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superlattice
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Two-dimensional moiré superlattices provide a highly tunable
platform to study strongly correlated physics. In particular,
the moiré superlattices of two-dimensional semiconductor
heterojunctions have been shown to host tunable correlated
electronic states such as a Mott insulator and generalized
Wigner crystals'™“. Here we report the observation of an exci-
tonic insulator®”, a correlated state with strongly bound elec-
trons and holes, in an angle-aligned monolayer WS,/bilayer
WSe, moiré superlattice. The moiré coupling induces a flat
miniband on the valence-band side only in the first WSe,
layer interfacing WS,. The electrostatically introduced holes
first fill this miniband and form a Mott insulator when the
carrier density corresponds to one hole per moiré supercell.
By applying a vertical electric field, we tune the valence band
in the second WSe, layer to overlap with the moiré miniband
in the first WSe, layer, realizing the coexistence of electrons
and holes at equilibrium, which are bound as excitons due to
a strong Coulomb interaction. We show that this new bound
state is an excitonic insulator with a transition temperature
as high as 90 K. Our study demonstrates a moiré system for
the study of correlated many-body physics in two dimensions.

An excitonic insulator (EI) is a bound state of electron and hole
pairs due to a strong Coulomb interaction®”. Motivated by its rel-
evance to Bose-Einstein condensation, researchers have long been
looking for this exotic quantum state, although the study is often
hindered by low transition temperatures or elusive experimental
signatures. Recently, two-dimensional moiré superlattices have
emerged as a controllable material platform with a strong Coulomb
interaction®, which has led to the discovery of a variety of novel
quantum phases such as superconductor, Mott insulator and cor-
related Chern insulator'~**=*. The strong electronic correlation in
moiré superlattices is enabled by the formation of flat minibands in
which the kinetic energy of charge carriers is substantially reduced.
Meanwhile, owing to their small bandwidth, these minibands make
it possible to realize the coexistence of electrons and holes via band
engineering, a prerequisite to form EIs. The strong Coulomb inter-
action further provides the glue for the strong binding of electron-
hole pairs. In this work, we explore the possibility of EI in the highly
tunable moiré superlattice of angle-aligned transition metal dichal-
cogenides (TMDCs), which has been shown to exhibit particularly

121 Zhen Lian", Xiong Huang ®34", Ying Su
8, Kenji Watanabe
Dmitry Smirnov®7, Zenghui Wang ®2?%, Chuanwei Zhang®*, Yong-Tao Cui

51 Mina Rashetnia3, Lei Ma’,
%, Sefaattin Tongay ©6,

34 and Su-Fei Shi®10x

strong electron correlation, evidenced by the Mott insulator state
with high transition temperatures and various correlated insulating
states at fractional fillings of the moiré superlattice’**.

In this work, we study the moiré superlattice of angle-aligned
monolayer WS,/bilayer WSe, (1L/2L WS,/WSe,). We focus on the
hole-doping regime as the valence band of TMDC heterobilayers
has been readily modelled for the study of a single-band Hubbard
model®. In WS,/WSe, heterojunctions, the holes reside in the WSe,
layers due to the type-II alignment?, and it has been demonstrated
that moiré coupling in monolayer WS,/monolayer WSe, (1L/1L
WS,/WSe,) forms a flat miniband in WSe, that enables the Mott
insulator state at n=—1, one hole per moiré unit cell. In the 1L/2L
WS,/WSe, moiré superlattice studied here, the second WSe, layer in
the natural bilayer WSe,, away from the WS,/WSe, interface, con-
tributes a parabolic valence band (VB2) that is energetically close
to the moiré miniband (MB1) in the first WSe, layer at the inter-
face (Fig. le). By applying an out-of-plane electric field, these two
bands can overlap in energy, and electrostatic doping can be used to
simultaneously populate electron-like carriers in MB1 and hole-like
carriers in VB2 (Fig. 1f), experimentally revealed by the optical
signatures of exciton-polarons from the second WSe, layer. Using
microwave impedance microscopy (MIM), we further find that the
system goes into an insulating state at n=—1, at which the electron
density in MB1 is equal to the hole density in VB2, confirming that
these electrons and holes form a strongly bound EI state. This EI
state is robust and exhibits a transition temperature as high as 90K.

As shown in the schematic in Fig. 1a, a typical device consists of
a monolayer WS, angle aligned on top of a natural bilayer WSe,, and
the heterojunction is encapsulated with boron nitride (BN) flakes.
The 1L/2L WS,/WSe, heterostructure (with the former layer on top)
is dual gated by few-layer graphene (FLG) electrodes on both top
and bottom, which allows us to independently control the doping
density n and electric field E (Methods). The optical microscopy
image of device D1 is shown in Extended Data Fig. 1.

We first investigate the optical signatures of the dual-gate 1L/2L
WS,/WSe, heterojunction. Moiré coupling in the TMDC hetero-
junction has been shown to strongly modify the excitonic behav-
iours”*. Here we study the moiré effect on the exciton through
the optical reflectance spectra as a function of carrier density with
electric field E=0 (Fig. 1b). The reflectance spectra are distinctively
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Fig. 1| Moiré superlattice of 1L/2L WS,/WSe,.
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a, Schematic of angle-aligned 1L/2L WS,/WSe, heterojunction device D1. b, Optical reflectance spectra

as a function of carrier density (filling factor) for zero vertical electric field E=0 at 5K. The charge-neutral region is indicated by the black dashed lines
(region in which moiré excitons X, and X,, are visible). ¢, Linecut of the optical spectra in b at charge neutrality n=0. d, Zoomed-in view of the white-box
region in b (left) and the peak intensity (right). e f, Calculations of the valence bands for the cases of E=0 (e) and E=40mV nm™ (f). MB1 is the flat
miniband from the first WSe, layer due to the moiré coupling and VB2 is the valence band from the second WSe, layer. When the Fermi level crosses both

MB1 and VB2, carriers are electron-like in MB1 but hole-like in VB2.

different from that of the 1L/1L WS,/WSe, moiré superlattice
studied previously*. In 1L/1L WS,/WSe,, the A-exciton resonance
of WSe, is split into three moiré exciton peaks, whereas in 1L/2L
WS,/WSe,, there are four exciton peaks when the system is charge
neutral. The peaks Xj, X;; and X are located at ~1.665, 1.747 and
1.798 eV, respectively, whereas Xy is located at ~1.705eV and close
to the original A-exciton resonance of WSe, (Fig. 1c). These four
exciton peaks are similar for all the angle-aligned 1L/2L WS,/WSe,
devices studied here. They can be explained by the interfacial nature
of the moiré coupling between WSe, and WS,. The A exciton of the
first WSe, layer (the one interfacing WS,) is split into three moiré
exciton peaks (X;, Xj; and Xj;), similar to the case of the 1L/1L WS,/
WSe, moiré superlattice. The second WSe, layer away from the
WS,/WSe, interface, however, is not strongly affected by the moiré
coupling because interlayer hopping in bilayer WSe, is virtually sup-
pressed by the AB-stacking pattern and the layer is approximately
a good quantum number. This interpretation is supported by our
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numerical results (Fig. 1e) in which the moiré minibands from the
first and second WSe, layers are marked by red and blue colours,
respectively. The moiré coupling hybridizes adjacent minibands at
the moiré Brillouin-zone boundary (Fig. le, the M to K segment)
at which the original energy bands of the constituent WSe, layers
are folded back. The level repulsion at the zone boundary manifests
the strength of moiré coupling, which is strong in the first WSe,
layer and gives rise to the flat minibands. On the other hand, the
minibands in the second WSe, layer remain nearly degenerate at
the zone boundary, suggesting that the moiré coupling has a small
effect. Therefore, the intralayer A-exciton resonance in the second
WSe, layer remains at roughly the same energy and corresponds to
the observed X, peak.

The moiré exciton at the lowest energy, X, is sensitive to the
carrier density and exhibits intensity resonances at an electron or
hole density of about 2.0x10'>cm™, which corresponds to filling
factor of n=1 (one electron per moiré unit cell) and —1 (one hole
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Fig. 2 | Electric-field tuning of the band alignment in dual-gate 1L/2L WS,/WSe,. a-c, Doping dependence of the optical reflectance spectra at electric
fields of -38 mV nm™ (a), 38 mV nm™ (b) and 121mV nm (c). d-f, Schematic of the distribution of holes in the two WSe, layers for a-c (d-f, respectively),
where the ellipse denotes the interlayer exciton formed by the hole transferred to the second layer of WSe, and electron left behind in the first layer of
WSe,. g-i, Schematic of the valence-band alignment at total filling n=—1 corresponding to a-c (g-i, respectively). At n=—1, the flat MB1 is split into LHB
and UHB. The relative alignment between VB2 and MB1 is tuned by the electric field.

per moiré unit cell) (Fig. 1d). This behaviour is likely due to the
reduced screening associated with the formation of insulating states
(Fig. 3, MIM measurements), similar to the case of 1L/1L WSe,/WS,
moiré superlattice>**". It is worth noting that at n=—1, moiré exci-
ton X,y remains the same as that in charge-neural doping (n=0).
However, Xj, splits into an attractive exciton-polaron (XP,) and
a repulsive exciton—polaron (XP;) at increased doping at around
n=-—1.5 (total hole density of about 3.0x 102cm™). The exciton-
polaron in TMDC:s arises from the many-body interaction between
the intralayer exciton and free carriers, with the exciton interacting
with the Fermi sea of the opposite (same) valley leading to the red-
shifted (blueshifted) attractive (repulsive) exciton-polaron®-*. The
doping dependence of Xy, therefore, suggests that at n=—1, all the
holes reside in the first WSe, layer, and they start to fill the second
WSe, layer at n of about —1.5 for the E=0 case. This observation
inspires us to apply a vertical electric field to engineer the relative
alignment of MB1 and VB2, which could allow holes to populate the
second WSe, layer at a much lower hole doping (—1 <n<0). This
is feasible according to our calculation (Fig. 1f), in which a posi-
tive electric field (pointing from WS, towards WSe,) moves VB2 up
relative to MB1. When E is large enough, VB2 can overlap with the
flat MB1, which allows carriers to transfer from the first WSe, layer
to the second WSe, layer. When the total doping is at a level such
that both MB1 and VB2 are partially filled, that is, the Fermi level
lies in the overlap range, the carriers near the Fermi level in MBI
are electron-like due to the positive band curvature near the bottom
of the band. On the other hand, the carriers in VB2 are hole-like
as they are near the top of the valence band. This band alignment
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creates an interesting scenario in which electrons and holes can
simultaneously exist but in different WSe, layers, setting up the
stage for the formation of an EI.

We next experimentally demonstrate the coexistence of electrons
and holes in separate WSe, layers by using an electric field to tune
the band alignment. For each specific electric field, we measure the
doping dependence of the optical reflectance spectra: the data for
three characteristic electric fields are shown in Fig. 2 (Extended
Data Fig. 2 provides more data for different electric fields). For
all the three cases, moiré exciton X; exhibits a resonance at a hole
density of about 2.0X10"2cm™, corresponding to a total filling
level of n=—1. However, moiré exciton X, which arises from the
A-exciton response of the second WSe, layer, shows different behav-
iours at different electric fields. At E=—38mV nm™, the splitting
of Xj, into two exciton—polarons, namely, XP, and XP;, occurs at
a high-hole-doping level corresponding to n of about —2.3. Before
reaching this doping level, all the carriers should be in MBI.
Therefore, the n=—1 state should correspond to the Mott insulator
state at the half-filling of MB1 with one hole per moiré unit cell. The
strong on-site Coulomb repulsion splits the originally doubly degen-
erate MBI into a lower Hubbard band (LHB) and an upper Hubbard
band (UHB). For n=—1, the Fermi level lies just below the UHB
(Fig. 2g). VB2, which starts to be filled at n of about —2.3, should
lie even below the LHB, consistent with the negative direction of
the electric field that pushes holes to the first WSe, layer (Fig. 2d).
Under a positive electric field that moves VB2 up, the onset of the
exciton—polaron is expected to occur at alower hole doping. We find
that at E=38mV nm™, this onset occurs at roughly n=—1 (Fig. 2b).
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Fig. 3 | MIM spectra of single-gate 1L/2L WS,/WSe, devices with opposite stacking orders. a, Schematic of single-gate 1L/2L WS,/WSe, devices.
b,c, Optical (b) and MIM (c) spectra as a function of hole doping for the single-gate 1L/2L WS,/WSe, region in device D1. d, Schematic of single-gate
2L/1L WSe,/WS, devices. e f, Doping-dependent optical (e) and MIM (f) spectra for the 2L/1L WSe,/WS, regions in device D5. The arrows ina and d

denote the electric-field direction at n=-1.

This suggests that the band maximum of VB2 is at the same energy
level as the bottom of the UHB of MB1 (Fig. 2h). The Fermi level at
n=—1 should now touch both bottom of LHB and top of VB2. As
the electric field further increases, these two bands start to overlap;
when the total doping level is fixed at n=—1, some carriers now
transfer from the UHB to VB2 (Fig. 2e,f). From the perspective of
electron-like carriers, the electron density in the UHB of MB1 (n,) is
exactly the same as the hole density in VB2 (n,), that is, n,=n,. The
case of E=121mVnm™ is such an example. The onset of exciton-
polaron clearly occurs at a lower hole doping than n=—1 (Fig. 2c).
Therefore, the n=—1 state corresponds to a state with coexisting
electrons in MB1 and holes in VB2 of equal densities—a potential
candidate for an EI

The remaining step is to show that this state is insulating, which
we demonstrate by combining MIM and optical spectroscopy mea-
surements. MIM measures the local conductivity in a small sample
area (~100nm) underneath the tip. We have fabricated three types
of device: (1) 1L/2L WS,/WSe, with only a single back graphite gate
(Fig. 3a); (2) an inverted stack with 2L WSe, on the top of 1L WS,,
thatis, 2L/1L WSe,/WS,, with a single bottom graphite gate (Fig. 3d);
(3) dual-gate devices with a monolayer graphene as the top gate
(Extended Data Fig. 3a). All three types of device show consistent
behaviours. Since the layer stacking order is opposite in type-1 and
type-2 devices, the electric-field directions are also opposite (Fig. 2)
when the total carrier density is tuned to n=—1 by the back gate
(Fig. 3a,d). In the 1L/2L WS,/WSe, (type-1) device, the electric field
is positive at around n=—1, and the optical reflectance measure-
ment indicates that the holes reside on both layers of 2L WSe, (Fig.
3b). The gate dependence of MIM in this device clearly shows an
insulating state at n=—1. These results, thus, confirm the existence
of the EI state in the 1L/2L WS,/WSe, device. This EI state has a
transition temperature of around 90K, determined from the tem-
perature dependence of the MIM spectra (Fig. 3c). As a compari-
son, the 2L/1L WSe,/WS, (type-2) device exhibits a Mott insulator
state at n=—1 since the corresponding electric field is negative and
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pushes all the holes to the first WSe, layer, which is confirmed by
the optical reflectance measurement (Fig. 3e). The Mott insulator
state has a transition temperature of around 120K, as determined
from the MIM results (Fig. 3f). The different transition tempera-
tures reflect the different characteristics of the EI and Mott insula-
tor states, both at n=—1. As a control experiment, the 1L/1L WS,/
WSe, regions in type-1 and type-2 devices have a similar transition
temperature of around 180K, indicating similar moiré couplings
(Extended Data Fig. 4).

In a dual-gate 1L/2L WS,/WSe, (type-3) device, we can real-
ize both Mott insulator and EI state in a single device under dif-
ferent electric fields (Extended Data Fig. 3). At 20K, the dual-gate
MIM maps show an insulating feature at n=—1 in the entire acces-
sible range of electric fields, expected for both Mott insulator and
EI states. The difference between the two insulating states can
be shown in their temperature dependence: at 70K, the EI state
disappears whereas the Mott insulator state persists. This differ-
ence arises from the strength of the Coulomb interaction associ-
ated with these states and is consistent with the data in Fig. 3. A
detailed analysis of Extended Data Fig. 3 can be found in the
Supplementary Information.

Finally, we use helicity-resolved magnetoreflectance spectroscopy
to further confirm the exciton—polarons and the correlation of holes
from the first and second layer of WSe, in the EI state. The exciton—
polarons arise from the interaction between the intralayer exciton
and carriers in the same (attractive exciton-polaron) or opposite
(repulsive exciton-polaron) valley. An out-of-plane magnetic field
lifts the valley degeneracy and leads to an energy difference between
the valence bands from K and K’ valleys. As a result, the hole dop-
ing starts to first fill one particular valley, say, the K valley, and the
screening of the excitons in the opposite (K’) or same (K) valley
results in the attractive (repulsive) exciton-polaron***. To con-
firm this, we excite the device with right-circularly (left-circularly)
polarized light, that is, 6* (67), and probe the reflectance contrast
in the right-circularly (left-circularly) polarized channel. The data
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obtained from an out-of-plane magnetic field of 4T are shown in
Fig. 4. Under the electric field of 69 mV nm™!, the 1L/2L WS,/WSe,
heterojunction is at the EI state, and it is obvious that the intralayer
exciton from the second layer of WSe, (X,,) behaves as an attractive
exciton—polaron (Fig. 4a) in the 676~ measurement configuration
and repulsive exciton-polaron in the o*o* configuration (Fig. 4b)
atn=-1.

We further measure the Zeeman shifts of both XP, and X, at
the EI state (n=—1; Fig. 4a). The Zeeman splitting™ of the absorp-
tion peaks are defined by E = Eo & 1guyB, where g is the Landé
g-factor and iy, is the Bohr magneton. The ‘+” and ‘-’ signs denote
the absorption peak energies from the K and K’ valleys, respectively.
Both XP, and X, exhibit unique dependence on the magnetic field:
a large Zeeman shift is observed in the relatively low magnetic-field
regime, characterized by a g-factor much larger than 4, which then
saturates at a high magnetic field. The behaviour of moiré exciton
X, at n=—1 has been reported previously’, which was ascribed to
the magnetic properties of the ground state of the Mott insulator>*
in 1L/1L WS,/WSe,. Here, in the EI state of the 1L/2L WS,/WSe,,
although some holes are moved to the second layer of WSe,, these
holes are still strongly correlated magnetically with the holes in the
first layer of WSe,; therefore, the associated exciton—polaron exhib-
its a similar Zeeman splitting behaviour. In contrast, when 1L/2L
WS,/WSe, is in the Mott insulator state (n=-1), the X}, intra-
layer exciton in the second WSe, layer shows a Zeeman splitting
with a g-factor of about 4 (Extended Data Fig. 5). This behaviour is
expected for the Mott insulator state: since all the correlated holes
are confined in the first layer of WSe,, the X;,, exciton is essentially
the A exciton from the second layer of WSe,, with an expected ‘nor-
mal’ g-factor of intralayer exciton of about 4.

Overall, the combined MIM and optical spectroscopy results
support that the state at n=—1, when holes partially populate the
second WSe, layer (Fig. 2f), is an EI state. The equal number of elec-
trons in MBI and holes in VB2 are tightly bound as charge-neutral
excitons due to the strong Coulomb interactions considering the
small physical van der Waals gap between the first and second layer
of WSe, (~0.3nm). Since no free carriers are left behind, and the
charge-neutral excitons do not contribute to any charge transport,
the system is in an insulating state. This insulating state should be
rather sensitive to the imbalance of electron and hole densities,
which is reflected as the width of the insulating feature in the MIM
spectra (Supplementary Information). We note that the EI transition
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temperatures in this system are much higher than those reported
in two-dimensional electron-gas-based EI systems*** or the EI in
bilayer graphene®>*'. They are also higher than the EI states recently
reported in a different TMDC moiré superlattice’*. The robust-
ness of the EI state originates from the strong correlation in the flat
moiré miniband and the strong Coulomb interaction that leads to
the tightly bound interlayer excitons across the van der Waals gap of
bilayer WSe,, which inspires further engineering of new quantum
states such as superfluidity in an EI system™.
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Methods

Heterostructure device fabrication. We use a dry pickup method to fabricate
the WS,/WSe, heterostructures. We exfoliate monolayer WS,, multilayer

WSe,, FLG and BN flakes on a silicon substrate with a 285 nm thermal

oxide layer. For angle-aligned heterostructures, we choose exfoliated WS,

and WSe, flakes with sharp edges, whose crystal axes are further confirmed

by second-harmonic-generation measurements. We then mount the SiO,/Si
substrate on a rotational stage and clamp the glass slide with thin flakes to another
three-dimensional stage. We adjust the three-dimensional stage to control the
distance between the substrates and thin flakes, and we sequentially pickup
different flakes onto prepatterned Pt electrodes on SiO,/Si substrates. We finely
adjust the angle of the rotational stage (accuracy of 0.02°) under a microscope
objective to stack the WS,/WSe, heterojunction, ensuring a near-zero twist angle
between the two flakes. The final constructed device is annealed at 130°C for
12h in a vacuum chamber. The prepatterned Pt contact electrodes are fabricated
through standard electron-beam lithography and electron-beam evaporation
processes (Extended Data Fig. 1 shows the optical microscopy images of device
D1). For devices D1 and D5, the heterostructure regions are partially covered by
top-gate FLG flakes. MIM measurements were first performed in regions without
the FLG top gate to obtain data on single-gate regions (Extended Data Fig. 3).
Then, monolayer graphene flakes were transferred over these regions and used as
the top gate to obtain the data shown in Fig. 3 and Supplementary Information.
The twist angle between WS, and WSe, can be determined from the MIM spectra,
which is 0.4° +0.2° and 0.3°+0.2° for the 1L/1L and 1L/2L WS,/WSe, regions in
device D1, respectively, as shown in the main text.

Optical spectroscopy measurements. To perform differential reflectance contrast
measurements, the samples were mounted in a helium flow-controlled cryostat
with a quartz optical window and electrical feedthroughs. A super-continuum laser
(YSL Photonics) was used as the white-light source. The laser was focused onto

the sample with a X50 objective (the typical laser spot size is ~2 pm). The reflected
light was directed into a spectrograph and collected with a charge-coupled device
camera (Princeton Instruments). The differential reflectance is calculated as

AR = R;RU by using the reflectance spectrum at the highest p-doping region as
reference R,. The helicity-resolved magnetoreflectance spectra were measured
under an out-of-plane magnetic field, by exciting the device with white light of
certain helicity and measuring the reflectance of the same helicity.

Calculation of carrier density and electric field. The density
of carriers introduced by electrostatic gating is given by

ne (np) = Cig(Vig — V?g) + Cog(Vog — Vgg), where C,, (C,) is the geometry

capacitance of the top gate (back gate) and V,, (V,,) is the top-gate (back-gate)
voltage. Here V?g and Vgg are the onset gate voltages of the top gate and back
gate, respectively, experimentally determined from the regions where moiré
excitons peaks X;; and X;; remain visible (Fig. 1b). The electrical field is given by
E=(Vig— V?g)/zdl — (Vbg — Vgg)/Zdz, where d, (d,) is the thickness of the top
(bottom) BN.

MIM measurements. The MIM measurement is performed on a home-built
cryogenic scanning probe microscopy platform. A small microwave excitation of
about 0.1 mW at a fixed frequency of around 10 GHz is delivered to a chemically
etched tungsten tip mounted on a quartz tuning fork. The reflected signal is
analysed to extract the demodulated output channels, namely, MIM-Im and
MIM-Re, which are proportional to the imaginary and real parts of the admittance
between the tip and sample, respectively. To enhance the MIM signal quality, the
tip on the tuning fork is excited to oscillate at a frequency of around 32 kHz with an
amplitude of approximately 8 nm. The resulting oscillation amplitudes of MIM-Im
and MIM-Re are then extracted using a lock-in amplifier to yield d(MIM-Im)/dz

NATURE PHYSICS | www.nature.com/naturephysics

and d(MIM-Re)/dz, respectively. The d(MIM)/dz signals are free of fluctuating
backgrounds, and their behaviour is very similar to that of standard MIM signals.
In this paper, we simply refer to d(MIM)/dz as the MIM signal.

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 source code for the numerical simulations is available from the corresponding
authors upon reasonable request.
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Extended Data Fig. 1| Optical microscope image of the device D1 presented in the main text.
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Extended Data Fig. 2 | Electric field tuning of the band alignment in dual-gated 1L/2L WS,/WSe, device D1.
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Extended Data Fig. 3 | Transition between Mott insulator and El states at n=—1 probed by MIM spectra. (a) Schematic of a dual gated 1L/2L WS,/WSe,
device D1, same as the device in Fig. 1, but in a region with a monolayer graphene (MLG) as the top gate. (b) Schematic of expected MIM features in a dual
gate MIM map. (c)-(e) are color plots of MIM spectra as a function of top gate and back gate voltages for 1L/2L WS,/WSe, region at 20K (c) and at 70K
(d), and for 1L/1L WS,/WSe, region at 70K (e), respectively. The top panels are MIM-Im data and the bottom panels are MIM-Re data.
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Extended Data Fig. 4 | MIM spectra of single-gated 1L/2L WS,/WSe, devices with opposite stacking orders. (a) MIM spectra as a function of the hole
doping for the single gated 1L/1L WS,/WSe, region of device D1, with the device structure schematically shown in (c). (b) MIM spectra as a function of
the hole doping for the single gated 1L/2L WS,/WSe, region in device D1, with the device stacking order schematically shown in (d). (e) and (f) are doping
dependent MIM spectra for the 1L/1L and 2L/1L WSe,/WS, regions in device D5, with the schematic of the stacking shown in (g) and (h), respectively.
The MIM spectra in (b) and (f) are equivalent to the red and blue linecuts in the schematic of the dual gate map in (i). Therefore, the n=—1 states in (b)
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Extended Data Fig. 5 | Magneto-reflectance spectra and Zeeman shifts of the excitons at the Mott insulator state. (a) and (b) are helicity-resolved
magneto-reflectance spectra of 1L/2L WS,/ WSe, region of device D2 as a function of doping for the negative electric field -69 mV/nm, under an
out-of-plane magnetic field of 4T. At n=-1, in contrast to Fig. 4, exciton resonance X, is evidently A exciton like. (¢) Zeeman shift of X, of device D3 at
the Mott insulator state (reflectance spectra in Supplementary Fig. 6).
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