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Organic electrochemical transistors (OECTs) have emerged as one type of promising building block for
neuromorphic systems owing to their capability of mimicking the morphology and functions of biological
neurons and synapses. Currently, numerous kinds of OECTs have been developed, while self-healing per-
formance has been neglected in most reported OECTs. In this work, the OECTs using self-healing polymer
electrolytes as dielectric layers are proposed. Several important synaptic behaviors are simulated in the
OECTs by doping the channel layers with ions from the electrolytes. Benefitting from the dynamic hydro-
gen bonds in the self-healing polymer electrolytes, the OECTs can successfully maintain their electrical
performance and the ability of emulating synaptic behaviors after self-healing compared with the initial
state. More significantly, the sublinear spatial summation function is demonstrated in the OECTs and their
potential in flexible electronics is also validated. These results suggest that our devices are expected to
be a vital component in the development of future wearable and bioimplantable neuromorphic systems.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Data processing and storage processes are separated in the tra-
ditional von Neumann computer system, which may lead to the
bottleneck of computing efficiency when dealing with unstructured
data, such as speech and image recognition tasks [1-6]. In con-
trast, the human brain that contains about 10" neurons and 10%
synapses has the capability of processing and storing data simulta-
neously [7,8]. Moreover, these three-dimensional neural networks
composed of neurons and synapses in the human brain can process
unstructured data more efficiently compared with the von Neu-
mann computer system [9,10]. Therefore, developing the electron-
ics with neuronal and synaptic characteristics is of great signifi-
cance in the era of today’s rapid advancement of artificial intelli-
gence and big data.

Different types of brain-like devices have been explored till now
[11-20], among which three/multi-terminal organic electrochem-
ical transistors (OECTs) have attracted extensive attention owing
to their similarity with the characteristics of biological neurons
and synapses [21-25]. During the operation of OECTs, the ions in
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the electrolyte can act on the channel layer for modulating the
conductivity of OECTs when a gate bias is applied, which is con-
ducive to simulating a series of neuronal and synaptic behaviors.
For the dielectric layer of OECTs, two kinds of electrolytes have
been explored, namely liquid electrolytes and solid electrolytes.
Liquid electrolytes with the characteristic of rapid response to ex-
ternal stimulation can achieve microsecond-level response and op-
erate at the frequency range of tens of thousands of hertz (Hz)
[26-28], which are sufficient for recording physiological signals in
the biosensing application. However, it is also necessary for liquid
electrolytes to consider preservation when applied in complex cir-
cuits and practical applications. For example, liquid electrolytes are
required to be packaged for preventing the leakage and volatiliza-
tion of solvents. To deal with this difficulty, stable solid electrolytes
composed of organic ion gels are expectantly proposed, which have
been extensively employed as the dielectric layer of OECTs [29-
34], while most of them have still faced the probability of being
damaged by external mechanical forces. As a result, the durabil-
ity and operation life of OECTs will be reduced, and synchronously
the maintenance cost and the amount of discarded electronic com-
ponents will be increased. Therefore, developing solid electrolytes
with self-healing performance is essential for the construction of
OECTs with robustness and reliability.

1001-8417/© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Here, we designed a self-healing polymer electrolyte material
by incorporating tris(2-hydroxyethyl)methylammonium methylsul-
fate ([MTEOA][MeOSOs]) into the composite polymers of poly(2-
hydroxypropyl methacrylate) (PHPMA) and poly(ethyleneimine)
(PEI). The OECTs were fabricated based on this proposed self-
healing polymer electrolyte as the dielectric layer, which suc-
cessfully simulated important synaptic behaviors, such as excita-
tory postsynaptic current (EPSC) and paired-pulse facilitation (PPF).
Benefitting from the capability of self-healing through dynamic
hydrogen bonds in the polymer electrolyte, the electrical prop-
erties of the OECTs could still be restored and synaptic behav-
iors could be entirely emulated even after the dielectric layer was
cut in half. Furthermore, simplified neuronal behaviors including
both the dendritic integration and sublinear spatial summation
were also achieved. More significantly, flexible OECTs were demon-
strated based on the self-healing polymer electrolyte, which exhib-
ited almost consistent electrical properties and synaptic behaviors
even if the bending radius was reduced to 1 mm, illustrating that
our OECTs owned outstanding robustness to external mechanical
damages. Therefore, the designed OECTs with self-healing polymer
electrolytes have great potential in building neuromorphic comput-
ing and wearable electronics in the future.

Synapses are the fundamental units in the biological nervous
system, which play an important role in transmitting, process-
ing, and memorizing information. Fig. 1a shows a schematic di-
agram of the synapse. After receiving an electrical impulse, the
presynaptic membrane generates an action potential, enhancing its
permeability to calcium ions [21]. Then, calcium ions enter the
presynaptic membrane and trigger the release of neurotransmitters
into the synaptic cleft. The neurotransmitters diffuse and interact
with receptors on the postsynaptic membrane, thereby changing
its ion permeability. The postsynaptic current will be generated
after ions enter the postsynaptic membrane, thus forming infor-
mation transmission. Inspired by this, an OECT was demonstrated
(Fig. 1b), in which the gate terminal, channel, and ions in the di-
electric layer corresponded to the presynaptic membrane, postsy-
naptic membrane, and neurotransmitters, respectively. The channel
layer adopts poly(3,4-ethylene dioxythiophene):poly(styrene sul-
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fonate) (PEDOT:PSS) doped with [MTEOA][MeOSOs] ionic liquid
(Fig. 1c). The morphology and electrical properties of PEDOT:PSS
can be modulated by the ion doping of [MTEOA][MeOSOs], which
is beneficial for carrier transport [35]. Fig. S1 (Supporting in-
formation) shows the morphology and thickness of the chan-
nel layer characterized by atomic force microscopy (AFM). The
smooth surface and continuous structure of the channel layer en-
sure good contact with the subsequently deposited dielectric layer.
Normally, the PHPMA and PEI blend polymer system that con-
tains many dynamic hydrogen bonds can be served as the poly-
mer electrolyte of OECTs for achieving self-healing characteristic,
while these hydrogen bonds in the blend polymer system cannot
be readily moved into the channel layer (Fig. 1c) [33]. Therefore,
the [MTEOA]|[MeOSO3]| containing hydroxyl groups was skillfully
added into the PHPMA and PEI blend polymer system, which in-
creased the number of ions that can migrate to dope the channel.
X-ray photoelectron spectroscopy (XPS) was employed to charac-
terize the [MTEOA][MeOSO3] in the polymer electrolyte. The ob-
tained sulfur (S) 2p spectrum indicated the presence of the S el-
ement in the [MTEOA][MeOSO3] (Fig. S2 in Supporting informa-
tion). Fig. S3 (Supporting information) displays the Fourier trans-
form infrared (FTIR) spectrum of the polymer electrolyte, which
reveals the presence of C=0 stretching vibration in the PHPMA at
1721 cm~!, N-H bending vibration in the PEI at 1560 cm~!, and
-CH, symmetric and antisymmetric stretching vibrations at 2848
and 2933 cm™!, respectively. The hydrogen bond of O-H and N-H
is confirmed at 3213 cm~!, which is the foundation for the self-
healing performance of the polymer electrolyte. Fig. 1d illustrates
the self-healing process of the polymer electrolyte with the thick-
ness of about 193 pum (Fig. S4 in Supporting information). A blade
was used to scratch the surface of the polymer electrolyte, creating
a wound about 10 pm wide. The scratches vanished after heating
the damaged polymer electrolyte for 5 min at 50 °C, demonstrat-
ing its rapid and outstanding self-healing ability. To further explore
the self-healing ability of the polymer electrolyte after scratching,
the ionic conductivity of the electrolyte was investigated by elec-
trochemical impedance spectroscopy. The polymer electrolyte be-
tween the two planar electrodes was completely cut. As depicted
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Fig. 1. (a) Schematic diagram of a biological synapse and (b) the structure of the OECT. (c) Molecular structures of [MTEOA][MeOSO;], PHPMA, and PEI, respectively. (d)
Optical microscopy images of the polymer electrolyte after blade scratch and after self-healing. (e) Effective capacitance of the polymer electrolyte at different frequencies

ranging from 25 Hz to 10° Hz. (f) Transfer curve of the OECT.
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in Fig. S5 (Supporting information), the ionic conductivity after
self-healing was 2.89 x 103 S/m, which demonstrated almost no
attenuation compared with that before damage (2.98 x 10~3 S/m).
Besides, an electric double layer with the effective capacitance of
50.57 nF at the frequency of 25 Hz was formed owing to the mi-
gration of ions in the polymer electrolyte to electrodes under an
electric field (Fig. 1e). The effective capacitance decreased as the
frequency of the electric field increased originating from the low
ion migration rate in the polymer electrolyte responding to the
electric field with high frequency. Fig. 1f and Fig. S6 (Supporting
information) depict the transfer and output curves of the OECT,
respectively. The device resembled an enhancement-mode tran-
sistor that remained off when the Vg5 was set at 0 V. The con-
tact between the PEI in the polymer electrolyte and PEDOT:PSS
induced a redox reaction that converted PEDOT* to PEDOT? and
compensated PSS~ by the amine group of PEI, which resulted in
a dedoped process that decreased the conductance of PEDOT:PSS,
forming a semiconducting channel with reduced charge transport
[36-39]. Besides, as the ionic liquid proportion increased and the
PEI proportion decreased, the threshold voltage of the OECT grad-
ually shifted to the positive direction, transforming from an en-
hancement mode to a depletion mode (Fig. S7 in Supporting infor-
mation). It should be noticed that synaptic behaviors can be simu-
lated in the off-state of the enhancement-mode transistor, which
can further decrease the energy consumption. In addition, with
the decrease of the proportion of ionic liquid in the polymer di-
electric, the on-state current of the OECT decreased. Therefore, the
polymer electrolyte with the mass ratio of ionic liquid to blend
polymer component of 50% as the dielectric layer of OECTs in this
work.

Fig. S8 (Supporting information) shows the disconnecting and
splicing processes of the gate terminal and channel layer of the
OECT, simulating presynaptic and postsynaptic disconnection and
reconnection. The electrical performance of the OECT before and
after repairing was characterized to verify the self-healing ability
of the polymer dielectric. The transfer and output curves of the
OECT after self-healing were almost consistent with those before
damage, indicating that the transistor characteristics were almost
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completely restored after repairing (Fig. S9 in Supporting informa-
tion).

Besides, the synaptic behaviors were also simulated in the
OECT. In biological synapses, the EPSC is commonly generated by
the influx of positive ions into the postsynaptic membrane upon
stimulation. Fig. 2a shows the EPSC behavior induced by apply-
ing a negative presynaptic spike to the gate terminal. The EPSC
peaked at 5.3 pA after stimulation, and then gradually decayed to
the baseline before stimulation, well mimicking the dynamics of
the EPSC behavior observed in biological synapses [40]. This re-
sulting behavior can be attributed to the mechanism that under a
negative presynaptic spike, positively charged [MTEOA]* ions are
attracted to the gate terminal and negatively charged [MeOSO3]|~
ions are concurrently injected into the channel layer, which oxi-
dizes PEDOT? that is previously dedoped by PEI to PEDOT*, thus
increasing the source-drain current (Ips) of the OECT. As the presy-
naptic spike is removed, [MeOSO3]~ and [MTEOA]* ions can be
slowly recombined in the electrolyte and restore equilibrium. To
further evaluate the emulated synaptic behaviors, the presynap-
tic spikes with different intensities and widths were also applied
to the OECT. As depicted in Figs. 2b and ¢, AEPSC (the change of
EPSC) increased with the increase of the presynaptic spike inten-
sity or presynaptic spike width owing to the more anions injected
into the channel under the spikes with higher intensity or longer
width. More significantly, AEPSC could be largely maintained even
after two consecutive processes of damage and self-healing to the
dielectric layer (Fig. S10 in Supporting information). Besides, to
simulate the PPF behavior of biological synapses, two presynaptic
spikes with an interval of 100 ms were applied (Fig. 2d). After the
first EPSC (A;) was induced by the first presynaptic spike, the ions
of the polymer electrolyte could not diffuse back to the equilibrium
state before the second presynaptic spike was applied, and thus
a larger AEPSC was achieved in the second EPSC (A,) induced by
the second presynaptic spike. Moreover, the OECT with the channel
containing [MTEOA][MeOSO3] and PEDOT:PSS produced a larger
A, amplitude than that produced in the OECT with the channel
containing pure PEDOT:PSS alone, indicating that the PEDOT:PSS
doped with ionic liquids could be more readily modulated by the
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polymer electrolyte under the electric field (Fig. S11 in Supporting
information). Fig. 2e shows that the PPF index (A,/A; x 100%) de-
cayed as the spike interval increased, which could be fitted by a
double exponential function (Eq. 1)

_AT

PPF index = C; -e<7%) + G, -e< ’2) +1 (1)

where AT was the spike interval, and 7, and 7, represented the
initial fast and slow phase facilitation magnitudes, respectively. Af-
ter self-healing, T; and 7, were extracted to be 298 and 2976 ms,
respectively, which were close to t; (310 ms) and 7, (3364 ms)
extracted before damage.

By applying multiple consecutive stimuli rapidly to biological
neural pathways, the EPSC amplitude can enhance continuously. As
depicted in Fig. S12 (Supporting information), the AEPSC gradually
increased from —0.41 pA to —19 pA induced by the presynaptic
spikes with the increase of the presynaptic spike number from 1
to 100, which illustrated the exceptional regulation for the EPSC
amplitude in the OECT. Furthermore, the EPSC gain (AAn/AA;) as
a function of the presynaptic spike number was introduced, where
An denoted the EPSC induced by the nth presynaptic spike. As
shown in Fig. 2f, a 47-fold gain was attained after the stimulation
of 100 spikes. Moreover, the EPSC gain significantly increased as
the presynaptic spike frequency increased (Fig. S13 in Supporting
information). Notably, the EPSC gains achieved after self-healing
were quite similar to those achieved before damage, indicating the
excellent self-healing ability and robustness of the OECT (Fig. 2f).
Noticeably, this work solely focuses on constructing OECTs based
on self-healing dielectric layers, and it is expected to develop fully
self-repairing OECTs by utilizing self-healing materials for each
component in devices.

Dendrites are short, branched protrusions in neurons that act
as portals for incoming information from other neurons. They re-
ceive thousands of impulses from other neurons, which can be in-
tegrated and modulated before transmitting to post-synaptic neu-
rons. Spatial summation is the integration of synchronous single
events from different regions, while temporal summation is the
integration of asynchronous single events [41]. Fig. 3a shows a
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schematic of the spatial summation of two inputs into a den-
drite. The EPSC; and EPSC, represent the EPSC triggered by a
single presynaptic spike from double gate terminals separately.
Their arithmetic sum (Sa) is indicated by the black dashed line
(EPSCy + EPSCy), which can be achieved by the summation of the
EPSC induced by each presynaptic spike from the single gate termi-
nal of Gate; or Gate,. The solid black line represents the measured
sum (Sy) of the EPSC induced by two simultaneous presynaptic
spikes from both Gate; and Gate, terminals. The superlinear inte-
gration is achieved when the Sy, exceeds the Sy (Sy > Sa). Con-
versely, the sublinear integration occurs when the Sy; is smaller
than the Sy (S < Sa). Fig. 3b illustrates an OECT with an analog
spatial summation function, whose Gate; and Gate, are symmetri-
cally distributed concerning the channel of the OECT. Fig. 3c shows
the AEPSCs obtained by the stimulations from single gate terminal
and double gate terminals with the increase of presynaptic spike
intensity from -0.1 V to -1 V. Obviously, the AEPSC obtained by
the stimulation from double gate terminals was larger than that
obtained by the stimulation from single gate terminal. Fig. 3d plots
the Sy as a function of the Su, and the result of Sy; < S indicates
that the spatially sublinear integration can be realized in the in-
plane dual-gate OECTs.

Furthermore, flexible OECTs can be fabricated on a polyethylene
terephthalate (PET) substrate with the same structure as the above
device (Fig. 4a). The transfer curves of the flexible OECT changed
slightly under different bending radii (Fig. 4b). In order to show
the comparison of EPSC behaviors under different bending states
intuitively, the AEPSC and PPF index obtained in the bending state
were normalized to those obtained in the plane state. As depicted
in Figs. 4c and d, both the induced AEPSC and PPF index illus-
trated almost no attenuation under different bending radii com-
pared with those induced in the plane state, which indicated the
outstanding flexibility of the OECT and demonstrated its potential
in wearable electronic devices.

In summary, we developed the OECTs based on the self-healing
polymer electrolyte as the dielectric layer, which simulated typi-
cal synaptic behaviors, dendritic integration of neurons, and spa-
tially sublinear summation. More importantly, after repairing the
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Fig. 3. Schematic diagram of the spatial summation of two inputs in (a) a dendrite and (b) the dual-gate OECT. (c¢) AEPSC obtained by applying presynaptic spikes with
different intensities on the gate terminal(s) individually and simultaneously. (d) Comparison of the Sy and S of EPSCs.
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Fig. 4. (a) Optical image of the flexible OECT during the bending test. (b) Transfer curves of the flexible OECT under different bending radii. Normalized (c) AEPSC and (d)
PPF index (normalized to test data in plane state) as a function of bending radius. The standard deviations of error bars were obtained by three independent measurements.

damage to the dielectric layer, electrical performance of the OECTs
and emulated synaptic behaviors could be restored. Furthermore,
the flexible OECTs could also maintain almost consistent electri-
cal performance and synaptic behaviors under different bending
radii. This work provides promising guidance for advancing flexi-
ble and bioimplantable neuromorphic electronics using OECTs with
self-healing capability.
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