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Simulation of optical and electrical synaptic functions in
MoS, /a-In,Se; heterojunction memtransistors
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Xiaodong Wang(FE/N%), Yuling Yan(/=%¥%), and Lisheng Wang(VE AL )+
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Memtransistors combine memristors and field-effect transistors, which can introduce multi-port control and have
significant applications for enriching storage methods. In this paper, multilayer &¢-In,Ses; and MoS, were transferred to the
substrate by the mechanical exfoliation method, then a heterojunction MoS; / &t-Inp Ses memtransistor was prepared. Neural
synaptic simulations were performed using electrical and optical pulses as input signals. Through measurements, such as
excitatory/inhibitory post-synaptic current (EPSC/IPSC), long-term potentiation/depression (LTP/LTD), and paired-pulse
facilitation/depression (PPF/PPD), it can be found that the fabricated device could simulate various functions of neural
synapses well, and could work as an electronic synapse in artificial neural networks, proposing a possible solution for

neuromorphic storage and computation.

Keywords: o-In;Ses, MoS,, dual-gate control by electric and light, neural synaptic function simulation

PACS: 73.40.Sx, 87.18.Sn, 85.30.Pq

1. Introduction

Due to the separation of the memory and processor and
the serial instruction mode, computer systems based on von
Neumann architecture have lower efficiency in large-scale and
complex problems, especially in real-time visual and lingual
processing.!!! Brain-inspired computing circuits with com-
pletely different structures and functions can enable highly
efficient parallel computing making it easy to perform com-
plicated tasks, which has attracted widespread interest and has
become a research hotspot. In brain-inspired computing cir-
cuits, information is stored in multiple neurons that can si-
multaneously store and compute, thereby achieving efficient,
distributed and parallel computing.!?! As the basic unit that
completes the information transmission and coordination of
brain neurons, synapse is also an important infrastructure for
neural networks to learn, remember, and perceive other vital
life activities. Thus, simulating neural synapses using elec-
tronic devices is the key to realizing artificial neural networks.
As aresult of continuously variable conductance, the memris-
tor that can be successively switched between high-resistance
state (HRS) and low-resistance state (LRS) are very suitable
for neural synaptic applications. Furthermore, compared with
memristors that only have two-terminal control, memtransis-
tors combine the non-volatility of memristors and the gate-
tunability of transistors, which can achieve higher integration
and more complex neural morphological learning. !

The two-dimensional (2D) material-based memtransis-
tors have been demonstrated to be great potential synaptic
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components in brain-inspired computing circuits, with great
prospects in efficiently executing intelligent tasks by com-
plementing the von Neumann architecture.*>! Among them,
MoS; has been widely studied due to its ultra-high stability,
simple synthesis method, ultra-thin thickness, suitable band
gap, high transparency, and tunability. Adithi et al.!%! built a
memristor with MoS, prepared by chemical vapor deposition
as the switching medium, which exhibited ultralow variability
in synaptic weight update characteristics and could be inte-
grated with neurons to realize logic gates. Jiang et al.!”) con-
structed a novel electric-double-layer MoS, phototransistor
with sodium alginate biopolymer electrolyte and performed
electrical and optical synaptic simulations realizing photo-
electronic and spatiotemporal four-dimensional hybrid inte-
gration. Another 2D material a-InySe; with both ferroelec-
tricity and semiconductor properties could be polarized itself,
which avoids the problems of depolarization field and leakage
current of traditional ferroelectric materials. Moreover, due
to direct band gap of multilayer a-In,Ses, its optical absorp-
tion ability in multilayer morphology precedes other transi-
tion metal dichalcogenides. Robin ef al.!¥! found far exceeded
spectral responsivity and external quantum efficiency in an o-
In,Se; photodetector compared with other layered semicon-
ductors such as MoS,, GaS, and GaSe. Wang et al. O built
an o-InySej ferroelectric semiconductor field-effect transistor
device, which exhibited significant gate voltage controllability,
well simulated the function of neural synapses, and achieved
an accuracy of 91.9% in simulating artificial neural networks
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for digital image recognition.

In this article, an MoS;/a-In,Ses heterojunction mem-
transistor fabricated by mechanical exfoliation method is re-
ported. Our fabricated device accomplishes type-II energy
band arrangement in multilayer MoS, /a-InySes heterojunc-
tion, and thus achieves high response in optical measurements.
In tests using electrical and optical pulses as input signals, the
fabricated device can well simulate synaptic functions such as
EPSC/IPSC, LTP/LTD, and PPF/PPD, and exhibits biological-
level time constants, providing a possible solution for synaptic
components in artificial neural networks.

2. Experiments
2.1. Sample fabrication

Multilayer a-InpSes flake was mechanically exfoliated
from an o-InySes bulk crystal and then dry-transferred to 100-
nm thick SiO,/Si substrate. After that multilayer MoS, flake
was selectively transferred onto the pre-selected a-In,Ses to
form a heterojunction, and the electrode pattern is customized
by ultra-violet (UV) lithography, followed by deposition of a
Cr/Au (5 nm/25 nm) film on the silicon substrate using thermal
evaporation. Finally, the excess photoresist and metal were re-
moved by lift-off process, resulting in the required electrode
pattern and the construction of the MoS;/o-InySes hetero-
junction transistor structure. The prepared device structure is
shown in Fig. 1(a).
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2.2. Electrical and optical characterizations

The morphology and composition of the device were
measured by a JSM-IT800 field emission scanning electron
microscope (SEM), a DI Nanoscope IV atomic force micro-
scope (AFM), and an LabRAM HR Evolution Raman spec-
trometer, respectively. The transistor characteristics and elec-
trical synaptic tests were performed on the device using a
system composed of a Keithley 2636 and a probe station,
while the optical synaptic tests were performed using a sys-
tem composed of a Keithley 4200-SCS, a probe station, and
a monochromatic light source. All tests were carried out at

room temperature and under ambient conditions.

3. Results and discussion

3.1. Transistor characterization

The morphology and composition measurement of
MoS;/a-In;Ses heterojunction is shown in Figs. 1(b)-1(d).
As shown in Fig. 1(b), SEM image shows «-In;Ses; on the
right side and MoS; on the left side marked by dashed line
and Cr/Au electrodes on both sides. As shown in Fig. 1(c),
thickness profiles measured by AFM confirmed the thickness
of 9.41 nm and 7.24 nm, which are approximately 9 layers
a-InySe; (1 nm per layer!!?l) and 11 layers MoS, (0.65 nm
per layer!”) corresponding to typical multilayer morphology.
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Fig. 1. Characterization and material properties of the MoS, /a-In,Ses transistor: (a) schematic diagram, (b) SEM image, (c) AFM thickness
profiles of a-InpSes and MoS;, (d) Raman spectra of a-In,Se; and MoS,.
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And, the measurement orientation of ¢-In,Ses; and MoS, are
illustrated on the SEM by vertical short line and horizontal
short line respectively. As shown in Fig. 1(d), Raman spec-
tra of MoS,/o-InySes heterojunction shows clear peaks on
90 cm~!, 105 em™!, 183 em™ !, and 196 cm™!, which are
slightly redshifted compared to the Raman results of ¢¢-In;Ses
with a thickness about 50 layers reported by Wan et al.['!l
This fact keeps consistent well with research of Zhou et al.
that the Raman peaks of o-InpSes are highly dependent on
layer number.!'?! In addition, Raman peaks also show two
clear peaks at 384 cm~! and 408 cm ™! corresponding to the in-
plane mode and out-of-plane mode of MoS,, respectively. !
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Fig. 2. The output characteristics and energy band diagrams of
MoS;/a-InySes transistor. (a) The Iys—Vys curves of the MoS,/o-
In,Ses transistor. Energy band diagrams of MoS,/a-InSes hetero-
junction for the cases (b) before and (c) after contact.

Due to suitable properties of MoS, and a-In,Ses, out-
put characteristics of heterojunction memtransistor were first
tested, as shown in Fig. 2(a). If not specified, all tests were
conducted in a dark, room temperature environment. The de-
vice was initialized with the drain—source voltage Vs scanned
from 0 V to 5V, and then scanned bidirectionally from 5 V to
—5 'V, while the gate voltage V; was gradually increased from
—20 V to 20 V. For ease of observation, only the output char-
acteristic curves at Vo = =7V, =3V, 0V, 3V, 7 V are shown

in the figure, and the output characteristic curves for Vg in the

range of 0 Vto 5 VatVy, =10V, 15V, 20 V are shown in the
inset, where the arrow in the figure indicates the direction of
I4s with the scanning voltage. After initialization, the device
was in an LRS. During the process of scanning Vg5 from 5 V to
—5V, the device remains in the LRS and switches to an HRS at
—5 V. It then remains in the HRS when the Vs is scanned back
to +5 V. The device exhibits typical bipolar resistive switch-
ing behaviors. From the curve, as the gate voltage V; increases
from negative to 0 V, and then gradually becomes positive, the
current /ys in the device gradually increases with the V;, and
the switching ratio also gradually increases.

To understand the hysteresis loop, a simplified energy
band diagram before and after band bending is illustrated
in Figs. 2(b) and 2(c). According to the energy band dia-
grams, the Schottky barriers will be formed between MoS;
and the electrode, as well as between a-In,Ses and the elec-
trode. Generally, there are various defects in atomically thin
MoS,, such as S vacancies, Mo—Mo dislocations,[13] and de-
vice preparation processes, such as photolithography and ther-
mal evaporation, can also introduce some defects. These de-
fects can form a large number of electronic trap states in the
bandgap, which can capture or release charges during the Vy
scanning process and adjust the height of the Schottky barriers.
And thus, these trap states become the main factors affecting
the hysteresis characteristics of the device under gate voltage
modulation. Before initialization, the Schottky barrier formed
between MoS, and the electrode is high and the device is in the
HRS. When V4 gradually increases from 0 V to 5 V, electrons
are injected from the source and captured by the trap states in
MoS, until the saturation is reached, while the Schottky bar-
rier is continuously lowered, leading the device to switch to an
LRS. During process 1, in which the Vg scans from 5 Vto 0V,
the device maintains LRS. In process 2, during the Vg scans
from 0 V to —5 V, due to the applied negative bias, the trapped
carriers are gradually extracted and the device switches from
the LRS to the HRS. In process 3, the device maintains in the
HRS as Vg scans from —5 V to 0 V. The process 4 is the same
with the initialization process, and as Vg scans from 0 V to
5V, the carrier injection causes the device to switch back to
the LRS.

Next, the transfer characteristics were also tested to in-
vestigate the role of ¢-InpSes’s out-of-plane ferroelectricity
on the device as shown in Fig. 3(a). With Vg fixed at 0.1 V,
0.5V, and 1 V sequentially, a bidirectional gate voltage V, scan
from —10 V to 10 V was applied, and the change in current
I4s 1s indicated by the arrows, showing a clockwise hystere-
sis curve, which is consistent with the report of Si et al.l'4
For transistor devices using ¢-In;Ses as the channel material,

if the gate oxide layer is too thick, the electric field across

117301-3



Chin. Phys. B 32, 117301 (2023)

the semiconductor is not strong enough to penetrate o-In,Ses.
Accordingly, only partial polarization switching happens near
the ¢-InpSes/Si0; interface, and the distribution of the polar-
ization bound charges near the interface becomes an important
factor affecting the channel resistance.
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Fig. 3. The transfer characteristic of MoS, / &t-In,Ses transistor and the
polarization states of a-InySes. (a) Transfer characteristic curve Iy—Vg,
(b) polarized down state of ferroelectric «-In,Se; and the correspond-
ing charge distribution, (c) polarized up state of ferroelectric o-InpSes
and the corresponding charge distribution.

Figures 3(b) and 3(c) show the energy band diagram and
the polarization bound charge distributions of the polarization
down and up states of a-InpSes controlled by the gate volt-
age. For simplicity, the side of o-InpSes near SiO; is referred
to here as the bottom surface (BS). A negative V, leads to the
polarization down state, mobile charges can accumulate at the
BS because of the band bending, resulting in low channel re-
sistance. Conversely, in the polarization up state introduced by
a positive Vg, the mobile charge concentration at the BS is low,
resulting in high channel resistance. When V, sweeps from
—10 V to 0 V, the initial state has low channel conductance
due to high negative V;, while o-In;Se3 undergoes polariza-
tion down, leading to the generation of positive polarization
bound charges on BS. As the gate voltage approaches to 0 V,
the influence of gate voltage diminishes and the positive polar-
ization bound charges will increase the electron concentration
in the channel, and the device gradually switches to an LRS.
When V; is scanned from 0 V to 10 V, a-InpSe3 undergoes po-
larization up, while at this time the positive V; dominates and

the device maintains the LRS. During the process of sweeping
back from 10 V to 0 V in Vg, there is initially a high positive V,
and a high channel conductance, but ¢¢-In,Ses undergoes po-
larization up at the positive V, and the negative polarization
bound charges are generated on BS, which will expel the elec-
trons in the channel. So as the gate voltage sweeps towards
0V, the influence of the gate voltage decreases, and the nega-
tive polarization bound charges of a-InySe; dominate, and the
device switches to the HRS. During the scan of V, from 0 V
to —10'V, the device maintains the HRS, while the negative V,
will cause a reversal polarization in o-InpSes.

Besides the polarization of a-In;Ses, considering the de-
vice preparation processes and the 100-nm SiO, gate oxide
layer used, trap states, such as inherent defects in MoS,, de-
fects introduced by fabricating processes, and the interface
states between MoS; and SiO,, also have great influences
on the transfer curves.['>~17] During the forward scanning (V,
scanning from —10 V to 10 V), the fixed trap states in MoS,
released free electrons into the conduction band, which in-
creased the carrier concentration, while during the backward
scanning (V, scanning from 10 V to —10 V), the free electrons
would be captured leading to the carrier depletion. The carrier
concentration eventually contributes to the clockwise hystere-
sis during V,; sweeping. The trapping-detrapping dynamics in
MoS; and polarization in ¢-InySes jointly leads to a unique
clockwise hysteresis curve in the MoS;/o-InySe3 memtran-

sistor.

3.2. Synaptic function simulation

A distinct advantage of memtransistors for neurosynaptic
applications over two-terminal memristors is the introduction
of a new modulation mode, where the gate can simultaneously
receive stimulation and read synapse weights. Since synap-
tic plasticity is very susceptible to environmental and histori-
cal activities, the synaptic plasticity of MoS, /o-InySes device
has been explored systematically by applying electrical and
optical pulses with various parameters. EPSC was simulated
with Vgs = 1V, pulse width of 500 ms, and Vo = —1V, =3V,
-5V, =7V, —10 V sequentially. Each pulse is applied after
the current from the previous pulse stabilizes. As shown in
Fig. 4(a), when a negative pulse V; is applied, the current Iy
immediately produces a downward spike followed by an up-
ward spike. This is due to the n-type semiconductor feature.
The applied negative V, reduces the carrier concentration in
the channel, causing a downward spike in the current, while
the negative V; also polarizes -In;Se; downward, generat-
ing positive polarization bound charges on BS, which would
substantially increase the carrier concentration in the channel,

causing a subsequent upward current spike.

117301-4



Chin. Phys. B 32, 117301 (2023)

1.6 EPSC (a) 107 —— 1y (b) 8.0F —o—ILus (c)
19— IPSC
. Voltage pulse - __$ _________ - S i
0.8 A_{\_‘+ 8 schametic: 7.0 j g j 3
— — 00 x20 | = s 3 8 ¢
=< 04 ' = \ HJUL :t 6.0t gl ¢ 4 HE $ g
20 = 6 B N \ $| go 3l 3| g g% 803
= S 2 \ x20 S 5.0Fs] 8] §e 8 $| ¢| 8
= 1.6} 108 163 201 257 314 S s 5 = se ¢ 1 o 2‘.’ §|°o§08
" Voltage pulse ~ 4} & °, B ?cla 236935082 RRAR
= 1.2 schametic: é rd %, = 4.0 o&Z'élg?.?,‘,’?.?g;
J 2, LR S o e 9

0.8 5 000, T%lolé?glg‘f%l?'
2 90000 30 ° o 29 so ° Lo 3
A

0 0 2.0F 77T B R

378 436 498 557 619 0 10 20 30 40 0 80 160 240 320
Time (s) Pulse number Pulse number

Fig. 4. Synaptic simulations in the MoS, / a-In;Ses transistor. (a) EPSC/IPSC test, (b) LTP/LTD test, (c) LTP/LTD endurance test.

When the amplitude of the applied voltage pulse is too
small, the polarization in ¢-InySes occurs only on the surface
of a-InySes near SiO,, and the polarization is not sufficient
for significant potentiation in current, while when a large volt-
age pulse is applied, the polarization of a-In;Se; deepens so
that it has greater influence on the carrier concentration in the
channel, leading to a larger post-synaptic current (PSC). Af-
ter applying a —1 V pulse, the current gradually returns to
its previous level over time. However, if the applied pulse
voltage magnitude is greater than 3 V, it can be observed that
the steady-state current in the device after the pulse ends is
higher than the original current value. This indicates a tran-
sition from short-term memory (STM) to long-term memory
(LTM), which is crucial for neuromorphic devices. The tran-
sition from STM to LTM is highly dependent on the gate ox-
ide layer thickness,®14! and for the device fabricated in this
article, a voltage amplitude greater than 3 V is necessary to
observe an obvious transition from STM to LTM in EPSC.

In the subsequent IPSC testing, the polarity of the gate
voltage is reversed that Vo, =1V, 3V,5V,7V, 10 V with other
parameters unchanged. Similar to the results of EPSC, I45 here
produces an upward spike followed by a downward spike due
to the generation of negative polarization bound charges at the
BS. And the transition from STM to LTM can also be observed
with increasing voltage amplitude.

As shown in Fig. 4(b), LTP/LTD is measured with a se-
ries of potentiation pulse sequences followed by a series of
suppression pulses. In the beginning, the LTP simulation
was performed by applying a group of gate pulse sequences
with a voltage amplitude of —10 V, duration of 500 ms, and
20 pulses. To obtain more stable current results, a waiting pe-
riod of 20 s is allowed after each pulse before applying the
next one. From Fig. 4(b), it can be observed that the device’s
current increases with each additional pulse, so that succes-
sive gate pulses modulation can achieve 20 consecutive con-
ductance states in the channel. Next is the LTD simulation,
where the voltage amplitude is set to 6 V while keeping other
parameters unchanged. The results show that continuous pulse
sequences under positive voltage can also modulate the chan-

nel conductance continuously. Furthermore, a repetitive mea-
surement with 8 consecutive LTP/LTD tests is performed as
shown in Fig. 4(c). Noticeably the device demonstrated good
repeatability over 320 pulses and 6.4 x 107 s.

The PPF/PPD is an important factor of short-term synap-
tic plasticity, which manifests in the enhancement or inhibi-
tion of biological synaptic responses caused by two consecu-
tive stimuli.!'8! The schematic diagram of PPF measurement
is shown in Fig. 5(a), and PPF/PPD index with a fixed Vg of
1V, the gate pulse voltage amplitude of 5 V, the pulse width
of 500 ms, and increased time interval from 0.5 s to 10 s is
plotted in Fig. 5(b). To ensure the accuracy of the test, reset
pulses with the same amplitude as the test pulse voltage but
with opposite polarity is applied to the device after each test,
and all PPF indices in this paper are calculated using

PPF/PPD = A, /A; x 100%, (1)

where Ay and A, are the amplitudes of the first and second
pulse, respectively. The synaptic devices successfully simu-
late the PPF behavior of biological synapses and demonstrate
the trend of the PPF index as a function of pulse interval be-
tween two consecutive light stimuli. According to the results,
The PPF index of the device rapidly increases from 101% to
144% with decreasing the time interval from 10 s to 0.5 s.
Note that the PPD index of the device decreases from 92% to
63%, indicating that the synaptic response is rapidly enhanced
as the time interval decreases. In addition, the paired-pulse
response in biological synapses can be simulated well by a pa-
rameterized single-exponential function.!'”! In our device, the
PPF/PPD indices were fitted using the following equation and

the fitting curve was plotted in Fig. 5(b):

PPF/PPD = Ag+C x ¢ /7, )

where Ar represents the time interval and 7 represents the
time constant. The two characteristic T for PPF and PPD are
6.03 s and 4.30 s, respectively, which are comparable to those
measured in biological neural synapses. Combining the re-

sults of the above measurements on EPSC/IPSC, LTP/LTD,
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and PPF/PPD, it can be found that our device is capable of
effectively emulating the various functions of synapses and
has great potential for implementing neuromorphic computa-
tion, developing multifunctional and high-efficiency comput-
ing systems, as well as decoding temporal information and au-
diovisual signals. 1920
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Fig. 5. (a) The measurement results and test diagrams of PPF, (b) the
fitting results of PPF/PPD index.

According to the energy band diagrams, the heterostruc-
ture of multilayer MoS; and a-In;Ses exhibits a type-II en-
ergy band arrangement. And the direct band gap of a-In,Se;
in multilayer morphology can significantly improve light ab-
sorption capacity and ensure fast response time.>!?>] There-
fore, the conductance states in the channel are modulated by
applying a 400-nm pulse to mimic the synaptic behaviors. The
EPSC results with Vg5 of 1V, pulse width of 500 ms and power
densities of 33.0 uW/cm?, 80.2 uW/cm?, and 94.3 uW/cm?
are shown in Fig. 6(a). To ensure the result stability, a mini-
mum waiting period of 30 s was introduced between each light
pulse. The overall results of /¢ are shown in the upper part
of Fig. 6(a), where pulses with gradually increasing optical
power were introduced at 28.8 s, 76.5 s, and 172.7 s, respec-
tively. It can be seen that the PSC increases with the increasing
optical power density. The lower part of Fig. 6(a) shows a lo-
calized magnified /-t image to facilitate the observation of the

PSC. It can be found that the device gradually transitions from
STM to LTM with increasing light power, which is related to
the trap capture of photo-generated carriers in the device.
During illumination, a large number of photo-generated
electron-hole pairs will rapidly generate in the channel and the
original Fermi level will split into quasi-Fermi levels for elec-
trons and holes. After the light exposure ends, the quasi-Fermi
levels will gradually recover to the equilibrium Fermi levels.
Since a part of trapped electrons can be released by the traps
in the channel, the photo-generated carriers will have a longer
relaxation time and cannot drop to the initial states before illu-
mination in a short time.[”-?3] As indicated by the dashed lines
in Fig. 6(a), the current value extracted after a 30-s interval
shows that there is no significant change in the current before
and after the application of a 33.0-uW/cm? light pulse. Never-
theless, when pulses with higher power densities, for example,
80.2 uW/cm2 and 94.3 uW/cmz, are applied, the PSC in the
device increases from 3.91 x 1070 A to 4.97 x 1071 A and
5.56 x 10710 A, respectively. Note that the PSC does not de-

cay back to the resting current value, which indicates memory

behaviors.
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Fig. 6. Synaptic simulations of the MoS;/a-In;Ses transistor.

(a) EPSC results under optical pulses with different incident densities,
(b) EPSC results under optical pulses with different pulse widths.

117301-6



Chin. Phys. B 32, 117301 (2023)

2.4¢ 2.4t o _ 241 — Width = 300
(a) 2 b Number =5 c L ms
o1k 33.0 pyW/cm o1} (b) — Number — 10 51l () — Width =500 ms
—94.3 yW/cm? — Number = 15 — Width =700 ms
2 1.8t 2 1.8} —
<
) » Lo ?
o o 1.2t ‘o
Z Z Z
A ~ 0.9¢ .
& < o6l 3
0.3¢
0
60 80 100 120 60 100 120 60 80 100 120
Time (s) Time (s) Time (s)
Fig. 7. LTP tests under different incident conditions: (a) different optical power densities, (b) different pulse numbers, and (c) different pulse
widths.
8.0f (a) L7t (b)
5.71X1079 A “
6.0p2-Cnl Do
1.6} “9 @ PPF index
- -9 o
4.0 4.67x1079 A 15k @ e PPF fitting
2 20f ! 5 1 e
> ol E 1.4} B
o 1 1 1 1 1 1 1 1 .
[
T 8.0} 7.26X109 A = 13t
< 60} B -
i 1.2} .9
4.0 4.76x1072 A -9
: @ 0709,
0 1ok Q@ Ol o
0 10 20 30 40 50 60 70 8 0 1 2 3 4 5 6 7

Time (s)

Fig. 8. (a) The PPF results with intervals of 2 s and 0.5 s, (b) fitting curve of the PPF index.

Figure 6(b) plots the EPSC results measured by applying
a fixed Vg (1 V) and various pulse widths of a single opti-
cal pulse (power density: 94.3 uW/cm?). The applied pulse
widths are 100 ms, 300 ms, 500 ms, 700 ms, and 1000 ms, se-
quentially. The upper part of Fig. 6(b) presents the overall /¢
curve, demonstrating that the peak current increases with the
pulse width. And the lower part of Fig. 6(b) provides localized
magnified results of the current within 30 s after each pulse. It
can be seen that under the same power density, the wider the
pulses, the higher the PSCs even after the equal waiting time.

Next, LTP measurements were performed as shown in
Fig. 7. To ensure the testing accuracy, the devices were kept
in the dark for at least 2 minutes before each measurement.
Figure 7(a) shows the LTP with Vg5 of 1 V, power densities
of 33.0 uW/cm? and 94.3 uW/cm?, pulse width of 500 ms,
and 10 pulses, which demonstrates that higher power density
can modulate the device to higher conductance state. LTP
with power density fixed to 94.3 uW/cm?, and pulse num-
ber changed to 5, 10, 15 or pulse width changed to 300 ms,
500 ms, 700 ms are subsequently tested for comparison as
shown in Figs. 7(b) and 7(c). It can be seen that a greater
number of pulses and wider pulse widths can also result in
stronger responses of the optical synapse. As the pulse power
density, pulse number, or pulse width increases, the PSC in-
creases. The behavior is similar to that of brain functions
of learning, remembering, and forgetting. As the number of

learning increases, the memory is enhanced and hard to for-
get. The STM and LTM behaviors of synaptic devices are
consistent with those of human visual synapses caused by light
stimulation.

In Fig. 8, two consecutive light pulses with a fixed pulse
width (500 ms) and power density (94.3 uW/cmz) are used to
mimic the PPF behavior of the device by varying pulse inter-
vals ranging from 0.1 s to 7 s. To ensure the testing accuracy,
the devices were also kept in the dark for at least 2 minutes
before each measurement. Figure 8(a) shows PPF /-t curves
for pulse intervals of 2 s and 0.5 s. When the first optical pulse
is applied, a large number of photo-generated carriers are gen-
erated in the channel, causing a sharp increase in the current to
reach a peak. Due to the relaxation time required for carrier re-
combination, the carrier concentration in the channel remains
higher than the initial state. When the second pulse is applied,
a current far exceeding the first peak is generated. It can be
observed that for a time interval of 0.5 s, the increase in cur-
rent exceeds even twice the magnitude compared to the case
with 2-s interval. Figure 8(b) shows the PPF index calculated
by Eq. (1) and the fitting results using Eq. (2). As the time
interval decreases from 7 s to 0.1 s, the PPF index increases
from 102% to 161%. By analyzing the fitting curve, the time
constant of the device is determined to be T = 1.41 s, which is
consistent with measurements of biological synapses, demon-
strating that the device also has a significant potential for op-
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tical applications. The time constant 7 in optical PPF is rele-
vantly small compared with electrical PPF’s, which is because
of their different memory mechanisms. The time constant T
can reflect the time that the effect of the stimulus can exist,
which is highly dependent on the memory mechanisms,?* In
electrical PPF/PPD, longer 7 of 6.03 s and 4.30 s were ex-
tracted due to the long retention time of the polarization, while
in optical PPF, the higher rate of photogenerated carrier re-
combination leads to a shorter retention time, which causes a
relatively short time constant 7 of 1.41 s.

4. Conclusions

In this paper, an MoS,/a-InySe; heterojunction mem-
transistor was constructed on a heavily P-doped silicon wafer
with a 100-nm SiO; layer using the micromechanical exfo-
liation method. It is demonstrated that the MoS;/c-In,Se;3
synaptic device can simulate the synaptic plasticity of biolog-
ical synapses under different electrical and optical pulses. In
measurements, electrical or optical pulses can enable transi-
tion from STM to LTM and modulate the device into differ-
ent conductance states, corresponding to the learning, remem-
bering, and forgetting behaviors of the human brain. So, our
MoS;/o-In; Ses memtransistors have the potential for synapse
simulation and provide a new option for synaptic components
in artificial neural networks.
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