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Moiré superlattices have emerged as an unprecedented manipulation tool for
engineering correlated quantum phenomena in van der Waals heterostructures'.
With moiré potentials as a naturally configurable solid-state that sustains high
exciton density, interlayer excitons in transition metal dichalcogenide (TMDC)
heterostructures are expected to achieve high-temperature exciton condensation
and related superfluidityS. However, the exciton condensation is usually optically
inactive due to the finite momentum of interlayer excitons. The experimental
observation of dark exciton condensation in moiré potentials remains challenging
with traditional optical techniques. Here we directly visualize the dark-exciton
condensation in twisted TMDC heterostructures using femtosecond transient
absorption microscopy. We observe a quantum transition from classical exciton
gas to exciton condensation by imaging temperature-dependent exciton transport.
With decreasing temperature, exciton diffusion rates exhibit an accelerating
downwards trend under a critical degeneracy temperature, indicative of exciton
condensation. This result is attributed to moiré potentials drastically suppressing
exciton transport to promote exciton condensation. The ability to image exciton
condensates opens the door to quantum information processing® and high-

precision metrology in moiré superlattices.
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As bosons, excitons can collapse at sufficiently low temperature into a Bose-Einstein
condensate state. In this regime, excitons flow without energy dissipation and friction,
which makes excitons an ideal platform for designing low-dissipation electronic

devices and achieving quantum computers®®. The boson degeneracy temperature T,

. . . . . . 2mh?
is determined by their density » and effective mass m*: T; = kn—g r:
B

A Bose-Einstein

condensate was first achieved with ultracold alkali atoms at ~100 nK (ref 9). With a
much smaller mass, indirect excitons in bilayer GaAs have a degeneracy temperature
below a few Kelvin'%!3. However, the corresponding higher temperature is limited by
their small exciton binding energy (4-10 meV)'* !>, which leads to low exciton densities.
Alternatively, interlayer excitons in transition metal dichalcogenide heterostructures
have a large exciton binding energy (~100 meV)'!°, in which excitons condense at a

high temperature (>100 K) and form into a superfluid®®-*.

An obstacle to achieving a high degeneracy temperature in TMDC heterostructures
is sustaining a high exciton density. However, the interlayer excitons carry a permanent
dipole moment because the electron and hole reside in different TMDC layers, leading
to a strong repulsive dipole-dipole interaction. The strong dipolar repulsion always
results in a fast-spatial free expansion of excitons, quickly reducing the exciton density
below the critical value for exciton quantum degeneracy. To solve this issue, the
periodic moiré superlattices inherent to TMDC heterostructures®2* have been shown to
efficiently trap interlayer excitons, preventing exciton expansion to sustain a high

17, 26-29

exciton density This spatially confining potential provides a naturally

configurable solid-state for increasing the exciton condensate critical temperature,

30,31

analogous to ultracold atoms in optical lattices or GaAs bilayer excitons in artificial

lattices®® . Therefore, the moiré potential is expected to be used for accurately
manipulating exciton condensates and exploring quantum state transitions in TMDC
heterostructures®*. However, obtaining experimental evidence of moiré-potential

modulated exciton condensates remains challenging, limited by the direct optical

34

inactivity measurement of dark-state exciton condensates™ with common

photoluminescence (PL) spectrum techniques®® ¥,



In this study, we experimentally visualize the dark exciton condensate in twisted
WS2/h-BN/WSSe: heterostructures using transient absorption microscopy (TAM), which
can monitor the non-luminescence signal (Fig. 1a). We can directly image the ultrafast
dynamics of exciton transport to reveal the phase transition from classic exciton gas to
exciton condensation. Above the critical exciton degeneracy temperature (Fig. 1c),
excitons are in the classic exciton gas regime with fast transport compared with the
initial excitation spot (Fig. 1b). This process mainly depends on the thermal activation
energy and exhibits a linear decreasing diffusion rate with decreasing temperature. In
contrast, when excitons are in the condensate state, exciton diffusion is constrained due
to moiré potentials (Fig. 1d), leading to an accelerating downwards trend with a
quadratic function relationship. Importantly, we find that although moiré potentials can
promote exciton degeneracy by sustaining a high exciton density, they limit the critical
transition temperature by increasing the exciton effective mass. These results provide a

crucial guideline for investigating excitonic condensation and superfluidity.

a

X mirror Y motor Scan lens Tube lens

X motor /

Ak

Probe 625 nm

Dichroic mirror
| —
!,

\ Objective

Sample

|

Pump 765 nm

T<Ty4

Exciton gas Exciton condensation

-

%

o

Fast transport Initial excitation

Slow transport

Fig. 1 | Schematics of transient absorption microscopy and exciton quantum phase
transition. a, Femtosecond transient absorption microscopy is based on a pump-probe
spectrum to detect exciton condensation by imaging temperature-dependent exciton
transport. b, Exciton density distribution at an initial excitation state. ¢, Excitons are in

a classical exciton gas regime when T>Ty, exhibiting a fast transport compared with



the initial excitation spot. d, Excitons enter into an exciton condensation regime when

T<Ty, where a slow transport to sustain a high exciton density.

Dark excitons in WS2/h-BN/WSe; twisted heterostructures

We fabricated WS2/h-BN/WSe: twisted heterostructures (Fig. 2a) on a sapphire
substrate by stacking two chemical-vapour-deposition grown monolayer TMDC
samples and a monolayer h-BN film. The Raman spectrum is used to verify the
heterostructure region (Supplementary Fig. 1). Their twist angle 6 is obtained by
measuring the angle between two sides of triangles. Owing to the type-II band
alignment of WSe2 and WS, electrons and holes generated in the heterostructure would
accumulate in WSz and WSe2, respectively, and form bosonic bound states.
Furthermore, the interlayer twist and lattice-constant mismatch lead to moiré
superlattices in the real-space arrangement (Fig. 2b), with a moiré period of ay
(Supplementary Note 1). Their corresponding moiré potentials can cause a spatial
modulation of the exciton energy®® *¢%° (Supplementary Note 2), resulting in potential
saddles and wells (Fig. 2c). The two-dimensional moiré¢ potential distribution is shown
in Supplementary Fig. 2. As a result, the lowest-energy excitons lie in their local minima

of moir¢é potentials.

Another essential effect of the moiré superlattice is related to the optical activity of
interlayer excitons. Namely, the interlayer twist makes excitons indirect in momentum
space with a finite momentum Om= K- Kv (Fig. 2d), resulting from the relative rotation
of the Brillouin zones associated with each monolayer?®. Therefore, the PL intensity of
interlayer excitons sensitively depends on interlayer twists. For example, when the twist
angle is ~0° or 60° , the location of exciton light cones exists at small kinematic
momenta, in which interlayer excitons can directly interconvert with photons'® 4!, In
our study, to preserve an effective moiré potential, we focus on the small twist 6~1°

case that cannot radiatively recombine at low temperatures.

In addition to the interlayer twist, the possibility of optical activity also depends on

the thermal distribution of excitons. Fig. 2e illustrates the momentum of the lowest-



energy interlayer excitons (Om) located away from the optically active region. The
radiative possibility increases with increasing temperature, resulting from a broadened
thermal distribution that increases the overlap with the light cone. Because the exciton
condensate mainly occupies the lowest-energy state corresponding to the momentum-
forbidden dark exciton*?, once the thermal fluctuation is ignored below the degeneracy
temperature, the interlayer exciton cannot directly emit light. Thus, exciton

condensation occurs in the moiré potential wells with dark states in our heterostructures.

Moreover, to allow for exciton condensates at sizable temperatures, the h-BN
inserted between WSz and WSe: is necessary for suppressing the interlayer tunnelling
20 Therefore, with the help of thermal activity at room temperature, the indirect excitons
exhibit a long lifetime of radiative recombination in WS2/h-BN/WSe: heterostructures
(Fig. 2f). The long lifetime © = 2.35 ns (extracted from PL decay profiles in
Supplementary Fig. 3) enables the creation of high exciton density n=Pz with low laser
power P, avoiding lattice or exciton overheating?!. Meanwhile, the long exciton lifetime
is evidence of the good contact quality in our heterostructures. Similar results are

observed from the other sample (Supplementary Fig. 4).
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Fig. 2 | Lowest-energy dark exciton state in moiré potentials. a, Optical image of



CVD-grown WS2/h-BN/WSe: twisted heterostructures on a sapphire substrate. b, Real
space arrangement of the monolayer WS> and WSe:2 with a small twist angle 8. The
resulting moiré superlattice is marked in black. ¢, Moiré potentials trap interlayer
excitons in the local minima. d, Brillouin zones of the monolayer WSe: (red) and WS2
(blue). Their interlayer twist angle 6 leads to a finite momentum mismatch Om= K- -
K. Interlayer exciton transition changes from direct to indirect. e, Dispersion of
interlayer excitons with a small twist angle (grey line) and the photon dispersion
(orange shaded region). Their intersection indicates the optically active exciton region.
The other curves denote the thermal distribution of excitons with different temperatures.
f, PL lifetime imaging pictures of interlayer excitons in the WS2/h-BN/WSe:

heterostructure at room temperature.

Imaging exciton transport by ultrafast microscopy

To visualize the spatial and temporal evolution of dark excitons, we employ
femtosecond transient absorption microscopy to image exciton transport (methods and
the schematic of TAM in Supplementary Fig. 5). The pump beam at 1.62 eV is used to
purely excite electrons in WSe2, because this energy lies below the lowest interband
resonance of WS (as shown in the energy band arrangement in Supplementary Fig. 6).
Following electrons that are excited in WSez, electrons transfer to the conduction band
of WSz in a few hundred femtoseconds* and subsequently form interlayer excitons.
The pump power is 0.26 pJ/cm? to excite the interlayer excitons with an initial
concentration 71y ~1 X 102 cm™ (Supplementary Note 3), which falls within the
reasonable range for achieving exciton condensates and avoiding the complications
arising from exciton-exciton annihilation**. Then, a probe beam at 1.98 eV is used to
track the electron dynamics in the conduction band minimum of WS, namely, the
interlayer exciton dynamics®. The probe reflection change AR (X, y, t) induced by the

pump is proportional to the interlayer exciton density # (X, y, t).

To acquire ultrafast exciton transport dynamics, the pump beam is fixed, and the
probe beam scans the sample using a galvanometer at different pump-probe delay times.

Fig. 3(a-f) present the representative time evolution images of two-dimensional exciton



transport in WS2/h-BN/WSe:2 heterostructures at the temperature T=43 K. To
quantitatively describe the exciton transport, we assume radial symmetry and a
Gaussian distribution of the excited interlayer excitons. At the initial time, the interlayer

excitons are created by a pump beam of ~1 um comprising a Gaussian distribution of
2

n(x, 0)= ngy exp (— %) With an increasing pump-probe delay time, excitons expand
0

away from the initial volume. Fig. 3g shows the time-dependent exciton population

profiles as a function of the pump-probe distance x, which are fitted by a Gaussian

distribution of n(x, t)= n; exp (— Z—z) (solid lines). Owing to the long radiative lifetime
t

of interlayer excitons, we only monitor the exciton transport before 100 ps, avoiding
the exciton transport length that exceeds the size of the samples. Moreover, the
resolution of exciton transport beyond the diffraction limit can be observed by TAM
with a ~60 nm spatial resolution (Supplementary Note 4). The high spatial resolution

allows the visualization of exciton transport in an ultrafast time range.

To further explain the interlayer exciton transport dynamics, Fig. 3h shows the
temporal dependence of ¢ — &, which exhibits a sublinear beheviour. This presents

a striking contrast with intralayer exciton transport*®

, in which only the population
gradient drives the exciton transport, leading to a linear temporal dependence of a7 —
0¢. Here, we observe an initial fast-driven exciton expansion and a later slow exciton
diffusion in this experiment. Similar sublinear behaviours have been observed when the

exciton density is below the Mott transition density*> 4’

, which are assigned to deep
moiré potentials and strong repulsive exciton-exciton interactions, respectively. In our
case, owing to the small twist, we cannot neglect the moiré potential effect and need to
consider the effect both of them on interlayer exciton transport. The moiré effect can be
verified by imaging the exciton transport dynamics under the low temperature T=30 K

when the thermal fluctuations can be ignored (Supplementary Fig. 7), in which the

exciton transport is significantly impeded by moiré potentials.
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Fig. 3 | Imaging exciton transport by ultrafast microscopy. a-f, Two-dimensional
transient absorption microscopy images of WS2/h-BN/WSe: heterostructure at different
pump-probe delay times at 43 K. The pump photon energy is 1.62 eV to excite electrons
in WSez, and the probe photon energy is 1.98 eV to monitor electrons in WSz. g, Exciton
population profiles at different pump-probe delay times along the pump-probe distance
x through the TAM image center. Solid lines are fits by a Gaussian function to extract
o?. h, A sublinear exciton transport behavior shown by the pump-probe delay

dependence of o — o¢. The solid line is the sublinear guideline. The error bars are the

standard error of the fit of the exciton population profiles.

Modelling of the degenerate exciton transport

To quantitatively identify the contributions of both the exciton-exciton interaction and
moiré potential on exciton condensations, a nonlinear quantum diffusion model is
used*® (details in Supplementary Note 5):

on(x,t) _

O _ 9| DVn(x, ) + DT — DVIugne ) + V@] - 242, (1)



where the first term DVn(x,t) describes the normal exciton diffusion due to the
concentration gradient. The second term includes the drift flux uyn(x,t) and moiré
potential V' (x). And u, is the exciton-exciton interaction energy that includes dipolar
repulsion and exchange interaction (Supplementary Note 6 and Note 7). In our case,
since the h-BN spacer makes the separation d between two TMDC layers similar to the
Bohr radius ap of indirect excitons, we neglect the exchange interaction*’. The strong
dipolar repulsion usually makes the exciton density drop below the critical degeneracy
density much faster than the exciton recombination lifetime. Additionally, the repulsion
energy becomes a heating source that slows the cooling process during the expansion
via exciton-exciton scattering®. In contrast, the moiré potential V(x) is expected to
sustain a high exciton density and help excitons quickly cool down to the lattice
temperature, raising the critical temperature of exciton condensations (Supplementary
Note 8). This result occurs because that moiré potentials can effectively trap excitons
at low temperatures (Supplementary Fig. 8), which significantly suppresses the fast
exciton expansion and the density gradient. It is noted that V(x) has a period of ay
that is much smaller than the pump beam size of ~1 um, and V(x) can be viewed as

an averaged potential with 10 meV obtained from previous results’.

Importantly, the temperature-dependent exciton coefficient D can be used to
identify the exciton condensation. Namely, for crossover from the classical exciton gas

to quantum degeneracy, the relationship between exciton diffusion and temperature is

given by
2 2
T TP
D= T : )
koﬂ'z /] aB MX T
S G e
16 m*d? \m* Tq

where 7 is the reduced Planck's constant and ko is a numerical constant. In the
classical limit, when T > Ty, D is linearly correlated with temperature 7. Alternatively,
in the quantum degeneracy when T < T4, D exhibits a drastic reduction due to a
nonclassical accumulation of low-energy excitons in moiré¢ potentials, implying the
exciton degeneracy state. Therefore, the appearance of the exciton condensate is

supported by an anomalous temperature-dependent exciton diffusion.



Quantum transition from exciton gas to exciton condensate

To experimentally verify the exciton quantum phase transition, Fig. 4(a-c) shows the
two-dimensional and three-dimensional TAM images under different temperatures at
the same delay time t=24 ps. For the case T=43 K, in which the thermal activity cannot
be neglected (Fig. 4a), the exciton density has a large expansion in real space. With
decreasing temperatures, the thermal activity is suppressed. Moiré potentials greatly
impede exciton transports and exciton densities are constrained in Fig. 4b and 4c,
implying the quantum transition from exciton gas to exciton condensation. Notably, to
avoid a complication in our experiment, we do not consider the effect of temperature
on radiative lifetime T because we only detect the ultrafast dynamics in 100 ps (much

less than the exciton lifetime).

To determine the critical temperature of the quantum transition from classical exciton
gas to exciton condensation, Fig. 4d presents o7 — o¢ as a function of the pump-probe
delay time at different temperatures. The exciton diffusion coefficient D is extracted by
Equation (1). Furthermore, Fig. 4e shows the exciton diffusion coefficient as a function
of temperature, where the solid line is the fit that uses Equation (2). The excitons
experience two states with decreasing temperatures. First, the exciton diffusion
coefficient shows a linear decrease with temperature, corresponding to a classic exciton
gas state. In the gas regime, exciton diffusion can overcome moiré potentials through
thermal activation and exciton-exciton repulsion*>*®. While the temperature is below a
critical temperature of ~30 K, excitons are trapped in the moiré potential minima,
leading to a sudden drop in the exciton diffusion coefficient and entering an exciton

condensation state.

Moiré potential-modulated exciton condensation

We now turn to the limitation effect of moiré potentials on exciton condensations.
Although the moiré potential can suppress exciton transport to obtain a high degeneracy
temperature, the theoretical study has shown that large moiré potentials dramatically
reduce the degeneracy temperature, mainly through the modulated exciton's effective

mass>*? (Supplementary Note 9). To evaluate the effective mass m* modulated by the



moiré potential, the Hamiltonian of the interlayer excitons in a moiré potential can be

—h? 92 : : . .
expressed as>%: H = oz T V sin?(quz), where the exciton motion is restricted to

. . .« . . . . . . Vs
the direction z of the moiré lattice, and its wave vector in the dimension is qy = —.
M

Fig. 4f shows that the moiré potential exponentially increases the effective exciton mass.

In a deep lattice potential*®

, excitons are strongly localized in the moiré lattice sites,
leading to an exponential increase in the exciton effective mass. In contrast, the excitons
in shallow moiré potentials have a small effective mass.

The increasing exciton effective mass modulated by the moiré potential can
substantially affect the exciton condensation critical temperature (Supplementary Fig.
9). In our heterostructure, because the moiré potential is highly screened by h-BN, the
resulting moiré potential is ~10 meV (ref. 51), which leads to m*/m ~ 1.1.
Consequently, T4 reaches sizable temperatures, up to 7a~30 K, which is consistent with
our experimental observation. We emphasize that this result is in contrast with previous
results*’ (which observe a large exciton transport area, > 5 um?, at 4.6 K), since it is
attributed to small moiré potentials with low exciton density and the inefficient PL-
based optical probes for optically inactive excitons’. Therefore, when studying exciton
condensation and its related superfluid in TMDC heterostructures, we need to weigh
the effect of the moiré potential on exciton transport and effective mass.

In conclusion, we have directly visualized the dark exciton condensation in WSa/h-
BN/WSe: heterostructures using ultrafast transient absorption microscopy. By imaging
temporal and spatial exciton transport, a quantum phase transition from classical
exciton gas to degenerated exciton condensation is observed. Its critical transition
temperature is around 30 K, at which moiré potentials suppress exciton expansion to
sustain a high exciton density and raise the critical temperature. However, moiré
potentials significantly limit the critical temperature by yielding an exponential increase
in the exciton effective mass. Our results pave the way for future studies on high-
temperature exciton superfluidity and quantum computers based on van der Waals

moiré heterostructures.
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Fig. 4 | Imaging exciton transport by ultrafast microscopy. a-c, Two-dimensional
and three-dimensional transient absorption microscopy images at different
temperatures of 43.0 K, 35.6 K and 8.3 K, respectively. d, The pump-probe delay
dependence of o7 — o with different temperatures. The solid lines are the fits using
Equation (1) to extract diffusion coefficient D. The error bars are the standard error of
the fit of the exciton population profiles. e, Temperature-dependent exciton coefficient
D. The quantum degeneracy critical temperature T; is ~30 K. The solid lines are fits
using Equation (2). f, Moiré potentials as a function of the ratio between exciton

effective mass and exciton mass.



Methods

Sample preparation

Triangular monolayers of WSz and WSez flake and monolayer h-BN film are produced
by chemical vapor deposition growth. And WS2/h-BN/WSe: heterostructures are
prepared on sapphire substrates using PMMA-assisted transfer method. The interlayer
twist angle is determined by comparing the orientation of two TDMC monolayers. This
is because that the triangular TMDC flake has zigzag edges, which is sharp when the

edges terminate with transition metal atoms>2.

Optical measurements

Micro-Raman spectroscopy (Evolution, Horiba) is used to identify the region of WSa/h-
BN/WSe: heterostructures using a 532 nm wavelength laser (photon energy of 2.33 eV).
Time-resolved PL measurements and fluorescence lifetime images are performed with
an inverted fluorescence microscope (IX 83, Olympus) equipped with a time-correlated
single-photon counting (PicoHarp 300, PicoQuant) at room temperature. The samples
are excited by a picosecond pulsed diode laser at 485 nm using a 40%, 0.95 NA objective
(UPLSAPO). The same objective collects PL signals, passes a 561 nm long-pass filter,
and focuses on a photomultiplier. The data is analyzed by software (SymPhoTime 64),

and every decay trace is extracted from more than 1000 photon counts.

Femtosecond transient absorption microscopy

The schematic layout of the transient absorption microscopy step is shown in
Supplementary Fig. 5. A Ti: Sapphire oscillator (Coherent) pumped by a Verdi diode
laser is the light source (output at 765 nm, 25fs pulse-width, 80MHz repetition rate).
Output from the oscillator is split into two beams. One is used as the pump pulse. The
other output generates supercontinuum (SCKB-CARS, Thorlabs) and selects the
wavelength 625 nm to serve as the probe beam. The polarization of pump and probe
beams is made parallelly. The beams are focused on the sample with an objective
(LMPLFLN 100 X, 0.8 NA, Olympus), and the pump and probe beams are spatially
overlapped at the sample. The sample is mounted in a continuous-flow liquid helium

cryostat (RC102-CFM, CIA). The reflectance signal is collected by the same objective,



and the probe is detected with an avalanche photodiode (APD, C12702-04,
Hamamatsu). Pump-induced changes in the probe reflectance (AR) are measured by
modulating the pump beam at 1 MHz with an acousto-optic modulator (AOM, 3080-
125, Gooch Housego). The output of the APD is monitored with a lock-in amplifier
(HF2LI, Zurich Instruments). The pump-probe delay time is controlled with a
mechanical translation stage (DDS600-E/M, Thorlabs). For morphological TAM
imaging, a 2D galvanometer (GVS012, Thorlabs) is used to scan the probe beam

relative to the pump beam in space.

Data availability

The data that support the findings of this study are available from the corresponding

authors upon reasonable request.
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