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ABSTRACT

Emulating the human brain’s circuitry composed of neurons and synapses is an emerging area of research in mitigating the “von Neumann
bottleneck” in present computer architectures. The building block of these neuromorphic systems—the synapse—is commonly realized with
oxide-based or phase change material-based devices, whose operation is limited by high programming currents and high reset currents. In
this work, we have realized nonvolatile resistive switching MoS,/graphene devices that exhibit multiple conductance states at low operating
currents. The MoS,/graphene devices exhibit essential synaptic behaviors, such as short and long-term potentiation, long-term depression,
and the spike timing dependent plasticity learning rule. Most importantly, they exhibit a near-linear synaptic weight update, without any
abrupt reset process, allowing their use in unsupervised learning applications. These electronic synapses are built with chemical vapor depos-
ited MoS, and graphene, demonstrating potential for large-scale realizations of machine learning hardware.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5108899

The von Neumann architecture in current processors involves phys-
ically separated memory and processing units. Additionally, with memory
speeds lagging behind processor speeds, latency in accessing data from
the memory has resulted in the von Neumann bottleneck. To alleviate
this issue, several alternative non-von Neumann architectures are being
explored.”” Neuromorphic computing is one such approach inspired by
the human brain’s capability of cognitive processing.” The building blocks
of neuromorphic systems are electronic neurons and synapses. In 2008,
after the discovery of memristive behavior in oxides, researchers have
explored the idea of mimicking synaptic behavior with a single memris-
tive device."” Albeit significant advances, synaptic devices using phase
change materials”'’"'* and metal oxide-based resistive switching devi-
ces””">!" have some limitations. These devices exhibit a high program-
ming current in the range of microampere-milliampere, increasing the
energy consumption by the device."” Additionally, the synaptic weight
update, i.e., the increase (decrease) of the synapse’s conductance with the
application of a continuous stream of identical positive (negative) input
voltage pulses, is nonlinear. Nonlinearity in the weight update increases
the complexity of using these devices for real-time unsupervised

learning.” So, it becomes necessary to employ a material system which
exhibits a low programming current as well as a linear weight update.””
Recently, two-dimensional (2D) materials are being largely explored to
demonstrate their viability as electronic synapses.'” *” However, a linear
synaptic weight update with identical voltage pulses using memristive
switching in 2D materials has not been reported yet. Also, some of these
2D memristive synapses exhibit a high programming current; having
low-power operation in neuromorphic circuits is infeasible."”

In this work, we demonstrate a memristive synapse using chemi-
cal vapor deposited (CVD) molybdenum disulfide (MoS,) as the
switching medium and large area CVD grown monolayer graphene as
the bottom electrode. The synaptic devices exhibit gradual potentia-
tion and depression, with a near-linear weight update when identical
input voltage pulses are applied. They display excellent retention char-
acteristics of 10* s at 1nA operating current, demonstrating their
applicability in low-power neuromorphic systems. They also exhibit
the essential synaptic characteristics of short-term potentiation (STP)
and long-term potentiation (LTP) in the same device, and spike timing
dependent plasticity (STDP).
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FIG. 1. (a) MoS,/graphene device schematic (not to scale) and (b) DC potentiation
and depression with continuous SET at 1nA, 10nA, 100 nA, 500 nA, and 1 1A, fol-
lowed by continuous RESET using negative reset stop voltages with increasing
magnitude from -0.2V to -1V.

Figure 1(a) shows the schematic of a single MoS,/graphene
device, with a large array of ~2000 devices shown in Fig. S1(a). CVD-
grown monolayer graphene was wet-transferred”' on p*-Si/SiO,. The
graphene layer was patterned using photolithography and etched in
oxygen plasma to form the bottom electrode of the device. Mo films
(3 nm) were patterned using photolithography and e-beam evaporated
on the etched graphene strips. The Mo films were sulfurized to form
layered MoS$, in a low-pressure CVD furnace at 200 mTorr and a sub-
strate temperature of 770 °C in an inert environment. Top contacts on
MoS, and bonding pads on graphene were patterned using photoli-
thography, followed by e-beam evaporation of Ni/Au (30 nm/30 nm)
and lift-off. The region where MoS, overlaps graphene forms the
active area (24-36 um?) for switching. The large-scale growth of gra-
phene and MoS, enables the fabrication of multiple arrays of 2000
MoS,/graphene devices. Raman spectra of the MoS,/graphene system,
atomic force microscopy (AFM) image of MoS, and cross-sectional
high-resolution transmission electron microscopy (HRTEM) image
are shown in Figs. S1(b)-S1(d).

The electrical characterization studies of the MoS,/graphene
devices are performed using a Keysight B1500A semiconductor device
analyzer. The devices exhibit a pinched hysteresis loop when subjected
to a sinusoidally varying input voltage, indicating their memristive
behavior [Fig. $2(a)]." During the DC characterization of these devices,
the voltage on the top electrode (Ni/Au) is held constant at 0V,
while the voltage on the bottom graphene electrode is swept. The
devices exhibit nonvolatile resistive switching for an SET current
compliance of 100 nA [Fig. S2(b)]. A continuous SET process is per-
formed by increasing the SET current compliance from 1 nA to 1 uA,

scitation.org/journal/apl

immediately followed by a continuous RESET by increasing the mag-
nitude of the negative reset stop voltage from -0.2V to -1V. Figure
1(b) shows that five distinct states are obtained during the continuous
DC SET and RESET processes. Figure S2(c) shows the same plot on
the linear scale. This demonstrates the potential of the MoS,/graphene
devices to display a gradual change in conductance both in the low
resistance and high resistance regimes, which is mandatory for emulat-
ing the potentiation and depression of a synapse. The MoS,/graphene
devices also exhibit excellent retention characteristics for ~10* s at
1nA and 1 A current compliances (Fig. S3). We note that the higher
conductance state is more stable than the lower conductance state.
Figure S4 shows stable switching for 100 DC cycles at 1 nA and
100 nA in the same device, establishing a reasonable endurance of the
MoS,/graphene system.

Next, pulsed I-V measurements are performed to determine the
synaptic behavior of these devices. The current flowing through the
memristive synapse as a response to the incoming voltage pulses is
defined as the postsynaptic current (PSC). The device conducts current
when the voltage pulse is ON, and the short pulse duration restricts the
abrupt formation of the conducting channel. This facilitates the gradual
formation of the conduction path during the pulsing intervals.”*
Because of this gradual formation of the channel, the device exhibits a
higher number of conductance states during pulsed measurements than
during a continuous DC SET process.”” This process of conductance
tuning is characteristic of a biological synapse, and is termed as synaptic
weight update."” A hundred pulses with a pulse width of 100 s and an
amplitude of 5V are applied to cause potentiation, immediately fol-
lowed by another 100 pulses with a width of 100 us and an amplitude
of -4V to cause depression. A total of 15 pairs of such identical positive-
negative voltage pulse trains are applied to an MoS,/graphene device, as
shown in the Fig. 2(a). The corresponding conductance is plotted
against the pulse number in Fig. 2(b). We observe distinct conductance
states with a pulsed voltage input. The MoS,/graphene device exhibits
an almost linear weight update with identical input voltage pulses. We
calculate the nonlinearity factor (NLF) for the potentiation and depres—
sion regimes using a behavioral model described by Chen et al.”> Our
MoS,/graphene device exhibits an exceptional NLF of 0.276 in the
potentiation regime, with an NLF of 0 indicating a completely linear
weight update.”” The weight update during depression exhibits an NLF
of ~5. The near-linear weight update observed in the MOSZ/graphene
synapse holds potential for unsupervised learning applications."
Although ~100 distinct conductance states during potentiation and
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FIG. 2. (a) Pulsing scheme: 15 pulse trains, with each pulse train comprising 100 identical positive pulses and 100 identical negative pulses. (b) Near-linear weight update
observed in the MoS,/graphene synapse with the application of symmetric voltage pulses shown in (a).
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FIG. 3. (a) STP of the MoS,/graphene synapse with the input pulsing scheme (top) and PSC as a function of time (bottom). (b) LTP of the same device for 10* s with the input
pulsing scheme (top) and PSC as a function of time (bottom). (c) LTD of the MoS,/graphene synapse for 10* s with the pulsing scheme (top) and PSC as a function of time

(bottom).

depression are observed for all 15 pulse trains, we note that the instabil-
ity of the lower conductance states would result in significant write noise
for system level applications, thus reducing the number of resolvable
conductance states. This issue can be circumvented using a write/verify
algorithm, which is costly from the standpoint of power consumption.

The MoS,/graphene memristors are also tested for essential char-
acteristics of a biological synapse, such as short-term potentiation
(STP), long-term potentiation (LTP), and long-term depression
(LTD). Figure 3(a) shows the STP characteristics of a typical MoS,/
graphene synaptic device. Here, note that we use a different measure-
ment protocol than that for retention measurements of Fig. S3(a). Six
identical voltage pulses of 5ms pulse width and an amplitude of 3V
are applied to the bottom graphene electrode. The PSC through the
synapse increases to 300 nA as the train of voltage pulses are applied.
Following the train of 6 pulses, a read voltage of 0.2V is applied to
record the PSC. The PSC decreases to ~100 pA approximately 100 s
after the withdrawal of the pulse train, indicating STP of the synaptic
device. In Fig. 3(b), 18 identical voltage pulses (pulse width 5 ms, ampli-
tude 3 V) are applied to the same MoS,/graphene synaptic device after it
exhibits STP. The PSC again increases to 300nA during the pulsing
period. After the pulsing period, a constant read voltage of 0.2V is
applied to record a PSC of ~5nA for 10* s. This indicates the stabiliza-
tion of the conduction path in the MoS,/graphene device, inducing LTP.
The synaptic weight update due to LTP is irreversible unless the device is
RESET to its original state. This measurement also indicates that the syn-
aptic device can retain its weight for >10* s. The observation of LTP and
STP in the same device by modulating the strength of the stimulus has
been already reported in other memristive devices.”"”” Now, we study
LTD in a different device. Initially, the device is SET at 300 nA (Fig. S5).
Six identical pulses of amplitude —2.5V and a duration of 5ms are
applied. The PSC reduces from 209 nA to 13nA as shown in the Fig.
3(c). After the withdrawal of the negative voltage pulses, a constant read
voltage of 0.2V is applied to record the PSC. The PSC is 500 pA [High
Resistance State (HRS)], indicating that the device was reset by the
applied pulses and continues to be in the HRS for at least 10* s.

Spike timing dependent plasticity (STDP) as the biological rule of
Hebbian learning can be implemented in a hardware neural network
for unsupervised learning.'” The Hebbian learning rule attributes the
temporal correlation between the prespike and the postspike signals as
the cause for the synaptic weight modulation. As the timing between
the firing of the prespike and the postspike signals increases, the syn-
aptic efficacy decreases. If the prespike signal precedes the postspike

signal, the synapse potentiates, and for the reverse, the synapse under-
goes depression.””

We now demonstrate the STDP of the MoS,/graphene memris-
tive synapse. The pulse scheme is designed such that the overlap of the
prespike and the postspike signals happens only at one instance of
time. A train of voltage pulses with a decreasing amplitude is applied
as the prespike and postspike signals. The resultant voltage across the
synapse is the difference between the prespike and the postspike volt-
age amplitudes. In Fig. 4(a), the resultant pulse when the prespike sig-
nal fires at time At before the postspike is shown in blue, while the
resultant pulse when the postspike signal fires before the prespike,
with the time difference —At, is shown in red. The first pulse of the
train is a negative voltage pulse of width 300 ms and amplitude -1 V. It
is followed by positive pulses of decreasing amplitude with 150 ms
pulse width. The negative pulse is wider than other pulses to compen-
sate for the interconnect delay of the instrumentation used and to pro-
vide stabilization time for the device response. The normalized
synaptic weight change, Aw (%) is calculated as the ratio of conduc-
tance at that overlap interval At to the maximum conductance
observed.” The weight change Aw (%) is plotted against At to obtain
the STDP response curve as shown in Fig. 4(b). The MoS,/graphene
synaptic device obeys the asymmetric Hebbian learning rule where the
synaptic weight change decreases as the time between the firing of pre-
spike and postspike signals increases.

Generally, the switching mechanism can either be attributed to
the formation of a conductive filament through the memristive
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FIG. 4. (a) Pulsing scheme for the STDP characterization. (b) Synaptic weight

change as a function of timing difference of the prespike and the postspike signals.
Inset: the same plot zoomed-in from -5 Aw (%) to 8 Aw (%).
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material or due to trapping/detrapping of carriers at the interface of
the memristive material and the electrode. Memristive switching
observed in 2D materials has been associated with the formation of a
conductive filament.”””** In ultrathin switching media, such as in
monolayer MoS,, the evidence of filamentary switching is noted from
the fact that the SET current does not increase with the increasing area
of the memristive device.”” However, we cannot rule out the influence
of the Schottky barrier between graphene and MoS, from playing a
major role in the resistive switching observed in our devices. The line-
arity observed in the weight update of the MoS,/graphene memristive
synapses could be attributed to the interface mediated switching. The
exact mechanism behind the resistive switching observed in the MoS,/
graphene memristive synapses deserves a dedicated study, which is
currently beyond the scope of this work.

In conclusion, we have fabricated MoS,/graphene memristors
using large area CVD-grown MoS, and graphene. These memristive
devices are nonvolatile and exhibit multiple conductance levels, which
cause them to behave as synapses. Also, these devices exhibit a near
linear weight update with identical input pulses, and obey the asym-
metric Hebbian learning rule, which is advantageous for their applica-
tions in unsupervised learning. The devices exhibit excellent room
temperature data retention for ~10* s. Additionally, the devices
exhibit STP, and undergo LTP and LTD for >10* s. These MoS,/gra-
phene memristive devices show the necessary characteristics of a bio-
logical synapse, making them perfect for implementation in
neuromorphic hardware for machine learning applications.

See the supplementary material for material characterization of
the MoS,/graphene memristor, I-V characteristics, data retention, DC
endurance, SET characteristics of the MoS,/graphene synapse prior to
LTD, and comparison of MoS,/graphene memristors with other ana-
log synapse devices.
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