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Structural tunability, low-cost solution processability,
mechanical deformability, and biocompatibility were

among several keywords that made organic semiconductors a
popular class of materials.1 Here we are over three decades later
with very few practical devices using organic semiconductors,
and many wondering what is next for the field of organic
electronics and whether organics were destined for nothing
more than low-grade electronics and displays.2,3 The two main
areas where organic materials were expected to thrive over their
inorganic counterparts are the development of next-generation
body−machine interfaces and advanced healthcare elec-
tronics.4,5 One can argue that several research groups have
been more than successful demonstrating the properties listed
above, separately, and that the field has lacked concerted efforts
to demonstrate real products. One can also argue that perhaps
the financial burden for acquiring the needed taskforces for
combiningmaterials design and synthesis, device fabrication and
characterization, and biointegration is a major reason why such
demonstrations remain rare in laboratories. Instead, the
industrial platforms (a good recent example being Neuralink)
are now the sole players bringing together teams of chemists,
engineers, and surgeons to prototype next generation neuro-
prosthetists that were long promised to be the epitome of
organic electronics. The question then becomes whether despite
the potential and recent advances, organic electronics are a dying
field of research or whether only a few and pricy products will be
realized. Regardless of the underlying logistical reasons, there
remain fundamental challenges that ought to be addressed
before we can witness the rise organic electronics.
To develop body-machine interfaces, the following are

needed: (1) mechanical compliance,4,7 (2) operational stability
in physiological environments,8 (3) reliable harnessing,
discerning, amplification, and transduction of physiological
information,9,10 and (4) ability to adapt or learn from
physiological surroundings and execute tasks accordingly.11,12

Next generation healthcare devices, in addition to the features
above, must monitor patients’ vitals selectively and accurately,
and bear a drug-delivery or healing function. These two thrusts
have been proposed to employ iono-electronics, i.e. devices able
respond to ionic signals and provide an output resulting from a
material’s property change upon ionic intercalation. To realize
this ionically controlled multiresponsiveness, electrolyte gated
transistors (EGTs)11 are sought after as the fundamental
building blocks for advanced electronics (Figure 1). In such
devices, a semiconductor will typically respond to incoming

ionic species and undergo a property change (electronic, optical,
mechanical) which is in turn detected or utilized for a specific
application. Though this is the author’s viewpoint on the role of
organic semiconductors in biointerfacing and healthcare
applications, other research areas such as energy conversion
and storage, displays, neuromorphic computing, and actuators6

are also envisioned to benefit from advances in developing novel
high-performance organic materials, especially mixed ionic-
electronic conductors.
When targeting all the requirements listed above, it seems

both surprising and concerning that only a few materials have
been studied thus far.11 The current approach for selecting iono-
electronic materials, especially semiconductors, has been to
directly borrow systems that have been shown to perform well in
more mature device architectures (such as organic field-effect
transistors) and repurpose them for various functions. This
approach typically targets good electronic conductors, which has
made poly(3,4-ethylenedioxythiophene) polystyrenesulfonate
(PEDOT:PSS) the most widely studied material for the
applications mentioned above.13,14 This is despite its (i)
complex composite-based processing, (ii) low thermal tolerance
for integration in circuits manufacturing, and (iii) poor control
of its electronic and ionic components, not to mention its (iv)
unalterable structure. Other successful examples in literature
seem to address one challenge at a time6 and lack a systematic,
concerted, and application-driven materials design. A better
approach seems to design polymers from the bottom up and
realize the targeted property change depending on the
application. Conjugated (semiconducting) polymers are ideal
here owing to their structural versatility and multiresponsive-
ness.
Semiconducting polymers, simplistically speaking, are com-

posed of a conjugated backbone flanked with solubilizing side
chains. One can think of (in theory) unlimited combinations of
building blocks and blend combinations based on conjugated
units. Side chain and backbone engineering remain effective
tools to design new semiconducting polymers. The key aspect
for iono-electronics, especially EGTs, becomes systematic
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control of the ionic and electronic conduction of the polymeric
semiconductor.6 Side chains can be successfully used to solvate
the incoming ions (by utilizing polar side chains) and the
conjugated backbone can be used to tune the transport of
ionically induced electronic charges, as shown in Figure 1.
Copolymeric semiconductors would be ideal for such balance.
Traditional polymers (e.g., diketopyrrolopyrrole, isoindigo, or
naphthalenediimide-based polymers15), though ideal for facile
synthesis and structural tuning, bear long alkyl chains and are
thus hydrophobic and not optimal for iono-electronic devices.
However, several research groups possess in-lab knowhow on a
variety of conjugated backbones (for instance donor−acceptor
building blocks studied for transistor devices, electrochromic
displays, and solar cells)15 that, once molecularly redesigned,
can meet the above-discussed performance requirements in
iono-electronics and potentially rival the most commonly
studied candidate (PEDOT:PSS). This reopens the research
on organic semiconductors and the design of new materials able
to (i) interface with biology, (ii) operate in a variety of
environments, (iii) offer tunable molecular and microstructural
properties, and (iv) enable further composite designs.
To interface with biology, polar side chains imparting

operation in aqueous media are ideal and more research is
needed on (i) optimizing the placement and the density of these
polar groups without hindering the electronic transport along
the conjugated backbone, (ii) controlling ionic uptake by the
semiconducting films, its impact on operational voltages, and the
durability of resulting devices, and (iii) their impact on
microstructural engineering in polymer films. Microstructural
engineering becomes a vital tool in these materials, especially
toward the realization of extrinsic properties such as mechanical
deformation,16 chain crystallization,17 and addressing poor
thermal and environmental tolerance shortcomings found in
most organic semiconductors.18 When designing novel micro-
structures, however, researchers must be sure to retain the
capacitive and electronic features discussed above. To achieve
adaptive functions at the body interface, controllable charge
modulation and retention upon ionic uptake needs to be
achieved and operational robustness is needed tomimic the high
frequency signal transmission.19,20 In combination with drug-
delivery strategies, wound healing designs, and loop feedback
controls, adaptive healthcare devices are envisioned.21 It seems
self-evident that multifunctional polymers should be further
explored as opposed to repurposing a few candidates.
It is beyond debate that organic semiconductors have been

kept out of the traditional CMOS electronics due to lower

charge carrier mobilities as well as inferior thermal robustness
for foundry compatibility (compared to inorganic counterparts).
However, the structural tunability of conjugated polymers earns
them a role that inorganics are not suited to play. Iono-
electronics is a front where organic semiconductors hold an edge
to deliver multifunctional devices. In these electronics,
extremely high electronic conduction is not a requirement.
Instead, a well-balanced mixed ionic-electronic conduction is
needed. These electronics will undoubtedly benefit from the
versatility of organic semiconductors, but fundamental research
on their capabilities ought to be carried out and their role must
be redefined.
To enable the next leap for organic iono-electronics, research

groups should probe ionic insertion into semiconducting films,
the resulting property change, and its impact on electronic
charge modulation along the semiconducting chains. By relating
structure to property and device performance, molecular fine-
tuning strategies once again become available for meeting
specific needs, and for addressing stability issues toward scalable
manufacturing of functional circuitries. This route seems more
reliable than the current approach that only targets a few
polymer candidates and relies solely on engineering approaches
to repurpose them. My research group will take this bottom-up
approach and design/synthesize multifunctional polymers and
polymer composites for future organic electronics. This
viewpoint communicates our research motivation and what we
believe is a novel front for organics to deliver on their
longstanding promise for ubiquitous smart electronics.
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Figure 1. Organic iono-electronics as a new front for semiconducting polymers to shine. Electrolyte-gated transistors are envisioned as a platform to
benchmark novel mixed ionic-electronic conducting materials. To impart balanced conduction, side chains and backbone engineering are effective
tools for research groups to engineer new polymers toward advanced organic electronics, especially for smart biointerfaces and healthcare devices.
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