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Moiré excitons: From programmable quantum emitter
arrays to spin-orbit–coupled artificial lattices
Hongyi Yu,1 Gui-Bin Liu,2 Jianju Tang,1 Xiaodong Xu,3,4 Wang Yao1*

Highly uniform and ordered nanodot arrays are crucial for high-performance quantumoptoelectronics, including new
semiconductor lasers and single-photon emitters, and for synthesizing artificial lattices of interacting quasiparticles
toward quantum information processing and simulation of many-body physics. Van der Waals heterostructures of
two-dimensional semiconductors are naturally endowed with an ordered nanoscale landscape, that is, the moiré pat-
tern that laterallymodulates electronic and topographic structures.We find that thesemoiré effects realize superstruc-
tures of nanodot confinements for long-lived interlayer excitons, which can be either electrically or strain tuned from
perfect arrays of quantum emitters to excitonic superlattices with giant spin-orbit coupling (SOC). Besides the wide-
range tuning of emission wavelength, the electric field can also invert the spin optical selection rule of the emitter
arrays. This unprecedented control arises from the gauge structure imprinted on excitonwave functions by themoiré,
which underlies the SOC when hopping couples nanodots into superlattices. We show that the moiré hosts complex
hopping honeycomb superlattices, where exciton bands feature aDirac node and twoWeyl nodes, connected by spin-
momentum–locked topological edge modes.
INTRODUCTION
Artificial lattices of interacting particles offer a tunable platform for
quantum information processing and quantum simulation of many-
body physics, and have been extensively explored for atoms and elec-
trons (1–3). Intrigued by the topological states of matter arising from
spin-orbit coupling (SOC) as found in crystalline solids (4–6), a signif-
icant amount of effort has been devoted to synthesizing SOC in artificial
lattices (2, 3), which is of great interest for simulating exotic quantum
phases such as the topological superfluid.

VanderWaals (vdW)heterostructures of two-dimensional (2D)ma-
terials provide a new approach toward engineering artificial lattices,
where the ubiquitous moiré pattern between different monolayers nat-
urally endows quasiparticles with a nanoscale periodic landscape. The
moiré modulation in electronic structures has led to exciting possibilities
to engineer topologicalmoiréminibands (7–11) and topological insulator
superstructures (12). In 2D semiconductor vdWheterostructures, the in-
terlayer exciton is a composite quasiparticle that can be most profoundly
affected by the moiré because of the separation of its electron and hole
constituents in two layers with interlayer registry varying from local to
local (Fig. 1A). These interlayer excitons have demonstrated bright lu-
minescence, ultralong lifetimes, robust spin-valley polarization, and
spin-dependent interaction in transition metal dichalcogenide (TMD)
heterobilayers (13–18), drawing remarkable interest for exploring new
spin optoelectronics and high-temperature superfluidity (19).

Here, we show that the moiré in vdW heterobilayers realizes super-
lattice potentials, in which the interlayer excitons have a unique spin-
dependent complex hopping, leading to giant spin-orbit splitting in the
exciton bands. In TMD heterobilayers, we show the presence of spin-
orbit–coupled honeycomb superlattices, where the exciton bands fea-
ture Dirac and Weyl nodes and spin-momentum–locked edge states
dictated by these magnetic monopoles. Hopping in the superlattice po-
tentials can be switched off by a perpendicular electric field or by strain
tuning of moiré periodicity, turning the superlattices into perfect arrays
of nanodots that act as uniform quantum emitters. The electric field can
also switch the positioning of the quantum emitters in the moiré, hence
inverting their spin optical selection rules that are unique imprints of
local atomic registries. These properties of moiré excitons point to
exciting opportunities toward high-performance semiconductor lasers,
single-photon emitter arrays, entangled photon sources, and a platform
of versatile tunability for studying exotic quantumphases ofmatterwith
imaging possibilities.
RESULTS
Figure 1 (A to C) schematically shows a long-period moiré in het-
erobilayers of MX2 (M = Mo,W; X = Se,S). MX2 monolayers have
conduction and valence band edges at K and −K corners of the hex-
agonal Brillouin zone, where large spin-orbit splitting leads to an ef-
fective locking of spin to valley, that is, the valence band edge at K
(−K) has spin-up (spin-down) states only. Optically active excitons
thus have a pseudospin-1/2 spanned by the spin-valley–locked band
edges. The various MoX2/WX2 heterobilayers have the type II band
alignment (Fig. 1D) (13–16, 18, 20–23), where electrons (holes) have
lower energy in the MoX2 (WX2) layer. Excitons thus energetically
favor the interlayer configuration, with electron and hole constituents
in opposite layers.

The locally different interlayer registry in the heterobilayer moiré
can be quantified by the in-plane displacement vector r0 from a metal
site in the hole layer to a near-neighbor metal site in the electron layer.
Hopping and vdW interaction between the layers depend sensitively on
r0 (24, 25). The dependence of r0 on location R in the moiré generally
results in lateral modulation in the local bandgap (Eg) and interlayer
distance (d) (26, 27). Thus, the interlayer excitons in the moiré experi-
ence nanopatterned periodic potential

VðRÞ ¼ Egðr0ðRÞÞ þ eedðr0ðRÞÞ � Eb ð1Þ

where the second term is the Stark shift in a perpendicular electric field e
(16). In chemical vapor deposition–grown R-type MoS2/WSe2 hetero-
bilayers, STM/scanning tunneling spectroscopyhas revealed the laterally
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modulated local Eg and d in amoiré patternwith period b= 8.7 nm (26).
In Fig. 1 (C and E), the measured local Eg and d values at different r0
fromZhang et al. (26) are shown in comparisonwith our first-principles
calculated values for the lattice-matched heterobilayer. The exciton
binding energy Eb also depends on location R through d, but the
dependence is expected to be weak because the variation in d is only a
tiny fraction of the in-plane Bohr radius aB (a few nanometers).

Nanopatterned spin optics and programmable quantum
emitter arrays
The description of optical properties of the moiré excitons can be facili-
tated bywave packetsmoving adiabatically in the periodic potential. An
excitonwave packet can be constructed using the basis of kinematicmo-
mentum eigenstates introduced for the lattice-mismatched heterobi-
layer (see section S2) (28), with a real-space extension being small
compared to the moiré period b but large compared to the monolayer
lattice constant a. When the wave packet falls on regions where the
local atomic registries preserve the threefold rotational (Ĉ3) symmetry,
the wave packet is an eigenfunction of the Ĉ3 rotation about its center
(see Fig. 2A). These high symmetry locals are located at A, B, and C
points of the moiré supercell shown in Fig. 1A, corresponding to the
Rh
h , R

X
h , and RM

h registries, respectively. Here, Rm
h denotes an R-type

stacking, with the m site of the electron layer vertically aligned with
the hexagon center (h) of the hole layer. Upon fixing h as the rotation
center, the hole Bloch function at K is invariant under Ĉ3(29). The
corresponding rotation center in the electron layer is then its h center,
X (chalcogen) site, andM (metal) site, respectively, under Rh

h, R
X
h , and

RM
h registries, about which the electron Bloch function has distinct Ĉ3

eigenvalues, as shown in Fig. 2A. Hence, exciton wave packets X at
Yu et al., Sci. Adv. 2017;3 : e1701696 10 November 2017
these three locals have the following Ĉ3 transformations (more details
in section S2)

Ĉ3XA;s ¼ e�i2p3 sXA;s; Ĉ3XB;s ¼ ei
2p
3 sXB;s; Ĉ3XC;s ¼ XC;s ð2Þ

Here, s is the spin-valley index: s=+ (−) for the exciton at theK (−K)
valley, which has up (down) spin. Photons convertible with excitons
must have the same rotational symmetry. Thus, Eq. 2 dictates the
optical selection rules: The spin-up excitonwave packet atA (B) couples
to s + (s −) circularly polarized light only, whereas light coupling is
forbidden at C.

The above spin optical selection rules imply the nanoscale
patterning of spin optical properties in the moiré. Figure 2B plots
the calculated oscillator strength and polarization of the optical
transition dipole as the interlayer exciton wave packet adiabatically
moves in the R-type MoS2/WSe2 heterobilayer moiré (see sections
S1 and S2), consistent with the symmetry analysis. The optical selec-
tion rules cross between the opposite circular polarization at A and B
via elliptical polarization at other locals, where the registry no longer
has the Ĉ3 symmetry.

The Ĉ3 symmetry also dictatesA, B, and C to be the energy extrema
of the exciton potential V(R). For R-type MoS2/WSe2 heterobilayers at
zero field, the global minima are the A points, around which the strong
variation in V(R) (~100 meV) realizes perfect arrays of nanodot con-
finement (see Fig. 3A). The strong repulsive interactions (17) between
interlayer excitons endow these nanodots with two desired functional-
ities (as single-photon emitters or as sources of entangled photon pairs)
controlled by exciton number loaded per nanodot. As shown in Fig.
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Fig. 1. Moiré modulated local energy gaps and topographic height in the heterobilayer. (A) Long-period moiré pattern in an MoX2/WX2 heterobilayer. Green
diamond is a supercell. Insets are close-ups of three locals, where atomic registries resemble lattice-matched bilayers of different R-type stacking. (B and C) Dependence
of interlayer distance d on the atomic registries. In (C), dots are our first-principles calculations for the MoS2/WSe2 heterobilayer, and triangles are the scanning
tunneling microscopy (STM) measured variation of the local d values in a b = 8.7 nm MoS2/WSe2 moiré in the study of Zhang et al. (26). The variation in d then leads
to laterally modulated interlayer bias (º d) in a uniform perpendicular electric field, as (B) illustrates. (D) Schematic of relevant heterobilayer bands at the K valley,
predominantly localized in either the MoX2 or WX2 layer. (E) Top: Variation of the local bandgap Eg [black arrow in (D)] in the MoS2/WSe2 moiré. Bottom: Variation of the
local intralayer gaps [denoted by arrows of the same color in (D)]. In (C) and (E), the horizontal axis corresponds to the long diagonal of the moiré supercell, and the
vertical axis plots the differences of the quantities from their minimal values. The curves are fitting of the data points using eqs. S2 and S3 in section S1.
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3D, the two-exciton configuration, energetically favored in antipar-
allel spins because of the repulsive on-site Coulomb exchange (Uex),
generates a polarization-entangled pair of photons at Ex and Ex +
Udd, respectively, where Udd is the on-site dipole-dipole interaction.
Figure 3F plots the estimated Uex and Udd in the nanodot confinement
of the R-type MoS2/WSe2 heterobilayer moiré, both are orders larger
compared to the radiative decay rate. Thus, cascaded emissions of
multiple excitons have well-separated spectral resonances.

B points are also local minima of V(R), as shown in Fig. 2C. The
different local interlayer distances at A and B (see Fig. 1C) make
electric field tuning of their energy difference possible such that the
nanodot confinement of the excitonic quantum emitters can be
switched to the B points (see Fig. 3, A to C). The inversion of V(A) −
V(B) happens at a modest field value of e0 = 0.36 V/nm [0.08 V/nm],
taking first-principles calculated [STMmeasured (26)] dd in the R-type
MoS2/WSe2 moiré, as plotted in Fig. 1C. Along with this electric
switching in positions of the quantum emitters, their spin optical se-
lection rules are inverted, and emission wavelength is continuously
tuned over a wide range of ~O(100) meV (see Fig. 3E). Thus, the
electric field (interlayer bias) can be used to program the spatial loca-
tions, optical selection rule, and emission wavelength of these quan-
tum emitters on demand.

The heterobilayer moiré formed by different TMD compounds
and the H-type stacking feature similar nanopatterned spin optics as
the R-type MoS2/WSe2, whereas the potential profiles and their field
dependence can have quantitative differences. Different compound
combinations and stacking also lead to distinct emission lifetime of
the interlayer exciton in nanodot confinement, offering choices on
the photon bandwidth in the range of 0.01 to 1 GHz (see section S2
Yu et al., Sci. Adv. 2017;3 : e1701696 10 November 2017
for an analysis on the interlayer exciton lifetime). Compared tomono-
layer TMD emitters (30–34), the wider range of choices on the hetero-
bilayer bandgap (13, 15–17, 20–23, 26) and significant field tunability
further promise applications of these moiré quantum emitters from
the visible to the telecom wavelengths.

The lattice mismatch d is ~ 4 % between disulfides and diselenides,
and~ 0.1%betweenMoSe2 andWSe2 or betweenMoS2 andWS2. This
allows choices on the moiré period b over a range up to ~10 nm in the
M′S2/MSe2 bilayers andO(100) nm in theMoSe2/WSe2 or MoS2/WS2
bilayers. A differential strain between the two layers, applicable
through a piezoelectric or flexible substrate, further allows in situ
tuning of d, which can be magnified into drastic change in the shape
and period of themoiré (12), which can be exploited for programming
the spatial pattern of the emitter array. Exciton hopping between the
nanodots is an exponential function of the moiré period (Fig. 3F),
whereas for large b or large D≡V(A) − V(B), the quench of hopping
leads to the 0D spectrum of a uniform quantum emitter ensemble (see
Fig. 3G). At b ≤ 10 nm and small D, hopping connects the A and B
nanodots into an excitonic superlattice (see Fig. 3B).

Spin-orbit–coupled artificial lattices
Below, we focus onmoiré excitons at relative small b and smallD, where
excitons can hop between the A and B dots, which form a honeycomb
superlattice. The low-energy spectrum in this superlattice can be well
described by a tight-binding model counting up to the third NN
hopping (35). Distinct from graphene and other existing artificial
honeycomb lattices (1), the hopping integrals of the interlayer excitons
in this superlattice are complex numbers depending on exciton spin s
and the orientation of the displacement vector between the sites. As
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Fig. 2. Nanopatterned spin optics of moiré excitons. (A) Left: Exciton wave packets at the locals with Rhh , R
X
h , and RMh registries, respectively (see Fig. 1A). Right:

Corresponding Ĉ3 transformation of electron Bloch function yK,e, when the rotation center is fixed at a hexagon center in the hole layer. Gray dashed lines denote
planes of constant phases in the envelope part of yK,e, and red arrows denote the phase change by Ĉ3. (B) Left: Oscillator strength of the interlayer exciton. Right:
Optical selection rule for the spin-up interlayer exciton (at the K valley). The distinct Ĉ3 eigenvalues, as shown in (A), dictate the interlayer exciton emission to be
circularly polarized at A and B with opposite helicity and forbidden at C. At other locals in the moiré, the emission is elliptically polarized (see inset, where ticks denote
the major axis of polarization with length proportional to ellipticity). (C) Contrasted potential landscapes for the intra- and interlayer excitons, with the optical selection
rule for the spin-up species shown at the energy minima. Transitions between the inter- and intralayer excitons (that is, via electron/hole hopping) can be induced by
mid-infrared light with out-of-plane polarization.
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illustrated in Fig. 4A, theNN and thirdNNhopping integrals are (see
section S3)

tsðd0=2Þ ¼ t0=2; ts

�
Ĉ3d0=2

�
¼ t0=2e

�i4p3 s; ts

�
Ĉ
2
3d0=2

�
¼ t0=2e

i4p3 s ð3Þ

where d0≡ bffiffi
3

p x̂ (d2≡� 2bffiffi
3

p x̂) is a displacement vector from A to an
NN (third NN) B site. These spin-dependent phases can be derived from
the rotational symmetry of the exciton wave function at A and B sites, as
given inEq. 2. The secondNNhopping integrals are also found tobe com-
plex: tsðd1Þ ¼ tsðĈ3d1Þ ¼ tsðĈ2

3d1Þ ¼ t1ei
4p
3 s (see section S3).

Figure 4 (B and C) plots the exciton dispersion in such a complex
hopping honeycomb lattice with D = 0, exhibiting a giant spin-orbit
splitting comparable to the bandwidth. The exciton bands feature aDirac
node (fourfold degenerate) and two Weyl nodes (twofold degenerate)
with opposite spin polarization. At a zigzag boundary, a nearly flat edge
band connects the twoWeyl nodes through the Dirac node at which the
spin polarization of the edge band flips sign. These topological features
originate from the spin-dependent hopping phases, which render the
Hamiltonian of spin-s block a graphene model that shifted in the mo-
mentumspace by sKm, thewave vector at anm-BZcorner. The two spin-
up Dirac cones now appear at the m-BZ center G and the m-BZ corner
�Km≡ð0;� 4p

3bÞ, respectively (see Fig. 4D),whereas the spin-downDirac
cones are located at the G point and Km corner, respectively.
Yu et al., Sci. Adv. 2017;3 : e1701696 10 November 2017
The edge band has its topological origin from these Weyl nodes in
the bulk bands. In each spin subspace, the pair of Weyl nodes is linked
by an incomplete edge band, which is an analog of the surface Fermi arc
in 3D Weyl semimetals (6) and has been addressed in graphene (36).
The spin-up and spin-down edge bands now appear in conjugate mo-
ment space regions and are joined together at the G point by the coin-
cidence of the spin-up and spin-down Weyl nodes that constitute a
Dirac node. Observation of these spin-dependent excitonic edgemodes
can provide evidence of the topological nature.

The 2D Dirac/Weyl nodes will get gapped by a finite D, the Dirac
mass, tunable by the electric field e (Fig. 3, A to C). Interconversion
between exciton and photon happens in a momentum space regime
known as the light cone (see Fig. 4B), where the energy-momentum con-
servation can be satisfied. Because the light cone encloses only the
Dirac cone at the G point, the tuning of the Dirac mass from zero
to finite by the interlayer bias can drastically change the exciton
DOS in the light cone and hence the radiative recombination rate
of the moiré excitons.

Moreover, the edgemodes connecting the 2DDirac/Weyl nodes can
be separately controlled by a potential localized to the boundary (37).
Figure 4E shows an example of such a control, where the edge band can
be continuously tuned from nearly flat band to the gapless helical states
by tuning themagnitude of the on-site energy at the outermost columnof
A sites (see Fig. 4A).This points to interestingpossibilities of experimental
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Fig. 3. Electrically tunable and strain-tunable quantum emitter arrays. (A to C) Tuning of excitonic potential by perpendicular electric field (e) in the R-type MoS2/
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manipulation of topological exciton propagation and light coupling on
the edge.

These band topological features, together with the observed spin-
valley–dependent exciton interactions (17), further point to a unique
Bose-Hubbard system for exploring many-body phenomena with the
electric and strain tunability on the hopping and interactions (Fig. 3F).
DISCUSSION
Most of the properties discussed here are not limited to TMD hetero-
bilayers and can be generally expected in other long-period heterobi-
layer moiré that host the interlayer excitons. The patterned optical
properties are imprints on the excitons by their local atomic registries,
which sensitively affect the interlayer hopping and hence the optical di-
pole moment of the exciton. The spin-dependent complex hopping is
also a generic feature of the interlayer valley exciton in the heterobilayer
moiré. Under proper gauge choice for the wave packet, the hopping
matrix element from a site atR1 to another site atR2 in themoiré super-
lattices is of the form

tðR1 � R2Þ ¼ eiðQe�Q′
hÞðR1�R2ÞjtðR1 � R2Þj ð4Þ

whereQ′
h (Qe) is the wave vector at the hole (electron) valley center, not

necessarily high-symmetry points. The complex hopping phases are ful-
ly determined by Qe � Q′

h, the momentum space displacement between
the electron and hole valley centers due to the lattice mismatch. In the
context of TMD heterobilayers, the displacement wave vector between
the electron and hole K valleys corresponds to the corners of the m-BZ,
and Eq. 4 reproduces all complex hopping integrals in the honeycomb
Yu et al., Sci. Adv. 2017;3 : e1701696 10 November 2017
superlattices given in Eq. 3 and Fig. 4A. In the presence of time-reversal
symmetry, an exciton of valley configuration (Q′

h,Qe) has a time-reversal
counterpart at (�Q′

h , − Qe) with the opposite spin. Therefore, these
two spin species have opposite complex hopping phases. This spin-
dependent complex hopping, in general, leads to a large effective
spin-orbit splitting in the exciton bands (see TMD examples in Fig.
4, B and C).

Both the complex hopping and the nanopatterned spin optics reflect
the locally different rotational symmetries of exciton wave functions be-
cause of the locally different atomic registry in the moiré. These truly
unique exciton physics enabled by the moiré pattern do not have a
counterpart in other systems including the GaAs/AlGaAs quantum
wells and individual TMD monolayers. Thus, the TMD heterobilayer
moiré provides unprecedented opportunities to explore excitonic quan-
tum emitters and exciton superlattices.

In the typicalmoiré pattern, the spacing of the nanodots ranges from
several nanometers to several tens of nanometers, in the regimewhere a
dense array of uniform exciton emitters can be collectively coupled to
common optical modes. Thus, the moiré quantum emitter array can be
exploited for a number of applications and studies, from quantum dot
laser, entangled photon laser (38), and topological photonics (39) to the
exploration of the seminal Dicke superradiance phenomena (40). Indi-
vidual quantum emitters in themoiré superlattice can also be addressed
using the spatially selective excitation of themoiré exciton, for example,
using the nano-optical antenna tip (41).

It is worth noting that the intralayer excitons also experience moiré-
patterned potentials (11), although much shallower, because of the
dependence of the local intralayer gaps on the atomic registry (see
Fig. 1, D and E). A comparison of the potentials and spin optical selec-
tion rules for the inter- and intralayer excitons in theR-typeMoS2/WSe2
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heterobilayer moiré can be found in Fig. 2C. The energy minima of the
MoS2 exciton are at C, the optically dark points and energy maxima for
the interlayer exciton. In contrast, theWSe2 exciton has its energymini-
ma atB, where the spin-valley selection rules for the intra- and interlayer
excitons have opposite helicities. These contrasts imply interesting
possibilities of dynamic controls for loading the quantumemitter arrays.
MATERIALS AND METHODS
The first-principles calculations were performed using the Vienna Ab
initio Simulation Package (42) based on plane waves and the projector-
augmented wave method (43). The Perdew-Burke-Ernzerhof (44) ex-
change-correlation functional was used for all calculations, and the
vdW interactionswere considered in theDFT-D3 (dispersion-corrected
density functional theory) (45) method. The experimentally measured
bulk lattice constants are 3.288Å forMoSe2 (46), 3.160Å forMoS2 (46),
and 3.282 Å forWSe2 (47). Their average of 3.285 Å (3.221 Å) was used
for the lattice-matched MoSe2/WSe2 (MoS2/WSe2) heterobilayer.
Keeping the in-plane positions fixed, the out-of-plane positions were
relaxed for all atoms until the energy difference of successive atom con-
figurations was less than 10−6 eV. The out-of-plane force on each atom
in the relaxed structure was less than 0.003 eV/Å. The cutoff energy of
the plane-wave basis was set to 350 eV, and the convergence criterion
for total energy was 10−8 eV. A G-centered kmesh of 15 × 15 × 1 was
used for both the relaxation and normal calculations. The thickness of
the vacuum layer was greater than 20 Å to avoid impacts from
neighboring periodic images. SOC was taken into account for all calcu-
lations, except in structure relaxation.
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table S2. The Ĉ3 quantum number of K-point Bloch function yc or y�

v for different rotation
centers, taken from Liu et al. (29).
table S3. The estimated radiative lifetimes for the interlayer exciton wave packets at A or B site
in different heterobilayers with b = 15 nm.
References (48–56)
REFERENCES AND NOTES
1. M. Polini, F. Guinea, M. Lewenstein, H. C. Manoharan, V. Pellegrini, Artificial honeycomb

lattices for electrons, atoms and photons. Nat. Nanotechnol. 8, 625–633 (2013).
2. S. Zhang, W. S. Cole, A. Paramekanti, N. Trivedi, in Annual Review of Cold Atoms and

Molecules, K. W. Madison, K. Bongs, L. D. Carr, A. M. Rey, H. Zhai, Eds. (World Scientific,
2015), vol. 3, chap. 3.
Yu et al., Sci. Adv. 2017;3 : e1701696 10 November 2017
3. Z. Wu, L. Zhang, W. Sun, X.-T. Xu, B.-Z. Wang, S.-C. Ji, Y. Deng, S. Chen, X.-J. Liu, J.-W. Pan,
Realization of two-dimensional spin-orbit coupling for Bose-Einstein condensates.
Science 354, 83–88 (2016).

4. X.-L. Qi, S.-C. Zhang, Topological insulators and superconductors. Rev. Mod. Phys.
83, 1057–1110 (2011).

5. M. Z. Hasan, C. L. Kane, Colloquium: Topological insulators. Rev. Mod. Phys.
82, 3045–3067 (2010).

6. X. Wan, A. M. Turner, A. Vishwanath, S. Y. Savrasov, Topological semimetal and Fermi-arc surface
states in the electronic structure of pyrochlore iridates. Phys. Rev. B 83, 205101 (2011).

7. L. A. Ponomarenko, R. V. Gorbachev, G. L. Yu, D. C. Elias, R. Jalil, A. A. Patel, A. Mishchenko,
A. S. Mayorov, C. R. Woods, J. R. Wallbank, M. Mucha-Kruczynski, B. A. Piot,
M. Potemski, I. V. Grigorieva, K. S. Novoselov, F. Guinea, V. I. Fal’ko, A. K. Geim, Cloning
of Dirac fermions in graphene superlattices. Nature 497, 594–597 (2013).

8. C. R. Dean, L. Wang, P. Maher, C. Forsythe, F. Ghahari, Y. Gao, J. Katoch, M. Ishigami,
P. Moon, M. Koshino, T. Taniguchi, K. Watanabe, K. L. Shepard, J. Hone, P. Kim,
Hofstadter's butterfly and the fractal quantum Hall effect in moiré superlattices. Nature
497, 598–602 (2013).

9. B. Hunt, J. D. Sanchez-Yamagishi, A. F. Young, M. Yankowitz, B. J. LeRoy, K. Watanabe,
T. Taniguchi, P. Moon, M. Koshino, P. Jarillo-Herrero, R. C. Ashoori, Massive Dirac fermions
and Hofstadter butterfly in a van der Waals heterostructure. Science 340, 1427–1430 (2013).

10. R. V. Gorbachev, J. C. W. Song, G. L. Yu, A. V. Kretinin, F. Withers, Y. Cao, A. Mishchenko,
I. V. Grigorieva, K. S. Novoselov, L. S. Levitov, A. K. Geim, Detecting topological currents in
graphene superlattices. Science 346, 448–451 (2014).

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

12. Q. Tong, H. Yu, Q. Zhu, Y. Wang, X. Xu, W. Yao, Topological mosaics in moiré superlattices
of van der Waals heterobilayers. Nat. Phys. 13, 356–362 (2017).

13. Y. Gong, J. Lin, X. Wang, G. Shi, S. Lei, Z. Lin, X. Zou, G. Ye, R. Vajtai, B. I. Yakobson,
H. Terrones, M. Terrones, B. K. Tay, J. Lou, S. T. Pantelides, Z. Liu, W. Zhou, P. M. Ajayan,
Vertical and in-plane heterostructures from WS2/MoS2 monolayers. Nat. Mater.
13, 1135–1142 (2014).

14. F. Ceballos, M. Z. Bellus, H.-Y. Chiu, H. Zhao, Ultrafast charge separation and indirect
exciton formation in a MoS2-MoSe2 van der Waals heterostructure. ACS Nano
8, 12717–12724 (2014).

15. H. Fang, C. Battaglia, C. Carraro, S. Nemsak, B. Ozdol, J. S. Kang, H. A. Bechtel, S. B. Desai,
F. Kronast, A. A. Unal, G. Conti, C. Conlon, G. K. Palsson, M. C. Martin, A. M. Minor,
C. S. Fadley, E. Yablonovitch, R. Maboudian, A. Javey, Strong interlayer coupling in van der
Waals heterostructures built from single-layer chalcogenides. Proc. Natl. Acad. Sci. U.S.A.
111, 6198–6202 (2014).

16. P. Rivera, J. R. Schaibley, A. M. Jones, J. S. Ross, S. Wu, G. Aivazian, P. Klement, K. Seyler,
G. Clark, N. J. Ghimire, J. Yan, D. G. Mandrus, W. Yao, X. Xu, Observation of long-lived
interlayer excitons in monolayer MoSe2-WSe2 heterostructures. Nat. Commun.
6, 6242 (2015).

17. P. Rivera, K. L. Seyler, H. Yu, J. R. Schaibley, J. Yan, D. G. Mandrus, W. Yao, X. Xu,
Valley-polarized exciton dynamics in a 2D semiconductor heterostructure. Science
351, 688–691 (2016).

18. Y.-C. Lin, R. K. Ghosh, R. Addou, N. Lu, S. M. Eichfeld, H. Zhu, M.-Y. Li, X. Peng, M. J. Kim,
L.-J. Li, R. M. Wallace, S. Datta, J. A. Robinson, Atomically thin resonant tunnel diodes
built from synthetic van der Waals heterostructures. Nat. Commun. 6, 7311 (2015).

19. M. M. Fogler, L. V. Butov, K. S. Novoselov, High-temperature superfluidity with indirect
excitons in van der Waals heterostructures. Nat. Commun. 5, 4555 (2014).

20. C.-H. Lee, G.-H. Lee, A. M. van der Zande, W. Chen, Y. Li, M. Han, X. Cui, G. Arefe,
C. Nuckolls, T. F. Heinz, J. Guo, J. Hone, P. Kim, Atomically thin p–n junctions with van der
Waals heterointerfaces. Nat. Nanotechnol. 9, 676–681 (2014).

21. R. Cheng, D. Li, H. Zhou, C. Wang, A. Yin, S. Jiang, Y. Liu, Y. Chen, Y. Huang, X. Duan,
Electroluminescence and photocurrent generation from atomically sharp WSe2/MoS2
heterojunction p–n diodes. Nano Lett. 14, 5590–5597 (2014).

22. X. Hong, J. Kim, S.-F. Shi, Y. Zhang, C. Jin, Y. Sun, S. Tongay, J. Wu, Y. Zhang, F. Wang,
Ultrafast charge transfer in atomically thin MoS2/WS2 heterostructures. Nat. Nanotechnol.
9, 682–686 (2014).

23. M. M. Furchi, A. Pospischil, F. Libisch, J. Burgdörfer, T. Mueller, Photovoltaic effect in an
electrically tunable van der Waals heterojunction. Nano Lett. 14, 4785–4791 (2014).

24. K. Liu, L. Zhang, T. Cao, C. Jin, D. Qiu, Q. Zhou, A. Zettl, P. Yang, S. G. Louie, F. Wang,
Evolution of interlayer coupling in twisted molybdenum disulfide bilayers. Nat. Commun.
5, 4966 (2014).

25. A. M. van der Zande, J. Kunstmann, A. Chernikov, D. A. Chenet, Y. You, X. Zhang,
P. Y. Huang, T. C. Berkelbach, L. Wang, F. Zhang, M. S. Hybertsen, D. A. Muller,
D. R. Reichman, T. F. Heinz, J. C. Hone, Tailoring the electronic structure in bilayer
molybdenum disulfide via interlayer twist. Nano Lett. 14, 3869–3875 (2014).

26. C. Zhang, C.-P. Chuu, X. Ren, M.-Y. Li, L.-J. Li, C. Jin, M.-Y. Chou, C.-K. Shih, Interlayer
couplings, moiré patterns, and 2D electronic superlattices in MoS2/WSe2 hetero-bilayers.
Sci. Adv. 3, e1601459 (2017).
6 of 7

http://advances.sciencemag.org/cgi/content/full/3/11/e1701696/DC1
http://advances.sciencemag.org/cgi/content/full/3/11/e1701696/DC1


SC I ENCE ADVANCES | R E S EARCH ART I C L E
27. M. Gao, Y. Pan, C. Zhang, H. Hu, R. Yang, H. Lu, J. Cai, S. Du, F. Liu, H.-J. Gao, Tunable
interfacial properties of epitaxial graphene on metal substrates. Appl. Phys. Lett.
96, 053109 (2010).

28. H. Yu, Y. Wang, Q. Tong, X. Xu, W. Yao, Anomalous light cones and valley optical
selection rules of interlayer excitons in twisted heterobilayers. Phys. Rev. Lett.
115, 187002 (2015).

29. G.-B. Liu, D. Xiao, Y. Yao, X. Xu, W. Yao, Electronic structures and theoretical modelling of
two-dimensional group-VIB transition metal dichalcogenides. Chem. Soc. Rev.
44, 2643–2663 (2015).

30. A. Srivastava, M. Sidler, A. V. Allain, D. S. Lembke, A. Kis, A. Imamoğlu, Optically active
quantum dots in monolayer WSe2. Nat. Nanotechnol. 10, 491–496 (2015).

31. Y.-M. He, G. Clark, J. R. Schaibley, Y. He, M.-C. Chen, Y.-J. Wei, X. Ding, Q. Zhang, W. Yao,
X. Xu, C.-Y. Lu, J.-W. Pan, Single quantum emitters in monolayer semiconductors.
Nat. Nanotechnol. 10, 497–502 (2015).

32. M. Koperski, K. Nogajewski, A. Arora, V. Cherkez, P. Mallet, J.-Y. Veuillen, J. Marcus,
P. Kossacki, M. Potemski, Single photon emitters in exfoliated WSe2 structures. Nat.
Nanotechnol. 10, 503–506 (2015).

33. Y.-M. He, O. Iff, N. Lundt, V. Baumann, M. Davanco, K. Srinivasan, S. Höfling, C. Schneider,
Cascaded emission of single photons from the biexciton in monolayered WSe2.
Nat. Commun. 7, 13409 (2016).

34. C. Palacios-Berraquero, D. M. Kara, A. R.-P. Montblanch, M. Barbone, P. Latawiec, D. Yoon,
A. K. Ott, M. Loncar, A. C. Ferrari, M. Atatüre, Large-scale quantum-emitter arrays in
atomically thin semiconductors. Nat. Commun. 8, 15093 (2017).

35. J. Ibañez-Azpiroz, A. Eiguren, A. Bergara, G. Pettini, M. Modugno, Tight-binding models for
ultracold atoms in honeycomb optical lattices. Phys. Rev. A 87, 011602(R) (2013).

36. S. Ryu, Y. Hatsugai, Topological origin of zero-energy edge states in particle-hole
symmetric systems. Phys. Rev. Lett. 89, 077002 (2002).

37. W. Yao, S. A. Yang, Q. Niu, Edge states in graphene: From gapped flat-band to gapless
chiral modes. Phys. Rev. Lett. 102, 096801 (2009).

38. A. Lamas-Linares, J. C. Howell, D. Bouwmeester, Stimulated emission of polarization-
entangled photons. Nature 412, 887–890 (2001).

39. J. Perczel, J. Borregaard, D. E. Chang, H. Pichler, S. F. Yelin, P. Zoller, M. D. Lukin,
Topological quantum optics in two-dimensional atomic arrays. Phys. Rev. Lett.
119, 023603 (2017).

40. R. H. Dicke, Coherence in spontaneous radiation processes. Phys. Rev. 93, 99 (1954).
41. K.-D. Park, T. Jiang, G. Clark, X. Xu, M. B. Raschke, Radiative control of dark excitons at

room temperature by nano-optical antenna-tip induced Purcell effect. http://arxiv.org/
abs/1706.09085 (2017).

42. G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy calculations
using a plane-wave basis set. Phys. Rev. B 54, 11169–11186 (1996).

43. G. Kresse, D. Joubert, From ultrasoft pseudopotentials to the projector augmented-wave
method. Phys. Rev. B 59, 1758 (1999).

44. J. P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made simple.
Phys. Rev. Lett. 77, 3865–3868 (1996).

45. S. Grimme, J. Antony, S. Ehrlich, H. Krieg, A consistent and accurate ab initio
parametrization of density functional dispersion correction (DFT-D) for the 94 elements
H-Pu. J. Chem. Phys. 132, 154104 (2010).

46. R. Coehoorn, C. Haas, J. Dijkstra, C. J. F. Flipse, R. A. de Groot, A. Wold, Electronic structure
of MoSe2, MoS2, and WSe2. I. Band-structure calculations and photoelectron
spectroscopy. Phys. Rev. B 35, 6195–6202 (1987).
Yu et al., Sci. Adv. 2017;3 : e1701696 10 November 2017
47. W. J. Schutte, J. L. De Boer, F. Jellinek, Crystal structures of tungsten disulfide and
diselenide. J. Solid State Chem. 70, 207–209 (1987).

48. Y. Wang, Z. Wang, W. Yao, G.-B. Liu, H. Yu, Interlayer coupling in commensurate and
incommensurate bilayer structures of transition metal dichalcogenides. Phys. Rev. B
95, 115429 (2017).

49. H. Wang, C. Zhang, W. Chan, C. Manolatou, S. Tiwari, F. Rana, Radiative lifetimes of
excitons and trions in monolayers of the metal dichalcogenide MoS2. Phys. Rev. B
93, 045407 (2016).

50. C. Poellmann, P. Steinleitner, U. Leierseder, P. Nagler, G. Plechinger, M. Porer,
R. Bratschitsch, C. Schüller, T. Korn, R. Huber, Resonant internal quantum transitions and
femtosecond radiative decay of excitons in monolayer WSe2. Nat. Mater.
14, 889–893 (2015).

51. J. S. Ross, P. Rivera, J. Schaibley, E. Lee-Wong, H. Yu, T. Taniguchi, K. Watanabe, J. Yan,
D. Mandrus, D. Cobden, W. Yao, X. Xu, Interlayer exciton optoelectronics in a 2D
heterostructure p–n junction. Nano Lett. 17, 638–643 (2017).

52. T. Byrnes, P. Recher, Y. Yamamoto, Mott transitions of exciton-polaritons and indirect
excitons in a periodic potential. Phys. Rev. B 81, 205312 (2010).

53. C. Ciuti, V. Savona, C. Piermarocchi, A. Quattropani, P. Schwendimann, Role of the
exchange of carriers in elastic exciton-exciton scattering in quantum wells. Phys. Rev. B
58, 7926–7933 (1998).

54. S. B.-T. de-Leon, B. Laikhtman, Exciton-exciton interactions in quantum wells: Optical
properties and energy and spin relaxation. Phys. Rev. B 63, 125306 (2001).

55. M. Combescot, R. Combescot, M. Alloing, F. Dubin, Effects of fermion exchange on the
polarization of exciton condensates. Phys. Rev. Lett. 114, 090401 (2015).

56. G. Aivazian, H. Yu, S. Wu, J. Yan, D. G. Mandrus, D. Cobden, W. Yao, X. Xu, Many-body
effects in nonlinear optical responses of 2D layered semiconductors. 2D Mater.
4, 025024 (2017).

Acknowledgments
Funding: The work was supported by the Croucher Foundation (Croucher Innovation Award),
the Research Grants Council (HKU17302617) and University Grants Committee of Hong Kong
(AoE/P-04/08), and the University of Hong Kong (Outstanding Researcher Award). G.-B.L. was
supported by the National Natural Science Foundation of China (grant 11304014) and the
China 973 Program (grant 2013CB934500). X.X. was supported by the Department of Energy,
Basic Energy Sciences, Materials Sciences and Engineering Division (DE-SC0008145 and
SC0012509) and the Cottrell Scholar Award. Author contributions: W.Y. conceived and
designed the research. H.Y. performed the calculations and analysis, with input from W.Y.,
X.X., and J.T. G.-B.L. provided support with first-principles calculations. W.Y., H.Y., and X.X. wrote
the manuscript. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in
the paper are included in the paper and/or the Supplementary Materials. Additional data
related to this paper may be requested from the authors.

Submitted 22 May 2017
Accepted 18 October 2017
Published 10 November 2017
10.1126/sciadv.1701696

Citation: H. Yu, G.-B. Liu, J. Tang, X. Xu, W. Yao, Moiré excitons: From programmable quantum
emitter arrays to spin-orbit–coupled artificial lattices. Sci. Adv. 3, e1701696 (2017).
7 of 7


