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Abstract: Resistive random-access memory (RRAM), also known as memristors, having a very simple device structure with two
terminals, fulfill almost all of the fundamental requirements of volatile memory, nonvolatile memory, and neuromorphic charac-
teristics. Its memory and neuromorphic behaviors are currently being explored in relation to a range of materials, such as biolo-
gical materials, perovskites, 2D materials, and transition metal oxides. In this review, we discuss the different electrical behavi-
ors exhibited by RRAM devices based on these materials by briefly explaining their corresponding switching mechanisms. We
then discuss emergent memory technologies using memristors, together with its potential neuromorphic applications, by eluci-
dating the different material engineering techniques used during device fabrication to improve the memory and neuromorph-
ic performance of devices, in areas such as lon/log ratio, endurance, spike time-dependent plasticity (STDP), and paired-pulse facili-
tation (PPF), among others. The emulation of essential biological synaptic functions realized in various switching materials, in-
cluding inorganic metal oxides and new organic materials, as well as diverse device structures such as single-layer and multilay-
er hetero-structured devices, and crossbar arrays, is analyzed in detail. Finally, we discuss current challenges and future pro-
spects for the development of inorganic and new materials-based memristors.
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1. Introduction

With the increase in demand for memory storage techno-
logy, the physical limitations of conventional silicon (Si)-
based memory devices represent a major challenge for fur-
ther miniaturization[" 2, With a comparatively high voltage
and low retention time, flash memory is currently the most
dominant memory technology on the market!3 4, However, it
has almost reached its physical and technological limits; as a
result, meeting the requirements of future or next-genera-
tion memory technology represents a major challengel> 6.
Due to these limitations, interest in the development of new
and next-generation memory technology has increased in
both industry and academial’-9l.

Depending on the data storage time, memory is classi-
fied as either volatile memory or nonvolatile memory!'0-12], |n
volatile memory devices, information can be stored for a
short time (i.e., temporarily). In contrast, data can be stored in
nonvolatile memory devices for a long time (i.e., perman-
ently), typically for a period of yearst®. The information in
memory devices can be stored in the form of chargel'3 14,
the alignment of magnetic domains!'® 161, phasel'”. 18, and
resistance state in the material'9-2"l, Researchers have
struggled to adapt various engineering techniques in order
to achieve improvements in these memory technologies in
terms of retention, endurance, memory density, and low
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power consumption. Proposed memory technologies in-
cludeferroelectricrandom-access memory (FeRAM)22, magnet-
ic random access memory (MRAM)[23], phase-change random
access memory (PCRAM)24, and resistive random access
memory (RRAM)[25-27],

With sub-nanosecond switching speed(28 29, very high en-
duranceB% 71 and low power consumption capabilityB? 32,
RRAM is considered to be the ideal replacement for nonvolat-
ile memory in the future, and it is anticipated to revolution-
ize the future of memory technology in every respect. RRAM
is a two-terminal memory device with a stacked structure of
metal-insulator-metal (MIM)B3], where the metals are con-
sidered as top electrode (TE) and bottom electrode (BE) and
the insulator is referred to as the switching medium. Since
the information stored in RRAM is contained in the resista-
nce state of the device, RRAM is also known as a memristor (a
portmanteau word, comprising ‘memory’ and ‘resistor’)34 351,
The resistance of RRAM can be altered via the appropriate ap-
plication of a voltage sweep or pulse. The process of chan-
ging a device’s resistance from a high resistance state (HRS)
to a low resistance state (LRS) is known as the SET process.
Conversely, when a device's resistance switches from LRS to
HRS, the process is referred to as the RESET process. In gener-
al, RRAM devices are found to be in HRS in their pristine st-
atel36: 37 however, depending on the fabrication conditions,
a device could potentially be in LRS in its pristine statel38 29,
The acknowledged benchmark mechanism for resistance
change in RRAM devices among the RRAM community is
either via the migration of oxygen vacancies39-41 or the mig-
ration of active metal ions (Ag or Cu)#2 30 291 The RRAM
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Fig. 1. (Color online) Recent materials used for memristive storage and applied in artificial synapses. (a) The sketch of filamentary-based resistive
switching in an inorganic metal oxide (HfO,) memristor. Reprinted from Ref. [41]. (b) Schematic of inorganic metal oxide-based hetero-struc-
tured device, as Al/Al,03/Nb,O,/Au device. Reprinted from Ref. [52]. (c) Chemical diagram and schematic of polymer-based PVK-Cs, memristive
device. Reprinted from Ref. [58]. (d) Naturally extracted nanocellulose-based memiristive device. Reprinted from Ref. [65]. (e) 2-dimensional (2D)
shape of graphene. Reprinted from Ref. [71]. (f) 2D material MoS,, sandwiched between graphene electrode-based memristive device. Reprin-
ted from Ref. [61]. (g) 3-terminal memristive device based on WSe, 2D material. Reprinted from Ref. [64]. (h) Schematic of PVPy-doped Au@Ag bi-
metal nanoparticle memristor storage. Reprinted from Ref [72]. (i) Sketch of an Ag/MAPbI;/FTO organic-inorganic hybrid perovskite artificial syn-
apse device. Reprinted from Ref. [32], (j) Graphene oxide (GO) quantum dots (QDs) -based memristive storage device. Reprinted from Ref. [73],
(k) InP/ZnS core-shell QDs-based memiristive device, applied as an artificial synapse. Reprinted from Ref. [74].

variants based on resistance changes due to the migration of
vacancies are known as valence change random access
memory (VCRAM)M3], and those based on resistance change
caused by the migration of metal ions are referred to as con-
ductive bridge random access memory (CBRAM)®“4 or electro-
chemical metallization memory (ECM) cells!*5 461, The memory
characteristics exhibited by RRAM depend on the selection of
appropriate TE, BE and switching medial2% 47.48], whose charac-
teristics can be improved by different engineering tech-
niques, which we will discuss in detail in the later sections of
this review.

Moreover, as with the technical and scaling limitations
faced by conventional memory devices, conventional comput-
ing systems also face challenges in terms of computing effi-
ciency and computing capacity. The conventional comput-
ing system is based on the well-known von Neumann comput-
ing architecture. The separation between the memory and pro-
cessing units in a von Neumann architecture, the so-called
von Neumann bottleneck, limits the efficiency of current com-
puting systems. Therefore, neuromorphic computing, with its
in-memory-computing capabilities, may prove useful in the de-
velopment of a new computing paradigm, overcoming the
von Neumann bottleneck. For the realization of a neuromor-
phic computing system, the emulation of essential biological
functions is a key step™9l. Of the various emerging technolo-
gies investigated in relation to the emulation of biological syn-
aptic functions, the memristor is a promising candidate, ow-
ing to its simple two-terminal structure, low power consump-

tion, and fast switching speed.

In this review, we discuss various materials-based RRAM
devices for non-volatile memory applications, as well as for
emerging neuromorphic applications. In Section 2, we focus
on different materials used as switching media in memristive
devices and their electrical characteristics, as reported in the lit-
erature, explaining the mechanism for these electrical behavi-
ors with a brief summary of the general biology underpin-
ning the electronic synapse. Section 3 presents recent applica-
tions of memristors in memory technology. This section dis-
cusses the different switching materials and engineering meth-
odologies used to improve non-volatile memory characterist-
ics, such as lon/logr ratio, retention, switching speed and endur-
ance. Section 4 discusses the application of memiristors for
neuromorphic engineering using different materials, and
their respective engineering techniques. Finally, Section 5 elab-
orates on future directions for memory technology and neur-
omorphic engineering using memristors.

2. Fundamentals of memristors and
neuromorphic computing

Emerging memristor technology possesses a variety of ad-
vantages, such as non-volatility, simple structure, nanometer
cell size, and, importantly, low-power operation. Therefore,
the investigation of new materials possessing resistive switch-
ing characteristics, is key to the realization of upgraded mem-
ristor devices, which can also be utilized as artificial synapses,
as illustrated in Fig. 1. This artificial synapse technology is in
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high demand for hardware-based neuromorphic computing,
given the rapid growth of software analog applications such
as sensors, the internet of things (IoT), robotics, and artificial in-
telligence (A9, Compared with classic von Neumann com-
puting, neuromorphic computing operates in a largely paral-
lel fashion, with a high operating speed, consuming little en-
ergy, and with minimal size-volume requirements. Therefore,
artificial synapses, being a basic building block of neuromorph-
ic computing, are required to be explored in relation to any
material broadly capable of emulating the crucial functions of
the brain. Memristor operation as a single synapse unit is of
great value, due to the absence of a peripheral circuit; memris-
tor-based crossbar architecture can therefore operate in a
highly parallel fashion, at high speed™'l. To date, various mater-
ials displaying memristive properties have been explored, as
shown in Fig. 1. These comprise simple transition metal ox-
ides (TMO)[52 41,53, 541 structured inorganic oxides[>> 56421, per-
ovskites!32 571, polymers!58.59], 2D materials!6°-64], organic mater-
ialste> 661, and low-dimensional emerging materials®7. While
each material facilitates resistive switching (RS) in memristors,
artificial synapse characteristics differ greatly depending on
the type of material employed, which result in enhanced per-
formance in both memristors and synapse devices, respect-
ively. The materials mentioned above are primarily discussed
in this review from the perspective of emerging memristor
memory devices, followed by neuromorphic memristor-based
artificial synapse devices. Recent reviews have focused on
switching materials for memristors, examining resistive switch-
ing filament controls for synapse applicationst® and differ-
ent types of memristor materials(®9, as well as collating stud-
ies relating to the thickness, doping and specific design of
memristor devicesl79,

In addition, we focus on the different electrical character-
istics reported in relation to memristors. Depending on the
fabrication method, structural stacking, and conditions of
the electrical measurements (such as stopping voltage and
compliance current), a memristor exhibits different (current-
voltage) /-V characteristics. There is general agreement in the
memristor community regarding the key electrical characterist-
ics exhibited by memristors. Although most published re-
search is based on capacitor structure, the main goal is to
achieve a transistor-less crossbar array with a 100% device
yield”! to fulfill the market requirements. Fig. 2 shows a
schematic diagram of a memristor, with the different electric-
al characteristics exhibited by RRAM, given in the literature.
Fig. 2(a)l”6l shows an atomic force microscope image of a cross-
bar array, and the inset shows the schematics of an MIM at
the cross point. Fig. 2(b)73! shows the schematics of a synapse,
considered to be the biological analog of the memristor.
Figs. 2(c)7) and 2(d)78 show the digital and abrupt switch-
ing characteristics of RRAM, respectively referred to as bi-
polar resistive switching (BRS) and unipolar resistive switch-
ing (URS. In BRS (Fig. 2(c)), the filament is formed for one polar-
ity of applied bias with appropriate compliance current, where-
as the filament breaks or dissolves for the opposite polarity.
In the case of URS, filament formation and breakdown take
place for the same polarity of applied voltage, as shown in
Fig. 2(d). The independence of filament breakdown on the
voltage polarity is evidence that the switching from LRS to
HRS in URS is caused by the joule heating effectl’? 801, |t
should be noted that BRS and URS characteristics are ob-
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served both in VCRAMI81. 82 and CBRAM29: 801, Multilevel resist-
ive switching is also achieved in a single device by con-
trolling the compliance current during the SET process, as
shown in Fig. 2(e)83], Multilevel switching is favorable for im-
proving a device’s memory density®4. Unlike abrupt resist-
ance change switching characteristics, Fig. 2(f)[’5! depicts
gradual switching characteristics. Gradual switching is also a
type of digital switching, but one cannot observe an abrupt
change in resistance at specific voltages (i.e., SET and RESET
voltages). Recently, gradual switching has been observed in
an Si-based memristor crossbar array with alloyed conduc-
tion channelsl”3l, Similar switching can be obtained by permit-
ting moments of vacancy at the interface of the metal elec-
trode and the oxidel®s]; as a result, this type of switching is re-
ferred to as interface switching(6:871,

Because of the gradual change in resistance (absence of
abruptness) during the application of a single sweep, gradu-
al switching or interfacial switching provides a perfect plat-
form for the application of memristors in artificial neuromorph-
ic systems. The transistor-less architecture of the crossbar ar-
ray is extremely appealing with regard to high memory dens-
ityl75 88, 491 However, the sneak current through the cross
point of the crossbar, particularly when the cells are in LRS,
causes higher power consumption and errors in reading opera-
tions. Fig. 2(g)BY illustrates complementary resistive switch-
ing (CRS)®% 91, which is proposed as the most appropriate
switching to eliminate excess power consumption due to
sneak path currents in crossbar arrays. Fig. 2(h)55¢! shows the
analog resistive switching characteristics of an oxide-based
memristor. In these devices, conductance increases with the
application of consecutive positive sweeps, and conductance
decreases over successive negative sweepsl®' 92, The change
in conductance is ascribed to the re-distribution of oxygen va-
cancies3 54, Such characteristics are also achieved in layered
structures with Ag-rich and Ag-poor regions via the appropri-
ate design of the Ag/Si mixture ratio gradient. Here, conduct-
ance can be controlled via the moment of Ag* between the re-
gions®¥, Finally, Fig. 2(i)[73! depicts threshold resistive switch-
ing characteristics®> %I, The resistance of the device de-
creases when an external bias is applied to the top electrode
by the formation of Ag or Cu-based channels. Nevertheless, un-
like CBRAM, the resistance recovers spontaneously when the
applied electric field is removed. Threshold switching devices
are also known as ‘diffusive memristors’®7, and threshold
switching offers unique temporal conductance evolution dy-
namics, making it suitable for innovative applications in both
systems and circuits®® %91, In addition, the self-dissolution of
the filament in diffusive memristors is caused by the minimiza-
tion of interfacial energy!100-102,

As mentioned in the introduction, current computing sys-
tems are largely based on a von Neumann architecture. For a
general-purpose computer, this architecture works well, and
is useful and convenient for performing simple tasks. How-
ever, these conventional computing systems are inefficient in
relation to the data-intensive tasks associated with a big data
era. The separation between processing and memory units is
a bottleneck for data transfer, limiting efficiency. In recent
years, neuromorphic computing has emerged as a promising
computing technology, offering an alternative to the von Neu-
mann architecture. The neuromorphic computing system com-
bines memory and processing into a single unit, similarly to
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Fig. 2. (Color online) Memristor and resistive switching characteristics. (a) Atomic force micrograph of 17 x 17 nano-cross bar array: the inset
shows the schematic structure of the cross point. Reprinted from Ref. [76]. (b) Representation of biological synapse, including pre-/postsynaptic
neurons and synaptic cleft. Reprinted from Ref. [73]. (c) Bipolar resistive switching characteristic with insets depicting the electroforming pro-
cess and scanning electron microscope image of a 100 x 100 um?2 device. Reprinted from Ref. [77]. (d) Unipolar resistive switching characteristics.
(e) Multi-level resistance states at different compliance currents. Reprinted from Ref. [78]. (f) The gradual switching performance of a Si memris-
tor with an Ag-Ti alloy. Reprinted from Ref. [75]. (g) The complementary resistive switching behavior achieved by tailoring nanoplateau struc-
tures using solution-processed rutile TiO, thin films. Reprinted from Ref. [30]. (h) Analog resistive characteristic induced by the structural engineer-
ing of a tantalum oxide-based memristor. Reprinted from Ref. [56]. (i) The threshold resistive switching /-V characteristics of N-GOQDs-based devi-
ces. The inset shows the controlled repetitive threshold switching /-V characteristics of the device under an /.. of 50 pA. Reprinted from Ref. [73]

the biological brain. The human brain has ~10'"" neurons,
which act as the main processing unit. These neurons are con-
nected by ~10'% reconfigurable connections called synapses,
which are responsible for learning and memory!'93l, For the im-
plementation of a neuromorphic system in hardware terms, it
is essential to realize an effective emulation of biological
synaptic function using artificial synapses. Of the various
devices investigated in the context of artificial synapses, the
memristor, being a two-terminal device, most closely re-
sembles the biological synapse, exhibiting several promising
synaptic characteristics, as shown in Fig. 3. Synapses play a
key role in the performance of learning and memory func-
tions in the brain. The strength of the connection between
two neurons lies in the weight of the synapse connecting
them. Synaptic weight changes in a sequential manner dur-
ing the learning process!'%4, Therefore, the memristor syn-
apse must also exhibit such a weight modulation (conduct-
ance) in an analog fashion, in order to effectively mimic syn-

aptic plasticity. Figs. 3(a) and 3(c) correlate the potentiation
and depression characteristics of a biological synapse and an
electronic memristor synapse, respectively(19> 1061, Moreover,
to demonstrate the feasibility of an electronic device for neur-
omorphic computing applications, it is essential that the
device demonstrates Hebbian learning rules, such as spike-
timing-dependent plasticity (STDP). The STDP behavior of
the biological synapse is depicted in Fig. 3(b)'%1, The emula-
tion of STDP behavior by a memristor synapse is shown in
Fig. 3(d)'%1, The STDP behavior emulated by the artificial syn-
apse demonstrates a good correlation with that of the biolo-
gical synapse, which confirms the feasibility of the memristor
synapse for neuromorphic computing applications.

3. Emergent memory technology with memristors

In this section, we discuss emerging memory technology
using memristors, their resistive switching (RS) properties
and characteristics, and common engineering techniques for
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Fig. 3. (Color online) Memristor synapse mimicking the representative synaptic functions of biological synapses for neuromorphic computing
applications. (a) Synaptic potentiation and depression behavior of biological synapses obtained from a pair of glutamatergic neurons in hip-
pocampal culture. (b) STDP behavior of biological synapse. Reprinted from Ref. [105]. (c) LTP/LTD characteristics exhibited by a memristor syn-
apse. (d) STDP behavior, mimicked by a memristor-based artificial synapse, which follows the asymmetric Hebbian learning rule. Reprinted from

Ref. [106].

achieving the desired memory RS behavior for applied
memory storage. Section 3.1 describes ternary oxides, such as
ABO,-based memiristors, focusing on ternary oxides the superi-
or RS characteristics of ternary oxides as compared to simple
binary oxides, due to the extended defect chemistry considera-
tions of ternary oxides. Section 3.2 further explains doping ef-
fects on binary transition metal oxides (TMO) and their evid-
ent modulation of RS behavior for the achievement of de-
sired characteristics. Primarily, this discussion focuses on meth-
ods of dopant engineering and specific dopant implantation,
respectively. Section 3.3 discusses memory advances in bi-
layered memristors, together with their respective RS character-
istics. Specifically, we examine the RS improvement in memris-
tors, due to the redistribution of switching ions in the fila-
ment, and the potential for controlling volatile/non-volatile
properties, including multi-level RS behaviors. Section 3.4 fur-
ther discusses the influence of oxide stack sequences on RS be-
haviors in memristor devices. Briefly, by stacking sequence of
oxides, the RS behavior of a memristor can be substantially
tuned, for example, from bipolar RS to unipolar RS; however,
control of the stoichiometry of bi-layered oxides is key, since

A S Sokolov et al.: Towards engineering in memristors for emerging memory

oxide stoichiometry affects the migration movement of ions.

3.1. Memory advances with ternary memristors

Ternary metal oxides (TMOs), also known as ABO, struc-
tures, exhibit superior electrochemical performance as com-
pared to binary oxides. Specifically, TMOs can retain multiple
oxidation states and, therefore, demonstrate superior resist-
ive switching memory characteristics, such as reduced random-
ness in switching filament formation, stabilization of SET/RE-
SET voltage values, and an improvement in overall uniform-
ityl107,. 1081, Research into memristors has been widely conduc-
ted, employing a variety of TMOs as a switching media. For
example, Faita et al. studied oxygen-rich / oxygen-poor, as
well as bilayer structured HfAIO, based memristors, demon-
strating improved multilayer resistive switching characterist-
ics!198l, Wang et al. researched ZnAl,O, thin films for memris-
tor applications, discovering unipolar resistive switching with
a resistance ratio of one order, impressive endurance, and
long retention timel'%9, Katiyar et al. investigated a unipolar
resistive switching with a polycrystalline BiFeOs-based planar
memristor, reporting non-overlapping SET/RESET voltages,
high resistance ratio of ~10%, and a long memory state reten-

......
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device with a strain of -1.26%. Reprinted from Ref. [116]. (h) Hysteretic R-V characteristics of the memory device. (i) Device R-Vmemory state char-
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tion of ~3000 s!'"9, Non-volatile resistive switching has also
been observed in LaAlO3/SrTiO; heterostructures, in which
switching is attributed to the reversible transition between tun-
neling and Ohmic characteristics, possibly due to the charged
movement of oxygen vacancies via the LaAlO;/SrTiOs inter-
face, as observed by Wu et all''" Detailed studies of the ori-
gin and mechanisms of nanofilament formation, responsible
for memory resistive switching, in polycrystalline ternary Sr-
TiO5; based memristors, have been conducted by Kwon et al,
highlighting the SrTi;;0,, conducting phase identified at spe-
cific grain boundaries, which is driven by electrochemical polar-
ization and nearby oxygen activity(''2. Modulated resistive
switching, functioning as both non-homogeneous and homo-
geneous memory, has been observed by Hu et al, who note
that by changing the crystal structure of LiCoO, based
memory storage from the amorphous to the R-3m crystal
phase, different fingerprints of resistive switching can be ob-
tained!'"3]. To conclude, the ternary phase ABO,-type oxides,
from conventional varieties such as HfAIO,, HfZrO,, etc., to un-
conventional types such as LiCoO, etc., with their intriguing
physical and chemical properties in terms of broad defect

chemistry variations, represent the next stage of research in-
to next-generation memory devices, capable of stable opera-
tion, based on the resistive switching (RS) phenomenon.
Advances in memory technology based on ternary ABO,
oxide storage have tremendous potential, due to combined
memory attributes, such as resistive switching, ferroelectri-
city, ferromagnetism, and photovoltaic effects!'4. The superi-
ority of ternary oxides over binary oxides inemerging
memory storage matrices has been demonstrated by means
of recent advances in resistive memory. Sokolov et al. re-
searched three ALD-based types of memory storage oxides,
Al,O3, HfO,, and HfAIO,, in the same device structure as that
shown in the TEM image in Fig. 4(a). Superior resistive switch-
ing behavior was found in the HfAIO, based memristor in com-
parison to simple binary oxides in terms of higher resistance ra-
tio (> 102), more uniform SET/RESET voltages, and longer en-
durance and retention®3l. The authors concluded that a
highly thermally stable amorphous phase in the HfAIO, thin
film allows for more controllable switching filament forma-
tion, resulting in the improved self-compliance resistive switch-
ing behavior of the HfAIO, based memristor, as against bin-
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ary Al,O3 and HfO,-based memristors, as shown in Fig. 4(b). Ef-
fective oxygen scavenging from HfAIO, oxide by the reactive
Ti top electrode, along with defect chemistry considerations
of intermixing Al,O3; and HfO, oxides, where Al interstitials of
Hf sites also give out additional oxygen vacancies, is respons-
ible for this effective switching filament formation, gener-
ated by oxygen vacancies, as displayed in Fig. 4(c). Resistive
switching associated with ferroelectric polarization has been re-
searched in relation to ternary HfysZr, 50, epitaxial thin films
by Sulzbach et al, as shown in Fig. 4(d)[''3l. Capping dielec-
trics, such as crystalline SrTiO; and amorphous AlO,, can
block unnecessary ionic drift via grain boundaries of m-HZO
and 0-HZO, allowing for better homogenic polarization, and
improving the overall performance of resistive switching
memory devices, as depicted in Fig. 4(e). Strained interface het-
erostructures with ternary ABO, based memristive devices
could represent a further possible approach to the construc-
tion of resistive switching memory devices. Designed by Sch-
weiger, ternary Gdj;Ceq40,_s oxide storage, layered with
Er,O5 oxide, can induce a strained interface of compressive
strain from unstrained of ~-1.26%, as confirmed by TEM, XRD
and Raman Spectroscopy and shown in Fig. 4(f)"'6l, The
growth of two oxides with a lattice mismatch at the interface
leads to this intentionally induced strain, which alters ionic
movement in the oxides, e.g., oxygen vacancies, with a con-
comitant effect on the resistive switching characteristics of
the memory device. Devices without strained interface and
with strained interface show memory resistance window ra-
tio values of 1.5 and 15, respectively, as displayed in Fig. 4(q).
Interface-type resistive switching ternary oxides such as
La,NiO,,s are used for memory storage and extended artifi-
cial synapse applications, as reported by Maas!''’l. Here, an
La,NiO,4, 5 planar storage matrix, known as a mixed ionic-elec-
tronic conducting (MIEC) oxide, demonstrated homogen-
eous bipolar resistive switching at a very low current range
and high resistance, as shown in Fig. 4(h). With two orders of
resistance magnitude, the device further exhibited around 5
multilevel resistance memory states, taken at small read-out
voltages, as depicted in Fig. 4(i). To conclude, ternary ABO, ox-
ides used for resistive switching memory operations are attract-
ive in research terms, due to their unique physical and chemic-
al properties, related to extended defect chemistry considera-
tions. Furthermore, since simple ternary oxides are currently
being researched for memory storage applications in memris-
tors with a switchable (SET/RESET) filament generated by oxy-
gen vacancies, more sophisticated effects, such as the amorph-
ous phase thermally stable oxide matrix, the homogenic polar-
ization of the crystalline phase, strain-induced ionic movem-
ent control, and homogeneous interface-based resistive switc-
hing may potentially be discovered, relating to the resistive
switching phenomenon in ternary oxide based memiristors.

3.2. Doping effects on memristor storage oxides

Manipulation of the matrix properties of memristor ox-
ide storage is key to achieving sustainable and reliable resist-
ive switching (RS) phenomena, i.e., the improved perform-
ance of RS memory operations. Typical methods are either to
modulate the properties of the storage oxide via deposition,
via e.g. ALD, DC / RF sputtering, or to employ specific doping,
such as metal clusters, inorganic nanocrystals, etc., of an ex-
ternal element onto the primary matrix oxide. The benefit of
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such doping/engineering of memory cells include improving
the uniformity of resistive switching, an enlarged R,,/Ry ra-
tio, increased switching speed, lowered switching voltage, im-
proved retention, increased device-to-deviceyield, and elimina-
tion of the electro-forming process5* 118l These improve-
ments are based on changes in the behavior of resistive switch-
ing mechanisms. These include modifying the distribution
and concentration of metal ions/oxygen vacancies, guiding fila-
ment formation — suppressing its randomness in switching -
decreasing the formation energy of a single oxygen vacancy,
reducing oxygen migration barriers, and inducing valence
changes in the metallic elements. Furthermore, doping/engin-
eering RS effects in memristors can be subdivided into meth-
ods such as ion implantation, co-sputtering, deposition from
the doped target, tool-modulated oxide, oxidation with a dop-
ing metal, an external source (e.g., plasma) modulated oxide,
an embedded metal-layer, or metal nanocrystal incorpora-
tionl119],

Traore et al. conducted a detailed study into alloying Al
metal with an HfO, oxide memory matrix, taking advantage
of the improved thermal stability of the Hf,_Al,,O,,, storage
oxide. They showed that the oxygen vacancy (Vo) movement
involved in a low resistance state can endure longer as a reten-
tion state, compared to similar Vo movement in HfO, and HfTi-
O,-based memristors, arguing that this is due to the later out-
diffusion of oxygen vacancies!'2%, Zhang et al. researched the
Gd doping effect on HfO, based memristors via an implanta-
tion process, indicating the improved uniformity of RS switch-
ing parameters, enlarged R,./R. ratio, and increased switch-
ing speed, with no noticeable degradation in RS behavior.
Trivalent Gd-doping is also demonstrated to suppress random-
ness in oxygen vacancy filaments, further reducing the oxy-
gen ion migration barrier'2', Kim et al. reported a NiO,
based memristor, defect-engineered via co-sputtered metal-
lic Nb impurity incorporation. Here, Nb doping into the NiO,
matrix resulted in an enlarged memory resistance ratio, nar-
rowed distribution of the Vi voltage, and highly endured
SET/RESET operations. Analyisis via XPS indicated that Nb dop-
ing into the NiO, matrix creates an increase in the density of
conductive metallic Ni® elements, serving as aiding sites for
propagating conductive oxygen vacancy filaments!'22, Jung
et al. studied the RS behavior of sputter target pre-defined Li-
doped NiO thin film used as oxide storage in memristor
devices. They demonstrated that Li doping can improve an
NiO-based memristor’s retention properties, as well as the sta-
bility of Ron/Rorr switching voltages. Moreover, temperature
studies (10 K < T < 300 K) revealed a polaron hopping mechan-
ism in Li-doped devices, which dominates over weak metal-
lic conduction thereby improving the retention properties of
the devicel'23l, Zhang et al. investigated the impact of ionic
doping (Al, Ti and La) in a ZrO,-based memristor device. They
found that trivalent dopants such as Al or La can signific-
antly reduce the formation energy level for oxygen vacancies,
consequently improving the homogeneity of the oxygen va-
cancy RS filamentl'24, Wang et al. researched an embedded
Cu interlayer on an HfO, RS switching matrix. Their results
demonstrated an excellent RS performance with durability, re-
tention, and resistance window (>107) order, including multi-
level RS properties. Temperature analysis revealed a conduc-
tion mechanism related primarily to Cu ion migration, where
the quantity of oxidized Cu could be controlled, resulting in

A S Sokolov et al.: Towards engineering in memristors for emerging memory ......



8 Journal of Semiconductors doi: 10.1088/1674-4926/42/1/013101

@ ., (b) ferEmRmEERanoaY e S
10 h Dev A ’ Dev B Dev C \
|
10° i Pristine  Formed Pristine  Formed Pristine  Formed '
= |
ERTY i i ' [ '
ot I
g 100 : "
= 1
3 10 : i
I
102 : ® Oxygen vacancy 5_"_6“&:::::’:;:51 5(5,+6,) Sum of Red-Ox gaps (‘deeper” HRS) : E!_e;::;:aps E
‘\ HfO,-stoichiometric Iy HfO, _,-Non-stoichiometric ,.r
-2 N e e e e - i . e i e -
(© (d) (e)
0 - 103 ¢ < 9998 [ areis5ka
[ IDevA * = |
___DevB 10} TmA| > 90+ T
= 102 Epevc HRS AE o/ SET| £ }
g L.RS =z 105 L 1 § 50l AR~183.5 kQ
y £ 10} o
§ 10" L / é 10 5
7 HRS 5107 g 10}
$ 100 | Switching at higher Y 10-8 bC sweep: E 5L
e« . LRS / resistance 2 { -.-1Sth Plasma 3 ) Plasma treated
1 10k =50t . treated S © Pristine
1 I ~—Intermediate 3 LRS =
10- ) ) ) . A ) . . . . " h .
Dev A Dev B Dev C -15-10-05 0 05 1.0 15 102 10° 10* 10° 106 107
Voltage (V) Resistance (Q)
(f) : (9) 1073 - (h) 1.6
|vii-capping layer -
$vitop electrode Lo 10~ — 1.5
p electrode > 1.2 -
1v-seco-n_d oxide layer < 10°% g_’ E
Iiv:ﬁetal nanoislands a + -a_am 0.8 1.0 =
- g 107 s~ g
i Itrathin AAO § .: g
I_III'LI =
O 107 w 053
Lii-first oxide layer 10 Lﬂ 04 o
}i-bottom electrode 1078 [ = g&t[l));é) &= !
Substrate 10 ) ) ] 0 . SI:,_ZQ,,D:TaZO5 1o
-1 0 1 0 200 400 600
Voltage (V) Time (ns)
) () CI
/ Ian o5l 1872 6ZnCe0,
"YW\ A = 10°
P‘ ; \. ~¥ Modulated potential £ 0 <10* I
U LJ\ by dopants = I € 105
lons H . :’l‘ y dop. 5 Ag Mapping v 105 F
< W\ AT tsl N TN i
a W AJ) 3S-05¢ 310
v/ |\ E 108
A
g a > \ L Pt 10nm 10°°
! - -15 N N N N n n n 10-10
-03-02-0.1 0 0.1 0.2 03 -2 -1 0 1 2
Voltage (V) Voltage (V)

Fig. 5. (Color online) Doping effects and modulation of memory oxide storage. (a) Resistive switching effect variations in HfO,_, oxygen vacancy
modulated thin films. (b) Switching mechanism of HfO,_, oxygen vacancy modulated oxide storage. (c) Depth of resistance switching in HfO,_,
oxygen vacancy modulated thin films. Reprinted from Ref. [41]. (d) Argon plasma pre-treated TaO,/IGZ0O-based memiristive device. (€) Cumulat-
ive distribution of resistance of TaO,/IGZO-based memory device. Reprinted from Ref. [127]. (f) Schematic and fabrication process of metal nano-
island embedded into HfO, matrix, functioning as memristor storage. (g) /-Vresponse of the device with b-PtD90 and m-PtD90 nano-islands em-
bedded at the bottom electrode. Reprinted from Ref. [128]. (h) Si-doped Ta,05_, memristor device displays an enlarged resistance ratio at RESET
pulse operation. (i) Potential energy of ion hopping can be effectively modulated by, e.g. Si doping. Reprinted from Ref. [129]. (j) Ag cluster im-
plantation could yield an analog-type memiristor. Reprinted from Ref. [130]. (k) Zn doping into CeO, oxide alters ion mobility in a CeO, memris-

tor storage oxide. Reprinted from Ref. [131].

multi-level RS behavior in the memristor devicel'2%], Chang et
al. studied Pt nanocrystals (Pt-NC) embedded into TiO, thin
films, utilized in memristor oxide storage applications. Revers-
ible and steady bipolar resistive switching was observed,
where uniform and fine Pt-NCs aided RS behavior, providing
improved stability and retention. Furthermore, Pt-NCs were
found to contribute to the local enhancement/concentration
of the electric field of a memristor device under test condi-
tions, providing a directed smooth/easy path for the conduct-
ing filament(126],

As stated above, memristor oxide storage doping/engin-

eering is a feasible approach to modulating RS behavior
based on desired enhanced memory characteristics, which con-
stitutes an advance in the fabrication of memristor devices.
Sokolov et al. extensively researched a Vo-modulated HfO,_,
thin film via ALD precursor/oxidant time changel*'l. These oxy-
gen deficient HfO,_, thin films were subsequently used as
memristor oxide storage, revealing differences in RS behavi-
or from device to device, further indicating that most oxy-
gen-deficient HfO,_, thin films possess very low-current RS be-
havior compared to other memristor devices, as shown in
Fig. 5(a). The current transport mechanism was found to shift
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from Ohmic conduction to trap-filled space charge limited con-
duction (TF-SCLC), in full stoichiometric HfO, to HfO,_, thin
films, respectively. Moreover, the RS mechanism revealed
that intentionally induced defects, such as oxygen vacancies,
facilitate oxygen vacancy filament propagation by connect-
ing a tiny island of pre-created oxygen vacancies or electron
trap/de-trap of HfO,_, defective sites, as displayed in Fig. 5(b).
In addition, the stability of RS switching in most non-stoi-
chiometric HfO,_, oxides has been confirmed via a DC endur-
ance test of the memristor device, as illustrated in Fig. 5(c).
Plasma modulation of storage oxide in memristors is another
feasible approach to tuning the RS characteristics of a device.
Sokolov et al. studied a flexible bilayer TaO,/IGZO-based mem-
ristor device, where Ar plasma pre-treatment had been ap-
plied to TaO,/IGZO thin films, in order to tune the current leak-
age paths of the TaO, thin film as well as the TaO,/IGZO inter-
facel'27l, Fig. 5(d) shows the RS behavior of a TaO,/IGZO-
based memristor after Ar plasma pre-treatment improved the
uniformity of LRS and HRS states, Ve and Vgeser, with the
memristor being switched over 50 times by DC voltage. The
sustainable resistance window, Ron/Rore ~ 103, has been
noted, with only minimal current leaky site deviation due to
oxide stack Ar plasma pre-treatment, as displayed in Fig. 5(e).
Wang et al. reported a feasible doping approach via embed-
ding metal nano-islands into HfO, oxide storage, with the be-
nefit of concentrating the electric field across the memristor;
filament formation near metal nano-islands sites was also ob-
served!28], Fig. 5(f) shows a schematic of the fabrication pro-
cess of a memristor with embedded nano-islands. Here, dis-
tinctive improvements in RS behavior are obtained in terms
of significantly reduced Vsgr and Vieser, and uniformity of resist-
ance states was also achieved, as shown in Fig. 5(g). Kim et al.
investigated an Si-doped Ta,0s_, based memristor device,
demonstrating that a higher resistance window ratio, toge-
ther with ultra-fast memory switching speed (~100 ns) could
be achieved, as shown in Fig. 5(h)'29, Further, it is implied
that ionic motion of V,, is related to V drift through the en-
ergy wells, in which ionic hopping distance can be con-
trolled via the atomic percentage of suitable doping, as dis-
played in Fig. 5(i). Yan et al. discovered an Ag nanocluster-
doped TiO, based memristor, demonstrating the tuning of
RS characteristics from digital (abrupt) switching to analog
(gradual) RS, to obtain multi-level memristor behavior, as well
as potential use in neuromorphic applications, as shown in
Fig. 5(j)['39, Rehman et al. tuned ionic mobility by means of
Zn-doped CeO,, resulting in the creation of defect clusters,
i.e., oxygen vacancies, inside the oxide matrix, aiding Vg forma-
tion and memristor operation at the reduced Vsgr/ Vieser, as de-
picted in Fig. 5(k)['31. Evidently, dopant engineering of the
main oxide matrix of a device is a feasible approach to tun-
ing memristor RS behavior towards desired memristive charac-
teristics.

3.3. Memory advances with bilayer memristors

Several ingenious methodologies have been adopted for
memory advances in memristor-based nonvolatile memory
devices!'32 133, 331 Although most of these advanced meth-
ods greatly improve the switching characteristics of memrist-
ive devices, such procedures are not economical, since such
techniques generally require complex manufacturing pro-
cesses. Having a simple structure with an easy and cost-effect-
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ive fabrication process is one of the main advantages of mem-
ristor-based memory devices. Any advancement in memory
devices will therefore require simple but efficient methods. In
recent years, in place of a single-layer switching medium, bilay-
er and multilayer thin films have been investigated extens-
ively as switching materials, due to their excellent resistive
switching performancel2!. 134-136] |n most metal oxide-based
memristors, bilayer structures with engineered oxygen pro-
files have been utilized to improve resistive switching perform-
ance. Both homogeneous and heterogeneous structures facilit-
ate increased control of the switching mechanism, with the ad-
ditional quality of superior reliability. In a recent study,
Huang et al. reported a homogeneous bilayer memristor, ex-
hibiting forming-free, fast, uniform, and high endurance resist-
ive switching properties!’37). Their W/AIO,/Al,O5/Pt bilayer
device comprises an oxygen-deficient AlO, layer, and a near-
stoichiometric Al,O5 layer. This bilayer switching material en-
abled the device to achieve excellent switching behaviors,
from cryogenic to high temperatures. Another similar study, in-
volving an AlO,-based homogeneous bilayer memristor, has
demonstrated reliable switching with multilevel switching cap-
abilities('38l, This W/AIO,/AIO,/Pt bilayer device is fabricated
with a sputtered AlO, layer, serving as an oxygen reservoir,
whereas the atomic layer of deposited AlO, serves as an insu-
lating layer. The HfO,-based homostructure W/HfO,/HfO,/Pt
bilayer device, formulated by Yin et al,, displayed the repeat-
able analog switching characteristics needed for the effect-
ive emulation of biological synapses!'39., Similarly to homogen-
eous bilayer memristive devices, some recent studies have re-
ported improved and reliable switching characteristics in het-
erostructured bilayer memristors!'40-142l, For example, Siddik
et al. demonstrated enhanced data storage capability in a het-
erogeneous ZnO/NiO bilayer CBRAM devicel'43,

Device scaling represents a challenging task in the effort
to increase the storage density of memory devices. One of
the efficient and cost-effective approaches for high-density
storage is to obtain multiple resistance states in a single mem-
ristor cell. For this, the bilayer memristor device may be one
of the best solutions for realizing multistate switching. The het-
erostructured bilayer device shown in Fig. 6(a), demonstrates
reliable multistate switching37l. Here, the switching material
is composed of heterostructured IGZO/MnO thin films, with
equal thicknesses in both layers. Fig. 6(b) shows the typical
I-V characteristics of the device, which displays highly reli-
able and repeatable multistate bipolar switching characterist-
ics. The multilevel switching is controlled by modulating the
compliance current. For a positive voltage application on the
top electrode, Ag from the top electrode diffuses into the bilay-
er switching medium. When operated at a low compliance cur-
rent, the conducting filament is restricted to the MnO layer,
and a weak filament is formed, resulting in a volatile resist-
ance state (VRS) with volatile threshold switching. During the
device operation at medium and higher compliance currents,
the conducting filament becomes stronger, and multiple fila-
ments are formed, providing IRS and LRS, respectively, as de-
picted in Fig. 6(c). Interestingly, the transition between volat-
ile threshold switching and nonvolatile bipolar switching in
this instance showed reversible behavior, which supports mul-
tiple simultaneous applications of the devicel’l. Zhu et al. in-
vestigated homostructured bilayer devices, comprising Al,O3
and Al nanocrystal induced Al,O, for multistate switching['44l,
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Fig. 6. (Color online) Bilayer memristors with heterostructured and homostructured switching materials. (a) Cross-sectional TEM image of the IG-
Z0O/MnO heterostructured bilayer device. (b) Typical /-V characteristics of the heterostructured device, presenting repeatable multilevel bipolar
switching. (c) The switching mechanism for volatile switching and multilevel bipolar switching. Reprinted from Ref. [37]. -V characteristics of an
Al,03-based homostructured device, presenting multilevel unipolar switching characteristics during the (d) SET process and (e) RESET process.
(f) Schematic representation of the switching mechanisms for multilevel unipolar switching behavior. Reprinted from Ref. [144]. (g) /-V character-
istics of an HfO,/TiO, bilayer device, exhibiting highly repeatable bipolar switching characteristics. (h) The endurance characteristics of the bilay-
er device, presenting excellent repeatability in HRS and LRS without any prominent degradation. (i) Schematic of the switching mechanism,
presenting the formation and rupture of localized conductive filaments at the HfO,/TiO, interface, which is responsible for the excellent reliabil-

ity of the switching mechanism. Reprinted from Ref. [145].

Their device exhibited unipolar switching characteristics, as
shown in Figs. 6(d) and 6(e). Here, multistate switching charac-
teristics are achieved by controlling the compliance current
during the SET process. The filament growth is restricted by im-
posing current compliance during the SET process, as shown
in Figs. 6(d) and 6(f). The device follows the same current
level during the RESET process, confirming the retention of
the resistance state, as depicted in Fig. 6(e). The device
presents repeatable unipolar switching with five resistance
states. This multilevel switching capability may be ascribed to
partially formed conducting filaments in the Al,05/AlLO, lay-
ers. A dual-mode conducting filament formation is sugges-
ted, with an oxygen vacancy filament in the Al-rich Al,O, lay-
er, and an Al-dominant filament in the Al,O; layer, as shown
in Fig. 6(f). Memristor devices with reliable unipolar switch-
ing are highly desirable for a variety of applications requiring
low-cost devices with simple circuitry. The stochastic switch-
ing behavior of memristive devices is one of the main
hurdles for their use in practical applications. Due to this
stochastic behavior, the repeatability in the switching volt-
ages and resistance levels do not remain reliable. Moreover,

flexible devices, which are highly desirable for wearable elec-
tronics, suffer increased reliability and repeatability issues. To
eliminate the reliability impediment and achieve high reprodu-
cibility in the flexible devices, Zhang et al. investigated the
role of oxygen vacancies at the HfO,/TiO, interface in a flex-
ible bilayer devicel'#), Fig. 6(g) depicts the typical /-V charac-
teristics of their ITO/TiO,/HfO,/Pt device, with a schematic dia-
gram of the device shown in the inset. The device exhibits typ-
ical bipolar switching characteristics, repeated for 500 DC
sweep cycles. The reproducibility in the switching voltages
(SET/RESET voltages) is excellent. The device follows almost
the same path during repeated switching operations. Further-
more, the outstanding reproducibility in terms of resistance
states is confirmed by the endurance characteristics of HRS
and LRS, as shown in Fig. 6(h). The proposed switching mech-
anism defines the formation and rupture of conducting fila-
ments at the TiO,/HfO, interface, as presented in Fig. 6(i).
Due to this restriction of the formation/rupture of the fila-
ment to the bilayer interface only, a high degree of uniform-
ity is observed during both SET and RESET operations. Further-
more, the device exhibited excellent flexibility characteristics
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in response to mechanical stress tests'45l. To conclude, bi-
layered memristor devices show improved RS characteristics,
as compared to single layer memristors, owing to better fila-
ment ion redistribution, leading to a more reliable and im-
proved RS filament operation.

3.4. Versatile switching behaviors by controlling
stacking sequences in memristors

Of the various outstanding characteristics of memristive
devices, bilayer memristors have attracted considerable atten-
tion, owing to their versatile switching behaviors, such as bi-
polar switching, unipolar switching, complementary switch-
ing, threshold switching, digital switching, and analog switch-
ing. By controlling the stacking sequences of the switching lay-
ers, a diverse range of switching behaviors can be obtained
in bilayer memristors, which may prove beneficial for various
applications!’9l, In a recent study, Lin et al. studied the ef-
fects of the film stacking sequence in Sm,03; and V,0s-based
bilayer devices!'¥7). The team investigated bilayer devices,
with the stacking sequences V,05/Sm,05; and Sm,03/V,0s, re-
spectively. Their results indicate that the stacking sequence
of individual switching layers in a bilayer structure can affect
the switching behavior of the device. Film stacking-depend-
ent bipolar and unipolar switching characteristics were
achieved by changing the stacking sequences of Sm,0; and
V,0s.

Devices with different switching behaviors have advant-
ages according to their applications. For instance, devices
with bipolar switching characteristics are known for their excel-
lent endurance characteristics in memory applications. Al-
though unipolar switching devices suffer from issues of poor
endurance, these devices are highly desirable for a variety of
applications requiring low-cost devices with simple circuitry.
Utilizing stacking-dependent switching, the switching behavi-
or of a device can conveniently be tuned to be application-spe-
cific. In a recent study, the dependence of an SnO, and IGZO
thin film stacking sequence on switching behaviors were stud-
ied in relation to bilayer CBRAM devices!®. Here, both single-
layer and hybrid bilayer devices were fabricated. The single-lay-
er SN0, and IGZO devices presented typical bipolar resistive
switching characteristics, as shown in Figs. 7(a) and 7(b). The
bilayer SnO,/IGZO device also exhibited typical bipolar switch-
ing, with a SET process on positive polarity and a RESET pro-
cess on the negative voltage sweep (Fig. 7(c)). Interestingly,
the device with a reverse stacking of IGZO/Sn0O, exhibited re-
producible unipolar switching on both positive and negative
voltage polarities, as shown in Fig. 7(d). This study suggests
that the stacking sequence of SnO, and IGZO in the hybrid
switching layer determines the switching behavior as either bi-
polar or unipolar switching. These different switching behavi-
ors in bilayer structures are ascribed to the different diffu-
sion rates of Ag ions in each thin film, and redox reaction
rates at the electrodes. Depending on the rate of redox reac-
tion and migration or diffusion of metal ions in the switching
layer, there are various possible permutations of the growth
and shape of the conducting filament!®% 48], Taking into con-
sideration the diffusion rate of Ag ions in SnO, and IGZO lay-
ers, it is therefore believed that a conical shaped conducting
filament is formed in the SnO,/IGZO stack, as depicted in
Fig. 7(e), which requires a negative bias to rupture the fila-
ment at the weakest point near the bottom electrode. In con-
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trast, an hourglass-shaped thick conducting filament is
formed in the IGZO/Sn0, stack, as shown in Fig. 7(f). The hour-
glass-shaped filament can be ruptured by either polarity at its
weak mid-point, due to joule heating.

Stacking-dependent switching behaviors were also ob-
served in another study of bilayer memristive devices, based
on TaO, and HfO, switching layers!'#9l, The single-layer TaO,
device exhibited the co-existence of bipolar and unipolar
switching, as shown in Figs. 7(g) and 7(h). Similarly, the
single-layer HfO, device also presented the co-existence of bi-
polar and unipolar switching behaviors, as shown in Figs. 7(i)
and 7(j). In contrast, the bilayer device with the structure
TaO,/HfO, presented only unipolar switching characteristics,
as depicted in Fig. 7(k). It is interesting to note that the utiliza-
tion of bilayer switching materials is not only beneficial for
the improvement of switching characteristics, but also
provides an opportunity to achieve versatile switching behavi-
ors efficiently.

Moreover, the tailoring of switching behaviors is not only
limited to the stacking sequences of the hybrid switching lay-
ers in bilayer memristors. In addition to the stacking se-
quence, different switching behaviors can also be obtained
by controlling the composition of the component materials
in the bilayer switching media. Yang et al. showed that swi-
tching characteristics can be systematically controlled, ran-
ging from bipolar switching to complementary switching and
unipolar switching, via the structure engineering of the ox-
ide multilayer structures!'#6l, Such tuning of switching behavi-
ors was performed in a device with a bilayer structure of
Ta,05_,/Ta0,, as shown in Fig. 8(a). To accomplish this tun-
ing, the stoichiometry and the electrical properties of the
TaO, base layer were adjusted by controlling the oxygen par-
tial pressure during the sputtering process. Three different
devices with the same bilayer structure were fabricated, vary-
ing the composition of the TaO, layer with different oxygen
partial pressures in each one (3%, 10%, 15%). Interestingly, all
three devices exhibited different switching behaviors. The
device fabricated at low oxygen partial pressure (3%) dis-
played typical bipolar switching, as shown in Fig. 8(b). The
devices fabricated with higher oxygen partial pressures of
10% and 15% demonstrated well-defined complementary res-
istive switching and unipolar switching, respectively, as depic-
ted in Figs. 8(c) and 8(d). This confirms that bilayer memris-
tors are amenable to the systematic tuning of their switch-
ing behaviors by a variety of approaches. Furthermore, by fab-
ricating precisely designed bilayer memristors, interesting
switching behaviors can be achieved, which may prove use-
ful for various applications. For memory applications, abrupt
digital switching is desirable, while for neuromorphic applica-
tions, gradual switching is generally required. Abrupt digital
switching can be tuned to gradual switching by utilizing the
appropriate bilayer switching materials. In a recent study,
HfO, and TaO,-based single-layer and bilayer devices were fab-
ricated("5%1, The single-layer device demonstrated digital switch-
ing, which is beneficial for memory applications, as shown in
Fig. 8(e). In order to tune abrupt switching to gradual switch-
ing, an additional sputtered TaO, thin film was deposited on
the ALD HfO, switching layer. The TaO,/HfO, bilayer device ex-
hibited the gradual switching desirable for neuromorphic ap-
plications, as shown in Fig. 8(f). We can therefore conclude
that switching behaviors can be successfully tuned for specif-
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Fig. 7. (Color online) Tuning switching behaviors by controlling the stacking sequence of the switching layers in bilayer memristors. Typical /-V
characteristics of the single-layer (a) SnO, and (b) IGZO devices, both presenting bipolar resistive switching. Typical /-V characteristics of bilayer-
layer devices with (c) SnO,/IGZO stacking, exhibiting bipolar resistive switching, and (d) IGZO/SnO, stacking, presenting unipolar switching charac-
teristics. Schematic representations of the switching mechanisms during (e) bipolar switching in a SnO,/IGZO device and (f) unipolar switching
in a reverse-stacked IGZO/Sn0O, device. Reprinted from Ref. [80]. /-V characteristics indicating the coexistence of bipolar and unipolar switching
in the single-layer (g) TaO, and (i) HfO, device. (k) -V characteristics demonstrating the existence of unipolar-only switching characteristics in a

bilayer TaO,/HfO, device. Reprinted from Ref. [149].

ic requirements by means of the precise design of the bilay-
er switching medium.

4. Memristors for synapse and neuromorphic
applications

In this section, we further discuss the utilization of engin-
eering techniques detailed in previous sections, in relation to
the use of memristor devices in applications where they func-
tion as artificial synapses, with extended characteristics. Sec-
tion 4.1 describes bi-layered, doped and annealed memris-
tors, utilized for electronic synapse applications. Specifically,
synapse device characteristics, i.e. linear potentiation and de-

pression, are quite important. To achieve these, the memris-
tor device should possess bi-directional analog resistance
states in both SET/RESET operation. Therefore, analog-state
memristor engineering has been widely explored, including ox-
ide bi-layered stacking, metal doping, post-annealing, and rap-
id thermal annealing. Section 4.2 discusses analog multi-state
memristor devices and their synapse characteristics. The struc-
tural engineering of a cone-shaped n-ZnO memristive Schot-
tky diode produced a very low-power multi-resistance state
synapse device with frequency-related synapse functioning,
in accordance with the Bienenstock, Cooper, and Munro
(BCM) theory. Section 4.3 argues that both non-volatile and
volatile memristor characteristics can be utilized for synapse
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Fig. 8. (Color online) Engineering of the switching modes of single-layer memristors using bilayers, and by controlling the composition of the com-
ponent materials in the bilayer structures. (a) Schematic of a bilayer device structure, with a cross-sectional TEM image. /-V characteristics of
devices fabricated using different oxygen partial pressures during TaO, deposition, exhibiting switching behaviors as (b) bipolar resistive switch-
ing for 3% oxygen partial pressure, (c) complementary resistive switching for 10% oxygen partial pressure, and (d) unipolar resistive switching
for 15% oxygen partial pressure. Reprinted from Ref. [146]. (e) The abrupt digital switching characteristics in an HfO, single-layer device. (f) The
realization of gradual switching in a bilayer TaO,/HfO, bilayer device. Reprinted from Ref. [150].

devices. Specifically, memristor devices based on metal
cation migrations, such as Ag*/Cu*, can be RS switched in
two modes: non-volatile and volatile regimes. These can be
utilized to emulate such important synaptic characteristics as
short- and long-term potentiation (STP & LTP) and its trans-
ition, and spike-time dependent plasticity (STDP), all in a
single memristor device, which has been applied in a real
crossbar structure (10 x 10). Section 4.4 elaborates on volat-
ile / non-volatile low-dimensional organic-based memristor
devices utilized for synapse applications, i.e. paired-pulse facilit-
ation (PPF), STP & LTP, STDP, etc. In addition, basic neuron
device characteristics are demonstrated, i.e. delay-shoot-re-
lax, leaky-integrate and fire (LIF) neurons, etc.

4.1. Bilayer, doped and annealed memristors for
neuromorphic applications

For the realization of bioinspired neuromorphic comput-
ing, the emulation of biological synaptic functions is the cru-
cial step. In order to simulate these synaptic functions using
memristive devices, the memristors are required to exhibit spe-
cific switching behaviors. In general, devices exhibiting ana-
log switching characteristics are the most suitable devices for
accomplishing bio-realistic synaptic functions. In addition,
volatile threshold switching characteristics are also utilized,
to mimic synaptic plasticity. As discussed in section 3, the utiliz-
ation of bilayer switching materials and the structural engineer-
ing of metal-oxide switching layers by means of various tech-
niques, such as doping and annealing, are feasible and effi-
cient approaches to modulating the switching behaviors of
memristors. In this way, the switching characteristics of mem-
ristors can be tuned based on a given application('51. 1521 Wu
et al. developed a novel methodology to achieve analog
switching characteristics in an HfO, devicel'>3]. Here, a TaO, lay-
er is used as a thermally enhanced layer (TEL), resulting in a

bilayer structure HfO,/TEL in order to realize uniform analog
switching, which is useful for neuromorphic computing. Li et
al. proposed a method of realizing bidirectional analog switch-
ing with a wide dynamic range of weight modulation by stack-
ing Ag-nanocluster-doped SiO, on a TiO, buffer layerl'54. The
Si0,:Ag/TiO, bilayer device demonstrated various synaptic
functions. Kim et al. compared the analog switching charac-
teristics in CeO, single-layer and ITO/CeO, bilayer memris-
tors[1351, The bilayer device exhibited linear and symmetric syn-
aptic weight changes, with superior long-term stability in
terms of modulated synaptic weight, which is essential for
neuromorphic systems. This improvement in analog switch-
ing characteristics is attributed to the added ITO layer, which
acts as an oxygen ion reservoir for ion migration from the
CeO, layer during switching. In another study by Chen et al,
abrupt switching in a TaO,-based memristor is tuned to gradu-
al switching by inserting a WO, redox layer between the TaO,
switching layer and the top electrode, effectively mimicking es-
sential synaptic functions!'49, Moreover, this synaptic linear-
ity can be enhanced by engineering the switching layer via
doping. The memristor device with Al-doped HfO, (Al:HfO,) lay-
er, proposed by Chandrasekaran et al, demonstrated a clear
improvement in synaptic weight linearity, resulting in a learn-
ing accuracy of 91% with only 13 iterations['>9l, In comparis-
on, the learning accuracy of the undoped pure device was
78%.

As stated above, the utilization of bilayer switching lay-
ers is a facile and efficient approach to modulating switching
characteristics to the gradual switching required for neur-
omorphic applications. In one of our recent studies, bilayer
Zr0,/ZTO-based memristor devices were fabricated to
achieve stable and controllable analog switching behaviors
for improved emulation brain function for neuromorphic com-
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Fig. 9. (Color online) Tunability of switching behaviors with bilayer and doped switching materials for improved emulation of synaptic functions.
(a) Cross-sectional TEM image of a bilayer ZrO,/ZTO memristor device. The realization of a gradual multilevel switching in the bilayer device by
controlling (b) compliance current during the SET process and (c) RESET-stop voltage during the RESET process. (d) Synaptic conductance modula-
tion mimicking LTP and LTD behaviors. (e) Successful emulation of inter-spiking interval dependent PPF behavior, evaluated for various pulse in-
tervals. (f) Experimental demonstration of STDP learning rule. Reprinted from Ref. [106]. (g) An illustration of spatial and temporal variations in
the synaptic weight update process. Reprinted from Ref. [157]. (h) Schematic image of an HfO-based device, treated with Al-doping and post-de-
position annealing methods. (i) Analog switching characteristics of a doped and annealed device. (j) Emulation of potentiation and depression be-
haviors with excellent linearity. (k) Simulation of STDP behavior. Reprinted from Ref. [158].

puting('%l, Here, the amorphous ZTO layer acted as an oxy-
gen reservoir layer, resulting in greater control of the gradu-
al switching characteristics. The TiN bottom electrode par-
tially oxidized to form TiON at the bottom electrode inter-
face, leading to a non-uniform distribution of oxygen vacan-
cies in the oxide switching layer, as shown in the TEM image
of the device in Fig. 9(a). The formation of the TiON interface
layer was also confirmed by XPS and XRD analyses!'%l. In gen-
eral, gradual multistate switching is achieved by controlling
the compliance current or RESET-stop voltage during the SET
or RESET processes, respectively. Gradual analog switching
with multiple conductance states has been achieved in a
ZrO,/ZTO bilayer device by controlling the SET compliance cur-
rent and RESET-stop voltage simultaneously, as depicted in
Figs. 9(b) and 9(c). The highly desirable linearity in relation to
synaptic weight (conductance) modulation is confirmed by
the long-term potentiation (LTP) and long-term depression

characteristics illustrated in Fig. 9(d). Furthermore, short-term
synaptic plasticity behavior is confirmed by the successful emu-
lation of paired-pulse facilitation (PPF). As shown in Fig. 9(e),
pulse interval-dependent synaptic weight modulation was ob-
served for a pair of pulses with varied pulse intervals. Spike-
timing-dependent plasticity (STDP) is an essential biological
process in neurobiology, and is one of the Hebbian learning
rules of synapses and neuronsl'53. 195, The emulation of STDP
behavior by the ZrO,/ZTO memristor confirms the applicabil-
ity of bilayer memristors to neuromorphic applications, as
shown in Fig. 9(f).

As mentioned above, spatial (device-to-device) and tem-
poral (cycle-to-cycle) variations in the synaptic weight modula-
tion process, due to stochastic switching behaviors, hinder
the application of memristors to synaptic emulation, as depic-
ted in Fig. 9(g)l">”1. Therefore, extensive research is currently
being undertaken to develop methods of addressing the
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Fig. 10. (Color online) Structural engineering of switching materials using rapid thermal annealing (RTA). Cross-sectional TEM images of the (a)
as-deposited device without RTA and (b) RTA-processed device. Typical /-V characteristics of (c) non-RTA device with digital SET and analog RE-
SET behaviors and (d) RTA-processed device with reliable bidirectional analog switching characteristics. () Repeatable potentiation and depres-
sion characteristics of the RTA-processed device. (f) SRDP behavior of the RTA-processed device, evaluated by the pulse trains with different
pulse intervals. (g) The pulse amplitude-dependent electric response of the RTA-processed device with pulse trains having the same intervals
but different heights. (h) Emulation of the Hermann Ebbinghaus forgetting curves. Reprinted from Ref. [56].

weight update linearity issue. A recent study demonstrated reli-
able synaptic emulation with HfO,-based memristive devices
by means of metal doping and post-deposition annealing pro-
cedures!'%8l, As depicted in Fig. 9(h), Al-doping and post-depos-
ition annealing methods were utilized, which enhanced the
formation of oxygen vacancies in the HfO, switching layer,
thereby improving its switching characteristics. The device
with a 16.5% Al doping concentration demonstrated superi-
or switching properties, and was subsequently utilized to
achieve gradual multilevel switching, as shown in Fig. 9(i).
Having achieved reliable and controllable analog switching be-
havior, potentiation and depression characteristics with a
near-linear behavior were duly demonstrated, as presented in
Fig. 9(j). Furthermore, the successful emulation of STDP behavi-
or was also confirmed in relation to the doped memristor
devices, as shown in Fig. 9(k).

Furthermore, the structural engineering of switching lay-
ers via thermal annealing can also alter switching behavior.

This is a simple and efficient approach to engineering the mor-
phology of a switching material, using appropriate annealing
procedures to obtain the required switching characteristics,
as well as to enahnce stochastic switching behaviors. The struc-
tural engineering of a tantalum oxide-based memristor using
rapid thermal annealing (RTA) demonstrated the coexistence
of reliable digital and analog switching characteristics¢l. The
as-deposited Ta,0s_, switching layer was found to be amorph-
ous, as shown in Fig. 10(a). To engineer the morphology of
the switching layer, the RTA process was carried out for 60 s
at the crystalline temperature of Ta,0Os, i.e., 700 °C. The appro-
priate RTA process changed the morphology of the switch-
ing layer, rendering it favorable for reliable analog switching.
For the annealed device, polycrystalline regions with differ-
ent grain boundaries were observed in the Ta,05 layer, as de-
picted in Fig. 10(b). The morphological transition from an
amorphous to a polycrystalline structure in the Ta,Os and
Ti/Ta,05 interface via a simple annealing procedure resulted
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in reliable and repeatable analog switching characteristics.
The device without RTA exhibited bipolar switching with
abrupt SET and gradual RESET processes, whereas the RTA-
processed device demonstrated reliable bidirectional analog
switching, as shown in Figs. 10(c) and 10(d). The annealed
device also displayed excellent digital switching characte-
ristics, in addition to an electroforming process which is
useful for memory applications®¢l. Repeatable potentiation
and depression behaviors were demonstrated, as shown in
Fig. 10(e). By utilizing the reliable analog switching characterist-
ics of the annealed device, spike-rate-dependent plasticity
(SRDP) and spike amplitude-dependent current modulations
were successfully demonstrated, as presented in Figs. 10(f)
and 10(g). Spike height and inter-spike interval-dependent
PPF and post-tetanic potentiation (PTP) behaviors were also
confirmed. Moreover, Hermann Ebbinghaus' forgetting
curves were replicated using the RTA-processed devicel'59,
Device evaluations, performed by applying different num-
bers of pulses, showed different forgetting rates, asillustrated in
Fig. 10(g). Shorter rehearsals resulted in faster forgetting, and
longer rehearsals yielded slower forgetting rates.

4.2, Structural oxide storage synapse memristors

Neuroscience, identifies two types of synapses in the
brain: electrical, and chemical. If electrical synapses are re-
sponsible for very primitive/instinctive functions, e.g., muscle
contraction, the chemical synapses are, in contrast, respons-
ible for highly complex cognitive functioning, making them a
major target for in-depth research!16, Typically, the synapse
is a small area connection, where one neuron’s dendrite is in
close proximity to another neuron’s dendrite. The synapse is
acommunication channel, by means of which signaling inform-
ation from one neuron can be transferred to another. Chemic-
al synapses act at a slower speed compared to electrical syn-
apses, due to electrochemical processes occurring in the syn-
aptic cleft. Specifically, pre-synaptic neurons sending action po-
tentials (APs) depolarize the synapse, causing it to open the
channels to enable Ca?* ions to flow, and permitting the fur-
ther release of neurotransmitters, which bind with the recept-
ors of the post-synaptic neuron, further, depolarizing the
post-synapse, which starts to transmit its APU'61, It is worth not-
ing that synapse behavior is highly analog in character, includ-
ing many intermediate conductance states, depending on
the strength of its potentiation or depression; more specific-
ally, synapse conductance weight can be facilitated, de-
pressed, exhibit paired-pulse facilitation (PPF) or short-term po-
tentiation (STP), or remain in long-term potentiation (LTP) or
long-term depression (LTD) states!'6%,

To meet the specifications of thi analog-type behavior in
biological synapses, Sokolov et al. researched electronic syn-
apses based on analog-type resistive switching behavior, occur-
ring in a Schottky diode, operating a Pt/cone shape n-
Zn0/Si0,_,/Pt-based interface resistive switching type memris-
tor33], A schematic of the structurally designed and fabric-
ated synapse device is shown in Fig. 11(a). The pre-defined pro-
trusions in the SiO, buffer matrix were created via the BOE
etching method. The wurtzite polycrystalline grains of the n-
ZnO thin film were obtained via controlled ALD deposition.
As displayed in Fig. 11(b), STEM images revealed cone-
shaped protrusions in the SiO, oxide matrix, filled with n-ZnO
thin film. Subsequent EDS analysis showed the different stoi-

chiometry of theALD-deposited n-ZnO thin film, being non-
stoichiometric ZnO,_, oxide inside the cone, and stoichiomet-
ric ZnO oxide at the top interface, respectively. Analogous to
the biological synapse, multi-level analog-type interface resist-
ive switching was confirmed in the cone n-ZnO based memris-
tor synapse device via extensive /-V characterization, indicat-
ing gradual resistive switching from HRS to LRS and vice-
versa, as depicted in Fig. 11(c). Preservation of multi-level res-
istance states, i.e., retention characteristics, was thoroughly as-
sessed, indicating multi-level synapse device capability up to
7 distinguished resistance states, as shown in Fig. 11(d).
Susequently, the cone-shaped n-ZnO memristor demon-
strated synaptic characteristics such as a transition from STP-
to-LTP, which is achieved via identical spiking of the device,
varying only the number of spikes applied, as displayed in
Fig. 11(e). It is understood that low- or high-frequency spik-
ing from pre-neuron to bio-synapse alters synaptic weight
(conductance) less or significantly, respectively'62l, The fre-
quency-related synaptic characteristics of the memristor
device are therefore of great significance. As shown in
Fig. 11(f), lower or higher conductance can be achieved in
the cone-shaped n-ZnO based synapse device via the low- or
high- frequency modulation of applied identical spikes. Fur-
thermore, the importance of previously applied spiking his-
tory, either HFS or LFS, was demonstrated for this device, as de-
picted in Fig. 11(g). Similarly, as in the bio-synapse, HFS stimu-
lation causes potentiation of the cone-shaped n-ZnO based
synapse device, after which LFS (~ 6 Hz) stimulation causes de-
pression of the synapse; however, after other HFS and LFS
spikes, the same LFS (~ 6 Hz) can create potentiation in the
synapse device, demonstrating a bio-synapse-like spiking his-
tory-dependent synapse weight update. Fig. 11(h) displays
learning-forgetting-re-learning synaptic behavior, realized in
the cone-shaped n-ZnO based memristor. Firstly, learning oc-
curs, corresponding to an HFS identical spike at ~60 Hz; sub-
sequent LFS (~6 and ~1 Hz) memristor behavior correlates to
the forgetting of learned information, prior to learning being
strengthened by the reintroduction of HFS (~12 Hz) into the
cone-shaped n-ZnO synapse device; this triad of frequency vari-
ations is described as learning, forgetting and re-learning syn-
apse behavior, respectively. Other research teams have also in-
vestigated structural memory-synapse memristors. For ex-
ample, Huang et al. investigated volatile and non-volatile
memory behavior with threshold resistive switching in a
cone-shaped patterned poly-TiO,/a-TiO, matrix with Ag dop-
ing, demonstrating dual memory switching/threshold switch-
ing behaviors['3], Its unique push-pull mechanism of switch-
able oxygen vacancies allowed for forming-free, low operat-
ing voltage (< 1 V) and a low self-compliance current of
~50 pA. Ling et al. used an organic cone-shaped polymer
poly(N-vinyl carbazole - PVK) as a resistive switching storage
oxide memristor, discovering such benefits in the cone-shape
as the reduced randomicity of filament formation, shortened
dynamic-gap zone (DGZ) contact, and decreased switching
voltage with improved RS uniformityl'®4, Russo et al. re-
searched structural nanorods of ZnO material, subjected to
UV illumination, for multi-level memristor applications!'¢5],
They found that each different typesof interface, such as
Ag/ZnO and Au/ZnO, the current amplification by UV Light,
as well as the current decay constants, resulted in specific
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Fig. 11. (Color online) Artificial synapse characteristics of a cone-shaped n-ZnO based memristor. (a) Schematic of fabricated cone-shaped n-ZnO
based memory device. (b) TEM images of n-ZnO cone-shaped profile, equipped with EDS analysis, displaying stoichiometry of n-ZnO in separ-
ated regions, (c) low-current analog multi-level resistive switching /-V of the memristor, (d) multi-level resistance states retention characteristics
of the memory device, (e) synapse device short-term and long-term memory characteristics after different number (#) of identical spikes applied,
(f) synapse device frequency-related Schottky diode mechanism operation, (g) excitatory post-synaptic current (EPSC) change of the synapse
device, depending on a variety of stimulation frequencies, and (h) learning-forgetting-re-learning behavior simulated in cone-shaped n-ZnO

based memristor synapse. Reprinted from Ref. [55].

RS multi-level characteristics. Kim et al. studied a Cu cone-
shaped cation source memristor with TiO,/TiN oxide stora-
gel2l, Their study showed the advantages of a Cu cone-
shaped bottom electrode, in terms of superior switching per-
formance, reliability, and achievement of the appropriate Cu
cation concentration, as well as directed electric field focus-
ing.

In neuroscience, the Bienenstock, Cooper, and Munro
(BCM) theory describes the synapse, where the synaptic
weight update strongly depends on the frequency of spiking
occurrence, i.e., action potentials, from the pre-synaptic neur-
onl'62l, Therefore, the update of gradual conduction of the
memristor should be higher at higher frequencies of stimuli
than at lower frequencies, corresponding to the time re-
sponse of charged ions such as Vo, which shares similar dynam-
ics with Ca2+ ion concentration. Note that higher frequency
stimuli signifies smaller intervals between spikes; therefore,
when charged V,, ions are triggered, their high accumulation
may occur, due to the lack of time for their relaxation to the
device’s initial off-current state. Recently, many studies of
memristors include the frequency-related, or spike-rate de-
pendent plasticity (SRDP), characteristics of a given device. Li
et al. reported synaptic plasticity and learning behavior in an
Ag/conducting polymer(PEDOT:PSS)/Ta memristor166l, Its fre-
quency-modulated characteristics, i.e., spike-rate dependent

plasticity (SRDP), were assessed in detail by means of varied
stimulation frequencies in the device, as shown in Fig. 12(a).
For clarity, the same number of stimulating spikes (i.e,10),
were used, but with varied spike time intervals, to assess the
polymer memristor for SRDP characteristics, observing that
higher frequencies result in greater current alterations in the
device, as displayed in Fig. 12(b). Li et al. studied a chalcogen-
ide activity-dependent synaptic memristor with an Ag/Agin-
SbTe/Ag structurel'’). The SRDP characteristics of the device
were realized via post-spiking frequency modulation, where a
lower firing rate induced depression (decreased current) and
a higher firing rate induced potentiation (increased current)
inthe device, as depicted in Fig. 12(c). The non-volatile prop-
erty of the device, potentiated by 70 kHz and depressed by
30 kHz stimuli, was assessed via retention test, demonstrat-
ing up to ~2200 s resistance state stability, as shown in
Fig. 12(d). Du et al. investigated a bio-realistic WO,-based
second-order memristor with a variety of synaptic functio-
nsP2. Frequency related synaptic behavior, such as paired-
pulse facilitation (PPF) was clearly demonstrated in the
device, by applying double spikes with different time inter-
vals, as displayed in Fig. 12(e). Furthermore, with 10 identical
spikes, but different time intervals, a higher spiking fre-
quency was found to trigger a larger conductance enhance-
ment in the synapse device, as depicted in Fig. 12(f). Kim et
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Fig. 12. (Color online) Frequency-spike-rate dependent plasticity (SRDP) synapse characteristics of memristors. (a) plasticity modulation of syn-
apse device by frequency in an Ag/PEDOT:PSS/Ta memristor. (b) High-frequency stimulation spiking increases current via Ag/PEDOT:PSS/Ta mem-
ristor. Reprinted from Ref. [166]. (c) Higher post-spiking firing rate increases the synaptic weight of an Ag/AginSbTe/Ag memristor. (d) Lower spik-
ing induces synapse depression, while higher spiking induces potentiation of the Ag/AgInSbTe/Ag synapse device. Reprinted from Ref. [167].
(e) Paired-pulse facilitation (PPF) characteristics of a Pd/WO,/W memristor. (f) frequency modulated current increase in the Pd/WO,/W synapse
device. Reprinted from Ref. [92]. (g) Second-order memristor operation schematic of a Pd/Ta,0s_,/Ta0,/Pd memristor. (h) Spiking frequency de-
pendence vs. spiking number and conductance change in the Pd/Ta,0s_,/TaO,/Pd synapse device. Reprinted from Ref. [168]. (i) Orthorhombic
phase in HfOy/HfOx oxide storage, affecting the conductance state of the memristor. (j) Plasticity of the synapse, regulated by spiking frequency.
Reprinted from Ref. [139]. (k) Memristor top electrode engineering with Pt-Al alloy co-sputtering. (I) Dependence on Pt concentration of Pt-Al al-
loy, resulting in variations in the synapse spiking frequency characteristics of the device. Reprinted from Ref. [169].

al. reported an experimental demonstration of a second-or-
der memristor with a Pd/Ta,0s_,/Ta0,/Pd structure and were
able to implement synaptic plasticity!'¢8l, The second-order
memristor was realized solely via spiking activity, enabling a
2nd state-variable (temporal elevation and decay of conduct-
ance) and a 1st state-variable (constant modulation of conduct-
ance), respectively, as shown in Fig. 12(g). Within the two
state-variable memristor synapse, a spiking frequency-rela-
ted characteristic was also deployed, as depicted in Fig. 12(h).
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Yin et al adapted the crystallite kinetics in an HfO,/HfO,-
based memristor to investigate diverse synaptic plasticity
behaviorl'3%l, The diverse crystallite phases of the HfO,/HfO,
memory storage affected the RS behavior of the memristor,
including the processes of extrusion/injection of oxygen va-
cancies, crystallite coalescence/separation, phase transforma-
tion, and crystal alignment, leading to homogeneous resist-
ive switching in the device, as depicted in Fig. 12(i). Further-
more, the SRDP rule, i.e. frequency-related synapse characterist-



ics, was demonstrated in an HfO,/HfO, based synapse device,
as shown in Fig. 12(j). Finally, Xiong et al. reported a BCM
rule-based second-order memristor with a tunable forgetting
rate, based on a top electrode modulation of Pt-Al with Pt %
doping, with STO memory oxide storagel'®?. The authors
found that by engineering the Pt-Al top electrode, the cur-
rent states of the memristor could be varied, as displayed in
Fig. 12(k). This top electrode dependency of Pt % percentage
doping in Pt-Al led to different frequency-related characterist-
ics in the synapse device, including the demonstration of for-
getting characteristics, as shown in Fig. 12(1).

4.3. Volatile memristor synaptic arrays for
neuromorphic computing

The development of bio-realistic electronic devices cap-
able of mimicking biological synapses is an essential step to-
wards the development of efficient neuromorphic comput-
ing systems. As discussed in previous sections, nonvolatile ana-
log switching characteristics are usually utilized for the replica-
tion of synaptic functionalities in memristive devices.
However, in recent years, devices with volatile threshold
switching characteristics have emerged, exhibiting prom-
ising switching behaviors for the successful emulation of syn-
aptic functions!®%:97.179 |n particular, CBRAM-based volatile dif-
fusive memristors display the diffusive dynamics that are ana-
logous to the dynamics of biological synapses. With switch-
ing mechanisms based on metal ion migration/diffusion, the
switching dynamics of diffusive memristors closely resemble
the dynamics of biological neurons and synapses. In addition,
diffusive memristors offer energy-efficient switching character-
istics with very low switching voltages, making these devices
promising candidates for efficient brain-inspired computing.
Most of the research focused on the emulation of the syn-
aptic functions in the volatile diffusive memristors is carried
out on single devices. However, the beauty of memristors is
that they can readily be built into crossbar arrays which dir-
ectly map artificial neural networks 9. Numerous simulations
and experimental implementations of large-scale memristor
synaptic arrays indicate the potential of these networks for
brain-inspired computing!'71-174],

In one of recent study, synaptic crossbar arrays were fabric-
ated, with an atomic layer of deposited HfO, functioning as
the main switching layerl*9], The utilization of existing semicon-
ductor industry-compatible conventional materials such as
HfO, is more convenient and practical, owing to their compat-
ibility with existing fabrication facilities, reliable switching prop-
erties, low cost, and easy fabrication processes. A top-view
SEM image of the fabricated crossbar array, depicting a magni-
fied image of a cross-point memristor cell, having a device
size of 20 x 20 um?, is shown in Fig. 13(a). A cross-sectional
TEM image of a single memiristor cell in the crossbar array is
shown in Fig. 13(b), where the FFT analysis confirms the
amorphous nature of the HfO, switching layer. The Ag/HfO,/
Pt synaptic device is perfectly analogous to a biological syn-
apse in terms of their specific physical structures, where the
Ag top electrode, HfO, switching layer and Pt bottom elec-
trode are analogous to the pre-synaptic neuron, synaptic
cleft, and post-synaptic neuron, respectively, as depicted in
Fig. 13(c). Excellent volatile threshold switching characterist-
ics were realized, with a very low threshold voltage (0.15 V),
confirming the energy-efficient switching characteristics of
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the device, as presented in Fig. 13(d). The threshold switch-
ing was realized by limiting the compliance current, which in
turn limits the growth of the conductive filament. The weak-
er conductive filament undergoes self-rupture, thereby realiz-
ing volatile threshold switching behavior. Device operation
with a higher compliance current yields thicker conductive fila-
ments requiring a proper RESET process in order for rupture
to occur, as shown in the inset of Fig. 13(d). During the applica-
tion of a positive bias on the Ag top electrode, Ag* ions dif-
fuse into the switching layer, forming a conductive filament
between the bottom and top electrodes. This diffusive behavi-
or of Ag* ions in the switching layer is clearly identical to
Ca2* dynamics in biological synapses. The diffusion and migra-
tion of Ag* ions into the HfO, layer, and the formation of the
Ag conductive filament is confirmed by the TEM image
shown in Fig. 13(e). A TEM analysis carried out on a device
switched to LRS with a higher compliance current high-
lighted the conductive filament region, which was confirmed
by the FFT patterns analyzed in both filament and non-fila-
ment regions. The crystalline nature of the filament region in-
dicates the presence of Ag conductive filaments, which was
further confirmed via energy-dispersive X-ray spectroscopy
(EDS) analysist*9. The volatile threshold switching was ex-
ploited to mimic various synaptic functions. The resulting
delay, SET, and self-RESET characteristics are depicted in
Fig. 13(f), demonstrating that the self-relaxation time of the
device was ~1 ms. By utilizing the coexistence of volatile and
nonvolatile behaviors, the transition from short-term potenti-
ation (STP) to long-term potentiation (LTP) was realized by
varying the number of rehearsals during the programming pro-
cess, as shown in Fig. 13(g). The essential STDP characterist-
ics were emulated by utilizing the nonvolatile bipolar switch-
ing behaviors of the device, as depicted in Fig. 13(h). Accord-
ing to the brain memorization model of Atkinson and Shif-
frin, information is transferred from short-term memory (STM)
to long-term memory (LTM) based on the number of repeti-
tions['75], Utilizing the STP to LTP transition behavior of the syn-
aptic device, the psychological model of STM and LTM was
demonstrated by image memorization into the crossbar ar-
ray, as presented in Fig. 13(i). Three images were stored at
different locations on the crossbar array, using a different
number of pulses (reputations) for each figure. The rehears-
als (repetitions) dependence of STM to LTM transition was con-
firmed.

4.4. Organic oxide-based synapse memristors

The physical limitations of conventional inorganic Si-
based memory storage systems have led to widespread re-
search into inorganic memory storage systemsl'7¢l, Organic-
based RS materials possess fascinating properties, such as
low cost, high scalability, light weight, and high compatibil-
ity with roll-to-roll fabrication. Moreover, the optoelectronic
properties of organic-based memristors can easily be modu-
lated via a molecular design synthesis strategy. The advent of
wearable electronics has also resulted in a high level of de-
mand for flexible/soft capable memory devices, which can be
realized using organic-based memristors. Overall, organic RS
memories include polymers, 2D graphenes, organic small mo-
lecules, bio-based materials, metal-organic frameworks, organ-
ic-inorganic hybrids, and polyoxometalate (POM) molecules;
in addition such materials may be refined at the nanostructur-

A S Sokolov et al.: Towards engineering in memristors for emerging memory ......



20 Journal of Semiconductors doi: 10.1088/1674-4926/42/1/013101

(b)

Electronic
synapse

© Biological synapse

Pre-synaptic |

Post-synaptic
neuron
4 L
10 =100 uA 05 SET 20f gr Relaxation time (1): =1 ms |7 80
10—5 SET z5r '_ Cu"‘ergunem
10 04r H 10 F = it 60
z 1076 i r]{ F(:SmA S % il Z(j‘_
P 107 210‘5 %03 B Delayo =
o o 18 2 . 40§
a —04-02 0 02 04 g 0.2 -"1 " LSTi"‘E("'Sz).O s 5
10” ——tstoyde Self-RESET lse
10-1° =a=100th cycle (A (relaxation)
=4=200th cycle
10-" =r=300th cycle Q == 0
0 0.1 02 " 05 0 1 2 3 4 5 6
Voltage (V) Time (ms)
(9) (h) 0] abcdefghij abcdefghij
1200 = 10pulses oo 80| e LA L
. pulses TTssea 60 F — I [T | 14
4 30 pulses/ LTP At>0 ° ‘g‘ | ‘gl
Va"_ 900 S 40 «LTD e, g I g 11
v i —~ 20t 9| B9 |
g by « t-LTP S At|<0 ° 10 T 0 [ ma) PN
8 600} i L E 0 ¥ 5 ® 4 At 1st pulse At last pulse :
g \ \ 3 - ° s Pre-spike
ke \ » —20 L becd i i 0.5
2 L " a .c efghij ab.cdefgh.l.J.
§ 3001 v %, —40 - 03V Post-spike % : % s smman] PN
% 4 -60} At W=V g sy z== Em
0Fr STP w----- -‘l —80 | hd 9 """ 9
. . . . . . . . . . 01
Before Atlast  After  After —-80 —60 —40 —20 0 20 40 60 80 Qi
pulse pulse 50s 100s At (us) After50's After 100's

Fig. 13. (Color online) Synaptic crossbar arrays with volatile threshold switching for the emulation of synaptic plasticity. (a) SEM image of a fabric-

ated crossbar array, with a magnified image of a single cross-point memristor cell. (b) Cross-sectional TEM image of a single memristor cell with

structure Ag/HfO,/Pt. The FFT patterns indicate the morphology of the corresponding thin films. (c) Schematics of a biological synapse and a fab-

ricated electronic synapse, presenting the correlation between the two. (d) Typical /I-V characteristics of the volatile threshold resistive switching

behavior of the device. The inset shows nonvolatile switching behavior at a higher compliance current. (e) Cross-sectional TEM image of the

device, confirming Ag conductive filament formation when switched to LRS with a higher compliance current. (f) Delay, SET, and self-relaxation

characteristics of the device. The inset shows the exponential decay fitting of the current relaxation. (g) Experimental demonstration of STP and

LTP behaviors with a transition from STP to LTP. (h) STDP characteristics of the device with a pulse scheme of pre-synaptic and post-synaptic spik-

ing. Reprinted from Ref. [49].

al/nanomolecular level, i.e. quantum dots (QDs). By them-
selves, QDs can be considered as a new class of materials, pos-
sessingacombination of outstanding optical/electronic proper-
ties, together with low cost, structural stability, large-effect-
ive area, and simple solution-based processing capability!'77.,
Specifically, QDs offer solution-processed fabrication with su-
perior tuning properties. For example, nanometer scaled mo-
lecules can be tailored to specific composition, shape, size,
and surface ligands, facilitating the engineering of bandgap,
photoluminescence, self-assembly, and quantum confine-
ment effects. Therefore, studying the thin film assembly of
QDs for non-volatile/volatile memristor applications, with po-
tential further applications in neuromorphic engineering rep-
resents the cutting edge in the field of RS memory.
Carbon-based materials are renowned for their low cost,
mechanical flexibility, and eco-friendliness. Furthermore, new

classes of materials, such as graphene quantum dots (GQDs)
have attracted research interest due to their unique proper-
ties and potential applications, i.e., high chemical inertness, en-
hanced photoluminescence, and superior biocompatibility.
Therefore, research into new materials such as nitrogen-
doped graphene oxide quantum dots (N-GOQDs) as memris-
tor storage, which are also applicable to bio-inspired electron-
ics, seems a wise strategy. Sokolov et al. developed organic
N-GOQDs thin film ionic conductor storage for memristor and
synapse device applications73], A TEM cross-section image of
the fabricated device in Ag/N-GOQDs/Pt structure, with SAED
in the inset, showing an amorphous phase of N-GOQDs, is de-
picted in Fig. 14(a). The N-GOQDs-based memristor, together
with its electrical setup, and a schematic of Ag ion migration
via functional groups such as -O, -OH, -NH in the N-GOQDs’
ionic storage conductor, is shown in Fig. 14(b). Threshold resist-
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Fig. 14. (Color online) Synaptic memristor based on nitrogen-doped graphene oxide (N-GOQDs). (a) TEM cross-section image of N-GOQDs-based
device, in an Ag/N-GOQDs/Pt structure. (b) Schematic of the fabricated device, depicting Ag ion migration via various functional groups in the N-
GOQDs matrix. (c) /-V characteristics of threshold resistive switching (TS) behavior of the device; inset shows continuous dc cycling (#50) of the
device. (d) Delay-relax characteristics of the N-GOQDs-based memristor; inset shows the time-rated spontaneous dissolution of Ag filament.
(e) AC endurance “firing’ characteristics of the device,up to 1.2 X 10% cycles. (f) Paired-pulse facilitation (PPF) synaptic characteristics of the device.
(g) STP and LTP memory states emulated in N-GOQDs-based synapse device. (h) Spike-timing-dependent plasticity (STDP) characteristics of the
device, obtained from bipolar switching in higher current compliance, as shown in the inset, respectively. Reprinted from Ref. [73].

ive switching (TS) characteristics with a low threshold voltage
of ~0.3 V and a huge resistance window of ~107 were demon-
strated by the N-GOQDs based memristor, as displayed in
Fig. 14(c). The “firing” behavior of the TS switch was assessed
via a single pulse (0.25 V/500 us) and by long resistance state
read-out voltage (~0.02 V), highlighting the delay-relax charac-
teristics of the device. The time needed for Ag ions to mi-
grate into N-GOQDs storage, i.e,, the delay time, is followed
by the thin Ag filament connecting the top and bottom elec-
trodes, i.e,, the ‘fire’ current; finally, after the pulse, current re-
laxation characteristics are observed, i.e., the Ag filament self-
brakes, due to Rayleigh instability properties, as shown in
Fig. 14(d). This “firing” process in the N-GOQDs-based memris-
tor was assessed multiple times at ~1.2 x 10 to validate the re-
peatable behavior of the device, as displayed in Fig. 14(e).
The synaptic behavior of the N-GOQDs-based storage memris-
tor was also established. The frequency dependence, or so-
called pair-pulse facilitation (PPF) phenomenon was verified
in the device via 10 pulses with varied pulse interval timings,
between 0.5 and 5 ms, revealing the strong frequency depend-
ency of the device in relation to applied stimuli, as shown in
Fig. 14(f). Short- and long- term potentiation (STP and LTP) syn-
aptic characteristics were confirmed in the N-GOQDs based
memristor via the application of a different number of pulses,
e.g. 10 pulses for STP and 30 pulses for LTP, resulting in weak
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Ag filament formation and strong Ag filament formation, re-
spectively. Moreover, STP-to-LTP transition was achieved in
the device by applying consecutive trains of numbered
pulses, and measuring the conductance state after each
pulse trains, as depicted in Fig. 14(g). Finally, significant
spike-timing-dependent plasticity (STDP) characteristics were
exhibited by the N-GOQDs based memristor, as shown in
Fig. 14(h). Briefly, STDP is a synaptic learning rule, which re-
flects the sign and magnitude of synapse conductance up-
date, which is strongly dependent on the arrival timing of
pre- and post-synaptic stimuli. When pre-synaptic stimuli
come first, synaptic conductance increases, conversely, post-
synaptic stimuli coming first results in decreased synaptic con-
ductancel'78l, Firstly, higher current compliance is used to
achieve bipolar resistive switching characteristics in the N-
GOAQDs, as shown in the inset of Fig. 14(h). Next, in order to
achieve STDP, pulses of pre-spiking and post-spiking, arriv-
ing at the top and bottom electrodes of the device simultan-
eously, are applied, respectively. Therefore, when pre-spiking
arrives at the N-GOQDs-based memristor, long-term potenti-
ation (LTP) is induced; conversely, when post-spiking is de-
livered to the device, long-term depression (LTD) is realized.
Organic materials utilized as memristor memory storage
and their derivatives, such as refining into quantum dots
(QDs) separated nano molecules represent advances in resist-

......



22 Journal of Semiconductors doi: 10.1088/1674-4926/42/1/013101

(a)

Al top electrode

OFF  Write ON

—4-20 2 4
N 4 N Voltage (V)
-4 0 4 8 12

ITO bottom electrode Voltage (V)
(@] 103 . 2 RS
=z 3 T
Al ws g ETOZV-H,A\-._{/{,_
Albumen - Nonopaperubtc *qc-; 10 H‘\..- \ |
ITO / . S00 J . -
100 nm | v —ilstcycle b =
M I =o=Thermal baking albumen 107 —10th cycle
1 ., ., ==Dycuringalbumen -20th cycle 1
10 -4-3-2-101 23456 —400-200 0 200 400
© Voltage (V) Voltage (mV)
gLt W Wvilminaton 0.10 =S 7
TR ool T TR
c o Output g ol LI s:|.!!'..-=:.. il .'..:-|-H:=.' ,_”‘: AR ||_\ 0 E
It | 2 == ; = i 1 = =
T ko > | -1
-0.05 |
13V 15V 17V -2
) -0.10 '
e : TS 2 4 6 8 10 12 14
nput  capacitor TS memory Output =

Time (s)
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ism of RS behavior, and corresponding J-V of bipolar resistive switching characteristics of an ITO/PVK-Cg,/Al device. Reprinted from Ref. [58]. (b)
Block co-polymer (PVPCz59) based memristor, displaying unipolar resistive switching in |-V characteristics. Reprinted from Ref. [179]. (c) Albu-

men-based memiristor, prepared by heat-denaturation of proteins, showing the reliable RS /-V characteristics of the device. Reprinted from Ref.

[1801. (d) Memristor based on soft-wood nanocellulose, indicating repeatable /-V of RS behavior of the device via C-AFM measurement. Reprin-

ted from Ref. [65]. (e) Biological representation of leaky-integrate and fire (LIF) process with synapses and neurons; adapted LIF circuit with

threshold resistive switching device installation, analogous to biology; typical Vi,—V,, characteristics of the LIF circuit with TS memory device. Re-

printed from Ref. [74].

ive memory technologies and related bio-inspired electron-
ics. For example, Ling et al. investigated a poly(N-vinyl car-
bazole) covalently bonded Cg, polymer memristor device.
PVK-Cq, is a functional polymer, including carbazole (electr-
on donors) and fullerene moieties (electron acceptors), likely
to be responsible for the resistive switching characteristics of
the ITO/ PVK-Cgo/Al memiristor, as shown in Fig. 15(a)P8l. The
RS behavior of the device displayed a huge resistance ratio of
~105, write/erase voltages of -2.8 V/3 V, and high resistance
state read-out durability, with a potential for being further util-
ized as a synapse device. Kang et al. studied an organic block
co-polymer (PVPCz59) based memristor with various morpholo-
gies, as displayed in Fig. 15(b)['79l. Unipolar RS behavior has
been observed in devices based on lamellar structure, de-
rived from block ratios of PVPCz and P2VP, respectively. The
switching mechanism is associated with carbazole segments,
which create conductive paths and can be switchable, also ren-
dering this organic memristor suitable for synapse applica-
tions. Chen et al. demonstrated an organic memristor based
on an egg albumen thin film, prepared by heat-denaturation
of proteins, and sandwiched in an Al/Albumen/ITO struc-
tured device, as shown in Fig. 15(c)['8%, The memristor dis-
played a reliable RS property over 500 DC cycles, with an
on/off current ratio of >103, and resistance states maintained
over a long period of ~>10% s, together with further poten-
tial for application as a synapse device. Celano et al. repor-
ted a complete nanocellulose (nano paper) based memory as
a bipolar RS memiristor, as displayed in Fig. 15(d)©5. This
memory device attains single-use disposable characteristics
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(biodegradable), and is therefore, very safe for humans. The
RS behavior of the device also demonstrated multi-level stor-
age capability and scalability, up to a single nanofiber of 15
nm in size. Moreover, this device has a vast potential for applic-
ation as a synapse device.

When a memristor device exhibits TS resistive switching
characteristics, i.e., abrupt ‘firing’ current change behavior, it
can also be utilized to produce leaky integrate and fire (LIF)
neuron characteristics. In neuroscience, synapses and neur-
ons are wired together; however, their functions are quite dif-
ferent, with synapses being responsible for information pro-
cessing via synaptic weight tuning, whereas neurons guide
the summarized conductance of nearby synapses and pro-
cess it to neighboring areas of the neural network. Therefore,
it is key that on-chip synapse-neuron systems, are capable of
functioning as both synapse and neuron devices. As a bio-neur-
on, artificial neurons needed to exhibit such functions as auto-
matic fire, leaky integration, and fast recovery!'8'). Fortuna-
tely, memristors based on TS resistive switching possess most
of the characteristics of bio-neurons. For example, Wang et
al. studied a core-shell InP/ZnS quantum dots (QDs) thin film-
based memristor, which exhibited TS switching behavior, and
was further utilized as an artificial neuron with leaky-integ-
rate and fire (LIF) dynamics, as shown in Fig. 15(e)74. Display-
ing characteristics analogous to biology, the synapses (con-
sidered as capacitors) in the device connected to the LIF neur-
on, i.e.,, the TS memristor. Artificial neurons accumulate all con-
ductance via synapses (capacitors); if the threshold voltage is
met, the neuron fires its spike further to other parts of the

......
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neural network. This LIF neuron behavior was demonstrated
via a simple capacitor plus TS memristor circuit, and accord-
ing to the arriving voltage pulses, e.g. ~1.3-1.7 V, the device’s
neuronal firing dynamics can also be varied.

5. Future perspectives for memristors

The use of 2D materials and their combinational van der
Waals (vdW) heterostructures as memristor storage with syn-
aptic functioning represents cutting-edge research with re-
spect to low-power consumption, low-dimensional scaling
and novel working RS mechanisms allowed by 2D materi-
als®l. For example, Tian et al. discovered an ultra-low cur-
rent (10 pA) operation memristor, based on a 2D (PEA),PbBr,
perovskite single crystal material, in which Br ion migration
creates a filament size of ~20 nm, as shown in Fig. 16(a)/0!,
The RS mechanism of the memristor device is attributed to ef-
fective ionic transport capability, along with limited electron
transport, thereby restricting excessive current leakage in the
device. Fig. 16(b) displays the low-current synaptic characterist-
ics of the memristor device, indicating STP behavior decay
(~22 s), and LTP behavior persistence (~1000 s) in the device,
after spiking trains stimulation. A similar 2D material used as
a memristor storage, i.e. MoO,, was researched by Zhou et al.,
and the device uniquely indicated RS behavior modulation
via UV light stimulation, as shown in Fig. 16(c)62. The homo-
geneous RS behavior observed in the MoO,-based memris-
tor and its light-based mechanism is arguably due to the form-
ation of an H,MoO, conductive phase inside the MoO, mat-
rix under UV illumination. These extended (electrical and

light stimulation) memristor characteristics can be applied to
mimicking the human visual system neural network (NN), as
depicted in Fig. 16(d). By utilizing UV light stimulation on selec-
ted regions of the crossbar structure (constructed NN), the re-
quired pattern, e.g. P or L, can be memorized, as shown in
Fig. 16(e). On the other hand, by utilizing electrical and light
stimuli together, the pattern recognition accuracy of, for ex-
ample, hand-written digits/letters, can be improved signific-
antly, as compared to a crossbar NN operated simply via elec-
trical stimulation. To conclude, light and electrical stimula-
tion of such memristor crossbars can be effectively applied
for image memorization, pre-processing, and pattern recogni-
tion tasks, respectively.

Beyond the homosynaptic plasticity mimicked in two-ter-
minal plasticity, advances in neuroscience have resulted in
the discovery of extended synaptic plasticity behaviors, such
as hetero-synaptic plasticity, synapse cooperation behavior,
etc. In light of these developments, Yang et al. studied
hetero-synaptic behaviorin a planar-type memristor device, ad-
ditionally modulated electrically via the 3rd terminal, as
shown in Figs. 17(a)-17(c)['82, The results revealed that it is
possible to affect current changes triggered by pre-synaptic
spiking by simply applying voltage bias from the modulatory
synaptic terminal. Moreover, hetero-synaptic modulation ef-
fects were observed in different materials, such as ZnSe, SiO,,
and a-Si. Zhu et al. researched ionic modulation effects in a
multi-terminal synapse memristor based on an MoS, 2D materi-
alin a planar structurel'83], As shown in Fig. 17(d), coupled-ion-
ic electronic effects can be realized via a multi-terminal syn-
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apse device, a behavior very similar to the processes of real
bio-synapses. Here, phase transitions in MoS, are found to con-
trol the migration of Li* ions, which naturally allows synaptic
competition and cooperation behaviors. Finally, with the devel-
opment of mature synaptic memristor devices, the exact emu-
lation of their biological counterparts becomes a reality, as dis-
played in Fig. 17(e). For example, Kim et al. reported a flex-
ible organic artificial afferent nerve, consisting of a distrib-
uted network of receptors, neurons, and synapses, to per-
form complex tactile information processing!'®¥, The advant-
ages of this artificial nerve, connected to motor nerves of ob-
ject/subject, have vast potential for use in the fields of neuroro-
botics and neuro-prosthetics.

6. Summary and outlook

In this review, we have discussed inorganic and new trend-
ing materials used as storage matrices for memristor applica-
tions, further categorizing these into their emerging memory
and neuromorphic engineering characteristics. Beginning
with a discussion of different resistive switching behaviors,
such as digital, analog, complementary, and threshold switch-
ing in the introduction, the main recent trends in memristor
devices are briefly elaborated. Next, we focus in-depth on re-

search in emerging memory applications, such as memris-
tors based on ternary storage oxides, the bilayer switching me-
dium, stacking sequence influence, and doping into oxide mat-
rix, discussing these in detail. Specifically, ternary metal ox-
ides can retain multiple oxidation states, resulting in superior
resistive switching characteristics. Similarly, the appropriate
doping onto a switching oxide matrix can result in enhanced
resistive switching properties in memristor devices, due to
the directed redistribution of concentrations of metal ions
and oxygen vacancies. Furthermore, neuromorphic engineer-
ing of the memristor devices has recently become a hot re-
search topic, trends in tuning bilayers, doped, annealed, struc-
turally designed and organic-materials-based switching
matrices also have potential in relation to artificial synapse
and neuron applications. In this context, we have discussed
the resistive switching characteristics of structural oxide-
based memristors, with specific reference to significant syn-
aptic characteristics such as volatile/non-volatile behavior,
multi-level resistance states, potentiation and depression,
paired-pulse facilitation (PPF), spike-rate dependent character-
istics (SRDP), history-dependent plasticity, learning-forget-
ting-re-learning characteristics, and spike-timing-dependent
plasticity (STDP). Here, we particularly highlight the import-
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ance of structural design in the tuning of frequency-related
synaptic characteristics of memristors. New trends in organic
memory storage, and its refinement into quantum dots
(QDs), further utilized as synapse memristor devices are also
discussed. Overall, research into new and existing materials
for improved control of RS parameters in memristor devices,
such as switching uniformity, ion migration channels and loc-
al electric field enhancement, are in high demand, with the ulti-
mate aim of building fast, low-power and reliable neural net-
work on-chip systems for a variety of applications in future arti-
ficial intelligence projects.
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