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Keywords Abstract
2D materials Two-dimensional (2D) materials are emerging in photonics due to their
integrated photonics atomic-scale thick nature, strong interaction with light, and diverse elec-
van der Waals heterostructures tronic characteristics. This review explores the use of 2D materials like
graphene, TMDs, BP, and hBN, focusing on their roles in high-speed mod-
Article History ulation, photodetectors, and creating flexible, adjustable light sources.
We compare their optical properties and examine their suitability for
Received: 19 June 2025 advanced photonic technologies. Material synthesis, such as wafer-scale
Accepted: 7 July 2025 growth and van der Waals stacking, have significantly improved their
Published: 30 October 2025 compatibility with integrated photonic platforms. However, there are

critical challenges that need to deal with, such as scalability, environmen-
tal stability, and CMOS compatibility. Material encapsulation techniques,
producing large-area growth methods, and interface engineering are
being actively pursued to overcome these limitations. This review sum-
marizes current progress and ongoing challenges in the field.

1. Introduction

Photonics is the science of producing, regulating, and detecting light, and it is critical to modern technology.
It promotes quick communication and advanced imaging. It is also becoming important in new domains
such as quantum technologies. As technology advances, we will require smaller, more energy-efficient, and
better-performing photonic devices. Traditional materials such as silicon and compound semiconductors have
limitations. 2D materials are a fascinating area for their potential to significantly transform photonics and
optoelectronics by enhancing light utilization.

Since graphene’s isolation in 2004, 2D materials have rapidly expanded to include a wide spectrum of atomic
crystals, such as semiconducting transition metal dichalcogenides (TMDs), anisotropic black phosphorus (BP),
and wide-bandgap hexagonal boron nitride (hBN). Their adjustable optical features, including strong excitonic
effects, direct bandgaps, broadband absorption, and ultrafast carrier dynamics, make them ideal for use in
optical modulators, detectors, light sources, and waveguides.

[1], [2], [3], [4] have demonstrated significant experimental advances, including electrically tunable nonlinear
optical responses, on-chip light emission using van der Waals heterostructures, and room-temperature photode-
tection across visible to mid-infrared bands. In spite of these advancements, existing problems include limited
material durability (such as BP oxidation), integration difficulties, and variability in large-area production
methods must be fixed before 2D materials may be extensively employed in commercial photonic systems. With
an emphasis on important experimental research and integration tactics, this review presents a concise and
current summary of the advancements in 2D photonic materials and integration.

2. Optical Properties and Application Suitability

2D materials’ unique qualities come from their thin, sheet-like form, which have strong interactions between
charged particles, and can change how they absorb and emit light, are a critical attribute of current technology.

2.1 Graphene

Graphene, with its unique ability to absorb a broad spectrum of light due to its lack of a bandgap and
linear dispersion, can absorb around 2.3% of light per layer. This property, combined with its extremely
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Table 1. Comparative summary of 2D materials

Material Optical Properties Advantages Disadvantages Potential Applications

Graphene Broadband absorption Ultra-fast response, high ~ Zero bandgap limits High-speed modulators,
(2.3% per layer), ultrafast ~ carrier mobility, light emission, photodetectors,
carrier dynamics, no broadband operation. integration challenges. plasmonics, THz
bandgap devices.

TMDs Direct bandgap in Suitable for visible light, ~ Low mobility, inefficient  Light-emitters, flexible
monolayer (1.6-2.1 eV), high quantum yield, charge injection, LEDs, photodetectors,
strong excitonic effects, tunable bandgaps. scalability issues. valleytronics.
photoluminescence.

BP Tunable direct bandgap ~ Mid-IR response, Degrades in ambient air, ~ Mid-IR photodetectors,
(0.3-2.0 eV) strong polarization sensitivity, stability concerns, modulators, anisotropic
in-plane anisotropy. high mobility. complex fabrication. optics

hBN Wide bandgap (~5.9 eV), Chemically inert, ideal Optically inactive in Quantum photonics,

low optical absorption,
hosts quantum emitters.

encapsulant, supports
single-photon emission.

visible range, difficult to
functionalize.

dielectric layers,
encapsulation for

stability.

fast carrier dynamics, makes it ideal for creating high-speed modulators and photodetectors. [3] highlighted
that these graphene-based electro-absorption modulators, when integrated with silicon waveguides, can
achieve exceptionally fast response times of under a picosecond. They are effective in the important O and C
communication bands, making them highly valuable for optical technology advancements.

2.2 Transition Metal Dichalcogenides (TMDs)

Monolayer TMDs, like MoS», WS3, and WSep, have bandgaps that fall within the visible light spectrum (1.6 -
2.1 eV). This quality makes them excellent for applications involving light emission and detection as they exhibit
strong excitonic properties, meaning they can efficiently produce light. Structures combining MoS5, graphene,
and hBN permit tunable photonic behavior by electrical gates and can produce light at room temperature [4].

2.3 Black Phosphorus (BP)

BP features a layer-dependent, direct bandgap (0.3 - 2.0 eV), ideal for mid-infrared applications. Its highly
anisotropic optical properties are attractive for polarization-sensitive photodetection. Despite its degradation
in air, recent encapsulation strategies using hBN or Al>O3 layers have significantly improved its operational
lifetime [3].

2.4 Hexagonal Boron Nitride (hBN)

Although hBN is optically inert in the visible range due to its wide bandgap (~5.9 eV), it is invaluable
as an insulating substrate and encapsulating layer. In addition, it hosts ultra-bright single-photon emitters,
useful for quantum photonics. [2] utilized hBN as a platform for integrated quantum light sources with stable,
room-temperature operation.

3. Integration Challenges and Trends

To produce photonic applications on a large scale, several challenges need to be addressed. It is important
to find ways to synthesize these materials effectively, maintain their stability over time, and ensure they are
compatible with other technology platforms.

3.1 Scalability and Material Uniformity

Mechanical exfoliation isn’t suitable for producing large sheets. Chemical vapor deposition (CVD) method
has shown progress for the creation of monolayer MoS; and graphene on 4 - 6-inch wafers with increased
thickness control and domain size [1]. However, grain boundaries and nonuniform doping continue to have an
impact on optical quality and device repeatability. Bottom-up synthesis techniques, such as metal-organic CVD
and liquid- phase exfoliation, are being intensively researched to improve uniformity.

3.2 Environmental Stability

BP degrade swiftly in air due to oxidation and changes in their structure; Passivation method using like
hBN, Al>03, and special polymer layers coatings can improve device lifespan. These coverings do not impair
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the materials’ capacity to operate with light. Passivation layers improve the materials’ environment by reducing
areas where electrical charges can become trapped, and improving how materials and light interact with one
another.

3.3 Interface Engineering and Contact Design

Efficient charge transport and light coupling need properly designed metal connections and non-conductive
surfaces. Recent studies show that employing materials, transparent conductive oxides (TCOs), combinations
of two thin materials (2D-2D heterostructures), and small optical chambers can assist trap light and increase the
passage of electric carriers. These approaches support large-scale integration of 2D materials with photo-based
systems.

4. Conclusion

2D materials have revolutionized photonics with their tunable, high-performance optical properties in
ultra-thin formats. Advances in synthesis, encapsulation, and integration have pushed these materials closer to
practical system-level use. Issues like scalability and CMOS compatibility persist, progress in heterostructure
design and hybrid platforms offers promising solutions. It also expected to play key role in future optical
technologies, including quantum devices, high-speed communication systems, and advanced sensing platforms.
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