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In the last several decades, significant efforts have been devoted to two-dimensional (2D)
materials on account of their optical properties that have numerous applications in the
optoelectronic world in the range of light-emitting diodes, optical sensors, solar energy
conversion, photo-electrochemical cells, photovoltaic solar cells, and even the biomedical
sector. First, we provide an outline of linear optical properties of 2D materials such as
graphene, TMDs, h-BN, MXenes, perovskite oxide, and metal-organic framework. Then,
we discuss the optoelectronic properties of the 2D materials. Along with these, we also
highlight the important efforts in developing 2D optical materials with intensive emission
properties at a broad wavelength from ultraviolet to near-infrared. The origin of this tunable
emission has been discussed decoratively. Thickness and layer-dependent optical
properties have been highlighted and are explained through surface defects, strain,
vacancy, doping, and dangling bonds emerging due to structural change in the
material. The linear and nonlinear optical properties in 2D MXene and perovskite
oxides are also impressive due to their potential applications in next-generation
devices with excellent optical sensitivity. Finally, technological innovations, challenges,
and possible tuning of defects and imperfections in the 2D lattice are discussed.
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INTRODUCTION

Optical properties have been one of the most fascinating and functional aspects of any nanomaterial.
They are generally customized by altering parameters such as particle size, shape, surface
characteristics, and various other variables (Xia et al., 2014; Sun et al., 2016). Major application
fields based on optical properties include light emission and detection, solar cells, photocatalysis,
photoelectronic and imaging, and biosensing. The basic understanding of the fundamental optical
properties and related spectroscopic techniques can help distinguish the nanomaterial. For example,
when the particle size reduces, shifting of absorption and photoluminescence (PL) emission spectra
of semiconductor nanoparticles is observed, which is also conferred in other semiconductor and
metal nanomaterials (Kelly et al., 2003; Zhang and Wang, 2017). The electronic transition between
the conduction band (CB) and valence band (VB) results in optical properties such as PL emission
and absorption. The reduced dimensionality of the material has a significant impact on the electronic
structure of these bands. During PL emission, the incident light leads to absorption of electrons and
then these excited electrons drop to a lower energy level from the excited energy states. Additionally,
in a semiconductor nanomaterial, PL emission studies help determine the concentration of
impurities, defects, energy levels, and fundamental emission processes. Impurities introduced in
the semiconductors lead to several energy level formations within the bandgap of these materials.
Unlike conventional semiconductor materials, the 2D semiconductor materials act as a good charge
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acceptor or donor, resulting in the attractive optical property of
these materials. Similarly, change in dimensionality in 2D
materials show enhanced electronic and optoelectronic
properties and find applications in ultrafast carrier dynamics,
varied bandgap energies, tunable emission properties, high carrier
mobility, and confined electronic and magnetic effects (Wang
et al., 2017; Tan et al., 2020). Unique properties such as ultrafast
photonics, which are due to physical singularities occurring from
heat transfer and charge, have also gained broad scope amongst
2D materials. Along with linear optical properties, nonlinear
optical properties are also interesting in 2D materials. Due to
the optical nonlinearity of these materials, the saturable absorbers
can periodically modulate the circulating light field in the laser
cavity (Liu et al., 2020).

Reviews exist on the discussion of linear optics, nonlinear
optics, light-emitting, photodetection, and anisotropy in 2D
materials, as shown in Figure 1 (Xia et al., 2014; Mak and
Shan, 2016; Guo et al., 2019; Wang C. et al., 2020). A recent
review was published discussing the tunable properties of 2D
materials (Ma et al., 2021). We have focused our discussion on
graphene-based optical device applications. Graphene’s optical
properties are quite unique, with band structure having van
Hove-like singularities. Chiral symmetry also exists for the
quasiparticles, which helps fix the direction of pseudospin to
be parallel for electrons or antiparallel for holes (Grigorenko et al.,
2012), whereas in monolayer TMDCs, optical absorption is
dominated by direct transitions between VB and CB states
around the K and K′ points. Direct band-to-band transitions
in 2D are characterized by a step function-like spectrum
originated from the energy-independent joint-density-of-states
and transition matrix elements near parabolic band edges (Mak

and Shan, 2016). Later, hexagonal boron nitride (h-BN) was
studied for light-matter interactions at the atomic scale (Latini
et al., 2017). Device applications of black phosphorus (BP) were
discussed in the later section. BP’s atomic structure is folded,
resulting in high anisotropy of phonons, photons, and electrons
(Qiao et al., 2014). Here, in this review, we have focused on the
recent technological innovations in 2D materials such as h-BN,
BP, MXenes, perovskite oxides, and metal-organic framework
nanosheets (MONs). A wide variety of optical device
applications, recent theoretical first-principle calculations, and
future advancements in device applications have been discussed.

RESULTS AND DISCUSSIONS

Advanced Optical Property and Photonic
Applications of Graphene
Graphene is one of the pioneers in the field of 2Dmaterials. Light-
matter interaction in graphene gives rise to exciting optical
properties and has impacted optoelectronics, nanoelectronics,
and the nonlinear optics world, as depicted in Figure 2. The
linear absorption of graphene shows an absorption band centered
at ∼260 nm due to π-π* transition of electrons in π-conjugated sp2
carbon core (Pramanik et al., 2018; Zhu B. et al., 2018). Graphene
does not show any visible luminescence. Previously, several
researchers have studied the use of graphene in ultrafast and
efficient optical switching, solar cell, optical modulators,
plasmonic devices, transparent light emitters, displays with low
operation voltage, ultrafast optical communications, and state-of-
the-art photodetectors (Liu et al., 2011; Grigorenko et al., 2012;
Gan et al., 2013; Kim et al., 2015), as shown in Figure 2. It is

FIGURE 1 |Overview of different types of 2Dmaterials and their optoelectronic applications. [adapted andmodified from (Konstantatos et al., 2012; Yin et al., 2012;
Jo et al., 2016; Chertopalov and Mochalin, 2018)]
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believed that absorption property in the UV region may have
huge applications in solid-state lighting (Chen et al., 2018).
Recently, optical switching gained massive attention as it
overcame the limitations of electrical switching (Ono et al.,
2020). Notami et al. greatly enhanced the nonlinear absorption
of graphene loaded with plasmonic waveguides and achieved
ultrafast optical switching with switching energy and time of 35 fJ
and 260 fs, respectively, connected to conventional waveguides
for use in integrated circuits (Ono et al., 2020). Studies exist in the
field of biological molecule sensing of nucleic acids using
deformed graphene by FET-based biosensors (Hwang et al.,
2020). In another study, computational simulations revealed

“electrical hot spots” in the sensing channel, which reduces the
charge screening. Recently, meter-scale level optical fiber was
demonstrated by a combination of graphene and photonic crystal
fiber, and it shows broadband response and significant
modulation depth under a low gate voltage (Chen et al., 2019).
Recent studies of composite graphene and W- and Mo-based
TMD heterostructures are reported to form electroluminescent
systems with linewidths approaching homogeneous limits near
the THz rate. The spatially localized hot electrons (∼2,800 K)
resulted in a 1000-fold enhancement in thermal radiation
efficiency (Kim et al., 2015; Lorchat et al., 2020). Distinct nonlinear
nano-optical properties of graphene are also well-reported, with

FIGURE 2 | Schematic representation of graphene-based optical device applications [adapted and modified from (Kim et al., 2015; Ni et al., 2016; Chen et al.,
2019; Behura et al., 2019; Ono et al., 2020; Hwang et al., 2020)].
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enhanced broadband four-wave mixing response in fs nano-
imaging being revealed. The strong electron-electron
interaction was also recently studied (Jiang et al., 2019). Other
graphitic structures like reduced graphene oxide (rGO) infused
nanofluid were also explored for their optical filtration of solar
energy and thermal efficiencies reaching up to 30%. They
influence the functionality of hybrid solar cells (Abdelrazik
et al., 2020b). In UV-Vis absorption spectra measurements,
the hydrophobic nature of rGO improved the dispersion
stability. The nanoparticle concentration on the spectral
transmittance effects decreased with the increase in the
concentration. UV-Vis absorption also revealed that the water/
rGO-Ag samples display consistency in α in the relatively higher
value range of 1.5–4 eV and then gradually increase further as
bandgap increases.

Device Applications of Transition Metal
Di-Chalcogenides
2D transition metal di-chalcogenides (TMDs) consist of over 40
compounds with the general formula of MX2 (X � S, Se, and Te).
Primarily group VI TMDs are extensively studied, and their
several optical applications have been obtained. Manipulation
at the atomic scale, ultrathin thickness, and their band gaps
enable TMD’s light-matter interaction study. Some of them
include MoS2, WS2, MoSe2, ReS2, MoTe2, and WTe2,
synthesized by various approaches (Chen et al., 2018). Their
reduced dimensionality makes 2D TMDs fascinating with strong
light-matter interaction and enhanced optical properties. Varied
lateral sizes and the number of layers are observed in 2D TMDs.
From the literature, the bandgap decreased by ∼0.3–0.35 eV as the
layer number increased from monolayer to bulk in Mo- and

FIGURE 3 | (A) Absorption spectra of monolayer MoS2 [adapted and modified from (Vikraman et al., 2017)]. (B) Layer-dependent reflectance spectra of ReS2

[adapted and modified from (Zhao K. et al., 2018)]. (C) Absorption spectra of layered GaTe with and without oxidation. Inset shows the change in bandgap due to
oxidation [adapted and modified from Fonseca et al.,2016]. (D) Raman spectra of GaTe [adapted and modified from (Huang et al., 2016)]. (E) PL emission spectra of
monolayer MoS2 with Raman signal [adapted and modified from (Eda et al., 2011)]. (F) PL emission spectra of MoS2, WS2, MoSe2, and WSe2 in the different
substrates [adapted and modified from (Cadiz F. et al., 2017)]. (G) Yellow-orange emission of layered ZnS. Inset shows the digital photograph of the sample signal
[adapted and modified from (Kumbhakar et al., 2019)]. (H) Comparison PL emission spectrum of bulk and 2D GaTe [adapted and modified from (Siddique et al., 2021)].
Schematic diagram of (I) WSe2 based p-n junction [adapted and modified from Sun et al., 2020], (J) GaTe photodetector [adapted and modified from (Kang J. et al.,
2018)] , and (K) IR photodetector using HgTe [adapted and modified from (Noumbé U. N. et al., 2020)].
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W-based TMDs, showing weak dependence of optical band gap
on layer number (Synnatschke et al., 2019).

Sulfides
The optical absorption of exfoliated molybdenum sulfide (MoS2)
layer has been investigated by several researchers, and the major
excitonic absorption peaks are observed at higher wavelength
regions (Figure 3A) (Vikraman et al., 2017). MoS2 monolayer has
a stable, gate tunable optical response at RT near excitonic
transition (Kravets et al., 2019). It also shows strong excitonic
PL emission in the higher wavelength region (Figure 3E). Hybrid
nanostructures of MoS2 show enhancement in polarisation near
exciton binding energies (Eda et al., 2011). Other TMD alloys of
Mo-, like MoxW1−xSe2 and WS2ySe2(1−y), exhibit enhanced PL
emission in the monolayers which is due to deep trap states
produced by vacancies that promote the emission of excitons and
trions (Sun et al., 2017). Theoretical calculations also confirmed
the experimental results. MoS2 with four different morphology-
controlled plasmonic nanoparticles was studied. Furthermore,
the plasmonic strain blueshifts the bandgap by 32 times and
enhanced photoresponse due to massive hot electron injection
(Sriram et al., 2020). An asymmetric Fabry−Perot cavity was
formed based on a hybrid structure of MoS2/hBN/Au/SiO2 by
vertical stacking. PL intensity of monolayer MoS2 is enhanced
over two orders. The strong absorption was justified from
photonic localization on the top of the microcavity (Wang
et al., 2017).

The layered dependent optical reflectance spectra ReS2 are
presented in Figure 3B. It shows that the peak positions change
with layer number. Temperature effects varied the optical
bandgap of the ReS2 films (10 layers); the bandgap varied
from 1.36 eV (303 K) to 1.38 eV (383 K). Theoretical
predictions showed similar results where the bandgap
increased from 1.32 to 1.40 eV. Energy level degeneracy was
explained by coupling between the Re 5d orbital and S 3p
orbital being weaker because of which the energy level
splitting is smaller with increased temperature (Zhao K. et al.,
2018).

Monolayer WS2 onto exfoliated graphite by high-temperature
CVD showed a single excitonic PL peak with a Lorentzian profile
at RT and 8 meV bandgap at 79 K. In a similar study,
temperature-dependent PL spectra of WS2 on different
substrates was analyzed (Kobayashi et al., 2015). Similarly, PL
emission spectra of MoS2 and WS2 were also studied on two
different substrates, and it is observed that with hBN, PL emission
shows more narrowing behavior (Figure 3F Noumbé U. N. et al.,
2020). Studies with multi-atom doped ZnS high fluorescence
efficiency of ∼62% in the visible region. An intense stable yellow-
orange emission was observed at RT for Mn Cu co-doped sample
under UV-light as shown in Figure 3G (Kumbhakar et al., 2019).

Selenides
Some of the 2D selenides have applications in a wide range of
optical devices. The bandgap transition from direct to indirect
was noted when the thickness of the layers (L) is reduced to
<6 nm. When L decreases below ∼10 nm, the PL intensity
decreases by a factor >10. This value is significantly larger

than that for any other luminescent material. At this
thickness, the optical bandgap was found to be 1.44–1.47 eV
(Mudd et al., 2013). An encapsulated InSe device offers high
quality and ambient-stable mobility of 30–120 cm2 V−1 s−1

compared to ∼1 cm2 V−1 s−1 (un-encapsulated devices). For
complete h-BN encapsulation to GaSe, PL with a
photoresponsivity of 84.2 A W−1 (at 405 nm) was observed
(Zhang et al., 2019). Based on the anisotropic nonlinear
behavior of the material, a SnSe-based all-optical switch was
proposed. The nonlinear optical response was polarization-
dependent, and an unexpectedly high on/off ratio was
achieved (Zhang et al., 2019). In another study, the SnSe-
decorated nonlinear device in fiber lasers with ultrashort
mode-locked pulses at 1.5 and 2.0 μm was fabricated.
Additionally, studies indicated that the material could serve as
a good saturable absorber for lasers in the broadband area (Wang
Z. et al., 2020).

Tellurides
2D tellurides are seldom explored for their optical properties
compared to other chalcogenides. Layered Si2Te3 and Mn-Si2Te3
have been studied for their high-pressure optical phonon
behavior. Raman modes in Mn-Si2Te3 show phonon stiffening
and softening, suggesting negative linear compressibility
(Johnson et al., 2019). In-plane optical anisotropy and RT PL
spectrum in the visible spectrum range were observed in the 2D
GaTe sample (Figure 3H). A GaTemultilayer study showed weak
anisotropy in the visible spectrum range, and the Raman intensity
depended on crystalline orientation (Figure 3D). These results
suggest high photoresponsivity and the possibility of the
generation of a large number of dangling bonds providing
recombination sites for carriers in low dimensional structures
(Huang et al., 2016; Siddique et al., 2021). Monolayer GaTe based
on DFT calculations gave unique optical properties because of the
anisotropy layer affecting bandgap and absorption coefficient
(Abed Al-Abbas et al., 2018). The optical absorption in the visible
region with high electron and hole mobilities was observed for the
monolayer of GeTe. It also shows a large bandgap which is strain-
tunable compared to its bulk form (Qiao et al., 2018). GaTe
nanoflakes also showed enhanced performance as photodetectors
exhibiting better responsivity and illuminating properties, the
device is as depicted in Figure 3J (Kang J. et al., 2018). An
enhanced photo detection range and faster response time was
noted with a combination of HgTe and graphene structure. The
device structure is as shown in the Figure 3K. The structure
constructed on LaF3 substrate offers high gate tunablity and
possible charge carrier polarities in graphene and HgTe.
(Noumbé U. N. et al., 2020)

Optical Properties and Emerging
Applications of Hexagonal Boron Nitride
With highly dispersive surface phonon-polariton modes,
hexagonal boron nitride (hBN) is a natural hyperbolic
material. Raman spectra of mono-, bi-, and trilayer BN show
a characteristic peak of E2g phonon mode, analogous to the G
peak of graphene (Taylor, 1988). A progressive weaker peak is
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observed as layer number decreases which are ∼50 times smaller
than for graphene’s G peak in monolayer BN, under the same
measurement conditions as seen in Figure 4A. Strain effects on
hBN are pretty interesting. The phonon frequency shifts are due
to compressive strain in hBN contrast with near-field IR
(Figure 4B). Figure 4E illustrates local strain measurement
in annealed hBN flakes of ∼6 nm thickness on a SiO2/Si
substrate. The first-principles calculation results under
isotropic biaxial strain, hBN TO phonon frequency shift was
also studied for the same material (Figure 4F) (Lyu et al., 2019).

Theoretical and experimental optical properties of
heterostructures of hBN with other 2D materials are also
studied. Theoretically, studies of graphene-hBN
heterostructure were studied by Kumar et al. Regarding the
interaction of graphene plasmon and hBN phonon, its
emission properties are studied in detail. Figure 4C depicts
monolayer graphene on hBN film with the details mentioned
in the figure. Also, Figure 4D shows the permittivity of hBN,
and the result shows a possibility of hyperbolicity (Kumar
et al., 2015). A Van der Waals (vdW) WS2/MoS2

FIGURE 4 | (A) Raman spectra of hBN. Inset shows the changes in integrated intensity with the layer number. The picture in the top right side shows phononmode
for Raman peak [adapted and modified from (Lyu et al., 2019)]. (B) Illustration of compressive strain induced phonon frequency shift and near-field IR contrast [adapted
andmodified from (Lyu et al., 2019)]. (C) The interaction of graphene plasmonwith hBN phonon (left) and emission of a nearby dipole into hybrid modes (right) [adapted
and modified from [(Kumar et al., 2015)]. (D) Permittivity of hBN [adapted and modified from (Kumar et al., 2015)]. (E) The near-field IR measurement technique
using hBN [adapted and modified from (Lyu et al., 2019)]. (F) Theoretical results of phonon frequency as a function of isotropic strain [adapted and modified from (Lyu
et al., 2019)].

Frontiers in Materials | www.frontiersin.org August 2021 | Volume 8 | Article 7215146

Kumbhakar et al. Optical Properties of 2D Materials

https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles


heterostructure on hBN flake showed excitonic optical
responses. This was mapped to the presence of several
valleys in the electronic structure. At 1.3–1.7 eV (at RT), PL
emission was observed, generally absent in WS2 or MoS2
monolayers alone. The theoretical analysis concluded that
the PL peaks originated in monolayer hBN and were due to
the following: (I) direct K−K interlayer excitons, (II) indirect
Q−Γ interlayer excitons, and (III) indirect K−Γ interlayer
excitons. The level alignment was also calculated and had
good agreement with experimental PL spectra (Latini et al.,
2017).

In graphene-hBN heterostructures, we observed hybridization
of plasmon and phonon, as well as the reduction of the group
velocity of light in the IR region, and this was because of strong

plasmon dipole−dipole coupling. Tuning the coupling strength
can open a new area to control light and detection in the mid-IR
window. Plasmon−phonon polaritons in these heterostructures
were also studied (Jia et al., 2015).

Exciting Nonlinear Optical and
Luminescence Properties of Layered Black
Phosphorus
Black phosphorus (BP)was investigated as 2Dmaterial recently offering
high mobility and thickness-dependent direct bandgap. Multilayer BP
sheets on periodic stress modulate their optoelectronic properties. The
material also offers a better strain tunability than TMDs offering low-
temperature periodic stressmodulation yielding quantum confinement.

FIGURE 5 | (A) UV-Vis absorption spectrum of the BP. Inset shows the digital photograph of the BP dispersion [adapted and modified from (Huang et al., 2017)].
(B)GWquasiparticle band structure of naturally stacked bilayer BP and (C) 90° twisted bilayer BP [adapted and modified from (Cao et al., 2016)]. (D)Crystal structure of
BP [adapted and modified from Zahn et al., 2020)]. (E) Calculated electronic band structures of BP with different thicknesses [adapted and modified from (Lu et al.,
2016)]. (F) The photocurrent (IPh) and photoresponsivity (R) of BP and (G) Time-resolved photoresponse of the junction photodiode [adapted andmodified from (Ye
et al., 2016)].
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BP finds a wide range of application areas, including photovoltaics and
optoelectronics (Quereda et al., 2016).

Optical conductivity was studied for a single layer and bulk BP
at varied applied strain along zigzag (σZZ) and armchair (σAC)
directions. Similarly, wavelength and pulse-dependent nonlinear
optical properties of BP nanosheets have been studied by several
researchers. The SA response in the visible range was better than
the near-IR range. Figure 5A shows absorption spectra of the BP
dispersed in ethanol (Huang et al., 2017). Reports of encapsulation
technique usage showed reduced exciton binding energy by 70% in
monolayer and elimination of the bound exciton in the four-layer

BP structure. This changes the nature of the excited states and
absorption spectrum (Qiu et al., 2017).

Size-dependent nonlinear optical response of BP nanosheets
synthesized by LPE for nanosecond laser pulses was reported
recently. Results showed that the nonlinear absorption
coefficient of BP depended on laser intensity and lateral flake
dimension (Szydłowska et al., 2018). Other major application areas
of BP include switchable electronic circuits. A switchable gate
voltage led to switchable optical linear dichroism. Figure 5B shows
GW quasiparticle of stacked BP, and Figure 5C shows 90° twisted
BP with a 2-fold degeneracy (Cao et al., 2016). Enhanced

FIGURE 6 | UV-Vis absorption spectra of (A) Ti3C2Tx films with a thickness of 16 and 38 nm [adapted and modified from (Chertopalov and Mochalin, 2018)], (B)
d-Ti3CNTx [adapted and modified from (Hantanasirisakul et al., 2019)], and (C) pristine Ti3C2Tx in water and mixed with Rh6G dye [adapted and modified from
(Sarycheva et al., 2017)]. (D) Structure of a single layer of Ti3C2Tx [adapted and modified from (Chaudhuri et al., 2018)]. (E) High-pressure gas (H2, CO2, and CH4)
sorption isotherms of the V2D-BBL structure. (F) XPS survey of the V2D-BBL sample (inset: deconvoluted N1s spectrum) [adapted and modified from (Noh et al.,
2020]. (G) SEM images collected from 0° (top) and 30° inclined angles (bottom) [adapted and modified from (Chaudhuri et al., 2018)].
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photoresponsivity of a BP-based photodetector with a high
photocurrent ratio (∼8.7) was obtained. Thus, BP has potential
applications in telecommunication, sensing, and IR polarimetry
imaging (Venuthurumilli et al., 2018). The current-rectifying
behavior can be in the heterojunction of BP/MoS2
photodetector by tuning the gate voltage and forward-to-reverse
bias current ratio exceeding 103. Figure 5F shows photocurrent
(IPh) and photoresponsivity (R) of the junction under the
wavelength of 1.55 μm, at Vds � 3 V. Figure 5G shows the
photoresponse of the junction at a different voltage (Ye et al., 2016).

Theoretical and experimental anisotropic studies of the
material also exist due to atomic vibrations at increased
temperatures as well as in RT. Figure 5D illustrates the
anisotropic crystal structure of BP (Villegas et al., 2016; Zahn
et al., 2020). Strain-induced anisotropy resulted in
electron−phonon interaction behavior in strained BP (Zhu W.
et al., 2018), and a high PL lifetime of BP as suitable candidates for
live-cell imaging has been studied (Meng et al., 2018). Figure 5E
shows a representation of electronic band structures of BP with
different thicknesses (Lu et al., 2016).

Optoelectronic Properties of Carbonitride
MXene
2D transition metal carbides and nitrides (MXenes) have gained
massive attention for optoelectronic applications. Higher
conductivity, tunable electronic structure, optical nonlinearity,
and ease of fabrication make MXenes interesting 2D material to
work with. Application areas include optoelectronic devices as
well as energy storage, electromagnetic shielding, etc. 2D titanium
carbide is the most explored MXene, with the highest value of
electronic conductivity (10,000 S cm−1). A study on partially
oxidized MXene (titanium oxide) showed photoresponse in
the UV spectrum region (Figure 6A) (Chertopalov and
Mochalin, 2018).

Studies on 2D titanium carbonitride (Ti3CNTx) showed that
the material possesses lower electronic conductivity and a blue
shift is observed in the UV-Vis absorption spectra compared to
Ti3C2Tx. Reports exist on intercalants (water and tetra-
alkylammonium hydroxides) decreasing the electronic
conductivity because of resistance between the flakes with
varied temperatures giving rise to tunable electronic
properties. The UV-Vis absorption spectra of Ti3CNTx

solutions are shown in Figure 6B (Hantanasirisakul et al.,
2019). The structures also showed enhanced dye degradation
properties, as shown in Figure 6C (Sarycheva et al., 2017). A
report on 2D Ti3C2Tx, enhancing Raman intensity from the dyes
on a substrate and in solution was experimentally observed. The
study suggested that MXene can increase the positively charged
molecules and their potential biomedical/environmental
applications. In another study, microcapsules for drug delivery
assembled with a layer-by-layer strategy were explored (Stanciu
et al., 2020). High-efficiency of optical absorption up to ∼90% for
∼1.55 μm wavelength window has been achieved in arrays of
nanodisks made of Ti3C2Tx showing strongly localized SPR
behavior at near-IR region. Figure 6D depicts the single-layer
structure of Ti3C2Tx. Figure 6G shows SEM images of disk array

(I) on glass and (II) on Au/alumina and (III) absorption spectra
comparison for the two types of disk arrays and unpatterned
MXene film (Chaudhuri et al., 2018). Figure 6E shows high-
pressure gas (H2, CO2, and CH4) sorption isotherms of the
vertical 2D layered benzimidazobenzophenanthroline structure
at varying temperatures (Noh et al., 2020). Figure 6F depicts the
XPS survey spectra of the unfolded peaks pertaining to the same
structure. Ti3C2Tx combined with polyvinyl alcohol (PVA)
nanocomposites were analyzed for their possible applications
in the field of optoelectronics, conductive filler, and
electromagnetic absorbers (Tan K. H. et al., 2021). PVA
improved the electrical performance of the material up to
∼3,000 times as compared to pure PVA, with the highest σ
value of 7.25 × 10–3 Sm−1. Furthermore, plasmon resonance in
MXenes causes absorption in the visible light region. Ranging
from the lowest Eg of 3.3 eV to the highest 4.2 eV was obtained in
the PVA-MXene mixture due to modified energy states between
the conduction and valence bands. In another interesting
composite study, thermal and physical management were
observed for MXene with palm oil nanofluid, and
enhancement in these properties and the electrical efficiency
increased to 13.8% and thermal efficiency by ∼11.2% of the
solar PV/T system was studied (Samylingam et al., 2020). A
similar study was also conducted with MXene based silicone oil
nanofluids in increasing thermoelectric efficiency in solar cells
(Aslfattahi et al., 2020b). Their optical properties and stability are
also exciting to explore because of the wide range of optical
absorption spectra offered by the material and the optical
filtration of the composite materials (Abdelrazik et al., 2020a).
Studies on organic phase change material and MXene structures
are novel materials explored for their energy storage and
conductivity enhancements (Aslfattahi et al., 2020a). The usage
of MXene nanoparticles as additives showed variation in
intermolecular dynamics of the paraffin wax in this
particular study.

2D Perovskite Oxides and
Organic-Inorganic Structures for Solar Cell
Device Fabrication
Perovskites are high entropy oxides with multiple cationWyckoff
positions and find a wide range of applications in optical and
electronic devices. The freestanding 2D monolayers of
perovskites offer a tunable wide bandgap semiconducting
material. Theoretical studies on some important perovskite
oxides (ABO3), SrTiO3, LaAlO3, and KTaO3 were compared
with graphene and MoS2 monolayer for their optical
properties. Organic light-emitting diodes were also fabricated
using calcium niobate (CaNbO3) nanosheets. With a wide
bandgap of ∼3.5 eV, CaNbO3 has been used as electron
transport layers (ETLs) and electron injection layers (EILs).
The operational lifetime of the devices was exceptional, with
high luminance. Figure 7D shows the tandem solar cell device
structure (Li et al., 2010; Chang et al., 2012). The bandgap change
was not observed for [TBAxH1−x] + [Ca2Nb3O10]

− nanosheets
obtained through intercalation−exfoliation of KCa2Nb3O10. The
structure was preserved after delamination, and the bandgap
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values helped analyze the electronic structure. And the intensity
of the plasmon excitation increased, for which the basis was
increased thickness (Virdi et al., 2016). Many studies on
perovskite structures aiding other applications such as
photocatalysis and visible photoelectrochemical oxidation due
to the varied optical bandgap and accelerating the interfacial
charge transfer process have been explored in recent years.
Figure 7C shows band structures of restacked KCa2Nb3O10,
KCaSrNb3O10, and KSr2Nb3O10 with conduction band
energies of −0.5, −0.4, and −0.3 eV, respectively (Oshima
et al., 2016; Opoku et al., 2017). 2D perovskite solar cell
estimates that the charge recombination rate constants are
larger than the 3D compound. The charge-carrier

recombination in the planar device architecture was
particularly noted for (BA)2 (MA)4Pb5I16. Figure 7A shows
the UV-Vis absorption spectra of the films on the glass
substrate, and Figure 7B depicts the J-V characteristics (Liu
et al., 2017). 2D CsPb2Br5 exhibits enhanced performance in
optoelectronic devices such as white LEDs. The packaged WLED
is (0.33, 0.33), indicating that it emits white light with high color
rendering index of ∼94% far superior compared to other reports
(Huang et al., 2020). 2D perovskites have also found applications
as photodetectors. An optimized photodetector CsPbBr3/Au
exhibited photoresponsivity of 41.0 AW−1 with a specific
detectivity of 1.67 × 1012 Jones under an incident of 232 μW/
cm2 (Perumal Veeramalai et al., 2020). Figure 7E shows theUV-Vis

FIGURE 7 | (A) UV-Vis absorption spectra of 2D Pb5 perovskite films. (B) J-V curves of Pb5 devices [adapted and modified from (Liu et al., 2017)]. (C) Schematic
illustration of the band structures of restacked KCa2Nb3O10, KCaSrNb3O10, and KSr2Nb3O10 [adapted and modified from (Oshima et al., 2016]. (D) Device structure of
tandem polymer solar cell [adapted and modified from Chang et al., 2012)]. (E) UV-Vis near-IR absorption spectrum of the 2D CH3NH3PbI3 perovskite nanosheets
[adapted and modified from (Li et al., 2017)]. (F) Band structure of BA2MA4Pb5I16 with and without SOC [adapted and modified from (Stoumpos et al., 2017)]. (G)
Electroluminescent spectra of PCPbB device at different applied voltages [adapted and modified from Cheng et al., 2017)]. (H) Band structures of STO-ML, LAO-ML,
and KTO-ML [adapted and modified from (Xiao and Liu, 2021)].
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absorption spectrum of CH3NH3PbI3 with interband optical
transitions between VB and CB (Li et al., 2017). The bandgap
of similar structures of the layered perovskite material
obtained by various other synthesis methods were found to
be ∼3.53 eV (Compton et al., 2007). Complex halide structures
like (CH3(CH2)3NH3)2(CH3NH3)4Pb5I16 have been reported
as exciting materials for the fabrication of solar cells. The band
structure of BA2MA4Pb5I16 with and without SOC is shown in
Figure 7F calculated from the experimental atomic positions
and lattice parameters (Stoumpos et al., 2017). Other layered
perovskites were used as LEDs. Figure 7G shows the UV-Vis
absorption spectra of PCPbB film with peaks at a wavelength of
427 and 455 nm corresponding to its excitonic absorption
(Cheng et al., 2017). The large bandgap and reduced
reflectivity of ∼0.014, 0.013, and 0.013 for SrTiO3, LaAlO3,
and KTaO3 at zero frequency were estimated. This implies that
zero absorption is responsible for the transparency of the
materials in the low-frequency region. The peak reflectivity
value is larger than <0.001 (0.5–1.2 eV) of graphene and
equivalent to those of MoS2 value 0.09 (2.8 eV). Figure 7H
shows the band structure of STO-monolayer, LAO-monolayer,
and KTO-monolayer (SrTiO3, LaAlO3, and KTaO3) (Xiao and
Liu, 2021).

The most recent advances in the 2D organic-inorganic
halide perovskites have become competitive materials in
providing efficient solar energy. The stability and

optimization of recent research in improvising the PSCs
involves tuning of structures, composition, and defect
passivation in perovskite absorbers, the device structure, and
also the interface modifications (Tormann et al., 2016; Correa-
Baena et al., 2017; Zheng et al., 2017, 2019; Zhang et al., 2020).
After the first report of 2D perovskites as absorbers, the recent
advancements have reached achieving ∼18% efficiency (Luo
et al., 2019). One of the most recent studies of organic-
inorganic hybrid perovskite was done with 2D hybrid lead
bromides, (C7H18N2)PbBr4, and (C9H22N2)PbBr4; their
possible use in the optoelectronic field was discussed briefly.
Their optical bandgap lies in between 2.76 and 2.78 eV,
respectively, for (C7H18N2)PbBr4 and (C9H22N2)PbBr4.
Along with it, we observe broad photoluminescent spectra
that originate from free and self-trapped excitons (Deng
et al., 2020). The exciton energy levels were controlled
through chain length variations which influenced the optical
properties in the material. In another study, the high tunability
in the state-of-the-art hybrid Ruddlesden-Popper perovskites
(RPPs) was discussed (Gan et al., 2021). As compared to their
bulk counterpart, the 2D layered RPPs showed improved
environmental stability on external factors affecting the
device like light, stress, and humidity (Tsai et al., 2016). This
was attributed to the absence of ion migration in 2D RPPs and
hence improving the retention capacity and better performance
in optical devices.

FIGURE 8 | (A) UV-visible absorption spectra of Cd-DP. (B) SEM images of Cd-DP [adapted and modified from (Mukhopadhyay et al., 2018)]. (C) Raman and
photoluminescence spectra of [Cu(μ-pym2S2) (μ-Cl)]n nMeOH [adapted and modified from (Hermosa et al., 2015)]. (D) PL spectra of BOB and BOP MOFs and (E) PLE
spectra of BOP and pyridine-treated BOP MOF [adapted and modified from (Lee et al., 2011)].
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2D Metal-Organic Framework Nanosheets
Metal-organic frameworks (MOFs) are multifunctional materials
that can be structurally designed. Fabricated 2D MOFs offer a
large number of applications in the field of sensing, energy
storage, electronic device fabrication, and many more.
Materials inducing photochromism have been widely used in
optoelectronics, data storage, transmission materials, and many
more (Natali and Giordani, 2012; Irie et al., 2014).
Photochromism allows the modulation in materials with light
as an external stimulus. Studies of exfoliated MONs have been
thoroughly explored for this property recently. Figure 8A depicts
UV-Vis absorption spectra of Cd-DP, Zn-DA, and Cd-TA with a
peak at 605 nm, and for Cd-TP, it is 615 nm. Figure 8B shows an
SEM image of CdCl2 treated with pyridyl (Cd-DP)
(Mukhopadhyay et al., 2018). Luminescence property was
studied for free-standing flakes of [Cu (µ-pym2S2) (µ-Cl)]n,
and bands were observed at 580, 615, and 650 nm
(Figure 8C); the similarities and differences between the flakes
and bulk samples are observed. A slightly larger intensity was
observed in the spectrum of free-standing flakes, and they do not
arise from flake–substrate interactions concerning Si/SiO2

substrates sample deposition (Hermosa et al., 2015). Ordered
networks of chromophores achieved artificial and natural light-
harvesting arrays for energy transfer. Some MOFs mimic this
property in order to provide efficient light to electrical
conversion. Figure 8D shows excitation resulting in emission
at 596 nm for bodipy-porphyrin-based MOF (BOB) and bodipy
and a dibrominated strut (BOP) showed no emission at 596 nm
but at 667 nm. For the same samples, efficient energy transfer was
observed in BOP MOF (Figure 8E) (Lee et al., 2011). Tetrakis (4-
carboxyphenyl)porphyrin (TCPP) based MONs have been used
as light-harvesting functional materials (Zhang and Lin, 2014).
2D MOFs have also been used as fluorescent biosensors in order
to detect DNA, m-RNA, and other optical and electrochemical
sensing units (Zhao et al., 2015; Zhao et al., 2018 M.).

2D Heterostructures for Optical Devices
The interfaces of the 2D material and other 2D-2D
heterostructures play an important role in optical device
fabrication. A few of the important studies pertaining to the
same have been discussed in this section. 2D materials with
heterostructure interfaces have been quite popular as they
dominate by surface chemistry. They offer a wide range of
tunability and unique properties to work with. Most 2D
materials are integral parts of bulk layered vdW crystals. This
atomically thin nature of 2D materials offers opportunities for
building functional heterostructures, making it ideal for wearable
electronics and other optoelectronic devices (Liu and Hersam,
2018). Studies on geometrical distortions and other surface
mechanisms in 2D materials have a direct impact on the
heterostructure composite formations and the 2D material
offers better performance than those compared to its bulk.
These 2D heterostructures find wide applications in optical
based electronic systems because of generated interlayer
excitons and flexible band tuning. They also offer a wide range
of spectrum of operation from UV to near-infrared (NIR). These
multi-structures alter the device performances to a great extent

(Deng et al., 2019). There also exist studies on 2D metal-
semiconductor heterostructure interfaces as 2D metallic
materials have a wider range of work functions (Tan J. et al.,
2021). A photodetector achieved ultrahigh responses up to 2600
AW−1 and specific detectivity up to 1.1 × 10–13 Jones over a wide
spectrum (Li et al., 2019).

FUTURE PERSPECTIVES AND
CONCLUSION

The optical properties of 2D material have been discussed here.
In this review, we have discussed the advancements in the
optical field. Graphene shows excellent optoelectronic
properties in various areas. The review shows that while the
2D TMDs, MO, and MXens can be a part of the endless
amount of work in optics, several modifications are needed
for the enhancement of optoelectronics applications in
modern electronics.

Making heterojunctions is another way that can be explored
with 2D materials. To fine-tune the optical properties of the 2D
materials, the formation of heterojunction provides excellent
flexibility. Several methods have been used to make
heterojunctions. For enhancing the device performance,
making an interface with continuous band alignment,
optimizing the carrier numbers, etc., can be employed. The
3D printing technology can be utilized to build 2D materials
optoelectronics circuits to tune the properties of the device. The
heterojunction of 2D materials will be formed layer by layer
using 3D printing. For fabrication of stacked heterostructure of
few atomic thicknesses of each layer, 3D printing method, CVD,
epitaxial growth technique, and so forth can be done. These
kinds of vertically stacked heterostructure can be a potential
candidate for functional integrated optical devices such as
photovoltaic cells, phototransistors, photodetector, LEDs, and
optical sensors. Also, the high sensitivity to the environmental
changes of 2D materials makes them promising candidates for
biosensing applications. Modification of electronic structure is a
useful technique that can improve the optoelectronic properties
of the 2D materials. To improve the performance of the 2D-2D
heterojunction in optoelectronic devices, electron-hole
transport phenomena will be control by engineering the
interfacial band structure. The interfacial charge and energy
transfer play an essential role for optoelectronic devices.
Therefore, optimization of several parameters, such as
bandgap offset at the interface, thickness of spacer, laser
excitation power, charge separation, and transport rate, is
very important for future optoelectronics devices using 2D
materials. Generally, 2D materials also show high electron
mobility which increases the efficiency of the photo carriers.
Therefore, during the fabrication of heterojunction devices, the
selection of appropriate 2D materials is very important.
Additionally, to modify the device structures, 3D printing
technology is one of the promising approaches. In the case of
3D printed based hybrid optical devices, tuning the layer
number, charge transport modification, alloying, and so forth
of these 2D materials, we will improve the efficiency of the
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fabricated heterojunction. We hope the present work will
contribute to further works on these exciting materials.

In this review, we have summarized the optical properties of
2D layered materials. We have discussed the optical properties
and optoelectronic applications of several 2D materials like
graphene, h-BN, TMDs, BP, MXens, and perovskites. In
addition to these, we have also summarized the emission
properties under different environmental conditions in the
long-wavelength range. The origin of this tunable emission
property of these atomically thin materials has been discussed
thoroughly. Additionally, technological advancement with
different innovations, such as generation and tuning of
surface defects in a 2D lattice and making of
heterostructures with 2D material, are discussed. The
nonlinear optical properties of these 2D materials are also
discussed in detail due to their potential applications for next-
generation devices with excellent optical sensitivity, optical
switching, and so forth. The optimization of device parameters
is also discussed elaborately in this review. Along with
experimental results, theoretical modeling of various 2D
materials is also summarized. Therefore, this review
presents the different methodological basis for developing
2D optical materials and a wide range of fabricating

technologies. It will expand the optical application of these
materials in the technology and production of optoelectronic
devices. This greatly increases the ability of scientists to
investigate the relationship between structural
characteristics and physical properties of 2D optical materials.
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