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Neuromorphic devices that mimic the information processing function of biological synapses and neurons have at-
tracted considerable attention due to their potential applications in brain-like perception and computing. In this paper,
neuromorphic transistors with W-doped In,O3 nanofibers as the channel layers are fabricated and optoelectronic syner-
gistic synaptic plasticity is also investigated. Such nanofiber transistors can be used to emulate some biological synaptic
functions, including excitatory postsynaptic current (EPSC), long-term potentiation (LTP), and depression (LTD). More-
over, the synaptic plasticity of the nanofiber transistor can be synergistically modulated by light pulse and electrical pulse.
At last, pulsed light learning and pulsed electrical forgetting behaviors were emulated in 5 X 5 nanofiber device array.
Our results provide new insights into the development of nanofiber optoelectronic neuromorphic devices with synergistic

synaptic plasticity.
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1. Introduction

In the current post-Moore era, the simulation of the
perception and computing functions of synapses and neu-
rons by artificial neuromorphic devices has attracted increas-
ing attention.['l Over the past few decades, many types
of neuromorphic devices have been proposed to emulate
synapses/neurons. >3] Among them, nanofiber optoelectronic
synapse transistors are novel electronic devices that combines
the benefits of optics, electricity, and nanotechnology.*! Op-
tical signal has significant advantages in high-speed transmis-
sion, high stability and efficient connection of separated mod-
ules. Therefore, nanofiber optoelectronic synapse transistors
have higher switching speed, smaller size, lower power con-
sumption, and greater reliability comparing with other synap-
tic devices.[®®! In the meantime, multi-functional synap-
tic plasticity can be achieved in a single synaptic device
through photoelectric synergy, greatly simplifying the arti-
ficial neural network (ANN) with improved the robustness
and scalability.”) What is more, a stronger light-guiding ef-
fect may be exhibited by nanofibers with higher surface area,
which can be beneficial for simulating synaptic plasticity and
can enrich the diversity of neural network designs.!”! There-
fore, the nanofiber optoelectronic synapse transistors with syn-
ergistic synaptic plasticity may have promising applications in
ANN for neuromorphic computing.!10-13]
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Indium oxide (In,O3) is a wide bandgap (3.75 eV)
semiconductor material with high electron mobility (theo-
retical value ~ 270 cm?>-V~!.s7!) and high transparency,
and it has been widely used in semiconductor optoelectronic

5.[14-16] Recently, efforts have been made to improve its

device
properties by doping elements such as Sn,[!”l Mo,!'#! Ga,[!%]
Zn,?% and so on. Among them, W-doped In,O3 (IWO) have
recently gained interest following the experimental demon-
stration of IWO field effect transistors with ultra-high on/off
current ratio.?!=231 The high valence difference between WO+
and In*>" may be particularly advantageous for facilitating the
transfer of electrons.?®) Moreover, W has high oxygen bond
dissociation energy, even low doping concentration of W can
inhibit the excess oxygen vacancy, thus improving the elec-
trical performance of the device.[?”! Therefore, IWO can be a
promising candidate for future channel material of transistors.

Here, we employed the highly efficient and controllable
electrospinning method to prepare IWO nanofibers, and its
simple schematic illustrated in Fig. 1(a). Under a high-voltage
electric field, polymer solution is sprayed through a nozzle,
forming fiber-shaped droplets or streamlines in the air, and
ultimately resulting in nanofiber formation on the electrode.
Subsequently, by combining with the fabrication process of
synaptic transistors, IWO nanofibers synaptic transistors were
successfully constructed. The long-term plasticity of the tran-
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sistor was successfully demonstrated using light pulses as in-
put signals. Furthermore, the synaptic weight can be precisely
regulated by the light and electrical signals. Our results are
very interesting for the development of nanofiber neuromor-

phic systems.

2. Experimental details

A solution was prepared by dissolving 0.3 g of in-
dium nitrate (In(NO3)3 - xH>O, Aladdin) in 10 ml of N, N-
dimethylformamide (DMF, Aladdin), which was then stirred at
50 °C for 1 h. A specific amount of tungsten chloride (WCls,
Meryer) was added to the solution, with a molar ratio of W:In
set to 5 mol%. After stirring for 1 h, 2.0 g of polyvinylpyrroli-
done (PVP, Aladdin, Mw = 1.3 x 10°) was added to the so-
lution and stirred overnight to form a clear and uniform so-
lution. Electrospinning was employed to fabricate homoge-
neous nanofiber films on an (aluminum oxide) Al,O3/Si sub-
strate. To ensure good contact between the nanofiber film and
the Al,O3/Si substrate, the sample was baked at 150 °C for
15 min and then treated under an ultraviolet lamp for 45 min.
The PVP polymer was removed from the nanofibers by anneal-
ing at 500 °C for 2 h, resulting in crystalline IWO nanofibers.
Finally, the Al films with thickness of 100 nm were deposited
by thermal evaporation for severing as source—drain electrodes
using a shadow mask. The channel length and width of the
IWO nanofiber optoelectronic synapse transistors are 80 pm

High-voltage
power supply

(a)

Nozzle

Collector

and 1000 pm respectively. The size of the source/drain elec-
trodes are all 150 pmx 1000 pm. The morphology and com-
position of IWO nanofibers were analyzed respectively using
a scanning electron microscope (SEM, JEOL, JSM-7000F)
and x-ray photoelectron spectroscopy (XPS, ThermoFisher
250Xi). We used a semiconductor parameter analyzer (Keith-
ley 2636B) and a fiber-coupled laser module (Changchun New
Industry (CNI) Laser PGL-FC-360 nm) to investigate the elec-
trical characteristics and neural morphology functions of pho-
toelectric synaptic transistors based on IWO nanofibers.

3. Results and discussion

after high-
temperature annealing was analyzed using scanning electron
microscopy (SEM), as illustrated in Fig. 1(b). And the mag-
nified view inset reveals IWO nanofibers diameter of approx-

The morphology of IWO nanofibers

imately 80 nm. Next, the chemical states of In and W atoms
in the IWO nanofibers were detected using XPS, as shown in
Figs. 1(c) and 1(d), respectively. The binding energies of In
3d3/; and In 3ds/, were 452.3 eV and 444.7 eV, respectively,
which match well with In** ions in InyO3.%*] The W 4fs ),
and W 4f; » peaks at 38.1 eV and 35.8 eV, respectively, can
be attributed to the existence of WO in the IWO nanofibers
(Fig. 1(d)). The W 4fs, and W 4f; 5 peaks both appeared as
doublets, possibly due to the presence of other valence states

of W, as described in other literature.[?°!
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Fig. 1. (a) Schematic diagram of electrostatic spinning, (b) SEM image of IWO nanofibers. Inset: partial enlarged detail, XPS of the IWO

nanofibers (c) In 3d region, (d) W 4f region.
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The schematic diagram of biological neurons and synapse
is illustrated in Fig. 2(a). Biological synapses are mainly com-
posed of presynaptic membrane, synaptic cleft, and postsy-

naptic membrane. 3!

The synaptic cleft contains a substantial
amount of neurotransmitters. Upon stimulation of the presy-
naptic membrane, the neurotransmitter in the synaptic cleft
is released and diffuses to the postsynaptic membrane, com-
pleting the information transmission.*!! The IWO nanofibers
transistor can simulate the biological synapses, and its struc-
ture diagram is shown in Fig. 2(b). The bottom gate (silicon)
and the light source (360 nm) are utilized to simulate the presy-
naptic input, while the source/drain electrodes function as the
postsynaptic output. The transfer characteristic curve of the
transistor is shown in Fig. 2(c), with the gate voltage scanned
from —2 V to 3 V, while Vpg is fixed at 2 V. An anticlock-
wise hysteresis is evident, and the Ion/Iopr ratio is around
2.2x10°.

(a) (b)

;

Light pulse
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Fig. 2. (a) Schematic diagram of biological neurons and synapse, (b) struc-
ture diagram of IWO nanofibers transistor, (c) transfer characteristic of IWO
nanofibers transistor.

A typical light induced excitatory postsynaptic current
(EPSC) is stimulated by applying an optical pulse (25 ms,
0.04 nW/um?), as shown in Fig. 3(a). EPSC increased rapidly
to 10.27 nA under the light pulse, and then exhibited a slow
decay. Because electrons could be generated in the chan-
nel when the IWO nanofiber channel is stimulated by the
light pulse, and eventually the channel conductance will be
increased. When the light pulse is finished, the conductance
of the IWO nanofiber channel will not be reduced to the initial
value. This phenomenon is commonly referred to as the persis-
tent photoconduction effect. This the intrinsic mechanism of
long-term synaptic plasticity in our device. Subsequently, the
influences of light intensity and pulse width on the EPSC were
investigated, as shown in Fig. 3(b). Eight light pulses with
different widths and three power densities of 0.04 nW/um?,
0.34 nW/um?, and 0.66 nW/um? were measured. When light

power density is 0.04 nW/um?, the EPSC value is very low

due to the very small photoconduction effect. The maximum
EPSC can reach 144.19 nA and 342.62 nA when the light
power densities are 0.34 nW/um? and 0.66 nW/um?
tively. In addition, when the pulse width is the same, the EPSC
increases with the increase of light power density. Similarly,
at the same light power density, EPSC increases linearly with

, respec-

increasing pulse widths (Fig. 3(c)). In general, the long-term
potentiation (LTP) can be achieved through repeated training.
The increase of pulse numbers could lead to the enhancement
of synaptic weight. Three sets of light pulses (0.34 nW/um?,
25 ms, and Vps = 0.1 V) with different numbers (300, 600,
and 1000) were designed to emulate this process (Fig. 3(d)).
When the light pulse numbers are 300, 600, and 1000, the EP-
SCs increase to 63.58 nA, 129.11 nA, and 243.70 nA, respec-
tively. Moreover, when light pulse is finished, the retention
rates after 10 seconds are 69.99%, 84.07%, and 90.86% for
light pulse numbers of 300, 600, and 1000. Assuming that the
decay time of EPSC corresponds to the time course of forget-
ting after learning, the retention rate of the learning outcome
will increase with the increase of learning number.

To investigate the synergistic synaptic plasticity of IWO
nanofiber optoelectronic synapse transistor, electrical signals
were applied to the bottom gate (silicon) while optical sig-
nals were applied to the IWO nanofibers channel to trigger
the EPSCs. The EPSCs of the transistor were measured under
the same light intensity (0.34 nW/um?) and at different Vgg
of —0.2V, —0.1 V, 0V, and 0.1 V for 7 s. The light pulse
width was fixed at 300 ms. Figure 4(a) shows the normalized
conductance decay behaviors of the IWO nanofibers channel
under different Vgs. The application of a positive Vs leads to
an increase in the electron density in the IWO nanofiber chan-
nel layer, consequently causing a rise in EPSC. The electron
density in the IWO nanofibers channel layer decreases when
a negative Vgg is applied, resulting in a decrease in EPSC.
Figure 4(b) shows the synaptic weight variation curve of the
device after applying different Vgg for 7 s. As Vgs increases
from —0.2 V to 0.1 V, the synapse weight increases from 4.7%
t0 96.2%. According to the accumulation and consumption of
electrons at the IWO/Al,O3 interface, the band bending di-
agram is shown in Fig. 4(c). Under light illumination, the
ionization of oxygen vacancies induces an excess of electrons
(Vo = V& + e~ and Vo — Vg +2e7), thereby increas-
ing the IWO conductivity. When the light is finished, when
Vs > 0, it provides additional electrons that reduce the recom-
bination rate of photogenerated electrons (V%;r +2e~ — Vo),
and a relatively higher normalized conductance value can be
observed. 3233 Conversely (Vgs < 0), the recombination of
photo-induced electrons is accelerated, and a relatively low
normalized conductance is maintained. Therefore, the synap-
tic plasticity of the IWO nanofiber optoelectronic synapse
transistors can be synergistic modulation by optical and elec-
trical signals.
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Fig. 3. (a) Long-term synaptic plasticity triggered by an optical pulse; (b)—(c) EPSC under different optical power densities and pulse widths
at Vps = 0.1 V. (d) EPSC curves for different numbers of pulses (0.34 nW/ um?2, 25 ms, and Vpg = 0.1 V).
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Fig. 4. (a) Normalized conductance behavior of the IWO nanofibers under

Time (s)
different Vgs with optical power density of 0.34 nW/um?. (b) Synap-

tic weight variation curve of the device synapse after applying Vs for 7 s. (c) Suggested mechanism of different relaxation characteristics under
positive and negative Vgs. (d) Potentiation and depression emulated by light signals and electric signals, respectively.

The long-term potentiation (LTP) and long-term depres-
sion (LTD) are also important parameters of synaptic plastic-
ity. Combining the results of light-induced potentiation and
voltage-induced depression, the transition from LTP to LTD in
biological synapses was emulated, as shown in Fig. 4(d). The

EPSC increased to 38.23 nA by continuously applying 64 light

pulses (Ar = 90 ms, 0.34 nW/ umz), emulating LTP behavior
in the biological synapse behavior. Then, the light source was
turned off and 64 electrical pulses (At =90 ms, Vgs = —0.3 V)
were applied to the device, reducing the EPSC to 0.53 nA. The
transformation process of the synaptic weight updating, which

is significant for the construction of artificial neural networks.
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To better visualize the synaptic plasticity of photoelectric
synergistic modulation, a 5 x 5 device array was simulated,
and the results are shown in Fig. 5. From Fig. 5(b), “N” is
clearly written into the array, when the light signal is applied
to the device. After a period of time, the “N” symbol can still
be maintained in the array (Fig. 5(c)), corresponding to the
long-term memory of the system. Then, the image memory
in the system was erased using an electrical signal (Fig. 5(d)).
After the erasure operation, the system returned to its initial
state. Since the system can exhibit “write—erase” processes
according to different sequence pulse stimulations, the system
has a certain degree of robustness.

(a) (b)

EPSC

Electricity

EPSC

Fig. 5. Learning and forgetting behaviors emulated by 5 x 5 synaptic
device array.

4. Conclusion and perspectives

In summary, we successfully prepared IWO nanofibers
using electrospinning method and fabricated optoelectronic
neuromorphic transistors with synergistic synaptic plasticity.
Some important synaptic functions such as EPSC, long-term
plasticity, and multipulse facilitation, have been studied in
IWO nanofiber optoelectronic synapse transistors. Moreover,
the long-term retention in the characterization of electrical pa-
rameters of electronic synaptic devices can be emulated by re-
peated pulsed stimuli. Importantly, a reliable conversion from
light-induced LTP to electrically induced LTD can emulate the
learning and forgetting processes in the human brain. Our re-
sults indicated that nanofiber optoelectronic synapse transistor
is promising for artificial neural network construction.
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