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Abstract

Sections

The organic electrochemical transistor (OECT) has emerged as the
core component of specialized bioelectronic technologies, such as
neural interfaces and sensors of disease biomarkers. At the heart of
the OECT isits channel, made of an organic mixed ionic-electronic
conductor (OMIEC). The chemical structure of the OMIEC governs
the electronic, optical and mechanical traits of OECT, with even subtle
structural tweaks leading to sizeable functional disparities. In this
Review, we summarize the recent progress in OECT device development
while underscoring the critical role of OMIEC selection in steering
diverse applications. Our narrative charts the milestones in materials
exploration, tracing the evolution of the field in parallel with polymer
chemistry breakthroughs. We emphasize how materials design has
enabled new device operation mechanisms by adding features such
as biocompatibility, stretchability, stimuli response and memory
retention to OMIECs. We also highlight the obstacles that must

be surmounted to translate OECT-based devices from laboratory
instruments into tangible real-world technologies.
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Introduction

In the biotic world, most events (such as cellular signalling and
molecular and ion transport) involve movements of ionic charges
and biomolecular recognition. The species involved are charged and
under constant change. These cellular events lead to local transient
changes in ionic charge distribution, which can be monitored with a
device wired to translate ionic signals into electronic ones, coupling
the realms of electronics and the ion-dominated biological milieu.
Amongaplethora of bioelectronics devices, the organic electrochemi-
caltransistor (OECT) has been at the forefront'. The OECT is a transistor
that provides power gain, and its primary component is an organic
mixed ionic-electronic conductor (OMIEC) film. This film is used in
the channelin contact with an electrolyte, which can be the biological
fluid itself. OMIECs are typically amphiphilic conjugated polymers
capable of simultaneously transporting electronic and ionic charges
through their bulk®.

Because these electronic and ionic charge species are coupled,
an intrinsic transduction mechanism is generated, wherein ionic
signals affect the electrical conductivity. This coupling, extending
throughout the entire OMIEC channel, translates into aremarkably high
transconductance (g,,) — giventhat the charges cantransportacrossthe
channel. The high g, of the OECT allows weak biological ionic signals
tobeconvertedintolarge current changes, turning these devicesinto
very powerful sensors’. The g,, is, therefore, a direct outcome of the
three-dimensional interplay of ionic and electronic charges intrinsic
to this specific materials class, underscoring the foundation of the
OECT technology. Yet, mixed conductionis not the sole property that
OMIECs possess*. With the use of OMIECs that have been chemically
tuned to possess multi-functionality, OECTs can become more than
amplifying transducers or switches.

Through a modification of backbone chemical structure or side
chainengineering, OMIECs can attain various values of mobility, capaci-
tance, and oxidation and reduction onsets, and they gain reactivity
towards chemical species, the capability to recognize biomarkers,
orthe ability to retain charge, with each property becoming the enabler
of a particular application. For instance, the compatibility of OMIEC
films with various biological environments (that is, chemical stability
and nontoxicity) permits OECTs to interface directly with living sys-
tems, allowing for multiple forms of diagnostics, even in unconven-
tional geometries. These applications span fromin vivo neural signal
recordings to continuous monitoring of in vitro tissue integrity, and
from detecting metabolites toidentifying disease biomarkersin bod-
ily fluids such as sweat or the brain®®, The ability to access and store
alarge density of charge states with voltage modulation allows the
use of OECTs within the realm of memory and neuromorphic-related
applications®°. With control over the location of the penetrating ions
inside the complex microstructure of the channel, OECTs can display
short-term or long-term potentiation and depression. It is even pos-
sible to mimic the function of aneuron with an OECT, as the operation
principle of both relies on ion-modulated spiking, enabling organic
artificial neural circuits™ ™,

OMIECs can adopt various forms and geometries, ranging from
traditional thin films to fibre-based textile electronics and microporous
scaffolds™¢, and can be patterned on different substrates, as they are
compatible with different fabrication methods"”. OMIECs can even be
chemically polymerizedinsidealiving tissue, astep towards generating
polymeric electrodes embedded in the tissue in the absence of rigid
substrate carriers'®. Their compatibility with conventional printing
methods, as well as digitally enabled direct-write techniques, makes

the OECT fabrication simple and cost-effective and enables large-scale
production of arrays'”.

One property often recognized for the majority of polymeric
OMIECs is their softness®, attributed to the inclusion of polar side
chains thatassemble inless regular and crystalline domains compared
with traditional alkyl side chains®. Their low Young modulus, which
decreases further as the film swellsin an aqueous medium, allows them
tomatch the mechanical properties of soft biological tissue, an advan-
tage when the channelis designed tobeindirect contact with the tissue.
They canalso be programmed to stretch with the underlying substrate,
rendering OECTs popular in wearable formats and robotics**?*. Moreo-
ver, OMIECs can absorb light and photogenerate electronic charges.
Using light as the secondary input increases the already high gain of
the OECT by at least 20 times, which can help construct sensors with
record-high sensitivities®*. Devices integrating such light-responsive
OMIECs are promising for light-controlled logic gates or artificial
electronic retinas®. By rendering the same materials stretchable,
light-gated OECTs can become powerful wearable photodetectors.

OMIECs offer a rich chemical design space, in which not
onlythebackbone units butalso the side chains govern their properties.
The ability to tune OMIEC function through synthesis enables them to
be custom-made for targeted OECT applications. Thus, itisimperative
to understand the intricate interplay between device functionality
and materials chemistry. In this Review, we aim to contribute to this
relationship by taking a deep dive into active OECT materials and the
operational principles that underlie their functionality. We first provide
molecular design rules for making OMIEC materials, characterized by
their mixed charge transport performance. We then overview strate-
gies to develop OMIECs for biosensors, neuromorphic computing
and logic circuits, which require them to have functions such as high
charge mobility, ambipolarity, ionic charge retention, surface reac-
tivity, photoactivity or stretchability. Finally, we present our insights
into the prevailing challenges and future prospects in OECT channel
material evolution.

Operation of OECTs
The OECT has a typical three-terminal transistor structure with gate,
source and drainelectrodes (Fig.1a). An OMIEC forms the semiconduct-
ing channel between the source and drain electrodes, and anionically
conducting medium, such asanaqueous electrolyte, links the channel
to the gate. A voltage applied between the gate and source terminals
(V) orchestrates the movement of ions in and out of the channel,
modulating the electronic charge carrier density in the bulk of the
film and, hence, the channel conductivity. The OECT’s operation in
ion-containing media, thus, hinges on the interplay between electro-
lyte ions and the conjugated polymer backbone, and this defining
characteristic of the OECT stems from the channel’s ion permeability
(Box 1). In contrast to constraining ionic-electronic charge coupling
to a two-dimensional channel-electrolyte interface as observed in
field-effect transistors, the accumulation of charges throughout the
entire volume of the OMIEC leads to very large current changes in
the OECT channel under the same sub-volt biasing conditions. The
miscibility of aparticularion within the OMIECis governed by the film’s
chemical structure and physical properties. Achievingionic-electronic
coupling at accessible potentials requires engineering the OMIEC
energetics by incorporating electron-rich and electron-deficient
moieties.

The amount of electronic and ionic charge couples in the OMIEC
can be quantified by measuring its volumetric capacitance (C*),
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Fig.1|Operation and history of OECTs. a, The synthetic design controls the
properties of organic mixed ionic-electronic conductors (OMIECs), which enable
particular applications. b, Timeline of the evolution of organic electrochemical
transistor (OECT) channel materials. BBL, poly(benzimidazobenzophenan-
throline); EG, ethylene glycol; g,,, transconductance; PEDOT:PSS, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate); PTHS, poly(6[thiophene-3-yl]
hexane-1-sulfonate) tetrabutylammonium; T2, bithiophene; TT, thienothiophene;
Vy, drain voltage; V, gate voltage.

expressed in farads per cubic centimetre (F cm™). Once the charges are
coupled, avoltage applied between the source and drain contacts (V)
propelsthemacross the channel towards the respective terminal. The
ease withwhichthe charges move across the channelis determined by
their mobility (tozcr)?. Both C*and uc; are material properties inher-
ent to the OMIEC, and they collectively affect the g,, of the device?® %,
However, high g, without a fast response may not be meaningful in
applications that require OECTs to process information or detect
rapid biological events in real-time. It is the mobility of both ions and

electrons that determines how fast the device will respond to ionic
fluxesinthe electrolyte (or the Vs applied). Making smaller channels
canincrease the switching speed at the cost of the deviceg,.. A creative
approachtobolstering both properties, without a substantial trade-off,
involves trappingions within the film prior to biasing®. Arecentstridein
the processing of OMIECs is the advent of the vertical OECT design®*°.
Thisinnovation upholds fast switching speeds and could broaden the
potential applications of the device.

While C* and pcr are material properties that impact device
output and transient characteristics, for each OMIEC, they vary with
respecttotheelectrolyte (butalso thetype of gate electrode) used. This
isbecause ionic-electronic charge interactions occur over the entire
volume of the film; hence, the ions and solvent molecules become a
part of the OMIEC. Conversely, the gate electrode influences the volt-
age threshold at whichioninjection or ejection commences. For each
application, there may be a different gate electrode or electrolyte
requirement; therefore, while selecting the OMIEC, it is important
to evaluate the device functionality in the targeted environment and
consider the OMIEC, together with the electrolyte and gate electrode,
asacomplete system.

History of OMIEC design for OECTs

The first OECTs were built in the mid-1980s with the introduction of
the conducting polymers polypyrrole® and polyaniline®? as the channel
materials (Fig. 1b). However, these materials’ limited performance and
vulnerability to oxidation curtailed their broader applications.In1990,
the synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT) with the
water-soluble counterion poly(styrene sulfonate) (PSS) marked a
pivotal breakthrough in electronically conducting polymers®. The
hole-transporting (p-type) films cast from PEDOT:PSS dispersion in
water exhibited attributes such as high conductivity, stability, trans-
parency and biocompatibility and, thus, quickly gained prominence
in various industrial and research fields** . One of the most success-
ful utilizations of PEDOT:PSS is in the OECT technology?’, primarily
because of its unique microstructure that is beneficial for mixed con-
duction: the presence of a PSS-rich phasein the filmallows forionand
water uptake, surroundinginterconnected PEDOT-rich regions which
transport electronic charges®.

However, PEDOT:PSS does have certain limitations. Because
it exists in its doped state at zero gate voltage owing to the fixed
PSS™ anions inside the film, the OECTs operate in ‘depletion’ mode.
Although the depletion mode affords a high g, value at low operating
potentials, the device has low transconductance efficiency (g, obtained
per unit current) and high power demand, and its use in integrated
circuit design is not straightforward. Its high capacitance in the ‘off”
state restricts the available options for the gate electrode selection.
Additionally, synthetic modification of PEDOT:PSS to fine-tune its
properties for targeted applications has been very challenging, if not
impossible, which limits the areas that OECTs can expand to.

Advances in OECT technology require new, readily tuneable mate-
rials, particularly ones that are intrinsically non-conductive and can
be operated in enhancement mode. To this end, in 2014, a sulfonated
polythiophene derivative (PTHS) was used in an OECT channel, result-
ingina high-g,, enhancement mode device®. Terminating the alkylside
chainwithanionicunitrenders the polythiophene amixed conductor
(thatis, knownasaconjugated polyelectrolyte), facilitating ion infiltra-
tion and ion motion in the film bulk, without the need for a separate
ion-conducting phase, as is the case for PEDOT:PSS. A pioneering
work in2016 has demonstrated the feasibility of operating OECTs with
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Box 1

Electrochemical doping—
coupling between ionic and
electronic charges

In an organic mixed ionic-electronic conductor (OMIEC), the
electronic charge exists ideally only in the presence of a stabilizing ion
with the opposite polarity. This coupling between ionic and electronic
charges — commonly referred to as electrochemical or bulk doping —
enhances the electrical conductivity of the otherwise low-conductivity
OMIEC film. Electrochemical doping is achieved through the
presence of dopant ions within the film. Whereas some materials
(such as poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDQT:PSS)) are designed to encapsulate these charge-stabilizing
dopants, others withdraw them when an electrical field is applied
through the interfacing electrolyte and become temporarily
conducting. The removal of these ions initiates the dedoping process.
In the absence of an externally applied potential, an equilibrium
concentration of electronic and ionic charges exists, determined by
the energetic position of the molecular orbitals of the OMIEC, the
nature of the electrolyte and the work functions of contact electrodes.
The extent of coupling between electronic charges and ionic charges
can be tuned by the applied voltage or other stimuli that can trigger ion
uptake (or release). The voltage applied through the electrolyte injects
ions into multiple locations inside the film, accessing various electronic
sites. Different conducting states can be achieved by adjusting the
bias strength. This phenomenon is reflected as a potential-dependent
volumetric capacitance (C*), quantified by measuring the amount of
ionic charge injected per unit voltage per volume of the OMIEC.

conventional p-type backbones through the introduction of glyco-
lated side chains*’. By replacing alkylated conjugated polymers with
oligoether side chains, hydrationandion penetration were enhanced,
shiftingthe operation mode from an electrical double layer into volu-
metricelectrochemical doping. Researchers have embraced the design
principle of integrating hydrophilic side chains into conjugated back-
bones, including electron-transporting (n-type) films, leading to a
rapid evolution of OECT materials over the subsequent years (Fig. 1b).
Starting in 2017, the community began utilizing the product of C*and
Hoecr (instead of g, whichis device geometry-dependent) as figure of
merit to compare the performance of various OMIECs* 2,

In2018, the ladder-type conjugated polymer poly(benzimidazob
enzophenanthroline) (BBL) was introduced to the field of OECTs*. The
exceptional performance of BBL asan OMIEC is surprising, as the poly-
mer does not contain hydrophilic side chains. Its ability to operate in
an OECT channel with such high performance was attributed to three
factors: therigid extended system in BBL induces high y; the absence
of solubilizing chains generates a high polaron density, resulting in a
large C*; and theinherent free volume generates nano-voids, which act
asion-permeable regions*.

Despite the complexity of establishing definitive design rules for
OMIECs, a few key principles have been proposed®**~*¢, The forth-
coming section outlines some of these principles, used in a synthetic

work aiming to develop high-uC* OMIECs using various building
blocks (see Fig. 2 for common chemical motifs) — although, as we will
see in the following sections, other material functionalities become
more important for certain applications (see Fig. 3 for representative
OMIECsin applications), and a high uC* alone might not be sufficient.
This discussion focuses on polymeric (conjugated) mixed conduc-
tors, asthey are the most widely used materials in OECT applications.
Organic small-molecule semiconductors also have the ability to cou-
ple and transport electronic and ionic charges across OECT-relevant
distances* . However, creating a film structure based on small
molecules, which maintains connectivity while allowing volumetric
ionuptake andrelease at low biases, is more challenging, despite some
advantages they may offer.

OMIEC library and design considerations

The synthetic design of the OMIEC backbone has a profound impact
on the energetics of the film, determining factors such as the voltage
range leading to distinct electronic states, and the interactions and
reactions with oxygen (O,), water and common molecular species
in the biological operating conditions, such as hydrogen peroxide
(H,0,). Theenergeticsinfluence the OECT threshold voltage (V) and
operationrange, as well asits stability and reactivity. It is the chemical
structure thatlargely determines the film microstructure, which affects
the uC* product, hence the device performance.

Owing to the efforts in the field of organic electronics, syn-
thetic chemists have a broad understanding of how different motif's
in polymer backbones, chain lengths and their distributions con-
tribute to the electronic transport properties. However, unlike the
highly ordered polymer chain packing required for high mobility,
which is the most important consideration for field-effect transis-
tors, OMIECs need to allow sufficient space forionsto get close to the
polymer backbone for high capacitance. Therefore, when designing
OMIECs, aspects that influence crystalline and amorphous content
of the film become equally important, as they collectively govern
the speed and number of ionic and electronic charge couples. This
point highlights the importance of side chain architecture in OMIEC
design because it not only promotes ion motion in the film but also
influences electronic conduction by changing how the chains stackin
the solid state and determining the film viscoelasticity during device
operation.

Thedesign of backbone unitsin OMIECs determines the dominant
charge carrier type transporting in the film, such as p-type (most
common), n-type (fewer examples) and ambipolar (hole and electron
conductor, the least common). The p-type OMIECs are constructed
fromelectron-rich (donating) fragments and include polythiophenes
and their polyelectrolyte-based homopolymers (Fig. 2a), all-donor
polymers (Fig. 2b), and donor-acceptor (D-A) polymers (Fig. 2c).
Conversely, n-type polymers are composed of electron-deficient (with-
drawing) moieties. We classify n-type OMIECs into three categories:
imide-based or lactam-based polymers, including those based on naph-
thalenediimide (NDI), bithiophene imide (BTI), diketopyrrolopyrrole
(DPP) and azaisoindigo (AIID) (Fig. 2d); ladder-type polymers, including
BBL and poly(benzodifurandione) (Fig. 2e); and isoindigobenzodi-
furandione (IID-BDF)-based polymers that are composed of polylactam
or polylactone (Fig. 2f).

To obtain ambipolar OMIECs, a unique energetic structure with
alow band gap (<1 eV) is required to achieve the balance between
hole and electron mobility*>. The typical examples of ambipolar
OMIECs are shown in Fig. 2g (refs. 54-56). However, owing to their
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tendency tolocalizein arelatively large band gap, constructing ambi-
polar OMIECs with high and balanced ambipolar properties remains
challenging. In this regard, blending p-type and n-type materials in a
bulk-heterojunction structure (Fig.2h) is an effective strategy to enable
the transport of both charge carriers and broaden their versatility*”®.
Matched performance can be achieved by tuning the blend ratios of
p-type and n-type material.

Oligoether-based side chains and those containingionic units such
assulfonates, carboxylicacids, hydroxylates and lysins are commonly
used in OMIECs (Fig. 2). Studies revealed that a high polar content in
the film increased C* but also swelling, adversely decreasing p owing
tothedisrupted film morphology upon voltage-inducedion uptake and
release’”*°. Even the distribution of ethylene glycol (EG) units along the
backbone was found to influence hydration, which led to differences
in device performance®. One approach to reduce excess swelling is
to introduce comonomers with hydrophobic alkyl side chains into
the structure® ®*, Another approach is to add spacers to increase the
separation between the oxygen atoms of the oligoether side chains and
the conjugated backbone® ™. This approach minimizes detrimental
swelling near the conjugated backbone, enhancing substrate adhesion
and enabling reversible redox reactions, all while improving mobility
inaqueous electrolytes®>®, Atomistic modifications of the carbon and
oxygen within the side chain can tune the microstructure and swell-
ing properties of the OMIEC (refs. 68,69). When propylene glycol and
butylene glycol were used as side chains, theincrease in hydrophobicity
decreased water infiltration. The concomitantly increased crystallin-
ity in the structure is thought to create kinetic barriers that impede
oxygen diffusion, minimizing the electrochemical side reactions™.
The relationship between polar unit content, swelling and packing
structure is still not entirely clear, and further research is needed to
establish these design guidelines.

p-Type OMIECs

A crucial aspect of OMIEC backbone design is the energetics. Even
minor modifications within the OMIEC backbone can have a substan-
tial impact on the frontier molecular orbital energies, arising from
factors such as electron delocalization through aromatic ring reso-
nance and/or planarity, the introduction of electron-withdrawing or
electron-donating substituents, and the alteration of intermolecular
interactions’. To achieve high-transductance p-type OECTs, it is
essential to select OMIEC building blocks that generate a sufficiently
shallow highest occupied molecular orbital (HOMO) level. A shallow
HOMO, which can be approximated to the ionization potential of a
polymer, translates into a low Vy,,in OECTs. V;, represents the mini-
mum V; required to modulate the channel current; hence, it is one
of the most important device merits. A shallow HOMO allows for the
doping of the polymer within the electrochemical potential window of
water, which ranges from 4.05 eV (H*/H, reduction) to 5.30 eV (H,0/0,
oxidation) at pH =7 (ref. 72). Approaches to achieving a shallow HOMO
level are to introduce substituents that facilitate lone-pair donation
from heteroatoms or to extend the conjugation length through
coplanarity-enhancing non-covalent interactions®, For instance, the
positioning of EG side chains near the heterocyclic structural units
of the backbone can create conformational locking between oxy-
gen and sulfur atoms, thereby promoting coplanarity. A well-known
example of p-type OMIECs is based on a thiophene backbone, spe-
cifically anall-donor polymer composed of thiophene and thiophene
derivatives (thienothiophene (TT), bithiophene (T2) and/or alky-
lenedioxythiophene)’®” with an EG side chain. By manipulating the

comonomers and altering the regio-positioning of the side chains on
thebithiophene units, three resulting polymers, g2T-T (ref. 76), poly(2-
(3,3’-bis(2-(2-(2-methoxyethoxy)ethoxy)ethoxy)-[2,2’-bithiophen]-5)yl
thiophene) (p(g2T-TT))*° and poly(2-(4,40-bis(2-methoxyethoxy)-
50-methyl-[2,20bithiophen]-5-yl)-5-methylthieno[3,2-b]thiophene)
(pgBTTT)”, exhibit planarizing effects through O-S interactions.
This strategy leads to a shallow HOMO level (>-4.61 eV), with pgBTTT
demonstrating a high p-type mobility of 3.44 cm*V?'s™.

The p-type OMIEC materials are typically susceptible to spontane-
ous doping by oxygen, which leads to high currents prior to biasing.
Lowering the HOMO level <-4.9 eV can minimize the faradaic side
reactions with oxygen. To tune the electrochemical properties and
minimize unwanted side reactions with oxygenin ambient conditions,
whose byproducts can affect the stability of p-type OMIECs and limit
their shelflifetime, electron acceptors are frequently introduced into
thiophene-based backbones to construct D-A configuration. For exam-
ple, DPP and isoindigo serve as acceptors that can be combined with
strong donors such as T2, glycolated thienylenevinylene (gTVT) or
bis(3,4-ethylenedioxythiophene) to build D-A polymers, such as
p(gTDPP-T2) (ref. 78), PIBET-AO (ref. 65) and TDPP-gTVT (ref. 79),
respectively. The film stability is also associated with polaron dis-
tribution, which can be controlled by backbone modification. For
instance, the inclusion of methoxybithiophene unit into polymer
p((gPyDPP-MeOT2) provides enhanced delocalization of the wave-
function for the hole polaron compared with the T2 unit. The result
is a stable hole polaron, increasing redox cycling stability of the
OMIEC (ref. 80).

Inaddition to molecular design, the purification of polymer needs
to be considered. Residual palladium (Pd) traps charges and acts as a
co-catalyst for oxygen reduction reaction (ORR), worsening OMIEC
stability. Removing this residual resulted in the current top p-type
OECT performer, p(g4T2-TT), with a uC* of 2,008 FV'cm™s™ and
enhanced stability®.

n-Type OMIECs

The development of n-type OECTs has been difficult with long-standing
challenges extending beyond OMIECs. The lower performance
of n-type compared with p-type transistors is mostly attributed to
electrochemical side reactions occurring within the film, particularly
with oxygen (ORR)®,

To ensure thermodynamic stability and control the overpotentials
of ORR, a deep-lying LUMO level below —4.0 eV is necessary’. There-
fore, one strategy to enhance the performance, as well as the stability,
of n-type OMIECsis to deepen the LUMO level, minimizing electron loss
to water and oxygen. The desired LUMO energy levels are commonly
achieved by introducing more electron-deficient building blocks, such
asNDI, DPP, AlID, BTl and lactam-lactone units.

For instance, the first reported glycolated n-type OMIEC is a
copolymer consisting of glycolated NDI and bithiophene units,
known as p(gNDI-g2T). NDI was chosen as the backbone component
owingtoits low-lying LUMO level, ease of modification, and stability.
NDI-based materials have since been extensively optimized through
side chain modifications, backbone engineering and chemical
dopants**°¢*%3 By adding new chemistries to the NDI unit while keep-
ing the LUMO requirement as a standing stone, the performance has
notably advanced, as evidenced by the progression with uC* from
0.18 Fecm™V's?to 2.31Fcm™ V's™ (refs. 84,85.) These improve-
ments primarily arose from the enhanced mobility rather than the C*
increase. However, although NDI-based materials are widely used in
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Fig.2| Chemical structures of representative OMIECs. Chemical structures
of representative p-type organic mixed ionic-electronic conductors (OMIECs):
thiophene-based homopolymers (part a), all-donor type (part b) and donor-
acceptor type (part ¢). Chemical structures of n-type OMIECs: imide-based and
lactam-based (part d), ladder-type (part e) and isoindigobenzodifurandione
(IID-BDF)-based (part f). Chemical structures of ambipolar OMIECs:

single-component (part g) and blends of p-type and n-type materials (part h).
AlID, azaisoindigo; BBL, poly(benzimidazobenzophenanthroline); BTI,
bithiophene imide; DPP, diketopyrrolopyrrole; NDI, naphthalenediimide; PBFDO,
poly(benzodifurandione); PTHS, poly(6[thiophene-3-yl]lhexane-1-sulfonate)
tetrabutylammonium; TDPP, thiophene-flanked DPP.

OECT-based biosensors® and neurocomputing®**¥, the mobility of
NDIs remains limited owing to charge carrier confinement within the
acceptor moieties and the presence of twisted backbone conforma-
tion characterized by sizeable torsional angles between the NDI and
the donor moieties.

Alternative electron-deficientacceptorsinclude DPP, AlID and BTI
(ref.89). Typical strategies that use these acceptorsinvolve weakening
the donor moieties with functional groups such as difluorothiophene,
cyanated bithiophene and cyanated thienylene-vinylene-thienylene,
which reduce the LUMO level and enhance the delocalization of the
polarondistribution. Forinstance, introducing electron-withdrawing
fluorine and cyano groups to the donor units of the BTI-containing
conjugated polymers f-BTI2TEG-FT and f-BTI2g-TVTCN deepened the
LUMO levels of the polymers and improved their electron mobilities”®”".
Incorporating pyrazine-flanked DPP and cyano-functionalized thio-
phene with branched EG side chains can also enhance mobility.
The mobility enhancement in these cases has been associated with
enhanced planarity of the backbone and distribution of the negative
polaron along the backbone®.

Thiophene-flanked DPP (TDPP) can be used to construct n-type
OMIECs when combined with fluorine-functionalized thiophene
(2FT). By balancing charges towards the donor moiety, the polymer
P(gDPP2FT) can transition from a p-type state to an n-type state, with
auC*of 42.2F cm™ Vsl (ref. 93). Additionally, the AlID unit, with its
electron-deficient character and planarity, offers favourable condi-
tions for facile electroninjection and n-type operationin theaqueous
media’ ?. An AlID-based D-A polymer incorporating a weakly fluori-
nated thiophene (gAIID-2FT) exhibited not only high performance
but also remarkable operational stability and long ambient shelf-life
stability™. Inaddition to the benefits of adeep LUMO level for electron
transport, this example demonstrated that reducing water uptake and
its associated morphological changes by incorporating hydrophobic
fluorine atoms is key toresistance against cycling-related degradation.
These findings highlight the considerable potential for developing
high-performance OMIECs with relatively simple structures through
small atomistic modifications.

1ID-BDF-based polymers have strong electron-deficient proper-
ties and rigid backbones. One example with a polylactam backbone
is PgNaN, which has both alkyl and EG side chains®*. Several deriva-
tives of PgNaN were obtained by systematically increasing the alkyl
chain length from ethyl to hexadecyl”. Fine-tuning the regulation of
ion diffusion and electron transport through the balance of hydro-
phobic and hydrophilic characteristics led to the high-performing
polymer p(g7NCI1O0N). IID-BDF-type polymers can also be based on
polylactone, such as the lactone-based polymer p(N-T) synthesized
through metal-free aldol polymerization®. The electron-deficient
lactone-building blocks allow alow-lying LUMO level and arigid back-
bone necessary for efficient electron mobility. Fluorinating and com-
bining the lactone unit with a vinylene bridge locked the backbone of
p(C2F-T) and deepened the LUMO level, resulting in an n-type polymer
withauC* value of 108 Fcm™ Vs (ref. 99).

Facets of OMIECs leveraged in OECTs

Charge transport properties

The electrical properties of OMIECs at the electrolyte interface
influence device steady state and transient performance and are
determined by three key phenomena: ionic-electronic charge cou-
pling, electronic charge transportandionic charge transport. For effi-
cientelectronic charge transport, hence high i, the material needs to
be extensively mi-conjugated, which entails loosely bound electrons
capable of moving along the delocalized mt-orbitals and between mol-
eculeswith sizeable m-moverlap. However, the presence of disordered
domains limits the extent of delocalization and overlap, such that
charge transport occurs through a series of thermally activated hops
between states that fall withina statistical probability range of distance
and energy'°*'%", Efficient electronic transport relies on the careful
selection of appropriate repeat units and side chains that promote
molecular ordering, chain planarity and sufficient molecular weight
toenableinterconnectivity between ordered domains. This allows for
the formation of percolative paths, enabling efficient macroscopic
electrical conductivity. Operando optical microscopy measurements
suggest that the heterogeneity in the energetic landscape limits the
drift of holes in the channel, leading to slow device switching speeds
atalow biasing regime'*>'%,

Indry and minimally hydrated OMIEC films, ion motion occursvia
ionhopping, coupled with segmental motion of the OMIEC side chains
or backbone?. When most OMIECs come into contact with solvent or
liquid electrolytes, they swell, and the solvated ion transport occurs at
anaccelerated rate’. In some OMIEC systems, proton conduction can
occur even more rapidly through the Grotthuss mechanism'®. This
mechanisminvolves the hopping of protons between hydronium and
water molecules within a hydrogen-bonded network. To facilitateion
transport, careful consideration must be given to the molecular weight
and chain architecture of the material, aiming to promote segmental
motion while avoiding the formation of dense and large crystalline
structures that may hinderion transport. The dynamics ofion motion
anddopingkinetics canalsobe controlled through polymer-electrolyte
interface modification. To achieve rapid switching, asuccessful strat-
egyinvolvesutilizing internally ion-gated OECTs, embedded with small
mobile ions within the film, which forgoes the need for an external
electrolyte and reduces the distance and time required for ion transit®,
lonic liquids that permeate the semiconductor before biasing were
shown to enhance the device bandwidth'*.

In various applications of OECTs, it is imperative to have effi-
cient charge transport in the OMIEC channel, characterized typically
by a high uC*, while keeping the device speed fast and its Vy,, low.
For instance, the high g, and the fast switching speed of OECTs bear-
ing the glycolated bithiophene-based p-type polymer p(g1T2-g5T2)
enabled the detection of weak abnormal cardiac rhythms with high
peak-to-peak amplitude and low noise'”. The same electrical character-
istics of the OMIEC guaranteed high-resolution photoplethysmograph
signal acquisition when the OECT was integrated with a photodiode'.
Large ‘on’ currents and high uC* of BBL, matching that of the p-type
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Fig. 3| Timeline of OMIEC designs. The development timeline of OMIEC designs
that have enabled the associated OECT applications. BBL, poly(benzimidazobenz
ophenanthroline); c-OECN, conductance-based organic electrochemical neuron;
NDI, naphthalenediimide; OECT, organic electrochemical transistor; PEDOT,
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate).
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analogues, improved further through optimization of its molecular
weight'?”, allowing the building of all-organic electrochemical com-
plimentary circuits and logic gates***'%, Such devices can also be
constructed by using a single ambipolar OMIEC with equally high uC*
atp-regime and n-regime®.

Whereas OECTs are typically operated under biasing conditions
that maximize the g,,, the subthreshold region operation provides
advantages in terms of low power consumption and enhanced sensi-
tivity in various bioelectronic applications. For instance, the p-type
glycolated p(g2T-TT) has relatively low ‘off’ currents before ionic dop-
ingstarts. The channel currentincreases exponentially at low V, result-
inginahighg,, efficiency'®’. This characteristic proves beneficial when
using the OECT to detect low-amplitude electrophysiological signals.
Similar output characteristics and g, efficiencies can be attained with
other OMIECs that can accept doping ions at low voltages. For exam-
ple, an OMIEC structurally very similar to p(g1T2-g5T2) enabled very
sensitive and low-limit-of-detection protein sensors when the analyte
binding-associated OECT signals were evaluated at the subthreshold
regionuo,m.

It is common to use OECTs to transduce biochemical binding
events that change the impedance of the gate electrode. To construct
efficient sensors, the device components and geometry should be
chosensuchthat the channel capacitance is close to that of the gate'*'",
Access to an OMIEC library with various C* values at different biasing
conditions allows an appropriate channel-to-gate capacitance ratio
to be achieved without modifying the gate electrode. For instance,
the NDI-thiophene-based p(C,T2) isann-type polymer with high C*at
low V; in addition to high g,,. The mobility of this polymer family was
enhanced throughtheinclusion of alkyl spacer atoms onthe EG-based
chains, moving the polar side chains away from the backbone**. A simi-
lar NDI-based n-type with alkyl spacers, called p(C{NDI-T), was used in
OECTs to detect amyloid-f3 protein aggregates and the coronavirus
spike protein at concentrations as low as attomolar-femtomolar range
owingto the C* of the channel matching that of the gate electrode"**,

The ability to finely tune the OMIEC conductance with external
bias and the rapid transition of the film between distinct doping states
in response to sub-microsecond voltage pulses have enabled their
use in electrochemical random-access memory (ECRAM) devices.
However, for integrating these devices into hardware-based artificial
neural networks, it is essential for the film to remain in one doping
state without the bias for an extended period to enhance long-term
memory**'%*, This can be achieved through synthetic design’®"” and
microstructure optimization®>", One way to improve conductance
stateretentionisincreasing the crystallinity of the film, which can sup-
press the back diffusion of ions'”. Annealing, for example, can enhance
crystallinity, causing ions to become trapped within the ordered and
compact side chains. These ions can only be released (de-trapped)
when a sufficient potential is applied to overcome the energy bar-
rier, ensuring non-volatility*® (Fig. 4a). By leveraging the chemical
and morphological versatility of organic semiconductors and con-
trolling the rates of ion injection and release, it becomes possible to
adjust the write-read speeds of the OECTs. Although p-type OMIECs
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show such non-volatility, n-type OECTs may be less suitable for this
purpose because ORR deteriorates the retention performance™®. One
solution to this issue involves using vertical architectures wherein
the channel is encapsulated with solid electrolytes that prevent air

Theion-dependent switching property of n-type OECTs becomes
useful for building an artificial neuromorphic hardware, as it emulates
the functionality of spiking neurons. An example is BBL, an OMIEC with
conductivity thatcanbefinely tuned by biasing but also decreases upon

119

penetration®. highelectrochemical doping, aproperty known as anti-ambipolarity'”.
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The ion-tunable polarity of BBL mimics the activation and deacti-
vation of sodium channels in neurons, resulting in a single-material
conductance-based complementary organic electrochemical neuron™.
Throughthe use of an OMIEC whose conductance is sensitive to biologi-
cal species or external stimulus, such as light, it becomes possible to
construct functional and more biomimetic neuronal networks.

Mechanical properties

Properties such as softness, self-healing, flexibility and stretchability
are important for platforms that require mechanical compliance,
including wearable and implantable bioelectronics and organ-on-chip
type of systems. OMIECs possessing these mechanical traits provide an
excellent foundation for OECT-based sensors that detect physiological
signals and biochemical substances within their interfacing tissue.
These mechanically adaptable OMIECs should also be biocompatible
and have structural and operational stability in a biological milieu
(essential for wet applications), as well as after strainand deformation

cycles,

Softness. The softness metrics of OMIECs are tunable and desir-
able for biological interfacing. Often, OMIECs swell in a biological
medium, and their softness increases further. The OMIEC film soft-
ness can be increased by the addition of softer components into the
polymer casting solution®, by formulating conductive hydrogels'"',
or by decreasing the glass transition temperature and/or the degree
of crystalline order through molecular design'®. The polymeric
channels with matching mechanical characteristics to the cells can
be used to grow cells, allowing the OECT to continuously monitor
their integrity and other markers during different stages of tissue
development'? (Fig. 4b). Conversely, for applications that require
mechanical robustness, dopants can make films more rigid*’. The
fact that softness is linked to the doping state of the film underpins a
possible new application of OMIECs as actuators and pumps.

Self-healing. Self-healing is defined as the ability of the material
to recover from physical damage without external intervention.
Self-healable semiconducting films in the channel can increase
the practicality and shelf life of OECTs as biological sensors. One
of the key concepts in self-healing materials is the ability of the
fractured conjugated polymer to undergo reversible molecular inter-
actions, and dynamic bonds (such as electrostatic interactions, ionic
bonds and hydrogen bonds), either within or between the polymer
chains, are often a part of this mechanism'*. The dynamic bonds in
the polymer matrix can break and reform, helping distribute the stress
and aiding in the repair of the material. Multiple types of dynamic
bonds canbe realized by blending conjugated polymers with other soft
material matrices (that is, healing agents)'? or integrating molecular
building blocks such as 2,6-pyridine dicarboxamide in the backbone'”
or poly(acetamidoalkyl acrylate) as the side chains'*. For example,
a self-healable OECT was designed using PEDOT:PSS mixed with the
healing agent poly(2-acrylamido-2-methyl-1-propanesulfonic acid)
(PAAMPSA) that forms hydrogen and ionic bonds with the OMIEC
(ref. 129). The hygroscopic PAAMPSA and PEDOT:PSS swell upon
mechanical damage, which give the chains mechanical mobility to fill
the damaged areaand reform the dynamic bonds, as depicted in Fig. 4c.
It was possible toincrease the segmental chain mobility of PEDOT:PSS
with plasticizing agents such as nonionic surfactants™. Inmost cases,
however, the self-healing relies on the contact of the damaged area
with water or the hydrogel used as the electrolyte. Whether OMIECs

other than PEDOT:PSS can be self-healable using similar agents is
alsounclear.

Stretchability and flexibility. Stretchability describes the capacity of
amaterial to change its dimensions without breaking inresponse to an
appliedforce. Anelastic material will return toits original dimensions
oncethe stretching forces are removed. Flexibility pertains to the abil-
ity ofapolymer to bend without fracturing when subjected to various
types of deformation, including distortion, buckling and twisting,
among others. Frequently, stretchability within a polymer matrix
is concomitant with its intrinsic flexibility. Stretchable and flexible
OECTs can be realized through two primary approaches: (1) adjust-
ingthe substrate and the electrolyte and (2) conferring these attributes
to the OMIECs by integrating mechanically adaptable elements into
the polymer structure or film.

Thefirstapproachrelies onthe use of stretchable or flexible elasto-
mersasthesubstrate, theinsulating layer and the electrolytetoreduce
the mechanical failure of the OMIEC channel upon stretching and to
maximize the conformability of the device (Fig. 4d). The first stretch-
ableand flexible OECT was developed using a parylene transfer pattern-
ingtechnique to convey the metal contacts and the PEDOT:PSS channel
ontoapre-stretched polydimethylsiloxane substrate’. A stretchable
acrylamide-based hydrogel was cut and pasted on the active area to
serve as the electrolyte, and the resulting OECT exhibited consistent
and stable transistor characteristics under an applied strain of up to
30%. OECTsusingastretchable glycerol-based gel as abiocompatible
polymer matrix for electrolyte ions exhibited aminimal changein the
electrical performance under an applied strain of up to 30% (ref. 23).
Stretchable OECTs could also be fabricated with biocompatible, bio-
degradable and all-edible solid-state materials — polysaccharide and
choline-basedionicliquid —that served not only as the electrolyte but
also asthe substrate for the device™. Techniques to create stretchable
or flexible OECTs include the laser-based patterning™’, microcrack con-
tactelectrodes™, direct-write additive process” and screen printing".
Inthese cases, although the OMIECs are not flexible or stretchable, the
factthatthey canbe processed via various methods and integrated with
such mechanically variant substrates with minimal loss of conductivity
uponmoderate mechanical stress highlights the unique compatibility
of this material class for stretchable electronics applications.

The second approach for developing flexible and stretchable
OECTs focuses on the channel itself. This method aims to improve
the transistor durability during repeated usage, acknowledging that
if the channel lacks inherent mechanical compliance, mechanical
breakdown is inevitable. The mechanical compliance of the channel
material can be adjusted through a blend strategy or by fine-tuning
the molecular backbone and side chains (Fig. 4d). Incorporating
insulating elastomers (such as polystyrene-block-poly(ethylene-ran-
butylene)-block-polystyrene (SEBS))™*, hydrogel materials (such as
poly(vinyl alcohol), poly(ethylene glycol), poly(vinyl alcohol) and
poly(acrylic acid))**'¥, or small molecules that can suppress large
aggregate growth* with the conjugated polymers can manipulate the
film’s mechanical properties. Using this blending method, stretchable
OECTs have been developed® ',

Although these methods confer flexibility and stretchability, they
might not present auniversal solution. Thisisbecause not every OMIEC
canbe compatible for mixing with these components, or the resultant
morphology of the blend can potentially compromise electrochemical
properties, given that the added materials typically impede charge
transportby disrupting the interconnectivity of conductive network of
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OMIECs. Certain chemical design strategies, which have been applied
for conventional conjugated polymers, can be useful to synthesize
stretchable OMIECs (ref. 140). These include copolymerization with
flexible nonconjugated spacers, the introduction of dynamic bond-
ing sites to facilitate non-covalent crosslinking, the incorporation of
conjugated rigid fused rings, and the fabrication of conjugated random
terpolymers. In addition, side chain engineering has been explored
to synthesize stretchable and flexible conjugated polymers, adding
features such as nonconjugated flexible side chains, side chains with
H-bonding sites, and biaxially extended conjugated side chains.
These strategies were able to reduce the persistence length (indica-
tive of rigidity), increase chain mobility and control the crystalline and
amorphous domains, promoting reversible strain energy dissipation.

Relatively limited attention has been spent on making OMIECs
stretchable and flexible, creating a sizeable opportunity for OECTs.
One study has investigated the ability of an OMIEC, p(g2T-T), origi-
nally tailored for high uC* (ref. 76), to withstand strain®’. The polymer
retained its electrical properties even when subjected to 200% strain
during 5,000 cycles. The key design features of this OMIEC include
anonlinear backbone architecture, low EG side chain density owing
to the unsubstituted thiophene unit, and a high molecular weight
(M, = 67.5kDa). Another example of a stretchable OECT uses the
D-A-type polymer poly(2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)-
2,5-diketo-pyrrolopyrrole-alt-2,5-bis(3-triethyleneglycoloxy-thiophen-
2-yl)) (DPP-g2T), with oligoether side chains. The amphiphilicity of the
polymer allowed to generate a honeycomb porous structure within
a biaxially pre-stretched SEBS substrate, which rendered the device
stretchable™.,

OMIECs that combine high stretchability and charge carrier mobil-
ity can also be designed to effectively adhere to wet tissue, a crucial
aspect for OECT applications that interface directly with it. Blending
a bioadhesive brush polymer with an OMIEC in a double-network
structure achieved abioadhesive polymer semiconductor. The brush
polymer contained carboxylic acid and N-hydroxysuccinimide ester
groups that absorb water, which subsequently induced film drying
and bolstered adhesion following the initial contact with the tissue'*?
(Fig.4e). Althoughtheinnovationlies not solely within the OMIECitself,
the noteworthy aspect is that the semiconductor properties remain
unaffected despite blending with a functional material, openingup a
new avenue for exploration.

Response to other stimuli

The ability to tune the chemical and physical functionalities of OMIECs
isakey feature for successfully integrating OECTs into diverse applica-
tions. OMIECs that are responsive to various stimuli, such as biochemi-
cal species, pH variations, temperature changes and light exposure,
can be designed through chemical modifications or by blending the
OMIECwithinherently responsive materials. The latter isaccomplished
through diverse film fabrication techniques such as freeze drying,
sol-gel processes, electrospinning and electropolymerization. The
chemical modification strategy involves several avenues, including
the synthesis of new monomers, side chain modifications and the
post-processing of OMIEC films. Using these strategies considerably
expands the design of versatile OMIECs that can react to an array of
external stimuli.

Forinstance, the OMIEC structure canbe designed to facilitate the
adhesion of specific biomolecules or living cells. Functional derivatives
of EDOT are commonly used to enable the conjugation of specific
peptides — like integrin-recognized peptide sequences and RGD

peptides —ontheir surfaces, which are recognized by cells'**'**, Lysine
side chains tethered to the dithienyl-diketopyrrolopyrrole and thio-
phenebackboneimitate the extracellular environment of cells, promot-
ing better neuron cell growth onthe OMIEC surface'*. n-Type OMIECs
can also be engineered to interact specifically with biomolecules or
cells, hence, facilitating a wide range of applications. For instance,
integrating hydrophilic side chains allowed to link redox enzymes on
the polymersurface, used to build metabolite sensors™ (Fig. 5a). These
specific oligoether-to-alkyl unit ratio of the side chains regulates the
interactions of the film with cell membrane components and, thus,
influences celladhesion dynamics'’ (Fig. 5b). Lysine-based side chains
onann-type polymer allowed the formation of atwo-dimensional lipid
bilayer, through which the activity of a pore-forming protein channel
could be monitored® (Fig. 5c). Side chain engineering can construct
biofouling-resistant OMIEC surfaces, which hinder or minimize non-
specific adsorption of molecules and cells'. These surfaces can miti-
gate inflammatory reactions when in contact with tissue, enhancing
biocompatibility. The nature of side chains determines surface charge,
surface energy and wettability. These factors collectively influence
not only the quantity but also the conformation of catalytic enzymes
adsorbing onn-type OMIEC surfaces, crucial when building enzymatic
metabolite sensors using the OECTs'*.

EDOT-based backbones bearing reactive units offer a means to
covalently attach biofunctional units, such as enzymes, antibodies,
aptamers and DNA, which selectively bind and react with specific
biomolecules. Among these functional monomers are carboxylic
acid-functionalized EDOT (EDOT-acid)**, hydroxymethyl-EDOT
(EDOT-OH)"°, amino-modified EDOT (EDOT-NH,)", EDOT deriv-
ative bearing an oxyamine moiety (EDOTOA)"?, crown-ether-
functionalized EDOT"*and azidomethyl-EDOT (EDOT-N,)"* (Fig. 5d).
A ‘clickable” OECT utilizing PEDOT-N, in the channel has recently
been introduced™*. The azide groups can undergo click reactions
withalkyne-bearing molecules including an acetylene-PEG,-biotin
and a dibenzocyclooctyne-modified aptamer for the detection of
NeutrAvidin and thrombin, respectively. This method allows con-
trol over biomolecule orientation on the film surface. However,
itis important to note that synthesizing these functional PEDOT
derivatives typically involves electrochemical polymerization, which
often necessitates a conducting substrate, if not a channel with a
very small length or interdigitated design, and can be challenging
toscale up. Other OMIECs that are solution processible and suitable
for biofunctionalization are conjugated polyelectrolytes, and an
exampleis polythiophenes with carboxylic acid or hydroxyl groups at
the side chain terminals. These units allow for the immobilization of
biorecognition units onthe OECT channel covalently or via hydrogen
bonds, respectively’. The antigen-antibody interactions occur-
ring at the OMEIC channel change the potential drop distribution
along the electrode, allowing to correlate channel current changes
to analyte concentrations.

Multi-functional OECTs canbe built directly by blending OMIECs
with materials responsive to stimuli such as pH and temperature
(Fig. 5e). For instance, PEDOT doped with bromothymol blue dye
has been synthesized for pH-sensitive OECTs (ref. 156), whereas
blending PEDOT:PSS with a thermoresponsive polymer, specifi-
cally poly(N-isopropylacrylamide), has enabled a micrometre-scale
OECT-based temperature sensor'’.

Most OMIECs are also photoactive owing to their conjugated
backbone. As such, light can be another source, in addition to gate
biasing, to generate free charge carriers in the transistor if the
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photogenerated excitons can be separated. For example, an n-type
photo-electrochemical transistor, based on a naphthalene-1,4,5,8-
tetracarboxylic-diimide-thiophene backbone (p(C,NDI-T)) that exhibits
strong absorption in the visible range, was shown to have a current
modulated by light** (Fig. 5f). The electrochemical potential of the
NDI-T film in aqueous media substantially changed under light irra-
diation, subsequently modulating the transistor characteristics. The
transistor under light exposure has a g, 40 times higher than that in
the dark. These devices can be used as photodetectors to detect blood

Light-responsive OMIEC
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Electrolyte
OMIEC ,—Auand
‘ PaC
Gate Source Drain
VGS = VDS
Light
stimuli

Spre o = Iposl

SynapseJ
\—{M

pulses, can be operated in light-gated logic circuits, and can build an
artificial retina. Another approach produced alight-responsive OECT
thatundergoes areversible modulation of its ‘on’ current uponirradia-
tion with UV (A =365 nm) and visible (1 =530 nm) light"*®. The channel
was made of a semiconducting polythiophene derivative (pgBTTT)
blended with aphotoswitchable material, spiropyran-decorated ethyl-
eneglycol (OEG-SP). The pgBTTT-OEG-SP blend exhibited a shiftinioni-
zationenergy upon lightirradiation, which affected its electrochemical
switching ability.
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Fig. 5| Strategies towards multi-functional OMIECs and applicationexamples

of stimuli-responsive OECTs. a, Organic electronic conductor (OECT) biosensor,
showing the adsorbed enzyme on the glycolated naphthalenediimide (NDI)-T2 filmin
the channeland the gate electrode. b, Atomic force microscopy topography images

of NDI-T2 films with various side chains (top row) and fluorescence images of the

same films after incubation with lipid vesicles (bottom row). ¢, The transfer curve of a
lipid bilayer-integrated p(NDI-T2-L2) OECT shows a change as gramicidin (GA) opens
the GA channelsintegrated into the bilayer.d, Poly(3,4-ethylenedioxythiophene)
(PEDOT) derivatives with functional groups. From left to right: carboxylic acid,
oxyamine moiety, crown ether and azidomethyl. Each functional PEDOT canbe further

conjugated with other molecules. e, Blending PEDOT with responsive materials
(suchas dyes and thermoresponsive poly(N-isopropylacrylamide) (PNIPAM)) can
introduce pH response and temperature response. f, A light-responsive OECT.
Arepresentation of the p(C,NDI-T) channel generating free electron-hole pairs

upon lightillumination. This device mimics the functionality of a light-sensitive
neuron. OMIEC, organic mixed ionic-electronic conductors. Parta reprinted with
permission fromref. 146, AAAS. Part badapted with permission from ref. 147, copyright
2018 American Chemical Society. Part e (upper right) reprinted with permission from
ref.156, copyright 2018 American Chemical Society. Part e (lower right) image courtesy
of S.Yamamoto. Part freprinted fromref. 24, CCBY 4.0.

Some OMIECs also exhibitinherent catalytic properties, enabling
them to catalyse reduction and oxidation reactions at the solid-
electrolyte interface (such as enzymatic reactions, electrochemical
oxidation of redox species, and ORR). The electrocatalytic behav-
iour of OMIECs is influenced by their molecular energy levels and the
presence of catalytic sites on the polymer chain. The introduction
of different donor units (for example, T2 or MeOT2) copolymerized
with pyridine-flanked diketopyrrolopyrrole (PyDPP) in the polymer
structure changes the oxidation and reduction onset potentials®.
This modification subsequently alters the capacity of the polymer
to partake in electrochemical redox reactions and defines the range
of potentials over which faradaic reactions can occur. The manipula-
tion of the polymer structure allows the redox potential window to
be adjusted to precisely suit specific catalytic applications. This will
allowto engage the electronic charges generated by various stimuliin
electrochemical reactions in the electrolyte. Furthermore, ORR has a
notableimpact, particularly, on n-type OECT characteristics, asdemon-
strated by astronginverse correlation between oxygen contentinthe
mediaandthe ‘on’ current levels. The oxygen-triggered current genera-
tionwas observed during metabolite oxidation when the n-type OECT
was functionalized with the respective enzyme™®, The reactivity of the
film to oxygen has, therefore, been used to build ametabolite sensor.

Outlook and future perspectives

Asthe OECT applications continue to grow and expand, so too will the
requirements of novel materials with tailored properties. Numerous
material properties and functionalities remain to be realized for specific
fields. For instance, OECT-based biosensors for in vivo applications
and chronicapplicationsin vitro in complex biological media require
stable channel materials. Itis crucial to extend the operational lifespan
of OMIECs for the target application, which can range from minutes
for disposable sensors to hours for cell culture-based diagnostics,
or months for implantable devices. PEDOT:PSS is currently the only
material with demonstrated long-term stability™’, butitlacks chemical
versatility and works only withinacertainelectrochemical range, which
may not meet the requirements of the particular application. Itis also
important to identify the operating regions that render a particular
OMIEC device stable, as often full range biasing leads to instabilities.
Anotherrequirement for OMIECs interfacing with tissue is compliance
toavoid straindamage toitselfand traumatizing the target. Although
progressinstretchable OECTs appears promising, the challenge liesin
the optimization of intrinsic stretchability while maintaining the electri-
cal properties when subjected to mechanical deformation cycles, the
improved adhesion between layers onthe devices, and the realization
of scalable manufacturing of stretchable devices. Conversely, OMIECs,
when combined with natural or common-commodity materials, are
strong candidates for components of edible diagnostic and therapeutic

tools, aswell as electronic tags for food distribution chains. To achieve
suchahighlevel of tissue compatibility and ease ofimplantation, soft
substrate-free OMIECs can be synthesized directly within the biologi-
cal environment, turning the tissue itself into conducting matter's'°°,
The efforts then need to focus on how to turn these materials into
OECT components, as the conducting polymer alone cannot make a
sensitive sensor.

A persisting challenge for any OMIEC technology is the devel-
opment of air-stable and high-performance n-type materials. Their
inherent susceptibility to O, and water has complicated their devel-
opment and exploration, leading to a severely lopsided library of
few n-type and predominantly p-type OMIECs. Increasingly creative
avenues forimproving n-type operation have emerged, including side
chainalterations and different monomer configurations, to using lad-
der and two-dimensional polymer architectures'. As encouraging as
the accelerating n-type development is, the field first needs to focus
on understanding what makes the performance of existing n-types
lag behind p-types. Doing so will require more emphasis on stability
studies, rather than on reporting figures of merit. Comprehensively
understanding the sources of operational instability becomes more
important as the OECT applications move from bench to bedside.
High-performance n-type OMIECs —only if they are stable enough —can
make leaps in biosensing of electron-involving biological reactions or
cationic species, as well as in integrated circuit technology or neuro-
morphic device applications, which requires comparable performance
fromboth p-type and n-type devices.

With therise in artificial intelligence and neural networks, so too
has the OECT field seen growing attention on developing artificial
synapses and neuromorphic circuits. Although predominantly based
on existing OECT technology, some of these devices should show
non-volatile state retention, essential for the realization of long-term
memory. For this purpose, OMIECs should retainionic charges without
them diffusing back out of the device inits idle state, something that
has predominantly only beenimplemented using solid electrolytes and
ionicliquids. Although some approaches have been proposed to emu-
late state retention and memory in aqueous media, OMIECs designed
to do so without external circuit elements would simplify neuromor-
phic design and device footprint. In this context, machine learning
techniques could be a valuable tool in the design of novel OMIECs, as
they have the potential to reduce or even replace existing experimen-
tal methodologies and aid in unravelling the structure-functionality
relationship'®. These computational methods enhance our predictive
capabilities and identify the chemical motifs and their combinations
necessary torealize specific solid-state properties. Additionally, they
could provide insights into the behaviour of materials at the biologi-
calinterface, thus expanding the repertoire of meticulously designed
materials for bioelectronics, not only for neuromorphics.
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As new OMIECs are developed, their characterization becomes
ever more imperative. These characterization techniques need to
be in situ to enable accurate and relevant analysis of the structural,
morphological, mechanical and compositional aspects of OMIECs
duringthe operation of OECTs. Although existing operando techniques
have made considerable progress in probing OMIEC operation, eluci-
datingtheintricate structural and mixed transport relationships during
device operation in different conditions (electrolyte, gate electrode,
geometry)'*>'**, achieving further understanding needs increasingly
complexinsitu characterization techniques. The adaptation of exist-
ing techniques, such as X-ray absorption spectroscopy, X-ray photon
correlation spectroscopy, infrared spectroscopy and electron micros-
copy for in situ analysis, although inherently difficult, could prove
vital for advancing the characterization of OMIECs in the future. The
complex nature of mixed ion-electron transport within the mixed
polymer-water network, in which each component interacts with
one another, makes probing and understanding it a difficult task.
Though some aspects of this complex network of interactions have
been amenable to investigation, ion transport remains elusive to this
day, with only ahandful of studies interrogating its properties through
opticalmeans'®®. Worse still, even the quantification of gand C* remains
unstandardized throughout the field. Hence, it is not uncommon to
doubt thereported values”*®. The rapid expansion of the OMIEC mate-
rial library is encouraging for OECTs; however, it is equally important
that the techniques used to characterize this growing library continue
tobeadapted, standardized and re-evaluated to successfully elucidate
the structure-property relationships.

A number of challenges in the implementation of OMIECs and
their OECTs will need to be overcome. Thefirstissue is the commercial
availability of OMIECs. From the initial breakthrough of PEDOT:PSS in
1990, it took around 10 years, until the late 2000s, before it could be
purchased offthe shelves. Further commercialization of OMIECs might
noteven be practical during this time: as new and improved materials
are being reported constantly, investing in large-scale production
and sale of the best material today might mean missing out onabetter
material tomorrow. From a commercial standpoint, it might make the
most sense to wait until material design and synthesis reach a plateau
and the top performers become clear. Another challenge concerns
the scalability of OECT device fabrication. Currently, OECTs are fab-
ricated by limited-scale photolithography techniques in expensive
cleanrooms, but these devices often vary in quality, and their yield
heavily depends onthe experience of the fabricating user. Although the
ease of processability of OMIECs isindeed enticing, OECT fabrication
must be optimized and streamlined. Finally, OECTs are often pitted
against theirinorganicsilicon-based counterparts, and the competition
betweenthem remains colossal. Theindustry, although opentoinnova-
tion, is still often wary of moving away from entrenched technology.
Hence, to compete in the market, OECTs need to quickly prove their
uniqueness and reliability in specific applications. Once OMIECs and
OECTs deliver on their promises, OECT-based technology is bound to
become ubiquitous.

Published online: 29 February 2024
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