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Abstract

Plasmonics is a field of research and technology that focuses on the interaction between light
and free electrons in a metal structure called plasmon. The study of plasmonics has gained sig-
nificant attention in recent years due to its potential for several applications and its ability to
manipulate light at nanoscale dimensions. Plasmonics enables the control of light at the na-
noscale, far beyond the diffraction limit of conventional optics. This allows for the development
of new devices and technologies with enhanced performance and functionality. In this paper, re-
cent advances in plasmonics in medicine, agriculture, agriculture, environmental monitoring, la-
sers and solar energy harvesting are reviewed. Despite these promising prospects, plasmonic de-
vices must overcome obstacles such as significant energy losses, complicated production pro-
cesses, and the need for better material characteristics. Plasmonics will continue to advance be-
cause of ongoing work in nanotechnology, material science, and engineering, which will make it
a more significant field with a wide range of usages in the future. In the end, the advantages and
the limitations related to the realization of plasmonic devices in the real world are discussed.
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Introduction

Plasmonics is a field of study that focuses on the in-
teraction between light and metal nanostructures. It has
the potential to revolutionize various areas of science and
technology [1]. Plasmonic devices can be manufactured
on the nanoscale, allowing for compact and integrated
systems. These components can be seamlessly integrated
with existing semiconductor technology, enabling the de-
velopment of nanoscale circuits, sensors, and detectors.
This miniaturization potential can lead to highly compact
and efficient devices for various applications. It's im-
portant to note that plasmonics also has its limitations,
such as high energy losses and challenges in achieving ef-
ficient energy conversion [2]. Therefore, the choice be-
tween plasmonics and conventional optics depends on the
specific application requirements and the desired trade-
offs between different parameters such as device size,
speed, integration, and sensitivity.

The field of plasmonics witnessed significant ad-
vancements in the early 2000s. Scientists developed
various methods for fabricating metallic nanoparticles
and nanostructures with accurate shapes and sizes,
permitting fine control over their plasmonic properties
[3]. This led to the advent of a wide range of plas-
monic applications, including sensing, imaging, light
manipulation, and energy conversion. There are sever-
al noteworthy papers on plasmonic diffractive ele-
ments which are suggested to readers [4—11]. Since
then, plasmonics has continued to evolve rapidly. Re-
searchers have been exploring novel plasmonic materi-
als beyond gold (Au) and silver (Ag), such as alumini-
um (Al), titanium nitride (AIN), and various semicon-

ductors, aiming to extend the range of plasmonic func-
tionalities and improve performance.

Today, plasmonics has become an interdisciplinary
field, drawing expertise from physics, materials science,
chemistry, and engineering [12]. It has applications in di-
verse areas, including telecommunications, data storage,
solar energy, biomedical imaging, sensing, and environ-
mental monitoring. Plasmonics offers the possibility of
developing ultrafast and compact devices for information
processing and computing [13]. Plasmonics can enable
the development of nanoscale components for optical
communication systems [14, 15]. By confining light to
subwavelength dimensions, plasmonic waveguides (here-
after represented as WGs) can transmit data at extremely
high speeds. This could lead to faster and more efficient
data transfer, revolutionizing telecommunications and
networking.

Besides, plasmonic sensors can detect and analyze
minute changes in the immediate environment [16]. It en-
ables highly sensitive and selective detection of chemical
and biological substances, paving the way for improved
medical diagnostics, environmental monitoring, and food
safety [17—19]. Plasmonics can enhance the efficiency of
solar cells by capturing and manipulating light at the na-
noscale [20]. Plasmonic nanoparticles can concentrate
and trap light, increasing the absorption of photons and
improving the overall performance of solar panels. This
technology could lead to more cost-effective and efficient
solar energy utilization [21].

Plasmonics enables subwavelength imaging, surpas-
sing the diffraction limit of conventional optical micros-
copy. By using plasmonic nanostructures, researchers can
achieve ultra-high-resolution imaging of biological sam-
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ples, nanomaterials, and other objects at the nanoscale.
This can greatly impact various fields, including medi-
cine, biology, and materials science [22].

Plasmonics has the potential to contribute to the field
of quantum computing and information processing [23].
Plasmonic nanostructures can be used for the manipula-
tion and control of quantum states, facilitating the devel-
opment of more efficient quantum devices and communi-
cation systems. Continued research and development in
this field hold the potential for transformative technologi-
cal advancements in numerous sectors, leading to faster
and more efficient devices, improved sensing capabilities,
and novel applications in energy, communication, and
medicine [24].

Unlike conventional dielectric WGs, which guide
light through total internal reflection, plasmonic WGs op-
erate based on the interaction between light and surface
plasmons. This interaction allows for strong field con-
finement beyond the diffraction limit of light, enabling
the manipulation and control of light at subwavelength
scales. There are several types of plasmonic WGs, includ-
ing metal-insulator-metal (MIM) WGs, insulator-metal-
insulator (IMI) WGs, V-groove, and hybrid plasmonic
WGs [25, 26]. These WGs have different structures and
designs but share the common feature of supporting sur-
face plasmons.

A MIM WG is a type of structure that consists of two
metal layers separated by an insulating layer. It is used to
guide and confine electromagnetic (EM) waves, particu-
larly in the optical frequency range. The structure of a
typical MIM WG includes a bottom metal layer, an insu-
lating layer in the middle, and a top metal layer. The insu-
lating layer acts as a dielectric spacer, creating a barrier
between the two metal layers. The WG structure is de-
signed in such a way that it supports the propagation of
surface plasmon polaritons (SPPs), which are EM waves
coupled with electron oscillations at the metal-dielectric
interfaces. The metal layers in a MIM WG are usually
made of highly conductive materials such as gold (Au),
silver (Ag), or aluminium (Al), while the insulating layer
can be made of various materials, including silicon diox-
ide (Si0O,), polymers, or other dielectric materials. The
choice of materials depends on the desired operating fre-
quency, loss requirements, and fabrication techniques.

The key advantage of MIM WGs is their ability to
confine light to subwavelength dimensions, enabling the
manipulation and control of light at the nanoscale [27].
They are particularly useful in applications such as nano-
photonics, plasmonics, and integrated optical circuits.
MIM WGs can be used for various functions, including
signal routing, light confinement, and enhancing light-
matter interactions in sensing and spectroscopy applica-
tions [15, 18].

However, plasmonic WGs also face challenges. They
are typically associated with high propagation losses due
to the absorption and scattering of plasmons by the metal.
Additionally, strong field confinement can result in a

short propagation distance, limiting the overall length of
plasmonic WG devices [28]. Researchers are actively ex-
ploring new materials, designs, and fabrication tech-
niques to overcome these challenges and optimize the
performance of plasmonic WGs [29]. Hybrid plasmonic
WGs, which combine plasmonic and dielectric elements,
are being investigated to achieve a balance between
strong field confinement and low propagation losses. In
this review, the advancement of plasmonics in several vi-
tal applications is discussed. Fig. 1 presents the areas of
research discussed in this paper.

Solar energy
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Fig. 1. Application of plasmonics discussed in this review
1. Working mechanism of plasmonic sensors

Plasmonic sensors work based on the principle of sur-
face plasmon resonance (SPR), which is the collective
oscillation of free electrons in a metal surface when stim-
ulated by incident light [28]. The working mechanism of
plasmonic sensors can be explained in the following way
and shown in Fig. 2a-c [30].

Plasmonic sensors consist of metallic surfaces or
nanostructures that support surface plasmons [31]. Com-
mon materials used include Au and Ag due to their excel-
lent plasmonic properties in the visible and near-infrared
spectral ranges. A beam of light, typically from a mono-
chromatic source such as a laser, is directed onto the
plasmonic structure [32]. The light interacts with the met-
al surface or nanostructures, leading to the excitation of
surface plasmons at a specific resonance wavelength. At
the resonance condition, the incident light couples with
the surface plasmons, resulting in the formation of an ev-
anescent wave that extends into the surrounding medium.
The evanescent wave is highly sensitive to changes in the
refractive index in its vicinity. When the refractive index
of the surrounding medium changes, for example, due to
the presence of analytes or binding events on the sensor
surface, it affects the properties of the evanescent wave.
The change in refractive index causes a shift in the reso-
nance wavelength or a change in the intensity of the reflect-
ed or transmitted light. The changes in the resonance wave-
length or intensity of the reflected or transmitted light are
measured using optical detectors such as spectrometers or
photodiodes. These measurements are then correlated with
the concentration or properties of the analyte of interest. By
monitoring the changes in the plasmonic response, plas-
monic sensors can detect and quantify the presence of ana-
lytes or changes in the surrounding environment.
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However, in the case of surface plasmon polariton
(SPP) sensors consist of a WG structure, typically a thin
metal film (e.g., Au or Ag) deposited on a dielectric sub-
strate such as glass or silicon. The WG layer supports the
propagation of SPPs, which are coupled EM waves in-
volving the oscillation of free electrons at the metal-
dielectric interface. The incident light, usually from a la-
ser, is coupled into the WG structure through an optical
coupling element, such as a grating or prism. The incident
light excites surface plasmon polaritons at the metal-
dielectric interface, creating an SPP wave that propagates
along the surface. The changes in the SPP properties are
measured using various techniques such as spectroscopy,
interferometry, or imaging. The detection can be per-
formed by monitoring the transmitted or reflected light
from the SPP wave, or by directly measuring the SPP
properties using specialized detectors [28]. The meas-
urements are analyzed to determine the presence, concen-
tration, or other relevant parameters of the analyte.
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Fig. 2. (a) Working mechanism of plasmonic sensing [30],
(b) E-field distribution for the sensing geometry [30],
(c) scattering spectra for the plasmonic system [30]

2. Plasmonics in medicine

Plasmonic nanoparticles (such as Au) or Ag nanopar-
ticles exhibit unique optical properties due to the local-
ized surface plasmon resonance (LSPR) effect. These
characteristics make them promising candidates for sev-
eral medical applications such as: I) Plasmonic nanoparti-
cles can absorb light at specific wavelengths, converting
it into heat. This property can be utilized in photothermal
therapy (PTT) [33], where nanoparticles are selectively
delivered to target tissues and then irradiated with light,
leading to localized heating and destruction of cancer
cells or other pathological targets; IT) Plasmonic nanopar-
ticles can enhance imaging techniques, such as optical
coherence tomography (OCT) [34] and photoacoustic im-
aging (PAI) [35]. By incorporating plasmonic nanoparti-
cles into contrast agents, researchers can improve the sen-
sitivity and resolution of these imaging modalities, allow-
ing for better visualization of tissues and disease diagno-
sis; III) Plasmonic nanoparticles can serve as carriers for
drugs or therapeutic agents. They can be functionalized

with specific ligands to target specific cells or tissues.
The nanoparticles can be remotely triggered by light to
release the drugs, enabling localized and controlled drug
delivery [36]; IV) Plasmonic nanoparticles can be utilized
in biosensors for the detection of different biomarkers or
analytes. The interaction between the nanoparticles and
the target molecules leads to variations in the plasmonic
properties, which can be measured optically. This permits
for sensitive and rapid detection of diseases, such as can-
cer, infectious agents, or biomarkers related to specific
conditions; V) Plasmonic nanoparticles can be integrated
into tissue scaffolds or hydrogels to modulate cellular be-
havior. Light stimulation of the nanoparticles can induce
localized heating, which can promote tissue regeneration,
enhance cell growth, or trigger specific cellular responses.

While plasmonics in medicine shows promising po-
tential, it is still an active area of research, and more stud-
ies are needed to fully understand its mechanisms and op-
timize its applications. However, these advancements
hold great promise for improving diagnostics, therapies,
and overall patient care in the future.

A MIM WG-based multipurpose plasmonic sensor ar-
chitecture is studied numerically [37]. The suggested ar-
chitecture can be used right away for temperature and bi-
ological sensing applications. The sensor is made up of
two straightforward resonant cavities with a square and
circular shape, one of which is connected to a MIM bus
WG as shown in Fig. 3a. The analytes can be delivered
into the square cavity for the biosensing operation, and a
thermo-optic polymer can be deposited in the circular
cavity to produce a variation in resonance wavelength in
response to changes in ambient temperature. Both sensing
techniques operate separately as shown in Fig. 3b. Each
cavity offers a resonance dip that does not obstruct the
analysis process at a specific location in the sensor's
transmission spectrum. PDMS layer is deposited in the
circular cavity to determine the changes in the ambient
medium temperature. The influence of temperature on the
refractive index of the PDMS layer is shown in Fig. 3c.
For temperature sensing and biosensing, respectively,
such a basic configuration incorporated in the single chip
may be able to offer a sensitivity of 700 nm/RIU and
0.35 nm/°C. The FOM for the temperature sensing mod-
ule and the biosensing module, respectively, is roughly
0.008 and 21.9. The FOM ratio measures the resonance
dip's width to the device's sensitivity. The suggested sen-
sor design can be useful in two situations: (i) when test-
ing biological analytes must be done in a temperature-
controlled environment; and (ii) for minimizing the im-
pact of ambient temperature fluctuations on refractomet-
ric measurements in real-time mode [37].

Due to its unique dip-and-read operation style, surface
plasmon devices installed at the end-facets of optical fi-
bers are attractive options for quick and point-of-care
sensing applications. Most biosensing applications are
now unattainable with these devices due to their noise-
equivalent limits of detection, which are significantly
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lower than their free-space counterparts. The construction
process for a quasi-3D Fano resonance cavity is described
in [38], along with improvements to the quality factor and
coupling effectiveness for fiber-coupled surface plasmon
resonance. The 3D-Quasi Fano resonance cavity and the
reflectivity spectrum are shown in Fig. 3d and Fig. 3e, re-
spectively [38]. The Fano resonance in this device com-
bines a Fabry-Pérot etalon's high coupling efficiency with
a plasmonic crystal cavity's high-quality factor resonance.
A low-adhesion yet surface-plasmon-tunnelling interface
is needed between the quasi-3D device and the flat sub-
strate to transmit the device to a single-mode fiber end-

facet. A nanocap-slit unit structure, of which the plas-
monic crystal was composed, was used to realize such an
interface. Experimentally, a noise-equivalent limit of de-
tection of 107 RIU was attained, enabling the physical
adsorption of bovine serum albumin to be discriminated
at levels of ng/mL [38]. Thus, this study transforms fiber
end-facet surface plasmon devices into one of the high-
sensitivity label-free sensing technologies, overcoming
the long-standing signal-to-noise ratio constraint. In addi-
tion, it offers a top-down fabrication process that makes it
possible to create 3D plasmonic structures on fiber end-
facets at the nanoscale scale.
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Fig. 3. Schematic of the MIM WG-based plasmonic sensor for bio and temperature sensing [37], (b) transmission spectrum [37],
(¢c) dependence of the refractive index of the PDMS on the ambient temperature [37], (d) 3D-Quasi Fano resonance cavity
on SMF end-facet [38], (e) reflectivity spectrum [38]

3. Plasmonics in solar energy harvesting

Plasmonics has also been extensively explored for its
potential applications in solar energy conversion and har-
vesting [39]. By harnessing the unique properties of
plasmonic nanoparticles, researchers aim to improve the
efficiency of solar cells and enable novel energy harvest-
ing mechanisms such as: I) Plasmonic nanoparticles can
be integrated into the design of solar cells to enhance
light trapping and absorption. These nanoparticles can
scatter and confine light within the active layer of the so-
lar cell, increasing the path length of photons and promot-
ing their absorption. This leads to improved light absorp-
tion and, consequently, higher conversion efficiencies; II)
Plasmonic nanoparticles can be used to enhance light ab-
sorption in thin-film solar cells [40]. By embedding or
depositing plasmonic nanoparticles on or within the ac-
tive layer, light can be localized and concentrated near
the nanoparticles, allowing for better absorption in the
thin film. This is particularly useful for materials with
limited light absorption capabilities [41]; III) Plasmonic
nanoparticles can generate "hot carriers" when they inter-
act with photons. Hot carriers are high-energy electrons
or holes that are formed due to the absorption of photons
by plasmonic nanoparticles [42]. These hot carriers can be
harvested and utilized to generate electricity or drive chem-
ical reactions, improving the overall efficiency of solar
cells; IV) Plasmonic nanoparticles can be used in up-
conversion and down-conversion processes to broaden the
spectral range of solar cells. Up-conversion involves con-
verting low-energy photons into higher-energy photons,
which can then be absorbed by the solar cell. Down-

conversion, on the other hand, converts high-energy pho-
tons into lower-energy photons that match the absorption
range of the solar cell. Both processes can enhance the uti-
lization of a broader spectrum of sunlight, increasing the
overall efficiency of solar cells [43]; V) Plasmonic nano-
particles or structures can act as concentrators, focusing
light into a small area. This concentration effect can be
beneficial for increasing the intensity of sunlight incident
on the solar cell, thereby improving its performance [44].

It is imperative to note that while plasmonics offers
exciting possibilities for improving solar energy conver-
sion, there are still challenges to overcome, such as opti-
mizing the design and fabrication of plasmonic structures,
minimizing energy losses, and ensuring long-term stabil-
ity and scalability. Nevertheless, plasmonic approaches
hold the potential for enhancing the efficiency and suc-
cess of solar energy technologies [45].

It has long been unclear if plasmonic nanoparticles
(NPs) dispersed within a perovskite active layer can boost
solar cells' efficiency [46]. It is generally known that add-
ing metallic nanoparticles (NPs) to an active layer can
raise the near-field intensity around them due to the dipo-
lar localized surface plasmon resonance (LSPR, common-
ly known as the antenna effect), which can improve solar
cells' ability to absorb light. It is unknown if adding
plasmonic NPs to a perovskite active layer improves per-
formance compared to a pure perovskite solar cells
(PSCs) counterpart because the use of plasmonic NPs in
perovskite solar cells has received little attention. By us-
ing effective medium theory and a thorough balancing
analysis, the theoretical and practical boundaries of
"plasmonic metamaterial” PSCs are investigated. The
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findings suggest that increasing the effective refractive
index of perovskite using scattered plasmonic NPs can, in
theory, improve solar cell efficiency. The schematic of
the metamaterial PSC is shown in Fig. 4a [46].

Electric field intensity can be generated around or at
the surface of plasmonic nanostructures because of light
interaction. In the active layer of solar cells, there is a
greater chance that light will be absorbed due to the elec-
tric field's increased intensity. Due to their ideal photovol-
taic properties, PSCs, whose absorption edge is close to
800 nm, may be made to absorb light at longer wave-
lengths using plasmonic nanostructures [47]. The bulk of
the perovskite solar cell is filled with plasmonic NPs of
varying radii (20-60 nm), and it was discovered that the
Au NPs with a radius of 60 nm boosted the absorption of
the cell by 20% in comparison to the bare one without Au
NPs. The schematic of the device is shown in Fig. 4b [47].

To increase sunlight absorption, a plasmonic alumini-
um nanoparticle array is integrated into standard GaAs
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thin-film solar cells' top surface as shown in Fig. 4¢ [40].
Such solar structures' performance is assessed by keeping
track of how their absorbance changes due to altering
structural factors. Over the antireflective layer, a single
array of Al nanoparticles is embedded to improve the ab-
sorption spectra in the near-infrared and visible wave-
length ranges. In addition, the planar density of the plas-
monic layer is offered as a key variable in examining and
analyzing the functionality of solar cells. Then, a double
Al nanoparticle array is presented as a deviation from the
typical uniform single array since it has diverse spatial
distributions and particles of varying sizes. Utilizing the
enhancement % in the absorption, performances were
compared. The results show that adjusting solar energy
harvesting is significantly influenced by the structural
characteristics of the described solar cell, particularly the
planar density of the plasmonic layer. Additionally, the
absorption in the visible area is improved by increasing
the plasmonic planar density.
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Fig. 4. (a) Schematic of plasmonic metamaterial PSC [46], (b) The schematic of the PSC with an Au NP [47], (c) A schematic
diagram of thin-film GaAs solar cells having Al NP array placed both on top surface [40]

4. Plasmonics in environmental monitoring

From the perspective of environmental monitoring,
plasmonics offers distinctive capabilities for detecting
and analyzing various pollutants, contaminants, and envi-
ronmental parameters [48]. For instance:

I) Sensing of pollutants: Plasmonic sensors can be de-
signed to detect and quantify the presence of specif-
ic pollutants, such as heavy metals, organic com-
pounds, and gases, in the environment. The interac-
tion between plasmonic nanostructures and the tar-
get analyte leads to changes in the optical proper-
ties, such as the absorption or scattering of light,
which can be measured and correlated with the con-
centration of the pollutant.

II) Water quality monitoring: Plasmonic-based sensors
can be employed for real-time monitoring of water
quality parameters, including pH, salinity, turbidity,
and dissolved oxygen levels [49]. By integrating
plasmonic nanostructures with microfluidic devices
or optical fibers, it becomes possible to create com-
pact and sensitive sensors for on-site or in situ
measurements.

IIT) Air pollution monitoring: Plasmonic sensors can be
utilized to detect and monitor air pollutants, such as
volatile organic compounds (VOCs), particulate

matter, and nitrogen dioxide (NO;). Plasmonic de-
vices can be integrated into portable monitoring sys-
tems for continuous air quality assessment in urban
areas or industrial settings [50].

IV)Environmental sensing platforms: Plasmonic
nanostructures can be incorporated into multifunc-
tional sensing platforms that combine different types
of sensors to monitor various environmental param-
eters simultaneously. For example, plasmonic sen-
sors can be integrated with electrochemical or bio-
logical sensors to create hybrid devices for compre-
hensive environmental monitoring [51].

V) Remote sensing: Plasmonics can also be utilized for
remote sensing applications, enabling the detection,
and monitoring of environmental conditions from a
distance. By exploiting the plasmon resonance phe-
nomenon, it is possible to enhance the sensitivity
and selectivity of remote sensing techniques, such as
surface-enhanced Raman spectroscopy (SERS) or
infrared absorption spectroscopy.

Usually, plasmonics offers promising opportunities
for improving environmental monitoring capabilities. The
ability to design plasmonic nanostructures with tailored
optical properties and their compatibility with various
sensing platforms make them attractive for applications in
environmental science and pollution control [52]. Ongo-
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ing research in this field aims to develop more sensitive,
selective, and cost-effective plasmonic-based sensors for
environmental monitoring purposes [53].

The need for quick, uncomplicated detection tech-
niques for water quality monitoring arises from the possi-
bility of water contamination outbreaks. Due to their dis-
tinctive LSPRs, plasmonic nanostructures like AuNPs
and AgNPs provide strong candidates for the creation of
extremely sensitive biosensors. In the visible and infrared
light spectrum, the LSPR of AuNPs and AgNPs is de-
pendent on the composition, size, shape, environment,
and aggregation state of these NPs. A colourimetric sen-
sor may be made using this plasmonic activity as the ba-
sis for environmental analysis. Additionally, the EM-field
close to the NP surface is improved by the LSPR, which
forms the basis for surface-enhanced Raman spectrosco-
py (SERS) based detection [53].

Refractive index variations caused by gas are found
using high-resolution localized surface plasmon reso-
nance (HR-LSPR) spectroscopy on arrays of silver nano-
particles (Fig. Sa) [54].
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Fig. 5. (a) Refractive index gas sensing with AgNP [54],
(b) Resonance position of the Ag nanoparticles over time as the

gas transfers between He/Ar and He/N: [54], (c) PhC cavity-
based-plasmonic gas sensor [19], (d) Reflection spectrum [19]
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The scientists created Ag nanoparticle arrays for gas
sensing studies using nanosphere lithography, and then
they collected extinction spectra while continuously
switching the gaseous environment between heli-
um /argon and helium /nitrogen every 10 s. When switch-
ing from He to the target gases, distinct spectral redshifts
are seen, with wavelength shifts of 0.048 nm and 0.058
nm for Ar and Ny, respectively, which translates to a sen-
sitivity of around 200 nm/RIU (Fig. 5b) [54]. The scien-
tists also carried out gas exchanges every 5s and discov-
ered mass-transport limited rise and fall timings, pointing
to the detection of RI changes in the gaseous environment
as opposed to adsorption processes at the Ag surface. The
use of silver for plasmonic resonators with low inherent
damping, the stability of their experimental apparatus,

and the capacity to precisely trace the plasmon resonance
wavelength throughout several tests were the primary en-
abling elements in their high-resolution studies.

For carbon dioxide (CO,) gas detection, a perfect ab-
sorber with a photonic crystal cavity (PhC-cavity) is nu-
merically studied [19]. Silver-based metallic structures
are used to harness plasmonic phenomena and achieve
perfect absorption. The sensor has a PhC-cavity, Ag
stripes, and Polyhexamethylene Biguanide (PHMB) pol-
ymer placed on its surface as the host functional material
as shown in Fig. 5c.

The PhC-cavity, which is positioned in the cell's cen-
ter, aids in allowing EM waves to reach the structure's
sublayers. Because of this, when the CO» gas levels rise,
the host material's refractive index falls, shifting the de-
vice's resonant wavelength from red to blue and vice ver-
sa as shown in Fig. 54. With a maximum sensitivity of
17.32 pm/ppm attained for a concentration of 366 ppm
and a FOM of 2.9 RIU", the sensor is utilized to detect
CO, gas concentrations between 0 and 524 ppm. By
adopting the appropriate host functional materials, the
four-layer device's simple and small architecture may be
used to a variety of sensing applications [19].

5. Plasmonics in lasers

Plasmonics, which is the study of the interaction be-
tween EM waves and free electrons in metal nanostruc-
tures, can indeed be applied in lasers [55]. Plasmonics in
lasers involves utilizing plasmonic effects to enhance var-
ious aspects of laser operation, such as light confinement,
absorption, emission, and modulation [56]. One area
where plasmonics is extensively used in lasers is in the
field of surface plasmon-enhanced lasers [57]. Surface
plasmons are collective oscillations of electrons at the in-
terface between a metal and a dielectric material. By
carefully designing the metal-dielectric interface, it is
possible to couple light-to-surface plasmons, enabling ef-
ficient light-matter interaction. The integration of plas-
monic structures into lasers can offer several benefits, in-
cluding 1) Enhanced light confinement: Plasmonic struc-
tures can confine light to subwavelength scales, enabling
the generation of highly localized EM fields and enhanc-
ing the interaction between light and gain material; II) In-
creased absorption: Plasmonic structures can enhance the
absorption of light by effectively concentrating the inci-
dent light into the active medium of the laser; III) Im-
proved emission: Plasmonics can enhance the spontane-
ous emission rate of light sources, leading to increased
photon generation and improved laser efficiency; IV) En-
hanced modulation: Plasmonics can enable the control of
light properties, such as intensity, polarization, and phase,
through active manipulation of the plasmonic structures.
This capability can be utilized for on-chip modulation
and signal processing applications. By incorporating
plasmonic effects into lasers, researchers aim to improve
their performance parameters, including output power, ef-
ficiency, and beam quality. Plasmonic lasers find applica-
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tions in various fields, including telecommunications,
sensing, imaging, and integrated photonics.

The first plasmonic nanolasers, also known as
“Spasers”, were separately demonstrated by three teams,
each with different goals and viewpoints as shown in
Fig. 6a-¢ [58—-60]. These plasmonic nanolasers are in-
credibly small coherent light sources with incredibly
quick dynamics and a wide range of interesting potential
uses [61]. A metal nanosphere served as the plasmonic
core of the first localized surface plasmon (LSP) spaser,
which was encased in a dielectric shell that contained a

n-contact
(Au/Pt/Ti)

encapsulation

InP substrate

gain material, usually dye molecules. Since then, reports
of other nanoshell LSP spasers have been made. These
spasers, which range in size from several to tens of na-
nometers, are the smallest coherent generators created to
date. A surface plasmon polariton (SPP) mode propagates
in one of the dimensions of the devices that were initially
referred to as plasmonic nanolasers, which are based on
semiconductor-metal plasmonic gap modes. The sole dif-
ference between these SPP nanolasers and spasers regard-
ing the physics at play is whether localized or travelling
plasmon modes are engaged.

Fig. 6. (a) Nanolaser based on a metal-insulator-semiconductor-insulator-metal plasmonic gap mode, where vertical confinement
was accomplished via a double heterostructure [58], (b) Plasmonic nanolaser based on a two-dimensionally confined nanowire
plasmonic mode [59], (c) Spaser established on a three-dimensionally confined metal nanoparticle mode [60]

6. Plasmonics in telecommunication

Plasmonics has promising applications in the field of
telecommunications, offering potential benefits for data
transmission and manipulation at nanoscale dimensions.
Traditional optical WGs, such as optical fibers, have limi-
tations in terms of their size and confinement of light to
subwavelength scales [62]. Plasmonic WGs, on the other
hand, utilize surface plasmons to confine light to nanoscale
dimensions, allowing for the transmission of light signals
in compact structures. Plasmonic WGs can enable highly
integrated photonic circuits and contribute to the develop-
ment of on-chip optical communication systems [63].

Modulators are key components in telecommunication
systems for manipulating the intensity, phase, or polariza-
tion of light signals. Plasmonic structures can be used as
active elements in modulators to achieve efficient light
modulation at the nanoscale [64]. By exploiting the
strong light-matter interaction and field confinement pro-
vided by plasmonics, researchers are developing plas-
monic modulators with high modulation speeds, compact
size, and low power consumption.

Plasmonic antennas can be used for efficient coupling
of light between free-space and nanoscale devices, ena-
bling enhanced transmission and reception of optical sig-
nals [65]. Plasmonic antennas can improve the efficiency
of optical communication links, particularly for applica-
tions involving nanoscale components and integration
with on-chip photonic systems.

Plasmonic filters are an emerging technology that
shows promise for various applications, including tele-
communications [66]. Plasmonic filters can be employed
to control the transmission and manipulation of light sig-
nals in optical communication systems [67]. They offer

several advantages over conventional filters, such as
smaller sizes, higher efficiency, and the ability to operate
at nanoscale dimensions. Wavelength Division Multi-
plexing (WDM) is a technique used to transmit multiple
wavelengths of light simultaneously through a single op-
tical fiber. Plasmonic filters can be employed to separate
different wavelengths and selectively direct them to spe-
cific destinations, enabling efficient multiplexing and
demultiplexing of signals [68].

Moreover, plasmonic filters can be utilized as active
components in optical switches. By leveraging the tuna-
bility of plasmonic structures, these filters can control the
routing of optical signals, allowing for fast and efficient
switching between different transmission paths.

Furthermore, plasmonic effects can be employed to
develop highly sensitive sensors for telecommunications
applications. Plasmonic sensors utilize the interaction be-
tween light and plasmons to detect changes in the refrac-
tive index of the surrounding environment. This enables
the detection of minute changes in chemical or biological
samples, which find applications in areas such as envi-
ronmental monitoring, biomedical diagnostics, and tele-
communications network monitoring [69].

Plasmonic devices and components offer the potential
for high-speed, compact, and efficient data transmission
and manipulation, contributing to the advancement of
next-generation communication systems [70, 71]. Ongo-
ing research in plasmonics continues to explore new con-
cepts and designs to further improve the performance and
integration of plasmonic devices in telecommunication
applications.

In [72], novel non-volatile combinational and sequen-
tial logic circuit topologies are introduced, together with
non-volatile hybrid electro-optic plasmonic switches. A
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plasmonic WG with a thin layer of a phase-change mate-
rial (PCM) makes up the electro-optic switches as shown
in Fig. 7a [72]. By switching the PCM's phase from
amorphous to crystalline and back again, the optical loss-
es in the WG can be reduced. Electrical threshold switch-
ing, thermal conduction heating using external electrical
heaters, or the plasmonic WG metal itself as an integrated
heater are all possible ways to implement the phase tran-
sition process in the PCM. It is shown that plasmonic
switches can be used as the active components in all logic
gates, a half-adder circuit, and sequential circuits. Fur-
thermore, the plasmonic switch designs and logic imple-
mentations exhibit minimum extinction ratios greater than
20 dB, compact designs, low operating power, and high-
speed implementations. On the same platform, photonics,
plasmonics, and electronics are coupled to create a power-
ful architecture for logic operations [72].
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Fig. 7. (a) Schematic of a broadband non-volatile hybrid
electro-optic plasmonic switch [72], (b) 1x2 demultiplexer
design for telecommunication applications [15], (c, d) E-field
distribution at the operational wavelength of 1310 nm and
1550 nm, respectively [15]

A compact 1x2 plasmonic demultiplexer based on a
MIM WG is discussed in a numerical study [15]. The bus
WG is side linked to two hollow circular cavities on ei-
ther side as shown in Fig. 7b. The cavities are made to
resonate at 1310 nm and 1550 nm, which are the appro-
priate working wavelengths. Previous research hasn't tak-
en the mechanics of light coupling to a MIM WG into ac-
count. To efficiently transform a dielectric into a plas-
monic mode, a silicon tapered mode converter and plas-
monic demultiplexer are combined. The device has a
6 um by 6 um footprint. Crosstalk at the output port (P1)
and output port (P2) is 14.07 dB and 13.67 dB, respec-
tively for transmission wavelengths of 1550 nm and
1310 nm. The E-field distribution at the operational
wavelength of 1310 nm and 1550 nm is shown in Fig. 7¢
and Fig. 7d, respectively [15].

7. Plasmonics in agriculture

Plasmonic nanoparticles can be used to increase the
efficiency of photosynthesis in plants. These nanoparti-

cles can absorb and scatter light in a controlled manner,
increasing the amount of light available to the plants for
photosynthesis [73]. By optimizing the absorption and
scattering properties of nanoparticles, plasmonics can po-
tentially enhance crop yields. Plasmonic sensors can be
developed to detect various parameters relevant to agricul-
ture, such as soil quality, nutrient levels, and the presence
of contaminants or pathogens. These sensors utilize the
unique optical properties of plasmonic nanoparticles to
provide rapid and sensitive detection, enabling farmers to
monitor their crops and make informed decisions regarding
fertilization, irrigation, and disease management [74].

Plasmonics can be employed to improve the targeted
delivery of agrochemicals, such as pesticides and fertiliz-
ers, to plants. By attaching nanoparticles to these chemi-
cals, their absorption and distribution can be controlled
[75]. This targeted delivery minimizes the use of chemi-
cals, reduces environmental impact, and enhances the ef-
fectiveness of crop protection and nutrient management.
Plasmonics can contribute to disease management in ag-
riculture by enabling the development of rapid and sensi-
tive diagnostic tools. By utilizing plasmonic biosensors, it
is possible to detect the presence of pathogens or disease-
related biomarkers in plants or the surrounding environ-
ment at an early stage. This early detection facilitates
prompt action, such as implementing quarantine
measures, targeted treatments, or adjusting cultivation
practices. Plasmonics has the potential to enhance the ge-
netic modification of crops. By using plasmonic nanopar-
ticles, gene delivery systems can be developed that im-
prove the efficiency of genetic transformation in plants
[76]. This can enable the development of crops with im-
proved traits, such as disease resistance, stress tolerance,
and increased productivity.

Hyperspectral imaging is a technology that can pro-
vide valuable insights and benefits in agriculture [77]. It
involves capturing and analyzing a wide range of EM
wavelengths across the visible and infrared spectrum.
Hyperspectral imaging can detect subtle changes in plant
health by measuring the reflectance or absorption of light
by crops. It can identify stress factors such as nutrient defi-
ciencies, water stress, disease, or pest infestation at an early
stage, allowing farmers to take timely action. It can help
identify specific spectral signatures associated with plant
diseases or pest infestations. By scanning crops with hy-
perspectral cameras or mounted sensors, farmers can detect
infected or infested areas and apply targeted treatments, re-
ducing the need for broad-spectrum pesticides.

By analyzing hyperspectral data, it is possible to esti-
mate crop yield and quality parameters [77]. Different
plant characteristics, such as leaf chlorophyll content, bi-
omass, or fruit ripeness, can be assessed, enabling farm-
ers to make informed decisions regarding harvesting and
yield optimization. Hyperspectral imaging can provide
detailed information about soil composition, moisture
content, and nutrient levels. By analyzing the reflected
light from the soil, it is possible to assess soil fertility,
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identify areas with nutrient deficiencies, or detect soil
contamination. This information helps farmers optimize
fertilizer application and irrigation practices.

Hyperspectral imaging can aid in identifying and map-
ping weeds within a field. Different plant species exhibit
unique spectral signatures, allowing farmers to differentiate
between crops and weeds. This information can be used to
develop targeted weed control strategies, reducing herbicide
usage and minimizing crop damage. It enables detailed char-
acterization of plant traits, including leaf area, leaf angle, bi-
omass, and canopy structure. These measurements assist in
crop breeding programs, where researchers aim to develop
plants with desirable traits such as drought resistance, dis-
ease tolerance, or improved yield potential.

By integrating hyperspectral imaging with other geo-
spatial technologies like GPS and drones, farmers can
create high-resolution maps of their fields. These maps
provide valuable information on crop variability, enabling
site-specific management practices such as variable rate
application of fertilizers, irrigation, or plant protection
products. In [78], four distinct photodetectors with wave-
lengths between 750 nm and 1900 nm were shown by the
researchers. Specific frequencies of incoming light were

8. Author’s viewpoint on the advantages
and limitations of plasmonic devices

Plasmonics is considered a promising field for various
applications due to its potential to manipulate and control
light at the nanoscale [80]. It encompasses the study and
utilization of surface plasmons, which are collective os-
cillations of electrons on the surface of metals when ex-
cited by photons. Plasmonics facilitates strong interaction
between light and matter by concentrating EM fields in
nanoscale regions. This property can be harnessed to en-
hance light absorption, scattering, and emission process-
es, enabling advancements in various fields such as bio-
sensing, imaging, food safety, environmental monitoring
and energy harvesting [18, 21].

Plasmonics holds the potential to revolutionize data
communication by enabling ultrafast optical information

Photoresponse
noorm.

absorbed by the detectors' plasmonic metasurfaces, which
heated them. A very thin layer of pyroelectric material
(aluminium nitride) that was directly beneath the
metasurfaces saw a change in its crystal structure because
of the heat. A lower layer, a silicon semiconductor layer,
reads the voltage produced by the structural change and
transferred it to a computer for analysis.

Based on the technique, the authors anticipate a varie-
ty of possibilities for commercial cameras since produc-
ing photodetectors require a quick, low-cost, and scalable
manufacturing method [78]. Precision agriculture was the
researchers’ primary goal, but the integration of several
photodetectors with various frequency responses on a
single chip might enable lightweight, affordable multi-
spectral cameras for applications including cancer sur-
gery, food safety inspection, and the team's initial focus.
A low-cost, handheld detector can be realized that could
take pictures of crop fields from the air or low-cost
drones. Precision agriculture could be made possible by a
new kind of lightweight, affordable hyperspectral camera.
Fig. 8 demonstrates how individual pixels may be set to
light frequencies that represent the diverse requirements
of a crop field [79].

Metasurface Hyperspectral Sensor

400 800 1200 1600 2000 2400
Wavelengh (nm)

Fig. 8. Utilization of plasmonic-based light detector in precision agriculture [79]

processing and transmission [81]. Surface plasmons can car-
ry information at extremely high speeds, surpassing the limi-
tations of conventional electronic devices. Plasmonic WGs
and interconnects could lead to faster and more efficient data
transfer in next-generation computing systems.

Plasmonic nanostructures exhibit unique optical prop-
erties that make them highly sensitive to changes in their
local environment. This sensitivity can be leveraged for
ultra-sensitive sensing and detection of various analytes,
including biological molecules, gases, and chemicals.
Plasmonic sensors offer the potential for rapid and accu-
rate diagnostics in fields such as healthcare, environmen-
tal monitoring, and food safety.

Plasmonics can be integrated with existing photonic
technologies to create hybrid systems that combine the
best attributes of both. By merging plasmonics with con-
ventional optics, it becomes possible to overcome some
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of the limitations of each technology. This integration can
lead to the development of advanced devices with im-
proved performance and functionality [82].

Plasmonics has the potential to impact renewable en-
ergy technologies by improving light absorption and en-
ergy conversion efficiency in solar cells. Plasmonic
nanostructures can be designed to enhance light absorp-
tion and trapping, enabling the development of more effi-
cient photovoltaic devices. Additionally, plasmonics can
contribute to the field of catalysis by enhancing light-
driven chemical reactions for applications such as water
splitting and pollutant degradation.

While plasmonic devices hold great promise, they al-
so have certain limitations that need to be addressed for
their widespread implementation. Plasmonic materials,
typically metals such as Au and Ag, exhibit significant
energy losses due to ohmic heating and radiation damp-
ing [83]. These losses can limit the efficiency of plas-
monic devices, leading to decreased performance and in-
creased heat generation. Managing and minimizing these
losses is a critical challenge in the development of practi-
cal plasmonic devices.

Fabricating precise nanostructures with well-
controlled dimensions and configurations can be chal-
lenging and expensive. The nanoscale features required
for plasmonic devices often necessitate advanced lithog-
raphy techniques and complex fabrication processes.
Achieving large-scale production of plasmonic devices
with high yield and reproducibility remains a significant
hurdle [84].

Integrating plasmonic devices with existing technolo-
gies, such as electronic circuits or optical WGs, can be
challenging but achievable. Plasmonic components typical-
ly operate at different wavelengths and have different char-
acteristics than their electronic or photonic counterparts.
Developing effective methods for seamless integration and
overcoming impedance mismatches is a complex task.

Plasmonic devices often have limited dynamic control
over their optical properties. Once the nanostructures are
fabricated, their properties are fixed. However, many ap-
plications require the ability to dynamically control plas-
monic resonances, such as switching, modulation, or tun-
ing. Developing methods for active and reversible control
of plasmonic devices is an ongoing research area [85].

Plasmonic devices can suffer from crosstalk or inter-
ference effects due to their strong field confinement and
interactions [86]. Unintended coupling between neigh-
bouring plasmonic components or unintended excitation
of unwanted resonances can impact device performance
and signal integrity.

It is worth documenting that research efforts are on-
going to address these limitations. New materials, fabri-
cation techniques, and design strategies are being ex-
plored to enhance the performance, efficiency, and func-
tionality of plasmonic devices [87]. Overcoming these
challenges will be crucial for the broader implementation
of plasmonics in practical applications.

Abbreviations

Electromagnetic = EM; Metal-insulator-metal = MIM;
Waveguide = WG; Gold=Au; Silver=Ag; Surface plas-
mon polariton=SPP; Surface plasmon resonance=SPR;
Localized surface plasmon resonance=LSPR; Optical
coherence tomography=OCT; Photothermal thera-
py=PTT; Polyhexamethylene Biguanide=PHMB; Per-
ovskite solar cell=PSC; Nanoparticle =NP.

Acknowledgements

The author acknowledges the support of the Warsaw
University of Technology for the completion of this work.

References

[11 Ringe E, Sharma B, Henry A-I, Marks LD, Van Duyne
RP. Single nanoparticle plasmonics. Phys Chem Chem
Phys 2013; 15: 4110-4129. DOI: 10.1039/C3CP44574G.

[2] Boriskina SV, Cooper TA, Zeng L, Ni G, Tong JK, Tsurimaki
Y, Huang Y, Merouech L, Mahan G, Chen G. Losses in
plasmonics: from mitigating energy dissipation to embracing
loss-enabled functionalities. Adv Opt Photonics 2017; 9(4):
775-827. DOLI: 10.1364/A0P.9.000775.

[3] Kasani S, Curtin K, Wu N. A review of 2D and 3D
plasmonic nanostructure array patterns: fabrication, light
management and sensing applications. Nanophotonics
2019; 8(12): 2065-2089. DOI: 10.1515/nanoph-2019-0158.

[4] Bezus EA, Doskolovich LL, Kazanskiy NL, Soifer VA,
Kharitonov SI, Pizzi M, Perlo P. The design of the
diffractive optical elements to focus surface plasmons.
Computer Optics 2009; 33(2): 185-192.

[5] Doskolovich LL, Kazanskiy NL, Kharitonov SI. Integral
representations of solutions of Maxwell's equations in the
form of the spectrum of surface electromagnetic waves.
Computer Optics 2008; 32(2): 151-154.

[6] Bezus EA, Doskolovich LL, Kazanskiy NL, Soifer VA,
Kharitonov SI. Design of diffractive lenses for focusing
surface plasmons. J Opt 2010; 12(1): 015001. DOI:
10.1088/2040-8978/12/1/015001.

[71 Bezus EA, Doskolovich LL, Kazanskiy NL. Scattering
suppression in plasmonic optics using a simple two-layer
dielectric structure. Appl Phys Lett 2011; 98(22): 221108.
DOI: 10.1063/1.3597620.

[8] Bezus EA, Bykov DA, Doskolovich LL. Antireflection layers
in low-scattering plasmonic optics. Photonics Nanostruct
2015; 14: 101-105. DOL: 10.1016/j.photonics.2015.02.003.

[9] Bezus E, Kadomina E, Doskolovich L. Suppression of
parasitic  scattering of surface plasmon polariton
propagating over a rectangular step. 2021 Int Conf on
Information Technology and Nanotechnology (ITNT)
2021: 1-4. DOL 10.1109/ITNT52450.2021.9649382.

[10] Bezus EA, Bykov DA, Doskolovich LL, Kadomina EA.
Integrated resonant diffraction gratings for Bloch surface
waves. Opt Mem Neural Netw 2022; 31: 8-13. DOI:
10.3103/51060992X22050034.

[11] Kashapov Al, Bezus EA, Bykov DA, Doskolovich LL.
Plasmonic generation of spatiotemporal optical vortices.
Photonics 2023; 10(2): 109. DOL: 10.3390/photonics10020109.

[12] Bozhevolnyi S, Garcia-Vidal F. Focus on plasmonics. New
J Phys 2008; 10: 105001. DOI: 10.1088/1367-
2630/10/10/105001.

[13] Kazanskiy NL, Butt MA, Khonina SN. Optical computing:
Status and perspectives. Nanomaterials 2022; 12(13):
2171. DOL: 10.3390/nano12132171.

14

Computer Optics, 2024, Vol. 48(1) DOI: 10.18287/2412-6179-CO-1376



Insight into plasmonics: resurrection of modern-day science (invited)

Butt M.A.

[14] Eppenberger M, Messner A, Bitachon BI, Heni W, Blatter
T, Habegger P, Destraz M, De Leo E, Meier N, Del
Medico N, Hoessbacher C, Baeuerle B, Leuthold J.
Resonant plasmonic micro-racetrack modulators with high
bandwidth and high temperature tolerance. Nat Photonics
2023; 17: 360-367. DOIL: 10.1038/s41566-023-01161-9.

[15] Butt MA, Kazanskiy NL, Khonina SN. Miniaturized
design of a 1 x 2 plasmonic demultiplexer based on metal—
insulator-metal ~ waveguide for telecommunication
wavelengths. Plasmonics 2023; 18: 635-641. DOI:
10.1007/s11468-023-01795-z.

[16] Divya J, Selvendran S, Sivanantha Raja A,
Sivasubramanian A. Surface plasmon based plasmonic
sensors: A review on their past, present and future. Biosens
Bioelectron X 2022; 11: 100175. DOI:
10.1016/j.biosx.2022.100175.

[17] Butt MA. Plasmonic sensor realized on metal-insulator-
metal waveguide configuration for refractive index
detection. Photonics Lett Pol 2022; 14(1): 1-3. DOI:
10.4302/plp.v14il.1122.

[18] Butt MA. Numerical assessment of a metal-insulator-metal

waveguide-based plasmonic sensor system for the
recognition of tuberculosis in  blood plasma.
Micromachines 2023; 14(4): 729. DOI:
10.3390/mi14040729.

[19] Irfan M, Khan Y, Rehman AU, Ullah N, Khonina SN,
Kazanskiy NL, Butt MA. Plasmonic perfect absorber
utilizing polyhexamethylene biguanide polymer for carbon
dioxide gas sensing application. Materials 2023; 16(7):
2629. DOTI: 10.3390/mal6072629.

[20] Hayashi S, Nesterenko DV, Sekkat Z. Waveguide-coupled
surface plasmon resonance sensor structures: Fano
lineshape engineering for ultrahigh-resolution sensing. J
Phys D Appl Phys 2015; 48(32): 325303. DOLI:
10.1088/0022-3727/48/32/325303.

[21] Catchpole KR, Polman A. Plasmonic solar cells. Opt
Express 2008; 16(26): 21793-21800. DOIL:
10.1364/0E.16.021793.

[22] Ohannesian N, Misbah I, Lin SH, Shih W-C. Plasmonic
nano-aperture label-free imaging. Nat Commun 2020; 11:
5805. DOI: 10.1038/541467-020-19678-w.

[23] Calafell 1A, Cox JD, Radonji¢ M, Saavedra JRM, de Abajo
FJG, Rozema LA, Walther P. Quantum computing with
graphene plasmons. NPJ Quantum Inf 2019; 5: 37. DOI:
10.1038/s41534-019-0150-2.

[24] Butt MA, Kazanskiy NL, Khonina SN. Metal-insulator-
metal waveguide plasmonic sensor system for refractive
index sensing applications. Adv Photon Res 2023; 4(7):
2300079. DOI: 10.1002/adpr.202300079.

[25] Zia R, Selker MD, Catrysse PB, Brongersma ML.
Geometries and materials for subwavelength surface
plasmon modes. J Opt Soc Am A 2004; 21(12): 2442-
2446. DOLI: 10.1364/JOSAA.21.002442.

[26] Kazanskiy NL, Khonina SN, Butt MA. Polarization-
insensitive hybrid plasmonic waveguide design for
evanescent field absorption gas sensor. Photonic Sensors
2021; 11: 279-290. DOI: 10.1007/s13320-020-0601-6.

[27] Butt MA, Kazanskiy NL, Khonina SN. On-chip
symmetrically and asymmetrically transformed plasmonic
Bragg grating formation loaded with a functional polymer
for filtering and CO2 gas sensing applications.
Measurement 2022; 201: 111694. DOI:
10.1016/j.measurement.2022.111694.

[28] Kazanskiy NL, Khonina SN, Butt MA. Plasmonic sensors
based on Metal-insulator-metal waveguides for refractive
index sensing applications: A brief review. Physica E Low

Dimens Syst Nanostruct 2020; 117: 113798. DOI:
10.1016/j.physe.2019.113798.

[29] Butt MA, Kazanskiy NL, Khonina SN. Tapered waveguide
mode converters for metal-insulator-metal waveguide
plasmonic sensors. Measurement 2023; 211: 112601. DOI:
10.1016/j.measurement.2023.112601.

[30] Tittl A, Giessen H, Liu N. Plasmonic gas and chemical
sensing. Nanophotonics 2014; 3(3): 157-180. DOI:
10.1515/nanoph-2014-0002.

[31] Nesterenko DV, Pavelkin R, Hayashi S, Sekkat Z, Soifer
V. Fano approximation as a fast and effective way for
estimating resonance characteristics of surface plasmon
structures. Plasmonics 2021; 16: 1001-1011. DOI:
10.1007/s11468-020-01364-8.

[32] Nesterenko DV, Pavelkin RA, Hayashi S. Estimation of
resonance characteristics of single-layer surface-plasmon
sensors in liquid solutions using Fano’s approximation in
the visible and infrared regions. Computer Optics 2019;
43(4): 596-604. DOI: 10.18287/2412-6179-CO-681.

[33] Ali MRK, Wu Y, El-Sayed MA. Gold-nanoparticle-
assisted plasmonic photothermal therapy advances toward
clinical application. J Phys Chem C 2019; 123(25): 15375-
15393. DOLI: 10.1021/acs.jpcc.9b01961.

[34] Mehta KB, Chen N. Plasmonic chiral contrast agents for
optical coherence tomography: numerical study. Opt
Express 2011; 19(16): 14903-14912. DOI:
10.1364/0OE.19.014903.

[35] Mantri Y, Jokerst JV. Engineering plasmonic nanoparticles
for enhanced photoacoustic imaging. ACS Nano 2020;
14(8): 9408-9422. DOI: 10.1021/acsnano.0c05215.

[36] Moretti L, Mazzanti A, Rossetti A, et al. Plasmonic control

of drug release efficiency in agarose gel loaded with gold

nanoparticle assemblies. Nanophotonics 2021; 10(1): 247-

257. DOI: 10.1515/nanoph-2020-0418.

Kazanskiy NL, Khonina SN, Butt MA, Kazmierczak A,

Piramidowicz R. A numerical investigation of a plasmonic

sensor based on a metal-insulator-metal waveguide for

simultaneous detection of biological analytes and ambient
temperature. Nanomaterials 2021; 11(10): 2551. DOI:
10.3390/nano11102551.

[38] Sun X, Lei Z, Zhong H, He C, Liu S, Meng Q, Liu Q,
Chen S, Kong X, Yang T. A quasi-3D Fano resonance
cavity on optical fiber end-facet for high signal-to-noise
ratio dip-and-read surface plasmon sensing. Light:
Advanced Manufacturing 2022; 3(4): 46. DOL
10.37188/1am.2022.046.

[39] Mola GT, Mthethwa MC, Hamed MSG, Adedeji MA,
Mbuyise XG, Kumar A, Sharma G, Zang Y. Local surface
plasmon resonance assisted energy harvesting in thin film
organic solar cells. J Alloys Compd 2021; 856: 158172.
DOI: 10.1016/j.jallcom.2020.158172.

[40] Tharwat MM, Almalki A, Mahros AM. Plasmon-enhanced
sunlight harvesting in thin-film solar cell by randomly
distributed nanoparticle array. Materials 2021; 14(6): 1380.
DOI: 10.3390/ma14061380.

[41] Prashant DV, Agnihotri SK, Samajdar DP. Enhanced light
harvesting in GaAs thin-film solar cells using plasmonic
gold (Au) nanoparticle absorbers. Materialstoday: Proc
2022; 58(2): 709-713. DOI: 10.1016/j.matpr.2022.02.251.

[42] Manjavacas A, Liu JG, Kulkarni V, Nordlander P. Plasmon-
induced hot carriers in metallic nanoparticles. ACS Nano
2014; 8(8): 7630-7638. DOI: 10.1021/nn502445f.

[43] Dong J, Gao W, Han Q, Wang Y, Qi J, Yan X, Sun M.
Plasmon-enhanced  upconversion  photoluminescence:
Mechanism and application. Results Phys 2019; 4: 100026.
DOI: 10.1016/j.revip.2018.100026.

—
w
~

—

KommbrorepHas ontuka, 2024, tom 48, Nel DOI: 10.18287/2412-6179-CO-1376 15



http://www.computeroptics.ru

Journal@computeroptics.ru

[44] Fahad M, Oh H, Jung W, Binns M, Hong S-K. Metal
nanoparticles  based stack structured  plasmonic
luminescent solar concentrator. Sol Energy 2017; 155:
934-941. DOI: 10.1016/j.solener.2017.07.037.

[45] Enrichi F, Quandt A, Righini GC. Plasmonic enhanced
solar cells: Summary of possible strategies and recent
results. Renew Sust Energ Rev 2018; 82(3): 2433-2439.
DOI: 10.1016/j.rser.2017.08.094.

[46] Kim K, Lee S. Detailed balance analysis of plasmonic
metamaterial perovskite solar cells. Opt Express 2019;
27(16): A1241-A1260. DOI: 10.1364/0OE.27.0A1241.

[47] Ghahremanirad E, Olyaee S, Hedayati M. The influence of
embedded plasmonic nanostructures on the optical
absorption of perovskite solar cells. Photonics 2019; 6(2):
37. DOI: 10.3390/photonics6020037.

[48] King ME, Wang C, Guzman MVF, Ross MB. Plasmonics
for environmental remediation and pollutant degradation.
Chem Catalysis 2022; 2(8): 1880-1892. DOI:
10.1016/j.checat.2022.06.017.

[49] Yaghoubi S, Babapoor A, Mousavi SM, Hashemi SA,
Gholami A, Lai CW, Chiang W-H. Recent advances in
plasmonic chemically modified bioactive membrane
applications for the removal of water pollution. Water
2022; 14(22): 3616. DOI: 10.3390/w14223616.

[50] He C, Liu L, Korposh S, Correia R, Morgan SP. Volatile
organic compound vapour measurements using a localised
surface plasmon resonance optical fibre sensor decorated
with a metal-organic framework. Sensors 2021; 21(4):
1420. DOI: 10.3390/s21041420.

[51] Kunwar S, Pandit S, Kulkarni R, Mandavkar R, Lin S, Li
M-Y, Lee J. Hybrid device architecture using plasmonic
nanoparticles, graphene quantum dots, and titanium
dioxide for UV photodetectors. ACS Appl Mater Interfaces
2021; 13(2): 3408-3418. DOI: 10.1021/acsami.0c19058.

[52] Weiss MN, Srivastava R, Groger H, Lo P, Luo S-F. A
theoretical investigation of environmental monitoring
using surface plasmon resonance waveguide sensors. Sens

Actuator A Phys 1996; 51(2-3): 211-217. DOLI:
10.1016/0924-4247(95)01208-7.
[53] Wei H, Abtahi SMH, Vikesland PJ. Plasmonic

colorimetric and SERS sensors for environmental analysis.
Environ Sci  Nano 2015; 2: 120-135. DOI:
10.1039/C4EN00211C.

[54] Bingham JM, Anker JN, Kreno LE, Van Duyne RP. Gas
sensing with high-resolution localized surface plasmon
resonance spectroscopy. J Am Chem Soc 2010; 132(49):
17358-17359. DOL: 10.1021/ja1074272.

[55] Deeb C, Pelouard J-L. Plasmon lasers: coherent
nanoscopic light sources. Phys Chem Chem Phys 2017; 19:
29731-29741. DOI: 10.1039/C7CP06780A.

[56] Azzam SA, Kildishev AV, Ma R-M, Ning C-Z, Oulton R,
Shalaev VM, Stockman MI, Xu J-L, Zhang X. Ten years
of spasers and plasmonic nanolasers. Light Sci Appl 2020;
9:90. DOIL: 10.1038/s41377-020-0319-7.

[57] Ma R-M, Wang S-Y. Plasmonic nanolasers: fundamental
properties and applications. Nanophotonics 2021; 10(14):
3623-3633. DOI: 10.1515/nanoph-2021-0298.

[58] Hill MT, et al. Lasing in metal-insulator-metal sub-
wavelength plasmonic waveguides. Opt Express 2009;
17(13): 11107-11112. DOI: 10.1364/0OE.17.011107.

[59] Oulton RF, et al. Plasmon lasers at deep subwavelength
scale. Nature 2009; 461: 629-632. DOI:
10.1038/nature08364.

[60] Noginov MA, et al. Demonstration of a spaser-based
nanolaser. Nature 2009; 460: 1110-1112. DOI:
10.1038/nature08318.

[61] Oulton RF. Surface plasmon lasers: sources of nanoscopic
light. Materialstoday 2012; 15(1-2): 26-34. DOI:
10.1016/S1369-7021(12)70018-4.

[62] Butt MA, Khonina SN, Kazanskiy NL. Ultra-short lossless
plasmonic power splitter design based on metal-insulator—
metal waveguide. Laser Phys 2020; 30(1): 016201. DOI:
10.1088/1555-6611/ab5577.

[63] Carvalho WOF, Megjia-Salazar JR. Plasmonics for
telecommunications applications. Sensors 2020; 20(9):
2488. DOI: 10.3390/s20092488.

[64] Heni W, Hoessbacher C, Haffner C, Fedoryshyn Y,
Baeuerle B, Josten A, Hillerkuss D, Salamin Y, Bonjour R,
Melikyan A, Kohl M, Elder DL, Dalton LR, Hafner C,
Leuthold J. High speed plasmonic modulator array
enabling dense optical interconnect solutions. Opt Express
2015; 23(23): 29746-29757. DOIL: 10.1364/0E.23.029746.

[65] Giannini V, Fernandez-Dominguez Al, Heck SC, Maier
SA. Plasmonic nanoantennas: Fundamentals and their use
in controlling the radiative properties of nanoemitters.
Chem Rev  2011; 111(6): 3888-3912. DOL
10.1021/cr1002672.

[66] Butt MA, Khonina SN, Kazanskiy NL. A plasmonic colour
filter and refractive index sensor applications based on
metal—insulator—-metal square p-ring cavities. Laser Phys
2020; 30(1): 016205. DOI: 10.1088/1555-6611/ab5578.

[67] Butt MA. Numerical investigationof a small footprint
plasmonic Bragg grating structure with a high extinction
ratio. Photonics Lett Pol 2020; 12(3): 82-84. DOI:
10.4302/plp.v12i3.1042.

[68] Wang J, Feng H, Zhang J, Liu C, Zhang Z, Fang D, Wang
L, Gao Y. Plasmonic band-stop MIM waveguide filter
based on bilateral asymmetric equilateral triangular ring.
Optik 2022; 265: 169535. DOLI:
10.1016/].1j1e0.2022.169535.

[69] Butt MA, Kazanskiy NL, Khonina SN. Label-free
detection of ambient refractive index based on plasmonic
Bragg gratings embedded resonator cavity sensor. J] Mod
Opt 2019; 66(19): 1920-1925. DOI:
10.1080/09500340.2019.1683633.

[70] Lallas E. Key roles of plasmonics in wireless THz
nanocommunications—A survey. Appl Sci 2019; 9(24):
5488. DOI: 10.3390/app9245488.

[71] Liang Z, Sun J, Jiang Y, Jiang L, Chen X. Plasmonic
enhanced optoelectronic devices. Plasmonics 2014; 9: 859-
866. DOI: 10.1007/s11468-014-9682-7.

[72] Ghosh RR, Dhawan A. Integrated non-volatile plasmonic
switches based on phase-change-materials and their
application to plasmonic logic circuits. Sci Rep 2021; 11:
18811. DOLI: 10.1038/s41598-021-98418-6.

[73] Swift TA, Oliver TAA, Galan MC, Whitney HM.
Functional nanomaterials to augment photosynthesis:
evidence and considerations for their responsible use in
agricultural applications. Interface Focus 2018; 9(1):
20180048. DOI: 10.1098/rsfs.2018.0048.

[74] Quintanilla-Villanueva GE, Maldonado J, Luna-Moreno D,
Rodriguez-Delgado JM, Villarreal-Chiu JF, Rodriguez-
Delgado MM. Progress in plasmonic sensors as monitoring
tools for aquaculture quality control. Biosensors 2023;
13(1): 90. DOI: 10.3390/bios13010090.

[75] Guha T, Gopal G, Kundu R, Mukherjee A.
Nanocomposites  for delivery  agrochemicals: A
comprehensive review. J Agric Food Chem 2020; 68(12):
3691-3702. DOTI: 10.1021/acs.jafc.9b06982.

[76] Crawford BM, Strobbia P, Wang H-N, Zentella R,
Boyanov MI, Pei Z-M, Sun T-P, Kemner KM, Vo-Dinh T.
Plasmonic nanoprobes for in vivo multimodal sensing and

16

Computer Optics, 2024, Vol. 48(1) DOI: 10.18287/2412-6179-CO-1376



Insight into plasmonics: resurrection of modern-day science (invited)

Butt M.A.

bioimaging of MicroRNA within plants. ACS Appl Mater
Interfaces 2019; 11(8): 7743-7754. DOI:
10.1021/acsami.8b19977.

[77] Tang Y, Song S, Gui S, Chao W, Cheng C, Qin R. Active
and low-cost hyperspectral imaging for the spectral
analysis of a low-light environment. Sensors 2023; 23(3):
1437. DOI: 10.3390/523031437.

[78] Stewart JW, Vella JH, Li W, Fan S, Mikkelsen MH.
Ultrafast pyroelectric photodetection with on-chip spectral
filters. Nat Mater 2020; 19: 158-162. DOI:
10.1038/s41563-019-0538-6.

[79] Plasmonics-based light detector could support precision
agriculture. Source:
<https://www.photonics.com/Articles/Plasmonics-

Based Light Detector Could Support/a65333>.

[80] Dragoman M, Dragoman D. Plasmonics: Applications to
nanoscale terahertz and optical devices. Prog Quantum
Electron 2008; 32(1): 1-41. DOI:
10.1016/j.pquantelec.2007.11.001.

[81] Schirato A, Crotti G, Silva MG, Teles-Ferreira DC,
Manzoni C, Zaccaria RP, Laporta P, de Paula AM, Cerullo
G, Valle GD. Ultrafast plasmonics beyond the perturbative
regime: breaking the electronic-optical dynamics
correspondence. Nano Lett 2022; 22(7): 2748-2754. DOI:
10.1021/acs.nanolett.1c04608.

[82] Butt MA, Piramidowicz R. Standard slot waveguide and
double hybrid plasmonic waveguide configurationsfor
enhanced evanescent field absorption methane gas sensing.
Photonics Lett Pol 2022; 14(1): 10-12. DOI:
10.4302/plp.v14il.1121.

[83] Zolotavin P, Alabastri A, Nordlander P, Natelson D.
Plasmonic heating in au nanowires at low temperatures:
The role of thermal boundary resistance. ACS Nano 2016;
10(7): 6972-6979. DOI: 10.1021/acsnano.6b02911.

[84] Horak M, Bukvidova K, Svarc V, Jaskowiec J, Kiapek V,
Sikola T. Comparative study of plasmonic antennas
fabricated by electron beam and focused ion beam
lithography. Sci Rep 2018; 8: 9640. DOI: 10.1038/s41598-
018-28037-1.

[85] Guo J, Li S, Chen J, Cai J, Gou X, Wang S, Ye J, Liu Y,
Lin L. Tunable plasmonic devices by integrating graphene
with ferroelectric nanocavity. Adv Mater Interfaces 2022;
9(27): 2200776. DOI: 10.1002/admi.202200776.

[86] Ma J, Zeng D, Yang Y, Pan C, Zhang L, Xu H. A review
of crosstalk research for plasmonic waveguides. Opto-
Electron Adv 2019; 2: 180022. DOI:
10.29026/0€a.2019.180022.

[87] Cortie MB, Arnold MD, Keast VJ. The quest for zero loss:
Unconventional materials for plasmonics. Adv Mater
2020; 32(18): 1904532. DOI: 10.1002/adma.201904532.

Author’s information

Muhammad Ali Butt (b. 1985) received a PhD degree in Material Sciences from Universitat Rovira i Virgili,
Spain, in 2015. In 2013, he made a research stay with the Optoelectronic Research Centre (ORC), University of South-
ampton, U.K. In 2018, he was a Research Assistant Professor at Nicolaus Copernicus University, Poland. From 2015-
2020, he worked as a Senior Scientist at Samara National Research University, Russia. Currently, he works as a Re-
search team leader at Warsaw University of Technology, Poland. He has authored 150+ scientific publications and sev-
eral book chapters. He received a Rector’s award in 2022 for his scientific contribution to Warsaw University of Tech-
nology. His research interests are optical waveguides, plasmonic sensors, photonic sensors, diffractive optics, and opti-

cal filters.

Received June 21, 2023. The final version — August 5, 2023.

KommbrorepHas ontuka, 2024, tom 48, Nel DOI: 10.18287/2412-6179-CO-1376 17



