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Correlated interlayer exciton insulator in
heterostructures of monolayer WSe, and moiré
WS,/WSe,

Zuocheng Zhang®', Emma C. Regan®'23, Danging Wang"%3, Wenyu Zhao', Shaoxin Wang/,
Mohammed Sayyad?, Kentaro Yumigeta®, Kenji Watanabe ©5, Takashi Taniguchi®¢,
Sefaattin Tongay ©4, Michael Crommie®'37, Alex Zettl®'37, Michael P. Zaletel* and Feng Wang ©'37%

Moiré superlattices in van der Waals heterostructures have emerged as a powerful tool for engineering quantum phenom-
ena. Here we report the observation of a correlated interlayer exciton insulator in a double-layer heterostructure composed
of a WSe, monolayer and a WS,/WSe, moiré bilayer that are separated by ultrathin hexagonal boron nitride. The moiré
WS,/WSe, bilayer features a Mott insulator state when the density of holes is one per moiré lattice site. When electrons are
added to the Mott insulator in the WS,/WSe, moiré bilayer and an equal number of holes are injected into the WSe, monolayer,
a new interlayer exciton insulator emerges with the holes in the WSe, monolayer and the electrons in the doped Mott insulator
bound together through interlayer Coulomb interactions. The interlayer exciton insulator is stable up to a critical hole density
in the WSe, monolayer, beyond which the interlayer exciton dissociates. Our study highlights the opportunities for realizing
quantum phases in double-layer moiré systems due to the interplay between the moiré flat band and strong interlayer electron
interactions.

pairs through an attractive Coulomb interaction'?. The realiza-

tion of excitonic insulators has been actively pursued for many
decades’. The most striking observations of excitonic insulators are
demonstrated in quantum Hall double layers'”, where Landau lev-
els in a strong magnetic field are flat electronic bands that suppress
the kinetic energy and enhance the electron-hole correlation. Flat
electronic bands can also be achieved in moiré superlattices, which
has enabled the observation of correlated insulators®', supercon-
ductivity”'***'°, Chern insulators'’-’, moiré excitons®'** and gener-
alized Wigner crystal states'>” in different moiré heterostructures.
By integrating the moiré superlattice into a double-layer system in
which the moiré superlattice is separated from another semiconduc-
tor layer by an ultrathin hexagonal boron nitride (hBN) layer, we can
simultaneously achieve a flat electronic band and strong interlayer
electron-hole coupling. This interplay for moiré flat bands and strong
interlayer electron-hole interactions can lead to novel correlated
quantum phases, including excitonic insulators at zero magnetic field.
Here, we demonstrate a new type of correlated interlayer exci-
ton insulator phases in a double-layer heterostructure composed
of a WS,/WSe, moiré bilayer strongly coupled to a WSe, monolayer
that is separated by a 1-nm-thick hBN. A charge-neutral WSe,
monolayer was used as a sensor to probe nearby Wigner crys-
tal insulators in WS,/WSe, heterostructures in ref. . Our study
explores the double-layer system where both the WSe, mono-
layer and the moiré heterostructure are doped with charge carri-
ers that interact strongly with each other (Fig. 1a). The interlayer

| xcitonic insulators form when electrons and holes bind into

electron correlation leads to the formation of a new interlayer
exciton insulator state composed of holes of a band insulator (in
the WSe, monolayer) and electrons of a Mott insulator (in the
WS,/WSe, moiré bilayer). We utilize the delicate dependence of
the 2s exciton resonance on the dielectric environment to deter-
mine the exciton insulating phase of the double-layer heterostruc-
ture”. At the same time, we track the charge distributions in the
WSe, monolayer and the moiré bilayer using the trion state in the
WSe, monolayer and the interlayer moiré exciton photolumines-
cence (PL) in the WS,/WSe, moiré bilayer, respectively.

Figure 1a shows a schematic of a double-layer heterostructure
device with both the top (V;) and bottom (V) gates. The dual-gate
configuration enables us to independently control the total hole
concentration
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where V,, and V,, are the onset gate voltages to inject holes into the
moiré bilayer, d,, d,,, dwse, and d, are the thickness of the bottom,
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Fig. 1| Schematic of double layers composed of a WS,/WSe, moiré bilayer and WSe, monolayer. a, A schematic of the double-layer heterostructure
with both the top and bottom gates. Both the moiré bilayer and the WSe, monolayer can be hole-doped in the system. These two layers are separated

by an ultrathin hBN layer with thickness of approximately Tnm. Thicker hBN layers are used for the gate dielectric layers. The electrical contacts to the
TMDC flakes and the top/bottom gates are made of few-layer graphite (FLG). b, The band alignment of the three TMDC layers in the double layers. The
conduction-band minimum (CBM) is in the moiré superlattice WS, layer. The valence-band maximum (VBM) can be in either the WSe, monolayer or the
moiré superlattice WSe, layer, depending on the applied vertical electric field E. E; is the Fermi energy. ¢, The broadband reflection spectrum (top) and
the first-derivative reflection contrast spectrum (bottom) when both the moiré bilayer and the WSe, monolayer are charge neutral. The 1s and 2s exciton
resonances of the WSe, monolayer and the moiré excitons of the WS,/WSe, bilayer can be observed. The data of the first-derivative reflection contrast

spectrum below 1.810 eV are multiplied by 0.1 for clarity.

the dielectric constant of hBN with &, ~4.2 (ref. ). The E field
can change the relative potential of the WSe, monolayer and the
WS,/WSe, moiré bilayer, and consequently the distribution of the
hole concentration in the WSe, monolayer (p,,.,,) and the WS,/WSe,
moiré bilayer (p,,;.)- Figure 1b illustrates the band alignment of the
three transition-metal dichalcogenide (TMDC) layers in the hetero-
structure. The conduction-band minimum of the WS, monolayer
has much lower energy than that in WSe, monolayers. As a result,
electrostatically doped electrons tend to be confined in the moiré
superlattice WS, layer. On the other hand, holes can be distributed
in either the WSe, monolayer or the moiré superlattice WSe, layer,
depending on the E field: a positive E will shift holes to the moiré
superlattice WSe, layer, while a negative E will prefer holes in the
WSe, monolayer.
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We utilize different excitonic features in the optical spectra to
selectively probe the electron and hole doping in individual TMDC
layers and the correlated insulator states. Three different devices
have been studied (Extended Data Fig. 1), and they all exhibit
similar behaviour. We focus on device I in the main text. Figure 1c
shows a broadband reflection contrast spectrum (top panel) and
corresponding  first-derivative reflection contrast spectrum,
d(—=AR/R)/dE, 1., (bottom panel) of the device with both the WSe,
monolayer and the WS,/WSe, moiré bilayer at charge neutral-
ity. (All experimental measurements were performed at a nomi-
nal temperature of T=1.6K unless otherwise specified.) The two
absorption peaks centred around 1.695eV and 1.790eV are moiré
exciton resonances of the WS,/WSe, moiré superlattice”. The
strongest absorption peak, at around 1.722 eV, corresponds to the
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Fig. 2 | Correlated insulating states in double layers. a-l, Two-dimensional colour plots of derivative reflection contrast spectra and PL spectra in three
different photon energy windows at E fields of 80 mV nm~"(a, e and i), 8mV nm~' (b, fand j), 0mV nm~' (e, g and k) and =8 mV nm~"(d, h and I), showing
the derivative spectra of the WSe, monolayer 2s exciton to probe the correlated insulating state in the double-layer system (a-d), the WSe, monolayer 1s
exciton and the trion PL spectra to probe the hole density in the WSe, monolayer (e-h) and the IX PL spectra of the WS,/WSe, moiré bilayer to probe the
hole density in the moiré bilayer (i-1), where the Mott insulator state in the moiré bilayer is characterized by an abrupt increase of the IX PL intensity and a
blue shift of the IX energy. In a, the WSe, monolayer 2s exciton resonances at p/p,=1/3, 2/3 and 1 correspond to the generalized Wigner crystal and Mott
insulator states. In e, the WSe, monolayer is charge neutral with no trion PL signal. In i, the Mott insulator state occurs at p,..;«/pPo=1. In b-d, prominent 2s
exciton resonances are still observed at p/p,=1, indicating a correlated insulator state when the total doping is at one hole per moiré superlattice site. The
trion PL starts to appear at p/p,=1in f and becomes increasingly stronger in g and h, showing that the correlated insulator has partial hole doping in the
WSe, monolayer. In j-1, significantly higher total hole densities (p/p,>1) are required to realize a filled moiré superlattice (that is, p.,.s/Po=1), confirming
that holes are now distributed in both the WSe, monolayer and the WS,/WSe, moiré bilayer at p/p,=1. The correlated insulators in b-d represent new
interlayer exciton insulator states in the double-layer system.

1s exciton transition of the WSe, monolayer, which coincides with
an additional weak moiré exciton state”. The other sharp transi-
tion at around 1.847 eV is from the 2s exciton transition of the WSe,

spectra and the PL spectra in three different photon energy win-
dows (upper, middle and bottom panels) at an E field of 80 mV nm™"
(Fig. 2a,e,i), 8mVnm™ (Fig. 2b,fj), 0OmVnm™ (Fig. 2c,g.k) and

monolayer. The 1s exciton resonance of the WSe, monolayer has a
single peak with a narrow line width, comparable to that of isolated
monolayers. The 2s exciton signal is more obvious in the derivative
reflection contrast spectrum (Fig. 1c, lower).

We investigate the correlated interlayer electronic states by vary-
ing the gates’ induced hole density

1 1 €0 €0
—— (CuVi+CyVp) = —= TVt+—dVb s
e e t dy + dm WSey
€hBN €nBN  EmBN EWSe,

and the E field in the double-layer system. Figure 2 shows the
two-dimensional colour plot of the derivative reflection contrast
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—8mVnm™ (Fig. 2d,h,l). The upper panels (Fig. 2a-d) plot the
first-derivative spectra of the WSe, monolayer 2s exciton reso-
nance (with corresponding reflection contrast spectra in Extended
Data Fig. 2) between 1.810 and 1.870eV, which probes the corre-
lated insulating state in the double-layer system due to its sensitiv-
ity to the dielectric screening in the system®. The middle panels
(Fig. 2e-h) show the exciton and trion PL spectra of the WSe,
monolayer between 1.680 to 1.735eV (with background subtrac-
tion as documented in Supplementary Information Section 1),
which probe the hole density in the WSe, monolayer. The lower
panels (Fig. 2i-1) display the interlayer exciton (IX) PL spectra of the
WS,/WSe, moiré bilayer between 1.318 and 1.550¢eV to probe the
hole density in the moiré bilayer.
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Fig. 3 | Phase diagram of the correlated interlayer exciton insulator. a, The WSe, monolayer integrated trion area as a function of —% (CaVe + CiVp)

and the £ field. The dashed black line, determined by the emergence of the WSe, monolayer trion PL, separates region | (with a charge-neutral WSe,
monolayer) from region Il (with a hole-doped WSe, monolayer). The dashed white line corresponds to the charge-neutral line at p/p,=0. b, The derivative
of the IX PL intensity with respect to the gates’ induced hole density dljx/ [7% (CaVi + Cy Vb)]. The Mott insulator state at p,,..,/Po=1, characterized

by a maximum dl\x/ [—% (CaVi + Cpy \/b)] (dashed green line), coincides with the vertical line defining p/p,=1in region I. In region Il, a higher total hole
density p/p, is required to sustain the Mott insulator, confirming that an increasingly larger portion of holes is doped into the WSe, monolayer. ¢, The
WSe, monolayer 2s exciton signal, which shows a stable correlated insulator state at p/p,=1, extends region | to region Il. The correlated insulator in

region |, where p,...,=0, corresponds to the Mott insulator in the moiré bilaye

r. The correlated insulator in region |l represents a new correlated interlayer

exciton insulator at a combined hole density of p/po=(Proie + Prmono)/Po = 1. d, The hole distribution of the Mott insulator at point A of c. e, The hole
distribution of the interlayer correlated insulator with an effective ‘one hole per moiré lattice site’ at point B of €. The holes in the WSe, monolayer will

avoid positions below the WS,/WSe, moiré lattice site that is occupied by a h

ole owing to the strong interlayer Coulomb interaction. f, The particle-hole

transformation of the doped Mott insulator state at point B of ¢. Electrons doped into the Mott insulator in the moiré layer spontaneously bind the holes
doped into the WSe, monolayer to form the interlayer exciton insulator. g, Different correlated phases in the double layers as a function of p,..., at a fixed

p/po=1.

Figure 2a shows the WSe, monolayer 2s exciton deriva-
tive spectra as a function of the gates’ induced hole density
—% (CuVi+ Gy Vi) at E=80mVnm™". The large positive E field
confines doped holes in the moiré bilayer and keeps the WSe,
monolayer charge neutral. Well-defined but red-shifted monolayer
WSe, 2s exciton resonances (Fig. 2a, arrows) can be observed at
discrete doping levels of p/p,=1/3, 2/3 and 1, where p, is estimated
to be (2.08+0.21)x10”?cm™ (see Supplementary Information
Section 2 for details). These 2s exciton resonances result from
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reduced free-carrier screening and are signatures of correlated
insulating states®. Since only the moiré heterostructure is doped
with carriers at E=80mV nm™ for p/p,<2, these correlated insu-
lating states can be attributed to the known generalized Wigner
crystal states at p/p,=1/3 and 2/3, and the Mott insulator state at
plp,=1 (refs. **). Figure 2e displays the PL spectra at the WSe,
monolayer 1s exciton and trion transition energies. The 1s exciton
PL is unchanged, and no trion PL is observed for p/p,<2. These
results confirm that the hole density is zero in the WSe, monolayer.
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Fig. 4 | Temperature dependence of the Mott insulator and correlated interlayer exciton insulator. a-e, Correlated insulating states shown by the
derivative spectra of the 2s exciton resonance in the WSe, monolayer at E=80mV nm~" (upper) or E=0V nm~" (lower) at T=30K (a), 60K (b), 90K (c),
120K (d) and 150K (e). The Mott insulator state, revealed by the 2s resonance at p/po=p...ie/Po=1in the upper panel (arrows), persists up to 150 K. The
correlated interlayer exciton insulator, revealed by the 2s resonance at p/po= (Do + Pmono)/Po=11n the lower panel (arrows), is stable up to 60 K.

Figure 2i displays the IX PL spectra of the WS,/WSe, moiré bilayer.
The IX PL shows a discrete change at p/p,=1, where the PL reso-
nance energy blue-shifts suddenly and the PL intensity exhibits a
sudden increase. This coincides with the 2s exciton resonance at
p/po=11in Fig. 2a because all the doped holes are in the moiré bilayer
with p,.....=p in this case. This abrupt increase in the IX PL intensity
provides a reliable signature of the Mott insulating state with one
hole at each moiré superlattice (p,,;./po=1) (Extended Data Fig. 3
and refs. 1226-%8),

Figure 2b shows that, at E=8mV nm™, a prominent 2s exciton
resonance is observed at p/p,=1, indicating a correlated insulator
state when the total doping is at one hole per moiré superlattice
site. Clear trion PL can be observed at large hole density in Fig. 2f,
accompanied by the suppression of the 1s exciton PL. This shows
unambiguously that holes are now doped into the WSe, monolayer.
In particular, the trion PL is present at p=p,, indicating that the
correlated insulator at E=8mV nm™' already has partial hole dop-
ing in the WSe, monolayer. The binding energy of the hole-type
trion is around 21 meV (Extended Data Fig. 4), which is consistent
with the reported binding energy of the free hole-type trion in the
WSe, monolayer”-**. The sudden change in the IX PL in Fig. 2j now
takes place at p/p,> 1. This shows that a higher total hole density
(p/py>1) is required to realize a filled moiré superlattice (that is,
Pmoire/ Po=1), confirming that holes are now distributed in both the
WSe, monolayer and the WS,/WSe, moiré bilayer at p/p,=1.

Figure 2c¢ and 2d show corresponding data at E=0 and
E=-8mVnm™, respectively. The correlated insulator state can
be observed in both Fig. 2c and 2d at total doping of p/p,=1,
although the corresponding 2s resonance becomes relatively weak
at E=—8mVnm™ in Fig. 2d. Significant hole doping of the WSe,
monolayer is present in the p/p,=1 correlated insulator state at
E=0mVnm™, as reflected in the appreciable WSe, trion PL signal
at the dashed line in Fig. 2g. The hole doping in the WSe, mono-
layer becomes even stronger at E=—8mVnm™ (Fig. 2h). At the
same time, the IX PL spectra in Fig. 2k,I show that the moiré bilayer
Mott insulator state (p,,.;./p,=1), defined by the sudden change of
the IX PL resonance, occurs at a total hole doping p that is much
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larger than p,. At the correlated insulator state of p/p,=1 (Fig. 2k,
dashed lines), p,.i is smaller than p,. These results provide inde-
pendent evidence that both the WSe, monolayer and the WS,/WSe,
moiré bilayer are appreciably hole-doped when the full double-layer
system is in the correlated insulator state (p/p,=1) at E=0 and
E=—8mVnm™.

We map out the phase diagram of the new correlated insulating
state at p/p,=1 and different E fields in Fig. 3. Figure 3a shows the
integrated trion area (probing the WSe, monolayer hole density) as
a function of the gates’ induced hole density —1 (Cu Vi + Cp1 Vi)
and E field. The corresponding data for the derivative of the IX PL
intensity dIx/ [—% (Ca Vi + Gy Vb)] (probing the moiré bilayer
hole density) and the 2s exciton signal (probing the correlated insu-
lator state) are displayed in Fig. 3b and 3c, respectively.

The dashed white line in Fig. 3a—c defines p/p,=0. The WSe,
monolayer trion signal in Fig. 3a reveals two distinct regions for
hole doping. The WSe, monolayer is charge neutral without any
trion PL signal in region I (when the E field is below the dashed
black line) but becomes hole-doped with a finite trion PL sig-
nal in region II (when the E field is above the dashed black line).
The determination of the critical integrated trion area for hole
doping in the WSe, monolayer is documented in Supplementary
Information Section 3.

Figure 3b provides an independent determination of the Mott
insulator state (p,./po=1) in the moiré bilayer, as characterized
by the sudden increase of the IX PL signal (that is, the maximum of
dIx/ [—é (Ca Ve + Gy Vb)] denoted by the dashed green line). The
Mott insulator state (p,,../po=1) coincides with the vertical line
defining p/p,=1 in region I, as expected when the WSe, monolayer
is charge neutral, and all the doped holes are in the moiré bilayer.
However, in region II, the p,,;../p,=1 dashed line has a finite slope
and persists to the highest doping density and negative E field. An
increasingly higher total hole density p/p, is required to sustain
the Mott insulator state (p,,.../po=1) at more negative E field. This
confirms that an increasingly larger portion of the holes is doped
into the WSe, monolayer at positions deeper into region II. The
WSe, monolayer 2s exciton signal in Fig. 3¢ probes the correlated
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insulating states of double layers. It shows that the correlated insula-
tor state at p/p,=1 can be stable in both region I and II. The cor-
related insulator in region I, where p,..., =0, is defined by the Mott
insulator phase in the WS,/WSe, moiré bilayer. This insulator state
extends into region II with the combined hole density defined by
P/Po=(Prmoire + Pmono)/Po=1, and it eventually disappears at a large
negative electric field (that is, sufficiently high p,....). Similar phase
diagrams are observed for all three devices (Extended Data Fig. 5).

Next, we compare the hole distribution at points A and B of
Fig. 3c, where the total hole density is at p/p,=1. The line cuts of
the 2s exciton and trion spectra at these two points are shown in
Extended Data Figs. 6 and 7. Figure 3d illustrates the hole distribu-
tion at point A, where the holes fill each moiré lattice site in the
WS,/WSe, moiré layer to form a Mott insulator. Figure 3e illustrates
the hole distribution at point B, where finite hole density is present
in both the top moiré bilayer and the bottom WSe, monolayer. The
inhomogeneity in the hole doping in both the WSe, monolayer and
the moiré bilayer is relatively small, as shown by the narrow phase
boundary of the moiré bilayer Mott insulating state in Fig. 3b and
the correlated insulator state in Fig. 3c. Therefore, the correlated
insulator with distributed holes in both the WSe, monolayer and
the moiré bilayer should be a new quantum phase that is relatively
homogeneous. This new correlated interlayer insulator has total
doping of ‘one hole per moiré lattice site; but some of the holes are
present in the WSe, monolayer and do not experience the moiré
potential directly. This interlayer insulator is stabilized by the strong
interlayer Coulomb interaction, which is around tens of meV in
double-layer systems*~*". Because the moiré bilayer to monolayer
distance of d~1nm is much smaller than the moiré length scale
L~8nm, the interlayer Coulomb interaction can be extremely
strong. This prevents the holes in the WSe, monolayer from occu-
pying positions where the WS,/WSe, moiré lattice site above already
has a hole.

Figure 3f illustrates another perspective of this interlayer insula-
tor by applying a particle-hole transformation relative to the Mott
insulator state in the moiré bilayer. It clearly shows that electrons
doped into the Mott insulator in the moiré bilayer can spontane-
ously bind the holes doped into the WSe, monolayer and form
tightly bound interlayer excitons. Consequently, the insulat-
ing state at point B is described by an interlayer exciton insulator
phase, where the interlayer exciton density ny is the same as p,, -
This interlayer exciton insulator phase is stable up to an exciton
density of ny=0.50p, (Extended Data Fig. 8). When ny is further
increased, the interlayer excitons start to dissociate, and the inter-
layer exciton insulator dissolves into a phase that has a metal-like
optical response.

The phase diagram in Fig. 3¢ shows that weaker insulating states
are also present at p/p,=2/3 and 1/3. These states are known as the
generalized Wigner crystal states in region I. They also extend to
a finite phase space in region II and can be understood as inter-
layer exciton insulators relative to the respective generalized Wigner
crystal states in the moiré bilayer.

The interlayer excitons are bosons and can potentially form
an exciton condensate at sufficiently low temperatures. A mac-
roscopic two-dimensional exciton superfluid can be realized at
the Berezinskii-Kosterlitz—Thouless (BKT) transition with n)B(KT
defined by nakT = ”;X;;ZT (refs. ¥*=%7). Here, h is the reduced Planck
constant, #y is the exciton mass (my = m,+m,, with m, and m,
the electron and hole mass), k; is the Boltzmann constant and T
is the temperature. Figure 3g illustrates the different correlated
phases in the double layers as a function of p,,,, at a fixed p/p,=1.
We start from the Mott insulator phase when p,,...=0. The Mott
insulator becomes an interlayer exciton insulator with finite exciton
density ny=p,, o> 0. Beyond a critical exciton density ny = 0.50p,,
the interlayer exciton insulator melts into a phase that has a
metal-like optical response. Further experimental probes such as
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Coulomb drag and counterflow resistance measurements®~ will be
needed to examine the possibility of exciton condensate and coun-
terflow superfluidity (see Supplementary Information Section 4 for
details). Many quantum phases could arise in such systems. For
example, if the Mott insulator is a spin liquid, the correlated inter-
layer exciton insulator may carry new quantum excitations with
fractionalized statistics™*.

Finally, we compare the temperature dependence of the Mott
insulator and the correlated interlayer exciton insulator states.
Figure 4 shows the 2s exciton transition probing the Mott insula-
tor state (top panels, E=80mVnm™') and the correlated interlayer
exciton insulator state (lower panels, E=0mV nm™) at T=30K (a),
60K (b), 90K (c), 120K (d) and 150K (e). The 2s exciton resonance
intensity decreases monotonically as the temperature is increased.
The 2s exciton resonance associated with the Mott insulator at
Pmoiré/ Po=1 can be observed up to T=150K (Fig. 4, upper panels).
However, the 2s exciton resonance associated with the correlated
insulator state at p/py = (Ppoire + Pmono)/Po= 1 disappears at a tempera-
ture above T=60K (Fig. 4, lower panels). This shows that the cor-
related interlayer exciton insulator state has a lower phase-transition
temperature than the Mott insulator state. The difference between
the Mott insulator and the correlated interlayer exciton insulator is
summarized in Supplementary Information Section 5.
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Methods

Heterostructure preparation for optical measurements. All the two-dimensional
flakes are first exfoliated from the bulk crystal on the SiO,/Si substrate, and we
stack them up using a polypropylene carbon-based dry transfer technology*. The
moiré bilayer is composed of WS,/WSe, heterostructures with a near-zero or 60°
twist angle. The crystal orientations of these two flakes are determined optically
using polarization-dependent second-harmonic generation measurements before
the transfer process. The moiré bilayer and the WSe, monolayer are separated

by an ultrathin hBN layer with a thickness of approximately 1 nm. These atomic
double layers are contacted separately by FLG. The top and bottom gates are made
of FLG, and two thicker hBN flakes serve as the top and bottom dielectric layers
with dielectric constant of &5~ 4.2 +0.4 (ref. 1°). The heterostructure is further
capped by an hBN flake to ensure the cleanness of the top graphite and aid in the
device assembly. Finally, the whole stack is released onto a 90 nm SiO,/Si substrate.
Electrodes (5nm Cr/100nm Au) are defined by using a standard photolithography
system (Durham Magneto Optics, MicroWriter) and an e-beam deposition system.
The top and bottom gate voltages are applied by using Keithley 2400 or 2450
source meters. The WSe, monolayer, moiré bilayer and heavily hole-doped Si are
grounded during the measurements.

Optical measurements. The optical measurements are performed in a cryostat
with a temperature down to T=1.6 K (Quantum Design, Opticool). We use

diode lasers as the light source for reflection spectroscopy. The light is focused

on the sample by a 20x Mitutoyo objective with ~2 pm beam size. The reflected
light is collected by the same objective and dispersed by a spectrometer before
reaching the camera. We take three spectra to get the reflection contrast spectrum:
a spectrum on the sample (R,), a spectrum without the sample (R,.;) and a
background spectrum (Ry). The reflection contrast (~AR/R) is calculated

as —(R, = R.0)/(R.— Ryyp)- The noise level is ~0.1% in our measurements.

PL measurements are performed using a 532 nm continuous laser source,
which is spectrally filtered by a 650 nm short-pass filter. The excitation light is
focused on the sample by a 20x Mitutoyo objective with ~2 pm beam size and then
filtered out by a 700 nm long-pass filter. The PL is collected and analysed with
a monochromator and a camera. The excitation power is around 2 pW, and the
integration time is 1 min.

Estimation of the critical interlayer exciton density. The point at the critical
interlayer exciton density y is labelled as point X in Extended Data Fig. 8, beyond
which the correlated interlayer exciton dissolves into a phase that has a metal-like
optical response. We estimate the hole density in the WSe, monolayer (p,,,,,) at
point X through the trion PL intensity. Different double-layer configurations with
the same trion PL intensity will have approximately the same p,,,,,, because the
trion PL emission is dominated by holes in the WSe, monolayer only. The dashed
blue line in Extended Data Fig. 8a denotes states with the same trion PL intensity
as, and therefore similar p,,,,, to, the X point.

The dashed green line in Extended Data Fig. 8b corresponds to the Mott
insulator in the moiré bilayer (p,,;./po=1), which is determined by the maximum
of dIix/ [—1 (Cu Vi + Cu1 Vp) |- The carrier density in the WSe, monolayer
Prmono along this dashed green line can be calculated as p,,,,0 =P — Proire- The

NATURE PHYSICS | www.nature.com/naturephysics

intersection of the dashed blue line and the dashed green line in Extended

Data Fig. 8c is at around p/p,=1.5. The hole density in the WSe, monolayer is
Prmono =P~ Prmoirs = 1.5P9 — Po=0.5p, at the intersection. Point X should have a similar
Pmono because it has the same trion intensity. Consequently, we estimate the critical
interlayer exciton density at point X to be #1x = 000 & 0.5p,.

Data availability

Source data are provided with this paper.
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Extended Data Fig. 1| Device information. a-c, Three side-view schematics, optical microscope images, and second harmonic generation (SHG)

results of Device | (a), Device Il (b), and Device Ill (c). a, The top (bottom) hBN thickness is approximately 50 nm (50 nm). The stack is capped with

an approximately 65nm thick hBN layer. In the optical microscopy image, the dashed green (red) line outlines the WS, (WSe,) layer in the moiré
heterostructure, the dashed yellow line outlines the WSe, monolayer, the dashed black (white) line outlines the top (bottom) FLG gate. These three flakes
are aligned, as demonstrated by the SHG signal. The moiré bilayer has a near-60¢ twist angle. b, The top (bottom) hBN thickness is approximately 80 nm
(40 nm). The stack is capped with an approximately 55 nm thick hBN layer. In the optical microscopy image, the dashed green (red) line outlines the WS,
(WSe,) layer in the moiré heterostructure, the dashed yellow line outlines the monolayer WSe,, and the dashed black line outlines the top and bottom
FLG gate. The solid lines correspond to a few-layer TMDCs that are attached to the monolayers. The twist angle between the moiré bilayer and the WSe,
monolayer is around 25 degrees. The moiré bilayer has a near-zero twist angle as it shows an enhanced SHG signal. ¢, The stacking order of Device Il is
opposite to that in Device | and Device II. The moiré bilayer in device Ill is below the WSe, monolayer. The top (bottom) hBN thickness is approximately
9nm (15nm). The stack is further capped with an approximately 8 nm thick hBN layer. In the optical microscopy image, the dashed green (red) line
outlines the WS, (WSe,) layer in the moiré heterostructure, the dashed yellow line outlines the monolayer WSe,, the dashed black (white) line outlines

the top (bottom) FLG gate. The solid lines correspond to a few-layer TMDCs that are attached to the monolayers. These three layers are aligned, as
determined by the SHG measurements. The moiré bilayer in device Ill has a near-zero twist angle.
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Extended Data Fig. 2 | Reflection contrast spectra of 2s exciton at four representative vertical electric fields. a-d, The two-dimensional color plots

of reflection contrast spectra at the E field of 80 mV nm~" (a), 8 mV nm~" (b), 0mV nm~' (c), and —8 mV nm~" (d). The monolayer WSe, 2s exciton
resonances at p/p,=1/3,2/3, and 1in a correspond to the generalized Wigner crystal and Mott insulator states. Prominent 2s exciton resonances are still
observed at p/p,=1in b-d, indicating a correlated insulating state when the total doping is at one hole per moiré superlattice site.

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

ARTICLES NATURE PHYSICS

a b
E =80 mV nm" E=80 mV nm"
Derivative of (-AR/R) PL counts (10%)
-1.0 1.0 3.0 0 5 10
6
Prngire/ Po
E T 2
() o
2 2
¢ ¢
> > 3
e e 1
Q) Q)
0
0
1.83 1.86 1.4 1.5
Energy (eV) Energy (eV)

Extended Data Fig. 3 | Mott insulator state revealed by the interlayer exciton photoluminescence. a, The two-dimensional color plot of derivative
reflection contrast spectra of 2s exciton at E=80 mV nm~". Well-defined and red-shifted monolayer WSe, 2s exciton resonances at p/p,=1and 2
correspond to the Mott insulator and the full filling of the moiré band (that is, two holes per moiré superlattice). b, The two-dimensional color plot of
interlayer exciton PL spectra of the WS,/WSe, moiré bilayer at E=80mV nm~". The PL resonance energy blueshifts suddenly, and the PL intensity exhibits
a sudden increase at p/p,=1and 2, which is consistent with the correlated states probed by the 2s exciton spectra. Therefore, this abrupt increase of
interlayer exciton PL intensity provides a reliable signature of the Mott insulating state with one hole at each moiré superlattice (p,..;.« /Po=10r 2).
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Extended Data Fig. 4 | The trion signal at different vertical electric fields in the correlated interlayer exciton insulator. The binding energy of the trion

energy is around 21meV.
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Extended Data Fig. 5 | Phase diagram of the correlated interlayer exciton insulator in device Il and device lll. a and b, The WSe, monolayer trion signal
in the reflection contrast spectra (a) and WSe, monolayer 2s exciton signal in the derivative reflection contrast spectra (b) as a function of gates' induced
hole density and vertical electric field E in device Il. The dashed black line, determined by the emergence of the trion signal in a, separates region | (with a
charge-neutral WSe, monolayer) from region Il (with a hole-doped WSe, monolayer). The strongest 2s resonance at p/p,=1in the region | of b defines
the Mott insulator state of the moiré bilayer. This Mott insulator state becomes a correlated interlayer exciton insulator as the resonance extends to region
Il of b at the combined hole density p/po = (Prors +Pmono) = 1. € @and d, WSe, monolayer trion signal (€) and WSe, monolayer 2s exciton signal (d) in the
derivative reflection contrast spectra function of gates’ induced hole density and vertical electric field E in device Ill. The dashed black line, determined by
the emergence of the trion signal in ¢, separates region | (with a charge-neutral WSe, monolayer) from region Il (with a hole-doped WSe, monolayer). The
strongest 2s resonance in region | of ¢ defines the Mott insulator state of the moiré bilayer. This Mott insulator state also becomes an interlayer exciton
insulator as the resonance extends into region Il of ¢ with the combined hole density p/po= (Do +Pmone) = 1, @nd eventually disappears at the negative
vertical electric field.
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Extended Data Fig. 6 | Line cuts of 2s exciton signal in the Mott insulator and correlated interlayer exciton insulator. a, Reflection contrast spectra in the
Mott insulator (E=80mV nm™) and correlated interlayer exciton insulator (E=0, —4, and —8 mV nm™). b, Derivative reflection contrast spectra in the
Mott insulator (E=80mV nm™) and correlated interlayer exciton insulator (E=0, —4, and =8 mV nm™). It clearly shows that the WSe, 2s exciton feature
decreases in amplitude at p/p, =1 with a reduced vertical electric field (increased hole doping in the WSe, monolayer). The WSe, 2s exciton amplitudes of
the interlayer exciton insulator states (E=0, —4, and —8 mV nm™") are weaker than that of the Mott insulator (E=80mV nm™).

NATURE PHYSICS | www.nature.com/naturephysics


http://www.nature.com/naturephysics

ARTICLES NATURE PHYSICS

plp, =1

600 |-

E (mV nm-)
——-80

300

PL counts

1.68 1.69 1.70 1.71
Energy (eV)

Extended Data Fig. 7 | Line cuts of trion signal in the Mott insulator and correlated interlayer exciton insulator. For the Mott insulator (E=80mV nm™),
the WSe, monolayer does not have a trion state, while in the correlated interlayer exciton insulator state, the WSe, monolayer does have a trion state

(E=0, -4, and =8 mV nm™).
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Extended Data Fig. 8 | Estimation of critical interlayer exciton density. a-c, WSe, monolayer trion intensity (a), Derivative of interlayer exciton PL
intensity with respect to gates induced hole density dl;x/ [7% (CaVi + Cyy Vb)] (b), and WSe, monolayer 2s exciton intensity (¢) as a function of the gates
induced hole density —% (CaVi 4+ Cy»Vp) and vertical electric field E. The same figures are plotted in Fig. 3a-c, in the main text. The critical point is labeled
as point X, where the correlated interlayer exciton insulator starts to melt, as shown in ¢. The dashed black line in a denotes states with the same trion

PL intensity as, and therefore similar p,..,, to, the X point. The dashed green line in b corresponds to the Mott insulator in the moiré bilayer (p...s/Po=1),
which is determined by the maximum of dl)x/ [7% (CaVi+ Cyy Vb)] in b. The carrier density in the WSe, monolayer p,..., along this green dashed line

can be calculated as p,one =P - Pmoire- 1he intersection of the dashed blue line and the dashed green line is around p/p,=1.5. The hole density in the WSe,
monolayer is Prone =P = Pmeie = 1.5 Po = Po = 0.5 p, at the intersection. Point X should have a similar p,..., because it has the same trion intensity. Therefore,
the critical interlayer exciton density at point X is ny=p..c & 0.5 po.
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