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Artificial synapses are essential building blocks for neuromorphic electronics. Here, solid polymer
electrolyte-gated artificial synapses (EGASs) were fabricated using ITO fibers as channels, which pos-
sess an ultra-high sensitivity of 5 mV and a long-term memory time exceeding 3 min. Notably, digitally
printed ITO-fiber arrays exhibit an ultra-high transmittance of approximately 99.67%. Biological synap-
tic plasticity, such as excitatory postsynaptic current, paired-pulse facilitation, spike frequency-dependent
plasticity, and synaptic potentiation and depression, were successfully mimicked using the EGASs. Based
on the synaptic properties of the EGASs, an artificial neural network was constructed to perform super-
vised learning using the Fashion-MNIST dataset, achieving high pattern recognition rate (82.39%) due to
the linear and symmetric synaptic plasticity. This work provides insights into high-sensitivity artificial
synapses for future neuromorphic computing.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In the era of data deluge, conventional computing systems that
operate on the von Neumann architecture, which is characterized
by a clear division between storage and processing components,
face substantial challenges [1-3]. In contrast, the human brain uti-
lizes a vast number of neurons (~10'!) connected by synapses
(~1013) to perform distributed, parallel, and event-driven compu-
tations, conferring benefits in terms of fault tolerance, computing
speed, and energy efficiency [4-6]. Especially, synapses can per-
form functions for memory and learning by tuning their connec-
tion strength, known as synaptic plasticity [7]. Consequently, the
development of neuromorphic computing, which emulates the hu-
man brain’s computational approach by integrating memory and
processing in a single unit, is of great significance in overcoming
the von Neumann bottleneck.

Artificial synapses that can emulate functions of biological
synapses are the basic units for neuromorphic computing [8-10].
Various types of artificial synapses have been prepared to emulate
synaptic plasticity including two-terminal memristors and three-
terminal synaptic transistors [11-17]. Three-terminal devices pos-
sess advantages in that they can receive and read stimuli con-
currently and have multiple gates to deal with spatiotemporal in-
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formation [18,19]. However, three-terminal artificial synapses still
need improvements in the linearity and symmetry of conductance
change, sensitivity, and memory time to meet the requirements of
the hardware implementation of neural networks.

In this work, we fabricated solid polymer electrolyte-gated ar-
tificial synapses (EGASs) using ITO fibers as channels, achieving
an ultra-high sensitivity (5 mV) and a long-term memory time
(>3 min). The EGASs can emulate various biological synaptic func-
tions and are suitable for associative learning. Furthermore, an arti-
ficial neural network was established utilizing the synaptic charac-
teristics of EGASs for supervised learning with the Fashion-MNIST
dataset. Thanks to the linear and symmetric synaptic plasticity, the
network exhibited a pattern recognition rate of up to 82.39%. Ad-
ditionally, directionally ordered ITO fibers fabricated using elec-
trohydrodynamic printing exhibited an ultra-high transmittance of
approximately 99.67%, which holds potential for applications in
transparent electronics. This work is of great significance for both
transparent and neuromorphic electronics.

ITO fibers were prepared using an electrohydrodynamic printer.
The ink was fabricated by dissolving stannous chloride dihy-
drate (SnCl,-2H,0), indium nitrate trihydrate (In(NO3);-xH,0), and
poly(vinylpyrrolidone) (PVP) in N,N-dimethylformamide (DMF) and
stirring the mixture at 50°C for 6 h. The printed parameters were
as follows: printing voltage of 1.1 kV, injection rate of 40 nL/min,
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Fig. 1. (a) Schematic of the biological synapse and three-terminal artificial synapse. (b) Structure of the EGAS. (c) OM image of ITO fibers arrays. (d) SEM image of a single
ITO fiber. (e) AFM image of a single ITO fiber. (f) Visible range transmittance of the ITO fibers. (g) Transmittance comparison between our ITO fibers and previously reported

ITO materials with various morphologies.

substrate speed of 1 m/s, and a nozzle-to-collector distance of 3
mm. Subsequently, the printed samples were calcined to obtain
these ITO fibers under 500 °C for 120 min.

For the fabrication of the EGASs, gold electrodes (~80 nm)
were thermally deposited onto the prepared ITO fibers. The solid
polymer electrolyte was prepared by mixing lithium perchlorate
(LiClOg4, 0.2 g) with poly(ethylene oxide) (PEO, 1.6 g) powders in
acetonitrile (30 mL). This mixture was drop-coated onto the sur-
face of the ITO fibers and then annealed in a nitrogen (N,) atmo-
sphere at 90°C for 20min to form the gate dielectric layer. The
input terminal was employed a metal probe to apply presynaptic
stimuli.

The details of material and device characterization methods
employed in this study are as follows. A scanning electron mi-
croscope (SEM) (Apreo S, Thermo Scientific) and an optical mi-
croscope (OM) (DM2700M, Leica) were employed to observe the
morphology of ITO fibers. An atomic force microscope (AFM) (Di-
mension Icon, Bruker) was employed to measure the height of ITO
fibers. The optical transmission spectrum was obtained with the
aid of UV-vis-NIR spectrophotometer (Cary 5000, Agilent). All elec-
trical measurements of the artificial synapses were conducted in-
side a glove box filled with N, at room temperature, using a Keith-
ley 4200A semiconductor parameter analyzer with the assistance
of a probe station.

To emulate biological synapses, three-terminal artificial
synapses were designed (Fig. 1a). These artificial synapses utilized
directionally ordered ITO fibers as channels and a solid polymer
electrolyte as the gate dielectric layer (Fig. 1b). The molecular
structure of PEO is shown in Fig. S1 (Supporting information).
The spacing between adjacent fibers was ~200 um (Fig. 1c and

Fig. S2 in Supporting information). A single fiber showed a di-
ameter of ~470 nm as observed in the SEM image (Fig. 1d). The
three-dimensional shape of ITO fibers with a height of ~130 nm
was visualized using an AFM image (Fig. 1e and Fig. S3 in Sup-
porting information). Notably, the ITO fibers exhibited ultra-high
transmittance of ~99.67% at 550 nm (Fig. 1f). The transmittance
of our ITO fibers exhibited a significant advantage over previously
reported ITO materials with different morphologies (Fig. 1g and
Table S1 in Supporting information), demonstrating their potential
for applications in the field of transparent electronics [20-30].

The transfer characteristics of the EGAS, ranging from —3 V to
3 V under a drain voltage (V4) of 0.05 V, exhibited a significant
hysteresis loop (Fig. 2a), demonstrating that the carriers in the ITO
fibers were effectively modulated by the mobile ions in the solid
polymer electrolyte. The output characteristics of the EGAS was
shown in Fig. S4 (Supporting information). Upon application of a
single presynaptic spike (2 V, 50 ms) to the gate under V4=0.05
V, the cations in the solid polymer electrolyte migrated to the in-
terface between the electrolyte and the ITO fibers, leading to the
creation of an electric double layer. Consequently, electrons in ITO
fibers accumulated on their surface due to the electrostatic cou-
pling effect, inducing the formation of an excitatory postsynaptic
current (EPSC). After removal of the presynaptic spike, the cations
within the solid polymer electrolyte returned to a random distribu-
tion, leading to a progressive decrease in the EPSC towards a value
close to the baseline (Fig. 2b).

Paired-pulse facilitation (PPF) offers advantages in spatiotempo-
ral information processing as a type of short-term plasticity (STP)
[31,32]. Upon application of a pair of presynaptic spikes (2 V, 50
ms) with a time interval (At) of 100 ms to the gate, the AEPSC
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Fig. 2. (a) Transfer characteristics of the EGAS at V4 =0.05 V. (b) EPSC of the EGAS
triggered by a single presynaptic spike. (c) AEPSC of the EGAS triggered by a pair
of presynaptic spikes. (d) PPF index as a function of time interval between spikes
for the EGAS.

peak evoked by the second spike (A2) was significantly larger than
that evoked by the first spike (A1) (Fig. 2c). The second spike ar-
rived before all of the cations driven by the first spike had re-
turned to a random distribution, thus the second AEPSC peak was
larger. Furthermore, applying many pairs of spikes with different
At (from 50 ms to 4000 ms) to the gate, the EGAS maintained PPF
characteristics (Fig. S5 in Supporting information). Here, the PPF
index, defined as (A2/A1) x 100%, was shown as mean values and
standard deviations, which progressively decreased as At increased
due to the increased time available for the cations to return to a
random distribution (Fig. 2d). The PPF index decay was fitted using
a double exponential equation with rapid decay and slow decay
components (Eq. 1) [33]:

PPF indx = C; x exp (—f) + G, x exp (—ét) + 100% (1)
1

where C, and T, are the initial facilitation magnitudes and time
constants for the rapid (n=1) and slow (n=2) decay processes,
respectively. The fitted 7 and 7, values are approximately 162.2
and 2408.5 ms, respectively.

Biological synapses can process dynamic real-time information
through spike frequency-dependent plasticity (SFDP) [34,35]. SFDP
of the EGAS was quantified by applying ten consecutive presy-
naptic spikes (2 V, 50 ms) at various frequencies (from 0.5 Hz to
10 Hz) at V43=0.05 V. AEPSC increased with increasing spike fre-
quency (Fig. 3a). SFDP index was defined as (Bn/B1) x 100%, where
Bn and B1 are the AEPSC peaks triggered by the nt" and the 15t
spikes, respectively. The SFDP index increased as the spike fre-
quency increased (Fig. 3¢), which can be attributed to the reduced
time for cations to return to a random distribution. These results
indicate that the EGAS may have potential application in image
processing as a high-pass filter.

Spike number-dependent plasticity (SNDP) is a learning mecha-
nism where successive external stimuli may adjust the quantity of
neurotransmitters released at a synapse, thereby modulating the
synaptic weight [36]. When presynaptic spikes (2 V, 50 ms) with
different numbers ranging from 1 to 10 were applied to the EGAS,
the AEPSC peaks increased progressively (Fig. 3b). The SNDP in-
dex was defined as (Cn/C1) x 100%, where Cn and C1 represent the
AEPSC peaks triggered by presynaptic spikes with quantities of n
and 1, respectively. The SNDP index monotonically increased with
the increasing spike number (Fig. 3d), which is a result of the ac-
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Fig. 3. (a) AEPSC of the EGAS triggered by consecutive presynaptic spikes with dif-
ferent frequencies. (b) AEPSC peak of the EGAS triggered by presynaptic spikes with
different numbers. (c) SFDP index versus spike frequencies. (d) SNDP index versus
spike numbers.

cumulation of cations at the interface between ITO fibers and the
solid polymer electrolyte.

Long-term plasticity (LTP) forms the basis for memory forma-
tion [37]. The EGAS transitioned from STP to LTP by increasing
the amplitude and duration of presynaptic spikes. Under V4 =0.05
V, the AEPSC monotonically increased with increasing spike am-
plitudes from 1 V to 5 V (Fig. 4a), demonstrating spike voltage-
dependent plasticity. As the durations of presynaptic spikes (2 V)
increased from 50 ms to 550 ms at V43 =0.05 V, both AEPSC and
the AEPSC peak also monotonically increased (Fig. 4b and Fig. S6
in Supporting information), illustrating spike duration-dependent
plasticity. These phenomena are attributed to the enhanced elec-
trostatic coupling effect under strong stimuli.

Moreover, the memory time and sensitivity of the EGAS were
characterized. The decay time of the AEPSC evoked by 50 consec-
utive presynaptic spikes (2 V, 50 ms) under V43=0.05 V exceeded
3min, indicating its favorable LTP (Fig. 4c). The EGAS exhibited
ultra-high sensitivity, responsive to a 5 mV presynaptic spike at
V4=0.05 V (Fig. 4d).

Due to the long memory time, the EGAS can be used to sim-
ulate classical Pavlovian associative learning (Fig. 4e). Two distinct
patterns are employed to represent the “bell” and “bone” stimuli,
with a threshold set at 1 pA. The “bell” pattern, initiated by ten
spikes (1 V, 50 ms), acting as a neutral stimulus, initially fails to
induce salivation. Conversely, the “bone” pattern, initiated by ten
larger spikes (2 V, 50 ms), representing a conditioned stimulus, ef-
fectively triggers salivation. During training, the patterns are pre-
sented alternately, allowing the subject to associate the “bell” with
the “bone”, leading to salivation. Post-training, the “bell” pattern
alone is sufficient to elicit a salivation response, indicating success-
ful simulation of Pavlovian associative learning.

To demonstrate the potential application of the EGAS in neuro-
morphic computing, an artificial neural network with three layers
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Fig. 4. (a) AEPSC of the EGAS triggered by presynaptic spikes with different ampli-
tudes. (b) AEPSC of the EGAS triggered by presynaptic spikes with different dura-
tions. (c) Memory time of the EGAS. (d) AEPSC of the EGAS triggered by presynaptic
spikes of 5 mV. (e) Pavlovian learning behavior realized using the EGAS.
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was constructed to perform system-level training and recognition
tasks using the Fashion Modified National Institute of Standards
and Technology database (Fashion-MNIST) dataset [38,39]. The de-
signed artificial neural network features a structure that includes
an input layer, a hidden layer, and an output layer (Fig. 5a). Each
input vector corresponds to a pixel of the Fashion-MNIST image
that connects with an input neuron. The input vectors are multi-
plied by the synaptic weights that utilize the stochastic gradient
descent algorithm to update based on the difference between the
output value and the labeled value. Finally, these results are trans-
formed by a softmax activation function to obtain the output vec-
tors.

Successive cycles of potentiation (30 spikes of 2 V) and de-
pression (30 spikes of —1.5 V) at V3=0.05 V for the EGAS ex-
hibited good stability (Fig. 5b). The EGAS showed linear and sym-
metric synaptic potentiation/depression (Fig. 5¢). The non-linearity
parameter o was extracted using the following equation (Eq. 2)
[40,41]:

(( TRs — GIO-[IRS) X W+ G%RS)% if a#0,

w .
GHRsx(%) lfOtZO.

G= (2)

where G is the conductance change, Gjgs and Gygs are the conduc-
tance in the low resistance state (LRS) and high resistance state
(HRS), respectively; w is an internal variable ranging from 0 to
1; o is the non-linearity parameter that controls potentiation (op)
or depression (cty) characteristics. The linearity increases as o ap-
proaches 1, and the degree of symmetry is higher with a smaller
difference between «p and oy [41]. For the EGAS, o« and oq were
fitted as 0.90 and 0.83, respectively, indicating its linear and sym-
metric synaptic plasticity. Based on the above synaptic properties,
the traits of the images are recognized accurately through enough
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Fig. 5. (a) Structure of the artificial neural network. (b) Successive cycles potentiation (2 V) and depression (—1.5 V) of the EGAS. (c) Potentiation and depression of the EGAS
versus spike numbers. (d) Loss value versus training epochs. (e) Recognition rate versus training epochs. (f) Confusion matrix for pattern recognition after training epoch 40.
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training. As the training epochs gradually increased, the loss value
decreased and the recognition rate increased monotonically (Figs.
5d and e, Fig. S7 in Supporting information). The recognition rate
reached an impressive 82.39% after 40 training epochs (Figs. 5e
and f). These results demonstrated our devices have applications
in neuromorphic computing.

In summary, we fabricated solid polymer electrolyte-gated arti-
ficial synapses (EGASs) with an ultra-high sensitivity (5 mV) and a
long-term memory time (>3 min). Directionally ordered ITO fibers,
fabricated using electrohydrodynamic printing, were employed as
the channels of the EGASs, achieving an ultra-high transmittance
of approximately 99.67%, which holds potential for applications in
transparent electronics. The EGASs can emulate various synaptic
plasticity and are suitable for associative learning. Furthermore, an
artificial neural network was established according to the synaptic
characteristics of the EGASs to conduct supervised learning using
the Fashion-MNIST dataset, achieving a high pattern recognition
rate of ~82.39% due to the linear and symmetric synaptic plastic-
ity. This work offers a novel contribution to the field of neuromor-
phic devices, holding significant relevance for the advancement of
transparent electronics and neuromorphic computing.
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