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The strongly enhanced electron-electron interactions in semiconducting
moiré superlattices formed by transition metal dichalcogenide
heterobilayers have led to a plethora of intriguing fermionic correlated
states. Meanwhile, interlayer excitonsinatypell aligned heterobilayer
moiré superlattice, with electrons and holes separated in different layers,
inherit this enhanced interaction and suggest that tunable correlated
bosonic quasiparticles with a valley degree of freedom could be realized.
Here we determine the spatial extent of interlayer excitons and the band
hierarchy of correlated states that arises from the strong repulsion
between interlayer excitons and correlated electronsin a WS,/WSe, moiré
superlattice. We also find evidence that an excitonic Mott insulator state
emerges when one interlayer exciton occupies one moiré cell. Furthermore,
the valley polarization of the excitonic Mott insulator state is enhanced by
nearly one order of magnitude. Our study demonstrates that the WS,/WSe,

moiré superlattice is a promising platform for engineering and exploring
new correlated states of fermion, bosons and a mixture of both.

Semiconducting moiré superlattices of transition metal dichalcoge-
nide (TMDC) monolayers, especially those formed by the WS,/WSe,
heterobilayer, have been shown to exhibit strong electron correlation
owing to the formation of flat moiré miniband and strong Coulomb
interaction'”. In two-dimensional systems, in general, the Coulomb
interaction is enhanced because of reduced dielectric screening. In
aTMDC moiré superlattice, the considerably larger effective mass of
flat moiré miniband® further reduces the kinetic energy compared
with that in TMDC monolayers. As a result, the degree of electron-
electron interaction is strongly enhanced. Exciting electronic

correlated states with high transition temperatures have been dem-
onstrated and investigated. In particular, the strong electroninterac-
tion canresultin the spatial ordering of charge carriers in the moiré
superlattice, forming Mott insulator and generalized Wigner crystal
states’**'°. Meanwhile, the strong Coulomb interaction in TMDC
semiconductors also leads to strongly bound electron-hole pairs, that
is, robust excitons with valley degree of freedom' . It is thus intrigu-
ingtoinvestigate whether these optically excited excitons would form
strongly correlated bosonic states" in a TMDC moiré superlattice
owing to reduced kinetic energy, which will allow the exploration
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Fig.1|Doping-dependent PL spectra of IXs in WS,/WSe, moiré superlattice.
a,Schematic of the WS,/WSe, device. V;; and V,,, denote the top gate voltage

and the back gate voltage, respectively. Grand hBN indicate few-layer graphene
flakes and hexagonal boron nitride flakes, respectively. b, Schematic of the

type Il alignment for both R-stacked and H-stacked configurations. ¢,d, Doping-
dependent PL spectra of the R-stacked (c) and H-stacked (d) device. e,f, PL peaks
extracted from cand d, respectively, by fitting the PL spectra with Lorentzian
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peaks. The region between the two zeros of the filling factor in cand e indicates
the charge-neutral region of the device. The error bars indicate the standard
errors extracted from the fitting. The PL spectra were taken witha CW laser
excitation centred at1.96 eV. The excitation power is 5 pWincand 25 pWin

d, corresponding to an average exciton density around 2.9 x 10 cmZand

1.45 x10"2 cm™, respectively. All spectra were taken at a temperature of 4.2 K.

of bosonic correlated physics in a highly tunable two-dimensional
condensed-matter system.

Inthis paper, weturnto the archetypal WS,/WSe, moiré superlattice
whose type Il band alignment enables interlayer excitons (IXs)'*",
with holes residing in the WSe, layer and electrons in the WS, layer.
The permanent dipole moment stemming from the charge separa-
tion gives rise to strong repulsion between IXs, rendering this system
a promising candidate for realizing the excitonic Mott insulator, a
strongly correlated state described by the bosonic Hubbard model®.
We first use photoluminescence (PL) spectroscopy to show the strong
repulsion between electrons and IX at correlated insulating states,
which we combine with first-principles calculations toreveal the more
extended nature of the IX in the H-stacked (60° twisted) WS,/WSe,
moiré superlattice than the R-stacked (0° twisted) configuration. We
further show thatadding excitons to a charge-neutral moiré superlat-
tice with a density high enough to excite double IX occupation in one
moiré unit cell will resultin additional high-energy PL emissions owing
toIX-IXrepulsion, whichis about 44 meV for the R-stacking and about
32 meV for the H-stacking. Interestingly, the valley polarization of the
IX is strongly enhanced by nearly one order of magnitude when the
excitonic Mott insulator state emerges, inspiring future exploration
of valley physics in this strongly correlated bosonic system.

We construct angle-aligned WS,/WSe, moiré bilayers using the
samedry pick-up method as described in our previous studies*”* and
fabricate devices with dual-gate geometry as schematically shownin
Fig.1a. Theapplication of top and back gate voltages allows us to control
the dopingand electricfieldindependently. The doping-dependent PL
spectra for both R-stacked and H-stacked moiré bilayers can be found
inFig.1c,d (devicesRl1and H1, respectively). The enhanced PL intensity
at characteristic carrier densities marks the formation of correlated

insulating states at filling factors n=1, 2, 3, that is, one, two or three
electrons per moiré unit cell,and alsoonthe holesideat n=-1and -2.
Correlated states at fractional fillings of n=1/3, 2/3 are also visible,
correspondingto the generalized Wigner crystal states studied previ-
ously"’. The zoom-in PL spectra showing fractional filling more clearly
forthedevices showninFig.1c,d areshownin Extended DataFig.1.The
PL spectra of another H-stacked device (H5) showing more fractional
fillings canbe found in Extended Data Fig. 2.

Themost pronounced featuresinFig.1c,d are the abruptblueshifts
of IXresonance energy (PL peak) at Mottinsulating statesofn=-1and 1.
Theblueshift for the R-stacked device (R1) is around 17 meV and around
9 meV for n=1and -1, whereas the blueshift for the H-stacked device
(H1)isaround 41 meVand around19 meV forn =1and -1, respectively.
We first note that the magnitude of the blueshift at n = +1is smaller for
the R-stacking than for the H-stacking. Second, the blueshiftatn=-1
issmaller than that at n =1in both stackings.

The blueshifts of IX PL at Mott insulating states n = =1 originate
fromtheelectron-excitonrepulsion. For example, at the Mottinsulator
state at n=1in which each moiré unit cellis occupied by one electron,
adding an IX to any moiré unit cell requires an additional energy cost
on the scale of the Mott gap (U,_.) owing to the close proximity of the
correlated electron and the constituent electron of the IX in the same
WS, layer. This energy cost will be offset by the Coulomb attraction
between the correlated electron in the WS, layer and the constituent
hole of the IX in the WSe, layer (V,_,), which is smaller than U,_, owing
to layer separation. This interpretation of the blueshift, combined
with theoretical insights gained from first-principles calculations, can
explain the two major observations described previously.

The first-principles calculations of band structures for both
R-stacked and H-stacked WS,/WSe, moiré heterobilayers are shown
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Fig.2|Band structure of the WS,/WSe, moiré superlattice. a,b, First-principles
calculations of the band structure of R-stacked (a) and H-stacked (b) WS,/WSe,
moiré superlattice. ¢,d, Bottom: the electron wave function distribution of two
conduction bands (C1and C2) and one valence band (V1) in the moiré unit cell

for R-stacked (c) and H-stacked (d) configurations. The unit cell is marked with

BSe/W

Iwn
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dashed lines and the high-symmetry stackings associated with the moiré are
marked with circles. Top: the atomic structure of the associated high-symmetry
stackings. e,f, Schematics of adding one IX to the correlated insulating state at
fillingn=1(e)andn=-1(f).

inFig. 2a,b, respectively. For both R-stackings and H-stackings, there
isoneflat valence band (V1) isolated from other valence bands with an
energy separation4,. There are also two flat conduction bands (Cl1and
C2)withanenergy separation, 4., between them. At Kand K’ valleys, the
spinis polarizedin the valence band, whereas Cl1and C2 possess differ-
entspins. The values of 4; for R-stackings and H-stackings are different,
26 meVand 35 meV, respectively. By contrast, 4. is very similar for both
R-stackings and H-stackings, 31 and 32 meV, respectively.

Itis evident that R-stackings and H-stackings differ strikingly in
the electronic wavefunction distribution for each of the flat bands
(Fig. 2¢,d). In either R-stacked or H-stacked configuration, there are
three high-symmetry points that preserve the three-fold rotational
symmetry (insets of Fig. 2c,d), which we label with their local stacking
configurations. The moiré potential landscape varies at different moiré
sites. Inthe R-stacking, the holes from V1and electrons fromboth Cland
C2areall localized in the B*/" site. By contrast, in the H-stacking, the
holesfromV1arelocalized in the BYVsite, and the electrons from Cland
C2arelocalized at the AA’site (2H). Asthe IX ground state consists of an
electronfromClandaholefrom V1, the IXwillhave the electron and hole
atthe same moiré sitein the R-stacking but at different moiré sitesin the
H-stacking. As aresult, the IX will be more extended in the H-stacking,
consistent with the shallower moiré potential confinement of exci-
tons in the H-stacking from our calculation (details in Supplementary
Section 8) as well as from a recent report?. The extended nature of IX
intheH-stackingis also consistent with our experimental observations
in Fig. 1e,f:in the H-stacked device, the IX PL peak redshifts as soon as
electrons or holes are electrostatically introduced, probably owing to
the sensitivity of the extended IX to the dielectric screening; by contrast,
the IX PL barely changes between n=-1and1in the R-stacked device.

We now examine the electron-IX interaction on the basis of these
understandings. At n =1, the lower Hubbard band (LHB) of C1 s fully

occupied with electrostatically doped electrons. Therefore, the IX
consists of an electron in the upper Hubbard band (UHB) of Cland a
holeintheflatband V1, asillustrated in Fig.2e. The electronsinthe LHB
of Clwillinteract with the electron-hole pair of the IX and contribute
botharepulsionterm, U,_,, and an attractionterm, V,_. The total elec-
tron-IX repulsion energy is thus U._jx(n = 1) ® Ue_e — Ve_p, Which
correspondsto the energy blueshift observedin our experiment. The
scenarioatn=-lissimilar (Fig. 2f), exceptthat therepulsionisbetween
IX hole and the holesin the UHB of Vlwith arepulsionterm U,_,and an
attractionterm V,_,; thenwe can write U._jx(n = =1) = U;_, — Ve_p-

The first major experimental observation can be understood
with the extended IX in the H-stacking, which suggests a smaller
V... As a result, we expect the blueshift to be larger in H-stacked
devices, which explains our first major observation in Fig. 1e,f that
the blueshifts in H-stacked device are larger at n = +1. Second, we
have estimated the onsite repulsion energies (U._. and U, _,) for dif-
ferent valence and conduction bands using the localization of the
wavefunctions (details in Supplementary Section 9). The electron-
electron repulsion (U._.) is larger than hole-hole repulsion (U,_) in
the same stack configuration, which well explains our second major
observation of the larger blueshift observed for n=1than forn=-1
inFig.1e,f.

In Fig. 1e,f, we also observe that the blueshift is about 0 meV at
both n=+2 for the R-stacked device, whereas the blueshift is around
17 meV and around 15 meV for the H-stacked device at n=+2 and -2,
respectively. We notice that the blueshiftis generally smalleratn=+2
compared withthatatn = +1forboth R-stacked and H-stacked devices,
which coincide with previous observations that the n = +1states have a
higher transition temperature thann =12, hencealarger energy gap at
n=x+1(refs.2-4). We also observe an additional PL peak around 1.39 eV
ontheholesideinR-stacked devices, potentially owing to the attractive
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Fig. 3| Excitonic Mott state formation with increased exciton density.

a,b, Doping-dependent PL spectra with anincreased optical excitation power
0f 300 uW (corresponds to an average exciton density around 1.7 x 10® cm™),
with the CW excitation photon energy centred at 1.96 eV. ¢, A schematic of the
excitonic Mott insulator with some moiré unit cells having double or triple
exciton occupancy. d, Excitation power dependence of the PL spectra of
R-stacked device R1, witha CW excitation photon energy centred at1.70 eV.
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interlayer trion with abinding energy of about 8 meV, whichis not the
focus of the current work and will be explored later.

Understanding the blueshift at the n = +2 states is more compli-
cated, as it involves the nature of the insulating states, the bandgaps
(4.and4,) and the repulsion energy involving C2and V2. In Supplemen-
tary Section 10, we provide a simple model to attempt to explain the
observations, yet a complete understanding requires future work to
refine the model and calculations. We emphasize here that our experi-
mental observations of n = +2 states, showninFig. 1e,f, are reproduced
in over six R-stacked and six H-stacked devices, providing valuable
guidance for further theoretical understandings.

The strong Coulomb interaction in the WS,/WSe, moiré superlat-
tice enhances not only the electron-IX interaction but also the IX-I1X
interaction, making it possible to realize the bosonic Mott state com-
posed of IXs. Indeed, as we increase the optical excitation power, new
PL peaks emerge at higher energies, labelled as Xi2 and Xi3 inFig.3a,b.
The PL peak Xi2 has an onset excitation power of 1-25 pW in most
devices, and we have reproduced Xi2 in six R-stacked devices and six
H-stacked devices. The detailed excitation power dependence of the
doping-dependent PL spectra of six typical devices is shown in
Extended DataFig.3. The PL peak Xi3 occursatamuchhigher excitation
power, typically hundreds of microwatts (Fig. 3a). We have only
observed it in four R-stacked devices, not in any of the H-stacked
devices. We rule out the possibility of these new PL peaks being the
excited states of IX from other moiré sites or conduction bands, as
those should exhibit an opposite valley polarizationto the ground state
IX, which contradicts our observationsin Fig. 4 (ref. 23). Furthermore,
the fact that the higher energy PL peaks are absent for n>1in the
H-stackingalso rules out those possibilities.

We attribute Xi2 totheblueshifted IXPLinthe presence of abosonic
Mott insulator of IXs** (Fig. 3c), which emerges when each moiré unit
cell is filled with one IX. Any additional IX will then create a double
occupancy inone moiré unit cell. Hence, the IX-IX repulsion increases
the IX energy. This state is simply a bosonic analogue of an electron

Mott insulator. To examine this picture, we measure the power depend-
enceofthePLspectraintheR-stacked device R1 (Fig.3d). The extracted
linewidth of X; decreases when the excitation power increases from
1pWto20 pW (blue-shaded areain Fig. 3e). This behaviour is surprising
because an increased IX-IX interaction at higher IX densities is
expected in general to shorten the IX lifetime, which would broaden
the linewidth. By contrast, it can be well explained if we consider the
formation of abosonic Mottinsulator of IXs,in whichIXs arelocalized.
The excitation power at which the linewidth starts to decrease also
coincides with the onset of the Xi2 as marked by the white arrow in
Fig.3d.Furthermore, we estimate the order of magnitude of excitation
power needed to generate anIX density of one IX per moiré unit cell to
be about 10 pW (Supplementary Section 5), which is consistent with
thetypical onset excitation power in the range of 1-25 pW observed in
six R-stacked devices and five H-stacked devices. A more detailed
analysis of the excitation power dependence can be found in Supple-
mentary Section 5.

The IX-IX repulsion energy (U, .,), which we estimate from the
energy difference between X2and X;, is about 44 meV for the R-stacked
device R1and about 32 meV for the H-stacked device H1. The reduced
IX-IX repulsionis consistent with the extended nature of the IX wave-
functioninthe H-stacking, which suggests ashallower energy trap for
IX*.For the same reason, the H-stacked device cannot host three exci-
tons in one moiré unit cell, but the R-stacked device can (X?), albeit
with a reduced IX-IX repulsion, about 20 meV estimated from the
difference between X? and X?. The apparent asymmetry of X> (and X’
inR-stacking) as a function of the doping remains anintriguing subject
to be explored in the future. It is worth noting here that the observed
U, ismorethan one order of magnitude larger than thatin the double
quantum wells made of GaAs/AlGaAs**?, thus enabling an excitonic
Mott state at amuch higher temperature®,

Finally, we have performed helicity-resolved PL spectroscopy
measurements in both R-stacked and H-stacked devices (R1 and H1)
using continuous wave (CW) laser excitation centred at 1.70 eV,
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resonantly exciting the moiré A exciton of WSe, (details in Methods).
The extracted PL circular polarization, p, is plotted as a function
of doping, as shown in Fig. 4. Under a low excitation power of 2 pW
(Fig. 4a), for the R-stacked device R1, the PL is co-circularly polar-
ized with respect to the excitation in both charge-neutral and
electron-doped regions, whereas the PL is cross-polarizedin the highly
p-doped region. However, for the H-stacked device H1 (Fig. 4c), p is
close to zero near the charge-neutral region but cross-polarized in
both highly n-doped and p-doped regions. The circular polarization of
the R-stacked and H-stacked WS,/WSe, moiré superlattice can be well
understood by considering the optical selection®°, the long valley
lifetime of holes and the efficientintervalley scattering of electrons™,
owing to the vastly different spin-orbit coupling magnitude in the
conduction and valence bands. Detailed explanations canbe foundin
Supplementary Section11.

Here we note thatabove n =2, the circular polarization of the emerg-
ing IX PL branch near 1.46 eV in the R-stacked sample reverses sign,
suggesting that theadded IX will haveits electron occupying the second
conduction band (the LHB of C2 to be precise, with an opposite spin as
opposed to Cl) (detailed discussion in Supplementary Section 11).

Asweincrease the excitation power, there are two major changes
to the circular polarization spectra in the charge-neutral region of
device R1 (Fig. 4a,b). First, p of the IX ground state (X;) increases by a
large amount. Second, the second PL peak (Xiz) also exhibits a finite
valley polarization that has the same sign as X;. The latter rules out
the possibility of X2 being excitons from another moirésite or conduc-
tion band, as those will switch the sign of p. The enhanced circular

polarization is striking, which increases from 7% (Fig. 4a) to 50%
(Fig. 4b) in the charge-neutral region n = 0, an increase by nearly one
order of magnitude. The presence of Xi2 indicates the formation of the
bosonic Mott insulator state. The enhancement of PL valley polariza-
tion of X;, therefore, is strongly tied to the strong exciton correlation.
The strongly enhanced valley polarization could possibly arise from
the suppressed valley scattering of IXs at the bosonic Mott insulator
state or even optical-pumping-induced ferromagnetism®>*, although
its exact nature needs to be further explored. The valley-polarized
excitons usher new venues for exploring correlated excitons that do
not existin other systems and inspire future exploration of valley phys-
icsin strongly correlated bosonic systems.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Methods

Device fabrication

We used adry pick-up method, asreported in our earlier work? to fab-
ricate angle-aligned WS,/WSe, heterobilayers. For the device shownin
the main text, during the pick-up process, we tear one WS, monolayer
into two pieces, rotate one piece by 180° and align both pieces with one
single WSe, monolayer to get both R-stacked and H-stacked devices
onone chip. The fabricated devices were then annealed at 250 °Cin a
vacuum for 500 min.

Optical characterizations

The optical measurements were performed under a home-built
confocal microscope, with the sample cooled by either a liquid
helium-flow-controlled optical cryostat (Janis) or acryogen-free opti-
cal cryostat (Montana Instruments). The excitation laser was focused
onthesample with abeam spot diameter of about 2 pm, and the optical
signals were collected by a spectrometer (Princeton Instruments). The
PLmeasurementsinFigs.1and3a,b and Extended DataFigs.1and 3were
performed with a CW laser centred at 1.96 eV. All other PL measure-
ments were performed witha CW laser centred at1.70 eV. To perform
helicity-resolved measurements, a quarter waveplate was placed before
the objective to convert the excitation laser to ¢* polarized light and
circularly polarized PL emission to linearly polarized light. The 0"
and o™ PL emission was analysed using a half waveplate and a polar-
izer. The doping-dependent PL spectra in the right (¢") and left 07)
circularly polarized channels can be found in Extended Data Figs. 4-6.

Theextracted PL circular polarizationis expressed as p = % inwhich

I*and /- denote the intensities of 0" and o™ PL emission. The reflectance
contrast measurements were performed with asuper-continuum laser
(YSL Photonics). The polarized second-harmonic generation (SHG)
measurements were performed with a pulsed laser excitation centred
at 800 nm (Ti:sapphire; Coherent Chameleon) with a repetition rate
of 80 MHz and a power of 100 mW. The crystal axes of the sample were
fixed. A half waveplate is placed between the beam splitter and the
objective to change the polarization angle of both the excitation laser
and the SHG signal. The SHG signal was analysed using a polarizer.
The details of time-resolved PL measurements and exciton density
estimate can be foundin Supplementary Sections 4 and 5, respectively.

Electronic structure calculations

The twisted WS,/WSe, heterobilayer structures are generated using
the TWISTER package®. Structural relaxations are performed using the
LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator)
package®*. The electronic structure calculations are performed using
the SIESTA (Spanish Initiative for Electronic Simulations with Thou-
sands of Atoms) package® based on the density functional theory?®.
See Supplementary Section 7 for details.

Data availability

Source data are provided with this paper. All other data that support
the plots within this paper and other findings of this study are available
from the corresponding authors upon reasonable request.

Code availability

The twisted bilayer structure construction, atomic relaxations and
electronic band structure calculations presented in this paper were
carried out using publicly available codes. Our findings can be fully
reproduced by the use of these codes and by following the procedure
outlined inthe paper.
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Extended Data Fig.1| Zoom-ins of the doping-dependent PL spectra. (a) and (b) are the Zoom-ins of doping-dependent PL spectrain Fig.1c,d, respectively.
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Extended Data Fig. 2| PL spectra of an H-stacked device showing more fractional fillings. (a) and (b) are the doping-dependent PL spectrameasured on device H5
using an excitation power of 0.2 uW and 300 pW, respectively. ACW laser with photon energy centered at 1.70 eV was used for the optical excitation, and all data were
takenatatemperature of 5.0 K.
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Extended Data Fig. 3| Power-dependent PL spectra for different R-stacked Black, red, and blue line show PL spectra under low, medium, and high excitation
and H-stacked devicesaroundn = 0. (a), (b) and (c) are the power-dependent power. A CW laser with photon energy centered at 1.96 eV was used for the optical

PL spectra of R-stacked devices R1, R2 and R3, respectively. (d), (e) and (f) are the excitation, and all data were taken at atemperature of 4-10 K.
power-dependent PL spectra of H-stacked devices H2, H3 and H4, respectively.
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Extended DataFig. 4 | Helicity-resolved doping-dependent PL spectra for excitation power of 2 uW. (c¢) and (d) are 6* and o' PL spectra under a ¢* excitation
R-stacked WS,/WSe, moiré bilayers under different excitation powers. withan excitation power of 390 pW. A CW laser with photon energy centered
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Extended DataFig. 5| Helicity-resolved doping-dependent PL spectra for
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o PLspectraunderac® excitation with an excitation power of 390 pyW. A CW laser
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datawere taken at atemperature of 5.0 K.

Nature Physics


http://www.nature.com/naturephysics

Article

https://doi.org/10.1038/s41567-023-02266-2

a
> 1.0
® n=0 o+
c 0.8
2 — o-
£ 16
T ' 2 uyw
S 04 R-stacked
8
® 0.2
£
1
9 00
Z 132 136 140 144 148 152
b Photon Energy (eV)
210
(2]} -
n=0
& 081
ot
£
T 0.6+ 390 pw
s R-stacked
@ 041
N
©
0.2
£
o
Z 00 . : . .
132 136 140 144 148 152

Extended DataFig. 6 | Helicity-resolved PL spectra of device R1and H1 for
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the PL spectra of device R1at n = 0 under excitation powers of 2 uW and 390 pW,
respectively. The red and blue lines represent measured right (0*) and left
circularly (0") polarized PL spectra, respectively, under the ¢* excitation.
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(c) and (d) are the PL spectra of device R1at n =3 under the excitation power of
2 W and 390 pW, respectively. (e) and (f) are the PL spectra of device Hlatn=0
with excitation power of 2 uW and 390 pW, respectively. These data are extracted

from Extended Data Figs. 4 and 5. The datain (c) are offset for the clarity of

presentation.
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