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Abstract: This paper reviews the research progress of two-dimensional metamaterials based on gallium 
arsenide (GaAs) substrates in the fields of electromagnetic wave manipulation and optoelectronic 
devices. Firstly, the advantages of GaAs as a substrate material—such as high electron mobility, wide 
spectral response, and low dielectric loss—are analyzed, highlighting its unique application potential in 
optical modulation, infrared detection, and high-speed communications. Subsequently, the paper 
provides a detailed introduction to several common structural designs of two-dimensional metamaterials, 
including subwavelength periodic structures, surface plasmon-enhanced structures, and heterogeneous 
composite structures, and explores their applications in optical filtering, dynamic control, and 
multifunctional integration. Additionally, the suitability of various fabrication methods, such as electron 
beam lithography and nanoimprint lithography, for constructing high-precision two-dimensional 
metamaterials is summarized. The section on performance modulation focuses on the effects of electric 
fields, temperature, and mechanical stress on the electromagnetic properties of the materials and their 
applications in dynamic optical devices and high-sensitivity sensors. Finally, this paper discusses the 
challenges and development trends in multifunctional integration, process optimization, and exploration 
of new materials for two-dimensional metamaterials, aiming to provide a reference for researchers in 
related fields. 
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1. Introduction 

Metamaterials, characterized by their artificially engineered subwavelength periodic structures, 
possess unique electromagnetic properties not found in natural materials. The recent progress in 
nanofabrication and material science has accelerated the transition of metamaterial research into the two-
dimensional domain, resulting in structures with extraordinary capabilities for manipulating 
electromagnetic waves at the nanoscale. These two-dimensional metamaterials have become pivotal in 
advancing technologies such as super-resolution imaging, optical cloaking, and photonic crystals, owing 
to their unparalleled ability to modulate electromagnetic waves flexibly and efficiently[1]. 

A critical factor influencing the performance of two-dimensional metamaterials is the choice of 
substrate material. Gallium arsenide (GaAs), a Group III-V semiconductor, stands out due to its 
exceptional electronic and optical properties. Its direct bandgap structure enables high photoelectric 
conversion efficiency and a wide spectral response, spanning visible to infrared wavelengths. 
Additionally, GaAs's superior electron mobility and low dielectric loss make it an ideal platform for high-
speed optoelectronic applications, including microwave circuits and quantum communication devices. 
Consequently, two-dimensional metamaterials fabricated on GaAs substrates have become a focal point 
for research in advanced electromagnetic materials. 

Recent advances have demonstrated the potential of GaAs-based two-dimensional metamaterials in 
regulating electromagnetic waves across a broad spectral range, from visible to mid-infrared. Such 
materials have been extensively explored for applications in optical modulators, tunable filters, and 
infrared detectors. By integrating two-dimensional materials with GaAs substrates, multifunctional 
composite structures have been developed, enabling breakthroughs in high-sensitivity biosensing and 
photonic quantum technologies[2-3]. 

This paper aims to provide a comprehensive review of the structural designs, fabrication methods, 
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and performance modulation strategies for two-dimensional metamaterials based on GaAs substrates. 
Additionally, their applications in optoelectronic devices, electromagnetic wave control, and 
multifunctional integration are systematically analyzed. Finally, challenges and future development 
trends in this rapidly evolving field are discussed to offer valuable insights for researchers in related 
domains. 

2. Material Properties of GaAs Substrates 

Gallium arsenide (GaAs), a Group III-V compound semiconductor, exhibits exceptional electronic, 
optical, and thermal properties, positioning it as a highly versatile substrate material for two-dimensional 
metamaterials. This section delves into the critical attributes of GaAs, including its direct bandgap 
structure, high electron mobility, low dielectric constant, thermal conductivity, surface processability, 
and chemical stability. These properties collectively underpin its capabilities in electromagnetic wave 
regulation, photoelectric conversion, and high-speed communication. 

2.1 Direct Bandgap Structure 

GaAs is a direct bandgap semiconductor with a bandgap energy of approximately 1.43 eV at 300 K. 
Unlike indirect bandgap materials such as silicon, GaAs efficiently absorbs and converts photons into 
electrical signals, making it highly advantageous for optoelectronic applications. The direct bandgap 
ensures high optical absorption and conversion efficiency, enabling superior performance in 
photodetectors, lasers, and solar cells. In particular, GaAs exhibits strong transparency across a broad 
wavelength range, from visible to mid-infrared, enabling its application in low-loss optical devices[4]. 

2.2 High Electron Mobility 

The electron mobility of GaAs, approximately 8500 cm²/V·s, far exceeds that of silicon, making it 
ideal for high-frequency and high-speed applications. This property facilitates rapid electromagnetic 
responses, allowing GaAs-based two-dimensional metamaterials to operate effectively in the microwave, 
terahertz, and millimeter-wave regions. High electron mobility also enhances the precision of 
electromagnetic wave manipulation, proving critical in advanced communication technologies and 
terahertz devices[5]. 

2.3 Low Dielectric Constant 

GaAs has a relative dielectric constant of 10.4-12.9, which reduces electromagnetic wave penetration 
losses and enhances wave manipulation efficiency. This low dielectric constant is especially valuable for 
designing metamaterial structures with high reflectivity and low energy dissipation. For instance, GaAs-
based filters and waveguides can achieve selective frequency response while minimizing energy loss, 
making them indispensable in high-performance optical communication systems[6]. 

2.4 High Thermal Conductivity 

With a thermal conductivity of approximately 46 W/(m·K), GaAs ensures effective heat dissipation 
during high-frequency operations. While slightly lower than that of silicon, this thermal conductivity 
suffices for handling power-intensive applications in high-speed devices. When coupled with materials 
such as graphene or diamond, GaAs substrates can achieve enhanced thermal management, broadening 
their application potential in high-power electromagnetic devices[7]. 

2.5 Surface Processability and Structural Integrability 

GaAs substrates exhibit excellent surface processability, allowing seamless integration with 
nanostructures and two-dimensional materials. This compatibility supports advanced micro- and 
nanofabrication techniques, such as electron beam lithography (EBL) and nanoimprint lithography (NIL), 
to achieve high-precision subwavelength structures. Furthermore, integrating GaAs with other materials, 
such as graphene, enables enhanced optical absorption and conductivity, fostering multifunctional 
metamaterial designs. Such integrations facilitate applications in photonic devices, infrared detection, 
and sensing technologies[8].  
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2.6 Chemical Stability and Fabrication Compatibility 

Compared to silicon, GaAs demonstrates superior chemical stability and corrosion resistance, making 
it an ideal candidate for fabricating robust two-dimensional metamaterials. Its compatibility with 
deposition techniques, including chemical vapor deposition (CVD) and molecular beam epitaxy (MBE), 
ensures the production of high-quality, high-purity thin films. These properties enable the realization of 
complex heterostructures and multilayer metamaterials with precise electromagnetic response 
capabilities. 

3. Structural Design of Two-Dimensional Metamaterials on GaAs Substrates 

Two-dimensional metamaterials constructed on GaAs substrates offer exceptional capabilities for 
electromagnetic wave manipulation due to their unique physical and structural properties. By employing 
nanoscale structures, these metamaterials can precisely control the propagation, reflection, and 
absorption of electromagnetic waves, enabling advanced functionalities such as superlensing, optical 
cloaking, and dynamic modulation. This chapter explores several structural design approaches commonly 
used in GaAs-based two-dimensional metamaterials, including subwavelength periodic structures, 
surface plasmon-enhanced designs, composite heterogeneous architectures, and dynamic tuning 
structures. 

3.1 Subwavelength Periodic Structure Design 

Subwavelength periodic structures form the backbone of two-dimensional metamaterials, 
characterized by structural periodicity comparable to or smaller than the wavelength of incident 
electromagnetic waves. These structures enable selective manipulation of electromagnetic waves within 
specific frequency bands. Common designs include gratings, nanohole arrays, metal-insulator-metal 
(MIM) structures, and ring resonators. 

For example, metal-insulator-metal configurations utilize GaAs as the dielectric layer sandwiched 
between two metal layers, leveraging its low dielectric loss and high mobility to achieve efficient 
narrowband filtering and resonance effects across mid-infrared and terahertz wavelengths. Similarly, 
periodic nanograting structures on GaAs surfaces are optimized for polarization-sensitive applications, 
such as waveguide coupling and broadband absorption, providing significant flexibility in optical 
communication devices[9-10]. 

Subwavelength periodic structures also play a pivotal role in superlensing, where arrays of negative-
refractive-index metamaterials on GaAs substrates enable subwavelength imaging, breaking the 
diffraction limit of traditional lenses. This capability is vital for applications in high-resolution 
microscopy and advanced imaging technologies. 

3.2 Surface Plasmon-Enhanced Structures 

Surface plasmon (SP) structures leverage the strong electromagnetic field localization at the metal-
dielectric interface under light excitation, enhancing light-matter interactions. When designed on GaAs 
substrates, these structures benefit from GaAs’s wide spectral transparency and high carrier mobility, 
facilitating efficient coupling and energy transfer. 

Typical designs include metallic nanohole arrays, nanoparticle coatings, and nanowires integrated 
with GaAs. For instance, localized surface plasmon resonances (LSPR) induced by metallic 
nanostructures significantly amplify the electromagnetic field near the surface, enabling ultra-sensitive 
molecular detection in surface-enhanced Raman scattering (SERS) sensors. These designs find extensive 
use in biosensing, near-field optical imaging, and photothermal conversion technologies[11-12]. 

3.3 Composite Heterogeneous Structure Design 

Composite heterogeneous structures integrate GaAs with other two-dimensional materials, such as 
graphene, MoS2, or WS2, to form heterojunctions. These combinations harness the complementary 
properties of GaAs and the integrated materials, creating advanced functionalities for optoelectronic and 
sensing applications. 

For example, a GaAs-graphene heterojunction can combine the high mobility and low dielectric loss 
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of GaAs with the excellent conductivity and tunability of graphene. By dynamically modulating the 
carrier concentration in graphene via electric fields, these heterostructures achieve adjustable optical and 
electromagnetic properties, making them suitable for tunable filters, broadband modulators, and high-
sensitivity photodetectors. Additionally, the heterojunction introduces quantum confinement effects, 
enabling extreme regulation of light-matter interactions, which is essential for quantum communication 
and nanoscale sensing technologies[13]. 

3.4 Dynamic Tuning Structure Design 

Dynamic tuning structures represent a rapidly growing area in two-dimensional metamaterial 
research, focusing on achieving real-time electromagnetic property adjustments under external stimuli. 
GaAs-based dynamic tuning structures incorporate functional materials or reconfigurable designs to 
respond to electric fields, magnetic fields, temperature changes, or mechanical stress. 

Electric field-controlled tuning designs exploit the high carrier mobility of GaAs, enabling dynamic 
adjustment of optical and plasmonic properties. For instance, applying an external electric field can alter 
the carrier distribution in GaAs substrates, leading to tunable resonance frequencies in plasmonic devices. 
Similarly, optically controlled structures integrate light-responsive materials with GaAs, allowing 
changes in refractive index or structural configuration under light exposure. These designs are 
particularly advantageous for tunable lasers, optical switches, and adaptive filters in intelligent photonic 
systems[14]. 

3.5 Multifunctional Design Based on Asymmetric Structures 

Asymmetric structures on GaAs substrates introduce additional degrees of freedom for controlling 
electromagnetic wave propagation, enabling functionalities such as unidirectional transmission and 
polarization conversion. By breaking structural symmetry, asymmetric designs allow selective 
electromagnetic wave manipulation based on direction, wavelength, or polarization state.  

For example, asymmetric nanoslit arrays or refractive index gradients on GaAs surfaces enable 
unidirectional light propagation, crucial for isolator and circulator applications in integrated photonic 
systems. Additionally, these structures excel in multimode resonance and polarization conversion, 
supporting high-performance optical devices for information processing and communications. 

4. Typical Fabrication Methods 

The fabrication of two-dimensional metamaterials on GaAs substrates requires high-precision and 
micro- nanofabrication techniques to construct complex subwavelength structures with specific 
electromagnetic properties. The choice of fabrication method directly influences the performance, 
precision, and scalability of the resulting metamaterials. This chapter reviews the most commonly 
employed fabrication techniques, including electron beam lithography (EBL), nanoimprint lithography 
(NIL), focused ion beam (FIB) etching, molecular beam epitaxy (MBE), and chemical vapor deposition 
(CVD), highlighting their respective advantages and limitations. 

4.1 Electron Beam Lithography (EBL) 

Electron beam lithography is a highly precise fabrication method that utilizes a focused electron beam 
to directly write nanoscale patterns on a resist-coated substrate. This technique achieves resolutions down 
to a few nanometers, making it one of the most reliable methods for fabricating subwavelength structures 
with complex geometries[15]. 

In EBL, a thin layer of photoresist is deposited on the GaAs substrate, followed by electron beam 
exposure to define the desired metamaterial pattern. After development and subsequent etching or lift-
off processes, the pattern is transferred onto the substrate. EBL is particularly suitable for fabricating 
intricate periodic structures, such as nanohole arrays, gratings, and MIM (metal-insulator-metal) 
configurations, which are essential for narrowband filters, optical modulators, and superlens applications. 
However, its relatively low throughput and high cost limit its use to experimental research and small-
scale production[16]. 
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4.2 Nanoimprint Lithography (NIL) 

Nanoimprint lithography is a cost-effective, high-throughput technique for replicating nanoscale 
patterns over large areas. It involves pressing a mold with predefined nanoscale features onto a resist-
coated substrate, transferring the pattern through mechanical pressure or thermal curing[17]. 

NIL is particularly advantageous for fabricating periodic structures on GaAs substrates, such as 
gratings and nanohole arrays, enabling large-scale production with high precision. Thermal or UV curing 
enhances pattern stability, making NIL well-suited for applications in flexible electronics, photonic 
devices, and biosensors. However, the quality of the final structures depends heavily on the precision of 
the mold and the uniformity of the pressure applied during the imprinting process[18]. 

4.3 Focused Ion Beam (FIB) Etching 

Focused ion beam etching employs a high-energy ion beam to directly etch material surfaces, offering 
exceptional precision for fabricating complex or non-periodic structures. This technique is particularly 
useful for designing asymmetric patterns, multilayer configurations, and intricate subwavelength features 
on GaAs substrates. 

FIB etching is often used in the development of unique structures, such as polarization-sensitive 
elements and advanced optical couplers. Despite its flexibility and high resolution, the slow processing 
speed and high operational cost of FIB make it more suitable for prototyping and fabricating small-scale 
high-end devices rather than mass production[19]. 

4.4 Molecular Beam Epitaxy (MBE) 

Molecular beam epitaxy is a high-vacuum deposition technique that enables atomic-level control over 
the growth of thin films and heterostructures. By precisely depositing atomic beams of Ga and As onto 
a GaAs substrate, MBE achieves uniform layer growth with excellent purity and crystallinity. 

MBE is particularly effective for fabricating GaAs-based heterostructures, such as those integrating 
two-dimensional materials like graphene or MoS2. These structures exhibit enhanced optoelectronic 
properties, making MBE an indispensable technique for developing multifunctional metamaterials for 
photodetectors, optical modulators, and high-frequency electronic devices. However, the high cost and 
complexity of MBE equipment limit its widespread application to specialized research facilities. 

4.5 Chemical Vapor Deposition (CVD) 

Chemical vapor deposition is a widely used technique for producing high-quality thin films by 
decomposing gaseous precursors at elevated temperatures. CVD is particularly effective for integrating 
other two-dimensional materials, such as graphene or transition metal dichalcogenides, onto GaAs 
substrates to form composite heterostructures. 

CVD enables large-area, uniform deposition, which is critical for fabricating scalable and high-
performance metamaterials. It has been instrumental in advancing composite designs that leverage the 
complementary properties of GaAs and other materials for applications in flexible electronics, photonic 
devices, and environmental sensing. Despite its advantages, CVD requires precise control over reaction 
conditions to avoid defects and ensure film quality. 

4.6 Other Fabrication Techniques 

In addition to the primary methods discussed above, other techniques such as spin coating, 
photolithography, and hybrid etching processes are also employed in the fabrication of GaAs-based two-
dimensional metamaterials. For instance, solution-based spin coating provides a cost-effective method 
for depositing simple nanostructured layers, while photolithography offers scalability for fabricating 
relatively large feature sizes. These complementary methods expand the fabrication toolbox, catering to 
specific design and application requirements. 

5. Performance Regulation and Applications 

Two-dimensional metamaterials based on GaAs substrates exhibit exceptional electromagnetic wave 
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manipulation capabilities, enabling wide-ranging applications in optical, electronic, and sensing devices. 
Through structural design and external stimuli, their optical, electrical, and thermal properties can be 
precisely modulated. This chapter explores key performance regulation methods—optical tuning, electric 
field control, temperature modulation, and mechanical stress—and their applications in advanced 
technologies such as optical filtering, dynamic imaging, and high-sensitivity sensing. 

5.1 Optical Performance Regulation and Applications 

The optical performance of GaAs-based two-dimensional metamaterials is primarily governed by 
their transmission, reflection, and absorption characteristics. These properties can be fine-tuned by 
optimizing subwavelength structures, enabling selective control over specific wavelength bands. 

For instance, metal-insulator-metal (MIM) structures on GaAs substrates achieve narrowband optical 
filtering and high-performance absorption through precise adjustments of geometric parameters. These 
features are critical in applications such as optical communication, super-resolution imaging, and 
photonic switches. Additionally, surface plasmon-enhanced structures on GaAs can utilize localized field 
effects to amplify electromagnetic waves, significantly improving the sensitivity of surface-enhanced 
Raman scattering (SERS) sensors. Such sensors are extensively applied in chemical detection, 
environmental monitoring, and biomedical diagnostics[20-21]. 

5.2 Electric Field Control and Applications 

Electric field control exploits the high carrier mobility of GaAs, allowing dynamic modulation of the 
internal charge distribution and resulting electromagnetic properties. By applying external electric fields, 
the resonance frequencies or optical responses of GaAs-based metamaterials can be precisely adjusted. 

A notable example is the integration of graphene with GaAs substrates to form heterojunction 
structures. The carrier concentration in graphene can be modulated by electric fields, enabling tunable 
filtering and optical modulation across a broad spectral range. These devices are particularly suitable for 
high-frequency optoelectronic applications, such as tunable lasers, modulators, and infrared 
photodetectors. Electric field regulation also enables the development of multifunctional devices with 
applications in real-time optical communication and adaptive imaging systems[22]. 

5.3 Temperature Control and Applications 

GaAs materials exhibit temperature-dependent changes in electronic and optical properties, including 
variations in refractive index and plasmon resonance frequencies. By leveraging these properties, 
temperature-sensitive GaAs-based two-dimensional metamaterials enable adaptive control over 
electromagnetic wave propagation. 

For example, metamaterials designed for thermal imaging can dynamically adjust their absorption or 
transmission characteristics in response to temperature changes, enabling high-precision infrared 
detection. These devices are particularly useful in environmental monitoring, energy management, and 
thermal sensing applications. Moreover, the integration of high-temperature-tolerant materials, such as 
gallium nitride (GaN), with GaAs substrates can further expand their operational range in extreme 
environments[23]. 

5.4 Mechanical Tuning and Applications  

Mechanical tuning introduces stress or strain to GaAs substrates, altering the structural configuration 
of metamaterials and consequently their electromagnetic responses. This approach is especially 
advantageous in flexible electronics and wearable devices. 

For instance, stretchable subwavelength structures on GaAs can dynamically adjust their periodicity 
and spacing under mechanical deformation, enabling tunable optical responses. Such designs are widely 
used in flexible sensors, adaptive displays, and mechanical force detectors. Additionally, the 
development of self-healing GaAs-based metamaterials, which can recover their functionality after 
mechanical damage, holds promise for high-reliability applications in aerospace and extreme 
environments[24]. 
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5.5 Multifunctional Integration and Applications 

GaAs-based two-dimensional metamaterials increasingly emphasize multifunctional integration, 
combining optical, electrical, and thermal tuning mechanisms within a single device. This integrated 
approach enables advanced functionalities, such as broadband tunability and multi-modal sensing. 

For example, metamaterials integrating optical and electrical tuning have been used to create adaptive 
photonic devices, such as polarization controllers and broadband optical filters, with extensive 
applications in telecommunications and imaging systems. Similarly, temperature-sensitive and 
mechanically tunable devices have been developed for adaptive thermal regulation and environmental 
sensing. Multifunctional integration significantly enhances the versatility and practicality of GaAs-based 
two-dimensional metamaterials, paving the way for their deployment in next-generation smart systems, 
wearable technology, and autonomous monitoring devices. 

6. Future Outlook  

6.1 Exploration of High-Performance Material Systems 

While GaAs provides a robust platform for two-dimensional metamaterials, further enhancement of 
its properties is critical to meet the increasing demands of advanced applications. Combining GaAs with 
other two-dimensional materials, such as graphene, MoS2, and WS2, to create heterostructures can unlock 
new functionalities. These heterogeneous materials exhibit strong interlayer coupling and diverse optical 
and electrical properties, enhancing the performance of GaAs-based metamaterials over broad spectral 
ranges[25]. 

Moreover, exploring materials with complementary thermal or mechanical properties, such as silicon 
carbide (SiC) or gallium nitride (GaN), can address the limitations of GaAs in high-temperature or harsh 
environments. By leveraging these advanced material systems, future metamaterials can achieve greater 
stability, durability, and adaptability, enabling their use in extreme conditions such as space exploration 
or high-power electronic systems[26]. 

6.2 Optimization and Innovation of Fabrication Processes 

The scalability and cost-effectiveness of fabrication techniques are key bottlenecks in the 
commercialization of GaAs-based two-dimensional metamaterials. Future research should focus on 
optimizing existing methods, such as nanoimprint lithography (NIL) and molecular beam epitaxy (MBE), 
to improve throughput and reduce costs. Emerging fabrication techniques, including atomic layer 
deposition (ALD) and micro/nano 3D printing, may provide breakthroughs in achieving high-precision, 
large-area fabrication. 

Additionally, the integration of artificial intelligence (AI) and machine learning into fabrication 
workflows can enable real-time optimization of process parameters, enhancing efficiency and precision. 
AI-driven design tools could also accelerate the discovery of novel metamaterial structures, further 
expanding the possibilities for functional devices[27]. 

6.3 Multifunctional Integration Design 

The future of two-dimensional metamaterials lies in multifunctional integration, combining optical, 
electrical, thermal, and mechanical properties within a single device. This approach will enable more 
complex and adaptable functionalities, such as dynamic filtering, broadband tunability, and multi-modal 
sensing[28]. 

Self-adaptive metamaterials, capable of responding autonomously to environmental changes, 
represent a promising research direction. By integrating feedback mechanisms and smart materials, 
future devices could achieve real-time adaptability, enhancing their applications in autonomous systems, 
wearable technology, and intelligent sensing. Multifunctional integration not only improves device 
performance but also reduces system complexity, making it essential for next-generation optoelectronic 
technologies. 
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6.4 Expansion into Emerging Application Areas 

With advancements in technology, GaAs-based two-dimensional metamaterials are increasingly 
demonstrating potential in emerging fields such as quantum computing, artificial intelligence, and 
biomedical engineering. For example, in quantum computing, the photonic regulation properties of 
GaAs-based two-dimensional metamaterials can enable precise control and adjustment of quantum states, 
laying the foundation for developing photonic devices in quantum computers. In artificial intelligence, 
GaAs-based metamaterials can be utilized in intelligent sensors and adaptive optical systems, supporting 
real-time data processing and feedback control in machine learning algorithms. 

In healthcare and biology, GaAs-based two-dimensional metamaterials can be employed in high-
sensitivity biosensors, particularly for real-time monitoring of dynamic changes in biomolecules and 
cellular behaviors, enabling more accurate diagnostic and therapeutic solutions. Additionally, 
metamaterials show significant promise in applications such as cell imaging and drug delivery, offering 
higher detection sensitivity and spatial resolution to support precision medicine[29]. 

6.5 Green and Sustainable Development 

Sustainability is becoming increasingly important in materials research. Future development of 
GaAs-based metamaterials must emphasize energy efficiency, environmental friendliness, and 
recyclability. Efforts to reduce energy consumption during fabrication and incorporate renewable 
materials will be essential for aligning with global sustainability goals. 

GaAs-based metamaterials have significant potential in energy harvesting and management, such as 
in photovoltaic devices and thermoelectric systems. By improving energy conversion efficiency and 
reducing dependence on fossil fuels, these devices contribute to a greener energy landscape. Furthermore, 
advancements in biodegradable or recyclable materials could make GaAs-based devices more 
environmentally friendly, fostering their adoption in eco-conscious applications[30]. 

7. Conclusions 

The rapid development of GaAs-based two-dimensional metamaterials is opening new frontiers in 
fields such as photonics, sensing, and high-frequency electronics. Despite significant progress, 
challenges remain in material performance, fabrication scalability, and multifunctional integration. This 
chapter outlines the key directions for future research, including exploring high-performance material 
systems, optimizing fabrication processes, advancing multifunctional integration, expanding emerging 
applications, and promoting sustainable development. 
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