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Materials designh and applications of n-type and
ambipolar organic electrochemical transistors
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Organic electrochemical transistors (OECTs) have high transconductance, low operating voltages, and
good biocompatibility. They have emerged as a promising technology for chemo/biosensors, bioelectronics,
neuromorphic computing, etc. Compared with the abundant high-performance p-type OECT materials, n-

type and ambipolar OECT materials are rare and, more importantly, their performances lag far behind, which
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largely limited the development of OECT-based logic circuits. The past few years have witnessed the fast
development of n-type and ambipolar OECT materials and their applications, thanks to the efforts of novel
materials design and device optimization. In this review, we aim to provide an introduction to the working

principles of n-type and ambipolar OECTs and survey their recent developments and applications. We will
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1 Introduction

Organic semiconductors are organic materials that can switch
between insulating and conducting states." The switching
process involves a change in charge carrier concentration,
leading to electron or hole transport. Such control over charge
carrier transport can be achieved through field-effect, chemical,
and or electrochemical doping methods.? Organic electroche-
mical transistors (OECTs), utilizing organic semiconductors as
channels, can modulate electrical signals by interacting directly
with the electrolyte through electrochemical doping,® whereas
organic field-effect transistors (OFETs) employ field-effect
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also discuss the challenges and issues that need to be addressed for the future advancement of the field.

doping to modulate electrical signals, in which the channel
materials are in contact with the insulating layer.” Compared to
OFETs, bulk doping of organic semiconducting layers endows
OECTs with high transconductance and low operating voltages.
In addition, OECTs can work in aqueous media, exhibiting good
biocompatibility, suitable for direct interfacing with biological
systems. These features have made OECTs a promising technol-
ogy for various applications such as chem/biosensing,’ electro-
physiological recording,’ and neuromorphic computing.””
Complementary logic circuits serve as fundamental building blocks
for constructing intricate logic circuits."® They provide several
benefits such as improved transistor performance (faster switching
speed and higher sensitivity), decreased power consumption,
enabling the realization of complex functions, and facilitating
integration and compatibility with existing electronic devices. There-
fore, the development of complementary logic circuits based on
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OECTs represents a crucial milestone in the transition from
laboratory-based applications to commercial viability.

Depending on the predominant charge carrier types, OECT
materials can be categorized as p-type, n-type, or ambipolar.
The p-type materials are capable of transporting holes, while
the n-type materials primarily transport electrons. An ambipo-
lar material is characterized by its ability to transport both
holes and electrons.'" To date, in contrast to the plentiful high-
performance p-type OECT materials, n-type and ambipolar
OECT materials are scarce and, more importantly, their perfor-
mances lag behind by approximately an order of magnitude
(as evaluated by uC*, a performance index in OECTS). This is
primarily due to the considerable challenges in the develop-
ment of n-type materials and the lack of systematic research
dedicated to ambipolar materials.’® The reported p-type OECT
material, such as p(g,T,-g,T,)," exhibits a uC* value exceeding
500 F cm ™' V™' s7'. In contrast, the highest reported value for
uC* in n-type materials with operational stability is approxi-
mately 50 F ecm ' V' s7.* Moreover, no single-component
ambipolar materials with balanced n-type and p-type characteristics
have been reported yet.'> Therefore, the scarcity of high-
performance n-type and ambipolar OECT materials severely restricts
the development of high-performance complementary logic circuits,
which require balanced n-type and p-type OECTs or ambipolar
materials with matched n-type and p-type characteristics. In recent
years, there has been a growing focus on the application research of
n-type materials and ambipolar materials. These include construct-
ing complementary logic circuits,'®™® enhanced electrophysiological
recordings," high-sensitivity electrochemical biosensing,>** and
versatile neuromorphic simulation* (Fig. 1).

Complementary logic circuits have demonstrated intriguing
advantages in enhanced electrophysiological recording,'® high-
sensitivity ion monitoring,>* and multifunctional neuro-
morphic simulation.? Firstly, these circuits enable advanced
real-time, in situ monitoring of electrophysiological signals by
providing voltage output, surpassing the capabilities of single
transistors that solely provide current output. In addition, they
significantly improve ion detection accuracy by one to two
orders of magnitude, compared to all existing transistors,
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including single p-type OECTs.>* Furthermore, significant pro-
gress has been made in the field of neuromorphic computing
with the successful realization of multifunctional circuits based
on complementary logic circuits. It realizes the complete process
simulation from synapses to neurons for the first time,> while
previous development based on p-type transistors was limited to
simulating simple synaptic behaviors.*® Finally, the incorporation
of vertical inverter structures'®*” and the utilization of ambipolar
materials yield a 50% reduction in device size, offering valuable
insights for integrated processing advancements. In addition to
the benefits of constructing complementary logic circuits, n-type
OECTs exhibit higher performance in biological sensing, particu-
larly enzyme-based sensing.”**° This is due to their capability to
stabilize electrons through direct electron transport in the channel.
Thus, the construction of complementary logic circuits and the
advantages offered by n-type materials in biosensing have been
successfully demonstrated, which benefited from the rapid devel-
opment of n-type and ambipolar materials.

In recent years, notable advancements have been made in
developing new n-type OECTSs, benefiting from various new
design strategies and device optimizations. These advance-
ments include the development of a no-side-chain polymer
BBL, the introduction of conductive polymer PBFDO,*" the
proposal of “doped state engineering”,'* and the use of small
molecule materials.’*** Among these materials, PBFDO has
shown impressive performance.* However, PBFDO possesses
a hydrophobic backbone with no hydrophilic side chains and it
only shows good performance in thin films (~50 nm). More-
over, the polymer is intrinsically highly doped in low on/off
ratios and we have found that it shows poor stability during on-
off cycling. Thus, apart from uC*, many other polymer proper-
ties and device parameters are also important for a good OECT
material. The current best performing n-type OECT material,
P(gTDPP2FT),"* achieved through doped state engineering,
exhibits a maximum g of 0.35 cm® V"' s, and a uC* value as
high as 54.8 Fem ' V' s, While there has been a significant
improvement in the performance of n-type OECT materials,
with a two-order-of-magnitude enhancement compared to the
initially studied materials,** further advancements are still
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Fig. 1 Applications enabled by high-performance n-type and ambipolar OECTs.

required to match the performance level of existing p-type materi-
als. Furthermore, research on ambipolar materials for OECTs is
still in the early stages, which restricts their application in logic
circuits with reduced process complexity and device size.>

This review aims to explore recent advancements in n-type and
ambipolar OECT materials and their applications. Firstly, we will
provide an introduction to OECTS, including their operational
principles and considerations for device design. Subsequently, we
will review the latest advancements in molecular design strategies
employed for both n-type and ambipolar OECT materials. We will
also discuss various device fabrication techniques that enhance
device performance, along with research on improving the stability
of n-type materials. Next, we will present an overview of logic
circuits based on different material types, emphasizing the impor-
tance of developing efficient n-type and ambipolar materials for
these circuits. Additionally, we will examine the development and
application advantages of complementary logic circuits con-
structed with n-type or ambipolar materials, as well as the unique
benefits that n-type materials offer in the field of biosensing.
Finally, we will discuss the prospects and challenges associated
with the design and application of n-type and ambipolar materials.

2 Operation principles of OECTs

An OECT is a three-terminal device that consists of a source, a
drain, and a gate electrode (Fig. 2a).>® During OECT operation,

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

a large number of ions in the aqueous electrolyte are directly
injected into the active layer by applying a gate bias (Vs), and a
change in the carrier concentration modulates the channel
current between the source and drain electrodes (Ips). A tran-
sistor’s sensitivity to voltage modulation is determined by the
change of source-drain current, Alpg, divided by the change of
the applied gate voltage, AVgs. The resulting parameter, namely
transconductance (g, = 0Ips/0Vgs), is a primary figure of merit
for a transistor.>® The most widely used steady-state model in
OECTs is the Bernard model.?” The transconductance, gp,,, of an
OECT, can be evaluated using eqn (1):

gm = (WAIL)uC*|(Vin — Vas)| 1

where W, L, and d are the channel width, length, and thickness,
respectively; p is the charge carrier mobility; C* is the capaci-
tance per unit volume of the channel; and Vy, is the threshold
voltage. Unlike conventional OFETs that use capacitance per
unit area (Cq) of the dielectric layer for calculation, in OECTs,
the product dC* replaces Cq4. Therefore, the transconductance
of an OECT depends not only on channel geometry (W/L) but
also on active layer thickness (d). Due to their volumetric
capacitance characteristic, OECTs typically exhibit significantly
higher transconductances compared to other transistors. For
example, PEDOT:PSS-based p-type OECTs could exhibit high g,
of up to 20 mS,*® larger than those of graphene transistors and
silicon transistors. However, the high transconductance of
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Fig. 2 OECT device structure and operating principle for n-type and ambipolar-based OECTs. (a) Device configuration of an OECT. Operation principle
and typical transfer curves of different type and mode OECTs: (b) n-type accumulation mode; (c) n-type depletion mode; and (d) ambipolar

accumulation mode.

OECTs comes at the cost of slower response time, which
imposes limitations on their maximum response frequency.
Based on Bernard’s transient model,®” the change of current
with time and Vg is given by eqn (2):

_ Iss(VGS)](l _ gre/ri)e’t/“

(2)

where I (Vgs) is the steady-state source-drain current at a
certain gate voltage Vgs, g is a fixed geometric factor, 7. is the
electronic transit time, described by L*/uVps, and 1; is the ionic
transit time (t; = CgRs), which is determined by the electrolyte
resistance (R;) and the capacitance of the ionic double layer (Cg).
This model has been proven to be effective in explaining the
improvement of response time in the experiments.’® In this
model, the characteristic time constant is determined by the
ionic transit time constant t;, while the ratio of 7. to 7; determines
the decaying character. By using the Gouy-Chapman theory,*”
the ionic transit time 7; can be expressed by //c'/?, where [ is the
distance between the organic film and gate electrode and c is the
ionic concentration. Thus, lowering the [ or increasing the c is
useful to improve the ionic transit time ;. This transient model
takes into account the injection of ions from the electrolyte into
the channel and the movement of holes within the channel, but it
neglects the lateral flow of ions within the channel.

A recently proposed two-dimensional OECT transient model
has considered the distribution of ions and holes along the
transistor channel to understand the transient behavior of
OECTs."® The transient response includes two distinct time
constants, a short time constant describing the movement of
ions perpendicular to the transistor channel and a second,
longer one describing the flow of lateral ion currents along the

I(t1 VGS) = Iss(VGS) + [Iss(VGS = 0)

Mater. Chem. Front.

channel, due to the channel length being typically larger than
its thickness. Based on this transient model,*® both increasing
the drain voltage (Vps) and decreasing the channel length can
accelerate the diffusion of ions, thereby shortening the
response time. In addition, this model explains well the rea-
sons for the asymmetry of the on-state and off-state response
times. During the transition to the non-conducting state, the
dominant mechanism is the longitudinal transport of ions.
Conversely, during the transition to the conducting state, ions
undergo both longitudinal transport and transverse transport,
resulting in a longer transition time to reach the on-state.
The widely used benchmark for the performance compar-
ison of OECT materials is uC*, where mobility (u) represents the
charge transport ability of the channel material and bulk
capacitance (C*) represents ion permeability.”"*> However, it
is challenging to improve both y and C* simultaneously, since
enhancing p by improving molecular packing and structure
planarity may hinder ion injection.*? In the same way, Coulomb
interactions can also cause structural and energetic disorders
when ions penetrate semiconducting polymers, resulting in
impediments to carrier transport.**** Although strategies have
been developed to improve ion transport in p-type conjugated
polymers, achieving comparable performance for n-type or ambi-
polar materials remains a challenge.”” Moreover, accurately
characterizing an OECT entails considering additional para-
meters, such as threshold voltage, an on-off ratio, and stability.
The threshold voltage plays a critical role in minimizing Faradaic
reactions and conserving power in biosensing applications. Addi-
tionally, high on-off ratios contribute to increased sensitivity and
signal-to-noise ratios.*® Furthermore, long-term stability under
aqueous conditions is crucial for practical applications. The

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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evaluation of stability typically involves monitoring the change in
drain current (Ip) during a cycle test over the operating voltage
range. Additionally, the I, is monitored over time under constant
or pulsed gate voltage bias.”” These parameters provide valuable
insights into the device’s performance, stability, and response
characteristics, enabling a thorough assessment of its suitability
for various applications.

N-Type OECTs can be divided into two operational modes:
depletion and accumulation modes.? Currently, the majority of
reported n-type polymers primarily function in the accumula-
tion mode. In this mode, the device remains inactive with no
mobile electrons when the gate voltage is zero. Once a positive
gate voltage is applied, cations in the electrolyte permeate into
the film, inducing electrons, which increases the drain current
and the device reaches an on-state (Fig. 2b). On the other hand,
the n-type depletion mode exhibits the opposite behaviour.
These materials are inherently doped, which means that they
are in the on-state by default. When a negative gate voltage is
applied, anions are injected into the channel, neutralizing the
electrons and causing the device to transition to the off state
(Fig. 2c). Only three reported n-type materials, BBL:PEI,"®
PBFDO?' (Fig. 3b) and t-gdiPDI*” (Fig. 5b), work in the deple-
tion mode. Ambipolar materials can transfer both holes and
electrons when positive or negative gate voltage is applied,
respectively. Notably, the drain current cannot be fully turned
off, which is distinct from that of unipolar materials (Fig. 2d).
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3 N-Type and ambipolar OECT
materials
3.1 Overview of n-type and ambipolar OECT materials

The ion diffusion and doping in OECTs require the hydrophilic
nature of the OECT materials.> One widely used approach is to
utilize hydrophilic oligo(ethylene glycol) (OEG) side chains, as
they enhance ion penetration and hydrophilicity in aqueous
media. Replacing hydrophobic alkyl chains with hydrophilic
side chains has proven to be an effective method for converting
OFET materials into OECT materials.*® Using such an approach,
the first ambipolar OECT material p(gNDI-gT2)** (Fig. 3¢) with
stable n-type performance was reported in 2016. While increas-
ing the hydrophilicity of side chains can enhance the bulk
capacitance, excessive water absorption can result in irreversible
damage to molecular packing,**** leading to reduced electron
mobility and poor device stability. Therefore, careful design of
the hydrophilic side chain content is necessary. Moreover, the
remarkable n-type performance and stability exhibited by BBL,"”
coupled with the introduction of high-performance PBFDO
materials,*" have generated enthusiasm for polymers lacking
side chains. However, the main hurdles to their further advance-
ment lie in the intricate chemical structure that is difficult to
modify and the harsher processing conditions necessary to
address their lower solubility. Except for the polymers, small
molecules have also received attention due to their outstanding
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Fig. 3 Chemical structures of n-type (a) and (b) side-chain-free polymers and (c)-(j) NDI derivatives utilized in the OECTs.
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charge carrier mobility, with values surpassing 10 cm* Vv "' s *

in OFETs”® which is attributed to their optimal crystallinity that
provides many benefits such as high purity, a well-defined
structure, ease of synthesis, scalability for industrial use, and
consistent structure-property. Additionally, the strategy of adding
EG side chains to improve ion penetration while maintaining the
n-conjugated backbones for electronic conductivity has been
proven to be effective for small molecules used in OECTs.>"
The charge carrier mobility of n-type OECTs typically ranges
from 107" to 107° cm® V' s, while p-type OECTs exhibit
higher values ranging from 10~ to 10" ecm® V' s~ ~.'* This
significant difference in charge carrier mobility between n-type
and p-type OECTs has presented a considerable challenge in the
development of n-type OECTSs. The lower electron mobilities could
be attributed to the electron’s susceptibility to water and oxygen.>*
Thus, lowering LUMO energy levels is an effective approach to
realizing high-performance n-type OECT materials. Previous
research has revealed that the electrochemical window for water
and oxygen redox occurs at 3.7 eV and 4.8 eV, respectively, creating
potential traps for electrons.®® Further experimental evidence
suggests that energy levels below 4 eV are sufficient for achieving
stable electron transport, as the oxygen trapping process requires
additional energy to overcome reaction barriers. Encapsulation
technology using CYTOP>**® has been used in OFETS to prevent
water and oxygen exposure. However, this poses a greater chal-
lenge for OECTs since they operate in a water environment.

Mater. Chem. Front.

Reducing the LUMO energy level is a common approach in
materials design to tackle the instability issue of n-type OECT
materials. Donor-acceptor (D-A) or acceptor-acceptor (A-A) type
conjugated polymers are widely employed in OECTS, due to their
ready structural and energy-level tunability.>® Several electron-
deficient building blocks, such as naphthalene diimide (NDI),””
diketopyrrolopyrrole (DPP),>® isoindigo (IID),>® bithiophene
imide dimer (BTI)* and benzodifurandione-based oligo(p-
phenylene vinylene) (BDOPV), have been employed.®® These
building blocks exhibit LUMO levels ranging from —3.4 eV to
—4.2 €V,*” making electron transport more stable. Notably, the
LUMO energy level is not the sole determinant for performance
in n-type OECTs. Other factors, such as the planarity of the
skeleton,®® electron delocalization,®* and molecular packing,®
also play crucial roles in enhancing OECT performance. All
reported n-type OECT materials are shown in Fig. 3-5 and their
OECT performances are summarized in Tables 1 and 2.

To develop ambipolar OECT-based circuits, ambipolar materials
must fulfill stringent requirements, such as high and balanced
effective electron and hole mobilities, optimal HOMO and LUMO
energy levels for good stability in aqueous environments, and rapid
and symmetrical ion transport for both cations and anions.®® There
are two approaches for developing ambipolar materials:
(1) synthesizing single-component ambipolar materials and
(2) blending p-type and n-type materials in a bulk-heterojunction
structure. One effective method to develop single-component

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 5 Chemical structures of (a)—(d) n-type small molecules and (e)-(i) ambipolar materials utilized in OECT channel materials.

ambipolar materials is through the combination of a strong electron
acceptor and a strong electron donor, forming D-A polymers with
narrow band gaps.'”® The utilization of bulk-heterojunction
blends, inspired by organic photovoltaics, is another strategy
for developing ambipolar OECT materials. This approach uses
the blend of p- and n-type materials in a single layer, enabling
the transport of different charge carriers. It offers material
selection versatility and does not require synthesizing new

materials. Additionally, by adjusting the blend ratios, matched
performance can be achieved, providing further advantages.'®*
All reported ambipolar materials are shown in Fig. 5 and their
OECT performance is summarized in Table 3.

3.2 N-Type and ambipolar OECT materials

3.2.1 Side-chain-free polymers. Poly(benzimidazobenzo-
phenanthroline) (BBL, Fig. 3a) was first reported in 1969 and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front.


https://doi.org/10.1039/d3qm00828b

View Article Online

S %0S ‘00T — 0€ T80 TE0 16 TLT 0T X 6T (cLoddazds)d
K] ¥9 %0S ‘00T — Y44 £50°0 95°0 PET 70 0T X 9T (Lz-ddazd3)d
e o8 %0L ‘0T 0T 89 8Tl 89°0 TT F 0LT €1¥ ¥T0 (NDIAL-STLLEF)d
o o8 %SL ‘0¥ s 4 LT0 60 61 F 0TT 0S'T ¥10°0 (LAL-ScILE-3)d
L 09 %0Z ‘00€ 0T X €1 TLT 09°'% ¥S°0 g 0T'ST v£0°0 (La-DdLeLLg-F)d
> 09 %0L ‘00€ 89T (443 LT0 89°0 (49 0€'C ¥%0°0 (I-odLe1Lay)d

47 6L %00T ‘08T (0T X (I'T F 8T'%) — 90°0 F LF'0 €000 F 020 PIT F L9T $0°0 F LT0 ¢« 0T x (TT'0 F Th'T) ILANS¥d

'E 6L %¥6 ‘08T ST'0 F T0T — 0T x (sT0 F £8°T) S0°0 F £T°0 61T 0T X (9%'0 F 19'T) 00T X (TT'T F ¥€°2) IANS¥d

o €9 %86 ‘09¢ — L8°0 10°0 F TT°0 0T0 8 F LET TH0 , 0L X 0T F . 0T X §'T I-IAN3

o %T'16 ‘09¢€ — 06'C T0°0 F TH0'0 0€°0 S FvrT 1€C (0T X €T F , 0L X ¥'T A-IANS

w 8L %00T < ‘000T 01 — 8150°0 ¥S°0 L9¢ 87°0 T 9T'T ¢_0T X 9T°¢ ZLZ-DALTIAN

® %00T ‘09€ 01 S'Sh 9€0°0 61°0 9961 T0°0 F 210 ,_0T X 01°9 LAd-TANS

A %00T ‘09€ 0T €201 610°0 0€°0 £°8ST 10°0 F 60°0 ,_0T X 69°S L4-TaN3

B L %00T ‘09¢ 0T 9°LLE €00°0 TS0 §0S 10°0 F 20°0 »_0T X 96°€ 1404-IaNS

s 9 %00T < ‘00T — $600°0 81°0 6°0S¢ 950 ¢ 0T X €T (I-D4LIaN)d
9L %00T < ‘00T — — 0600°0 ST'0 6°6€C 15°0 . 0T X TT'C (I-paraIan)d
9L %00T < ‘00T — — ¥€00°0 81°0 S 12T 12°0 ¢ 0T X ¥6°0 (I-o3a1an)d

9L %00T < ‘00T — — $£000°0 920 8991 70°0 ¢ 0T X ¥T°0 (I-DILNIAN)

Sz — LTl ST0°0 LE°0 ThE €T°0 ,_0T X 92°€ (za-80)d

SL %09T ‘00S — 96 8TT°0 0€°0 TLT 6T'T e O X VL% (z10)d

Sz — Sz £90°0 ¥T0 8ST €0 ¢ 0T X 06'T (e1-"0)d

Sz — — €9 0%0°0 LT0 T6¥ T0 »_0T X £6°€ (ca-co)d

SL — — STl 100°0 €€°0 91T 900°0 ¢ 0T X ¥€°G (oa-"D-z1-"0)d

Sz — T9 200°0 0€°0 002 10°0 ¢ 0T X 66'F (oa-*D-z1-*0)d

vL %EET ‘006 — — LE°0 LE0 65 9T°0 »_ 0T X €9 (zr3-1an3-9D)d

VL %611 ‘006 — — ¥€0°0 ST0 (42 €T°0 » 0T X T6 (zL3-1an3-¢0)d

74 %€6 ‘09¢ — — €10°0 97°0 1544 90°0 50T X TT (zr3-1ans)d

€L X ‘081 0T X T'T o 110°0 TTO 6 1€°0 — (z1er1an)d

TL — — — £T000°0 6T°0 619 8000°0 0T X TT 144d ‘06d

L — — — 9£000°0 LT0 STET £200°0 0T X LT LA ‘06d

(/A — — — 8200070 6T°0 916 60000 60T X 86 06d

1 0T — $800°0 ST0 0ST $20°0 50T X 9T (%08) AVE.L:06d

1L %001~ ‘0T9T 0T — 8800°0 TT0 €v1 ¥£520°0 5 0T X 8T (%0%) avear:06d

L — 0T — S£00°0 ST0 €eT 821200 50T X 9'T (%071) Avd.L:06d

|92 — 0T — 1200°0 ST0 8L $2900°0 . 0T X 08 06-d

6 — O X T'T — 020°0 ST0 vT6l 8€0°0 »—0T X 96'T 001-d

6 — O X 0% — 120°0 920 7861 L¥0°0 ,_0T X 8€°C 06-d

6V — LT X §°G — $10°0 6T°0 88T £T0°0 _0T X 9¥'T S/-d

6 LT XS — £900°0 9€°0 0s-d

ve %00T ~ ‘09¢ 0T X T€ S 1T°0 820 — — ¢ 0T X T (z13-1ans)d

1€ %T ‘0T 0T X 9T 061 — odddd

0L — ,O0T X 6S°T €08 86'¢ LT°0 8'TLL F T°L0OT €0°0 F LT'6 ¢ 0L X 9T FT6 Hgg

0L — LO0T X €T (48 80°0 870  8'S8 F 8'6€S 10°0 F 820 ¢ 0T X 80°0 F TS0 T1ad

69 — — TLT ¥2°0 F €70 920 891 18°0 F 9¢'T _0T X (870 F 18°0) T9911d9d

89 . — ST SEE0 — 8€SL 90T ¢ 0T X T¥'T (T:0T) LNOMIN : 194

L9 %56 ‘000T OT X 7Y 8€°0 1T ST°0 9T F 685 6’0 F 6°ST 20T % (F€°0 F 0¥'%) “inad

L9 %S6 ‘000T 0T X T €70 87 8T°0 61 F 66V v'0 F T0T ..0T X (ST°0 F 50°7) sogg

L9 %S6 ‘000T L0T X €8 TS0 T6'T 12°0 T€ F 0TS 91°0 F 06'F ¢ 0T x (88°0 F T¥'6) oogd

L9 %S6 ‘000T 0T X 6T 68°0 790 LT0 0T F 0%S S0°0 F ¥6'T _0T X (£2°0 F 65°€) Siad

99 761 ¥ 600°0 v20 S 19T £7€0°0 ¢ 0T X S¥°L 06-d

99 — OT X 9T TS 18°0 61°0 TeL 66'T ¢ 0T X ¥1°C a4

LT %00T ‘09¢ 006 — 9€'0 12°0 0T X £ Tad

REN| ay rentut 03 paredwod Hoy/uor (swr) “o2 (jLud s) &::o:hEM (A) A ((—wd d) x0 (;_S (_A (WD ) 0N (;—S {_A qud) 1 S[eLINBIN

a7 Jururewal pue Sa[dAD

Review

siawAjod adAy-u Jo sonsuaideIeyd aduewlopad | DIO ayy Jo Alewwins T 91qel

“INd ET:0€:¥ €202/6/TT UO papeojumoq ‘€202 Joquisldss TT Lo paus!iand

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Mater. Chem. Front.


https://doi.org/10.1039/d3qm00828b

Published on 11 September 2023. Downloaded on 11/9/2023 4:30:13 PM.

View Article Online

Materials Chemistry Frontiers Review
S 5]
A R R R R B B fb initially used as an n-type OECT material by Sun et al. in 2018."
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£ 5 % tional electrochemical stability and a remarkable volumetric capa-
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g interaction and higher crystallinity.”® This establishes a solid basis
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£ - @ :' %’ expansion of the lamellar structure. Surprisingly, this hydration
Sl gg RN S process creates a hydrophilic environment that facilitates rapid ion
= hydration, without affecting the crystallization of BBL despite its
— S rigid backbone and the absence of hydrophilic side chains.”® The
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Table 2 Summary of OECT performance characteristics of n-type small molecules

u ucxe c*
(em?>v's™

Cycles and remaining

Materials (Fem ™' v 's™) (Fem™) Vin (V) gm,m,rmb (Sem™) ton (MS) Ion/lor  Ip compared to initial I, Ref.
C60-TEG 0.03 7.0 &+ 2.0 20 + 50 0.55 0.35 80 2.5 x 10* 50, 60% 84
gNR 0.013 2.5+ 0.1 198 0.35 + 0.01 0.402 £ 0.01 — 6 x 10* 360, 11.3% 43
thR 0.009 1.2 + 0.04 129 0.29 + 0.01 0.263 £ 0.003 — 4 x 10* 360, 56.3% 43
gNR-CF 1.25 x 102 2.48 + 0.11 198 £+ 12 0.36 = 0.01 0.384 158 — 600, 7.3% 85
gNR-3FOH  1.40 X 1072 3.78 &+ 0.13 272 + 11 0.26 + 0.01 1.119 117 — 600, 63.9% 85
gNR-6FOH 1.78 x 102 5.12 £ 0.13 288 + 12 0.32 + 0.01 1.216 94 — 600, 61.6% 85
gNR-OFOH 1.13 x 1072 3.80 + 0.18 336 = 16 0.34 = 0.01 0.875 214 — 600, 75.2% 85
3gDNR 4.3 x 1072 9.4 + 0.9 217 + 23 0.27 + 0.01 2.16 £+ 0.20 439 + 22 ~10* 300, 57.5% 86
4gDNR 2.1 x 1072 4.7 = 0.5 225 + 26 0.25 + 0.01 1.17 £ 0.13 207 + 18 ~10* 300, 53.9% 86
IgTNR 0.03 3.9+ 0.3 141 + 10 0.35 + 0.01 0.97 £+ 0.05 308 £19 — 300, 37% 87
bgTNR 0.29 28.4 + 3.2 106 + 8 0.29 + 0.01 7.1 + 0.5 489 + 24 — 300, 37% 87
4CI-PDI-4EG (4.18 + 0.18) x 1074 0.13 £ 0.05 303 + 17 0.05 0.0452 215 ~10* 600, 94% 83
4Cl1-PDI-3EG (8.07 + 0.71) x 107% 0.17 &+ 0.03 198 + 25 0.26 0.0484 282 ~10* 600, 87% 83
PDI-3EG (3.79 + 0.10) x 1074 0.08 £ 0.02 207 = 8 0.34 0.0164 130 ~10° 600, 88% 83
t-gdiPDI 83 x 10" 0.21 4+ 0.02 254 + 7 —0.07 £ 0.01 0.055 + 0.004 123+ 6 ~10° 1200, >100% 32
d-gdiPDI 5.3 x 1074 0.34 + 0.01 628 + 29 0.11 + 0.01 0.17 £ 0.046 87 £9 ~10° 1200, >100% 32
TDPP-CN- 5% 10° 0.68 + 0.11 165.2 + 16.1 0.16 0.23 — ~10* 40, 20% 33
G7

TDPP-RD- 7.5 x 1072 5.43 £+ 0.37 78,6 7.5 0.34 2.2 10.5 ~10* 100, 70% 33
G7

Means the data are missing in the literature. “ pC* and u are the average data calculated from the g, when the electrolyte is 0.1 M NaCl aqueous
solution. ? Zm,norm Values are extracted according to the equation gm norm = gm/(W d L.

Table 3 Summary of the OECT performance characteristics of ambipolar materials

a

Transporting  uC*“ u Zm,norm Cycles and remaining

Materials type Fem 'Vv's) (em®V's) WV, (V) (Sem™) I, compared to initial I, Ref.

p(gNDI-gT2) n 0.18 — 0.35 0.109 360, 100% 34
P — — — 0.067 —

2DPP-OD-TEG n 6.8 — 0.89 1.28 80, 100% 15
p 31.8 — —0.82 3.87 80, 10%

P(C4-T2-Co-EG) n 0.22 £ 0.016 116 x 107 0.32 £ 0.007 0.31 — 75
p _ —_ _ —_ —

P(C4-T2-OMe) n 0.07 £ 0.011 3.87 x 10°*  0.46 £0.03  0.10 — 75
p — — — — —

PNDIODTEG-2Tz n 2.34 — 0.75 0.117 — 89
p — — — — —

PNDI2TEG-2Tz n 1.16 — 0.54 0.493 — 89
p — — — — —

PrC60MA : p(g2T-TT) 95:5 (w:w) n 11.8 + 1.4 — 0.649 3.0£06 100, 100% 18
P 22.8 £0.9 — —0.09 4.8 +0.2 100, 100%

BBL:PBBTL =1:3 n 1.36 + 0.81 0.008 £+ 0.005 — 0.43 £ 0.24 5000, 100% 69
P 2.72 + 1.04 0.022 + 0.008 — 0.41 £ 0.17 5000, 90%

Means the data are missing in the literature.  uC* values are the average data calculated when the electrolyte is 0.1 M NaCl aqueous solution.
b Zm,norm values are extracted according to the equation gm norm = gm/(W d L’l).

chains. This decline in mobility is attributed to the polymer’s
swelling in water and its interaction with cations when utilized
in OECTs.

In a subsequent study, Inal et al. examined the impact of
alkyl spacers in the polar glycol chains on the NDI-T2 backbone
(p(Cx-T2), Fig. 3e). They found that while a two-carbon spacer
achieved maximum water uptake, the addition of a six-carbon
spacer resulted in a ten-fold improvement, primarily due to a
significant increase in electron mobility (x of 4.74 x 10~* cm?
V~'s7!, Table 1). Further analysis using GIWAXS revealed that
the presence of more oriented and robust crystallites contrib-
uted to the higher electron mobility. Additionally, a similar
result has been observed by Kim and Yoon et al.; they found

Mater. Chem. Front.

that the shortest asymmetrical side chains’® (P(NDIMTEG-T),
Fig. 3g) exhibited the best doping properties and improved
performance, probably due to the enhanced edge-on oriented
backbone crystallinity. Notably, when an ethanol/water-based
solution process was used to fabricate OECTs instead of
chloroform, the u value of P(NDIMTEG-T) tripled to 2.23 X
107 em® V7' 577, attributed to strengthened edge-on oriented
crystalline structures. These studies demonstrate the impor-
tance of molecular packing in achieving high electron mobility,
which can be achieved not only by tuning the side chains but
also by optimizing processing conditions.

In 2020, Inal et al. investigated why the side-chain free
polymer BBL performs significantly better in OECTs than the

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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NDI derivatives, P90.°® BBL shows longer coherence lengths,
shorter m-stacking distances and maintains good molecular
packing during doping, leading to enhanced stability. The planar-
ity of the BBL backbone and the absence of ion-coordinating side
chains were identified as key factors contributing to its superior
performance. These findings emphasize the significance of back-
bone engineering strategies. For instance, McCulloch et al
replaced the electron-deficient NDI unit with the extended
naphthodithiophene diimide (NDTI) unit, resulting in a more
rigid structure and reduced rotational torsion. This led to a planar
backbone and tighter packing in P4gNDTI (Fig. 3i), resulting in a
remarkable improvement in electron mobility and uC* by over two
orders of magnitude, along with increased stability.” Similarly,
Yue et al. explored variable donating companion moieties in
combination with glycolated NDI, and their use of vinylene
(gNDI-V, Fig. 3j) promoted a coplanar backbone conformation
and improved thin-film crystallinity through hydrogen
bonding.®* Remarkably, gNDI-V exhibited high electron mobi-
lity (0.014 cm®> V' s ") and uC* (2.31 Fem ' vV ' s7') (Table 1)
in NDI-based copolymers. These results demonstrate that
enhancing backbone planarity is an effective approach to
achieving high-performance materials.

3.2.3 BTl derivatives. The bithiophene imide dimer (BTI) is
a novel imide functionalized heteroarene, possessing good
solubility, a flat backbone, and exhibits minimal interference
with neighboring heteroarenes.®® Various strategies, including
ring fusion, thiazole substitution, fluorination, cyanation, and
chalcogen substitution, have been proven effective to increase
its electron affinity,”* making it one of the promising polymers
for designing n-type polymers. Guo et al. reported two types of
polymers by using fused BTI2 (f-BTI2) as the acceptor, due to its
deep LUMO energy and high backbone planarity. They mainly
studied the effectiveness of introducing fluorine atoms or
cyano groups into the donor. In 2021, they reported two D-A
type polymers (namely f-BTI2TEG-T and f-BTI2TEG-FT, Fig. 4a),
consisting of f-BTI2 and thiophene/difluorothiophene as the
donor. Branched OEG side chains were introduced on {-BTI2 to
ensure sufficient polymer solubility. Both polymers show a high
backbone planarity with dihedral angles smaller than 1 degree
between f-BTI2 and the donor. Additionally, the introduction of
fluorine atoms effectively decreases the polymers’ crystallinity,
which promotes ionic conduction. As a result, {-BTI2TEG-FT
demonstrates significantly improved C*, while {-BTI2TEG-T
shows similar electron mobility in OECTs. Consequently,
f-BTI2TEG-FT-based®® OECTs achieved a maximum uC* of
15.2 Fem ' V7' s (Table 1).

Driven by the great success of f-BTI2 with reduced steric
hindrance, in the following study, they introduced thienylene-
vinylene-thienylene (TVT)/cyano-functionalized TVT as the donor
to enlarge the backbone length. Firstly, the remarkable planarity
of both polymers, with a minimal torsion angle (<0.1°), suggests
that the incorporation of the cyano group into the TVT unit does
not compromise the planarity of the f-BTI2g-TVTCN backbone.
Additionally, compared to the non-cyanoed f-BT12g-TVT, f-BTI2g-
TVTCN shows a lower LUMO energy level of -3.81 eV, improving
its ability to inject electrons. Furthermore, the introduction of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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cyano reduces its donor-acceptor character, enhancing polaron
delocalization. When used as the channel in OECT, f-BTI2g-
TVTCN (Fig. 4b) exhibited an outstanding u of 0.24 cm®* V™' s~*
and uC* of 41.3 Fem ' V' s7* (Table 1).5°

3.2.4 DPP derivatives. Diketopyrrolopyrrole (DPP), contain-
ing a central pyrrole ring with two adjacent carbonyl groups, is
a strong electron-deficient building block. It has high planarity
with strong n-m interactions, leading to efficient interchain
charge transport.”> DPP derivatives have undergone extensive
exploration and utilization in the development of high-mobility
conjugated polymers.®> DPP derivatives have been successfully
used in a variety of high-performance p-type OECT materials,”®
In 2022, Lei et al. developed the first DPP-based n-type OECT
materials by copolymerizing pyrazine-flanked DPP (PzDPP) and
bithiophene units. PzZDPP has the lowest LUMO in all the DPP
derivatives and was chosen to lower the LUMO energy level.
Additionally, the structural design enables noncovalent interac-
tions between the pyrazine protons and carbonyl oxygen atoms
as well as the thiophene protons, contributing to the polymer’s
remarkably flat backbone. When introducing the cyano group
into the bithiophene unit, it lowers the LUMO energy level down
to —4.19 eV. Furthermore, the cyanide P(gPzDPP-CT2) (Fig. 4c)
improved the polymers’ planarity and rigidity, particularly when
in the reduced state and achieved a uniform distribution of
negative polarons along the polymer backbone.** Consequently,
P(gPzDPP-CT2) exhibited an increased electron mobility of 1.6 x
102 em? V' s tand uC* of 1.72 Fem ™! V! s 1. However, this
polymer is not stable under cycling (50% drop in current after
100 cycles, Table 1), despite having a very low LUMO level.

Afterward, Lei et al. found that the LUMO energy levels of
polymers do not correlate with their n-type performance in OECTSs.
They synthesized two polymers, P(@TDPPT) and P(gTDPP2FT)
(Fig. 4d), to explore the design strategies for high-performance n-
type OECT materials. Compared with P(gTDPPT), which shows
typical p-type behaviors, fluorine substitution on the thiophene
unit yielded an n-type OECT material with high electron mobility
of 0.35 cm®> V' s7', high uC* of 54.8 Fem™" V™' s7' (Table 1),
and fast response speed oOf Ton/Tog = 1.75/0.15 ms.'* Notably,
P(gTDPP2FT)’s LUMO energy level (—3.86 eV) is higher than that
of P(gPzDPP-CT2) (—4.19 eV), indicating that a low-lying LUMO
energy level does not necessarily correlate with high n-type
performance. Their experimental and theoretical analyses
revealed that the doped state stability, backbone planarity, and
charge distribution contributed to the superior performance of
P(gTDPP2FT), which is concluded as “doped state engineering”.
Because OECT materials usually work under highly doped
states, their stability, backbone structure, and electronic struc-
tures are largely different from conventional OFET materials,
which mainly work under a lightly doped state. Thus, “doped
state engineering” provides a new design direction for high-
performance n-type OECT polymers.

Very recently, aiming at designing polymers with maximum
electron affinity and a highly planarized backbone, Thelakkat
et al. synthesized an A-A type polymer, P(DPP-TPD) (Fig. 4e) by
combining thiophene DPP (TDPP) with thienopyrrolodione
(TPD). The A-A type design with only electron-deficient acceptors
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can effectively lower the LUMO energy level. Moreover, TDPP and
TPD were chosen to mimic the ladder-type polymers, between the
thiophene protons and carbonyl oxygen atoms. Furthermore,
both monomers are equipped with triethylene glycol substitu-
ents, where noncovalent interactions are formed to ensure ion
compatibility as well as sufficient solubility. As a result, P(DPP-
TPD) exhibited a deep LUMO energy level at -4.15 eV and an
average uC* of 7.62 F cm ' V' s7* (Table 1) in OECT.®" This
result further proves the previous conclusion that the LUMO
energy level of the polymers is not well correlated to its n-type
performance in OECT.

3.2.5 IID and BDOPYV derivatives. Isoindigo (IID) is another
promising electron-deficient building block, with a readily func-
tionalized and highly planar backbone.’® In 2022, B. Nielsen et al.
reported a series of IID polymers based on different building
blocks, including electron-deficient 2,1,3-benzothiadiazole (BT)
and electron-rich thiophene derivatives (T).*> Among them, only
AIG-BT (Fig. 4f) showed n-type performance with an electron
mobility of 1.4 x 10~* em® V' s™* (Table 1). Calculations and
experiments demonstrated that the formation of n-type OECT
materials can be attributed to several factors, including relatively
high electron affinity, efficient electron delocalization, and highly
coplanar geometry with consistent conformational uniformity
which facilitates strong n-n stacking interactions. Additionally,
TIG-T exhibited good p-type performance with a puC* of
132 F em™ " V' s7% It proves the potential of IID derivatives
in designing both n-type and p-type OECT materials. However,
the n-type performance still lags far behind the p-type ones. Very
recently, Yue et al. proved that the introduction of fluorine
atoms on the donor moieties in IID polymers can effectively
improve both the performance and stability of the materials in
OECTs. They reported two n-type conjugated polymers based on
glycolated 7,7’-diazaisoindigo (AIID) and thiophene units
(Fig. 4g).*> The fluorinated polymer gAIID-2FT showed a deep
LUMO level, tightly packed films, and stable film morphology.
As a result, it displayed better performance with a uC* of
4.09 F em ' V' 57! and transconductance that maintained
98% of its initial values after 28 days.

Based on IID, a novel structure benzodifurandione-based
oligo(p-phenylene vinylene) (BDOPV) was developed by breaking
the double bond between two lactam rings and inserting a -
conjugated lactone.” It is regarded as one of the most electron-
deficient building blocks reported to date, with a LUMO energy
level of —4.24 eV. Moreover, BDOPV has four carbonyl groups
forming four intramolecular hydrogen bonds with the neighbor-
ing phenyl protons, leading to a locked and highly planar back-
bone plane. In 2022, Yue et al. found that reducing the LUMO
energy level can effectively lower the threshold voltage in OECTs.
They reported a series of n-type BDOPV-based polymers by
polymerizing the BDOPV with thiophene units.®* Polymer P(C-
T) (Fig. 4j) exhibited a deep-lying LUMO of —4.25 eV. Building
upon P(C-T), P(N-T) (Fig. 4j) converts phenyl to pyridine in bis-
isatin, further reducing the LUMO level to —4.48 eV. When used
in OECTs, p(N-T) with a deeper LUMO level, exhibited a low
threshold voltage of 0.25 V, compared to that of p(C-T) (0.43 V);
however, p(C-T) showed a slightly better uC*. They proposed that
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the low-lying LUMO energy levels decrease the energetic barrier
of ion injection into the conjugated polymers. Additionally, they
designed P(C-2T) (Fig. 4j) by replacing the thiophene with a
bithiophene unit, which has a LUMO level of —4.19 eV and
higher threshold voltage at 0.44 V in OECTSs, consistent with
the observed trend. However, P(C-2T) exhibited poor OECT
performance. AFM and GIWAXS data revealed that compared to
p(C-2T), p(C-T) and P(N-T) exhibited a porous and disordered
amorphous microstructure, which could facilitate efficient ion-to-
electron coupling and lead to excellent device performance.

3.2.6 Other building blocks. In 2020, McCulloch et al
introduced an A-A type fused polymer for n-type OECTs. To
avoid the detrimental effects of twisting between single bonds,
which can lead to conformational disorder and negatively affect
the carrier mobility of the polymer, they developed polymers
PgNgN and PgNaN®° (Fig. 4h), with deep LUMO energy levels
below —4.0 eV. However, the rigid backbone structure of PgNgN
has poor solubility, resulting in a low molecular weight after
polymerization. When introducing 50% alkyl side chains, PgNaN
showed improved solubility with a higher molecular weight.
PgNaN demonstrates high OECT performance with uC* of
0.662 F cm ' V' s7" (Table 1). Afterward, they systemically
investigated the ratio of alkyl to glycol side chains with the same
backbone (namely p(g;NC,N), Fig. 4i),** and concluded that
adjusting side chains can effectively improve the OECT perfor-
mance by enhancing the polymers’ molecular weights. As the
alkyl side chain length increases from (C2) to (C16), the polymer’s
number-average molecular weight (M,) gradually rises from
6.2 kDa to 24.2 kDa. This increase in length leads to higher electron
mobility, reaching a peak value of 1.20 x 1072 em” V' ' 5" for
p(g7NC;,N). However, the electron mobility decreases by nearly 70%
when going from (C10) to (C16) due to the preferential mixed edge-
on and face-on stacking of the C10 alkyl chain. Additionally, the
p(g;NC,N) polymers were also demonstrated to show high perfor-
mance in organic thermoelectrics (OTEs), suggesting that OECT and
OTE materials might share similar molecular design rules as they
are both heavily doped systems.

3.2.7 n-Type small molecules. The first n-type small mole-
cule used in OECTs is C60-TEG (Fig. 5a), a fullerene derivative
with glycolate side chains, which was reported by Ginger et al.®*
It showed an impressive uC* value of 7 Fecm ™ ' V' s~ (Table 2).
Despite this achievement, the limited structural tunability, high
cost, and thermal/photochemical instability of fullerene derivatives
have hindered further progress. Yue et al. have made significant
advancements in the field of non-fullerene n-type small-molecule
semiconductors based on the PDI and fused lactam ring deriva-
tives. In 2022, they introduced glycolated perylene diimides (PDI)-
derivatives for n-type small-molecule OECT materials.®* The LUMO
energy level was effectively reduced by chlorination of the PDI bay
area. Moreover, they observed that the EG side-chain length made
a trade-off between electron mobility and film capacitance. As a
result, 4CI-PDI-3EG (Fig. 5b) achieved a maximum uC* value of
02Fcm 'V 'sh

Afterward, they further extended the n-conjugation by homo-
coupling the PDI derivatives reported above, utilizing two
different types of linkages: doubly and triply linked (d-gdiPDI
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and t-gdiPDI, Fig. 5b).>> They aimed to investigate the changes
in backbone conformation on OECT performance. DFT calcula-
tions revealed that d-gdiPDI exhibits a highly twisted structure,
whereas t-gdiPDI possesses a rigid and nearly planar backbone.
The highly twisting backbone exerts a favorable influence on
the charge storage property. When combined with an ionic gel,
d-gdiPDI demonstrated a high specific capacitance of 479 F g*
at a current density of 1 A g~ *. Furthermore, d-gdiPDI realizes a
remarkably high volumetric capacitance of 657 F cm ™, much
higher than that of t-gdiPDI (261 F cm >). However, the
restricted electron mobility of d-gdiPDI hampers its OECT
performance.

Furthermore, they developed a novel class of small-molecule
OECT materials based on the fused lactam rings. This achieve-
ment was realized through the combination of electron-
deficient naphthalene bis-isatin (NB) and rhodanine (RD) units.
NB, comprising two electron-deficient symmetrical lactam rings
with aromatic naphthalene, has been considered a robust
building block for constructing ladder-type polymers.”* RD is
also a strong electron-withdrawing unit due to its ketone and
thioketone groups on the five-membered aza ring. The resulting
material gNR (Fig. 5d) comprises the rigid skeleton and EG side
chains, showing a low-lying LUMO level of around —4.0 eV.*?
Furthermore, a highly planar configuration has been achieved
in gNR with a near-zero (ca. 0.01 A) dihedral angle between NB
and RD, attributed to the non-covalent S-O interactions and
hydrogen bonds formed. gNR exhibited good n-type OECT
performance with a uC* of 2.6 F cm™" V' s~ " (Table 2).

In subsequent studies, Yue et al. found that extending the
n-conjugation in fully fused skeletons is an effective way to
optimize the performance of n-type small-molecule OECT mate-
rials. By extending the core with a second naphthalene bis-isatin
moiety while maintaining the rhodanine end groups, they yielded
3gDNR (Fig. 5d). This extension led to the 3gDNR having a
similarly deep LUMO energy level and a highly planar configu-
ration. Furthermore, GIWAXS demonstrated that 3gDNR exhib-
ited predominantly edge-on orientations and a closer m-m
stacking distance compared to gNR, which displayed mixed
orientations. Ultimately, 3gDNR-based OECT devices achieved a
much-improved uC* of 10.3 F cm ' V™' s 1.%¢ Afterwards, they
continued extending the conjugation length with three naphtha-
lene bis-isatin moieties, resulting in bgTNR (Fig. 5d). Remark-
ably, the performance of bgTNR further increased with a high
uC* value of 32.4 F ecm™ ' V' s' (Table 2).*” These improve-
ments were attributed to changes in molecular packing and the
formation of tighter n-n stacking. However, the poor opera-
tional stability and the complicated synthetic steps of these
lactam derivative-based small molecules limited their practical
applications.

Recently, Lei et al. reported two small molecules with the
TDPP as the building block and two electron-deficient malo-
nonitrile (CN) and RD as the end functional groups.**> TDPP-
RD-G7 (Fig. 5¢) was capable of forming J-type supramolecular
polymers and ‘“polymer-like” networks, which can enhance its
charge transport and reduce its susceptibility to ion diffusion.
It achieved a high uC* of 5.43 Fem ™' V' s (Table 2). Their
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results suggest that the design of molecules with strong inter-
molecular interactions capable of forming ‘polymer-like” net-
works is an effective strategy for developing high-performance
small-molecule OECT materials.

3.2.8 Ambipolar materials. The first reported ambipolar
OECT material is p(gNDI-gT2) (Fig. 3c), in which both NDI and
T2 monomers were substituted with linear EG side chains. It
exhibited n-type performance of 0.18 F cm ' V' s™* (Table 3)
and long-term stability with no current decrease after 2 h
cycling operation. In addition, it also exhibits relatively weak
p-type properties. Afterward, Inal et al. found when the T2 unit
in NDI-T2 was substituted with OMe or EG groups (e.g. p(C4-T2-
Co-OMe) and p(C,-T2-Cy-EG), Fig. 5f),”> the increase in HOMO
levels led to the shrinkage of the energy gap, resulting in
ambipolar materials, but at the expense of n-type performance.
When comparing the properties of p(C4-T2-C,-OMe) and the n-type
polymer p(C,-T2) with no substituents on the T2 unit, p(C4-T2-Cy-
OMe) exhibits p-type character but the n-type performance
(uC*) drop significantly from 0.30 F em™" V™' s in p(C,-T2)
to 0.07 F em ' V' s~ In the following, when changing the
substituent on the T2 unit from OMe to EG in p(C,-T2-Cy-EG),
there was a slight recovery in n-type transport characteristics
but a decrease in p-type performance. As a result, p(C4-T2-Cy-
OMe) shows relatively matched ambipolar properties with the
n-type of 0.16 Fem ™' V™' s™' and p-type of 0.13 Fem ' v 's™
However, the performance of ambipolar materials still lags
significantly behind.

In 2022, van de Burgt et al. reported two ambipolar materials
by copolymerizing NDI and dialkoxybithiazole (2Tz). 2Tz has
been used to improve the planarity and rigidity of the backbone.
The density of TEG side chains has been investigated in this study.
PNDI2TEG-2Tz (2TEG) (Fig. 5g), with higher TEG side chains,
realized an n-type performance with uC* of 1.16 Fem ™' v ' s7*
and u of 3.16 x 10~? (Table 3) in OECTs, significantly better than
its p-type performance. When half of the triethylene glycol (TEG)
side chains are replaced by alkyl side chains, the resulting
polymer PNDI2OEG-2Tz (Fig. 52) exhibited performance degrada-
tion in both p-type and n-type due to the increase of n-n stacking
and negative change in orientation.

Except for the NDI polymers, DPP polymers also have the
potential to develop high-performance ambipolar materials for
OECTs. In 2021, B. Aetukuri et al. introduced a DPP-based
polymer 2DPP-OD-TEG by using two TDPP units and functiona-
lized with 2-octyl dodecyl (OD) and TEG side chains (Fig. 5e)."’
This polymer demonstrated appropriate LUMO energy levels that
align well with the electrochemical window of water, ensuring
stable n-type OECT operation in the aqueous environment. Nota-
bly, 2DPP-OD-TEG displayed good ambipolarity with enhanced
performance and a balanced threshold voltage, achieving a uC* of
6.8 Fecm ' V' 57" for n-type operation and 31.8 Fem ' vV 15!
(Table 3) for p-type operation. However, the stability of its p-type
performance is poor (current dropped by 90% under 100 cycles),
limiting its application.

The utilization of bulk-heterojunction blends is another
notable strategy for developing ambipolar OECT materials.
One example involves blending the p-type polymer p(g,T-TT)
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with the n-type fullerene derivative PrC60MA (Fig. 5h)."® The
p(g,T-TT) polymer is a well-studied and high-performance
p-type OECT material and PrC60MA shares a similar fullerene
structure to C60-TEG. Through precise optimization of the
blend ratio between p(g,T-TT) and PrC60MA at a weight ratio
of 95:5, comparable figures of merit (uC*) were attained for
both n-type and p-type operation in OECTs. The n-type perfor-
mance reached 11.8 F em ' V™' 577, while the p-type perfor-
mance achieved 22.8 F cm™ ' V™' s7" (Table 3). Moreover, the
resulting blend exhibits good stability for both polar, with
minimal current degradation after 100 cycles of alternating
polarities, thanks to its well-developed interpenetrating net-
work. Another approach involves blending two ladder-type
polymers, BBL and PBBTL (Fig. 5i).°> PBBTL was chosen due
to its similar no-side-chain structure to the state-of-the-art BBL,
allowing the blends to be processed using acid-based solvents
simultaneously. This blending technique enables precise con-
trol over mixing and phase separation, leading to the formation
of a bicontinuous network with balanced ambipolar properties.
The optimal blend ratio is PBBTL:BBL = 3:1, which
exhibits a uC* of 2.72 F em ' V™' s7' for n-type and a uC* of
1.36 F em™' V' s7! for p-type. Additionally, the p- and
n-channel components of the blend demonstrate excellent stability,
maintaining approximately 90% and 100% of the initial current,
respectively, after 5000 pulsed measurement cycles.

To date, single-component ambipolar materials with high
and balanced ambipolar properties remain limited. Although
the blending technique has emerged as a promising approach,
it still faces challenges including low performance, imbalanced
hole and electron transport properties, and potential phase
stability and reproducibility issues. Given that this field is still
in its nascent stages, we expect more systematic studies to drive
further advancement.

3.3 Stability of n-type and ambipolar OECT materials

The stability of OECT refers to the ability to maintain its
performance during and after continuous operation, which is
an essential aspect of practical applications. One common way to
evaluate the operational stability of OECT materials is by mon-
itoring the change in drain current during cycling tests. Long-
term operational stability in OECTs has been a long-standing
challenge due to the electrochemical doping mechanism
involved, which is influenced by various factors. Operational
stability in OECTs has been widely investigated for p-type
materials and devices.”> With the development of n-type materi-
als in recent years, although the performance has been gradually
improved, most of the reported high-performance n-type materi-
als have limited stability. In addition, single-component ambi-
polar OECT materials with both high p-type and n-type stability
have not been reported yet."> Therefore, it is very important to
improve the stability of n-type and ambipolar materials. Note
that due to their sensitivity to water and oxygen, the operational
stability of n-type OECT materials brings greater challenges than
p-type materials.

First, introducing the alkyl side chains has been proven to
effectively improve the operational stability of n-type materials.
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In 2021, Nelson et al. reported that the addition of hydrophobic
alkyl side chains to NDI-T2 polymers improves their electroche-
mical stability by reducing water absorption.*' The reversible
formation of the dipole state is achieved when limited water is
absorbed, but uncontrolled expansion may disrupt polymer
chain interactions, hindering the transition between single-
and double-charged states and causing irreversible changes
(Fig. 6a). The negative impact of excessive water absorption on
operational stability is further demonstrated experimentally.
Maria and Giovannitti et al. conducted a study to enhance the
electrochemical stability of p(gNDI-gT2) by introducing alkyl
spacers between the NDI units and the EG units.”* p(C3-gNDI-
¢T2) (Fig. 3f), featuring propyl (C3) spacers, exhibited an
approximately 19% increase in operational stability after
900 cycles, while p(C6-gNDI-gT2) with hexyl (C6) spacers
showed no change in stability under the same operating con-
ditions. In contrast, p(gNDI-gT2) retained only 67% of its initial
performance after 900 cycles. A quartz crystal microbalance
with dissipation monitoring has been used to investigate the
swelling property. The results revealed that the passive and
active swelling of the polymers gradually decreased with
increasing alkyl spacer length, highlighting the negative impact
of the excessive water uptake on operational stability.
Additionally, adding salt has emerged as an effective way to
improve operational stability. Anthopoulos and Inal et al. con-
ducted experiments utilizing tetra-n-butylammonium fluoride
(TBAF), an ammonium salt, as a dopant for n-type polymer P-
90 (Fig. 3d).°® The addition of TBAF was found to have dual
benefits as both a molecular dopant and a morphology additive,
resulting in notable enhancements in both performance and
cycling stability. Specifically, the introduction of TBAF doping
enabled the injection of electron charge carriers, effectively
filling the trap states within P-90. This method minimized the
trapping and de-trapping processes during device operation and
electrochemical doping, contributing to enhanced stability. The
OECTs based on TBAF(40 mol%)-doped P-90 exhibited remark-
able cycling stability with stable transfer characteristics observed
after 4.5 hours of cycling (810 cycles). Furthermore, the opera-
tional stability and shelf life of another n-type polymer P75-based
OECTs have also been enhanced through the addition of salts
such as tetrabutylammonium perchlorate, tetrabutylammonium
hexafluorophosphate, and lithium perchlorate to the solution.”*
The authors proposed that these salts enhanced the porosity of
the membrane, leading to better operational stability.
Processing optimization is also a practical and straightfor-
ward approach to enhancing the operational stability of n-type
materials. Yue et al. enhanced the stability and performance of
n-type small-molecule gNR (Fig. 5d) by using fluorinated alcohols
(FAs) as the processing solvents.®> They found that 2,2,2-
trifluoroethanol (TFE), 1,1,1,3,3,3-hexafluoroisopropanol (HFIP),
and perfluoro-tert-butanol (PFTB) showed up to 10 times better
drain current stability (63.9% for TFE, 61.6% for HFIP, and
75.2% for PFTB) than chloroform (7.3%) after 600 times cycling.
This enhancement is due to optimized molecular packing that
effectively prevents the penetration and degradation caused by
oxygen and water. A similar strategy was also used for another
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Fig. 6 The negative impact of excessive water uptake on operational stability. (a) Illustration of the charging mechanism of redox-active polymers with
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n-type small-molecule, 4Cl-PDI-4EG (Fig. 5b). When processed
with HFIP as the solvent, no decrease in drain current was
observed for over 1 hour of cycling (600 cycles).®* Although
several methods have been proven effective for enhancing the
stability of n-type materials, the long-term operational stability
of many high-performance n-type OECT materials is still poor.
Thus, further study on the origin and mechanism of the stability
issue is needed.

4 Applications of n-type and
ambipolar OECTs

Currently, the majority of applications utilizing OECTs rely
solely on p-type OECTs. These applications include chem/
biosensing, electrophysiological recording, and neuromorphic
computing. The primary reason for this is the scarcity of
reliable and high-performing n-type and ambipolar OECT
materials."” However, with the fast development of n-type and
ambipolar OECT materials, exciting new features and applica-
tions have emerged. These include constructing complemen-
tary logic circuits,>”°” enhanced electrophysiological recording,
high-sensitivity electrochemical biosensing,>*® and versatile
neuromorphic simulation.?%®

4.1 Complementary logic circuits

Complementary logic circuits are a form of digital logic design
that leverages complementary pairs of n-type and p-type tran-
sistors. These circuits offer many benefits, including high gain,
low static power consumption, fast switching times, and com-
patibility with existing electronic devices.”® They serve as the
foundation for various logic gates and digital circuits, which
can be implemented using different transistor technologies."*
One widely used technology is complementary metal-oxide-

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

semiconductor, which has been widely used in integrated
circuit design for various digital logic and analog circuits in
modern electronics. The development of OECT-based comple-
mentary circuits holds great significance in developing more
functions and applications of OECTSs. In a complementary inverter,
an n-type transistor is connected in parallel with a p-type transistor
(Fig. 7a), with their drains connected to the output, and their gates
connected to the input. In addition, the sources of n-type and p-
type transistors are connected to the ground (GND) and the supply
voltage (Vppp) respectively. When the input voltage is close to zero,
the p-type transistor conducts while the n-type transistor is cut off.
As a result, the output voltage equals Vpp. As the input voltage
increases and approaches Vpp, the p-type transistor is cut off, and
the n-type transistor operates in a linear regime. Consequently, the
output voltage approaches the GND.

The relevant parameters to evaluate inverters are the voltage
transfer characteristic (VIC), operating voltage (Vpp), noise
margin (NM), power consumption, and switching frequency.
The VTC shows the relationship between the input voltage (V)
and the output voltage (V,) of the inverter. The static gain is
calculated as:

Gain = dV,/dV; (3)

Typically, the maximum gain is achieved by selecting an appro-
priate voltage step size, as the value of G strongly depends on the
input voltage step size used for measurement.'®* Power consump-
tion is another important parameter that includes static and
dynamic power consumption (Ps, Pp). Ps can be ignored in a
typical complementary circuit by using enhancement-mode tran-
sistors, due to their neglecting static current. However, Pp is
mainly produced by charging and discharging the capacitor during
the switching process. The average Pp, can be explained as:

Pp avg = CiVon’f (4)
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where Cj is the load capacitance and f is the operating
frequency. Hence, by reducing either the Cy, or Vpp, the average
dynamic power consumption can be effectively reduced at the
same operating frequency. Furthermore, the NM is a critical
metric for evaluating the reliable and robust operation of a
logic circuit. A higher noise margin indicates a more reliable
circuit with improved tolerance to noise. In inverter circuits,
two logic values, “0” and ““1” are defined, resulting in two
corresponding noise margins. The NM in the “low” state (or
“high” state) is expressed as NMy, = Vi, — Vo, (or NMy = Vo —
Vin), where Vi, (or Voy) is the maximum input (or output) low
voltage and Vo, (or Vi) is the minimum output (or input) high
voltage. The most common definition method for Vo, and Vyy,
(or Vo, and Viy) is the point on the transfer curve with a slope of
—1 when transitioning from high level to low level (or from low
level to high level).'®> The NM can reach its maximum value of
(Vbop — GND)/2 when the inverter’s transfer characteristic
exhibits a sharp transition from Vpp to GND and the switching
voltage is ideally positioned at Vpp/2. This can be accomplished
by employing both n-type and p-type transistors with similar
properties, including threshold voltage and performance
characteristics.’®" This balanced configuration ensures consis-
tent and symmetrical performance, leading to improved signal
integrity, enhanced noise immunity, and reduced distortion.
Inverters can also be constructed using ambipolar or uni-
polar materials. Ambipolar inverters share the same structure
as complementary inverters but offer the advantage of simpli-
fied processing methods and increased integration density."
However, ambipolar transistors, which cannot completely turn
off at the zero bias, limit the voltage adjustment range and
result in reduced gain and NM, as well as non-negligible energy
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loss in both the “0” and “1” states (Fig. 7b). Furthermore,
unipolar inverters can be made by connecting two transistors
with the same polarity in series. This can be achieved using the
“zero-Vgg” or “diode-load” configuration (Fig. 7(c) and (d)). The
diode-load inverter provides limited gain while the zero-Vgg
inverter with larger gain but requires both enhancement mode
and depletion mode transistors (e.g., the top one is a p-type
accumulation-mode transistor and the bottom one is a p-type
depletion-mode transistor). Besides, the zero-Vgs inverter has a
non-negligible static power consumption in the state “1” and
lower NM. Compared to complementary inverters, both uni-
polar zero-Vgs inverters and ambipolar inverters offer similar
gains, but they come with significant static power dissipation
and reduced NM. Thus, it is crucial to create n-type materials
that possess voltage and performance properties similar to p-
type materials.

4.2 Applications of complementary logic circuits

Using BBL as the n-channel material and the p-type polymer
P3CPT (Fig. 9b), the first OECT complementary logic circuit
with a gain of 11 (Table 4) was realized by Fabiano et al.'” Later,
they developed an alcohol-dispersed n-type conductive ink by
doping BBL with poly(ethyleneimine) (PEI).** The resulting
BBL:PEI films exhibited a high electrical conductivity of
8 S cm™ ' and also displayed excellent ambient stability, leading
to the first depletion mode n-type OECT. Additionally, the
combination of the n-type BBL:PEI and the p-type PEDOT:PSS
(Fig. 9a), both of which operate in the depletion mode, led to
the realization of ternary logic gates. Ternary logic gates are a
class of digital logic gates capable of processing three distinct
input states and generating three different output states. The
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Table 4 Summary of the performance characteristics of complementary circuits-based OECTs

Materials Transporting type Gain (V/V) Vob (V) NM (V) P and Pp° (UW) Ref.
BBL n 11 0.6 0.2 — 17
P3CPT p

BBL:PEI” n 6 —0.07, 0.38 —, <10 48
PEDOT:PSS® p

BBL:MWCNT(10:1) n 16 0.6 — 0.04, <1 90
PEDOT:PSS P

BBL;s5, n 100 0.7 85%” 0.78 x 1073, <2.2 68
P(g,2T-TT) P

BBL n 33 0.7 — — 97
P(g,2T-TT) p

Homo-gDPP:Cin-Cell n 150 0.7 — — 27
gDPP-g2T:Cin-Cell p

P(gTDPP2FT) n 26 0.8 — — 14
P(gTDPPT) P

PrC60MA:P(g2T-TT)95 : 5(w:w) n and p 82, 62 0.9, —0.8 — — 18
2DPP-OD-TEG n and p 50 1.4 — — 15
BBL:PBBTL n and p 31, 42 0.6, —0.6 — — 69
p(C4-T2-Cy-EG) n and p 28 0.8 — 57.7 x 1073, — 75

Means the data are missing in the literature. * The data are extracted from OECT-based ternary logic gates. ” The NM is expressed as a percentage
of Vpp. ¢ The static power (Ps) and dynamic power (Pp) are extracted at the maximum gain.

resulting logic gates exhibited gains of up to 6.*® Furthermore,
using BBLs with higher molecular weights and the p-type
polymer P(g,2T-T) (Fig. 9c), the inverter gain reached an
impressive value of up to 100 with a Pp, of 2.2 pWw.*%”

In previous studies, because the performance of n-type and
p-type materials was largely different and there was lack of a
good method for OECT material patterning, many studies used
separate substrates to construct an inverter. In 2022, Lei et al.
reported an n-type polymer P(gTDPP2FT) (Fig. 4d) with high
performance. They successfully integrated this n-type material
with a compatible p-type material P(gTDPPT) to create a single-
substrate inverter. The inverter exhibited a high gain of 26
(Table 4)."* Using ambipolar materials presents a potential
solution for simplifying the device fabrication process. One
example is using 2DPP-OD-TEG (Fig. 5€) to create logic circuits,
including inverters, NAND gates, and NOR gates.'® Blend-based
ambipolar materials such as p(g2T-TT) with PrC60MA (Fig. 5h)
or BBL with PBBTL polymers (Fig. 5i), also enable the construc-
tion of high-performance OECT logic circuits."®*°

Device structure innovation can reduce the device size of an
inverter. In 2021, Rivnay et al. introduced a vertical-OECT (VOECT)
architecture for ambipolar OECTs, which utilizes a device structure
instead of the conventional planar two-dimensional structure
(Fig. 8c). The advantage of VOECT is that the length is defined
by the thickness between the two electrodes, and an nm-
controllable channel length can be achieved, thereby leading to
high transconductance, which is difficult to achieve in a planar
structure using regular photolithography. vOECT-based comple-
mentary logic circuits are realized by combining two coplanar
vertical structures and utilizing ambipolar materials as the channel
materials. When using ambipolar polymer p(C4-T2-Cy-EG) (Fig. 5f),
as the channel material, the vVOECT-based inverter achieved a high
gain of 10 (Table 4)."° The adoption of VOECT enables the
retention of high gain while reducing the footprint per inverter
by 50%, but it faces limitations in utilizing ambipolar materials
and increased fabrication challenges.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Very recently Huang, Zheng, Cheng, J. Marks and Facchetti
et al. reported the first vertically stacked OECTs (vsOECTs) and
their logic circuits.”” Different from previously reported vOECTs,
vsSOECTs were created by spin-coating the semiconductor onto
the bottom Au source electrode and then evaporating the top
intersecting Au drain electrode (Fig. 8a). Additionally, vsOECTs-
based inverters can be achieved by placing the n-type vsOECTs
directly on top of the p-type vSOECTs. The redox-active p-type
(gDPP-g2T) and n-type (Homo-gDPP) (Fig. 9f) semiconducting
polymers blended with a redox-inert and photocurable polymer
component (cinnamate-cellulose polymer (Cin-Cell, Fig. 9d)),
respectively, and then used as the OECT channel material.
Cin-Cell functions as a structural stabilizer for OECTS, resulting
in enhanced stability of the semiconducting polymer. The gDPP-
¢2T:Cin-Cell and Homo-gDPP:Cin-Cell blends show almost no
current drop after 50 000 cycles, while the non-blended polymer
drops to the off state after 5 cycles. This inverter based on these
high-stability polymers exhibited a sharp voltage transition with a
gain of around 150 (Table 4) and remained stable for over
30000 switching cycles. Moreover, vSOECT has demonstrated
its ability to fabricate complex electronic devices such as NAND,
NOR logic gates, and rectifiers (Fig. 8b).

Apart from the ongoing miniaturization of OECT-based
inverters, the advancement of large-area processing technology is
also noteworthy. This is particularly important as conventional
photolithography techniques have limitations in terms of scalable
and large-area fabrication. In 2022, Fabiano et al successfully
demonstrated large-area OECT-based inverters by using screen-
printing and spray-coating techniques.®” P-type P(g,2T-T) (Fig. 9¢)
and n-type BBL (Fig. 3a) were dispersed in alcohol solvents in the
form of nanoparticle inks for large-scale printing. Moreover,
poly(sodium-4-styrene sulfonate) (PSSNa) and polyquaternium-10
(PQ-10)-based hydrogels were chosen as the printable electrolyte
for the n-channel OECT and the p-channel OECT, respectively. The
resulting printed OECTSs’ logic circuits realized a maximum gain
value of 193 (V/V) (Table 4) by cascading two single-stage inverters.
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Fig. 8 Complementary circuits and their applications in electrophysiological recording. (a) The fabrication process for vsOECTSs: (i) thermal evaporation
of the bottom source electrode with a shadow mask, (i) spin-coating and photopatterning of the semiconducting polymer, (iii) thermal evaporation of
the top drain electrode with a shadow mask and (iv) application of a phosphate buffer solution (PBS) electrolyte and Ag/AgCl gate electrode.
(b) Illustration of vsOECT-based inverters and photographs of NAND, NOR circuits, and rectifier. Reprinted with permission from ref. 27. Copyright 2023,
Huang, Zheng, Cheng, Marks and Facchetti et al. Published by Springer Nature. This publication is licensed under CC-BY 4.0. (c) Schematic diagram of a
coplanar inverter based on VOECT (left) and its application in ECG signal amplification: the operational principle (middle), the ECG signal recorded from
the output of the VOECT-based inverter (top) and the ECG signal recorded directly between the adhesive medical electrodes (bottom). Reprinted with
permission from ref. 19. Copyright 2021, Rivnay et al. Published by American Association for the Advancement of Science (AAAS). This publication is
licensed under CC-BY 4.0. (d) EOG signals monitored by complementary circuits including the operational principle and results for left-right eye

movement (top) and up—down eye movements (bottom). Reprinted with permission from ref. 69. Copyright 2022, Wiley-VCH GmbH.

The performance characteristics of all reported complementary
circuit-based OECTs are summarized in Table 4.

These achievements in logic circuits not only laid the
foundation for amplifying weak voltage signals but also made
integrated production and large-area manufacturing possible.
Complementary logic circuits have already offered benefits in
enhanced electrophysiological recording, high-sensitivity ion mon-
itoring, and multifunctional neuromorphic simulation. For
instance, the inverters based on ambipolar material BBL:PBBTL
blends realize tracking of eye movement when the eyes blink
signals at frequencies higher than 1 Hz (Fig. 8d).*> Additionally,
the vOECT-based inverters, using ambipolar material p(C,-T2-Cy-
EG) as the channel, enable the recording of electrocardiograms
from healthy participants with a gain of 10 (Fig. 8c). Furthermore,
Torricelli et al. developed an ion-sensing inverter using p-type
PEDOT:PSS and n-type BBL. The sensor showed excellent linearity
from 10> M to 1 M for K" and displayed an impressive sensitivity
of up to 1172 mV dec™ ' with a low supply voltage of 0.5 V.>* The
normalized voltage sensitivity achieved in this study exceeds
2300 mV V' dec™ !, which is two orders of magnitude higher
than previous studies utilizing a single p-type transistor.'>'%

Mater. Chem. Front.

Artificial synapses constructed using electronic devices are
important for neuromorphic computing. These devices can
address the limitations of traditional CMOS-based computing,
overcoming the von-Neumann bottleneck and providing potential
solutions for the post-Moore’s law era.'®> Compared to MOSFETs
and other ion-impermeable transistors, OECTs offer several advan-
tages, including high transconductance, improved biocompatibil-
ity, and reduced mechanical mismatch with biological tissues. In
recent years, p-type-based OECTs have demonstrated their
potential in simulating basic synaptic functions, such as spiking
rate-dependent plasticity, paired-pulse facilitation, and long-term
plasticity.”® However, the absence of n-type or ambipolar materials
poses a limitation on the creation of more artificial neuron
functions. Recently, Fabiano et al. reported the concept of organic
electrochemical neurons (OECNs). They developed all-printed
complementary OECTs based on BBL and a p-type polymer,
P(g,2T-T) (Fig. 9¢) and created OECNs that closely mimic the
firing of nerve pulses through ion-based mechanisms similar to
those found in biological systems (Fig. 10a).>> OECNs, when
connected with a single synaptic transistor enabled the integra-
tion of a neuro-synaptic system, demonstrating the concept of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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‘neurons which fire together wire together’. This organic elec-
trochemical neuro-synaptic system is an important step, cap-
able of creating more complex sensory and processing systems
with learning capabilities (Fig. 10a).

Very recently, they introduced a bio-realistic conductance-
based organic electrochemical neuron (C-OECN)*® based on the
Hodgkin-generation and propagation of electrical signals in
neurons since its formulation in 1952. The remarkable stable
anti-ambipolar properties of BBL were discovered and utilized
in both the Na*-based and K'-based OECT channels of C-OECN.
C-OECN is capable of spiking at bio-plausible frequencies
of nearly 100 Hz, faithfully emulating key biological neural
characteristics and enabling ion-based spiking modulation
(Fig. 10b). By coupling C-OECN with a mouse’s right cervical
vagus nerve, the circuit demonstrated the ability to respond to
specific concentrations of biochemical signals by modulating
voltages within the circuit.

4.3 Biological sensing

Biological sensing is important in expanding our knowledge
of living systems, enhancing healthcare methodologies, disco-
vering new therapies, and tackling diverse challenges in biol-
ogy, medicine, and environmental sciences. The emergence of
bioelectronics, which bridges the gap between electronics and
biology, has sparked significant interest in the development of
innovative biomedical devices for disease diagnosis and treat-
ment. OECTs have shown great potential in detecting various
biomolecules such as enzymes, cortisol, immune response
molecules, metabolites, etc. PEDOT:PSS (Fig. 9a) was often used
in OECT-based sensing.'®>'®” It is a commercially available
polymer that offers outstanding characteristics such as high

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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electrical conductivity, ion modulation, and good biocomp-
atibility.’®® Notably, PEDOT:PSS works in depletion mode,
leading to increased static power consumption that restricts
its integration potential. N-Type accumulation OECT-based
sensors provide advantages like reduced power consumption
and improved sensitivity, due to their effective electron trans-
port and ability to operate with negative voltages.

Inal et al. employed an n-type polymer, P-90 (Fig. 3d), in
conjunction with lactate oxidase (LOx) for enzymatic sensing of
lactate. When lactate was oxidized by the enzyme, electrons
were released that were directly captured by the polymer. This
results in a rapid and sensitive response in terms of current
output.”® In addition, n-type materials exhibit a progressive
current increase, in contrast to the declining current observed
in p-type materials, enabling better discrimination of smaller
currents. The device exhibited a specific and reversible
response to lactate, with a detection limit of 10 uM. This work
represents the first utilization of an accumulation mode OECT
for biological sensing, paving the way for n-type materials with
enhanced sensitivity and lower power consumption. Later
on, this method was utilized for glucose detection and the
competition process between polymer and oxygen for electrons
was analyzed. When glucose’s concentration is low, oxygen
outcompetes the polymer and acquires electrons, producing
hydrogen peroxide in the channel. This leads to a gradual
increase in current. As oxygen becomes depleted, the polymer
directly receives electrons, leading to a substantial increase in
current. This showcases the improved sensitivity achieved by the
n-type material’s capability to stabilize electrons (Fig. 11a). The
device exhibits a low detection limit of 10 nM and an impressive
dynamic range spanning over 8 orders of magnitude.?®

Subsequently, by combining p-90 and glucose oxidase (GOx)
an OECT platform with microfluidic channels, real-time monitor-
ing with high transconductance and an impressive detection limit
as low as 1 nM was achieved.”" Recently, the influence of the thin
film surface properties on the performance of metabolite sensors
was investigated using n-type materials with different side chains.
The sensors’ performance is closely related to the orientation of
the enzyme on the polymer surface, which can be adjusted by the
surface charge. When the surface carries a negative charge, it
encourages the enzyme to adopt an optimal orientation for
effective catalysis.”® In addition, the potential of using enzymatic
fuel cells for self-powered sensors was also explored. A glucose-
fueled power supply was developed utilizing a GOx-adsorbed P-90
anode and an organic cathode p(EDOT-co-EDOTOH) (Fig. 11b).
The system demonstrated maximum power density when sup-
plied with 10 mM glucose, generating sufficient power to operate
an OECT device.”® This innovative approach opens up new
possibilities for self-powered biosensors.

Further notable progress is the integration of a micron-scale
OECT with a microfluidic platform, enabling label-free detection
of AP aggregates in human serum. This work used a nanoporous
membrane functionalized with Congo red (CR) molecules, which
has been proven to have a strong affinity for AP aggregates in a
previous study. As CR units capture AP aggregates, the AB
binding increases the overall capacitance and amplifies the
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electrical field imposed on the channel. Three polymers have
been used as channels, including p-type depletion PEDOT:PSS,
p-type accumulation p(g0T2-g0T6), and n-type accumulation
P(C¢NDI-T) (Fig. 3h). As a result, the n-type OECT device demon-
strates the capability to detect a wide concentration range
spanning over 8 orders of magnitude, using a mere 1 pL of
human serum sample, exhibiting increased sensitivity over
p-type materials. This is due to the behavior of positively charged
AB accumulating on the functionalized membrane, repelling
more cations into the channel and thus improving the detection
sensitivity of n-type materials channel-doped by cations. On
the contrary, it attracts anions and causes a decrease in the
detection sensitivity of p-type materials.>' Moreover, a lower
power demand has been achieved for n-type accumulation-
mode devices (power consumption in PBS is 0.29 mW) for
PEDOT:PSS, 0.21 mW for p(g0T2-g6T2) and 0.057 pW for
P(CeNDI-T) (Fig. 11d).

In 2022, Inal et al. reported OECT-based immunosensors for
the rapid and accurate detection of SARS-CoV-2 spike proteins.
These novel devices incorporate alternating current electro-
thermal flow, ensuring swift and precise analyte delivery to
the sensor surface, resulting in ultra-fast response times. The
OECT employs both p-type p(g;C,T2-T) (Fig. 9¢) and n-type
pP(CeNDI-T) (Fig. 3h) as channel materials. Although the p-type
OECT outperforms the n-type in terms of transconductance

Mater. Chem. Front.

(gm: 60 mS vs. gp,: 15 uS), when it is operated using the same
biofunctionalized gates, the detection limit of the n-type device
is as low as 100 x 10~ '® M, three orders of magnitude lower
than the state-of-the-art p-type material. This remarkable
enhancement in detection sensitivity can be attributed to the
n-type material’s ability to achieve a closer equivalent capaci-
tance between the gate and the channel (Cehannet & Cgate)->
Consequently, the change in gate capacitance during the detec-
tion process leads to a larger voltage drop in the channel
compared to the p-type material.

5 Conclusions and outlook

In the past several years, significant progress has been made in
the development of n-type and ambipolar OECT materials and
applications. Although OECTs share a similar device structure
with OFET devices, recent studies have demonstrated that con-
ventional molecular design strategies used in high-performance
OFETs might not fit well with OECTs, since OECTs work under
heavily doped states in water and have a bulk doping feature. We
would like to highlight several material design strategies: (1) a
side-chain-free design that makes polymers with high volumetric
capacitance; (2) apart from designing polymers with low-lying
LUMO energy levels, considering the “doped state” properties of

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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polymers is also essential; (3) because small molecule packings
can be easily distorted by ion injection/diffusion, constructing
supramolecular polymers or oligomers provides a viable approach
for high-performance small-molecule OECTs; and (4) for ambi-
polar materials, blending p- and n-type materials is a simple
and general approach but needs further in-depth study. Besides,
the stability issue in OECT materials is also critical for their
practical applications. Various approaches have been identified
to enhance the operational stability including (1) side-chain
engineering to mitigate excessive water absorption, (2) incor-
porating dopants or salts, and (3) optimizing molecular pack-
ings via process engineering, etc.

To further enhance the performance of n-type and ambipolar
OECT materials, we believe that the following three questions
need careful consideration. Firstly, unlike OFET materials, OECT
materials operate in a highly doped state in aqueous media.
What factors determine the materials’ performance? Secondly,
most OECT polymers use ethylene glycol (EG) side chains. Are EG
side chains the optimal choice? Thirdly, side-chain-free polymers
show promise as they lack “insulating” and “electrochemically
inert” side chains. Are they a new research direction for OECT
materials? For the above questions, our answers are as follows:
(1) our preliminary study on the “doped state” of conjugated
polymers suggests that OECT materials design is similar to but
distinct from OFETs.'* Apart from their properties in the “neutral

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

state”, the properties of OECT materials in the “doped state” also
require careful consideration. (2) Currently, EG side chains are
the best, because they exhibit good ion transport features not
only in OECTs but also in other fields, such as battery electrolytes.
However, we think that other hydrophilic side chains (e.g. ionic
side chains or side chains with functional groups) are also worth
investigating as they may impart additional features to the
polymers (e.g. biological functions). (3) Side-chain-free polymers
indeed deserve further research. For example, BBL demonstrates
both excellent performance and outstanding stability, and
PBFDO has shown remarkable advantages in terms of uC* in
thin films. However, side-chain-free polymers have several draw-
backs. They typically have limited chemical structures with low
solubility in common solvents, making large-area solution pro-
cessing challenging. In addition, in p-type polymers, the current
state-of-the-art polymers are still thiophene polymers with suita-
ble EG chains.'® Side-chain-free polymers have not shown sig-
nificant advantages.

Apart from n-type and ambipolar materials study, increasing
interest has been devoted to exploring the new applications and
features of OECT circuits, including enhanced electrophysiolo-
gical recording, multifunctional artificial synapse simulation,
and highly sensitive biosensing. We would like to highlight
several important advancements: (1) n-type OECTs exhibited
superior sensitivity, specifically in enzyme-catalyzed sensing,
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probably due to their efficient electron transport; (2) “vertical”
OECT structures with ambipolar materials can result in a 50%
reduction of the logic circuit size, promising miniaturized
biosensors (e.g. sensors for single neurons);*'® and (3) many
behaviors of OECTs are similar to neurons, and neuron-like
devices are an attractive research direction.

Despite these advancements, several challenges remain.
First, the performance and operational stability of both n-type
and ambipolar materials still lag behind their p-type counter-
parts. Second, it seems that LUMO energy levels have little
correlation with the performance and stability of n-type OECTs,
and establishing a clear structure-performance relationship is
necessary. Third, OECTs have shown more and more interest-
ing applications, especially in bioelectronics and biomimicking
devices. Thus, exploring their new applications is exciting.
Additionally, it is necessary to focus more on the development
of ambipolar materials, considering their potential contribu-
tions to the field. We anticipate more substantial progress in
the next few years, including more high-performance OECT
materials and devices, exciting new applications, and their
practical applications in flexible and wearable electronics.
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