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Organic electronics has evolved into a multidisciplinary field bridging molecular design, materials chemistry,
and device engineering, enabling lightweight, flexible, and energy-efficient technologies that extend
beyond the limits of traditional inorganic systems. This review provides a comprehensive and critical
assessment of recent progress in sustainable organic and hybrid electronic materials, highlighting the
interplay between molecular structure, processing strategy, and functional performance. The discussion
spans conjugated polymers, small-molecule semiconductors, and bio-polymeric systems designed for
transient and eco-compatible devices. Quantitative comparisons of mechanical, electrical, and
environmental metrics (tensile strength, modulus, conductivity, biodegradability) reveal clear correlations
between chemical architecture and device reliability. Emerging nanocomposite frameworks and additive

manufacturing routes, including 3D-printable inks and hybrid nanofillers, are highlighted as
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of-life management, recyclability pathways, and life-cycle assessment perspectives, framing sustainability
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(NLO) organic materials and their integration into photonic and optoelectronic architectures are discussed
as frontiers extending the functional reach of organic systems. By unifying structure—property correlations

with manufacturing innovation and ecological responsibility, this review delineates the roadmap toward

next-generation, high-performance, and environmentally sustainable organic electronic technologies.

1. Introduction

Organic electronics represents a transformative paradigm in
materials science and device engineering, built upon the use of
carbon-based semiconductors whose optoelectronic properties
can be molecularly tailored. Unlike conventional inorganic
electronics dominated by silicon and metal oxides, organic
systems offer structural versatility, low-temperature process-
ability, and mechanical flexibility, enabling lightweight,
conformable, and energy-efficient devices suitable for emerging
applications such as wearable sensors, flexible displays, and
biodegradable circuitry."® The molecular design freedom
inherent to organic compounds allows precise modulation of
band structure, charge mobility, and emission characteristics
through chemical substitution, conjugation length, and supra-
molecular organization.*® These features have positioned
organic materials at the forefront of sustainable and human-
centric electronics.

The evolution of the field over the past four decades has been
guided by breakthroughs in conjugated polymers and small-
molecule semiconductors, which have unlocked charge-
transport behavior previously unattainable in organic solids.
From the pioneering discovery of doped polyacetylene and the
advent of conducting polymers to the commercialization of
organic light-emitting diodes (OLEDs) and organic photovol-
taics (OPVs), the trajectory of organic electronics illustrates
a continuous refinement of molecular architectures and device
integration.®*® Today, the research focus extends beyond opti-
mizing intrinsic mobility or luminescence efficiency to under-
standing how molecular order, interfacial phenomena, and
processing conditions govern macroscopic performance.

In parallel, the convergence of theoretical modeling,
computational chemistry, and advanced characterization has
accelerated the rational discovery of high-performance organic
materials. Quantum-chemical and density-functional-theory
(DFT) approaches now enable predictive correlations between
electronic structure and charge-transport pathways.”** This
integration of computation with experiment has established
a feedback loop in which design hypotheses can be tested
virtually, guiding targeted synthesis and reducing develop-
mental cycles. Such synergy underpins the current shift from
empirical exploration to data-driven materials innovation.

Contemporary organic electronics research increasingly
addresses the imperative of sustainability. While organic
semiconductors intrinsically offer lower-energy fabrication and
reduced material demand, their long-term viability depends on
improved chemical and thermal stability, recyclability, and eco-
compatibility. The incorporation of biopolymers and naturally
derived matrices, for example, cellulose, chitosan, and silk
fibroin, introduces biodegradability and circular-life potential,
establishing a bridge between performance optimization and
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environmental stewardship.’>'* At the same time, emerging
nanocomposite formulations and additive manufacturing
techniques enable scalable, solvent-efficient production of
flexible electronic components with tunable mechanical and
electrical profiles, moving the field toward industrial relevance
and sustainable mass manufacturing.™

In this context, organic electronics has evolved from a niche
scientific curiosity into a comprehensive platform technology
that unites chemistry, physics, and materials engineering. The
present review critically examines this evolution, from molec-
ular design principles to device functionality, while high-
lighting quantitative performance metrics, emergent
fabrication paradigms, and sustainability considerations. By
unifying these dimensions, the work aims to delineate the
scientific and technological roadmap toward next-generation,
high-performance, and environmentally responsible organic
electronic systems.

2. First developments

The first steps initial progress in organic electronics started in
the 1970s with the discovery of certain organic semiconductor
materials capable of transporting an electric charge. A break-
through for this person was the 1977 isolation of the highly
conductive polymer polyacetylene by Hideki Shirakawa, Alan
MacDiarmid, and Hideki Sato. For that work, they won the 2000
Nobel Prize in Chemistry.'® Polyacetylene (Fig. 1) revealed that
some polymers, commonly considered insulators, can indeed
conduct when they're doped with chemicals."”*® The discovery
inspired investigation into alternative organic materials that
would allow for more efficient electronic conduction. Interest in
conductive polymers accelerated in the early 1980s with
a growing focus on materials that showed promising conduc-
tivities at room temperature, notably the synthetic polyaniline
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Fig. 1 Conducting conjugated polymers and doping process of PA.
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and poly(3-hexylthiophene).' This was enabled by the progress
in polymerization methods, which are also bulkier and less
expensive to produce. Finding and studying these materials has
been key in helping create flexible and lightweight electronics
for new technologies, and they also serve as a great substitute
for traditional inorganic semiconductors. In 1987, Steven Van
Slyke and Eugen W. Choi invented organic light-emitting
diodes, or OLEDs, devices that employ organic materials
discovered through research.”® These diodes, which harness the
luminescent properties of organic materials, revolutionized the
display market because they are energy-efficient and are capable
of producing a wider range of colors and sizes. Major steps have
been made in the parallel development of thin-film organic
field-effect transistors (OFETs) that allow high-precision current
control of electronic circuits of any size.*® This led to the
development of flexible integrated circuits, which was a new era
in electronic business in which a novel fusion of chemistry and
electronics can give a lot of applications extending from sensors
to bioelectronics, including lightning systems. Organic elec-
tronics are not only allowing for the development of these novel
materials and devices, they are also paving the way for future
generations of engineers and scientists to be active in this
exciting area of research. Delve vigorously on this front. This
new wave of development has led to promising no-future-in-g
TOC energy storage systems, organic batteries, and polymer-
based solar cells.?>??

Although the performances of these devices have slowly
progressed over time, based on these primitive investigations
into the electrical and optical characteristics of the organic
components, they are still stuck in a suboptimal performance
regime, at which the devices cannot deliver sufficient L and 7,
owing to the insufficient charge conduction and charge disposal
properties. From flexible devices and information and
communication technologies (ICT) to no-electronic, organic
electronics has been an interdisciplinary field, connecting the
chemists, physicists, and engineers. It is also burgeoning and
updating.

3. Organic materials

Being carbon-based compounds, organic materials play a much
more essential role than semiconductors in organic electronics,
owing to their inherent properties. Their ductility, lightness,
and versatility have contributed to considerable interest in the
development of electronic, optical, and photovoltaic devices.**
We generally group organic materials into two major categories:
conductive polymers and small organic molecules. Conducting
polymers, like poly(3-hexylthiophene) (P3HT)*2* and
polyaniline,* are easy to work with, quick materials that have
a wide range of electrical and optical features and can be made
cheaply using methods like printing or etching. Small organic
molecules, such as fullerene and acene, have been used in the
construction of organic photovoltaics because of their low cost
of production as well as their increased functionality in some
specific applications. The heterocyclic materials are inextricably
tied to the scientific developments of the 1980s that enabled
such semiconducting polymers.**** These advances formed the
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foundation for flexible electronics. This characteristic has been
harnessed in the construction of devices including OLEDs,
organic solar cells, and OFETs, systems that have revolutionized
numerous fields from display technology to sustainable energy
creation. At the same time, new projects utilizing additive
techniques such as 3D printing have enabled the manufacture
of sophisticated electronic circuits with unmatched precision.*
However, these materials face significant issues, primarily
related to chemical stability and durability. Factors such as
humidity and exposure to ultraviolet light do indeed affect the
properties of organic materials, giving them a broader range in
terms of extended applications. NWe will identify novel
methods that focus on advanced formulation and structured
forms of devices to enhance stability and durability while
retaining their functionality. New discoveries in materials
chemistry, and the latest way to create them, allows us to
understand how electricity moves across organic material.
Hence, these materials form a nexus of scientific hurdles and
technological development, as the advance mentioned above is
a big leap toward the future of electronics.

3.1. Types of organic materials

Organic materials in general are divided into the following two
categories: conductive polymers and organic semiconductors.

3.1.1. Conductive polymers. Conductive polymers are
materials that conduct electricity, contrary to most other poly-
mers, which are insulators.*® They have a chemical structure
made of chains of molecules connected by strong bonds, with
some of these bonds allowing electrons to move freely along the
chain. Doping, a process that introduces chemical agents to
alter the material's electronic structure and maximize carrier
mobility, aids this conduction process.*” Examples of conduc-
tive polymers include poly(3,4-ethylenedioxythiophene)
(PEDOT) and polyacetylene.*® As a result of their low weight,
flexibility, and low cost, such materials have various applica-
tions, such as flexible displays, organic solar cells, and energy
storage systems.

Polyacetylene (Fig. 2) was identified in the 1970s, which was
not only the exciting material taking a role in pure conducting
organic materials.* It has a chain of carbon atoms joined by
alternating single and double bonds in such a way that adjacent
pairs of carbon are also linked by a double bond, they are said to
be part of the same or another conjugated system. Such
a configuration provides an opportunity for electrons to travel
through the chain, which is essential for conduction. But pure
polyacetylene is, in fact, an insulator. It becomes conductive by
adding other chemicals, like lithium chloride or iodine, which
help create charge carriers (conduction electrons or holes).
However, its low chemical stability confines the utilization of
polyacetylene. In particular, upon contact with oxygen and
moisture is readily decomposable, thereby rendering it less
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Fig. 2 Structure of polyacytelene (PA).
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Fig. 3 Synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT).

useful. However, polyacetylene opened the way for research on
other stable and high-strength conductive polymers, and it still
functions as an important standard material in studies on
organic conductors.*” Its impact is still significant in the field of
organic electronics, especially in making flexible and light-
weight devices, although its stability limits it.

Poly(3,4-ethylenedioxythiophene) (PEDOT) (Fig. 3) is prob-
ably the most frequently used and studied conducting polymer
in the areas of electrochemistry and optoelectronics.** As
a member of the conjugated polymer family, the chemical
structure of PEDOT is a carbon-based structure in which double
and single bonds are alternating along the carbon chain of the
main backbone; this structure in turn enables an electron
density to exist along the chain, which makes it conductive.
PEDOT is of particular interest thanks to its outstanding electric
performance, chemical stability, and processability toward
unlimited applications.*

It was also well known that PEDOT was in many cases doped
with other molecules, such as the sodium salt of polystyrene
sulfonate (PSS), to increase its conductivity and perform its use
in electronic applications.*® Through this blending, a flexible
and stable conductor is formed, and the result can be used in
a variety of applications, such as OLED displays, organic
photovoltaic devices, and even supercapacitor electrodes.
PEDOT can also be processed by straightforward fabrication
methods, like deposition or imprinting, making it suitable for
mass production using economic techniques. It has become
much more stable, especially when compared to other
conductive polymers like polyacetylene, even when exposed to
oxygen and moisture, making it more appealing for long-term
use. Cost-effective and remarkable electrical performance lead
to PEDOT as a favorite material of flexible electronics as well as
advanced technology in the energy and sensor sectors.**

3.1.2. Organic semiconductors. Organic semiconductors
are materials that display an intermediate behavior between
conductors and insulators; as a result, these materials conduct
electricity under special conditions, especially upon optical
excitation or under an electric field.*> Such materials are applied
in electronic components such as organic field-effect transistors
(OFETs) and organic light-emitting diodes (OLEDs) that are key
elements in applications like flexible displays, low-power
lighting, and wearable equipment.***®* One of the main advan-
tages of organic semiconductors is their flexible and low-cost
production rather than traditional inorganic semiconductors,
for example, silicon. This feature offers exciting potential for use
in flexible, print, or lightweight applications such as wearable
electronics, smart clothing, and organic photovoltaic cells.*

Fullerenes (C60) (Fig. 4) are one of the well-known organic

semiconductors.®® These tiny, soccer-ball-shaped carbon
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Fig. 4 Schematic representation of fullerene (C60).
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molecules are particularly effective at transforming light into
electricity. In organic solar cells, fullerenes increase the effi-
ciency of the charge-transport processes in the cell by absorbing
the light and helping the electrons to move. Organic transistors
also apply fullerenes to enhance the device performance of
flexible electronics.>

Perylene diimide is also one of the important materials in
this arena, due to its superior electronics properties, chemical
robustness, and conductivity.>” These characteristics render it
a material of choice for both advanced electrical applications
and organic integrated circuits/energy storage devices (Fig. 5 &
6).

Perlyene diimide's (PDI) excellent chemical stability as well
as long-term stability, where its performance has not degraded
after many years, have made it an advantageous material for
high reliability and more durable applications. These materials
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Fig. 6 Synthesis of perylene diimide (PDEA).
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are enabling solutions that address today's challenging semi-
conductor designs, provide flexible pavement for continued
innovation, and allow for the creation of new devices.>*"*

4. Pioneering electronic devices

The
a significant milestone in the field of organic electronics,
facilitating the transition from theory to practice. One of the
earliest advances has been organic light-emitting diodes
(OLEDs), which came in the 1980s (Fig. 7). They are used in
displays, and have transformed the display industry because
they generate light when an electric current is applied. These
are usually prepared from organic materials placed as thin
layers and the devices®®® have the special characteristics that
they are lighter (and in some case also more flexible) compared
with the traditional technology (inorganic light emitting diodes
(LEDs)). Organics are typically softer and lighter than the inor-
ganic semiconductor silicon, so devices made with them can be
thinner and more flexible. In addition, organic materials are
being exploited in order to showcase their distinctive optical
properties (e.g., highly effective light emitting ability) as well as
create fresh prospects towards flexible displays, wearable
devices and next-generation display technology.

The polymer generally used in PLEDs is derivatives of poly(p-
phenylene vinylene) or, more recently, certain polyfluorenes.*”*
These polymers are selected due to their good electrolumines-
cent emission properties and their practical applications,
particularly for large-area devices. Also, the choice of different
side materials and the way the polymer is formed are very
important for deciding the color of the light it emits, how it
works, and how well it dissolves. In the course of developing
such LEDs, an attempt was made to seek a substitute for the
light emitting material. The color of the PEL emission can be
vividly tuned by substituents, suggesting that such polymer
could be an interesting emitter for the preparation of color
tunable remote-controlled RGB OLED displays or lighting
systems. Solubility is also a key factor in the fabrication of
devices such as are the polymers that are amenable to pro-
cessing by less costly printing or solution deposition. The non-
substituted variants of PPV, for example PPV, are in general low
soluble in their solvents. Soluble versions of PPV have been
prepared for some similar soluble polymers and derivatives
such as poly(vinyl naphthalene). These polymers can be
prepared using ring-opening metathesis techniques and allow
for easy precipitation, as they are polymerized in a stable cation
and can be used in various milling and repulsion techniques.

introduction of the first electronic devices marked
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Fig. 7 Schematic of a bilayer OLED.
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Although these materials are generally not used, various
improvements can be considered in the field of hole injection,
water-based derivative systems, and a blend of polymer.

5. Organic field-effect transistors

Another major development that repositioned organic elec-
tronics as an emerging field was the creation of organic field-
effect transistors.” The development marked the first case of
using organic materials for the design of integrated circuits.
Transistors increased energy efficiency in that they could be
integrated into simple architectures and, thus, found enormous
interest in a range of applications from sensors to storage
devices. Besides enabling the prospect of more sustainable
options, the finding has also fueled the development of light-
weight, low-energy electronic devices based on organic mate-
rials. It is also worth mentioning that research is growing
rapidly in the organic photovoltaic devices area. The systems
show potential for achieving major improvements in access to
renewable energy in off-grid and other localized communities,
where established technologies are least deployed. These
discoveries have opened new avenues for organic electronics
and strengthened the momentum of research on the efficiency
and sustainability of components. Thus, the trend has allowed
for the extension of the limits of current devices, opening access
to increasingly flexible electronic architectures.®® Overall, the
groundbreaking discoveries in research have played a central
role in the dynamics of redefinition, transforming electronic
architectures into increasingly flexible and adaptable solutions.
Thus, they pave the way for many other discoveries and possi-
bilities for the future of electronics (Fig. 8).

Organic Field-Effect Transistors (OFETs) have been widely
studied and reported in literature, using a large number of
aromatic and conjugated materials as the active semiconductor
layer. These include various polymers, which possess different
electrical and mechanical properties to enhance OFETSs'
performance. Among these, polythiophenes, like poly(3-
hexylthiophene) (P3HT), are some of the most researched
because they have good qualities for moving charges and di-
ssolving in solvents. Some other polymers used or proposed to
be used for OFETs include polyfluorene, which has superior
stability and optical characteristics, and polydiacetylene, having
abnormal conduction properties.®~*> It should also be
mentioned that p2T and p3T (both PPV-based as well as
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Fig. 8 Schematic of an organic field effect transistor.
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poly(2,5-thienylene vinylene)-based) are important as well in
this context. They still feature an effective conjugation that is
long enough and charge mobility that is high enough to make
the OTFTs behave properly.

Those materials have also gone through extensive develop-
ment, and in the past few years we have seen several excellent
review articles summarizing at length the state of the art
(focusing on the pros and cons of using it for organic electronics).
These reviews provide important directions on the syntheses,
properties, and device performance of these kinds of polymers,
which drive research on these organic semiconductors.

6. Energy-related processes in
organic electronics

The 1990s witnessed quite a lot of advancements associated
with organic electronics, as it were, right energy research and
developments. This period marked the emergence of organic
materials for energy conversion and storage systems. The most
interesting material proved to be conductive polymer, for
example, poly(3-hexylthiophene) (P3HT), which is extensively
utilized in efficient energy generation and storage. These
materials are particularly appealing due to the inexpensive cost
of their preparation, as well as their flexibility, and this renders
them promising for several applications in devices such as
photovoltaic cells and supercapacitors (for energy storage). The
increasing efficiency of organic photovoltaic cells was one
reason for this change. Cell efficiency has developed rapidly by
optimizing the heterojunction structure and adopting the
advances of cell production technology. New strategies such as
introducing new nanomaterial and interface engineering have
significantly improved the efficiency of converting light into
electricity. These developments have created new opportunities,
particularly in industries where the lightweight and flexible
nature of the devices is essential, such as lightweight aviation,
satellites, and portable electronic products.®® In the field of
energy storage, organic batteries have gained particular interest
due to the requirements for sustainable and environmentally
friendly alternatives to classical heavy-metal-based batteries
with environmental and sustainability concerns. Organic
batteries are not only performing excellently, but they also hint
at the ease of polluting the environment, therefore contributing
to greener solutions.* In addition to such studies, a vital
research direction has been the use of organics for hybrid
energy systems. Research is giving high strategic value to the
combination of renewables (solar power technology) with
organic-based storage energy devices. Serrano-Arévalo et al.*
integrate more hybrid system that would solve the problem of
energy sustainability by minimizing the carbon print of energy
generation and usage.

7. The 2000s and the commercial
industry

The 2000s introduced organic electronics to the world as
a thriving commercial market. The decade saw a series of

45182 | RSC Adv, 2025, 15, 45177-45195
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exciting new products for consumers, where the unique flexi-
bility, light weight, and affordable production of organic
materials played a big role in creating new electronic devices.
Pioneering the way for a new technology standard, organic light-
emitting diode (OLED) displays brought televisions, smart-
phones, and signage to market with image quality that was
previously unimaginable. OLED displays have turned electronic
devices not just good to look at but better for what you could do
with them, for they can display richer blacks and more colors
that are vibrant. Furthermore, technology created in that era
had a fundamental impact on production techniques. Alterna-
tive manufacturing processes, such as printing organic circuits,
were expected to cut down the production costs and to produce
more complex and different designs. These new processes made
new types of customizable product possible - form-factor
defining “wearable” devices and flexible displays. In parallel,
a large research and development effort produced new types of
polymers and semiconductor materials that enabled organic
electronic products to become more efficient and longer-lived.

The increased collaboration between universities, compa-
nies and research institutions was key; it was instrumental to
the invention and established crucial quality and performance
benchmarks for the industrialization of such technologies. The
ongoing exchange with these interlocutors further established
organic electronics as an industry benchmark, and the tech-
nology finds itself as an essential part of the business strategy of
leading companies within the tech sector. As such, the 2000s are
not just a period of growth but a transformation in the devel-
opment, manufacturing, and use of electronic technologies.
The breakthroughs in new applications, innovations, and
manufacturing technologies promoted organic electronics to
take root at the centre of commercial affairs, setting a firm
foundation for even deeper embedding in everyday life and
strategic areas beyond this decade.

7.1. Consumer applications

Organic electronics have enabled new opportunities in
consumer goods, with the incorporation of organic electronics
in consumer products in the developed conglomerates. One key
point of advancement is the invention of Organic Light Emit-
ting Diode (OLED) displays, capable of providing even more
saturated colors and increased contrast, coming into sight
against other standard LED backlights.®® These types of
displays, which are employed for modern televisions, smart-
phones, and computers, are flexible and lightweight and, thus,
can be used for novel and aesthetically pleasing designs. For
example, in recent years, OLED (organic light-emitting diode)
TVs have gained increasing popularity due to the high quality of
the display in response to the consumer's request for a more
immersive visual.

OLED lighting devices are increasingly being used in our
homes. Due to the small form factor and moderate-to-high light
efficiency, a variety of lighting scenarios, from accent lighting to
effect lighting, can be realized with these luminaires. The
integration of organic electronics in this regard fulfils not only
aesthetic requirements but also is a step towards lower power

© 2025 The Author(s). Published by the Royal Society of Chemistry
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consumption, which is increasingly emphasized in contempo-
rary society. OLED lighting products are pervasive as a sustain-
able approach vis-a-vis conventional technologies, blending
innovation and ecology.

Besides the displays and lighting, organic electronics have
also been demonstrated in wearable components such as
circuits and efficiency of power management, by which they can
reduce the circuit's size and energy consumption. There are
efforts to develop health-monitoring devices with organic
sensors for noninvasive and real-time monitoring of human
body data. Finally, the increasing integration of organic elec-
tronics into the consumer applications market is a testimony
not only to the way that the technology can adapt to meet ever-
changing consumer requirements but also to the potential it
has to shape the way we interact with our technological

surroundings.*”%®

7.2. Technological innovations

The technological breakthroughs in organic electronics in the
2000s were tremendous, opening up avenues for many
commercial applications. The main advancements that allowed
for these applications are improving the performance of organic
semiconductors to be closer to that of inorganic ones (Fig. 9)
and creating tandems, thanks to significant improvements in
the qualities of organic materials, which made them good
alternatives to inorganic materials for better and more reliable
devices.®*”* The outperformance of polyaniline and P3HT is
probably due to the refinement of synthetic methodologies and
a greater knowledge of their structure. That work laid the
groundwork for OLED (organic light-emitting diode) displays,
which, by replacing conventional LCD technologies,”” offer
superior color depth, require less power, and can be bent.

At the same time, new manufacturing methods like printing-
based lithography and thin film deposition have made it
cheaper to produce devices while also improving their size and
clarity. These new production methods have, for example,
allowed the making of organic printed circuits (the type of
circuit you would want for a flexible surface you'd have in smart
packaging or interactive clothing). Moreover, the development
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7 ; =
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Fig. 9 Aninorganic LED (p-contact, p-type material, n-type material,
substrate material, and n-contact).
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of the manipulation of structures at nanoscale gave birth to
more compact, integrated devices, widening the horizon in
which innovation can occur, such as in the fields of health or
lighting, for example.

Finally, we wish to remark that interdisciplinarity was a key
element in these breakthroughs, involving researchers in the
areas of chemistry, physics, engineering, and materials science.
Furthermore, cooperation among universities, research insti-
tutes, and private industries enables the flow of knowledge
through the development of complementary skills and builds
up the momentum for technological advancement. These
developments are shaping not only the manufacturing industry
but also the future of how technology is designed in general and
turning organic electronics into the foundation of a sustainable,
connected world.

8. Organic electronics in
investigational studies

Organic electronics is a rapidly growing research area that leads
to numerous technological applications because of its innova-
tive materials and performance characteristics. At the core of
this revolution, the central targets concern the design of new
electronic devices, including organic field-effect transistors
(OFETs), organic light-emitting diodes (OLEDs), and organic
solar cells (OSCs). The devices have several attractive properties
such as flexibility, and lightweight, low cost due to its printing
process. The work in future aims at improving performance,
longevity and scalability, overcoming the challenges that
organic materials have to deal with (such as, performance and
long-term stability). The collaboration with foreign companies
is essential for the development of organic electronics. Multi-
national laboratories and commercial organizations are
participating in multidisciplinary initiatives to disseminate
knowledge and to accelerate technology development. For
instance, European, Asian, and U.S. research groups have
established consortia to investigate novel device architectures
that include hybrid composites fabricated from organic and
inorganic materials. These collaborations enhance not just the
technical capabilities of current technology but also expand into
new areas by exploring the potential use of organic electronics
in new sectors, such as medicine, wherein the development of
biological sensors or non-invasive diagnostics could change the
face of many current standard practices. To sum up, directed
research activities and international cooperation are enabling
organic electronics to emerge as a major player in technological
progress today. The integration of academic and industrial
activities worldwide facilitates interactions among ideas, tech-
niques, and material resources, pushing research toward
attractive frontiers that may lead to a new paradigm for current
electronics and broaden the practical uses of these materials.

8.1. Key research projects

The development of organic electronics is based on some key
research actions that have defined directions for its further
growth as well as practical use. Among these projects, the
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PHOTONICS project funded by the European Union had greatly
contributed to establishing the organic materials as materials
for photonic devices. This ambitious initiative's aim was to
develop revolutionary applications based on OLEDs and
advanced photo-detection technologies that are both sustain-
able and energy-efficient. PHOTONICS convergence of
researchers from multiple disciplines over the last few years, the
convergence of researchers from differing scientific fields in
PHOTONICS has pushed back the limits of what is technically
feasible in achieving the best performing systems with the least
environmental impact.” This project was a turning point in that
it demonstrated that existing equipment could not only be
replaced by organic materials but also that the energy efficiency
and flexibility could exceed that of the existing system.”*
Another key project is the organic LED consortium, which has
brought together major industry names like Philips, Panasonic,
and other major players in electronics. This consortium has
facilitated a dynamic exchange of knowledge between academia
and industry while accelerating research on OLED production
techniques. Due to the infusion of advanced technologies and
the development of materials and manufacturing techniques,
this project has made sustainable commercialization of high-
performance OLED displays for televisions, smartphones and
consumer electronics applications and has significantly
affected the visual entertainment and consumer technology.”
At the same time, the OPV4ALL project, dedicated to organic
solar panels (OPV-organic photovoltaics), opens new perspec-
tives in the renewable energy sector. The work demonstrated
the promise of low-cost and environment-friendly conductive
polymers to replace noble metals in the fabrication of photo-
voltaic devices. Due to the organic PV cell technology and its
professional material optimization variety of designs OPV4ALL
project’ made significant steps ahead in performance as well as
decrease of manufacturing costs and increasing of the energy
harvest. These projects have contributed to the increasingly
assertive role that organic electronics has taken in many fields,
such as the display industry, renewable energies, and sensors.
In this context, researchers and industry have become delicate,
interdependent cooperation partners, sharing their resources to
solve technology and environmental challenges. By enabling an
intellectual exchange and fostering synergistic innovation,
researchers and industry partners have expedited the develop-
ment of flexible, business-oriented, and eco-friendly elec-
tronics. Organic electronics, through focused research efforts,
are well poised to assume a significant role in the revitalization
of tomorrow's technology and thus in providing crucial contri-
butions to industry and society.”

8.2. The next generation of organic electronics

The prospects for organic electronics appear promising, as
advancements have the potential to transform numerous
industries. The rapid progress that has been made in the
development of high-performance organic materials including
conducting polymers, polyaromatics, and semiconductor-based
molecules-is opening up novel applications. These materials
could serve as a flexible, lightweight, and possibly cheaper
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alternative to traditional inorganic broadband reflectors. New
trends, like incorporating organic electronics into wearable
tech, flexible screens, and even intelligent fabric, are expecting
a change in how people will interact with technology as part of
their daily life. Investment in printing technology, for example,
is lowering the barrier to entry of manufacturing OLED screens,
which is having the dual effect of bringing them into consumer
electronics use while meaning that they're more environmen-
tally friendly due to lower energy production processes. At the
same time, it seems prospects are excellent for organic elec-
tronics in the market. The sector is beginning to attract big
investment because of increasing consumer demand for
sustainable products and smart devices. Recently, practical
applications of organic electronics for organic light-emitting
diodes (OLEDs), organic photovoltaics (OPVs), etc., have been
investigated by novel start-ups and large electronics companies.
Meanwhile, market reports indicate the industry could be worth
billions over the next ten years, thanks to growing use in auto-
motive, aerospace, and healthcare applications, where intelli-
gent “organic” sensors could transform the way data is collected
and user interfaces. This expansion is not only in the industrial
sector but also in eco-friendly alternatives forming part of the
transition to a circular economy, with recycling and sustain-
ability practices sector-driven imperatives.
Nanotechnology-organic synergy is also a promising direction
that could open up new avenues for a newsworthy performance
not seen in any other technology in the foreseeable future.

now

8.3. Emerging trends

Organic electronics is a growing and dynamic field character-
ized by trends that indicate its future and the future of related
technologies. One of the key trends is the growth of high-
performance organic materials with enhanced electrical and
optical properties, including conductive polymers and small
molecules. Intensive work on chemical synthesis aims to
improve the stability and performance of organic materials,
accompanying such technological advancements. Conse-
quently, the applications in display technology, photovoltaics,
and lighting are increasing, leading to multi-products in
marketing. Conversely, organic electronic devices are also
miniaturized and flexible/integrable in nature. These can be
customized to different forms, allowing innovations in smart
clothing and wearable devices. Developments including organic
printed circuits and flexible sensors are already transforming
our relationship to technology in the real world. Furthermore,
the growing application of artificial intelligence (AI) in the
design and manufacturing of organic electronic devices enables
better performance and lowers the cost of production, leading
to more accessible technologies.” Last but not least, sustain-
ability is the new trend for the future development and appli-
cations of organic electronics. The development of
environmentally friendly materials and methods for environ-
mentally friendly manufacturing drives researchers to develop
green preparation techniques, including the utilization of
renewable resources and recyclable materials. These are efforts
to guarantee that organic electronic technologies will be
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sustainable in the long-term perspective and be accepted by
society. In conclusion, the emerging developments in this area
depict a lively technology landscape that is going to revolu-
tionize the way we interact with electronics, contributing not
only to the challenges of sustainability and innovation but also
to changing the overall socio-technical landscape.

8.4. Market outlook

The market potential for organic electronics, a future-oriented
technology that is considered a potential alternative compared
to conventional technologies, is quite promising. Several
elements of this market are starting to form as R&D progresses.
Flexible displays, bendable sensors, and carbon-based storage
equipment are currently driving industrial applications from
wearable electronics to the Internet of Things (IoT). Novel
design opportunities are emerging due to the potential to
incorporate features into flexible substrates.” In addition,
scalability and sustainability also boost the market for organic
electronics. “Organic materials” and the manufacturing
processes used for them, which are frequently less energy-
consuming than those for conventional components, accom-
modate a rising interest in green solutions. And promotional
possibilities for cost savings in manufacturing with carbon-
based materials are making these technologies friendlier to
small pockets. Financial analysts®® predict a strong movement
upwards in industry worth in the next decade (which is found to
largely be spurred by growing investments in research-related
infrastructure along with government measures that support
sustainability). This upward trend is illustrated in Fig. 10, which
shows a sharp increase in the organic electronics market size
from 2024 to 2034. This momentum brings its set of challenges,
not least in terms of dependability and efficiency.

Currently, effort is concentrated on improving organic
materials to be more stable as well as to function to a higher
degree under different environmental conditions. Therefore,
there are emerging partnerships between industry players,
researchers, and universities that are designing new materials
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Fig. 10 Organic electronics market size (USD billion) and forecast
2024 to 2034.
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and integration methods that are tailored to meet the harsh
specifications of commercial applications. As the electronics
industry continues to advance towards organic technologies,
the global economy is poised for a significant shift in innova-
tion and sustainability, with organic electronics likely to play
a pivotal role in future technology discussions.

8.5. Biopolymeric and natural-derived materials for
sustainable organic electronics

The development of soft and environmentally benign electronic
technologies has accelerated interest in renewable biopolymers
and natural macromolecules, which are valued not only for
their ecological benefits but also for their favorable physico-
chemical and optoelectronic attributes (Fig. 11). Cellulose,
available as thin films or as nanofibrils (CNF) and nanocrystals
(CNC), serves as a transparent, smooth, and mechanically
robust substrate or dielectric for paper-based and flexible elec-
tronic systems. It supports printed conductors, radio-frequency
elements, sensors, and chiral photonic architectures.®* Chito-
san, a chitin-derived polysaccharide, is processable in aqueous
media and functions effectively as a high-capacitance dielectric
and ionic gel in organic field-effect transistors (OFETs) and bi-
oelectronic platforms, enabling low-voltage operation even on
mechanically fragile substrates.®?

Silk fibroin, obtained from silkworm cocoons, produces
ultra-smooth, transparent films suitable for optical and
photonic structures such as waveguides, microcavities, and
encapsulation coatings with high biocompatibility.*® DNA-
CTMA (cetyltrimethylammonium) complexes form optically
clear (n = 1.5), low-loss interlayers employed as insulating or
spacing layers and as host matrices in organic light-emitting
diodes (OLEDs) and random-laser systems.*® Furthermore,
melanin and its synthetic analogue, polydopamine, exemplify
multifunctional organic semiconductors that enable simulta-
neous ionic, protonic, and electronic conduction, making them
particularly suitable for neuromorphic and biointerface
devices.®

Despite these advantages, the use of biopolymers demands
precise control of environmental and processing parameters,
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Fig. 11 Natural polymers and typical roles in electronics/photonics.

RSC Adv, 2025, 15, 45177-45195 | 45185


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04656d

Open Access Article. Published on 18 November 2025. Downloaded on 12/26/2025 8:41:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

such as humidity, oxygen exposure, pH, and drying conditions,
to ensure stability and reproducibility. Collectively, cellulose,
chitosan, silk fibroin, DNA-CTMA, and melanin constitute
a mature and complementary class of renewable materials that
can extend or even replace synthetic polymers in sustainable
soft electronics, iontronic systems, and biocompatible photonic
technologies.®®

The integration of such biopolymers into organic electronic
architectures represents a paradigm shift toward eco-efficient
and transient technologies. Materials including cellulose (and
its nanostructured derivatives), chitosan, silk fibroin, gelatin,
starch-based polymers, and polylactic acid (PLA) offer intrinsic
advantages such as renewability, biodegradability, biocompat-
ibility, and mechanical compliance, making them promising
substrates, dielectrics, encapsulants, and scaffold matrices for
flexible and disposable devices (Fig. 12).*”

Cellulose nanofibers provide a unique combination of high
transparency, low surface roughness, and mechanical strength,
suitable for transparent substrates and thin semiconductor
coatings.®® Chitosan's proton-conducting nature and chemical
functionality enable efficient low-voltage gating and improved
interfacial adhesion. Silk fibroin stands out for implantable
electronics due to its favorable dielectric properties, mechanical
stability, and controllable biodegradation rate. Composite
formulations combining these polymers with conductive fillers
such as PEDOT:PSS, graphene, carbon nanotubes, or metallic
nanowires create percolative networks that enhance electrical
performance while retaining environmental benefits.

Chemical modification and blending strategies allow fine-
tuning of hydrophilicity, processability, and mechanical
modulus, key factors for integrating biopolymers with conven-
tional organic semiconductors and scalable printing methods.
Nevertheless, challenges persist, including moisture sensitivity,
limited thermal stability, and variability in raw material purity.
Overcoming these issues requires targeted molecular engi-
neering, surface functionalization, and the development of low-
temperature, green processing routes.

Overall, biopolymeric systems such as cellulose, chitosan,
silk fibroin, DNA-CTMA, and melanin represent a promising
class of renewable materials capable of complementing or
replacing synthetic polymers in soft, sustainable electronics,
iontronics, and biophotonic technologies.*>*°

Cellulose Chitosan Silk fibroin
Substrate Dielectric Composite
OFETs Biosensors Biodegradable
circuits

Fig. 12 Biopolymer integration pathways in sustainable organic
electronics.
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8.6. End-of-life management and circular strategies in
organic electronics

A credible sustainability narrative for organic electronics must
extend beyond low-energy fabrication and renewable feedstocks
to encompass end-of-life (EoL) management.”* Responsible EoL
pathways include mechanical reuse, solvent- or catalyst-driven
chemical recycling, controlled biodegradation for transient
devices, and design for disassembly that facilitates material
recovery. Each route has distinct technical and environmental
trade-offs that must be considered in life-cycle assessments
(LCAs).

Chemical recycling, selective depolymerization of conju-
gated polymers into monomers or oligomers under mild cata-
Iytic or solvothermal conditions, offers a route to recover
molecular building blocks for re-polymerization, thereby
closing material loops. Solvent recovery systems integrated into
solution-processing lines can markedly reduce volatile organic
compound (VOC) emissions and solvent consumption; imple-
menting solvent recycling is therefore a high-impact interven-
tion for reducing the cradle-to-gate footprint of printed organic
electronics. For single-use or implantable applications, eco-
dissolvable or water-soluble encapsulation layers permit
controlled device disintegration, simplifying disposal and
minimizing persistent electronic waste (Fig. 13).

LCAs applied to printed organic devices consistently high-
light hotspots such as solvent usage, electrode materials (e.g.,
rare metals or heavy-metal inks), and non-degradable encap-
sulants. Consequently, pragmatic priorities are: (i) substituting
hazardous solvents with greener alternatives or adopting
solvent-free deposition techniques (e.g., dry transfer, vapor
deposition where appropriate); (ii) developing bio-derived or
carbon-based electrode materials that avoid scarce or toxic
constituents; (iii) engineering modular device architectures that
enable selective recovery of high-value components; and (iv)
incorporating EoL criteria into early materials and device
design stages. Complementary policy measures, producer
responsibility schemes, standardized EoL testing protocols, and

'\
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Fig. 13 Circular life cycle of organic electronic devices.
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incentives for recycling infrastructure, will be essential to
realize circularity at scale. Integrating material innovation with
process engineering and policy frameworks thus transforms
sustainability from a marketing claim into an operational
requirement for industrial deployment.

8.7. Organic, inorganic, and hybrid technologies:
opportunities and challenges

A realistic appraisal of the technological landscape positions
organic, inorganic and hybrid electronic technologies as
complementary rather than mutually exclusive (Fig. 14). Inor-
ganic semiconductors (silicon, III-V compounds, metal-oxides)
dominate applications demanding high carrier mobility,
thermal robustness and long operational lifetimes.®” Organic
semiconductors, by contrast, excel where mechanical flexibility,
low-cost solution processing and molecular tunability are
decisive, for example, in large-area, wearable, or disposable
electronics. Hybrid systems (e.g., organic-inorganic hetero-
structures, perovskite-polymer blends, or carbon-nanomaterial
reinforced polymers) exploit synergistic advantages to improve
electrical performance and environmental stability while
retaining some degree of flexibility and manufacturability.****

From an industrial perspective, the successful market
adoption of organic technologies depends on meeting a set of
pragmatic requirements: reproducible charge transport char-
acteristics compatible with the target application (including
sufficient mobility and on/off ratios for transistor operation),
operational stability under relevant environmental stressors
(humidity, temperature, mechanical cycling), long-term device
lifetimes appropriate for the use case, and compatibility with
scalable manufacturing (e.g., roll-to-roll printing, inkjet depo-
sition) with acceptable yield and process control. Additional
non-technical factors, material supply chains, standardization
of test protocols, packaging and encapsulation solutions, and
EoL infrastructure, are equally determinative for
commercialization.

Hybrid approaches currently offer the most practical route to
bridge the performance gap: inorganic nanostructures or metal
oxides can provide high-mobility pathways or robust contacts,
while organic matrices confer flexibility and low-temperature
processability. Looking forward, continued progress in
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Fig. 14 Comparison of organic, inorganic, and hybrid technologies.
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molecular design, interface engineering, and printable high-
performance inks is expected to narrow performance differen-
tials. Nevertheless, rather than supplanting traditional inor-
ganic platforms, organic and hybrid technologies are likely to
target niche and emerging markets-wearables, smart pack-
aging, environmental sensors, and biomedical implants, where
their unique value propositions (light weight, conformability,
disposability, or biodegradability) are decisive. Strategic inte-
gration of technical performance targets with environmental
and economic constraints will determine which applications
are best served by organic, inorganic, or hybrid solutions.

8.8. Comparative performance metrics of representative
organic electronic materials

The performance of organic electronic materials is governed by
an intricate interplay between molecular structure, processing
conditions, and device configuration. Achieving the optimal
balance among mechanical robustness, electrical efficiency,
and environmental sustainability remains a central challenge in
the field. To provide a quantitative and integrative overview,
Tables 1 and 2 present the key mechanical-structural and elec-
trical-functional properties of representative material classes
employed in contemporary flexible and sustainable electronics.
Together, these data delineate the relationships between
composition, morphology, and functionality, offering insights
into how molecular design strategies influence macroscopic
performance.

8.8.1. Mechanical and structural domain (Table 1).
Mechanical integrity and flexibility are crucial for ensuring the
operational reliability of organic electronic devices under
bending, stretching, and repetitive mechanical stress.®®> Conju-
gated polymers, such as poly(3-hexylthiophene) (P3HT) and
diketopyrrolopyrrole (DPP)-based polymers, typically display
moderate tensile strength (30-50 MPa) and limited elongation
(10-30%), characteristics that suffice for thin-film applications
but constrain their use in deformable systems. Similarly,
PEDOT:PSS exhibits stiffness in the range of 40-60 MPa and
a modest elongation at break, reflecting its semi-metallic
character and restricted strain tolerance. To overcome these
limitations, molecular blending or incorporation of soft elas-
tomeric domains has been adopted to enhance strain endur-
ance without sacrificing electronic functionality.

Elastomeric conjugated copolymers, exemplified by SEBS-
P3HT composites, achieve high extensibility (up to 300%) and
low moduli, thus enabling skin-like mechanical compliance
desirable for wearable and implantable devices. Conversely,
biopolymeric matrices such as cellulose, chitosan, silk fibroin,
and polylactic acid (PLA) combine high tensile strength (50-150
MPa) with moderate flexibility and excellent biodegradability,
establishing them as sustainable substrates and dielectric
components. The emergence of 3D-printable polymeric inks,
often formulated from PLA or polyurethane-PEDOT systems,
further introduces tunability of mechanical response through
controlled printing parameters, offering a route toward struc-
turally customized and mechanically adaptive organic devices.

RSC Adv, 2025, 15, 45177-45195 | 45187


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra04656d

Open Access Article. Published on 18 November 2025. Downloaded on 12/26/2025 8:41:09 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

Table 1 Mechanical and structural performance of representative organic electronic materials

Tensile strength

Elongation at  Young's

Material system Representative example(s) (MPa) break (%) modulus (GPa) Mechanical domain insight
Conjugated polymer (p-type) P3HT, DPP-based 30-50 10-30 0.4-1.2 Moderate strength; brittle;
polymers improved via copolymerization

or blending

Conducting polymer blend PEDOT:PSS 40-60 5-25 1.0-2.0 Stiff but processable; mechanical
limits under cyclic bending

Elastomeric conjugated SEBS-P3HT, stretchable 10-25 100-300 0.02-0.1 Excellent elasticity; ideal for

copolymer polythiophenes stretchable transistors

Biopolymer substrate/ Cellulose, silk fibroin, 50-150 5-80 2-5 High strength and flexibility;

dielectric chitosan, PLA suitable for biodegradable
supports

3D-printable polymeric ink PLA-based, polyurethane- 20-60 50-200 0.1-1 Tunable mechanical profile;

PEDOT formulations

depends on print parameters

Table 2 Electrical, environmental, and functional performance of representative organic electronic materials

Material system

Electrical
conductivity (S em ™)

Biodegradability/
recyclability

Typical application

Functional domain insight

Conjugated polymer
(p-type)

Conducting polymer
blend

Elastomeric conjugated
copolymer

Biopolymer
substrate/dielectric
Biopolymer-conductor
composite

Hybrid nanocomposite

3D-printable
polymeric ink

8.8.2.

(Table 2). Electronic performance and environmental compati-

107°-10"2
10%-10°
1031
10~7-107*
102-10"
10-10*

107*-10

Electrical, environmental, and functional domain

Limited; recyclable via
solvent recovery
Partially recyclable
(aqueous medium)
Non-biodegradable,
recyclable

Fully biodegradable

Partially biodegradable

Recyclable
(depends on filler)
Biodegradable or
recyclable

environmental

OFETs, OPVs
Electrodes, sensors
Wearable transistors

Flexible substrates,
transient devices
Biosensors,
eco-electronics
Flexible circuits

Additive-manufactured
devices

incorporating

High charge transport; limited
lifetime

Benchmark for conductivity; poor
stretchability

Balanced conductivity and
flexibility

Low charge mobility; high eco-
compatibility

Promising trade-off between
performance and sustainability
High stability; multi-functional
integration

Adaptable for complex geometries

hybrid systems embody a promising compromise between
responsibility and
Hybrid nanocomposites,

electrical performance.

inorganic nano-

bility define the functional viability and sustainability of
organic electronics. Conjugated polymers, including P3HT and
PEDOT:PSS, continue to represent the reference materials for
charge transport, achieving conductivities spanning from 10>
to 10° S ecm ' depending on doping level and molecular
ordering.’*®” However, their limited recyclability and persis-
tence in the environment remain key obstacles to sustainable
deployment. Elastomeric conjugated copolymers achieve
moderate conductivities (10 to 1 S cm ') while retaining
substantial stretchability, which makes them particularly suit-
able for strain-tolerant transistors and physiological sensors.
Biopolymers, although inherently insulating (1077 to
10~* S em™ %), offer exceptional eco-compatibility and complete
biodegradability, making them valuable for transient or
resorbable devices. The formation of biopolymer-conductor
composites, where conductive fillers such as carbon nano-
tubes, graphene, or PEDOT:PSS are embedded within cellulose
or chitosan matrices, significantly enhances conductivity (10>
to 10 S m~") while maintaining partial biodegradability. These

45188 | RSC Adv, 2025, 15, 45177-45195

structures (e.g., metal oxides or carbon allotropes) into organic
matrices, combine excellent electrical stability (up to
10> S em ') with recyclability and mechanical resilience,
thereby representing a viable path toward next-generation,
multifunctional flexible circuits.

Finally, 3D-printable inks bridge manufacturing scalability
with sustainability, delivering moderate conductivity (10~ to
10 S em™ ') and biodegradable compositions compatible with
additive manufacturing.”® Their processability under mild
conditions allows the fabrication of complex architectures for
applications ranging from biosensors to soft robotics, where
both flexibility and environmental safety are critical.

The comparative analysis in Tables 1 and 2 reveals a perfor-
mance-sustainability continuum across
Synthetic conjugated polymers dominate in electronic perfor-
mance but exhibit limited environmental compatibility. Bi-
opolymeric systems are exemplary for biodegradability and
mechanical compliance yet lag in charge transport efficiency.

material classes.
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Hybrid and composite systems occupy a pivotal middle ground,
achieving synergy between performance and sustainability.

Future research should prioritize molecularly engineered
hybrid frameworks that combine ordered w-conjugated
domains for efficient transport with degradable or recyclable
backbones. Parallel advances in interface engineering, solvent-
free processing, and standardized characterization protocols
will be essential to establish reproducible benchmarks and
enable cross-laboratory comparability. Through these inte-
grated strategies, organic electronics can transition from niche
laboratory prototypes to scalable, circular, and environmentally
responsible technologies that underpin the next generation of
flexible and sustainable electronic systems.

8.9. Emergent manufacturing routes: nanocomposites and
additive fabrication

The continuous drive toward sustainable, high-performance,
and scalable production has catalyzed the integration of nano-
composite engineering with additive manufacturing (AM)
techniques in organic electronics.” These two approaches,
acting synergistically, enable precise control over microstruc-
ture, morphology, and composition, while markedly reducing
energy consumption and waste compared to conventional
photolithographic or vacuum-based processing.

8.9.1. Nanocomposite-based processing. The incorpora-
tion of nanostructured fillers, such as carbon nanotubes
(CNTs), graphene derivatives, metal nanoparticles (Ag, Au, Cu),
or metal-oxide nanophases (ZnO, TiO,, Sn0,), into conjugated
polymer matrices represents a decisive step toward multifunc-
tional and mechanically robust organic electronics.'® The
resulting organic-inorganic hybrid frameworks exploit perco-
lative conductive networks that significantly improve charge-
carrier mobility (1072-10> S cm™') and electrochemical
stability. In parallel, nanofiller-polymer interactions increase
modulus retention and strain tolerance, enhancing cyclic
durability under bending and stretching.

Interfacial engineering is critical in this context: surface
functionalization of nanoparticles with m-conjugated or polar
moieties improves compatibility with the polymeric matrix and
prevents agglomeration, ensuring homogeneous electronic
pathways. Beyond electrical enhancement, nanocomposite
architectures also impart thermal stability, optical tunability,
and self-healing capability, making them ideal for flexible
displays, thermally stable sensors, and energy-harvesting
modules. The development of green synthesis routes, such as
aqueous exfoliation or bio-based surfactant stabilization,
further aligns nanocomposite fabrication with circular-
economy principles.

8.9.2. Additive and 3D-printable fabrication. Additive
manufacturing encompasses a spectrum of solution-
processable deposition methods, inkjet, aerosol jet, screen
printing, and direct-ink-writing (DIW), that permit patterning of
electronic layers directly onto flexible substrates under ambient
conditions.' Compared with traditional vacuum deposition,
AM drastically reduces material loss and processing energy,

while providing sub-100 pm spatial resolution. Ink

© 2025 The Author(s). Published by the Royal Society of Chemistry
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formulations derived from PEDOT:PSS, polythiophenes,
diketopyrrolopyrrole-based copolymers, and hybrid
biopolymer-graphene systems have been optimized to achieve
rheological stability and controlled drying kinetics, yielding
uniform conductive films.

Emergent 3D-printable inks based on biodegradable
matrices (e.g., PLA, cellulose acetate, chitosan) doped with
conductive nanofillers bridge electronic functionality with
environmental compatibility. Such formulations allow fabrica-
tion of fully printed transistors, stretchable interconnects,
OLEDs, and biosensors with hierarchical architectures and
locally tunable mechanical compliance. Multi-material AM
enables spatially graded structures where electronic, dielectric,
and elastomeric regions coexist, mimicking biological tissue
flexibility while maintaining robust electrical continuity.

The confluence of nanocomposite design and additive
manufacturing heralds a new manufacturing paradigm for
organic electronics, one highlighting programmable architec-
tures, recyclability, and functional integration.'”> Through
digitally guided deposition and nanoscale structuring, devices
can be fabricated with site-specific performance, self-healing
behavior, and end-of-life biodegradability. Remaining chal-
lenges include ensuring long-term interfacial stability,
mastering cross-scale modeling of structure-property—process
relationships, and standardizing AM protocols for reproducible
device performance.

Future directions will likely merge machine-learning-driven
ink formulation, in situ diagnostics during printing, and
closed-loop material recycling, establishing additive nano-
manufacturing as the cornerstone of a sustainable organic-
electronics industry. This emerging technological synergy thus
not only advances device efficiency and mechanical adaptability
but also redefines how electronic materials are conceived, pro-
cessed, and reintegrated into the ecological cycle.

9. Nonlinear optical organic materials
in electronic applications

Organic materials exhibiting nonlinear optical (NLO) behavior
have garnered considerable attention due to their pivotal role in
advanced photonic and optoelectronic technologies. These
materials offer key advantages such as molecular design flexi-
bility, ultrafast response times, and compatibility with solution-
processable techniques, making them particularly attractive for
applications in frequency doubling, electro-optic modulation,
optical switching, and data storage.'®** Their integration into
electronic architectures complements the broader scope of
organic electronics, reinforcing the multifunctionality and
adaptability of carbon-based systems.

The nonlinear response in organic molecules arises from the
electronic polarization under intense electromagnetic fields,
and is quantified by hyperpolarizabilities, first-order (8) for
second-order NLO effects and second-order (y) for third-order
phenomena.'*® High NLO activity is typically achieved in -
conjugated systems exhibiting strong intramolecular charge
transfer (ICT), which is most effective in molecules with
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a donor-m-acceptor (D-m-A) configuration. This molecular
architecture facilitates efficient delocalization of electrons,
resulting in large dipole moment differences between the
ground and excited states, an essential condition for enhancing
optical nonlinearities."*”

Notable classes of organic NLO materials include push-pull
chromophores such as stilbenes, azobenzenes, chalcones, and
Schiff bases,'*®'* as well as conjugated polymers like poly(p-
phenylenevinylene) (PPV), polythiophenes, and poly-
fluorenes.”® These systems benefit from planarity, extended
conjugation, and structural modularity. Additionally, metal-
organic hybrids, such as transition-metal-coordinated donor-
acceptor complexes, offer enhanced photostability and broad-
ened absorption spectra, contributing to improved NLO
performance.'*

Theoretical approaches, particularly those based on density
functional theory (DFT) and time-dependent DFT (TD-DFT),
have become instrumental in predicting and optimizing NLO
properties.’>™'® These computational methods enable the
evaluation of frontier molecular orbitals, dipole moments, and
hyperpolarizability tensors, facilitating rational design prior to
synthesis. Experimental validation using techniques such as
EFISH (electric-field-induced second harmonic) and Z-scan
confirms the strong NLO responses of many candidate
molecules."”"®

Despite these advances, translating high intrinsic NLO
activity into functional devices remains challenging due to
morphological instability, film-processing limitations, and
photodegradation under continuous illumination.”®* To
address these issues, strategies such as incorporating NLO
chromophores into polymer matrices, forming self-assembled
monolayers, or embedding them in sol-gel hybrid systems
have shown promise in improving orientation control, film-
forming ability, and environmental robustness."*°

The strategic incorporation of NLO-active organic materials
into flexible and printable electronic platforms opens new
avenues in integrated photonics, wearable optical sensors, and
next-generation optical computing. Their synergy with organic
electronic components such as OFETs and OLEDs strengthens
the case for organic systems as a comprehensive platform for
multifunctional, sustainable, and high-performance optoelec-
tronics. Continued advancements in synthesis, molecular
modeling, and device integration are expected to drive the
development of tailored NLO materials, ultimately enabling
compact, lightweight, and energy-efficient photonic
technologies.

10. Conclusion

Organic electronics has matured into a pivotal interdisciplinary
field bridging molecular chemistry, materials science, and
device engineering, enabling the creation of lightweight, flex-
ible, and energy-efficient systems that redefine the architecture
and sustainability of modern technologies. Through advances
in conjugated polymers, organic semiconductors, and hybrid
nanocomposites, researchers have established a versatile

45190 | RSC Adv, 2025, 15, 45177-45195

View Article Online

Review

materials platform capable of competing with, and com-
plementing, conventional inorganic counterparts.

The field has progressed from laboratory demonstrations to
pre-industrial implementations, driven by improved under-
standing of structure-property-function correlations and the
development of scalable processing techniques. The integration
of biopolymeric and naturally derived materials, such as cellu-
lose, chitosan, and polylactic acid, marks a paradigm shift
toward environmentally responsible and biodegradable device
architectures, aligning performance optimization with ecolog-
ical imperatives. Complementarily, the incorporation of end-of-
life management frameworks and life-cycle assessment (LCA)
methodologies transforms sustainability into a measurable
engineering parameter rather than a conceptual ideal.

The emergence of nanocomposite engineering and additive
manufacturing (AM) has further revolutionized the fabrication
of organic devices. By enabling digital, low-temperature, and
solvent-efficient production, these approaches support circular
manufacturing paradigms and the customization of device
architectures with unprecedented precision. This technological
convergence not only enhances charge transport, mechanical
resilience, and optical tunability but also ensures compatibility
with recyclable or biodegradable feedstocks.

Looking forward, the frontier of organic electronics lies in
the rational coupling of molecular design, process optimiza-
tion, and artificial-intelligence-driven materials discovery. The
integration of nonlinear optical (NLO) organic systems into
flexible photonic platforms and the deployment of hybrid
organic-inorganic architectures will expand functional versa-
tility and performance thresholds. Achieving long-term opera-
tional stability, establishing standardized characterization
protocols, and developing closed-loop recycling infrastructures
will be critical for the transition from proof-of-concept devices
to sustainable commercial applications.

Ultimately, organic electronics embodies a transformative
technological and societal endeavor: it not only redefines elec-
tronic materials in terms of flexibility and efficiency but also
reshapes how technology interacts with the environment. The
convergence of high-performance design and ecological stew-
ardship positions this field as a cornerstone of next-generation,
sustainable and circular electronic innovation.
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