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ABSTRACT

Recently, two dimensional (2D) layered materials are being identified as potential candidates for different
device applications such as memristors and brain inspired computing. These materials exhibit unusual
physical properties such as atomic thickness, mechanically robust, tunable electrical and optical proper-
ties. These fascinating properties of 2D materials are very difficult to achieve with traditional materials
used for different electronic purposes. The 2D materials are promising for high performance synapses
and artificial neurons because of their high energy efficiency, excellent scalability, and high integration
density. The present article gives an overview on the properties of 2D transition metal dichalcogenides
(WS,) based electronic devices for memristive switching and biological synaptic behavior. Moreover,
its integration into large-scale devices and associated challenges are being summarized along with the

future prospective.

Copyright © 2022 Elsevier Ltd. All rights reserved.
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1. Introduction

Memristor is a fourth fundamental circuit element. It is a non-
volatile electronic memory device i.e. memristor based devices
remember their state even after switching off their power. The first
theoretical description of memristor was given by L. Chua in 1971
[1]. It is an amalgamation of “memory and resistor”. It is a passive
two terminal electrical component, which relates the time integral
of current (electric charge) and magnetic flux through it. The resis-
tance of a memristor is a function of charge flowed through it (al-
ternatively, function of current). The resistance increases when
current flows in one direction. However, the resistance of a mem-
ristor decreases when the current flows in the opposite direction,
but never goes below zero. It signifies that the resistance of a mem-
ristor holds the value that it had earlier when the current is
stopped. Alternatively, memristors “remember” the final value of
current flowed through it. Hence, a memristor act as a memory
as well as resistor.
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In the electrical realm of science and technology, there were
only three fundamental electrical components known namely:
resistor (R), inductor (L) and capacitor (C). The fourth fundamental
electrical component came into existence in 1971 [1], which is
known as the memristor (M). There exist different types of mem-
ristor. The common characteristics of all type of memristor is that
they possess a pinched hysteresis curve between current and volt-
age [2]. The shape of pinched hysteresis may vary because it
depends on the device. However, it always passes through the ori-
gin. In 1976, Chua et al. generalized the concepts of memristors
and memristive systems to demonstrate a physical device [3].
However, this work becomes more attractive for scientific commu-
nity in 2008 when a physical model of memristor was presented by
Williams and his collaborators [4,5]. The theory of memristors
were explained on the TiO, based resistive switching by Hewlett
Packard [4,5]. However, the resistance switching behavior in TiO,
was reported in 1968 [6]. Initially, it was claimed that the TiO,
based device is similar to an ideal memristor. The analytical
expression for the proposed memristor structure is given by

M) = R X4 g (1- X0 00 = 1, B
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where, Ry, and R,y are the resistances of the device when X(t) =D
and X(t) = 0. X(t) is a stable variable and can vary with the dimen-
sion of the device (from zero to D, in the present case).

The memristor based physical device was demonstrated by sci-
entists at HP lab in 2008. The behavior of this physical memristor
was in good agreement with that of the Chua’s memristor model
presented in 1971 [1-5]. After this physical model of memristor,
there were several models of memristor presented such as linear
and nonlinear ionic drift model, Simmon model for different device
applications and others [7-14]. The Strukov model (linear ionic
drift model) was demonstrated by William and his collaborators.
There was a serious problem with this model that it produces very
high electric field upon changing the applied voltage by a small
amount in nanoscale devices. It leads to the significant nonlinear-
ities involved in the ionic transport in the linear ionic drift model.
These nonlinearities can be controlled by the nonlinear type win-
dow function. This is incorporated in the nonlinear ionic drift
model. There are different types of model presented based on the
nonlinear type window function [15]. Biolek model is useful for
logic circuits such as binary and ternary logic circuits. However,
the fabrication process of Biolek model is more complex [16].
Moreover, its properties such as switching time, saturation fre-
quency and I-V characteristics need to be more explored for further
improvement of the device performance [17].

The nanoscale memristor is the most widely used in crossbar
arrays to implement the cross-point devices [18,19]. The
nanoscale-based devices have more advantages than conventional
electronic devices such as high integration density [20,21], fast,
power efficient and non-volatile [22,23]. These devices are useful
in the different fields of electronics such as logic circuits [24], phase
shift oscillators [25,26] and synaptic computing [27,28]. The mem-
ristors have been used to implement different hardware synapse.
These synapses have been integrated for different applications [29].

After the successful demonstration of TiO, based memristor, the
scientists have made good efforts to explore the physics of memris-
tors with different materials such as polymer based memristors for
memory and neuromorphic computing [30-34]. Bessonov et al.
demonstrated a layered memristive and memcapacitive switching
behavior of MoOx/MoS, [35]. The memristive behavior has also
been demonstrated in atomically thin nanosheets or nanomaterials
such as MoS, [36-40]. The oxide based memristor devices requires
large amount of power to operate. It opens an avenue to search the
new materials for memristor based device applications that con-
sume low power (i.e. energy efficient materials). Therefore, in the
present brief review, the focus is made to discuss the WS, based
devices for energy efficient electronic applications such as memris-
tive and biological synaptic applications. This brief review is orga-
nized in the following manner: in the introduction part, a brief
historical and the development of memristor is presented. In the
second section, a brief theoretical description of memristor is dis-
cussed. In the third section, the overview on the WS2 based mem-
ristors and their properties are being discussed for different
applications. Finally, the conclusion of the present work, challenges
to successfully implement these devices to large scale devices along
with future perspectives are discussed.

2. Theoretical description of memristor

Among four fundamental circuit variables q, I, V and ¢, only five
relationships among these fundamental circuit variables were
known initially. These are as follows:
_dq _av dq L de

_ d¢
“a u CCav tw Voa

However, the sixth relationship between ¢ and q were not known. It
was the missing relationship between these fundamental circuit
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variables. This missing relationship between q and ¢ were observed
by Chua in 1971. It led to the existence of fourth fundamental elec-
trical components known as memristor (M), which relates q and ¢
through the relation, M =d¢/dq. Chua identified a symmetry
between three nonlinear fundamental electrical components (R, L
and C). Based on this symmetry, Chua deduced a fourth non-
linear fundamental electrical component that relates charge (q)
and flux (¢). There is different type of memristors namely- current
controlled or charge controlled memristors and voltage or flux-
controlled memristors. A memristor can be characterized by a rela-
tion of the form, f(¢, q) = 0. If f($, q) = 0 is expressible as single val-
ued function of charge, then this memristor is known as the charge
controlled or current controlled memristor. On the other hand, if f(¢
,q) =0 can be represented as a single valued function of flux, then it
is called the voltage controlled or flux controlled memristor [1]. The
voltage across a current controlled memristor is given by V(t) = M(q
(t))i(t), where, M(q) = d¢(q)/dq. The memristance of memristor M(q
(t)) has the unit of resistance. Similarly, the current of a flux con-
trolled memristor can be written as follows: i(t) = w(d(t)) v(t),
where, w(¢(t)) = dq(¢d)/dd. The unit of w(¢(t)) is that of
conductance.

3. Transition metal dichalcogenide-WS, for memristive and
synaptic applications

After successful demonstration of MoS, based memristors,
researchers have taken equal interest in predicting the memristor
characteristics in other TMD materials. Therefore, in the present
article, we focus on the properties of WS, for memristor based
electronic device applications and neuromorphic computing. Two
dimensional memristive devices exhibits unique properties, hence,
could be the potential candidate in neuromorphic computing [41-
44]. The non-volatile switching behavior is also exhibited by sub-
nanometer sized devices [45]. The quantum confinement in two
dimensional materials leads to the unexpected physical and chem-
ical properties. In the family of 2D materials, TMDs, with chemical
formula MX, (M = metal and X = chalcogen), exhibit semiconduct-
ing properties [46]. Among 2D TMDs, MoS, and WS, have gained a
great research interest in the scientific community for high perfor-
mance memristive devices [43,44|. The properties of MoS, have
been studied most widely for different electronic and photonic
applications. MoS, has high on/off ratio of the order of 10® and
band gap of 1.8 eV [47]. The on/off ratio of WS, is of the order of
10° and the tunable band gap of 2.1 eV [48,49]. It is observed that
the lateral devices based on 2D materials consumes more energy
than the vertical devices [50]. Recently, a low-power non-volatile
memory switching is reported in layered 2D WS, device [51].
The programming voltages for both the devices are 0.35 V and
0.55 V for WS, and MoS,, respectively, demonstrating the high
energy efficiency devices. These findings could be useful for brain
inspired computing applications [51]. WS,:PMMA nanosheets
(NSs) based memristor devices also exhibits a flexible and stable
bipolar resistive switching characteristic [52]. These NSs may be
helpful in building the high-performance and flexible resistive
random-access memory (RRAM) devices. The devices based on
WS,:PMMA have high performance in the bent state, which enable
these devices to be used in the next generation wearable device
applications. The WS,:PMMA device and its I-V characteristics
are shown in Fig. 1. It is observed that the current of the low resis-
tive state (LRS) for the device with low bending (10 nm) is around
1.4 times smaller than the device with high bending (20 nm). The
on/off ratio of low bent device is of the order of 10® at 0.5 V. The
oxide based memristors based on oxygen vacancy requires large
operating current. Hence, consumes large amount of power, so it
is very difficult to meet the low power consumption requirement
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Fig. 1. (a) Schematic illustration of the device structure (b) I-V characteristics of flat and bent device. [Adapted from ref. 52]

in the oxide based memristors with oxygen vacancy. The resistive
switching behavior of WS, based memristors depends on the W
and S vacancies. It also depends on the electron hopping between
different vacancies. In WS, based memristor devices, the defect
states induced by W/S vacancies prevent the leakage current
through the device thereby provide a way to realize the low power
consumption memristor device for neuromorphic computing
applications [53]. A schematic device of Pd/WS,/Pt device, its I-V
curve and behavior as a biological synapse is shown in Fig. 2. It
is clear from Fig. 2 (b) that the device requires a large voltage
sweep around 0-4 V to switch from high resistance state (HRS or
OFF state) to low resistance state (LRS or ON state). The device is
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said to be in ON switching state or positive-SET, where the voltage
at current mutations (VSET) is ~0.6 V and the program current in
the ON state is low at 1 pA. Now, switching the polarity of the
device brings the device back to its initial state (HRS state). This
state of the device is defined as the negative-RESET. The device
has very fast SET and RESET timing approximately 13 ns and
14 ns, respectively, Fig. 2(c) and (d). The energy consumption is
very close to the energy consumed by the biological synapses
[54]. The current in the device depend on the pulse number, pulse
interval and pulse width. Under these modulation conditions, the
current of the device is very less (approximately 2 pA). It shows
that the device has fast switching speed and consumes low power.
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Fig. 2. (a) Schematic of Pd/WS2/Pt device. (b) The I-V characteristics of Pd/WS2/Pt device. (c) and (d) show the ON and OFF switching of the device using 13 ns and 14 ns
voltage pulses, respectively. The SET and RESET energies are 299.8f] and 125.6f], respectively. [Adapted from ref. 54]

3



A. Khuraijam, V. Kumar, N. Halder et al.

Hence, it may be useful for brain inspired computing applications.
Moreover, it is also seen in the biological synapse that the exces-
sive stimulation with high frequency pulses leads to an inflection
from potentiation to depression. A schematic of a biological
synapse is shown in Fig. 3. Fig. 3(b) shows the paired-pulse facili-
tation (PPF) behavior. The postsynaptic response of the second
pulse is higher than the first pulse upon receiving two successive
pulses by a neuron. This phenomenon is known as PPF. The phe-
nomenon of PPF in biological synapse is because of the increased
concentration of present ionic species, which enhances the number
of neurotransmitters [42]. When a memristor receives two consec-
utive pulse spikes, the second pulse spike generates large excita-
tory postsynaptic current (EPSC) compared to the first pulse
spike. The amplitude of generated EPSC depend strongly on the
pulse interval. It is found that this pulse time interval and EPSC
amplitude is inversely proportional to each other. This behavior
is shown in Fig. 3(b). Fig. 3(c) schematically illustrates the pulses
applied to the device to demonstrate the spike timing-dependent
plasticity (STDP). Fig. 3(d) depicts the wight change in the conduc-
tance of the memristor device. The conductance weight of the
memristor increases for the pre-post condition (i.e. for At > 0),
while it decreases for the post -pre condition (i.e. for At < 0). The
conductance weight changes are small for large At. Therefore,
one can conclude that the device exhibits the biological synaptic
function, switching behavior based on the W/S based vacancies.
The study also shows that the defects formed by the W/S vacancies
localized in deep level are useful to reduce the leakage current.
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Hence, the device consumes low power. These characteristics of a
memristor could be used to realize the future brain-inspired
computing.

A resistive random-access memory (RRAM) is also a nanoscale
memristor device. The reliability of this memristor device is not
sufficient because of the randomness in the conducting filament.
However, it can be improved with the device structure of the type
Ag/Zr0,/WS,/Pt. In this device model a layer of 2D WS, is inserted
into the memristor device to form a 2D material and oxide double-
layer memristor device (2DOMD). This device exhibits high stable
memristive switching and concentrated ON/OFF voltage distribu-
tion. This device has high speed, longer retention time and endur-
ance. The 2D material and oxide-double layer memristor device
has two different layers with different ion transport rates of Ag
ion in the 2D material layer and oxide layer. It limits the rapture
of conducting filament at the junction of two layers thereby reduc-
ing the randomness of conducting filament in memristor device
because of the growth area of memristor device is shortened. Thus,
the incorporation of 2D materials and oxides into a double layer
memristor device can significantly enhance the practical applica-
tions of RRAM. Therefore, it may be useful in brain-enhanced com-
puting systems for artificial synapses [55]. The enhanced reliability
is not only crucial for quick and accurate information processing,
however, the trivial sensitivity as well as temporal/spatial repro-
ducibility are also equally crucial for quick and accurate informa-
tion processing. All these properties are very difficult to achieve
with the conventional memristors. These difficulties can be
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Fig. 3. (a) Schematic illustration of biological synaptic junction between presynaptic and postsynaptic neurons. (b) The paired-pulse facilitation (PPF) ratio as a function of
pulse interval. The inset shows the schematic of the PPF test pulse for pulse width of 500 ns and pulse amplitude of 2 V. (c) Schematic representation of pulses applied to the
device in the demonstration for spike timing-dependent plasticity (STDP). (d) Weightage change of the device with the time difference between pre- and post-neurons (At). It

shows the STDP response. [Adapted from ref. 53]
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avoided by serially connected memristors comprised of ZnO and
vertically grown WS, layers [56]. The interlayer separation
between two layers (WS, and ZnO) provides an effective porous
medium for the growth of defective ZnO. These combination of
memristor have high reproducibility of artificial synapse and
robust performance. The device composed of two serially con-
nected memrisotrs has short to long-term plasticity, spike-
dependent plasticity, time dependent plasticity and paired pulse
facilitation along with remarkable tunable dynamic range includ-
ing comprehensive biological synaptic functions. The vertically
aligned WS, layer significantly enhances the performance of the
device due to the conduction confinement in one direction along
the channel. Therefore, this robust two-terminal memristor device
shows a way to fabricate a highly stable large-area neuromorphic
computing device.

4. Summary and future perspectives

The present study gives a brief overview of the WS, based
memristive devices for neuromorphic brain-inspired computing
applications. The working and operation along with synaptic
behavior of these devices are extensively discussed. These 2D
materials-based devices have many different advantages com-
pared with the devices based on the conventional materials. Nev-
ertheless, these devices possess different challenges to
implement 2D materials in biological synaptic devices for real-
life applications. It requires large-area defect free preparation
and manufacturing of materials along with high energy efficient
and high integration density devices. The major challenge is to
grow thickness controlled high quality large-scale 2D TMDC
materials-based film. Although, there are techniques to grow
TMDCs based compound 2D materials, but the industrial-
scalability and controlled morphology remains challenging
[57,58]. Moreover, the properties and parameters are also strongly
dependent on the thickness, defect, and doping concentration.
These hinder the growth of high quality and large scale 2D TMDC
materials. The wafer scaled techniques are being used to transfer
the high quality as prepared 2D TMDCs materials onto arbitrary
substrates, which are useful for mechanically deformable 2D
materials-based brain inspired computing applications. There are
different techniques providing feasible wafer scaled 2D layer trans-
fer [59,60]. The 2D TMDC materials have been more extensively
explored for different applications [61-64].
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