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One of the first theoretically predicted manifestations of strong interactions in
many-electron systems was the Wigner crystal'®, in which electrons crystallize into a
regular lattice. The crystal can melt via either thermal or quantum fluctuations®.
Quantum melting of the Wigner crystal is predicted to produce exotic intermediate
phases* and quantum magnetism’® because of the intricate interplay of Coulomb
interactions and kinetic energy. However, studying two-dimensional Wigner crystals
in the quantum regime has often required a strong magnetic field® ™ or a moiré
superlattice potential®™, thus limiting access to the full phase diagram of the
interactingelectron liquid. Here we report the observation of bilayer Wigner crystals
without magnetic fields or moiré potentials in an atomically thin transition metal
dichalcogenide heterostructure, which consists of two MoSe, monolayers separated
by hexagonal boron nitride. We observe optical signatures of robust correlated
insulating states at symmetric (1:1) and asymmetric (3:1, 4:1and 7:1) electron doping of
the two MoSe, layers at cryogenic temperatures. We attribute these features to bilayer
Wigner crystals composed of two interlocked commensurate triangular electron
lattices, stabilized by inter-layer interaction'. The Wigner crystal phases are
remarkably stable, and undergo quantum and thermal melting transitions at electron
densities of up to 6 x 10" per square centimetre and at temperatures of up to about

40 kelvin. Our results demonstrate that an atomically thin heterostructure is a highly
tunable platform for realizing many-body electronic states and probing their liquid-

solid and magnetic quantum phase transitions* 37,

A Wigner crystal forms when the Coulomb interaction between
electrons dominates their kinetic energy’. To date, the realization of
quantum Wigner crystals has oftenrelied on placing asemiconductor
quantum well in a strong magnetic field® ™. Unlike Wigner’s original pic-
ture’, however, the application of astrong magnetic field quenches the
electronkinetic energy, altering the competition between the electron
kineticenergy and interaction energy and strongly favouring full spin
polarization of electrons. Although hints of Wigner crystals under zero
magpnetic field were detected in GaAs (ref.'®) and AlAs systems (ref. ?),
unambiguous experimental demonstrations of zero-field quantum
Wigner crystals have remained a major challenge.
Recentadvancesinmaterials growth and heterostructure fabrication
have enabled the preparation of high-quality heterostructures made
of transition metal dichalcogenide (TMD) monolayers?>?. The large
effective masses of charge carriers?>** and weak Coulomb screening
in TMDs suppress the Fermienergy and enhance electroninteractions,
facilitating the realization of correlated electronic phases at much

higher electron density?*>**% than in other semiconductors such
as GaAs (refs. *81%) Furthermore, owing to their strong excitonic
response that is sensitive to the spin and charge states, the electrical
properties of TMD heterostructures can be optically probed?°22+2¢,
Indeed, TMD heterostructures with moiré superlattices have been
used to realize correlated electron solids™®™, sometimes called gen-
eralized Wigner crystals?, aided by the underlying moiré potential at
particular electron fillings. Compared with Wigner’s original picture,
inwhich the symmetry breaking is continuous, the generalized Wigner
crystals break only discrete symmetry and thus exhibit distinct phase
transition behaviours.

Charge density control in MoSe, bilayers

In this work, we create MoSe, bilayer heterostructures and optically
investigate the formation of bilayer Wigner crystals at zero magnetic
fieldand high electron densities. The heterostructure device D1 consists
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Fig.1|Devicestructure and full control of carrier density in device D1.
a,Aschematicofthe heterostructure cross-section. The two MoSe, monolayers
areseparated by al-nm-thick layer of hBN. The MoSe,/hBN/MoSe, structure is
then encapsulatedin hBN flakes of 15-20 nm thickness. b, Anopticalimage of a
MoSe,/hBN/MoSe, device. The top and bottom MoSe, monolayer regions
(t-MoSe, and b-MoSe,, respectively) areindicated by the yellow and white
dashed lines, respectively. The solid red lines show the outline of the optically
transparent, thin, top Pd/Au gates. ¢, Representative PLspectra of the
MoSe,/hBN/MoSe, device measured at 4 K under different gate configurations.
Xo,and X;denote neutral and charged exciton, respectively.d, A2D map of

oftwo MoSe, monolayers (withanominal O° twist angle) separated by
al-nm-thick hexagonal boron nitride (hBN) layer (Fig. 1a, b, Methods).
The carrier density ineach MoSe, layer can be independently controlled
by the external top-gate and bottom-gate voltages, V,; and V,, through
the top and bottom hBN dielectric layer. Figure 1c and Extended Data
Fig. 1show representative photoluminescence (PL) and reflectance
spectracollected fromthe MoSe,/hBN/MoSe, region under various gate
configurations at temperature 7=4 K. Without external gating, the PL
spectrumis dominated by sharp neutral intra-layer exciton (X,) emis-
sion,accompanied by much weaker charged exciton (X;) emission. This
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Fig.2|Voltage-dependentreflectance and PL spectraofdeviceDlinthe
electron-dopedregimeat4K.a, b, 2D maps of neutral exciton X, reflectance
contrast R/R, (a) and integrated X, PL (b), asafunction of V,,/d,; and V,,./d,,,.
Here we divide the top-and bottom-gate voltages by the respective hBN
thicknessessothattheslopes of the linear features correspond to the ratios of
theelectrostaticallyinduced carrier densitiesin each layer, n;:n,. Features
denotedas|, II, llland IV can be clearly observed in these maps. We did not plot
thedatainthe (i, i) regioninatoincreasethe contrast of the features.c, The
integrated X, PL intensity asa function of n,, while n, is kept constant. The lower
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reflectance contrast (colour scale) from the neutral exciton X, as a function of
top (V,,) and bottom (V,,) gate voltages at 4 K. We normalize the reflectance R
toitsvalueatthe highly dopedregime, R,. From the strength of the reflectance,
we canextract the charge states of the bilayer system. Here we denote the
chargestateasp,iorn(representing hole-doped, neutral or electron-doped,
respectively),and giveitin parenthesesinthe order top, bottom. The curved
boundaries of the (p, p) region are due to Schottky contacts to p-type MoSe,
with large contactresistance. The dashed box represents the voltage range we
focusoninstudiesbelow.

behaviour is similar to that of high-quality intrinsic monolayers?, indi-
cating thatboth MoSe, layers maintain their direct bandgap (Extended
DataFig.1). Neither PL nor absorption spectra (Fig. 1c, Extended Data
Fig.1) show features attributed to inter-layer excitons, consistent with
the small electric field between MoSe, layers and the relatively large
inter-layer separation®?’,

By doping onelayer selectively while keeping the other intrinsic, we
find that the neutral excitons in the two layers are nearly degenerate
inenergy (Fig.1c). Moreover, device D1 exhibits small spatial variation
of the exciton energy (about 1 meV, much smaller than the exciton
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bound ofthe shaded region represents zero PLintensity for each curve. The
corresponding bottom-gate voltages for these linecuts areindicated by the
dashedlinesinb.d, Theresistance (solid curves) and capacitance (dashed
curves) of the gated top layer, as a function of n,, while n, is kept constant. These
values were measured using an optically detected resistance and capacitance
technique. The enhancementinresistance and reductionin capacitanceare
observed near where n, equals n, (vertical dashed lines) for an electron density
of up to approximately 1.4 x 102 cm™ (see details in Extended DataFig. 6).
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linewidth) across the entire gated bilayer region (Extended Data Fig.1).
These behaviours are different from those in previous studies?, in
which excitons in the two MoSe, layers had different energies due to
stochastic strain built up during sample fabrication. Such strain can
cause local variations in bandgap energy and charge puddles, which
can be detrimental to Wigner crystal formation.

We characterize the gate-dependent charge states of the system by
measuring the reflectance of X, which is sensitive to the free carrier
concentration’**?*2¢in MoSe, (Fig. 1d, Extended DataFigs. 2, 3). Along
theline of Vi, =-aV,, (a=d,/d,, whered,, (d,,;) is the top (bottom) hBN
thickness), we observe strong X, reflectance, indicating that both MoSe,
layers are intrinsic ((i, i) in Fig. 1d). When V,; and V,, are of the same
polarity, both MoSe, layers are doped, and the reflectance is minimized.

Unexpected insulating states

The charge stability map in Fig. 1d demonstrates full control over the
carrier densitiesin each MoSe, layer. Such precise control enables the
detailedinterrogation of the electronic phases as afunction of charge
density. We focus on the (n, n) region, where both MoSe, layers are
electron-doped (the dashed box in Fig. 1d). Remarkably, we observe
several strong X, reflectance and PL features at 4 K, denoted as |, II, I1I
and IV, which exist at particular V,,/V,, ratios and diminish at higher
voltages (Fig. 2a, b). Along these features, we also observe narrower
X, linewidths and reduced X; emission (Extended Data Figs. 1-3, Sup-
plementary Fig.1). Measurements of D1at lower temperatures (T<1K)
showyetanother feature, V, appearing betweenland Il (Extended Data
Fig. 4). Similar behaviour is observed in another MoSe,/hBN/MoSe,
device, D2, which has a 1.6-nm-thick hBN layer between two MoSe,
layers (Extended Data Fig. 5).

Fromthe PL dataand a capacitance model (see Methods for the car-
rier density estimationbased ontwo independent approaches), we find
that features|, II, Il and IV correspond to top-layer and bottom-layer
electronfillingratios of n:n,=(1.0+0.2):1,(4.3+0.4):1, (7.4 £0.7):1and
1:(4.0 £ 0.4), respectively, where n,(n,) represents the electron density
inthe top (bottom) layer. The feature V observed at T<1K (Extended
DataFig.4) correspondston:n,=(3+0.4):1.InFig.2c we plot theinte-
grated X, PL intensity measured at 4 K as a function of n, for different
nyvalues. We observe multiple prominent peaks, corresponding to the
featuresinFig.2b, the positions of which shift with varying n,. Thisisin
stark contrast to the situation for large n, (for example, 4.2 x 10" cm™
in Fig. 2¢) or for monolayers, in which the X, PL intensity decreases
monotonically with increasing doping.

Because thereflectance and PL from X, depend sensitively onthe pres-
ence of free carriers in the system?*2%*2% the increased intensity of X,
indicates that unexpected insulating states are formed at these specific
density ratios, even though both layers are electron-doped. Optically
detected resistance and capacitance measurements® further corrobo-
rate the formation of insulating states: as shownin Fig.2d and Extended
DataFig. 6, we find enhanced resistance along the n:n,=1density ratio.

Density and temperature dependence

To disentangle the density-dependent behaviour of the insulating
states from the intrinsic gate dependence of MoSe, monolayers?°2-%
(Extended DataFig.7), weintroduce a dimensionless parameter §(n,, n,,)
that characterizes the inter-layer coupling:

6(ny, ny) = [ho(ng, ny) — I(ny) — 1,(n,)1/1,(0, 0) )]

Herely(n, n,)is the device’stotal PLintensity from X,, and /,(n,) (I,(n,)) is
the PLintensity of X, from only the top (bottom) layer whenits electron
density is n, (n,). When thereis nointeraction between the two layers,
6(n,, ny) should be zero, and the value of 6(n,, n,) therefore quantifies
theinter-layer interactions.
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Fig.3|Density and temperature dependence of the interaction-induced
insulating statesindeviceD1.a, A2D map of 6(n,, n,), which characterizes the
formation of the interaction-induced insulating states, asafunction of V,,/d,,
and V,,,/d,,at4K. b, §asafunction of the total electron density inboth layers,
n=n.+n,,forvariousfeatures, thatis, n:n,=1:1,4:1,7:1and 1:4 at 4 K. The
densityis calculated from the difference between gate voltage and threshold
voltage. ¢, d, 2D maps of 6(n,, n,) as afunction of V,,/d,; and V,,/d,,, at 23 K (c) and
at35K (d). (See Supplementary Fig. 4 for additional temperatures.) The
negative values of 6 close to zero V,; or V,,, (below onset voltage) are due to the
limitation of our method in treating intrinsic MoSe,, which can have complex
gatedependence due toin-gap states and weak screening. The density is
calculated from the difference between gate voltage and onset voltage at which
the Fermilevel reachesthe edge of the conduction band (Extended DataFig. 7).

A two-dimensional (2D) map of 6(n,, n,) in Fig. 3a clearly shows the
enhancement of 6 along the particular filling ratios n.:n, compared
with other values. Figure 3b shows ¢ as a function of total electron
density measured along features I-1V, thatis, n:n,=1:1,4:1,7:1and 1:4.
Thevalues of §reach their maximum ataround 102 cm™2and diminish
to zero at higher densities.

Next, we characterize the temperature dependence of these insulat-
ing states. Figure 3c, d shows the 2D maps of 6(n,, n,) at 23 Kand 35K,
respectively; the optical signatures of these insulating features are
weaker than those found at 4 K (see also Extended Data Fig. 8). From
these temperature-dependence studies, we find thatthe 1:1,4:1and 7:1
features exhibit different thermodynamic stabilities, and persist up to
40K,30Kand 23K, respectively.

Bilayer Wigner crystals

We attribute the unexpectedinsulating states to bilayer Wigner crystals
(Fig.4a).Asdiscussed, the large effective masses of carriers®* and weak
Coulomb screeningina TMD heterostructure are conducive to Wigner
crystal formation. Furthermore, theoretical studies have predicted that
theinter-layer Coulomb interactions stabilize abilayer Wigner crystal
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Fig.4|Bilayer Wigner crystals and their quantum and thermal phase
transitions. a, Aschematic of Wigner crystalsinbilayer systems. b, Schematics
of commensurate stacking in bilayer Wigner crystals with triangular lattices for
filling ratios n;:n,of 1:1,4:1and 7:1. ¢, A2D map of §(n,, n,) as a function of total
carrierdensity nand temperature 7 for n;:n,=1:1.The §> O region represents
where the bilayer Wigner crystal forms (the §=0boundaryis shown as adashed
line). The centre position of each pixelin they directionrepresents the

phase relative to two uncoupled single-layer Wigner crystals. Unlike
generalized Wigner crystals in moiré superlattices that exist only at
particular fillings'>™, the bilayer Wigner crystals observed in our system
are stable for a continuous range of total density with a fixed doping
ratio of top and bottom layers.

Tounderstand the formation of bilayer Wigner crystals, we consider
amodelinwhichtheinter-layerinteractionistreated asa perturbation
to two monolayer Wigner crystals and the stable bilayer lattices form
only at particular n:n, values at which two triangular lattices form
commensurate stacking (Fig. 4). Geometrical considerations dictate
that thefirstfew n:n, toform commensurate lattices are1:1,3:1,4:1and
7:1(Fig. 4b; see Supplementary Information for details), consistent
with our experimental observation. Given thatatypical inter-electron
separation is about 6 nm at n ~1x 10 cm™and a suitable inter-layer
separation (considering the thickness of MoSe,) is1.6 nm, the observa-
tion that this simple ‘weak-coupling’ model matches our experimental
datais surprising. However, previous studies have shown that the highly
anisotropic dielectric constants of hBN (ref. *°) and non-local screen-
ing effects® can substantially reduce inter-layer Coulomb interactions
relative to intra-layer interactions (see Supplementary Information
for discussions), providing a possible rationale for the weak-coupling
scenario. We note that these simple considerations do not explain why
the 3:1feature appears at a lower temperature than the 1:1,4:1and 7:1
featuresindevice D1 (Extended DataFig.4). This observation suggests
that the thermodynamic stability of each lattice may depend on other
extrinsic factors (for example, disorder, lattice strain or reconstruc-
tion), which requires further study. In addition to insulating states
appearing at specific density ratios, the umklapp resonances, which
have recently been identified as another signature of Wigner crystals®,
are also observed from D1 (see Extended Data Fig. 10).

The density and temperature dependences of the insulating states,
as inferred from Figs. 2 and 3, provide insight into the nature of the
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temperature.d, Aschematic phase diagram of bilayer Wigner crystals, showing
both quantumand thermal phase transitions. The dashed line (both green and
black parts) represents a calculated melting curve assuming aLindemann
parameter y=0.56.Below a density of about1.4 x 10> cm™(green partofthe
dashedline), theory predicts that the staggered triangular lattice structure
becomes unstable, giving way to asequence of structural transitions>**¢
(SupplementaryFig. 5).

quantum and thermal melting of the Wigner crystal. With increasing
electron density, the kinetic energy of the electrons increases faster
thanthe potential energy, eventually melting the Wigner crystal. Nota-
bly, at4 K, the Fermienergy (E;) of the electrons near the critical density
(E- =10 meV (refs. ?*?*) near n, (or n,) of 3 10 cm™) is much larger
than the thermal energy (k; 7= 0.3 meV), and thus the system exhibits
aquantummelting behaviour. This transition occurs at r,=11, wherer,
istheinteraction parameter, defined as the ratio of Coulomb to Fermi
energies (see Methods)*.

Phase diagram

Figure 4c shows a2D map of 6(n,, n,,) for n:n,=1:1as afunction of nand
T.Taking 6>0asaproxy fortheinteraction-driven insulating state, the
phaseboundarybetweenanelectronsolid and aliquid can be approxi-
mated by the 6§ = 0 line (dashed line in Fig. 4c). This experimentally
extracted phase boundary resembles the generic theoretical phase
diagram of a Wigner crystal® that exhibits the quantum and thermal
phase transitions.

To obtain a qualitative understanding of the bilayer Wigner crystal
phase diagram, we calculate the phonon spectrum for the classical
bilayer Wigner crystal and estimate the melting curve via a modi-
fied Lindemann criterion appropriate to two dimensions***, Spe-
cifically, we assume that melting occurs when the ratio between the
root-mean-square fluctuations of the nearest-neighbour electron dis-
tance and thelattice constant exceeds a critical value (the Lindemann
parameter y: see Supplementary Information for details). Here we focus
on theratio 1:1. Previous studies have found that the y value for the
bilayer crystalis dependent on the inter-layer separation®. We therefore
treat it as afitting parameter. Matching to the T=4 K critical density,
we find y = 0.56. We contrast this with the monolayer Wigner crystal,
in which numerical simulations**® have shown y = 0.1-0.3. The large
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value of yin our system, which is a direct reflection of the high critical
density observedinthe experiment, indicates the enhanced stability of
thebilayer crystal. Asshownin Fig. 4d, amelting curve calculated with
amodified Lindemann criterion tracks the experimentally determined
6(n,, ny) map in Fig. 4c well (see also Extended Data Fig. 9). While the
fitting procedure described here yields a melting curve compatible
with experimental data, further experimental and theoretical work is
needed to understand the mechanism of the dramatic enhancement
of stability of the bilayer crystal.

We note that the critical density and temperature scales for melting
inFig.4caremost likely tobe overestimates of the true values. Indeed,
the §=0linein Fig. 4c is more precisely understood as a crossover
to the insulating regime, which would precede the establishment of
long-range order. The robustness of insulating states for specific n.:n,
values nevertheless suggests that even in the presence of disorder?,
the Wigner crystal domains are still sufficiently large to establish local
crystalline order. Further optical and transport studies are required
to interrogate the interplay between the crystalline correlations and
disorderin greater detail®**%.

Discussion and outlook

Our observations of bilayer Wigner crystals in atomically thin semicon-
ductor heterostructures without a magnetic field or moiré potential
open up new avenues for creating and manipulating these collective
quantum phases of electrons®*®*°, With electrically tunable carrier
density and coupling strength, these devices should enable studies
of quantum and classical phase transitions in engineered many-body
correlated systems*’. Wigner crystals based on other atomically thin
TMDs may also enable, for instance, the study of Wigner crystallization
of holes with large spin-orbit coupling. Unlike a single-layer Wigner
crystal, which has only one stable lattice structure, bilayer Wigner
crystals exhibit a rich structural phase diagram depending on their
filling ratios and coupling strength (Supplementary Figs. 5, 6), and
possess unique collective modes such as optical phonons*#. They can
be controlled and probed both optically and electrically, and may be
readily integrated with functional substrates to create on-chip devices
for quantum simulations***3, One intriguing possibility involves the
realization and exploration of tunable spin Hamiltonians that could be
used for creating exotic spin states****, opening up new ways to simu-
late and manipulate spin dynamics in various lattice geometries***,
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Methods

Device fabrication

Monolayer MoSe, and hBN flakes were exfoliated from bulk crystals*’
ontosiliconsubstrates with a285-nmsilicon oxide layer. Monolayers of
MoSe, wereidentified under an optical microscope and verified via PL
measurements. The thickness of hBN flakes was measured by an atomic
force microscope. Then we fabricated the hBN/MoSe,/hBN/MoSe,/hBN
heterostructure using a tear-and-stack technique with a dry transfer
method*®; a monolayer of MoSe, was torn into two pieces which were
then stacked without introducing any rotation between them. This
heterostructure was then transferred onto the bottom gate (1-nm Cr
and9-nmPd/Aualloy), pre-patterned by electron-beamlithography and
thermal evaporation. Then top gates (1-nm Cr and 9-nm Pd/Au alloy)
were defined with electron-beamlithography and deposited viathermal
evaporation. Finally, we made electrical contacts to the MoSe, and the
gates using 5-nm Crand 90-nm Au deposited viathermal evaporation
to connect themto the wire-bonding pads.

Optical spectroscopy

Optical measurements were carried outin ahome-built confocal micro-
scope with a 4 K cryostat from Montana Instruments and a Bluefors
dilutionrefrigerator. The apochromatic objective used has anumerical
aperture of 0.75. We excited the sample using a 660-nm-wavelength
diode laser for the PL measurements. Theincident laser power ranges
from100 nW to 10 pW, and we did not observe a strong power depend-
ence of the feature in this power range. We obtained the reflectance
spectraby illuminating the sample with abroadband light source, using
ahalogen lamp (Thorlabs SLS201L) and a supercontinuum laser from
NKT Photonics, with anaverage power of 10-100 nW. The spectrawere
measured by aspectrometer using eithera300 lines per mmora1,200
lines per mmgrating and a Princeton Instruments camera (PIXIS 2048).
The gate voltages were supplied by two Keithley 2400 sourcemeters.

Estimation of doping density and ratio

Since we only extract the carrier density from the region where both lay-
ersare doped withelectrons, the quantum capacitance of the two layers
ismuch larger than the geometric gate capacitances. Because the total
capacitance is dominated by the smallest individual capacitance for
capacitorsinseries, the capacitance of our device can be approximated
by the geometric capacitance. Furthermore, the hBN between the two
layers of MoSe, also has a negligible contribution to the total capaci-
tance since its thickness (1nm) ismuch smaller than either the top- or
bottom-gate dielectric thickness (20 nm). Inthis case, the electronden-
sityinbothlayers canbe simply obtained from the parallel-plate capaci-
tor model as n, = £,&nA V. /dig and ny, = £4€pnA Vs /g, Where g5 is the
vacuum permittivity, g5y~ 3.9 is the dielectric constant of hBN (ref. *°)
d, (d,,) isthe thicknesses of the top (bottom) hBN gate dielectric, and
AV, (AV,,)istheapplied top (bottom) gate voltage relative to the onset
voltage corresponding to the conductionband edge (see Extended Data
Fig.7for anexample of aband edge), which can be extracted fromthe
2D map shownin Fig. 2. We can also estimate the density based on the
blueshift of excitons**° which is within 10% of the density estimated
by this simple capacitance model (Supplementary Fig. 2). Because of
thelinear relationship between Anand AV,, thefilling ratio n;:n, along
thelinearfeaturesinFig.2 canbe extracted by n:n,=An/An,= AV, d,,/
AV,.d.,, which only depends on the voltage slope of the features and
the thicknesses of hBN. We note that since the reflection of X, exhibits
complex lineshapes (Extended Data Fig. 1) due to multiple interfer-
ences between the X, reflectance and the substrate, it is more reliable
toextract An,/An,fromtheintegrated X, PLintensity. To do so, wetook
the second derivative of the X, PL intensity with respect to the electric
field (AV,,/d,,— AV,,/d,,) and obtained the slope of the local minimum
of the second derivative (Supplementary Fig. 3). The values obtained
fromdirectly fitting the PL data in Fig. 2 yield similar results.

Resistance from optical detection
The optically detected resistance and capacitance measurements were
carried out in a home-built confocal microscope with a 4 K cryostat
(Extended Data Fig. 6). We applied ad.c. voltage V,, plus an additional
a.c.modulation voltage, A v, using afunctiongenerator. Thea.c. volt-
age had a peak-to-peak amplitude of 30 mV with frequencies varying
from1kHzto10 kHz. The datain Extended Data Fig. 6 were measured
with a frequency of 5.731 kHz. The bottom-gate voltage was supplied
by aKeithley 2400 sourcemeter. A continuous-wave Ti:sapphire laser
fromMSquared was used to detect the change of excitonic reflectance
due to the carrier concentration change in the top MoSe, monolayer
atitsneutral excitonresonance. Theincident laser power ranges from
100 pW to 300 pW. The reflected light is collected with an avalanche
photodiode (Thorlabs APD 430A) and its a.c. variationis analysed using
alock-inamplifier (Stanford Research SR830).

Following the effective circuit model presented in ref. ', the optical
contrast change AOC induced by the a.c. voltage is given by

a5 G 1
AOC=aAfi=——AV —_—
OC=adn Aye C1+CBC71ff+in @
with
11 1 5
Ci G+CG G Cg

where wisthe excitation frequency, eis the electroncharge, and «= AOC/
Afiis the optical detection responsivity at the probed spot, which is
constant for the fixed bottom-gate voltage. C, and R are the quantum
capacitance andresistance of the region covered by the top gate, respec-
tively.A,is thearea ofthe TMD gated by the bottom gate but not covered
by the top gate. C, and C; are the geometric capacitances between the
TMD and the top and bottom gates in the region covered by the top
gate, and G, is the capacitance formed between the bottom gate and the
partofthe TMD not covered by the top gate. These capacitances canbe
evaluated from the single parallel plate model using the respective gate
dielectricthickness, area, and the dielectric constant of hBN. The optical
detectionresponsivity, «, canbe obtained at high V,;, where the quantum
capacitance, C,, ismuchlarger than the geometric capacitances so the
effective capacitance Cis only due to contributions from the geometric
capacitances. We can also estimate « based on the gate dependence
of the sample reflectance for each gate voltage, which agrees with the
value from large V,,. Therefore, based on these values, we can extract
the values of C, and R under specific top and bottom d.c. voltages.

Estimating the interaction parameterr;

For characterizing quantum melting, it is conventional to introduce
adimensionless parameter r,, the ratio of the Coulomb energy to the
Fermi energy, or equivalently the ratio of the average inter-electron
distance to the effective Bohr radius. For 2D systems, r, is given by
(me*/4mth’ee,)/(ttn)Y?, where m is the electron effective mass, € is
the dielectric constant and n is the electron density. We estimate a
critical r, of ~-11 based on the a single layer density n of 3 x10”cm™2, a
dielectric constant £ of 4.5, and an electron effective mass of 0.8m,
(ref.%). We note that the Coulomb energy in our system deviates from
the unscreened Coulomb potential at small inter-electron distance,
which can change the value slightly (see Supplementary Information
for additional discussion).

Data availability
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Extended DataFig.1|Optical spectroscopiccharacterization of device D1
at T=4K.a, Aspatial map of integrated PLintensityat(0V,0V). The PL
intensity from the MoSe,/hBN/MoSe,, whichis quite uniform throughout the
entireregion, is stronger than that from the monolayer regions, suggesting
that both MoSe, layers maintain their direct bandgap. b, Reflection contrast
R/R,at(0V,0V).c,Representative PLspectrataken fromthe gated region of
deviceDlat4 K. We find the standard deviation of the exciton energy across the
gated regionto be about1meV, much less than the exciton linewidth. The inset
shows the spots where the PLspectrawere collected, with the colour of the dot
and of the spectrum curve matching each other. The dashed line encloses the
bilayer region covered by both top and bottom gates. d, The linewidth of the
neutral exciton X, as afunction of total electron density n, measured along
ng:ny=1:1and 2:1, compared with amonolayer MoSe,. e, 2D maps of X, linewidth
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Vog/Chg (V/nm)

0.1
Vog/Ghog (V/nm)

0.2

asafunctionof V,,/d,and V,,/dy,. Free charge carriersin MoSe, caninteract
with X, by introducing additional scattering, which leads to the broadening of
X, (refs. %), The features|, lland IV are defined in the same way as in Fig. 2.
Alongthe n:n,=1:1and 4:1features (Iand II), we observe narrower X, linewidth.
Thisis further corroboration thatthesystemisininsulating states alongthese
density ratios. The blue, red and yellow dashed lines represent the linecuts
where we extract datashowninthe same colourind. Forlarge V,;and V,, (top
right corner of the graph), the intensity of X,becomes very weak and therefore
thelinewidth cannot be reliably extracted. f, 2D maps of integrated charged
exciton emission (X;) asafunction of V,,/d,, and V,,/d,. The features I-1V are
definedinthe same way asinFig.2. We observe reduced X; emission along
featuresland Il (Fig.2b).
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Extended DataFig.2|Gate dependence of PLspectrafromdeviceDlat4K.
a-c,PLspectraasafunction of V,,withafixed V,,0f 0V (a),2.5V (b)and 5V (c).
d-f,PLspectraasafunction of V,,withafixed V,,,of 0V (d),1.5V (e) and 4 V (f).

When the top (bottom) MoSe, is intrinsic or highly doped, the application of intermediate gate voltage (b, e), however, the total PL of the neutral excitonis
Vpg (Vig) mainly modifies the response of the bottom (top) layer. Here Xo,and X,, ~ enhanced ata particular voltage configuration (denoted as|), corresponding
represent the neutral exciton fromthe bottom and the top layer, respectively, tothefeaturelobservedinFig.2.

while X;,and X, represent the charged exciton from the bottom and the top

layer, respectively. On the basis of such gate dependence, we can distinguish
the contributions from the top versus the bottom layer when they have
non-degenerate optical response (when thefilling ratiois not1:1). At




c 166
S S
2 2,
2162 2162
(] ]
c c
i i

1.58

Q
-
o)
&

Energy (eV)
%
N
Energy (eV)
%
N
Energy (eV)

1.58

1.58

2.5
Vig (V)

Vig (V) Vig (V)

Extended DataFig.3|Gate dependence of reflectance spectrafromdevice D1at4 K. a-f, As for Extended Data Fig. 2 but for normalized reflectance, R/R,; the
spectraare normalized to the background reflectance when both MoSe, layers are highly doped with electrons.
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Extended DataFig.4 |Optical characterization of device D1at100 mK.
a,b,2D maps ofintegrated neutral exciton X, PL (a) and the second derivative
of X, PLintensity with respect to the electric field (b), as afunction of V,,/d,; and
Vyg/dye. The density ratios can be determined from the troughs inb. We added
guidelinesl, II, 1lland V, which correspond to constant density ratio n:n, of 1:1,
4:1,7:1and 3:1, respectively.
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Extended DataFig. 5| Observation of bilayer Wigner crystalsinanother
MoSe,/hBN/MoSe,device, D2, at4K.a, PLspectrumofD2at zero gate bias.
Inset, amicroscopeimage of D2.Inthisdevice, theinter-layer hBN thickness is
1.6 nm. The white and yellow dashed lines indicate top and bottom monolayer
MoSe,, respectively.Scale bar,10 um.b, ¢, 2D maps of neutral exciton X,
reflectance contrast R/R, (b) and integrated X, PL (c), as afunction of V,,/d,, and
Vpe/dye. The emerginginsulating feature I corresponds to a density ratio of

Energy (eV)
>
N

1.62

1.66

1.64

Energy (eV)

1.62

Vig (V) Vig (V)

n.:n,=1:1, withalower critical density than found in device D1; we did not
observeinsulating states at other density ratios. Taken together, this suggests
thatbilayer Wigner crystals are less stable for this larger inter-layer separation.
d-f, Gate-dependence of PLspectrafromdevice D2at4 Kwith afixed V,,of OV
(d),0.8V(e)and2V (f).g-i,Asd-fbutwithafixed V,,0f 0V(g),0.725V (h) and
2V (i). Such gate-dependent behaviours are similar to those of D1.
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Extended DataFig. 6 | Optically detected resistance and capacitance
measurements of device D1at4 K. a, Schematic of the optically detected
resistance and capacitance measurements of device D1 with a partial top gate
and aglobal back gate (grey areaat top and bottom, respectively). Thegreen
layersare hBN dielectrics. A d.c. biasis applied to the top and bottom gates
(Vigand V,,, respectively) and asmall a.c. bias (A Mis superimposed onthetop
gatevoltage. When the frequency of the a.c. voltage is high (typically afew kHz
inour experiment), no charge canbeinjected from the metal contactinto
MoSe,, but thereis charge redistribution betweenregionlandregion2.The
dynamics of such charge redistribution provide information on the quantum
capacitance and resistance of the gated region, which can be probed by the
reflectance change of excitonsinthe ungatedregion2 (here we represent the
incident probelightusing the red arrow). b, Aspatial map of integrated PL
intensity showing the extent of the t-MoSe, and b-MoSe, layers as yellow and
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white dashed lines, respectively. The green circle represents the detection
spot. The solid red lines show the outline of the partial top gates. ¢, Reflection
spectrafromthespotindicated by thegreencircleinbat(0V,0V).Thered
dashed linerepresents the continuous wave laser centred at1.637 eV for
probingresistance and capacitance.d, A2D map of neutral exciton reflectance
contrastat1.637 eVasafunction of V,,/d,; and V,,,/d,,. Reflectance contrast is
notaffected by the d.c. bias applied to the local top gate, V,,, as expected.

e, f,2D maps of the reflectance contrast change AOC whichis in-phase (e) and
out-of-phase (f) with the a.c. modulation voltage. We observe areductioninthe
in-phase component Xand anincrease in the out-of-phase component Y along
thel:1feature. The magnitude of |JAOC]|is reduced along this feature.

g, h,Extracted capacitance (g) and resistance (h) of region1based on the effective
a.c.circuitmodeland equation presentedin Methods. The coloured dashed lines
indicate thebottom-gate voltages for theline profilesin Fig.2d in the main text.
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Extended DataFig.7 | Examples of procedures for estimating /,(n,), I,(n,)
andé.a, b, Theintegrated PLintensity from X, /y, as afunction of V,, (V,,) while
keeping V,, (V) atalarge value. Because the X, emission from the heavily
doped layer canbe omitted, these values can used to estimate /(n,) and /,(n,):
thatis, I,(n, n,") =I(n) +1,(n,") =1(n),and Iy(n, ny) = 1(n") + I,(ny) = I,(ny).
Heren,"and n," denote the heavily electron-doped top and bottom layer,
respectively. We note the value of /, only begins to decrease above afinite gate
voltage, which corresponds to the conduction band minimum. On the basis of
this, we can estimate the carrier density using AV, (AV,,), whichis the applied

Xo PL (a.u.)
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top (bottom) gate voltage relative to the onset voltage corresponding to the
conductionband edge. ¢, The value of /, as function of V,,, while keeping V,, at
2.5V (yellow curve). To calculate &, we first subtract /(2.5V) from the raw /, data
(red curve). Therelative enhancement of the red curve with respect to the
I,(Vyg) curve (blue) represents the enhancement due to bilayer Wigner crystal
formation.d, Thevalue of §at V,,=2.5V determined using this method. We
note thatnear theband edge 6 becomes less than zero because of the MoSe,
layer’s weak screening and the difficulties in estimating /.(n,) or /,(n,) when the
layerisintrinsic.
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respectively. Theinsulating features become weaker and broader at higher
temperatures and eventually disappear.
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Extended DataFig.9|2D maps of yand I'as afunction of total density nand
temperature T. a,2D map of Lindemann parameter y. The dashed black and
yellowline represents the contour of y=0.56, the phase boundary between the
classical bilayer Wigner crystaland the electronliquid, estimated from the
experimentally determined critical density at 4 K (see Supplementary
Information for details). The white dashed line represents the density at which
theory predicts the staggered triangular lattice structure becomes unstable,
giving way to asequence of structural transitions®*. b, 2D map of I, whichis the

50
=

0 I 50

thermal
melting
e = ¢ o~
— N\ electron
e N liquid
25 \
~
\
\
X
\
guantum
melting

_I_>

0 3 6
n (102 cm?)

ratio of the average Coulomb energy to the thermally averaged kineticenergy
perelectron. Theblack dashed linerepresents/ =17, also estimated from the
experimentally determined critical density at 4 K. The black arrows along the x
andydirectionsindicate respectively thermal melting and quantum melting of
the bilayer Wigner crystal. We note that at finite temperatures /"is not
equivalent to theinteraction parameter r,, whichis the ratio of the Coulomb
energy tothe Fermienergy at 0K (see Supplementary Information).
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Extended DataFig.10|Umklapp scattering from Wigner crystals measured
indeviceD1at4K.a, Thederivative of thereflectance contrast R/R,with
respectto photonenergy £, as afunction of bottom-layer carrier density n,,
measured along n.:n,=1lindevice D1at4K.Inaddition to the neutral exciton X,,
anumklapp scattering peak may be seen, whose energy shifts linearly with
carrier density. b, To further enhance the contrast of the features, we take the
derivative of the reflectance contrast R/R, withrespect to V,,; this clearly
shows the evolution of both exciton X, and its umklapp scattering. In the weak
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coupling regime, the exciton scattering will probably be dominated by the
electrons from the same layer. In addition, for abilayer Wigner crystal with the
same density in each layer, the primitive unit cellis the same as that of each
individual layer. On the basis of these considerations, we can estimate the
excitonmass from the density dependence of the splitting between X, and the
umklapp peak. We estimate the exciton mass to be about1.8m,, whichisin
agreement with literature??, given the uncertainties in determining the slope of
theenergy shiftand electron densities.





