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Artificial synapses with full synapse-like functionalities are of crucial importance for the implementation
of neuromorphic computing and bioinspired intelligent systems. In particular, the development of arti-
ficial synapses with the capability to emulate multiplexed neural transmission is highly desirable, but
remains challenging. In this work, we proposed a hybrid ambipolar synaptic transistor that combines
two-dimensional (2D) molybdenum disulfide (MoS,) sheet and crystalline one-dimensional (1D) poly(3-
hexylthiophene-2,5-diyl) polymer nanowires (P3HT NWs) as dual excitatory channels. Essential synaptic
functions, including excitatory postsynaptic current, paired-pulse facilitation, synaptic potentiation and
depression, and dynamic filtering were emulated using the synaptic transistor. Benefitting from the dual
excitatory channels of the synaptic transistor, the device achieved a fast switch between short-term and
long-term memory by altering the charge carriers in the dual channels, i.e., electrons and holes. This em-
ulated the multiplexed neural transmission of different excitatory neurotransmitters, e.g., dopamine and
noradrenaline. The plasticity-switchable artificial synapse (PSAS) simulates the task-learning process of
individuals under different motivations and the impact of success or failure on task learning and mem-
ory, which promises the potential to enable complex functionalities in future neuromorphic intelligent
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The traditional von Neumann-based computing architecture re-
quires a large amount of data transmission between physically
separated central processing units and data storage units, which
limits the efficiency for processing large quantities of complex
data [1,2]. Neuromorphic electronics can quickly recognize pat-
terns, tasks, and memorize or recall information with a very low
energy consumption, and have been demonstrated great potential
in brain-inspired computing [3-8]. In a neuromorphic system, ar-
tificial synapses are the key functional elements for information
transmission, processing and integration. The ceaseless advance-
ment of neuromorphic computing requires further improvement in
artificial synapses.

Current artificial synapses can realize basic synaptic func-
tions in a single device [9-14]. Artificial synapses using low-

* Corresponding author.
E-mail address: wentao@nankai.edu.cn (W. Xu).
1 These authors contributed equally to this work.

https://doi.org/10.1016/j.cclet.2022.03.015

dimensional materials including zero-dimensional quantum dots,
one-dimensional (1D) nanowires, nanotubes and nanoribbons, and
two-dimensional (2D) nanosheets and films have been reported
in recent years. Two-dimensional transition metal dichalcogenides
(TMDCs) and organic semiconductors have been further employed
for plasticity-tunable artificial synapses [15-21]. 2D MoTe,-based
artificial synaptic arrays on silicon-rich silicon nitride (sr-SiNy) sub-
strate exhibited device-to-device and cycle-to-cycle stability with
high on/off ratio and conductance update linearity [22]. A synap-
tic transistor based on monolayer MoS, and an intentionally Na*
diffused SiO, layer can work efficiently at a high temperature.
This provided a promising strategy for high-temperature neuro-
morphic applications [23]. Benefitting from the special design of
the 2D conjugated polymer (CP) with nanoscale-segregated ‘polka
dot’-structured crystalline phases and adjacent amorphous phases,
2D CP-based synaptic transistor emulated the different receptors of
N-methyl-p-aspartate (NMDA) and «-amino-3-hydroxy-5-methyl-
4-isoxazole propionic acid (AMPA) on the postsynaptic membrane
[24].

1001-8417/© 2022 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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Fig. 1. Schematic of biological synapse and the PSAS with two independent chan-
nels for holes and electrons transporting. The electrons and holes transporting in
the dual channels emulate two kinds of neurotransmitters, e.g., dopamine and no-
radrenaline, in the synaptic cleft.

These artificial synapses mostly used unipolar active materials
to emulate the release of a single type of neurotransmitter. How-
ever, some higher forms of plasticity require more than one type
of neurotransmitter in a synapse to achieve synergistic responses
and to maintain biological homeostasis in complex environments
[25-30]. For example, the neurotransmitters of dopamine and no-
radrenaline can function in an independent or coordinative man-
ner to facilitate learning and maintain the states required for nor-
mal cognitive processes [31]. Thus, a plasticity-switchable artifi-
cial synapse (PSAS) emulating the multiplexed neurotransmission
of different neurotransmitters with a fast-switch mechanism in
response to a complex external environment is highly desirable.
Here, we propose a PSAS based on a hybrid ambipolar synaptic
transistor that emulates the multiplexed neural transmission of dif-
ferent excitatory neurotransmitters by changing the charge carri-
ers to achieve the immediate switchable short-/long-term plastic-
ity. The PSAS features parallel channels with n-type multi-layered
MoS, and p-type crystalline P3HT polymer nanowires. The paral-
lel channels serve as paths of different charge carriers, i.e., elec-
trons and holes, emulating the switching and competition between
two kinds of excitatory neurotransmitters, e.g., dopamine and nora-
drenaline in a biological synapse. Synapse-like functions, including
excitatory postsynaptic current, paired-pulse facilitation, synaptic
potentiation and depression, and dynamic filtering were emulated.
Furthermore, we quantified the impact of conductance state up-
dates with different synaptic weight ranges and linearities on pat-
tern training/recognition. Inspired by Atkinson’s achievement mo-
tivation theory, we simulated the task learning process of individ-
uals with different motivations and the backward influence of suc-
cess and failure experiences. The dual-channel strategy facilitates
multiplexed neural transmission, which promises potential appli-
cations in bio-inspired and bio-integrated electronics.

The transportation of electrons or holes in separated channels
emulates the release of different neurotransmitters, e.g., dopamine
and noradrenaline, in a biological synapse (Fig. 1). The PSAS with
MoS, /P3HT NWs-based dual-transmission channels was fabricated
on a SiO, substrate. The source and drain metal electrodes were
deposited between the MoS, layer and the P3HT NWs layer. A top
ion-gate is coupled with the MoS,/P3HT NWs-based dual chan-
nels by 1-ethyl-3-methylimidazolium (EMIM) cations and trifluo-
romethylsulfonyl (TFSI) anions. The MoS, film features a common
lamellar crystal, whereas the self-assembled P3HT chains aggregate
to form polymer nanowires by solvent engineering (Figs. 2a and b)
[32-34]. The thicknesses of MoS, and P3HT NWs layers are 9 nm
and 20 nm, respectively (Fig. S2 in Supporting information).

Raman spectrum of the CVD-grown MoS, film shows a fre-
quency difference of ~30 cm~! between the E',; and Ayg vibration
modes, in agreement with the multi-layered flakes (Fig. 2c) [35]. In
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Fig. 2. (a) AFM images of the multi-layered MoS, and P3HT polymer nanowires.
(b) SEM images of multi-layered MoS, and P3HT polymer nanowires. (c) Room-
temperature Raman spectra of the 2D MoS,. (d) XRD patterns of P3HT NWs on
Si0, or MoS;.

the high-resolution X-ray photoelectron spectroscopy (XPS) spectra
of the MoS, and MoS,/P3HT NWs thin films (Fig. S3 in Support-
ing information), the Mo 3d peak is split into two peaks that can
be attributed to the presence of the doublet of Mo 3ds, and Mo
3d3j,. The S 2p peak is decomposed into two peaks correspond-
ing to the S 2pyj, and S 2p3,. In X-ray diffraction (XRD) pattern of
P3HT polymer nanowires, the intensity of the diffraction peak at
lamellar (100) orientation (20 =5.3°) is very strong, whereas the
peak of w-m overlapping (010) orientation (26 =23°) was unde-
tectable (Fig. 2d) [36]. This result suggests “edge-on” orientation of
P3HT molecules with the conjugation plane perpendicular to the
surface of the SiO, substrate [37-39]. The XRD pattern of MoS,
film exhibits distinct peaks of (002) and (103) orientations [16].

Presynaptic inputs trigger ionic polarization in ion gel, inducing
additional charge carriers in conductive channels. This process is
analogous to the release of neurotransmitters in the synaptic cleft
to induce a postsynaptic current (PSC) in the dendrite of postneu-
ron. Two independent channels allow transportation of different
charge carriers, i.e., electrons in n-type MoS, channel and holes
in p-type P3HT NWs channel, depending on the polarity of volt-
age inputs (Fig. 3a and Fig. S4 in Supporting information). There-
fore, the release process of two kinds of excitatory neurotransmit-
ters, i.e., dopamine and noradrenaline are emulated. The transmis-
sion channels of different charge carriers more realistically emu-
late the transmission channels of multiple neurotransmitters in a
neuron. The transfer of charge carriers can be adjusted by altering
the reading voltage, which emulates the cell membrane potential
of the post-neuron. Positive presynaptic inputs (6V) cause cation
accumulation at the surface of the MoS,/P3HT NWs-based dual
channels, and then induce electrons in MoS, channel. Such a pro-
cess makes the channel open for electron-dominated transmission,
and emulates the transmission of dopamine in the synaptic cleft.
Otherwise, negative presynaptic inputs (—5V) cause anion accumu-
lation at the surface of the dual channels and induce holes in P3HT
NWs channel to open P3HT channel for hole-dominated transmis-
sion, which emulates the transmission of noradrenaline. Under the
reading voltages with different polarity (0.02V or —0.02 V), the de-
vice exhibits synaptic potentiation (Fig. 3b). The changes in postsy-
naptic current (APSC) of the four devices triggered by presynaptic
spike demonstrated the repeatability of the device (Fig. S5 in Sup-
porting information).

Short-term plasticity (STP) and long-term plasticity (LTP) form
the foundation for neural experience acquisition [40,41]. The
synaptic plasticity can be tuned by adjusting the number, fre-
quency, and amplitude of presynaptic spikes. Our PSAS emu-
lated paired-pulse facilitation (PPF) by applying a pair of identical
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Fig. 3. The designed PSAS emulates the multiple plasticity dominated by dopamine and noradrenaline and the switchable short-/long-term plasticity. (a) Schematic illustra-
tion the PSAS with two independent channels (one for hole transport and the other for electron transport). When presynaptic spikes are applied to the ion gel, the mobile
ions move in the electrical field in a manner analogous to neurotransmitters in the synaptic cleft that later induce a PSC in the dendrite by contacting the postsynaptic
membrane. PSC composed of electrons or holes is generated in the MoS, or P3HT NWs layer in response to two kinds of opposite presynaptic spikes and is delivered to a
postneuron through connections to the metal pad. (b) PSCs for PSAS triggered once by different external spikes (6 or —5V, 50 ms), under different reading voltages (0.02V
and —0.02V). (c) PPF index vs. time between successive spikes. (d) Schematic of rehearsal memory process in biology. (e) PSCs for PSAS triggered 30 times by different
external spikes (6 or —5V, 50 ms), under different reading voltages (0.02V and —0.02V). (f) The retention EPSC in 100s and (g) the preservation rate of EPSC at 100s after

PSAS was triggered by 30 times external spikes.

presynaptic spikes [10]. Two consecutive presynaptic spikes (6 or
-5V, 50ms) were applied to the gate electrode under two differ-
ent cell membrane potentials of 0.02V and —0.02V, and the inter-
val time (At) between the two spikes ranged from 50 ms to 500 ms
(Fig. S6 in Supporting information). When the first spike was ap-
plied to the gate electrode, the polarized ions were transferred to
the interface between ion gel and conductive channel, inducing
charge carriers in conductive channel. Then, the ions were redis-
tributed after the first spike was withdrawn. However, the second
spike arrived before all ions returned to their equilibrium sites,
so more ions accumulated in the interface between ion gel and
the channel, thereby inducing more charge carriers in the chan-
nel. Therefore, the second excitatory postsynaptic current (EPSC)
was larger than the first one, and the amplitude of the second
EPSC (A,) could reach to ~229.2% of the first EPSC (A;). The ex-
perimental PPF indexes (100% x A,/A;) fitted well with the double
exponential function C;exp(-At/t1)+ Coexp(-At/Ty)+ 1, where At
is the spike interval of the two spikes, C; (C;) and t¢ (7,) are the
initial facilitation magnitude and characteristic relaxation time of
the rapid (slow) decay, respectively. PPF index is related to the At
between two presynaptic spikes. As shown in Fig. 3c, the PPF in-
dex of the PSAS decreased gradually as At increased, analogous to
forgetting curves.

Enhanced memory has been achieved after rehearsal processes
(Fig. 3d). We recorded the EPSC within 100s after the removal
of external spikes and calculated the preservation rate at 100s

(Figs. 3e-g). The results showed that 30 consecutive spikes of
6V facilitated the increase of electron-induced EPSCs (e~-PSC)
and showed 12% of the peak value at 100s. However, when 30
spikes of —5V were applied, the hole-induced EPSCs (h*-PSC) pre-
served ~50% of the peak current at 100s. The hole-induced exci-
tatory postsynaptic current in the P3HT NWs channel had a higher
preservation rate, which is due to the high crystallinity of the P3HT
NWs film. The doped ions trapped in the crystalline P3HT NWs
film cannot easily diffuse out, so the holes still remained in the
conductive channel after the spikes were removed. This is consis-
tent with previous reports [32,39].

Spike-frequency-dependent plasticity (SFDP) is considered as
a basic learning rule correlating with learning, associative mem-
ory, and forgetting [42]. Typical SFDP was emulated under the
positive and negative reading voltages (Fig. S7 in Supporting in-
formation). The PSCs were notably enhanced as the frequency
of spikes increased. Positive inputs enhanced e -PSC in MoS,
channel as the frequency of spikes increased because high-rate
spikes strengthen the accumulation of cations. Analogously, the
hole-induced PSCs increased as the negative input frequency in-
creased. The dependence of the PSC on the spike frequency could
fit well with the high-pass filtering characteristic of biological
synapses [43,44]. The high-pass filter allows signals with frequen-
cies higher than a certain cut-off frequency to pass, while greatly
attenuating lower-frequency signals. This can remove unnecessary
low-frequency components in the signal or remove low-frequency
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Fig. 4. The filtering behavior of PSAS and recognition simulation for MNIST patterns. (a) Schematic diagram of PSAS-based high-pass filtering function. (b) SFDP triggered
by consecutive spikes with frequencies of 1, 5 and 10Hz. (c, d) SFDP index (An/A; x 100%) triggered by a series of spikes (spike=6 or —5V), according to spike frequency
from 0.5 to 10 Hz, under different reading voltages (0.02V and —0.02 V). (e) The original image of the flower. (f) The image of the flower after sharpening with the high-pass
filtering function at the cut-off frequency of 7.005Hz. (g) Analog weight update. The continuous increase of channel conductance G caused by a series of repeated SPSs of 6V
or SNSs of —5V, and the decrease of G triggered by a series of repeated ISNSs of —2.5V or ISPSs of 3V. (h) Neuron network structure for pattern recognition. (i) Estimated
recognition rate for the MNIST patterns as a function of the training number according to four cases (#1, #2, #3 and #4).

interference. Fig. 4a shows the schematic diagram of a PSAS-based
high-pass filter for signal processing. The PSC amplitude increased
with the frequency increased, and increased dramatically when the
frequency exceeds 5Hz (Fig. 4b). The SFDP index (100% x An/A1)
was plotted as a function of the frequency of presynaptic spike
(Figs. 4c and d). The maximum index could reach to ~1062.2%
when the frequency was up to 10Hz. In order to show the high-
pass filtering function of PSAS more vividly, an image of a flower
was used to show the high-pass filtering process (Figs. 4e and f).
For the simulation, the curve of SFDP index was fitted with the
sigmoidal function H(f)=(a; - a3)/(1 + (f/fc)P) + ay, which was anal-
ogous to the high-pass filter characteristic observed in biological
synapse [44]. The fitting gave rise to the value of 7.005Hz for the
cut-off frequency (fc) (Fig. S8 in Supporting information). When
the fc of 7.005Hz was used for high-pass filtering, the image could
be sharpened. Compared with the original image, the edge details
in the image have been significantly improved. This indicated our
PSAS has the potential to serve as a dynamic high-pass filter for
signal processing.

Our PSAS device can mimic synaptic potentiation and depres-
sion under both positive and negative reading voltages (0.02V
and —0.02V), corresponding to four cases. The PSAS devices were
treated with equal numbers of sufficient positive spikes (SPSs) (6V,
50ms) (case #1 and #2, Fig. S9 in Supporting information) or suf-
ficient negative spikes (SNSs) (—5V, 50ms) (case #3 and #4, Fig.
S9) to induce excitatory neurotransmitters. Then, the potentiated
devices were treated using 30 repeated insufficient negative spikes
(ISNSs) (—2.5V, 50ms) or 30 repeated insufficient positive spikes
(ISPSs) (3V, 50ms) to depress the excitement. With an appropriate

number of consecutive spikes with a fixed voltage, the continuous
updates of channel conductance (G) of the four cases were calcu-
lated (Fig. 4g). This availability of several flexible regulatory op-
tions increased the tunability of storage states of PSAS in neuro-
morphic computing networks [45,46].

To evaluate the learning capability of PSAS, the Modified Na-
tional Institute of Standards and Technology (MNIST) pattern
recognition was simulated. A neural network was constructed ac-
cording to the electrical properties of the synaptic transistor to
perform supervised learning with backpropagation of the MNIST
dataset. For the simulation, 28 x 28 MNIST data were unwrapped
to 1 x 784 row vectors to perform vector matrix multiplication. A
two-layer network consists of an input layer, an output one, and a
connective weight matrix, which are composed of 784 input neu-
rons, and 10 output neurons, respectively (Fig. 4h). 10 output neu-
rons correspond to 10 classes of digits (0-9). The channel conduc-
tance change was used as the weight update for executing the
backpropagation algorithm (Fig. S10 in Supporting information).
The recognition accuracies of the simulated networks after each
training epoch are plotted in Fig. 4i. The synaptic weight update
speed dominates the convergence speed. Therefore, after the first
training iteration, the recognition accuracies of case #3 and #4 can
reach to 78%, which were higher than those of case #1 and #2 due
to the larger synaptic weight update range. However, after multiple
trainings, the main parameter that affects the recognition accuracy
is converted into the linearity. As training epochs increased, recog-
nition rates of cases #1 and #2 improved, with the highest recog-
nition rate up to 86.6% after 40 training epochs. By selecting an
appropriate recognition mode, our PSAS-based neural network can
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Fig. 5. Simulation of selective release of dopamine and norepinephrine, and the simulation of Atkinson’s achievement motivation theory. (a, b) The spike-voltage dependent
current characteristics (from positive to negative spikes) at the reading voltage of 0.02V. Schematic of transition and transformation of two kinds of excitatory neurotrans-
mitters in the synaptic cleft to illustrate the transition from dopamine excitation to noradrenaline inhibition, and then to noradrenaline re-excitation. Using the dual channels
of the PSAS device, it simulates the impact of individual achievement motivation differences on task learning, and the impact of success and failure on individuals. (c) If M;
< My, the result is a negative avoidance of task. These individuals will choose the unrealistic task. Furthermore, both failure and success in previous experiential learning
has a weak influence on the subsequent task learning. (d) Persons in whom the motivation to achieve success is stronger than the motive to avoid failure (Ms > M) should
prefer reasonable tasks of intermediate difficulty. Both success and failure can have a positive impact on their task learning.

meet different requirements for identification speed and accuracy
in complex recognition scenarios. All in all, the higher accuracy is
ascribed to better linearity and relatively higher synaptic weight
range in the potentiation and inhibition trends of PSAS device (Fig.
S9).

Release of the two neurotransmitters yields competition. When
the applied positive spike was sufficient, the PSAS emulated the re-
lease of a large amount of dopamine. As the amplitude of the spike
gradually reduced to 0, the quantity of dopamine decreased. Once
the spike became negative, more noradrenaline was injected into
the postsynaptic membrane to replace dopamine as the major neu-
rotransmitter (Figs. 5a and b, Fig. S11 in Supporting information).
When presynaptic spikes were applied separately, whether they
were three consecutive 6V or —5V presynaptic spikes, the device

exhibited excitatory postsynaptic current, which reflects the dual
excitatory plasticity (Fig. S12 in Supporting information). However,
when different presynaptic spikes were applied simultaneously, the
resulting postsynaptic current is a smaller inhibitory current; this
phenomenon is due to the combination of electrons and holes in
the dual channels, which makes the effective charge carriers in the
channel were decreased. Therefore, the PSAS realized the selective
release and competition of different excitatory neurotransmitters.
Under negative spikes, larger amounts of holes are induced in
P3HT NWs, while smaller amounts of holes can be induced in
MoS, film under positive spikes. This can result in the changes in
surface potential of the film, and further affect the threshold of
our synaptic device (Figs. S13 and S14 in Supporting information).
Thus, PSCs under different pre-stimulations also have a greater
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difference (Figs. S11 and S15 in Supporting information). By ap-
plying different external interventions and changing the polarity
of presynaptic spikes, our devices can imitate Atkinson’s theory
of achievement motivation [47]. Atkinson pointed out that peo-
ple’s motivation for task learning can be classified into two types,
namely the motivation to achieve success (Ms) and the motiva-
tion to avoid failure (Ms). Compared with those who have stronger
motivation to avoid failure (Ms < M), people with stronger
motivation to achieve success (Ms > M) usually have stronger
experience-dependent plasticity and show more efficiency in per-
forming tasks. In addition, success and failure experiences can
also affect task learning. Here, our PSAS device simulates the task
learning and memory of people when Mg < My through electron-
dominated transmission. A series of positive pulse inputs are ap-
plied to simulate task learning under Ms < My, and the situation of
task memory is judged by the resultant PSC. In this way, both fail-
ure (expressed by positive pulses) and success (expressed by nega-
tive pulses) in previous experiential learning have a weak influence
on the subsequent task learning (Fig. 5c). On the contrary, a se-
ries of negative pulse inputs are applied to simulate task learning
under Ms > M. Different from the negative avoidance tendency,
success (corresponding to negative pulses) in previous experiential
learning can further strengthen their learning memory. Moreover,
with the success number increased, the later learning efficiency is
higher with a stronger memory ability. However, the adverse im-
pact of the failure experience (corresponding to positive pulses) on
the later stage is kept within a controllable value (Fig. 5d).

In conclusion, we fabricated a hybrid ambipolar artificial
synapse that combines n-type multi-layered MoS, and crystalline
p-type P3HT polymer nanowires to emulate the selective re-
lease and competition of different excitatory neurotransmitters,
e.g., dopamine and noradrenaline. The dual channels based on
MoS,/P3HT NWs enable precise regulation on our PSAS device by
applying external spikes to alter different charge carriers and im-
plement the fast switchable short-/long-term plasticity. Synaptic
behaviors, including excitatory postsynaptic current, pair-pulse fa-
cilitation, synaptic potentiation and depression, and dynamic filter-
ing have been mimicked. Furthermore, we have clarified the cor-
relation between pattern training/recognition and the conductance
state updates with different synaptic weight ranges and lineari-
ties. Interestingly, using the dual channels of the PSAS device, we
simulated the task-learning process of individuals with different
achievement motivations, and the backward influence of success
and failure experiences on individuals. The plasticity-switchable ar-
tificial synapse with dual-channeled transmission provides a new
way to design future neuromorphic intelligent electronics.
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