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and Functional Applications

Muhammad Aamir Igbal, Maria Malik, Wajeehah Shahid,
Wagqas Ahmad, Kossi A. A. Min-Dianey and Phuong V. Pham

Abstract

Plasmonics is a technologically advanced term in condensed matter physics
that describes surface plasmon resonance where surface plasmons are collective
electron oscillations confined at the dielectric-metal interface and these collec-
tive excitations exhibit profound plasmonic properties in conjunction with light
interaction. Surface plasmons are based on nanomaterials and their structures;
therefore, semiconductors, metals, and two-dimensional (2D) nanomaterials
exhibit distinct plasmonic effects due to unique confinements. Recent technical
breakthroughs in characterization and material manufacturing of two-dimen-
sional ultra-thin materials have piqued the interest of the materials industry
because of their extraordinary plasmonic enhanced characteristics. The 2D
plasmonic materials have great potential for photonic and optoelectronic device
applications owing to their ultra-thin and strong light-emission characteristics,
such as; photovoltaics, transparent electrodes, and photodetectors. Also, the
light-driven reactions of 2D plasmonic materials are environmentally benign
and climate-friendly for future energy generations which makes them extremely
appealing for energy applications. This chapter is aimed to cover recent
advances in plasmonic 2D materials (graphene, graphene oxides, hexagonal
boron nitride, pnictogens, MXenes, metal oxides, and non-metals) as well as
their potential for applied applications, and is divided into several sections to
elaborate recent theoretical and experimental developments along with poten-
tial in photonics and energy storage industries.

Keywords: graphene, metal oxides, pnictogens, hBN, MXenes, non-metal
plasmonics, photonics

1. Introduction

Plasmonics is the emerging research field, indicating the ability of materials to
control light at nanoscale range to examine them for various properties and func-
tions. The plasmonic materials exploit the surface plasmon resonance effects to
achieve astonishing optical properties that originate with light-matter interaction
and leads to remarkable results. Surface plasmon can confine electromagnetic fields
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at very small scales whereas various structures can be employed to control surface
plasmons. Previously, Ag, Au, and Al metals were used as plasmonic materials but
they did not perform well because of radiative losses, high amount of energy dissi-
pation, and their poor tuneability. To overcome these problems for efficient plas-
monic applications, a class of two-dimensional (2D) materials is proposed which
presents a significant light-matter interaction phenomenon resulting in efficient
quantum confinement effects. A variety of materials including semiconductors,
conductive oxides, and dielectric materials have been investigated as plasmonic
materials owing to their extra-ordinary plasmonic properties. Considering the
advanced properties along with bandgap manipulation and electron transfer, 2D
materials got higher attention for plasmonic applications [1, 2].

Graphene was the first 2D material investigated with zero bandgap having
exceptional conductivity because of its high electron mobility. Considering gra-
phene’s achievements and enormous applications at the laboratory and industry
level, researchers have started investigating further 2D materials to explore their
potential for plasmonic applications. Currently, almost 150 members of the 2D
materials family are serving in elementary and advanced technologies such as
light-emitting diodes (LEDs), Field-effect transistors (FETs), environmental
applications, sensing applications, and physical catalysis [3-5]. Some important
under discussion members of 2D materials, analogous to graphene are; hexagonal
boron nitride (hBN), black phosphorene, metal oxides, metal carbides and nitrides
(MXenes), metal halides, pnictogens, and non-metals which are being considered
as potential plasmonic materials [6-8]. This 2D materials family exhibits a broad
electronic and plasmonic characteristic spectrum covering a wide range of proper-
ties such as; high surface area, surface state nature, minimum dangling bonds,
spin-orbit coupling, and quantum spin Hall effects [9, 10].

On the other hand, stacking of different 2D materials is also the emerg-
ing part of the material industry which yields novel heterostructure materials
capable of introducing some building blocks in a materials family with enhanced
physical and chemical properties. The novel 2D materials such as metal carbides
and nitrides, metal oxides and graphene-based materials have mixed properties
and can be further tuned by adjusting bandgap that would result in increased
light-harvesting efficiency which is the basis to achieve desired optical, elec-
tronic, and optoelectronic properties, making them promising materials for plas-
monic applications [11, 12]. In addition, the plasmonic efficiency of 2D materials
can also be enhanced by injecting plasmonic hot electrons to alter carrier inten-
sity in 2D materials for higher photocatalysis output [13]. The recent extension
of plasmonic materials from traditional metals to semiconductors to semi-metal
graphene are identified as an ideal materials for surface plasmon resonance in
plasmonic structures and their subsequent applications needed to be addressed
accordingly. Moreover, the coupling effects between excitons and plasmons for
2D materials are the growing research interests that profound further studies
for light-matter interactions to discover novel materials for innovative device
applications.

2. Overview of 2D materials

The radiation-matter interaction is more prominent in 2D materials because of
their thin sheet structures and significant quantum confinement effects that lead
to enhanced electronic and optical properties. Owing to their advanced nature, 2D
materials are advantageously evaluated for plasmonic characteristics, and multiple



Plasmonic 2D Materials: Overview, Advancements, Future Prospects and Functional Applications
DOI: http://dx.doi.org/10.5772/intechopen.101580

studies have been conducted for hBN to investigate plasmon molecular vibration
coupling, plasmon substrate phonon coupling, and graphene plasmon-phonon
polaritons coupling [14-16]. The 2D graphene structure exhibits exciting results
due to its single-atom thickness and their environmental sensitivity. Other than
environmental sensitivity, graphene plasmons can also be tuned with external mag-
netic and electric fields [17]. The effectiveness of graphene-based plasmonics can
be determined by charge carrier density, and heavily doped graphene exhibits high
efficiency which is required for plasmonic applications [18]. As a result, graphene is
an excellent plasmonic material, and combining graphene with other 2D materials
is favorable to obtain optimum efficiency [19].

Hexagonal Boron Nitride (hBN) is one of the most intriguing findings in 2D
materials for plasmonics, having the unique ability to be fabricated within the host
material, and can be used as a promising substrate for graphene-based plasmonic
applications because of its graphene-matched crystal structure [18, 20]. The
hBN-graphene mixture is helpful to enhance grapheme-plasmon lifetime when
compared with other 2D materials and can maintain its bandgap even in varied
thicknesses depicting a wide range of plasmonic properties including electro-optic
and quantum-optics [21, 22]. Moreover, the point defects in hBN at room tempera-
ture demonstrate single-photon emission properties that can be used to integrate
plasmonic nanostructures. Despite its wide bandgap, hBN offers high quantum
efficiency, optical nonlinearity, and novel plasmonic properties to make it the best
choice as 2D plasmonic material [23]. Its structure is shown in Figure 1 [24].

The MXenes are a new class of 2D materials that contain carbides and nitrides,
and they are the biggest family currently available, as seen in Figure 2 [25]. This
family of materials is substantially more stable than graphene with high metallic
conductivity, folding and molding properties, and good electromagnetic properties,
possessing the unique property of being combined with other materials to tune

Boron (B) atoms™ >, Nitrogen (N) atoms

Vander waals
bonds /

0.333 nm

Covalent bonds

Figure 1.
Schematics of hBN structure [24].
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Figure 2.
MXene sheets with multiple layers where larger spheres represent transient metal, while smaller spheres ave C,
N, or CN [25].
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Pnictogens and their schematic 2D structures [27].
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their properties for desired applications. They can be employed in a variety of appli-
cations including energy storage devices, photonic-plasmonic structures as well as
photocatalytic devices [26], and because of their metallic character along with high
conductive nature, they may be used as plasmonic materials equivalent to graphene.
Researchers anticipated the group VA elements such as nitrogen, arsenic, anti-
mony as well as bismuth as single-layer 2D structures with the introduction of 2D
materials synthesis, and these elements are referred to as pnictogens and are shown
in Figure 3 [27]. These materials feature a honeycomb, washboard, and square-
octagon structure, and they offer outstanding electrical, optical, electro-optical,
and plasmonic properties having strong spin-orbit coupling, a narrow bandgap, and
band inversion properties, making them ideal for plasmonic device applications [27].

3. Theoretical advancements

Photonics deals with the light-matter interaction which usually results in the
formation of a single electron-hole pair by interacting light photons with free
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charge carriers in a metal, whereas in plasmonics, there is a large number of charge
Carriers present that leads to collective oscillations which is the fundamental
problem in plasmonics because all charge carriers are not part of the solid and can
be influenced by structural defects as well as other materials defects such as disloca-
tions. As a result, multi-scale modeling at various structural complexity levels is
required for theoretical exploration of these complex models and plasmonic excita-
tions in bulk materials and localized plasmons in metallic structures. To analyze this
complicated issue, several theoretical and numerical models have been presented,
although only a few of them are described here.

The Drude-Lorentz model which gives a theoretical insight into a material
and can be employed in plasmonic applications is an intuitive way to study the
underlying dielectric characteristics of solids [28, 29]. The Drude-Lorentz model,
also known as the oscillator model, entails representing an electron as a driven
damped harmonic oscillator in which the electron is connected to the nucleus
by a hypothetical spring with an oscillating electric field acting as a driving
force. It also describes the behavior of electrons in terms of their electro-optical
characteristics when light interacts with them [30]. The Drude-Lorentz model’s
predictions are completely supported by the classical oscillator model as well as
quantum mechanical features like electronic dipole moments of materials. To
justify the microscopic qualities exhibited by classical and quantum techniques
using this model, it is necessary to understand the Ehrenfest theorem which
shows that quantum mechanical predicted values fundamentally follow classi-
cal mechanical conditions [31]. The Kohn-Sham approach is praised for its ease
of use in relating a many-body system to a non-interacting system and thereby
solving it using Kohn-Sham density functional theory [32]. Figure 4 illustrates
such a model [32].

With the developments in computing, new algorithms are being devised to
accomplish difficult jobs rapidly and accurately. Different approaches and models
for electrical and photonic systems are being explored to accurately anticipate their
characteristics, which were previously explored using differential equations. This
section discusses the frequency domain approach and the time domain method to
have a better knowledge of computational model advancements [33].

The decomposition of periodic systems into harmonic time-dependent eigen-
modes is a basic approach for understanding the optoelectronic and plasmonic
characteristics of materials. The frequency-domain approach is a subset of these
decompositions that enlarges electromagnetic fields into Fourier eigenmodes which
may be used to comprehend optical material properties in the absence of nonlinear
effects [34]. This approach is usually started from fundamental photonic systems
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Figure 4.
Kohn-sham mapping of the interacting and non-intevacting systems [32].
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with translational symmetry which produces electromagnetic states and photonic
band structures using Maxwell equations and wave Equations [35]. Although the
frequency-domain technique is effective for defining material characteristics, but

it is an expensive method that restricts its application in numerical models and as a
result, the finite-difference time-domain method was presented as an alternative.
The time-domain technique is a grid-based method that is linked to several other
finite methods. This approach models electromagnetic wave propagation in dielec-
tric media without needing derivation methods, making it easier to be utilized in
complicated geometrical simulations, such as non-linear systems, which were previ-
ously difficult to manage using the frequency-domain method. Furthermore, in
this approach, Maxwell equations are discretized by differences arising from spatial
and time derivatives, and the obtained results are solved in a leapfrog fashion on a
staggered grid which is a good method being utilized in fluid dynamics [36]. Using
the Phyton modules, these simulations can also be used to determine the plasmonic
characteristics of materials [37].

The plasmonic material’s behavior can be determined by studying the fre-
quency-dependent dielectric factor linked with the excited state of the material. It is
essential to analyze both the ground and excited states of material while calculating
optical transitions based on material states. For the analysis of material character-
istics based on these facts, ab initio methodologies like density functional theory
(DFT), Hartree-Fock theory, and Green’s function method [38-40] are essential.
DFT [32] is founded on the concept that, for a quantum mechanical system, ground
state charge density provides a complete comprehension of the system’s ground
state because the charge density of the state is mapped to the total energy of the
system. The degree of freedom and functional complexity would be reduced if
energy density is properly approximated. Figure 5 [41] shows the bandgap differ-
ence between graphene and hBN, which seems comparable but differs significantly
at K-vector space as predicted within DFT (PBE) approximation computed by
Warmbier et al. [41]. Green’s function method is a quasi-particle approach for
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Figure 5.
Band structure of graphene and hBN computed within DFT (PBE) [41].
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improving bandgap findings and reproducing band structures, with Hedin’s GW as
the most frequent implementation. All of these approaches hold promise for study-
ing plasmonic material characteristics and predicting specific plasmonic device
applications.

4. Experimental progress in the synthesis of 2D materials

The material characteristics such as its dimension, morphology, physical as
well as chemical properties, orientation, and crystallinity mainly depend on the
material’s electronic properties which are impacted by the synthesis technique and
experimental conditions. Mechanical exfoliation techniques have been tried in the
past, but they have failed due to insufficient van-der-wall forces between 2D mate-
rial layers, which limit uniformity and quality control, as well as their inability to
scale-up [42]. Physical and chemical synthesis methods with controlled structural
fabrication can be used with the top-down approach having the disadvantage of
poor product yield and sheet restacking, limiting its application, and the bottom-up
approach yielding promising results by assembling materials in a substrate using
vapor deposition techniques such as physical vapor deposition (PVD), chemical
vapor deposition (CVD), and atomic layer deposition. These are the most often
utilized promising ways for fabricating 2D materials with customized thickness,
dimensional control, high conductivity, and flexibility for electron transport; all of
which are highly sought quantities for plasmonic applications [43].

CVD allows for the controlled synthesis of large areas of 2D materials with the
added benefit of step-by-step film synthesis on various substrates and adjustable
growth parameters to get the desired output. Metal-organic chemical vapor deposi-
tion (MOCVD) is a modified version of CVD that is used to synthesize high-quality,
large-area 2D materials for a variety of applications [44]. New research shows that
a metal gas-phase precursor might be employed for regulated and uniform thick-
ness instead of a powder precursor, which results in inhomogeneous nucleation
and hence uncontrolled synthesis. Furthermore, temperature and pressure have
an important impact on deposition uniformity, for example, high temperature and
moderate pressure would result in excellent precursor coverage with regulated
dimensions while excessively high temperatures might have negative consequences
[45]. A comparison of various synthesis techniques is shown in Figure 6 [46].

Many techniques are available for producing uniform 2D materials and hetero-
structures with atomic layer deposition (ALD) being a refinement of the vapor-
based deposition method in which the self-limiting reaction of the precursor is
an essential aspect of ALD and the fact that a self-saturating surface monolayer
is created after each precursor exposure distinguishes it from other deposition
processes. In addition, ALD allows for the creation of 2D materials with fewer flaws
and the synthesis of 2D material heterostructures with a small atom size thickness
[47]. As aresult of the advancements, ALD has opened up new means of synthesis
with decreased interfacial impurities and large area deposition conformity with
improved structural properties [48].

Apart from vapor-based synthesis approaches, liquid-phase exfoliation is
another good way to get 2D materials in which the surface oxide of liquid metals
produces unexpected results from a combination of physical and chemical features
of liquid alloys [49]. While interacting with their ambient conditions, liquid metals
with electron-rich metallic cores form a natural 2D film; the self-limiting surface
oxide film with a thickness of a few atoms [50]. These liquid ingredients serve
as host materials for the production of high-quality, one-kind films for innova-
tive applications. The origin to define its development characteristics is the host
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Figure 6.
Comparison of various 2D materials synthesis techniques [46].

materials fluidity, chemical composition, and thermodynamic properties that are
the building block for examining the resultant 2D materials [51].

5. Plasmonic materials

Graphene, graphene oxides (GO), MXenes, pnictogens, and hBN are just a few
of the commonly utilized plasmonic materials described in this section.

5.1 Graphene

Graphene is proving itself a revolutionary material for a wide range of applica-
tions since 2004 because of its electronic behavior which is responsible for excep-
tional features including, high mobility charge carriers, optical transmission, and
tunable carrier densities [52-60]. The ability of graphene’s structure to strongly
confine excited surface plasmons in comparison to other materials as well as its
ability to tune surface plasmons by manipulating charge densities is remarkable
for prospective applications primarily in optoelectronics and plasmonics [61].
Experimental studies [62] show that graphene surface plasmons may be coupled
with electrons and photons, allowing them to be used in more promising applica-
tions. This graphene coupling is in the form of quasi-particles that hold an intense
interest in optoelectronics and condensed matter physics [63]. Surface plasmons in
graphene offer a variety of significant advantages over other plasmonic materials,
including high confinement, high tuneability, reduced frequency loss, improved
electron relaxation time, and high many-body interactions. Figure 7 shows the
structure and band description of graphene [64].

5.2 Graphene oxides (GO)

Graphene oxide (GO) is an amorphous insulator with carbon network bases
on the hexagonal rings with both sp” and sp’ hybridization as well as hydroxyl
and epoxide groups on sheet sides and carboxyl and carbonyl groups on sheet
edges. This kind of morphological structure is responsible for its wide range
of technological applications mainly in nano-electronics, nano-photonics, and
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(a) Graphene lattice structure, (b) BZ of graphene, (c) lattice electronic dispersion, (d) graphene electronic
structure Bloch band description, (e) Low EBS approximation [64].

nano-composites. Because of the oxygen functionalities present, GO has a signifi-
cant benefit when mixed with other polymeric or ceramic materials, resulting in
improved electrical and mechanical properties [65]. The GO is in high demand

in both industry and academics because of its zero-bandgap feature and excellent
flexibility with superior thermal and electrical conductivity. In addition, one of
GO’s unique properties is the coexistence of its size, shape, and hybridization
domains via a reduction mechanism that may eventually control the bandgap and
convert GO to a semi-metal form. The main distinction between GO and reduced
graphene oxide (r-GO) is that GO has oxygen-containing functional groups,
whereas reduced graphene oxide does not [66]. Owing to heterogeneous electrical
structure, GO is fluorescent throughout a wide wavelength range, while reduced
GO allows quick response in GO-based electronics [67]. The GO is a promising
choice for novel photonic materials, solar cells, optical devices, and a range of
other applications due to its unique features. Figure 8 depicts the difference
between GO and r-GO [66].

5.3 Hexagonal boron nitride (hBN)

The hBN is a traditional 2D heterostructure material that was previously used as
a substrate for thin-layered materials but now has the potential to be employed as
an active plasmonic material. It is an excellent encapsulant for graphene because it
protects it from the environment and increases its electrical mobility, extending the

GRAPHITE Oxidation GRAPHENE OXIDE
exfoliation = 3

Reduction
chemical
thermal

== _electrochemical

Mechanica - = o - e 3
cleavage == = > -

REDUCED
GRAPHENE OXIDE
Chemical CRGO TRGO ERGO

vapor depositon

Figure 8.
Schematic flow from graphene-to-graphene oxide (GO) and reduced graphene oxide (r-GO) [66].
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Figure 9.
hBN and its band structure properties [70].

life of surface plasmon polaritons in plasmonic applications [18, 68]. It has a crystal
nature and polar bonding, allowing it to perform a wide range of optical, electrical,
optoelectronic, and quantum optic functions for device applications. Also, it hasa
wide bandgap, high internal quantum efficiency, and significant optical nonlineari-
ties that depend on material thickness and is specified by the rotation angle between
heterostructure material layers [23, 69]. Its structure and band properties are
displayed in Figure 9 [70].

5.4 MXenes

MXenes are new types of 2D plasmonic materials made up of nitrides and
carbides that were discovered in 2011. They are more stable than graphene, can
be readily shaped and folded, have superior electromagnetic properties, and can
be coupled with other materials to exhibit a wide range of applications in energy
storage, supercapacitors, photonics, and plasmonics. The properties of MXenes
can be determined by exploring surface termination, composition, doping, or
mixing with other materials, resulting in adjustable conductivity that can change
the material’s properties as a metal or semiconductor [71]. The relative dielectric
permittivity of MXenes for plasmonic applications can be studied by inter- and
intra-band transitions that define optical parameters such as, absorption coef-
ficient, refractive index, transmittance, and reflectance, and are linked to the
material’s electrical conductivity, which has already been demonstrated com-
putationally and experimentally to find a place in electronic and optoelectronic
applications [72, 73].

5.5 Pnictogens

Pnictogens are monolayer stable structures found from elements of group VA
(nitrogen, arsenic, antimony, and bismuth) after the discovery of black phos-
phorene. These materials are named as nitrogen in hexagonal buckled struc-
ture, arsenic in hexagonal buckled as well as symmetric washboard structure,
antimony, and bismuth in either hexagonal buckled or asymmetric washboard
structure, but later on, these elements occurred to have other exotic struc-
tures [74]. The pnictogens stability can be depicted using molecular dynamic
simulations performed at high temperatures and materials phonon frequencies
[75]. Pnictogens, as contrasted with group IV elements, are significantly more
stable semiconductor materials with an appropriate bandgap for numerous
device applications. Also, in contrast to black phosphorus (BP), they are ther-
modynamically stable monolayer structures with rhombohedral structural
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(a) Honeycomb structures, (b) average binding energies of 2D pnictogens [77].

characteristics and interlayer covalent connections which decrease as anisotropy
decreases and metallic character increases from arsenic to antimony to bismuth
[76]. The 2D monolayer structures of pnictogens exhibit strong directionality in
various physical properties that can be implied on plane lateral heterostructures
to produce parallel strips of 2D pnictogens with advanced technological applica-
tions while the same effect can be observed by a monoatomic chain of group VA
elements attached to their monolayers. Figure 10 represents structures as well as
binding energies of pnictogens [77].

5.6 Metal oxides

Metal oxides show strong metallic behavior owing to stable charge carrier
concentration when doped with various significant dopants such as aliovalent,
oxygen vacancies, or interstitial dopants that result in localized surface plasmon
resonance and by carefully choosing the host material as well as doped mate-
rial, these surface plasmonic resonances can be tuned in the range of near- and
mid-infrared (IR) region spectrum. The optical modeling of metal oxides
illustrates the importance of defects and their impact on charge carrier mobility
and the electronic structure of the material which reveals the choice of dopant
as an important factor for metal oxides as plasmonic materials. Metal oxides are
different from ordinary metals in the sense that they may change their localized
surface plasmon resonance by changing their elemental composition, regardless
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of material size or shape, and these plasmon resonances can also be adjusted by
altering external stimuli, resulting in the unique features of plasmonic materials
as a result of crystal and morphological configurations that are useful for a variety
of device applications [78].

6. Functional applications

The 2D materials can generally be categorized on the basis of electrical and
optoelectronic properties in device applications such as flash memories, sen-
sors, tunnel junctions, photodetectors, photonic crystals, optical metamaterials,
nanophotonics, and quantum optics. The 2D graphene-based photonic and
optoelectronic devices dragged much attention because of their versatile applica-
tions in broad fields such as sensing, communication, and imaging technologies
[79]. In terms of density of state and band structure, graphene has an adjustable
light absorption spectrum and carrier density which may be used in waveguide-
integrated graphene photonic devices and molecular sensor detection. Graphene
with optical adjustments has also been used for light modulation and detection,
and its derivatives are proving to be a feasible alternative for a variety of applica-
tions. The GO can be utilized in the manufacture of electrical devices such as
FETs and GFETs, LEDs, and solar cells, while r-GO dispersed in solvents may be
utilized to replace FTO and ITO electrodes in transparent electrode manufac-
ture; moreover, their large surface area and conductivity allow them to function
as energy storage devices for longer periods with a greater capacity [80]. Recent
investigations have shown that near-field IR optical microscopy and IR micros-
copy of graphene are responsible for surface plasmon modeling in plasmonic
applications [81]. An overview of 2D plasmonic materials-based devices is shown
in Figure 11 [82].

The hBN has exciting technological applications including, photonics, and its
nanostructures feature weak polaritons that interact poorly with light and might
be utilized to control the optical angular momentum of hyperbolic phonon polari-
tons, implying maximum optical density of state and/or improving molecular IR
vibrational absorption through surface enhancement [83]. Hybridization of hBN
phonon-polariton with graphene surface plasmon-polaritons resulted in the active

Ultraviolet rays Visible light Infrared rays ) Microwaves ) Radiowaves

h-BN TMDC Black phosphorus Graphene
(gap value: ~6 eV) (gap vaule: ~0.3—eV) ¥ (9ap vaule: zero)
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-
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Figure 11.
2D plasmonic material-based devices for optoelectronic applications [82].
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tuning of the polaritons which is a potential characteristic for chip-based nano-pho-
tonics [84], photonic devices, modulators, and hyper-lensing [85]. The hBN defects
that reduce phonon lifespan have uses in single-photon emitters (SPEs), which

have certain appealing properties such as high quantum efficiency, optical stability,
linear polarization, and high brightness. In addition, owing to its high efficiency
and extended life in device applications, hBN has been utilized to replace AlGaN in
deep-UV applications. Another method for incorporation of hBN is to link emission
with plasmonic resonator-based structures in which localized surface plasmons
cause broad field confinements throughout a wide range of emission, resulting in
substantial Purcell amplification for dipole emission coupled to these resonators.
When compared to uncoupled devices, the hBN quantum emitter coupling with
plasmonic arrays has previously been demonstrated, with studies revealing PL
enhancement and lifespan reduction with a quantum efficiency of around 40% and
enhanced saturation count rates [86].

MXenes plasmonics is a relatively new field with a wide range of possible appli-
cations, including surface-enhanced Raman spectroscopy, conductive substrates,
and plasmonic sensing [72]. Nonlinear optical applications based on the nonlinear
absorption process by plasmonic illumination near plasma frequency have been
suggested for MXenes, and these nonlinear applications include ultrafast lasers,
optical switching, and optical rectification devices like optical diodes. At near-
infrared frequencies, arrays of two-dimensional titanium carbide (Ti;C,Ty) MXene
nanodisks exhibit strongly localized surface plasmon resonances, which have been
exploited to produce broadband plasmonic metamaterial absorber [87]. MXenes
are also used as super-absorbers in broadband plasmonic metamaterials, and these
super-absorbers may be used for photodetection and energy harvesting. Figure 12
shows an MXenes super-absorber [88] with configurable nano-aperture width for
broadband applications.

Pnictogens with a 2D structure are in great demand for high-performance
device applications, since they have a midrange tunable bandgap and unparalleled
mobility, allowing them to be employed in FETs for more efficient response than
other materials. Because 2D materials lack a suitable bandgap, photodetectors
are a major challenge, but pnictogens direct and tunable bandgap has solved
this problem acting as a bridge between narrow and wider bandgap materials,
attracting a lot of interest in photodetectors with improved photo-responsivity

Figure 12.
MXene broadband super-absorber [88].

13



21st Century Nanostructured Materials - Physics, Chemistry, Classification, and Emerging...

for telecommunication applications. The BP has an intriguing direct bandgap
from visible to IR, making it a potential material for optoelectronic applications
[89], while ultra-thin BP FETs have been described as effective NO, gas sensors
with remarkable stability of pnictogens-based FETs during sensing [90, 91]. The
2D metals and metal oxide semiconductors, whether conducting or insulating,
are useful for thin-film transistors and numerous device applications, where they
can be employed in any component such as the source, drain, gate, electrodes, or
gate dielectrics. Metal oxides are also useful in p-n junction device fabrications
for diode rectifiers, solar cells, and organic photovoltaic applications, where
they operate as a charge extracting interfacial layer to improve power conversion
efficiency.

7. Future challenges and prospects

Plasmonics has advanced to the forefront of science due to technical advances
in the experimental and computational fields as well as contributions to scien-
tific applications. These contributions also confront some challenges that must
be addressed in the future for effective plasmonic applications. To begin with,
plasmonic nanostructures of controlled size and features cannot simply embed in
their surroundings because they change the dielectric function of the surround-
ing medium, affecting plasmonic switching and hence plasmonic applications.
Another problem is optical pumping, which has the potential to deliver ultrafast
plasmonic switching but has the drawbacks of destructive heat accumulation and
high-power consumption. A major shortcoming of plasmonic materials is that
self-tuned plasmonic structures lack effective plasmon coupling control abilities.
Also, it is difficult to fabricate colloidal metal nano-crystals in controlled sym-
metry for plasmonic device applications on a large scale, even though lithography
techniques performed well but had some drawbacks such as high cost, long-time
consumption, and difficulty with damped plasmonic properties on a large
scale [92].

Plasmonics must control light at the nanoscale with minimal losses, and to do so,
light localization must be pushed to new heights without jeopardizing its propaga-
tion nature. Similarly, advances in topological plasmons must be incorporated in
nanophotonic circuits by maintaining plasmon propagation stability and improving
manufacturing techniques. For the experimental process to be effective, theoretical
models must be improved to acquire the nonlinear and nonlocal physics of plas-
monic devices. In short, both light and matter quantization are required to make a
fine path toward a better understanding of light-matter interactions for advanced
large-scale applications. The numerical approaches outlined are strong tools in
terms of computing but they have conceptual limitations and their validity range
becomes inefficient when a heterogeneous system is studied. To tackle plasmonic
multi-scale challenges, the validity of numerical models must be improved by
combining them with other numerical tools which is not well understood at this
time and requires future considerations.

8. Conclusions
We have briefly addressed 2D plasmonic materials and their active properties in
this chapter that are responsible for their wide range of applications in the electri-

cal, photonic, and optoelectronic fields such as, FETs and GFETs, LEDs, and solar
cells, modulators, hyper lensing, metamaterial absorbers, super-absorbers as well
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as nonlinear applications including ultrafast lasers, optical switching, and optical
rectification devices like optical diodes. The synthesis techniques employed for 2D
plasmonic materials have also been reviewed, with pulsed laser deposition (PLD)
and CVD being the most extensively used and promising approaches for more con-
trolled and conformational film growth. Also, these techniques have the advantage
to provide desirable results by tuning their functional parameters such as tempera-
ture, pressure, substrate angles, and deposition time. Computational models have
to be examined to carry out a successful experiment, and there is a need to update
simulation approaches to address problems in achieving desired plasmonic device
features. Finally, we have outlined new prospective applications of 2D plasmonic
materials and their significance in the industry as well as the drawbacks of materials
that prohibit them from performing properly while providing the possible direc-
tions for future research.
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