) and the two stacked monolayers of WSe2 (green) and MoSe2 (red). The region of
interest is indicated by a white square of 50 µm side. The twist angle between the monolayers is∼59◦. (a, I/II) Real-space PL map
(in linear scaling) in the region of interest integrating the energy range between 1.647–1.662/1.312–1.401 eV, respectively. In panel
a, I/a, II, the specific spot encircled in red/blue color is highlighted in the heterobilayer area (and pointed at with a white arrow),
where the strongest emission is detected at the respective wavelength range. (b), (c) Corresponding spectrum extracted in the
chosen pixel, depicted accordingly in the same red/blue color. The excitation conditions are P=0.5 µW excitation power and 5 s
integration time.
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Interestingly, as opposed to reference samples that
were prepared without the encapsulation process, the
overall spectrum is dominated by the PL signal, which
we associate with the indirect excitonic spectral fea-
tures, whereas the single-layer PL features are strongly
quenched, reflecting an efficient charge transfer into
the low-lying ILX state at significantly shorter times-
cales than the recombination from the direct exciton
states [12, 33–35].

Thanks to the charge separation in the twomono-
layers, ILX yield a permanent dipole moment, which
has been assessed to approximately 0.5 nm e (e is
the elementary charge) [8]. As a consequence, as the
exciton density is modified externally, the spectral
features are expected to experience a repulsive shift
due to excitonic dipolar interaction [21–24]. This
effect can be studied using power-dependent meas-
urements, which we have performed and show in
figure 2(a). With a laser spot diameter of 2 µm, the
driving-power density is varied by four orders ofmag-
nitude from 3.1× 10−3 µW µm−2 to 3.1 µW µm−2.
In this range of excitation powers, we observe a strong
blueshift of all excitonic resonances by 10–20 meV.
This behavior becomes even more distinct in the
representation in figure 2(b), where the vertical axis
is scaled logarithmically, and the peaks are normal-
ized to unity. This closer inspection reveals that the
individual spectral lineshifts behave differently: the
emission feature at an energy of 1.353 eV, named
ILX1, displays the most profound energy shift at low-
est pump powers and saturates at a pump power
of ∼1 µW. In turn, the second peak, emergent at
1.37 eV and labeled ILX2, only displays a modest
energy shift for pump power below 1 µW. At higher
pump powers, the slope of the blueshift of ILX2
becomes larger than that of ILX1. A detailed quantit-
ative discussion of this opposing behavior is given in
section 4 in the context of figure 4. In figure 2(c), we
plot the energy difference between these two features,
which develops a clear minimum at a pump power
between 1 µW and 3 µW, revealing an anti-crossing
behavior of the peaks. While such an anti-crossing
is canonical for strongly coupled modes (either elec-
tronic, magnonic, photonic, or mechanical ones),
we claim that in our system, its origin roots in the
unique interplay of fermionic saturation and bosonic
interactions.

3. Quantum dot model for moiré trapped
ILX

To provide a quantitative understanding of the
excitation-power dependency of the line shifts of both
ILX resonances in our system, we employ a config-
uration model for the ground and excited states of
the lowest-lying ILX residing within a moiré poten-
tial pocket. The model assumes two confined exciton
states in eachmoiré unit cell that we label ‘s’ and ‘p’ in
analogy to semiconductor quantum dots [15, 25, 36].

Figure 2. (a) PL spectra of the ILX feature, recorded using
ascending pump powers. (b) Representation of the same
measurement in false color scale. The y-axis represents the
excitation power in logarithmic scale. The intensities are
normalized to unity. (c) Energy difference between the two
main peaks versus excitation power. A minimum energy
difference is detected at an excitation power of P = 3 µW.
Although reminiscent of an anti-crossing point, we explain
the behavior by a successive onset of fermionic saturation of
the blueshift.

Unlike quantum-dot states, moiré ILX bands exhibit
a certain degree of dispersion. However, recent com-
putational results suggest that for twist angles up to
2◦, the two lowest ILX states can be safely approxim-
ated as dispersion-free [17, 37]. As an ILX is com-
posed of an electron and hole occupying the con-
fined single-particle states, a finite number of con-
figurations is possible for a given number of discrete
confined states—these configurations are shown in
figure 3. It turns out that it is sufficient if we limit
ourselves to including those configurations where
electron and hole occupy the same single-particle
shell.

It is worthwhile pointing out that configurations
of a purely bosonic system would strongly differ from
the ones shown in figure 3, since an arbitrary num-
ber of particles could occupy any of the single-particle
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levels. This is where the fermionic nature of the
ILX constituents explicitly comes into play, as the
total number of excitations is limited due to the dis-
crete nature of the single-particle states. Neverthe-
less, higher lying confined states as well as uncon-
fined states exist that we account for in terms of a
bosonic reservoir at higher energies. The lowest reser-
voir energy εr is to be understood as an effective
quantity.

The described microscopic configuration picture
is expressed by the following Hamiltonian:

H=


0 0 0 0
0 εs 0 0
0 0 εp 0
0 0 0 εs + εp

 . (1)

Here, the energies εs and εp correspond to the exper-
imentally observed peaks ILX1 and ILX2 in figure 2.
In the limit of zero excitation power, they are given
by the lowest eigenenergies of excitons confined to a
moiré superlattice site. Note that the energies include
Coulomb interaction within a moiré site, since the
configurations are the exact eigenstates if we assume
that configuration interaction can be neglected [38,
39]. The configuration energies are subject to power-
dependent renormalization terms that arise from ILX
densities in neighboring sites in the moiré lattice,
which are treated in mean-field approximation.

It is well established that the exciton dipolar repul-
sion gives rise to a blueshift that is approximately
linear in exciton density [21–24]. Here we account
for contributions from interactions between excitons
occupying different states,

εs = ε(0)s + vssns + vspnp + vsrnr , (2)

εp = ε
(0)
p + vspns + vppnp + vprnr , (3)

where ε(0)s and ε
(0)
p are the ILX zero-excitation ener-

gies, ni the exciton occupation numbers, and vij
are effective Coulomb interaction matrix elements
responsible for the blueshift. The density matrix

Table 1. Effective parameters used in the configuration model.m0

is the free electron mass.

Temperature T 55 K
ILX1 (s) zero-excitation energy εs

(0) 1.354 eV
ILX2 (p) zero-excitation energy εp

(0) 1.371 eV
Reservoir energy εr 1.389 eV
Reservoir effective mass mr 0.84m0

Moiré unit cell area AM 313.4 nm2

Effective quantum efficiency η 6.4 10−3 nm−2 µW

Matrix elements vss 5.48 meV
— vsp 2.33 meV
— vpp 2.68 meV
— vsr 0.011 meV
— vpr 0.047 meV

Figure 3. Four possible configurations in the quantum-dot
model with two bound levels. In the configuration model,
we explicitly account for s- and p-like exciton (orange and
blue) as well as higher-lying states via an effective bosonic
reservoir with parabolic dispersion (grey).

describing the configurations in a grand-canonical
ensemble picture can be written as

ρ=
1

Z
e−β(H−µN)withZ= Tr

[
e−β(H−µN)

]
, (4)

where β = 1/(kBT) is the inverse effective ILX tem-
perature and µ the chemical potential. The occupa-
tion numbers for ILX in the two quantum-dot levels
are found by taking the trace over the single-particle
level subspace,

ns =
1

Z

(
e−β(εs−µ) + e−β(εs+εp−2µ)

)
, (5)

np =
1

Z

(
e−β(εp−µ) + e−β(εs+εp−2µ)

)
. (6)

These occupation numbers reflect fermionic popu-
lation and are, thus, bounded by a maximum ILX
number of 1. Therefore, excess ILX that are excited
must be accommodated in higher lying states that are
modeled in terms of the bosonic reservoir. Thereby,
the number of ILX per moiré lattice site is not
bounded, even though only the lowest occupation
states are explicitly accounted for in the configuration
model. The reservoir’s ILX density is given by

Nr =
mr

ℏ2π

∞̂

εr

1

eβ(ε−µ) − 1
dε

=− mr

ℏ2π
1

β
ln
(
1− e−β(ε−µ)

)
, (7)

where mr/ℏ2π is the 2D density of states and mr the
effective exciton mass of the reservoir’s parabolic dis-
persion. We define the reservoir’s occupation num-
ber nr = AMNr as the number of reservoir ILX in the
moiré unit cell with area AM.

To obtain a numerical solution to this model,
the renormalized energies εs and εp are calculated
self-consistently as a function of the total dens-
ity Ntot = (1/AM)

(
ns + np + nr

)
, using a relation

Ntot = ηP between excitation power P and the effect-
ive quantum efficiency η, and with the effective Cou-
lomb interactionmatrix elements vij as fit parameters.
Table 1 provides numerical values for all parameters
used in the evaluation of the model.
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Our approach includes a treatment of local (on-
site) and nonlocal (inter-site) carrier–carrier correl-
ations on different levels of accuracy. An analogy to
this procedure is given by dynamical mean-field the-
ory (DMFT) [40]. In DMFT, a many-body lattice
problem is mapped to a single-site (impurity) model
interacting with a bath of surrounding particles via
a frequency-dependent mean field. The mean field
is fixed by the self-consistency requirement that the
bath describes the same carriers as those on the local
site. DMFT can be shown to become more and more
accurate with an increasing number of neighbors for
each site. We assume that the number of neighbor-
ing moiré unit cells is sufficient to justify such a treat-
ment. In our case, a static mean field is applied.

4. Discussion

In figure 4, we compare numerical results for the
excitation-power dependent energy shifts of the two
lowest moiré excitons with the experimental data
already shown in figure 2. For a wide range of excita-
tion powers, our model reproduces the experiment-
ally observed behavior very well. At low excitation
power up to about 0.2 µW, both resonances undergo
an approximately linear blueshift due to the filling of
the s-like exciton state (ILX1). The s-exciton shift is
significantly stronger than the p-exciton shift (ILX2),
which is explained by the dipolar interaction between
s-state excitons vss being stronger than between
excitons in different states vsp. At elevated excitation
powers around 0.5 µW, the s-state occupation starts
to saturate (vertical orange line), leading to a corres-
ponding saturation of efficient s-exciton renormaliz-
ation, while the p-exciton population increases. Since
inter-state interaction is relatively weak, this trans-
ition from s- to p-state filling leads to a reduced slope
of the blueshift of the s-exciton. Around 2 µWexcita-
tion power, the p-state saturates as well (blue dashed
line), while higher states begin to be populated. The
weak interaction of s- and p-states with higher states
leads to a significant reduction of blueshifts above
1 µW. However, we find that the p-state renormal-
ization in this regime is several times stronger than
that of s-states, corresponding to a larger slope of
the blueshift. As a comparison we show the results
from the same calculation but with purely bosonic
occupation functions for the two levels (dotted lines).
This model also reproduces the initial linear blue-
shift, but in the absence of fermionic saturation effects
the bosonic occupations of both levels increase indef-
initely with growing excitation power, i.e. a purely
bosonic exciton picture fails to explain the success-
ive saturation of the blueshift in the two ILX emission
features. Hence, the observed non-linear blueshifts of
moiré excitons can be fully traced back to discrete
state filling effects of saturable absorbers.

The implications of our findings call for a
revisited view on moiré excitons: albeit perfectly

Figure 4. Peak position of ILX1 and ILX2, extracted from
spectra in figure 2(b) (circles), and theory predictions from
the configuration QDmodel (solid lines). The ILX reservoir
at higher energies is indicated by the shaded area. Vertical
dashed lines indicate pump powers where s-state (orange)
and p-state (blue) occupations saturate. Dotted lines are
calculated with purely bosonic occupation functions and
fail to reproduce the observed saturation of blue shifts.

bosonic entities at first glance, they are made up
from fermionic constituents that cause a deviation
from purely bosonic behavior when confined to a
moiré pocket with few discrete localized states. Only
recently, the possibility of undergoing a superfluid
to Mott transition of moiré excitons in terms of a
Bose–Hubbard model has been explored [37, 41, 42].
In this respect, this is where the analogy between ILX
in themoiré potential and clouds of ultracold bosonic
gases in optical lattices may come to an end.

Furthermore, we believe that it is the fermionic
saturation of moiré excitons in discrete levels, as
opposed to the dipolar repulsion of trapped bosons,
which explains the consistent emission of single
photons frommoiré trapped excitons [26]. If the ILX
were truly behaving more or less like ideal bosonic
particles, multiple occupation of the ILX ground state
would be more likely to occur even at low temperat-
ures due to the steep slope of the Bose–Einstein dis-
tribution function, causing a detrimental effect to any
observed antibunching from such emitters.

Finally, we would like to position ourselves to
the recent suggestion of a correlation-induced trans-
ition between different linear regimes of the dipolar
blueshift with increasing excitation density [21]. The
underlying picture, which is complementary to the
one in this paper, is borrowed from coupled quantum
wells [43]. It attributes the weaker blueshift to an
onset of classical pair correlations at higher dens-
ities, while a homogeneous exciton gas is assumed
at low densities. This approach does not take into
account the quantum correlations induced by the fer-
mionic substructure of confined ILX. Moreover, for
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the experimentally observed simultaneous lineshifts of
both resonances ILX1 and ILX2, we could not obtain
a consistent agreement over the considered density
range with the model from [43]. This is the main
reason why we find phase-space filling effects due
to the fermionic contributions of ILXs confined to
moiré pockets a more likely explanation.

5. Conclusion

With a combination of power-dependent spectro-
scopic measurements and a configuration-based
model that accounts for phase-space filling effects,
we provide insight into the lineshift behavior of two
moiré ILX resonances with increasing carrier dens-
ity. Both resonances exhibit linear blueshifts that are
offset from one another and transition into satura-
tion, creating an anti-crossing-like signature. Differ-
ent explanations may be conceivable as explanation,
such as an avoided crossing of close-lying bands due
to the moiré potential, or correlation-induced devi-
ations from the linear lineshift in the pair-correlation
dominated regime of a bosonic exciton gas. Having
investigated these options, we conclude that the ori-
gin lies in the fermionic nature of the constituents
of ILX: Electron and hole forming the ILX occupy
the discrete states in the quantum-dot like confine-
ment potential of the moiré pockets, where they are
subject to Pauli blocking. In that sense, we interpret
our results as successive state-space filling that arises
from the fact that ILX, despite their large Coulomb
binding energy, are merely composite bosons that
may reveal their partly fermionic nature in the right
circumstances.
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