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Intercell moiré exciton complexes in electron 
lattices

Xi Wang    1,2,10, Xiaowei Zhang3,10, Jiayi Zhu1,10, Heonjoon Park    1,10, 
Yingqi Wang    1, Chong Wang    3, William G. Holtzmann1, Takashi Taniguchi    4, 
Kenji Watanabe    5, Jiaqiang Yan6, Daniel R. Gamelin    2, Wang Yao    7,8  , 
Di Xiao    3,1,9  , Ting Cao    3   & Xiaodong Xu    1,3 

Excitons, Coulomb-bound electron–hole pairs, play a crucial role in both 
optical excitation and correlated phenomena in solids. When excitons 
interact with other quasiparticles, few- and many-body excited states can 
appear. Here we report an interaction between exciton and charges enabled 
by unusual quantum confinement in two-dimensional moiré superlattices, 
which results in many-body ground states composed of moiré excitons 
and correlated electron lattices. In an H-stacked (60o-twisted) WS2/
WSe2 heterobilayer, we found an interlayer moiré exciton whose hole is 
surrounded by its partner electron’s wavefunction distributed among three 
adjacent moiré traps. This three-dimensional excitonic structure enables 
large in-plane electrical quadrupole moments in addition to the vertical 
dipole. Upon doping, the quadrupole facilitates the binding of interlayer 
moiré excitons to the charges in neighbouring moiré cells, forming 
intercell charged exciton complexes. Our work provides a framework for 
understanding and engineering emergent exciton many-body states in 
correlated moiré charge orders.

In two-dimensional semiconducting moiré superlattices, such as 
MoSe2/WSe2 and WS2/WSe2, the superlattice potential results in arrays 
of trapping sites, giving rise to a class of elementary photoexcitation—
moiré excitons1–6. Due to the type-II band alignment of the host het-
erostructure, the ground-state moiré excitons consist of electrons 
and holes localized in opposite layers7. The interlayer moiré excitons 
possess unique physical properties, such as layer-stacking-dependent 
optical selection rules and Landé g-factors1, coupled spin–valley pseu-
dospin degrees of freedom8,9, arrays of interacting single emitters2,10 
and synthetic gauge fields for possible topological excitonic lattices10. 
However, semiconducting moiré superlattices are also powerful 

laboratories for exploring tunable many-body electronic ground states 
due to exceptionally strong Coulomb interactions11–23. Therefore, these 
moiré superlattices offer an opportunity to explore the interplay of 
moiré excitons with a correlated charge background.

Interlayer moiré excitons have been used to sense correlated 
charge states. A simple correlation between the enhancement of pho-
toluminescence (PL) and the formation of both integer and fraction-
ally filled moiré minibands has been well established15,16,21,24. However, 
little is known about how interlayer moiré excitons interplay with the 
variety of charge orders, and thus the resulting correlated states of 
the interacting exciton–electron lattice system. For instance, is the 
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The optical excitation power is kept low (50 nW) to avoid possible optical 
doping effects, and the excitation energy is specified in the figure cap-
tions. Figure 2d shows the PL spectrum of an R-stacked heterobilayer 
at charge neutral (Device R1) at 10 K. A pronounced interlayer exciton 
PL peak is observed at ~1.37 eV, consistent with previous reports3,15,16.

We then measured interlayer moiré exciton PL as a function of 
doping with the electric field fixed at zero. Figure 2e shows the results 
from Device R1 with the filling factor v as indicated (see Methods and 
Extended Data Fig. 2 for the assignment of v). The data are plotted in 
log scale to highlight the weak features for |v| > 1. Linecuts at select 
filling factors are shown in Extended Data Fig. 3. The PL exhibits sharp 
intensity jumps as doping reaches both fractional and integer filled 
moiré minibands, due to the formation of charge-ordered states. Near 
each fractional filling factor, the interlayer exciton PL intensity plot 
as a function of doping and emission energy shows sharp tilted line 
features. Since the peak energy along the tilted line always blueshifts 
for either increasing electron or hole doping, this rules out the possi-
ble Stark effect as its cause due to unbalanced top and bottom gates. 
Instead, we speculate that the charge-ordered states are robust even 
with a small number of excess electrons. The excess electrons can act as 
a screening cloud until the number of electrons meets the requirement 

interaction between exciton and moiré trapped charges similar to the 
simple trion picture, that is, a neutral exciton bound to an extra charge? 
Or is there a new type of many-body excited state formed as the moiré 
excitons are embedded in the electron lattice? Understanding these 
fundamental questions will provide a framework for the burgeoning 
field of interacting opto-moiré quantum matter11–21 and for the field of 
strongly correlated phenomena in optical excitations25.

Here we discover a class of ground-state moiré excitons that can 
simultaneously possess a large in-plane quadrupole and out-of-plane 
dipole moment, creating a 3D structure in the H-stacked heterobilayer. 
By sequentially charging the moiré traps, the developing in-plane quadru-
pole moment enables the binding of such a moiré exciton to the ordered 
charges localized in the neighbouring moiré cells, forming an intercell 
charged moiré exciton complex—a special type of many-body excitonic 
state. Distinct from trion26–28 and exciton–Fermi polaron physics29, the 
intercell moiré exciton complex manifests as replica of the exciton PL 
spectral features as a function of doping. We find tens of meV blueshift in 
the moiré exciton PL peaks across the integer moiré filling, resulting from 
intracell Coulomb repulsion, and a subsequent 5–10 meV redshift as the 
moiré minibands are fractionally filled. The latter value corresponds to 
the binding energy of the intercell moiré exciton complex.

Moiré spatial charge distribution
The moiré electronic structure sensitively depends on layer stacking 
and local interlayer atomic registry. We performed density-functional 
theory calculations to capture such dependence (Methods). Figure 
1a,b depicts an R- and H-stacked moiré supercell, respectively, with 
three high-symmetry positions marked as A, B and C. Using R stacking 
as an example, the A, B and C regions have local stacking arrangements 
of Rh

h, RM
h  and RX

h, respectively. The notation Rμ

h represents the µ (µ = h 
(hollow), M (W), X (S)) site of the electron layer (WS2) vertically aligned 
with the hexagonal centre h of the bottom hole layer WSe2. To capture 
the significant lattice reconstruction in the moiré superlattices30, we 
performed structural relaxation calculations and found different strain 
distribution between R- and H-stacked heterobilayers (Extended Data 
Fig. 1a,b,d,e). This distinct feature is due to the different structural 
energy distributions of local stacking (Extended Data Fig. 1c,f).

Based on these reconstructed moiré structures, we calculate the 
spatial wavefunction of the valley-moiré conduction band bottom 
and valence band top, corresponding to the expected positions of 
the frontier electron- and hole-orbitals, respectively. For R stacking, 
both the electron and hole are localized at C (Fig. 1c). Therefore, for 
the ground-state moiré exciton, the electron in the WS2 layer is verti-
cally aligned with the hole in the WSe2 layer, that is, there is no lateral 
misalignment between the electron and hole wavefunctions. The moiré 
exciton ground state is thus expected to only have an appreciable 
out-of-plane electric dipole.

In contrast, the wavefunction in the H-stacked heterobilayer has 
very different spatial distributions. While the hole is largely localized 
at C, the electron is mostly localized at a different region, A. For the 
ground-state moiré exciton, the electron and hole wavefunction are thus 
expected to be vertically misaligned. For a fixed hole at C in WSe2, the 
bound electron wavefunction is expected to spread over three adjacent 
A positions of the WS2 layer with a 3-fold rotational symmetry (Fig. 1d).  
As we will discuss next, this exciton wavefunction features both in-plane 
electric quadrupole and out-of-plane dipole moments, which lead to 
the formation of a new class of intercell moiré exciton complex in the 
presence of the electron lattice (correlated charge order).

Layer-stacking-dependent photoluminescence
In our experiment, we fabricated both R- and H-stacked WS2/WSe2 het-
erobilayers (Methods). Figure 2a–c shows optical microscopy, atomic 
force microscopy (AFM) and piezoresponse force microscopy (PFM) 
images of a representative H-stacked sample with 7.6 nm moiré wave-
length. We performed PL measurements of interlayer moiré excitons. 
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Fig. 1 | Spatial charge distribution of interlayer moiré exciton. a, Schematic of 
R-stacked WS2/WSe2 (top/bottom) heterobilayer. Zoom-in plots show the atomic 
registry of three high-symmetry positions in the moiré supercell, A, B, C, 
corresponding to local stacking arrangements Rμ

h. The true structure employed in 
the first-principles calculations has 3,903 atoms per moiré supercell, larger than 
the cell size shown in a, which exaggerates the moiré lattice mismatch for 
illustration. b, Similar plot as a but for H-stacked heterobilayer. c,d, Calculated 
spatial Kohn–Sham wavefunction of the valley-moiré conduction band bottom 
and valence band top in R-stacked (c) and H-stacked (d) heterobilayers, 
illustrating the expected spatial distributions of band-edge electrons and holes, 
respectively. Isosurface of squared wavefunction is taken at ∼2% of its maximum 
value. For R stacking, both the electron and hole are localized at C. Therefore, for 
the ground-state moiré exciton, the electron in the WS2 layer is vertically aligned 
with the hole in the WSe2 layer (c). In contrast, in the H-stacked heterobilayer, 
while the hole is localized at C, the electron is mostly localized at A. For the 
ground-state moiré exciton with a fixed hole at C in WSe2, the bound electron 
wavefunction largely spreads among the three adjacent A positions of the WS2 
layer (d). Therefore, in addition to the out-of-plane dipole, the interlayer moiré 
exciton has an in-plane electric quadrupole moment.
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to form another correlated insulating state at a new fractional fill-
ing. The precise slope of the diagonal features is determined by the 
filling-factor-dependent local dielectric environment of each device.

We extract the PL peak energies at those most appreciable 
charge-ordered states and plot them versus v in Fig. 2f. The dashed 
lines represent the peak energies at all measured gate voltages. Relative 
energy shifts at corresponding fractional and integer fillings are plotted 
in Extended Data Fig. 4a. Among the fractional v states between two con-
secutive integer v, the energy of PL peaks varies little (Fig. 2e,f). As |v| goes 
across an integer value, the peaks blueshift. For instance, the blueshift 
is about 5 and 17 meV, respectively, as v crosses −1 and 1 (corresponding 
to the charge-ordered states with one hole and one electron per moiré 
unit cell). Extended Data Figs. 5 and 6 show similar measurements of 
additional R-stacked heterobilayer devices. Although some details differ 
(such as the number of observed correlated charge orders), probably due 
to sample-to-sample variations, the dependence of the PL peak energy 
as a function of v is consistent. The observation is distinct from that in 
MoSe2/WSe2 heterobilayer, where moiré exciton PL peaks have a discrete 
redshift by about 7 meV upon formation of moiré trions by doping26–28.

In contrast, H-stacked samples show drastically different doping 
dependence of the exciton PL. Figure 2g shows the PL intensity plot with 
integer filling factors indicated (Extended Data Fig. 2). The extracted PL 
peak energies of prominent charge-ordered states are plotted in Fig. 2h.  
Relative energy shifts are shown in Extended Data Fig. 4b. Over two 

dozen correlated states at both integer and fractional moiré fillings 
are observed. Despite similar jumps of PL intensity at these fillings, the 
dependence of peak energy on v is distinct in H-stacked samples com-
pared to the R-stacked ones. Starting from charge neutrality, the first 
charge order appears at fractional moiré filling v = ±1/7. This is evident 
from the enhanced PL intensity and sudden peak redshifts of about 
5 meV (v = 1/7) and 7 meV (v = −1/7) (Extended Data Fig. 7). Here, |v| = 1/7 
corresponds to a commensurate triangular charge lattice. When the 
next charge order at v = ±1/3 forms, further redshifts of 8 meV (v = 1/3) 
and 7 meV (v = −1/3) are observed. These discrete redshifts are missing 
in all R-stacked samples in the same doping range. Upon further doping, 
PL peak energies have little variation until reaching v = ±1, where the PL 
peaks exhibit sharp energy jumps by +22 and +42 meV for the v = −1 and 
+1 states, respectively. Similar to the peak redshift going from charge 
neutrality to |v| = 1/7, the PL peak redshifts again when |v| is slightly larger 
than 1 to form the next fractionally filled state. This redshift is most 
pronounced from v = −1 to −8/7 of about 4 meV. The general spectral 
feature between 1 ≤ |v| < 2 resembles that between 0 ≤ |v| < 1 despite fine 
differences, such as the number of observed correlated states.

When |v| exceeds 2, the spectral dependence on v is most appreci-
able on the hole side. The PL peak first blueshifts for another 18 meV at 
v = −2, and then exhibits discrete redshifts of about 4 meV as doping 
increases slightly. Upon further doping, the peak continues to blueshift. 
This behaviour for v over −2 again resembles those of 0 ≤ |v| < 1, except that 
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Fig. 2 | Moiré exciton PL in the presence of correlated charge orders.  
a, Optical microscopy image of a near-60° twisted WS2/WSe2 heterobilayer. 
b, Corresponding AFM image. c, PFM image, showing moiré pattern with a 
triangular lattice. d, PL spectrum of an interlayer moiré exciton of an R-stacked 
device (Device R1). e, Interlayer exciton PL intensity plot (log scale) versus 

moiré filling factor v of Device R1. Optical excitation is 1.678 eV with 50 nW 
power. f, Extracted PL peak energies (dots) for each integer and fractionally 
filled correlated charge states. The dashed lines indicate PL peak energies at 
all measured gate voltages. g,h, The same plots as e and f but for the H-stacked 
Device H1. Optical excitation is 1.96 eV with 50 nW power. See text for details.
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the signatures of correlated states are not clear, probably due to effective 
screening of long-range Coulomb interactions at high doping. Extended 
Data Fig. 8 shows similar measurements of an additional H-stacked het-
erobilayer device. Note that the R- and H-stacked samples in Extended 
Data Figs. 6 and 8 are from the different parts of the same device, that is, 
fabricated simultaneously. This further confirms the observation is due 
to stacking, rather than from device fabrication variation.

Intercell moiré exciton complex
The above experimental observations reveal the stacking-dependent 
interactions between interlayer excitons and electron lattice in moiré 
heterostructures. Figure 3a illustrates the key idea. Upon doping, moiré 
sites are fractionally filled. To avoid double occupancy and onsite Cou-
lomb interactions, the interlayer exciton will only occupy an empty 
moiré site. As presented earlier, for a R-stacked heterobilayer, the elec-
tron and hole of the interlayer moiré exciton are vertically aligned, 
leading to a weakly repulsive interaction between the excitonic dipole 
and its adjacent moiré trapped charge (Fig. 3a, top panel). Thus, this 
interlayer exciton does not bind to the moiré charges. The fractional 
insulating states largely behave as an inert background and the PL 
peak energy experiences little variation with an estimated blueshift 
of <2 meV until integer filling (Methods and Extended Data Fig. 9).

In contrast, a large electric quadrupole can form for interlayer 
moiré excitons in the H-stacked heterobilayer (Fig. 3a, bottom panel), 
allowing the exciton to bind to the electron lattice. At v = −1/7, the dilute 
hole lattice regime, the interlayer exciton in an empty moiré cell can 
bind with the hole in the adjacent cell (Fig. 3b). This nearest-neighbour 
intercell Coulomb binding results in the observed ~7 meV redshift of PL 
peaks, consistent with the theoretical estimation (Extended Data Fig. 9).  
As the hole density increases, the interlayer exciton then interacts with 
the entire electron lattice, forming a charged intercell moiré exciton 
complex with an additional redshift. Figure 3c illustrates the intercell 
moiré exciton complex at v = −1/3. The observed PL peak energy differ-
ence between |v| = 1/3 and charge neutral thus corresponds to a binding 
energy of the intercell moiré exciton complex of ∼14 meV, consistent 
with the estimate of 15 meV from theory (Extended Data Fig. 9). For fill-
ing factors larger than |v| = 1/3, the data suggest that the binding energy 
does not change significantly. The complicated interactions between 
exciton and doped electrons/holes may provide an overall screening 
effect, which result in a slight blueshift with doping.

With one hole in each moiré unit cell (v = −1), the interlayer moiré 
exciton interacts with an intra-moiré cell hole (Fig. 3d). The interac-
tion involves both intracell hole–hole repulsion and electron–hole 
attraction, which have opposite signs. Since the electron and hole 
wavefunction are laterally misaligned in an H-stacked heterobilayer, 
this has a larger electron–hole separation than that in the R-stacked 
heterobilayer with vertically aligned electron–hole wavefunctions. 
Therefore, the excitonic Coulomb binding in the former is weaker than 
in the latter. Upon formation of a sizable charge gap at integer filling, 
this difference leads to a much larger increase of the PL peak energy 
(~22 meV at v = −1) in the H-stacked sample than that in the R-stacked 
heterobilayer (~5 meV). Upon further doping, the interlayer exciton will 
then again bind to the additional hole in the adjacent moiré site, form-
ing a charged intercell moiré exciton. The above-described process 
repeats itself at either electron or hole integer moiré filling. Note that 
the energy jump at v = 1 is ∼42 meV, larger than that for the v = −1 state. 
This asymmetry between the electron lattice and hole lattice may arise 
from dissimilar electron and hole wavefunctions of the interlayer exci-
ton, which leads to different intracell Coulomb interaction strength.

Optical selection rules
We find layer-stacking-dependent PL polarization of the interlayer 
moiré exciton. Figure 4a,b shows the circular-polarization-resolved 
photoluminescence of the R-stacked heterobilayer (Device R1) and the 
associated degree of polarization as a function of doping. The optical 

excitation energy is 1.678 eV, in resonance with the WSe2 1s exciton. PL 
is in general co-circularly polarized, but is cross-circularly polarized 
for v beyond −1/2. Extended Data Fig. 10 shows similar measurement 
but with an 8 T out-of-plane magnetic field. The cross-polarized fea-
ture for v < −1 remains, implying the selection rule is determined by 
the symmetry of the local atomic registry. For the states of v between 
+1 and −1, the degree of circular polarization is weak, while for v > 1, 
PL is strongly co-circularly polarized. In contrast, the H-stacked het-
erobilayer possesses distinct optical selection rules. Figure 4c shows 
the circular-polarization-resolved PL measurements as a function of 
doping (taken at a different spot and cool-down cycle compared to 
the data in Fig. 2). The corresponding degree of circular polarization 
is shown in Fig. 4d. The charge-neutral interlayer moiré exciton and 
the intercell moiré exciton complex are both cross-circularly polar-
ized, although the degree of polarization is weak for |v| < 1. Consistent 
polarization-resolved measurements from additional R- and H-stacked 
samples are presented in Extended Data Figs. 6 and 8, respectively.

The distinct doping dependence of PL polarization is ascribed to 
the different atomic registries between the R- and H-stacked heterobi-
layers. The optical selection rule for interlayer electron–hole recom-
bination is determined by both their spin–valley indices and the local 
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Fig. 3 | Schematics of intercell moiré exciton complexes. a, Cartoons depicting 
the interlayer exciton and an additional hole trapped in the adjacent moiré unit 
cell. In R stacking (top panel), because the electron and hole wavefunctions are 
vertically aligned, the moiré interlayer exciton has a weak repulsive interaction 
with the hole. In contrast, the exciton in H stacking (bottom panel) can have an 
attractive interaction with the hole by developing a large electric quadrupole that 
lies in-plane. The estimation of moiré exciton binding energies can be found in 
Supplementary Information, section 1. The red shading indicates the emission of 
excitons at preferred locations. b–d, Cartoons of intercell moiré exciton complexes 
for hole filling factors of ν = −1/7 (b), ν = −1/3 (c) and ν = −1 (d) in an H-stacked 
heterobilayer. The light yellow (empty site) and light blue (with one doped hole) 
hexagons denote the Wigner–Seitz cell of the moiré primitive unit cell. The dashed 
parallelogram indicates the primitive unit cell of the hole lattice. For ν = −1, intracell 
Coulomb interactions exist between the moiré exciton and the doped hole. Doped 
holes are labelled as blue circles with + signs. H-type excitons are indicated by the 
yellow circular shades; orange dots represent surrounded electrons.
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stacking registry31. Below we illustrate the physical picture under σ+ 
polarized excitation with details given in Supplementary Information, 
section 2 and Supplementaty Figs. 1, and 2. As shown in Fig. 4e, for the 
R stacking, the electron and hole recombine at RX

h
, and the K valley of 

WSe2 is nearly momentum-aligned with the K valley of WS2. After σ+ 
pump, the photogenerated electron at the K valley of WSe2 can relax 
into the K and −K valleys through spin-flip and valley-flip scattering. 
Previous works have shown that the relaxation rates for these two paths 
are similar28,32. In both charge-neutral and electron-doped cases, since 
the hole predominantly populates at the WSe2 K valley, the emission 
helicity is σ+. In the hole-doped case, the hole has a comparable popula-
tion at WSe2 ±K valleys. In addition, noting that the population of pho-
togenerated electrons at the WS2 −K valley is likely to dominate over 

the K valley population, the polarization is reversed at a certain 
hole-doping level.

For H stacking, the K valley of WSe2 is nearly momentum-aligned 
with the −K valley of WS2, as shown in Fig. 4f. The photogenerated 
electron at the K valley of WSe2 can efficiently tunnel into the bottom 
conduction band at the −K valley of WS2 with both spin and momentum 
conservation. Due to lateral separation of electrons and holes, excitons 
can recombine at Hh

h or HX
h, which have an opposite selection rule with 

the same spin configuration. Around charge neutrality, the observed 
small cross-polarization indicates that the recombination is more likely 
to be at Hh

h (A site). Since the dominant recombination site and optical 
transition do not change in both the electron-doped and hole-doped 
conditions, the emission helicity remains as σ−.
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Fig. 4 | Stacking-dependent moiré exciton valley polarization. a,c, Co-
circularly polarized interlayer exciton PL for Device R1 (a) and cross-circularly 
polarized interlayer exciton PL for Device H1 (c), under σ+ circularly polarized 
excitation. The excitation energy is in resonance with the WSe2 1s exciton 
(∼1.678 eV). The excitation power is 50 nW for R1 and 150 nW for H1. b,d, The 
corresponding degree of circular polarization ρ = 

σ+/σ+−σ+/σ−

σ+/σ++σ+/σ−
. e,f, Schematics of 

doping-dependent PL polarization for R-stacked (e) and H-stacked (f) 

heterobilayers. Solid (open) circles denote electrons (holes) with the circle size 
indicating the population. Solid (dashed) parabolas represent valence 
(conduction) bands from WSe2 (WS2), with red and blue denoting spin up and 
down, respectively. The PL polarization is determined by the majority-carrier 
valley index and the location of recombination in the moiré cell. As indicated by 
the insets, the electron and hole recombine at RX

h for the R stacking, and mainly at 
Hh

h for the H stacking. See text for details.
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Summary
Our work reveals an exceptional stacking-dependent interlayer moiré 
exciton wavefunction, which leads to repulsive and attractive exci-
ton–moiré carrier interactions in R- and H-stacked heterobilayers, 
respectively. This provides a framework for understanding interlayer 
moiré exciton properties, such as luminescence energy and valley 
polarization, in the presence of a multitude of correlated charge orders. 
The in-plane electrical quadruple moment of the interlayer exciton in 
the H-stacked sample enables its binding with the electron lattice to 
form a special type of exciton many-body ground state, with observed 
binding energy ~14 meV at 1/3 hole filling consistent with our theory. 
These findings will facilitate future work in unravelling and manipulat-
ing light–matter interactions in the rapidly developing field of semi-
conducting moiré quantum matter, which has emerged as a powerful 
platform to study correlated and topological phenomena with high 
degrees of tunability11–23,33–39.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
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Methods
Sample fabrication
Mechanically exfoliated monolayers of WS2 and WSe2 were stacked 
using the dry-transfer technique. Bulk WSe2 crystals were grown in the 
laboratory and bulk WS2 crystals were purchased from HQ Graphene. 
The crystal orientation of the individual monolayers was first deter-
mined by linear-polarization-resolved second-harmonic generation 
before transfer. All the heterostructures are carefully AFM cleaned 
with minimal force to obtain a relatively homogeneous sample area. 
The layer twist angle was determined by PFM before encapsulation with 
hexagonal boron nitride and graphite. Supplementary Fig. 3a shows a 
typical PFM image with good homogeneity over a 500 nm range. On the 
~10 μm scale, there will be inevitable moiré inhomogeneity, which will 
be reflected in the PL spectra. For example, a PL map from Device H2 is 
shown in Supplementary Fig. 3b. Such inhomogeneity would affect the 
spectral quality but not the conclusion of this work, which is verified 
across multiple samples.

Optical measurements
PL and differential reflectance measurements were performed using 
a home-built confocal microscope in reflection geometry. The sample 
was mounted in a close-cycled cryostat with temperature kept at either 
5 K or 10 K, unless otherwise specified. A helium–neon laser (1.96 eV) 
was used in unpolarized PL measurements. A power-stabilized and 
frequency-tunable narrow-band continuous-wave titanium–sapphire 
laser (M2 SolsTiS) resonant with the WSe2 1s intralayer exciton was used 
to excite the sample for polarization-resolved PL, with a combination of 
quarter-wave plates, half-wave plates and linear polarizers. The excita-
tion power for PL measurement is 50–150 nW. For reflection spectros-
copy, a halogen lamp was used as a white light source. The output of 
white light was passed through a single-mode fibre and collimated with 
a triplet collimator. The beam was then focused onto the sample with a 
40× long working distance objective (numerical aperture, 0.6). The exci-
tation power is below 5 nW. Reflectance and PL signals were dispersed 
by a diffraction grating (600 grooves per mm) and detected on a silicon 
charge-coupled device camera. The PL was spectrally filtered from the 
laser using a long-pass filter before being directed into a spectrometer.

Estimation of filling factor based on doping density
The hBN thicknesses of Device R1 are 42 nm (top) and 43 nm (bottom). 
The hBN thicknesses of Device H1 are 16 nm for both top and bottom 
gates. The doping density was calculated as CtΔVt + CbΔVb based on the 
parallel-plate capacitance model, where Ct and Cb are the capacitance 
of the top and bottom gates, and ΔVt and ΔVb are the applied gate volt-
ages. εhBN ≈ 4 was used as the dielectric constant of BN in the calculation. 
The moiré lattice constant was determined by PFM. Doping density 
and moiré lattice constant were used to initially estimate the filling 
factors. The filling factors were then compared and adjusted with 
the assignment of integer filling factors based on optical reflectance 
measurement (dR/R) and PL.

First-principles calculations of moiré structures and 
electronic structures
First-principles calculations were performed using density functional 
theory with the Perdew–Burke–Ernzerhof functional40 as implemented 
in the SIESTA package41. The heterobilayer was constructed using 
26 × 26 WS2 and 25 × 25 WSe2 supercells, where the lattice constants 
of WS2 and Wse2 were taken to be their optimized values, 3.17 Å and 
3.30 Å, respectively (within <0.5% error). A supercell arrangement 
was used, with the out-of-plane axis set to 21 Å to avoid interactions 
between the moiré heterobilayer and its periodic images. Optimized 
norm-conserving Vanderbilt pseudopotentials were used42. In the 
relaxation of the structures, the single-zeta basis was chosen and dis-
persion corrections within the D2 formalism were used to include the 
van der Waals interactions43. The structure was fully relaxed until the 

force on each atom was <0.03 eV Å−1. The normal strain distribution 
was extracted from the displacement field of tungsten atoms and 
chalcogen atoms with respect to the unrelaxed heterobilayer. For the 
calculations of the tungsten-atom strain distribution, the W–W distance 
was obtained by averaging the distance along six nearest-neighbour 
tungsten atoms. For the calculations of electronic structure, we used 
the double-zeta plus polarization basis and spin–orbit coupling.

Modelling exciton–charge–lattice interactions
In the case of small doping density, the exciton–hole–lattice interaction 
can be approximately treated using screened Coulomb interactions. 
Thus, the exciton energy shift upon doping relative to the neutral 
exciton energy can be modelled as the sum of two terms, that is, the 
attractive interaction between the excitonic electron and the hole lat-
tice, and the repulsive interaction between the excitonic hole and the 
hole lattice. The potential Vc from the hole lattice acts on the excitonic 
electron or excitonic hole, having a form

Vc (r) = ∑
i,R

qi

4πε0εr |r − ri − R|

where qi is the charge of the doped hole, ri is the position of the doped 
hole in the primitive unit cell of the hole lattice, and R is the hole-lattice 
vector (Fig. 3). As the smallest distance in the denominator of the 
summation is ~5 nm, much larger than the thickness of the WS2–WSe2 
heterostructure, εr can be taken as the relative permittivity of the 
environment37, that is, the encapsulating hBN with εr ≈ 4.0. To deal with 
the long-range nature of Coulomb interaction, we adopt the 3D Ewald 
summation method to rewrite Vc(r) as

Vc (r) =
4π
Ω ∑

i,G≠0
qi
e−G

2/4α2

G2 e−iG⋅(r−ri)+∑
i,R

qi
erfc (α |r − ri − R|)

|r − ri − R|

Here, G is the reciprocal lattice vector and Ω is the volume of the 
moiré lattice. To avoid artificial interactions from the hole lattice 
images along the surface normal, a supercell is constructed with large 
out-of-plane thickness equal to five times the lattice constant of the 
moiré lattice. The thickness has been tested and converged to ensure 
the Ewald summation is equivalent to the two-dimensional form. The 
G = 0 term is skipped in the summation due to compensating charge in 
the dual gates, which ensures overall charge neutrality. The parameter 
α is chosen as around 0.003 Bohr−1 and the cut-off for the summation 
over R and G is carefully tested for moiré lattices with different filling 
factors. The doping dependence of exciton energy shift is given in 
Extended Data Fig. 9 for R- and H-stacked heterobilayers. The energy 
shift for the electron-doping case is similar.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. All other datasets gener-
ated during and/or analysed during this study are available from the 
corresponding author upon reasonable request. The DFT calcula-
tions presented in the paper were carried out using publicly available 
electronic structure codes (referenced in Methods). Source data are 
provided with this paper.
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Extended Data Fig. 1 | Calculated normal strain distribution and structural 
energy of the R- and H-stacked heterobilayers. a, and d, Calculated strain 
maps of the moiré unit cell for the fully relaxed W lattice in WS2 and WSe2 layers 
versus free-standing layers for (a) R- and (d) H-stacked heterolayers. b, and 
e, similar to a and d, but for the fully relaxed Se or S lattice in the moiré unit 
cell. The strain distributions are different in R- and H-stacked heterobilayers. 

Taking A site as the inversion center of the strain distribution as an example, 
the inversion symmetry weakly breaks in the former, but strongly breaks in the 
latter. c and f, Calculated structural energy distribution for the local stacking 
configuration in the moiré cell for (c) R-stacked and (f) H-stacked heterobilayers. 
The different structural energy distributions of local stackings lead to the 
distinct strain features in a-b, d-e.
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Extended Data Fig. 2 | Moiré filling factor assignment. a-b, PFM image of 
Device R1 (a) and Device H1 (b) described in the maintext. The moiré wavelengths 
are measured as 7.5 nm (R1) and 8 nm (H1). c, Gate-dependent interlayer exciton 
photoluminescence, taken at a different cool down compared to Fig. 2d in the 
maintext. The excitation energy is 1.96 eV with the power 50 nW. Temperature is 

4.7 K. d, Corresponding differential optical reflectance spectra of Device  
R1. c and d share the same y axis. e, Gate-dependent interlayer exciton PL (same as 
Fig. 4c) of Device H1, and f, Corresponding differential optical reflectance spectra 
differentiated with respect to photon energy. e and f share the same y axis.
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Extended Data Fig. 3 | Interlayer exciton PL of Device R1 at selected filling 
factors. a, Zoom-in of gate-dependent interlayer exciton PL of Device R1 with 
|v| < 1. b, Linecuts of PL spectra with fractional fillings. The PL spectra are evenly 
offset. At hole doping side, the PL counts are multiplied by 5 times. There is little 

variation of PL peak energy as v varies. c, Gate-dependent interlayer exciton PL of 
Device R1, same as Fig. 2d in main text. d, Linecuts of PL spectra at integer filling 
conditions. The spectra are evenly offset. The PL counts are multiplied by either 
20 or 50 times, as indicated in the plot, except at v = 0.
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Extended Data Fig. 4 | Relative energy shifts of PL peaks at fractional and integer fillings, with respect to charge neutrality for Device R1 (a) and Device H1 (b).

http://www.nature.com/naturematerials


Nature Materials

Article https://doi.org/10.1038/s41563-023-01496-2

Extended Data Fig. 5 | Additional R-stacked heterobilayer Device R2. a, AFM morphology and b, PFM image of Device R2, showing the moiré wavelength is about 
7.5 nm. c. Gate-dependent interlayer exciton photoluminescence of Device R2, with filling factors indicated.
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Extended Data Fig. 6 | Polarization resolved PL of an additional R-stacked 
heterobilayer Device R3. a, Co-circularly b, cross-circularly polarized interlayer 
exciton PL for Device R3 under σ+ circularly polarized excitation. The excitation 
power is 60 nW with excitation energy 1.682 eV at 10 K. c, Corresponding degree 

of circularly polarization ρ. a-c share the same y axis. d, Extracted PL peak 
energies (dots) for each integer and fractionally filled correlated charge states. 
The dashed lines indicate PL peak energies at all measured gate voltages. Devices 
R3 and H2 (Extended Data Fig. 8) are different parts of the same sample.
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Extended Data Fig. 7 | PL spectra of Device H1 at select filling factors. a, Zoom-
in of gate-dependent interlayer exciton PL with |v| < 1. b, Linecuts of PL spectra 
at fractional filling conditions as marked. c, Gate-dependent interlayer exciton 
PL, same as Fig. 2f in main text. d, Linecuts of PL spectra at integer and select 
fractional fillings. The spectra in b and d are evenly offset for clarity. The numbers 

of charge carriers required to form adjacent charge orders with fractional filling 
factors are close. At the transition regime between two adjacent charge orders, 
it is possible that domains with different charge orders form. The charge order 
domains may be responsible for the observed multiple peaks in spectra at certain 
doping conditions.
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Extended Data Fig. 8 | Polarization resolved PL of an additional H-stacked 
heterobilayer Device H2. a, Co-circularly b, cross-circularly polarized interlayer 
exciton PL for Device H2 under σ + circularly polarized excitation. The excitation 
power is 60 nW with excitation energy 1.682 eV at 10 K. c, Corresponding degree 

of circularly polarization ρ. a–c share the same y axis. d, Extracted PL peak 
energies (dots) for each integer and fractionally filled correlated charge states. 
The dashed lines indicate PL peak energies at all measured gate voltages. Devices 
R3 (Extended Data Fig. 6) and H2 are different parts of the same sample.

http://www.nature.com/naturematerials


Nature Materials

Article https://doi.org/10.1038/s41563-023-01496-2

Extended Data Fig. 9 | Calculated Coulomb interaction energy between 
the exciton and electron-lattice for the filling factors ≤1/3. Standard Ewald 
summation technique is used to calculate the Coulomb interaction energies for 

different filling factors. The convergence parameters have been carefully tested 
when doing the summation. The collective interaction is repulsive for R stacking 
and attractive for H stacking.
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Extended Data Fig. 10 | Polarization resolved PL of Device R1 at a magnetic field of 8 T. a, Co-circularly and b, Cross-circularly polarized interlayer exciton PL under 
σ+ circularly polarized pump. c, The corresponding degree of circularly polarization ρ. Data is taken at 15 K. The optical excitation power is 300 nW with excitation 
energy at 1.678 eV.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection The DFT calculations presented in the paper were carried out using publicly available electronic structure codes (referenced in the Methods 
section), with the Perdew-Burke-Ernzerhof functional as implemented in the SIESTA package.

Data analysis The DFT calculations presented in the paper were carried out using publicly available electronic structure codes (referenced in the Methods 
section).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Source data are provided with this paper. The DFT calculations presented in the paper were carried out using publicly available electronic structure codes 
(referenced in the Methods section).
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description we report a new interaction between exciton and charges enabled by unusual quantum confinement in in H-stacked (i.e., 60o-
twisted) WS2/WSe2 moiré  superlattices. Upon doping, the electric quadrupole facilitates the binding of intercell exciton (IME) to the 
charges in neighboring moiré cells, forming an intercell charged exciton complex. The exciton complex is unveiled by the IME 
photoluminescence energy jumps when the electron lattices form at both fractional and integer-filled moiré minibands, with replica-
like spectral features between successive integer moiré fillings. 

Research sample WS2/WSe2 moiré heterobilayers as described in the maintexts.

Sampling strategy Repeated samples as described in maintexts and extended data figures.

Data collection XW, JZ, HP and YW performed the measurements, assisted by WH. XW, XZ, CW, XX, WY, TC, DX, DRG analyzed and interpreted the 
results. XZ and CW performed density function calculations. TT and KW synthesized the hBN crystals. JY synthesized and 
characterized the bulk WSe2 crystals. 

Timing and spatial scale The data was collected starting in July, 2021

Data exclusions N/A

Reproducibility Reproduced through multiple samples included in the manuscript and extended data figures.

Randomization The sample fabrication is controlled.

Blinding N/A

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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