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Abstract: In the post-Moore era, flexible optoelectronic devices are rapidly advancing towards
wearable and portable applications, placing higher demands on material optoelectronic
performance and mechanical flexibility. Single 2D materials have inherent limitations, graphene
lacks a bandgap, limiting photoelectric conversion efficiency; transition metal dichalcogenides
(TMDs) like MoS; have low carrier mobility; and black phosphorus is prone to oxidation, affecting
long-term stability. These challenges are difficult to address through single material modification.
2D material heterostructures, formed through interlayer composite structures, leverage electronic
coupling effects to enhance performance synergistically, providing an effective solution to
overcome these limitations. This paper reviews common construction methods for typical 2D
heterostructures, such as graphene-based, TMDs-based, and black phosphorus-based structures,
including van der Waals stacking, covalent bonding, and solution assembly. It focuses on the
mechanisms of interlayer charge transfer, exciton transfer, and orbital hybridization, and discusses
how layer number control, strain application, and interface modification influence these coupling
effects. Additionally, this work surveys the application of these heterostructures in flexible
photodetectors, flexible light-emitting diodes (LEDs), and flexible solar cells, comparing their
photoelectric response speed, energy conversion efficiency, and bending stability. Finally,
challenges such as interlayer delamination, environmental instability, and difficulties in large-scale
fabrication are discussed, with future directions in interface engineering and multifunctional
heterostructure integration proposed for enhancing practical applications.
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® 1. Introduction
Flexible optoelectronic devices, with their light weight, flexibility, and ability to
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Submitted for possible open access  in fields such as smart wearables, portable sensors, and flexible displays [1]. The core of
publication under the terms and  improving their performance lies in the selection and optimization of functional materials.
conditions of the Creative Commons  Due to their atomic-level thickness, excellent electronic transport properties, and good
Attribution  (CC BY) license  mechanical flexibility, 2D materials have become key candidates for flexible
(https://creativecommons.org/license  gptoelectronic devices, and related research has become a hot topic in the field of electrical
s/by/4.01). and electronic engineering [2].

However, the performance defects of single 2D materials limit their use in high-end
flexible devices: Graphene, while exhibiting excellent conductivity and thermal
conductivity, has a zero bandgap, making it difficult to function in optoelectronic
conversion and switching devices; TMDs have tunable bandgaps but suffer from low
carrier mobility and insufficient conductivity; black phosphorus, as a direct bandgap
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material, exhibits excellent optoelectronic response, but is easily oxidized in air, severely
affecting the device's lifespan [3]. To overcome these limitations, researchers have turned
to 2D heterostructures, where different 2D materials are combined to exploit interlayer
electronic coupling effects, achieving a "1+1>2" performance enhancement.

In recent years, significant progress has been made in the research of 2D
heterostructures. In terms of construction methods, van der Waals stacking technology
has become the main approach for fabricating high-quality heterostructures due to its
ability to precisely control the interlayer arrangement, while solution assembly and
covalent functionalization methods offer potential for large-scale fabrication [4].
Regarding electronic coupling mechanisms, studies have found differences in coupling
types across various heterostructures: For example, graphene-TMDs heterostructures
mainly enhance device conductivity and optoelectronic response through charge transfer
coupling, while heterostructures formed between black phosphorus and WSe, show
significant exciton transfer coupling, enhancing Iuminescent efficiency [5]. Covalently
bonded heterostructures improve interlayer binding strength and electronic transport
stability via orbital hybridization coupling. These coupling effects can be regulated by
adjusting material layer numbers, applying mechanical strain, and modifying interface
functional groups, providing flexible pathways for device performance optimization [6].

In flexible optoelectronic applications, heterostructures have demonstrated unique
advantages: Flexible photodetectors based on graphene/MoS, heterostructures show
several times the response speed compared to single MoS, devices; flexible LEDs made
from black phosphorus/WSe, heterostructures maintain stable light emission after
repeated bending; and heterostructures of MXene and graphene used in flexible
photovoltaic devices significantly improve energy conversion efficiency [7]. However,
existing studies still have notable gaps: Most research focuses on coupling mechanisms
and device performance under ideal conditions, with insufficient exploration of how
mechanical deformation in flexible scenarios (such as bending and stretching) affects
electronic coupling effects [8]. Interlayer interface compatibility remains a major issue,
with long-term use prone to delamination, affecting device stability. In large-scale
fabrication, ensuring consistency of heterostructures remains challenging, limiting their
engineering application.

Based on these issues, this paper systematically reviews the construction methods,
electronic coupling mechanisms, and applications of 2D heterostructures in flexible
optoelectronic devices, clarifying the intrinsic relationship between "structural design-
coupling regulation-performance optimization." It summarizes the core challenges in
current research and proposed solutions, providing valuable insights for the development
and practical application of flexible optoelectronic devices in the field of electrical and
electronic engineering.

2. Construction and Structural Characteristics of 2D Heterostructures

2D heterostructures are materials formed by stacking different 2D materials together,
allowing the combination of their individual strengths and overcoming their inherent
limitations. Various methods have been developed to construct high-quality 2D
heterostructures, each with its own benefits and challenges.

2.1. Construction Methods

Van der Waals Stacking is the most common technique for creating 2D
heterostructures. This method utilizes weak van der Waals forces between adjacent layers,
allowing materials with different crystal structures and properties to be stacked without
altering their intrinsic features. It is particularly advantageous for combining materials
like graphene and transition metal dichalcogenides (TMDs), enhancing their electronic
and optoelectronic properties [9]. For instance, graphene/TMDs heterostructures are
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widely used in flexible photodetectors, benefiting from the complementary properties of
each material.

Covalent Bonding involves chemically bonding two 2D materials at their interface.
This results in stronger interlayer interactions than van der Waals stacking, which
enhances the mechanical and electronic stability of the heterostructure. The covalent
bonding technique allows better control over electronic coupling, making it suitable for
applications that demand robust interlayer interaction, such as graphene-hBN
heterostructures [10]. However, this method is more complex, as it requires activation of
the material surfaces before bonding can occur.

Solution Assembly is a scalable approach that disperses 2D materials in a solvent
before depositing them onto a substrate. This method is particularly useful for large-scale
production of heterostructures, such as graphene/MoS,, where multiple layers are stacked
to optimize performance. Solution-based methods are cost-effective and can be easily
adapted for mass production, making them ideal for creating high-quality 2D
heterostructures in flexible electronics.

2.2. Structural Characteristics

The structural properties of 2D heterostructures are crucial for determining their
performance in optoelectronic devices. Important factors include the number of layers,
interlayer interactions, and the application of strain.

Layer Number Control plays a significant role in the electronic properties of 2D
heterostructures. For instance, materials like MoS, exhibit a tunable bandgap that shifts
from indirect to direct as the number of layers decreases. This tunability allows for precise
control over the optoelectronic properties, which is beneficial for applications such as
photodetectors and light-emitting diodes (LEDs).

Interlayer Interactions refer to the type of bond or force between the layers of the
heterostructure. Van der Waals stacking offers flexibility, making it suitable for flexible
electronics, while covalent bonding enhances the mechanical strength and electronic
stability of the heterostructure [11]. These interactions influence the electronic, thermal,
and mechanical properties, which are key to device performance.

Strain Engineering involves applying mechanical strain to 2D heterostructures to
tune their electronic properties. By stretching or compressing the layers, strain
engineering can modify carrier mobility, bandgap, and interlayer coupling. This
technique is particularly useful for optimizing flexible devices, as it enables enhancement
of the electronic properties under bending or stretching, which are common in flexible
optoelectronic applications.

3. Types and Mechanisms of Electronic Coupling in 2D Heterostructures

2D heterostructures, formed by stacking different 2D materials, exhibit unique
electronic properties from interlayer interactions. These coupling effects significantly
enhance optoelectronic device performance by combining the strengths of individual
materials. The type and nature of coupling vary depending on the materials and
construction methods, making it crucial to understand these mechanisms for optimization.

3.1. Charge Transfer Coupling

Charge transfer is a prominent coupling mechanism in 2D heterostructures,
occurring when electrons or holes move between adjacent layers due to differences in
electronic structures. For instance, in graphene/MoS, heterostructures, graphene donates
electrons to MoS,, modulating carrier concentration and enhancing conductivity and
optoelectronic properties [12]. This charge transfer boosts performance in devices like
flexible photodetectors by improving carrier mobility, resulting in faster response times
and better sensitivity. By choosing materials with complementary electronic properties,
charge transfer can be tailored to optimize device performance.
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3.2. Exciton Transfer Coupling

Exciton transfer is another important coupling mechanism that enhances the optical
properties of 2D heterostructures. Excitons, bound pairs of electrons and holes, are formed
when light excites electrons in semiconductors. In heterostructures like black
phosphorus/WSe,, excitons generated in black phosphorus transfer to WSe,, where they
recombine and emit light. This transfer improves luminescence efficiency, making the
heterostructures ideal for flexible LEDs. By controlling exciton transfer, the emission
efficiency and wavelength of flexible LEDs can be optimized.

3.3. Orbital Hybridization Coupling

Orbital hybridization occurs when electron orbitals from adjacent layers overlap,
enhancing the interlayer interaction and electronic stability. This coupling is particularly
significant in covalently bonded heterostructures, such as graphene/h-BN, where orbital
interactions between carbon and nitrogen atoms strengthen the material's stability and
improve charge transport. Orbital hybridization is crucial in designing stable, high-
performance flexible devices, as it ensures strong interlayer interactions, enhancing device
reliability and functionality, especially under mechanical stress [13].

3.4. Strain-Induced Coupling

Strain engineering modifies the interlayer coupling by applying mechanical strain to
2D heterostructures, tuning electronic properties such as carrier mobility, bandgap, and
conductivity. This coupling can induce new electronic states, such as band gap shifts,
beneficial for enhancing device performance. For example, applying tensile strain to
graphene/TMD heterostructures can shift the bandgap of TMDs, improving their
photodetector performance. Strain-induced coupling is particularly useful in flexible
electronics, as it enhances performance under deformation, optimizing devices for real-
world applications.

Collectively, the diverse electronic coupling mechanisms in 2D heterostructures can
be categorized and correlated with their physical origins, representative material systems,
and functional impacts, as summarized in Table 1.

Table 1. Summary of Electronic Coupling Mechanisms in 2D Heterostructures.

Coupling Physical Typical Material Key Influencing  Primary Device

Type Origin Systems Factors Impact
Band
Work functi Enh d
Charge alignment-  Graphene/MoS,, o'r cnetion nhance
. . difference, photoresponse
Transfer driven carrier Graphene/WS,, . ) .
. . interlayer distance, speed, improved
Coupling migration MXene/TMDs . .
. doping conductivity
across interface
Interlayer Dielectric Increased
Exciton diffusion and BP/WSe,, environment. laver photoluminescence
Transfer radiative MoS,/WSe,, stackin ar; ley quantum yield,
Coupling recombination BP/MoS; striin & tunable emission
of excitons wavelength
Overlap and Covalently
. . P bonded Chemical bonding, Improved interlayer
Orbital mixing of o .
e . . graphene/h-BN, surface activation, mechanical
Hybridization atomic orbitals . . . .
. functionalized interface functional strength, stable
Coupling at covalent
. TMD groups charge transport
interfaces .
heterobilayers
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Mechanical Dynamic bandgap
Strain- deformation Graphene/TMDs Applied tuning, enhanced
modulating  on elastomers, tensile/compressive light absorption,
Induced . . .
. band structure  wrinkled BP strain, substrate adaptive
Coupling ) .
and orbital heterostructures curvature optoelectronic
overlap response

4. Control and Optimization of Electronic Coupling Effects in 2D Heterostructures

The performance of 2D heterostructures in optoelectronic devices depends on how
their electronic coupling effects are controlled. Techniques like layer number control,
strain engineering, and interface functionalization have been developed to regulate these
effects and enhance device performance.

4.1. Layer Number Control

The number of layers in 2D heterostructures plays a significant role in optimizing
electronic properties. For materials like MoS,, the bandgap can shift from indirect to direct
as the number of layers decreases, making monolayers suitable for optoelectronic
applications. By controlling the number of layers in each material, the interlayer coupling
can be tuned to enhance conductivity, charge transfer, and light emission. For example,
stacking MoS, with graphene in a controlled sequence enhances charge transfer,
improving the device's photodetector performance.

4.2. Strain Engineering

Strain engineering modifies the electronic properties of 2D heterostructures by
applying mechanical strain, which influences the interlayer coupling, bandgap, and
carrier mobility. Strain can be induced by stretching the material or using substrates that
introduce strain during fabrication. This method is crucial for flexible electronics, where
deformation is inevitable. For instance, applying tensile strain to graphene/TMD
heterostructures reduces the TMD's bandgap, improving light absorption and
photodetection. Strain also enhances carrier mobility and can optimize exciton transfer,
benefiting light-emitting devices [14].

4.3. Interface Functionalization

The interface between the layers in 2D heterostructures is key to determining the
strength and stability of interlayer interactions. Interface functionalization involves
modifying the interface's chemical composition or structure to enhance coupling. Adding
functional groups or using surface treatments can improve bonding strength and
electronic coupling, leading to better charge transfer and device stability. For example,
introducing nitrogen or oxygen-containing groups at the interface can strengthen
interactions, enhancing the heterostructure's overall performance, such as increasing
optical emission efficiency or improving charge transfer in photodetectors.

4.4. Environmental Control and Stability Enhancement

Environmental factors like humidity and temperature affect the stability of 2D
heterostructures. To optimize electronic coupling, it is important to control these factors
during fabrication and operation. Techniques such as surface passivation or encapsulation
in protective layers can mitigate degradation from oxidation and moisture. These
measures help maintain the heterostructure's performance over time, ensuring long-term
stability in flexible devices.
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5. Research Progress and Performance Comparison of 2D Heterostructure Flexible
Photodetectors

Flexible photodetectors based on 2D heterostructures have gained significant
attention due to their ability to combine the unique properties of individual 2D materials,
enhancing optoelectronic performance. These devices leverage the atomic thickness, high
mobility, and mechanical flexibility of 2D materials, making them ideal for applications
in wearable electronics, flexible displays, and sensors. Recent advancements in 2D
heterostructure photodetectors, including materials like graphene, TMDs, BP, and
MXenes, have shown substantial improvements in responsivity, detectivity, and
mechanical flexibility.

For example, graphene/MoS, heterostructures combine the high conductivity of
graphene with the light absorption capabilities of MoS,, enhancing photoresponse speed
and photoelectric conversion efficiency. The charge transfer between layers improves the
photodetector's response time, which is critical for high-speed applications. The
mechanical flexibility of these heterostructures allows for bending and stretching without
significant degradation. In flexible photodetectors, the device maintains high responsivity
even under strain, demonstrating excellent mechanical durability.

BP-based heterostructures, combined with TMDs like WSe;, exhibit strong exciton
transfer coupling, boosting photoluminescent efficiency and broadening spectral
sensitivity [15]. The direct bandgap of BP improves light absorption, making these
heterostructures ideal for visible to near-infrared light detection. MXene/graphene
composites show improved energy conversion efficiency in flexible photovoltaic devices,
with the MXene layer facilitating charge transfer and the graphene layer enhancing
conductivity.

Despite the progress, challenges remain in achieving an ideal balance between
responsivity, speed, and mechanical stability. Most research has focused on optimizing
one or two properties, but achieving an optimal balance is still a challenge. The interface
between layers in 2D heterostructures also plays a critical role in electronic coupling and
overall device stability. Additionally, large-scale fabrication of heterostructures with
uniform properties is crucial for commercialization.

Table 2 summarizes the performance of typical 2D heterostructure flexible
photodetectors, including responsivity, detectivity, response time, and stability under
bending. It highlights the significant performance differences between various material
combinations.

Table 2. Performance Comparison of 2D Heterostructure Flexible Photodetectors.

Device Responsivity Detectivity Response  Bending/Stretchin
(Materials) (A/W) (Jones) Time (s) g Stability
Tensile
Graph.ene/MoSz 10 to 100 10121013 10--10-2 strai.n >100%
(wrinkled) without
degradation
Maintains
BP/TMD performance
~10-1 ~1011-1012 ~104-10-3
heterostructure 0-100 0710 0710 after >1000 bending
cycles
Performance drop
MXene/Graphene =, 5 5o ~1012 ~10°2 <10% after 100
composite
cycles

As shown in Table 2, various material combinations show promising performance in
terms of responsivity, detectivity, and mechanical stability. However, further work is
required to enhance response time while maintaining mechanical flexibility and
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durability. The development of techniques for optimizing interlayer coupling and
improving large-area uniformity will be essential for advancing flexible photodetector
technology.

In conclusion, although significant progress has been made in 2D heterostructure-
based flexible photodetectors, challenges remain in balancing responsivity, response time,
and stability. Future research will likely focus on improving scalability, addressing
interface issues, and enhancing environmental stability to enable widespread application
in flexible electronics.

6. Applications of 2D Heterostructures in Flexible Light Emitting and Display Devices

2D heterostructures have shown great promise in flexible light-emitting devices, such
as LEDs and flexible displays, due to their tunable electronic and optical properties. These
heterostructures combine the strengths of individual 2D materials, enhancing light
emission efficiency, spectral range, and mechanical flexibility, all of which are critical for
the development of high-performance flexible optoelectronics.

One of the key applications of 2D heterostructures in light-emitting devices is in
flexible LEDs. By combining materials like BP with TMDs such as WSe, or MoS,, strong
exciton transfer coupling is achieved, which enhances the light-emission efficiency. BP,
with its direct bandgap, provides high photoluminescence, while TMDs, with tunable
bandgaps, extend the spectral range of emission. This combination results in high-
efficiency light emission in flexible, bendable devices. The mechanical flexibility of these
heterostructures allows for the creation of bendable or stretchable LED displays, which
are crucial for applications in foldable smartphones, wearable technology, and flexible
signage.

Additionally, graphene/TMDs heterostructures are widely explored in flexible
displays due to their fast charge carrier mobility and high electronic stability, allowing for
efficient light emission and high pixel density. These heterostructures enable low-power
consumption, rapid switching times, and high optical quality in flexible display
applications.

Despite the advancements, challenges remain in enhancing the color purity,
efficiency, and lifetime of flexible light-emitting devices. The interface between different
2D materials plays a critical role in controlling the exciton dynamics and charge
recombination efficiency. Moreover, the scalability of fabrication methods for large-area
flexible displays and maintaining uniformity in device performance are areas requiring
further development.

In conclusion, 2D heterostructures are pivotal in advancing flexible light-emitting
and display devices, with future research focused on improving efficiency, scalability, and
environmental stability.

7. Performance Degradation and Stabilization Techniques in Flexible Conditions for
2D Heterostructures

The mechanical flexibility of 2D heterostructures is one of their most significant
advantages for flexible optoelectronic devices. However, the performance of these
heterostructures can degrade when subjected to mechanical stress, environmental factors,
or prolonged operation. Understanding the mechanisms behind performance
degradation and developing stabilization techniques is crucial for ensuring the long-term
reliability of flexible devices.

7.1. Performance Degradation Mechanisms
7.1.1. Mechanical Deformation and Strain

In flexible devices, 2D heterostructures are often subject to bending, stretching, or
torsional forces. While these materials are inherently flexible, the application of
mechanical strain can induce defects, such as cracks or dislocations, particularly at the
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interfaces between different 2D materials. These defects can disrupt the electronic
coupling between layers, leading to reduced carrier mobility and efficiency. The interlayer
delamination caused by repeated mechanical deformation can further exacerbate the
degradation, weakening the overall performance of the device.

For example, bending a graphene/TMDs heterostructure can cause strain localization,
which may lead to changes in the electronic properties of the TMD layer, affecting charge
transfer and optical performance. Similarly, tensile strain can cause an increase in carrier
scattering, which reduces the photodetector's responsivity and speed.

7.1.2. Environmental Factors

2D materials, especially BP and TMDs, are highly sensitive to environmental
conditions, such as humidity, temperature fluctuations, and exposure to oxygen or light.
These materials tend to oxidize or degrade under ambient conditions, significantly
affecting their stability and performance. For instance, black phosphorus is prone to rapid
oxidation when exposed to air, leading to loss of its photonic properties. Likewise,
moisture can introduce unwanted adsorbates that interfere with the interface coupling
between the 2D layers, causing shifts in the electronic structure and reducing device
efficiency.

7.1.3. Interface Instability:

The interfaces between different 2D materials play a critical role in determining the
strength and stability of the electronic coupling. However, the interface is often the
weakest point in the heterostructure, where defects, poor bonding, or misalignment can
occur. Such defects reduce the stability of the heterostructure, particularly under
mechanical deformation. As interfaces degrade, the interlayer coupling weakens, leading
to reduced performance in optoelectronic devices, such as lower photoresponse and
reduced lifetime.

7.2. Stabilization Techniques
7.2.1. Surface Passivation

To combat environmental degradation, surface passivation techniques can be
employed to protect 2D heterostructures from exposure to oxygen and moisture. Coating
the surfaces of the materials with protective layers, such as atomic layer deposition (ALD)
films, graphene oxide, or polymer encapsulation, can significantly enhance the stability of
the heterostructure. These coatings act as barriers, preventing oxidation and moisture
absorption, which helps to maintain the optoelectronic properties of the materials. For
example, passivating BP-based heterostructures with an ultra-thin protective layer can
effectively prevent degradation while maintaining their photoluminescent efficiency.

7.2.2. Strain Engineering:

Strain engineering can be used not only to tune the electronic properties of 2D
heterostructures but also to mitigate the effects of mechanical deformation. By carefully
controlling the application of strain, it is possible to prevent the formation of defects and
enhance the stability of the materials. Pre-strained substrates or multi-layer stacking
strategies can help distribute the strain evenly across the material, preventing localized
strain that could lead to defects. Additionally, dynamic strain adjustment, where strain is
applied selectively during device operation, can optimize the coupling effects and
minimize performance degradation under bending or stretching conditions.

7.2.3. Interface Engineering;:

Optimizing the interfaces between different 2D materials is crucial for enhancing
stability and preventing degradation. One approach is interface functionalization, where
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chemical or physical treatments are applied to the interface to improve bonding strength
and minimize defects. Covalent functionalization of the interface can strengthen the
interaction between layers and reduce delamination under mechanical stress. Moreover,
the use of buffer layers, such as h-BN or MoSe,, can improve interface compatibility,
enhancing the overall stability and performance of the heterostructure.

7.2.4. Encapsulation and Encapsulation Materials:

Encapsulation plays a vital role in protecting flexible optoelectronic devices from
environmental degradation. Using encapsulation materials, such as silicon oxide, polymer
films, or graphene oxide, can shield the heterostructures from moisture, oxygen, and
mechanical stresses, ensuring long-term reliability. Advanced encapsulation techniques
that maintain flexibility while providing robust protection are critical for the
commercialization of flexible devices.

7.3. Stabilization Techniques Flowchart

Figure 1 illustrates the key stabilization techniques used to enhance the performance
and durability of 2D heterostructures in flexible devices. These techniques, such as surface
passivation, strain engineering, and interface optimization, play a crucial role in
improving the stability of the materials under mechanical and environmental stresses.

A & Surface Passivation

Mechanical Deformation & Strain

Encapsulation

Environmental Degradation
(0,/H,0)

Strain Engineering

Interface Instability
\ Interface Engineering

Figure 1. Stabilization Techniques Flowchart for 2D Heterostructures.

8. Engineering Challenges and Future Development Trends of 2D Heterostructures

Despite significant progress in 2D heterostructure research, several engineering
challenges hinder their widespread use in commercial optoelectronic devices. Key
challenges include scalability, uniformity, stability, and integration of 2D heterostructures
into practical devices. Addressing these obstacles will be crucial for realizing the full
potential of 2D heterostructures in flexible electronics, sensors, displays, and energy
conversion devices.
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8.1. Scalability and Large-Scale Fabrication

One of the major obstacles in commercializing 2D heterostructures is producing high-
quality, large-area heterostructures in a cost-effective and reproducible manner. Most
fabrication methods, such as mechanical exfoliation, chemical vapor deposition (CVD),
and solution-based assembly, are suited for laboratory-scale production but face
challenges when scaled up. Mechanical exfoliation provides high-quality single layers but
is labor-intensive and not scalable for industrial production. CVD can be scaled up but
often struggles to produce uniform, large-area films with consistent quality.

To overcome these limitations, researchers are exploring scalable techniques like
liquid-phase exfoliation and direct growth, which can be used to produce large-area, high-
quality 2D materials. These methods are crucial for ensuring uniformity in large-area
heterostructures and are needed for commercial applications in flexible electronics, where
uniform performance is required.

8.2. Interface and Layer Alignment

The quality of the interface between the different 2D layers in a heterostructure is
critical for device performance. Poor alignment or weak interlayer coupling can degrade
the heterostructure's functionality, particularly in optoelectronic devices such as
photodetectors or LEDs. Achieving precise alignment and strong interlayer bonding is
challenging, and defects at the interface can lead to traps or leakage currents, reducing
efficiency.

To address these issues, researchers are developing advanced transfer techniques
and interface engineering strategies, such as laser-assisted transfer, wet transfer, and
direct growth on flexible substrates. These methods aim to improve layer alignment and
interlayer bonding, enhancing device performance. However, controlling these interfaces
on a large scale remains a significant challenge.

8.3. Environmental Stability

Many 2D materials, especially black phosphorus and transition metal
dichalcogenides (TMDs), are highly sensitive to environmental factors like humidity,
temperature, and exposure to oxygen or light. For example, black phosphorus rapidly
oxidizes when exposed to air, which significantly degrades its photonic properties. TMDs
are also susceptible to surface defects and degradation under ambient conditions, limiting
their practical use in flexible optoelectronic devices.

Surface passivation techniques, protective coatings, and encapsulation have been
developed to enhance the environmental stability of 2D heterostructures. These methods
protect the materials from oxidation and moisture, but ensuring that these protective
layers do not interfere with the optoelectronic properties of the devices remains a
challenge. Further research is needed to improve the environmental protection of 2D
heterostructures, especially for applications requiring long-term stability.

8.4. Future Development Trends

The future development of 2D heterostructures will focus on overcoming the
challenges of scalability, interface quality, and environmental stability. Several key trends
are likely to shape the future of this field: (1) Advanced Fabrication Techniques: New
scalable production methods, such as roll-to-roll processing and laser-assisted growth,
will be crucial for large-scale manufacturing of 2D heterostructures. These methods will
enable the production of high-quality, uniform materials on flexible substrates, making
them suitable for commercial applications. (2) Interface Engineering: Achieving better
control over interlayer interactions and layer alignment will be essential for improving
the performance and stability of 2D heterostructure devices. Developing new materials or
techniques for interface functionalization will help to enhance the coupling between
layers and reduce defects. (3) Environmental Protection: Research into self-healing
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materials and environmentally stable coatings will be key for improving the longevity and
reliability of 2D heterostructure-based devices. Materials that can repair themselves or
protect the 2D layers from environmental damage will extend the lifetime and
performance of flexible optoelectronics. (4) Multifunctional Integration: The integration of
multiple functionalities, such as combining sensors, light-emitting components, and
energy harvesting elements, into a single 2D heterostructure will enable more compact
and efficient systems. Multifunctional devices could lead to innovations like self-powered
flexible displays and wearable electronics.
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