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Imaging moiré flat bands in three-dimensional
reconstructed WSe2/WS2 superlattices
Hongyuan Li1,2,3,8, Shaowei Li 1,3,4,8 ✉, Mit H. Naik1,3,8, Jingxu Xie1, Xinyu Li 1,
Jiayin Wang1, Emma Regan1,2,3, Danqing Wang1,2, Wenyu Zhao1, Sihan Zhao 1, Salman Kahn
Kentaro Yumigeta5, Mark Blei5, Takashi Taniguchi6, Kenji Watanabe 7, Sefaattin Tongay5,
Alex Zettl1,3,4, Steven G. Louie 1,3 ✉, Feng Wang 1,3,4 ✉ and Michael F. Crommie 1,3,4 ✉
Moiré superlattices in transition metal dichalcogenide (TMD)
heterostructures can host novel correlated quantum phenomena due to the interplay of narrow moiré flat bands and strong,
long-range Coulomb interactions1–9. However, microscopic
knowledge of the atomically reconstructed moiré superlattice and resulting flat bands is still lacking, which is critical
for fundamental understanding and control of the correlated
moiré phenomena. Here we quantitatively study the moiré
flat bands in three-dimensional (3D) reconstructed WSe2/
WS2 moiré superlattices by comparing scanning tunnelling
spectroscopy (STS) of high-quality exfoliated TMD heterostructure devices with ab initio simulations of TMD moiré
superlattices. A strong 3D buckling reconstruction accompanied by large in-plane strain redistribution is identified in
our WSe2/WS2 moiré heterostructures. STS imaging demonstrates that this results in a remarkably narrow and highly
localized K-point moiré flat band at the valence band edge of
the heterostructure. A series of moiré flat bands are observed
at different energies that exhibit varying degrees of localization. Our observations contradict previous simplified theoretical models but agree quantitatively with ab initio simulations
that fully capture the 3D structural reconstruction. Our
results reveal that the strain redistribution and 3D buckling in
TMD heterostructures dominate the effective moiré potential
and the corresponding moiré flat bands at the Brillouin zone
K points.
Moiré superlattices in two-dimensional (2D) heterostructures
provide an attractive platform to explore novel correlated physics,
since nearly flat electronic bands can be engineered to enhance
the effects of electron–electron correlations. This was first seen
in graphene-based moiré superlattices, where correlated insulator
states, superconductivity and ferromagnetic Chern insulators have
been observed in both twisted bilayer6,9–12, double bilayer7,13,14 and
ABC trilayer15–17 moiré systems. The TMD-based moiré superlattice can have even flatter minibands, thus enhancing the role of
the long-range Coulomb interactions. They have recently emerged
as a new model system to explore novel strongly correlated quantum phenomena, such as the correlated insulators and generalized
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Wigner crystal1–5. More exotic emerging states, such as charge transfer insulators and pair density waves, have been predicted to emerge
from theoretical models of hole-doped WSe2/WS2 moiré heterostructures18,19. These correlated phenomena, however, depend
sensitively on the precise structural and electronic properties of
the underlying moiré superlattice, due to the delicate interplay
amongst the atomic geometry, moiré band structure and Coulomb
interactions. Fundamental understanding and quantum control
of TMD-based moiré phenomena thus require both quantitative
knowledge of three-dimensional (3D) superlattice reconstructions
at the atomic level and flat band electronic structure at the meV
energy level, something that has hitherto been missing.
Scanning tunnelling microscopy (STM) provides a powerful tool
to characterize the atomic and electronic structure of moiré superlattices. Previous STM studies have successfully observed localized
moiré flat bands and correlated electronic gaps in twisted bilayer
graphene20–23, and demonstrated moiré site-dependent electronic
structure in TMD moiré superlattices24–26. Narrow moiré flat bands
at the valence band edge of TMD heterostructures, however, have
not yet been reported. Part of the challenge is the difficulty in fabricating high-quality exfoliated TMD moiré heterostructures on
insulating substrates that are suitable for STM characterization. As
a result, previous STM studies often focused on chemical vapour
deposition (CVD) grown TMD heterostructures on conducting
graphite. CVD growth, however, yields lower sample quality and
very limited control of stacking order and twist angle of the TMD
heterostructure compared to exfoliation and stacking techniques. A
graphite substrate can also pin the Fermi level of the TMD material and induce undesirable electronic screening and modification
of TMD band structure27–29.
In this work we determine the moiré flat band electronic structure of 3D reconstructed WSe2/WS2 moiré superlattices by combining scanning tunnelling spectroscopy (STS) of high-quality
exfoliated TMD heterostructure devices with ab initio simulations
of both the atomic geometry and electronic band structure of TMD
moiré superlattices. Our STM imaging and theoretical simulations
reveal a striking 3D buckling reconstruction of the WS2/WSe2 heterostructures that is accompanied by strong strain redistribution
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Fig. 1 | Aligned WSe2/WS2 heterostructure. a, Schematic of gate-tuneable WSe2/WS2 heterostructure device used for STM study. Graphene nanoribbons
(Gr) are placed on top of the WSe2/WS2 as contact electrodes. b, Room-temperature ambient atomic force microscopy image of the sample surface.
Exposed WSe2/WS2 and graphene-covered areas are labelled. c, Ultrahigh vacuum STM image of the exposed WSe2/WS2 and graphene-covered area
(T = 5.4 K). A moiré superlattice can be seen clearly in both areas. Vbias = −3 V, I = 100 pA.

within the moiré superlattice. We observe multiple moiré flat bands
at the valence band edge that originate from the K point, as well
as a separate set of deep-lying moiré flat bands that originate from
the Γ point (our convention is to refer to the K and Γ points of the
unfolded WSe2 Brillouin zone (BZ) instead of the moiré BZ). The
topmost valence flat band from the K point is prominently narrow with a width of only 10 meV, and is expected to be responsible
for the recently observed novel correlated insulator behaviour and
generalized Wigner crystal states1,3–5. The strong localization of this
band at the BSe/W stacking site revealed by STS spatial mapping contradicts previous simplified density functional theory (DFT) calculations, which predict localization at the AA site18,19,24,25. The STS
results, however, are fully consistent with our DFT results obtained
using a calculated large 3D reconstructed moiré superlattice. Our
results show that the unexpected 3D moiré reconstruction and
strain redistribution play a dominant role in determining the lowest
energy moiré flat bands in WS2/WSe2 heterostructures.
The schematic of our WSe2/WS2 heterostructure device is shown
in Fig. 1a. We used an array of graphene nanoribbons (GNRs) as
contact electrodes, and the silicon substrate as a back gate to control
the carrier density of the heterostructure. Details of the device fabrication are presented in the Supplementary Information. Figure 1b
shows an ambient atomic force microscopy image of the top surface
of the device: an array of GNRs (each separated by 100 to ~200 nm)
partially covers the WSe2/WS2 heterostructure. Figure 1c shows an
enlarged large-scale ultrahigh vacuum STM image of the heterostructure. The moiré superlattice can be clearly resolved in both the
exposed TMD and GNR-covered areas, demonstrating the high
quality of the heterostructure device.
Figure 2a shows a zoomed-in STM image of the moiré superlattice in the exposed TMD area. It shows a moiré period of 8.16 nm,
which is consistent with the period expected for an aligned WSe2/
WS2 heterostructure with a near-zero twist angle. Importantly, the
heterostructure shows large height variation at different sites within
a moiré unit cell, resulting in an overall honeycomb lattice characterized by a large valley at each hexagon centre that is surrounded
by six peaks. The apparent height variation in an STM image always
results from a convolution of geometric height change and electronic local density of states (LDOS) change, making it difficult to
determine ‘true’ height variation via STM. To eliminate this complication, we exploited the graphene-covered TMD region, where the
thin graphene layer covers the moiré superlattice conformally, but
the electronic LDOS of graphene remains nearly constant. Figure 2b
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displays an STM topography image of the moiré superlattice in the
graphene-covered area using a bias of −0.19 V. This bias lies within
the TMD gap, and so all of the tunnelling current flows through the
graphene layer. The similarity between Fig. 2a,b confirms that the
WSe2/WS2 topographical landscape does, in fact, feature six peaks
surrounding one valley.
The moiré superlattice is formed by a periodic change in the
layer stacking configurations between the top WSe2 and the bottom
WS2 layers. Three high-symmetry stacking configurations are illustrated in Fig. 2d, and denoted as the BW/S, BSe/W and AA stackings,
respectively. BW/S and BSe/W correspond to AB stackings. A common
explanation for height modulation in TMD heterostructures is the
stacking-dependent layer separation: the AA stacking has the largest interlayer spacing due to steric hindrance from the overlap of Se
atoms in the WSe2 layer and S atoms in the WS2 layer, while the BSe/W
and BW/S stacking sites have smaller interlayer separations. To better
understand the structural reconstruction of the moiré pattern, we first
carried out a force field-based simulation of the superlattice. Figure 2c
shows the resulting interlayer spacing distribution in a vertical-only,
relaxed, freestanding simulated WS2/WSe2 superlattice, which indeed
exhibits a peak at the AA stacking site. This stacking-dependent layer
separation, however, does not explain our experimental data, since
it predicts a peak (AA) surrounded by six valleys (BW/S and BSe/W),
exactly the opposite of the STM images shown in Fig. 2a,b.
To account for our experimental observations, we must consider
additional 3D reconstruction of the moiré heterostructure. Recent
studies have suggested that 3D reconstruction of TMD moiré superlattices may be significant30, but there have been no ab initio simulations of this effect. Our ab initio simulations of the WSe2/WS2
heterostructure reveal a strong moiré superlattice reconstruction
that includes both a large in-plane strain distribution and a prominent out-of-plane buckling. Figure 2e shows the calculated in-plane
strain distribution within the WSe2 layer of the heterostructure. The
heterostructure tends to increase the area of the interlayer-locked
AB stacking regions due to its lower energy than AA stacking. As a
result, the WSe2 layer becomes locally compressed at the AB stacking regions due to its larger lattice constant compared with WS2. The
residual tensile strain localizes to the AA stacking region (Fig. 2e).
The WS2, with smaller lattice constant, has the opposite strain distribution (Supplementary Fig. 7). To partially release this strain,
the heterobilayer reconstructs in three dimensions by an in-phase
buckling in the out-of-plane direction (Fig. 2h,i). The simulated height distribution of the top WSe2 layer (Fig. 2f) perfectly
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Fig. 2 | Moiré superlattice reconstruction. a, STM image of the exposed WSe2/WS2 area shows a moiré period of ~8 nm (Vbias = −3 V, I = 100 pA). b, STM
image of the graphene-covered area (Vbias = −0.19 V, I = 100 pA). The STM image here better reflects the true topography of the heterostructure (see text).
c, Theoretical interlayer spacing distribution from simulation. d, Schematic of the three types of stacking: BW/S, BSe/W and AA. e, Theoretical in-plane strain
distribution (in %) for the WSe2 layer from simulation. f, Theoretical height profile of the W atoms in the top WSe2 layer from simulation. g, Calculated
3D buckling of the heterostructure and comparison to experiment. Black and grey dots show the simulated positions of W atoms for a freestanding
heterostructure and a heterostructure supported by hBN, respectively. Red trace shows the experimental line-cut from b. h, Schematic of the buckling
process. i, 3D view of the reconstructed WSe2/WS2 moiré superlattice from simulation. Exp, experiment.

reproduces our STM image (Fig. 2a,b). Figure 2g shows a side view
of the 3D reconstructed heterostructure from both experiment and
theory. The buckling above the AA ‘valley’ causes the AB sites to rise.
It is noteworthy that the presence of an hexagonal BN (hBN) substrate only slightly reduces the buckling effect (see Supplementary
Information for more details). The simulated line profile agrees well
with our experimental data (Fig. 2g).
The moiré superlattice reconstruction has a profound impact on
the electronic properties of the moiré flat bands. To observe this
effect, we used STS to probe the local electronic structure of the
WSe2/WS2 heterostructure. Figure 3a displays the STS dI/dV spectra
acquired at different moiré sites for −3 V < VBias < 2 V. Differences
are seen in the spectra obtained at different moiré sites, which are
consistent with previous studies performed on bilayer heterostructures grown on graphite21,22.
We first focus our analysis of the STS spectra on the moiré flat
band closest to the valence band edge, where the effects of strongly
correlated states have been observed previously1,4,5. A challenge in
the STM study of TMD materials is how to distinguish electronic
states arising from K or Γ points in the single-layer BZ21,22. Here we
utilize two distinct features of the K-point states to identify them. We
first use the fact that, due to the much larger in-plane momentum
of K-point states, their wavefunction decays faster outside the TMD
layer (see details in the Supplementary Information). Figure 3b
shows the height-dependent dI/dV spectra measured at one of the
AB sites (ultimately confirmed as a BSe/W site) in the moiré pattern. Two prominent peaks are observed near Vbias = −1.7 V and
Vbias = −1.5 V. The peak near −1.5 V exhibits a much stronger height
dependence than the peak near −1.7 V, suggesting that the peaks
at −1.5 V and −1.7 V correspond to electronic states at the K and
Γ points, respectively. We next use the two facts that the TMD
K-point electron wavefunctions have large in-plane momentum
and are mainly contributed by the W d orbital with angular momentum m = ±2, which will induce atomic-scale alternating constructive and destructive interference patterns as illustrated in Fig. 3d
Nature Materials | VOL 20 | July 2021 | 945–950 | www.nature.com/naturematerials

(see details in Supplementary Information). The high-resolution
dI/dV mapping at −1.5 V shows pronounced dI/dV signal oscillation over atomic-scale distances that match the WSe2 lattice
(Fig. 3e), while the dI/dV mapping at −1.7 V varies more smoothly
(Fig. 3f). This behaviour confirms that the −1.5 V peak originates
from K-point states at the valence band edge, whereas the −1.7 V
peak originates from Γ-point states.
We performed larger scale dI/dV mapping to directly visualize
the localization of the flat bands in real space. Figure 3g,i shows dI/
dV maps obtained at the two peak energies −1.52 V (labelled K1) and
−1.73 V (labelled Γ1). The LDOS for both of these flat band states
are found to be strongly localized at the BSe/W site. Atomic-scale site
dependence in the dI/dV signal for K-point states is again reflected
in the K1 dI/dV mapping. Figure 3h,j shows the dI/dV mapping at
slightly lower energies. The LDOS distribution is seen to change
dramatically and now shows LDOS minima, where previously there
were maxima at the BSe/W site.
To better determine the energy-dependent LDOS of the moiré
flat bands, Fig. 3k shows a density plot of dI/dV spectra for the bias
range −1.72 V < Vbias < −1.42 V along the BW/S–BSe/W–AA direction,
indicated by the yellow path marked in Fig. 3g. Figure 3l shows the
same plot, but over a different bias range: −1.86 V < Vbias < −1.63 V.
Figure 3k shows a prominent moiré flat band at the valence band
minimum that is strongly localized at the BSe/W site. This K-point
moiré flat band is isolated from deeper moiré flat bands by a gap of
~50 meV. Figure 3c displays a high-resolution dI/dV spectrum at the
BSe/W site, which exhibits a peak having a full width at half maximum
(FWHM) of 12 mV ± 1 mV. After a deconvolution eliminating the
impact of the modulation voltage, the FWHM of the dI/dV peak is
10 mV ± 1 mV (see Supplementary Information for details), which
sets an upper limit on the bandwidth of the moiré flat band of WSe2/
WS2. The occupied moiré miniband in twisted bilayer graphene,
by comparison, has an experimental bandwidth of 10 to ~40 meV
(refs. 17–20). The narrowness of the WSe2/WS2 moiré flat band in combination with the strong long-range Coulomb interactions in 2D
947
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semiconductors24 makes this TMD heterostructure an excellent
platform to explore highly correlated quantum phenomena.
In addition to the valence band edge moiré flat band, Fig. 3k
shows that deeper moiré flat bands having different wavefunction
spatial characteristics are present, but these bands are not well isolated. One such flat band can be tentatively identified near −1.6 V
in Fig. 3h. The dI/dV map of this flat band (labelled K2) shows a
ring around the centre of the BSe/W site and a weak plateau at the BW/S
site. The ring-shaped electron wavefunction around the BSe/W site is
reminiscent of the first excited states of a harmonic oscillator for a
potential well centred on this site.
Figure 3l shows deeper flat bands mostly originating from the
Γ point. The Γ-point moiré flat band closest to the valence band
948

edge lies at −1.73 V and is localized to the BSe/W site. At the slightly
deeper energy of −1.78 V a new wavefunction distribution is seen
and the LDOS now shows a minimum at the BSe/W site (Fig. 3j). The
ring-shaped electron wavefunction around the BSe/W site in this case
is once again reminiscent of the first excited states of a harmonic
oscillator (additional dI/dV mapping and position-dependent dI/
dV spectra are included in the Supplementary Information).
To interpret the observed moiré minibands, we performed
large-scale DFT calculations on the force field-reconstructed moiré
superlattice. Figure 4a shows the calculated valence band structure
for the WSe2/WS2 moiré superlattice in the mini-BZ (left) and the
corresponding plot of the density of states (DOS) (right). The valence
band edge is set at E = 0. The bands closest to the valence band edge
Nature Materials | VOL 20 | July 2021 | 945–950 | www.nature.com/naturematerials

Letters

NATure MATeriAlS
a

b

2 nm

AA
0

1 × 10–5
4

E1 (K)

c

1 × 10–5
1.4

E2 (K)

1.2

2 nm

3

1.0

E1 (K)

0.8

2
–0.05
Energy (eV)

BW/S

E2 (K)

BSe/W

0.6
0.4

1

0.2
0

–0.10

d

–0.15

E3 (Γ)

1 × 10
2 nm

–5

4
3

0

e

E4 (Γ)

1 × 10

2 nm

E3 (Γ)
–0.20

2

E4 (Γ)
γ

µ

K

γ

0

200
DOS (a.u.)

–5

1

1.4
1.2
1.0
0.8
0.6
0.4
0.2

0

0

Fig. 4 | Ab initio calculations of the electronic structure in reconstructed moiré superlattice. a, Calculated electronic band structure plotted in the folded
mini-BZ (left) and the corresponding plot of the DOS with 10 meV Gaussian broadening (right). Four important energy ranges (E1–E4) are labelled (green
shaded areas) to highlight the topmost states folded from the K point (E1, E2) and Γ point (E3, E4). b–e, Calculated LDOS maps over a patch of area
corresponding to the region used for dI/dV maps in Fig. 3g–i. The LDOS maps are averaged over different energy ranges as labelled in a: E1, originating
from K point (b); E2, originating from K point (c); E3, originating from Γ point (d); and E4, originating from Γ point (e). The maps are also averaged over
the out-of-plane direction.

(0, to approximately −0.18 eV) are folded from the K point, whereas
the deeper bands below −0.18 eV have mixed origins from both the
K point and the Γ point. Their origins can be distinguished by their
LDOS distributions in the out-of-plane direction (see detailed discussion in the Supplementary Information). We labelled four important energy ranges (E1–E4) in Fig. 4a. The topmost valence band
(within E1) has a bandwidth of only ~10 meV and is separated from
the next band (within E2) by ~30 meV. The narrow, energetically isolated nature of the topmost band is in quantitative agreement with
our experimental observations (Fig. 3c). The deeper bands tend to
mix with each other and are thus hard to distinguish experimentally.
The topmost bands folded from the Γ point are within E3, while the
next set of deeper bands are within E4. The states in the gap between
E3 and E4 are folded from the K point.
The spatial distribution of the calculated charge density for the
flat band states agrees well with the STS results. Figure 4b–e shows
the calculated LDOS distribution averaged over the four different
energy ranges E1–E4, as well as averaged over the out-of-plane
direction. Figure 4b shows the calculated LDOS for E1, mainly the
topmost flat band from the K point. The LDOS is observed to localize strongly in the BSe/W region of the moiré unit cell. This matches
the experimental behaviour quite well (Fig. 3g), and, in fact, allows
us to distinguish the BSe/W region from the BS/W region in our experimental images. As we move deeper into the valence bands (E2)
our simulation reveals a delocalization of the K-point LDOS and
the formation of a node at the centre of the BSe/W region (Fig. 4c).
This closely matches our experimental observations (Fig. 3h).
The Γ-point LDOS behaves similarly, as seen by the comparison
of theoretical Fig. 4d,e with experimental Fig. 3i,j. Once again we
see the topmost Γ-point states (E3) showing strong localization
in the BSe/W region, as well as increased delocalization accompanied by the formation of a node at slightly deeper energies (E4).
The calculated energy separation between the topmost K and the
Γ states (180 ± 20 meV between E1 and E3) is also very similar to
the experimental energy separation between the K1 and Γ1 states
(205 ± 1 meV). We thus observe very reasonable agreement between
Nature Materials | VOL 20 | July 2021 | 945–950 | www.nature.com/naturematerials

experiment and theory for both the flat band energy separation and
the flat band spatial LDOS distribution.
It is conventionally believed that the interlayer interaction variation is the dominant effect in modulating the electronic structure of
moiré superlattices2. However, our DFT calculation reveals that the
flat bands at the K point are mainly a result of the deformation of
the monolayer, instead of a hybridization-induced interlayer potential. Similar K -point flat band behaviour can be reproduced by
calculating the electronic structure of a puckered monolayer WSe2
extracted from the relaxed moiré superlattice (Supplementary Fig.
10). The Γ-point flat bands, on the other hand, do arise from inhomogeneous interlayer hybridization within the moiré superlattice.
Additional discussion regarding the origin of the flat band localization is presented in the Supplementary Information.
In summary, we find that 3D moiré reconstruction dominates the
low-energy moiré electronic structure, resulting in a narrow moiré
flat band with 10 meV bandwidth at the valence band maximum in
WS2/WSe2 heterostructures. Such quantitative understanding of the
atomic and electronic structure within a moiré superlattice is crucial for simulating the Hubbard model and for the future control of
novel correlated phenomena in TMD-based moiré heterostructures.
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Data availability

The data supporting the findings of this study are included in the main text and in
the Supplementary Information files, and are also available at https://github.com/
HongyuanLiCMP/Moire_STM_source_data.
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