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ABSTRACT: Synaptic devices, which are designed to emulate the
synaptic functions of neurons, have recently gained attention as
key elements in the development of neuromorphic hardware. To
date, most synaptic devices utilizing conductive polymer materials,
par t i cu la r ly po ly(3 ,4 -e thy lened ioxy th iophene) :po ly -
(styrenesulfonate) (PEDOT:PSS), have been designed as three-
terminal devices. Nevertheless, a recent study revealed that a single
PEDOT:PSS wire can function as a two-terminal synaptic device
through additional polymerization, which creates asymmetry in the
wire diameter between the anode and cathode. Owing to its high
biocompatibility, PEDOT is considered a promising candidate for
use in clinical information-processing devices. However, previous
studies examined the synaptic function of PEDOT:PSS only in PSS
solutions. Therefore, the performance of PEDOT:PSS wires in other solutions, such as physiological saline solutions, remains
unknown. Herein, we investigated the effects of operating environmental conditions (including phosphate-buffered saline (PBS)) on
the synaptic functions of the asymmetric PEDOT:PSS wire. Our results indicate that the synaptic conductance change in the
PEDOT:PSS wire occurred in all investigated aqueous electrolyte solutions. Moreover, we revealed the relationship between the
synaptic conductance change behavior and the molecular properties of the electrolyte ions. Furthermore, the waveform of the
conductance change can be controlled by adjusting the conditions for wire asymmetrization. These results demonstrate that the
PEDOT:PSS wire exhibits a synaptic conductance change, yielding a waveform suitable for machine learning, even under wet
conditions (i.e., in any electrolyte solution, including PBS). Therefore, PEDOT:PSS wire is a promising material for two-terminal
synaptic devices applicable in clinical studies.
KEYWORDS: synaptic device, conductive polymer, polymer wire, neuromorphic, clinical application

■ INTRODUCTION
The rapid development of artificial intelligence (AI)
technology has accelerated power consumption. In contrast
to AI, the human brain exhibits sophisticated information-
processing capabilities while consuming an extremely low
amount of power. To address the energy-intensive nature of
AI, researchers have been studying neuromorphic hardware, a
computing architecture imitating the cranial nervous system.1,2

A crucial component in developing such hardware is the
synaptic device, designed to replicate the synaptic function of
neurons in neural circuits. Developing a functional synaptic
device requires the incorporation of nonvolatile variable-
resistance properties, which has prompted extensive research
into various materials.3−5 Although most research on synaptic
devices has focused on solid-state devices, namely, memristors,
synaptic devices made of conductive polymers have lately
attracted attention because of their advantages of low power
consumption and flexibility.6−8 Van de Burgt et al. developed a
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-

DOT:PSS) electrolyte transistor device that exhibits lower
power consumption and a wider resistance range than existing
inorganic memristors.6 PEDOT, a biocompatible material
already used in sensors9,10 and actuators11 that operate in vivo,
holds promise for use in synaptic devices for information
processing in clinical applications. Most PEDOT-based
synaptic devices reported in previous studies were three-
terminal devices. However, Hagiwara et al. recently reported
that a single PEDOT:PSS polymer wire can function as a two-
terminal synaptic device through a specific fabrication
process.12 The procedure involved growing a PEDOT:PSS
wire using alternating current (AC) voltage in a solution of 3,4-
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ethylenedioxythiophene (EDOT) and PSS and then cross-
linking it between electrodes. Subsequently, the diameter of
the wire near the anode was increased by applying pulses of
direct current (DC) voltage above the electrolytic polymer-
ization potential. The PEDOT:PSS wire fabricated in this
manner had different anode and cathode diameters and
exhibited conductance changes upon application of DC pulses
below the electrolytic polymerization potential. The direction
of conductance change (i.e., increase or decrease) depended
on the polarity of the applied voltage. Therefore, the
conductance could be changed continuously and plastically
in both directions by controlling the polarity, magnitude, and
number of applied voltage pulses. The asymmetric wire
diameters caused differences in the doping and dedoping
reaction efficiencies at the anode and cathode, respectively.12

In addition, PEDOT:PSS wire offers a high degree of wiring
flexibility. Notably, neuromorphic networks based on three-
dimensional PEDOT:PSS wiring have recently been
achieved.13 Although there have been several reports of two-
terminal synaptic devices that operate in solution, PEDOT:PSS
wire is a material with great advantages for integration.
Therefore, the developed two-terminal synaptic device utilizing
flexible PEDOT:PSS wire holds great promise for integrated
synaptic device architectures.

In addition to their use in synaptic devices, PEDOT and
PEDOT-based conductive polymers have been utilized in
reservoir-computing devices. Reservoir computing is a learning
framework comprising a reservoir, a recurrent neural network
with sparse and randomly connected links, and a readout.
Unlike conventional recurrent neural networks, in reservoir
computing, only the weights of the readout are updated during
the learning process, whereas the weight of the reservoir
remains unchanged, enabling simple physical implementation
and extremely fast learning with a low computational cost. The
physical implementation of reservoir computing has led to the
development of innovative devices capable of power-saving
real-time processing and has thus been intensively studied.
Cucchi et al. reported the successful classification of

arrhythmias from pulsation patterns using a reservoir device
constructed with a PEDOT:hexafluorophosphate (PF6) wire
network. Furthermore, they demonstrated the potential of
using such devices as sensors wrapped around a finger;14 owing
to the biocompatibility of PEDOT, the prospect of embedding
sensors inside the human body becomes feasible. Thus,
PEDOT is a promising material for use in reservoir devices
for clinical applications. However, the readout remains a
challenge for the physical implementation of reservoir systems.
Learning in a reservoir system involves adjusting the weights
(w) of the readout; however, this readout calculation is
typically executed using an external computer.14−16 Embed-
ding a conventional reservoir system requires vast memory to
store the reservoir output information or involves high
communication traffic for sequential processing, making it
impractical for certain applications. Therefore, a desirable
solution is to implement the reservoir and readout. An example
of such a solution is embedding an entire reservoir system
(reservoir and readout) with a communicator programmed to
communicate when receiving a signal from the reservoir system
that satisfies a prescribed condition, leading to the develop-
ment of an intelligent system that communicates the required
information only when necessary. Synaptic devices have
emerged as potential candidates for performing calculations
at the readout. Milano et al. demonstrated the successful
physical implementation of a readout comprising a crossbar
array based on TaOx synaptic devices and a physical reservoir
device.17 However, for clinical applications, developing
synaptic devices using biocompatible materials instead of
metal oxides and/or chalcogenides is desirable.

Herein, we examine the potential of using a PEDOT:PSS
wire as a biocompatible synaptic device. A previous study12

revealed that an asymmetric PEDOT:PSS wire exhibited
synaptic conductance changes in a mixture of monomer and
dopant solutions (EDOT + PSS solutions) and in a dopant
solution. However, its behavior in other solutions, such as
physiological saline solutions, remains unclear. To this end, we
investigated the synaptic conductance changes in PEDOT:PSS

Figure 1. Schematic of (a) experimental setups and (b) method of fabricating and evaluating a synaptic PEDOT:PSS wire.
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wires in various electrolyte solutions. Moreover, we analyzed
and discussed the relationship between synaptic device
properties (full switching window and retention character-
istics) and molecular properties of electrolyte ions (ionic radius
and chemical hardness (η)) using density functional theory
(DFT), shedding light on the detailed contribution mechanism
of electrolyte ions to synaptic conductance changes.

■ EXPERIMENTAL METHODS
Materials. A PEDOT:PSS wire was fabricated using a mixture of

0.135 M EDOT (>97%, Sigma-Aldrich, USA) and 0.02 M PSS (Mw =
75,000, Sigma-Aldrich, USA) solutions prepared in a 1:1 mixture of
water and acetonitrile. As replacement solutions, we used 0.1 M
aqueous solutions of five electrolytes: PSS, lithium perchlorate
(LiClO4: >99.99% trace metal basis, Sigma-Aldrich, St. Louis,
Missaouri), and sodium p-toluenesulfonate (NaPTs: >90.0%, Tokyo
Chemical Industry Co., Ltd., Japan)�which are the dopants for
PEDOT�and poly(diallyldimethylammonium chloride) (PDAD-
MAC; average Mw = 400,000−500,000, Sigma-Aldrich, USA) and
sodium chloride (NaCl: >99.5%, Sigma-Aldrich, USA). Phosphate-
buffered saline (PBS; FUJIFILM Wako Pure Chemical Corporation,
Japan), associated with in vivo operations, was also used as a
replacement solution. The molecular structures of these substances
are described in Supporting Information S-1. A pair of gold electrodes
with a tip radius of 50 μm and a gap of 100 μm was prepared by
depositing a 190 nm gold layer with a 10 nm chromium intermediate
layer on a glass substrate using EB1100 (Canon Anelva, Japan) as an
electrode substrate. Before the experiment, the substrates were
cleaned with N,N-dimethylformamide, acetonitrile, and ethanol to
remove surface contaminants and then dried.

Experimental Setup. Figure 1a shows a schematic of the
experimental setup used for fabricating the PEDOT:PSS wire via
electropolymerization and the subsequent conductance measure-
ments. Detailed information regarding the setup is described in a
previous study.12 The setup was designed to alternately apply an
arbitrary input voltage and a measurement voltage (−0.005 V) to the
working electrode. The counter electrode was connected to the
ground during the input voltage application and then switched to an
operational amplifier (op-amp)-based current−voltage converting
circuit with an amplification factor of 2.0 × 106 during the
measurement voltage application. This arrangement allowed the
conversion of the current flowing through the electrodes into a
voltage amplified by a factor of 2 × 106 V. An Arduino Mega 2560 was
used to control the mechanical relay, which regulated the timing of
the input/measurement voltage application and ground/op-amp
switching and detected the voltage from the op-amp. The input DC
voltage was set with a pulse width of 10 ms and a pulse-to-pulse
interval of 800 ms. The measurement DC voltage (−0.005 V) was
applied during the interval of the input voltage. To eliminate the effect
of ion current on the conductance values, the average conductance
between 500 and 750 ms after the application of the measurement
voltage was adopted (for a detailed explanation, see Supporting
Information S-2).

Method of Fabricating and Evaluating a Synaptic
PEDOT:PSS Wire. The synaptic PEDOT:PSS wire was fabricated
as follows. Initially, 20 μL of an EDOT + PSS solution was dropped
on the electrodes; then, a square-wave AC voltage of 10 Vp−p at 20
kHz was applied to initiate the growth of PEDOT:PSS wires from
both electrodes. Once targeted numbers of wires of PEDOT:PSS were
connected, the application of the AC voltage was stopped. Figure 1b
provides a schematic of the subsequent experimental procedure and
the resulting conductance change. To induce synaptic conductance
changes in the PEDOT:PSS wire, a DC pulse voltage of +2.5 V, which
is larger than the polymerization potential, was applied to the wire.
Note that except for the experiment on “Controllability of
conductance of PEDOT:PSS wire”, we applied the DC pulse 20
times. The applied pulse resulted in a selective increase in the
diameter of the PEDOT:PSS wire at the anode due to additional
polymerization, which increased the conductance. This operation is

called “forming” of the PEDOT:PSS wire, which allows the wire to
show synaptic conductance changes when subjected to DC pulse
voltages smaller than the polymerization potential. Herein, the
measurement of synaptic conductance change involved four
repetitions of alternately applying −1 V for 50 pulses and then +1
V for 50 pulses. The applied potential was determined based on cyclic
voltammetry (CV) and electrochemical impedance spectroscopy
(EIS) measurements of the PEDOT:PSS wire (for a detailed
explanation, see Supporting Information S-3). We confirmed that
this synaptic conductance change requires both forming the wire and
establishing wire connections between the electrodes (for a detailed
explanation, see Supporting Information S-2). Except the experiment
on controllability of conductance of PEDOT:PSS wires, after the
initial measurement of the synaptic conductance change in the EDOT
+ PSS solution, the solution was replaced with an electrolyte solution
through the following processes: the EDOT + PSS solution was
removed, and the wire was rinsed twice with 20 μL of acetonitrile. A
cylinder made of polydimethylsiloxane (PDMS) with a hollow of φ 5
mm was placed such that the center of the cylinder aligned with the
electrode gap and filled with 60 μL of the substitute solution. The
PDMS cylinder was then covered with a cover glass to prevent
evaporation. In the postsubstitution experiment, the measurement of
synaptic conductance changes was followed by a retention measure-
ment, during which only the measurement voltage was applied for
3300 s. Afterward, the polarity of the applied DC pulse voltage was
reversed (+1 V for 50 pulses, and then −1 V for 50 pulses), and the
synaptic conductance change and retention characteristics were
measured again. These experiments were performed in triplicate for
each dopant/electrolyte solution, and the average of the data was used
to evaluate the full switching window and retention characteristics.

Scanning Electron Microscopy (SEM) Analysis. A SEM
(Hitachi High-Tech Corporation SU6600 scanning electron micro-
scope) was used to record images of the PEDOT:PSS wire. SEM
images of the wire prepared using the abovementioned procedures
were obtained prior to replacing the EDOT + PSS solution with
electrolyte solutions. The analysis was conducted at an accelerating
voltage of 6 kV and an emission current of 1.8 μA.

DFT Calculation. Gaussian 09 software was used for DFT
calculations.18 Structural optimization was performed using unre-
stricted B3LYP/6-31++G(d,p), and the energies for each electron
system and ion volume were calculated at the unrestricted B3LYP/6-
311++G(d,p) level of theory. For B3LYP/6-31++G(d,p) and B3LYP/
6-311++G(d,p), the convergence condition and calculation grid were
set to “self-consistent field = tight” and “integration = ultrafine,”
respectively. η served as a parameter to characterize the electrolyte
ions and was obtained using the following equations:19,20
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where E denotes the energy of the ion molecule, N represents the
number of electrons, IP denotes the ionization energy, EA represents
the electron affinity, EN denotes the energy of the N-electron system,
EN+1 represents the energy in the reduced state, and EN−1 denotes the
energy in the oxidized state. After structural optimization, EN, EN−1,
and EN+1 were calculated for each electrolyte ion, yielding η.

■ RESULTS AND DISCUSSION
Controllability of Conductance of PEDOT:PSS Wires.

To confirm the controllability of the conductance of the
PEDOT:PSS wires, we examined the effects of the forming
conditions of the PEDOT:PSS wires and the number of
connected wires on the synaptic device characteristics. Figure
2a shows the results of the synaptic conductance change of the
PEDOT:PSS single wires when the number of DC pulses used
for forming was varied. The results revealed that the overall
conductance and switching range of the conductance increased

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c12037
ACS Appl. Mater. Interfaces 2024, 16, 54636−54644

54638

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12037/suppl_file/am4c12037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12037/suppl_file/am4c12037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12037/suppl_file/am4c12037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12037/suppl_file/am4c12037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12037/suppl_file/am4c12037_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c12037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


with an increase in the number of DC pulses used for forming.
The unformed PEDOT:PSS wire showed no synaptic
conductance changes (see Supporting Information S-2). To
establish the characteristics as a synaptic device, we first
evaluated the full switching window (FSW). For a detailed
definition of the FSW, see Supporting Information S-4. Figure
2b shows the relationship between the FSW, number of DC
pulses, and number of connected wires. For the data of the
synaptic conductance change behavior, see Supporting
Information S-5. The FSW tends to increase with an increase
in the number of DC pulses and the number of connected
wires. Subsequently, to evaluate the waveforms quantitatively,
the synaptic conductance change behavior was fitted using an
exponential function, and the time constant (τ) was calculated
(for a detailed definition of τ, see Supporting Information S-6).
Herein, τ depends on the duration, interval, and number of
input pulses, making it a valuable evaluation index for the
waveform. A small τ value indicates rapid potentiation/
depression of the conductance and a close-to-rectangular
(nonlinear) waveform, whereas a large τ value indicates a slow
conductance change and a triangular (linear) waveform. Figure
2c-1 and c-2 shows the time constants for potentiation and
depression, respectively. When 10−20 DC pulses were applied
for forming, regardless of the number of connected wires, the τ
value was approximately 5 s for potentiation and 9 s for
depression. However, when 1−5 DC pulses were applied, the
time constant of potentiation tended to be large, that of
depression tended to be small, and the variation in the number
of connected wires was large. Therefore, by applying more than
10 DC pulses, stable synaptic conductance change behavior
could be obtained, regardless of the number of connected
wires. In the following sections, we present the results of
forming single PEDOT:PSS wires by applying 20 DC pulses to
obtain a large FSW and a stable time constant.

Effect of Ion Species on the Full Switching Window.
Figure 3a shows the SEM images of the PEDOT:PSS wire after

forming at the anode and cathode sides, revealing a noticeable
difference in the wire diameters between the electrodes. The
diameters of the PEDOT:PSS wire at the anode and cathode
sides were 1.4 and 0.5 μm, respectively. Figure 3b depicts the
typical conductance change behavior of the PEDOT:PSS wire
during forming and synaptic conductance change measure-
ments in an EDOT + PSS solution. After the initial preparation
and measurement, the EDOT + PSS solution was replaced
with various electrolyte solutions. Figure 3c shows the synaptic
conductance change behavior of the PEDOT:PSS wire in each
electrolyte solution, indicating that the PEDOT:PSS wire, after
forming, exhibits synaptic conductance change in all electrolyte
solutions, regardless of the PEDOT dopant/nondopant. The
conductance of the wire in the electrolyte solution depends on
the inherent conductance of the PEDOT:PSS wire. Based on
the results of the synaptic conductance change, we evaluated
the full switching window of the PEDOT:PSS wire
quantitatively, according to the rate of change in the full
switching window before and after solution substitution (i.e., in
the EDOT + PSS and electrolyte solutions, respectively). The
rate of change in the full switching window for each electrolyte
is summarized in Figure 3d and was found to be dependent on
the electrolyte. Notably, all cases exhibit negative rates of
change in the full switching window, indicating that the full
switching windows in the electrolyte solutions are smaller than
those in the EDOT + PSS solution. This decrease in the full
switching window is attributed to the difference in the solvents.
The change from the cosolvent of acetonitrile and water in the
EDOT + PSS solution to water in the electrolyte solution
induced a structural change in the PEDOT:PSS wire,
decreasing the conductivity and full switching window21 (for
a detailed discussion, see Supporting Information S-7).

Herein, we attempt to explain the relationship between full
switching windows and electrolyte ion species based on the
hard and soft acids and bases (HSAB) theory.22 The
relationships between the full switching window and the η of

Figure 2. (a) Synaptic conductance change behavior of the PEDOT:PSS single wires fabricated with varying numbers of DC pulses for forming,
and the dependence of (b) the FSW and time constant at (c-1) potentiation and (c-2) depression on the number of DC pulses for forming and the
number of wires connected between the electrodes.
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cations, as obtained through DFT calculations (Figure 3e),
indicates that cations with higher η values exhibit a wider full
switching window (for specific values of η of the electrolyte
ions, see Supporting Information S-8). Notably, the relation-
ship between the rate of change in the dynamic range and the η
of the cations shows the same tendency as that between the full
switching window and the η of the cations (for a detailed
definition of the rate of change in the dynamic range and
specific results, see Supporting Information S-9). By contrast,
the PSS− anion, which compensates for the PEDOT+ charge in
the PEDOT:PSS wire, shows the lowest η value of 3.41 among
the investigated electrolyte anions. Therefore, the PSS− anions
tend to form stable orbital bonds with the cations exhibiting
lower η.23,24

To further elucidate the abovementioned results, we
investigated the mechanism of synaptic conductance change
in the PEDOT:PSS wire. A previous study explained the

mechanism of synaptic conductance change by reporting that
the asymmetric diameter of the PEDOT:PSS wire causes
varying efficiencies in doping and dedoping reactions, resulting
in a change in the total number of carriers within the wire.12

Therefore, our focus shifted to the efficiency of the doping/
dedoping reactions. In electrolyte solutions, the following
redox phenomena are anticipated to occur.25−27 At the anode,
PEDOT0 is oxidized to PEDOT+, and PSS− compensates and
stabilizes the charge of PEDOT+ (doping reaction). Simulta-
neously, at the cathode, the PEDOT+ (polaron) state is
reduced to PEDOT0 (dedoping reaction), and electrolyte
cations approach the electrode owing to Coulombic attraction,
forming ion pairs with PSS− to compensate for the charge.
These reactions are expressed as follows:

PEDOT PSS X e PEDOT X PSS: :+ + ° ++ + +V
(3)

Figure 3. (a) SEM images of the PEDOT:PSS wire after forming at the anode side (red) and the cathode side (blue). (b) Typical conductance
behavior of the PEDOT:PSS wire in the EDOT + PSS solution before this solution was replaced with electrolyte solutions. (c) Synaptic
conductance change behavior of the PEDOT:PSS wire in various electrolyte solutions. (d) Rate of change in the full switching window of synaptic
conductance changes. (e) Relationship between the η of cations and the rate of change in the full switching window.
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where X+ is the electrolyte cation in the aqueous solution. In
the doping reaction, the presence of a cation X+ with a low η
value (i.e., high affinity toward PSS−) leads to the formation of
the stable ionic pair X+:PSS−. Consequently, the oxidation
process of PEDOT requires energy to dissociate the stable
ionic pair X+:PSS−, increasing the activation energy of the
transition from PEDOT0 to PEDOT+ and inhibiting the
doping reaction. Inhibition of the doping reaction reduces the
number of PEDOT+:PSS− products, which are the reactants in
the reverse dedoping reaction. Hence, the dedoping reaction
was also inhibited because of the small number of reactants.
According to this mechanism, the full switching window
decreases for the cations with low η values.

Effect of Ion Species on Retention Property. Figure 4a
shows the retention behavior of the PEDOT:PSS wire in
various electrolyte solutions after the synaptic conductance
change was measured. The retention characteristics were
evaluated based on the retention loss relative to the full
switching window. For a detailed definition of retention loss,
please refer to Supporting Information S-10. Figure 4b shows
the retention loss for each electrolyte solution. The labels
“Upward” and “Downward” in Figure 4b represent the
direction of retention loss (increase and decrease, respec-
tively), depending on the conductive state of the PEDOT:PSS
wire immediately before the retention measurement. In the
“Upward” cases, retention starts with low conductance, i.e., the
last input pulse of the synaptic conductance measurement is
−1 V, and the retention deteriorates along the direction of
conductance increase. Conversely, in the “Downward” cases,
retention starts with high conductance, and the retention
deteriorates along the direction of conductance decrease. The
results shown in Figure 4b indicate that the retention loss
depends on the electrolyte species. Figure 4c shows the

relationship between the retention loss and the cationic and
anionic radii (for specific values of the radii of the electrolyte
ions, see Supporting Information S-11). Larger anionic radii
and smaller cationic radii lead to greater retention loss in the
“Upward” cases and smaller retention loss in the “Downward”
cases, indicating that during the retention process, electrolyte
solutions containing large anions and small cations tend to
exhibit a high-resistivity state (HRS), whereas those containing
small anions and large cations tend to exhibit a low-resistivity
state (LRS). Considering the phenomenon of conductance
change based on the asymmetric PEDOT:PSS wire, a thicker
wire, in which additional PEDOT:PSS molecules can
contribute to the redox reaction, predominantly influences
the retention. Therefore, moving forward, we focus on the
phenomena occurring at the thicker wire, specifically the anode
in the “Downward” cases and the cathode in the “Upward”
cases.

First, we discuss the factors contributing to the HRS during
the retention process. Before retention, the doped/undoped
structure of the PEDOT:PSS wire was determined by applying
an external electric field immediately prior to the retention
measurement. During retention, the loss of this driving force,
that is, the external electric field, may allow the structural
relaxation of the PEDOT:PSS wire induced by the hydration of
the PSS matrix, enabling conformational changes via hydration.
A previous study on PEDOT:PSS films reported that
hydrophilic PSS absorbs water under humid conditions,
causing structural instability.28 In fact, Raman spectroscopic
measurements revealed that immersing a PEDOT:PSS wire in
water causes the dedoping of PEDOT (for a detailed
discussion, see Supporting Information S-7). This structural
relaxation unbinds some of the PEDOT+:PSS− pairs, and the
unpaired polaron PEDOT+ is converted into PEDOT0,

Figure 4. (a) Retention behavior of the PEDOT:PSS wire in various electrolyte solutions. (b) Evaluation of the retention property for each
electrolyte. (c) Relationship between the radius of ions and the extent of retention loss.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c12037
ACS Appl. Mater. Interfaces 2024, 16, 54636−54644

54641

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12037/suppl_file/am4c12037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12037/suppl_file/am4c12037_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12037/suppl_file/am4c12037_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12037?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12037?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c12037?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


decreasing the number of carriers and causing low con-
ductivity. Subsequently, the factors contributing to the LRS
during retention are discussed, assuming that anion-exchange
doping occurs. Yamashita et al. reported the anion-exchange
doping of poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
b]thiophene) (PBTTT)-conducting polymer films20 using
mixed solutions of organic salts and a tetrafluorotetracyano-
quinodimethane dopant. They showed efficient anion-
exchange doping using anions with large ionic radii and
cations with small ionic radii. Anions with large ionic radii,
which afford delocalized charges and poor affinity for small
cations, predominantly couple with the delocalized charges on
PBTTT. Therefore, electrolyte anions with high affinity (i.e.,
large ionic radii) interact with polarons of PEDOT instead of
PSS when hydration causes PSS− to separate from PEDOT+.
Additionally, small cations interact predominantly with
localized PSS−-charged sites. Considering these factors, the
conductance during retention is determined based on the
balance of structural relaxation induced by the hydration of
PSS− and anion-exchange doping. When large anions and small
cations are present, anion-exchange doping and structural
relaxation affect the retention, leading to LRS. Conversely, in
the presence of small anions and large cations, structural
relaxation dominates, resulting in the HRS. Based on this
mechanism, achieving a state without retention loss is
challenging. However, the use of an electrolyte (e.g., NaCl)
that exhibits moderate retention in the downward and upward
retention processes can minimize the influence of retention.

Optimization of Conductance Change Behavior in
the PBS Solution. As shown in Figure 3c, the conductance

changes nonlinearly with an increasing number of input pulses.
Nonlinear conductance change behavior in synaptic devices
can lead to poor convergence during learning, resulting in a
loss of training accuracy.29,30 Therefore, controlling the
waveform of the conductance change is desirable for the
practical application of these devices. Herein, we explored the
use of forming, by which the diameter of the PEDOT:PSS wire
between electrodes becomes asymmetric, to achieve a synaptic
conductance change, and hypothesized that additional forming
of the PEDOT:PSS wire at the counter electrode could control
the doping efficiency and waveform of the conductance
change. Counter forming, which involves the application of
voltage with a reverse polarity to normal forming, was applied
to achieve this goal. Figure 5a shows the synaptic conductance
change behavior of the PEDOT:PSS wire treated with forming
(+2.5 V; 20 pulses) and counter forming (−2.5 V; 60 pulses)
in the EDOT + PSS solution. The application of counter
forming afforded a triangular waveform, indicating linear
changes in conductance compared to forming alone (Figure
3b); the polarity of the synaptic conductance change was
reversed, and the full switching window decreased. After the
experiment shown in Figure 5a, the EDOT + PSS solution was
replaced with PBS, and the synaptic conductance change was
measured (Figure 5b). The results showed that the synaptic
conductance change behavior of the triangular waveform was
maintained even after solution replacement.

In Figure 5c, the time constant, rate of change in full
switching window, and retention loss are compared for the case
of forming alone (+2.5 V; 20 pulses) and the case of forming
(+2.5 V; 20 pulses) and counter forming (−2.5 V; 60 pulses).

Figure 5. (a) Conductance change in the PEDOT:PSS wire with forming (+2.5 V; 20 pulses) and counter forming (−2.5 V; 60 pulses) observed in
the EDOT + PSS solution. (b) Synaptic conductance change of the PEDOT:PSS wire in PBS after forming (+2.5 V; 20 pulses) and counter
forming (−2.5 V; 60 pulses). (c) Comparison of the time constant, rate of change in the full switching window, and retention loss of the
PEDOT:PSS wires in PBS between forming (+2.5 V; 20 pulses) alone�labeled PBS�and forming (+2.5 V; 20 pulses) and counter forming (−2.5
V; 60 pulses), labeled PBS-C.
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The results showed that counter forming increased the time
constant and improved the waveform from nonlinear to linear.
Furthermore, counter forming reduced the difference in the
time constant between the potentiation/depression processes,
representing the acquisition of a symmetrical waveform
advantageous for mechanical learning.29,31 Interestingly, the
rate of change in the full switching window increased
considerably with the application of counter forming,
indicating that although counter forming induced a decrease
in the full switching window in the EDOT + PSS solution
(Figure 5a), it expanded the full switching window when the
wire was operated in PBS. Although the difference regarding
the retention loss was not remarkable, the retention during the
“Upward” case was suppressed. These results indicate that the
conductance change behavior suitable for learning can be
achieved by applying counter forming and maintaining the wire
in the PBS solution.

■ CONCLUSIONS
Herein, we investigated the effects of electrolyte ions on the
synaptic functions of PEDOT:PSS wires and discussed their
contribution mechanisms. The synaptic conductance change in
the PEDOT:PSS wire treated with forming was induced by
electrolyte ions, and the full switching window and retention
properties were closely related to the properties of the
electrolytes. Electrolyte cations with low η values, displaying
a high affinity for PSS−, led to a decrease in the full switching
window. During retention, electrolyte solutions with large
anions and small cations tended to exhibit the HRS, whereas
those with small anions and large cations tended to exhibit the
LRS. Therefore, the performance of the PEDOT:PSS wire as a
synaptic device is highly dependent on the ionic species of the
electrolyte, necessitating a careful selection of the operating
environmental conditions. Furthermore, the synaptic con-
ductance change waveform can be controlled by adjusting the
forming conditions and maintaining the device in a PBS
solution. Finally, this study demonstrated that the PE-
DOT:PSS wire functions as a synaptic device in electrolyte
solutions, including PBS, and can exhibit a linear change in
conductance, which is favorable for learning, by adjusting the
forming conditions. Unlike the three-terminal PEDOT thin-
film devices reported in previous studies,6,32 the two-terminal
device based on PEDOT wires requires little space. Moreover,
our previous study demonstrated three-dimensional wiring of a
PEDOT wire.13 These facts indicate the potential of the
PEDOT wire, which may pave the way for the development of
novel integrated synaptic devices. The compact design is also
an advantage when placing elements in a limited space, such as
inside the human body. In addition, PEDOT:PSS is a
biocompatible material. Therefore, PEDOT:PSS wires are
promising materials for use in two-terminal synaptic devices
that can be applied in clinical studies.

Combining PEDOT:PSS synaptic devices with reservoir
devices may realize an innovative neuromorphic architecture,
enabling in vivo information processing with intelligent logic,
such as pulse sensors capable of autonomously determining the
required information and initiating communication only when
necessary. This advancement is promising for the development
of advanced neuromorphic hardware with a wide array of
potential applications.
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