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Two-dimensional (2D) semiconductors are emerging as a versatile platform for nanophotonics,
offering unprecedented tunability in optical properties through exciton resonance engineering, van der
Waals heterostructuring, and external field control. These materials enable active optical modulation,
single-photon emission, quantum photonics, and valleytronic functionalities, paving the way for next-
generation optoelectronic and quantum photonic devices. However, key challenges remain in
achieving large-area integration, maintaining excitonic coherence, and optimizing amplitude-phase
modulation for efficient light manipulation. Advances in fabrication, strain engineering, and
computational modeling will be crucial to overcoming these limitations. This Perspective highlights
recent progress in 2D semiconductor-based nanophotonics, emphasizing opportunities for scalable

integration into photonics.

Two-dimensional (2D) semiconductors, including transition metal
dichalcogenides (TMDs, such as MoS, and WSe,)"* and emerging layered
systems’ (e.g., black phosphorus, InSe, and GaSe), are redefining the land-
scape of nanophotonics. These atomically thin crystals offer unprecedented
control over excitonic resonances, enabling dynamic modulation of optical
properties via electrostatic gating’";, mechanical strain®, dielectric environ-
ment engineering’, and the creation of tailored van der Waals (vdW)
heterostructures™. Their exceptional optical characteristics, large exciton
binding energies, high oscillator strengths, and intrinsic valley-dependent
optical selection rules'*", position them as ideal platforms for the realiza-
tion of active optical modulators", single-photon emitters'*'%, and inte-
grated quantum photonic devices'”™".

Yet, despite rapid experimental advances, transitioning these
remarkable physical attributes into scalable and reliable technologies
remains a considerable challenge. Achieving large-area integration

demands wafer-scale uniformity and precise fabrication control®’, whereas

preserving excitonic coherence across functional devices requires meticu-
lous interface engineering and robust material encapsulation strategies*"””.
Furthermore, fully harnessing the distinctive valleytronic and quantum
photonic features inherent to 2D semiconductors depends critically on
deeper theoretical insights into many-body excitonic phenomena and
robust methods for device-scale predictive modeling™**.

This Perspective is structured to reflect the progression from funda-
mental insights toward technological realization. Figure 1 we begin by
discussing key mechanisms underpinning exciton tunability, such as elec-
trical, mechanical, and optical control, and highlight their implications for
designing active nanophotonic devices**”. We then examine vdW het-
erostructure engineering, emphasizing opportunities presented by atom-
ically precise stacking and interface quality for enhancing optical
performance®’”. Building upon these foundations, we explore the emerging
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Fig. 1| Challenges and opportunities for 2D semiconductors in nanophotonics.

field of valleytronics, underscoring the potential of valley-dependent optical
phenomena for novel quantum-state manipulation'*'””. Our discussion
subsequently addresses quantum photonics, illustrating how 2D semi-
conductors uniquely facilitate single-photon generation, nonlinear photon-
pair sources, and quantum sensing technologies™* . A dedicated theore-
tical section follows, underscoring the necessity for advanced quantum-
mechanical modeling capable of accurately describing linear and nonlinear
exciton dynamics and predicting macroscopic optical device
performance”*****, Finally, we address the pressing challenges of scalability
and reproducibility, identifying strategies for wafer-scale growth, integra-
tion, and metrology that are essential for translating laboratory advances
into practical photonic systems”****. By systematically linking the physics of
atomically thin semiconductors with challenges and opportunities in device
engineering and integration, we aim to provide a cohesive roadmap for the
development of scalable and tunable nanophotonic and quantum devices.

Active 2D nano-optoelectronic devices

Current metasurfaces and nanophotonic devices provide efficient light
manipulation, detection/emission, and wavefront shaping, but their func-
tion so far has largely remained static. At the same time, novel and
upcoming technologies demand active control over light fields for Light
Detection and Ranging (LiDAR), augmented and virtual reality (AR/VR)
and other wearables, optical communications, and Light Fidelity (LiFi).
Resonant light-matter interactions lie at the heart of nanophotonics devices
and metasurfaces. However, the tunability of plasmon and Mie resonances
in metallic and dielectric particles is limited or very challenging. In contrast,
2D semiconductors have emerged as a promising material platform that
exhibits remarkable tunability in their optical properties (Fig. 2). The strong
exciton resonance in monolayer semiconductors, in particular, offers a
uniquely strong light-matter interaction that is tunable in both amplitude
and/or energy, which opens new pathways to explore active/tunable optical
elements and nanophotonic devices. While initial demonstrations of such
tunable metasurfaces are promising’' ™, several key challenges hinder
progress toward the widespread application of exciton resonance tuning.
Here, we briefly review the physical mechanisms underlying the strong
excitonic tunability, and highlight the key challenges in the field.

Tuning mechanisms in 2D nano-optoelectronic devices can be broadly
categorized into static tuning, achieved by structural design (including
thickness, twist angle in heterostructures, and dielectric environment), and
dynamic tuning, which relies on external parameters. While static tuning
determines the fundamental optical properties of a material, dynamic
tuning provides real-time control and adaptability, making it the most
impactful for technological applications.

One of the most effective dynamic tuning mechanisms is electrostatic
gating, which modulates the carrier density (Fermi level). High free-carrier
concentrations lead to electrostatic screening of the exciton field lines,
enhanced exciton-electron scattering, and the formation of charged trions.
Together, these effects enable efficient modulation of exciton transitions,
affecting both incoherent photoluminescence and coherent light
scattering”’. Beyond simple gating, external electric and magnetic fields offer
additional knobs to manipulate exciton states. In particular, out-of-plane
electric fields can induce a quantum-confined Stark effect, shifting exciton
resonances by up to several hundred meV, often with minimal linewidth
broadening, especially in interlayer excitons, whose intrinsic dipole
moments align with the external electric field”. Similarly, magnetic fields
cause Zeeman splitting of excitonic states, with pronounced effects on
excited states (e.g., 2s, 3s, 4s), reaching several tens of meV?>.

Mechanical strain, in contrast, provides a route toward spatially loca-
lized and reversible control. By deforming the crystal lattice, strain engi-
neering modifies the band structure and exciton binding energy, enabling
excitonic shifts of up to several hundred meV*. Complementing these
electrical and mechanical approaches, thermal and optical modulation offer
alternative pathways for exciton control. Temperature affects exciton line-
width and amplitudes through exciton-phonon interactions”. Meanwhile,
optical excitation provides ultrafast control through Pauli blocking and
carrier-induced broadening. Pump-probe experiments have demonstrated
blue shifts and linewidth changes on femtosecond timescales, highlighting
the potential for all-optical switching.

These tuning mechanisms, ranging from electrostatic gating and strain
to optical and magnetic control, establish a rich toolbox for modulating
light-matter interactions in atomically thin semiconductors. Yet, realizing
their full potential in scalable nanophotonic systems requires overcoming
critical integration and performance challenges, which we discuss next.

A major challenge in the field of 2D excitonic nanophotonics lies in
efficient integration. While the tunability of exciton-light interactions in
monolayer 2D semiconductors is well established, their absolute optical
efficiency remains limited due to the inherently weak light-matter interac-
tion at the atomic scale’’. Overcoming this requires integrating 2D semi-
conductors with resonant nanophotonic architectures, metasurfaces,
waveguides, or cavities, to enhance modulation efficiency, beam steering,
and wavefront control. However, such integration presents additional
challenges, including precise material transfer, alignment on nanos-
tructured substrates, and degradation during nanofabrication™.

A related concern is the uniformity of excitonic response across large
areas. Most demonstrations use small exfoliated flakes encapsulated in
hexagonal boron nitride (hBN), where structural and dielectric homo-
geneity ensures consistent performance. Scaling to larger areas, however,
introduces inhomogeneous broadening, spatial variations in defect den-
sities, and physical imperfections such as cracks and wrinkles. These factors
compromise device reproducibility and performance; for instance, cracks
hinder carrier transport and wrinkles perturb strain-tuning profiles.
Dielectric disorder in the substrate further amplifies optical non-
uniformity™.

An additional hurdle is achieving simultaneous amplitude and phase
modulation. While electrostatic gating can modulate exciton oscillator
strength and thus emission amplitude, isolated monolayers offer limited
phase tuning*'. Embedding TMDs in optical cavities can enhance the phase
response, as recent studies have shown” . However, independent and
broadband control over both amplitude and phase remains elusive, yet
essential for designing free-form metasurfaces. Designing reliable excitonic
devices also hinges on comprehensive documentation of materials
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Fig. 2 | Exciton tuning in monolayer 2D semiconductors. Schematic of (a) tunable spectral properties of exciton resonances and (b) experimentally available tuning

mechanisms.

properties. While theoretical databases, such as C2DB*** and CRYSP,
provide useful predictions, experimental datasets remain incomplete.
Unresolved questions, such as exciton decay channels and lifetimes in
specific TMDs, limit the predictive accuracy and engineering reliability of
2D-based photonic components.

Beyond incomplete datasets, another major bottleneck lies in the
intrinsic spectral limitations of excitonic resonances. Due to their large
binding energies and discrete energy levels, exciton linewidths are inherently
narrow, restricting their applicability in tunable lasers, modulators, and
photodetectors that require broader spectral tunability. External tuning
mechanisms, such as electric or magnetic fields and strain, provide only
limited shifts in exciton energy, keeping their operation within a narrow
spectral range'”**. While exciton-polaritons extend the spectral tunability,
they remain constrained by the Rabi splitting. A promising avenue for
overcoming this limitation involves 2D heterostructures, particularly
interlayer excitons, where tuning is achieved through control of the inter-
layer distance and twist-angle engineering**”. Additionally, employing
multiple TMDs can expand the operational spectral range by leveraging
different excitonic states. A well-characterized library of material and het-
erostructure properties is essential for developing broadband 2D optoelec-
tronic devices.

Finally, response speed and compact integration remain key bottle-
necks. Tuning bandwidths range from kHz to GHz, depending on the
mechanism, constrained by carrier mobility, contact resistance, and device
architecture. While electric field modulation is compatible with com-
plementary metal-oxide-semiconductor (CMOS) technology, integration of
2D materials into CMOS foundries is still an open challenge. Back-end-of-
line (BEOL) approaches’ and strain tuning based on microelec-
tromechanical systems offer promising alternatives. In contrast, methods
relying on magnetic fields or temperature are more challenging to minia-
turize. All-optical approaches, particularly when integrated into Si or InP
photonics, may eventually offer a scalable route toward compact, high-
speed, and CMOS-compatible excitonic devices.

Heterostructure engineering and integration
challenges

To address these spectral and functional limitations, heterostructure engi-
neering offers a promising route forward. By vertically stacking distinct 2D
materials into vdW heterostructures, one can access new excitonic states,
such as interlayer excitons, and finely tune their energies via the twist angle,
interlayer separation, and dielectric environment. These atomically precise
assemblies not only broaden the optical tunability beyond what monolayers
allow, but also introduce new degrees of freedom for device functionality,
including long-lived dipolar excitons and momentum-dependent optical
selection rules.

Unlike traditional bulk materials, which are constrained by lattice
matching and prone to interfacial defects that degrade performance, vdW
heterostructures are assembled without chemical bonding, allowing sharp,
defect-free interfaces between materials like TMDs, graphene, and hBN**™".
This distinctive composition allows precise control over interlayer inter-
actions, making vdW heterostructures highly suitable for applications that
require engineered light-matter interactions””, enabling to reach the
exciton’s homogenous linewidth via hBN-encapsulted monolayer TMD
heterostructures™ *. The ability to control composition, twist angle, and
stacking order at the atomic level” opens new possibilities for dynamic
photonic applications, such as optical modulators™®, light sources™**"’
(including single-photon emitters®”'), tunable polaritons”, and
spectrometers””. Initial demonstrations using vdW heterostructures for
tunable nanophotonics have shown promise, yet significant challenges
remain in the efficient integration and scalability of these materials for
practical device applications. In this Section, we outline the structural and
functional benefits of vdW heterostructures for nanophotonics and critically
assess the key limitations and opportunities toward their incorporation into
integrated photonic systems. Figure 3 provides a visual summary of the
physical and technological constraints encountered during deterministic
assembly of vdW heterostructures, including transfer-related issues and
device integration. Moreover, compatibility with CMOS back-end processes
imposes stringent constraints on thermal budgets and interfacial quality,
adding further complexity to deterministic stacking strategies.

Developing reliable fabrication techniques to ensure high-quality
heterostructures remains a challenging task. Producing high-quality layers,
especially at scale, involves advanced techniques such as chemical vapor
deposition (CVD), which enables controlled growth of large-area, mono-
layer materials™”". However, achieving uniform, defect-free layers over
large areas remains difficult, particularly as the process must be scalable for
commercial applications. Recent work emphasizes the importance of pre-
cise growth control to avoid grain boundaries and thickness fluctuations
that can affect device performance’. Following controlled growth through
techniques like CVD, transferring these monolayers onto target substrates
without introducing defects or contaminants presents additional challenges.
Both wet and dry transfer methods require optimization to minimize issues
like polymer residue from adhesives or mechanical damage during
handling””””. The formation of bubbles and wrinkles during the transfer
process also creates non-uniform interfaces, which complicates
reproducibility’”*’. Recent advances, such as vdW assembly using silicon
nitride membranes, have shown significant promise, reportedly improving
moiré superlattice homogeneity by an order of magnitude®".

Furthermore, as device dimensions are miniaturized to scales com-
parable to or smaller than the wavelength of light being sensed, additional
challenges arise in both the fabrication process and in controlling optical
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Fig. 3 | Schematic illustration of key challenges in
the engineering of vdW heterostructures. These
include interfacial contamination and polymer
residues affecting adhesion and contact resistance,
twist-angle control, strain introduced during trans-
fer, alignment with photonic structures such as
metasurfaces or cavities, and compatibility with
CMOS back-end processing.
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responses. Scaling down device dimensions while maintaining the necessary
stacking precision requires advanced nanofabrication techniques and pre-
cise control over interlayer alignment. Upscaling processes to produce large
arrays of such devices while preserving alignment remains an open area for
further research and development.

The integration of complex heterostructures, such as moiré config-
urations, introduces new functional capabilities that heavily rely on precise
control over stacking order, twist angle, and material compatibility**®.
Moiré patterns can localize interlayer excitons, as demonstrated in materials
like TMDs and bilayer graphene, where control over stacking angles enables
tunable miniband structures**®. These minibands open possibilities for
applications in infrared and terahertz sensing. Studies have shown that
angle-controlled bilayer graphene aligned with hBN supports miniband
formation suitable for infrared applications™, while magic-angle twisted
bilayer graphene has demonstrated distinctive superlattice minibands that
can be diagnosed through infrared spectroscopy”**. Additionally, twisted
graphene heterostructures have exhibited giant, ultra-broadband photo-
conductivity, expanding their potential in broadband photodetection®.
Further examples include moiré engineering in WS,/WSe; heterostructures,
where the twist angle precisely tunes interlayer excitonic properties,
enabling applications in tunable photonic and optoelectronic devices™”".

The choice of materials and their combinations in heterostructures is
crucial for achieving the desired electronic and optical properties. Materials
must be selected not only for their individual characteristics but also for their
chemical and structural compatibility when stacked. For instance, com-
bining graphene with TMDs leverages graphene’s high mobility and TMDs’
strong light-matter interactions, leading to hybrid structures with enhanced
functionality. Similarly, monolayer TMD superlattices with dielectric
spacers can be used for optimal light absorption**”** The alignment and
compatibility of lattice constants and interfacial bonding are key factors that
determine the performance and stability of heterostructures™.

Ultimately, demonstrating the practical viability of vdW
heterostructure-based devices in real-world applications requires a careful
balance of scalability, reliability, and performance. Key performance para-
meters include achieving an optimal trade-off between gain and bandwidth,
on-off ratio, reducing contact resistance, and ensuring long-term operational
stability in field-effect devices™. While vdW heterostructures offer
enhanced functionalities, translating these capabilities into robust, scalable
devices that maintain performance over extended use periods requires further
research. Addressing issues such as thermal management, environmental
stability, and interfacial degradation will be crucial for the commercial
adoption of vdW-based technologies in sectors such as flexible electronics,
high-speed photonics, and quantum information processing’™'”.

Advances in vdW heterostructures are paving the way for a range of
optoelectronic applications that extend beyond existing technologies. For
instance, tailored bandgaps and controlled carrier dynamics could lead to
advanced photodetectors with enhanced sensitivity and selectivity”. Like-
wise, next-generation photovoltaic technologies”'"', including flexible and
transparent solar cells, stand to benefit from these materials. Their potential

extends to energy storage'”'”, biochemical sensing'”!, wearable

electronics'”, and imaging systems'**'”". The unique quantum properties of

2D materials embedded in vdW heterostructures may also drive innova-
tions in quantum computing and secure quantum communication'*'”.
Extreme control over light emission, enabled by interlayer coupling and
tunable band alignment, could revolutionize LED and laser technologies for
future data communication and lighting applications. Furthermore, their
high specific surface area and chemical adaptability make these hetero-
structures attractive for photoelectrochemical processes, where surface
modifications achievable through defect engineering or catalyst deposition
enable fine-tuned reactivity for catalysis and sensing'"*'"".

Beyond traditional vertical or lateral stacking, recent advances allow
2D crystals to be folded, rolled, or twisted, creating intricate three-
dimensional geometries with unique interface properties''>'”. These 3D
vdW heterostructures require novel fabrication techniques and specialized
probing methods, such as near-field optical techniques', cath-
odoluminescence (CL)"'*''%, and electron energy loss spectroscopy
(EELS)"”", to investigate their complex internal structures. Such archi-
tectures hold significant potential for integrated optoelectronic and pho-
tonic systems, where interface control is paramount. Moreover, vdW
heterostructures can be engineered through phase conversion, leveraging
materials with multiple stable or metastable phases such as certain TMDs
and tin chalcogenides (e.g., SnS, SnS,). By adjusting the chemical potential of
chalcogen elements, phase transitions can be induced in these layered
materials, leading to heterostructures with unique interface-driven func-
tionalities that arise from structural conflicts during phase
transformations'”.

Overcoming challenges in scalable, reliable material synthesis and
heterostructure fabrication remains essential for achieving reproducible
results and enabling industrial-scale production. New approaches, like CVD
for high-quality films, strain engineering, and solvent-free transfer techni-
ques, are under active investigation to enhance material quality and con-
sistency. Future research will continue to focus on developing
interdisciplinary methods to integrate these materials into functional
devices and to ensure compatibility with CMOS technology, requiring
innovations not only in fabrication but also in theoretical models that can
accurately predict interlayer interactions and optimize device performance.

Valleytronic nanophotonics

Valleytronic functionalities leverage the control of electronic valleys as an
additional quantum degree of freedom, offering new possibilities for
information processing and quantum photonics. While the concept is
longstanding, practical implementation was initially limited by the lack of
systems with measurable valley contrast. The advent of 2D materials,
especially monolayer TMDs, has transformed this field by offering intrinsic
valley contrast and a direct band gap at the inequivalent K and K’ points'’.
Valley-contrasting optical selection rules enable circularly polarized light to
address specific valleys, with the resulting circularly polarized photo-
luminescence encoding the valley of origin—an effect demonstrated in
numerous photoluminescence experiments'>'>'*. Although many valley-
tronic experiments still rely on complex and costly experimental setups,
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Fig. 4 | Conceptual landscape of valleytronics in 2D TMDs. The valley degree of
freedom in 2D TMDs offers opportunities for novel quantum photonic and
optoelectronic functionalities. Key pillars of valleytronic control— addressing,
readout, tunability, and transport—are illustrated at the core, each enabled by a
diverse range of mechanisms and hybrid platforms as represented by the outer
keywords.

significant progress has been made over the past decade in addressing,
manipulating, and detecting valley states. Furthermore, the optical
addressability of the valley degree of freedom in 2D TMDs offers exciting
prospects for integration with nanophotonic platforms, such as resonant
nanoantennas, metasurfaces, integrated photonic circuits, and structured
light beams. These hybrid systems open new avenues for valleytronic
functionalities, enhanced light-matter interactions, and potential spin-
valley-photon interfaces, with far-reaching implications for both funda-
mental research and emerging technologies. In this Section, we highlight the
key challenges and emerging opportunities in the field of valleytronics.
Figure 4 illustrates the conceptual landscape of valleytronics in 2D TMDs:
the inner ring defines the four pillars (addressing, readout, tunability,
transport) while the outer ring summarizes representative mechanisms and
hybrid platforms.

Valley depolarization remains one of the central challenges in valley-
tronics. While early theories predicted long valley coherence times',
experiments revealed fast exciton recombination and decoherence as well as
short valley lifetimes, typically in the range of a few to tens of
picoseconds'*"'*, This discrepancy has driven extensive efforts to uncover
the mechanisms behind valley depolarization. The identified key con-
tributors include phonon- and defect-mediated intervalley scattering, with
zone-corner acoustic phonons and Eliott-Yafet spin-flip playing a major
role'”"'”. Material-specific features, such as Rashba-type mixing in MoSe,
and MoTe,, can further accelerate depolarization'”. At cryogenic tem-
peratures, the electron-hole exchange interaction (EHEI), governed by the
Maialle-Silva-Sham mechanism, sets a fundamental limit for valley coher-
ence times'**'*’. It largely depends on the band structure: in MoSe,, spin-
protected against EHEI negative trions exhibit longer valley lifetimes'”,
while in WSe,, the trion fine structure facilitates intervalley scattering via
singlet-triplet conversion"*>'”. Valley lifetimes can be extended by sup-
pressing EHEL via interlayer excitons and electrical gating (reduced e-h
overlap)'®, Fermi-level control to favor trions and increase screening
(especially in Mo-based TMDs)"*'*, and graphene screening layers'””.
Band-structure engineering (alloying/strain/twist) tunes spin-orbit split-
ting, reduces Rashba mixing and phonon-assisted intervalley scattering,
aiding room-temperature polarization retention'*"'*’. Nanophotonic

routes like Purcell enhancement'*' and strong coupling (valley-polarized

polaritons)'** enable emission before depolarization and lower effective
decoherence; in all cases, hBN encapsulation and chemical passivation are
prerequisites to suppress defect-assisted channels.

Overall, the multifaceted nature of valley depolarization highlights the
need for a deeper understanding of spin-valley photophysics to enable
robust valleytronic functionality.

The ability to efficiently read out valley states with high sensitivity and
minimal disturbance is key to both fundamental studies and device appli-
cations.  The  current gold  standard—polarization-resolved
photoluminescence'’ or time-resolved Kerr rotations”’—suffers from
drawbacks: PL is inherently destructive and slow, while Kerr rotation
measurements can perturb the system due to intense and resonant probe
pulses. Nonlinear optical techniques have recently emerged as powerful
alternatives. In particular, valley polarization can be read out via polarization
rotation of the second harmonic signal®*'**'*. This approach resembles
nonlinear Kerr rotation that, in comparison to its linear counterpart, offers
enhanced sensitivity and background-free signals in transparent spectral
regions'**™*’. Valley imbalance can also be inferred from deviations in SHG
power scaling between circularly and linearly polarized excitation'**. Fur-
thermore, circularly polarized, nonresonant femtosecond pulses, commonly
used for SHG, can lift the valley degeneracy via the AC optical Stark
effect’®'”. This ultrafast tuning method provides an attractive alternative to
conventional valley Zeeman splitting, which requires strong magnetic fields.
In the future, extending SHG-based approaches to more complex ultrafast
and time-resolved schemes could unlock deeper insights into valley
dynamics, while nonlinear excitation methods, such as resonant two-
photon absorption, may enable selective valley control™’.

In addition to Kerr rotation and harmonic generation, photocurrent-
based techniques are gaining attention as non-invasive measurements of
valley-specific dynamics'*"'>’. These methods, relying on various optically
induced current generation processes, allow us to probe the quantum
geometric tensor'”, whose real and imaginary parts are known as quantum
metric and Berry curvature, respectively. Such measurements may offer a
route to resolve the underlying topology of valley states, complementing
traditional optical readout approaches.

Beyond improved readout schemes, integrating 2D TMDs with
nanophotonic structures offers powerful opportunities to control their
valley degree of freedom. Architectures such as single nanoantennas'*'”,
metallic or dielectric metasurfaces”™”, photonic crystals', and
waveguides'' can be designed to boost valley polarization, facilitate cou-
pling to a specific valley, or induce valley-dependent optical responses. For
instance, valley-polarized emission has been directionally routed in wave-
guides via optical spin-momentum locking'*>'’. However, achieving strong
and robust valley contrast in such hybrid systems remains challenging. The
reason is that TMDs typically trade off quantum efficiency and valley
polarization: materials with high quantum yield often suffer from low
polarization, and vice versa. Nanophotonic strategies seek to overcome this
limitation via Purcell-enhanced emission, directional outcoupling, and
optimized excitation schemes. Simultaneously, care must be taken to pre-
serve the purity of circular polarization used for excitation and/or
readout' "',

The interaction between excitonic dynamics and nanophotonic effects
further complicates the picture. Strain, doping, or exciton diffusion and
annihilation, all influenced by the local photonic environment, can obscure
the origin of observed valley contrasts. Existing models, such as rotating
dipole approximations, fall short in capturing these many-body and
transport effects, highlighting the need for unified frameworks that combine
photonic design with realistic excitonic physics'”. Another key open
question is how to disentangle intrinsic changes in valley polarization from
those induced by the nanostructures themselves. Progress will require closer
integration of theoretical, computational, and experimental approaches to
predict and control hybrid valleytronic-nanophotonic behavior'®.

Looking ahead, valleytronic nanophotonics holds promise for enabling
advanced functionalities such as room-temperature operation, robust non-
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Fig. 5 | Vision of quantum circuits with 2D materials for applications. Key quantum devices such as sources (inset left), gates, and detectors (inset right) are indicated.

reciprocal components, and scalable on-chip architectures. The recent
demonstration of valley-polarized lasing marks a key milestone'*, high-
lighting the potential of nanophotonic enhancement in active valleytronic
devices. Valley polarization offers immense potential for realizing non-
reciprocal nanophotonic components such as optical isolators'®. By com-
bining enhanced light-matter interaction in metasurfaces or waveguides
with optical pumping or spin injection from conventional spintronic
materials, such devices could achieve directional control without relying on
bulky magnets. Integrating 2D semiconductors into these platforms may
thus enable compact, magnet-free isolation schemes with high degrees of
tunability. More broadly, strategies such as spin injection or valley tuning
could be coupled with nanophotonic resonators based on spintronic or
magnetic materials to further amplify valley-dependent optical effects.

Finally, another exciting direction involves the integration of 2D TMDs
with superconducting materials. Such hybrid systems offer a compelling
platform for advanced entangled-photon sources. The underlying principle
is that electrically injected Cooper pairs can radiatively recombine in a
monolayer TMD, transferring their spin entanglement to valley-entangled
photon pairs. The atomically thin geometry ensures full superconducting
proximity, suppressing parasitic emission, and enabling high-fidelity pho-
ton generation. This paves the way for compact, electrically driven valley-
selective quantum LEDs (QLEDs), bridging superconducting and photonic
platforms for scalable quantum information technologies.

Quantum photonics
Quantum photonics drives quantum technology progress by generating,
manipulating, and detecting quantum light for computing, sensing, and
secure communication'”’. It requires precise photon-state control for effi-
cient quantum information transfer and faces challenges in preserving
coherence, entanglement, and superposition amid environmental disrup-
tions. The field also explores how photons interact with many-body
quantum systems, revealing emergent phenomena like polariton engi-
neering. These quasiparticles create new possibilities for quantum-level light
manipulation, enabling next-generation technologies in information pro-
cessing. As quantum photonics rapidly evolves, it promises transformative
advances in various applications.

2D materials, especially graphene and TMDs, offer transformative
opportunities in quantum photonics through their remarkable electronic
and optical properties'”"”*. Their atomically thin geometry enables strong
light-matter interactions, high exciton binding energies, and direct band-
gaps across diverse electronic phases (e.g. superconductors, insulators,
semiconductors, and metals) within a single platform. These 2D materials
can be seamlessly integrated into fiber- or silicon waveguide-based photonic
systems, or employed directly as dielectric media for guiding and confining
light*"'”. Further, polaritons in these materials exhibit extreme confinement

—demonstrated by orders-of-magnitude in-plane compression in graphene
plasmons and hBN phonon polaritons—leading to unprecedented control
of quantum emitters and ultrafast compact on-chip devices™’*. These
unique features open new pathways for computing'”'"”, communications,
and sensing'”""'*, heralding significant potential in next-generation quan-
tum photonic technologies (Fig. 5).

In photonic quantum information, qubits are carried by photons
emitted by single-photon sources (SPSs)", which must offer high purity,
efficiency, and indistinguishability for reliable operation in quantum com-
puting, cryptography, and communication'*'*'*"'®, Recently, TMD-based
quantum emitters have emerged as a promising platform for deterministic
single-photon generation™"******"'%, thanks to their vdW nature (enabling
facile exfoliation and stacking) and sub-nanometer thickness (enhancing
light extraction and electrical integration)"****'"". Single-photon emission in
TMDs spans from the visible to telecom wavelengths'*'*'**"* and has been
integrated with photonic micro- and nanostructures for improved emission
efﬁciency15,192—l94.

Despite these promising developments, the indistinguishability of
single photons emitted from TMD-based sources remains a significant
bottleneck for their implementation in scalable quantum photonic
circuits."”” Reported indistinguishability values remain low, typically around
~2%, far below the levels required for quantum interference-based proto-
cols. A main issue lies in the considerable deviation of the emission linewidth
from the transform-limited regime, where the photon coherence is solely
determined by the radiative lifetime of the emitter.”** TMD quantum
emitters exhibit radiative lifetimes ranging from sub-nanosecond to several
tens of nanoseconds,”'**'*'*?M1%% corresponding to transform-limit
linewidths (Wy,q4) between 0.03 and 4.4 peV. In contrast, experimentally
observed linewidths (Wey,) are often broadened to hundreds or even
thousands of peV,»**” primarily due to phonon-assisted dephasing and
spectral diffusion. Among these, spectral fluctuations from dynamic charge
noise in the emitter’s environment have been identified as the dominant
contributor to decoherence.”” Several mitigation strategies have been
explored to address this challenge, including hBN encapsulation, which
passivates surface defects and reduces environmental disorder, and elec-
trostatic biasing, which stabilizes the local charge landscape."*****” A
recent study’” demonstrated resolution-limited single-photon emission
from hBN-encapsulated WSe, under electrostatic gating, with excellent
spectral stability and a five-fold improvement in the linewidth ratio over
bare emitters, marking clear progress toward transform-limited emission.
Moreover, a study in bilayer MoTe,*” demonstrated reproducible telecom-
band single-photon emitters with high purity, sub-nanosecond lifetimes,
and record Hong-Ou-Mandel visibilities of up to 40% with post-selection—
the highest indistinguishability reported for any TMD emitter in the near-
infrared. ~ Although  near-lifetime-limited ~ emission and high
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indistinguishability have yet to be realized, TMD-based SPSs already meet
the purity and brightness requirements for quantum key distribution (e.g.,
BB84), where indistinguishability is not strictly necessary. Consequently,
refining charge stabilization remains the crucial next step toward unlocking
the full potential of vdW materials and their heterostructures®* for scalable
quantum photonic technologies.

In addition to hosting single-photon quantum emitters, 2D materials
also provide unique opportunities for generating photon pairs, taking
advantage of their non-centrosymmetric structures for second-order (y%)
processes’ and exploiting symmetry-independent third-order (y*)
nonlinearities’**"*. For example, the point symmetry of a monolayer TMD
such as MoS, is D3y,. This point symmetry group includes a combination of a
three-fold rotational symmetry around the z-axis (Cs) and horizontal
mirror plane, along with vertical mirror planes. As such, there are multiple
nonzero elements of the ¥ nonlinear susceptibility tensor. In addition, the
high refractive index of TMD materials can reach # > 4, which is beneficial
for photonic nanostructures and is linked to a high nonlinear susceptibility.
Furthermore, the strong out-of-plane anisotropy could offer new oppor-
tunities for phase matching in waveguides or by twisting of stacked
layers”**'". Finally, the nonlinear susceptibility is strongly enhanced by
excitonic resonances, resulting in an effective X(Z) enhancement of several
thousand times™”.

These unique properties of 2D materials have led to a surge of interest
in using 2D TMDs for photon-pair generation through the nonlinear
process of spontaneous parametric down-conversion (SPDC). However,
multiple constraints have been found when operating close to the excitonic
resonances’®. The key drawback has been the strong fluorescence of the
materials that resulted in large background emissions from the TMDs and
the inability to detect the correlations of the SPDC photons. This challenge
has recently been circumvented using wide-bandgap 2D layered salts, such
as NbOCL,™"”. Although the wide band gap of NbOCI, reduced the coin-
cidence background, the small volume of the materials resulted in negligible
photon-pair rates. Therefore, multilayer 2D materials were required to
detect the photon pairs with ¢? > 2, as required for a quantum light
source’”. In this respect, the stacking of the layers in a vdW material is of
paramount importance. While 2H-type stacking induces a center of
symmetry-causing the y® tensor components to vanish-3R stacking pre-
serves the non-centrosymmetric nature of the material, ensuring that x
remains nonzero. Moreover, the twisted stacking configuration introduces
an additional degree of freedom, enabling both enhanced nonlinear optical
responses—such as SPDC, thanks to an effectively increased crystal length
—and refined control over the second-order nonlinear response’**'**".
Recent works have explored this approach to demonstrate SPDC and
polarization entanglement in 3R-stacked MoS, and WS, crystals™**".

These first demonstrations have opened a plethora of new opportu-
nities for photon-pair generation. These include possibilities for realizing
quantum hyperentanglement or path-polarization entanglement in 2D-
material photonic circuits. Finally, we believe that these advances will lead to
the development of ultrathin devices for quantum sensing and imaging.
Important future opportunities include integrating such quantum sources
with cavities to enhance the generation efficiency. For example, we can
envision the integration of SPDC sources with various integrated platforms
(e.g., Si photonics chips™ or fiber-based platforms™***), or metasurfaces
operating in free space, which could push the rates to practical application
values. In the longer term, merging quantum sources and nonlinear down-
conversion on a single chip would enable quantum state translation into
telecommunication wavelengths, crucial for quantum communications and
other quantum applications. The easily tunable nonlinear optical response
of 2D materials (e.g., via optical control *****, strain’, electric fields’, or other
physical methods’) may unlock new functionalities not achievable with
conventional bulk nonlinear optical crystals. Ultimately, integrating these
sources with trapped-exciton-based logic gates may lead to full-scale
quantum computing architectures.

Detection of quantum light at power levels of about 107" ] is highly
challenging™, requiring extremely high detection efficiency, low dark-

count rates, and high net gain. Commercial detectors, such as avalanche
photodiodes and photomultiplier tubes based on 3D bulk materials, are
commonly used in quantum light technologies. 2D materials-due to their
strong, broadband absorption and high electron mobility (e.g, 15,000 cm?/
Vs for graphene™)- have driven extensive development of 2D
photodetectors”**”. For example, a graphene/MoS, vdW hybrid photo-
detector has been employed for photon-counting via the photo-gating
effect”. Leveraging a large surface-to-volume ratio and high sensitivity to
localized trap states, this device exhibits high optical gain and low noise,
enabling single-photon detection at 80 K. Meanwhile, superconducting
states can also be exploited for single-photon detection, which was recently
demonstrated at 1550 nm using a graphene-based Josephson junction’”,
where graphene is sandwiched between two superconducting layers to
effectively couple photons via dissipative surface plasmons. This finding lays
the foundation for developing single-photon detectors and imaging devices
based on 2D superconducting materials (including unconventional super-
conductors of stacked graphene and TMDs). More recent work™
demonstrated the first single-photon-sensitive superconducting nanowire
detector using nanostructured few-layer NbSe, nanowires, enabled by
precise hBN encapsulation and etching. This positions nanoengineered 2D
superconductors as promising candidates for ultrathin, efficient super-
conducting nanowire single-photon detectors in quantum photonics.

Quantum sensing utilizes a quantum system, quantum property, or
quantum phenomenon to perform precise measurements of various weak
signals. A wide range of solid-state quantum sensors based on spin defects
embedded in diamond and silicon carbide have been successfully demon-
strated and developed™”'. However, quantum sensors embedded in 3D host
materials are still limited in their ability to closely interact with external
objects and are more challenging to integrate with other materials. In
contrast, the inherently high surface-to-volume ratio in 2D materials allows
their defects to interact with the external environment more effectively,
thereby providing natural advantages for quantum sensing. Indeed, quan-
tum sensing in 2D materials-especially in hBN-has recently emerged as a
promising platform for various applications. Spin defects in hBN enable
precise measurements of physical quantities such as temperature (sensi-
tivity: 3.82 K/Hz"), pressure (sensitivity: 17.5106 Pa/Hz"), magnetic fields
(sensitivity: 85.1 WT/Hz"?), and liquid ions (sensitivity: 10~"* mol/Hz"%), with
sensor volumes on the order of a cubic sub-micrometer”*~*. Similarly to
the development of vacancies in diamond, single-spin centers in hBN have
recently been demonstrated for vertical nanoscale magnetometry, achieving
sensitivities in the sub-WT/Hz"® range at room temperature™”. hBN has also
been integrated with fiber optics for quantum sensing, highlighting the high
flexibility of these 2D quantum sensors compared to traditional diamond-
based systems’*’. Operating at room temperature, these spin-defect 2D
quantum sensors constitute a versatile platform for nanoscale sensing under
awide range of conditions and hold great promise for in-situ measurements.
For example, because hBN is normally an insulator, a 2D quantum sensor in
hBN could synchronously monitor electronic processes or internal tem-
peratures in 2D electronic devices.

While experimental advances in 2D-based quantum photonics have
been remarkable, realizing the full potential of these systems requires a
deeper theoretical understanding. Accurately modeling excitonic interac-
tions, light-matter coupling, and many-body effects is essential to predict
device behavior, guide materials engineering, and identify fundamental
limitations. Next, we discuss the theoretical foundations that are critical to
support and accelerate the development of scalable and tunable photonic
and quantum devices based on 2D semiconductors.

Theoretical foundations
The design of nanophotonic systems crucially depends on both the
nanoscale geometry and response function of the material—the dielectric
susceptibility.

Given the atomic thickness of the materials used in many devices, it is
generally a good approximation to describe their optical response using a
frequency- and wave-vector-dependent surface conductivity o(x), w). In
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most nanophotonic scenarios, the ) dependence can be ignored (local
approximation) and a frequency-dependent conductivity o(w) suffices to
describe the linear optical response of these materials™'**. The dependence
on the in-plane wave vector «;, however, can become important when
spatial features of the order of the inverse Fermi wave vector are involved.
This applies to structures with nanoscale lateral extension, or when the
optical fields under consideration are either scattered by small particles or
generated by compact emitters (e.g., quantum dots or Raman-active
molecules) placed near the 2D material. A full description of such features
remains an important open challenge.

In extended layers, the optical response of 2D materials can be repre-
sented in terms of their Fresnel coefficients, which describe the reflection
and transmission of s- and p-polarized light between media on either side of
the 2D material*”. Poles in the Fresnel coefficients signal the presence of
surface polaritons, which typically exhibit small in-plane wavelengths
compared with the free-space light wavelength at the same frequency’*. In
such cases, one can adopt a quasistatic approximation (¢ — o), yielding
kyj=ir; and p-polarized polaritons that directly follow the dispersion
relation x = iw(e, + €;)/4mo. Here, €, and ¢, are the permittivities of the
media surrounding the 2D layer. This expression can be applied to explain a
wide range of polaritonic behavior in 2D materials, including mode
hybridization in thin (relative to the polariton wavelength) heterostructures
formed by stacking different layers, where the overall surface conductivity
can be approximated by the sum of the individual conductivities, =0}, in
the so-called zero-thickness approximation (ZTA)**.

In a nanostructured environment using extended layers, the local
approximation can, in many circumstances, be invoked to continue using
o(w) to describe the 2D material. The optical response can then be obtained
either analytically for relatively simple geometries™"*** or, more generally,
via numerical electromagnetic solvers, where the conductivity enters
through the boundary conditions under the ZTA. Within such a classical
framework, one may use either the measured local surface conductivity o(w)
or a Lorentzian fit to excitonic features extracted from experiments””. This
approach yields accurate predictions for many properties of 2D semi-
conductors embedded in nanostructures, as validated by comparisons, for
example, with measured electron energy-loss spectra®®.

A central opportunity lies in extending the classical picture to a fully
quantum mechanical treatment. Some of the key advantages of 2D semi-
conductors in nanophotonic applications arise directly from quantum
mechanical effects that fundamentally shape their optical response. For
example, the strong optical absorption and bright photoluminescence of
monolayer TMDs result from the steady-state formation and decay of 2D
excitons that are strongly quantum-confined within the monolayer. While
such resonant light-matter interaction can be leveraged in nanophotonic
devices and metasurfaces as a tunable optical resonance (see Section “Active
2D nano-optoelectronic devices”), the underlying physical mechanism is
distinctly different from conventional plasmon or Mie resonances, which
are not affected by decoherence. In contrast, even excitons that are generated
through resonant excitation (i.e., no thermalization involved) are subject to
exciton-phonon scattering, which results in dephasing and re-emitted light
that is only partially coherent.

In current descriptions of nanophotonic systems taking into account
their quantum nature, the surface conductivity of extended 2D semi-
conductors can be obtained using ab initio methods based on density
functional theory (DFT), supplemented by the so-called GW and plasmon-
pole approximations™”** to amend the Kohn-Sham eigenenergies and yield
reasonably accurate gap energies. In addition, the Bethe-Salpeter equation,
which describes electron-hole pairs in the system, allows for the inclusion of
some exciton effects””*”. As an example, a detailed calculation of the
nonlocal optical conductivity of common TMDs was applied to explain
electron tunneling in the presence of semiconductor monolayers. Similarly,
well-developed models exist that capture the observed 2D conductivity of
graphene and TMDs™"*,

These approaches, however, still ignore much of the complex, many-
body aspects of interacting quasi-particles, which ultimately underlie the

optical response. For example, excitonic resonances require demanding
calculations to be described”*’. These can rely, for example, on simplified
few-band models and effective Bloch equations™, or on first-principles (e.g.
DFT) methods in a perturbative fashion’***”, Even in these approximate
treatments, that can account, for example, for quantum mechanical
dephasing within the Lorentzian line shapes describing excitonic light-
matter interaction*”, other aspects, like the nonzero center-of-mass
momentum of excitons, can typically not be accounted for.

Established quantum theories that describe the electronic and excitonic
properties of 2D semiconductors thus employ assumptions that ignore
important aspects of the photonic environment, which may in fact shape the
functionality of nanophotonic devices. Devising methods for fully incor-
porating the existing quantum theory of semiconductors™*" into the
description of 2D excitonic devices and predicting the role of quantum states
in macro-scale electronic and optical parameters are thus key challenges
going forward.

A unified quantum theory that combines first-principle models with a
comprehensive description of the nanoscale light-matter interaction (Fig. 6)
would enable experimental validation of quantum models of 2D semi-
conductors. It would pave the way to more powerful prediction and ana-
Iytical tools, including detailed descriptions of the optical response beyond
the linear response theory for nonlinear 2D nanophotonics.

Interestingly, the nonlinear response of 2D semiconductors is
remarkably strong when normalized to the material volume®***. In parti-
cular, nonlinear effects are substantially enhanced by excitonic
resonances’'***. In the context of nonlinear nanophotonics, the response of
a 2D material can be modeled using effective nonlinear surface suscept-
ibilities, which are incorporated into the response of a nanostructure using
perturbation theory. This approach is commonly employed to interpret
experiments, in which the nonlinear susceptibilities are either treated as
adjustable parameters or extracted from optical measurements.

Because the observation of nonlinear effects typically requires intense
optical fields, the electronic band populations can be substantially modified,
leading to an interesting interplay between ultrafast carrier dynamics and
the nonlinear response. Such phenomena have been experimentally
explored as a means to control harmonic generation in a pump-probe
fashion. Due to the complexity of this behavior, heuristic approximations
have been employed to reduce the computational demand of the
simulations™**. In general, the interplay between elastic and inelastic
processes in ultrafast carrier dynamics remains an unsolved problem, both
from first-principles and from rigorous phenomenological perspectives.
This sets a key challenge for the field, as it is an essential ingredient in a
comprehensive understanding of the nonlinear optical response, particu-
larly in 2D semiconductors.

More generally, typical theoretical descriptions of 2D quantum mate-
rials assume idealized conditions that do not reflect the full experimental
reality. To make quantitative predictions for practical configurations within
devices, for example, finite-size effects and interactions with a substrate are
essential. This becomes especially important when accounting for the inter-
ference of light emitted from the material of interest with, for example,
substrate reflections*”*°. Similarly, describing the effects of inhomogeneities
such as charge puddles, local defects, and material roughness on the observed
light field requires dedicated theoretical tools and modeling techniques.

At the same time, typical experiments may be unable to differentiate
between effects that appear entirely distinct in theoretical models. Separate
predictions for intensities of coherent and incoherent radiation, for exam-
ple, require dedicated tools to disentangle in a single observation of emitted
intensity in any realistic experiment, even if the difficulty of separating the
pump field from emitted radiation can be overcome. Similarly, a
momentum-resolved computation or one including multiple radiative and
non-radiative channels may offer physical insight into the microscopic
processes underlying light-matter interaction in 2D devices™", but can only
be connected to experimental observation if benchmarked against quan-
tities beyond system averages such as photoluminescence and radia-
tive rates.
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Fig. 6 | Schematic view of microscopic quantum properties through the lens of
macroscopic measurement. The left side indicates the quantum-mechanical par-
ticles and interactions that underly the macroscopic photonic responses whose

experimental probing is indicated on the right side. The central part indicates the
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array of models and theories connecting microscopic properties and experiments, all
of which necessarily rely on approximations, whose elimination provides both a
major challenge and a prime opportunity for the field.

One also needs to include edge effects in the description of mesoscopic
patterns ranging between the atomic and wavelength scales. This is parti-
cularly important for the modeling of devices where electronic contacts are
made at the edges (see Section “Heterostructure engineering”), as well as
atomic-scale defects. Bulk interfaces in 2D materials, in particular those
formed by stacking®” or functionalization™**”, are already well studied,
motivated by their practical applications. However, while there exist specia-
lized theories that address edge or defect-related'*****”* phenomena, there
remains potential for integration into more holistic models of realistic devices.

Specifically on the mesoscopic scale, a consequence of miniaturization
is that photonic devices”"” (see Section “Heterostructure engineering”)
have entered a regime in which the spatial extent of electronic wave func-
tions can approach or exceed the scale of the nanopatterned electric fields.
Furthermore, momentum-resolved descriptions reveal that electronic
excitations become delocalized or may propagate through the material”’**.
In these cases, alocal approximation, where the dipole density at a position is
determined only by the electric field at that same location, becomes
inadequate.

Going beyond the modeling of individual nanophotonic experiments,
an even greater challenge lies in the inclusion of locally tunable parameters
and out-of-equilibrium conditions accessible in practical realizations. For
example, control over the local density of electrons can be obtained by local
gating or nanopatterning, and similarly, local gradients or variations in strain,
as well as applied electric and magnetic fields, may be purposely designed and
controlled in nanodevices. Alternatively, dynamically driven systems (pump-
probe, or Floquet) add additional challenges to the exciton dynamics that
require time-resolved descriptions of the material properties. Such external
tuning parameters can significantly impact both the outgoing radiation and
the internal exciton dynamics of nanophotonic devices, for example, causing
(local) enhancements of the Purcell factor as well as exciton resonance (as
described in Section “Active 2D nano-optoelectronic devices”).

Connecting microscopic and macroscopic theories within numerical
tools, such that they can be applied to calculate measurable quantities that
are directly relevant for existing and envisioned experimental configurations
and devices, is a crucial overarching challenge for the field.

Scaling towards real-world photonic applications
To take full advantage of the opportunities that 2D semiconductors offer for
active devices, heterostructure engineering, valleytronics, or quantum
photonics, their implementation needs to become scalable as well. However,
the transition of 2D semiconductors from laboratory research to industrial-
scale photonic applications faces practical challenges (Fig. 7). The require-
ments and primary bottlenecks of 2D materials for photonics vary
depending on the specific applications, which can be classified into four
categories: nanophotonics, optoelectronic devices, integrated photonics,
and energy conversion applications. Specifically, the 2D semiconductors
employed for nanophotonic components such as metasurfaces and pho-
tonic crystals typically require lateral sizes below 100 micrometers due to the
use of resonant elements. These applications require a high crystal quality
for a high quantum efficiency or a narrow exciton linewidth. Optoelectronic
devices based on 2D semiconductors, including modulators, photo-
detectors, LEDs, sensors, and spectrometers, can have lateral dimensions of
up to tens or hundreds of micrometers. These devices benefit particularly
from vdW heterostructures and appropriate encapsulation. Photonic inte-
grated circuits can integrate 2D-semiconductor-based active devices with
classical Si or SiN or other integrated photonic platforms. Alternatively,
photonic circuits with all passive and active components made of 2D
semiconductors are also being explored. These applications require wafer-
scale fabrication of device arrays with high yield and reproducibility, as well
as low losses in 2D semiconductor-based circuits. Energy conversion
applications, including photocatalysis, photovoltaics, and fiber-based
saturable absorbers, have lower crystal quality requirements and can even
benefit from the presence of defects. In this Section, we describe the three key
challenges for the translation of 2D semiconductors to the photonics
industry: (1) Wafer-scale crystal growth and transfer methods; (2) Repro-
ducible interface quality and passivation; (3) Device scalability. Many of
these challenges overlap with those in electronics. Therefore, industrial
advances in 2D semiconductor electronics can directly benefit photonics.
The crystal quality of 2D materials, which is largely given by the chosen
growth method, is a critical factor in determining device performance.
Nevertheless, developing methods to grow large-area monolayers with
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Fig. 7 | Challenges and opportunities for the
scalability of 2D semiconductors for photonics
applications. The crucial factors essential to achieve
scalability are indicated (large bold) along with their
underlying challenges.
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larger grain sizes and high quantum efficiency remains a challenge. Tech-
niques such as CVD, molecular beam epitaxy (MBE), and atomic layer
deposition (ALD) still require further optimization to achieve uniform
quality films across entire wafers. CVD is a scalable method for synthesizing
2D materials with near-intrinsic quality. The CVD growth of high-quality,
wafer-scale monolayer MoS, on an 8-inch sapphire substrate was recently
demonstrated””, although the material contained domains with antiparallel
alignments. However, the high temperatures required for CVD make it
incompatible with direct growth on preprocessed silicon substrates. This
limitation has been mitigated using metal-organic precursors that vaporize
at lower temperatures”’. Combining top-down and bottom-up methods,
such as lithography and CVD, enables controllable wafer-scale growth™'.
MBE offers superior crystallinity and controllability of the film thickness
and composition, and has proven effective for the growth of monoelemental
materials like Te. However, this technique, in addition to its high cost,
exhibits limitations when applied to S- and Se-based 2D materials. One last
viable approach to producing high-quality, medium-sized S- and Se-based
2D semiconductors is Au-assisted exfoliation of millimeter-scale mono-
layers, though it can suffer from strain and cracking during film transfer.
Importantly, besides differences in size and crystallinity, mechanically
exfoliated and CVD-grown TMDs generally exhibit different properties;
mechanically exfoliated crystals generally have fewer defects, higher quan-
tum efficiency, and stronger exciton oscillator strength, while there are also
differences in valley polarization and nonlinear response’***.

Other techniques like ALD can produce large-area growth with quality
better suited for applications tolerating higher defect densities without
restriction to monolayer thickness, such as photocatalysis and energy
conversion. Direct deposition of homogeneous TMD films with controlled
thickness in the few-layer regime has been achieved by physical deposition
(ion beam sputtering) of the precursor film from stoichiometric TMD
targets or transition metal targets, followed by thermal annealing in an
atmosphere rich in $*****’. Following this approach, vertical stacks of dis-
similar TMD layers have also been demonstrated. These large-area vdW
heterostructures feature type-II band alignment, which enables photo-
conversion (photovoltaic effect) and enhances photocatalytic efficiency by
increasing the lifetime of photogenerated carriers, which are spatially
separated at the junction.

The growth substrate, in addition to the growth method, can also have
a major impact on the quality of the crystal and, by extension, the device.
Silicon is widely used in industry because of its well-established processing
techniques. However, its lattice mismatch with the hexagonal lattice of
TMD:s often leads to the formation of defects that act as charge carrier traps,
which in turn adversely affect the photoluminescence (PL) behavior™.
Alternatively, substrates with lattice structures more compatible with MoS,,
such as c-plane sapphire, have been utilized to facilitate epitaxial growth and
minimize defect density. Beyond sapphire, Xia et al.”* reported the growth

of monolayer Mo$S, on a 12-inch fused silica substrate. Using a thin AL,O;
seeding layer and optimizing the delivery of metal oxide precursors, they
achieved precise control over domain alignment and film quality. The
successful fabrication of 37 field-effect transistors (FETs) from the resulting
wafer underscores the potential for scalability and industrial viability of the
process. Moreover, the possibilities to engineer substrate interaction during
growth have not yet been explored sufficiently: precisely controlling the
formation of a buffer layer within the substrate-epilayer gap can lead to
wafer-scale monolayers through control of the precursor ratio™, or thanks
to liquid-to-solid crystallization®”. One last aspect of growth that demands
attention is increasing spectral coverage. Currently available 2D semi-
conductors, particularly TMDs, are limited in effectively covering the
visible-to-near-infrared spectrum, exhibiting high quantum efficiency only
at discrete wavelengths. Although TMD alloys can extend the accessible
range, achieving more continuous spectral coverage will require the inte-
gration of additional materials.

Scalable transfer techniques are another major need because mono-
layer 2D materials are typically grown on a substrate that differs from the
one used in final device applications. In particular, the high temperature
required for CVD often necessitates a transfer process from growth to device
substrates. Wet transfer methods, which use polymeric carriers like poly(-
methyl methacrylate) (PMMA) or polycarbonate, mechanically support the
2D material during transfer. This approach allows placement on target
substrates, including CMOS-compatible wafers, but introduces issues such
as defects, wrinkles, unintentional doping, strain, and polymer residue,
which can degrade the electronic and optical properties of the material™".
Efforts to mitigate these problems include bubble delamination, advanced
cleaning methods, and the use of alternative carriers such as paraffin.
However, these strategies have not fully overcome the associated challenges.
Dry transfer techniques, which use rollers, laminators, or hot presses, avoid
the submersion of substrates in liquids and also allow for the reuse of
metallic growth substrates. Although beneficial for integrating 2D materials
into certain devices, these methods often lead to microcracks, wrinkles, and
reduced charge carrier mobility due to residual contamination. Mechanical
cleaning techniques help address localized contaminants and restore
material properties on the micrometer scale. For example, delaminating
single-crystal CVD graphene from copper foil using hBN stamps can pre-
serve nearly intrinsic graphene properties, though this method is currently
limited to small areas. Improving the adhesion of 2D materials to bulk 3D
substrates is indeed crucial for device stability and performance, which
requires advances in new adhesive approaches and surface treatments.
Annealing is usually applied to improve interface quality, but thermal
budget limitations must be taken into account; for example, temperatures
should not exceed 450 °C for BEOL CMOS-compatible processing. Note
that large-area transfer can introduce non-uniform strain across the film,
which could require working with smaller dies to maintain strain under
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control. In certain applications, front-end-of-line processing of 2D semi-
conductors could be a feasible alternative to BEOL approaches to eliminate
the need for transfer techniques if the TMD can be grown directly on the
device wafer.

Instead of starting with a transferred wafer-scale 2D film, another
approach to produce multiple devices in parallel is fabricating arrays of
components on a convenient substrate and then transferring them to a
target device wafer. Such array transfer techniques are now becoming a
promising route for scalable processing. To date, a variety of vdW array
integration strategies have been reported”””**’. These methods primarily
manipulate interface adhesion between the transfer stamp, the 2D film, and
the target substrate, often by tuning the viscosity and mechanical stiffness of
the stamps. An emerging approach is the use of adhesion layer materials
such as self-assembled monolayers™. Alternatively, an underexploited
approach could rely on starting with wafer-scale encapsulated monolayers
or arrays of encapsulated devices to better preserve material quality during
transfer. For the encapsulation of 2D semiconductors—for example, by
sandwiching in hBN or capping with AlL,O; deposited by ALD—both
heterogeneous compatibility and interface quality are crucial. Another cri-
tical issue is the Schottky barrier generated at the TMD-electrode interface,
where contact resistance can be reduced by tunnel barriers, contact-area
doping, or optimizing contact geometry™*.

Effective patterning strategies to create atomically precise nanos-
tructures in 2D semiconductors, using bottom-up or top-down approaches,
are an active area of research. A key challenge is minimizing defect for-
mation during fabrication. Thermal scanning probe lithography (t-SPL),
applied to large-area TMDs grown via physical deposition, has emerged as a
promising method for the deterministic fabrication of nanostructure arrays
and nanocircuits™’. Alternatively, laser interference lithography enables the
scalable production of periodic TMD nanoarrays over wafer-scale areas,
both on flat and nanostructured substrates’. An important avenue for
future research is the development of techniques to directly grow 2D
nanostructures on photonic components in integrated circuits. By relying
on patterned growth substrates, this approach could streamline device
fabrication by avoiding transfer steps with the potential to simultaneously
enhance light-matter interaction using electromagnetic waveguiding and
confinement.

The slow transfer processes currently used are not suitable for the fast-
paced CMOS manufacturing environment. Therefore, streamlining these
processes and ensuring compatibility with existing CMOS technologies is
crucial for efficiency in CMOS integration. To take advantage of 2D
materials in commercial devices, they must be integrated into established
semiconductor fabrication processes, which offer the benefits of low-cost
and high-volume manufacturing on large silicon substrates. However,
several challenges remain to achieve this integration. CVD is a scalable
method for synthesizing 2D materials with near-intrinsic quality. However,
the high temperatures required for CVD make it incompatible with direct
growth on preprocessed silicon substrates, necessitating a transfer process
from growth to device substrates. Wafer-scale transfer with high reprodu-
cibility is needed, and enhancing the speed and accuracy of these methods
would help to bridge the gap between the lab and industry. Despite sig-
nificant progress, no existing transfer methods are fully compatible with
industrial-scale manufacturing while preserving the high quality of 2D
materials as grown on their substrates —an essential requirement for many
applications™'. Furthermore, effectively stacking fabricated 2D layers on a
large scale remains a significant challenge™.

Device yield refers to the proportion of devices that function cor-
rectly, meeting the specifications and tolerance limits, out of the total
devices tested. It serves as a critical measure of the quality of the fab-
rication process and the maturity of integrated devices. Device-to-
device variability, on the other hand, represents the variation in key
device parameters, such as carrier mobility or gate oxide leakage in
FETs, responsivity and optoelectronic bandwidths in photodetectors,
and switching voltages in memristors. These variations are typically
assessed using the coefficient of variance, which is the ratio of the

standard deviation to the mean. Both yield and variability are influ-
enced by defects introduced during the fabrication process, such as
those occurring during material synthesis, storage, transfer, patterning,
and material deposition. In 2D-material-based devices, intrinsic defects
include vacancies, impurities, atomic misalignments, strained bonds,
cracks, wrinkles, and thickness inconsistencies. In contrast, extrinsic
defects arise from environmental interactions that affect adhesion and
compatibility with surrounding materials. Minor defects may alter
device performance and increase variability within acceptable limits,
but more severe defects can lead to device failure, reducing the yield"*.
Achieving high reproducibility in device performance is essential to
ensure functional reliability in practical applications. Addressing
variability in fabrication, particularly in heterostructures, is critical for
applications requiring tunability.

Quick and easy metrology techniques for 2D materials in industry are
required for process development using specific metrics, particularly to
compare interface quality. The characterization of contaminants on the few-
nanometer scale is thus needed. As they are non-destructive and fast, optical
techniques could prove scalable when tailored to the metrology needs of 2D
materials in an industrial environment, including Raman scattering, dark-
field scattering, nonlinear microscopy, or PL spectroscopy, lifetime’”, and
fluctuation imaging™’. The difficulties in large-area growth and transfer
imply the requirement for characterization at the wafer scale of monolayer
character, continuity, and defects. Similarly to electronics, metrology is also
needed for characterizing nanostructures and patterned devices. Electron
microscopy will also play an important role in characterizing defects and
nanostructures.

Exploiting the synergies with 2D-semiconductor electronics will be
fundamental for their success in photonics. 2D semiconductors are con-
sidered promising candidates for ultra-scaled metal-oxide-semiconductor
field-effect transistor (MOSFETs), which alleviate the critical issue of off-
state current leakage in silicon transistors with gate lengths below 10 nm. At
this scale, MoS, transistors are predicted to exhibit a leakage current of more
than two orders of magnitude lower than their silicon counterparts and
show less degradation in carrier mobility as channel thickness decreases.
Moreover, the vertical stacking of 2D materials creates vdW hetero-
structures, introducing novel material properties that arise from interactions
between the stacked layers. Driven by this strong motivation for next-
generation devices, developments in the TMD electronics industry are
poised to spill over to the application prospects of 2D semiconductors in
photonics. In summary, scalability for applications in photonics relies on
developments in uniformity across large areas because of its impact on
device reliability and performance. Transfer processes are central, and
advances in high-throughput methods will be welcome developments.
Standardization of fabrication and metrology are necessary steps to reduce
costs and improve yield to realize the promise of 2D semiconductors in
photonics.

Conclusions and outlook

2D semiconductors have established themselves as a promising platform for
active and tunable nanophotonic and quantum photonic devices. Their
strong excitonic resonances, dynamic tunability, and compatibility with
heterogeneous integration offer compelling opportunities for future tech-
nologies. However, realizing the full potential of 2D materials requires
addressing critical challenges across multiple fronts. Here, we discuss four of
these grand challenges and opportunities that we encourage the field to
address, and summarize the associated quantitative targets for practical
device adoption in Table 1.

Large-area scalable single crystals

Efficiencies of optoelectronic and quantum devices suffer from material
defects, spatial inhomogeneities, and grain boundaries. Cost-effective and
scalable synthesis techniques must therefore overcome these inhomo-
geneities and ideally achieve high-quality scalable single crystal to ensure
reproducibility and uniformity over large areas. Integration of such high-
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Table 1 | Main challenges and targets for widespread adoption of 2D semiconductors in nanophotonic devices

Property Target Observations

Modulation speed ~GHz Commonly limited by contact resistance. Recently reached for MoSe,-
graphene contacts®'®.

Quantum efficiency ~100% Limits efficiency of dynamic metasurfaces.* Unity efficiency possible
for S-based TMDs*"".

Indistinguishability >90% Suppressing both charge noise and phonon-induced decoherence.

Valley coherence time, Valley polarization time, Valley

polarization temperature

1ns 10-100 ns, > 70% at room

>90% shown for few-layer WS, with low efficiency®'®*'°.

320,321

Contact resistance <100 Q pm

For n-type TMDs, < 100 Q ym demonstrated®?. For p-type TMDs,
230 Q um demonstrated®**.

Transfer yield, Device yield >99% at wafer level >98%

Ideally with monolayer coverage > 95%. Possibly scalable above 95%.

quality 2D materials into complex photonic and electronic platforms
demands further advances in fabrication, alignment, and material handling
to preserve optical quality.

Degradation mitigation

Many vdW materials and heterostructures degrade under ambient condi-
tions through oxidation, moisture uptake, and photochemical reactions,
posing critical challenges for photonic and optoelectronic applications—
such as photodetectors, light-emitting devices, and quantum photonic
platforms—that require long-term stability and high quality. To address this
challenge, diverse encapsulation and passivation strategies have been
explored, including hBN, ALD coatings, and polymer overlayers.”*~"” As
mentioned earlier, hBN provides an inert, atomically flat barrier that pre-
serves intrinsic properties and ensures ambient stability.’” Conformal
atomic layer deposited dielectrics such as Al,O5; and HfO, effectively sup-
press oxidation, reduce contamination, improve bias-stress stability, and
simultaneously function as high-quality gate insulators.”® Hybrid schemes
—combining ALD coatings with hBN buffer layers or polymer encapsula-
tion —further enhance protection of delicate vdW materials and enable
reliable dielectric integration.”” In general, achieving robust environmental
protection is therefore essential for realizing durable, high-performance
vdW semiconductor technologies and their future practical nanophotonic
applications.

Opportunities for AI/ML

The vast design degrees of freedom in vdW heterostructures—spanning
material type, thickness, twist angle, strain, dielectric environment, contact
configuration, and nanophotonic structure design—offer enormous
opportunities for creating advanced, multifunctional photonic and optoe-
lectronic systems, but also make purely manual exploration inefficient.
Machine learning and artificial intelligence-assisted inverse design can
accelerate progress by learning structure-property mappings and proposing
optimal geometries beyond human intuition. Foundational work in nano-
photonic inverse design’” and deep generative models™ already demon-
strate rapid metasurface and nanoresonator layout synthesis targeting
spectra, Q-factors, and mode volumes. For predicting material properties,
machine-learning models trained on computational databases can infer
excitonic characteristics from partial descriptors, guiding experiments
toward high-potential designs without exhaustive calculations™*""".
Machine-learning-based interatomic potentials’” further enable large-scale
optical modeling of alloyed TMDs with near first-principles accuracy. On-
demand design of vdW heterostructures with tailored photonic function-
alities could integrate artificial intelligence-driven selection of material
combinations, twist angles, photonic architectures, and algorithms to
achieve specific optical outcomes—such as strong light-matter coupling,
tailored dispersion, enhanced nonlinearities, or smart photonic functions’"
targeting practical applications. In addition, automated, computer-vision-
guided transfer and stacking’* and tunable-adhesion assembly’" offer
scalable and reproducible fabrication, closing the loop between computa-
tional design and experimental realization. In conclusion, integrating

artificial intelligence and machine learning with high-throughput simula-
tion, automated fabrication, and in-situ metrology will enable a closed-loop
“design-build-test-learn” cycle for 2D nanophotonics, paving the way for
rapid, on-demand creation of integrated vdW heterostructures with on-
demand photonic properties.

Killer application

Overcoming the technological and engineering challenges associated
with the scalable and large-scale integration of 2D semiconductors into
photonic technologies requires large-scale monetary investments.
While academic research has exposed the remarkable opportunities
offered by 2D semiconductors for photonic technologies, a market to
pull for these investments is currently still lacking. As such, it is crucial
to identify and demonstrate a killer application of the unique properties
of 2D semiconductors that could stimulate the market pull to drive the
required investments.

More specifically, fundamental limitations in light-matter interaction
strength and optical efficiency must be mitigated through improved device
architectures, such as resonant nanostructures and hybrid systems.
Achieving indistinguishabilities exceeding 90% is crucial to develop on-
demand quantum light sources, as well as mitigating valley depolarization
processes to enable room-temperature valleytronic devices. Furthermore, a
deeper theoretical understanding of excitonic dynamics, many-body
interactions, and valley degrees of freedom will be essential to guide
device design and predict performance limits.

Looking ahead, interdisciplinary approaches combining materials
science, nanofabrication, device engineering, and theoretical modeling
will be crucial. Emerging areas such as electrically tunable metasurfaces,
valleytronic circuits, quantum light sources, and hybrid photonic-
electronic integration represent particularly promising directions. As
fabrication techniques mature and theoretical models become more
predictive, 2D semiconductor-based photonics is poised to transition
from proof-of-concept demonstrations to scalable technologies with
impact in quantum communications, imaging, sensing, and informa-
tion processing. Continued progress will require coordinated efforts
across academia, industry, and national laboratories to bridge funda-
mental discoveries with system-level applications. By harnessing the
unique properties of 2D materials and overcoming current bottlenecks,
the field is well-positioned to shape the future landscape of photonics
and quantum technologies.

Data availability
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