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Nanophotonics, metamaterials: Revolutionizing light-matter interaction.
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Introduction

The manipulation of light and matter at the nanoscale has opened re-
markable avenues in various scientific and technological domains.
Recent research highlights the crucial role of plasmonic metasur-
faces in advancing Surface-Enhanced Raman Scattering (SERS).
These nanostructures are designed to enhance spectroscopic signals
by creating intense electromagnetic fields, which is key for detect-
ing trace amounts of molecules across different fields [1].

Chiral metamaterials represent another significant area of progress,
exhibiting unique optical properties like circular dichroism and
optical rotation, which are not found in natural materials. Their
versatility positions them for potential uses in polarization optics,
biosensing, and even quantum technologies [2]. The application of
plasmonic nanoantennas in biosensing further demonstrates precise
light manipulation at the nanoscale. This leads to highly sensitive
detection methods for various biomolecules, with different nanoan-
tenna designs playing roles in enhancing signal intensity for accu-
rate and rapid diagnostic tools [3].

Quantum plasmonics, particularly in metal-semiconductor hybrid
systems, offers new platforms for strong light-matter interaction.
Combining metallic plasmonic structures with semiconductor ma-
terials paves the way for advanced quantum technologies, including
novel light sources, detectors, and quantum information processing
[4]. Metamaterials also enable super-resolution imaging, moving
beyond the conventional diffraction limit. These engineered mate-
rials manipulate light in extraordinary ways, allowing for sharper
images and the visualization of structures smaller than the wave-
length of light, vital for microscopy and diagnostics [5].

Noble metal nanoparticles are highly useful for Surface-Enhanced
Raman Scattering (SERS). The unique plasmonic properties of
gold and silver nanoparticles, when appropriately designed, func-
tion as powerful SERS substrates. Various fabrication methods
achieve high sensitivity, making these nanoparticles indispensable
for chemical and biological analysis [6]. Beyond static devices, ac-
tive plasmonics allows for dynamic control over plasmonic proper-
ties. Mechanisms like electrical, thermal, or optical stimuli enable
new functionalities in optical modulation, sensing, and switching

[7].

Metasurface-enabled plasmonic biosensors continue to evolve, of-
fering enhanced sensitivity and specificity for detecting biologi-
cal analytes by precisely controlling light-matter interactions. Di-
verse designs show promise in point-of-care diagnostics and envi-
ronmental monitoring [8]. Similarly, reconfigurable metamaterials
can have their properties actively changed after fabrication. Vari-
ous tuning mechanisms, including mechanical, electrical, thermal,
or optical stimuli, provide dynamic control over electromagnetic
waves, opening new avenues for adaptive optics, smart antennas,
and programmable meta-devices [9].

Finally, the synergy between plasmonic nanostructures and 2D
materials creates enhanced Surface-Enhanced Raman Scattering
(SERS). Combining strong light confinement from plasmonics with
the unique properties of 2D materials like graphene or MoS2 results
in highly efficient SERS substrates. These hybrid systems offer su-
perior sensitivity and reproducibility for molecular detection [10].

Conclusion

Recent advancements in nanophotonics and metamaterials are rev-
olutionizing various scientific fields, particularly in sensing, imag-
ing, and quantum technologies. Plasmonic metasurfaces and no-
ble metal nanoparticles are proving crucial for Surface-Enhanced
Raman Scattering (SERS), enabling highly sensitive detection of
molecules by creating intense electromagnetic fields. Hybrid
systems combining plasmonics with 2D materials further boost
SERS performance, offering superior sensitivity and reproducibil-
ity for molecular analysis. Engineered plasmonic nanoantennas
and metasurface-enabled biosensors are enhancing detection of
biomolecules, driving progress in diagnostics and environmen-
tal monitoring. The development of chiral metamaterials intro-
duces unique optical properties for applications in polarization op-
tics and quantum technologies. Quantum plasmonics in metal-
semiconductor hybrid systems are establishing new platforms for
strong light-matter interaction, vital for future quantum devices.
Additionally, metamaterials facilitate super-resolution imaging,
overcoming the diffraction limit to visualize nanoscale structures. A
significant trend involves active and reconfigurable metamaterials
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and plasmonics, where properties can be dynamically tuned using
external stimuli, paving the way for adaptive optics, smart antennas,
and advanced optical modulation and switching. These innovations
collectively highlight a powerful capability to manipulate light and
matter at unprecedented scales, leading to transformative tools and
applications.
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