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Coupled two-dimensional electron-hole bilayers provide a unique platform to
study strongly correlated Bose-Fermi mixtures in condensed matter. Electrons
and holes in spatially separated layers can bind to form interlayer excitons,
composite Bosons expected to support high-temperature exciton con-
densates. The interlayer excitons can also interact strongly with excess charge
carriers when electron and hole densities are unequal. Here, we use optical
spectroscopy to quantitatively probe the local thermodynamic properties of
strongly correlated electron-hole fluids in MoSe,/hBN/WSe, heterostructures.
We observe a discontinuity in the electron and hole chemical potentials at
matched electron and hole densities, a definitive signature of an excitonic
insulator ground state. The excitonic insulator is stable up to a Mott density of
~0.8 x 10”2 cm™ and has a thermal ionization temperature of ~70 K. The density
dependence of the electron, hole, and exciton chemical potentials reveals
strong correlation effects across the phase diagram. Compared with a non-
interacting uniform charge distribution, the correlation effects lead to sig-
nificant attractive exciton-exciton and exciton-charge interactions in the
electron-hole fluid. Our work highlights the unique quantum behavior that can
emerge in strongly correlated electron-hole systems.

Two-dimensional (2D) electron gases have been extensively studied in
the last few decades, leading to fascinating discoveries such as the
integer and fractional quantum Hall effects and 2D Wigner crystals'™,
Electron-hole bilayers®” composed of 2D electron and hole gases that
are in close proximity to each other while remaining electrically iso-
lated have been difficult to realize experimentally and are therefore

much less explored. The strong attractive interactions between elec-
trons and holes are expected to play a significant role in the thermo-
dynamic behavior of the coupled system. In the limit of low and
matched electron and hole densities, the layer-separated electrons and
holes can form bound pairs to create interlayer excitons. Interlayer
excitons are composite bosons and are therefore an attractive
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candidate for studying correlated quantum Bosonic states in con-
densed matter®™, whose phase diagrams are expected to include
exciton Bose-Einstein condensates (BECs)“™*, excitonic insulators™¢,
and exciton crystals”. Although these correlated exciton physics canin
principle be achieved in bulk materials'®', interlayer excitons in such a
bilayer system have unique advantages such as easily tunable energy
gap and separate electrical access to the electrons and holes. In the
general case of unequal electron and hole densities, the system pro-
vides a platform to study a tunable mixture of equilibrium Fermi and
Bose gases that contain charge-exciton complexes.

Previous studies of correlated excitonic phases have focused on
bilayer systems with semiconductor double quantum wells?***** and
graphene bilayers®**. However, in these systems the exciton binding
energy is relatively weak (a few meV or less), so it usually requires a
strong magnetic field to form quasi-electrons/holes in the Landau
levels or requires a low temperature for exciton formation. Semi-
conducting transition metal dichalcogenide (TMD) heterostructures,
due to their strong Coulomb interaction and large exciton binding
energies (hundreds of meV)* %, provide a model system to explore
correlated 2D electron-hole (e-h) fluids in the strong coupling regime.
By inserting a thin tunnel barrier such as hexagonal boron nitride
(hBN) between two TMD layers, ultralong exciton lifetimes, high
exciton density, and equilibrium e-h and exciton fluids can be
realized®”®. Theoretical studies of such heterostructures have pre-
dicted record-high BEC critical temperatures with the tunability to
explore strong and weak coupling regimes®*2°, Recently, electrical
capacitance measurements have been employed to probe interlayer
excitons in MoSe,/hBN/WSe, heterostructures and revealed the pre-
sence of correlated excitonic insulators®, defined as a charge-
incompressible but exciton-compressible state. However, thermo-
dynamic behavior of the e-h fluid across the electron and hole doped
phase diagram has not been established.

Here, we develop quantitative optical spectroscopy to accurately
determine the local electron and hole density and use it to determine
the thermodynamic behavior of correlated e-h fluids. It is well
known that optical resonances in TMD layers depend sensitively on the
carrier density due to their enhanced light-matter and Coulomb
interactions®*%. With careful in-situ calibration of this dependence, we
can determine the electron, hole, and exciton densities, and then the
electron, hole, and exciton chemical potentials of our gated TMD
heterostructures. We observe electrically tunable and highly corre-
lated excitons and exciton-charge complexes in this system: (1) An
excitonic insulator ground state can appear at equal electron and hole
density, which features strong exciton-exciton correlation. The exci-
ton insulator ionizes at both increased exciton density (Mott transi-
tion) and elevated temperature (thermal melting). (2) The interlayer
excitons interact strongly with additional electrons or holes, leading to

a laser

Vie Top gate
kﬂ
Ve hBN
e

anmhBN -~ ©¢

-
o
VBG

o

Wavelength (nm)

Back gate

region 0
Carrier reservoir

region 1
Region of interest

Fig. 1| Electrical control and optical detection of charge states. a Schematic
cross-section of the MoSe,/hBN/WSe, heterostructure device. b Optical micro-
scopy image of the device with layer boundaries outlined. ¢ Typical gate-dependent
reflection spectra at a low bias voltage (V5 =0.75 V). d Determination of carrier
densities for a typical reflection spectrum in the e-h fluid regime. Black dots,

an exciton-density dependent charge chemical potential for a fixed net
charge density.

Results

Figure 1a shows a schematic cross-section and electrical circuit
representation of our device. We use MoSe, and WSe, as the active
electron and hole layers and separate them by a 3 nm thin hBN layer.
The heterostructure is encapsulated with dielectric hBN and graphite
top (Vg) and bottom (V) gates. To create reliable electrical con-
tacts, we follow ref. 15 to incorporate a thicker hBN spacer between the
TMD layers in part of the heterostructure (region 0). The TMD layers
are then contacted by few-layer graphene in region 0. The vertical
electric field generated by V, = Vg — Vg can control the electric
potential difference between the MoSe, and WSe; layers. It enables a
heavily electron doped MoSe, layer and a heavily hole doped WSe,
layer in region O, which serve as carrier reservoirs for the area of
interest (region 1) (details in Methods and Supplementary Figs. 1, 2).
This improved contact method allows simultaneous doping of both
electrons and holes in the active region. The combination of the thin
hBN layer suppressing interlayer tunneling and efficient charge injec-
tion from the contacts ensures an equilibrium state and accurate
measurements of thermodynamic quantities. An optical image of such
a device is shown in Fig. 1b.

We control the band alignment and electron (n.) and hole (n;)
densities in the active region using gate voltages (V1 and V) and the
WSe, voltage (V},) while grounding the MoSe, layer (V.=0). The
interlayer bias voltage Vg = V,, — V. and vertical electric field V/, both
create an energy difference in the two layers and tune the effective
band gap. The gate voltage V = V¢ + Vj¢ tunes the Fermi level and
controls the net charge n. — n;, in the e-h system. We can achieve
reliable electrical control in multiple devices and the data shown below
is highly reproducible (Supplementary Figs. 1, 3 and 4). Unless other-
wise specified, the results below are from device D1 at V=11V at
sample temperature 7=2.5K.

We use optical spectroscopy to quantitatively determine the
electron and hole densities in MoSe, and WSe; layers, respectively. In
Fig. 1c, we first show representative reflection spectra R as a function of
the applied gate voltage V; in the low V regime where the type-Il
band gap is not closed. When the Fermi level is tuned into the gap and
both layers are undoped (middle region of Fig. 1c), we observe strong
resonances at 719 nm and 754 nm, which are attributed to the intra-
layer excitonic responses in the WSe, and MoSe,, respectively. When
the TMD is doped with holes or electrons (left and right regions), three-
particle bound states commonly known as trions will form, giving rise
to an additional absorption peak at longer wavelength®*. With
increasing doping, the trion peak becomes stronger, while the exciton
peak blueshifts and loses its oscillator strength due to Pauli blocking®.
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reflection spectrum at Vg =0.87 V,V;=0.92 V. Faded colored lines, spectrum-
density maps for WSe, (left) and MoSe; (right) determined from single-layer doped
regime. Solid lines, reflection spectrum from the spectra-density maps that
achieves the best match with the black dots.
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Fig. 2 | Carrier density and compressibility maps. a, b False color map of
experimentally determined electron (a) and hole (b) densities. Contour lines are
overlayed as gray dash-dotted curves. The black dashed line is along n.=n,,. ¢ Phase
diagram of the e-h system determined experimentally. Black: no carrier present in
the system. Green: WSe, is hole doped. Red: MoSe, is electron doped. Yellow: both
electrons and holes are present. Four insets schematically show the band alignment
in each phase. d Partial derivative of the exciton density n, = min(n,, ny,) with
respect to bias voltage V5, corresponding to the interlayer exciton compressibility.

e Partial derivative of net charge density n, — n;, with respect to gate voltage V,
corresponding to the charge compressibility. f Bias dependence of exciton density
along n.=ny, line. The blue curve is a power function fit to the experimental data
(scatters). Yellow dashed line, density determined from the geometric capacitance,
showing a linear increase with the bias voltage. Inset: same data but plotted in log-
log scale, showing a power-law scaling. Source data are provided as a source

data file.

Thus, the reflection spectrum provides a sensitive probe for the carrier
density in each layer. In the well-understood single layer doped regime,
the undoped TMD layer simply acts as a passive dielectric layer, and
the doping density in the active TMD layer can be calculated from a
simple parallel capacitor model (details in Methods). This allows us to
create a map between the reflection spectra and carrier density for
each layer (Supplementary Fig. 5 and faded colored lines in Fig. 1d).

When the bandgap is closed by a large V, both layers become
doped, forming a correlated e-h fluid. The black dots in Fig. 1d show a
representative spectrum, where trion peaks in both layers appear in
this regime. The faded lines in Fig. 1d show the single-layer spectra for
electron and hole densities from 0 — 2x102cm™ taken from the
spectrum-density maps. We match the measured reflection spectrum
with the single-layer spectrum-density maps, allowing us to extract the
electron and hole densities in this less-understood e-h fluid regime.
The solid lines display the matched single-layer spectra, which give
n.=111x10% cm2 and n,=0.71x102 cm~2. This spectrum-
matching method assumes that the intralayer exciton/trion states do
not get significantly perturbed by the existence of charges in the other
TMD layer. The intralayer excitons and trions are both tightly bound
particles with a typical size of only -1 nm*’, and their optical transi-
tions are only minimally affected by charged particles in the other TMD
layer that is 3nm away. In our experiment, the excellent match in
wavelength, intensity and line shape for all peaks confirms that our
assumption is valid.

Figure 2a, b shows the gate and bias voltage dependence of the
measured electron and hole densities. From the density maps, we can
establish the phase diagram of the carrier doping in the MoSe,/hBN/
WSe, heterostructure (Fig. 2c). At low Vp, the type-ll band-aligned
heterostructure has a finite band gap, and the gate voltage can tune the
system from charge neutrality (black) to hole-doped (green) or

electron doped (red). With increasing bias voltage, the band gap
decreases until it closes at a critical V' = 0.82 V. Further increasing Vg
dopes both layers simultaneously (yellow). This is where interlayer
exciton formation is expected. Notably, the carrier density contour
lines (dash-dotted lines in Fig. 2a, b) are not straight in this regime.
Instead, they show kinks near n, = n,, indicating that the e-h fluid is
strongly correlated.

The voltage dependence of n, and ny, allows us to determine the
compressibility of interlayer excitons and charge carriers, indepen-
dently. Figure 2d shows the exciton compressibility obtained by the
partial derivative of exciton density n, = min(n,, n,) with respect to
V. Figure 2e shows the charge compressibility, defined as the partial
derivative of the net charge n, — n;, with respect to V. Interestingly,
we find there is a triangle region that extends beyond the exciton
doping edge where there is a charge-incompressible, exciton-
compressible state. Previous capacitance studies have shown similar
results and have identified this state as an excitonic insulator”.

Another important consequence of the formation of interlayer
excitons is the scaling of the carrier density as a function of the bias
voltage at net charge neutrality. In Fig. 2f, we show the bias depen-
dence of n, along the n, = n,, line (black dashed line in Fig. 2a, b).
Interestingly, we observe a sublinear increase of the exciton density.
Fitting the experimental data to a power law scaling n, oc AV gives a
fitted power of n=0.76+0.02 (Fig. 2f inset). This scaling power is
consistent with previous theoretical studies of strongly correlated
dipolar exciton BECs", where quantum Monte Carlo simulations pre-
dict that the ground state energy per exciton scales approximately as
nL3, ie., n=1/136 = 0.74.

In the non-interacting limit, the electron and hole densities should
increase linearly with V as determined by the geometric capacitance
(yellow dashed line). The deviation from the linear bias dependence
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arises from the exciton-exciton interactions. Such interactions can be
understood in two different physical pictures. In physical picture I, we
can consider the net repulsive dipolar interaction between tightly
bound excitons. This repulsion between dipoles causes an energy
penalty to generate a high-density exciton fluid. It therefore leads to a
sublinear scaling where the compressibility at low exciton density is
higher than that at high exciton density. In physical picture II, we
consider the exciton compressibility with respect to the “ideal capa-
citor” model, which assumes homogeneous electron-hole distribu-
tions. We find that the exciton compressibility approaches the value
predicted by the geometric capacitance at high density, but has a
significantly enhanced value at low exciton density. It suggests a
strongly attractive exciton-exciton interaction at low exciton density if
we use the homogeneous distribution as the reference point. In this
picture, we can focus on the pure correlation effect by separating out
the electrostatic energy associated with uniform electron and hole
distributions. The second picture is widely used in the study of cor-
relation effects in electron liquids®®*™*°, and it is the only picture that can
be readily used to describe the general electron-hole liquid that
includes the electron-hole plasma at high density as well as unbalanced
electron and hole densities.

To further quantify the thermodynamic behavior of the interlayer
excitons and the exciton-charge complexes in the e-h fluid, we adopt
the second picture to determine the electron, hole, and exciton che-
mical potential as a function of the electron and hole densities. Fol-
lowing the theory developed in ref. 6, we separate the electrochemical
potential into the electric potential ¢», which contains the electrostatic
energy associated with homogeneous charge distributions in an ideal
capacitor and is device-geometry dependent, and the chemical
potential i, which contains the correlation effects in the e-h fluids. At
equilibrium the chemical potentials (., p,) of the electron layer and
the hole layer are related to the electric potentials (¢, ¢},) by

_e¢e +ﬂe = - eve - Ec'

3 M
epntitn= — eV, —E,,

where e is elementary charge, and £ and E, are the conduction and
valence band energies. From the experimentally determined carrier
densities and applied voltages, the electric potentials can be derived
from the Poisson equation

—ene - ¢e — VTG + ¢e — ®n

€0€BN & tm 2)
eny _ Pn— Vi , Pn—Pe
€0€BN tp tm

Here €, is vacuum permittivity, egy=4.2 is the out-of-plane
dielectric constant for hBN (ref. 41), and ¢, ¢, t, are the top, middle,
and bottom hBN thicknesses, respectively. The chemical potentials can
then be experimentally determined as a function of n, and n,, as
shown in Fig. 3a, b.

Notably, the electron chemical potential (Fig. 3a) has a dis-
continuity across the diagonal line (n, = n;,), which is more prominent
at low densities, and disappears above a critical density. The hole
chemical potential also shows a similar jump but with opposite sign
(Fig. 3b). In Fig. 3c, we show a typical chemical potential linecut at fixed
hole doping n;, =0.15x10" cm~2. By fitting it to a linear background
plus a step function, we estimate the chemical potential jump (Ax,,
Apy,) at this density to be +13 meV and -13 meV for the electrons and
holes, respectively. This chemical potential discontinuity effectively
opens a gap at n, = ny, for single charge injection, leading to a charge-
incompressible phase at finite density. Nevertheless, the exciton che-
mical potential p, =p. +p, is continuous (Fig. 3d), and therefore
excitons are compressible.

The chemical potential jump across net charge neutrality has been
theoretically predicted as an indication of a finite energy gap in the
superfluid phase’. It is a definitive signature of interlayer excitons in
the dipolar excitonic insulator. Close to the excitonic insulator phase,
the system consists of n,=min(n,,n,) interlayer excitons and
|ne — ny| unpaired charges. When n.<nj,, adding one more electron to
the system creates one interlayer exciton and removes one free hole,
gaining an exciton binding energy €,. When n.>n;,, however, adding
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one electron does not change the number of excitons. Thus, in the low-
density limit the chemical potential jump at n, = n,, gives the interlayer
exciton binding energy.

At higher densities, quantum dissociation of the interlayer exciton
is expected after the Mott limit is reached*’. Figure 3e shows the
density dependence of the measured chemical potential jump. The
binding energy in the dilute limit, €, =20 meV, is consistent with pre-
vious theoretical® and experimental studies”. The chemical potential
jump decreases with density and vanishes above the Mott density
~0.8 x10™ cm™, above which the excitons dissociate, and the system
turns into a degenerate electron-hole Fermi gas®.

We next examine the general thermodynamic behavior of the
correlated e-h fluid across the phase diagram. To provide an approx-
imate framework to understand the behavior, we can parameterize the
total energy per unit area of the e-h fluid as

2.8 5

a
E(ne,np) = — €y + = (ne — ny)~ + > "X +pny|n. — ny. 3)

2

Here a, g, and S characterize the charge-charge interaction
strength, exciton-exciton interaction strength, and exciton-charge
interaction strength, respectively. The electron, hole, and exciton
chemical potentials are given by partial derivatives of E with respect to
ne, ny and ny respectively, which yield

ho= oF :{ a(ne — ny)+ By,  (ne>ny) @
¢ on, | an, —ny)+pn, —e,+(@g—2P)n,, (ne<ny)’

Uy = OF :{ a(ny, — ne)+pne, (n,>n,) )
"“on,  la(n, —no)+pn, — e+ €~ 2y, (y<ng)’

Hx=HetHn= —€p +gnx+ﬁ|ne_nh|- (6)

Our approximate energy expression gives an empirical linear
expansion of the chemical potentials in the low doping regime. In
Fig. 3f, we show a linecut of y, and p;, at zero hole density (corre-
sponding to a linecut along the vertical axis in Fig. 3a, b). The electron
chemical potential (red circles in Fig. 3f) decreases strongly with n,.
This behavior is controlled by the charge-charge interaction a. Fitting
the experimental linecut to a polynomial and comparing it to the
ansatz electron chemical potential u,(n.,n, =0)=an, gives an initial
slope of a= —66+6 meV/(10”cm~2). The negative a is a manifesta-
tion of the negative compressibility in low-density electron gases and
arises from strong exchange interactions™,

In contrast, the hole chemical potential y;, increases significantly
with the electron density at zero hole density (green circles in Fig. 3f).
This unusual behavior arises from a competition between the charge-
charge interaction and the charge-exciton interaction, and it highlights
the strong interlayer correlation effects. With interlayer interactions, the
addition of the hole can be viewed as simultaneously adding an exciton
and removing an electron. It results in the hole chemical potential
described by pu,(n..n,=0)= — €, +(8 — a)n,. The positive slope in
Fig. 3f is determined by 8 — a, with f= —35+6 meV/(10%cm~2).

Next, we examine the evolution of the exciton chemical potential
1. Figure 3g shows that the exciton chemical potential decreases with
the exciton density at n. =n,, (corresponding to a diagonal linecut of
Fig. 3d). Under this condition, the exciton chemical potential
1, = — €, +gn,. Figure 3g shows that the effective interaction between
excitons is strongly attractive with g= —70+2 meV/ (102cm~2). A
negative g is consistent with the physical picture Il described above,
where the attractive intralayer exchange interaction, in reference to a
homogeneous charge distribution, dominates over the repulsive inter-
layer exchange interaction®”. At higher doping the chemical potential

deviates from a linear line, suggesting a positive second order interac-

tion 19+2 meV/(10%cm~2)?> as predicted in previous theoretical
studies®.

Figure 3h further displays the evolution of the exciton chemical
potential with the net charge density n, — ny, at fixed exciton density
n,=0.05%x10" cm=2. y, has a maximum value at the charge neutral
state, and it decreases with either additional electron or hole doping,
indicating an attractive interaction between the exciton and charge in
the exciton-charge complex. Using the expression
Hy= — €, tgn,+f|n. —ny|, we can deduce an attractive exciton-
charge interaction strength = —39+2 meV/(10%cm~2). This value
agrees with that value obtained from Fig. 3f.

Although we have focused on only a few special line cuts in
Fig. 3f-h, the parameterized chemical potential (Eqs. 4-6) provides a
good description of the complete 2D phase diagram of Fig. 3a, b at low
exciton and charge density regime. Furthermore, our experimental
chemical potential maps can be reproduced semi-quantitatively by our
mean-field theory calculations (Methods and Supplementary Fig. 6).
The mean-field calculations clearly predict the chemical potential dis-
continuity at n, = n,. They also reproduce the attractive charge-charge,
charge-exciton, and exciton-exciton interactions. However, the mean-
field theory overestimates the exciton binding energy and cannot
capture the Mott transition due to the lack of screening in the
calculation.

Lastly, we investigate the temperature dependence of the chemical
potential in the e-h fluid. Figure 4a shows the chemical potential jump at
neutrality (Au=(Ap. — Apy,)/2) as a function of density and tempera-
ture. With increasing temperature, the magnitude of the discontinuity
decreases, suggesting ionization of the interlayer excitons. At the lowest
density, we estimate the interlayer excitons ionize around 70 K. Simi-
larly, the Mott density decreases with increasing temperature, which can
be qualitatively understood as temperature aiding the exciton ioniza-
tion. Figure 4b shows the exciton chemical potential change as a func-
tion of the exciton density along the n. = n;, condition (similar to Fig. 3g)
for various temperatures. We find that the exciton-exciton interaction
strength remains constant until ~40K and then becomes weaker with
increasing temperature (Fig. 4b inset). In Fig. 4c, we show linecuts of u,
at constant n, (similar to Fig. 3h) for various temperatures. The cusp at
charge neutrality becomes broader with increasing temperature, indi-
cating reduced exciton-charge interaction strength. The fitted g also
remains constant up to ~40K and then weakens (Fig. 4c inset). The
change in g and S occurs before the disappearance of the chemical
potential jump, implying a change in the interaction behavior of the
exciton-charge complex before the complete thermal ionization of the
interlayer excitons.

In summary, we have reported quantitative thermodynamic
measurements of a strongly coupled electron-hole bilayer system. The
chemical potential discontinuity provides unambiguous evidence of
the dipolar excitonic insulator state. Attractive exciton-exciton and
exciton-charge interactions are observed for the first time. Our work
opens many exciting directions for future studies of interlayer excitons
and the search for the exciton condensate at higher temperatures
without magnetic fields. The measurements of the chemical potential
and interaction strengths allow direct connection to several theore-
tical predictions®'>***** and serve as a guide for future studies on the
interactions in the electron-hole fluids and possible exciton con-
densates. The technique demonstrated here achieves optical readout
of carrier density and chemical potential and can be easily generalized
to study other correlated 2D electron systems.

Methods

Device fabrication

We use a dry-transfer method based on polyethylene terephthalate
glycol (PETG) stamps to fabricate the heterostructures. Monolayer
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Fig. 4 | Temperature dependence. a Chemical potential jump at net charge neu-
trality as a function of exciton density and temperature. b Exciton density depen-
dence of the exciton chemical potential at various temperatures. The electron and
hole densities are kept equal. Inset: Fitted exciton-exciton interaction strength g as

a function of temperature. ¢ Exciton chemical potential as a function of unpaired
charge density n, — ny, at constant exciton density n, =0.05x10'2 cm~2. Inset:
Fitted exciton-charge interaction strength 8 as a function of temperature. Source
data are provided as a source data file.

MoSe,, monolayer WSe,, few-layer graphene and hBN flakes are
mechanically exfoliated from bulk crystals onto Si substrates with a 90-
nm-thick SiO, layer. We use 15-25nm hBN as the gate dielectric, 20-
30 nm hBN for the interlayer spacer in region O, and 2-3 nm thin hBN as
the interlayer spacer in region 1. A 0.5 mm thick clear PETG stamp is
employed to sequentially pick up the flakes at 65-75°C. The whole
stack is then released onto a 90 nm SiO,/Si substrate at 95-100 °C,
followed by dissolving the PETG in chloroform at room temperature
for at least one day. Electrodes (50 nm Au with 5 nm Cr adhesion layer)
are defined using photolithography (Durham Magneto Optics, Micro-
Writer) and electron beam evaporation (Angstrom Engineering).

Supplementary Fig. 1 shows detailed device structures and hBN
thickness values for three devices D1 - D3. In addition to the structure
described above, D1 has another region (region 2) that is controlled by
another back gate with a thicker dielectric hBN. Data taken in region 2
of D1, D2 and D3 are consistent with the main text (Supplementary
Figs. 3 and 4).

Electrical contacts and measurements

Keithley 2400 or 2450 source meters are used for applying gate and
bias voltages and monitoring the leakage current. In all measurements,
the leakage current is kept below 5 pA to make sure the system is in
equilibrium with the electrodes. The interlayer leakage current gives a
lower bound of the exciton recombination lifetime 7. We assume all
the interlayer leakage is from electron-hole recombination in the active
area, and the lifetime can be estimated as t=en,A/I, where
A =136 um? is the region 1 heterostructure area and / is the leakage
current. As shown in Supplementary Fig. 2, the average lifetime
~320 ms is orders of magnitude longer than charge injection time from
the contact, which is on the millisecond time scale.

To make good contacts to the TMD layers and achieve equilibrium
states, a thick hBN layer (20-30 nm) is inserted between the TMD layers
in the contact region (region 0). The vertical electric field V, creates a
much larger voltage difference in region O than in region 1, so the band
gap in region O will be easily closed. Thus, for the voltage range we are
interested in, region O sustains high doping in both layers and forms
better electrical contact to the graphite electrodes. Supplementary
Fig. 2c, d shows the doping phase diagram for region O and region 1 at
constant bias volage Vg =1 V. The scan is performed in a “snake” order,
i.e., columns have alternating scan directions. We observe hysteresis in
region 0 doping, suggesting that the contact is not effective and has a
long response time at low doping levels. In region 1, when region O is
not heavily doped, we observe hysteresis; but when region 0 has
strong electron and hole doping (dashed box), the contact resistance
reduces significantly, resulting in a clean phase diagram with no hys-
teresis. The data shown in the main text is at IV, =11 V, where region O
is at a very high doping level. It is also taken as a “snake” scan, and we

do not observe any hysteresis down to mV level, indicating our system
is in equilibrium with the contact.

Calibration of hBN thickness

The dielectric hBN (-20 nm) thickness is determined by optical con-
trast calibrated by atomic force microscopy (AFM). We perform AFM
thickness measurement and optical microscope imaging for tens of
hBN flakes ranging from 1 to 70 nm. The AFM is operated in contact
mode to get accurate thickness values. The optical microscope images
are taken with a colored camera with fixed color temperature and ISO
settings. The RGB optical contrast of the hBN flake, defined as (hBN -
substrate)/substrate for the red, green, and blue channels of the image,
is shown in Supplementary Fig. 7a. We fit the RGB contrast to a 4™
order polynomial. The measured data points and the fitted curve agree
nicely with theoretically calculated reflectivity using Fresnel equations
(Supplementary Fig. 7b). Then the thickness of a given hBN flake can be
determined by matching its optical contrast with the fitted curve. For ~
20 nm thick hBN flakes, the accuracy is typically within 1 nm. For the
thin hBN spacers, the relative error of this method will be worse, so we
accurately determine their thickness from reflection measurements of
the fabricated heterostructure. We keep the system net charge neutral
while scanning the Vi and V. The exciton gap is closed when

ety

E,—eVy———"—
g Bttty

@)

V=0,

where £, is the band gap energy. The slope of the gap-closing
boundary gives the ratio of interlayer distance to total hBN thickness.
Supplementary Fig. 7c shows a line fit of the gap-closing boundary for
D1, which gives ¢,=3.0£0.2 nm (interpreted as the effective
interlayer distance, which is slightly larger than the thin hBN thickness
due to finite TMD layer thickness), consistent with the value
determined from optical contrast (2.7 + 0.6 nm).

Optical measurements

The optical measurements are performed in an optical cryostat
(Quantum Design, OptiCool) with a temperature down to 2K (nom-
inal). We use a supercontinuum laser (Fianium Femtopower 1060
Supercontinuum Laser) as the light source for the reflection spectro-
scopy. The laser is focused on the sample by a 20x Mitutoyo objective
with ~1.5 pm beam size. A small beam size provides a local probe that
we can park in a clean region free of bubbles. We choose a very low
incident laser power (on the order of 10 nW) to minimize photodoping
effects. The spectra are independent of the incident light power up to
200 nW. The reflected light is collected by a spectrometer (Princeton
Instruments PIXIS 256e) with 1000 ms exposure time. To minimize the
influence of laser fluctuations, another laser beam directly reflected
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from a silver mirror is simultaneously collected to normalize the
sample reflection spectra.

Calibration of carrier density
To build a map between the reflection spectrum and carrier density,
we perform gate voltage scans at low bias voltage and low vertical
electric field. The gap is not closed, so at most one layer is actively
doped and the other layer remains intrinsic. In this regime, the gate
dependence of the doping density is well understood and can be
described by a parallel capacitor model. Taking the hole layer as an
example, Supplementary Fig. 5a shows such a scan. When the chemical
potential lies in the bandgap (large positive V), the hole density
remains zero, so the spectrum does not change with V. Upon a critical
voltage, the chemical potential is at the valence band edge, and the
spectrum starts to change. We first determine this critical voltage from
gate dependence of | R(A) — Riyuinsicd) ||, where A denotes wavelength
and || ... || means vector norm, as shown in Supplementary Fig. 5b. This
quantity is a measure of the spectrum change relative to the intrinsic
spectrum. We fit the initial increase to a polynomial. The crossing point
of this polynomial and the constant baseline gives the critical voltage.
When the gate voltage is further decreased, holes start to fill the
valence band. The hole density is then solved from
Hn(ny) +e@p(ny)=eVy, —E,, as shown in Supplementary Fig. 5b.
Hartree-Fock theory gives the relation between the chemical potential

and density®®:
duy _mh® & |2 ®)
dn, m, 4mese, \ mny’

where # is the reduced Planck constant, and m,, is the hole effective
mass. The first term is the non-interacting kinetic energy, and the second
term describes the Coulomb interactions. €,=5.7 is the effective
dielectric constant for the hole layer, which is given by the following
procedure: We build a layered dielectric environment according to our
device geometry, where the anisotropic dielectric constant of hBN,
WSe, and MoSe; are all considered*. The screening from the graphite
gates is included by applying Dirichlet boundary condition for the
electrostatic potential. A point charge is placed inside the WSe, layer,
and we numerically solve the Poisson’s equation to get the electric
potential as a function of the in-plane distance r to the point charge. This
potential is fitted to a 1/r decay to get the effective dielectric constant.

In fact, the quantum capacitance is much larger than the geo-
metrical capacitance in our device geometry. Even if we ignore this
intralayer correlation effect, the carrier density calibration only chan-
ges by ~10%. Supplementary Fig. 5c displays the WSe, reflection
spectrum as a function of hole density. The electron density in the
MoSe, layer is determined in the same way (Supplementary Fig. 5d).
With such density calibration maps, the spectrum-matching gives the
electron and hole densities in the e-h regime, which is then used to
determine the chemical potentials. We check the self-consistency by
comparing the determined u,(n;,,n. =0) to Eq. (8) and estimate the
typical error (standard deviation) of the experimentally determined
chemical potential to be 4 meV.

Mean-field theory

We self-consistently solve the mean-field Hamiltonian H,,- = H, + Hy in
which Ho =Y (5 + %) al, ay — al,ay), the single-particle con-
tribution, contains parabolically dispersing conduction and valence
bands with equal effective masses m"=0.5m,, and the exchange self-
energy Hy= — 13"y sV (K = K)6py,(K)aj, ay where a',a are the
creation and annihilation operators, and ', =c,v are the band (layer)
indices. The density-matrix 6p;,(K’) is the difference between the
density matrix of the negative energy band and the density matrix of a
full valence and empty conduction band. The gap £, is a tuning
parameter that controls the exciton density. The interaction V,,(q)

takes the dual-gate-screened Coulomb form that distinguishes intra-
layer and interlayer interactions:

e’ M —e P)e De?) ()

_ €q 1_e-20 ’ ,
Vl’[(q) - e e‘?d(e"’d—e"w)z , (9)

e iemo =0,

where d is the distance between the electron and hole layers and D is
the distance between the top and back gates. The dielectric constant of
hBN has in-plane component €, =7 and out-of-plane component
€,, =4.2. The quantities €,d, and D that appear in the above equation
are replaced by their effective values €= /€ €,,, d=dy /€, /€,,, and
D=Dgy+/€, /€,, where d, and D, are the physical distances. In our
calculations, we take dy =3 nm and D, =40 nm. The density matrix p
is defined relative to the state in which the valence band is filled and the
conduction band empty: p;,(K) = (@}, a;y) — 6;,6-

The electron and hole chemical potentials are defined relative to
the conduction band bottom and valence band top respectively:
He=H — %,ﬂh =—u- Ez—g where p is the chemical potential in the mean-
field calculations. The electrostatic (Hartree) potential is not included
in the definition of chemical potentials because it has already been
accounted for in the gate-geometry-dependent electric potential cal-
culation. This separation of the chemical potential into a gate-
geometry-dependent part and a part that depends only on the inter-
acting electrons and holes is necessitated by the long-range of the
Coulomb interaction.

Data availability

The main data that support the findings of this study are available
within the article and its Supplementary Information files. More sup-
porting data are available from the corresponding authors upon
request. Source data are provided with this paper.
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