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Narrow lines in photoluminescence (PL) spectra of excitons are characteristic
of low-dimensional semiconductors. These lines correspond to the emission of
exciton states in local minima of a potential energy landscape formed by
fluctuations of the local exciton environment in the heterostructure. The
spatial extension of such states was in the nanometer range. In this work, we
present studies of narrow lines in PL spectra of spatially indirect excitons (IXs)
in a MoSe,/WSe, van der Waals heterostructure. The narrow lines vanish with
increasing IX density. The disappearance of narrow lines correlates with the
onset of IX transport, indicating that the narrow lines correspond to localized
exciton states. The narrow lines extend over distances reaching several
micrometers and over areas reaching ca. ten percent of the sample area. This
macroscopic spatial extension of the exciton states, corresponding to the
narrow lines, indicates a deviation of the exciton energy landscape from ran-
dom potential and shows that the excitons are confined in moiré potential with

a weak disorder.

Narrow lines with linewidths <ImeV in PL spectra of excitons are
ubiquitous in low-dimensional semiconductors. The narrow lines
found in a GaAs quantum dot correspond to the emission of exciton
states in the dot’. The narrow lines observed in GaAs quantum wells
originate from the emission of exciton states in local minima of ran-
dom potential formed by fluctuations of the local exciton environment
in the heterostructure, e.g.,, quantum well width and materials
fluctuations™”.

Recent studies revealed narrow lines in PL spectra of excitons in
van der Waals (vdW) heterostructures composed of single atomic
layers of transition-metal dichalcogenides (TMD). The narrow lines
observed in a TMD electrostatically defined trap correspond to the
emission of exciton states in the trap®. The narrow lines were also
observed for excitons in local minima of random potential in mono-
layer TMD’™" and for excitons confined by strain in the regions of the
heterostructure flake edges”, heterostructure wrinkles®, or
nanopillars' ¢,

Local minima in the exciton potential landscape can be also
formed in moiré superlattices in TMD heterostructures”~*'. The moiré
potentials can be affected by atomic reconstruction”%*, Narrow lines

were observed for excitons in bilayer TMD heterostructures with
moiré potentials®,

Similar to other low-dimensional semiconductors, such as GaAs
heterostructures outlined above, narrow lines are ubiquitous in vdW
heterostructures. In addition to TMD heterostructures with the exci-
ton confinement caused by electrostatic traps®, random potentials”™,
or strain”’ and TMD bilayer heterostructures with moiré
potentials®~* outlined above, narrow lines were also observed in TMD
bilayer heterostructures where moiré potentials are suppressed by
hBN spacers* and in TMD trilayer heterostructures®,

In contrast to random potentials, which are characteristic of
semiconductor heterostructures with 2D layers formed by several
monolayers (like GaAs heterostructures) or single monolayers (like
TMD heterostructures), moiré potentials are periodic in the hetero-
structure plane. Their lateral period is typically in the range of ca.
10 nm, exceeding the exciton Bohr radius ca. 1nm and providing a
confining potential for excitons” . Narrow lines are observed both in
heterostructures with moiré potentials and in heterostructures with-
out moiré potentials, as outlined above, and both these types of het-
erostructure have disorder potentials. Since both disorder and moiré
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potentials can produce the narrow-line emission, the roles of the dis-
order and moiré potentials in the origin of the narrow lines remain
unclear, as outlined, in particular, in recent studies of TMD
heterostructures™.

The major difference between moiré potentials and disorder
potentials in the origin of the narrow lines is a spatial ordering for the
former. The lateral extension of the narrow lines is given by the lateral
extension of the corresponding exciton states. The extension of
localized exciton states in a random potential is typically on the order
of nanometers, and even the extension of delocalized exciton states,
given by the mean free path, is typically in the nanometer range for
excitons in semiconductor heterostructures, as overviewed in ref. 36.
In contrast, exciton states in a periodic lattice potential, such as a
moiré potential, can extend over long distances limited by imperfec-
tions of the periodic potential in the heterostructure.

A strong disorder potential both limits the spatial extension of
localized exciton states and reduces the diffusivity of delocalized
excitons. Therefore, heterostructures with longer extension of loca-
lized exciton states may provide more efficient exciton transport with
higher diffusivity and mean free path. The long lifetimes of IXs give an
opportunity to realize long-range efficient exciton transport, and IX
transport in TMD heterostructures is intensively studied®*, Recent
studies show the long-range IX transport®, the long-range IX mediated
spin transport*®, and the high IX diffusivity and mean free path®. In this
work, we verify, in particular, if the heterostructure presenting this
efficient exciton transport®*’~® is characterized by a long spatial
extension of localized exciton states.

In earlier studies of narrow lines, outlined above, the spatial
extension of the narrow lines was limited by the spatial resolution of
the optical experiments, ca. 1um. This short extension of exciton
states associated with the narrow lines is characteristic of disordered
potentials as shown, in particular, in studies of narrow lines in GaAs
heterostructures®> where moiré potentials are absent and narrow lines
originate from the emission of exciton states in local minima of ran-
dom potential in the heterostructure. In this work, we studied narrow
lines in PL spectra of IXs in a MoSe,/WSe, vdW heterostructure. We
observed that the narrow lines extend over distances reaching several
microns. This macroscopic spatial extension of the exciton states,
corresponding to the narrow lines, indicates a deviation of the exci-
tonic energy landscape from random potential. An ordering in the
local environment of excitons, such as a moiré potential disordered
weakly, is consistent with the observed long-range spatial extension of
the exciton states. The long-range extension of exciton states facil-
itates efficient exciton transport in the heterostructure.

Results and discussion

In the studied MoSe,/WSe, vdW heterostructure, the adjacent MoSe,
monolayer and WSe, monolayer form the separated electron and hole
layers and IXs are formed by electrons and holes confined in these
separated layers®. Twisting between the MoSe, and WSe, monolayers
with the twist angle 66 - 1.1° produces a moiré potential with the moiré
superlattice period b ~ a/860 ~ 17 nm (a is the lattice constant)”’"?.. The
heterostructure details and the optical measurements are outlined in
Supplementary Information (SI).

Energies of narrow-line exciton states

Figure 1 shows narrow lines in the PL spectra of IXs in the hetero-
structure. With increasing density, the energies of the narrow lines stay
fixed (Fig. 1), more data on the density dependence of the narrow lines
is presented in Fig. S2 in the SI. This indicates that each narrow line
corresponds to an exciton state with a low sensitivity to the average
exciton density. An exciton in a moiré cell with certain occupations of
neighbor cells is consistent with such a state”*. For such exciton
states, adding an exciton to a neighbor cell leads to an increase by the
inter-cell interaction energy exceeding the linewidth of the narrow line
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Fig. 1| Narrow lines in PL spectra of IXs. a, b The excitation power P, dependence
of IX spectra. The narrow lines are observed on a background of a broad line
approximated by a Gaussian (the green line) for each spectrum. The laser excitation
spot is focused to a spot -2 pm in diameter. ¢ Comparison of the relative intensity of
the narrow lines (NLs) in the PL spectra with IX transport in the heterostructure. The
former is presented by the ratio of the sum of spectrally integrated intensities of the
narrow lines to the spectrally integrated intensity of the broad line in the PL
spectrum (red diamonds), and the latter is presented by the 1/e decay distance of IX
transport d. from ref. 57 (blue points). 7= 3.5 K. The disappearance of narrow lines
in the spectrum correlates with the onset of IX transport.

so, at low densities, cells with statistically distinct occupations of the
neighbor cells can produce narrow PL lines with the lack of continuous
energy shift with density” ™. In contrast, statistical averaging over
different exciton states gives the broad PL line with the energy
monotonically increasing with average exciton density n (Figs. 1and S2
in SI). This average energy shift can be approximated by the mean field
“capacitor” formula 8F = 4me’d,n/s®° (d, ~ 0.6 nm is the separation
between the electron and hole layers and ¢ ~ 7.4 is the dielectric con-
stant for the heterostructure®) and, in particular, can be used for
estimating n.

Disappearance of narrow lines and onset of exciton transport
The narrow lines vanish with increasing density and, at high densities, a
broad PL line dominates the spectrum (Fig. 1a, b). In Fig. 1c, the relative
intensity of the narrow lines in the PL spectra is compared with IX
transport in the heterostructure. The former is presented by the ratio
of the sum of spectrally integrated intensities of the narrow lines to the
spectrally integrated intensity of the broad line in the PL spectrum, and
the latter is presented by the 1/e decay distance of IX transport dj.
measured in ref. 57. The opportunity to achieve with varying density
both IX localization and long-range IX transport, studied in ref. 57,
enables such comparison. This comparison shows that the dis-
appearance of narrow lines with increasing density in the range of the
pump power Pe, - 1-50 uW correlates with the onset of IX transport
(Fig. 1c). The anticorrelation with transport indicates that the narrow
lines correspond to localized excitons. However, this anticorrelation
does not establish the nature of localization that may be caused by a
disorder potential or by an ordered moiré potential in the
heterostructure.

Figure 1 shows that the narrow lines vanish with the onset of IX
transport, however, they do not re-appear at the higher densities
where IX re-entrant localization, outlined in ref. 57, is observed. This is
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Fig. 2 | x-energy maps of narrow lines. x-energy maps of exciton PL for y=-3.5 um
(a),y=-2.2um (b), and y = 0.9 pm (c). x-energy maps for other y locations in the
heterostructure are shown in Fig. S7 in SI. The signal is integrated within 1.3 pm in
the y direction. The broad background (given by Gaussians in Fig. 1a) is subtracted.
x-energy maps without background subtraction are shown in Fig. S8 in SI. The
excitation spot is defocused over a spot ~25 pm in diameter covering the
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heterostructure area for a weak excitation of the entire sample. The excitation
power of this defocused excitation is 50 uW. T = 4.2 K. Narrow lines with longer
extensions along x are seen as vertical modulated lines in the x-energy maps. The
narrow lines and, in turn, the corresponding exciton states, seen in the x-energy
maps, extend over long distances reaching several micrometers.
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Fig. 3 | x-y maps showing the spatial extension of exciton states corresponding
to narrow lines. x-y maps of spatial extension of the narrow line at £=1.3739 eV (a)
and the narrow line at £ = 1.3768 eV (b). The signal is collected above the broad
background (given by Gaussians in Fig. 1a) within the 1 meV linewidth of the narrow
line. x-y maps for other narrow lines are shown in Fig. S10 in SI. The boundary of the
MoSe,/WSe, heterostructure is shown by the red line. The excitation spot is
defocused over a spot ~25 um in diameter covering the heterostructure area for a
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weak excitation of the entire sample. The excitation power of this defocused
excitation is 50 pW. T=4.2 K. ¢ The area of the exciton state corresponding to the
narrow line (NL) vs. the energy of the narrow line. The area boundaries are defined
by 1/e drop of the narrow-line intensity. The area percentage of the entire mea-
sured sample area is also shown. The narrow lines and, in turn, the corresponding
exciton states seen in the x-y maps extend over macroscopic areas reaching ca. ten
percent of the measured sample area.

consistent with the narrow line association with the exciton localiza-
tion in local minima of a potential energy landscape formed by varia-
tions of the local exciton environment in the heterostructure. The re-
entrant localization at the higher densities due to insulating phase,
such as the Mott insulator and the Bose glass®, is of a different origin.
In particular, for the higher densities when most of the moiré cells are
occupied, the particle transport from cell to cell leads to double
occupancy that creates a gap for particle-hole excitations, conse-
quently making the state insulating®?. Figure 1 shows that narrow lines
are not characteristic of this high-density insulating phase.

g factor of narrow-line exciton states

For all narrow lines, the measured excitonic g factor is g-—15.5 + 0.7 as
shown in Fig. S6 and outlined in SI. Excitonic g factor is determined by
the local atomic registry and the measured g factor corresponds to Hﬁ
site in the moiré potential of the MoSe,/WSe, heterostructure with, in
turn, H stacking””2°*>%3, For TMD heterostructures with moiré poten-
tials, a coincidence of g factor for all narrow lines was found in ref. 25.
The g factor specific for a certain local atomic registry (Hﬁ in our case)
shows that the narrow lines correspond to excitons in the specific site
(H% in our case) of the moiré potential.

The same local atomic registry Hﬁ may extend over a considerable
part of the sample in (reconstructed) moiré potentials that makes the
measured g factor essentially insensitive to the location of the exciton
state in the sample®. In particular, for the exciton Bohr radius much
smaller than the moiré site, excitons can be localized by random

potential fluctuations within the moiré site as outlined in ref. 34.
Therefore, the same and atomic-registry-specific g factor of narrow
lines is insufficient to establish the nature of localization of the cor-
responding exciton states that may be caused by a strong disorder or
by an ordered moiré potential in the heterostructure.

Spatial extension of narrow-line exciton states

Figure 2 shows x-energy maps of the exciton PL. In these maps, the
narrow lines are revealed by the spectrally narrow enhancements of
the PL intensity. Figure 2 shows that narrow lines and, in turn, the
corresponding exciton states, can extend over long distances reaching
several micrometers.

Figure 2 shows the extension of the narrow-line exciton states in
the x-direction. The measured x-energy maps at different y locations
allow building the x-y maps for the exciton states corresponding to the
narrow lines. Examples of the x-y maps for the exciton states are pre-
sented in Fig. 3. (Figures S7 and S10 in SI show x-energy maps for all
measured y, covering essentially the entire heterostructure area, and x-
y maps for many of the narrow-line exciton states seen in the x-energy
maps). Figure 3 shows that the narrow lines extend over distances
reaching several micrometers and over areas reaching ca. ten percent
of the measured sample area.

The observed macroscopic spatial extension of exciton states,
corresponding to the narrow lines, indicates a deviation of the exciton
energy landscape from random potential. A strong disorder potential
does not produce macroscopically extended localized exciton states.
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In particular, no such extension was observed in any semiconductor
system, including GaAs and vdW heterostructures outlined in the
introduction, where narrow lines originate from the emission of exci-
ton states localized in local minima of random potential formed by
fluctuations of the local exciton environment in the heterostructure,
e.g., stress, dielectric, electrostatic, and materials fluctuations.

In turn, the observed macroscopic spatial extension of localized
exciton states, corresponding to the narrow lines, indicates ordering in
the local environment of excitons: The exciton state at a certain
energy, corresponding to the narrow line, extends over macroscopic
length and area (Figs. 2 and 3). A moiré potential is consistent with such
ordering and long-range spatial extension of localized exciton states.
We note that different narrow lines and their corresponding exciton
states are extended over different regions of the heterostructure (e.g.,
compare the regions for different narrow lines in Fig. 3a, b). This
indicates that the local environment for excitons fluctuates over the
heterostructure, however, the fluctuations are small enough to allow
the long-range extension of the individual exciton states. Therefore,
the long-range extension of the narrow lines shows that the excitons
are confined in moiré potential with a weak disorder.

Moiré potentials with a weak disorder can host long-range bal-
listic exciton transport due to exciton superfluidity in periodic
potentials®’. A strong disorder destroys superfluidity®>. Therefore,
the weakness of disorder in the moiré potential, revealed by the long-
range extension of the exciton states (Figs. 2 and 3), suggests an
opportunity to observe the long-range ballistic transport of excitons
in this weakly disordered moiré potential. The studies of exciton
transport in the same heterostructure show the long-range IX
transport®’, the long-range IX mediated spin transport®, and the high
IX diffusivity and mean free path®.

The extension of exciton states over distances reaching several
micrometers raises a question of distinguishing such states from
delocalized excitons states and a question if such extended states can
be called localized states. In this work, we qualitatively discuss an
exciton state confined in a region, even of a large area, as a localized
state and exciton states, which can travel over different localization
regions, as delocalized states. The long-range extension of localized
exciton states and their small energy difference facilitates exciton
transport over different localization regions in the heterostructure.

In summary, we studied narrow lines in PL spectra of IXs in a
MoSe,/WSe, heterostructure. We found that the disappearance of
narrow lines correlates with the onset of IX transport, indicating that
the narrow lines correspond to localized exciton states. We found that
the narrow lines extend over distances reaching several micrometers
and over areas reaching ca. ten percent of the sample area. This
macroscopic spatial extension of exciton states, corresponding to the
narrow lines, indicates a deviation of the exciton energy landscape
from random potential and shows that the excitons are confined in
moiré potential with a weak disorder. The long-range extension of
exciton states facilitates efficient exciton transport.

Methods

Van der Waals heterostructure

The MoSe,/WSe, heterostructure was assembled using the dry-
transfer peel technique®’. The heterostructure details are presented
in the SI.

Optical measurements

Excitons were generated by a continuous-wave Ti:sapphire laser with
the excitation energy F.x = 1.689 eV resonant to DX in the WSe, het-
erostructure layer (a cw semiconductor laser with similar E., was used
for the data in Figs. S3b-d, S4, S5, and S12 in SI). PL spectra were
measured using a spectrometer with a resolution of 0.2 meV and a
liquid-nitrogen-cooled CCD. A spectrometer slit along the x direction
was used to select a 6y = 1.3 um wide portion of the sample emission.

An emission that is outside the selected 6y = 1.3 pm area did not enter
the spectrometer and, therefore, was separated. The spectrometer
showed on the CCD detector the x-energy map, where the x-axis is
along the spectrometer slit and the orthogonal axis on the CCD
detector shows the spectrum for each x position. For the x-energy
maps in Figs. 2, S3, S4, and S7-S9 in SI, we used a defocused laser
excitation covering the entire heterostructure that allowed obtaining
the x-energy maps without moving and precise positioning of the laser
beam. The x-energy images were measured with the step 1.3 um and
the signal integration within 1.3 um in the y direction given by the slit
(the slit positions in the measurements of the x-energy maps are shown
in Fig. S7h in SI). For the x-y maps, the step in the slit position and the
signal integration within the slit 1.3 um gave the spatial resolution in
the y direction. NA = 0.64 of the lens gave the spatial resolution 0.7 pm
in the x direction.

Data availability
The data are available via Figshare at https://doi.org/10.6084/m9.
figshare.30944516.

References

1. Brunner, K. et al. Photoluminescence from a single GaAs/AlGaAs
quantum dot. Phys. Rev. Lett. 69, 3216-3219 (1992).

2. Zrenner, A. et al. Quantum dots formed by interface fluctuations in
AlAs/GaAs coupled quantum well structures. Phys. Rev. Lett. 72,
3382-3385 (1994).

3. Hess, H. F., Betzig, E., Harris, T. D., Pfeiffer, L. N. & West, K. W. Near-
field spectroscopy of the quantum constituents of a luminescent
system. Science 264, 1740-1745 (1994).

4.  Gammon, D., Snow, E. S., Shanabrook, B. V., Katzer, D. S. & Park, D.
Fine structure splitting in the optical spectra of single GaAs quan-
tum dots. Phys. Rev. Lett. 76, 3005-3008 (1996).

5. High, A. A. et al. Indirect excitons in elevated traps. Nano Lett. 9,
2094-2098 (2009).

6. Shanks, D. N. et al. Single-exciton trapping in an electrostatically
defined two-dimensional semiconductor quantum dot. Phys. Rev. B
106, L201401 (2022).

7. Srivastava, A. et al. Optically active quantum dots in monolayer
WSe,. Nat. Nanotechnol. 10, 491-496 (2015).

8. He, Y.-M. et al. Single quantum emitters in monolayer semi-
conductors. Nat. Nanotechnol. 10, 497-502 (2015).

9. Koperski, M. et al. Single photon emitters in exfoliated WSe,
structures. Nat. Nanotechnol. 10, 503-506 (2015).

10. Chakraborty, C., Kinnischtzke, L., Goodfellow, K. M., Beams, R. &
Vamivakas, A. N. Voltage-controlled quantum light from an atom-
ically thin semiconductor. Nat. Nanotechnol. 10, 507-511 (2015).

1. Tonndorf, P. et al. Single-photon emission from localized excitons in
an atomically thin semiconductor. Optica 2, 347-352 (2015).

12. Kumar, S., Kaczmarczyk, A. & Gerardot, B. D. Strain-induced spatial
and spectral isolation of quantum emitters in mono- and bilayer
WSe,. Nano Lett. 15, 7567-7573 (2015).

13. Branny, A. et al. Discrete quantum dot like emitters in monolayer
MoSe,: spatial mapping, magneto-optics, and charge tuning. Appl.
Phys. Lett. 108, 142101 (2016).

14. Branny, A., Kumar, S., Proux, R. & Gerardot, B. D. Deterministic
strain-induced arrays of quantum emitters in a two-dimensional
semiconductor. Nat. Commun. 8, 15053 (2017).

15. Palacios-Berraquero, C. et al. Large-scale quantum-emitter arrays in
atomically thin semiconductors. Nat. Commun. 8, 15093 (2017).

16. Kremser, M. et al. Discrete interactions between a few interlayer
excitons trapped at a MoSe,-WSe, heterointerface. NPJ 2D Mater.
Appl. 4, 8 (2020).

17. Wu, F., Lovorn, T. & MacDonald, A. H. Theory of optical absorption
by interlayer excitons in transition metal dichalcogenide hetero-
bilayers. Phys. Rev. B 97, 035306 (2018).

Nature Communications | (2026)17:3503


https://doi.org/10.6084/m9.figshare.30944516
https://doi.org/10.6084/m9.figshare.30944516
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70218-4

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

43.

Yu, H., Liu, G.-B. & Yao, W. Brightened spin-triplet interlayer excitons
and optical selection rules in van der Waals heterobilayers. 2D
Mater. 5, 035021 (2018).

Wu, F., Lovorn, T. & MacDonald, A. H. Topological exciton bands in
moiré heterojunctions. Phys. Rev. Lett. 118, 147401 (2017).

Yu, H., Liu, G.-B., Tang, J., Xu, X. & Yao, W. Moiré excitons: from
programmable quantum emitter arrays to spin-orbit-coupled arti-
ficial lattices. Sci. Adv. 3, €1701696 (2017).

Zhang, C. et al. Interlayer couplings, moiré patterns, and 2D elec-
tronic superlattices in MoS,/WSe, hetero-bilayers. Sci. Adv. 3,
€1601459 (2017).

Weston, A. et al. Atomic reconstruction in twisted bilayers of tran-
sition metal dichalcogenides. Nat. Nanotechnol. 15,

592-597 (2020).

Rosenberger, M. R. et al. Twist angle-dependent atomic recon-
struction and moiré patterns in transition metal dichalcogenide
heterostructures. ACS Nano 14, 4550-4558 (2020).

Zhao, S. et al. Excitons in mesoscopically reconstructed moiré
heterostructures. Nat. Nanotechnol. 18, 572-579 (2023).

Seyler, K. L. et al. Signatures of moiré-trapped valley excitons in
MoSe,/WSe, heterobilayers. Nature 567, 66-70 (2019).

Li, W., Lu, X., Dubey, S., Devenica, L. & Srivastava, A. Dipolar inter-
actions between localized interlayer excitons in van der Waals
heterostructures. Nat. Mater. 19, 624-629 (2020).

Bai, Y. et al. Excitons in strain-induced one-dimensional moiré
potentials at transition metal dichalcogenide heterojunctions. Nat.
Mater. 19, 1068-1073 (2020).

Baek, H. et al. Highly energy-tunable quantum light from moiré-
trapped excitons. Sci. Adv. 6, eaba8526 (2020).

Baek, H. et al. Optical read-out of coulomb staircases in a moiré
superlattice via trapped interlayer trions. Nat. Nanotechnol. 16,
1237-1243 (2021).

Liu, E. et al. Signatures of moiré trions in WSe,/MoSe, hetero-
bilayers. Nature 594, 46-50 (2021).

Brotons-Gisbert, M. et al. Moiré-trapped interlayer trions in a
charge-tunable WSe,/MoSe, heterobilayer. Phys. Rev. X 11,
031033 (2021).

Wang, X. et al. Moiré trions in MoSe,/WSe, heterobilayers. Nat.
Nanotechnol. 16, 1208-1213 (2021).

Kim, H. et al. Dynamics of moiré trion and its valley polarization in a
microfabricated WSe,/MoSe, heterobilayer. ACS Nano 17,
13715-13723 (2023).

Mahdikhanysarvejahany, F. et al. Localized interlayer excitons in
MoSe,-WSe, heterostructures without a moiré potential. Nat.
Commun. 13, 5354 (2022).

Bai, Y. et al. Evidence for exciton crystals in a 2D semiconductor
heterotrilayer. Nano Lett. 23, 11621-11629 (2023).

Zhou, Z. et al. Efficient transport of indirect excitons in a van der
Waals heterostructure. Preprint at https://doi.org/10.48550/arXiv.
2507.04556 (2025).

Rivera, P. et al. Valley-polarized exciton dynamics in a 2D semi-
conductor heterostructure. Science 351, 688-691 (2016).
Jauregui, L. A. et al. Electrical control of interlayer exciton dynamics
in atomically thin heterostructures. Science 366, 870-875 (2019).
Unuchek, D. et al. Room-temperature electrical control of exciton
flux in a van der Waals heterostructure. Nature 560,

340-344 (2019).

Unuchek, D. et al. Valley-polarized exciton currents in a van der
Waals heterostructure. Nat. Nanotechnol. 14, 1104-1109 (2019).
Liu, Y. et al. Electrically controllable router of interlayer excitons.
Sci. Adv. 6, eabal1830 (2020).

Choi, J. et al. Moiré potential impedes interlayer exciton diffusion in
van der Waals heterostructures. Sci. Adv. 6, eaba8866 (2020).
Huang, Z. et al. Robust room temperature valley Hall effect of
interlayer excitons. Nano Lett. 20, 1345-1351 (2020).

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Yuan, L. et al. Twist-angle-dependent interlayer exciton diffusion in
WS,-WSe, heterobilayers. Nat. Mater. 19, 617-623 (2020).

Li, Z. et al. Interlayer exciton transport in MoSe,/WSe, hetero-
structures. ACS Nano 15, 1539-1547 (2021).

Wang, J. et al. Diffusivity reveals three distinct phases of interlayer
excitons in MoSe,/WSe, heterobilayers. Phys. Rev. Lett. 126,
106804 (2021).

Shanks, D. N. et al. Interlayer exciton diode and transistor. Nano Lett.
22, 6599-6605 (2022).

Sun, Z. et al. Excitonic transport driven by repulsive dipolar inter-
action in a van der Waals heterostructure. Nat. Photonics 16,
79-85 (2022).

Tagarelli, F. et al. Electrical control of hybrid exciton transport in a
van der Waals heterostructure. Nat. Photonics 17, 615-621 (2023).
Rossi, A. et al. Phason-mediated interlayer exciton diffusion in WS,/
WSe, moiré heterostructure. Preprint at https://doi.org/10.48550/
arXiv.2301.07750 (2023).

Gao, B. et al. Excitonic Mott insulator in a Bose-Fermi-Hubbard
system of moiré WS,/WSe, heterobilayer. Nat. Commun. 15,

2305 (2024).

Zhang, L. et al. Electrical control and transport of tightly bound
interlayer excitons in a MoSe,/hBN/MoSe, heterostructure. Phys.
Rev. Lett. 132, 216903 (2024).

Fowler-Gerace, L. H., Choksy, D. J. & Butov, L. V. Voltage-controlled
long-range propagation of indirect excitons in a van der Waals
heterostructure. Phys. Rev. B 104, 165302 (2021).

Peng, R. et al. Long-range transport of 2D excitons with acoustic
waves. Nat. Commun. 13, 1334 (2022).

Troue, M. et al. Extended spatial coherence of interlayer excitons in
MoSe,/WSe, heterobilayers. Phys. Rev. Lett. 131, 036902 (2023).
Cutshall, J. et al. Imaging interlayer exciton superfluidity in a 2D
semiconductor heterostructure. Sci. Adv. 11, eadr1772 (2025).
Fowler-Gerace, L. H., Zhou, Z., Szwed, E. A., Choksy, D. J. & Butov, L.
V. Transport and localization of indirect excitons in a van der Waals
heterostructure. Nat. Photonics 18, 823-828 (2024).

Zhou, Z., Szwed, E. A., Choksy, D. J., Fowler-Gerace, L. H. & Butov, L.
V. Long-distance decay-less spin transport in indirect excitons in a
van der Waals heterostructure. Nat. Commun. 15, 9454 (2024).
Rivera, P. et al. Observation of long-lived interlayer excitons in
monolayer MoSe,-WSe, heterostructures. Nat. Commun. 6,

6242 (2015).

Yoshioka, D. & MacDonald, A. H. Double quantum well electron-
hole systems in strong magnetic fields. J. Phys. Soc. Jpn. 59,
4211-4214 (1990).

Laturia, A., Van de Put, M. L. & Vandenberghe, W. G. Dielectric
properties of hexagonal boron nitride and transition metal dichal-
cogenides: from monolayer to bulk. NPJ 2D Mater. Appl. 2, 6 (2018).
Fisher, M. P. A., Weichman, P. B., Grinstein, G. & Fisher, D. S. Boson
localization and the superfluid insulator transition. Phys. Rev. B 40,
546-570 (1989).

Wozniak, T., Faria Junior, P. E., Seifert, G., Chaves, A. & Kunstmann,
J. Exciton g factors of van der Waals heterostructures from first-
principles calculations. Phys. Rev. B 101, 235408 (2020).

Withers, F. et al. Light-emitting diodes by band-structure engi-
neering in van der Waals heterostructures. Nat. Mater. 14,
301-306 (2015).

Acknowledgements

We thank M.M. Fogler for discussions and A.K. Geim for teaching us
manufacturing TMD heterostructures. The experiments were supported
by the Department of Energy, Office of Basic Energy Sciences, under
award DE-FG02-07ER46449 (L.V.B.). The heterostructure manufacturing
and data analysis were supported by NSF grants 1905478 (L.V.B.) and
2516006 (L.V.B.).

Nature Communications | (2026)17:3503


https://doi.org/10.48550/arXiv.2507.04556
https://doi.org/10.48550/arXiv.2507.04556
https://doi.org/10.48550/arXiv.2301.07750
https://doi.org/10.48550/arXiv.2301.07750
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70218-4

Author contributions

L.V.B. designed the project. L.H.F.-G. manufactured the TMD hetero-
structure. Z.Z., E.A.S., W.J.B., and H.H. performed the measurements.
Z.Z.and L.V.B. analyzed the data. L.V.B. wrote the manuscript with inputs
from all the authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
Supplementary material available at
https://doi.org/10.1038/s41467-026-70218-4.

Correspondence and requests for materials should be addressed to
L. V. Butov.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2026

Nature Communications | (2026)17:3503


https://doi.org/10.1038/s41467-026-70218-4
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Long-range spatial extension of exciton states in van der Waals heterostructure
	Results and discussion
	Energies of narrow-line exciton states
	Disappearance of narrow lines and onset of exciton transport
	g factor of narrow-line exciton states
	Spatial extension of narrow-line exciton states

	Methods
	Van der Waals heterostructure
	Optical measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




