an ‘ZD Materials and Applications

ARTICLE

www.nature.com/npj2dmaterials

W) Check for updates

Electron-beam-irradiated rhenium disulfide memristors with
low variability for neuromorphic computing

Sifan Li"*?, Bochang Li"*?, Xuewei Feng'?, Li Chen'?, Yesheng Li"%, Li Huang @' Xuanyao Fong'?™ and Kah-Wee Ang

1,204

State-of-the-art memristors are mostly formed by vertical metal-insulator-metal (MIM) structure, which rely on the formation of
conductive filaments for resistive switching (RS). However, owing to the stochastic formation of filament, the set/reset voltage of
vertical MIM memristors is difficult to control, which results in poor temporal and spatial switching uniformity. Here, a two-terminal
lateral memristor based on electron-beam-irradiated rhenium disulfide (ReS,) is realized, which unveils a resistive switching
mechanism based on Schottky barrier height (SBH) modulation. The devices exhibit a forming-free, stable gradual RS characteristic,
and simultaneously achieve a small transition voltage variation during positive and negative sweeps (6.3%/5.3%). The RS is
attributed to the motion of sulfur vacancies induced by voltage bias in the device, which modulates the ReS,/metal SBH. The
gradual SBH modulation stabilizes the temporal variation in contrast to the abrupt RS in MIM-based memristors. Moreover, the
emulation of long-term synaptic plasticity of biological synapses is demonstrated using the device, manifesting its potential as
artificial synapse for energy-efficient neuromorphic computing applications.
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INTRODUCTION

Memristors have been investigated extensively and are regarded
as one of the artificial synapse candidates for neuromorphic
computing’™. Among these memristors, the switching mechan-
isms are primarily relying on the formation of conductive filaments
in the insulating layers, such as the valence change mechanism
(VCM) and electrochemical metallization (ECM)’. For VCM-based
devices, the conductance change is induced by the migration of
vacancy anions, such as oxygen vacancies® ''. However, due to
the random distribution of vacancy anions in the insulator, the
formation of anion filament is a stochastic process”'*'>. The
resistive switching (RS) of ECM devices is caused by the motion
and metallization of active electrode metal cations, such as Ag™"
(refs. "*7'%). However, such highly mobile metal cations are difficult
to control during the electroforming steps due to the stochasticity
of the migration path of these cations”'®". As such, for both
VCM- and ECM-based devices, the temporal (cycle-to-cycle)
variation is inevitable because of the random formation and
rupture of the conductive filaments. To overcome this issue, Choi
et al. demonstrated an epitaxial random access memory (epiRAM)
based on single-crystalline SiGe'®. The epiRAM achieved a small
set voltage variation due to the confinement of Ag filaments, and
accurate control of dislocation density. However, the device still
cannot avoid temporal variation during the eradication of the
filament. Thus, the search for a non-flamentary switching
mechanism is essential to control the cycle-to-cycle variation. In
addition, the high molecular beam epitaxy (MBE) growth
temperature is not suitable for the integration of such epiRAM
with complementary metal oxide semiconductor (CMOS) technol-
ogy'. In terms of back-end-of-line (BEOL) compatibility, two-
dimensional (2D) materials emerge as alternative choices due to
the development of low-temperature 2D material growth by
chemical vapor deposition (CVD) and large-scale 2D material

transfer technology'®2.

Many vertical memristors based on 2D materials and their
derivatives have been demonstrated. Some of these switching
layers are made of pure 2D materials (e.g. MoS,, hBN, WSe;) and
the switching mechanisms are based on native defects in the
materials (e.g. sulfur vacancies and boron vacancies) and the
formation of active metal filament (e.g. Ag, Ti and Cu)**?’. Both
short-term and long-term synaptic plasticity have been emulated
in these devices®**°. Moreover, vertical memristors based on 2D-
material derivatives (e.g. MoO,/MoS,, WO,/WSe,) are reported
with low switching voltage due to the thin oxidation layer
thickness?®%°, Such vertical memristors are suitable for device
scaling to enable high-density array integration®>*'. In addition,
compared to lateral memiristors, vertical memristors show smaller
set voltage due to a thinner switching layer>'>?%, However, their
two-terminal structure is not suitable for multi-terminal bio-
synapse emulation. Compared to vertical memristors, lateral
memristors are more versatile to realize multi-terminal memristor
by adding more electrodes®**3, Recently, MoS,-based lateral
memristive devices are reported, which relied on voltage-bias-
induced sulfur vacancy motion and Schottky barrier height (SBH)
modulation at the metal/MoS, contact regions>****, Such
switching scheme distinguishes these memristors from filamen-
tary memristors and may reduce the variation caused by the
stochastic filament formation process. Moreover, the search for
new materials which are easier to create sulfur vacancies may
improve the switching performance. Rhenium disulfide (ReS,), a
type of 2D material with weak interlayer coupling, soft Re-S
covalent bonds, and low sulfur vacancy forming energy, may
experience more obvious sulfur vacancy motion when subjected
to external bias®*3%,

Here, we start from single-crystalline 2D ReS, and demonstrate
a ReS,-based lateral memristor by introducing sulfur vacancies
into the material. The device exhibits forming-free gradual RS
characteristic. A small cycle-to-cycle variation of transition voltage
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during positive and negative sweeps is achieved (6.3% and 5.3%).
As opposed to filamentary switching mechanism, the RS is
originating from voltage-bias-induced motion of sulfur vacancies
in ReS,, which modulates the metal/ReS, SBH. The resulting
gradual RS enables a small variation in direct current (DC) sweeps
as compared to the abrupt switching in filament-based memris-
tors. In this ReS, memristor, we confirm the feasibility of the
electron beam irradiation (EBI) in introducing defects into ReS, by
transmission electron microscopy (TEM). To further investigate the
effect of EBI on ReS,, detail material studies are carried out. A
rectification-mediated switching characteristic is identified, which
is different from typical non-volatile memristors and requires a
fixed reading voltage polarity®>. Moreover, the RS mechanism is
analyzed based on selective EBI between the contact and ReS,
active regions and temperature-dependent current-voltage mea-
surements. The influence of electron beam dosage and flake
thickness on RS ratio are also discussed. Finally, the device is used
as an artificial synapse, which enables the emulation of long-term
potentiation (LTP), long-term depression (LTD), paired pulse
facilitation (PPF), paired pulse depression (PPD), spike-amplitude-
dependent plasticity (SADP), and spike-timing-dependent plasti-
city (STDP).

RESULTS
Characterization of electron-beam-irradiated ReS,

As shown in Fig. 1, we have fabricated a two-terminal planar ReS,-
based memiristor device. Figure 1a shows a structural schematic of
the as-fabricated ReS, memristor. The device is designed with
lateral configuration, and the flake is selectively irradiated by
focused electron beam, as shown in Fig. 1b. The guidelines inside
ReS, indicate the defects created by EBI. The composition of the
defects will be discussed in detail later. A scanning electron
microscope (SEM) image of four ReS, memristors fabricated on the
same flake is shown in Fig. 1c. There are eight parallel electrodes
from left to right and each pair of electrodes form a lateral
memristor. The EBI dosages of these devices from left to right are
8000, 6000, 4000, and 0 uC cm~2 (pristine flake), respectively.

Next, we investigate the properties of electron-beam-irradiated
ReS, by performing TEM analysis on the same flake to verify the
feasibility of EBI in creating defects in ReS, flakes. Figure 1d shows
a TEM image at the contact region with EBI dosage of 6000 uC
cm 2. The thickness of the flake is 3 nm, which consists of five-
layer ReS, with each monolayer having a thickness of 0.6 nm®.
The insets show obvious contrast between lattice disorders
(labeled by red outline) and layer-by-layer structure (labeled by
green outline). The image of lattice structure becomes blurry
when it is distorted by lattice disorders®=>. Since EBI is carried out
before metal deposition (see “Methods”), both the contact and the
ReS, active regions in Fig. 1c are irradiated. Lattice disorder in ReS,
active region is also found (as shown in Fig. 1e). Additional TEM
analysis of other highlighted regions in Fig. 1c with different
dosages is described in Supplementary Figs. 1-4, and lattice
disorders are also found in the ReS, flake. It is interesting to note
that lattice disorders are found in all contact edges (see Fig. 1f and
Supplementary Fig. 3), which may be related to the effect of
electrical measurement and will be discussed in device character-
ization section. Based on these images, we postulate that EBI with
appropriate dosage (4000-8000 uCcm ?) can create defects in
ReS, flake. The non-uniform distribution of defects in the TEM
images may be attributed to the difference in forming energy
among the defects at different sites in ReS, (ref. *%). Further top-
view TEM characterizations would shed light on the spatial
distribution of the lattice disorders®.

Apart from TEM, material analysis is also performed to under-
stand the impact of EBI dosage on the density of defects, and the
mechanism of defects formation in ReS,. First, dosage
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dependence of defect density is investigated through topogra-
phical and optical analysis. Figure 2a shows the atomic force
microscopy (AFM) phase images of ReS, flakes that are irradiated
with different dosages. Pristine flake is shown to exhibit a uniform
surface with little wrinkles which may be caused by mechanical
exfoliation®'. When EBI dosage is increased, the flake surface
becomes rough and some crack-like features are formed. The
density of such feature increases with EBI dosage. Such
phenomenon indicates that more defects may be created in
ReS, flakes when exposed to higher EBI dosage. In addition to
topographical analysis by AFM, Raman and Photoluminescence
(PL) analysis are also performed to further confirm the formation
of defects, which may be more sensitive to the existence and
density of defects as compared to AFM. This is because the lattice
vibration mode and radiative recombination process in material
are highly dependent on the crystal structure and defect density.
Figure 2b shows the Raman spectra of flake between 125 and
225 cm ™! under different EBI dosages. Since ReS, is an anisotropic
material, the Raman spectra are recorded at the same flake
orientation ([010]) to eliminate crystal orientation influence®. The
two labeled peaks correspond to in-plane (Eg), and out-of-plane
(Ag) vibration modes of ReS,, respectively®>’*>*. The full range of
Raman spectra can be found in Supplementary Fig. 5. The
irradiated flake shows a blue-shift phenomenon of both E4 and A
peaks of about 1.26 cm™' (see Supplementary Fig. 5) in ReS, with
EBI dosage from 0 to 8000 pCcm 2. Such blue-shift of Raman
peaks is caused by the relaxation of atom-atom vibration in 2D
structure, indicating that more defects are created in ReS, when
exposed to larger dosage®.

Furthermore, PL spectra scans on the same flake are shown in
Fig. 2c. Pristine ReS, shows a broad signal located at about
1.52 eV, which is consistent with previous PL study>®. After EBI, the
PL signal becomes broader and the intensity decreases. Although
there is little difference in PL intensity with different EBI dosages, it
is still evident that EBI can form defects in ReS,, which may lead to
more nonradiative recombination process that reduces the PL
intensity®®. Based on all these characterizations, it is confirmed
that EBI can engineer defects in ReS, flakes, in which higher
dosage increases the defect density. The chemical composition of
the defects is also clarified. According to theoretical calculation
results, sulfur vacancies have the lowest forming energy in ReS,
(ref. 38). Compared with other transient metal dichalcogenides
(TMDs), sulfur vacancies in ReS, are easier to form due to the
relatively soft Re-S covalent bonds and weak interlayer cou-
pling®®38, In addition, previous studies of ReS, defects engineering
using electron beam, oxygen plasma, and helium ions show that
sulfur vacancies were the most common defects to be created
inside the flakes®”*84°, X-ray photoelectron spectroscopy (XPS) is
carried out to test our hypothesis. Figure 2d and e shows the XPS
spectra of Re 4f and S 2p before and after EBI with a dosage of
6000 uCcm 2. The peak at 162.4eV may originate from the
contamination of polydimethylsiloxane (PDMS) during sample
preparation as shown in Supplementary Fig. 6. After EBI, binding
energies of both Re 4f and S 2p are shifted to a smaller value. The
specific binding energies and shift values are shown in
Supplementary Table 1. Such binding energy shift further proves
that defects are created in ReS, flakes after EBI, which is consistent
with the binding energy shift reported in defective MoS, (ref. *).
In addition, the atomic ratio of S atoms to Re atoms is extracted in
ReS, before and after irradiation. The extracted atomic ratio of S/
Re is 1.99 and 1.87 in as-exfoliated flakes and irradiated flakes,
respectively. The reduction of atomic ratio proves the formation of
sulfur vacancies in ReS,. Based on the EBI dosage and defect
composition analysis, Fig. 2f shows a schematic illustration of how
electron beam introduces sulfur vacancies in ReS,, wherein the
highlighted circles indicate the presence of sulfur vacancies due to
the sputtering effect of electron beam. Intuitively, larger EBI
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section TEM images of a ReS, memristor under 6000 pC cm 2 EBI. d At contact region. Insets show zoom-in images of lattice disorder (red) and
pristine crystal structure (green). The white arrows show position of lattice disorders. Scale bar, 5 nm. e At ReS; active region. Scale bar, 5 nm.
f At contact edge. The yellow dashed line labels the contact edge position. Inset shows the zoom-in image of lattice disorders (red). Scale bar,
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dosage leads to more electrons bombarding the flake, which
causes higher sulfur vacancies density.

Characteristics of ReS,-based memristor device

A schematic of the current-voltage (/-V) curve of such ReS,-based
memristors is shown in Fig. 3a. The black dashed line refers to the
full loop of current during voltage sweep. The black arrows
labeled with numbers indicate the voltage sweep order during
measurement. It should be noted that the RS characteristics,
termed as rectification-mediated switching characteristics®?, are
different from the typical /-V curves of non-volatile memory. In
typical non-volatile characteristics, current increases under one
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voltage polarity (e.g. positive bias) and decreases with the
opposite voltage polarity (e.g. negative bias)**. Different from
that, the measured current in ReS,-based memristors switches
from low current to high current under both positive and negative
bias.

According to the previous MoS, work, such gradual RS
behaviors may be related to the sulfur vacancies motion as
induced by voltage bias effect, which modulates the SBH at the
contact regions>>34, Positively charged sulfur vacancies in MoS,
have been reported*?, where RS curve switches from high current
to low current under both positive and negative biases. Sulfur
vacancies in ReS, are, however, negatively charged as these
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peak position shift in XPS signal. f A schematic illustration of as-created sulfur vacancies during EBI.

vacancies have also been reported to serve as mobile species in
MoS,-based memristive devices* . During the measurement,
right electrode is always grounded, and a voltage is applied on left
electrode. The red curve and blue curve in Fig. 3a are defined as
forward-diode (FD) state and backward-diode (BD) state, respec-
tively®2. Figure 3b and ¢ shows the measured data for FD state and
BD state under different voltage sweep ranges. The full range -V
curves will be discussed later (see Fig. 4e). Here, a larger voltage
sweep range leads to a larger rectification degree for both FD and
BD states, indicating that a more effective SBH modulation is
achieved under stronger electric field. The difference in current
between FD and BD state may be attributed to the variation and
distribution of sulfur vacancies induced by EBI. Similar minor
asymmetric characteristics are also found in MoS,-based
devices®2. In-depth investigation should be carried out to unveil
the fundamental reason. As shown in Fig. 3d-g, the detail
mechanism of SBH modulation and sulfur vacancies motion are
described using energy band diagrams and qualitative device
models. During the positive voltage sweep (processes 1 and 2 in
Fig. 3a), the negatively charged sulfur vacancies are drifted from
right to left contact (see band diagram in Fig. 3d). This causes a
decrease (increase) in sulfur vacancy density at right (left) contact,
which alleviates (enhances) the Fermi level pinning (FLP) effect
and results in a lower SBH at right contact and a high SBH at left
contact. The modulation of SBH after positive voltage sweep is
labeled by red dashed line in the band diagram (see Fig. 3d). The
device can be regarded as two back-to-back connected Schottky
diodes with a series resistance in the middle (as shown in Fig. 3e
and g). After the device is stressed with positive voltage sweep,
SBH at the right contact is less than SBH at the left contact. Such
asymmetric back-to-back connected Schottky diodes result in -V
curve as shown in Fig. 3e, which is similar to a single Schottky
diode under forward bias*®. After this positive voltage sweep, it is
termed as FD state. Next, during the transition of 3 and 4 in Fig. 3a,
sulfur vacancies are drifted away from left to right electrode,
which enhances (alleviates) the FLP effect and results in a high
SBH at right contact and a low SBH at left contact (see Fig. 3f).
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The change of SBH after negative voltage sweep is labeled by the
blue dashed line in the band diagram (see Fig. 3f). This gives rise
to an expected /-V curve as shown in Fig. 3g, which resembles a
backward biased single Schottky diode. After such a negative
voltage sweep, it is termed as BD state. Retention test shows that
such FD state and BD state can be retained for longer than 700s
without external bias (see Supplementary Fig. 7 for details).
Although the retention time is longer than volatile memristors?,
compared to memristors with typical non-volatile characteristics
by Sangwan et al., the retention time of our devices is shorter than
1500 min®*. The short retention time of our device may indicate
that sulfur vacancies are very mobile with a low diffusion barrier,
which is attributed to the low forming energy of sulfur vacancies
in ReS,%. In addition, such gradual decrease in retention curves is
consistent with the results reported in other lateral memristors, in
which the explanation is also based on sulfur vacancy diffusion®”.

To verify this mechanism, we first consider the possibility of
voltage-bias-induced sulfur vacancy motion in ReS.. Electric field
which can drift sulfur vacancies in polycrystalline MoS, and
helium-ion-irradiated MoS, is typically larger than 10*Vcm™'
(refs. 3234%%)_ In this work, the electric field is around 30,000V
cm™', which is comparable to the minimum activation field. In
addition, due to the relatively soft covalent bonds in ReS,, the
motion of sulfur vacancies in ReS, may need a smaller electric field
in contrast to that in MoS,>8. Next, we prove that such RS is caused
by sulfur vacancies at contact regions by performing selective EBI
on control samples. It is shown that only devices irradiated at
contact regions or both contact and ReS, active regions exhibit
obvious RS behaviors (see Supplementary Fig. 8), indicating that
such RS behaviors are predominantly originated from sulfur
vacancies at the contacts, wherein vacancies in the ReS, active
region facilitate the movement of vacancies to the contact
regions. Then, the movement of sulfur vacancies as induced by
voltage bias is supported by Fig. 1f and Supplementary Fig. 3.
Since EBI is performed before electrode patterning, there is equal
probability to create defects in every region of the flake. However,
it is shown that defects are found in all contact edges, which
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implies that the sulfur vacancies could be induced during the
electrical measurement instead of EBI or other device fabrication
process. In addition, electron dispersive X-ray spectroscopy line
scan is performed (see Supplementary Fig. 9), indicating a non-van
der Waals contact between metal and ReS,, which is usuallg
considered as the origin of FLP in 2D material contacts***°.
Moreover, temperature dependence measurement was carried
out to extract the SBH at right contact under both FD state and BD
state. Obvious right contact SBH reduction is found when the
device was switched from BD state to FD state (see Supplementary
Fig. 10). Evidently, it is confirmed that the RS is caused by voltage-
bias-induced sulfur vacancies motion, which changes the SBH at
contacts and further modulates the measured current.

With the confirmation of RS mechanism, we further investigate
the rectification-mediated switching characteristics through dif-
ferent DC sweep schemes. As shown in Fig. 4a, it is worth noting
that a positive voltage sweep changes the devices from BD state
to FD state (termed as B-F transition) and vice versa for a negative
sweep (termed as F-B transition). In addition, a small positive
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voltage is always used to read the current and resistance value of
both BD and FD states. Figure 4b and ¢ shows an example on how
a DC voltage sweep modulates the current level in the device.
First, a consecutive five positive voltage sweeps (0 - +5 — 0V) is
applied to the device, as shown in Fig. 4b. The measured current is
shown to increase monotonously with the measurement cycle
number. This is because the SBH at right contact is reduced during
the cyclical sweep with positive bias. We then extract the current
value at the first 0.5V in each cycle, as plotted in Fig. 4d. After a
consecutive five positive cycles, we proceed to measure with
another five negative sweep cycles immediately (0 - —5 — 0V),
as shown in Fig. 4c. The negative voltage sweep changes the
device from FD to BD state and the current is read at a small
positive bias of +0.5 V. We note that the current increases because
the SBH at left contact is decreasing. In contrast, the SBH at the
right contact is increased under negative sweep, which causes the
current to decrease when it is read at the same positive bias of
+0.5V.

npj 2D Materials and Applications (2021) 1
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sweep range.

Figure 4d shows the current values at +0.5V as extracted from
the cyclical measurement. A clear increasing and decreasing
current trend is observed by applying positive and negative
voltage sweeps, respectively. Such DC-programmed synaptic
potentiation and depression indicates the potential to use such
devices for pulse-programmed synaptic behavior emulation. In
addition, we compare the /-V curves measured under different
voltage sweep ranges as shown in Fig. 4e. At each sweep range,
the device is measured for several cycles, and the stabilized I~V
curves are shown in this Figure. It is evident that the current is
predominantly affected by the voltage sweep range. Figure 4f
shows the current of FD state and BD state as extracted at +0.5 V.
Apparently, larger sweep range enlarges the difference between
FD state and BD state. The calculated RS ratio is shown in the inset
of Fig. 4f, which increases from around 20 times to 70 times as the
sweep range is increased, manifesting its ability to achieve pulse
amplitude-dependent synaptic plasticity.

For memristive devices, the RS /-V curves under voltage sweep
condition is important and should have the following character-
istics: (i) large RS ratio between high resistance state (HRS) and low
resistance state (LRS)**?®, (i) small temporal variation of set
voltage (Vi) '®*", and (iii) a stable endurance performance of HRS
and LRS>2. Figure 5a shows a typical forming-free gradual RS I~V
curve of an as-fabricated memristor that underwent an irradiation
at 6000 uC cm 2. As opposed to other filamentary-based memris-
tors which usually show an abrupt RS curves*®3, our device
shows an electroforming-free gradual conductance change during
voltage sweep, which manifests a non-filamentary RS mechanism.
Additionally, the device as shown in Fig. 5a is measured for 100 DC
cycles to extract the temporal variation. Here, we extracted the
B-F and F-B transition voltages based on the nonlinearity of the I-V
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curves®, which is larger than 5 (/ ~ V¥ and k=5) as shown in
Fig. 5b. Details of transition voltage extraction are described in
Supplementary Fig. 11. The variation and histogram of B-F and
F-B transistion voltages are depicted in Fig. 5b and ¢, respectively.
The major advantage of the ReS,-based memiristors is the high
temporal switching uniformity as compared to other filamentary
memristors. Minimal temporal variations in B-F and F-B transition
voltages of 6.3% and 5.3% are achieved, respectively, which is
substantially lower than the filamentary memristors, and compar-
able with the improvements made in devices based on metal
doping or ion transport confinement (see Supplementary Table
2)°'***3 In addition, such low voltage variation is important for
neuromorphic computing application to improve the learning
accuracy®' S,

To investigate the endurance performance, the resistance
values of FD state and BD state are extracted at 0.5V and shown
in Fig. 5d. A RS ratio of about 50 times is demonstrated. The
increase in both FD state and BD state during endurance is due to
device degradation during measurements. Like other memristors
based on the rearrangement of atoms in switching layer®’, such
sulfur vacancy motion may induce damages in flakes, which leads
to device degradation. The influence of EBI dosage and ReS,
thickness on the switching performance are investigated next.
Figure 5e shows the average RS ratio of devices with a thickness of
3 nm with different EBI dosages, indicating that 6000 pC cm ™2 is
the optimal irradiation dosage. The /-V curves of memristors that
are treated with different dosage within the same flake are shown
in Supplementary Fig. 12, where 6000 uCcm 2 condition still
achieves the largest RS ratio. This is because a small dosage results
in the least sulfur vacancies to trigger the RS behaviors. On the
contrary, an excessively large dosage would severely increase the
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ReS, series resistance, resulting in the total resistance dominated
by the ReS, series resistance instead of contact SBH, which leads
to a smaller RS ratio. A plot of RS ratio of all devices with 6000 uC
cm ™2 dosage is shown in Supplementary Fig. 13, where a critical
thickness of 5nm was found to achieve a tenfold increase in RS
ratio. Beyond this thickness, RS behaviors are absent because
thicker flakes have lower sulfur vacancy density under the same
EBI dosage to trigger switching. It should be noted that the
comparison of spatial (device-to-device) variation between
devices is impractical. This is because our devices are fabricated
by mechanical exfoliation, which renders it difficult to control the
thickness, size, and shape of each flake that can influence the RS
performance. However, further advances in CVD that produces
large area and uniform growth of ReS, film would allow spatial
variation in such devices to be investigated in future work.

Pulse measurement and application as artificial synapses

Emulation of biological synapse behaviors is implemented using
our as-fabricated memristors. For an artificial synapse, our device
operates similarly as compared to human nervous system. In
human synapse, when a spike input arrives at the pre-synaptic
neuron, ionic neurotransmitters will be released from pre-synaptic
neuron, which triggers another spike in post-synaptic neuron.
Similarly, in ReS,-based memristors, left and right electrodes are
regarded as pre-synaptic and post-synaptic neurons, respectively.
Sulfur vacancies, which mimic the neurotransmitters in biological
synapse, are drifted by pulses to modulate the SBH at contacts.
Figure 6a shows the programmed pulse waveform for modulating
the synaptic weight of the device, which is extracted based on a
base voltage of +0.5V.

As it takes time for sulfur vacancies to diffuse back to their initial
position, such alleviated FLP can be maintained when the next
pulse arrives, which results in long-term synaptic plasticity. During
the following measurement, voltage input is introduced through
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left electrode, and the current is recorded as post-synaptic current
(PSQ). Figure 6b shows an example of the potentiation measure-
ment in such devices. When positive pulses are applied, both
measured currents at +5V and +0.5V are increased together,
which is consistent with the DC potentiation in Fig. 4b. However,
when negative pulses are applied (see Fig. 6c), the absolute
current value at —5V increases but the current measured at the
same base voltage of +0.5V decreases, which is consistent with
the DC depression as shown in Fig. 4c. LTP and LTD are
demonstrated and shown in Fig. 6d. A consecutive positive
voltage pulse train in conjunction with another negative voltage
pulse train is applied to the device, and the PSC as read at +0.5V
gradually increases or decreases during the positive pulses or
negative pulses, respectively. Notably, at the beginning of positive
and negative pulse train, the PSC response can be fitted by linear
function, which is appropriate for neuromorphic computing®®>°.,
Then, dynamic response of such artificial synapses is investigated
by pulse voltage stress measurement with different pulse
amplitudes (see Fig. 6e and f). In Fig. 6f, to achieve the same
starting current, a pulse train with an amplitude of +3.5V is
applied before the negative pulse measurement. Similarly, the PSC
as measured at +0.5V increases during positive pulses and
decreases with negative pulses.

Moreover, the dynamic response shows an amplitude depen-
dence phenomenon. Device with larger positive pulse amplitude
can achieve higher current and increase faster, and conductance
stimulated by larger negative amplitude can be reduced more
efficiently, implying the ability of such device in responding to
different-amplitude stimulation, or SADP®°. To further investigate the
SADP behavior, synaptic weight change (change of current read at
base voltage) with different pulse amplitudes is measured (see Fig.
6g). During the measurement, each point is extracted from the
synaptic weight change between the first and tenth pulse. It is
shown that larger pulse amplitude modulates the synaptic weight
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Fig. 6 Pulse measurement for biological synapse emulation. a Schematic of pulse waveform to modulate the synaptic weight. The synaptic
weight refers to the current as read at +0.5 V base voltage. b Potentiation measurement. Current read at +5V and +0.5 V increases together.
¢ Depression measurement. Current read at —5V increases, but current read at +0.5V decreases. d LTP and LTD measured by successive
positive and negative pulses. The green lines show the linear fitting. PSC are measured at 0.5V base voltage. e Dynamic response of
potentiation at pulse trains with amplitude of 2V, 3V, and 5 V. Inset shows the base current read at 0.5 V. f Dynamic response of depression at
pulse trains with amplitude of —2V, —3V, and —5V. The currents shown in the figure were read at a base voltage of 0.5V. g SADP
characteristic. Ten successive pulses were supplied to the device. Current before and after the pulse train were extracted to calculate the
synaptic weight change. All parameters except amplitude were kept the same. h PPF and PPD measurements. Only two pulses were
introduced to the device. The dashed lines are exponential fitting of the data. i STDP measurement. The dashed lines are exponential fitting.
The insets show the schematic illustration of the equivalent pulse waveform design.

more effectively, which is consistent with the DC voltage sweep introduced into pre-synaptic neuron only to emulate the effect of
range dependence in Fig. 4f. In biological synapses, when spike- both pulses, which are widely used in memristor synaptic
frequency adaptation happens in pre-synaptic neuron®, spikes will applications®*>®3, The details of pulse waveform design are
be generated with a variable frequency. In this way, the spike rate explained in Supplementary Fig. 15 and Supplementary Note 1. A
dependence of a synapse is also important and is analyzed in Fig. typical STDP result is shown in Fig. 6i, showing the capability of this

6h. The data points are extracted from the synaptic weight change device to be applied to spiking neural networks with STDP learning
between the first and second pulse, so it is also regraded as PPF and rules®®. By fitting the data with exponential function, the time
PPD for positive and negative pulse condition, respectively. It is constant of positive and negative delay are extracted to be 16 ms
shown that smaller pulse interval (higher frequency) leads to larger and 60 ms, respectively. Such microsecond response is analogous to
synaptic weight change, because the device has less relaxation time human neurons®.

during the shorter pulse interval®®. Similar phenomenon is also

found during dynamic response measurement with different pulse

intervals, showing that pulse train with shorter interval needs less DISCUSSION

time to stimulate the synaptic weight to the same value (see In summary, electron-beam-irradiated ReS,-based memiristors with
Supplementary Fig. 14). STDP is also an important functionality for improved switching uniformity are demonstrated. The RS mechanism
spiking neural networks®. Theoretically, STDP describes the synaptic is attributed to the sulfur vacancies movement as induced by voltage

weight change when both pre-synaptic and post-synaptic pulses are bias, which causes SBH modulation at the contact regions. The
applied to a synapse with a certain time delay®. Usually, synaptic formation of sulfur vacancies has been verified through material
weight is increased with positive time delay, and decreased with analysis. Moreover, forming-free RS behavior with minimal transition
negative time delay. Here, an equivalent designed pulse is voltage variations of 6.3% and 5.3% are achieved under positive and
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negative sweeps, respectively. In addition, a comprehensive demon-
stration of synaptic functionality is also implemented by such devices.
The minimal temporal variation and successful emulation of synaptic
plasticity in ReS,-based memiristors hold great potential for deploy-
ment as artificial synapses in neuromorphic computing system.

METHODS
Device fabrication and characterization

First, few-layer ReS, flakes were exfoliated on heavily doped p-type silicon
wafer with 90 nm silicon oxide. Next, Raman spectrum was carried out to
align the crystal orientation ([010]). Then, EBI was performed by electron
beam lithography (EBL). After that, left/right electrodes were patterned by
EBL again. In addition, a metal electrode layer of 10 nm Ti and 90 nm Au
was deposited on the flakes by electron beam evaporator. Then the chip
was put into acetone to proceed with standard lift-off process. Finally, the
device was passivated by a PMMA layer.

DC sweeps were measured at room temperature in ambient condition
using a probe station and an Agilent 4155B semiconductor analyzer. The Si
substrate was grounded during all the /-V measurements. Pulse measure-
ment was carried out by 4200-SCS Keithley semiconductor analyzer and a
Cascade probe station. Low-temperature measurement was carried out by a
Lakeshore CRX-VF cryogenic probe station at vacuum condition.

Material characterization

ReS, samples with and without EBI were analyzed by AFM (Bruker
Dimension Fastscan), Raman spectroscopy, PL spectroscopy (Witec Alpha
300R), XPS (Quantera PHI Il), TEM, and STEM (Talos F200X). The excitation
laser wavelength of Raman and PL spectroscope was 532 nm. The laser
power was below 100 uW to prevent additional damage to the flakes. For
Raman spectroscopy, the peak positions were referenced to the silicon
peak at 520cm . XPS was collected by a monochromatic Al Ka X-ray
source. The binding energies of all peaks were referenced to C 1s (285 eV).
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