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ABSTRACT

As the demand for high bandwidth and long-distance data transmission escalates in modern computing, optical interconnects via waveguides
have attracted significant attention. While conventional inorganic materials-based waveguide necessitates complex components such as grat-
ing couplers and optical amplifiers, organic semiconductor-based waveguides offer simplified systems with unique functionalities stemming
from their inherent radiative properties that facilitate efficient light-matter interactions, such as exciton—polariton formation and Forster res-
onance energy transfer. These interactions enable active light modulation, encompassing intensity control, wavelength shift, exciton-polari-
ton lasing, and nonlinear optical effects. Moreover, their optical properties and structural geometries can be precisely tuned through
molecular design and controlled synthesis techniques. As a result, organic waveguides have been explored for a range of applications includ-
ing optical-logic operations, bio-chemical sensing, and advanced photonic integration systems. In this review, we delineate the fundamental
principles of organic semiconductor waveguides, as well as their fabrication and potential impact on various photonic applications.
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have been employed to develop optical regulators that convert various
input wavelengths into white light or modulate intensity under exter-
nal electric fields.”” Additionally, heterostructure engineering has been
employed to realize logic gates,” multichannel operations,” and bio-
sensing applications,” and electrically conducting waveguides.’
Advances in controlling intermolecular interactions have further
allowed for the modulation of structural properties, thereby enhancing
flexibility and facilitating the seamless integration of waveguide
segments.'”"'* More recently, pseudo-plastic organic crystals have
been employed to realize hierarchical waveguide networks capable of
mimicking neural-like signal flow, expanding the functional versatility
of organic photonic systems."”

Despite these advancements in performance and functionality,
organic waveguides encounter critical challenges that need to be
overcome for their widespread practical and commercial applica-
tions. Organic waveguides often suffer from limited scalability, nar-
rower bandwidth, and reduced long-term operational stability. "'
Moreover, the inherent thermal and mechanical vulnerabilities of
organic semiconductors further complicate their integration into
photonic circuits. In contrast, mature inorganic platforms such as
silicon nitride (Si;N,) waveguides offer relatively robust thermal sta-
bility, broad transparency windows, and complementary metal-

REVIEW pubs.aip.org/aip/are

oxide-semiconductor (CMOS)-compatible processing, as shown in
Table I, delivering a comparative summary of key parameters
between organic and Si3;N,-based waveguides, highlighting the com-
plementary advantages and fundamental tradeoffs associated with
each system.

However, organic materials exhibit a unique characteristic: strong
exciton-mediated light-matter interactions. This property enables real-
izing active waveguides, which provide distinct advantages over inor-
ganic counterparts, and are emerging as a promising platform in
various aspects.'* *’ The active waveguides are defined as structures in
which the guiding medium itself functions as an emissive or energy-
transferring component, thereby enabling amplification, modulation,
and nonlinear optical responses. These features are attributed to the
high exciton binding energies of organic materials, which impart a
strong radiative nature,” ** enabling them to act not only as conduits
but also as active media for generating tunable and coherent light,
which is an essential capability for optical communication, sensing,
and integrated photonic circuits.””” >’ To optimize performance,
molecular design strategies have been developed to improve radiative
efficiency and tailor absorption and emission spectra, while engineer-
ing of molecular packing and waveguide architectures has enhanced
optical confinement and reduced propagation losses.”” * These

TABLE 1. Comparison of key characteristics between typical organic waveguides and representative inorganic counterparts (e.g., SizN4-based waveguides). Parameters include
refractive index, loss coefficient, transparency range, thermal and mechanical stability, thermo-optic coefficient, bending radius, fabrication requirements, integration compatibility,
and functional capabilities. While SizN, waveguides offer superior stability and ultra-low optical losses, organic waveguides provide distinct advantages in flexibility, integration
with soft substrates, and active photonic functionalities under moderate fabrication conditions.

Inorganic Si3N4-based

Typical organic waveguides Ref. waveguides Ref.
Refractive index 1.4-2.0 (ng ~ 10) 32,172 ~2.0 (ng ~ 2) 173, 174
Loss coefficient Low over short distances 32, 166 Extremely low over long dis- 168, 169
(0.00027-1 dB/um) tances (1-10 dB/m)
Transparency range Visible to NIR 14, 141, 175 Visible to MIR (400 nm— 169, 176
(400 nm-1.6 um) 6.7 um)
Thermal stability Moderate/Low: Degradation 177, 178 High: Needs high tempera- 179, 180
or deformation in 100-250°C ture (850 °C) to deform, and
range devices are stable up to
~100°C.
Thermo-optic coefficient Moderate (1.8 x 107#/°C) 181 Low (1.7 x 107°/°C.) 181
Mechanical properties Flexible. Degrade over time 184, 182 Rigid and brittle. Extremely 174
stable over time.
Bending radius ~Tens of um 182 ~Hundreds of um 174, 183, 169
Fabrication Low cost, scalable, moderate 61 High precision, CMOS-fab 168

fabrication environment

Integration compatibility Compatible with organic light
sources and flexible substrate

Functionality/ Active; bio-sensing, light
application field modulation, 2.5/3D
integration

compatible, harsh fabrication
environment (high tempera-
ture and vacuum)
153 CMOS monolithic integration 184

possible, but post-CMOS

integration limited due to
high annealing temperature

(>850°C)
153, 126, 185 Passive; Supports nonlinear 184, 186, 187
optics, supercontinuum, Kerr
combs

Appl. Phys. Rev. 12, 041321 (2025); doi: 10.1063/5.0276463
Published under an exclusive license by AIP Publishing

12, 041321-2

£2:8€:1Z G202 Joqwieoad /|


pubs.aip.org/aip/are

Applied Physics Reviews

-
Pump laser|

Edge emission

Alg,

ocM -

Hollow tubular
lasing waveguide multi-channel output
1997 2008
L ] L ]
1990 2000
L ]

Organic waveguide

/ :
< \
Laser in

Branched structure for |

REVIEW pubs.aip.org/aip/are
Oh / o <,
e P SO
== ~ i

SOOK!

12h 1 Patn3
; .
3 ~ RN
LRI,

Perfect match Mismatch

Path4

Optical field effect Welding & DNA-organic Neural network
translstor Sequencmg remote biosensor | computing
20.12 20.18 2020 2025
2010 2020
o L
2011 2012

2018 2019 2022

Organic/metal
heterojunction

Optical waveguide
modular

Waveguiding in
organic fiber

White light
Outcoupling

Singlet Exciton

- Tripit
excitation

Flexible optical Hierarchical self-assembly | Conductive flexible

waveguide heterostructure nanowire hybrid optical waveguide
Laser . Top view
Passive guide Passive gx:xde Metal
——— Crystal
Polymer

Output 1 Input 1 Output 2 Side view

Laser 4 Power
Active guide “UV light

FIG. 1. Timeline infographic that delineates the seminal milestones in the evolution of organic waveguide technology.”"*'* Reproduced with permission from Kozlov et al.,
Nature 389, 362 (1997). Copyright 1997 Springer Nature. Reproduced with permission from Balzer et al., Phys. Rev. B 67, 115408 (2003). Copyright 2003 American Physical
Society. Reproduced with permission from Zhao et al., Angew. Chem. Int. Ed. 47, 7301 (2008). Copyright 2008 John Wiley and Sons. Reproduced with permission from Zhang
et al., Adv. Mater. 23, 1380 (2011). Copyright 2011 John Wiley and Sons. Reproduced with permission from Zhao et al., Nat. Commun. 9, 4790 (2018). Copyright 2018
Author(s), licensed under a Creative Commons Attribution (CC BY) license. Reproduced with permission from Yan et al., Adv. Mater. 24, 5681 (2012). Copyright 2012 John
Wiley and Sons. Reproduced with permission from Zheng et al., J. Am. Chem. Soc. 134, 2880 (2012). Copyright 2012 American Chemical Society. Reproduced with permission
from Yang et al., Nat. Commun. 13, 7874 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution (CC BY) license. Reproduced with permission from
Huang et al., Adv. Mater. 30, 1800814 (2018). Copyright 2018 John Wiley and Sons. Reproduced with permission from Zhuo et al., Nat. Commun. 10, 3839 (2019). Copyright
2019 Author(s), licensed under a Creative Commons Attribution (CC BY) license. Copyright 2019 Springer Nature. Reproduced with permission from Catalano et al., Adv.
Funct. Mater. 30, 2003443 (2020). Copyright 2020 John Wiley and Sons. Reproduced with permission from Kumar et al., Angew. Chem. Int. Ed. 64, €202502122 (2025).

Copyright 2025 John Wiley and Sons.

advances have expanded the scope of organic waveguides across
diverse photonic systems, as summarized in Fig. 1. *°

Several reviews have provided valuable insights into the structural
design, material classes, and mechanical flexibility of organic wave-
guides, and others have highlighted low dimensional heterostructures
and their photonic properties.” "> "' However, comparatively less
attention has been directed toward active optical modulation, nonlin-
ear photonic behaviors driven by exciton-photon interactions, and
system-level integration into logic circuits, optical computing, or neu-
romorphic platforms.” "'

In this review, we place particular emphasis on exciton-mediated
mechanisms as the foundation for dynamic modulation in organic
active waveguides. This review outlines the fundamental principles
governing light propagation and loss in active organic waveguides,
examines structural and molecular design strategies that enable precise
control over their photonic behavior, and survey recent advances in
their integration across applications ranging from lasing and optical
logic to biosensing. Beyond consolidating these developments, we pro-
vide insights into how excitonic interactions, heterostructure engineer-
ing, and novel fabrication approaches collectively expand the
functional landscape of organic photonics. Finally, we highlight the

remaining challenges, such as scalable crystal growth, operational sta-
bility, and device-level integration, and discuss future opportunities
where organic active waveguides may play a pivotal role in next-
generation photonic technologies, including neuromorphic computing
and biocompatible optical interfaces.

Il. PRINCIPLES OF ORGANIC ACTIVE WAVEGUIDES

Both passive and active organic waveguides operate based on the
spatial confinement of the optical field within a guiding medium,
achieved through refractive index engineering. Typically, the core
material possesses a refractive index higher than that of the surround-
ing cladding, enabling total internal reflection (TIR). This occurs when
the incident angle within the core exceeds the critical angle
0c = arcsin (%), where 1, and n are the refractive indices of the clad-
ding and core, respectively. Consequently, the optical field remains
confined within the core and propagates along the waveguide
structure. >+

Despite their structural similarities, passive and active waveguides
differ fundamentally in function. Passive waveguides solely transmit
externally introduced light with minimal loss, functioning as optical
conduits or spectral filters.**** In such systems, guided propagation
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strictly depends on geometric coupling conditions, particularly the
incident angle of the light.

In contrast, active organic waveguides incorporate an emissive
or energy-transferring medium as the core material itself. Here,
the optical processes intrinsic to the material such as absorption,
emission, and excitonic energy transfer play a critical role in its opera-
tion (Fig, 2).>' %%

A. Light propagation in active waveguides

In active waveguides, light propagation does not solely rely on
geometric coupling. Instead, excitons generated within the core recom-
bine radiatively, emitting photons that are subsequently reabsorbed by
adjacent molecules. This process facilitates light guiding even in the
absence of strict geometric incident-angle conditions. The efficiency of
these interactions depends on intrinsic properties of the core materials
such as energy gap, radiative recombination rate, and energy transfer
efficiency. In strongly confined structures, these excitonic interactions
give rise to quasi-particles known as exciton—polaritons (EPs), which

offer unique dispersion characteristics and enhanced guiding
performance.”””>*

EPs inherit the light effective mass and coherence properties of
photons while retaining the strong nonlinearity and interaction
strength of excitons, thereby combining the advantages of both matter
and light. They enable efficient light transport in active organic wave-
guides through repeated absorption-emission cycles, thereby decou-
pling propagation from strict geometric input conditions. This
exciton-mediated mechanism significantly relaxes constraints on input
beam alignment, enabling flexible excitation schemes and maintaining
efficient light guiding even under non-directional or diffuse
illumination.

A defining advantage of organic materials is their ability to sup-
port stable EP formation at room temperature due to high exciton
binding energies and strong light-matter interactions.””** The strong
coupling between cavity photons and Frenkel excitons results in quasi-
particles with significantly reduced group velocities, typically on the
order of 10" m s~ !, compared to that of uncoupled photons.*”” The
reduced velocity corresponds to a markedly high group refractive
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index (ng > 10) near excitonic resonances, as revealed by Fabry-Pérot
mode analyses in single organic dye nanofibers.”>”" These high group
refractive indices compress the polaritonic wavelength, allowing EP
modes to propagate in nanostructures with dimensions well below the
diffraction limit. The resulting strong spatial confinement reduces
radiation losses and supports effective polaritonic guiding, even in
bent or subwavelength scale configurations.””* " Moreover, the dis-
persive nature of EPs allows dynamic spectral and spatial modulation,
providing a versatile platform for low-threshold lasing, energy trans-
port, and nonlinear optical functionalities.

To stabilize and enhance EPs propagation, material systems must
exhibit high exciton binding energies, strong n-n interactions, and
well-defined photonic cavity architectures.”” Accordingly, strategies
aimed at optimizing molecular packing to minimize intermolecular
distances and strengthen 7-m interactions are actively pursued
to improve light-matter coupling and facilitate efficient EP
propagation.”

While EPs provide coherent and long-range light transport, addi-
tional excitonic mechanisms such as Forster resonance energy transfer
(FRET) and remote energy relay (RER) govern short-range
wavelength-selective guidance and long-distance propagation in active
organic waveguides.””® At the nanoscale, energy transfer via non-
radiative dipole-dipole interactions, known as FRET, plays a crucial
role in active organic waveguides,”” enabling efficient exciton migra-
tion and short-range propagation through bandgap alignment between
donor and acceptor species.”””” Beyond this short-range interaction,
RER, where emitted photons are reabsorbed and re-emitted by

Scattering loss

Radiation loss due to bending

REVIEW pubs.aip.org/aip/are

spatially separated molecules, enables energy transport well beyond the
FRET range [Fig. 2(b)]."° Taken together, EPs, FRET, and RER repre-
sent the fundamental mechanisms of active organic waveguides,
enabling light propagation that is coherent, long ranged, and dynami-
cally controllable through intrinsic excitonic interactions.

B. Optical losses in active waveguides

In waveguide systems, optical losses are unavoidable, primarily
arising from radiation leakage at waveguide boundaries (e.g., edges,
bends, and discontinuities) and scattering caused by structural defects.
When extended to active organic waveguides, these general mecha-
nisms are accompanied by additional loss channels associated with
excitonic processes (Fig. 3).°®” A prominent example is self-
absorption, wherein organic materials absorb light within their exci-
tonic transition range, which constitutes a significant loss channel.
This loss becomes pronounced in systems with strong excitonic inter-
actions, such as densely packed molecular assemblies, and is further
intensified when emission and absorption bands exhibit significant
spectral overlap.”” In addition, exciton-exciton annihilation at high
excitation densities introduces non-radiative decay pathways, limiting
the achievable propagation length.”*“” Furthermore, exciton dephasing
and non-radiative recombination serve as intrinsic dissipative channels
that weaken coherent EP transport.

To mitigate these exciton-related losses, various molecular design
approaches have been widely employed. For instance, incorporation of
donor-acceptor molecular systems with large Stokes shifts effectively

Radiation loss due to refractive index contrast
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FIG. 3. Diagram outlining wave propagation in the organic waveguide, with an emphasis on the principal mechanisms responsible for optical losses. Structural mechanisms
such as surface scattering, radiation at bends, and leakage due to modest refractive index contrast dominate in passive systems, while mode coupling at interfaces further
degrades propagation efficiency. In active organic, waveguides experience additional dissipation channels associated with excitonic processes, including self-absorption caused
by spectral overlap between emission and absorption bands, exciton—-exciton annihilation at high excitation densities, and exciton dephasing or non-radiative recombination.
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suppresses self-absorption by minimizing spectral overlap between
emission and absorption bands.”**° Enhancing radiative quantum
yield further reduces non-radiative decay.'””” In particular, engineer-
ing strong m-m interactions facilitates the stabilization of excitonic
states, thereby enabling stable EP formation at room temperature,
which requires exciton binding energies and longitudinal-transverse
splitting that exceed the thermal energy (kTg~ 25meV).”>%"
Moreover, considerable efforts have been devoted to designing high-
quality cavities, achieving quality factors (Q-factors) in the range of
130 and 170,”°” which effectively suppress dissipative losses and sup-
port stable EP propagation.

In addition to this intrinsic dissipation, structural loss mecha-
nisms further impede light propagation. For instance, radiation loss
caused by the modest refractive index contrast between the waveguide
core and cladding accounts for a major source of attenuation, particu-
larly at the curvature. Scattering losses, often originating from struc-
tural inhomogeneities or surface roughness introduced during crystal
growth or processing, also contribute to overall attenuation. Moreover,
undesired mode coupling at interfaces or other imperfections can
induce energy leakage into non-guided or radiative modes, further
degrading propagation efficiency. Advanced molecular design
approaches, such as tuning the electronic band structure and incorpo-
rating hybrid organic-inorganic components, have been employed to
engineer the optical performance of organic semiconductor
waveguides.

C. Advanced functions in active waveguides

Active waveguides with subwavelength-width dimensions pro-
vide a suitable environment for confining both excitons and photons,
thereby promoting the formation of EPs. Various organic materials
support tightly bound Frenkel excitons characterized by strong binding
energies of approximately 0.5-1eV, showing strong longitudinal-
transverse exciton splitting energy of approximately 1eV and signifi-
cant oscillator strengths, which together yield extended temporal and
spatial coherence.”””>”" The exceptionally low effective mass of EPs
facilitates Bose-Einstein condensation (BEC) at temperatures on the
order of several hundred kelvin, resulting in unique features, such as
polariton lasing and superfluidity.”””" ”* These properties enable func-
tionalities such as low-threshold coherent emission and enhanced
light-matter interactions within organic waveguides. Importantly,
recent studies have demonstrated that exciton-polaritons sustain
coherent transport over tens to hundreds of micrometers, even in dis-
ordered or patterned dielectric environments, indicating their robust-
ness against scattering and their compatibility with inorganic photonic
platforms for polaritonic integrated circuits.”””*

Active waveguides utilize FRET to achieve effective wavelength
tuning. By aligning donor and acceptor energy gaps, emission spectra
can be engineered to span a broad spectral range.”””” For instance, in a
hybrid system comprising 2,4,5-triphenylimidazole (TPI) and perylene
microtubes [Fig. 2(c)], green emission is initially generated by FRET
between closely associated TPI and perylene molecules. This short-
range transfer is further extended through RER, wherein photons
emitted by TPI are reabsorbed and re-emitted by spatially distributed
perylene molecules, enabling energy transport over distances exceeding
100 um along the waveguide.'® Moreover, the intensity of the guided
light can be tuned by applying an external electric field. The applied
field adjusts the exciton transfer rate by inducing hole trapping at

REVIEW pubs.aip.org/aip/are

specific molecular sites, achieved by shifting orbital energy levels rela-
tive to neighboring molecules and disrupting the alignment required
for resonant transfer [Fig. 2(d)]. Such control provides a pathway for
electrically addressable modulation of guided light intensity.”

In addition, nonlinear optical phenomena have been realized in
active organic waveguides, including multiphoton excitation and
second-harmonic generation (SHG).””’® These effects can be
enhanced by tailoring waveguide geometry, such as film thickness and
molecular alignment. Additionally, molecular design strategies such as
incorporating chiral architectures are utilized. Chiral molecular archi-
tectures foster non-centrosymmetric crystal packing, thereby increas-
ing net polarization and SHG efficiency. Likewise, the push-pull
electronic structure facilitates strong intramolecular charge transfer
(CT), increasing molecular dipole moments and nonlinear polarizabil-
ities, ultimately improving SHG efficiency. Together, these design
strategies of organic waveguides significantly improve active manipula-
tion of light.

In summary, active organic waveguides serve as versatile plat-
forms where polaritonic condensation, long-range exciton-mediated
transport, and nonlinear optical processes can be integrated. Their
multifunctional nature enables versatile adaptability of organic active
waveguides into a broad range of photonic applications.

lll. STRUCTURAL DESIGN STRATEGY FOR ACTIVE
WAVEGUIDES

A. Molecular design

The performance of active waveguides is fundamentally governed
by the radiative characteristics of their constituent molecules, which
are determined by both intrinsic photophysical properties and the
morphological arrangement.”””® At the molecular level, the properties
of these systems are closely linked to the conjugation length of the
n-electron system; an increased conjugation length narrows the highest
occupied molecular orbital (HOMO)-lowest unoccupied molecular
orbital (LUMO) gap, inducing a redshift in the emission. The
increased conjugation length also suppresses non-radiative decay by
reducing the Franck-Condon overlap and minimizing internal conver-
sion pathways.

Incorporating both electron-withdrawing groups (EWGs) and
electron-donating groups (EDGs) within the molecular framework
alters the electron density distribution of the m-conjugated structure,
thereby tuning electron transitions and exciton dynamics.””*’ For
instance, a benzene derivative that combines symmetrical hydroxyl
(EDG) and carbonyl (EWG) showed enhanced fluorescence efficiency
and improved crystallinity. This enhancement arises from increased
electron delocalization and substituents stabilization within the aro-
matic plane, facilitated by intermolecular hydrogen bonding
[Fig. 4(a)].”" In contrast to twisted or non-coplanar structures that pro-
mote non-radiative relaxation through internal conversion, a planar
molecular conformation minimizes structural distortion in the excited
state, thereby favoring radiative decay pathways. Symmetrically
arranged EWG and EDG groups on the benzene rings exhibit stable,
strong emission in solution as well as in amorphous films and densely
packed crystal structures, with slightly red-shifted emission caused by
aggregation. This behavior indicates an effective suppression of non-
radiative decay processes that are typically observed in organic crystal
due to strong m-7 interactions.
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FIG. 4. Molecular design strategies for enhancing optical waveguiding properties. (a) Photoluminescence (PL) of diethyl 2,5-dihydroxyterephthalate was achieved through sym-
metric functionalization with electron-donating (EDG) and electron-withdrawing (EWG) groups. Top: molecular structure; bottom: photographic images of the diethyl 2,5-dihy-
droxyterephthalate in solution, film, and crystal powder forms under 365 nm UV illumination.”' Reproduced with permission from Cho et al., ChemPlusChem 84, 1130 (2019).
Copyright 2019 John Wiley and Sons. (b) and (c) Influence of ligand chemical composition on waveguiding in coordination polymers. Molecular structures and optical loss per
distance of fluorene-derived pyridyl ligand (2,7-bis(pyridin-3-ylethynyl)-9H-fluorene) (b) and fluorenone-derived pyridyl ligand (2,7-bis(pyridin-3-ylethynyl)fluoren-9-one) (c).*
Reproduced with permission from Podda et al., JACS Au 5, 727 (2025). Copyright 2025 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (d)~(f)
Strategy for achieving high efficiency waveguiding at high temperature (100 °C) using self-assembled luminescent liquid crystals (LLC). (d) Photographic image captured under
365nm UV lamp illumination paired with a schematic of the structural transition during the thermal cycle of an LLC composed of cyanostilbene and alkyl chains (a-DECN). (e)
Variation of optical loss coefficient during heating and cooling processes, reflecting increased molecular mobility and a higher dipole moment as the opening angle decreases at
elevated temperatures. (f) Temperature-dependent refractive index, attributed to enhanced electronic polarization induced by thermally driven changes in molecular geometry.””
Reproduced with permission from Xia et al., Adv. Funct. Mater. 34, 2312478 (2024). Copyright 2024 John Wiley and Sons. (g) Molecular structures and binding energies for co-
crystallization of donor, triphenylene (TP) and pyrene (Py), and acceptor molecules [7,7,8,8,tetracyanoquinodimethane (TCNQ)].” Reproduced with permission from Chen
et al., Adv. Opt. Mater. 12, 2400726 (2024). Copyright 2024 John Wiley and Sons. (h) Band structure modulation via fluorine substitution on acceptor molecules in co-crystals.
Structures of donor benzo[1,2-b:4,5-b']dithiophene (BDP) and fluorinated acceptors (Fx-TCNQ), and corresponding band diagrams.”” Reproduced with permission from Yu
etal., J. Am. Chem. Soc. 146, 11845 (2024). Copyright 2024 American Chemical Society.
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Molecular design also affects crystal packing and lattice spacing
of the structure, which are key determinants of optical properties such
as refractive index and birefringence.”” Tighter crystal packing and
reduced lattice spacing generally lead to higher refractive indices due
to increased electronic polarizability, while anisotropic arrangements
of molecules induce birefringence through direction-dependent refrac-
tive index variations.”” These parameters are vital for optimizing TIR
within the waveguide, thereby minimizing optical losses. While molec-
ular packing and lattice spacing are widely recognized as key factors
influencing optical properties, additional parameters also play roles in
determining waveguiding efficiency. For instance, controlling crystallo-
graphic orientation and molecular packing modes in coordination pol-
ymers (CPs) significantly enhances their waveguiding efficiency.
Rational modulation of coordination bonds and supramolecular 7-7

interactions in fluorene-based CP crystals results in exceptionally low
optical loss by preserving lattice integrity and controlling molecular
orientation.”” Notably, CPs containing fluorenone moieties exhibit
lower attenuation coefficient relative to their fluorene-containing
counterparts, and comparisons between polymorphs with identical
chemical compositions reveal that chemical connectivity plays a more
decisive role in waveguiding characteristics than do variations in
molecular arrangement [Figs. 4(b) and 4(c)]. This phenomenon arises
from variations in electronic coupling and transition dipole alignment,
which are influenced by the distinct coordination environments.
Although closely packed micro- or nanocrystalline structures can
enhance surface morphology and crystallinity, excessive intermolecular
coupling potentially results in exciton quenching and reduced radiative
efficiency.
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Molecular design strategies that induce large Stokes shifts have
proven effective at mitigating reabsorption losses. CPs incorporating
fluorenone ligands exhibit significantly lower optical losses compared
to their fluorene-based counterparts, as the enlarged Stokes shift
reduces the spectral overlap between absorption and emission bands.”
This spectral decoupling suppresses self-absorption during photon
propagation, thereby maintaining emission intensity and extending
the effective waveguiding distance. Consistent with these observations,
organic crystals with limited Stokes shifts show distance dependent
redshifts that highlight the detrimental effect of spectral overlap on
optical transmission.”* Similarly, co-crystal systems with redshifted
emission profiles demonstrate stable waveguiding behavior over
extended distances, indicating the critical role of reduced reabsorption
in maintaining optical fidelity.”” These findings confirm the impor-
tance of designing molecular systems with asymmetric electronic tran-
sitions or strong CT characteristics to achieve large Stokes shifts and
enhance waveguiding performance.

Another promising approach for developing active waveguides
involves utilizing dynamic dipole moments by designing luminescent
liquid crystals (LLCs) at the molecular level. Enhancing the dynamic
dipole moment in LLCs substantially influences optical waveguiding
by modulating molecular packing® and lattice spacing,”® which in
turn allows for precise control over the refractive index and a reduction
in optical losses. For instance, temperature-induced variations in the
dipole moment of LLCs can trigger reversible phase transitions
between crystalline phases [Fig. 4(d)].”” As shown in Figs. 4(e) and
4(f), these structural transitions optimize the refractive index profile,
enhance TIR, and suppress scattering losses, thereby improving wave-
guiding performance, particularly at elevated temperatures.
Consequently, exploiting the unique phase behavior and dynamic
dipole characteristics of LLCs provides a robust strategy to engineer
efficient optical waveguides for various optoelectronic applications.

While photophysical properties relevant to optical waveguiding
can be tailored at the single-molecule level, introducing CT interac-
tions through dopant incorporation provides practical advantages.
This approach enhances structural integrity, promotes intermolecular
electronic coupling, and enables long-range optical functionality with-
out compromising host crystallinity.”** CT cocrystal design that com-
bines donor and acceptor molecules in a single crystalline film has
enabled the organic heterostructures that exhibit near-infrared (NIR)
emission with minimized waveguiding losses. This is achieved through
finely tuned CT interactions and lattice matching between molecules
[Fig. 4(2)].” For instance, CT cocrystals are formed by co-assembling
electron donor molecules, triphenylene (TP), pyrene (Py), with the
acceptor 7,7,8,8,-tetracyanoquinodimethane (TCNQ). The relatively
small differences in intermolecular binding energies, TP-TCNQ
(Eping= —18.48 kcal/mole) and Py-TCNQ (Ej;,g = —16.23 keal/mole),
allow these components to co-assemble while minimally disrobing the
crystal integrity. Moreover, as dopant concentration increases, heteroge-
neous crystal growth occurs preferentially along a crystallographic plane
with minimal lattice mismatch. This compatibility facilitates the forma-
tion of CT cocrystal with seamless interfaces, crucial for reducing scat-
tering losses and preserving coherent photon propagation in
waveguiding applications.

Furthermore, structural modification of the acceptor molecules
within CT cocrystals offers an effective strategy for fine-tuning the
electron density distribution across the 7-conjugated framework.””

REVIEW pubs.aip.org/aip/are

Such structural ordering substantially suppresses nonradiative recom-
bination while enhancing the efficiency of radiative exciton recombi-
nation, and narrows the optical bandgap. For instance, in CT
cocrystals composed of benzo[1,2-b:4,5-b’]dithiophene (BDP, donor)
and TCNQ (acceptor), stepwise fluorination of the TCNQ core indu-
ces a progressive redshift in the emission [Fig. 4(h)]. In addition to this
spectral tuning, the increased number of fluorine atoms elevates the
electron-withdrawing strength of the acceptor, thereby strengthening
CT interactions with the donor. Moreover, face-to-face stacking pro-
motes enhanced molecular alignment for charge transport, thereby
optimizing optical waveguiding pathways within the crystal lattice.
Collectively, meticulous structural control, combined with optimized
intermolecular interactions, effectively minimizes exciton quenching
and reabsorption losses, thereby enhancing photoluminescence (PL)
quantum vyields and extending propagation distances within wave-
guides. Thus, the molecular and structural optimization of organic het-
erostructures and CT cocrystals represents a robust approach for
developing advanced, low-loss organic waveguides.

Despite substantial advances in molecular design for efficient
waveguiding, intrinsic stability remains a critical challenge.
Photooxidation generates defect states and parasitic absorption centers
that progressively deteriorate optical performance. In addition, ther-
mally induced lattice disorder disrupts intermolecular coupling and
induces refractive-index fluctuations, while exciton-exciton annihila-
tion accelerates nonradiative losses under high excitation
densities.”*”"” These degradation pathways not only deteriorate
emission quantum vyields but also induce scattering centers that
increase propagation losses during continuous operation. To mitigate
these effects, several stability-oriented molecular design strategies have
been demonstrated, such as perfluorination, halogen bonding, supra-
molecular locking, and rigidified core architectures.”””*” These
approaches enhance stability by lowering the susceptibility of
n-conjugated backbones to oxidative attack, suppressing structural
reorganization under heat, and preserving lattice integrity against mor-
phological degradation. Such stability-oriented approaches highlight
that the design principles enabling efficient light emission are not
always sufficient to ensure long-term optical functionality.
Consequently, continued efforts toward integrating stability consider-
ations at the molecular design stage are indispensable for translating
fundamental photophysical advances into practical waveguiding devi-
ces, underscoring the high value of reconciling efficiency with long-
term robustness in organic photonic materials.

B. Structural design

The structure of active organic waveguides can be broadly divided
into two categories: single-component crystals and heterojunction-
based structures. Single-component crystals provide rigidity through
uniform crystallinity but remain susceptible to external damage, moti-
vating strategies such as polymer encapsulation and slip-plane engi-
neering for added flexibility.”® In contrast, heterojunction-based active
waveguides comprising two or more distinct substructures retain the
intrinsic optical and electrical properties of their individual constitu-
ents, such as luminescence wavelength, energy transfer, and donor/
acceptor characteristics, while simultaneously generating synergistic
interactions. This multi-component configuration not only maintains
the individual merits of each constituent but also enables overall
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functionality, potentially facilitating novel applications in bio-imaging,
sensing, multicolor emission, logic gating, and others.”*”"”*

Achieving high-performance heterojunction active waveguides
requires careful selection of molecules with similar physical and chemi-
cal properties, such as size, shape, and intermolecular interactions, to
ensure compatibility along the channel and mitigate aggregation-
caused quenching (ACQ),” an unintended luminescence suppression.
In parallel, optimization of nucleation mechanisms and growth condi-
tions is crucial to achieve uniform crystallization, thereby preventing
phase separation and the formation of structural defects."”” Energy
band alignment of the constituent molecules must also be meticulously
engineered to avoid mutual luminescence quenching, which can other-
wise compromise both the light transmission efficiency and signal
integrity.lm*mj

Ensuring structural stability in heterogeneously integrated mate-
rials requires effective molecular arrangement among the constituent
phases. Notably, each constituent crystal within a heterogeneous sys-
tem can independently exhibit either H- or J-type molecular aggrega-
tion, depending on its intrinsic packing geometry and a balance
of non-covalent interactions, including van der Waals forces, electro-
static and dipole-dipole interactions, and halogen bonding. In
H-aggregation, molecules adopt a parallel, face-to-face arrangement,
whereas J-aggregation is characterized by head-to-tail stacking. These
aggregation modes are often distinguished by the angle between the
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transition dipole moment and the aggregation axis: angles exceeding
54.7° generally favor H-aggregation, while angles below promote
J-aggregation. The distinctive photophysical behavior arises from the
fact that in H-aggregates, the lower energy state induced by Davydov
splitting is forbidden due to out-of-phase transition dipole moment
oscillation, causing a blue shift of the absorption spectra, whereas
J-aggregates possess allowed lower excited states that produce a red
shift in the absorption spectra.'”* Thus, such heterojunction-based sys-
tems hold significant promise for diverse applications of photonic sig-
nal Coupling.lt);’l()h

Figure 5(a) shows a sequential self-assembly approach that pre-
serves the intrinsic properties of each constituent while constructing
multi-component  systems with the targeted structure and
composition.'" This method involves the stepwise integration of dis-
tinct organic molecules to achieve both homogeneous nucleation and
precise control over non-covalent interactions.'””"'°® For instance,
under specific lattice matching conditions and balanced surface-
interface energies, triblock nanowires (TNWs) are formed by longitu-
dinal epitaxial growth at lower temperatures, whereas core/shell
nanowires emerge via horizontal epitaxial growth at relatively higher
temperatures. In this context, green-emissive nanowires composed
of 44-((1E,I’E)-(2,5-dimethoxy-1,4-phenylene)bis(ethene-2,1-diyl))
dipyridine (DPEpe) and 1,4-diiodotetrafluorobenzene (F4DIB), as well
as red-emissive nanowires assembled from DPEpe and 4-bromo-

charge
transfer

§ doping

Triblocks
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FIG. 5. Demonstration of multi-component structures for active waveguides. (a) Material integration enables the fabrication of triblock structures via longitudinal growth, whereas
horizontal growth permits the formation of either a core/shell triblock or a fully developed core/shell crystal."" Green-emissive nanowires composed of 4,4'-((1E, ’E)-(2,5-dime-
thoxy-1,4-phenylene)bis(ethene-2,1-diyl))dipyridine (DPEpe) and 1,4-diiodotetrafluorobenzene (F4DIB), as well as red-emissive nanowires assembled from DPEpe and 4-
bromo-2,3,5,6-tetrafluorobenzoic acid (BrFTA), are formed via halogen-bonding-driven self-assembly and serve as the structural components for these heterostructures.
Reproduced with permission from Zhuo et al., Nat. Commun. 10, 3839 (2019). Copyright 2019 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (b)
In a two-step process, a backbone structure composed of aluminum tris(8-hydroxyquinoline) (Algg) is ﬂrst established, followed by the perpendicular outgrowth of 1,5-diami-
noanthraquinone (DAAQ) branches from its surface, forming a dendritic co-crystal. All scale bars are 2 um.” Reproduced with permission from Zheng et al., J. Am. Chem. Soc.
134, 2880 (2012). Copyright 2012 American Chemical Society. (c) Mixed solution of red (acceptor), green, and blue (donor) materials is dropped onto a substrate, and slow
evaporation enables compositional tuning to yield a full-color tunable crystal.''® The donors include pyrene (Py) and fluoranthene (Flu), while the acceptors consist of tetracya-
noquinodimethane (TCNB), tetrafluoroterephthalonitrile (TFP), and octafluoronaphthalene (OFN). Reproduced with permission from Qi et al., Aggregate 5, e411 (2024).
Copyright 2024 Author(s), licensed under a Creative Commons Attribution (CC BY) license. (d) One-dimensional crystals based on 2,4,5-triphenylimidazole (TPI) with tunable
emission colors were fabricated by adjusting the doping ratio of the dopant 3-(2-benzothia-zoly)-7-diethylaminocoumarin (coumarin 6). The right panel illustrates exciton conver-
sion from TPI to coumarin 6. Under 351 nm laser excitation at the lightly doped left end (positive case) and the heavily doped right end (negative case), high-energy photons
(blue emission) propagate only in the positive direction due to the energy gap difference. (Scale bar: 5 um).""" Reproduced with permission from Zhang et al., Adv. Mater. 25,
2854 (2013). Copyright 2013 John Wiley and Sons.
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2,3,5,6-tetrafluorobenzoic acid (BrFTA), are formed via halogen-bond-
ing-driven self-assembly. These two distinct nanowires serve as the
building blocks for TNWs and C/S-NWs. Furthermore, by precisely
modulating the formation ratio of hydrogen and halogen bonds, it is
possible to quantitatively control the length of the red-emissive
segment in TNWs and the degree of core exposure at the center of
C/S-NWs. In a related sequential strategy, the two-step growth process
shown in Fig. 5(b), also a form of sequential assembly, has been
used to produce dendritic organic heterojunctions by incorporating
distinct backbone and branch components, such as aluminum tris(8-
hydroxyquinoline) (Algs) as the backbone and 1,5-diaminoanthraqui-
none (DAAQ) as the branch.”'’” These results highlight the versatility
of controlled sequential processes in engineering complex
heterostructures.

Molecular co-crystal alloys (MCAs) leverage the compositional
tunability of organic alloys with unique optical properties, such as
anisotropic polarization and high quantum yield. As illustrated in
Fig. 5(c), MCAs represent a multi-component crystal system based on
binary electron donor/acceptor pairs, such as Py and fluoranthene
(Flu) as donors, and tetracyanoquinodimethane (TCNB), tetrafluoro-
terephthalonitrile (TFP), and octafluoronaphthalene (OFN) as
acceptors.''’ The continuous and orderly molecular stacking enabled
by a mixed-solvent evaporation technique promotes efficient charge
transport. Furthermore, by tuning the molar ratio of the donor compo-
nent, continuous fluorescence emission covering the red, green, and
blue regions can be achieved. However, the synthesis of MCAs requires
consideration of molecular size compatibility and similar binding ener-
gies between each molecule to preserve crystallinity and prevent phase
separation for achieving full-color luminescence in organic active
waveguides with low optical loss coefficients.

Figure 5(d) illustrates an alternative approach, liquid-phase co-
assembly, for fabricating color-gradient organic microtubes with axi-
ally controlled doping concentrations of donor and acceptor.''' In the
absence of dopants, the aggregates of TPI exhibit a one-dimensional
(1D) morphology with uniform blue emission [left panel of Fig. 5(d)].
However, the introduction of a minor fraction (0.5mol. %) of the
acceptor 3-(2-benzothia-zoly)-7-diethylaminocoumarin (coumarin 6)
results in selective doping at both ends of the tube, leading to green-
blue-green triblock structures [middle panel of Fig. 5(d)].
Furthermore, by modulating the diffusion of acceptor molecules and
controlling the co-assembly kinetic via sonication, it diversifies the lon-
gitudinal color distribution within the microtubes. Upon laser excita-
tion in the donor region, excited-state energy is efficiently transferred
to the acceptor through dipole-dipole interactions, generating acceptor
excitons that subsequently recombine radiatively to emit green pho-
tons. In contrast, direct excitation of acceptor, which features a rela-
tively narrow energy gap, precludes reverse energy transfer to the
donor due to the unfavorable energetic alignment [right panel of
Fig. 5(d)]. This unidirectional exciton migration gives rise to a diode-
like photonic response, where the presence or absence of energy trans-
fer, depending on the excitation location, enables on/off behavior anal-
ogous to an electronic diode. However, the fabrication of such optical
heterostructures remains challenging due to morphological and crys-
tallographic mismatches that potentially induce structural defects and
substantial optical losses. Therefore, the implementation of precise
self-assembly strategies and controlled crystal growth techniques is
essential for the optimization of these structures.

REVIEW pubs.aip.org/aip/are

In summary, the structural design of heterojunction-based active
waveguides plays a critical role in determining their optical perfor-
mance, as molecular arrangement, crystallinity, and phase compatibil-
ity directly govern light propagation, confinement, and emission.
Precise control over non-covalent interactions, such as m-7 stacking,
hydrogen/halogen bonding, and van der Waals forces, enables the for-
mation of ordered multi-component organic crystals with minimal
defects and optimal energy band alignment. Such structural control is
essential not only for maintaining the individual optical functions of
each component but also for unlocking emergent properties via syner-
gistic coupling for active waveguides, such as directional light propaga-
tion, which can be harnessed to construct optical logic gates or route
energy and signal flow to designated locations for interconnection with
other components.

C. Fabrication and integration

The practical use of active organic waveguides in optoelectronic
systems depends not only on molecular and structural design but also
on their ability to be integrated with external components such as light
sources, detectors, and microelectronic circuits. Fabrication strategies
therefore must address three interrelated challenges: achieving deter-
ministic alignment of waveguides, ensuring efficient optical and electri-
cal coupling with surrounding devices, and developing integration
processes that are compatible with standard microelectronics fabrica-
tion and packaging technologies.

A central requirement is the ability to align organic crystals along
predetermined axes so that their guided modes can be efficiently cou-
pled to external sources. Techniques such as confinement-assisted
solution growth, surface-energy patterning, and epitaxial alignment
have enabled deterministic orientation of nanowires and micro-
ribbons along optical axes, thereby maximizing coupling efficiency
with incident beams.''” Template-assisted assembly and micromanip-
ulation extend this control by placing individual crystals directly at
pre-defined locations on a chip, a prerequisite for positioning them
adjacent to emitters or detectors.''” These advances are particularly
important for butt-coupling organic waveguides to on-chip light sour-
ces such as edge-emitting organic lasers and inorganic semiconductor
lasers, where misalignment would otherwise result in severe coupling
losses.

Once alignment is established, the next challenge is coupling
organic waveguides with detectors and other functional elements. Two
routes have been explored. In one, electrodes are first patterned on the
substrate, and organic crystals are subsequently transferred or lami-
nated across the electrode gap. Nondestructive transfer printing using
elastomeric stamps [such as polydimethylsiloxane (PDMS)] provides
gentle relocation of crystals, while mechanical lamination achieves pre-
cise positioning with compatibility across a variety of electrode
geometries.''* In the other route, crystals are grown in situ on sub-
strates such as Si/SiO, or indium phosphide (InP), followed by elec-
trode deposition.''™''® This approach enables direct interfacing of
waveguides with photodiodes or transistor circuits fabricated in the
same process line. Refinements such as selective transfer of pre-
patterned gold films or deposition along specific crystal facets allow
the formation of directional couplers, polarization-sensitive junctions,
and contact geometries that minimize scattering losses while ensuring
efficient charge extraction. In this way, optical signals guided within
organic crystals can be converted directly into electrical signals in
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adjacent photodetectors or routed to light-emitting devices for re-
emission.

Beyond sequential growth and integration, recent work has
focused on strategies that unify crystal assembly with device fabrication
to further simplify the fabrication process. For example, sequential
solution self-assembly combined with selective etching has been used
to create chip-scale heterostructures composed of one- and two-
dimensional organic crystals that support multidirectional optical
routing and multi-terminal outputs."'” These monolithic processes
reduce alignment tolerances and open a pathway to integrating organic
waveguides with multi-port detectors or multiplexed light sources.
Similarly, template-guided physical vapor transport on substrates pat-
terned with silicon nanogrooves or pillar arrays directs crystal growth
into predefined channels, yielding mechanically robust and optically
aligned structures that can interface directly with detectors positioned
at the channel ends."'*"”" Such approaches mimic the lithographic
precision of conventional photonics, thereby offering compatibility
with microelectronic packaging.

A critical question is whether organic waveguides can be incorpo-
rated into established semiconductor manufacturing environments
such as CMOS platforms. While organic semiconductors lack the
robustness of silicon, advances in template-free integration methods,
such as inkjet printing with micrometer-level placement accuracy and
two-photon polymerization lithography with sub-micrometer resolu-
tion, are beginning to close this gap.””'**'** These techniques allow
organic crystals or hybrid organic-inorganic waveguides to be pat-
terned directly on CMOS-compatible substrates without post-
alignment steps, facilitating direct coupling to silicon photodetectors,
light modulators, and microelectronic interconnects. Moreover, flexi-
ble transfer-printing processes are compatible with back-end-of-line
(BEOL) packaging, offering opportunities for embedding organic
waveguides into heterogeneous integration schemes alongside silicon
photonics.*>'*°

In summary, fabrication and integration strategies for organic
active waveguides are evolving from simple crystal growth toward fully
integrated device platforms that couple efficiently to external light
sources and detectors while remaining compatible with microelectron-
ics fabrication. Deterministic alignment ensures low-loss coupling,
electrode integration enables direct optical-to-electrical interfacing,
and template-guided or printing-based assembly provides pathways to
CMOS compatibility. These advances collectively suggest that organic
waveguides, though delicate at the molecular level, can be positioned
as functional building blocks within high-speed, low-power photonic
integrated circuits—provided that alignment, coupling, and long-term
stability challenges can be fully addressed.

IV. APPLICATION OF ACTIVE WAVEGUIDE USING
ORGANIC SEMICONDUCTORS

A. Optical sensors

Recent advances in organic semiconductor-based optical sensors
have emphasized the utility of dynamically modulating light within
organic microstructures, thereby offering enhanced functionality for
sophisticated sensing applications. Organic materials, by virtue of their
flexibility,” sensitivity to environment,'””'** and molecular design
versatility, *” exhibit measurable responses to a broad range of stimuli,
including thermal fluctuations, mechanical deformations, and biomo-
lecular interactions, which permits real-time, remote, and highly
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selective detection. Such characteristics render organic waveguide-
based sensors invaluable for applications spanning molecular diagnos-
tics to environmental monitoring.

Recent work has demonstrated that DNA recognition can be sen-
sitively probed through waveguiding properties of 1D hybrid organic
microcrystals.”'*’  Specifically, single-strand DNAs (ssDNAs) are
incorporated onto the crystal surface during the self-assembly of Alq;
into prismatic hexagonal rods, making the waveguide bioresponsive.
Upon hybridization with perfectly matched target DNAs (tDNAs), the
PL intensity of the Alq; microcrystal increases by fivefold.”' This
enhancement is attributed to the formation of an approximately 120-
nm thick double-strand DNA crust that suppresses non-radiative
decay by reducing exciton quenching and improving light confine-
ment. As a result, a reduction in the optical loss coefficient was
observed, from 0.244 to 0.159 ,urnfl, confirming an improved wave-
guiding. To evaluate how waveguiding behavior responds to sequence-
specific hybridization, comparative experiments were performed using
perfectly matched and 1-mer mismatched tDNAs. Complementary
atomic force microscopy (AFM) cantilever experiments, in which dif-
ferent types of DNA were selectively attached to the opposing ends of
a single Alqs microcrystal, further confirmed the robust remote DNA
sensing capabilities of the active organic waveguide, with discernible
differences in PL intensities observed along the opposing ends of a sin-
gle waveguide when exposed to mismatched vs perfectly matched
DNA [Fig. 6(a)].

In a separate study, a remote biosensing system was demon-
strated through the hybridization of 1,4-bis(3,5-bis(trifluoromethyl)-
styryl)-2,5-dibromobenzene (TSDB) with CdSe/ZnS quantum dots
(QDs).”* The system functioned as a photonic biosensor by guiding
the distinct emission responses from sulfo-cyanine3 (Cy3)-labeled oli-
gonucleotides anchored at the distal end of the waveguide. This guided
emission was remotely triggered by the presence or absence of QDs at
the excitation site, highlighting the waveguide’s capacity for spatially
resolved signal transduction. In this configuration, TSDB functions as
the waveguide medium, facilitating the transmission of luminescence
despite the unfavorable electronic band alignment between the two
materials (QDs: HOMO of 6.0 eV, LUMO of 4.0 eV; TSDB: HOMO of
5.89eV, LUMO of 2.90eV). When the TSDB/green-emitting QD
hybrid interface was excited with a 405nm laser, the PL emissions
propagated along the TSDB, and an additional emission peak at
532 nm was observed at the detection region. The QD emission trans-
mitted through the TSDB waveguide subsequently induced FRET to
Cy3 molecules (Z,,s=554nm) anchored at the distal end, which
exhibited strong fluorescence with a maximum at 580 nm.
Furthermore, efficient coupling between QD and TSDB nanowires
was confirmed by a nearly threefold increase in PL intensity at 580 nm,
compared to the case without QDs, along with a shoulder peak at
532 nm attributed to enhanced absorption by the Cy3 fluorescence dye
[Figs. 6(b) and 6(c)]. These results highlight the potential of actively
tunable photonic systems that go beyond conventional organic semi-
conductor waveguides, as evidenced by efficient long-range energy
relay from QDs to Cy3 fluorophores through guided PL.

In addition to intrinsic modulation of guided PL, active sensor
functionality has been achieved via morphology-dependent shifts in
emission wavelength. For example, a structurally integrated system of
elastic light-emitting organic crystals and a mechanically responsive
polymer allows dynamic control over the outcoupling position of the
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FIG. 6. (a) Photoluminescence (PL) spectrum and color image of 1D tris(8-hydroxyquinoline)aluminum(lll) (Algs) hexagon crystal interface with perfectly matched target DNA
(tDNA) and 1mer mismatched tDNA.” Reproduced with permission from Kim et al., Adv. Mater. 20, 2070334 (2020). Copyright 2020 John Wiley and Sons. (b) and (c) PL spec-
tra of 1,4-bis(3,5-bistrifluoromethyl)styryl)-2,5-dibromobenzene (TSDB) nanowire (NWs) (b) and TSDB/green emitting quantum dots (G-QD) hybrid NW (c) for remote biosens-
ing; in the hybrid configuration, the localized G-QDs at the excitation site enhance Cy3 emission via energy transfer.” Reproduced with permission from Cho et al., Adv. Funct.
Mater. 24, 3684 (2014). Copyright 2014 John Wiley and Sons. (d) Polymer-coated elastic organic waveguide fixed at one end, where light output is modulated by humidity
driven bending. Initially bent under low humidity, the crystal gradually straightens as relative humidity (RH) increases at 20 °C under 355nm laser excitation. Yellow dashed
lines and red arrows indicate crystal contours and the corresponding light paths before and after straightening.'*” Reproduced with permission from Lan et al., Angew. Chem.
Int. Ed. 61, €202200196 (2022). Copyright 2022 John Wiley and Sons. (€) and (f) Schematic and photographic images of indole-chalcone-derived crystal during optical wave-
guide experiment with excitation at 77 K (e) and detection at room temperature, and excitation at RT and detection at 77 K (f). (g) Emission spectra of indole—chalcone-derived
crystal measured at various temperatures. (h) CIE 1931 color space coordinates plotting the emission of the crystal at different temperatures. Inset. Zoomed view of the
highlighted region.'** Reproduced with permission from Di et al., Nat. Commun. 13, 5280 (2022). Copyright 2022 Author(s), licensed under a Creative Commons Attribution
(CC BY) license.
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waveguided emission in response to external stimuli. Building on this
concept, recent studies have demonstrated 1D humidity-responsive
structures that integrate organic crystals, moisture-responsive poly-
mers, and cladding polymer layers, fabricated as composite
waveguides.'”” The fluorescent organic crystals serve as the waveguid-
ing core, possessing elastic moieties formed by hydrogen bonding
between OH and CH=N groups, which promote a planar conjugated
skeleton favorable for 7t-stacking. These structures are further modified
by sequential coating with poly(diallyldimethylammonium) (PDDA)
and poly(styrenesulfonate) (PSS), which function as ionic cladding
layers to stabilize the architecture and confine the guided modes.
Subsequent encapsulation with a polyvinyl alcohol (PVA) layer
imparts humidity responsiveness, enabling the waveguiding path to

reversibly transition from linear to curved configurations under vary-
ing relative humidity (RH) conditions [Fig. 6(d)]. Quantitative analysis
of curvature extracted from optical imaging exhibited excellent linear-
ity with detection limits in the RH range of 0.129 to 0.166%. When
excited with a 355 nm pulsed laser, these crystals exhibited a spectral
shift from orange to red primarily due to partial reabsorption, while
maintaining stable optical waveguiding properties with optical loss
coefficients of approximately 0.43 to 0.44 dB/mm ' under varying
humidity conditions. Parallel experiments confirm the capability of
these hybrid materials to function as active optical waveguides with
humidity-tunable light directionality.

Furthermore, a fluorescence-based thermal sensing system using
elastic organic crystals has been demonstrated."”” Constructed from

Appl. Phys. Rev. 12, 041321 (2025); doi: 10.1063/5.0276463

Published under an exclusive license by AIP Publishing

12, 041321-12


pubs.aip.org/aip/are

Applied Physics Reviews

n-conjugated molecules, these mechanically flexible crystals, (E)-1-
(3,5-bis(trifluoromethyl)phenyl)-3-(1-ethyl-1H-indol-3-yl)prop-2-en-1-
one, operate across a range of 77 to 277 K, making them viable for
extreme environments such as space exploration. In addition, these elas-
tic organic crystals exhibited intrinsic optical waveguiding behavior that
was independent of the temperature at the detection point, with the
emission wavelength solely determined by the temperature at the excita-
tion site. This decoupling of excitation and detection enables directional
signal transduction, which forms the basis for their thermal sensing
functionality. Temperature sensing was achieved through a linear mod-
ulation of emission wavelength in response to temperature gradients.
As illustrated in the top panels of Figs. 6(e) and 6(f), one end of a crystal
was laser-excited while the same or the opposite end was cooled with
liquid nitrogen to evaluate waveguiding performance. Under uniform
UV illumination, distinct orange (580nm) and green (550 nm) emis-
sions were observed corresponding to the cold and warm regions,
respectively [the middle panels of Figs. 6(¢) and 6(f)]. Subsequent laser-
induced propagation of these emissions across the crystal confirmed
that the optical signal is determined by the local temperature [the bot-
tom panels of Figs. 6(e) and 6(f)], while the emission blue shifted with
decreasing intensity upon warming after cooling [Figs. 6(g) and 6(h)].
Even after 1000 bending cycles, the crystal maintained its sensitivity and
structural integrity with a consistent optical loss coefficient under both
mechanical bending and low-temperature conditions. These findings
show the potential of organic crystals-based active waveguide as reliable
alternatives to conventional and brittle temperature sensors.

B. Lasing

For light amplification by stimulated emission through optical
pumping, inorganic and organic microcavity resonators operate via
fundamentally disparate mechanisms. Inorganic semiconductor
microcavities, light amplification is achieved by stimulated emission
within an active gain medium, while the surrounding cavity structure
provides passive optical confinement to enhance feedback and reduce
losses. In contrast, organic semiconductor microcavities serve as active
gain media themselves as both the absorber of pump light and emitter,
integrating gain and confinement within the same molecular
framework. ™'

Lasing requires optical feedback and mode selection within the
microcavity, achieved via controlled cavity geometry that comprises
highly ordered self-assembled organic compounds. Organic com-
pounds are self-assembled into ordered nanostructures including
nanowires, *®'*” nanodisks,'** and microspheresm‘]/yl(' through inter-
molecular interactions. The self-assembly of organics enables achieving
preferential molecular alignment, which affects the efficient gain pro-
file of active medium that leads to low-threshold room temperature
lasing. Also, the flexible properties of organics enable mechanically
flexible microcavities with tunable optical properties.

Recent demonstration of organic nanowire lasers includes the
fabrication of single crystalline nanowire using TPI via physical vapor
deposition (PVD), achieving smooth, defect-free morphology and
robust active waveguiding [Fig. 7(2)]."*! These TPI nanowires exhib-
ited significantly reduced full width half maximum (FWHM) of the PL
spectra at room temperature, a phenomenon typically observed under
cryogenic conditions. Stimulated emissions with well-defined cavity
modes were observed beyond a threshold excitation density, confirm-
ing the transition from amplified spontaneous emission (ASE) to

REVIEW pubs.aip.org/aip/are

multimode lasing [Fig. 7(b)]. The definition of these modes is strongly
dependent on nanowire dimensions with thicker and longer wires pro-
ducing more distinct resonances, thereby positioning TPI nanowires
as promising candidates for nanoscale photonic devices.

Crystals that provide both mechanical elasticity and high fluores-
cence quantum yield have been developed by incorporating a guest
fluorescent molecule (3,6-bis(octylamino)terephthalate) into a non-
fluorescent host (2,5-dihydro-3,6-bis(octylamino)terephthalate).'’ The
self-doped crystals, comprising a mechanically flexible host and a fluo-
rescent guest that remains in the lattice due to structural similarity, are
obtained from crude products in which the guest molecule forms as a
minor oxidized by-product (~3%) during synthesis and cannot be
removed by recrystallization. These self-doped crystals, formed via sol-
vent evaporation, maintain efficient optical waveguiding efficacy in
both straight and bent states with minimal loss, and exhibit ASE under
high excitation energy. The self-doped crystal shows a significant nar-
rowing of its emission spectrum, from a FWHM of approximately
63nm at low pump energy (150 kW cm ) to 10 nm at higher energy
(650 kW cm™2) [Fig. 7(c)], with ASE thresholds of 150 kW cm 2 a
performance retained in bent configuration [Fig. 7(d)], with a thresh-
old of 115kW cm 2 Such robust ASE behavior under various shapes
reinforces their potential for mechanically flexible active waveguide
application.

A dual-color single-mode lasing system has been realized using
axially coupled two heterogeneous organic nanowire resonators. In
this configuration, two self-assembled single-crystal nanowires—
cyano-substituted oligo(p-phenylenevinylene) (OPV-A) and cyano-
substituted oligo(x-phenylenevinylene)-1,4-bis(R-cyano-4-diphenyla-
minostyryl)-2,5-diphenylbenzene (OPV-B)—each supporting multi-
mode lasing when isolated, function as both gain media and spectral
filters for one another when axially coupled [Fig. 7(e)].” By precisely
tuning parameters such as nanowire length and the interwire spacing,
effective optical coupling is achieved, leading to the selective amplifica-
tion of desired modes. This approach enables high spectral purity and
low-threshold lasing at both blue (~458 nm) and green (~555nm)
wavelengths [Figs. 7(f) and 7(g)]. In the coupled system, each nanowire
produces single-mode emissions modulated by its partner while the
intercavity gap functions as a shared outcoupling port for dual-color
emissions [Fig. 7(h)]. This mutual mode selection not only eliminates
multimode interference but also enables efficient photon delivery in
miniaturized photonic circuits, thereby enhancing device integration.

C. Optical signal manipulation

Optical logic operations are gaining attention as they enable faster
and more efficient alternatives to conventional binary computing.
Unlike traditional systems limited to binary logic states, optical logic
gates offer multiple output states collected by illuminating spatially
separated regions with a pump laser, each emission wavelength corre-
sponding to a unique logic state, thereby increasing the information
density. This functionality can be effectively realized using organic
active waveguides, which offer fast propagation speed, minimal energy
dissipation, reduced thermal generation, ultrafast nonlinear response,
and compatibility with miniaturized on-chip systems.” "% #*71%
Especially, wavelength shifts achieved through active organic wave-
guides enable efficient optical signal conversion by generating multiple
output wavelengths from a single input, making them suitable for opti-
cal logic gate implementations. This wavelength shift is often realized
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FIG. 7. (a) Molecular structure and PL image of 2,4,5-triphenylimidazole (TPI) nanowires (NWs). (b) Power dependent PL emission spectra of TP NW (800 nm wide and
15 um long)."" Reproduced with permission from Zhao et al., Adv. Mater. 20, 1661 (2008). Copyright 2008 John Wiley and Sons. (c) and (d) Powder dependent PL emission
spectra and image of elastic self-doping organic single crystals composed of a guest (3,6-bis(octylamino)terephthalate) doped into a host matrix (2,5-dihydro-3,6-bis(octylami-
no)terephthalate) in their straight (c) and bent (d) states.” Reproduced with permission from Huang et al., Adv. Mater. 30, 1800814 (2018). Copyright 2018 John Wiley and
Sons. (e) Schematic illustration of dual-color single-mode lasing in axially coupled organic NW resonators. (f) and (g) Lasing spectra of cyano-substituted oligo(p-phenyleneviny-
lene) (OPV-A) (f) and cyano-substituted oligo(e-phenylenevinylene)-1,4-bis(R-cyano-4-diphenylaminostyryl)-2,5-diphenylbenzene (OPV-B) (g) NWs, showing a transition from
multimode in non-coupled structure to single mode lasing when coupled. Insets: Corresponding PL images of individual OPV-A and OPV-B NWs and the coupled nanowire
pairs under 400 nm laser excitation (scale bars, 5 um). (h) PL spectra collected from three discrete outcoupling ports positioned at the intercavity gap (O2) and end facets of
OPV-A (01) and OPV-B (03) (scale bar, 5 um).” Reproduced with permission from Zhang et al., Sci. Adv. 3, €1700225 (2017). Copyright 2017 Author(s), licensed under a

Creative Commons Attribution (CC BY) license.

in organic active waveguides through integrated multicomponent het-
erojunctions comprising different organic materials. Thus, integrating
active waveguides within multicomponent heterojunctions allows spa-
tial variations in excitation position along heterostructure nanowires to
produce distinct output signals, thereby enabling sophisticated optical
logic operations.' """

High performance optical logic gates necessitate seamless integra-
tion of active waveguides, which require epitaxial growth of each sys-
tem. However, it is challenging to achieve ordered epitaxial growth
and controllable co-assembly within multicomponent systems, primar-
ily due to lattice mismatches and weak non-covalent interactions.
Recent advances have mitigated these issues by altering the substitu-
ents of acceptor molecules, listed in Fig. 8(a), thereby attaining excel-
lent lattice matching.”” Pairing a single donor molecule with a series of
acceptor molecules bearing different substituents under slow crystal-
line growth process has enabled fine control over lattice matching, par-
ticularly by minimizing lattice matches between molecular
components with diverse emission spectra, luminescence efficiencies,
and fluorescence lifetimes. Under accelerated crystal growth

conditions, excess molecules tend to assemble on low-mismatch crystal
facets. This facet-selective growth branch formation on the side surfa-
ces of microwires enhances structural asymmetry and enables the gen-
eration of more complex optical codes. Materials other than organics
have also been integrated into optical logic gate configurations such as
microwires comprising QDs of green-emitting shell and red-emitting
core. As shown in Fig. 8(b), when a 375 nm laser is directed at different
positions on the branched core/shell microwire (inputs I and II), the
resultant variation in the relative intensities of four outputs [Fig. 8(c)]
can be encoded as distinct information channels [Fig. 8(d)].

The asymmetric transport of photons is crucial for the advance-
ment of optical logic gates as it facilitates the generation of precise and
complex optical signals by allowing unidirectional or preferential flow
of light. Such asymmetry ensures that signal flow aligns with the
intended logic pathways, allowing for selective activation of output
channels. This directional control enhances signal fidelity and supports
complex output configurations essential for advanced optical logic
operations. As a result, extensive research has focused on branch for-
mation as a means to enhance asymmetry.””'**'** Conventional 1D
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FIG. 8. (a) Molecular structures of donor and acceptor compounds with varied substituents. Lattice matching was achieved by altering the acceptor substituents without induc-
ing significant structural deformation. Accordingly, the emission spectra are adjustable through combining donors with different acceptors. (b) PL image of the resultant cocrystal
under a 375nm laser excitation. (c) Relative PL intensities at four distinct outputs depending on two different inputs. (d) Corresponding truth table for the optical logic gate
implemented by cocrystal.”” Reproduced with permission from Lin et al., Angew. Chem. Int. Ed. 62, €202214214 (2023). Copyright 2023 John Wiley and Sons. (¢) and (f)
Contrast the uncontrolled random branch growth (e) with a guided branch growth strategy designed to enforce precise spatial positioning (f). (g) Varied optical waveguide propa-
gation depending on the excitation input position. (h) Truth table for the optical logic gate governed by branch-controlled structural asymmetry.'*® Reproduced with permission
from Ma et al., J. Am. Chem. Soc. 145, 9285 (2023). Copyright 2023 American Chemical Society. (i) Mechanical integration of an organic wavelength division multiplexer
(WDM). (j) Optical spectrum measured at the end of organic waveguide, confirming the multiplexed output.'*” Reproduced with permission from Kumar et al., Angew. Chem.

Int. Ed. 61, €202212382 (2022). Copyright 2022 John Wiley and Sons.

microstructures usually suffer from stochastic branch positioning
[Fig. 8(e)], thereby precluding consistent asymmetric light propaga-
tion. This limitation has been overcome by engineering branch
growth-controlled microstructures using CT cocrystals composed of
electron-rich perylene and electron-deficient 2,4,6-trimethylbenzene-
1,3,5-tricarbonitrile (TBT)."** Utilizing the active surfaces of twinned
microrods, organic molecules are directed to form branches at prede-
termined sites along the trunk [Fig. 8(f)]. Under 375 nm-laser irradia-
tion, these structures exhibit distinct asymmetrical optical waveguide
characteristics, even when the propagation lengths are identical
[Fig. 8(g)]. The resultant anisotropic behavior enables the construction
of a truth table [Fig. 8(h)], affirming the potential of these structures
for intricate photonic applications.

Meantime, optical interconnects also arise as an important appli-
cation of optical waveguides since integrating wavelength division
multiplexers (WDM) with optical logic gates further enhances the
computation capacity by enabling simultaneous multi-channel signal
processing. This is enabled by the non-interfering nature of distinct
wavelength channels, allowing efficient signal multiplexing. An exam-
ple is a wide-bandwidth organic WDM designed for visible light com-
munication (VLC), which incorporates three distinct molecular

emitters, 2,6bis(pyrazolyl) pyridine units connected to a biphenyl mol-
ecule (BPP) core, 9,10bis(bromo)anthracene (DBA), and (Z)-2-(3,5bis
(trifluoromethyl)phenyl)-3-(7-methoxybenzo[c][1,2,5]thiadiazol-4-yl)
acrylonitrile (BTD2CF;) [Fig. 8(i)]." " These were precisely positioned
side-by-side using an AFM cantilever tip. When the left side of the
WDM structure is pumped with a 405 nm laser, a multiplexed fluores-
cence signal emerges from the right side of the BPP crystal, compris-
ing three emission wavelengths (4;+ 4,+ 43), corresponding
respectively to the emissions of BPP, DBA, and BTD2CFs, where 4,,
A2 and 23 [Fig. 8(j)]. This design extends the bandwidth of the BPP
crystal waveguides from its original 420-570 to 420-700 nm, while
preserving the intrinsic optical modes. As a result, this system offers a
robust and efficient platform for multichannel data transmission in
the visible light spectrum.

V. CONCLUSION AND PERSPECTIVES

Organic active waveguides are evolving from scientific curiosities
into versatile building blocks for photonic systems, driven by advances
in molecular design, exciton-mediated transport mechanisms, and
structural engineering strategies that enable long-range, coherent, and
tunable light guiding. This review has outlined how excitonic
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interactions such as polariton formation, FRET, and RER underpin
their unique propagation behaviors, and how rational design at the
molecular, structural, and device levels has expanded their functional-
ity across sensing, lasing, and optical logic. Together, these develop-
ments demonstrate that organic semiconductors are not merely
lightweight alternatives to inorganic photonics but platforms with dis-
tinct capabilities arising from strong light-matter coupling at the
molecular scale.

However, the path toward practical deployment is constrained by
persistent challenges. Uniform fabrication of high-quality organic crys-
tals remains difficult because non-covalent self-assembly is highly sen-
sitive to fluctuations in the local environment, leading to stochastic
nucleation and variability in orientation and morphology. Long-term
operational stability of organic waveguides is further undermined by
photooxidation, exciton—exciton annihilation, and thermally induced
disorder, which progressively degrade quantum yield and increase
propagation losses. Mitigation strategies such as polymer encapsula-
tion, protective passivation layers, supramolecular locking, and hydro-
phobic coatings have shown promise, but their impact on scalability
and device-level integration remains limited.””*””*"” Integration with
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Template-free; 3D printing
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external light sources and detectors, while advancing, continues to suf-
fer from limited reproducibility, as deterministic positioning and pre-
cise alignment are still not routinely achieved. These issues underscore
that the principles enabling efficient light emission are not, on their
own, sufficient to guarantee reliable, manufacturable systems.

Looking forward, several domains appear particularly promising
for active organic waveguides (Fig. 9). In biomedical technologies, their
softness, biocompatibility, and ability to guide light with minimal
bending loss offer advantages over passive structures, which require
bulky optical couplers.”"'”* Exciton-mediated energy relay enables
compact implantable platforms for continuous biosensing, glucose
monitoring, neural recording, and minimally invasive diagnostics,
where mechanical compliance and optical reliability are essential.

In neuromorphic photonic computing, excitonic nonlinearities
and reconfigurable propagation pathways suggest architectures that
mimic synaptic plasticity, where identical hardware can be optically
reprogrammed via pumping conditions.””> Coupled with evanescent
energy transfer between adjacent waveguides, these systems support
dynamic connectivity, offering routes toward brain-inspired
computation.'”"”” At the device level, the active nature of organic
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FIG. 9. Future perspective and emerging application fields of organic waveguides. The left column illustrates the present status of organic waveguide structures, which are typi-
cally fabricated in straight geometries that undergo physical shaping to enable reconfigurable architectures. The middle column represents advances in fabrication strategies,
including template-guided growth and template-free 3D printing, which require further development to accommodate a broader range of materials. The right column highlights
three key application fields driving future development: (top) Biomedical applications, particularly those involving remote sensing, optogenetic stimulation, and minimally invasive
diagnostics; (middle) Artificial neural network computing, which leverages programmable optical routing and activation for neuromorphic architectures; (bottom) 2.5D/3D pho-
tonic integration, where mechanically reconfigurable waveguides enable vertical interconnects without bulky couplers.
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waveguides allows modulation of light amplitude, phase, frequency, or
polarization during propagation through external stimuli such as elec-
tric field.” These linear or nonlinear modulations enable essential
computational functions such as weighted summation and threshold-
ing to occur directly during optical propagation within the waveguide
itself. This feature eliminates the need for separate computational
components and enables dense waveguide networks for optical neural
network computing.' ™' **** Beyond these, optogenetics and biointer-
faces represent natural applications, where organic waveguides could
deliver light stimuli directly to biological tissues with reduced invasive-
ness and improved spatial precision.

Beyond neuromorphic and biointerfacing applications, active
organic waveguides also offer distinct advantages for optical intercon-
nection in densely packed photonic integrated circuits. Conventional
systems rely on passive waveguides with coupling structures, such as
micro-mirrors, grating couplers, or edge couplers, each demanding
tight alignment tolerances and complex fabrication processing. These
couplers introduce coupling losses, typically ranging from 0.5 to 3.0 dB
per facet,"””'® while lateral misalignments on the order of 0.5-3 um
add an additional ~1 dB loss.'®" Furthermore, these couplers consume
large footprints, typically 300-1000 um tapers for edge coupling, and
~20 x ~30 um? for grating couplers, thereby imposing a critical limit
on areal density.

Organic active waveguides generate light internally, removing the
need for such couplers and thereby enabling higher interconnect
densities."'*'** Typical organic waveguides have cross-sectional areas
of 0.5-5 um” and can be excited by localized spot illumination, effi-
ciently converting out-of-plane excitation into guided in-plane modes.
This internal light generation reduces the need for extended coupling
structures and enables higher density interconnections.

Mechanical flexibility further enhances their integration density.
Unlike rigid silicon platforms that require tapered couplers ~100 um
long to bridge vertical offsets as small as ~200 nm,"*>'** organic sys-
tems have demonstrated direct chip-to-chip interconnection across
vertically separated layers.'®” Moreover, template-assisted growth tech-
niques combined with intrinsic bending radii of ~10 yum allow organic
waveguides to achieve conformal routing across vertical layers without
bulky coupling structures.'**"*!

While propagation losses in organic active waveguides (0.000 27-
1dB/um) exceed those of Si-based waveguides (1-10dB/m), such
attenuation becomes less critical in high-density chip-to-chip intercon-
nections, where optical paths are typically constrained to pum-mm
scales.” ®"'7" In these short-range interconnects, coupling losses
dominate the system performance rather than propagation losses.
Thus, accounting for the external coupling, organic active waveguides
can offer superior end-to-end efficiency.

Realizing these applications, however, depends critically on over-
coming the fabrication bottlenecks that currently limit device-scale inte-
gration. Although self-assembly and template-guided growth have
improved reliability through molecular- and structural-level
control, these methods remain challenging for device-integrated fabrica-
tion and large-scale integration, which are essential for practical
deployment.*””*”” Alternative approaches such as inkjet printing, trans-
fer stamping, and two-photon lithography have emerged, showing early
progress toward CMOS-compatible integration. However, these techni-
ques remain largely limited to polymer systems rather than active crys-
talline materials. Establishing growth protocols that consistently deliver

REVIEW pubs.aip.org/aip/are

large-area, defect-minimized, and directionally controlled structures is
the most urgent bottleneck. Success here would enable multilayer (2.5D
and 3D) interconnects that exploit the mechanical compliance of
organic crystals for compact vertical coupling—an achievement difficult
to realize with rigid silicon photonics."”’

In conclusion, organic active waveguides stand at a transition
point. Their exciton-driven transport, molecular tunability, and com-
patibility with soft and biological systems provide unique opportunities
for applications that extend well beyond the reach of passive photonic
platforms. However, their fragility, stochastic growth, and limited inte-
gration still pose formidable barriers. The future trajectory of the field
will likely hinge on two converging thrusts: molecular-level stabiliza-
tion strategies that reconcile efficiency with robustness, and determin-
istic, CMOS-compatible fabrication methods that enable scalable
integration. Although these advances in material quality and reliability
do not position organic waveguides to fully replace established inor-
ganic platforms, they provide sufficient competitiveness in specific
domains, particularly in applications operating over relatively short
distances. Success along these directions would establish organic active
waveguides not as experimental curiosities, but as indispensable com-
ponents of next-generation photonic circuits, neuromorphic architec-
tures, and bio-integrated optoelectronics.
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