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Top-Gated Organic Synaptic Transistor With
PS/PVA Hybrid as Trapping Layer for

Excitatory Behavior Modulation
Jianxiong Zou , Qia Zhang, Jin Ai, Ling Kang, Menghan Deng , Jinzhong Zhang ,

Wenwu Li , and Jian Zhang

Abstract— Organic synaptic transistor (OST) has
received considerable attention in the era of artificial
intelligence. However, to simplify the process, most of
the ion-conducting polyelectrolyte-based devices use
the bottom-gate structure and adopt a single organic
or organic/inorganic composite material as the charge
trapping/blocking layer, which limits their biocompatibility
and synaptic plasticity. Here, a novel OST based on
the hybrid gate dielectric consisting of porous PS and
proton-conducting PVA electrolyte is proposed and
fabricated. The OST with the hybrid trapping layer exhibits
a large hysteresis window up to 10.7 V for the gate voltage
ranging from -15 V to 15 V, indicating appreciable memory
performance. The clockwise hysteresis phenomenon
in gate voltage dual-sweep operation reveals that
the polarization/depolarization of mobile protons and
the defect reaction of channel interface layer are the
dominant effects. Moreover, the OST was adopted to mimic
the typical synaptic functions successfully, including
excitatory postsynaptic current, paired-pulse facilitation,
and long-term potentiation, short-term memory to long-
term memory. Therefore, the OST based on the hybrid layer
could promote the development of emerging neuromorphic
systems and compact artificial neural networks.

Index Terms— Excitatory modulation, top gate, PS/PVA
hybrid, charge trapping, organic synaptic transistor.

I. INTRODUCTION

W ITH the rapid development of artificial intelligence,
the demand for massive data processing and stor-

age is becoming more and more stringent. However, the
traditional Von-Neumann computer is difficult to meet the
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requirement due to its computing speed, volume, and power
consumption [1], [2], [3]. Neuromorphic computing inspired
by the human brain adopts a new type of parallel computing
strategy, which can achieve high-efficient computation with
low power consumption. Synaptic devices, as one of the
building blocks to realize this computation system, meet the
requirement to mimic the correlation between the neurons and
simulate the ways synapses transmit information. A variety
of synaptic devices such as memristors, atomic switches,
nonvolatile memories, ferroelectric transistors, electrochem-
ical transistors, etc., either two-terminal or three-terminal,
have successfully demonstrated their biological synaptic func-
tions [4], [5], [6], [7], [8], [9], [10]. The two-terminal
synaptic device is structurally simple but susceptible to per-
turbation [11], [12]. While three-terminal devices have high
plasticity and stability due to their fully input/output separa-
tion. Therefore, they can imitate and realize more complex
neural functions [13], [14], [15], [16], [17], [18], [19] In a
synaptic transistor scenario, the gate electrode is generally
considered to be the presynapse applying an action potential
to the synapse, and the source/drain current from the active
channel is regarded as the post-synaptic stimulation current.

Many reported OSTs used bottom-gate structures and
adopted single organic or organic /inorganic dielectric trapping
materials [20], [21], [22], [23], [24]. Since the dielectric in
the synaptic transistor acts as the blocking layer and the
charge trapping layer simultaneously, it is difficult for a single
material to realize such complex functions. Using inorganics
as a dielectric layer will increase the fabrication complexity
and is not compatible with flexible substrates. In addition,
since the active layer is exposed to air, the bottom-gated device
will be affected by water and oxygen, thereby deteriorating its
stability. Therefore, the top-gated device based on the hybrid
polymer layer as dielectric becomes the most possible choice
for the above-mentioned problem.

In this work, we propose a top-gated OST based on a
novel PS/PVA dielectric. In this design, the PVA hydrogel
as polyelectrolyte provides the mobile protons, while the PS
layer with porous nature serves as the charge-trapping layer.
The PS layer has the following additional functions: to protect
the active layer from being damaged during the process,
to isolate the PVA layer and the source/drain electrodes to
reduce the leakage current. The PS/PVA hybrid dielectric
layer realizes the synergies between proton-conducting and
charge-trapping properties. Therefore, the fabricated device
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Fig. 1. (a) Schematic structure of top-gate synaptic transistor with
hybrid EDL gate dielectric.(b) Transfer characteristic in dual-sweep
operation at VDS = -1 V with VGS sweep rate = 0.1 V/step.
(c) Surface morphology of PS above the IDT-BT active layer. (d) Output
characteristic curves at VGS from −5 V to −15 V.

successfully mimics typical synaptic functions, including exci-
tatory postsynaptic current (EPSC), paired-pulse facilitation
(PPF), long-term potentiation (LTP), and short-term memory
(STM) to long-term memory (LTM).

II. EXPERIMENT

The 80 nm silver (Ag) source and drain electrodes were
thermally evaporated through a shadow mask on a 50 µm
pre-cleaned polyimide substrate. The 5 mg/ml IDT-BT (in
chlorobenzene) was spin-coated at 1500 rpm for 60 s and
then annealed at 100 ◦C for 50 min to form an active layer.
Next, the 5 mg/ml PS (in butyl acetate) was spin-coated on
the active layer at 3000 rpm for 60 s and annealed at 100 ◦C
for 1 h. Subsequently, the 10 wt% PVA (in DI) was spin-
coated at 4000 rpm for 60 s and then annealed at 100 ◦C for
2 h. Finally, the top-gate Ag electrode was made by thermal
evaporation using a shadow mask. The PS surface morphology
was examined using an Atomic Force Microscope (AFM)
(Dimension Icon, Bruker). The electrical characteristics and
synaptic functions were measured at room temperature by a
probe station (Janis ST-500) equipped with a semiconductor
parameter analyzer (Keithley 4200-SCS).

III. RESULTS AND DISCUSSIONS

The schematic illustration of the proposed synaptic tran-
sistor is shown in Fig. 1(a). The channel width and length
are 2000 µm and 350 µm, respectively. To probe the charge
trapping ability of the synaptic device, the dual-sweep is
conducted. And the transfer curve with the VDS at -1 V is
shown in Fig. 1(b). At a slow sweep rate of 0.1 V/step, the
device shows a large hysteresis window (1Vth) of ∼10.7 V
when the gate voltage (VGS) sweeps from -15 V to 15 V,
indicating the strong memory effect. AFM picture in Fig. 1(c)
shows the surface morphology of PS film above the IDT-BT
layer. The root means square (RMS) of PS film surface
roughness was ∼0.29 nm. The rough surface of PS film is
due to its porous nature, which is the potential to increase

Fig. 2. (a) Dual-sweep IDS–VGS curves for the different VGS sweep
rate at constant VDS = −1 V. (b) The ∆Vth in each corresponding
dual-sweep IDS–VGS curves for the different VGS sweep rate.(c) Dual-
sweep IDS–VGS curves for the maximum VGS sweep range at constant
VDS = −1 V and VGS sweep rate of −0.1 V/step. (d) The ∆Vth in each
corresponding dual-sweep IDS–VGS curves for the maximum VGS sweep
range.

the charge trapping/de-trapping capability, inducing a large
hysteresis in the synaptic device [25]. Fig. 1(d) shows the
output curves of VGS from 5 V to -15 V. With the enhancement
of VDS, the IDS initially increases and then decreases until
saturation. We think that this current collapse phenomenon
may be attributed to hole trapping caused by traps in the PS
buffer layer [26].

Fig. 2(a) shows the relationship between IDS and VGS for
different VGS sweep rates under the constant VDS = −1 V.
The sweeping direction of VGS from 15 V to −15 V is
defined as “forward sweep”, otherwise it is “reverse sweep”.
In the dual-sweep test, VGS transitions from forward sweep
to reverse sweep, resulting in a clockwise hysteresis window.
This clockwise hysteresis window is probably caused by the
polarization of -OH in PVA and the presence of mobile defects
near the channel [21], [27], [28]. With a VGS sweep rate of
−0.25 V/step, the maximum hysteresis window between the
forward sweep and reverse sweep the curves is visible. When
the sweep rate is up to −0.1 V/step, the hysteresis weakens
remarkably. It is also noted that under −15 V gate voltage, the
slower the sweep rate, the larger the current. The decreased
current part is ascribed to the fact that under the faster sweep
rate, the movable defects have not enough time to migrate
to the semiconductor-polymer electrolyte interface [29], [30].
The relationship between 1Vth and VGS sweep rates was
shown in Fig. 2(b). The linear fitting curve with a slope
of 30.8 V/(V/step) (linearity R2

= 95.2 %) reveals that
1Vth increases with increasing sweep rate. Fig. 2(c) shows
the relationship between IDS and VGS when VDS =−1 V
and VGS sweep rate is 0.1 V/step. The VGS sweep range
from ±9 V to ±18 V. As the maximum VGS increases,
the enhanced polarization of hydroxyl groups (-OH) in PVA
polymer induces more charge carriers [21], which increases the
reverse hysteresis window remarkably. This is evidenced by
the increasing source-drain current at VGS = −15V. The linear
dependent relationship between 1Vth and the VGS sweep
exhibits a slope of 0.53 V/V (linearity R2

= 97.58 %) in
Fig. 2(d). It should be noted that 1Vth not only increases
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Fig. 3. (a) EPSC triggered by 100 ms pulses with different pulse
amplitudes (from −5 V to −15 V) at VDS = −1 V. (b) EPSC triggered
by −8 V pulses with different duration times (from 50 to 500 ms) at
VDS = −1 V.

linearly with the sweeping rate of VGS, but also linearly
increases with the sweeping range of VGS. However, as the
sweeping rate of VGS increases, Vth shifts towards the left
side of VGS = 0 V, whereas with an increase in the sweeping
range of VGS, it shifts towards the opposite direction.

In term of the observed retention properties of the
PS/PVA-based device, our next objective is to investigate
its synaptic behavior. The negative voltage spikes and the
consequent negative drain current correspond respectively to
presynaptic input and EPSC in the synaptic terminal. To inves-
tigate the EPSC of our synaptic device, a series of presynaptic
pulse spikes that have identical duration time (100 ms) and
different amplitudes ranging from −5 V to −15 V are applied
to the gate at the fixed VDS = −1 V. And the results are shown
in Fig. 3(a). With the spike pulse from −5 V to −15 V, the
peak amplitude of EPSC increases from −4.3 nA to −42.4 nA
obviously. The contributing factors of the biphasic behavior
of the current are attributed to the formation of the hole
accumulation layer at the IDT-BT/PS interface and the ion
migration in the PVA electrolyte as well. Fig. 3(b) depicts the
relationship between EPSC and the different duration times.
Here, the applied pulse voltage is fixed at −8 V while the
duration time range from 50 ms to 500 ms. With the increasing
pulse duration, more and more holes tend to accumulate at the
interface. It is believed that the regulation effect on channel
conductance is steadily strengthening [31], [32], [33].

PPF refers to the fact that when two consecutive pulses
are applied, the second produces a higher current level than
the first signal. It serves as a significant manifestation of the
short-term plasticity of synaptic weights. Fig. 4(a) exhibits
the EPSC triggered by a paired pre-synaptic spike (−8 V,
100 ms) in 1 t = 200 ms at a constant voltage of VDS =

−1 V. The current amplitudes corresponding to the first pulse
and the second pulse are defined as A1 and A2, respectively.
The measured amplitude values of A1 and A2 are −28.3 and
−71.3 nA, respectively, indicating that the EPSC evoked by
the second pulse was 252% higher than that of the first
pulse. When the time interval turns to long enough (1t >

6000 ms), the PPF index (A2/A1×100%) gradually decreases
to about 100%, indicating strong facilitation, as shown in
Fig. 4(b). The relationship between the PPF index and inter-
vals is fitting by the following formulation: PPF = C0 + C1
exp(-1t/τ1) + C2 exp(-1t/τ2). Where C0, C1, and C2 are the
constants and τ1 and τ2are the relaxation times, respectively.
The obtained results are τ1 = 295 ms and τ2 = 1325 ms.
Both the decay tendency and the obtained relaxation time
constants from the fitting curve are similar to the reported
biological synapses [34]. Fig. 4(c) shows the EPSC response

Fig. 4. (a) EPSC triggered by a paired pre-synaptic spike (−8V,
100 ms) in ∆t = 200 ms. (b) PPF index plotted as a function of pulse
interval, which fitted with a double-exponential decay function. (c) EPSC
response according to the number of pre-synaptic spike pulses (−8 V,
200 ms). (d) The relationship between the decay time constants and the
number of pulses stimulation. The red line is fitting the measurement
results by a Boltzmann function.

as a function of the pre-synaptic spike pulse (-8 V, 200 ms)
numbers at a constant voltage of VDS = −1 V. As the number
of pre-synaptic stimuli increases, more charges are induced at
the IDT-BT/PS interface, resulting in an increasing EPSC and
decay time. It implies that the increasing number of learning
can effectively improve the memory level of the synaptic tran-
sistor. Fig. 4(d) shows the relationship between the obtained
decay time constant (τ) and the number of pulses. The decay
time constants are obtained by an exponential function. The
decay time constants are obtained by an exponential function
as follows: I = I0 + A exp(-t/τ). Where I0 is current before
the pulse is removed, and τ and A are the decay time constant
and the positive constant, respectively. The decay time constant
changes from 1.49 s to 6.5 s. The tendency of fitting curve is
to increase slowly initially, then increase rapidly, and finally
reach the saturation state, which is similar to the memory
transition of the biological brain from STM to LTM [35].

IV. CONCLUSION

In summary, a novel organic synaptic transistor with
PS-PVA hybrid gate dielectric is studied. In terms of device
manufacturing, the use of the top gate structure avoids the
exposure of the active layer to the air. Using the combination
of biocompatible PVA electrolyte and porous PS dielectric film
as the hybrid charge-trapping layer fulfills the key require-
ments of an artificial synaptic device. Except for the insulation
function, the porous PS layer can not only capture the charge
but also act as a protective layer to protect the active layer
from being damaged by the PVA solution during the hydrolysis
process. In terms of neural operations, the proton migra-
tion in the PVA electrolyte and the defect trapping/releasing
at PS/IDT-BT interface enables synaptic operations. The
large clockwise hysteresis window in dual-sweep operation is
ascribed to the polarization/depolarization of mobile protons
and the channel interface layer defect reaction. Furthermore,
the typical synaptic functions including EPSC, PPF, LTP, and
STM to LTM, were successfully simulated by excitation of
presynaptic pulses.
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