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Strong Coulomb interactions can drive electrons to crystallize into a Wigner lattice.
Achieving the bosonic analogue — a crystal of excitons — has remained elusive due to
their short lifetimes and weaker interactions. Here, we report the observation of a
thermodynamically stable exciton crystal in an excitonic insulator coupled to a moiré
potential. Using an electron-hole bilayer composed of a monolayer MoSe: and a
WS2/WSe2 moiré superlattice, we construct a tunable extended Bose-Hubbard model
with electrical control over exciton and charge doping in thermal equilibrium. Optical
spectroscopy reveals spontaneous crystallization of long-lived excitons at one exciton
filling per three moiré sites, evidenced by strong Umklapp scattering peaks in the
optical spectrum. Exciton transport measurements further show a pronounced exciton
resistance peak at the same filling, consistent with suppressed exciton hopping in a
crystalline phase. When doped away from net charge neutrality, this moiré electron-
hole bilayer can host new correlated insulating phases where dipolar excitonic
insulators form on top of the background of a hole Mott insulator or generalized
Wigner crystals in the moiré superlattice. These findings establish moiré excitonic
insulators as a versatile platform for realizing correlated crystalline phases of bosons
and fermions.

Quantum matter emerges when particles interact strongly enough to organize themselves into
collective phases with no classical counterpart. As a celebrated example, a quantum fluid of
electrons can spontaneously break the translational symmetry and crystallize into a Wigner crystal'
when their Coulomb repulsion dominates over kinetic energy. While such crystalline phases of
electrons have been extensively studied in various two-dimensional systems®>®, the bosonic
counterpart — a crystal of excitons — has remained largely unexplored. Realizing it would provide
a new platform for exploring strongly correlated bosons, complementing both ultracold atom
systems and electronic crystals in solid state systems.

To realize crystalline phases of excitons, it is critical to engineer long lived excitons with strong
inter-exciton interactions. Conventionally, excitons are generated in semiconductors through
optical excitation, and their interactions can be tuned via quantum confinement or dielectric



engineering. Many interesting exciton physics and dynamics have been revealed in examining
transient, photoexcited excitons’!!. Utilizing moiré superlattices or artificial periodic electrostatic
gating, recent studies have enabled trapping and transient ordering of photogenerated excitons,
revealing signatures of excitonic Mott states and density waves'? '8, However, such photoexcited
excitons have lifetimes of only pico- to nanoseconds, making them inherently transient and far
from thermal equilibrium. It is difficult to realize or obtain definitive signatures of an exciton
crystal for such transient nonequilibrium states. Crystallizing excitons in a stable, tunable ground
state stands as an elusive goal due to challenges in both achieving long-lived excitons and
suppressing their kinetic energy enough for interactions to dominate.

We overcome these barriers by combining a gate-tunable excitonic insulator (EI) in an electron-
hole (e-h) bilayer with a moiré potential that suppresses exciton motion. Recent development of e-
h bilayers in van der Waals heterostructures'®* enabled the realization of long-lived interlayer
excitons in the ground state, where layer-separated electrons and holes spontaneously bind into
dipolar excitons. With a permanent out-of-plane electric dipole, these interlayer excitons also
feature appreciable repulsive dipolar interactions®. Introducing a moiré superlattice to one of its
layers further quenches the exciton kinetic energy, favoring spontaneous crystallization.

Here we report unambiguous observation of a thermodynamically stable exciton crystal in an e-h
bilayer composed of an angle-aligned WS>/WSe> moiré superlattice and a monolayer MoSe;
separated by an insulating barrier. Tightly bound dipolar excitons form an EI in the e-h bilayer,
whose exciton density can be controlled by electrostatic voltages. We utilize both optical
spectroscopy and transport measurements to investigate tunable exciton states in the moiré
potential. We show that the dipolar excitons crystallize spontaneously and break the translational
symmetry of the underlying moir¢ lattice when the exciton population is tuned to 1/3 filling (i.e.,
one exciton per three moiré sites). The exciton crystal gives rise to an Umklapp scattering peak in
the optical spectra and a pronounced resistance peak in the exciton transport. In addition, when the
bilayer moiré system is doped with both fermionic charges and bosonic excitons, we observe new
types of correlated insulating states where dipolar EI is formed on top of charged Mott insulators
(M) or generalized Wigner crystals (GWC).

Electron-hole bilayers with a moiré potential

Figure 1a illustrates the e-h bilayer structure with a moiré potential. The device consists of an
angle-aligned WS,/WSe, moiré superlattice as the hole layer and a monolayer MoSe» as the
electron layer. They are individually contacted and separated by an ultrathin (~2 nm) hBN
tunneling barrier. The heterostructure is further gated by graphite top gate (TG) and bottom gate
(BG) with hBN dielectrics. When no gate voltage is applied, the heterostructure has a type-1I band
gap of approximately 1.5 eV2!??, with the conduction band minimum in the MoSe; layer and the
valence band maximum in the WSe; layer. The WS> layer only provides a moiré potential and will
not be doped. The moiré superlattice, created by the 4% lattice mismatch between WS> and WSe:,
imposes a periodic potential on the hole layer with ~ 8 nm period. The e-h bilayer is in the strong
interlayer coupling regime: the interlayer distance of 2 nm is much smaller than the moiré period.
The hBN spacer, although only 2 nm thick, provides an insulating barrier with a high tunneling
resistance (108-10° Q, Extended Data Fig. 1) ensuring that interlayer tunneling is negligible.



Fig. 1b is an optical image of such a device, D1. We will mainly focus on this device, but consistent
data have been reproduced in another device D2 (Extended Data Fig. 2). Fig. 1c shows a typical
reflection contrast spectrum of the device in its undoped state, measured at the cryostat base
temperature T = 2 K. The sharp absorption peak at 1.65 eV comes from the intralayer exciton
resonance Xo of the MoSe, monolayer?®28. Similarly, the WS2/WSe> moiré heterostructure gives
rise to multiple moiré exciton peaks of the WSe; layer within 1.68-1.8 €V, consistent with those
observed in previous studies of angle-aligned WS2/WSe> moiré heterostructures'®?’. Note that all
these peaks originate from intralayer optical transitions within each layer, not from the stable
interlayer excitons we will study here, whose oscillator strength is negligible due to e-h separation.

The e-h bilayer structure offers direct electrical control of the band gap and net charge density in
the system. The type-II band gap can be closed by a combination of vertical electric field and
interlayer bias voltage: The charge gap can be reduced by the vertical electric field ~0.4 V/nm
generated by antisymmetric gating Vpg/2 — Vrg/2, and then closed upon application of an
interlayer bias voltage Vg = V}, — V.. The symmetric gate voltage Vg = Vpg/2 + Vgg/2 controls
the net charge density (i.e., e-h density imbalance)?!>*. With both V; and Vg, we can control
independently the electron density in MoSez, 1., and the hole density in WS2/WSez, ny,. The
exciton resonances presented in Fig. 1¢ are very sensitive to doped charge carriers — they quickly
lose their oscillator strength upon carrier doping in the corresponding TMD layers®>?*2%, The
exciton intensities of different layers therefore provide a direct probe to map out the complete
doping configuration of the heterostructure. Fig. 1d and le show the reflection contrast at the
MoSe; exciton peak Xo (red dotted line in Fig. 1c) and the lowest energy WS»/WSe, moiré exciton
peak (green dotted line in Fig. 1c¢), respectively. Based on the intensity maps, we can determine
the doping phase boundaries. In Fig. 1d the MoSe: is intrinsic in the bottom-left region (blue, with
strong MoSe»> X peak) and becomes electron doped at large V;; or Vi (red, with diminished MoSe»
Xo peak). The white dashed line delineates the electron doping boundary determined by the onset
of Xo intensity reduction. In Fig. 1e the WS2/WSe: layer is intrinsic in the bottom-right region (a
large and constant moiré exciton peak) and is hole-doped towards negative Vg or large Vg (reduced
moiré exciton peak), with their boundary outlined by the black dashed line. In addition, we notice
a region with slightly enhanced moiré¢ exciton intensity in the hole doped WS2/WSe: layer between
the two purple dashed lines. In the same region, the electron doping in Fig. 1d does not depend on
Vg, i.e. the system is incompressible with respective to the interlayer bias. These are signatures of
the MI state in the WS2/WSe; layer at hole moiré filling factor n, /ny = 1 (ng = 1.8 X 1012cm=2
denotes the moiré density with one particle per moiré site)?’.

Figure 1f shows the four-terminal hole resistance (Ry,) in the WS2/WSe> moiré layer in a zoomed-
in region close to the net charge neutral line. The moiré layer is obviously insulating when there
is no hole doping, which includes the band insulator (BI) region at the bottom-middle (with neither
electrons nor holes) and the 2D electron gas (2DEG) region at the bottom-right (with electron
doping but no holes). Beside these trivial insulating states, there is a triangle-shaped insulating
region at finite e-h doping (Vg ~ 0.22 V,Vg ~ 0.75 V), which is right above the BI phase and
follows the net charge neutrality line n, = ny, (blue dotted lines in Fig. 1f). This is the dipolar EI
state similar to that observed in e-h bilayers without a moiré potential?!2*3%3! In this phase the
single-particle charge gap is still finite, but it is smaller than the interlayer exciton binding energy.
Dipolar excitons therefore become energetically favorable and are spontaneously created in the

ground state. Such a dipolar EI features spontaneously formed long-lived interlayer excitons®""?,



a large exciton binding energy (~20 meV)?"??, and perfect Coulomb drag behavior**»**. Because
electrons and holes all pair into charge-neutral excitons at low temperatures, Ry, exhibits insulating
behavior. This EI state allows us to investigate the ground-state behavior of excitons in the moiré
potential, with exciton density freely adjustable by V.

Spectroscopic signatures of exciton crystallization at 1/3 filling

We investigate the EI phase at net charge neutrality. Figure 2a shows the reflection spectrum
around the MoSe> intralayer exciton resonance as a function of Vg following the net charge
neutrality line n, = n;,. The energy derivative of reflection contrast is plotted for better visibility
of the spectral features. At Vg < 0.73 V (left region), the system is a BI with no carrier doping.
Increasing Vg will induce a finite interlayer exciton density ny (= n, = ny) in the bilayer system.
This is signified by the emergence of the intralayer trion peak X  (also known as the attractive
polaron) at lower energy, and the continuous blueshift of the Xo peak?*2%. Importantly, we find a
weaker satellite peak on the high-energy side of the main Xo peak around the exciton filling factor
of ny/ny = 1/3. The blue curve in Fig. 2b displays the spectrum at 1/3 exciton filling. As a
comparison, the magenta line is the spectrum acquired when the system is doped exclusively with
electrons at the same density (n, = ny/3,n, = 0). The prominent satellite peak is only present
when the system is doped with interlayer excitons at 1/3 filling. It is not observable when the
system is doped with only electrons at similar densities or at other exciton filling factors. It remains
robust up to ~15 K and disappears at higher temperatures (Extended Data Fig. 3).

We attribute the prominent satellite peak to the Umklapp scattering peak in an exciton crystal, as
illustrated in Fig. 2c. The optical spectrum normally only probes the MoSe> Xo energy at zero
momentum. With an exciton crystal defining an additional lattice, the MoSe, Xo dispersion is
folded back to the Brillouin zone center, giving rise to an additional absorption peak at a higher
energy. Previously satellite peaks have also been reported for electron doped MoSe; at densities
below ~3 X 10 cm™2, and they were identified as the Umklapp scattering from electronic
Wigner crystals®*. The Umklapp scattering peak energy is expected to be higher than the main

Xo peak by AE = 0=
Opea y —ﬁm

ny/3 ~ 6 X 10 cm™2 and an effective mass of m = 1.1m,, for the MoSe> intralayer excitons
(m, denotes the bare electron mass)>*. The experimentally observed energy separation between
the main and satellite peaks is about 8 meV, consistent with our interpretation.

, which has a value of 9 meV using the interlayer exciton density ny =

The exciton crystal state at 1/3 filling is intriguing. The dipolar excitons feature appreciable dipole-
dipole interactions, but their strength is much weaker than the monopole Coulomb interaction
between electrons. Therefore, it will be harder to crystalize excitons compared with electron
Wigner crystals, and no dipolar exciton crystals have been reported in plain e-h bilayers?!-2434-3¢,
Here the moiré superlattice suppresses the exciton kinetic energy and facilitates the formation of
exciton crystals at fractional filling. The dipolar exciton state at 1/3 filling can be considered as a
“generalized exciton crystal”, where dipolar excitons avoid all nearest neighbor moiré site
occupations. It breaks the symmetry of the underlying moir¢ lattice and crystallizes with a period
characterized by the V3 X /3 lattice vector. We found that the Umklapp scattering peak from the
exciton crystal in our moiré e-h bilayer is both stronger and narrower compared with Umklapp
scattering peak from electronic Wigner crystal in monolayer MoSe; at low electron density
(Extended Data Fig. 4). It indicates the exciton crystal in the moiré bilayer has a less disordered



crystal lattice, presumably owing to the moiré potential in the hole layer constraining possible
crystal configurations.

Exciton transport measurements

We next investigate the exciton transport behavior in such a moiré¢ potential. To perform exciton
transport measurements, we fabricate multiple platinum (Pt) contacts for the WS,/WSe; layer, and
few-layer graphite contacts for the MoSe: layer (Fig. 1b). The transport measurements below are
performed in a dilution refrigerator with a base lattice temperature T = 0.01 K.

We first use a closed-circuit Coulomb drag experiment to demonstrate the dominance of exciton
transport over charge transport in the EI phase. Fig. 3a illustrates the measurement scheme. A
small voltage excitation AV is applied between two MoSe> electrodes to generate a drive current
l4rive » While two corresponding WS2/WSe> electrodes are short-circuited by an ammeter to
measure the induced drag current /gy, The measured drive and drag currents as functions of Vg

along the charge neutral line are plotted in Fig. 3b. At very low Vg, neither drive nor drag current
can be established in the BI phase (shaded in gray). As Vg is increased into the EI phase (shaded
in light blue), an equal amount of drive current and drag current appears. The corresponding drag
ratio, defined as Igrag/larive, reaches unity (Fig. 3c). The perfect drag behavior demonstrates the
dominance of exciton transport — all the electrons and holes are bound into interlayer excitons, so
the motion of an electron must be accompanied by a hole in the other layer. At higher Vg, the drag
ratio drops to nearly zero in the electron-hole plasma (EHP) phase (shaded in light yellow). This
signifies an interaction-driven exciton Mott transition from tightly bound excitons into two
coupled but unbound e-h fluids?!*>?*. (Although both named after Mott, this exciton Mott
transition is not related to and should not be confused with the hole MI states in the WS2/WSe:
moiré layers.) The drive current, I4.ive, Increases by a factor of 10 across the exciton Mott
transition due to the emergence of unpaired electrons in the MoSe: layer. These unpaired electrons
reside in the monolayer MoSe» without a moiré superlattice, which are much more mobile than the
dipolar excitons affected by the moiré potential.

Exciton resistance can be estimated from the drag measurement. The exciton resistance Ry is
defined as the ratio of the exciton chemical potential drop to the exciton current, analogous to
electrical resistance but for a neutral bosonic fluid:
AV, — AV,
X = I,

where AV, and AV}, are the longitudinal potential drops across the electron layer and the hole layer
respectively. In the EI region, the two-terminal exciton resistance can be calculated from the
applied excitation voltage and the resulting exciton current. Owing to the perfect drag behavior,
the exciton current Iy is equal to I4iye. Because the two electrodes of the hole layer are directly
shorted through low-resistance contacts, AV}, is negligible; AV, can be approximated by the applied
AV if we neglect the contact voltage drop. We thus get the two-terminal exciton resistance Rt =
AV /14yive - Fig. 3d provides the measured RZ' as a function of Vz. We observe an overall
decreasing trend as the pair density increases, except a peak centered around 1/3 exciton filling.
This resistance peak is much higher than the total contact resistance (a few MQ, Methods),
suggesting a strongly insulating phase of the interlayer excitons. We interpret it as the transport



signature of an exciton crystal at 1/3 exciton filling, where exciton hopping is suppressed to avoid
nearest-neighbor occupation.

To confirm the reliability of this exciton resistance peak, we develop an optical-electrical hybrid
four-terminal measurement. The two-terminal resistance inevitably includes complications from
contacts. However, it is difficult to perform electrical four-terminal measurements because making
reliable low-resistance contacts to n-type semiconducting TMDs at cryogenic temperatures
remains very challenging to date. Our optical-electrical hybrid four-terminal method uses electrical
bias to drive an exciton current, and optical probes to read out the exciton potential drop inside the
heterostructure. It is analogous to a conventional four-terminal measurement, but with optical
reflectivity as an effective voltmeter for excitons.

The experimental configuration is illustrated in Fig. 3e. We first apply a common interlayer bias
voltage Vg to both sides of the device, which establishes a uniform exciton density. This bias
condition will be our reference point. On top of Vg, a small bias difference AV is applied between
the two sides to drive an exciton current I,. Specifically, we raise the left side exciton potential by
aAV and decrease the right side potential by (1 — a)AV, where « is a controllable split ratio (0 <
a < 1). We limit our focus to the EI phase, so that only exciton current is generated while charge
current is irrelevant due to perfect drag. Figure 3f illustrates the spatial varying exciton potential,
Vg(x) — Vg, inside the heterostructure for two different & values. The dark blue line shows the
exciton potential distribution as a function of position x at @ = ;. With a finite exciton resistance
Ry and exciton current I, the local exciton potential drops linearly with position. The exciton
potential reaches zero at x = x;, where Vg(x;) = Vg is not affected by AV. Because the reflection
intensity from the MoSe> Xo resonance reflection depends sensitively on the exciton density (as
can be seen in Fig. 2a, for example), this special position x; can be accurately determined using a
scanning laser probe, defined by a zero reflection change when AV is turned on and off.

The light blue line in Fig. 3f shows the spatial varying exciton potential at a different value of @ =
a,. The exciton potential crosses zero at a different position x = x, that satisfies Vg(x,) = V5
regardless of AV. The two different a values correspond to a rigid shift of Vg by (a; — a,)AV at
every position. Using the optically determined positions x; and x, for a¢; and a,, we can
determine the exciton potential gradient inside the heterostructure as (a; — a;)AV/(x; — x3) =

d . . . . g .
AVd—Z . The four-terminal exciton resistance Ryt can then be obtained by dividing the exciton

potential drop across the heterostructure by the exciton current,

st d_a . AV -1

* Tdx I
where [ is the total length of the heterostructure. Because the optical probe is contact-free and
samples the device interior, the extracted resistance is unaffected by contact voltage drops. More
details and representative raw optical data can be found in Methods and Extended Data Fig. 5.

Fig. 3g shows the optically measured four-terminal exciton resistance Ry* as a function of Vg (red
curve). We observe a clear peak at ny/ny = 1/3. The peak is qualitatively consistent with the two-
terminal resistance in Fig. 3d, but is sharper and more prominent. It provides direct evidence of
the exciton crystal state.



The temperature-dependent exciton resistance at different filling factors is also provided in Fig. 3g
and, on a log scale, in its inset. The exciton resistance peak at 1/3 filling remains well defined up
to around 10 K, after which the curve becomes featureless. Fitting the exciton resistance to a
thermal activation function exp (T,/T) gives a temperature scale of Ty = 17 K (Extended Data
Fig. 6). It is consistent with the temperature where the Umklapp scattering peak disappears, both
signifying the melting of the exciton crystal. As discussed later in Fig. 4h and also shown in
previous studies?!"*?, the interlayer excitons do not ionize into unbound electrons and holes until a
much higher temperature. Therefore, at this temperature the exciton crystal thermally melts into
an exciton fluid, but individual exciton remains bound together.

Excitonic insulators coexisting with charge crystals

Next, we examine the low-temperature phase diagram of the moiré¢ e-h bilayer in the general case
where electron and hole densities can be different. Fig. 4a shows the hole-layer resistance Ry, as a
function of Vg and V; over a broad voltage range. Apart from trivial insulating regions (BI and
2DEQG), we observe many additional correlated insulating phases. The hole MI state at integer
filling n, /ny = 1 (between two purple dashed lines) is consistent with the optical signature
discussed in Fig. le. Two narrow insulating lines appear in the hole-doped, electron-undoped
region, which are GWC states*™ of holes at fractional moiré filling n,/n, = 1/3 and 2/3. The
Mott and GWC states are well-known correlated hole states that originate from the strong hole-
hole repulsion in the moiré WS»/WSe; itself>—>, without involving electrons in MoSe; layer.

Interestingly, there are four additional triangle-shaped regions with large Ry, when the bilayer is
doped with both electrons and holes. They are more obvious in the drag ratio plot shown in Fig.
4b. While most areas exhibit a negligible drag signal, these four triangular regions have a drag
ratio close to unity, indicative of the formation of well-defined interlayer excitons. The most
prominent one is the triangular EI region at equal e-h densities (illustrated in Fig. 4g), which shows
a perfect drag and has been discussed in previous sections. A second triangular feature near Vg~ —
0.05V,V5~0.82 V stems from the hole MI state n;, = ny and protrudes along n, = n, + ny. In
this phase, the unity drag ratio and the large R, value both indicate a finite charge gap that freezes
out any appreciable charge current at low temperatures, leaving only excitons mobile. We attribute
this state to dipolar excitons coexisting with a hole MI (illustrated in Fig. 4c). In this state, every
electron pairs with a hole in the moiré layer, creating a charge gap for the electrons. The remaining
excess holes, with a density of exactly n,, form a MI with one hole filled in each moir¢ site,
generating a charge gap for the holes. Neither type of charge can carry net electrical current, but
the excitons can hop around to carry an exciton current manifested as the perfect drag behavior.

Two weaker features also appear when the density difference matches fractional moiré fillings 1/3
and 2/3. The drag ratio in these states also approaches unity at low temperatures. They correspond
to the coexistence of dipolar excitons and GWCs of additional holes (Fig. 4d-e).

The mixture phases of interlayer excitons and charge crystals are more fragile than the pure EI
phase with no excess charges. They only survive for a smaller exciton density range, especially
for the EI-GWC mixtures at n;, = n, + ny/3 and n,, = ne + 2n,/3. At low exciton density they
can coexist because excitons are charge-neutral and GWCs are sufficiently localized — the
screening is weak enough so that they don’t melt each other. At higher pair densities many-body
interaction effects ionize the interlayer excitons through a quantum phase transition similar to the



exciton Mott transition described above. At elevated temperatures, the mixture phases also ionize
earlier than the pure EI phase. Fig. 4h shows the temperature-dependent drag ratio for the four
excitonic insulating phases in the low exciton density limit. While the drag ratio in the pure EI
phase remains nearly perfect (>0.9) up to more than 20 K, the mixture phases only show perfect
drag at a few Kelvins. Both facts indicate a smaller exciton binding energy in the mixture phases
compared to the pure EI phase due to increased interaction effects from the excess charge.

In summary, we have reported the first realization of a stable exciton crystal in thermal equilibrium.
Both spectroscopic and transport evidence unambiguously confirm the crystallization of dipolar
excitons at fractional filling of the extended Bose-Hubbard system. We establish excitonic-
insulating e-h bilayers coupled with a moiré potential as a versatile platform for realizing and
controlling exotic crystalline phases of fermions, bosons, or a tunable mixture of both species,
providing an alternate route to ultracold atom systems>”-%.

Methods

Device fabrication. We use a dry-transfer method based on polyethylene terephthalate glycol
(PETG) stamps to fabricate the heterostructures. Monolayer MoSe>, monolayer WS,, monolayer
WSe,, few-layer graphene and hBN flakes are mechanically exfoliated from bulk crystals onto
S10,/Si substrates. We use 5-8 nm hBN as the gate dielectric, and ~2 nm thin hBN as the interlayer
spacer (5-layer hBN for D1, 6-layer hBN for D2). Prior to the stacking process, metal electrodes
for the hole layer (7 nm Pt with 3 nm Cr adhesion layer) are defined using photolithography
(Durham Magneto Optics, MicroWriter) and electron beam evaporation (Angstrom Engineering)
onto a high resistivity SiO»/Si substrate. The graphite gates are patterned using atomic-force-
microscope-based anodic oxidation®® to eliminate undesired current paths in the unmatched
monolayer regions. The angle alignment of the WS>/WSe> moiré bilayer is based on the straight
edges of the monolayer flakes. Only flakes with multiple long straight edges forming 60° or 120°
angles are selected for assembly. Observation of moiré excitons in the reflection spectrum and
GWOCs in the transport confirm well-defined moiré patterns.

A 0.5 mm thick clear PETG stamp is employed to pick up the flakes at 65-75 °C. A >100 nm thick
hBN is first picked up by the PETG stamp to serve as a protective layer, and then all the following
layers are sequentially picked up. The whole stack is then released onto the prepatterned Pt
electrodes at ~100 °C, followed by dissolving the PETG in chloroform at room temperature for
about one day. Finally, electrodes (5 nm Cr/60-80 nm Au) are defined using photolithography and
electron beam evaporation.

Similar to previous works, two carrier reservoir regions with increased interlayer distance are used
for better exciton contacts®! #3931 A large vertical electric field (= 0.4 V/nm) is applied to reduce
the type-II band gap. The electric field creates a much larger voltage difference in the reservoir
regions due to the increased interlayer distance, heavily doping the bilayer system into an EHP
that serves as good exciton contacts. At cryogenic temperatures, the contact resistance for the
WS2/WSe; layer is <5 kQ. The contact resistance for the MoSe; layer is a few MQ.

Reflection spectroscopy measurements. The reflection spectroscopy and R; measurements in
Figs. 1-2 are performed in an optical cryostat (Quantum Design, OptiCool) with a base temperature
of 2 K. The reflection spectroscopy is performed with a supercontinuum laser (Fianium



Femtopower 1060) as the light source. The incident laser power is kept at nanowatt level to
minimize heating and photodoping effects. The laser is focused on the sample by a 20x Mitutoyo
objective with ~1.5 um beam diameter. The reflected light is collected after a spectrometer by a
CCD camera (Princeton Instruments PIXIS 256¢) with 1000 ms exposure time. To minimize the
influence of laser fluctuations, another laser beam directly reflected from a silver mirror is
simultaneously collected to normalize the sample reflection spectra.

Coulomb drag measurements. The Coulomb drag measurement and the hybrid electrical-optical
measurement are performed in a dilution refrigerator (Bluefors LD250) with a base lattice
temperature of 10 mK, but the electronic temperature could be significantly higher. All the signal
wires are filtered at the mixing chamber flange (QDevil) before reaching the sample. The d.c.
voltage for the gates is applied with Keithley 2400/2450 source meters or Keithley 2502
picoammeters. In the closed-circuit Coulomb drag measurement, a low frequency a.c. voltage
excitation of 5 mV at 17.7 Hz is applied between the two MoSe> contacts. The drive and drag
currents are measured by standard lock-in method (Stanford Research SR865a or SR830).

Optical-electrical hybrid four-terminal resistance measurement. Extended Data Fig. 5a shows
the detailed circuit diagram. We use the low-frequency lock-in technique to electrically generate
the exciton current and optically measure the potential distribution. The a.c. driving voltage AV is
distributed to the two sides of the device by a dual-channel arbitrary waveform generator (Siglent
SDG6022X). In order to improve the voltage resolution, the output of the arbitrary waveform
generator is divided using a 100:1 voltage divider and then supplied to the device. Its two channels
are frequency-locked, phase-coupled with a 180-degree phase difference, and programmed to
maintain a constant post-divider amplitude sum of AV = 5 mV. The resulting driving current is
directly measured by standard lock-in method (same as the Coulomb drag measurement).

The optical readout of local potential uses a diode laser whose wavelength is tuned to the MoSe»
main X peak by a thermoelectric cooler (gray line in Extended Data Fig. 5b). The laser is focused
on the sample with an Olympus PLN 10X objective lens and scanned along the device. Incident
laser power is kept below 1 nW to minimize heating and photodoping effects. The light reflected
from the device is collected by an avalanche photodiode (Thorlabs APD410A), whose voltage
output is analyzed by a lock-in amplifier (Stanford Research SR865a) referenced to the voltage
excitation frequency. As shown in Extended Data Fig. 5b, the reflectivity at the laser wavelength
depends sensitively on the carrier density. Consequently, the a.c. component of the reflected light
intensity is proportional to the local density modulation, and hence to the local potential
modulation.

Extended Data Fig. 5c-d displays the measured a.c. reflection contrast signal ARC as a function of
beam position x and voltage split ratio a. We trace the zero crossing point of the optical signal,
yielding a (x, a) relation. Because the analysis uses only the zero crossing of the optical signal,
the result does not depend on any proportionality factor between reflectivity and potential. For
exciton filling ny/ny = 1/3, the position dependence is very strong, indicating a large potential
gradient (Extended Data Fig. 5¢); for ny/n, = 0.44, the position dependence is much weaker due
to a smaller exciton resistance (Extended Data Fig. 5d). Although in Fig. 3 we illustrated the
measurement scheme with only two a values, the potential gradient inside the device AV - da/dx
is actually obtained by a linear fit of all (x, &) points in the heterostructure. The (x, &) relation at
the zero crossing point is provided in Extended Data Fig. Se at different exciton filling factors.
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Fig. 1 | Electron-hole bilayers with a moiré potential.

a, Schematic illustration of the e-h bilayer device with a WS>/WSe> moiré heterostructure as the
hole layer and a monolayer MoSe; as the electron layer. The electron and hole layers are separated
by a 2 nm thin hBN spacer. The moiré superlattice is defined by the WS»/WSe> layers with a period
of ~8 nm (moiré density ny = 1.8 X 10?2 cm™2). Green and red spheres represent holes and
electrons respectively.

b, Optical microscopy image of the fabricated device D1, showing the layer boundaries. Two
graphite electrodes are made to contact the MoSe> layer. Multiple Pt electrodes contact the
WS2/WSe; layer.

¢, Reflection contrast spectrum when the device is undoped, measured at T = 2 K. The intralayer
exciton peak of MoSe» (Xo) and multiple moiré excitons of WSe: can be clearly identified.

d, Reflection contrast at the MoSe> Xo peak energy (1.646 eV, red dotted line in ¢), as a function
of V; and V. The vertical electric field is fixed at 0.38 V/nm; MoSe; layer is chosen as the ground
(Ve = 0). The MoSe; Xy peak is known to lose its oscillator strength quickly when the MoSe» layer
is doped with electrons, allowing us to determine the doping boundaries for the MoSe; layer (white
dashed line).

e, Reflection contrast at the WSe> main moiré exciton peak (1.684 eV, green dotted line in ¢), with
doping boundaries outlined by the black dashed lines. The WS2/WSe> is undoped in the bottom-
right corner (n, = 0), where the reflection contrast is strongly negative (blue). A stripe of
increased reflection contrast is characteristic of the MI at n, = n, (purple dashed lines).

f, Hole resistance R}, in the WS»/WSe; layer as a function of V; and V. The MoSe: layer is open-
circuited, and standard four-terminal resistance is measured for the WS2/WSe: layer. Apart from
trivial insulating phases (BI and 2DEG) where n;, = 0, high resistance is observed in the triangular
region along the net charge neutrality line (blue dashed line), which originates from the dipolar EI
phase.
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Fig. 2 | Spectroscopic signatures of exciton crystallization.

a, Reflection spectrum linecut along net charge neutrality (blue dashed line in Fig. 1f) as a function
of the interlayer bias voltage Vg. A satellite peak corresponding to Umklapp scattering from the
exciton crystal emerges at the exciton density ny(= n. = ny) = ny/3. The energy derivative of
reflection contrast is plotted to visualize weak features.

b, Blue, reflection spectrum at ny = ny/3. The Umklapp scattering peak at higher energy is clearly
present. Magenta, reflection spectrum at n, = ny/3 and n;, = 0. There is no Umklapp scattering
peak with only electron doping.

¢, [llustration of the exciton crystal at ny, = ny/3 and the resulting Umklapp scattering mechanism.

The exciton lattice folds the MoSe> Xo dispersion (blue parabolic curve) back to the Brillouin zone

center, giving rise to a higher-energy optical transition. Green and red spheres represent holes in

the WS>/WSe» layer and electrons in the MoSe; layer, respectively. Note that the exciton crystal

is made of interlayer excitons, but the schematic exciton dispersion is for MoSe; intralayer excitons,
which serves as a sensing probe.
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Fig. 3 | Exciton transport behavior in a moiré potential.

a, Schematic of the Coulomb drag measurement setup. An a.c. voltage excitation AV is applied to
the electron layer (MoSe»), generating a drive current I4.iye. The hole layer (WS2/WSe,) is short-
circuited, while the induced drag current g, is measured.

b, Measured drive current Igrjye and drag current Iy, as functions of Vg along the charge

neutrality line n, = ny,. A larger electric field (0.43 V/nm instead of 0.38 V/nm) is applied for
better contact performance, which reduces the Vg onset of exciton doping by 0.09 V.

¢, Drag ratio Iqrag/larive Obtained from b. In the BI phase (light grey) at low Vg, no current is
observed due to the absence of any carrier. In the EI phase (light blue) at intermediate Vg, equal
drive and drag currents appear, indicating perfect exciton drag. At large Vg, the drag response
decreases quickly to almost zero. This corresponds to an exciton Mott transition into an EHP phase
(light yellow) above ny = 0.44n,.

d, Two-terminal resistance R2! as a function of Vg, defined as AV /I 4ive. In the perfect drag regime,
it characterizes the two-terminal resistance of interlayer excitons. It shows a resistance peak
centered at 1/3 filling, suggesting the formation of an exciton crystal.

e, Schematic of the optical-electrical four-terminal measurement setup. On top of a common
interlayer bias voltage Vg, the interlayer bias on the left side is increased by @AV while the bias
on the right side is decreased by (1 — a@)AV. The potential difference AV generates an exciton



current Iy. The exciton potential distribution is then optically read out. A laser probe is scanned
along the device while monitoring the reflected light intensity, which is sensitive to local Vg.

f, Schematic spatial mapping of the local Vg along the device. At a given a = a4, the laser probe
is scanned along x to find the position x = x; where the local Vg is not affected by AV (dark blue
curve). As a is changed, this special position changes accordingly (light blue curve). Measuring
the relation between such x and a gives the exciton potential gradient AV - da/dx, which is
proportional to the exciton resistance Ry.

g, Optically measured four-terminal exciton resistance as a function of Vg, confirming a resistance
peak at 1/3 exciton filling. Inset, same data but plotted in log scale.
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Fig. 4 | Coexisting interlayer excitons and charge crystals.

a, Hole-layer resistance R}, as a function of Vg and V; measured at T = 2 K and vertical electric
field 0.38 V/nm. In addition to trivial insulating phases (BI and 2DEG) at n,, = 0, there are
multiple correlated insulating phases despite finite n;,. Three of them appear in the n, = 0,n; >
0 region, including the MI state at n,, /ny = 1 and two GWC states at n, /ny = 1/3 and 2/3; four
triangle-shaped insulating phases appear when holes and electrons are both doped and their density
imbalance is 0 (the pure EI phase), n, (the EI+MI phase), ny/3 or 2n,/3 (EI+GWC phases).

b, Closed-circuit drag ratio measured at lattice temperature T = 0.01 K. Besides the EI phase at
ny = ne, EI+MI state and EI+GWC states on the left side of the charge neutrality also exhibit
perfect Coulomb drag. The bottom-left region, where the MoSe; layer is not doped, is grayed out
because Igrive = 0.

c-g, Schematic illustration of different correlated phases of the moiré e-h bilayer, including the
EI+MI state (¢), EI+GWC states (d-e), pure EI phase at equal electron-hole densities (g), and the
exciton crystal state at 1/3 exciton filling within the EI phase (f).

h, Temperature-dependent drag ratios for different phases. The drag remains nearly perfect (ratio
above 0.9) up to 21 K, 6 K, 2 K, and 0.7 K for the pure EI phase, the EI+MI phase, the EI+1/3
GWC phase, and the EI+2/3 GWC phase, respectively.
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Extended Data Fig. 1 | Interlayer tunneling current.

a, Interlayer tunneling current for device D1 as a function of Vj; and Vg at antisymmetric gating
Veg/2 — Vrg/2 = 2.5V (electric field 0.38 V/nm). Fitting the tunneling current along the charge
neutral line (blue dashed line) as a function of Vg gives an increase rate of 14 nA/V, indicating a
tunneling resistance of ~10% Q.

b, Interlayer tunneling current for device D2 at antisymmetric gating Vgg/2 — Vrg/2 = 3.5V
(electric field 0.41 V/nm). A slightly thicker hBN barrier (6-layer hBN for D2, 5-layer hBN for
D1) leads to an even larger tunneling resistance of ~10° Q.
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Extended Data Fig. 2 | Main results from device D2.
a, Optical microscopy image of device D2.

b-¢, Reflection contrast intensity at the MoSe> main exciton peak (1.637 eV) and WSe> main moiré
exciton peak (1.671 eV), respectively, as functions of V/; and V. The vertical electric field is fixed
at 0.41 V/nm. The general phase diagram is consistent with device D1 shown in Fig. 1.

d, Reflection spectrum linecut along net charge neutrality as a function of Vg, showing the
emergence of a satellite peak (Umklapp scattering) at 1/3 exciton filling.

e, Blue, reflection spectrum at 1/3 exciton filling (n, = n, = ny/3). Magenta, reflection spectrum
when the system is at similar doping density but doped exclusively with electrons, not excitons
(ne = ny/3 and n, = 0).
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Extended Data Fig. 3 | Temperature dependence of the Umklapp peak (device D2).

a-d, Reflection spectra along the net charge neutrality line for different temperatures, as a function
of filling factor ny/ny. The Umklapp peak at 1/3 filling is well defined at low temperatures,
becomes weaker at 16 K, and eventually disappears at 20 K.

e, Evolution of the reflection spectrum at ny/n, = 1/3 at various temperatures. The spectra at low
temperatures (T < 14 K) all collapse together and clearly show the Umklapp peak, suggesting a

well-defined exciton crystal. At higher temperatures it weakens, and becomes completely
featureless at 20 K.

f, The spectrum intensity at 1.649 eV (black triangle in e), as a function of both exciton filling
factor and temperature. The Umklapp peak appears only at 1/3 filling, and gradually diminishes
after ~15 K.
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Extended Data Fig. 4 | Umklapp peaks in electronic Wigner crystals and exciton crystals
(device D2).

a, Raw reflection contrast spectrum as a function of electron doping density when the hole layer
is undoped. Only the main X peak is visible.

b, Energy derivative of the spectra shown in a. Still only the main Xy peak is visible.

¢, Density derivative of the spectra shown in b. The Umklapp peak appears below density
~3 x 10 cm™2, consistent with spontaneous formation of electronic Wigner crystals when the
density is sufficiently low. The double derivative suppresses the slow-decaying tail of the main
peak, revealing the weak Umklapp peak.

d, Raw reflection contrast spectrum as a function of exciton doping density along net charge
neutrality line. The Umklapp scattering peak at 1/3 exciton filling, although weak compared to the
main peak, is readily visible without taking any derivative.

e, Energy derivative of the spectra shown in d. The Umklapp peak is very clear.

f, Density derivative of the spectra shown in e. The Umklapp peak in d-f is substantially stronger
than the electronic Wigner crystal case, suggestive of a more ordered crystal structure. This can be
explained by the presence of the moiré potential defining a common crystal orientation. In contrast,
the electronic Wigner crystal in monolayer MoSe> does not have an intrinsically preferred
orientation, which is usually determined by local defect or strain in MoSe> and therefore more
vulnerable to sample inhomogeneities.
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Extended Data Fig. 5 | Hybrid electrical-optical measurement for exciton resistance.

a, Circuit diagram of the measurement. The a.c. drive voltage is distributed on the two MoSe»
contacts (V}, = aAV and Vg = —(1 — @)AV), with portion a on the left. It excites an exciton

current in the EI, which is measured as I4,jye. The potential distribution is then optically readout.

b, Density dependence of the reflection contrast spectrum. A monochromatic laser (gray line)

reflected back from the device is used to probe the local potential distribution.

c-d, Measured a.c. optical response at two representative doping conditions. For exciton filling
ny/ny = 1/3 (c¢), the zero crossing point of the optical signal depends strongly on the position,
indicating a large potential gradient due to the high resistance in the exciton crystal state. For

exciton filling 0.44 (d), the resistance is much smaller.

e, (a, x) relation by tracing the zero crossing point of the a.c. optical signal.
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Extended Data Fig. 6 | Thermal activation gap of the exciton crystal.
Empty circles, optically measured Ryt as a function of temperature at exciton filling n, /ny = 1/3.

Solid curve, fitting result using a thermal activation function Ry exp(Ty/T).
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