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Abstract: In this review article, the concept of directional quantum, photonics, and energy emissions from the molecular to the nanoscale
and beyond is developed and introduced. In this regard, insights into enhanced phenomena from the nanoscale are presented to be
incorporated as a strategy for enhanced phenomena with perspectives of waveguiding signals. Prototyping of hybrid substrates to
tune single nano-optics, couple optical components, and add gaining media with diminished optical losses through optically active
substrates with perspectives of waveguiding and the generation of directional emissions. Therefore, it is proposed to modulate light
propagation highlighting multimodal energies from tuned nanoplatforms with targeted functions, where varied physical phenomena
could be proposed to route emissions. Thus, it is proposed to stimulate and show from pioneering phenomena toward recent innovative
research focusing on tuning and use of optically active nanoplatforms for the modulation of arrays, assemblies, and conjugated systems
with intended directional optical properties. In this context, cutting-edge nanotechnologies and nanophysics were involved. Enhanced
phenomena were presented as a strategy for controlled directional properties, affording in this manner as, for example, metal-enhanced
fluorescence, fluorescence resonance energy transfer, and coupled phenomena. In this regard, programming photonics toward the design
of circuits, modified substrates, and waveguides of different types modified with nanostructured patterns could incorporate enhanced
phenomena. The development of enhanced resonances such as enhanced plasmonics and pseudo-electromagnetic fields by carbon-based

materials was considered as well to tune faster ballistic photonics through materials.
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1. Introduction

In this short communication, insights into directional energy
translation through space and time, such as that produced by
energy transfers and waveguiding light signaling, are presented.
About the sources, it focuses on quantum emitters and nanopho-
tonics, where the entire electromagnetic field could produce varied
energies. In this way, the tuning of nano-optics from spherical
dimensions toward varied shapes could generate new topolog-
ical energy modes that overcome limitations within the near
fields and beyond [1]. The nanoscale provides a versatile platform
to build varied nanoplatforms, looking for new studies focused
on nano-optics and further applications. Well-controlled nano-
optically active materials lead to the generation of new collective
optical behaviors, properties, and functions. Thus, micro-sized
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surfaces and substrates could permit the prototyping of new opti-
cally active materials. In this regard, epitaxial growth, asymmetry,
chirality, and 3D spatial distributions of atoms afford vectorial
properties. Thus, directional electromagnetic fields could cover
varied energy modes that require targeted enhancements. The
asymmetry could contribute to the directional target; however,
considering energy losses and high-precision scales, new energy
paths with improved efficiencies should be generated [2]. Thus,
asymmetrical and directional emissions refer to the capability
to control and manipulate on-demand photons, electrons, and
optoelectronic signaling passing through structures [3].So, in this
context, the capability to generate emissions from the quantum
to the nano- and higher scale extends to longer distances nom-
inated as far-field phenomena. In a first step, the accurate and
high-precision energies involved should be located within the large
interval of electromagnetic fields involved in the electromagnetic
spectra. Thus, the concept is to stimulate one targeted point and
translate the energy stimulated through space toward a unique
direction, as occurs between two blocs containing different ener-
gies. The flow passes in this manner in one targeted direction.

© The Author(s) 2026. Published by BON VIEW PUBLISHING PTE. LTD. This is an open access article under the CC BY License (https://creativecommons.org/
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These phenomena should be studied at the quantum, molecular,
and nanoscale levels for higher-sized phenomena (Figure 1(a)).
The strategy could be developed in a different manner; how-
ever, differences between the input and output of signals should
show the movement of the energy through space and time. This
concept could be used in a similar manner to translate differ-
ent energies, levels of energies, emissions, colored emissions, etc.,
through properly modified substrates and connectors to link and
couple phenomena (Figure 1(b)) such as for waveguiding of opti-
cal signals. The waveguides are specialized structures that guide
electromagnetic waves from one location to another and are often
used to connect two or more components. These could be formed
by different materials and designs intended to avoid energy losses
out of the guided path [4]. The energy path is defined by its
topography defined as a way as well as by a proper combina-
tion of conductive and insulating materials. Waveguides could be
designed on different platforms and setups based on their shape,
material, and confinement, with common types including hol-
low metallic tubes (rectangular, circular) for microwaves, dielectric
structures (like optical fibers or planar waveguides for light), and
specialized designs like coplanar or flexible waveguides, all guiding
waves by restricting energy propagation in specific directions, pri-
marily as transverse electric or transverse magnetic modes, distinct
from transmission lines that can carry direct current as well [5]. So,
depending on the materials developed, varied energy translations
can occur.

In this regard, the development of research fields related to
the generation of localized, highly intense electromagnetic fields
from the nanoscale and beyond, controlling materials, sizes, and
assembling characteristics is of high impact [6]. The control of
shapes and geometries from single nanoplatforms could be tuned,
as well as the distribution of energies. Thus, classical spheri-
cal shapes within the nanoscale permitted the comparison of
materials. Thus, aluminum-, indium-, gallium-, rhodium-, and Ti-
based nanomaterials could be noted within the ultraviolet (UV)
interval of wavelengths [7]. These UV nanomaterials showed var-
ied absorption properties around “250-295 nm of wavelength.”
In particular, Ti-based nanomaterials are more known for their
intrinsic properties to generate electron holes and shuttle partic-
ipating in nano-catalysis; however, joined to other ones, it could
be interesting to enhance optoelectronic properties. Meanwhile,
toward longer wavelengths, it could be noted that silver and
gold nanoparticles have maximal absorption properties centered

at 395 nm and 540 nm, respectively [8]. From these nanomateri-
als, strong near fields could be developed that afford interaction
within their near surrounding for biosensing, enhanced emission
based on metal-enhanced fluorescence (MEF), and further phe-
nomena [9]. In this context, for neophytes, the MEF [10] could
be explained by different radiative pathways from the interaction
of a fluorophore placed at the right distance from a highly intense
electromagnetic field generated by the electronic oscillation of
the metallic core [11]. Therefore, it is highlighted that enhance-
ments occur by (a) enhanced absorption and (b) excitation of
the fluorophores generating increased emissions and (c) enhanced
radiative decays accompanied by (d) diminished non-radiative
decays as well [12]. Depending on the fluorophores and nanoar-
chitectures, the radiative pathways involved could vary; however,
in the presence of MEF effects, enhanced fluorescence emission
was accompanied by fluorescence lifetime decays shortening [13].

Moreover, by tuning diameters and confined electronic prop-
erties, it is possible to arrive even at quantum dimensions. For
example, with gold nanoparticles, it could be achieved with 4 nm
diameters of spherical nanoparticles and Ti0, until 1-2 nm sizes
as well with simple chemical reduction reactions. Then, by tuning
spherical nano-assembling and aggregation, it could generate var-
ied types of resonant structures with the generation of new energy
modes toward the near field and far fields [14]. Thus, nanotubes
of gold and silver nanoparticles could be obtained. In a similar
manner, by modifying shapes and geometries of single nanoma-
terials, they could be tuned to generate different localized high
near fields within longer wavelengths such as the infrared. In this
manner, varied energies are able to be used up on needs from
single nano-emitters.

Finally, carbon nanotubes, carbon-based quantum dots, C
nanoparticles, graphene, and graphene quantum dots are able
as well to generate pseudo-electromagnetic fields within different
regions of the electromagnetic field spectra. Thus, it is afforded
to UV absorbers, near-infrared (NIR) materials, and even toward
longer Terahertz antennas. In this context, other optical setups,
such as resonators and higher-sized resonant surfaces, can also be
considered [15].

So, varied materials and frequencies, wavelengths, and ener-
gies involved could be generated for tuning optoelectronics,
non-classical light, conductions, and absorbers, reflective materi-
als, and more technological approaches, where precise signaling is
required. In this regard, this article intends to show an overview

Figure 1
Schema of energy translation based on different strategies and concepts: (a) representative two optical blocs with different energies
involved in the unidirectional flow using an optical connector between them and (b) representative waveguide substrate where it is shown
the channels with different colors, wavelengths and types of data input and output passing through different mechanisms involved in the
signal translation spatially and over time
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of the most well-known and used materials. However, the spa-
tial direction of phenomena and energies involved should be
considered. In this way, it could be proposed that directional
coupling of phenomena provides the light, photonics, or quan-
tum signaling path in one direction. This could be achieved
in different manners, and in this short revision and discussion
article, it is intended to present insight about them, show-
ing recent results related to coupling fluorescence resonance
energy transfer (FRET), enhanced phenomena, directional metal-
enhanced phenomena (MEF), FRET biophotonics, quantum and
nanophotonics waveguiding, and new resonant energy modes
based on hybrid silicon materials (Figure 2). In this context,
it should be mentioned that this short article doesn’t intend to
present waveguiding as a technological approach well known and
developed by different and specific materials on pre-designed
architectures. At the place, it is shown how waveguiding could
be produced directionally within the nanoscale and beyond. So,
the concept of waveguiding is used, and it is accompanied by
some of the art of the cutting edge of the technology where it is
very well performed. In this regard, the resonant energy modes
are generated by joining free nanomaterials with targeted prop-
erties on their surfaces (Figure 2(a)). These properties are unique
and well explained by phenomena intrinsically produced by the
material and shape of the surface, focusing on the nanoscale and
below, even reaching the molecular level. Then these properties
are closely joined within short distances controlled by different
strategies nominated schematically in this case as spacer (Figure
2(b)). For example, this concept is shown in the formation of opti-
cal nanoresonators, where nanoparticles between spacers form hot
spots, while the entire new nanomaterial shows different electronic
configurations in comparison to the initial free forms.

These are nanostructured materials within tens to hundreds
of nanometers that could confine light, enhance light-matter
interactions by trapping photons, and enable electronic conduc-
tions. Thus, it enables applications in sensing, lasers, quantum
computing, and advanced optical devices by manipulating light
at the subwavelength scale with high performances. These mate-
rials are formed from varied materials like silicon, diamond,
or metals. The nanoscale act depending other variables as well
such as designs and the combination of materials. Therefore,
tiny optical cavities could even produce stronger light fields and
lower energy thresholds for quantum and photonics emissions.
These mentioned ongoing themes and topics are still under
study toward directional emissions and targeted applications
based on asymmetric material constitution and optical proper-
ties. The technological challenge is how to develop a bottom-up
hierarchical material. In this regard, it is intended to draw atten-
tion to concepts and innovative research with perspectives within

functional nanomaterials from dimeric, small assemblies to chips,
devices, waveguides, and miniaturized instrumentations, where
directional properties and functions are correlated.

2. Controlling Directional Emissions from the
Nanoscale and Beyond

The quantum, luminescence, fluorescence, and related emis-
sions are associated with energies from different levels and energy
modes that could vary. These properties from tiny sizes such as
atoms and molecules toward the nanoscale and beyond could be
guided in one direction. Many examples from nature could be
mentioned such as energy transfer through photosystems, photo-
synthesis in plants collecting light from the sun, unicellular and
pluricellular microorganisms developing energy pathways, and
bioluminescence phenomena within different levels, from insects
to higher-sized animals, small marine animals, fishes, sharks, and
more. The controls are associated with a gradient of energies
and coupling modes augmenting the flow in one direction. These
could be achieved by varied mechanisms; however, the control
of enhanced techniques and methods is not completely under-
stood, and it is under study. In this regard, techniques such
as fluorescence could be enhanced by the modification of elec-
tromagnetic fields surrounding the emitters. This phenomenon,
named metal-enhanced fluorescence (MEF), could show direc-
tionally emissions properly tuned. In a similar manner, controlling
distances from donor/acceptor molecules could be used to develop
FRET. The direction is governed by different mechanisms whose
basis should be known to propose new paths through space and
time. Then, this phenomenon of short distances could be over-
come by longer lengths. In this regard, in the next subsections,
the basis of these phenomena and associated examples toward
directional emissions is discussed.

2.1. MEF and FRET and coupling phenomena within
the nanoscale

The design and synthesis of new small and ultrasmall tune-
able nano-emitters have been shown to be of high interest and
impact within the frontier of optical quantics and plasmonics
phenomena. Quantum dots related to sizes below 10 nm [16,
17] showed strong emissions at variable wavelengths. However,
modified plasmonic surfaces enhanced their emission proper-
ties based on MEF [18]. This phenomenon was explained by
enhanced excitation of the emitters within the near field of a
high electromagnetic field from metallic nanoparticles [19-21]. In
this manner, metallic core-shell nanoparticles showed high emis-
sion enhancements accompanied by diminished photobleaching

Figure 2
Schema of nano-physical phenomena occurring: (a) within free and separated two nanoparticles associated with targeted electronic and
quantum properties across their surfaces and (b) within confined hot spots generated by dimer formation of nano-assemblies

(a) (I) - (ii)?qsignaling

A\

(b)

Signals

spacers

03



Journal of Optics and Photonics Research Vol. 00

Iss. 00 2026

properties based on accurately tuneable 50.0 nm silver nanoparti-
cles and silica spacers for varied fluorescence probe applications
and energy modes involved [22]. The MEEF, it is a physical phe-
nomenon of enhanced fluorescence emission in the far field based
on an interaction of the metallic nanoparticles’ plasmon and fluo-
rophores in the near field [23]. The electromagnetic field intensity
from the electronic oscillation of the metallic nanoparticles that
generates the plasmonic properties depends on the nanoparticle
size, shape [24], and distance between metallic nanoparticles or
degree of aggregation due to an enhanced plasmonic coupling
effect [25]. These plasmonic enhancements can be used for MEF
applications [26, 27]. Many theoretical studies exist reported in
the literature, but not so many experimental studies related to
this field. Varied energy paths and coupling phenomena are focus-
ing based on electromagnetism and quantum phenomena. In this
context, the need for further research and development is high-
lighted in order to afford platforms to study and apply targeted
new materials and properties.

In this regard, the concept of core shells in the design
of nanoarchitectures affords many uses. It is noted that this
nanoarchitecture serves as a strategy to provide a hierarchized
cargo-loaded symmetrical and unsymmetrical confined matter
[28]. This fact is the key factor to control searching for the devel-
opment of new nano-matter properties or applications. Thus,
it is important to mention the most important and different
types of core-shell structures reported in the literature as well as
insights into new ones for further discussion, accompanied by
their corresponding highlights of synthetic methods [29]. From
these capabilities, the intrinsic versatility of the nanoarchitecture
and properties is generated as well.

In addition, Multilayered Fluorescent silver core-shell
nanoparticles showed improved enhancements based on FRET
[30] coupled to MEF [31-33] that permitted ultra-low DNA
detection of different human genes [34]. Moreover, 40.0 nm
gold core-shell nanoparticles showed ultra-luminescent proper-
ties [35] even if their plasmonic intensities were lower than silver
nanoparticles due to their intrinsic electronic properties. Then,
these proofs of concept and strategies based on improved and
enhanced luminescent properties were applied for bacteria label-
ing. Thus, it was applied to individual biostructure detections
within varied bioassays incorporating different nanotechnology
approaches [36].

The mentioned enhanced luminescent properties were shown
to be of high impact for biophotonics applications; however,

for biological applications within cells, their sizes should be
smaller for organelle labeling. These types of applications were
reported by immunoassays and fluorescent labeling [37]. At this
point, it is important to highlight the dependency of materials,
sizes, geometries, biosurface interactions, and biocompatibility
of nanomaterials for their incorporation [38-40]. Moreover, the
application of FRET for biological event detection and tracking,
which permitted, for example, molecular detection within cells
and cellular cancer tracking [41], was shown to be widely applied
in fluorescence-lifetime imaging microscopy [42].

About the FRET phenomenon, this is an effect of energy
transfer produced from a donor—acceptor pair with high sensi-
tivity and dependency on controlling inter-emitter and acceptor
distances (R). From this R parameter, the Forster distance (Rg)
parameter is generated as the main resonant energy pair charac-
teristic of the system [43]. The (R;) was defined as the distance
between the donor and acceptor, where the energy transfer effi-
ciency was 50%. For optimal FRET, donor emission and acceptor
absorption should overlap, with decreased overlap between the
absorption and emissions of the donor—acceptor pair. With
these simple parameters, performances of different systems with
the capability to produce energy transfers could be evaluated.
However, the challenge still remains when new donor/acceptors
change and further coupled phenomena affect electronic distri-
butions from the basal to the excited state. Thus, FRET is still
under study involving directional factors such as highly sensitive
quantum coupling [44]. The design of new nanoplatforms and
controlled spatial distributions of emitters is under focus, looking
for the control of further variables.

In the design of prototypes incorporating nanostructured
materials, optical components could be varied based on var-
ied optically enhanced phenomena with proper connectors and
gaining media within hybrid modified 2D and 3D substrates
(Figure 3). In this manner, it is possible to place between opti-
cal components varied molecular wires, passivating agents, to
tune the generation of electromagnetic fields affecting the con-
fined spaces and molecular interactions. Therefore, there is input
of energy and output as energy transferred and energy emis-
sion, respectively, with variable conductions depending on further
materials incorporated.

The proposal could show innovation and challenges asso-
ciated. After prototyping, it should answer how such types of
new metamaterials could be afforded. In this context, knowledge
about nanochemistry is required for the bottom-up development

Figure 3
Scheme of prototyping hybrid modified substrates. The substrate represents an orthogonal polyhedron incorporating 3D dimensions
with different functional nanomaterials as sources of electrons, e-shuttles, photons, or quantum particles
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of nanoplatforms. Spectroscopy of materials should also be con-
sidered in order to produce smart, optically active matter. This
is the theory, and sometimes, it is not as straightforward as
expected. In this context, it could present many challenges in this
theme, where prototyping is a very important step in the design
and synthesis of the nano-optical material. In this manner, it is
possible to think of the potential performances as well as any
inconvenient interferences, etc., in the process of fabrication. In
addition, resonance and coupling energy modes considering dif-
ferent types of particles such as bosons, photons, and further
quantum properties [45].

These incorporations and interactions generate variations in
the electronic distributions, and in many cases, they could mod-
ify the waves after interactions. Therefore, the electronic density
of the material is different, and logically, the optics too. This
is the basic concept; however, it is the challenge waiting for
further research. In this regard, the pattern of molecules, spectro-
scopic properties, quantum phenomena, and optics incorporated
on the surface and through substrates as well are of interest for a
full coverage of possibilities in the tuning toward the control of
multimodal signaling [46].

The FRET from simple and well-controlled systems with a
donor-acceptor pair to the incorporation within the natural envi-
ronment in cells, membranes, and proteins was always a challenge;
however, it permitted the study of complex systems by control-
ling the fluorescent targets and conditions of measurements. In
this manner, FRET was used for signaling transduction and
3D analysis of Biostructures due to their highly sensitivity with
the inter-donor—acceptor distances [47]. As it is known, FRET
between fluorescent dyes [48] and fluorescent nanoparticles [49] is
a short-range phenomenon where the emission of a fluorophore
is absorbed and re-emitted at longer wavelengths. It also depends
on their quantum yields, and in this manner, the emission signal
could be transduced and enhanced.

In a similar manner, electron transfer processes activate a
cascade of reactions in biological systems as, for example, in
mitochondria by photoestimulation [50]. However, FRET as an
advanced analytical tool has shown a larger number of applica-
tions. For example, FRET was used to study protein metabolite
binding [51]. Imaging protein—protein interactions by FRET
within the signal cascade in living cells was studied by laser fluo-
rescence microscopy [52], and even genetically encoded fluorescent
reporters of protein tyrosine kinase activities in living cells were
studied [53].

In addition, molecular sizes toward quantum and nanoscales
improve energy transmission mechanisms when properly tuned.
So, the design of a reduced size of nanoplatforms for enhanced
FRET at the frontiers of quantum and nano-scales is of high
impact for a huge number of biophotonics applications for
Advanced Precision Nanomedicine Diagnostics. For FRET appli-
cations, the control of the inter-donor—acceptor spacers showed
a highly sensitive dependency of 1/R,® (defined as R, equal
to the spacer length where the FRET efficiency was 50%) [54].
In this manner, it was possible to record FRET with variable
donor/acceptor spacers lengths within shorter nanoscale lengths
from 1.0 nm for fluorescent proteins interactions [55, 56], 4.0 nm
for dimeric quantum dots by non-covalent interactions with diam-
eters below 10.0 nm [57], as well as for hybrids dimmers of
quantum dots and gold nanorods [58], and 7.0 nm for silver
multilayered core-shell nanoparticles (NPs) with diameters below
100.0 nm [59]. So, the inter-donor—acceptor distances could vary
depending on the intrinsic properties and dimensions of the mate-
rials. However, it was reported from nanophotonics studies of

energy transfer based on longer distances within confined optical
cavities [60]. So, the developments of new approaches to nano-
materials that can overcome optical limitations even for pulsed
photon microscopy techniques are highly desired. For these rea-
sons, it was of interest the development of enhanced luminescent
nanoplatforms for nanoimaging, photonic surface modifications,
and biolabeling applications. So, based on these challenges and
discussed needs, in this research communication, the FRET cou-
pling was tuned over reduced sizes of tuneable plasmonic gold
NP diameters for MEF applications. These nanoarchitectures
were based on multilayered fluorescent shells in the presence and
absence of the gold core used as a template. Their coupled emis-
sions were evaluated between the emitters with the plasmonic
cores, as well as the generation of ultra-luminescent bioimaging
for improved resolutions by laser fluorescence microscopy.

In order to control directional fluorescence emissions, it is
required to design proper and accurate optical setups with high
precision and resolution within the different scales of length
generating coupling in one direction. Normally, emissions are
produced in all ways around 360 degrees forming bright spheres.
However, the mechanism involved in the final emissions could
be tuned as well within tiny spheres or dimeric molecular species
such as for molecular FRET produced by gradients, quantum
yield coupling, and other physical localization of optical materi-
als fixing pathways. These are just mentions, and the challenges
opened to show and prove from fundamental studies to applied
approaches. The challenges and potential limitations depending
on the new system proposed open new research and develop-
ment aimed at building the right and desired path of energy and
directional flow upon needs.

3. Waveguiding Programmable Nanophotonics

So, in the first sections, examples were shown afforded by
tuning nano-optics focusing on the nanoscale; however, the far
field and macroscale are achieved by a proper modulation of
optically active components. In this regard, the design, synthe-
sis, fabrication, and packaging offer high-impact optically active
and functional materials. Thus, the waveguides are structured
miniaturized paths to produce controlled flow of light. It could
be described as spatially inhomogeneous structures for guiding
confined in a given direction. The space through which photons
pass should be carefully designed in order to generate ballistic
photons containing a region of increased refractive index pro-
tected or wrapped by a surrounding medium defined as cladding.
In this manner, it is possible to translate optoelectronic signal-
ing, guiding high light-speed with low loss through the waveguide
substrate. The materials exhibit various optical properties, includ-
ing semiconductive lasers, excellent dielectric properties, and
high refractive indexes providing highly sensitive media for pho-
tonic movements. However, tuning optical properties adding or
improving gaining media is currently under study in order to
develop enhanced photonics. Thus, key technologies include sili-
con photonics, wavelength division multiplexing, and embedded
active optical materials that are able to convert electrical signals to
optical signals and vice versa. These modifications are able to con-
vert electrical signals to optical ones. These smart optically active
systems are able to produce highly sensitive photonic counting
and delivery through space and time (Figure 4). This capability
originated chip-to-chip communications, fiber optics develop-
ments, and on-chip networking allowing by this manner higher
data rates and associated perspectives in cutting-edge technolo-
gies such as light-based technologies and quantum computing.
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Figure 4
Scheme of confined waveguides modified with varied optically active nanomaterials including quantum graphene dots, nanoparticles,
optically active molecules, connectors and further optical components to modulate quantum, photonics, topological light modes and
optoelectronic signaling
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Tuning combinations of optically active materials and designs
could simultaneously record different energy modes represented
by different colors that increase potential optical information gen-
erated through the substrate [61]. In this modified substrate, it
is possible to generate quantum and optical circuits and more
affording to new properties and metamaterials.

Moreover, their uses are highlighted as a strategy and basis
for further optical setups and systems such as for the develop-
ment of (i) integrated photonics circuits involving waveguides
and materials such as polymers and hybrid silicon-based mate-
rials that produce properties of materials able to guide light
signaling at the microscale and noted as very important for
optical interconnections nominated as optoelectronic multi-chip
modules.

In this context, the integration of active components,
such as sensitive InGaAs-based photodetectors, into waveguide
layers, or their integration with them via flip-chip bond-
ing, enables efficient signal coupling. Therefore, the tuning of
nano-optics is focused on single components; however, the mod-
ulation considering the whole interconnected system should
be addressed. Thus, the optical signals could be transmitted
through waveguides via total internal reflection accompanied
by switching techniques to control the flow of energy. After
that, the applications could even open more challenges and
needs to be optimized depending on the specific use. It is
noted that data centers and computing using chip-to-chip
connectors generate high bandwidths (e.g, 4 X 10 Gb/s)
and overcome electronic constraints. In a similar manner, it only
mentioned communication networks, involving high-speed opti-
cal fiber networking, and waveguide-based devices used in varied
applications such as optical couplers and switchers.

Finally, it should be known that there are many types of
waveguides highlighting planar, channels, and fiber optics-based
setups. Thus, additional optical design and architectures should
be considered. The planar waveguides used for on-chip light
manipulation involve in many cases challenges of manipula-
tions from single atomic compositions to the nanoscale. While,
optical fibers used for long-distance communications provide
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optical cladding and gratings that protect and enhance signaling.
In this regard, polymeric waveguides, surface chemistry, crosslink-
ing, and the incorporation of varied materials based on covalent
and non-covalent strategies are part of the current challenges
of multidisciplinary research, engineering, and development.
Thus, the development of efficient optical drivers focuses on
decreasing coupling losses and improving signal speed and data
communications.

3.1. Nanopatterned substrates for waveguiding

The modification of silica waveguides with different materi-
als has led to different types of wave routing, as reported recently
in the strongly confined surface plasmon polariton (SPP) waveg-
uiding achieved by planar staggered plasmonic waveguides [62].
In this sense, signal transductions and detections were observed in
the far field from electromagnetic fields generated by laser excita-
tion in the near field of metallic surfaces within silica waveguides.
It should be mentioned that the near field is defined by short
distances within the nanoscale around highly intense electromag-
netic fields produced from metallic surfaces and nanoparticles.
These highly intense electromagnetic fields are known as plas-
mons, and they are associated with specific absorption of energies
with consequent near-field emissions from electronic oscillations.
Noble metals in particular are characterized by showing low ener-
gies associated with electronic movements; therefore, they are
under focus, varying in size and shape. In this regard, the devel-
opment of nano-optics [63] based on controlled nanopatterned
and assembled materials is of high interest. These photonics
studies and applications could involve many research fields and
large variety and different targeted interests and applications.
From a nanophotonics point of view, it should be highlighted
that these properties have been shown to be highly sensitive to
their surface topologies, sizes, and shapes within the near-field
surrounding and media [64]. Moreover, these high-energy electro-
magnetic fields could be even enhanced based on inter-metallic
surface interactions. The confined volumes within the near field,
generated between metallic films or nanoparticles, it is produced
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electronic oscillation interactions that generate the enhanced plas-
monics (EP) phenomena [65]. It should be highlighted that both
phenomena showed a highly sensitive dependency on small length
modifications even within the near field. These modifications
in their inter-nanostructure distances containing resonant elec-
tromagnetic densities produce higher ballistic electronics and
photonics movements. These phenomena led to a study focused
on MEF in plasmonic waveguides, where the importance of accu-
rate and high-precision control of spacers and nanostructured
materials was highlighted [66]. The nanomaterials could shape
the light through waveguides depending on the associated wave-
lengths and resonances involved. The main factors and variables
are still under study depending on the emitters and new meta-
materials incorporated; this is important to note due to varied
sources of photonics pathways that could produce fast and ultra-
fast light pathways explained and based on different phenomena
[67]. Tt means that not all the chemistry and physics of con-
fined optical matter produce the delivery of enhanced light by
the same mechanisms. Thus, as an example, the Metal-Enhanced
Fluorescence Platforms Based on Plasmonic Ordered Copper
Arrays: Wavelength Dependence of Quenching and Enhance-
ment Effects [68] can be mentioned. Well-organized 2D and 3D
arrays of copper-based nanostructures modified with porphyrin
molecules were generated to produce enhanced fluorescence sig-
naling. The wavelength at which the surface plasmon resonance
of the nanostructures was generated was tuned to a longer wave-
length than the inter-band transitions in the region of copper
(>590 nm) by controlling the diameter of embedded silica par-
ticles. The porphyrin monolayers onto the nanostructures were
joined via self-assembly of 16-mercaptohexadecanoic acid, which
also suppressed the oxidation of the copper surface. The max-
imum fluorescence enhancement of porphyrin was determined
with a factor of around 90 times the increase compared with a
planar Cu plate (CuP). This enhancement factor determined was
explained by the generation of surface plasmon resonances and
coupling with fluorescent species. These achievements could be
considered as excellent optical properties to be translated toward
further communications and applications such as biophoton-
ics, optoelectronics, and communications. So, the open research
within nanoplasmonic waveguides toward applications in inte-
grated nanophotonics is of high interest from different research
fields [69]. For example, from nanophysics studying, the proper-
ties of propagating SPPs along one-dimensional metal structures
have been investigated for more than 10 years, and they are now
beginning to be well understood by applying high-confinement
electromagnetic energy setups. Moreover, the need to improve cir-
cuits that use light to overcome speed limits of electronics and even
optics is mentioned. New states of light applying drastic controlled
conditions with ultra-low temperatures are under study due to
the discovery of new states and physics of light arriving at liquid-
type modes of energy [70]. Additional needs and challenges are
focused on the incorporation of high power of irradiances from
emitter devices, lasers, and related technology in order to control
photonic delivery [71].

3.2. Advances and highlights about classical
waveguiding and new insights within the nano- and
microscale

The incorporation of important variables and research
topics, such as energy loss engineering, nanoscale position-
ing precision and metrics, reproducibility, biocompatibility,

complementary metal-oxide—semiconductor (CMOS) compat-
ibility [72], and scalable fabrication, highlighted as targeted
final developments in many cases, shows the complex mul-
tivariable and multidisciplinary nature of this research field.
In this regard, combining optical strategies and materials could
highlight some important recent reports with results toward
improved performances highlighting directional emissions. Thus,
heterojunctions in waveguides integrate two different semiconduc-
tor or dielectric materials to create sharp optical or electronic
interfaces. In photonics, they are used for light confinement, rout-
ing, and tunable emission. In optoelectronics, they act as active
photodetectors, modulators, or optical switches [73]. In this way,
just to mention the improved properties incorporated, it is noted
that the possibility exists to add the combination of two types of
polymers doped for optical microwiring via micro-manipulation.
One of the microstructures contained carboxyfluorescein and
photochromic spiropyran that produced FRET activated by
external light stimulation, while the other wire microstructure
contained a rhodamine 6G-loaded channel permitted to open an
acceptor energy channel to interact with photons arriving from
different sources. Therefore, an innovative heterojunction with
dual color was proposed that could guide light interacting with
photons passing through in different manners and mechanisms
depending on their intrinsic light nature.

In addition, highlighting materials such as CMOS consid-
ered a fundamental architecture used to build 99% of modern
microchips, it should be noted that high sensitivity should be
incorporated within the interphase of contacts. It is noted that
CMOS is a functional and accurate pair of two opposite types
of transistors—p-type and n-type—to process digital signals with
near-zero power usage when the circuits are properly designed and
connected. Some common design guidelines are still valid, includ-
ing effective index matching among optics and electronics and
impedance matching between the far-end termination and char-
acteristic impedance of the coplanar waveguide electrodes [74].
In this context, for energy efficiency improvements within optical
transmitters, the intuitive solution is to again reference successful
design approaches developed for electrical amplifiers and focus at
this step on the modulation of the light pathway within complex
circuits. Thus, tuning nanophotonics from higher designs within
the micro- and macroscale is highly desired and required. This
is the directional path that should be predesigned and evaluated
toward directional emissions, considering single nanophotonics,
assemblies, and arrays, and even biological mimetic systems [75].

In addition, an integrated silicon photonic microelectrome-
chanical system (MEMS) could be another example where
directional nanoscale properties are required [76]. Higher-sized
designs such as those based on silicon photonics for MEMS
technology are highlighted. These approaches can enhance sili-
con photonics by combining building blocks that are compact,
low-loss, broadband, and fast and require very low power con-
sumption [77]. It is known that MEMS in photonics combines
tiny mechanical actuators with optimally pre-tuned optical com-
ponents. Therefore, it overcomes traditional silicon photonics
limitations such as high-power consumptions and energy losses by
enabling nanometer-scale movement to route energies and com-
munications. Thus, the nanoscale and beyond could be part of
that select group of key components supporting enhanced direc-
tional energy emissions. In this context, it is presented for neophytes
in this theme that silicon photonic MEMS platforms could con-
sist of high-performance nano-optoelectromechanical devices fully
integrated alongside standard silicon photonics foundry compo-
nents [78]. These components are based on wafer-level sealing for
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long-term reliability, flip-chip bonding to redistribution inter-
posers, and fiber-array multi-port count optical and electrical
contacts interfacing further applications or functions.

4. Current Research and Future Perspectives Toward
Nanoresonators, Arrays, and Waveguides

There is considerable broad offer of versatility to develop
uses and applications and even instrumentation with the need for
optoelectronics and optical communications. In this insight, this
section is intended to open this high-impact theme that opens a
lot of topics as well. Thus, recently, studies have been reported
analyzing and evaluating performances by applying tuning mate-
rials for light modulation and waveguiding. Just to begin, a
well-known technique that was afforded by directional emission
recording such as optical waveguide lightmode spectroscopy is
mentioned. This technique showed a versatile technique for real-
time label-free biosensing [79]. It was shown that well-organized
bi-lipidic layers could incorporate varied receptors and optically
active components with smart responses only in the presence of
the proper distances between targeted analytes and an optically
active resonator placed at the side [80]. This principle could be
tuned by evaluating varied types of resonances where directional
and asymmetrical properties are involved such as asymmetric
transmission in nanophotonics [81]. This transmission asymme-
try refers to a phenomenon where the total transmittance of
an electromagnetic wave traveling in a predefined direction after
passing through a subwavelength structure involving the nano-
and quantum scales produces different directions and transmit-
tances. Thus, a mathematical difference in forward and backward
transmittances recording is generated. In this context, the impor-
tance of the asymmetry of optically active materials that begin
from the molecular level and beyond is highlighted. Enhance-
ments in these phenomena are of interest as well. Thus, the design
and fabrication of varied optically active substrates considering
nanoporous and waveguide-type materials are under focus incor-
porating proper combinations of materials [82]. At the cutting
edge of the state of the art, it is possible to find recent reports
developing the nanoscale for nanohole array waveguide couplers
where efficiencies reached 45.4% applying array periods of 690 nm
and hole diameters of 350 nm. This performance was raised to
47.5%, while the use of conventional 2D grating coupler values
was around 20%.

Comparison of dielectrics and plasmonics waveguides with
coherent readout for sensing uses was recently reported and
discussed [83]. Biosensing using plasmonic waveguides afforded
to high performances within reduced sizes, more compact
prototypes. The incorporation of nanoplasmonics permitted
higher sensitivity. This fact was already shown, and there is
a huge quantity of research focused even in more topological
advances associated with sizes, geometries, and higher shapes.
The modification of these variables modifies the electronic oscil-
lations toward coherence and amplified signaling [84]. Within
complex enhanced systems, the minimum limit of detection
that could actually be achieved was evaluated. Plasmonic and
dielectric-based photonic waveguide biosensors embedded in a
coherent-readout interferometric architecture are fairly and rig-
orously compared. With this miniaturized setup, theoretical limit
of detection about 18 times and 110 times lower was exhib-
ited for bulk and surface sensing, respectively, compared to
plasmonic waveguide-based biosensors. These bioanalytical and
technological performances were also valid when the respective
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waveguides were embedded in resonant-type sensing architec-
tures such as those based on ring resonators. So, varied optical
strategies could be achieved. Fine-tuning depending on targeted
biostructures or media involved could need different optical
approaches, resonant energies, and coupling mechanisms. Thus,
the optical coherent transmission and directional energy transmis-
sion in molecular detection, for example, could achieve sensitive
systems to identify protein asymmetry via electron transfers
[85] and even coherence transfer within rotational-to-vibrational
energy exchanges [86].

These research approaches to advanced signal waveguiding
are in progress in search of potential high-impact applications
for new analytical and bioanalytical methodologies. Then, the
incorporation of graphene as an organic conductor in waveguides
showed a highly sensitive plasmonic resonance waveguiding [87].
In particular, growing interest has been shown in graphene as a
nanomaterial to be incorporated into waveguides due to its elec-
tronic and semiconductive properties, allowing, from modified
substrates with different thicknesses, periodic control by volt-
age modulation of their bands coupled to plasmonics for band
rejection applications.

Moreover, from previous basic and advanced studies, it
is known that the need to underline the importance of signal
transduction and routing within devices in the development of
waveguides and their incorporation into on-chip setups for dif-
ferent applications. Therefore, optical connectors and low optical
losses are required. Thus, interesting studies of MEF resonance
modes are noted, including those by incorporating core-shell
nanoarchitectures in silica plasmonic waveguides, direct on-chip
optical plasmon detection through an atomically thin IMoS, wire
semiconductor [88], and incorporating quantum dots on-chip via
semiconductive GaAs ridge waveguides for routing and detection
of resonance fluorescence. As evident from the accurate control of
the nanoscale for the nanoarchitectures, it was possible to design,
test, and apply different approaches. At this order of lengths,
the controlled positions of the different parts of the micro- and
nano-devices were essential for optimal performances.

In relation to miniaturization, rapid sensing, and diagnosis,
a monolithically integrated mid-infrared (mid-IR) lab-on-a-chip
was designed using plasmonic and quantum cascade structures
[89]. This microdevice was devised on a monolithically integrated
sensor based on mid-IR absorption spectroscopy. A bi-functional
quantum cascade laser/detector was used, where, by changing the
applied bias, the device switched between laser and detector oper-
ation, while the chemical sensing was within a dielectric-loaded
SPP waveguide. The thin dielectric layer enhanced the confine-
ment and enabled efficient end-fire coupling from and to the laser
and detector.

Finally, important advanced technologies, new techniques,
and methods to design the future next generation of miniatur-
ized instrumentation such as on-chip spectroscopy are highlighted
[90, 91]. These approaches are versatile with high potential to
develop varied new optical signaling and energy modes, shaping
new technologies. Thus, it can also be considered for spontaneous
parametric down-conversion spectroscopy, performing mid-IR
spectroscopy without the need for dedicated sources and detectors
in the mid-IR, which can be expensive and limited in performance
and which consists of an integrated on-chip version using lithium
niobate waveguides. In this respect, the implementation of molec-
ular bottom-up approaches and nanostructures with controlled
nanoarchitecture and patterning for specific functional devices has
been briefly discussed.
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5. Concluding Remarks

About the concluding remarks and perspectives, it is noted
from reports in the literature that improved strategies toward
enhanced signaling and amplified laser signaling showed trends
and challenges within varied approaches and prototypes. Coher-
ent emissions coupled with directional light-matter interactions
with enhanced energy transfers for varied studies and uses are
highlighted. The enhanced quantum directional properties based
on the accurate coupling of well-defined states, such as dipo-
lar momentum of excitations and emissions from excited states,
showed impact in higher resolution of signaling with varied
applications. Diverse uses from biomolecular detections to com-
munications involving waveguides, devices, and tiny lasers have
also been highlighted. Therefore, programming photonics involves
the tuning of single optical components such as absorbers,
switch on/off systems, connectors, gaining media, donor/accep-
tors, and more. From the different examples described, it should
be highlighted that for efficient signal transduction through pla-
nar surfaces, the type and mode of energy to be transferred
should be considered in the development of the required material.
Then, the strategy applied for the enhanced signal waveguiding
should incorporate gaining media accompanied by diminished
optical losses. Therefore, it is possible to design and fabricate
micro-waveguide chips and optical waveguide lightmode spec-
troscopy (OWLS). This standard advanced instrumentation is
available for the detection of proteins based on chemical surface
modification with fluorescence resonance routing from quantum
particles. Thus, it is highlighted the versatility of new optical
instrumentation that afford toward further developments for light
waveguiding. In this context, it is noted that signal waveguid-
ing has also been demonstrated to be the basis of different
types of energy routing through optical and quantum circuits,
opening new venues toward new technologies. The optimiza-
tion of new techniques and availability on the market such
as surface-enhanced Raman spectroscopy (SERS). SERS is a
highly sensitive analytical technique based on the enhancement
of Raman scattering by molecules adsorbed on metallic surfaces.
These metallic surfaces could produce even higher sensitivity
against molecular detection by adding nanostructured surfaces
accurately designed, contemplating variables of enhanced physics
involving resonances of electromagnetic fields [92]. The enhance-
ment factors could reach 1010 to 101!, which produce the potential
capability of the single molecule detections (SMD). An example
of this is mentioned in this article; however, further develop-
ments are expected for miniaturized instrumentation and further
research and development applying different enhanced nanopho-
tonic systems and waveguides [93]. Moreover, spatial distributions
of optically active components, light structuring, and interac-
tions with surrounding material to produce enhanced phenomena
should be highlighted. Spatial variables for optimal MEF, such
as distances, wavelengths, and accurate spatial localization rela-
tive to the phase of the electromagnetic field generated from the
nanoplasmonic core, are also noted [94]. In addition, beyond the
nanoscale, the design of the light path produced in the MEF gen-
eration was highlighted, where high technological methods for
design and fabrication of modified channels with optically active
materials guide the directional phenomena [95]. In these perspec-
tives and involving EP and nanoresonators, further designs are
being considered for enhanced directional emissions and appli-
cations. It is highlighted that unprecedented plasmonics and
quantum coupling of light-matter interactions involves control
of the nanoscale, linking of surface plasmonics focusing on

absorptions and emissions of quantum dot emitters and SMD.
These regimes facilitated ultrafast energy transfers, directional
radiations, and enhanced quantum yields with high-impact
perspectives toward advanced nanophotonics, encryption of
information, and quantum computing [96].
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