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Exciton transport is a fundamental energy transfer process essential to semi-
conductor optoelectronic devices, whose full application potential relies cri-
tically on achieving precise multilevel control. While correlated electronic
states in transition metal dichalcogenides (TMDCs) offer unprecedented tun-
ability, probing exciton dynamics within these states has been challenging due
to limitations in the spatial and temporal resolution of conventional techni-
ques. Here, we introduce an ultrafast optical imaging approach, integrating
femtosecond transient absorption microscopy with a WSe, exciton sensor
near twisted WS, moiré superlattices, achieving 200 fs temporal and 50 nm
spatial resolution. Within these moiré systems, the formation of generalized
Wigner crystals induces multilevel exciton transport by substantially altering
the local dielectric environment, which in turn significantly reduces exciton

lifetime and diffusion. Our findings reveal how correlated electronic states
regulate exciton dynamics and establish a dynamic control framework with
profound implications for next-generation logic computing, photonic inter-
connects, and optical modulation technologies.

Exciton transport in two-dimensional transition metal dichalcogenides
(TMDCs) plays a critical role as the core process for optical and electrical
signal interconversion', Featuring ultrafast switching operation and
minimal static power consumption, it holds great promise for enabling
complex logic processing, neuromorphic computing, and integrated
excitonic circuits in future technologies’. To realize these applications,
devices go beyond a binary on/off response: they require stable,
addressable multilevel states—discrete transport levels between the fully
suppressed and fully diffusive limits—while remaining compatible with
on-chip optoelectronic interconnects. The key to realizing these exci-
tonic applications lies in the precise and dynamic control of exciton
transport’*~, Current control methods—including electric fields, strain,
dielectric environment, and twist angles—typically rely on fixed para-
meters and lack the flexibility for dynamic tuning. Fortunately, in recent
years, the discovery of rich correlated electronic states in two-
dimensional materials has opened new possibilities” . By doping dif-
ferent fractional carrier densities, materials can switch between corre-
lated insulating and metallic states. If these rich correlated electronic

states could be harnessed as a control mechanism for exciton transport,
it would enable multi-level exciton transport modulation—an area that
remains largely unexplored.

A key obstacle in studying exciton transport in these correlated
electronic states is the lack of probes that combine both high spatial
resolution and temporal resolution while preserving fragile correlated
states. Conventional electrical transport measurements suffer from
high contact resistance and signal averaging across an entire sample,
which can obscure local and ultrafast dynamics. Some noninvasive
techniques, such as exciton sensors and scanning tunneling micro-
scopy, have provided important insights into fragile correlated
states??132353846 by still lack the temporal resolution to capture real-
time exciton transport. Overcoming this limitation requires a method
that can simultaneously resolve spatial and temporal features, which is
essential for revealing the underlying exciton transport dynamics in
correlated electronic states.

In this study, we develop an optical imaging technique that inte-
grates femtosecond transient absorption microscopy with an exciton
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sensor, enabling exciton transport measurements with 200 femtose-
conds time resolution and 50 nanometers spatial resolution (Fig. 1a). In
our design, the electric field line from electron-hole pairs in the WSe,
sensor extends through a thin spacer, partially reaching the adjacent
twisted WS, moiré superlattice. As a result, the exciton transport in the
WSe, is strongly influenced by the generalized Wigner crystals in the
WS, bilayer. When the moiré system is in a metallic state, the sur-
rounding hexagonal boron nitride (hBN) effectively screens dielectric
disorders, smoothing local potential fluctuations and enhancing exci-
ton transport in WSe,. In contrast, when the moiré system enters a
Wigner insulating state, its dielectric constant drops sharply, leading to
increased dielectric disorder that suppresses exciton transport. These

results establish an ultrafast optical method for probing exciton
dynamics in quantum materials and offer a versatile platform for
studying light-matter interactions in Bose-Fermi mixture systems.

Results

Device design

The device consists of a monolayer WSe, sensor placed below twisted
WS, bilayers, separated by a thin (-1nm) hBN spacer. This spacer
preserves proximity while minimizing electronic coupling, allowing
effective optical detection of nearby correlated electronic states. In
this configuration, the generalized Wigner crystals in WS, bilayers can
effectively interact with the exciton transport in WSe,. An optical
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Fig. 1| Device structure and measurement scheme. a Schematic of an optical
imaging technique integrating femtosecond transient absorption microscopy with
an exciton sensor for ultrafast exciton dynamics (Methods). b Optical image of the
fabricated device. The dot indicates the position of the pump-probe measurement
spot. ¢ Lateral friction force map of twisted WS, bilayers with an interlayer twist
angle of 58°, resulting in a 9.2 nm moiré pattern. The moiré pattern becomes

AR

Pump-probe delay (ps)

negligible when isolated by an hBN spacer (inset). d Two-dimensional exciton
transport images at a gate voltage V= 0. e Exciton population profiles as a function
of pump-probe distance x; fitted via a Gaussian function. f Relationship between the
mean squared displacement Ac?(¢) and time, allowing the extraction of D through
the relation Ac?(¢) =4Dt. The error bar denotes the standard deviation across the
three Gaussian-fit results.
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image of the device is shown in Fig. 1b, with further characterization in
Supplementary Fig. 1. The WS, bilayers, twisted at an interlayer angle
of 58°, form a moiré pattern with a periodicity of approximately 9.2 nm
(Fig. 1c), whereas the spacer largely suppresses moiré effects in WSe,
(inset, Fig. 1c). The full heterostructure is encapsulated in ~48 nm thick
hBN layers, with few-layer graphite electrodes on both sides. Both the
WSe, and WS, bilayers are electrically grounded to ensure charge
neutrality of WSe, (Supplementary Fig. 2). By tuning the carrier doping
in the WS, moiré superlattice, the system can be driven from a metallic
state to a generalized Wigner insulating state, thereby modifying the
local dielectric environment®’ and influencing exciton transport in the
WSe, layer®,

We visualize exciton transport in Wigner crystals using ultrafast
pump-probe microscopy*’*%, A pump pulse at 660 nm selectively
excites the WSe, layer without affecting the WS, bilayers, as this
wavelength lies below the WS, bandgap (Supplementary Fig. 3). This
selective excitation minimizes disturbance to the correlated electronic
states in the twisted WS, moiré superlattices. A probe pulse at 720 nm
then monitors intralayer exciton transport in the WSe, layer by mea-
suring the pump-induced reflection change, AR(x, y, t), which is pro-
portional to the exciton density, n(x,y, t). Because the electric field
from the photoexcited electron-hole pairs in WSe, extends into the
adjacent moiré layers, exciton transport is highly responsive to the
surrounding dielectric environment. Typically, in regions with higher
state dielectric constants, Coulomb scattering is suppressed and
dielectric disorder is reduced®*’, leading to enhanced exciton trans-
port. Consequently, exciton transport in WSe, serves as a powerful
optical probe for the dielectric properties of the neighboring twisted
WS, moiré superlattice.

Imaging exciton transport

To track the spatial and temporal evolution of exciton transport, we
keep the pump beam fixed while scanning the probe beam across it at
varying delay times. Fig. 1d presents two-dimensional images of exci-
ton transport at a gate voltage V=0, revealing the expansion of the
exciton population over time. For quantitative analysis, we assume a
radially symmetric exciton distribution following a Gaussian profile. At
time zero, the excitons are generated by the pump beam with an initial
spot size of approximate 1 um, described by n(x, 0)=n, exp(—x?/03).
At later times, the exciton population profiles are fitted by the Gaussian
function n(x, t) = n, exp(—x2/0?), as shown by the solid lines in Fig. le.
Exciton transport is characterized by the mean squared displacement,
calculated as Ao?(t) = 0%(t) — 0%(0). The spatial resolution is defined by
the exciton transport’s resolvable cutoff, achieving 50 nm. Unless
otherwise specified, all measurements are performed at a temperature
of 10K.

We extract the exciton diffusion coefficient (D) in the WSe, using a
standard diffusion model described by on(x,t)/0t=DV?n(x, t)—
n(x,t)/t, where n is the exciton density and 7 is the exciton lifetime. As
shown in Fig. 1f, the mean squared displacement Ag?(t) increases lin-
early with time, allowing to extract D using the relation Ao?(¢)=4Dt.
The linear time dependence of WSe, exciton diffusion reflects the
action of the thin hBN spacer, which screens the WS, moiré potential
so that WSe, excitons do not experience periodic trapping. The hBN
spacer is thinner than the Bohr radius of a 1s exciton (-1.7 nm)*-°,
ensuring that the Wigner insulating states in WS, bilayers effectively
regulate exciton transport in WSe,. This structural design allows us to
focus purely on the influence of electronic correlated states on exciton
dynamics. Notably, the initial photoinjected exciton density is main-
tained at -1x10"cm?, which is sufficiently low to avoid
exciton—-exciton annihilation and electron-hole plasma effects (Sup-
plementary Fig. 4). All measurements reported in this work are
therefore performed in the low-exciton-density regime, which pro-
vides the baseline for discussing the influence of dielectric disorder on
exciton transport*,

Exciton transport sensing of Wigner crystals

We next investigate how the exciton transport in the WSe, sensor
responds to gate-tuned changes in the dielectric environment of the
adjacent WS, moiré bilayer, measured at a fixed delay time of 5ps
(Fig. 2a and Supplementary Fig. 5). By tuning the gate voltage V;, the
WS, moiré system transitions can be switched between metallic and
Wigner insulating states, which modifies its electronic density of states
and, in turn, its dielectric constant®*°*!, These changes directly affect
the exciton transport behavior in the adjacent WSe, layer (Fig. 2b).
Specifically, excitons in monolayer transition metal dichalcogenides
experience strong Coulomb interactions and reduced dielectric
screening, leading to their binding electrostatic field lines extending
largely outside the monolayer. This makes excitons strongly influ-
enced by changes in the surrounding dielectric environment®. An
external environment with a high dielectric constant can enhance
exciton transport by suppressing the Coulomb scattering effect from
dielectric disorders®. To verify this conclusion, we fabricated a large-
angle and a monolayer control device, in which no suppression of
exciton transport is observed at fractional filling factors (Supplemen-
tary Figs. 6 and 7).

Furthermore, in the moiré superlattice, the dielectric response is
approximately proportional to its electronic density of states®, which
reflects the compressibility of the twisted WS,. This configuration
allows the WSe, monolayer to serve as an optical probe for detecting
correlated electronic states in twisted WS, moiré superlattices. When
the moiré superlattice is metallic and compressible, it exhibits a large
dielectric constant that suppresses Coulomb scattering with dielectric
disorder, leading to significant exciton transport. In contrast, when the
system enters a correlated insulating (incompressible) state, the
dielectric constant decreases, weakening this suppression and causing
a sharp reduction in exciton transport.

We then examine the temporal dynamics of exciton transport at
different filling factors. Fig. 2c shows how the exciton population
evolves in space over time for the filling factors v= 0, 1/2, and 2/3
(three-dimensional rotation results shown in Supplementary Movie 1).
Compared with the undoped case (v= 0), exciton transport is notably
reduced at fractional fillings due to the formation of Wigner crystals. At
these fractional fillings, strong inter-site Coulomb interactions drive
electrons to arrange in ordered patterns that minimize the total
potential energy, resulting in wavefunction localization and a break-
down of translational symmetry in the moiré superlattice. Specifically,
the filling factors v= 1/3 or 2/3 give rise to triangular lattice arrange-
ments, whereas v= 1/2 forms a stripe-like lattice phase*. This electron
localization significantly decreases the dielectric constant of the WS,
moiré superlattice, reducing its ability to screen dielectric disorder in
the adjacent WSe; layer and consequently suppress exciton transport.

Figure 2d displays the exciton diffusion coefficients across various
filling factors, revealing stepwise transport behavior (with detailed
analysis provided in Supplementary Figs. 8-12). In the metallic state,
the exciton diffusion coefficient remains nearly constant, indicating
that increased carrier doping within WS, moiré superlattices has little
effect on exciton transport. This stability suggests that exciton trans-
port in WSe; is governed mainly by the dielectric properties of the
adjacent WS, bilayers, which remain relatively constant at low doping
levels (Methods). In contrast, at fractional fillings, the diffusion coef-
ficient sharply decreases due to the presence of Wigner insulating
states. Notably, the diffusion coefficients at v= 1/3 and 2/3 are com-
parable and smaller than those at v= 1/2. This difference arises from
the weaker interactions at v= 1/2, where reduced Coulomb interac-
tions and longer exciton lifetimes enhance dielectric screening and
partially preserve exciton transport. Exciton transport on the hole-
doped side shows behavior similar to that on the electron-doped side.
For both cases, the diffusion coefficients at the fractional filling factor v
closely match those at the complementary values (v-1/2), indicating a
symmetric response around half-filling. These distinct changes in
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Fig. 2| Imaging exciton transport sensing of Wigner crystals. a Exciton transport
under varying doping in the WS, bilayer, measured at a fixed delay time of 5 ps. At
fractional filling factors, exciton transport is suppressed. b Schematic illustrating
the mechanism of Wigner crystal-mediated exciton transport. In the metallic state,
the WS, bilayer exhibits low dielectric disorder, enhancing transport; in the

correlated state, increased dielectric suppresses transport. ¢ Time-dependent
exciton transport for filling factors of v= 0, 1/2, and 2/3. Compared with the zero-
filling case, exciton transport is significantly suppressed due to the formation of
Wigner crystals. d Exciton diffusion coefficients as a function of different filling
factors, exhibiting stepwise transport behavior.

exciton transport highlight the sensitivity of our optical method to the
formation of generalized Wigner crystals. This exciton-transport sen-
sing method provides a time-resolved probe of correlated electronic
states. Consistently, we observe the same conclusion in another
independent device (Supplementary Figs. 13-18). In addition to the
fractional fillings discussed in the manuscript, we also observe a pro-
nounced suppression of exciton diffusion at the integer fillings v= +1
(Supplementary Fig. 19). These insulating states are consistent with
well-established Mott insulators®*,

Exciton lifetime and diffusion length

Wigner insulating states also influence exciton lifetimes. As shown in
Fig. 3a, exciton decay remains nearly unchanged in the metallic state.
However, at fractional fillings corresponding to generalized Wigner
insulating states, the exciton lifetime decreases sharply (Methods).
This reduction arises because the insulating states reduce the dielec-
tric constant of the WS, bilayers, thereby reducing the dielectric
screening of excitons in WSe,. Consequently, the exciton binding
energy increases, leading to greater electron-hole wavefunction over-
lap and a shorter exciton lifetime.

Figure 3b further illustrates how the exciton lifetime varies with
the filling factor, closely following the trend observed in the exciton
diffusion coefficients. Representative exciton lifetime decay curves are
presented in Supplementary Fig. 20. The exciton diffusion length,

defined as L =2+/Dt depends on both the exciton lifetime and the
diffusion coefficient. Fig. 3¢ illustrates the dependence of the exciton
diffusion length on doping, revealing a significant reduction at the
fractional filling factor. This reduction contrasts with the observation
of interlayer exciton transport in moiré lattices, where the reduced
diffusion length at fractional fillings is often compensated by increased
lifetimes®. In our case, both the diffusion coefficient and the lifetime
decrease simultaneously, resulting in more pronounced suppression
of transport and providing a clear optical signature of correlated
electronic states.

Temperature dependence

Finally, we investigate the temperature dependence of exciton trans-
port in Wigner crystals in Fig. 4a (with detailed analysis provided in
Supplementary Figs. 21-25). At low temperatures (10-25K), exciton
transport is notably suppressed at fractional fillings (Supplementary
Movie 2). As the temperature rises to the range of 30-45K, this sup-
pression gradually weakens and eventually disappears, indicating that
the generalized Wigner crystals no longer regulate exciton transport.
For each correlated electronic state, we identify a critical temperature
(T.) at which this suppression is lifted (Fig. 4b). At a fixed filling factor
v, we evaluate the strength of the insulating state by measuring the
suppression of exciton transport relative to a nearby compressible
background. We define the critical temperature T, as the temperature
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Fig. 3 | Doping-dependent exciton lifetime and diffusion length. a Transient
reflectance map AR(t, V) versus pump-probe delay ¢ and gate voltage V. The
vertical dashed lines (labels on top) mark the fractional fillings v determined from
the calibration described in the Methods section. At these fillings, the signal decays
faster, indicating a shortened exciton lifetime, whereas away from them (metallic
regime), the decay is slower and nearly uniform. Each trace is normalized to its own
maximum absolute value within the analysis window. b Exciton lifetime 7(V)
extracted from exciton decay profiles at fixed V.. The horizontal dashed line marks

the average exciton lifetime in the metallic regime. In the correlated electronic state
of the WS, bilayer, the reduced dielectric constant enhances the exciton binding
energy in WSe, and increases the overlap between electron and hole wavefunc-
tions, leading to a pronounced reduction in lifetime. ¢ Dependence of the exciton
diffusion length L =2/Dt on doping. The diffusion coefficient D is obtained from
the slope of the variance growth Ag?(t)=4Dt. The diffusion length is markedly
reduced at fractional fillings, attributed to the combined effects of a shortened
exciton lifetime and a decreased diffusion coefficient.

at which this normalized suppression contrast decreases to 10% of its
low-temperature value (Supplementary Fig. 26).

The states at the filling factors v= 1/3 and 2/3 exhibit a higher
critical temperature (~40K), while the state at v= 1/2 has a sub-
stantially lower T. of approximately 20 K. These transitions occur
primarily because thermal energy allows electrons to overcome the
narrow electronic bandwidth and the long-range Coulomb interac-
tions that stabilize the insulating states at lower temperatures, and
thereby restoring exciton transport. Meanwhile, thermal fluctuations
promote exciton diffusion in the WSe, sensor. These combined effects
eliminate the suppression of the diffusivity of the 1s exciton in WSe,,
providing insight into the mechanisms that govern exciton dynamics
mediated by correlated insulating states.

Discussion

In summary, we have visualized exciton transport modifications
induced by generalized Wigner crystals using ultrafast microscopy
combined with a monolayer WSe, sensor. By tuning the carrier density
in twisted WS, moiré superlattices, we drive a transition from a
metallic state to a correlated insulating state, which increases dielec-
tric disorder and suppresses exciton transport. This ultrafast optical
approach offers a powerful tool for exploring Bose-Fermi mixtures,
while maintaining the simplicity and speed of optical measurements.
This technique allows access to the electronic density of states near the
Fermi surface without requiring electrical contacts, and it can detect
changes in the dielectric environment, including metal-insulator or
superconducting transitions.

In contrast to conventional exciton sensor techniques that rely on
the optical response of 2s excitons, our method probes dielectric
properties through transport and lifetime measurements of 1s exci-
tons (Supplementary Fig. 27). In1s excitons, variations in the dielectric
environment shift the quasiparticle bandgap and exciton binding
energy in opposite directions, often resulting in an unchanged optical
bandgap, as observed in steady-state photoluminescence and reflec-
tance spectra. However, exciton dynamics remain highly responsive to
these changes, as the dielectric environment directly affects
electron-hole wavefunction overlap. This leads to a pronounced
reduction in both exciton lifetime and diffusion length. By capturing
these subtle but critical changes, our approach provides a spatio-
temporally resolved optical framework that bridges optical and
transport measurements, enabling the exploration of quantum phe-
nomena across a broad range of quantum material systems. This, in
turn, opens new opportunities for integrating correlated electronic
states with excitonic devices, laying the groundwork for multi-
functional, dynamically programmable platforms where multiple
quasiparticle states coexist.

Methods

Device fabrication

The device is assembled layer-by-layer via a dry transfer method, with
detailed procedures provided in Supplementary Fig. 28. In brief, few-
layer graphite, hBN, monolayer WS,, and monolayer WSe, flakes are
mechanically exfoliated onto silicon substrates with a 285nm SiO,
layer. Flakes of appropriate size and thickness are selected according
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the mean-squared displacement Ag?(t) obtained at three different spatial positions
on the same exciton transport map. b The critical temperature for transport sup-
pression at different correlated electronic states. The critical values are governed
by both the thermal melting of the Wigner crystal and the ability of thermal fluc-

tuations to overcome the moiré potential confinement.

to their optical contrast and PL spectroscopy. The twisted WS, moiré
bilayer was fabricated using the tear and stack method**®, in which a
portion of the monolayer WS, was torn and rotated in situ, yielding a
sample region with an interlayer twist angle of 58°. The twist angle is
verified by measuring the moiré period with a lateral force microscope.
A monolayer WSe, is then placed near the twisted WS, moiré bilayer,
separated by a spacer hBN with a thickness of -1 nm. The contact and
gate electrodes consist of few-layer graphite, which is connected to the
pre-patterned Pt electrodes on the SiO, layer. The gate dielectric
material hBN on each side has a typical thickness of 35-50 nm. To
achieve clean interfaces of the heterostructures, the samples were
annealed at 80 °C for 8 h in an argon atmosphere, both prior to and
following their preparation.

In this device, V is applied to the top graphite gate; the WS, moiré
bilayer, the WSe, sensor, and the bottom graphite gate are all groun-
ded. This ground-referenced dual-gate geometry ensures that doping
occurs exclusively in the WS, moiré bilayer, while the WSe, sensor
remains charge-neutral and reflects only the dielectric screening of the
neighboring moiré system.

Lateral force microscope

Lateral force measurements were performed under ambient conditions
(20-25°C, relative humidity of 20-30%) using a Cypher atomic force
microscope (AFM) from Asylum Research. Probes from Asylum
Research (ASYELEC-01) with a nominal radius of approximately 25 nm
were employed for these measurements. The lateral force is given by
Fy=C -k -u, where C refers to the normal force calibration factor of

the probe, k is the spring constant of the probe, and u is the voltage
applied in the experiment. Both C and k are determined by the intrinsic
properties of the probe, which can be influenced by factors such as
cantilever variations and laser spot positioning. Therefore, it is neces-
sary to calibrate the probe before each experiment to establish an
accurate force-to-signal conversion coefficient. The topography map is
generated by recording the probe’s vertical displacement along with
signals in other directions in a 60 x 60 nm square region at a scanning
velocity of 378 nms™. The moiré period is given by ay=a/(2 sin(g)),
which is inversely proportional to the twist angle 6. Here a = 0.315 nm is
the atomic lattice constant of WS, for 8 ~ 58° and ay; ~ 9.2nm.

Static reflection spectra measurements

A power-stabilized Tungsten-Halogen lamp (Thorlabs, SLS201L) is
used as a broadband light source. The output of the lamp is passed
through a single fiber and collimated by a collimation. The beam dia-
meter on the sample is about 1 pm, and the beam power is less than
10 nW. The reflected beam is collected by a spectrometer with a dif-
fraction grating of 300 grooves per millimeter. This dispersed beam is
detected using a charge-coupled device camera (PYL400-BRX, Prin-
ceton Instruments). The reflection contrast spectra,
AR/Ro = (Rgampie — Ro)/Ro, are performed at 4 K, where R, and Ry
are reflection spectrum of the sample and substrate, respectively.

Femtosecond transient absorption microscopy
Ultrafast absorption microscopy is used to track exciton transport in
the monolayer WSe,, with the sample mounted in a closed-cycle
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cryostat (Montana Instruments, CA50). A Ti: Sapphire oscillator
(Chameleon Ultra II, Coherent) pumps an optical parametric oscillator
(Chameleon Compact OPO-Vis, Coherent), generating two indepen-
dent beams for the pump and probe lights, respectively. The pump
wavelength (660 nm) selectively excites WSe, without exciting WS,,
while the probe wavelength (720 nm) monitors the exciton population
in WSe,. Both beams spatially overlap and are focused onto the sample
with a 100x objective (EC Epiplan-Neofluar, 0.9 NA, ZEISS). The
reflectance signal is collected through the same objective, filtered to
suppress pump leakage and block ambient stray light (center wave-
length 740 nm, FWHM =50nm), and 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 1MHz with an acousto-optic modulator (AOM, 3080-125,
Gooch Housego), and the APD output is monitored with a lock-in
amplifier (HF2LI, Zurich Instruments). The pump-probe delay time is
controlled using a mechanical translation stage (DDS600-E/M, Thor-
labs). For imaging, a two-dimensional galvanometer (GVS012, Thor-
labs) scans the probe beam relative to the pump beam.

Spatial resolution of transient absorption microscopy

In transient absorption microscopy, the measured exciton transport
encompasses contributions from the actual exciton dynamics as well as
the spatial profiles of both the pump and probe beams, expressed as
o?(measured) = 0%(change) + 02(pump) + o(probe). However, since
o%(pump) and o?(probe) remain nearly constant during the pump-
probe delay time, variations in 0(measured) primarily reflect changes in
the exciton density distribution over time. The primary factor limiting
the resolution of these measurements is the signal-to-noise ratio. We can
analyse the error of the exciton transport length by differentiating the

equation [>=0,2— 0,2 and obtain the expression of the error
ML=\ [ (B0 + - (B0, = /Ao 2 + (32 (Ade? — Ad2),
where t is the pump-probe delay time. As we can see, AL is determined
by Ao, and Ao, which stem from the Gaussian fitting process and the
experimental signal-to-noise ratio. Two main noise sources affect tran-
sient absorption experiments: laser fluctuation noise and electronic
noise from detection systems. To mitigate laser fluctuation noise, lock-in
detection is employed, wherein the excitation intensity is modulated
using an acoustic-optical modulator. This modulation allows the lock-in
amplifier to extract the differential signal at the modulated frequency,
effectively reducing low-frequency laser intensity fluctuations. Operat-
ing at higher modulation frequencies, such as 1 MHz in our experiments,
further minimizes the laser intensity noise, approaching the quantum
shot noise limit, which arises from the Poisson distribution of photon
numbers at the detector. Accurate demodulation of each pixel neces-
sitates a dwell time significantly longer than the modulation period to
ensure precise signal extraction. In our setup, the spatial resolution is
approximately 50 nm, determined by the smallest measurable change in
the excited-state population profile.

Determination of the filling factor by exciton transport

The filling factor v is defined as the number of charges per moiré
superlattice site, u=n/n,, where n is the charge density and n, is the
moiré density. The moiré density is given by n, =2/(v/3ay?), where ay,
is the moiré lattice constant. For twisted WS, with 8 ~ 58°, we measure
the moiré superlattices is about 9.2 nm by atomic force microscopy,
which corresponds to an electron density of 1.36 x10” cm™ at v=1.
The gate-induced charge density n is estimated from a parallel-plate
model, n=CV,/e, where C is the gate capacitance and e is the ele-
mentary charge. The capacitance, dominated by the geometrical
capacitance of the gate, is approximately constant and estimated to be
55 nF cm™, based on a 48 nm thick hBN layer with an out-of-plane
dielectric constant of about 3. This provides a general estimate of v,

with uncertainties on the order of 10%, particularly at gate voltages
where the exciton transport suppression is small.

To calibrate the filling factor more accurately, we use fractional
fillings where exciton diffusion is strongly suppressed as calibration
points. At each gate voltage V, the spatial profile of exciton transport
is fitted with a Gaussian to extract the variance Ao?(t), which measures
diffusivity. The variance plotted against gate voltage (Fig. 4a) clearly
shows distinct drops at some fractional fillings. By matching these
voltages with our initial charge-density estimates, we assign them to
v=+1/3, £1/2 and +2/3. These insulating states serve as landmarks
to estimate a conversion factor between V, and v for electrons and
holes independently. This procedure avoids the ambiguity of defining
v=0 from band edges and ensures that the Fermi level is within the
gap. The slopes obtained for both electron and hole doping are nearly
identical, a = 0.25 carriers per moiré unit cell per volt and this factor is
insensitive to temperature up to 40K. Using this calibration, the
remaining insulating states are consistently assigned to the nearest
simple rational fractions, typically corresponding to the most stable
correlated configurations.

Mechanism of exciton lifetime in correlated insulating states

The exciton recombination lifetime is strongly affected by the sur-
rounding dielectric environment, as it depends on the exciton
binding energy. The binding energy of the 1s exciton is given by
E} = (Zm,e“)/(fz2 (41’[880)2), where ¢ is the dielectric constant, ¢ is the
vacuum permittivity, m, is the exciton reduced mass, e is the ele-
mentary charge, and i is the reduced Planck constant. In the limit of
small exciton binding energies, we use the dielectric function in the
static limit &(g). Thomas-Fermi screening yields e(q)=¢, + JTZng_Z fora
uniformly screened Coulomb potential by a free electron gas. Here g—z
is the electronic density of states or compressibility, €, is the back-
ground dielectric response (from bound charges) and ¢ is thickness
of the 2D layer. The intrinsic radiative lifetime obtained from Fermi’s

golden rule, T1s(€)0<ﬁ: where is the 1s exciton resonance
energy. When twisted WS, enters a correlated insulating state, its
dielectric constant decreases, reducing the screening effect and
increasing the exciton binding energy. This results in a strong Cou-
lomb interaction between the electron and hole, enhancing the
overlap of their wavefunctions, thus significantly shortening the
exciton lifetime. As a result, the exciton lifetime in WSe, decreases
markedly when the adjacent twisted WS, layer is in a correlated
insulating state.

Factors influencing exciton dynamics in WSe,

In our experiment, we eliminate the influence of both Auger processes
and the moiré potential in twisted WS, on the exciton dynamics in
WSe,. First to exclude Auger effects, we employ a low pump power P,
corresponding to an exciton density of -1x10cm~2, calculated by
ne, =(a-P)/(hw - f - A), where a is the absorption coefficient of mono-
layer WSe,, fiw is the photon energy, f is the pulse repetition rate, and
A is the pump beam area. At this density, nonlinear optical effects are
negligible, and the exciton lifetime remains constant with increasing
power, confirming a linear mechanism. Working in this low-density
regime is a necessary condition for subsequently discussing how
dielectric disorder influences exciton diffusion***",

In general, the moiré potential can confine exciton transport,
complicating interactions between excitons and correlated insulating
states. The moiré potential arises from spatially dependent interlayer
hopping between two WS, monolayers in direct contact with each
other. Interlayer hopping is expected to decay exponentially with layer
separation on the atomic length scale. To mitigate moiré potential
impact, we introduce a -1 nm thick hBN spacer between the twisted
WS, and WSe; bilayers. The hBN spacer significantly diminishes the
moiré potential effect, rendering it negligible. Lateral force
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measurements (Fig. 1c and Supplementary Fig. 1) confirm that moiré-
induced lateral forces are significant on the bare WS, bilayer surface
but absent on the hBN spacer surface, indicating that the moiré
potential is negligible through the spacer. Importantly, the 1nm hBN
spacer does not block the influence of correlated insulating states in
twisted WS; on the exciton dynamics in WSe,. The Bohr radius of the
1s exciton in monolayer WSe, is approximately 1.7 nm***°—larger than
the spacer thickness—allowing the excitons to remain responsive to
the dielectric environment of the underlying moiré system. This
ensures that our measurements accurately reflect the interaction
between excitons and correlated electronic phases in twisted WS,.

The WSe, layer and the bottom graphite gate are held at ground,
and a thin hBN spacer electrically isolates WSe, from WS,. This geo-
metry keeps WSe, charge-neutral while V; tunes carriers only in the
WS, moiré bilayer. If WSe, were directly gated or doped, a pro-
nounced, monotonic change in exciton diffusion with V, would be
expected; this is not observed. In the absence of correlated insulating
states, the exciton diffusion essentially remains unchanged.

Data availability
The data generated in this study are provided in the Supplementary
Information/Source Data file. Source data are provided with this paper.
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