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ABSTRACT The emerging two-terminal memristor with a
conductance-adjustable function under external stimulation is
considered a strong candidate for use in artificial memory and
electronic synapses. However, the stability, uniformity, and
power consumption of memristors are still challenging in
neuromorphic computing. Here an Au/SnSe/graphene/SiO,/Si
memristor was fabricated, incorporating two-dimensional
graphene with high thermal conductivity. The device not only
exhibits excellent electrical characteristics (e.g., high stability,
good uniformity and a high Rype/Roy ratio), but also can
implement biological synaptic functions such as paired-pulse
facilitation, short-term plasticity and long-term plasticity. Its
set and reset power values can be as low as 16.7 and 2.3 nW,
respectively. Meanwhile, the resistance switching mechanism
for the device, which might be associated with the formation
and rupture of a filamentary conducting path consisting of Sn
vacancies, was confirmed by high-resolution transmission
electron microscopy observations. The proposed device is an
excellent candidate for use in high-density storage and low-
power neuromorphic computing applications.
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INTRODUCTION

With the rapid development of science and technology,
researchers have begun to pursue electronic products
with efficient information processing and memory be-
havior similar to the human brain. The two-terminal
memristor, which not only has a simple structure, ad-
justable size, fast switching speed, and low energy con-
sumption but also is a single device with data storage and
processing functions, is considered one of the most pro-
mising electronic devices for use in neuromorphic elec-
tronic systems that can simulate the neural network of the

human brain [1-3]. The first step in building a neuro-
morphic system is to develop artificial synaptic devices
that can simulate multiple functions (e.g., short-term
plasticity, long-term plasticity and controllability) of
biological synapses. Artificial synapses based on oxides,
sulfides or organic materials have been widely studied [4-
6]. Despite recent advances in memristors, the develop-
ment of new materials and synaptic structures is needed
to achieve high learning and computing capabilities.

Layered materials are combined through weak van der
Waals forces between atomic layers, providing an in-
valuable foundation for the preparation and research of
two-dimensional (2D) materials. Since its development in
2004 [7], graphene has been the leader in 2D material
systems. Because of its unique properties (e.g., high mo-
bility, good conductivity and high mechanical stability),
graphene has broad potential applications [7-10]. No-
tably, among 2D materials (Table S1), graphene exhibits
the highest thermal conductivity (as high as
1250 Wm ' K '). Moreover, graphene-based electrodes,
which have a high contact resistance and weak van der
Waals forces, can reduce the running current compared
with some metal electrodes [8]. 2D tin selenide (SnSe)
materials, which feature a high resistance and a low
density of intrinsic defects [10], are potential memristive
materials. Chemical vapor deposition (CVD) has been
mainly used to fabricate memristors based on 2D large-
area materials. However, the high temperature associated
with CVD makes it incompatible with industrial manu-
facturing processes. Thus, 2D SnSe materials fabricated at
low temperature warrant greater attention.

In the present work, a two-terminal memristor with an
Au/SnSe/graphene/SiO,/Si structure was fabricated and
its electrical properties were measured. The device ex-
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hibits stable and uniform resistive switching performance
and a high Ropp/Roy ratio, and its set and reset power are
16.7 and 2.3 nW, respectively. Meanwhile, it might si-
mulate biological synaptic functions, including paired-
pulse facilitation (PPF), short-term plasticity (STP), and
long-term plasticity (LTP). Its switching behavior from
STP to LTP can be regulated by applying various con-
tinuous pulses. The results reveal that the Au/SnSe/gra-
phene/SiO,/Si device is a candidate for use in high-
density storage and neuromorphic computing applica-
tions.

EXPERIMENTAL SECTION

First, a anisole solution of polymethyl methacrylate was
spin-coated onto the surface of a graphene film grown on
a Cu foil substrate and heated at 45°C for 10 min. The
coated substrate was etched using a solution of CuSOy:
H,O0:HCl (1 g/5mL/5mL) for ~12 h. Deionized water
was then used to clean the remaining etching solution.
The graphene was picked up using the SiO,/Si substrate,
and the coated substrate was heated at a low temperature
(45°C, 10 min). The sample was soaked in acetone solvent
for 6 h, during which the solution was replaced three
times, and was allowed to dry naturally, resulting in
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graphene/SiO,/Si. The SnSe film was deposited using
pulsed laser deposition onto the graphene/SiO,/Si sub-
strate (1.5 ] cm 2, 5 Hz, 300°C). Details of the preparation
of the Au electrode are provided elsewhere [11].

RESULTS AND DISCUSSION

Fig. 1a displays the X-ray diffraction (XRD, Bruker AXS
D8 Advance) 260-scan pattern of the SnSe thin film de-
posited onto the graphene/SiO,/Si substrate. XRD peaks
are observed at 15.6° (200) and 31.3° (400), consistent
with orthorhombic SnSe (PDF#97-005-2425, Pnma (No.
62)). The peaks correspond to d-spacings of 5.7 and
2.8 A, respectively. Fig. 1b shows the Raman spectra of
the SnSe and graphene. The SnSe material with D',
symmetry has 12 active vibration modes, including 4A,,
2By, 4B, and 2B;, modes [12]. In the present experi-
ment, the peaks observed at approximately 68.2, 100.6,
151.2, and 181.7 cm ' are assigned to the Alg, B13g, Azg,
and A3g modes of the SnSe film, respectively. However,
the Raman B13g and A2g peaks differ from the previously
reported data, likely because of structural defects [13].
The Raman spectrum of graphene shows peaks at 1348.02
(D band), 1579.75 (G band), and 2687.75 cm ' (2D band).
The G band originates from an in-plane stretching vi-
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Figure 1 (a) XRD pattern of an SnSe film and (b) Raman spectra of SnSe and graphene deposited onto a SiO,/Si substrate. (c) Cross-sectional
HRTEM image of an Au/SnSe/graphene/SiO,/Si device; the right image is a magnified image corresponding to the rectangular area drawn on the

graphene electrode.
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bration of C atoms with sp’ hybridization. The intensity
ratio (Ip/Ig) between the disordered band (D) and crys-
talline band (G) was ~0.29, confirming that few defects
existed in the multilayer graphene [14]. Cross-sectional
images of the Au/SnSe/graphene/SiO,/Si devices (Fig. 1c)
were recorded using a high-resolution transmission
electron microscope (HRTEM, JEOL JEM2100F). The
thicknesses of the SnSe, graphene, and SiO, layers of the
naturally grown three-layer film are approximately 40,
8.2, and 5.6 nm, respectively. The inset shows magnified
images corresponding to the rectangular area indicated in
the image of the graphene electrode. The atomic layer
spacing of the graphene is ~0.33 nm. The thermal con-
ductivity of graphene is well known to be higher than that
of most other 2D materials [15,16]. Here, we attempted to
introduce 2D graphene into a memristor to improve its
heat dissipation.

To further explore the memristive behaviors of the
devices, we recorded their hysteresis current-voltage (I-
V) curves using a Keithley 4200 SCS parameter analyzer.
Here, Au and graphene were used as the device electro-
des, and SnSe was used as a functional layer. A thin in-
sulating SiO, layer was used to reduce the device leakage
current. Fig. 2a shows a typical I-V curve for the first
cycle of the Au/SnSe/graphene/SiO,/Si device under a

sweeping voltage 0V - 50V -0V - 4.0V - 0V).
As the direct current bias voltage was increased from 0 to
2.0 V (1" stage), the conductance of the memristor slowly
increased. However, as the voltage was increased from 2.0
to 5.0V (2™ stage), the conductance increased rapidly.
The memristor transformed from a high-resistance state
(HRS) to a low-resistance state (LRS) immediately,
maintained the LRS (3»rd and 4" stages) from 5.0 to
—2.3 'V, and finally returned to the HRS " stage). When
a second-cycle scan voltage was applied to the Au top
electrode, unlike the conductance in the first scan, the
conductance abruptly transformed at ~3.5V (Fig. 2b).
The I-V curves in Fig. 2c were obtained as the current
compliance values were modulated (i.e., 0.4, 1.0, 5.0, 10.0,
and 50.0 pA). The retentions of different resistance states
of devices were measured under different current com-
pliance values (0.4, 1, 5, and 10 pA), as shown in Fig. S1.
A single memory cell might realize multilevel LRS be-
tween 1.0 and 10.0 pA current compliances, which is
expected to be useful in the high-density memory field. In
addition, the I-V curves for 200 cycles with the same and
continuous sweeping voltage 0V -3V -0V - 2V
— 0V) (Fig. 2d) show excellent reproducibility and
uniformity. Meanwhile, the threshold voltage of the de-
vice was determined from the results in Fig. 2e, f. Ac-

a Cc
441 —=— Firstcycle b 451 & Second cycle
33 1 30 .
— — <
= = 15 ]
S 111 5 £
3 3 °
0- 0]
-11 -15 1
-4 -2 0 2 4 6 -4 -2 0 2 4 6
Voltage (V) Voltage (V) Voltage (V)
35
di0e] —=—200¢ e f -
1 ycle Set voltage Reset voltage
30 7 ) . ) )
107 Gaussian fitting 281 Gaussian fitting
~ T 247 f S
< 108 < ~ 211
pog 2 s
5 \ g 18 &
£ 10° < S 14+
3 S 12 8
1071 ] & i
7 .
61
10—11
T T T T T T 0 el . r e 0-
-2 - 0 1 2 3 1.0 1.2 14 1.6 1.8 20 0.2 0.4 0.6 0.8
Voltage (V) Voltage (V) Voltage (V)

Figure 2 (a) The first and (b) second I-V curves under a sweeping voltage (0V - 5V - 0V — =4V — 0V). (c) I-V curves of the Au/SnSe/
graphene/SiO,/Si device with modulating current compliance. (d) I-V curves of 200 continuous sweeping cycles with the same sweeping voltage (0 V
-3V >0V - -2V — 0V). The distribution of the (e) set and (f) reset voltages for the device.
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cording to the Gaussian fitting results, the set/reset vol-
tage is separately concentrated at approximately 1.5 and
—0.4 V; both voltages show a small discrete distribution.
The device’s set and reset powers are 16.7 and 2.3 nW,
respectively. Compared with set and reset powers of the
reported devices [17-24], those of our device are sub-
stantial (Table 1).

The cumulative probability of the high/low-resistance
illustrates that the distribution for the HRS and LRS of
the devices is centralized (Fig. S2a). We also collected
statistics on the HRS and LRS of the devices for 200 cycles
and found that they all have obvious HRS and LRS dis-

tributions, which indicates that the proposed devices ex-
hibit good endurance characteristics (Fig. S2b).
Graphene, which exhibits high thermal conductivity, was
introduced into the device, where it might improve the
dissipation of heat generated during device operation,
thereby increasing the device’s stability and service life.
Fig. 3a shows that the electronic transport mechanism
for the device includes the Poole-Frenkel (PF) and trap-
assisted tunneling (TAT) models, as further confirmed by
the fitting results for the I-V characteristics. First, the
relation between In(I/V) and V' corresponding to the
positive I-V curve of the Au/SnSe/graphene/SiO,/Si de-

Table 1 Statistics for the set and reset power of the proposed device
Device structure Set power (W) Reset power (W) Ref.
Au/SnSe/graphene/SiO,/Si 10° 10”° This work
TiN/AIN/graphene/Pd 10" 10" [17]
Ag/SiGe/p-Si 107 10" [18]
Ag/SiO,/Pt 10° 10° [19]
Cu/AIN/Pt 10° 10° [20]
Ag/TiO,/Pt 10° 10" [21]
Ag/LSMO/Pt 10° 10° [22]
Cu/AIN/TiIN 10° 10" [23]
Ag/AgInSnTe/Ta 10° 10" [24]
a b c
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Figure 3 (a) Schematics of two possible transport mechanisms: the PF and TAT models. (b) PF and (c) TAT mechanism fitting for the Au/SnSe/
graphene/SiO,/Si device. HRTEM images of SnSe films in the (d) initial state and (e) low-resistance state. (f) Line profiles for line areas with (top) and

without (bottom) atomic vacancies in SnSe materials.

1992

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021

August 2021 | Vol.64 No.8



SCIENCE CHINA Materials

ARTICLES

vice in the HRS (Fig. 2a) can be fitted linearly (Fig. 3b).
The results show that the fitted data are coincident with
the PF model [25]. Under the PF mechanism, a Coulomb
potential barrier under the charge interaction limits
electron movement. However, the barrier is lowered un-
der a high electric field; thus, the electrons are more likely
to break free. Next, the positive I-V curve of this device in
the LRS (Fig. 2a) was fitted as In(J) vs. E', where J is the
current density and E is the electric field (Fig. 3c). The
fitting results indicate linear behavior, meaning that the
electronic transport behavior can be well described by the
TAT model [26]. The switching behavior of the device’s
switching resistance could be better fitted because of the
large number of defect states introduced into the SnSe
material during the manufacturing process [12].

To further investigate the resistance switching me-
chanism, the microscopic properties of the device were
characterized using HRTEM. Fig. 3d, e show the HRTEM
images of SnSe materials before and after application of
electric fields. Obviously, the HRTEM image of SnSe in
the LRS shows more defects than the image of SnSe in its
initial state. The areas within the green dashed boxes in
Fig. 3e are enlarged in the right illustration, which show
the standard zigzag-oriented quadrilateral units and units
with vacancies. The absence of Sn atoms is apparent in
Fig. 3e. Moreover, the line profiles (Fig. 3f) for Sn and Se
atoms were collected from the white-lined area. Sn va-
cancy defects are observed in the films of devices in the
LRS. Based on the aforementioned analysis, the resistance
switching mechanism for the device is attributable to the
formation and rupture of filamentary conducting paths
consisting of Sn vacancies.

Fig. 4 shows the schematics of the initial state, LRS, and

Initial state

Graphene

0
| Z
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HRS of the device during the setting and resetting pro-
cesses. Numerous Sn vacancies are observed inside the
initial-state device under an electric field. These vacancies
form Sn vacancy filament paths between the Au electrode
and the graphene electrode, and the device is in the LRS.
When a negative voltage is applied to the device in the
LRS, the filament conducting path is ruptured and the
device is in the HRS. Sn vacancies have the greatest
possibility of playing a leading role in the resistive
switching process; however, the existence and influence of
other defects cannot be completely excluded.

The neurotransmitter dopamine (CgH;;NO,) is gen-
erally believed to govern learning and memory behaviors
in the human neural network. In particular, CgH;;NO,
regulates synaptic plasticity [20,27]. Here, the synaptic
plasticity of the electronic synapse was tested. When an
excitation pulse was applied to the device, its conductance
value changed significantly with a short-term modulation
of ~0.5mS because of ionic currents; it gradually stabi-
lized at a higher-than-initial state (Fig. 5a). To further
verify the adjustable characteristics, a continuous excita-
tion with a different duty cycle (0.25 and 0.70) was ap-
plied to the device (Fig. 5b, c). The results illustrate that a
sequence pulse with a large ratio leads to a conductivity
greater than that of the device in its initial state; that is,
the device can be switched from short-term to long-term
memory. The effect of voltage amplitude on the con-
ductance was also studied. The width and interval of the
pulse were both 1 ms, the step voltage was 0.1 V, and the
voltage amplitude sequence was 1.5-3.5 V. As the voltage
was increased linearly, the rate of change of the current
gradually decreased, indicating a change in the resistance
state of the device (Fig. 5d).

Figure 4 Schematics of the resistance switching mechanism for the device in its initial, high-resistance, and low-resistance states.
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Figure 5 Neurobehaviors for a neuromorphic device. (a) Postsynaptic current remains higher than the initial level after one presynaptic pulse (3.5 V,
350 ns). (b, ¢) Pulsing curves for the device after application of a sequence of presynaptic pulses with different ratios (duration:interval = 0.25 and
0.70). (d) Pulsing curves for the device after a pulse with a different amplitude (1.5 V — 3.5 V). (e) PPF characteristics. (f) Relationship between the
conductance and pulse number under the consecutive application of potentiation and depression pulses.

The PPF characteristics of the device were also tested.
PPF is an important learning rule that simulates the
forgetting process in biological synapses (Fig. 5e). The
pulse waveform for driving PPF was set as follows
(Fig. S3a): the duration and amplitude of the read pulse
were 500 ns and 0.5V, respectively, the duration of the
write pulse was 250 ns, and the voltage amplitude was
3.5 V. The formula for PPF is
PPF = (G, - G,)/G, x 100%

= Ciexp(—t/1;) + Cexp(—t/1,), (1)
where G, and G, are the conductance values after the first
and second pulse, respectively, and 7 is a time constant
[5]. The fitting parameters are C, = 20.87, C, = 21.30, 7, =
401.00 ns, and 7, = 402.00 ns. The results show that a
smaller interval leads to high conductance, whereas a
larger interval leads to low conductance. When the time
interval was sufficiently large, no further change was
observed in the device conductance.
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Fig. 5f shows the STP and LTD behaviors of the pro-
posed device subjected to the pulse sequence. Here, we set
the driving pulse as follows (Fig. S3b): for the positive-
pulse part, we set 15 pulse waveforms with a duration of
200 ns and a voltage amplitude of 0.9 V; for the negative
pulse part, we set 15 pulse waveforms with a duration of
200 ns and a voltage amplitude of —0.5 V. The results
indicate that the proposed device exhibits bidirectional
gradual conductance changes which can be regulated by
positive or negative pulse sequences. The developed bi-
directional analog memristor is suitable for application in
more complex deep neural networks.

CONCLUSION

Graphene with high thermal conductivity was in-
corporated into Au/SnSe/graphene/SiO,/Si memristors to
improve their performance. The set/reset power for the
memristor could be as low as 16.7 and 2.3 nW, respec-

August 2021 | Vol.64 No.8
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tively—far lower than those of most current devices. The
device not only exhibited excellent stability and uni-
formity and a high Ryr/Roy ratio but also could simulate
biosynaptic functions such as PPF, STP, and LTP. Such
excellent performance is attributed to the incorporation
of graphene, which exhibits high heat dissipation, and a
SiO, insulation layer. The proposed device is an excellent
candidate for use in high-density storage and neuro-
morphic computing applications.
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