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Anomalously enhanced diffusivity of moiré
excitons via manipulating the interplay with
correlated electrons

Li Yan 1,2,8, Lei Ma 1,2,8, Yuze Meng1,8, Chengxin Xiao3,8, Bo Chen1, Qiran Wu4,
Jingyuan Cui4, Qingrui Cao 1, Rounak Banerjee 5, Takashi Taniguchi 6,
Kenji Watanabe 7, Seth Ariel Tongay 5, Benjamin Hunt 1, Yong-Tao Cui4,
Wang Yao 3 & Su-Fei Shi 1

Semiconducting transition metal dichalcogenide (TMDC) moiré superlattices
provide an unprecedented platform for manipulating excitons. The in-situ
control of moiré excitons could enable novel excitonic devices but remains
challenging. Meanwhile, as dipolar composite bosons, interlayer excitons in
the type-II aligned TMDC moiré superlattices exhibit strong interactions with
fermionic charge carriers. Here, we demonstrate active manipulation of exci-
ton diffusivity by tuning their interplay with correlated carriers in moiré
potentials. When electrons formMott insulators, the interlayer exciton energy
is blueshifted due to strong electron-exciton repulsion, leading to the
enhancement of diffusivity by asmuchas twoorders ofmagnitude. In contrast,
exciton diffusivity is suppressed at fractional fillings, where carriers form
generalized Wigner crystals. In between fractional fillings, electrons populate
all moiré traps, resulting in enhanced diffusivity with increasing carrier den-
sity, owing to the effectively reduced moiré potential confinement experi-
enced by excitons. Our study inspires further engineering and controlling
exotic excitonic states in TMDC moiré superlattices for fascinating quantum
phenomena and novel excitonic devices.

Transition metal dichalcogenide (TMDC) moiré superlattices offer
unprecedented opportunities not only for engineering electronic
structures1–5 but also for enabling new excitonic states6–15, where a
periodic potential landscape with desired periodicity and potential
profile can be designed to control exciton motion and even form
exciton superlattices. However, active control of exciton motion, cri-
tical for eventual device applications, often requires in-situ tunability,
such as tunable twist angle16,17, which is challenging to achieve.

Meanwhile, it has been shown that various TMDC moiré super-
lattices can enable flat moiré bands1,18–24, in which the electron kinetic
energy is significantly suppressed, and the Coulomb interaction is
strong due to the reduced screening in two-dimensional (2D)materials.
The resulting enhanced electron correlation, characterized by the ratio
of Coulomb interaction to kinetic energy, opens up exciting opportu-
nities for realizing and exploring quantum-correlated states, such as
Mott insulators19,25, Wigner crystals18,20,21, and excitonic insulators26–28.
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The interlayer excitons in a type-II aligned TMDC moiré hetero-
junction, with electrons and holes separated in different layers9,29,
inherit this correlation and strongly interact with electrons7. This
strong interaction is manifested in the significant blueshifts of inter-
layer exciton photoluminescence (PL) at the correlated electronic
states7,30. This inspires us to employ the electron-exciton interaction to
control exciton dynamics, such as exciton diffusion31–43 in the angle-
aligned WS2/WSe2 moiré heterojunction, by directly measuring the
interlayer exciton diffusion length and extracting the diffusivity as a
function of the electrostatic doping.

We found that when the electron (hole) density reaches one per
moiré cell and forms a Mott insulator, the blueshifted interlayer exci-
tons exhibit greatly enhanced diffusivity due to reduced moiré
potential confinement, with an enhancement factor as large as two
orders of magnitude compared with excitons in the charge-neutral
regime. In contrast, when electrons crystallize at fractional fillings and
form a generalized Wigner crystal, the interlayer exciton diffusivity is
suppressed because the excitons scatter off electrons and effectively
interact with the electron crystal as a whole, resulting in increased
backscattering and limiting the exciton mobility. Between the frac-
tional fillings, when the electron density is less than one permoiré cell,
electrons in the Fermi liquid state dynamicallypopulate allmoiré traps.
The electron-exciton repulsion effectively reduces themoiré potential
confinement of excitons, mobilizing them and leading to enhanced
exciton diffusivity as the electron density increases.

The modulated exciton diffusivity exhibits a similar trend for
both 60-degree (H-stacked) and 0-degree (R-stacked) aligned WS2/
WSe2 devices, while the enhancement from n = 0 to filling factor
approaching 1 is more pronounced for the R-stacked device. The
difference might stem from the different nature of the two stacked
configurations: the interlayer exciton is more extended in the
H-stacked WS2/WSe2 as the associated electron and hole are at dif-
ferent moiré sites7,30.

The drastic modulation of the moiré exciton diffusivity demon-
strated here by tuning electrostatic doping and correlated electrons
ushers in an exciting route of engineering exciton dynamics via
quantum many-body interactions44 and can be explored for new
quantum states and novel optoelectronic devices.

Results
Exciton diffusion at the correlated insulating states
A typical dual-gated WS2/WSe2 moiré heterojunction device is sche-
matically shown in Fig. 1a. In Fig. 1, we excite a dual-gated H-stacked
device (H1) with a continuous wave (CW) laser centered at 1.699 eV,
which is in resonance with the ground state of moiré intralayer exci-
tons in the angle-aligned WS2/WSe2 heterojunction

18.
The diffusion of excitons has been studied using various

methods31,32,35,40,41,45. In this work, for the first time, we demonstrate
the control of moiré exciton diffusion utilizing correlated electrons.
Here, we optically excite excitons (schematically shown in Fig. 1b)
and measure the broadened spatial PL image, which we then com-
pare with the size of the laser spot33–36,41. For Fig. 1, we choose an
excitation intensity of 57 nW/µm2, which is estimated to generate
about 0.2 excitons per moiré cell (see Supplementary Section 3 for
details). This excitation intensity ensures that we are well within the
linear regime of PL response as a function of excitation intensity. This
excitation intensity also improves the linear gating response of the
device close to the charge-neutral region (see Supplementary Sec-
tion 8 for details).

In Fig. 1b, we found a broadened PL image spot of ~ 2.5 µm com-
pared with that of the laser spot of ~ 1.5 µm. In the regimewhere the PL
intensity is a linear function of excitation intensity, the broadened PL
profile with a Gaussian width σ (see Supplementary Section 6 for
details) comparedwith the laser beamwidth (σ0) canbewell described
by the diffusion of interlayer excitons, with the diffusion length ld

expressed as46 (details in Supplementary Section 6):

ld
2 = σ2 � σ2

0 = 2Dτ ð1Þ

where D is the diffusion constant (diffusivity), and τ is the lifetime of
the exciton. We further study the diffusion of interlayer excitons at
different doping levels by performing spectral-resolved diffusion
measurements of interlayer excitons. Figure 1c–f shows spec-
trally resolved diffusion images with different filling factors, which
normalize thedopingwith themoiré superlattice density, withn = 1(−1)
being one electron (hole) per moiré cell.

It is evident that the diffusion length increases when the doping is
increased from n =0 (Fig. 1f) to n = 1 (Fig. 1c). However, one can also
notice that the exciton diffusion length is suppressed at n = 1/3
(Fig. 1d), which corresponds to the previously established generalized
Wigner crystal insulator7,18,21, with one electron shared by three moiré
unit cells.

We note here that it is important to have spectral information for
the diffusion measurements. At n = 1, a new interlayer exciton PL peak
(centered around 1.47 eV) with a large blueshift occurs (Fig. 1c), which
has been extensively studied and attributed to the exciton-electron
repulsion at the Mott insulator state7,30,47. For comparison, we plot the
spatial profile of the lower energy exciton peak (centered around
1.435 eV) together with those from other doping levels in Fig. 1g (line
cuts from Fig. 1c–f), along with the spatial distribution of the
excitation laser.

The doping-dependent PL spectra of the interlayer exciton in
WS2/WSe2 moiré heterojunction have been extensively
studied6,7,30,47,48. Here, we show in Fig. 2a, b the doping-dependent
interlayer exciton PL spectra from one H-stacked device (H1) and one
R-stacked device (R1), respectively. The correlated insulating states at
integer fillings (n = ± 1, ± 2) and fractionalfillings (n = ±1/3, n = ±2/3, and
more) can be clearly observed, whichmanifests the high quality of the
moiré bilayer devices. Here, we label the n =0 as the doping when the
PL peak position is a local maximum in Fig. 2a, b, but we note that the
region near n =0 can be viewed as charge neutral, and the gating is not
linear in the low doping regime. However, the assignment of fractional
filling such as n = ± 1/3, ± 2/3 is unambiguous from the PL spectra in
Fig. 2a, b, which is also further confirmed by a control device (H2) that
is only back-gated so that the microwave impedance microscopy
(MIM) measurement can be performed without the screening of the
top gate electrode. The comparison between MIMmeasurements and
doping-dependent PL spectra from the control deviceH2 canbe found
in Supplementary Section 2. More correlated states from various
fractional filling states can be seen from the PL spectra, as shown in
Supplementary Fig. S3a, b. Here, for the sake of comparison with dif-
fusion measurement, we only focus on the pronounced ones, such as
those labeled in Fig. 2a, b.

We then study the spatially resolved PL of the interlayer exciton at
different doping levels, and we extract the diffusion length
(ld

2 = σ2 � σ2
0) and plot it as a function of doping in Fig. 2c, e, respec-

tively, with the zoom-ins (Fig. 2d, f) magnifying the fine features
between n = −1 and 1. The abrupt blueshifts of the interlayer exciton PL
at integerfillings (Fig. 2a, b) are a result of onsite repulsionbetween the
correlated electrons and excitons, as we reported previously7,47. The
resulting interlayer excitons are at excited states, and we label them in
different colors to manifest their different natures: red for − 1 <n < 1,
blue for − 2 <n < −1 and 1 < n < 2, andmagenta for n > 2 and n < − 2. Due
to the change in the nature of excitons at particular doping levels, such
as atn = 1, we note that it is important in this study to keep the spectral
information for the spatially resolved PL study that we use to extract
the diffusion length, as illustrated in Fig. 1c–f.

Themost pronounced feature of theH-stacked device (H1, Fig. 2c,
d) is the abrupt decrease of diffusion length at n = ± 1, where the lower
energy exciton PL (− 1< n < +1, red dots) transits into the higher energy
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exciton PL (n < − 1 or n > 1, blue dots), with a blueshift of 36meV. For
the R-stacked device (R1, Fig. 2e, f), the drop in the diffusion length at
n = ±1 is more gradual, and the blueshift of PL peak energy (Fig. 2b) is
less pronounced, about 13meV. At n = ±1, the abrupt change of diffu-
sion length forH-stackeddevices and the gradual change for R-stacked
devices are reproduced in multiple devices (see Supplementary Sec-
tion 8). The exact mechanism of this difference between R- and
H-stacked devices is beyond the scope of the current work, and wewill
explore it in future studies.

We also find the suppression of the exciton diffusion length for
H-stacked devices (red dots in Fig. 2d) closely aligns with the general-
ized Wigner crystal states at the fractional fillings, showing that the
doping dependence of interlayer exciton diffusion length can reveal
correlated insulating states, similar to the doping-dependent PL spectra
(Fig. 2a). The suppression of diffusion length in the R-stacked device at
the Wigner crystal states is less pronounced but noticeable. These
observations have been found inmore than 22 angle-alignedWS2/WSe2
devices that we havemeasured, including 14 H-stacked and 8 R-stacked
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Fig. 1 | Interlayer exciton diffusion in a WS2/WSe2 moiré superlattice with
tunable electrostatic doping. a Schematic of a dual-gated WS2/WSe2 moiré
superlattice device. b Schematic of the exciton diffusion measurement, along with
the spatial distribution of the laser spot and PL spot taken fromanH-stackeddevice
(H1). Scale bar: 2 µm. c–f Spatially and spectrally resolved PL spectra of the inter-
layer exciton at different doping levels for device H1, with the x-axis showing the

spatial diffusion of the interlayer exciton. The colored dashed lines overlay on the
images show the spatial diffusion by tracing 1/e of the maximum intensity. g The
radial line-cut of the laser (black) and PL (colored dots) spatial profile for device H1
atdifferent doping levels. The excitation photon energy is centered at 1.699 eV, and
the excitation intensity is 57 nW/µm2. All data were taken at a temperature of 3.6 K.
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devices. It is worth noting that an additional feature appears in the
H-stacked devices, as indicated by the black arrows in Fig. 2a, d, where
the PL energy exhibits an abrupt redshift, and the diffusion length
reaches a local minimum. This behavior might be due to the formation
of attractive polarons, and the increased effective mass leads to a
reduction in diffusion length (also see Supplementary Section 8).

The measured suppression of diffusion length in the control
device, back-gated H2, also correlates well with the fractional filling
states identified via MIM measurements, as shown in Supplementary
Fig. S2c (see Supplementary Section 2), further confirming that the
suppresseddiffusion length corresponds to generalizedWigner crystal
states.
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Fig. 2 | Interlayer exciton diffusion as a function of doping for H-stacked and
R-stacked WS2/WSe2 devices. a, b are PL spectra as a function of the filling factor
for H-stacked (H1) and R-stacked (R1) devices, respectively. The dotted black lines
in the color plots are the extracted PLpeak energies. c, e are the extracted diffusion
lengths for different interlayer exciton species (colored dots) as a function of the

filling factor for devices H1 and R1, respectively. d, f are the zoom-ins of the shaded
gray area in (c) and (e). The black arrows in (a) and (d) point at the doping level
where the PL energy has an abrupt redshift. The excitation intensity is 57 nW/µm2

(0.2 excitons per moiré cell) for (a), (c), and (d), and 140nW/µm2 (0.1 excitons per
moiré cell) for (b), (e), and (f).
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Lifetime and diffusivity of interlayer excitons
To investigate these features, we perform time-resolved PL (TRPL)
measurements for H1 (Fig. 3a) and R1 (Fig. 3b), respectively. The
excitation intensity of the TRPL is chosen to be as low as 200nW/µm2,
so that the PL response is in the linear regime, and the doping-
dependent PL spectra are similar to what we show in Fig. 2 (see Sup-
plementary Section 4). We also note that we resolve the spectral
information of TRPL signals using a spectrograph to disperse light
before theAvalanchePhotodiode (APD) single-photondetector so that
we can ensure monitoring the exciton of the right species, distin-
guishing the lower energy and blueshifted higher energy exciton
across n = ±1. The lifetimes of the exciton (τ) for both devices drop
abruptly at n = ±1 (Fig. 3a, b) due to the excited state nature of the
interlayer exciton in the presence of strong onsite electron-exciton
repulsion7,48. Based on Eq. (1), the abrupt decrease in lifetime at n = ±1
contributes to the sudden drop of exciton diffusion length at theMott
insulator states.

It is worth noting that the lifetime has a sudden drop across n = ± 1
for the H-stacked device compared with the R-stacked device. This is
because the interlayer excitons in the R-stacked device are more
localized at n =07,30. As a result, the increased doping will increase the
overlap of the exciton with carriers and increase the nonradiative
channelsmore drastically, leading to the rapid decrease of lifetime as a
functionofdoping and amore gradual lifetimechange acrossn = ± 1. In
contrast, the interlayer exciton in H-stacked devices is more
delocalized7,30 to start with, and the doping induced change is not as
drastic. The different patterns of lifetime change also lead to the dif-
ferent behaviors of diffusion length across n = ± 1 for H- and R-stacked
devices, as shown in Fig. 2c,e: a more abrupt change for the H-stacked
device and a more gradual change for the R-stacked device.

However, the diffusion length dips observed at fractional fillings
for both R and H stack samples cannot be attributed to the lifetime
change, as the lifetimes at the fractional fillings (shown in Fig. 3a, b)
actually increase, likely due to the suppression of nonradiative
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channels once the correlated insulators form ref. 49. From Eq. (1), such
a decrease in diffusion length can only be explained by the reduced
diffusivity at the fractional fillings.

Modulating exciton diffusivity via doping
We now combine the diffusion length obtained in Fig. 2 and extra-
polate the lifetimedata fromFig. 3a, b, which canbeused to extract the
exciton diffusivity following Eq. (1) as D= ðσ2 � σ2

0Þ=2τ. We plot diffu-
sivity as a function of the doping for devices H1 (Fig. 3c) and R1
(Fig. 3d), respectively.

The diffusivity of the electron and hole doping regions is similar,
except for some asymmetry likely arising from the deeper moiré
trapping potential for holes50. Therefore, we focus on the electron
doping region in the following discussion. The behavior of diffusivity
from the hole-doping region can be understood similarly.

The most striking feature is the enhancement of exciton diffu-
sivity when the filling factor increases beyond theMott insulator states
(n > 1). The diffusivity exhibits around two orders of magnitude
increase from n = 0 to n > 1 (33 times for device H1 and 177 times for
R1). Such a drastic increase can be observed in all the samples we have
measured (see Supplementary Fig. S11) and is consistent with the
excited state nature of the exciton for n > 1, where the significantly
blueshifted exciton PL energy suggested that the interlayer excitons
experience a strong onsite repulsion from the correlated electrons
forming a fermionic Mott insulator. The blueshifted exciton energy,
13meV for R1 and 36meV for H1, suggests that the excitons are at
much-elevated energy and are less confined by the moiré potential,
hence the much-enhanced diffusivity. The diffusivity is even more
enhanced for the exciton with the resonance energy further blue-
shifted at n > 2, confirming this interpretation.

The diffusivity in both devices is evidently suppressed at n = 0,
which is more obvious in Fig. 4a, b. This suppression is due to the
moiré potential confinement impeding exciton diffusion, consistent
with previous reports38,40,41,51. At the fractional filling, when the gen-
eralized Wigner crystals form, the diffusivity is also significantly

suppressed (Fig. 4a, b), more significantly suppressed than the dif-
fusion length due to the increased lifetime at the insulating states at
the fractional fillings. This is because, at the fractional fillings such as
n = 1/3, electrons form periodic crystals with electrons localized in
one-third of the moiré cells. As a result, excitons scattering off
electrons have to interact with the electron crystal as a whole, which
possesses large mass inertia. The resulting back-scattering will sup-
press the diffusivity.

However, the electron Fermi liquid in between the fractional fill-
ings would affect the exciton diffusivity differently from the general-
ized Wigner crystal states. For example, at the Fermi liquid state near
the filling factor n = 1/3, the delocalized electrons will lead to the
effective occupation of close to 1/3 electron per moiré cell. This is in
stark contrast with the generalized Wigner crystal state at n = 1/3, in
which one out of three moiré cells is occupied by one localized elec-
tron that strongly repels the interlayer exciton, while the two other
moiré cells are vacant and do not contribute to the repulsion. There-
fore, by introducing free electrons into the system, the repulsion
between delocalized electrons and interlayer excitons effectively
lowers the moiré potential confinement of interlayer excitons,
enhancing diffusivity. As schematically shown, the effective potential
well depth is lowered for excitons at n =0.2 (Fig. 4c) than that at n = 0
(Fig. 3e) (also n = 1/3, Fig. 4d), and the diffusivity is increased. Further,
this enhancementwill increase as the electron density increases, which
raises the average number of electrons per moiré cell and enhances
repulsion. Our Monte Carlo simulations capture the feature discussed
above: the suppression of the exciton diffusivity at the correlated
insulator states and increased diffusivity at the Fermi liquid state as the
doping increases, as shown in Supplementary Fig. S10 of the Supple-
mentary Information.Detailedmodeling and calculations canbe found
in Supplementary Section 7.

We note that the enhancement factor near the Mott insulator
state, when the filling factor approaches n = 1 compared with that at
n = 0, is drastically different for devices H1 and R1: the diffusivity
increases by about 2 times for device H1 and around 45 times for R1
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Fig. 4 | Zoom-ins of diffusivity as a function of the filling factor between −1 and 1. a, b are zoom-ins of diffusivity as a function of the filling factor between − 1 and 1 for
devices H1 and R1, respectively. c, d are the schematics of exciton diffusion at n =0.2 and n = 1/3.
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(Fig. 4a, b). This difference has been reproduced in another H-stacked
device (H3) and R-stacked device (R2) (see Supplementary Fig. S11).
This striking difference is likely attributed to themore extendednature
of interlayer excitons in theH-stacked devices. TheCoulomb repulsion
between electrons and excitons that lowers the effective moiré
potential depth is a sensitive function of screening, which increases
with doping. The extended interlayer excitons could even form
attractive exciton-polarons with electrostatically doped electrons that
increase the effective mass of excitons and reduce diffusivity52. How-
ever, the interlayer excitons in the R-stackedmoiré structure are more
localized and less affected by the screening, which can be seen from
the less sensitivity of PL energy resonances to the doping (Fig. 2a, b)
and has been reported earlier7,30. As a result, the Coulomb repulsion
remains strong for the R-stacked device even at the increased electron
doping, leading to much enhanced exciton diffusivity.

Discussion
Our study reveals an intriguing moiré system in which the exciton
dynamics can be sensitively tuned through electrostatic doping, due
to the unique exciton-electron interaction stemming from strong
electron correlation. The electrostatic doping-enhanced diffusivity is
also sensitive to the stacking order of the WS2/WSe2 moiré super-
lattice, which hosts different interlayer excitons with the layer-
separated electron and hole either occupying the same (R-stacked
device) or different (H-stacked device) moiré sites. Our work pro-
vides critical insight into further engineering of exciton dynamics.
The active control of interlayer exciton diffusion via electric means is
also promising for further realization and implementation of moiré
excitonic devices.

Note: During the preparation of this manuscript, we became
aware of another relevant work on moiré exciton diffusion52.

Methods
Device fabrication
We used a dry pick-up method that was reported in our previous
work53,54 to fabricate angle-aligned WS2/WSe2 heterostructures. Gold
electrodes are pre-patterned on the Si/SiO2 substrate. The monolayer
TMDC, h-BN, and a few-layer graphiteflakeswere directly exfoliated on
silicon chipswith 285 nm thermally grownoxide and thenpickedupby
a polycarbonate (PC)/ polydimethylsiloxane (PDMS) stamp sequen-
tially. The alignment of each TMDC layer wasperformedusing a home-
built microscope-based transfer stage equipped with a rotation con-
troller (angular precision of 0.02 degrees). After stacking, the PC film
was removed in the chloroform/isopropanol sequence. The fabricated
devices were then dried with nitrogen gas and annealed in a vacuum
(< 10−6 torr) at 250 °C for 8 h.

Optical characterization
For all the optical measurements shown in the main text, the sam-
ples were measured in a cryogen-free optical cryostat (AttoDRY
1000) at 3.6 K. A home-built confocal imaging system was used to
focus the laser onto the sample (with a beam spot diameter of
~ 1.5 µm) with an achromatic low-temperature objective. The PL and
spectrally resolved diffusion measurements were performed with a
CW laser with the photon energy centered at 1.699 eV. For the
spectrally resolved diffusion measurements, an achromatic lens
with a focal length of 500mm was used to obtain a 200✕ magnifi-
cation. The optical signals were dispersed using a diffraction grating
(600 grooves per mm) and detected with a silicon charge-coupled
device (CCD) camera, with the x-axis array resolves the spectral
information and y-axis array resolves the spatial information.
Spectrally resolved time-resolved photoluminescence (TRPL) mea-
surements were carried out using a supercontinuum laser (YSL
Photonics) operating at a 1 MHz repetition rate. A bandpass filter
with a 10 nm bandwidth was used to select excitation light centered

at 650 nm. The excitation intensity is 200 nW/µm2 for H1 and
300 nW/µm2 for R1, respectively. The signal was dispersed using the
same diffraction grating (600 grooves per mm) and then collected
by a single-photon detector (PicoQuant) and a picosecond event
timer (PicoHarp 300). The PL, spectrally resolved diffusion, and
spectrally resolved TRPL measurements have also been performed
in a different home-built setup based on a Montana cryostat at 6 K.
The data are shown in Supplementary Fig. S2.

Data availability
The source data for Figs. 1–4 are provided with this paper. All other
data that support the plots within this paper and other findings of this
study are available from the corresponding authors upon
request. Source data are provided in this paper.
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