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Theintegration of functional nanomaterials and heterostructures with
photonicarchitectures has laid the foundation for important photonic
and optoelectronic applications. The advent of epitaxy and layer lift-off
techniques has enabled awide spectrum of two-dimensional materials
and three-dimensional single-crystalline freestanding thin films with
diverse optical functionalities, featuring van der Waals (vdW) interfaces
suitable for photonic vdW integration. Physical assembly leveraging vdW
interactions eliminates the constraints of epitaxial lattice-matching,
introducing unprecedented freedom to combine dissimilar materials
with appealing optoelectronic properties but radically distinct

crystal structures. Various prefabricated vdW building blocks can be
combinedinnovel hetero-integrated photonic architectures and hybrid
vdW heterostructures to prototype new devices and explore exotic
nanophotonic phenomena at mixed-dimensional vdW interfaces. The
ultrathin nature of these freestanding nanomembranes also enables
flexible and lightweight photonic devices for low-cost wearable and
multifunctional health-care applications. In this Review, we survey
therecent progressin photonic nanomembranes with vdW interfaces,
discussing a broad range of delaminated freestanding nanomembranes
from film preparation to device implementation. We also analyse

the remaining challenges and highlight emerging opportunities for
advanced vdW hetero-integration.
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Introduction

Theintegration of functional materials with photonicstructuresnot only
underpinsabroad spectrum of optical and optoelectronic applications,
butalso enables the exploration of novel nanophotonic phenomenain
heterostructures* Integrated photonics based onssilicon (Si) and silicon
nitride (SiN) enables a vast range of technologies®, from information
processing and communications® toimaging’, bio-sensing® and displays.
Nevertheless, single-material platforms have variousintrinsic shortcom-
ings. Thelong-termvisionis tointegrate different optical materialsinto
asingle photonic chip to realize devices covering functionalities from
light generation to modulation, propagation and detection’. Novel
platforms for the heterogeneous integration of dissimilar functional
materials thus attract strong interest from both academy and industry?®.

Conventionalintegration strategies relying on heteroepitaxy are
limited by the difficulty of combining materials with different crystal
structures owingtothe stringent requirements for lattice matching and
processing compatibility. In the epitaxial growth of three-dimensional
(3D) crystals, strong chemical bonds are formed between the epilayer
and substrate. To obtain single-crystalline epilayers, the grown mate-
rial generally needs to have the same crystal structure as the substrate,
and their lattice parameters should not differ by more than a few per
cent’ or else defects tend to be generated beyond a certain critical film
thickness via strain relaxation mechanisms'®. When thereis asignificant
lattice discrepancy with the substrate, polycrystalline phases emerge.
Sometimes only epitaxial islands are formed, preventing uniform
thin-film growth and good material performance™. These restrictions
greatly limit the possible material combinations for hetero-integration,
hindering potential applications'. Non-epitaxial approaches such as
physical vapour deposition have no lattice-matching constraints, but
the deposited materials are typically defective and are amorphous or
polycrystalline, with substantially worse intrinsic properties compared
with their single-crystalline counterparts".

Van der Waals (vdW) integration, a concept originally proposed
for two-dimensional (2D) materials'", offers an alternative way of
integrating highly disparate materials with unprecedented flexibility.
High-quality building blocks with desired optical attributes can be pre-
fabricated and assembled through vdW interactions, regardless of their
lattice parameters, crystal structures or orientation'*", Because it does
not involve one-to-one chemical bonds between adjacent layers, this
approach enables the fabrication of mixed-dimensional vdW hetero-
structures and novel moiré superlattices via layer transfer, eliminating
the lattice compatibility requirement of epitaxy. This approach was
successfully applied in 2D photonics, including inintegrated photonics
and in the study of polariton physics'®™.

Research on 2D materials has attracted tremendous attention in
the past decade, but recent years have also witnessed exciting progress
in3D crystalline nanomembranes with diverse functionalities that can
be exfoliated into freestanding forms®*°. Advanced epitaxy and layer
lift-offtechnologies”>* can provide single-crystalline 3D freestanding
films with atomically clean and electronically sharp vdW interfaces
for numerous photonic and optoelectronic applications. Unlike 2D
materials, whichare intrinsically layered atomic lattices with intralayer
covalentbonds and interlayer vdW interactions', in 3D “artificial vdW
films’ there are chemical bonds between the layers inside the film
(Fig. 1a, top)* ?. However, like 2D materials, 3D nanomembranes are
typically thin and have clearly terminated boundaries featuring vdW
interfacial interactions®.

These propertiesraise the possibility that 3D crystals, like 2D mate-
rials, canalso be made ultrathin, flexible, stackable into heterostructures

with substantial interlayer lattice discrepancies via vdW forces, and
transferable to arbitrary photonic templates. Furthermore, whereas 2D
materials usually exhibit exotic properties only at a thickness of a few
monolayers™, 3D freestanding films exhibit optical attributes similar to
those of their bulk counterparts almostindependently of thickness®*°.
3D nanomembranes thus have potential for applications that require
substantial interaction thickness, as exemplified by recent successes
obtained with hybrid IlI-V-on-Si platforms*?* and thin-film lithium
niobate photonics®*.

Inthis Review, we discuss recent advances in photonic vdW integra-
tionbased on functional freestanding nanomembranes with vdW inter-
faces. We present a comprehensive survey of 2D and 3D freestanding
films, from film preparationto deviceimplementation. The fundamen-
tal photonic properties of these vdW films and their hybrid hetero-
structures are catalogued with representative applications: 2D and 3D
freestanding films constitute awide library of vdW building blocks with
diverse functionalities, and can act as the optical gain, photovoltaic,
electro-optical (EO) or magneto-optical (MO) medium, creating new
opportunitiesin photonic hetero-integration. These heterostructures
also provide anideal playground in which to investigate exotic polari-
tonic phenomena, for example in nanophotonic moiré superlattices
formed at mixed-dimensional vdW interfaces*°. Novel optical applica-
tions can be prototyped by leveraging the physical couplings between
2D/3D freestanding nanomembranes and photonic structures*>*,
We also discuss practical challenges and emerging opportunities for
advanced photonic hetero-integration, including vdW meta-photonics,
and flexible and bio-compatible optical applications.

Freestanding films for photonic vdW integration
High-quality 2D and 3D functional optical layers with vdW interfaces
canbe prepared on different substrates and subsequently transferred
to arbitrary photonic templates like Lego bricks (Fig. 1a). This opens
up unique advantages®.

» Advanced hetero-integrated photonics. Given that no covalent
bondgenerally exists between the freestanding nanomembranes
and host substrate, the 2D and 3D freestanding films can be delami-
nated and transferred to couple with arbitrary off-the-rack optical
structures'”, Record-setting devices and multifunctional opti-
cal systems can be envisaged in previously inaccessible hetero-
integration layouts”®**, without the need for the expensive
facilitiesand lengthy development processes required by epitaxial
approaches.

« Novel heterostructure physics. Single-crystalline 3D nanomem-
branes canbe selectively stacked and mixed with 2D monolayers to
obtain heterostructures with exotic hybrid interfacial phenomena
involving vdW photons, excitons and phonons*”.

« Verticalintegration. Conventionalintegrated photonics deploys
devices along the plane of a wafer’. The advent of high-quality
2D and 3D freestanding films enables novel device and circuitry
architectures along the vertical direction, which has previously
been not well explored. By stacking the functional vdW build-
ing blocks perpendicularly via layered fabrication processes,
3D integration enables multifunctional photonic systems with
dense vertical connectivity, speed and energy efficiency between
neighbouring layers®~°,

« Flexible and bio-compatible optical applications. 2D materials
show intrinsically high mechanical flexibility, which is advanta-
geous for stretchable applications®. The ultrathin nature of iso-
lated 3D crystalline membranes is also compatible with wearable
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optical devices (which are bendable, albeit less stretchable than » Cost reduction. Despite the advantageous optoelectronic

those based on 2D films, unless special treatments are applied®) properties of group IlII-V and nitride semiconductors, which
and nanophotonic biosensors?®. enable record-breaking devices”***, they are less widespread in
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Fig. 1| Freestanding functional nanomembranes for photonic vdW gold plasmonic modulator™, a single-photon detector, aflexible GaAs
integration. a, Two-dimensional (2D) van der Waals (vdW) films are monolayer nanomembrane photovoltaic cell*?, a device supporting vdW plasmon-polaritons
lattices with intralayer covalent bonds and interlayer vdW interactions®. By and phonon-polaritons', and a wafer-bonded thin-film LiNbO, waveguide (LNO
contrast, three-dimensional (3D) freestanding films feature intralayer chemical WG) frequency shifter based on an EO resonator®. w, light frequency; Eand B are
bondsasinthebulkand clearly truncated boundaries artificially created via layer the electric and magnetic fields; E.and E, are the conduction and valence band
lift-off techniques?. Both 2D and 3D nanomembranes possess vdW interfaces edges; h"and e, hole and electron; h-BN, hexagonal boron nitride; i, intrinsic;

and various optoelectronic functionalities, and can be used as building blocks LED, light-emitting diode; p and n, positive and negative doping; T is temperature.
for photonic vdW integration. b, Exemplary material functionalities, including Panel ¢ (hetero-integrated modulators) adapted fromref. 153, Springer Nature
modulation of the optical index 7i via electro-optical (EO), magneto-optical Limited. Panel c (flexible light sources or detectors) adapted fromref. 34, CCBY 4.0.
(MO), thermal-optical (TO) effects, carrier dispersion or phase transitions; light Panel ¢ (low-cost efficient solar cells) adapted fromref. 212, Springer Nature
emission or absorption in direct bandgap materials; photovoltaic properties; Limited. Panel ¢ (novel vdW polariton physics) adapted fromref. 1, Springer
generation of surface polaritons; and optical nonlinearity. ¢, Applications Nature Limited. Panel ¢ (photonic frequency conversion) adapted fromref. 69,
corresponding to the functionalities in panel b, including a graphene-laminated Springer Nature Limited.
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the market than Si photonic devices. An important reason is the
high cost of their wafers compared with Si (ref.39). For most applica-
tions, the functional partis the top thin device layer, and the costly
substrate serves only asamechanical support. Advanced epitaxy”*°
and layer lift-off technologies enable wafer recycling and mass
manufacture of functional freestanding nanomembranes?**?,
which is promising for the cost reduction and commercialization

of non-Si optical materials®*.

Next, we outline the fundamental photonic and optoelectronic
properties of freestanding nanomembranes for vdW integration and
discuss their primary coupling mechanisms with different photonic
structures.

Features of photonic vdW films

vdW films can be categorized into conventional 2D nanosheets and
isolated 3D freestanding nanomembranes® with vdW interfaces for
constructing mixed-dimensional vdW heterostructures. They can
also be grouped by their optical functionalities (gain, photovoltaic,
TO, EO, MO and piezoelectric materials**, Fig. 1b), electronic behav-
iours (metals, semiconductors and insulators), or crystal parameters
(crystallinity, lattice structure and orientations)®".

2D vdW films. 2D vdW films are typically one to a few layers thick
and display fascinating properties*>*® (Table 1). These attributes,
along with their atomically clean vdW interfaces, are well suited to
building artificial vdW heterostructures'?, making these materials
a prominent research direction in photonics, material science and
nanotechnology®.

Table 1| Comparison of the properties of 2D and 3D
freestanding thin films

Properties 2D vdW films 3D freestanding films
Material Naturally layered structures Traditional materials
with intralayer covalent bonds  (no specific requirements)
and interlayer vdW interactions  with chemical bonding
throughout the film
Thickness From monolayer to bulk From typically tens of
nanometres to bulk
Strengths Exotic photonic and opto- Broad choice of available
electronic properties, such materials with well-studied
as ultrahigh carrier mobility photonic functionalities
in graphene and exitonic Broad choice of film
responses in transition metal thicknesses that preserve
dichalcogenides the bulk properties and
Platforms with which to study offer large light-matter
low-dimensional condensed interaction lengths
matter physics
Weaknesses Monolayer properties typically — Specific layer delamination

not preserved when increasing
the layer number

Limited light-matter
interaction length

Challenging to obtain large-
scale high-quality 2D materials
Limited library of material
candidates compared with

3D nanomembranes

techniques required

Lower film flexibility than
2D vdW films

Dangling bonds exist at the
vdW interface

vdW, van der Waals.

However, the very small thickness of 2D materials greatly restricts
the spatial light-matter interaction length*, and their bandgaps gener-
ally depend strongly on the number of atomic layers. For instance, in
transition metal dichalcogenides (TMDs) the bandgap transits from
indirect to direct when moving from bulk to monolayer samples”.

3D freestanding films. Unlike 2D materials, which are made of intrinsic
atomic monolayers that can be mechanically exfoliated along layered
vdWinterfaces, 3D nanomembranes are made into freestanding forms
with artificially terminated vdW interfaces using specific epitaxial
and layer delamination techniques*>*?¢, Moreover, the chemical and
optical properties of freestanding 3D films are similar to those of the
bulk materials®® (Table 1). Changing the thickness of 3D freestand-
ing films typically affects only their mechanical properties, such as
Young’s modulus and stiffness, but not the bandgap®, whichis advan-
tageous for wearable optics (which cannot be realized with rigid bulk
materials*®) and for applications such as optical amplifiers, modulators
and nonlinear photonic devices that require thick media to enhance
the light-matter interaction strength*.

In addition, whereas 2D materials have challenges in doping, for
3D nanomembranes it is possible to adjust the growth parameters
and chemical compositions to tailor the doping level and bandgap-
determined operation wavelength®. Because the 3D freestanding films
are artificially delaminated, they do not require intrinsically layered
vdW lattices, opening up awide choice of available materials. Leverag-
ing universal methods like smart-cut®**!, mechanical spalling®*>* and
2D-assisted layer-transfer’®*>?, the library of 3D freestanding films
mightbe further extended to arbitrary bulk 3D materials. Because 3D
freestanding films are artificially lifted-off from bulk crystals, dangling
bonds normally still exist at the film surface®.

Functionalities of photonic vdW films

2D and 3D freestanding films have a vast range of electronic bandgaps
and potential applications (Fig. 1c and Fig. 2). 2D vdW films consist of
graphene, TMDs, hexagonal boron nitride (h-BN), black phosphorus
(BP)'**4655 and metal oxides and halides; these materials display exotic
properties useful for optical modulation*>**, nonlinear optics™%, hyper-
bolic polaritons®®, ferromagnetism®>** and ferroelectricity®*. 3D
freestanding films encompass various freestanding nanomembranes
exfoliated from a variety of metals, crystalline semiconductors®* and
complex oxides®°°.

As the bandgap becomes wider, the electronic responses change
from metallic, offering high conductivity for electrical contacts and
surface plasmon polaritonic applications®”*®, to semiconducting (such
as TMDs, BP and group IV, llI-V, lI-VI and IV-VI compounds)®, and
finally toinsulating (for example, in wide-bandgap materials such as2D
h-BN and 3D oxides such as EO crystals of lithium niobate (LNO)***°78,
barium titanate””** and MO crystals of doped garnets®*°),

2D vdW films. Benefiting fromalow density of states, high carrier mobil-
ity and tuneable optical transitions®, graphene sustains propagating
plasmons and surface plasmon polaritons with low damping and broad-
band tuneability®**°, allowing for diverse optical functionalities such as
optical phase and amplitude modulation, wideband photodetection,
widely tuneable surface plasmon polaritons and nonlinear optics”.
Monolayer TMDs (with formulaMX,, where Mis the transition metal
and X is the chalcogenide atom)*® have a direct bandgap with tightly
bound excitons (spatially separated electrons and holes that interact
strongly via Coulomb forces) that result in strong light emission®>*,
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Fig. 2| Fundamental properties of photonic vdW films. 2D and 3D freestanding
films organized according to their bandgap and electronic responses. Exemplary
applications are outlined according to the materials’ operation wavelengths.

AIN and GaN are representative piezoelectric materials; other materialsin the
same row, such as GaP and GaAs, also display piezoelectricity, but more weakly.

Dataare from refs. 25,27,96,167. AR/VR, augmented reality/virtual reality;

FIR, MIR and NIR, far-, mid- and near-infrared, respectively; MW, microwave;
PIC, photonicintegrated circuit; THz, terahertz; UV, ultraviolet; vdW, van der Waals;
VIS, visible; YAG, yttrium aluminium garnet; YIG, yttrium iron garnet.

Owingto brokeninversion symmetry and strong spin-orbit coupling,
spin-valley locking makes TMDs an ideal platform for valleytronics,
where the spinand valley degrees of freedom canbe directly addressed
with circularly polarized light*** (Supplementary Fig. 1a).

BP exhibits abandgap widely tuneable from 0.3 eV (bulk) to 2.0 eV
(monolayer), thus bridging the energy gap between TMDs and gra-
phene®. Its low-symmetry crystal lattice (D,;), high carrier mobility
and strong exciton resonance are useful for photonic applications such
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as polarization-sensitive photodetection” and on-chip infrared light
sources’. vdW heterostructures comprising h-BN can exhibit intrigu-
ing photonic effects such as second-order nonlinearity®, hyperbolic
phonon polaritons'®® and single-photon emission'”.

2D metal-halide perovskites, fabricated by layer-by-layer assem-
bly of few-layer perovskites and bulky organic cations, are solution-
processable 2D materials'°>'%*, These organic-inorganic hybrid
quasi-2D materials display strong exciton resonances'”, wavelength-
configurable efficient light emission'* " (Supplementary Fig. 1b) and
photoconductivity'”. The bulky interlayer cations, with their chemical
diversity, canintroduce emergent properties such as chirality"’, optical
nonlinearity™ and ferroelectricity".
3D freestanding films. Owing to their abundant free electrons, noble
metals are representative platforms for surface plasmon polaritons,
whichare collective electron oscillations under an external electromag-
netic wave stimulus®. In addition, a vast collection of metals with dif-
ferent work functions’ (Supplementary Fig.1c) enable vdW electrical
contactsin optoelectronic circuits with decreased contact resistance
and hysteresis™* ™",

Freestanding semiconductor nanomembranes display excellent
photonic and optoelectronic properties at high film crystallinity®.
Advanced epitaxy allows us to tune the bandgap of these semicon-
ductors (and their alloys) to cover a wide range of applications from
terahertz to ultraviolet frequencies® (Fig. 2, top). 3D freestanding films
showcase amuch broader variety of chemical compositions and optical
functionalities than do 2D materials?*. For instance, Siis widely used in
integrated photonics® and mainstream photovoltaic materials®"™$,
and group IlI-V materials with engineerable direct bandgaps®, such
as GaAs and InP, are prominent optoelectronic platforms for high-
performance lasers, optical amplifiers, light-emitting diodes (LEDs)
and photodetectors™ %,

Insulating 3D freestanding films include many reconfigurable
optical materials (Fig. 2). Their refractive index n can be modified by
external physical quantities such as the electric field E (EO effect),
magnetic field B (MO effect), strain F, or temperature 7 (TO effect)* %',
LNOis the canonical example of an EO crystal”™”’; itsinduced birefrin-
gence changes linearly with the applied electric field (Pockels effect),
making this material awell-established platform for optical modulators
and second-harmonic generation’. Recently, this textbook crystal has
alsobeen used in many integrated photonic applications’ 7>’ thanks
to the availability of high-quality LNO-on-insulator wafers made via
layer bonding’. The successful reduction of optical losses for wave-
guiding (Supplementary Fig. 1d) and reliable photonic integration
contributed to this recent success. Other 3D freestanding films are also
being developed for optical applications®.

vdW heterostructures. Freestanding nanomembranes can also be
combined intoartificial vdW heterostructures to realize novel optical
phenomenathatarise fromtheinterplay between the vertically stacked
or laterally stitched vdW films®"*. Heterostructures with type-ll band
alignment can be constructed with TMDs for ultrafast charge transfer
and generation of interlayer excitons with electrons and holes confined
in different layers'?>'?>, which exhibit a longer lifetime and a lower val-
ley depolarization rate than intralayer excitons'>*'?, Electric dipoles
aligned along the out-of-plane direction underpin the electrical tuning
of the resonance energy and dynamics of interlayer excitons'**'”, The
twist angle is another important degree of freedom, enabling the for-
mation of moiré superlattices with flat bands'**'? for exploring strongly
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correlated systems, suchas superconductors™’, Mott insulators™ and

Wigner crystals'®,

Preparation of vdW films

Two strategies exist to prepare 2D vdW monolayers'>?>"**"* (Fig. 3a):
top-down exfoliation methods (mechanical and liquid-phase exfo-
liation) and bottom-up growth methods (mainly chemical vapour
deposition (CVD) and related approaches). Mechanical exfoliation
produces high-quality 2D flakes, but it is difficult to obtain films with a
well controlled number of layers and size (Supplementary Information
section1.1). CVD-based methods fit the foundry scalable manufacture
requirements, but typically do not offer the precise control needed
for the growth of uniform wafer-scale single-domain monolayers'.

To produce 3D freestanding nanomembranes for vdW integration,
various layer lift-off techniques can be deployed™ (Fig. 3b). In chemical
lift-off (also called epitaxial lift-off), the 3D films are detached from
the substrate by selectively etching a sacrificial interlayer*'”, Laser
lift-off leverages optical absorption selectivity and is usually applied
with transparent substrates such as GaN for the ablation of aninterlayer
to delaminate the top material film"®*"°, Mechanical spalling utilizes
astressor layer to physically peel off a thin layer from the bulk®; this
method s fast but the film thickness and surface roughness are hardly
controllable. Smart-cutis another mechanical delamination method of
producing thin films for heterogeneous wafer bonding®>’°. 2D material-
assisted layer transfer is an emergent technique using templates grown
by vdW epitaxy*° or remote epitaxy’>* (Supplementary Informa-
tion section 1.2); it features fast film release and precisely controlled
film thickness, but requires specific sample preparation®. In remote
epitaxy” nucleation of the template takes place on monolayer (or
few-layer) graphene, used as a semitransparent interlayer enabling
remote interactions between substrate and adatoms****, whereas in
vdW epitaxy™° thick 2D material stacks totally block the influence of
the substrate.

The different methods of preparing 2D and 3D nanomembranes are
compared in Fig. 3c. Dry or wet transfer methods (Fig. 3d) can be sub-
sequently used for layer transfer and vdW integration of these 2D and
3D freestanding nanomembranes (Supplementary Information1.3).

Optical coupling with photonic structures
The unique features of 2D materials and 3D freestanding nanomem-
branes have enabled new functionalities in photonic structures'. For
example, through the vdW integration of functional membranes with
optical waveguides, evanescent coupling can take place between two
structures®’, By applying electrical gating or optical pumping, the modi-
fication of the properties of the vdW film can modulate the effective
modeindex (7i=n+ik) of an underlying waveguide®*'*. Changes to the
imaginary part k correspond to either optical loss or gain for optical
damping or amplification, whereas the real part n modulates the light
phase. If anisotropic optical absorption between different polarization
states is engineered, integrated polarizers can also be achieved.

vdW films have opened up new opportunities for nonlinear optics,
sensing and lasing applications, where light confinement matters
and vdW films are used for optical resonators. In a high-quality-factor
optical microresonator, photons are trapped in a highly confined vol-
ume for along time owing to the minimized optical loss coming from
surfacescattering'*>. Benefiting from both temporal accumulation and
spatial confinement of light, the electromagnetic fields can be densely
confinedinside the optical cavity with anenhancement factor ranging
from hundreds to billions, dramatically enhancing the light-matter
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films. Confined chemical vapour deposition (CVD) is done on geometrically
confined substrates with pre-patterned pockets'. b, Layer lift-off strategies
to obtain 3D freestanding films*. ¢, Comparison of the approaches used to
prepare 2D (left) and 3D (right) films in terms of quality, cost, speed and other
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interaction strength and boosting the performance of optical devices.

vdW films for microresonators are selected for specific applications:
for example, EO materials for high-speed optical modulation and fre-
quency shifting”, piezoelectric materials for light-coupled ultrasound
transduction, and MO materials for nonreciprocal devices®*.
Metasurfaces are made of judiciously engineered subwavelength
optical scatterers®**'* that enable control of the phase, polarization
and wavevector of light. vdW films can be optically coupled to meta-
surfaces, and also to quantum-confined structures like nanowires

a Functionalities of 2D materials

and quantum dots'*. Because these structures can be grown through
strain relaxation, it is easy to form highly crystalline structures
that are appealing for light-emitting devices owing to their unique
quantum-confinement properties.

Applications of 2D photonic vdW films

We now outline representative optical applications of 2D vdW
films (Fig. 4a), compare their performance in photodetectors cou-
pled with diverse photonic structures (Fig. 4b and Supplementary
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Fig. 4| Applications of 2D photonic vdW films. a, Functionalities of 2D van der
Waals (vdW) nanomembranes>*#“>¢*1¢" b, Comparison of various 2D-materials-
based photodetectors'®”'¥ (the operation wavelengths are marked beside the
materials labels). ¢, Graphene photonic applications. Optical modulation schemes
for graphene (top)*, graphene optical™' and plasmonic modulators' (middle)
enabled by integrating graphene with Siand gold waveguides, respectively,
viavdW interactions, and agraphene-assisted metasurface polarization detector
(bottom)™*. d, Black phosphorus (BP) spectrometer with source (S), drain (D)

and top-gate (TG) electrodes'®. e, Single-photon emitter fabricated by vdW
integration of WSe, onan optical waveguide (WG)"”". The inset shows the confocal
photoluminescence (PL) measurement setup: the excitation beamand PLare

Layer number

injected and collected from the top, respectively. f, h-BN hyperbolic metasurface
for hyperbolic phonon polaritons with exotic wavefronts'®’. g, NbOClI, crystal
structure (left) and layer-independent effective nonlinear coefficient (right)*’.
Vertical error bars denote standard deviation. h, Representative applications of
quasi-2D halide perovskites: light-emitting diodes (LEDs) and photovoltaic devices.
h-BN, hexagonal boron nitride; IR, infrared. Panel ¢ (optical modulator) adapted
fromref. 151, Springer Nature Limited. Panel ¢ (plasmonic modulator) adapted from
ref.153, Springer Nature Limited. Panel ¢ (metasurface) adapted fromref. 155,
Springer Nature Limited. Panel d adapted fromref. 169, Springer Nature Limited.
Panel e adapted fromref.177, CC BY 4.0. Panel fadapted with permission from

ref. 180, AAAS. Panel g adapted fromref. 57, Springer Nature Limited.
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Information section 2), and highlight emergent 2D photonic mate-
rials with unconventional characteristics such as quasi-2D halide
perovskites'©**4,

2D semimetals

Owning to its unique band structure, graphene exhibits high carrier
mobility, wideband optical transparency, gate-tuneable optical transi-
tions¥, giant optical nonlinearity* and tuneable surface plasmons'*®,
properties that make it a versatile platform for numerous photonic
applications, including on-chip information processing, optical
communications, imaging and biosensing %,

By evanescently coupling graphene with the guided modesinside
optical waveguides, diverse integrated modulators can be prototyped
for photonicintegrated circuits (Fig. 4c, top), suchas EO"" ™, TO*° and
all-optical'*? modulators (Fig. 4c, middle), working either in the opti-
cal®*1*! or plasmonic regime>'*>, Graphene can be also integrated
with optical fibres, photonic crystals and metasurfaces'>"* ¢ for
signal processing and broadband photodetection'®”*"5"%8 (Fig. 4b and
Supplementary Information 2). For instance, graphene with ultrafast
photoresponse was integrated with ametasurface with broken in-plane
inversion symmetry for direct photodetection of light polarization'>
(Fig. 4c, bottom).

Graphene also enables widely tuneable optical nonlinearity from
infrared to terahertz wavelengths* whenintegrated with gated metal
nanostructures'>" to funnel light into small volumes. Tuneable fre-
quency combs'*®and other nonlinear applications' are also feasible.
Furthermore, graphene canbe patternedinto specific shapes torealize
nano-resonators'®'*?, transformation optics'®®, meta-optics®*** and
near-field nano-imaging'**'*>.

Other 2D materials such as NbSe,, Ta,Se,, 8-BiO, (refs. 166,167)
and some transition metal trichlorides can also be engineered to
exhibit semimetal states for studying condensed matter physics and
topological photonics.

2D semiconductors
Despite the exceptional broadband photo-responsivity of graphene,
graphene photodetectors have the drawbacks of arelatively high dark
current and noise owing to the lack of an electronic bandgap®. Other
2D materials such as BP and TMDs have better performance for active
photonicdevices such as photodetectors (Fig. 4b), amplifiers and light
sources'®'*®, In particular, BP photodetectors fabricated by vdW inte-
gration feature widely configurable operational wavelengths from the
ultraviolet to the mid-infrared range'*®. The strong in-plane anisotropy,
optical dichroism and tuneable absorptive response of BP canalso be
exploited by vdW integration of BP for ultracompact chip-integrated
spectrometers' (Fig. 4d), optical polarizers”°, modulators” and in
bio-sensing applications®.

2D TMD monolayers with direct bandgap (1-2 eV) and strong spin-
orbit coupling are prominent candidates for exciton physics*®. By pat-
terning WS, filminto ametasurface'”?, atomically thin meta-lenses can
be devised with afocusing efficiency thatis electrically configurable by
tuning the exciton resonances. Optical modulators canalso be designed
by integrating, for example, 2D WS, or MoS, films with photonic
waveguides and applying electrical gating or optical pumping'”.

Thanks to their direct electronic bandgaps, 2D TMDs are power-
ful candidates for active optical applications””2.. TMD monolayers are
also used in a vast range of photodetectors (Fig. 4b) and LEDs. vdW
integration of TMD films having optical cavities such as microdisks,
photoniccrystals and nanobeam resonators to enhance light-matter
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results in high optical gain for use in amplifiers'”,
and on-chip single-photon emitters'”’ (Fig. 4¢).

interactions
nano-lasers'’®

2D insulators
h-BN, withits indirect wide bandgap approaching 6 eV, was originally
used as the optimal material to encapsulate graphene to maintain its
high carrier mobility and plasmon lifetime'*®"7%, h-BNis also a naturally
hyperbolic material atinfrared wavelengths, with greatly confined sub-
diffractional phonon polaritons that can be used for hyperlensing'”® and
bio-imaging'”®. h-BN metasurfaces can host in-plane hyperbolic phonon
polaritons (which have an anisotropic permittivity, withcomponents
with opposite signalong orthogonal axes, and canrealize ultrahigh light
confinement) tailored by geometric patterning of the h-BN*° (Fig. 4f).
h-BN canalsobeintegrated with optical cavities to harvest single-
photon emission from its defects; the single-photon emission has
high stability, brightness and photon energies that reach into the
ultraviolet regime'’. Inversion-symmetry-broken h-BN bilayers also

enable efficient second-harmonic generation'?,

Emergent 2D vdW films

A majorlimitation of 2D films is that their atomic thickness constrains
the light-matter interaction strength. Moreover, the nonlinear opti-
cal response does not scale with layer thickness owing to the recov-
ery of centrosymmetry in even-layer and bulky samples of h-BN and
TMDs. Recently, NbOX, (where X is Cl, Br or I) has been introduced
as a new class of vdW materials with vanishing interlayer electronic
couplingand layer-independent bandgap®. NbOCI, shows an intrigu-
ing thickness-independentbandgap of around 1.6 eV with apreserved
non-centrosymmetric structure, yielding alayer-independent nonlin-
ear susceptibility of around 200 pm V! (ref. 57) (Fig. 4g). An absolute
second-harmonic generation conversion efficiency of over 0.2% was
demonstratedinstrained NbOI, (ref. 58). The unique independence of
the nonlinear susceptibility on the number of layers in NbOX, means
that the second-harmonic generation intensity and power conversion
efficiency both scale quadratically with the number of layers, enabling
the extension of classical harmonic generation to correlated photon-
pair generation via spontaneous parametric downconversion in the
quantum regime.

Photonicapplications of 2D MXenes, which typically display indi-
rect bandgaps, include saturable absorbers and nonlinear optics.
Quasi-2D halide perovskites, which are cubic or orthorhombic crys-
tal systems with direct bandgaps, can be used in LEDs, photovoltaic
devices and photodetectors'*>'” (Fig. 4h). More details about 2D
MXenes and quasi-2D perovskites are provided in Supplementary
Information section 3.

Applications of 3D photonic freestanding films
Freestanding 3D nanomembranes can be derived from arbitrary bulk
crystals via various layer lift-off techniques®**, and thus offer a wide
range of lattice structures and optical functionalities®. Thanks to their
vdW interfaces", they are easy to integrate and couple with various
photonic structures, opening up opportunities for the fabrication of
previously unachievable hetero-integrated devices™.

Currently available 3D freestanding vdW building blocks for pho-
tonic vdW integration®** encompass a vast range of materials with
disparate lattice structures and optoelectronic responses®*4>1837188
(Fig. 5aand Supplementary Table 1). In this section, we outline photonic
and optoelectronic applications underpinned by the vdW integration
of freestanding 3D films.
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Metal films

Freestanding metal films®* are used as optical media for surface
plasmons and vdW electrical contacts, which offer reduced sur-
face disorder and contact resistance compared with conven-
tional deposited electrodes™. A graphene-assisted transfer
technique (Fig. 5b) can be used to obtain wafer-scale vdW metal
contacts without dangling bonds and with engineerable Ohmic to
Schottky contacts, even for strongly adhesive metals such as Pt,
Tiand Ni"”’.
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VdW integration of various metal films enables the investigation of
the optical coupling between surface plasmon polaritons with photonic
structures to tailor their propagation and dispersion. For instance, a
metal-dielectric-metal nanogap plasmonic waveguide formed by
two ultrathin gold flakes was used to study nonlocal surface plasmon
polariton effects'’ (Fig. 5¢). The vdW metallicnanomembranes canalso
be used to fabricate self-assembled Fabry-Pérot optical microcavities
in an aqueous solution to study the tuneable interplay between the
Casimir and electrostatic forces'.

Perovskite, spinel, garnet

p
Tape \

PMN-PT

Electro-optical materials Magneto-optical

materials

 Piezoelectric materials

f Membrane lasers

€ Hybrid quantum photonics

Fig. 5| Applications of 3D photonic vdW films. a, Functionalities of
freestanding 3D nanomembranes for photonic van der Waals (vdW) integration.
Metal foils on poly-vinyl acetate (PVA)"”°, aSi film'®, GaAs™*, InP'®, GaP**, AIN**¢,
GaN*, BaTiO, (ref.188), LiNbO, (refs. 187,224), SrTiO; (ref. 8), lead magnesium
niobate-lead titanate (PMN-PT)®and yttriumiron garnet (YIG)®. b, Graphene-
assisted metal-foil transfer'”. ¢, Transferred metal flakes used to study surface
plasmon polaritons (SPPs)'¥. d, Multifunctional lens detector and sensor'**.

e, Hybrid diamond quantum emitter-photonics chip'”’. f, Membrane laser
fabricated by transferring InGaAsP quantum wells (QWs) on Si nanomembranes
acting as membrane reflectors (MRs)*”’. g, Vertical full-colour micro light-
emitting diodes (LEDs) made by 2D-material-assisted layer transfer of stacked
nanomembranes emitting red (R), green (G) and blue (B) light*". h, Stackable
hetero-integrated optoelectronic chip combining light emission througha

LED layer, detection through a photodetector (PD) layer and neuromorphic
computing®. The optoelectronic device stack is highlighted in red, the
neuromorphic computing core in blue. The red arrows represent the vertical light
emission path. i, Flexible GaAs solar cell array on a polyethylene terephthalate
substrate??. j, Scanning electron microscope image of a LiNbO, ring resonator
on GaN waveguide®”. K, Integrated magneto-optical modulator fabricated by

transferring substituted gadolinium gallium garnet (SGGG)/Cd-doped YIG onto
aSiwaveguide. EO, electro-optical; Epi, epitaxial; Pl, polyimide; QMC, quantum
microchiplet. Panel a (metal films) reprinted from ref. 179, Springer Nature
Limited. Panel a (Si) reprinted with permission from ref. 183. Copyright 2013
American Chemical Society. Panel a (GaAs) reprinted from ref. 184, Springer
Nature Limited. Panel a (InP) reprinted with permission from ref. 185. Copyright
2020 American Chemical Society. Panel a (GaP) reprinted from ref. 43, Springer
Nature Limited. Panel a (AIN) reprinted with permission from ref. 186. Copyright
2022 American Chemical Society. Panel a (BaTiO,) reprinted fromref. 188,
CCBY 4.0.Panel a (LiNbO,) reprinted with permission from ref. 187, Wiley. Panel a
(SrTiO;, PMN-PT and YIG) reprinted from ref. 8, Springer Nature Limited.

Panel a (GaN) reprinted from ref. 41, Springer Nature Limited. Panel b adapted
fromref.179, Springer Nature Limited. Panel cadapted from ref. 189, CC BY 4.0.
Paneld adapted fromref. 194, Springer Nature Limited. Panel e adapted from
ref.199, Springer Nature Limited. Panel freprinted from ref. 209, Springer
Nature Limited. Panel g reprinted from ref. 211, Springer Nature Limited. Panel h
reprinted fromref. 36, Springer Nature Limited. Panel i adapted fromref. 212,
Springer Nature Limited. Panel j reprinted with permission fromref. 223, IEEE.
Panel kreprinted fromref. 85, CCBY 4.0.
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Semiconductors

The distinctive optoelectronic properties of semiconductors make
them ideal platforms for applications including light generation,
manipulation and detection®. Semiconductors comprise optical gain,
nonlinear, photovoltaic and piezoelectric materials (Fig. 5a). Recent
endeavours have used various freestanding semiconductor nanomem-
branesasinnovative playgrounds in which to prototype novel applica-
tions via vdW integration with prefabricated photonic architectures
(Supplementary Table1).

Group IV nanomembranes. Freestanding Si films with diamond-cubic
lattices have good photoresponsivity and photovoltaic properties™*'',
Whenathin layer of crystalline Siis delaminated from the substrate®, its
stiffness is drastically reduced, enabling flexible optical applications®.
Forinstance, Sinanomembranesintegrated with metal interconnects
can be attached to 3D curved optical templates to make biomimetic
electronic eye cameras'®>'*>, These devices, being organized along a
3D hemisphere thatimitates the remarkable imaging system of human
eyes'?, feature low aberration and awide field of view. Novel multifunc-
tional optical systems are also made possible by the vdW integration of
multiple functional layers. For example, amultifunctional contact lens
hasbeen developed that can simultaneously image and act as sensors
forboth temperature and lactate for wearable optoelectronic applica-
tions™* (Fig. 5d). Moreover, Si films resting on stretchable substrates
canbeusedinflexible solar cells (though with slightly lower efficiency
than traditional cells because of additional processing)"*', offering a
material-saving strategy to reduce installation costs"®,

Besides Si, diamond-based and Ge-based vdW films are also used
in photonic applications. Diamond, as a form of highly crystallized
carbon, features a wide bandgap and optical transparency from the
infrared to the deep-ultraviolet range'”. More importantly, diamonds
can contain colour centres (optically active defects) that hold prom-
ise for quantum photonic applications as single-photon sources™.
vdW integration can enable various novel architectures through the
coupling of diamond films with waveguides and optical cavities'** %,
Forexample,inahybridintegrated photonic chip, diamond films with
optically addressable colour centres were transferred onto aluminium
nitride (AIN) waveguides'’ (Fig. Se). This heterostructure combines the
photonic properties of both materials: the excellent linear and nonlin-
ear waveguiding properties of AIN and the controllable transitions of
single-photon emitters in diamond-based films. Ge membranes can
be used to develop high-performance infrared photodetectors?*%**!
and stretchable LEDs?***%,

I11-V nanomembranes. llI-V semiconductors feature outstanding
optoelectronic properties, including widely engineerable bandgaps,
high carrier mobility, good optical gain, nonlinearity and good photo-
voltaic properties®. These materials form ahomologous series of com-
pounds withzincblende or wurtzite crystal structure. Representative
binary semiconductors, such as GaAs, InAs, InP, GaN and AISb, possess
directbandgaps that enable efficient absorption and emission of light?,
and are thus promising materials for thin-film devices for interaction
with light.

The vdW integration with high-quality IlI-V nanomembranes can
substantially broaden the scope of Siand SiN photonics*** by enabling
high-performance on-chip lasers?**?%, optical amplifiers**® and photo-
detectors®?® from the visible to the mid-infrared range, which are
challenging torealize in pure Si platforms. Single-crystalline [1I-V thin
films acting as gain media can be conveniently integrated with foreign

substrates with prefabricated photonic structures with a clean and
disorder-free interface, which is crucial for LEDs, lasing and photo-
voltaic applications. For example, a hetero-integrated vertical-cavity
surface-emitting laser’® was fabricated by transferring and stacking
InGaAsP quantum wells, acting as the gain medium, on patterned Si
nanomembranes, and as the membrane reflector (Fig. 5f). Besides
transferring individual III-V nanomembranes to build integrated
photonic devices, whole devices can also be transferred to fabricate
vdW-integrated optical systems®*'"’,

Freestanding IlI-V films not only enable novel hetero-integrated
photonic devices with excellent performance?-*, they may also dras-
tically reduce the cost of substrates for non-Si materials****%, For
example, inred LEDs based on AlGaAs films and fabricated by remote
epitaxy*’, a Ge substrate coated with nanopatterned graphene was
used to minimize the number of heteroepitaxial defects in GaAs, act-
ing as a potentially recyclable template for low-cost single-crystal
nanomembranes”’. Moreover, the ultrathin and freestanding nature
oftheisolated 3D IlI-V membranes facilitates novel vertical-integration
architectures for compact multifunctional optoelectronic systems™.
For instance, full-colour micro-LEDs were fabricated by vertically
stacking IlI-V nanomembranes emitting red, green and blue light,
greatly enhancing the pixel density®" (Fig. 5g). In an exemplary 3D
hetero-integrated chip, different functional layers — a light-emitting
layer based on InGaP, a photodetection layer based on GaAs and a
neuromorphic computing core based on a Ag-Cu-alloy and on Si —
were stacked together like Lego bricks®® (Fig. 5h). This system can
directly recognize input letter images thanks to its unparalleled
interlayer communications and excellent parallel data-processing
capabilities.

Freestanding I1I-V semiconductors can be also used in ultrathin
solar cells, offering advantages that include reduced material cost,
enhanced solar energy conversion and enhanced carrier collection.
GaAs-based solar cells are the most established. Compared with Si,
GaAs thin-film solar cells are advantageous for their direct bandgap,
high efficiency and flexibility®? (Fig. 5i).

Wide-bandgap IlI-nitride membranes such as AIN and GaN with
different thicknesses? are useful for blue-light micro-LEDs, lasers
and photodetectors™*. The piezoelectricity of lll-nitride nanomem-
branes canbe leveraged to exploit optomechanical effects and optical
modulations by integrating them with microcavities and waveguides
for photonic applications, including optical frequency converters,
piezoelectric optical modulators, actuators and quantum photonic
devices? ', Optical applications of other freestanding semiconduc-
tor nanomembranes made of II-VI and IV-VI materials are discussed
inSupplementary Information section 4.

Freestanding oxide crystals

Complex oxides are widely used in photonic applications because
they comprise nonlinear optical crystals that include EO materi-
als (such as LNO, BaTiO, and SrTiO,)"**? and MO materials (such as
the garnet Y;Fe;0,,, YIG)?*°. Oxide crystals with perovskite struc-
ture have attracted particular interest owing to their ferroelectric-
ity and piezoelectricity, which can be used in applications that
include light modulation, sensing, nonlinear frequency genera-
tion, optomechanical coupling and metrology®**°. Freestanding
nanomembranes of these materials are thus an ideal platform for
hetero-integrated photonic systems that exploit the interplay between
light and other physical fields such as mechanical strain and electric and

magnetic fields®.
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EO nanomembranes. Before the advent of smart-cut techniques,
the integration of single-crystalline EO thin films with optical sub-
strates was challenging owing to drastic epitaxial lattice mismatches’.
Now, ion-sliced LNO membranes attached to SiO, substrates (using
direct wafter bonding or adhesive polymers such as benzocyclobu-
tene) provide an‘LNO-on-insulator’ photonic platform for diverse EO
and nonlinear applications’'¥, High-performance chip-integrated
EO modulators®®”"2, spectrometers’’, second-harmonic generators,
frequency combs and shifters®®>’ can be realized in electrically gated

x (um) X (um)

LNO waveguides and resonators”™. On-chip interactions between
electromagnetic waves and mechanical vibrations like acoustic waves
can also be exploited">?2*2,

Besides wafer bonding, smart-cut LNO films can also be patterned
and transferred for vdW integration with prefabricated photonic struc-
tures. Forinstance, LNO EO resonators were positioned ona GaN wave-
guide for nonlinear optical applications?” (Fig. 5j). This approach does
notrequire substrate flatness and enables the fabrication of both later-
ally and vertically stacked optical structures. Other freestanding EO
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Fig. 6 | Photonic applications of vdW heterostructures. Photonic
functionalities enabled by constructing 2D-2D, 2D-3D and van der Waals (vdW)-
nanophotonic heterostructures. a-c, Photonic sources. a, Schematicillustration
and scanning electron microscope image of a 2D superlattice formed by the layer-
by-layer assembly of 2D monolayers and insulating spacers*'. The dashed white
box highlights one unit cell. b, Schematic of a transition metal dichalcogenide
(TMD)/(Ga,Mn)As heterostructure for valley polarized electroluminescence.

¢, Au-WS, metasurface that steers nonlinear valley photons®*°. d-f, Light
manipulation. d, Twisted bilayer a-MoO; enables the manipulation of polariton
propagation (top). Simulated and measured near-field distribution of

canalized polariton propagation (bottom)“’. e, Schematic (top) and dispersion
(bottom) of polariton propagation in an a-M00,/SiO, and in an a-M0O,/SiC
heterostructure*®. f, Scheme and scanning electron microscope images and
simulated near-field distributions for a-MoO; sample with a circular hole (left)
and blazed (right) diffraction grating®. g-i, Photodetection. g, Schematic

(top) and absorbance spectra (bottom) of an infrared photodetector enabled

by interlayer excitons in 2D-2D heterostructures®”. 1L and 3L indicate 1and

3 monolayers. h, Schematicillustration of photoelectric conversion and storage
inaWS,/quasi-2D electron gas (Q2DEG) heterostructure (top). Current-voltage
(I-V) curves measured in darkness 2 minutes and 7 days after illumination
(hv)*’.i, Vectorial photocurrents in anachiral plasmonic nanostructure-on-
graphene heterostructure (top). Simulated near-field profiles for left- and
right-handed circularly polarized light (LCP and RCP, respectively) illumination
(bottom)**. FT(E,), Fourier transform of electric field component at vertical
zdirection; IR, infrared; STO, SrTiO,. Panel areprinted from ref. 231, Springer
Nature Limited. Panel b reprinted with permission fromref. 236, Springer
Nature Limited. Panel c reprinted from ref. 240, Springer Nature Limited.
Paneldreprinted fromref. 60, Springer Nature Limited. Panel e reprinted with
permission from ref. 248. Copyright 2021 American Chemical Society. Panel f
reprinted with permission of AAAS fromref. 61. © The Authors, some rights
reserved; exclusive licensee AAAS. Distributed under a CC BY-NC 4.0 License
(http://creativecommons.org/licenses/by-nc/4.0/). Panel g reprinted from
ref.253, Springer Nature Limited. Panel h reprinted with permission from ref. 257,
APS. Panelireprinted from ref. 259, Springer Nature Limited.

oxides, suchas highly crystalline SrTiO;and BaTiO; nanomembranes,
were also recently reported®">*18821°224 35 promising alternatives to
enable diverse EO applications®.

MO nanomembranes. YIG and terbium iron garnet (TIG) are used in
non-reciprocal optical devices such as optical isolators, circulators
and magnetic-field sensors****, Compared with directly deposited
garnets®*, vdW-integrated MO nanomembranes have better crystal-
linity, because the freestanding garnet films are prepared on suitable
parentsubstrates and then transferred to target optical structures for
applications®. For example, an MO modulator made of a transferred
Ce:YIG layer bonded to an underlying Si resonator (Fig. 5k) was used to
develop superconducting circuits with high operation speed®. The MO
effect was effectively induced via patterned metal coil electrodes on
top of the YIG film, and high datarates of up to 2 Gb s with low power
consumption were demonstrated. Other spinel MO nanomembranes
like CoFe,0, can also be integrated with photonic structures via vdW
interactions to explore physical fields coupling and non-reciprocal
optical applications®?,

Piezoelectric nanomembranes. Photo-sensing and luminescent
devices can be stacked in vdW heterostructures with oxide piezo-
electric nanomembranes and active device materials to investigate
strain-modulated physical fields?”. For instance, in a Mn:ZnS and
Pb(Mg,sNb,;)O0;_PbTiO; (PMN-PT) heterostructure, strain can be
induced by applying a bias voltage to the PMN-PT layer to change its
potential and effectively tune its band structure, affecting the charge
transport in ZnS**®, Compared with direct heteroepitaxial structures,
vdW integration mitigates grain boundary and defects issues that
previously hindered device performance.

Photonic applications of vdW heterostructures

Thanks to the vdW interfaces of these freestanding nanomem-
branes, various vdW heterostructures (2D, 3D and hybrid) with
strong interlayer coupling can be fabricated. These heterostruc-
tures host intriguing phenomena, such as exotic interlayer excitons
and moiré flatbands**’. Besides 2D-2D heterostructures®? ™, we
also discuss emergent 2D-3D hybrid heterostructures, highlighting
their varied properties and enhanced light-matter interactions. We
also survey the integration of vdW heterostructures with artificial
photonic structures with designable electromagnetic properties

including the enhanced generation, manipulation and detection
of photons.

vdW photonicsources

By integrating TMD monolayers into vdW heterostructures, on-chip
ultracompact photonic sources can be developed. The spin-valley
locking in the bandstructure of these heterostructures enables elec-
trically tuneable circularly polarized photoluminescence (PL)**,
electroluminescence (EL)**°, single-photon emission”” and nonlinear
harmonic generation'”. The layer-by-layer vdW stacking of 2D TMD
monolayers and insulating spacers (such as h-BN and Al,O5; Fig. 6a) isan
effective way of preventing electronic coupling between TMD monolay-
ersand harvesting their tightly bound excitons for photonic sources®".
Insuchasuperlattice the direct bandgap, exciton resonance and strong
luminescence are maintained. Both excitonic absorptionand PLscale
with the TMD layer number. Greatly enhanced light-matter interac-
tions are reflected by the observation of exciton polaritons: quasi-
particles formed by strong coupling of excitons and photons. This
multilayer vdW superlattice supports exciton polaritons without a
high-quality-factor artificial microcavity, opening up opportunities
for the enhancement of nonlinear optical effects, such as spontaneous
parametric downconversion®” and optical parametric amplification'”.

The twist angle is another parameter that can be used to explore
vdW polaritons. Moiré superlattices formed in twisted TMD bilayers
host flatbands that result in strongly correlated exciton physics'**"*
and strong light-matter interactions.

Complex 3D materials and their epitaxial heterostructures rep-
resent a versatile platform on which to host ferroelectricity, magnet-
ism, magneto-electric coupling and superconductivity?*?. Exploiting
the variety of properties and strong light-matter interactions of 3D
nanomembranes, 2D-3D heterostructures have been developed to
control light emission. First, 3D materials with giant and switchable
ferroelectric polarization have beenintegrated with TMDs for manipu-
lating light emission®, carrier dynamics®* and harmonic generation*”,
Theelectrostatic doping of TMDs can be controlled by the ferroelectric
polarization in LiNbO;, giving rise to modulated PL emission in the
TMDs?*, Beyond linear optics, interfacing TMDs with 3D ferroelectrics
also enables the modulation of second-harmonic generation by polar
symmetry at domain walls**. Second, 3D ferromagnets have beenintro-
duced for spininjection and breaking of time-reversal symmetry. For
instance, a heterostructure made of n-type WS, and p-doped (Ga,Mn)
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As sustains circularly polarized EL**® (Fig. 6b). Such spin-polarized
EL is realized by spin injection from the diluted ferromagnetic semi-
conductor (Ga,Mn)As, which populates spin-polarized holes at the
K and K’ valleys of WS, in a way that can be controlled by magnetic
field. Electrical injection of spin-polarized carriers has also been
obtained through tunnelling from the vdW ferromagnetic metal
Fe,GeTe, to WSe, (ref. 237). Breaking the energy degeneracy of val-
ley pseudospins is pivotal in valleytronics, but valley energy split-
ting is tiny for TMD monolayers under an applied magnetic field.
In 2D-semiconductor/3D-ferromagnet (WSe,/EuS) heterostructures,
anenhanced valley energy splitting of 2.5 meV at1 T was demonstrated
viainterfacial magnetic exchangefield, correspondingto an effective
magnetic exchange field of about12 T (ref. 238). This valley energy split-
ting can be further enhanced to 16 meV T by exploiting the magnetic
proximity effect in these heterostructures®,

Photonic structures can also be integrated with 2D and 3D vdW
heterostructures for enhancing light-matter interactions and
controlling the properties of the emitted light, such as polariza-
tion, momentum and phase. For example, leveraging spin-related
Pancharatnam-Berry phase metasurfaces®**'*, leftand right circularly
polarized light canbe deflected in opposite directions®°. This geomet-
ric phase concept canbe combined with second-order nonlinear optical
selectionrulesin TMD monolayers, for which second-harmonic waves
with opposite helicity are generated from circularly polarized funda-
mental waves. In an heterostructure combining WS, with a Au metas-
urface with geometric phase, second-harmonic nonlinear photons can
be steered with opposite diffraction angle under circularly polarized
pumping®*° (Fig. 6¢). This conceptis extendable to the generation and
steering of second-harmonic vortex beams with tuneable orbital angu-
lar momentum?®*. The on-chip generation and routing of valley chiral
photons canalso be supported by spin-dependent beating patternsin
awaveguide integrated with a TMD monolayer**.

vdW light manipulation

Manipulation of light propagation at the deep subwavelength scale
is pivotal to integrated photonics®. vdW heterostructures are ideal
platforms for the realization of vdW polaritons formed by strong
light-matter coupling®*®. These quasiparticles can confine light at
deep subwavelength length scales.

Orthorhombic a-Mo0O,, a polar vdW crystal with strong in-plane
anisotropy, has emerged as a good platform for hosting hyperbolic
polaritons"*’. Hyperbolic polaritons are quasi-particles formed by
light-matter coupling in hyperbolic materials, which exhibit extremely
anisotropic permittivity with opposite signin orthogonal directions™.
The polariton dispersion can be steered in twisted vdW homobilay-
ers of a-MoO; (ref. 60) (Fig. 6d, top). By changing the twist angle, the
polaritondispersion gradually transitions from hyperbolicto elliptical,
owing to the conservation of a topological invariant: the number of
anti-crossing pointsin the dispersionlines of the two a-MoO; layers. At
acriticaltwist angle, the polariton dispersiontransforms fromclosed to
open, and aflattened dispersion forms, causing polaritonsto propagate
directionally without diffraction (Fig. 6d, bottom). This twist strategy is
alsoapplicableto other quasiparticles for dispersion engineering. For
instance, in nanostructured graphene bilayers with hyperbolic disper-
sion, moiré plasmons with field canalization and low damping can be
achieved by tuning the twist angle between the layers***.

Ingraphene/h-BN vdW heterostructuresitis possible toincrease
the diffusion length of hyperbolic plasmon-phonon polaritons by
1.5-2.0 times and to tune their wavelength by changing the Fermi

energy of graphene via electrostatic gating”*. The hybridization of
phonon polaritons in x-MoO; with surface plasmons in graphene was
exploited to create surface plasmon-phonon polaritons, which canbe
used for the dynamic control of topological transitions in the polariton
dispersion®*®. Above a critical plasmon density, plasmon-phonon
hybridization causes the transition of the isofrequency contour from
ahyperboletoaclosed curve,indicative of the topological transition,
whichiselectrically tuneable.

2D/3D freestanding films offer further opportunities for control-
ling polariton dispersion and propagation behaviours. Ultraconfined
surface phonon polaritons were realized by integrating monolayer
TMDs with a polar 6H-SiC layer with negative permittivity>"’. The
ultrahigh squeezing of the surface phonon polaritons is manifested
in a wavelength 190 times shorter than that of free-space light with
isotropicin-plane propagation. Interfacing a-MoO; with polar 6H-SiC
cangenerate in-plane hyperbolic surface phonon polariton modes that
propagate in the direction orthogonal to that of phonon polaritons
in pure a-MoO; (ref. 248) (Fig. 6e). Heterostructures combining vdW
films and phase-change materials with tuneable permittivity open up
away to realize rewritable polariton devices, such as a switch made
using Ge,Sb,Te,sandwiched between dielectric layers. The substantial
differencein the permittivity of Ge,Sb,Te, in the crystallineand amor-
phous state enables rewritable structures that can confine and guide
polariton waves®”. The nanoscale control of permittivity can also be
attained by using Mott transitions between strongly correlated states
in phase-change materials like VO, and SmNiO, (ref. 250).

Aside fromthe exploration of unusual polariton dispersionsin nat-
ural materials, artificial photonic structures canbe used to manipulate
polariton propagation. Forinstance, h-BN possessesin-plane isotropic
and negative permittivity and out-of-plane positive permittivity, yield-
ing out-of-plane hyperbolic phonon polaritons'®. This situation can
bealtered by breaking thein-plane symmetry with agrating structure
with different effective permittivity along three directions, which
inducesin-plane hyperbolic phonon polaritons. Nanostructures were
also used in a-MoO; for breaking the symmetric phonon polariton
propagation® (Fig. 6f). By using a periodic blazed grating aligned
with the optical axis of the crystal, unidirectional phonon polariton
propagation was realized.

vdW photodetection
The strong light-matter interactions and high carrier mobility of vdW
heterostructures make them suitable for photodetectors with high
sensitivity and high speed>*®. Single-component photodetectors often
present trade-offs between response speed, responsivity and detectiv-
ity”’. By contrast,aphotodetector based onavdW heterostructure using
graphene for electron extraction and an atomically thin WSe, channel
foroptical absorptionand carrier generation combines a high response
time of 5.5 ps with an internal quantum efficiency of over 70%*".
Extending the photoresponse spectrum beyond that of silicon
(about1.1um)isvitalformodern photodetector technologies for infra-
red spectrometry, imaging and night-vision applications'. 2D mate-
rials with zero or narrow bandgap, such as graphene, BP and Weyl
semimetals, are promising candidates for heterostructures for sensitive
infrared light detection'. Forinstance, an InSe/BP vdW heterostructure
can support impact ionization, yielding avalanche photodetectors
with a carrier gain®? of about 10*. Besides narrow-bandgap vdW mate-
rials, interlayer excitons with infrared absorption can be realized
by constructing heterostructures based on two wide-bandgap vdW
materials with rationally engineered band alignment®*, For example,
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tightly bound interlayer excitons with a high oscillator strength are
observedin WS,/HfS,vdW heterostructures withenhanced absorption
compared with the parent materials (WS, and HfS,), whichis promising
for sensitive infrared detection (Fig. 6g).

vdWintegration of 2D-3D heterostructures canresultin appealing
optoelectronic properties. First, 3D nanomembranes possess much
longer optical thickness for light absorption than 2D materials®*. Sec-
ond, 3D materials provide electrical contact for trapping or conducting
photogenerated carriers®>. For instance, long-lived trapped carriers

generate a photogating effect and result in a high photoconductive
gain. This photogating can be enhanced by constructing vdW hetero-
structures comprising graphene and periodic Si nanostructures with
enhanced surface electric field for charge trapping®°. Third, emergent
photoelectric phenomena canbe observed at the 2D-3D interface®. For
instance, photoelectric conversionand long-time photocarrier storage
have been realized in a p—n junction comprising a WS, layer and the
quasi-2D electron gas hosted in SrTiO; (ref. 257) (Fig. 6h). In this hetero-
structure, the ratio between the current in the fully photo-charged
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state and thatin the empty photocarrier state is 10°, corresponding to
anexternal quantum efficiency of over 93% for optical charging®’. This
photo-charging and storage can be attributed to a chargeable photo-
conductivity effect sustained by the intrinsic space-charge region at
the WS,/SrTiO;boundary.

Metasurfaces can also be integrated with vdW heterostructures
for photodetection, resulting in improved sensitivity via enhanced
light-matterinteractions and responsivity to multiple light attributes
suchas polarization, direction and orbital angular momentum. Whena
metasurface with broken inversionsymmetryis used, photoexcited hot
carriersingraphene cangainanin-plane momentum to generate ashift
current, supporting anon-zero photovoltage dependent on linear light
polarization®*, Mid-infrared photodetectors with linear-polarization
response can thusbe operated at zero voltage and room temperature.
The breaking of in-plane inversion symmetry and the generation of
directional hot-carrier transport can be also realized by designing a
metasurface with tapered nanoantennas'>. Photodetectors that cannot
berealized with natural materials can be fabricated with metasurfaces
integrated with vdW materials. For example, a circular-polarization
detector, which could be used in chiral sensing owing to its response
to the Stokes parameter, was fabricated using an achiral metasurface
with preserved mirror symmetry, whichinducesidentical absorption
forleftandrightcircularly polarized light, but vectorial photocurrents
with opposite signs™”’ (Fig. 6i).

Outlook

Insummary, freestanding nanomembranes offer a promising avenue to
heterogeneously integrate dissimilar material systems with disparate
crystal structures. Unlike conventional heteroepitaxial approaches,
which have fundamental constraints on lattice matching and process-
ing similarity, photonic vdW integration enables the combination of
diverse 2D and 3D crystalline thin films with prefabricated photonic
structures. The abundance of available optical functionalities and flex-
ibility of layer integration also provide the opportunity to investigate
interfacial nanophotonic phenomena in artificial heterostructures
and enable new optoelectronic applications.

Despite the exciting progress made on photonic vdW integra-
tion of freestanding nanomembranes, several practical challenges
remain to be solved to enable fully viable technologies'***°. For 2D
vdW films, the large-scale preparation and transfer of high-quality
2D films to non-planar optical structures with clean interfaces and
few defects require further optimization to enable the commercializa-
tion of 2D photonic devices. The confined growth of 2D monolayers
and bilayer heterostructures at predefined locations is promising
in this regard*”*. For 3D vdW films, techniques for efficient exfolia-
tion, layer bonding and well controlled nanomembrane transfer?°?
are needed for practical photonic vdW integration (Supplementary
Information section 5).

In terms of opportunities, the advent of 3D freestanding
nanomembranes extends the scope of vdW heterostructures beyond
2D materials". In conventional flat optics, controlling photon propa-
gation along the vertical direction is challenging®?"?*, vdW hetero-
structures enable the on-demand vertical stacking of materials with
different optical propertiesto explore nanophotonic polaritons, while
thein-plane structures can be controlled by nanofabrication (Fig. 7a).
In vdW heterostructures with high index contrast, the out-of-plane
symmetry can be broken with easy-to-fabricate straight-sidewall nano-
structures. The layer-by-layer coupling of vdW films also enables opti-
cal superlattices for the 3D control of photon propagation, allowing

theintegration of multiple physical properties in meta-devices*'*. For
instance, the vdW integration of EO and MO materials with emitters can
produce ultracompact functional light-emitting devices with tuneable
polarization and light propagation direction.

Giventhatasingle material canscarcely meet the growing needs of
advanced functions and versatilities, photonicintegrated circuitsand
systems-on-chip are gaining in importance. vdW integration enables
the co-integration of multiple materials with different optoelectronic
responses in the same photonic chip”® (Fig. 7b), either via vertical
stacking or via lateral stitching through spatially aligned microtrans-
fer’®?, Given the ample choice of 2D and 3D functional freestanding
nanomembranes, the synergistic integration of [lI-Vsemiconductors,
EO and MO materials and metal films can potentially revolutionize
hetero-integrated photonics''®?® by providing optical devices with
enhanced performance and unprecedented multifunctionality (Fig.7c).

Furthermore, the surging demand for data-intensive compu-
tations and multifunctional optoelectronic systems can hardly be
satisfied by discrete improvements of individual optical elements®.
Vertically integrated 2D and 3D freestanding films could be used to this
end* (Fig. 7d). Advanced layer transfer and nanofabrication techniques
permit stackable 3D architectures with very high integration density,
efficient interlayer communication and parallel optical information-
processing capabilities for optical interconnects and artificial intel-
ligence*?*, Anew platform to explore the coupling between lightand
avariety of physical fields can also be envisioned®*.

Finally, ultrathin freestanding nanomembranes hold promise
for flexible optoelectronic applications, such as wearable photonic
devices, implantable biosensors and photo-diagnostic applications®*
(Fig. 7e). The universal film exfoliation process in vdW and remote
epitaxy also enables the recycling of the expensive wafers used as
substrate, such as GaAs, GaN and InP, which canbe reused to grow new
nanomembranes* (Fig. 7). The possibility of using a universal platform
for manufacturing single-crystalline optical nanomembranesinalow-
cost, fast and high-throughput manner lays a promising foundation for
the commercialization of non-Si photonics?*52¢*,
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