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Moiré superlattices enable the generation of new quantum
phenomena in two-dimensional heterostructures, in which the
interactions between the atomically thin layers qualitatively change
the electronic band structure of the superlattice. For example, mini-
Dirac points, tunable Mott insulator states and the Hofstadter
butterfly pattern can emerge in different types of graphene/boron
nitride moiré superlattices, whereas correlated insulating states and
superconductivity have been reported in twisted bilayer graphene
moiré superlattices'!2. In addition to their pronounced effects
on single-particle states, moiré superlattices have recently been
predicted to host excited states such as moiré exciton bands!3-1,
Here we report the observation of moiré superlattice exciton states in
tungsten diselenide/tungsten disulfide (WSe,/WS,) heterostructures
in which the layers are closely aligned. These moiré exciton states
manifest as multiple emergent peaks around the original WSe, A
exciton resonance in the absorption spectra, and they exhibit gate
dependences that are distinct from that of the A exciton in WSe,
monolayers and in WSe,/WS, heterostructures with large twist
angles. These phenomena can be described by a theoretical model in
which the periodic moiré potential is much stronger than the exciton
kinetic energy and generates multiple flat exciton minibands. The
moiré exciton bands provide an attractive platform from which to
explore and control excited states of matter, such as topological
excitons and a correlated exciton Hubbard model, in transition-
metal dichalcogenides.

A moiré superlattice can form between two atomically thin mate-
rials with similar lattices, and its period varies continuously with the
twist angle between the constituent layers. The periodic moiré pattern
introduces a new length and energy scale, which provides a powerful
means of controlling quantum phenomena in 2D heterostructures'~'2.
The most notable moiré superlattice phenomena emerge in the ‘strong-
coupling’ regime, in which the periodic moiré potential dominates over
the kinetic energy within the mini-Brillouin zone and qualitatively
changes the electronic band structure and the electron wavefunction
in the heterostructure. Recently, it was reported that strong-coupling
moiré superlattices can generate flat electronic bands, which leads to
exotic phases such as correlated insulating states and superconductivity
in magic-twist-angle bilayer graphene and tunable Mott insulator states
in trilayer graphene/boron nitride heterostructures'=°.

Moiré superlattices also offer opportunities to engineer the band
structure of collective excitations, such as excitons in 2D semicon-
ducting heterostructures. Monolayer transition-metal dichalcogenides
are direct bandgap semiconductors that feature strong light-exciton
interactions and markedly enhanced electron-electron interactions
in comparison to typical semiconductors such as silicon or gallium
arsenide. Exciton-binding energies in monolayer transition-metal
dichalcogenides can be hundreds of meV—orders of magnitude
larger than those seen in typical semiconductors!'®!”—which leads

to well-defined dispersive exciton bands in the Brillouin zone. It was
recently predicted that moiré superlattices in heterostructures of
transition-metal dichalcogenides in the strong-coupling regime could
enable the formation of moiré exciton minibands'*>~!°, which are
distinct from the separate electron and hole minibands owing to the
strong electron-hole correlation.

Here we report the first experimental observation, to our knowledge,
of moiré excitons in closely aligned WSe,/WS, heterostructures. The
moiré superlattice splits the WSe, A exciton resonance into multiple
peaks that all exhibit comparable oscillator strengths in the absorption
spectrum. Furthermore, the emergent exciton peaks show a depend-
ence on doping that is distinct from both that of the A exciton in WSe,
monolayers and that of WSe,/WS, heterostructures with a large twist
angle. This unusual behaviour can be understood by using an empirical
model for moiré excitons with a peak-to-peak exciton moiré poten-
tial of 250 meV. The periodic potential energy is much larger than
the exciton kinetic energy of 8 meV within the first mini-Brillouin
zone and it completely changes the exciton dispersion in the moiré
superlattice, which leads to flat low-energy exciton bands with highly
localized exciton density of states. The closely aligned WSe,/WS, moiré
superlattice can therefore potentially host various excitonic states, such
as topological exciton bands and a strongly correlated exciton Hubbard
mode113'15’18’19.

Figure 1la, b shows an optical microscopy image and a side-view
schematic of a representative WSe,/WS; heterostructure device
(D1). The results measured from device D1 were reproducible in all
closely aligned heterostructures that we fabricated (see Supplementary
Information). The WSe,/WS; heterostructure was encapsulated in thin
hexagonal boron nitride layers. Few-layer graphite flakes were used for
both the bottom gate and the electrical contacts to the heterostructure.
The carrier concentration in the heterostructure can be tuned continu-
ously with the back-gate voltage V. All of the 2D materials used were
first mechanically exfoliated from bulk crystals, then stacked together
using a polyethylene terephthalate stamp according to a dry-transfer
method (see Methods). The whole stack was then transferred onto a
90-nm silicon dioxide/silicon (SiO,/Si) substrate. The relative twist
angle between the WSe, and WS, layers was determined optically using
polarization-dependent second-harmonic-generation measurements.
Characteristic six-fold second-harmonic-generation patterns were
clearly observed for the WSe; and WS; layers (Fig. 1c), from which
we determined the relative twist angle between the two layers to be
0.5 £ 0.3° (see Supplementary Information).

For a heterostructure with a near-zero twist angle, the lattice mis-
match between the two layers is dominated by the intrinsic difference
in lattice constant of about 4% (ref. 2°), which leads to a moiré peri-
odicity Ly of approximately 8 nm (Fig. 1d, see also Supplementary
Information). Similar moiré superlattices have been observed experi-
mentally using scanning tunnelling microscopy in aligned WSe,/MoS,
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Fig. 1 | Moiré superlattice in a WSe,/WS; heterostructure with a twist
angle close to zero. a, b, Optical microscopy image (a) and side-view
illustration (b) of a representative heterostructure with a near-zero twist
angle (device D1). ¢, The polarization-dependent second-harmonic-
generation signal measured on the monolayer WSe, (green circles) and
WS,; (yellow circles) regions of device D1 and the corresponding fittings
(green and yellow curves), which confirm the near-zero twist angle
between WSe; and WS; layers. d, Illustration of the moiré superlattice
in real space. The superlattice vectors, a; and a,, have a length of

heterostructures®"?2, which have lattice constants that are almost iden-

tical to those of WSe,/WS,; heterostructures. To confirm the formation
of the moiré superlattice in our WSe,/WS; heterostructure, we prepared
another device (D2) on a transmission electron microscopy grid and
collected atomic-resolution scanning transmission electron microscopy
images of the device (Methods), as shown in Fig. 1e, f. The images show
a uniform triangular lattice pattern over the whole measured region
(Fig. le) with a well-defined periodicity of about 8 nm (Fig. 1f). This
indicates that a periodic lattice distortion with a periodicity of around
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approximately 8 nm. e, f, Atomic-resolution scanning transmission
electron microscopy high-angle annular dark-field image of another
near-zero twist angle WSe,/WS, heterostructure (device D2) (e) and a
zoomed-in image (f). A well-defined triangular lattice pattern is observed
over the whole measured region (e), with the two lattice vectors labelled
(arrows in f). This corresponds to a periodic lattice distortion with a
periodicity of around 8 nm, consistent with the formation of a moiré
superlattice.

8 nm exists in the heterostructure in real space, which is consistent with
the strong layer-layer interactions and substantial lattice reconstruc-
tion within the moiré superlattice that have been observed in previous
scanning tunnelling microscopy studies??2,

We then studied the moiré excitons in WSe;, with optical spectros-
copy at a temperature of 10 K. Figure 2a shows the photoluminescence
spectra of device D1 and a reference monolayer WSe, sample on both
linear and logarithmic scales. The spectrum of the WSe,/WS; hetero-
structure features a single peak at 1.409 eV, which corresponds to the
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Fig. 2 | Moiré exciton states in a WSe,/WS, moiré superlattice.

a, Photoluminescence (PL) spectrum of device D1 (blue) and a reference
monolayer WSe, sample (green) on both linear (main image) and
logarithmic (inset) scales. The complete disappearance of monolayer
photoluminescence in the heterostructure indicates efficient interlayer
coupling across the whole measured region. b, Reflection contrast
spectrum of device D1 (light blue, top) compared to that of a WSe,/WS,
heterostructure with a large twist angle (black, bottom). The latter shows
only a single resonance in the energy range 1.6-1.8 eV from the WSe; A

exciton state. By contrast, the moiré superlattice formed in device D1 gives
rise to three prominent peaks with comparable oscillator strength in this
range (labelled I to III), corresponding to distinct moiré exciton states.

¢, Comparison between the interlayer exciton photoluminescence
excitation spectrum (black dots) and the reflection spectrum (blue curve).
Strong enhancement of interlayer exciton photoluminescence is observed
upon excitation at all moiré exciton states, indicating that all states are
from the strongly coupled WSe,/WS; heterostructure.
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Fig. 3 | Doping dependence of the moiré exciton resonances. a, Gate-
dependent reflection contrast spectrum of device D1 with both electron
(positive carrier concentration) and hole (negative carrier concentration)
doping. The white dashed box encloses the photon-energy range close to
that of the WSe; A exciton, in which the three prominent moiré exciton
states (labelled as I, IT and III) appear. b, Detailed reflection contrast

emission from the interlayer exciton, and does not show any emis-
sion from the WSe;, A exciton. This indicates an efficient interlayer
charge transfer across the whole measured region that leads to strong
quenching of the WSe, photoluminescence??. The exciton absorp-
tion in the same region of the heterostructure was directly measured
using reflection contrast spectroscopy (Fig. 2b), in which a slowly
varying background was subtracted to better resolve the resonances
(see Supplementary Information). The absorption spectrum of device
D1—a closely aligned heterostructure—is markedly different from that
of a large-twist-angle WSe,/WS; heterostructure measured under the
same conditions (bottom panel in Fig. 2b). We focus on the WSe, res-
onances in the spectral range between 1.6 and 1.8 eV, because they are
well separated from all WS, resonances. Whereas the large-twist-angle
heterostructure shows only a WSe; A exciton peak at 1.715 eV, three
prominent peaks emerge in the spectrum of device D1 at 1.683, 1.739
and 1.776 eV (labelled as resonances I, I and III, respectively). All
three resonances show strong absorption, with the oscillator strengths
of peaks II and III reaching 20% and 50%, respectively, of the value
of peak I. We systematically investigated 18 different heterostructures
that span a wide range of twist angles. The three emergent peaks are
present in the spectra of all closely aligned devices for both AA stack-
ing (0° twist angle) and AB stacking (60° twist angle). These peaks
weaken with increasing twist angle between the WS, and WSe; lay-
ers, and disappear completely when the twist angle is larger than 3°
(see Supplementary Information for twist-angle-dependent absorption
spectra from 18 heterostructures).

To better understand these exciton peaks, we measured the photo-
luminescence excitation spectrum of the device D1 (Fig. 2c) by moni-
toring the intensity of the interlayer exciton emission as the excitation
photon energy was swept from 1.6 to 2.1 eV. The excitation spectrum
corresponds very well with the results from reflection spectroscopy
(Fig. 2¢). In particular, excitation at the energies of each of the three
new exciton peaks between 1.6 and 1.8 eV led to strong enhancement
of the interlayer exciton emission at 1.409 eV, which indicates that these
peaks arise from the strongly coupled WSe,/WS; heterostructure rather
than from several separated domains.

To further investigate the nature of the emergent exciton resonances,
we measured their dependence on doping of the heterostructure
(Fig. 3a). The three main peaks in the range of the WSe; A exciton
show pronounced changes upon both electron and hole doping. The
strong gate-dependence upon electron doping is particularly notable:
owing to the type-II band alignment in WSe,/WS, heterostructures,
doped electrons reside mostly in the WS, layers and tend to have rel-
atively weak effects on the intralayer A exciton resonance in WSe,
(refs. 2>%6; see also Supplementary Information). Previous studies of
WSe,/WS; heterostructures with large twist angles have shown that
the WSe, A exciton resonance experiences only a slight redshift when
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spectra in the range of the WSe;, A exciton on the electron-doping side.
The electron concentration, in units of cm~2, is noted for each spectrum.
Upon doping, peak I shows a strong blueshift and transfers its oscillator
strength to another emerging peak at lower energy (I'), and peak III shows
a strong blueshift with diminished oscillator strength. Peak II remains
largely unchanged except for a small shift in energy.

the heterostructure is doped with electrons?. By contrast, the exci-
ton peaks in D1—a closely aligned heterostructure with a large moiré
superlattice—show unusual dependencies on electron doping that vary
for different peaks (Fig. 3b). Both peak I and peak III are substantially
modified with increasing electron concentration: peak I shows a strong
blueshift and transfers its oscillator strength to another emergent peak
at lower energy (I'), and peak III shows a strong blueshift with dimin-
ished oscillator strength. Conversely, peak II remains largely unchanged
except for a small shift in energy.

The strong effect of electrons in WS, on certain exciton transitions
in WSe; indicates that interlayer electron-exciton interactions are
markedly enhanced through the moiré superlattice. In addition, the
substantially different gating behaviour of the exciton peaks cannot be
explained by any established electron-exciton interactions in monolay-
ers, such as dielectric screening effects or trion formation, because these
affect all exciton peaks in a similar manner?’~%, Instead, it indicates that
exciton peaks I, IT and III correspond to distinct exciton states within
the moiré superlattice.

Both the emergence of multiple exciton peaks around the WSe; A
exciton resonance and the nature of their electron-doping dependence
can be understood in the context of an empirical theory that introduces
a periodic moiré exciton potential in the strong-coupling regime. We
follow the theoretical model in ref. !* and describe the centre-of-mass
motion of WSe, A excitons using the Hamiltonian

6
H=Hy+ > Viexp (ib; - r)

=1

1

in which Hj, is the low-energy effective Hamiltonian for the A exciton
1s state in monolayer WSe;. V; describes the effective potential on the
exciton generated by the moiré pattern; its momentum is given by the
reciprocal lattice vectors of the moiré superlattice, b; (Supplementary
Information). Owing to the three-fold rotational symmetry and
Hermitian requirement, only one component in V;is independent and
can be defined as V; = Vexp(it)), in which V and v are the amplitude
and phase of the effective potential, respectively. We note that the peak-
to-peak amplitude of the moiré potential V;,, can be much larger than
V after summing the contribution from all six components.

The exciton dispersion in the mini-Brillouin zone can be directly cal-
culated from this model (Fig. 4a—c). v, m and « are the high symmetry
points of the mini-Brillouin zone, as illustrated in the inset of Fig. 4a.
Without the moiré potential, the exciton shows two continuous bands
at low energy (Fig. 4a). These two bands are degenerate at the point ~,
and have parabolic and linear dispersion, respectively, as a consequence
of the intervalley exchange interaction'**. Because photons have neg-
ligible momentum, only the lowest-energy exciton can interact with
light, giving a single strong peak at E = E; in the absorption spectrum
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Fig. 4 | Moiré excitons in the strong-coupling regime. a—f, WSe, A
exciton dispersion in the mini-Brillouin zone with a moiré potential
parameter of V = 0 meV (zero coupling, a), 5 meV (weak coupling, b) and
25 meV (strong coupling, ¢), and the corresponding absorption spectra
(d-f). A broadening of 2 meV was used in calculating the absorption
spectrum. The inset in a illustrates the mini-Brillouin zone in momentum
space and the high-symmetry points. Horizontal arrows in a-c label the
optically active exciton states in each case that give rise to absorption
peaks (vertical arrows in d-f). The absorption spectrum features a single
resonance at energy E at zero moiré potential (d), and shows a small side
peak fixed at around 30 meV under a weak moiré potential (e). Conversely,
the exciton dispersion is strongly modified in the strong-coupling regime

(Fig. 4d). The moiré potential can mix exciton states with momenta
that differ by bj, which leads to additional absorption peaks from the
~-point states of higher-energy minibands.

When the moiré potential is weak (V' = 5 meV, Fig. 4b), the exciton
dispersion remains largely unchanged. Therefore, the emergent side
peak in absorption always appears approximately 30 meV higher in
energy than the main peak, regardless of the exact form of the moiré
potential (Fig. 4e). Furthermore, the amplitude of the side peak is
orders of magnitude smaller than that of the main peak, owing to the
weak mixing between states. These features are in sharp contrast to
the experimental absorption spectrum and cannot explain our obser-
vations. Conversely, a larger moiré potential that corresponds to the
strong-coupling regime substantially modifies the exciton dispersion
(Fig. 4¢). As a result, the energy of the moiré exciton states in differ-
ent minibands (labelled I to IIT in Fig. 4c), as well as the energy of
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owing to the strong mixing between different exciton states (c), which
gives rise to multiple moiré exciton peaks with comparable oscillator
strength in the absorption spectrum (peaks I-III in f) from different moiré
minibands (states I-III in ¢). The experimentally observed reflection
contrast can be reproduced by setting V = 25 meV and ) = 15°. g-i, Real-
space distribution of exciton centre-of-mass wavefunction in the strong-
coupling regime. The strong moiré potential traps the lowest-energy
exciton state I around its minimum point o (g). Notably, state III is also
centred at point o, but state II is centred at a different point (h, i), which
can account for the markedly different gate dependence observed for the
different moiré exciton states.

the corresponding absorption peaks (peak I to III in Fig. 4f), becomes
highly dependent on the moiré potential. In addition, the strong mixing
between different exciton states renders their oscillator strengths com-
parable with each other. If we set V =25 meV and 1) = 15°, the simu-
lated absorption spectrum can reproduce our experimental observation
(Fig. 4f, see also Supplementary Information). This moiré potential
has a peak-to-peak amplitude V,, of around 250 meV;, which is much
larger than the exciton kinetic energy within the first mini-Brillouin
zone (see Supplementary Information).

The substantial change in the exciton dispersion in momentum space
suggests that the exciton centre-of-mass wavefunction is also strongly
modified in real space. Figure 4g-i shows the distribution of the exciton
probability density for states I to III in the moiré superlattice. The orig-
inally homogeneous wavefunction distribution is markedly changed
by the moiré potential. For example, the lowest-energy state (state I) is



I'HN:I‘"IE'II LEIIER

concentrated around the moiré potential minimum (labelled as point
o) on a length scale that is much smaller than the moiré superlattice
(Fig. 4g).

The unusual wavefunction distribution of moiré excitons in the
strong-coupling regime introduces a new degree of freedom that is
determined by the location of the exciton in the moiré superlattice.
Notably, both peak I and peak III are centred around the same point, o,
whereas peak IT has its largest amplitude at a different point, 3 (Fig. 4h,
i). The difference in real-space position between moiré exciton states
can account for their differences in doping dependence: the doped elec-
trons will also have localized density of states in real space*""?2, If the
gate-induced electrons in WS, are also localized at point o in the moiré
superlattice, they will predominantly modify the exciton peaks I and III
and peak II will remain largely unaffected, as observed experimentally.

We note that a complete description of the moiré exciton optical spec-
tra will require a much more sophisticated model that fully accounts
for the lattice relaxation and corrugation, as well as the hybridization
of interlayer electronic states in the heterostructure moiré superlattice,
which is beyond the scope of this study. The experimental investigation
of interlayer moiré exciton states or obtaining spatially resolved optical
measurements (such as by near-field nanoscopy) may provide further
information for such models. Nevertheless, our simple moiré exciton
model captures most of the salient features observed experimentally,
and it shows that WS,/WSe; heterostructures exhibit sufficiently strong
interlayer interactions to enter the strong-coupling regime for excitons,
in which the moiré excitons become spatially concentrated at well-
separated points and form a quantum array in an extended moiré
superlattice!®~!°, The substantially reduced exciton bandwidth also
renders this artificial exciton lattice a promising platform for realizing
exotic phases, such as a topological exciton insulator and a strongly
correlated exciton Hubbard model.
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METHODS

Preparation of the heterostructure for optical measurements. WSe,/WS, hetero-
structures were fabricated using a dry-transfer method with a polyethylene tereph-
thalate (PET) stamp®!. Monolayer WSe;,, monolayer WS,, few-layer graphene and
thin hexagonal boron nitride (hBN) flakes were exfoliated onto silicon substrates
with a 90-nm SiO, layer. Polarization-dependent second-harmonic generation was
used to determine the relative angle between the WS, and WSe; flakes (see main
text and Supplementary Information for details). A PET stamp was used to pick
up the top hBN flake, the WS, monolayer, the WSe, monolayer, several few-layer
graphene flakes for electrodes, the bottom hBN flake and the few-layer graphene
back gate in sequence. The angle of the PET stamp was adjusted between picking
up the WS, and the WSe; to assure a near-zero twist angle between the flakes. The
PET stamp with the above heterostructure was then stamped onto a clean silicon
substrate with 90 nm SiO,, and the PET was dissolved in dichloromethane for
12 h at room temperature. The PET and samples were heated to 60 °C during the
pick-up steps and to 130 °C for the final stamp process. Contacts (~75 nm gold with
a chromium adhesion layer of ~5 nm) to the few-layer graphene flakes were made
using electron-beam lithography and electron-beam evaporation.

Heterostructure preparation for electron microscopy. WS,/WSe;, heterostruc-
tures were prepared for (scanning) transmission electron microscopy ((S)TEM)
characterization using a modified dry-transfer technique with a PET stamp.
WS, monolayers, WSe, monolayers and thin hBN flakes were exfoliated and
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second-harmonic-generation measurements were used to determine flake orien-
tation, as described above. A PET stamp was used to pick up the top hBN flake,
the WS, monolayer and the WSe, monolayer in sequence. A Ted Pella Quantifoil
TEM grid with 2-pm holes (657-200-AU) was placed on a silicon chip that was
attached to the transfer stage. The PET stamp was lowered until it was in contact
with the TEM grid, and then the temperature was raised to 80 °C until the stamp
and the grid were well contacted, as seen through an optical microscope. The
PET stamp and TEM grid were then placed in dichloromethane for 12 h at room
temperature to dissolve the PET.

Atomic-resolution (S)TEM imaging. Atomic-resolution (S)TEM high-angle
annular dark-field images of the h-BN/WS,/WSe; heterostructure were taken
under a double-aberration-corrected (S)TEM (TEAM 1 located at the National
Center for Electron Microscopy, Lawrence Berkeley National Laboratory) oper-
ated at 80 keV. The semi-convergence angle was 30 mrad and the inner collection
semi-angle was 70 mrad.

Data availability
The data that support the findings of this study are available from the correspond-
ing author upon reasonable request.
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