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The rapid development of big-data analytics (BDA), internet of things (IoT) and artificial intelligent
Technology (AI) demand outstanding electronic devices and systems with faster processing speed, lower

power consumption, and smarter computer architecture.

Memristor, as a promising Non-Volatile

Memory (NVM) device, can effectively mimic biological synapse, and has been widely studied in
recent years. The appearance and development of two-dimensional materials (2D material) accelerate
and boost the progress of memristor systems owing to a bunch of the particularity of 2D material
compared to conventional transition metal oxides (TMOs), therefore, 2D material-based memristors
are called as new-generation intelligent memristors. In this review, the memristive (resistive switching)
phenomena and the development of new-generation memristors are demonstrated involving graphene
(GR), transition-metal dichalcogenides (TMDs) and hexagonal boron nitride (h-BN) based memristors.
Moreover, the related progress of memristive mechanisms is remarked.
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1 Introduction

Since Strukov et al. [1, 2] in 2008 found the missing mem-
ristor conceived by Chua in 1971 [3], exploitation of non-
volatile memory had drawn giant interests in computing
science and multidiscipline on convinced that the tradi-
tional Von Neumann paradigm and integration architec-
ture were facing its bottleneck and impending physical
limits (~ 5 nm) [4-8]. Conventional memristor has been
used in the artificial chip to realize deep learning algo-
rithms such as sparse coding [9, 10], reservoir comput-
ing [11], and used as an artificial nociceptor [12], which
is a critical and special receptor of a sensory neuron to
detect noxious stimulus. Yet it is noteworthy that the
exact defination of memristor has sparked bitter contro-
versy. Some researchers believe that it is inappropriate to
use memristors as a replacement for all resisitive memory
devices, and they consider that the property of pinched
hysteresis loops alone cannot serve as a good indicator of
memristors since that property is shared by some different
types of devices [13, 14]. Besides, they also argued that for
the real memristor, the functional dependence of its mem-
ory resistance on only the net charge (¢), and this has not
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yet been demonstrated experimentally [13]. However, the
controversy mentioned above is not the main content of
this acticle, so we will not disscuss comprehensively about
this. Here, we refer to a memoristor as a widely accepted
defination, a device that depends on changes in resistance.

Memristor or resistive random access memory (RRAM)
typically has the simple form of two terminals sandwich-
ing a “switching” layer which enables stack readily in hori-
zontal or vertical 3D framework, being accessible to ultra-
high-density integration and low-cost fabrication [12, 15—
17]. The emerging technologies have shown that the mem-
ristive (resistive switching, RS) device can be scaled to
sub-10 nm feature sizes [18], and retains memory signals
for years [15]. So far, the individual device has offered very
appealing performance including nanosecond switching
speed [19-21], trillion-cycles erase-write endurance [20, 22]
and femtojoule energy consumption [23, 24]. The ultimate
scaling of the RS layer or electrodes can be just few atom
layers by integrated and tuned the properties of novel 2D
materials [25, 26].

The typical RS effect involves ion redistribution in
the solid-electrolyte layer. The working principle is fo-
cused generally on two sides: (i) valence change memory
(VCM) [27] due to oxygen deficient (or oxygen-vacancy
ionic-bridging) and cations migration [28]; (ii) electro-
chemical metallization (ECM) [29] owing to active metal
cations drift from active nodes [30] to inert electrode. Be-
sides, a thermochemical mechanism (TCM) [31] is also
proposed and long-debated. A set/reset switching process
includes generally the oxidation, migration, and reduc-
tion of the cation or anion species, leading to the forma-
tion/rupture of a conductive channel (e.g., conductive fil-
ament, CF) in the dielectric layer. The RS process can be
abrupt (digital)/gradual (analog) based on the different
responsive mechanisms evolving at different timescales,
and also be unipolar/bipolar dependent on different in-
ternal ions diffusion processes. The devices in different
RS types can realize various comuputing functions, for in-
stance, the applications in neural networks [32-35], and
boolean logic circuit [36-38].

In the past decade, graphene, transition-metal dichalco-
genides (TMDs), and other non-carbon based material
have been widely and thoroughly studied because of their
novel physical phenomena and diversified applications
ranging from nanoelectronics and nanophotonics to sens-
ing and actuation at the nanoscale [25, 39, 40]. These
burgeoning materials have also been used as the surface
electrode or interlayer in the memristor or resistive switch-
ing device. Recently, Lu et al. and Liu et al. reported that
graphene defect-engineering can be used to tune the size
of the CF by controlling the oxygen vacancy and active
metal ionic [41, 42]. In 2015, TMDs was first introduced
into memristor, however, the memristive property was de-
graded due to unmanageable grain boundary types [43].
Later, the memristive phenomenon was discovered in a
wide range of single layer TMDs (MoSy, MoSes, WSes,
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and WSs) [44, 45]. Guo and Wang et al. reported an
atomically thin femtojoule memristive device, which only
exhibits sub-nanometer filamentary switching with sub-
PA operation current and femtojoule per bit energy con-
sumption [46]. Based on the aggressive progress reported
previously in this field, numerous reviews have been or-
ganized in the right past decade [6, 12, 15, 47]. In this
review we will focus our concerns on mainly the memris-
tive phenomena and development in new-generation mem-
ristors based on 2D layered material, and then remark
the progress of memristive mechanism. Besides, we also
summarise the methods of CF controlling in TMDs based
memristor and conventional memristor, which may pro-
vide a feasible solution for ultimate application of the new-
generation memristors.

We will organize this review as follows. Section 2 is
about graphene and graphene oxide based memristors.
Section 3 is about TMDs and other non-carbon based
memristors. Section 4 is the discussion of the memris-
tive mechanism in both 2D layered materials and conven-
tional materials. At last, a brief summary and outlook of
the new-generation memristor are presented.

2 Progress in new-generation intelligent
memristors

2.1 Graphene and graphene oxide-based memristors

Graphene has attracted worldwide attention due to the
fascinating properties predicted and measured, including
stable monoatomic structure, super electron mobility, high
thermal conductivity, unique mechanical properties, and
the recently discovered superconductivity [48-52]. Recent
years, a growing interest in memristive devices has also
been directed toward graphene or graphene oxide-based
memristors.

Even though graphene is generally not be used as
the switching medium in memristive devices due to the
super electron mobility, graphene and its other deriva-
tives have been studied as electrodes and interfaces ma-
terial due to their low manufacturing cost, high mechani-
cal flexibility, and high optical transparency, which can
practiclely improve the device performances. Recently,
A highly reliable, flexible memristor array consisting of
graphene/Al,O3/MoSs heterostructures was built, where
the graphene worked as a floating-gate, and 93% of the
devices exhibit an on/off ratio of over x10% with an aver-
age ratio of 10* [53]. Halbritter et al. demonstrated that
a Si0,-based memristor was confined by few nanometer
wide nanogaps between graphene electrodes, demonstrat-
ing that, the internal time scale, the dead time play a
fundamental role in the system response to various driv-
ing signals except for the commonly observed bias voltage
dependent set and reset times [54]. Graphene electrodes
with organic resistive switching media provide high trans-
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parency of 92%, holding long retention of 10* s and high
Ion/Iopr of 105 [55]. As shown in Fig. 1(a), Choi et al.
reported a good device performance with the endurance
of 1.5 x 10° cycles, Ion/Iorr of 10° [56]. Even after bent
over 1.5 x 10° times, switching characteristics change lit-
tle. In 2020, Wang et al. reported that a cheap and mass-
productive compacted self-assembly (CSA) graphene with
hydrogen (Hs) plasma surface modification graphene was
introduced into bottom electrode (BE) of gadolinium ox-
ide (Gd;O,) memristors, realizing high rubustness and
low operating voltages synapses in a single device [57].
As interface material, graphene is able to control inter-
face oxygen ions channel, capture oxygen ions in mem-
ristive medium, and suppress surface effects [41, 42, 58|.
In a standard memristor structure, the migration of oxy-
gen ions is not well controlled leading to undesirably
large leakage current, device-to-device and cycle-to-cycle
variability issues, and device failure to reset. Graphene
with controllable nanosized openings was inserted be-
tween Ta and Tas Oy to modulate the oxygen ionic trans-
port, redox reactions, and device performance. Work-
ing current was reduced by decreasing nanopore sizes.
Therefore, lower energy consumption could be achieved
at the same set/reset voltage [Fig. 1(b)] [41]. Liu et al.
modulated the cation injecting path to the RS layer by
structure-defective graphene to control the CF quantity
and size [Fig. 1(c)] [42]. Finally, a low operating current
(~ 1 pA) memory and a high driving current (~ 1 mA)
selector are successfully realized in the same material sys-
tem. Chaplygin et al. added graphene islands into a clas-
sic poly(ethylene oxide)/polyaniline (PEO/PANTI) organic
memristive device where the conductance of the PANI
layer is regulated by the drifting of Li* ions [Fig. 1(d)] [58].
The graphene islands can capture the Lit ions in excess,
thus failure of the device caused by PANI film reoxidation
will be prevented. In other work, graphene was inserted
into the device structure to suppress the surface effects
such as chemisorption and surface band bending.

In contrast to graphene, graphene oxide (GO) sheets are
oxygenated, loaded hydroxyl, epoxide functional groups,
carbonyl, and carboxyl groups [59]. Electrical insulation
originated from these functional groups allows GO to be
a choice of switching medium for the memristive device.
Two different mechanisms have been proposed to explain
the unique electrical behavior: oxygen ion diffusion driven
by the electric field and the formation of a metal fila-
ment due to the diffusion of the metal atom from the
electrode under an electric field excitation. For the for-
mer mechanism, migration of oxygen ions makes the GO
layer transform from sp® hybridized state to sp? state,
corresponding high resistance state (HRS) to low resis-
tance state (LRS) [60]. A metal-insulator—metal (MIM)
structure where GO is in the middle of two Al electrodes is
reported [61]. The presence of an aluminum oxide insulat-
ing film at the interface between the GO and Al electrode
creates a contact resistance to participate in the switch-
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ing process, while the GO layer just behaves as oxygen
ions reservoir. In 2017, a novel bioinspired switching de-
vice was developed by stacking graphene oxide nanoribbon
networks (GOR-Ns) into the layered GOR-N membrane
(GOR-NM), with an excellent flexibility, reliability, and
superior Von/Vorr ratio of up to 10°. The switching be-
havior was induced by the structural polarization of GOR-
NM by asymmetric electrochemical oxidation/reduction
creating oxygen concentration gradient [62]. Recently,
Valov et al. presented that the moisture played a crucial
role in the formation of oxygen vacancies, thus determin-
ing the forming voltage and kinetic process [63]. In addi-
tion to the oxygen ion drift, the formation of a metal fila-
ment within the insulating layer is another explanation of
memristive behavior. This was clarified by a Cu/GO/Pt
structure [64]. Applied a positive voltage to the top Cu
electrode, metal ions migrates from the top electrode to
the bottom electrode through the GO film. The resistance
state switch from the HRS to the LRS when the filament
reaches to the bottom electrode. An inversion of voltage
causes back-diffusion of the metal ions. In 2021, Sahu et
al. structured Ag/GO /fluorine-doped tin oxide memris-
tor device, and this device sucessfully exhibits the essen-
tial synaptic learning behavior including analog memory
characteristics, potentiation and depression [65].

2.2 TMDs and other non-carbon 2D layered material-
based memristors

The graphene has been widely studied because of its
rich physical and electronic properties. However, pristine
graphene has not a bandgap, affecting its applications in
some practical situations. TMDs with a general chemical
formula of MXs, where M is a transition metal atom (for
example, Mo, W, Ti, Zr, Ta, Nb) and X is a chalcogen
atom (for example, S, Se, Te), have the advantage over
graphene by tunable bandgap, such as composition varia-
tions, thickness controlling and doping engineering.

To date, many types of RS device have been developed
based on TMDs. In the beginning, TMDs are thought
to be not ideally suited for memristors because of the in-
trinsic semiconductor property, they need to be function-
alized to add an insulating layer. Liu et al. reported a
flexible memory device with a stack of PET/RGO/MoS2-
PVP/Al fabricated by polymer-assisted exfoliation, and
its Ion/IoFr ratio was only about 10% [66]. With the same
device structure, Huang and Tan et al. had managed to
mix MoS,; with GO, P123, and ZIF-8 respectively. They
found that the Ion/Iorr ratio of MoSy with ZIF-8 was en-
hanced to 7x10%, and the RS property could remain about
1.5x10% s [67]. The memristive phenomenon had not been
discovered in the pristine single-layer MoSs until Sang-
wan et al. reported a gate-tunable memristor, as shown
in Fig. 2(a), based on grain boundary effects in single-
layer MoS,. The switching ratio was raised up to 10°
and a dynamic negative differential resistance (NDR) was
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found [43, 68]. However, The memristive characteristics
of devices were strongly dependent on the grain boundary
configurations, typically as parallel, perpendicular and in-
tersecting configurations, and the set/reset processes need
a higher voltage in the MoS, devices than the traditional
memristors. Later, Cheng et al. reported a memristor
based on only 1T phase MoS,; with the structure of ver-
tical Ag/1T-MoSs/Ag, where an on/off ratio of three or-
ders of magnitude, tiny set or reset voltage about 0.2 V
and good cycle endurance above 1000 times were realized
[Fig. 2(b)] [69]. In the reported devices, a memristive phe-
nomenon occurred since the electrical field induced lattice
distortion in 1T phase MoSs, leading to the change of re-
sistance. However, these devices were fabricated by spin-
coating the MoSs nanoflakes on the active Ag electrode,
this made it ambiguous whether only 1T phase MoSs play
an essential role in the RS effects or mixing with other
conductive mechanisms. For example, the active Ag elec-
trodes form the conductive channels by the conventional
redox processes. At the same time, Yoshida et al. reported
that memristive behavior could occur within 2D 1T-TaSo
crystals, and memristive characteristic depended on the
thickness of the 2D crystals [70]. Although the RS mech-
anisms are still in dispute so far and single-layer TMDs
based memristors have difficulties in preparing, the verti-
cal MIM structure devices are of contemporary preference
owing to their smaller footprint and denser integration

not only from a fundamental research perspective but also
practical application perspective.

Recently, Akinwande et al. made an remarkable pro-
gress, overturning the long-standing view that nonvolatile
RS is not scalable to sub-nanometer due to the leakage
current issues [Fig. 2(c)] [44]. They obtained observa-
tions of resistive switching phenomenon in a variety of
single-layer TMDs atomic sheets (MoSs, MoSes, WS, and
WSes) in the advantageous MIM configurations [45]. In
these memristors, an on/off ratio above 10* was achieved,
and the storage state remained above 10% s. Then Com-
bining the scanning tunneling microscopy/scanning tun-
neling spectroscopy (STM/STS) and local transport stud-
ies, they took memristor based on monolayer MoSsy as
example, built a model named dissociation—diffusion—
adsorption (DDA), and elucidated the origin of the switch-
ing mechanism in atomistic level [71]. Involving the intel-
ligent TMDs-based memristors, one of the most impor-
tant questions is the robustness in the use of an array
of memristors. In March 2018, Miao et al. proposed a
strategy to enhance the robustness based on a van der
Waals heterostructure made of fully layered 2D materials
(graphene/MoSs_, O, /graphene) [Fig. 2(d)], in which re-
peatable bipolar resistive switching with endurance up to
107 and high thermal stability with an operating temper-
ature of 340 °C were exhibited [72]. In situ STEM was
performed to reveal the nature of the robustness and the
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Fig. 1 (a) Flexible organic bistable devices based on graphene embedded in an insulating poly(methylmethacrylate) layer,
being able to bend over 1.5x10° times. (b) Tuning ionic transport in memristive devices by graphene with engineered nanopores.
Reproduced from Ref. [41], Copyright © 2016 American Chemical Society. (c¢) Cell structure and schematic illustrations of the
cation migration by graphene-based defects-engineering. Reproduced from Ref. [42], Copyright © 2018 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. (d) The drifting of the Li* ions based on thin polyanilinegraphene films.
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related RS mechanism. They indicated that the extra- rameters (such as switching speed and retention time) are
high thermal stability of the MoSs_,O, layer could ef- thought to be still far from their traditional counterparts.
fectively avoid the undesirable migration of oxygen and Hexagonal boron nitride (h-BN), which is a 2D lay-
sulfur ions, and prevent possible reactions between the ered insulator material, sometimes referred as “white
conduction channels and the surrounding media. Guo graphene”. Compared to the traditional dielectrics like
et al. also reported a n-MoS,/p-Si heterostructure with  SiOs or TMOs, h-BN can be prepared with a very
photonic potentiation, and the electric habituation was flat/uniform surface that may reduce variations of the
used as memristive synapses [73]. Versatile synaptic neuro- memristor devices. Its superior chemical stability can in-
morphic functions, such as short-term memory, long-term  hibit interaction with adjacent layers, and its high ther-
memory, and paired-pulse facilitation, were successfully mal conductivity may favor heat dissipation in the elec-
mimicked in their memristor system. Chen et al. reported tronic devices. On the other hand, compared to other 2D
an artificial flexible visual memory system based on an conductive and semiconducting materials, h-BN do not
UV-motivated memristor [74]. This memory system can need any transfer process to build the memristor devices,
realize the detection of UV light distribution with a pat- as it can be grown directly on a metallic substrate (act
terned image and the memory information can keep for as top/bottom electrode) using chemical vapor deposition
a long retention time. Although the performance of the (CVD) technique, and the insulating nature of h-BN can
TMDs-based memristor was improved rapidly, the key pa- result in a large current on/off ratio.
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Fig. 2 (a) Gate-tunable memristor based on boundaries in monolayer MoSs. i) The device structure of gate-tunable memristor
based on the motion of S vacancies. ii) The grain boundary drifting under the set voltage from 0 V to 5 V and the memristive
characteristic with switching ratio up to 10°. Reproduced by Ref. [43], Copyright © 2015 Springer Nature. (b) An ideal
memristor based on 1T phase MoS;. i) The device structure of vertical Ag/1T-MoSz/Ag memristor. ii) The TEM images and
electric properties of 2H phase MoSs and 1T phase MoSs. Reproduced from Ref. [69], Copyright © 2016 American Chemical
Society. (¢) Atomristor based on single-layer transition-metal dichalcogenides atomic sheets. i) The schematic device structure.
ii) The TEM image of the Au/MoS2/Au memristor (thickness ~0.7 nm). iii) The memristive feature of MoS2 based memristor
with Ton/Iorr > 10*. Reproduced from Refs. [44, 45], Copyright © 2018 American Chemical Society, Copyright © 2020
Wiley-VCH GmbH. (d) Robust memristors based on layered twodimensional materials. i) The MoSz based memristor with a
structure of graphene/MoS2/graphene. ii) Clear interface in the memristor between the MoS; interlayer and graphene electrode.
iii) The high thermal stability under different operating temperatures up to 340 °C. Reproduced from Ref. [72], Copyright
© 2018 Springer Nature. (e) Atomically thin femtojoule memristive device based on monolayer BNO,. i) Monolayer BNO,
based memristor with the structure of Ag/BNO,/Graphene. ii) AFM and TEM images of the BNO, and memristor device,
respectively (thickness ~ 0.9 nm). iii) The changes of high/low resistive states of the memristor under a sub-pA operation
current with endurance up to 100 cycle times. Reproduced from Ref. [46], Copyright © 2017 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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Over the last decade, memory devices based on hybrid
nanocomposites including polymers and h-BN is devel-
oped owing to their capacity of trapping charged carriers
to realize the nonvolatile memory effect. Lee et al. re-
ported a novel flexible memristor device comprising an
ultrathin ABN (h ~ 3 nm) active layer sandwiched be-
tween the Ag top electrode and Cu foil bottom electrode
on a polyethylene terephthalate substrate [70]. The as-
fabricated Ag/h-BN/Cu foil memory device showed ex-
cellent performance in various aspects including on/off
ratio (~ 100), write/erase cycling (~ 550), retention time
(~ 3x10? s) and bending endurance (~ 750 cycles). Soon
after, Choi et al. reported that a flexible resistive memory
device based on a stack of h-BN/polymers nanocomposites
(polyvinyl alcohol) [75]. The on/off ratio at a read volt-
age of 0.26 V was recorded to 4.8 x 102, which is enough
to distinguish the HRS from the LRS. The memristors
also possessed good mechanical robustness over 1500 cy-
cles bending. Lanza et al. repored that the coexistence of
forming free bipolar and threshold-type RS was existed in
mutilayer BN reactorand and developed a series of worth-
while RRAM devices with low operation voltages down to
0.4 V, high current on/off ratio up to 10, and long reten-
tion time above 10 h, as well as low variability [76]. They
also achieve good control of the device properties by tun-
ing the thickness and grain size of the h-BN stack, as well
as by inserting interfacial graphene electrodes. As far as
we know, the morphology and dimension of CF formed in
a memristive device are strongly influenced by the thick-
ness of its switching medium layer. Appropriate scaling
of this active layer thickness is critical toward reducing
the operating current, voltage, and energy consumption
in filamentary-type memristors. Guo and Wang et al. re-
ported an atomically thin femtojoule memristive device,
which only exhibits sub-nanometer filamentary switching
with sub-pA operation current and femtojoule per bit en-
ergy consumption [Fig. 2(e)] [46]. This device has a stack
of Ag/BNO, /Graphene, where a very interesting feature
is the strong dependence of its switching characteristics
on the thickness of the BNO,, layer. Devices with a thin-
ner BNO, layer can be operated reliably under the lower
current and voltage in both the set and reset states. It
is worth noting that the formation/rupture of CFs in a
sub-nanometer thickness of h-BN is reported in the first
time, three months later than the related reports of MoSq
in a sub-nanometer thickness [44, 46].

In addition, Akinwande et al. reported the nonvolatile
RS (NVRS) capabilities of single-layer BN grown by chem-
ical vapor deposition (CVD) vertically in a MIM sandwich
configures [77]. The devices they fabricated in both bipo-
lar and unipolar modes could achieve fast switching speeds
(15 ns) and high switching ratio (107) via pulse manipu-
lation. The fabrication of this single-atom h-BN NVRS
device extended the atomic resistance member to a 2D
insulator, which could yield newer applications in print-
ing electronics, ultrathin flexible memory, radio-frequency
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switches, and neuromorphic computing. Very recently in
2020, Chen et al. have sucessfully fabricated high-density
memristive crossbar arrays based on wafer scale 2D h-BN
with a high yield of 98%, and used to model an artifi-
cial neural network for image recognition [78], which have
paved the way for the mature applications in the future
industry.

2.3 Performance index analysis

A statistical analysis of performance index in new-
generation memristors is performed in order to compare
the existing data visually and promote the index renewal
in the memristors. Figure 3 shows the related data accord-
ing to 45 recent reports collected since 2015. (Details see
Table 1). In these references, the highest Ion/Iorr, Cy-
cle times and retention time are 1019 [44], 107 times [51]
and 10%s [72] respectively. Among them, the values of
Ion/Iorr and cycle times may meet the demand in the de-
velopment of RRAM or memristor devices, but the reten-
tion time is still not satisfactory. Some data in Fig. 3 were
located in the yellow area of the axes, meaning that few
memristors possessed comprehensive and excellent perfor-
mance index including differentiable Ion/IoFr, high cycle
times and long retention time. Secondly, some graphene-
based memristors marked by red stars exhibit preferable
performance compared to TMDs, BN, and BP based mem-
ristors, which was mainly attributed to the favorable com-
bination of conventional TMOs. Thirdly, most research
articles paid much attention to Ionx/Iorr, cycle times and
retention time. The faster programming/erasing speed,
longer retention time and lower operating voltage, which

Retention time

* -} &
o . \&”’Q
&
&
& @GR
Q@% @ TMDs
J BN/BP

Fig. 3 Device performance indexes of memristors based on
Graphene/Graphene oxides (Red balls and their projection),
TMDs (Blue balls and corresponding projection), BN/BP
(Yellow balls and corresponding projection) along three axes,
Ion/Iorr, Cycle times and Retention time respectively. The
red star on the projective plane implies the best value obtained
according to our statistics. Data in the yellow regions on the
axis represent only one or two parameters provided in the ref-
erences.
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Table 1 Performance indexes in 45 articles since 2015.

Ref. Structure Ion/IoFF Cycle times Retention time (s)
[46] Ag/BNO,/Gr 107 > 100 104
68 Au/monolayer-MoS>-GB/Au 102 15
68] / y
69 Ag/1T-MoS2 /A, 103 103
g g
Au/SL-MoS2 /Au 104 150 > 108
[44] MoSes 107 > 10%
WS, 1010 > 106
[72] GR/MoS2_,0,/GR 104 107 > 10°
[73] n-MoSz /p-Si 4x103 15 150
[74] Ni/Al03/Au 102 > 50 > 1600
75 Ag/h-BN-polymers nanocomposites /ITO 4.8 x 102 103
[75] g poly p
76 Ti/MLG /thin h-BN/MLG/Au 109 > 450 4 x 10*
[
[53] Gr/Alz03/MoSs 104 8000
[54] Gr/SiO, /Gr > 104 > 1000
[55] ZnO-GQDs 106 102 104
[56] Al/PMMA/MLG/PMMA /ITO 4.4 x 108 1.5 x 10° 10°
42 Ag/DG/SiO2 /Pt 5x108 108 104
g
[62] GOR-NM 106 > 1000 108
[79] PCBM—MoS; 3 x 102 > 104
[80] Ag/Gd;0y/Al; Oy /TLG/Ir 103 250 10%
[81] Al/GO-TiO2/ITO/PET 102 104 > 10°
[82] SbaTes nanosheets 103 20
[83] metal/GO(T)/metal 10*
[84] Cu/ZnS/Gr/Cu 106 110 3000
[85] Au/Ni/FeO,~GO/SizNy/nt-Si > 10* 100 5 hours
Cu/GO/Pt 20 > 100 > 10*
[86] Ag TE/h-BN/Cu foil 100 550 3 x 103
Al/BP film/ITO 3 x 10° - > 10°
[87] Cu/nanohole-Gr/HfO2 /Pt 106 107 2 x 10°
[88] PEDOT:PSS/(GO)/m-PEDOT:PSS 10* 1000
[89] graphene/SrTiO3 /Nb:SrTiO3 103 150
[90] Gr/h-BN/Gr 103 50
[91] GO-ZnONRs 3.3x10° 1000 5 x 10*
[92] Al/1T@2H-MoS2-PVPITO/ PET 2 x 102 104 600
[93] Pt/GO/Ti/Pt 102 104 10°
[94] Au/MoS2-PVK/ITO 3 x 10* 108
[95] MoS2/BaTiOs/SrRuOs3 104 48 hours
96 : poly(met silsesquioxane) /1T 10 2 x 10
[96] Al/GQD: poly(methyl silsesq )/ITO 6 4
[97] Au/[N-GO(+)/GO(-)],/Al/PES 10° 50 104
[98] GO/MoS3/GO 100 > 102 > 104
99 g/h- u 100 550 3 x 10
Ag/h-BN/Cu/PET 3
100 m 3x 10 10
Al/BP film/ITO 5 5
[101] Al/A10,/GR/SiO2 10°
a a0, /Pt
43 Ta/G/TaO, /P 106 100
[102] Al/GOZNS/ITOPET 100 200 10*
[103] graphene/AlO, /TiO, /ITO > 300 100 10%
[104] Au/Al;03/BP/Al;O3/BP 103 1000
[105] Ga-doped ZnO/MXo-PVA/Ag 3 x 103 350
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are very important to the development of RRAM and Al
chips, have not receive enough attention. In principle,
all of these will be enhanced by introducing 2D materials.
However, restricted by the fabrication process, current 2D
materials facing several unavoidable shortages such as Van
der Waals gap and Fermi pining which will tremendously
harm the performances of the devices by inducing barri-
ers and gap states to the system. Therefore, compared to
conventional TMOs memristors, there is still a huge room
for development of the new-generation memristors based
on 2D materials. Besides, RS mechanisms need also be
clarified clearly. Subsequently, we will give insights based
on our knowledge in this review.

3 Memristive mechanisms of new-generation
intelligent memristors

The common RS mechanisms are divided into two cate-
gories: that is the aforementioned ECM and VCM. The
essence of the switching mechanisms is subject to the ionic
migration and reconfiguration processes, which lead to the
formation/rupture of conductive channels in the dielec-
tric layer [5-7, 16, 17]. Besides the conventional three
layers structure consisting of active electrode/switching-
layer/inert electrode, 2D materials are also intensively in-
vestigated as an interfacial layer between the electrode and
the interlayer, or within the interlayer. The goal of the ad-
dition of 2D materials is to improve the variation issue and
performance of memristors by controlling the formation
of conductive channels or charge tunneling/trapping pro-
cesses utilizing the impermeability and high work-function
of graphene and similar 2D materials. Nevertheless, the
RS mechanisms are much the same in most of the de-
vices as the ECM and VCM mentioned. Specifically, the
ECM memory includes generally six evolving processes, as
shown schematically in Fig. 4(a). First, the active metal
electrode (e.g., Ag or Cu) is ionized into cations under an
external voltage as shown in the former two panels. With
the increase of the applied bias, the rate of ionization is
speeded up given by the Butler—Volmer equation [106].
Affected by the applied electric field, the cations diffuse
toward the inert electrode through the solid electrolyte
gradually. An inverted-cone cation distribution can be
formed due to the diffusion gradient generated with time,
as shown in panel three. Subsequently, the cations are
reduced to metal atoms from the beginning contact of the
inert electrode and develop toward the active electrode.
Finally, an upright-cone CF can be created owing to the
reduction and cation migration as shown in panel four
and five. A related set and LRS is established in the RS
devices. As the polarity of the voltage is switched, resis-
tance hot-spot effect (as shown in panel five top-center)
and facilitated atom diffusion at the narrowest segment of
the CF result in the fast fusing process referring to Ohm’s
law (power o resistance o< 1/area). Decomposition and
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reversed diffusion make the CF degenerate into the active
electrode, leading to the reset (HRS) process of the device
as shown in panel five and six.

The VCM processes in traditional materials are related
to the oxygen-vacancy ionic-bridging and decomposition
processes. Figure 4(b) expressed a VCM process existed
in MoS, based memristors. In the first set process, the
thermophoresis effect due to the Joule heating drives S
atoms away from the channel region and left the S vacan-
cies forming the CF, leading to the ON state as shown
in panels one and two. In the reset process, the oxygen
atoms move into the channel region and occupy the sites
of S vacancies so as to recover back to the initial OFF
state as shown in panels three and four. It should be
noted that the filled oxygen ions here are more movable
than the sulfur ions due to the lower motion barrier. Dur-
ing the next set/reset process, the oxygen ions would be
driven out/in of the channel region and play a major role
in the RS processes due to the prominent thermophore-
sis effect and the steep temperature gradient produced by
Joule heating. This VCM mechanism has been verified by
in situ STEM [67].

As numerous reviews have already mentioned, control-
ling of the CF formation is very important to address
the variation issue in practical applications of an array
of memristor devices. Here, we also summarize the latest
progress in controlling strategies of the CF formation both
in employing the conventional RS materials with innova-
tive designs [Figs. 4(c)—(e)] and new-generation 2D layered
materials [Fig. 2(c)]. Figure 4(c) demonstrates a design
strategy that uniformity of device performance can be im-
proved by using engineered electrodes with protrusions or
wedge shapes [30]. Choi and colleagues had presented a
similar approach by grown SiGe materials epitaxially with
vertically aligned high-density threading dislocations. The
CF was observed to form preferentially along the disloca-
tions [29]. But an evident drawback of the approach is
the high temperature for SiGe growth, which would be in-
compatible with the existing integration technologies [20].
Figure 4(d) describes that a Ta interfacial layer is impor-
tant in forming an enriched oxygen reservoir, which facil-
itates the oxygen diffusion in the dielectric layer. Com-
pared with metal Ta, a metal Ti layer forms rough gran-
ular structure at the electrode/Ti interfaces, which limit
oxygen scavenging and diffusibility [107]. But, it could be
an effective strategy to control the ionic bridging between
the electrodes by this kind of intercalating methods. An-
other interesting design of the conductive pathway is the
use of mesopores materials, such as Silica mesopores [108].
The orientation of mesopores in the dielectric silica layer
had been demonstrated to modulate the short-term plas-
ticity of an artificial memristive synapse as in Fig. 4(e).
The fastest current increase was implemented by succes-
sive voltage pulses with vertical mesopores orientation.
Besides, the concept of metaplasticity has been introduced
to mediate the CF variations in memristors [109]. A prim-
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Fig. 4 (a) The electrochemical metallization mechanism involved in the 2D materials based memristors, where the set and

reset processes are demonstrated by schematic panels from left to right.

In panel five, the red region represents the hot-

spot area generated by Joule heating, which would break down the formed conductive filament and result in the reset process.
(b) The valence change memory mechanism existed in MoSz based memristors, where the set and reset processes are dominated
by diffusion and migration of sulfur ions, the exchange between sulfur ions and oxygen ions, and diffusion and migration of
oxygen ions. (c¢) Conductive-bridge memristors with an engineered protrusion and typical I-V hysteretic curve. Reproduced
from Ref. [30], Copyright © 2018 Springer Nature. (d) STEM image (left panel) and the EDX mapping of oxygen K-line intensity
(right panel) at the Pt/Ta/STO interface after the gradual resistance decrease. The bottom panels illustrated schematically the
oxygen scavenging processes in the uniform Ta layer and granular Ti interlayer. Reproduced from Ref. [107], Copyright © 2018
American Chemical Society. (e) The schematic fabricated procedure of the memristive synapse with vertical multiporous silica
and SEM and TEM images of the cross-section for the memristors. Reproduced from Ref. [108], Copyright © 2018 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. (f) The schematic diagrams showing the variation of the shape of the conducting
filament in various states. Reproduced from Ref. [109], Copyright © 2018 The Royal Society of Chemistry.

ing stimulus is essential to affect the formation of CF and
its shapes as shown in Fig. 4(f). In addition, graphene
and similar 2D materials have also been demonstrated to
control the CF stability by using, e.g., defect engineering,
as we have mentioned in Fig. 1(c) [42].

4 Outlook for new-generation intelligent
memristors

Diverse achievements have been made in the current re-
search of new generation intelligent memristors, such as
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atomristors based on TMDs, atomically thin femtojoule
memristive device based on BNO, and memristor with
excellent robustness based on the 2D layered material.
However, the practical applications of the memristor or
RRAM are facing several challenges, including cycling en-
durance being still much smaller than that of conventional
volatile memories and the large device-to-device (spatial)
and cycle-to-cycle (temporal) variations. The high qual-
ity and large-area 2D materials are still urgently needed
for developing robust memristor or resistive switching sys-
tems. In addition, conventional memristor has been used
in the artificial chip to realize deep learning algorithms

Zhican Zhou, et al., Front. Phys. 17(2), 23204 (2022)
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such as sparse coding, reservoir computing, and as true
random number generator to generates a string of ran-
dom bits, which can be used as a cryptographic key. The
performance of the logical operation, matrix multiplica-
tion and other relative modules based on new-generation
intelligent memristor still need to be investigated contin-
uously and in depth.

Although there is a long way to reach the ultimate ap-
plications and industrialization, we deeply believe that
memristor is still the most promising candidates not only
for the next generation of highly scalable memory devices
and neuromorphic computing paradigm, but also for being
building units for other widespread applications such as
cryptography, LED display, synergetic enhancement with
magnetic switching, and compute-in-memory concepts for
big-data analysis and Internet of Things tasks.
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