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MOIRE PHOTONICS

Moiré photonics and optoelectronics

Luojun Du*, Maciej R. Molas, Zhiheng Huang, Guangyu Zhang*, Feng Wang, Zhipei Sun*

BACKGROUND: Moiré pattern refers to a new,
long-length scale of structure arising from
the interference between two or more periodic
templates. The scientific and engineering value
of moiré patterns was firstly appreciated by the
physicist Lord Rayleigh in 1874. Thereafter, the
study of moiré patterns enabled the birth of
moiré techniques for a wide variety of practical
applications, e.g., precision measurement and
positioning, automatization, and strain mea-
surements. In condensed-matter physics, moiré
patterns (also referred to as moiré superlattices)
can be formed by vertically stacking two or
more two-dimensional (2D) layered materials
with a tiny twist angle and/or a slight lattice
mismatch. Over the past decade, moiré super-
lattices have made a spectacular appearance
with a cornucopia of previously unachieved new
phenomena and distinct functionalities, trans-
forming the landscape of fundamental solid-
state physics, materials science, and engineering.
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ADVANCES: Moiré superlattices introduce a
new length-scale potential much larger than
the crystal periodicity of the constituent 2D
layers, providing a powerful strategy for engi-
neering electronic band structures and hence
resulting in a plethora of emergent quantum
phenomena. For example, the long-wavelength
moiré periodic potential can fold the electron-
ic band structure into a mini-Brillouin zone,
giving rise to the formation of flat bands and a
rich phase diagram of correlated states, such
as unconventional superconductivity, orbital
magnetism, Mott insulator states, and topologi-
cal multiferroic orders.

‘When moiré superlattices meet light, they pro-
vide a powerful platform for discovering emer-
gent photonic and optoelectronic phenomena
and device architectures. In early 2019, four
research groups independently demonstrated
the pronounced effects of moiré potential on
excitons of transition-metal dichalcogenide

Infrared/THz Single-photon TJ_I
photoresponses . o
I A
& Quantum J Symmetry-
| lightsources || % breaking
‘ - optoelectronics

| | W/

Optical

A

Moiré
excitons/trions

N
\

modulators

Wy
Graphene
h-BN

]
MoS.

2

Moiré photonics and optoelectronics. Moiré superlattices introduce a paradigm to engineer the band
structures of collective excitations and light-matter interaction for a plethora of emergent photonic

and optoelectronic phenomena, such as moiré excitons, moiré polaritons, photonics of moiré correlated
electronic states, intelligent infrared sensing, quantum light sources, single-photon detection, and symmetry-

breaking optoelectronics.

Du et al., Science 379, 1313 (2023) 31 March 2023

real and momentum spaces. The new de_. .-
of freedom afforded by using moiré super-
lattices provides possibilities for engineering
the exciton band structures and light-matter
interactions for numerous applications, such
as versatile quantum light sources, new quan-
tum many-body physics, and long-sought boson
crystals. These breakthroughs in the study of
moiré excitons have excited tremendous interest
in moiré photonics and optoelectronics. Indeed,
arich diversity of emergent moiré photonic and
optoelectronic properties have been witnessed
with unprecedented speed over the past few
years—properties covering collective moiré ex-
citations, moiré polaritons, photonics of moiré
correlated electronic states, giant mid- and far-
infrared photoresponses, tunable bulk photo-
voltaic effect, and so forth. Notably, the moiré
bulk photovoltaic effects are ultrastrong and
much larger than previous demonstrations,
enabling the demonstration of intelligent in-
frared sensors with merely a subwavelength
footprint potentially for next-generation non-
linear photonics and optoelectronics.

OUTLOOK: Currently, all measurements of
moiré photonics and optoelectronics are per-
formed in the far-field limit with a collection
of signals from more than 10,000 moiré cells.
Therefore, developing advanced techniques
that can simultaneously probe the photonic
and optoelectronic properties in an individual
moiré supercell and evaluate the moiré poten-
tial landscape will be valuable for advancing
our understanding. Meanwhile, current re-
search efforts on moiré photonics and opto-
electronics mainly focus on twisted graphene
and twisted transition-metal dichalcogenides.
Exploring new moiré systems, such as moiré
superlattices composed of 2D ferroelectric, mag-
netic, or multiferroic crystals, and moiré devices
involving two or multiple single moiré super-
lattices, will initiate research directions of
moiré photonics and optoelectronics. Fur-
thermore, engineering the moiré photonics
and optoelectronics through external means
(e.g., electric or magnetic field, strain, and
ultrafast optical excitations) has the potential
to spark the next “gold rush” for technical
innovations (e.g., quantum nonlinear optics,
ultracompact optical modulators, and tera-
hertz single-photon devices). We are just
starting down the path of exploring moiré
photonics and optoelectronics, and there
will be many more surprises to come.
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MOIRE PHOTONICS

Moiré photonics and optoelectronics

Luojun Du®?3#, Maciej R. Molas®, Zhiheng Huang?®3, Guangyu Zhang®3>*, Feng Wang®, Zhipei Sun®’*

Moiré superlattices, the artificial quantum materials, have provided a wide range of possibilities for
the exploration of completely new physics and device architectures. In this Review, we focus on

the recent progress on emerging moiré photonics and optoelectronics, including but not limited to
moiré excitons, trions, and polaritons; resonantly hybridized excitons; reconstructed collective
excitations; strong mid- and far-infrared photoresponses; terahertz single-photon detection; and
symmetry-breaking optoelectronics. We also discuss the future opportunities and research directions
in this field, such as developing advanced techniques to probe the emergent photonics and
optoelectronics in an individual moiré supercell; exploring new ferroelectric, magnetic, and multiferroic
moiré systems; and using external degrees of freedom to engineer moiré properties for exciting

physics and potential technological innovations.

wo-dimensional (2D) layered materials

have ushered in a new era of fundamen-

tal research and technological innovation,

owing to the electronic, photonic, and

optoelectronic properties that are un-
attainable in their bulk counterparts (7-3).
Today, over 2000 atomically thin 2D mate-
rials have been uncovered, ranging from wide-
bandgap insulators (e.g., ~-BN), semiconductors
(e.g., MoS,), and polar metals (e.g., Ga) to super-
conductors (e.g., NbSe,), ferromagnets (e.g.,
Crl3), and quantum spin liquids (e.g., RuCls)
(1,4~7). Notably, 2D atomic layers with diverse
properties can be stacked together to form van
der Waals (vdW) heterostructures without the
constraint of lattice matching in conventional
heterostructures. This enables opportunities
to combine the best characteristics of different
ingredients in one ultimate synthetic quantum
material and thus leads to the realization of
numerous electronic, photonic, magnetic, and
topological functionalities that were previously
impossible (7, 2, 8, 9).

Intriguingly, a geometrical moiré superlat-
tice emerges as a result of the interference be-
tween the constituent 2D atomic layers with a
slight lattice mismatch and/or a small rota-
tional twist (Fig. 1A) (10, 11). This moiré super-
lattice introduces a new length and energy
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scale, and provides a platform to engineer the
band structures (including both single-particle
states and collective excitations, Fig. 1B) and
the light-matter interaction for exotic quantum
phenomena (12-16). Triggered by the discovery
of correlated insulating states and unconven-
tional superconductivity in magic-angle twisted
bilayer graphene (TBG) (17, 18), a plethora of
exciting electronic, optical, and optoelectron-
ic properties have been discovered in moiré
superlattices (Fig. 1C), including moiré exci-
tons (19-22), versatile quantum light sources
(23), orbital ferromagnetism (24-26), Wigner
crystal states (11, 27, 28), stripe phases (29, 30),
topological multiferroic order (31), boson ex-
citon crystals (32), and intelligent infrared
sensing (33).

We present an overview of the recent pro-
gress on emerging moiré photonics and opto-
electronics, such as moiré neutral and charged
excitons, resonantly hybridized excitons, moiré
polaritons, emergent optical responses of moiré
correlated electronic states, reconstructed col-
lective excitations, terahertz single-photon
detection, strong mid- and far-infrared photo-
responses, symmetry-breaking optoelectronics,
etc. We also provide an outlook on the major
challenges and future opportunities in this
field, as well as the implications for potential
new technological innovations. With a partic-
ular focus on moiré photonics and optoelec-
tronics, our aim is to complement other recent
reviews that discuss the fabrication (34), cor-
related electronic states (10, 13), and excitonic
physics (12, 35, 36).

Fabrication and visualization of
moiré superlattices

The controlled fabrication and direct visual-
ization of moiré superlattices are essential for
unlocking their intriguing electronic and opti-
cal properties and future on-demand applica-
tion development.

Fabrication of moiré superlattices

Top-down methods

One top-down method for preparing high-
quality homobilayer moiré superlattices is
the “tear-and-stack” technique (37, 38). This
technique is based on the deterministic pick-
up and transfer, and consists of selectively
picking up a section of a 2D material and then
transferring it onto the remaining section,
which has been rotated by a user-designed
angle (34, 38). Because the two constituent
layers initially have exactly the same crystal
orientation, the twist angle can be controlled
with a subdegree resolution. By predetermin-
ing the principal crystallographic directions
of 2D materials, moiré heterostructures with
controllable twist angles can also be fabricated
via the deterministic pick-up and transfer
technique (34). Until now, we have had at our
disposal a wide variety of moiré homo- and
heterostructures, such as twisted transition-
metal dichalcogenide (TMDC) homobilayers
(39, 40), twisted bilayer Crl; (41, 42), MoSe,/
WSe, (19, 21), and WS,/WSe, (20, 43). It is
noteworthy that an automated robotic pick-up
and transfer technique has been recently de-
veloped, enabling the rapid manufacture of
moiré superlattices with deliberate design
and angle control (44, 45). We envision that
the advanced robotic assembly, through inte-
gration with wafer-scale 2D material growth,
machine learning, and computer-vision algo-
rithms (46, 47), could help realize the full
potential of moiré superlattices for new physics
and technological advances in photonics and
optoelectronics.

Bottom-up methods

Developing direct growth methods for synthe-
sizing large-scale and uniform moiré super-
lattices is important for future technological
applications. One of the effective bottom-up
methods is the vdW epitaxy (48). For example,
avast assortment of moiré superlattices with
ultraclean interfaces has been epitaxially
grown, such as graphene/h-BN (49), WS,/
WSe, (50), and MoS,/WSe, (51). Typically,
high-symmetry-stacking configurations with
the smallest formation energy are preferably
deposited during the vdW epitaxial growth
(48, 50). Therefore, it is very challenging to
obtain moiré superlattices with on-demand
twist angles, especially the metastable sam-
ples (e.g., magic-angle TBG) that show strong
electron-electron correlation and new optoelec-
tronic phenomena. Breaking the energy ten-
dency and realizing the scalable fabrication
of moiré superlattices with controllable twist
angles and layer-by-layer epitaxy would greatly
promote the progress of the field.

Dynamic manipulation

For the “tear-and-stack” technique or vdW
epitaxial growth, the final moiré superlattice
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Theoretical prediction of moiré flat
bands in magic-angle twisted
bilayer graphene

Epitaxial growth of graphene/h-BN
moiré superlattices*®

Discovery of correlated insulator
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superconductivity in magic-angle
graphene superlattices'” 1

Demonstration of versatile
quantum light and Hubbard model
quantum simulator?3 43

Optical detection of Wigner crystal
states in  WSe,/WS, moiré
superlattices 27

Observation of strong mid-infrared
photoresponse in twisted bilayer
graphene'26

Theoretical prediction of
topological multiferroic order in ™
twisted TMDC bilayers®!

Light-induced ferromagnetism in
WSe, /WS, moiré superlattices??

Demonstration of tunable moiré
quantum geometry for intelligent
infrared sensing3?

Evidence of exciton crystals in /
moiré WSe,/MoSe,/WSe, trilayer??

Theory Experiment

Observation of fractal quantum Hall
effect and Hofstadter butterfly in
angle-aligned graphene/h-BN
superlattices® 16

Theory of the moiré excitons and
moiré quantum emitter array®®. 67

Experimental observation of moiré
excitons in TMDC vdwW
heterostructures’9-22

Discovery of orbital magnetism in
twisted bilayer graphene?4-26

Imaging the nematicity and broken
rotational symmetry?2®. 30

Observation of moiré trions in
TMDC vdW heterostructures’3-75

Demonstration of moiré polaritons
with strong nonlinearity in aligned
MoSe,/WS, moiré superlattices®

Discovery of correlated exciton
insulator in  Coulomb-coupled
WSe, monolayer and WSe,/WS,
moiré superlattices 111

Visualization of moiré magnetism
in twisted 2D magnets*!. 42

Fig. 1. Moiré superlattices and timeline of key developments in the study
of moiré physics. (A) Top: lllustration of the moiré superlattice formed by a
nearly 0°-angle-aligned TMDC heterobilayer. The moiré unit cell is outlined in the
green diamond. Bottom: Close-ups of the three high-symmetry points (A, B,
and C). Atomic registry R}, denotes an R-type stacking, with the p site of the
top layer vertically aligned with the hexagon center (h) of the bottom layer.

(B) Schematic of the flat moiré bands in mini Brillouin-zone (mBZ) for moiré
heterostructures with type Il band alignment. E4; and Egy stand for the bandgap

of the two constituent TMDC layers. (C) The timeline of selected key
developments in the study of moiré physics. Over the past few years, the field of
moiré superlattices has grown substantially with a series of new discoveries, such
as orbital magnetism, Wigner crystal states, electronic nematic phase, tunable
spin-polarized correlated states, simulation of Hubbard model physics, continuous
Mott transition, quantum anomalous Hall effect, moiré excitons/polaritons, strong
mid-infrared photoresponse, light-induced ferromagnetism, and highly tunable bulk
photogalvanic effects. [Adapted with permission from (A) (66)]

usually has a fixed twist angle. Therefore, it
is often challenging to characterize the twist-
angle-dependent behavior. Owing to the super-
lubricity of vdW interfaces, moiré superlattices
with dynamically controllable twist angles can
be obtained through mechanical, optical, ther-
mal, and magnetic manipulation (52-56). This
enables the feasibility to uncover the intrinsic
twist-angle-dependent properties. For example,
with the atomic force microscope tip manip-
ulation technique, the twist-angle driven evo-
lution of electronic, optical, and mechanical
responses in graphene/h-BN moiré superlat-
tices has recently been revealed (53).

Du et al., Science 379, eadg0014 (2023)

Visualization of moiré superlattices

Direct visualization of moiré superlattices is
fundamentally valuable for the comprehen-
sive understanding and control over emergent
moiré physics. In principle, atomic-resolution
techniques, such as scanning tunnelling micros-
copy (STM) and transmission electron micros-
copy (TEM), offer the opportunity to directly
image various moiré superlattices [e.g., magic-
angle TBG (29), twisted bilayer WSe, (57), and
aligned WS,/WSe, (20, 50)]. Specifically, STM
can also probe the magnitude of moiré poten-
tial in situ, offering key insight for understand-
ing the moiré physics. Although STM and TEM

31 March 2023

are powerful in the visualization of moiré su-
perlattices, the special sample preparation and
complex operating environment (e.g., ultra-
high vacuum and cryogenic temperature) are
not conducive to establishing a clear corre-
lation between the direct imaging of moiré
structures and the emerging electrical and
optical properties.

Because of the broken symmetry and sizable
strain gradients at domain walls, moiré super-
lattices can show nonvanishing electrome-
chanical responses and hence be imaged by
piezoresponse force microscopy (PFM) (58). In
particular, PFM provides a simple, universal
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Table 1. Comparison between the visualization methods of moiré superlattices.

Pros

Cons

—

Atomic-resolution techniques
(such as TEM and STM)

. Directly image the local displacement vector.
. Direct visualization of the structural

relaxation, disorder, and strain fields.

. Directly visualize the magnitude of

the moiré potential (for STM).

1. Require specialized sample preparation.

2. Require extreme conditions (e.g., ultra-high

vacuum and low temperature).

3. Incompatible with most device fabrication

techniques and optical/transport measurements.

AFM-based techniques (such as
PFM, SKPM and conductive AFM)

. Simple, room-temperature, ambient method.
2.
3

Universal applicability.

Provide the key information of flexoelectricity
(for PFM), surface potential (for SKPM),

and interlayer hybridization (for conductive AFM).

—_

. Require direct contact with the active area and
is incompatible with encapsulated samples.

2. Cannot image the local displacement vector.
3. Require conducting substrates (for conductive AFM).

Near-field techniques (such as 1
SNOM, sMIM, and tip-enhanced Raman) 2.

Ambient conditions.
Compatible with functional electronic devices.

Cannot image the local displacement vector.

—

Secondary electron imaging technique

. Compatible with encapsulated samples and

. Universal applicability.

optical/transport measurements.

1. Cannot image the local displacement vector.
2. Cannot give the local stacking order.

technique to visualize various moiré super-
lattices under room-temperature and atmo-
spheric conditions (58). However, PFM requires
direct contact with the active area and thus
prevents the use of 2-BN encapsulation and
top gates, which are typically required for most
optical and transport measurements. Recent
studies demonstrate that channeling modu-
lated secondary electron imaging technique
can be used to visualize the fully ~-BN encap-
sulated, dual-gated moiré superlattice devices
(59). With the help of this advanced technique,
the local moiré structures and the exotic pho-
tonic properties have been successfully cor-
related with each other (59), deepening our
understanding. Additionally, moiré super-
lattices can also be visualized by conductive
atomic force microscopy (AFM) (60), scanning
near-field optical microscopy (SNOM) (61),
scanning microwave impedance microscopy
(sMIM) (62), scanning Kelvin probe micros-
copy (SKPM) (63), and hyperspectral Raman
imaging (64). Table 1 briefly compares the
advantages and disadvantages of different vis-
ualization techniques of moiré superlattices.

Moiré photonics

Moiré superlattices with a long-wavelength
periodic potential landscape offer opportu-
nities to engineer the elementary excitations
and light-matter interaction for fascinating
photonic phenomena. In this section, we re-
view the state-of-the-art moiré photonics, which
mainly covers moiré neutral and charged ex-
citons, resonantly hybridized excitons, moiré
polaritons, moiré phonons, and reconstructed
collective excitations.

Moiré neutral and charged excitons

The exciton, a Coulomb-bound electron-hole
pair, dominates the optical properties of a

Du et al., Science 379, eadg0014 (2023)

material and hence underlies the develop-
ment of emerging photonic and optoelectronic
applications (65). Recent studies demonstrate
that the moiré superlattices open up new av-
enues for modulating excitonic quasiparticles
in both real and momentum spaces, resulting
in quantum-dot-like moiré excitons and Bragg-
umKklapp moiré excitons, respectively (12).

Quantum-dot-like moiré excitons

From the perspective of real space, moiré super-
lattices impose a spatially periodic potential
landscape on the excitons (66, 67). Therefore,
excitons would likely be trapped at the moiré
potential minima (Fig. 2A), forming a lattice of
quantum-dot-like moiré excitons, a solid-state
analog of a bosonic quantum gas in an optical
lattice that is of interest for quantum photon-
ics (19, 66). Recently, moiré-trapped quantum-
dot-like interlayer excitons (IXs), evidenced
as a series of discrete photoluminescence
(PL) emission lines with ultranarrow line-
widths (e.g., ~100 peV), have been demon-
strated in MoSe,/WSe, heterostructures (Fig.
2B) (19, 68, 69). In particular, the moiré poten-
tial minima are located at high-symmetry sites
that maintain threefold rotational symmetry
(19, 66, 69). Consequently, moiré-trapped ex-
citons can inherit valley-contrasting proper-
ties and exhibit strong circular polarization
(Fig. 2B), a feature that distinguishes them
from quantum emitters localized by random
extrinsic potential (19, 70). In addition, owing
to the quantum-dot-like confinement, moiré-
trapped excitons could provide a platform for
single-photon sources and quantum photon-
ics, as demonstrated by the photon correlation
experiments (Fig. 2D) (23).

Notably, quantum-dot-like moiré IXs show
multiple discrete narrow PL lines at low ex-
citation powers but transform into a broad

31 March 2023

emission peak as the excitation power increases
(Fig. 2C) (19, 69). This feature can be under-
stood as follows: At low excitation powers (e.g.,
a few nanowatts), the number of the photon-
excited IXs are around two orders of magni-
tude smaller than the number of moiré sites,
and thus are trapped at different moiré sites
(Fig. 2C), because of the dipolar exciton-exciton
interactions (69). Absent disorder, only one PL
line is expected, as the potential minima in
different moiré supercells would be degenerate.
However, the ubiquity of inhomogeneity and
disorder breaks the degeneracy, leading to
spectral isolation of moiré-trapped IXs and a
series of PL emission lines (19, 69, 7I). As the
excitation power increases, more IXs are ex-
cited, and thus more moiré trapping sites are
populated, resulting in an ensemble band of
moiré-trapped IXs with a broad linewidth
(Fig. 2C) (69). When the exciton density is high
enough, moiré traps would be filled up, and
excitons approach the regime of free-particle
behavior (19, 72, 73).

Moiré-trapped trions

Upon doping of moiré superlattices, moiré-
trapped neutral excitons would interact with
the excess charge carriers that are also localized
at the moiré sites, forming the moiré charged
excitons (i.e., moiré-trapped trions) (74, 75).
Recently, moiré-trapped IX trions have been
demonstrated in MoSe,/WSe, heterostructures
(69, 73-75). In these experiments, new sets of
quantum-dot-like IX trion emission lines with
ultranarrow linewidths appear about 7 meV
below the moiré-trapped neutral excitons upon
electrostatic doping (Fig. 2E) (74, 75).
Moiré-trapped trions, because of their charged
nature, can couple with the electrons or holes
in nearest-neighbor moiré sites via long-range
Coulomb interactions. And because the charge
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Fig. 2. Moiré excitons and trions. (A) Representation of an exciton trapped
at the moiré potential minima. (B) Circularly polarized PL spectra of moiré-
trapped IXs of 57° MoSe,/WSe, heterostructures. (C) Schematic of the

occupation of moiré sites by IXs with increasing excitation power. (D) Second-

order photon correlation statistics of moiré-trapped IXs. The antibunching
indicates the single-photon nature. (E) PL map as a function of doping. At
electron or hole doping, moiré-trapped trions with lower energy emerge. The
prominent X emissions are labeled as A to G. (F) Schematic of the moiré-
trapped IX energy against electron density. Successive filling of nearest-
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neighbor moiré sites leads to a Coulomb staircase. (G) Sketch depicting

the exciton band folding by umklapp scattering off moiré potential. (H and

1) Calculated WSe; A exciton dispersion of WS,/WSe, moiré superlattices, with
three optically allowed transitions denoted | to Ill (H), which are observed

by reflectance contrast spectra (1). (J) Helicity-resolved PL spectra of 1°
MoSe,/WSe, heterobilayers, with alternating circular polarization. (K) Real-
space map of the center-of-mass wave functions for the first three umklapp
moiré IXs. [Adapted with permission from (A and B) (19), (C) (69), (D) (23),
(E and F) (74), (H and 1) (20), (J and K) (21)]

4 of 14

£20Z ‘TO JogqWenoN Uo Aspyeg eiuiolifed 10 AIseAIuN Te BI08ous 105 MMM//:SaNY WO | Papeo lumod



RESEARCH | REVIEW

carriers are also moiré-trapped, the six nearest-
neighbor moiré sites are filled sequentially
(Fig. 2F) (74). This creates a discrete repulsive
Coulomb interaction between moiré-trapped
trions and the charge carriers in nearest-
neighbor moiré sites. Consequently, moiré-
trapped trions show a staircase-like blueshift
of energy (Fig. 2F), providing a noninvasive,
local optical technique to characterize the
Coulomb interactions and local disorder in
moiré superlattices (74). In addition, moiré-
trapped trions exhibit distinctive valley prop-
erties. For example, the valley polarization can
be switched from large cocircular polariza-
tion under electron doping to negligible cross-
circular polarization under hole doping (74, 75),
and the valley polarization time can reach
~1 us, three orders of magnitude longer than
that of conventional trions in monolayer
TMDCs (75, 76). This opens up possibilities
for opto-valleytronic applications and emerg-
ing nanophotonic devices, such as spin-valley
optical transistors and chiral light-emitting
diodes.

Bragg-umklapp moiré excitons

From the perspective of momentum-space,
Bragg-umklapp scattering off the long-period
moiré potential can fold the dark exciton states
with momentum % = ky; (where k,, is the moiré
reciprocal lattice vectors) into the center of
the mBZ, resulting in the formation of new ex-
citonic minibands with optical activity (Fig. 2G)
(12, 22, 67, 77-80). Figure 2H illustrates the
‘WSe, A exciton dispersion of aligned WSe,/WS,
superlattices and clearly shows three optically
active excitons at the mBZ center (I, II, and III)
(20, 67). Experimentally, Bragg-umKklapp intra-
layer moiré excitons have been demonstrated
by both absorption spectroscopy in WSe,/WS,
heterobilayers (Fig. 2I) (20, 43) and PL meas-
urements in MoSe,/MoS, heterostructures (81).
Notably, the cutting-edge exciton band struc-
ture calculations reveal that different intralayer
moiré excitons exhibit distinct hallmarks (82).
In WSe,/WS, moiré superlattices, the lowest-
energy moiré resonance I is characterized by
a Wannier-type exciton with the tightly cor-
related electron and hole, whereas the highest-
energy moiré exciton peak III is described by
an intralayer charge-transfer exciton with spa-
tially separated electron and hole (82). Such
distinct characters provide unparalleled in-
sight into the unusual doping responses and
magneto-optical responses of moiré excitons
(20, 82).

For IX species, Bragg-umklapp moiré exciton
transitions have also been uncovered by PL
spectra in MoSe,/WSe, superlattices (Fig. 2J)
(21, 83). Owing to the strongly modified ex-
citon center-of-mass wave function in real space,
Bragg-umKklapp moiré IX resonances exhibit
alternating positive and negative circular po-
larization. Figure 2K shows the real-space
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distribution of center-of-mass wave functions
for the first three Bragg-umklapp moiré IX reso-
nances of MoSe,/WSe, heterostructures, which
correspond to s-, p- and d-wave symmetry,
respectively (21, 79). Because of an additional
angular momentum 7 (24), Bragg-umklapp
moiré IX with the p-waveform (d-waveform)
has the opposite (same) optical selection rule
as the first s-wave symmetry one, leading to
alternating co- and cross-circularly polarized
PL (2D).

In the presence of itinerant electrons or
holes, Bragg-umKklapp moiré trions can appear
in moiré superlattices (84). Besides excitons
and trions, Bragg-umKklapp scattering off the
moiré potential can also activate other elemen-
tary excitations, such as phonons, magnons,
and polaritons. For example, Bragg-umKklapp
moiré phonons have been uncovered in TBG
(85, 86), graphene/h-BN superlattices (86, 87),
and twisted bilayer TMDCs (64, 88).

We remark that quantum-dot-like moiré
excitons from the real-space perspective
and Bragg-umKklapp moiré excitons from the
momentum-space perspective should be uni-
fied in principle. For instance, theoretical
calculations show that the first few Bragg-
umklapp moiré excitons with low energy are
localized at the moiré potential minima and
thus should also belong to the quantum-dot-
like moiré states (21, 78, 79). Alternatively,
quantum-dot-like moiré excitons observed
under ultralow excitation power should corre-
spond to the Bragg-umklapp moiré excitons
with the lowest energy. However, quantum-
dot-like moiré excitons and Bragg-umklapp
moiré excitons demonstrated by current ex-
perimental measurements seem to exhibit dis-
tinctly different behaviors. For example, the
linewidths of Bragg-umKklapp moiré excitons
are more than two orders of magnitude wider
than those of quantum-dot-like moiré exci-
tons. These discrepancies may stem from the
ubiquity of disorder, strain, or twist-angle in-
homogeneity in actual real-world moiré super-
lattices and deserve further studies to establish
a unified understanding.

Resonantly hybridized excitons

Usually, the effects of moiré superlattices on
excitons are regarded as a harmonic perturba-
tion potential, then the intralayer excitons and
IXs are discussed separately as independent
objects (such as the previous section) (66, 67).
Such a view holds true for moiré superlattices
with a large band-edge offset. On the contrary,
when the conduction and/or valence band
edges of the constituent layers are aligned
in both momentum and energy, the resonant
interlayer hybridization can strongly enhance
the moiré superlattice effects and mix the intra-
layer excitons and IXs through spin-conserving
interlayer hopping, resulting in the resonantly
hybridized excitons (12, 22, 89). Resonantly

hybridized excitons combine the merits of
both intralayer excitons (e.g., large oscillator
strength) and IXs (e.g., appreciable out-of-plane
dipole moment), and thus represent an advan-
tageous scenario for nanophotonic and opto-
electronic applications (90, 91). Resonantly
hybridized excitons have been demonstrated
in TMDC homobilayer moiré superlattices with
intrinsically aligned band edges (40, 89, 92-94),
MoSe,/WS, moiré heterostructures with nearly
degenerate conduction-band edges (Fig. 3A,
right panel) (22, 89-91), and WSe,/WS, moiré
superlattices where the upper valence band of
WS, and the lower valence band of WSe, are
closely aligned (Fig. 3A, left panel) (91). Fur-
thermore, according to the available electron
band parameters in the literature (95), we en-
vision that resonantly hybridized excitons can
also appear in MoS,/WS,, MoSe,/WSe,, MoSe,/
MoTe,, MoTe,/WS,, and MoTe,/WSe, moiré
superlattices.

Resonantly hybridized excitons display a
sharp energy modulation against the twist
angle (Fig. 3B) (22, 89, 90) and manifest energy-
level anticrossing under the applied electric
fields (Fig. 3C) (89, 91, 92). 1t is instructive to
understand these features using a two-level
coupled-oscillator model with Hamiltonian
<8X Q >, where the off-diagonal element

Q €1x
Q denotes the coupling constant and the di-
agonal elements ex (e1x) describe the energy
of uncoupled intralayer exciton (IX). Because
the band minimum of IX is located at the
corners of mBZ, IXs that can hybridize with
optically bright intralayer excitons should
have energy erx = €min + %, where Mx is
the total mass of IX, €, is the IX energy at
band minimum, and g denotes the momentum
of mBZ corners (22, 79, 89, 90). Given that ¢
increases linearly with twist angle, £;x and
hence resonantly hybridized excitons exhibit a
sharp energy modulation (Fig. 3B) (22, 89, 90).
Meanwhile, IX shows a linear energy shift with
applied electric fields due to the quantum-
confined Stark effect, leading to the electri-
cally tunable resonantly hybridized excitons
(91, 96, 97). When the energy of IX is tuned
to resonate with ex, resonantly hybridized
excitons would show avoided crossing of the
energy level, as demonstrated by absorption
and PL spectra (Fig. 3C) (91, 92). For WSe,/WS,
moiré superlattices, the extracted coupling con-
stants Q can reach ~40 meV, much larger than
the exciton linewidths (~10 meV). This indi-
cates that the system is in the exciting strong-
coupling regime and provides opportunities
for engineering various emerging many-body
states, such as Bose-Einstein condensation and
polariton superfluidity (91, 98).

Moiré polaritons

Polaritons, a hybrid quasiparticle excitation of
part-light and part-matter, enable the fine
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Fig. 3. Resonantly hybridized excitons and moiré polaritons. (A) Schematic
diagram of resonantly hybridized excitons resulting from the interlayer hole
(right) and electron hopping (left). (B) Calculated absorption spectrum of
resonantly hybridized exciton versus twist angle in MoSe,/WS, moiré super-
lattices, which is demonstrated by PL measurements (inset). (C) Derivative of
the reflectance spectrum against the electric field in 60°-aligned WS,/WSe,
moiré superlattices. (D) Angle-resolved reflectance spectra, demonstrating
strong coupling between resonantly hybridized excitons and cavity photons.
(E) Carrier density—dependent shift of exciton energy (upper), half-linewidth
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(middle), and normalized coupling strength (lower) for lower polaritons (LPs)
of MoSe,/WS, moiré superlattices (denoted as hBL) and monolayer MoSe,
(denoted as ML). (F) Nonlinear coefficient, g, as a function of carrier density
for moiré hBL LPs (red) and ML LPs (blue). (G) Extinction mapping of

chiral Berry plasmons against wave number and polarization detection angle,
demonstrating the magnetic-field—free Faraday effect. (H) Topological transitions
triggered by the twist angle from open (hyperbolic) to closed (elliptical) dispersion
contours in bilayers of a-MoOs. [Adapted with permission from (B) (22), (C)
(91), (D to F) (101), (G) (104), (H) (108)]
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control of light at the nanoscale across a broad
spectral range, promising the prospect of new
technological applications in nanophotonics
and optoelectronics (99, 100). Recent studies
show that moiré superlattices offer an oppor-
tunity for polariton engineering and photonic
quantum technologies. Here, we provide an
overview of the state-of-the-art moiré exciton-,
plasmon-, and phonon-polaritons.

Moiré exciton-polaritons

Because of appreciable oscillator strengths and
in-built electric dipoles, resonantly hybridized
moiré excitons hold great promise for polar-
itons with quantum nonlinearity and cooper-
ative effects. MoSe,/WS, moiré superlattices
with resonantly hybridized moiré excitons
are integrated into a microcavity (01). In
place of the resonantly hybridized moiré ex-
citons or the bare cavity photons, three new
light-matter hybrid modes with anticrossing
of the dispersion curve emerge (Fig. 3D) (101).
This demonstrates the moiré exciton-polaritons
and the effective coupling between resonantly
hybridized excitons and cavity photons. More-
over, the coupling strengths Q (~10 meV) of
moiré exciton-polaritons satisfy Q > M
(yx/vp are the linewidths of the resonantly
hybridized excitons and cavity mode), indi-
cating the strongly coupled regime of light-
matter interactions (98, 101).

Moiré exciton-polaritons exhibit radically dif-
ferent excitation density responses than polar-
itons formed with the constituent monolayer
excitons (Fig. 3E) (101). For example, with in-
creasing excitation density, the moiré exciton-
polaritons (monolayer exciton-polaritons) show
a strong drop in coupling strength by up to 20%
(negligible change in coupling strength), but
no measurable exciton energy shift or line
broadening (considerable blueshift and line
broadening). This suggests the strong exciton
blockade and suppressed excitation-induced
dephasing for moiré exciton-polaritons, and
indicates that the resonantly hybridized exci-
ton involved in the polariton formation should
be a moiré-trapped 0D-like exciton (Z0I). Ben-
efiting from the moiré quantum confinement
effect, moiré exciton-polaritons can show a non-
linearity up to ~6 peV-um? more than two
orders of magnitude larger than typical mono-
layer TMDC exciton-polaritons (Fig. 3F) (101).
Moiré exciton-polaritons combine strong quan-
tum nonlinearity and large coupling strength,
opening a huge swath of possibilities for quan-
tum photonics and optoelectronics.

Moiré plasmon-polaritons

Plasmon-polaritons are coupled excitations
of photons and charge carriers that offer the
possibility of manipulating and guiding light
at subwavelength scales (99, 100). The ability
to control plasmon-polaritons is central to
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modern information and communication tech-
nologies, such as subdiffraction imaging, opti-
cal sensing, infrared detectors, light-harvesting
devices, and electro-optical modulators (99, 100).
Moiré superlattices provide a powerful plat-
form for engineering new plasmon-polaritons
because of the interlayer quantum coupling
and radically altered electronic structures
(e.g., the emergence of flat bands). For example,
owing to additive contribution from the inter-
band transition between superlattice mini-
bands, plasmon-polaritons in graphene/A-BN
moiré superlattices show enhanced scattering
amplitudes (02). For TBG moiré superlattices,
an exotic interband plasmon-polariton mode
originating from the optical transitions be-
tween flat minibands is observed, which is
radically different from the conventional intra-
band plasmon in monolayer graphene (103). By
using nanostructured surface plasmon reso-
nators, two new plasmon modes are identified
in TBG moiré superlattices: a chiral Berry
plasmon mode from uncompensated Berry
flux, and a slow plasmon mode from inter-
band transitions between nested subbands
(104). In particular, because of the nontrivial
Berry curvature, the chiral plasmon mode can
show the magnetic-field-free Faraday effect
with a polarization rotation of ~15° (Fig. 3G)
(104). Such a large Faraday rotation angle is
comparable to the conventional Faraday effect
accessible by a static magnetic field of 7 T,
highlighting the great potential of magnetic-
field-free Faraday rotators (104). The slow
plasmon mode is within the highly sought-
after mid-wave infrared spectral window and
would open up opportunities for new pho-
tonic devices, such as infrared devices, without
fundamental damping and phonon scattering
processes (104). It is noteworthy that numer-
ous plasmon-polaritons, such as intrinsically
undamped plasmon modes (105), quasi-flat
plasmonic bands (106), and plasmonic Dirac
cone (107), have been predicted in moiré super-
lattices and deserve further exploration.

Moiré phonon-polaritons

Phonon-polaritons, collective oscillations that
result from the hybridization of photons and
optical phonons in polar crystals, can bestow a
wealth of valuable applications, such as nano-
scale light propagation, ultramicroscopy, and
coherent thermal emission (99, 100). Experimen-
tal studies have demonstrated that in twisted
stacks of vdW crystal a-MoOg, the interlayer
twist angle enables fine control of the disper-
sion of phonon-polaritons and therefore trig-
gers a topological transition from hyperbolic
(open) to elliptical (closed) wavefront geo-
metries (Fig. 3H) (108, 109). Such a transition
is determined by a topological quantity and
becomes resilient to perturbations, impurities,
or disorder. When the topological number is
two (four), the dispersion of phonon-polaritons

is hyperbolic (elliptical) (108, 109). At the twist
angle at which the topological transition occurs
(dubbed as photonic magic angles), the dis-
persion becomes flattened, supporting highly
collimated, directive, and diffractionless can-
alized phonon-polaritons for various appli-
cations, such as quantum nanophotonics,
superlens, nanoimaging, biosensing, and radi-
ative energy transfer (108).

Photonics of moiré correlated electronic states

Moiré superlattices, with enhanced electron-
electron correlations in the flat minibands,
provide opportunities for a large portfolio
of correlated electronic states, such as Mott
insulators, Wigner crystal states, charge den-
sity waves, charge-transfer insulators, and ex-
citon insulators (11, 27, 28, 110-113). For example,
nearly two dozen correlated insulating states
have been unveiled at the commensurate filling
fractions of WSe,/WS, moiré superlattices via
an optical sensing technique (Fig. 4A) (11).
Certainly, these moiré correlated electronic
states would have profound effects on the
elementary optical excitations, resulting in a
number of photonic responses.

First, owing to the gapped nature of moiré
correlated electronic states, free carrier screen-
ing of the exciton interactions is largely
quenched. This would result in the enhance-
ment of oscillator strength and the blueshift
of exciton resonance energy for photonics
(Fig. 4B) (30, 114, 115). Second, moiré corre-
lated electronic states at commensurate frac-
tional fillings belong to charge-ordered states,
e.g., Wigner crystals and charge density waves.
Consequently, there is an additional periodic
potential for collective excitations, which can
fold dark states back to the light cone by Bragg-
umKklapp scattering and thus brighten new
optical transitions (Fig. 4C) (80, 116). Third,
for moiré correlated electronic states at some
specific fillings (e.g., v = +1, +2), electrons are
arranged in alternating lines with a preferen-
tial orientation along the high-symmetry axes
of the moiré superlattice (77, 30, 112). Such stripe
nature of these moiré correlated electronic
states spontaneously breaks the threefold ro-
tational symmetry, enabling the anisotropic
optical responses (30, 117). Last but not least,
moiré correlated electronic states can facilitate
a wide range of magneto-optical phenomena,
such as strongly enhanced valley Zeeman split-
ting, magnetic circular dichroism, Faraday
effect, and Kerr rotation (43, 118, 119). For
example, a nearly two-orders-of-magnitude-
enhanced exciton valley Landé g-factor has
been observed for moiré correlated electronic
states at v = —1 (Fig. 4D), opening up pos-
sibilities for opto-valleytronic applications
(43, 118). By optically tuning the spin exchange
interactions between moiré-trapped holes, fer-
romagnetic order emerges atv = — %Wigner
state of WSe,/WS, moiré superlattice, giving
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Fig. 4. Photonics of moiré correlated states and reconstructed moiré
superlattices. (A) An abundance of correlated insulating states revealed in WSe,/
WS, moiré superlattices by optical sensing technique with 2s exciton resonance.
(B) Gate-dependent PL map (left) and integrated intensity (right) for the IX statesina
WS,/WSe, moiré superlattice. (C) Dependence of chemical potential of differential
reflectance differentiated with respect to energy. Umklapp exciton resonances XU top
and XU bot can be clearly observed at v =1 and v = 2. (D) Exciton valley Zeeman
splitting as a function of the magnetic field at zero filling (red circles) and half-filling
(black squares). (E) Reflective magnetic circular dichroism (RMCD) as a function
of magnetic field and temperature at selected excitation power, indicating light-
induced ferromagnetism. (F) Schematic cartoon of TBG moiré superlattices with
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Vo (V) Vo (V)

(right) and without (left) the lattice reconstruction. (G) Infrared nano-imaging (left)
and dark-field TEM visualization (right) of TBG moiré superlattices, demonstrating
a natural plasmon photonic crystal. (H) The energies of intralayer phonon modes
versus twist angle. Clear peak splitting of £, mode can be observed at 2° <6 <6,
providing information on reconstructed collective excitations. (I) PL spectra of
twisted bilayer WSe, collected from the locations with different moiré wavelengths.
A higher-energy exciton peak (type Il) emerges with increasing moiré wavelength.
(J and K) Gate-dependent PL intensity (J) and linear polarization (DOLP) of
reconstructed twisted WSe; bilayers (K), showing distinct gate tunability and valley
coherence properties. [Adapted with permission from (A) (11), (B) (114), (C)
(116). (D) (43). (E) (120), (F) (121), (G) (61), (H) (124). (I to K) (59)]
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rise to the exotic magnetic circular dichroism
(Fig. 4E) (120). Additionally, giant Kerr rota-
tions, over an order of magnitude larger than
those observed in typical materials, are pre-
dicted in moiré correlated electronic states
(119). Nevertheless, coupling strongly correlated
electronic states in moiré superlattices with
light provides an exciting platform to create,
probe, and manipulate strongly correlated
states and new light-matter hybrids (e.g.,
photon-mediated superconductivity, ferro-
electricity, or ferromagnetism; optically driven
topological phenomena; highly correlated light-
matter states; and optical spin Hall effect).

Reconstructed collective excitations

In the prior discussion, the influence of moiré
superlattices on optical properties is based
mainly on arigid lattice model (Fig. 4F, left
panel). By contrast, for moiré superlattices with
a large period, the interlayer vdW interaction
can compete with the intralayer lattice distor-
tion and favor interlayer commensurability to
minimize the misalignment energy, resulting
in lattice reconstruction and thus breaking
down the rigid lattice picture (60, 121, 122).
For instance, a tessellated pattern of AB/BA
triangular domains, separated by a network of
narrow strain solitons, is formed in marginally
twisted graphene and TMDC homobilayers
(Fig. 4F, right panel) (60, 121, 122). Undoubt-
edly, the reconstructed moiré superlattices
would cause renormalization of the electronic
and optical properties. It was reported that the
domain-wall solitons of marginally TBG are
topologically protected chiral states and can
strongly reflect the plasmon-polaritons (Fig.
4G) (61, 123). Consequently, a regular pattern
of plasmon-polariton scatterers with a periodic-
ity close to its wavelength is formed, transform-
ing the TBG moiré superlattice into a natural
nano-light photonic crystal (61). Crucially, such
moiré photonic crystals are lithography-free
and electrically tunable, representing an advan-
tageous scenario for optical and optoelectronic
telecommunications, as well as controllable
quantum optical circuits.

In addition, the domain-wall solitons and
soliton interceptions have considerable strain,
facilitating strain-engineered photonics. For
example, the emergence of strain in recon-
structed graphene or MoS, moiré superlattices
distorts the hexagonal unit cell, leading to the
splitting of the doubly degenerate E; ; phonon
mode (Fig. 4H) (124, 125). The reconstructed
moiré superlattices also have profound impacts
on symmetry-breaking photonics. For near-0°-
twist-angle TMDC homobilayers, atomic recon-
struction leads to the formation of energetically
favorable AB and BA stacking. Owing to the
simultaneous breaking of inversion and mirror
symmetries, rhombohedral AB and BA stacking
configurations show out-of-plane ferroelectric
polarization, but with opposite signs. There-
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fore, the layer symmetry in reconstructed
TMDC moiré superlattices is broken, enabling
the emergence of two spatially alternating
exciton species with distinct gate tunabil-
ity and valley coherence properties (Fig. 4,
I to K) (40, 59). In addition, reconstructed
TMDC moiré superlattices open up new ave-
nues to realize tunable exciton arrays and 1D
localized exciton states with electrons and
holes residing at opposite sides of the domain-
wall solitons for applications such as quantum
optoelectronics (59).

Moiré optoelectronics

Optoelectronics involves the study and appli-
cations of electronic devices that can gener-
ate, modulate, detect, interact with, or control
light, including photodetectors, light-emitting
diodes, photovoltaics, modulators, and so on.
Moiré superlattices with combined intriguing
electronic and optical properties point to new
avenues for cutting-edge optoelectronic appli-
cations. In this section, we briefly review the
recent developments in state-of-the-art moiré
optoelectronics.

Strong mid- and far-infrared photoresponses

In general, moiré superlattices are expected
to show strong light-matter interaction and
large photoresponses. First, the formation of
flat minibands with a large density of states
can enhance the dynamical conductivity. Sec-
ond, the emergence of superlattice bandgap
and correlated insulating gap on the order of
tens of millielectronvolts can lead to reso-
nance interband transition and thus favor
strong photoresponses in the long-sought mid-
and far-infrared and even terahertz ranges.
When the Fermi level lies in the superlattice
bandgap (Fig. 5A), the interband transition
between the top of the moiré Dirac band and
the bottom of the empty band leads to the
resonance-enhanced dynamical conductivity
and hence strong mid-infrared photoresponses
in TBG moiré superlattices (Fig. 5B) (126). A
giant extrinsic photoresponsivity of ~26 mA W*
at the mid-infrared wavelength of 12 um is
achieved in 1.81° TBG, which is almost a factor
of 20 larger than the photoresponsivity of
natural bilayer graphene (<1.5 mA W7) (126).
As a result, TBG moiré superlattices pro-
vide an attractive material platform for the
long-sought-after mid-infrared optoelectronic
devices.

By using the optical transition between
moiré flat minibands, strong far-infrared
photocurrent responses have been seen in
ABC trilayer graphene/h-BN moiré super-
lattices (Fig. 5C) (127). Owing to the electrically
tunable moiré minibands, including both the
bandwidth and bandgap, the photocurrent
responses show high tunability over 80 meV
in external electric fields (Fig. 5C, inset) (127).
Upon doping the flat moiré miniband to form

correlated insulating states, optical transition
across the emerging Mott gap can largely en-
hance the dynamical conductivity and result
in strong far-infrared photoresponses. For
example, large photoresponses centered at
~18 meV are recently demonstrated at v =
+1/2 Hubbard-Mott insulating states of ABC
trilayer graphene/h-BN moiré superlattices
(Fig. 5D) (127, 128). We highlight that the strong
far-infrared photocurrent responses induced
by a correlated insulating gap in moiré super-
lattices can favor exotic optoelectronics and
technological advances (e.g., detectors, sen-
sors, and modulators).

Symmetry-breaking optoelectronics

Moiré superlattices with strong electron cor-
relations usually display various symmetry-
breaking [e.g., broken inversion symmetry,
broken time-reversal symmetry, and broken U(1)
gauge symmetry] and thus provide a powerful
platform for symmetry-breaking optoelectronics,
such as bulk photovoltaic effect (BPVE), opto-
valley Hall effects, and chiral light-emitting
diodes (3, 34, 129). For example, it was shown
that because of moiré-induced symmetry
breaking and quantum geometrical proper-
ties, strong BPVE at ~5 and 7.7 um can occur
in twisted double bilayer graphene moiré
superlattices (Fig. 5E) (33). The moiré quan-
tum geometry strongly depends on the dis-
placement field and Fermi level, resulting in
electrically tunable BPVE (e.g., the photovoltage
amplitude and phase) in twisted double bilayer
graphene superlattices. In addition, the mid-
infrared BPVE in twisted double bilayer gra-
phene is surprisingly strong and reaches
~3.7VW™ at 7.7 um, much larger than previ-
ous demonstrations (33). We envision that
the ultrastrong mid-infrared BPVE in moiré
superlattices will stimulate next-generation
applications in nonlinear optics and opto-
electronics, such as intense terahertz sources,
biological sensing, energy harvesting, and all-
optical transistors.

The gate-tunable BPVE in twisted double
bilayer graphene moiré superlattices, together
with its dependence on incident optical polari-
zation states, power, and wavelength, provides
the possibility for the simultaneous decipher-
ment of full-Stokes polarimetry and wave-
length. Indeed, using the tunable mid-infrared
BPVE in twisted double bilayer graphene as an
encoder and a trained convolutional neural
network as a decoder (Fig. 5F), a compact in-
telligent infrared sensor with merely a sub-
wavelength footprint is achieved (33). After
proper training of the convolutional neural
network, the intelligent infrared sensing can
identify the fingerprint of light, including the
full Stokes parameters and the wavelength
(Fig. 5G) (33), a pathway for future intelligent
sensing technologies in an extremely compact,
on-chip manner.
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Fig. 5. Moiré optoelectronics. (A) Calculated band structure of 1.81° TBG,
showing superlattice-induced bandgaps below and above moiré Dirac bands.
(B) Photoresponses of TBG moiré superlattices at 5.0-, 7.7-, and 12-um

light illumination. Inset: Schematic diagram of the moiré superlattice device for
photocurrent measurement. (C and D) The photocurrent spectra of ABC trilayer
graphene/h-BN moiré superlattices at zero-filling (C) and half-filling of the flat
valence band (D). Photocurrents in (C) and (D) are dominated by a sharp peak at
~45 meV and a broad peak at ~18 meV, respectively, corresponding to excitation
between moiré conduction and valence minibands or to excitation across the
emerging Mott gap, as illustrated by the inset. The inset on the right in (D) shows
the optical transition across the Mott gap. (E) Photovoltage against the angle of a
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quarter-wave plate (QWP) at different gate voltage biases. (F) Schematic
diagram of the convolutional neural network used for detection of the full-Stokes
and wavelength. (G) Comparison of the polarization states obtained from
convolutional neural network (CNN) outputs (red or orange spheres for training
or test data) with those directly measured values (blue spheres), showing high
accuracy. (H) Comparison of carrier density and thickness between super-
conductor magic-angle TBG and 2D, thin-film superconductors below 10 nm.
Inset: Phase diagram of magic-angle TBG. (I) Schematic cartoon of magic-angle
TBG superconducting single-photon nanocalorimeter. (J) Nano-imaging
photocurrent of a TBG moiré superlattice. [Adapted with permission from

(A and B) (126), (C and D) (127), (E to G) (33), (H and 1) (134), (J) (135)]
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Apart from the mid-infrared BPVE in twisted
double bilayer graphene (33), it was also shown
that the symmetry of TBG close to the second
magic angle (~0.6°) is reduced to point group
C}, breaking both the inversion and rotational
symmetries, and enabling the exotic BPVE
in the terahertz region (130). It is expected
that highly tunable BPVE can also emerge
in other moiré superlattices and is worthwhile
to explore, especially for rotationally aligned
graphene/A-BN, hetero-, and homo-TMDC bi-
layers, in which electron correlation-triggered
symmetry breaking and giant second-order
nonlinear responses have recently been un-
covered by electrical transport (131, 132).

Single-photon detection

The detection of light at the single-photon level
is crucial for a host of theoretical, experimental,
and technological advances, such as quantum
information processing, quantum sensing,
quantum key distribution, and radio astron-
omy (70). By using heat-induced breaking of
the superconducting states in nanostructured
superconductors, advanced single-photon de-
tectors with operation wavelengths in the
range between visible and near-infrared have
been well developed and even commercialized.
However, because of high electron density and
thus large heat capacity in traditional super-
conductors, single-photon detector technol-
ogies in the ultralow photon energy regions
(e.g., mid-infrared and terahertz frequencies)
are extremely difficult to achieve. Notably,
magic-angle TBG moiré superlattices can
show dome-shaped superconducting states
at a record-low electron density (~10"> cm™),
and thus, an extremely small heat capacity
(e.g., a few hundred times the Boltzmann
constant) (Fig. 5H) (133, 134). Consequently, a
single photon, even with ultralow energy, can
cause a sizable temperature increase to break
down the superconducting state, offering extra-
ordinary opportunities for single-photon detec-
tion in previously unattainable mid-infrared
and even terahertz range (Fig. 5I) (17, 133, 134,).
Indeed, by quantifying the calorimetric photo-
responses, it was demonstrated theoretically
that magic-angle TBG can have an ultrabroad
detection range of light at the single-photon
level from the visible to sub-terahertz with
an exceptionally fast response time of ~4 ns
as well as a high energy resolution better than
1 THz (134). Further efforts are required to
experimentally demonstrate such exciting
single-photon devices.

In close resemblance to reconstructed pho-
tonics, moiré superlattices with lattice recon-
struction would also lead to the renormalization
of optoelectronic properties, such as the forma-
tion of photocurrent patterns (Fig. 5J) (135, 136).
In addition, by integrating moiré superlattices
with other structures, such as waveguides,
cavities, plasmonics, and ring resonators, a
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large portfolio of fascinating optoelectronic
devices with superior performance would
emerge, e.g., single photon light-emitting
devices, optical modulators, photoinduced
valley currents, etc.

Perspectives and conclusions

The field of moiré photonics and optoelectron-
ics is progressing rapidly. A diverse series of
moiré photonic and optoelectronic phenomena
have been witnessed in the span of less than
5 years, including but not limited to moiré
excitons and polaritons, resonantly hybridized
excitons, reconstructed collective excitations,
strong mid-infrared photoresponses, intelli-
gent light sensors, and terahertz single-photon
detection. This not only opens up exciting pos-
sibilities for a wide range of new frontiers in
basic scientific research, but also outlines a
bright vision for various sophisticated physical
phenomena and emerging technological inno-
vations. Moreover, the dizzying pace of recent
achievements suggests that we have only seen
the tip of the iceberg, and there will be many
more surprises to come in moiré photonics
and optoelectronics.

Advanced scanning probe techniques

One future direction is to develop new, ad-
vanced scanning probe techniques with an
ultrahigh spatial resolution (e.g., <5 nm), and
therefore that can probe the photonic and
optoelectronic properties in an individual
moiré supercell. Currently, the measurements
of moiré photonics and optoelectronics are
based on far-field techniques with a spot size
of ~1 um. As a consequence, the detected re-
sults are a collection of signals from more than
10,000 moiré unit cells. Owing to the ubiquity
of twist-angle inhomogeneity and strain from
the fabrication of devices, the observed results
are often highly complex and lack reproduci-
bility. For instance, some moiré photonic and
optoelectronic phenomena have been reported
by only a single group and are yet to be re-
produced by others. Developing new tech-
niques that can locally probe the photonic
and optoelectronic properties of different high-
symmetry points within a single moiré unit
cell [such as 4D scanning TEM spectroscopy
(137) and near-field scanning (61)] will un-
doubtedly advance our understanding of the
current conundrums and contradictions and
greatly facilitate the further development of
moiré photonics and optoelectronics.

New moiré systems

Considering that there are thousands of 2D
crystals and the current research on moiré
photonics and optoelectronics is only focused
on twisted graphene and twisted TMDCs, one
of the particularly intriguing directions is to
explore the exotic photonic and optoelectronic
phenomena of new moiré systems, such as

those moiré superlattices composed of 2D
ferroelectric, magnetic, and multiferroic crys-
tals. In particular, recent studies reveal that
magnetic moiré superlattices can display a
pattern of nanoscale domains that alternate
with layered antiferromagnetic and ferromag-
netic states (41, 42). Consequently, magnetic
moiré superlattices enable the control of mag-
netic order, symmetry breaking, and interlayer
hybridization on the nanoscale (138), opening
a huge swath of possibilities for engineering
photonic and optoelectronic properties—for
example, nonreciprocal second-harmonic gen-
eration (139), magnon-exciton coupling (14.0),
and inelastic light scattering (141). Beyond the
single moiré, a moiré landscape involving two
or multiple single moiré superlattices provides
another direction and has the potential to
spark the next “gold rush” of new moiré pho-
tonics and optoelectronics. For instance, the
long-sought boson exciton crystals have been
recently evidenced in a WSe,/MoSe,/WSe,
heterotrilayer consisting of two single moiré
patterns, paving a way toward the exploration
of quantum optoelectronics and quantum
coherent phenomena (32). Further, moiré
superlattices beyond 2D materials, such as
1D vdW moiré superlattices (742), and moiré
artificial metamaterials (143, 144) could also
offer promising avenues for engineering moiré
photonics and optoelectronics, e.g., localization-
to-delocalization transition of light (143), magic-
angle lasers (144), and optical solitons (145).

Engineering moiré photonics and optoelectronics

Another crucial direction is to control moiré
photonic and optoelectronic properties through
different external degrees of freedom (such as
ultrafast optical excitations, electric and mag-
netic field, strain, twist angle, doping, pres-
sure, and Floquet engineering). For instance, it
has been theoretically elucidated that because
of different local static dipole moments, the
electric field can switch the global moiré
potential minima from one high-symmetry
point to another high-symmetry point via the
quantum-confined Stark effect, enabling the
possibilities of programming the spatial loca-
tions and optical selection rule of moiré-trapped
excitons on demand (66). Experimentally, it
has also been demonstrated that strain can
play a role in tailoring the moiré potential
landscape and optoelectronic response (146).
To name a few, uniaxial strain can tune the
array of quantum dot-like OD traps into par-
allel stripes of 1D quantum wires, breaking the
threefold rotational symmetry and changing
the optical selection rule of moiré exciton from
circular to linear (146). It was shown that the
itinerant excitons excited by light can highly
tune the spin-spin exchange interactions be-
tween moiré-trapped carriers and result in
ferromagnetic order in WS,/WSe, moiré super-
lattices, outlining the possibility of all-optical
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control of emergent moiré photonic and opto-
electronic phenomena (120).

Technical innovations

Particularly interesting fields where moiré
optoelectronics have the potential to trigger
new on-chip applications include, but are not
limited to, high-performance moiré lasers,
quantum simulation of the Bose-Hubbard
model, and programmable quantum light
sources. Recently, by integrating MoS,/WSe,
superlattices with a silicon topological nano-
cavity, ultralow-threshold broadband exci-
tonic lasing at the technologically important
telecommunication O-band (1260 to 1360 nm)
has been achieved at room temperature (147).
The moiré excitonic laser shows the highest
spectral coherence of <0.1-nm linewidth among
all 2D material-based laser systems studied
so far, facilitating high-performance on-chip
photonics and optoelectronics (e.g., electrically
pumped wavelength-tunable moiré lasers)
(147). Further, owing to enhanced Coulomb
interactions, moiré superlattices offer oppor-
tunities to create a regular array of spatially
ordered quantum emitters. In the case of
moiré interlayer excitons with long lifetime
and strong dipolar interactions, the perfect
arrays provide a promising paradigm for the
realization of quantum simulation of Bose-
Hubbard model. It is noteworthy that the
Bose-Hubbard model, which underlies rich
bosonic states of matter and quantum phase
transitions, is challenging to achieve in solid-
state systems. Theoretically, a wide variety of
bosonic quantum matter phases and quantum
phase transition associated with quantum-
dot-like interlayer excitons have been predicted
in moiré superlattices, such as exciton super-
solid, superfluid-insulator phase transition,
and bosonic Mott insulator (148, 149). Exper-
imentally, exciton Mott insulator and exciton
density waves have been recently reported in
WSe,/WS, and Coulomb-coupled WS,/bilayer
WSe,/WS, dual moiré superlattices, respec-
tively (150, 151).

In addition, in the case of intralayer excitons
with high quantum efficiency and relatively
low sensitivity to disorder in the surrounding
dielectric, the spatially ordered moiré exciton
array could serve as a superbright quantum
light source (72, 66). In particular, moiré quan-
tum light sources show high programmability
with polarization configuration and wavelength
controlled by optical pumping, electric field,
and strain. Such programmable quantum light
sources would provide a firm basis for the
exploration of coherent quantum phenomena
of optical bosons and the development of
various quantum technologies (70), such as
the generation of polarization-entangled pho-
ton pairs, Dicke superradiance, spin-photon
interfaces, quantum information processing,
encryption, and sensing. In addition, moiré
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superlattices, by integrating with other opti-
cal systems (e.g., optical cavities, resonances,
silicon-based waveguides, and fibers), will
undoubtedly outline a bright vision for numer-
ous emerging photonic and optoelectronic
applications, such as quantum nonlinear optics,
lasers, imaging arrays, modulators, switches,
and polarization devices.
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Patterning optoelectronics

Moiré patterns develop when two or more periodic lattices are overlaid over each other. These long-range patterns
can also be seen in two-dimensional materials and give rise to rich physics within these quantum materials systems.
Du et al. reviewed recent developments in moiré-patterned two-dimensional materials with a focus on the photonic
and optoelectronic aspects and how the properties can be controlled by engineering the stacking order and twist angle
between the layers. The wealth of properties seen indicates that these systems may be a powerful platform to develop
an exotic optoelectronic device technology. —ISO
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