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Abstract

The information computation through synapse networks in the brain plays a vital role for cognitive
behaviors such as image/video recognition, self-learning, and decision-making. Achieving proper
synaptic networks by conventional semiconductor and memristive devices has encountered critical
issues such as the spatial density requiring a number of transistors for one synapse, reliable filament

formation in memristors, or emulating diverse excitatory and inhibitory synaptic plasticity with
two-terminal device geometry. Here, we report selective growth of variously doped MoS, with
controllable conductance plasticity, which can be used for emulating diverse synaptic junctions. The
conductance plasticity in the monolayer MoS, was found to originate from resistive-heating near
the junctions with electrodes in the two-terminal device geometry and the carrier concentration-
dependent metal-insulator transition in the MoS, channel. A spatiotemporal synaptic summation
is demonstrated where the firing of a proper postsynaptic membrane potential can be designed

for cognitive processes. Compared with previously reported three terminal synaptic devices with
atomically thin materials, our two-terminal devices with flexible synaptic strengths have advantages
for integrating three-dimensional neuronal networks. This provides a new insight on two-
dimensional materials as a promising arena for integrated synaptic functionalities in artificial neural

networks.

1. Introduction

In contrast to the traditional von Neumann
architecture, the brain-inspired neuromorphic
architecture implements memory storage and
complex nonlinear operators to perform collective
and distributed computation at the same time [1].
Based on the design principles of biological neural
systems, it could range from serial clocked multi-
neuron systems to massively-parallel asynchronous
information computation and memory storage [2].
So far, remarkable brain-inspired electronic multi-
neuron computing platforms at system level have
been developed to realize alternative information
computing for conducting pattern recognition and
machine learning tasks that speed up the simulation of
computational neuroscience models [3, 4]. However,

the current platform, inspired by biological neural
processing systems, is constrained by both precision
requirements and bandwidth requirements. An
alternative strategy is to emulate neural system in
biology more closely by developing new materials
and devices, and by designing electronic circuits that
directly mimics real synapses, neurons, and other
neural structures [5,6].

It is well known that synaptic transmission stimu-
lates the target neuron by a nerve impulse [1, 7-10],
which is an omnipresent mechanism for the aston-
ishing and complicated brain operations [10-12].
Recent advances in physiology have revealed that the
stimulation of a target neuron uses different synaptic
networks, composed of both excitatory and inhibi-
tory synapses, to selectively drive emotions and behav-
iors [13]. Achieving diverse synaptic transmissions or
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spatiotemporal signal processing through different
synapse networks with a high spatial density is a step
forward for realizing neural networks that could deter-
mine whether a postsynaptic target neuron should be
activated, leading to a decision-making process.

Conventional neuromorphic devices using com-
plementary metal oxide semiconductors for artificial
synapses require tens of transistors to mimic one syn-
apse [3, 14]. Alternatively, memristors based on vari-
ous oxides have shown synaptic plasticity in a single
device [15-22], but demonstrating diverse synaptic
networks with memristors still remains an issue, par-
ticularly, due to the lack of flexible synaptic plasticity.
Although a junction-based synaptic device has shown
versatile synaptic functions recently [23], the interface
issue in the fabrication processes still needs to be more
explored. Other synaptic devices based on three-termi-
nal device would encounter the issue on three-dimen-
sional integration of neuronal networks [24, 25].
To overcome the above issues, a resistive heating-based
2D synaptic device with two-terminal geometry has
been recently reported [26]. However, direct synthesis
of proper 2D materials for such synaptic devices and
the exact working mechanism of the conductance plas-
ticity with the 2D materials remain open questions.

In this work, we report carrier-density-selective
growth of a monolayer MoS, by chemical vapor depo-
sition (CVD) for diverse conductance plasticity (syn-
aptic plasticity) in the MoS, channels; with the 2D
material, we could construct synaptic spatiotemporal
summation networks that are critical components in
neural computation. Carefully investigating the con-
ductance dynamics in the MoS,, both in experiment
and simulation, we could clarify the origin of the con-
ductance plasticity in the MoS, which is the resistive-
heating effect with residual temperature changes in
the channel, especially near the MoS,-metal electrode
junctions. The diverse positive and negative temper-
ature-resistivity correlations in the MoS,, achieved by
the carrier-density-controlled Mo$S, through the CVD
process, were successfully used for the emulation of
synaptic facilitation and depression and for construct-
ing efficient synaptic networks for cognitive behaviors
[1,7].

2. Experimental methods

2.1. Selective synthesis of materials

The monolayer MoS,; in this work was grown via the
atmospheric-pressure chemical vapor deposition
(APCVD) method. Commercial sulfur and sodium
molybdate dihydrate were used as the source/
precursor and put into a two-temperature-zone
furnace. Sodium molybdate (0.1 g) was dissolved into
50ml of deionized water, which was then stirred for
longer than 30 min to dissolve the sodium molybdate
completely. The sodium molybdate film was formed
by spin coating at a spin rate of 3000 rpm for 30s on
a SiO; substrate, which was annealed at a temperature
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of 973K for 10 min. After that, the SiO, substrate was
placed downstream where it is the high temperature
zone, and the sulfur was put in the low temperature
zone. The CVD growth was then performed with
pure nitrogen gas at a flow rate of 500sccm. The
temperatures of the two temperature zones were raised
up to 483K and 1023K in 20min, respectively. The
temperature was maintained for 9 min for the growth,
and then the furnace was cooled down naturally to
room temperature. Four different groups of samples
were grown with the molybdenum precursor
concentrations of 0.1 g/50ml,0.1g/80ml,0.1g/110ml,
0.1g/150 ml, respectively.

2.2. Optical characterization

Raman and Photoluminescence (PL) spectra of
all samples were measured by a Witec Alpha300
Confocal System installed in a glove box filled
with an inert gas (argon gas); the concentrations
of O, and H,O in the glove box were 0.6 ppm and
0 ppm, respectively. The laser wavelength for both
the Raman and PL spectra was 532nm, and the
gratings used for the Raman and PL measurements
were 1800mm ™! and 600 mm ™', respectively. The
integration times for the Raman and PL spectra
were 20s, and 105, respectively. The laser power was
set around 0.5 mW to avoid heating of the samples
during the measurements. A 100 x objective (Zeiss)
lens was used to focus the laser beam.

2.3. Device fabrication and electrical
characterization

Before the device fabrication process, the CVD grown
monolayer MoS, was transferred onto a fresh SiO,/Si
substrate. Then, the substrate with the monolayer MoS,
was first spin-coated with poly(methylmethacrylate)
(PMMA) 950 A4. The initial rotation speed was
500 rpm for 55, and then, the speed was increased to
3000 rpm for 60s. Then, the sample was baked at 453 K
on a hot plate for 2min. Electron beam lithography
(EBL) was used to conduct the electrode pattern.
Finally, the samples were metallized with Cr/Au
(5nm/50nm).

2.4. Simulation

Finite element (FE) analysis was preformed using the
commercial software package ABAQUS (Simulia,
Providence, RI, USA). FE analysis was performed to
simulate the temperature distribution in the channel
of the monolayer MoS,-based FETs, using the
ABAQUS. The model consists of two Au electrodes
on the top of the monolayer MoS, nanobelts. In the
simulation with a voltage of 5V, the length and width
of the channel were 5, and 3 pm, respectively. The Au
and MoS, were discretized using the thermal-electrical
brick element (DC3DS8E). A pulse voltage is applied in
the simulation and the temperature distributions over
time are obtained. The material parameters used in the
simulations are like below; the thermal conductivities
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Figure 1. Schematic of selective material synthesis. (a) The experimental steps and set-up used in this work for the synthesis of four
different groups of MoS,. (b)—(e) The optical images of the four groups (G1, G2, G3, and G4) of the monolayer MoS; in this work.

of MoS, and Au are 33.6 Wm ™' K~ 'and 314 Wm™!
K™, respectively; the densities of MoS, and Au are
5.06 * 10° kg m > and 19.3 * 10°> kg m >, respectively;
the electrical conductivities of MoS, and Au are 4.98
% 107> Sm ' and 4.1 * 107 S m~}; the specific heat of
MoS;and Auare 1.43 ] (kg-K)"'and 0.47 (kg-K)~L

2.5. Device passivation

Few-layered hexagonal boron nitride (h-BN) was used
for device passivation because h-BN is a stable 2D
material under ambient conditions and could prevent
the oxidation of the material. In particular, an ultrathin
h-BN film is impervious to oxygen diffusion even at
high temperature. The experimental steps are shown
in electronic supplementary information (figure S1)
(stacks.iop.org/TDM/6/015029/mmedia). First, thin
h-BN nanoflakes were mechanically exfoliated onto a
Si0,/Si substrate, which was then covered with a dual-
layer polymer stack of poly(vinyl alcohol) (PVA) and
PMMA. The bottom layer (PVA) was dissolved in DI
water, and then, the remaining membrane (PMMA
with exfoliated h-BN nanoflakes) was inverted and
positioned above the target device assisted by optical
microscopy.

2.6. Description of the neuroscientific application
with our short-term plasticity in MoS,
Neuromorphic computing has been proposed and
implemented to overcome the bottleneck from the
classical von Neumann architectures-based computers
[1]. In neuromorphic computing, artificial synapses
with short-term and long-term synaptic plasticity
are the vital components to emulate the bio-synaptic
function [27]. It is well known that, through a
biological synapse, neural signal transfer occurs
from presynaptic to postsynaptic neurons [7]. From

the viewpoint of device, a corresponding artificial
synapse could be created using our MoS, based
resistors. In neuromorphic science, the spike signal
transferred through the synapse, the synapse exhibits
a higher (lower) amplitude of transmitted excitatory
(inhibitory) postsynaptic current, called synaptic
facilitation (depression) with a higher synaptic
strength [8,28]. In our device, due to the joule heating
effect, the hysteresis appeared in the I-V curves can
mimic a short-term memory effect, and the increasing
(decreasing) conductance of device materials with
more cycling number is considered as the synaptic
strength facilitation (depression). After the remove
of applied voltage, the conductance of material could
recover its original value due to the nature cooling,
which exactly mimics the short-term plasticity in
neuromorphic science.

3. Resultsand discussion

We synthesized a monolayer 2H-MoS; by the air-
pressure chemical vapor deposition (APCVD)
method on a clean silicon wafer covered with a
300nm SiO, layer. The experimental processes and
set-up used in this work are shown in figure 1(a).
Commercial sulfur and sodium molybdate were used
as the precursors in a two temperature-zone furnace.
The initial concentration of the sodium molybdate-
based solution was controlled for the selective growth
of the MoS,; Group 1(G1), Group 2(G2), Group
3(G3), and Group 4 (G4) were done with precursor
concentrations of 0.1g/50ml, 0.1g/80ml,0.1g/110ml,
and 0.1 g/150 ml, respectively.

The optical images of the large-area CVD-grown
monolayer MoS, with different initial precursor con-
centrations are shown in figures 1(b)—(e). Different
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Figure2. Electrical and optical characterizations of the four different groups (G1-G4) of the monolayer MoS,. (a) and (b) The
evolution of the Raman and PL spectra for sample of G1-G4, respectively. (c) The atomic ratio revealed by XPS spectrum for these
four types of samples. (d) The corresponding threshold gate bias. (e)—(h) Successive I;—Vy sweeps for G1-G4, respectively. The
arrows represent the variation trend of current. (i)—(1) The evolution of the channel conductance measured by a small voltage of
0.5V.

transfer curves, which indicates different carrier densi-
ties in the MoS,, are shown in figure S2, highlighted by
the tangential lines in the figures. The threshold gate
bias, Vi, defined as an intersection between the tan-
gential lines and the x-axis, changes over a wide range
from 40 V to —10 V; based on the parallel capacitor
model, the different Vi, in figure S2 implies different
carrier densities in the MoS, channel.

The origin of the diverse carrier doping density
is attributed to the ratio of the Mo and S atoms in the
MoS, grown by our CVD. Figures 2(a) and (b) show
the Raman and Photoluminescence (PL) spectra of
the four (G1-G4) samples. The Eig mode is kept con-
stant, and the A;g mode demonstrates a clear red shift
from G1 to G4 sample. The Raman peak separation
between the Ej, and A g mode is ~16.12cm ™" for G4
and increases gradually to ~20.87cm™! for G1 sam-
ple. In the PL spectra, the A exciton peak shifts from
~677nm to ~685nm, and the PL intensity (the abso-
lute value for exciton A peak) varies by 16 times. The
Raman and PL spectra imply a variation in the carrier
concentration in the four samples (G1-G4) [29-32].
The x-ray photoelectron spectroscopy (XPS) of the
four samples (G1-G4) is shown in figure S3, and the
calculated atomic ratios of the Mo and S atoms shown
in figure 2(c) are consistent with the carrier densities
of the four samples, which is consistent to the differ-
ent doping effect displayed in figure 2(d). It has been
known that the S vacancy could generatre n-type dop-
ing or pin its Fermi level near the conductance band
minimum [33]. Depending on the amount of S vacan-

cies, different doping level in monolayer MoS, could
occur. For example, the 9% S vacancy could make the
carrier density of 7 x 10" cm™? and the geometry
of the MoS; keep this triangular shape [33]. For our
samples, we did not reach out such a doping level, and
that is why the different groups of samples are almost
triangular shape. Moreover, we note there are multi-
layer area in our samples (particular for G1 and G2),
but when we characterizaed our samples, to avoid any
sample thickness difference involved, including both
of optical and electrical characterzation, we selected
only monolayer regions to clearly exclude this possibil-
ity.

Continuous source-drain current and voltage
(I-—Va) sweeps from 0 V to 2 V with the monolayer
MoS, samples (marked as G1-G4 in figures 1(b)—(e))
without gate bias (or Vg =10 V) are shown in fig-
ures 2(e)—(h). The colored arrows in figures 2(e)—(h)
indicate a current increase (figures 2(e) and (f)) or a
current decrease (figure 2(h)) as we repeat the Ij—Vy4
sweeps. We interpret the conductance change by
the Joule-heating effect [26]. The first sweeps (black
curves in figures 2(e)—(h)) already show a semicon-
ducting behavior in figures 2(e) and (f), and a metallic
behavior in figure 2(h); the resistive-heating effect on
semiconductors and metals causes the different two-
probe I4—Vy characteristics [26, 34, 35].

To confirm the hypothesis of the resisitive-heating
effect, we conducted low temperature transport meas-
urements shown in figure S4; the monolayer MoS,
devices do not show any conductance dynamics or

4
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Figure 3. Simulation results of the temperature evolution induced by Joule-heating in the monolayer MoS, when a pulse voltage is
applied. The pulse voltage with an amplitude of 5V and a width of 100 ms was used as stimulus. (a)—(d) Heating-up: the Joule-
heating-driven temperature evolution after stimulation by the pulse voltage in a two-terminal monolayer MoS, device. A higher
temperature near the contact area is observed. (e) and (h) Cooling down: the natural cooling down of the channel materials after the
stimulus of the pulse voltage. The temperature in the channel can be naturally cool down to room temperature. RT represents room
temperature. The blue areas at the two ends of each figure represents the Au contacts.

short-term synaptic plasticity at a temperature of 80 K.
Moreover, figure S5 shows the temperature-dependent
conductance of the active MoS, channel in a temper-
ature range of 280 to 440K, and the conductance
changes by about 3.5 times at T = 440K compared
with its conductance at T = 280 K, which is consistent
with the conductance plasticity shown in figure 2(e).
We also note that other mechanisms such as charge
trap cannot explain the conductance increase (figures
2(e) and (f)) and the decrease (figure 2(h)) depend-
ing on the carrier density. Furthermore, for the role
of doping and temperature in the electrical response
in the transport channel, metal-insulator transition
(MIT) should be considered [36]. In MoS,, there is a
critical doping concentration for MIT. Below this spe-
cific doping level, the conductance of MoS, increases
with the temperature incresing, which is a typical
behavior of s semiconductor. However, above this dop-
ing level (carrier concentration), it decreases with the
temperature increasing, which indicates a metallic
behavior from a degenerate semiconductor. Therefore,
the conductance plasticity highly depends on the car-
rier concentrations in the MoS,. We carried out the
gate voltage dependent correaltions between conduct-
ance and temperature. It is clearly shown that when the
gate voltage varies (different doping level), the con-
ductance plasticity is different, which proves that the
differentamount of S vacancies in our different groups
of samples could have different conductance plasticity
potential, which could be used to mimic the different
synaptic strengths.

As we understood the conductance dynamics by
the resistive-heating effect, natural (air-based) cool-
ing of the active channel, after stopping the voltage
sweep up to 2V, is expected. Indeed, the conductance
is reset to its original value automatically shown in
figures 2(i)—(1) with characteristic time constants,

which could be interpreted as a consequence of the
natural cooling of the channel. We note that applying
asmall V4 (e.g.0.1V) does not produce the Joule-heat-
ing effect, which enables us to study the conductance
dynamics without altering the residual temperature of
the channel by high voltages.

Together with the working mechanism, figures 2
(e)—(h) reveal that the carrier concentration in the
active semiconducting channel is critical to emu-
late different strengths of synaptic plasticity or con-
nectivity. In the case of a high carrier density of the
active Mo$S; channel, for example, a metallic behavior
appears; the conductance gradually decreases when
the channel temperature increases by applying a high
Va of 2V or repeating the Ij—V4 sweepup to Vg =2V
(figure 2(h)). This is consistent with a previous report
on the metal-insulator transition (MIT) in MoS, by
its carrier concentration [26]. With the carrier con-
centration gradually increasing from figures 2(e)—(g),
the conductance plasticity becomes weaker, and there
is almost no conductance plasticity in figures 2(g)
and (k); this means the carrier concentration in
figures 2(g) and (k) is near the critically point of MIT
[26, 34, 35]. With a further increased carrier concen-
tration of the MoS,, the monolayer Mo§; totally shows
a metallic behavior (figures 2(h) and (1)); as we repeat
the I4—Vy4 sweeps, the conductance decreases. In each
I4—V4 sweep, the conductance (the tangential slopes in
figure S2(d)) also decreases at a higher V.

We conducted a simulation on the conductance
dynamics based on resistive-heating in our two-
terminal device geometry with the monolayer MoS, as
shown in figure 3. The evolution of resistive-heating as
a function of time could be simulated as described in
figures 3(a)—(d). The pulse voltage and its time width
were 5V and 100 ms, respectively in the simulation.
It is clearly observed that the residual temperature
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Figure4. (a) Schematic diagram for the synaptic transmission between two adjacent neurons. (b) The two-dimensional device
structure used for mimicking synaptic transmission in this work. (c) The conductance plasticity ratio and the tunable time constants
described in figures 2(e)—(h). (d) A pair of presynaptic spikes with a specific time interval and the corresponding triggered EPSC.
(e) PPFand PPD indexes after stimulated by two continuous pulses. The different time intervals of these two consecutive pulses
ranges from 10 ms to 10s, respectively.

increases in the channel, which is dominant near the
metal electrodes; the contact resistance drives the
resistive-heating in the series connection of the elec-
tric channel and contacts shown in figure S6. There-
fore, the influence of channel length on the joule
heating in channel could be negligible. The -V curve
of another device with small channel length (~50nm)
is shown in figure S7 and the condutance plasticity due
to joule heating could be seen clearly. The temperature
in the channel was calculated as T'= 473K shown in
figure 3(d), which is consistent to the temperature
range and conductance changes (3-5 times) described
in figures 2 and S5. Natural cooling was also simulated
shown in figures 3(e)—(h) with a characteristic time of
500 ms. Accordingly, the conductance facilitation and
depression in figure 2 could be understood based on
the simulation studies.

Using the resistive-heating energy given by the
formula (Q = I’R) and the heat capacity of the mono-
layer MoS, (Q = CmAT = CpVAT) where C, p, and
V are the specific heat, mass density, and the volume
of the monolayer MoS,, we calculated an expected
temperature of T = 803K. The experimentally esti-
mated temperature (~473K) is lower than the calcu-
lated temperature probably due to the heat dissipation
through the SiO, substrate and the air convection.

From the discussion above, we realized diverse
conductance plascitity of monolayer MoS, by selective
growth technique, which could be used to mimic the
synapse. As shown in figure 4(a), the synapse links two
adjacent neurons; neurotransmitters are released from
the presynaptic neuron into the postsynaptic neuron
when the the action potential is achieved in the presyn-
aptic neuron. The information transmission process is
described by a device structure as shown in figure 4(b).
The source electrode with a certain of voltage emulates
the release of neurotransmitters from the presynaptic
neuron, and the signal is collectd by the drain electrode
(postsynaptic neuron) throught the MoS, channel,
which can be considered as information transmision
in figure 4(a).

In our samples, the conductance ratios between
before and after a Joule heating, and the time constants
of the plasticity (the time required for the decay of the
maximum conductance to its half value) of samples of
G1-G4 are summarized in figure 4(c). For sample of
G1-G2, the conductance ratio is larger than ‘1’ due to
their semiconducting nature; The sample of G3 shows
almost a conductance ratio of ‘1’ as we discussed in
figures 2(g) and (k). However, the sample of G4, hav-
ing the highest carrier concentration among the four
samples, exhibits a conductance ratio of less than ‘1’ in

6
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receive inputs from the synaptic synapse network mimicked by our monolayer MoS,-based devices. (b) Spatial summation of two
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one excitatory synapse. Their corresponding conductance plasticity with the different inputs are shown in ‘(b)—(d)’. The blue lines
in (b)—(d) represent the threshold level of firing in the target neuron.
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figure 4(c) reflecting a metallic behavior (figures 2(h)
and (1)).

Concerning the characteristic times, increas-
ing time constants are observed from samples of G1
to G3; these increases are due to the different cooling
processes of the active channel with different carrier
densities. In particular, because there is almost no con-
ductance plasticity in the sample of G3, the time con-
stantbecomes infinite in figure 4(c), we used a hollowed
pink square to represent the infinite time. The sample
of G4 exhibits a short time constant due to its fast cool-
ing of the metallic MoS, compared to that of the semi-
conducting MoS,. Such conductance ratios higher and
lower than 1 (blue rectangles in figure 4(c)) emulates
the excitatory/inhibitory synapes, respectively.

This realizes two basic synaptic computation:
paried pulse facilitation (PPF) and depression (PPD),
defined as A,/A;, to evaluate the strength of synap-
tic plascitity, where A; and A; are the absolute ampl-
itudes of excitatory/inhibitory postsynaptic current
when excited by two continous presynaptic impulses,
respectively, as shown in figures 4(d) and (e). The volt-
age amplitude and width used in this measurements
are 25V and 50 ms, respectively. Figure 4(e) shows that

the strength of synaptic plasticity highly depends on
the time interval of two impluses.

By using the two types of synaptic plasticity, we
demonstrated synaptic spatiotemporal summation,
a synaptic network for diverse cognitive behaviors,
based on our monolayer MoS, having controllable
synaptic plasticity. The synaptic computation includes
synaptic potentiation (excitatory synapse, ES), depres-
sion (inhibitory synapse, IS) with diverse character-
istic times. A schematic picture of an artificial target
neuron with a synaptic network is shown in figure 5(a)
where a combination of ES and IS determines the post-
synaptic input for the target neuron [37, 38], which is
called ‘synaptic summation’ [38,39].

A synaptic circuit with two ESs, a spatial synaptic
summation, is demonstrated in figure 5(b). An overlap
of synaptic facilitation from the sum of two ESs, as a
postsynaptic input for the target neuron, could be gen-
erated, and the postsynaptic input signal easily over-
comes the threshold membrane potential of the target
neuron. On the other hand, a spatial synaptic summa-
tion with combination of one ES and one IS produced
a compensated signal from the synaptic facilitation
(ES) and depression (IS); the postsynaptic input from
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the compensation cannot overcome the threshold
membrane potential of the target neuron (figure 5(c)).
We note that this is the first demonstration of circuit-
based synaptic transmission engineering by single ES
and IS monolayered two-terminal devices. Another
temporal synaptic summation with several repeated
stimuluses as inputted signal is demonstrated in
figure 5(d) where the overall behaviors are similar to
that demonstrated in figure 5(b). The optical images
of the corresponding device are shown in figure S8.
Moreover, to avoid the effect of ambient, we use the
h-BN, which is the most stable 2D materials, to passi-
vate the device, as shown in figures 6 and S1, the stable
operation is over 30 d.

4. Conclusions

In summary, selective CVD growth of monolayer
MoS; based on a simple precursor density control was
developed for constructing efficient and integrated
synaptic networks. Each MoS,-based synaptic device
in the synaptic networks has two-terminal geometry,
allowing an easy integration and the emulation of ES
and IS. The control of the doping level through the
CVD process induces the electronic phase transition
(MIT) in the MoS, that enables the engineering of
synaptic plasticity for ES and IS synaptic devices. We
demonstrated a neurophysiologic behavior for basic
spatiotemporal synaptic summation circuits with
the MoS,-based devices. The fundamental origin
of the synaptic plasticity with the MoS, was found
to be energy-efficient resistive-heating of the two-
dimensional material, particularly, near the junctions
with the electrodes. Our work paves the way to mimic
the complex cognitive processes in the brain.
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