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TOPICAL REVIEW — Physics in neuromorphic devices
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Memristive devices have attracted intensive attention in developing hardware neuromorphic computing systems with
high energy efficiency due to their simple structure, low power consumption, and rich switching dynamics resembling
biological synapses and neurons in the last decades. Fruitful demonstrations have been achieved in memristive synapses
neurons and neural networks in the last few years. Versatile dynamics are involved in the data processing and storage in bio-
logical neurons and synapses, which ask for carefully tuning the switching dynamics of the memristive emulators. Note that
switching dynamics of the memristive devices are closely related to switching mechanisms. Herein, from the perspective of
switching dynamics modulations, the mainstream switching mechanisms including redox reaction with ion migration and
electronic effect have been systemically reviewed. The approaches to tune the switching dynamics in the devices with dif-
ferent mechanisms have been described. Finally, some other mechanisms involved in neuromorphic computing are briefly
introduced.
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1. Introduction
The development of artificial intelligence (AI) that could

rival their biological counterparts, i.e., mammalian brain, has
been a dream that mankind has done a lot of work to pur-
sue. This is because the biological brain outperforms the dig-
ital computer in solving probabilistic and unstructured prob-
lems, such as cognitive and classification tasks.[1–3] As is well
known, the biological neural network consists of a large num-
ber of neurons massively interconnected by an even larger
number of synapses; it is the foundation of in-memory com-
puting with massive parallelism, ultrahigh density, and low
energy consumption in biological system. These years have
witnessed the great progress of AI based on software neural
networks with the aid of digital computers thanks to the de-
velopment of algorithm.[4,5] It should be noted that the digi-
tal computer based on binary logic and serial computing has
an entirely different architecture to the biological brain, cost-
ing extremely inefficient and enormous power consumption in
software-based AI systems. In contrast, the hardware-based
AI systems constructed by the memristive device with in-
trinsic dynamics resembling biological synapses and neurons
are more efficient in terms of speed and power consumption.
Thus, memristive devices have attracted intensive attention for
neuromorphic computing in recent years.[3,6–8]

The memristive device typically has a simple sandwich

structure of metal–insulator–metal (MIM), and its resistive
states can be reversibly modulated according to the quantity
of electric charges flowing through it.[9–11] Thus, the memris-
tive device performs resistive switching behavior with inherent
memory effect, which means its resistive state depends on not
only the extra stimulations but also its intrinsic states.[12–14]

Generally, the resistive switching behavior can be triggered
by applying electric pules or DC voltage/current sweeping.
It is found that the pinched hysteresis current–voltage (I–
V ) loop induced by voltage/current sweeping is the finger-
print of memristive devices.[15] Actually, a variety of resistive
switching behaviors have been observed until now, and they
can be classified into different types according to different
criteria.[16–18] For example, the resistive switching behavior
can be grouped into digital and analog categories based on the
switching dynamics. Digital resistive switching describes the
abrupt change between high resistive state (HRS) and low re-
sistive state (LRS), and the abrupt current jumping appears in
the I–V loop of digital cells. In contrast, the analog switching
describes gradual modulation of resistive states, and continu-
ous I–V loops are observed in the analog switching cells.[19]

Note that coexistence of digital and analog switching behav-
iors has been reported in some devices.[20] It has been found
that some devices perform analog switching behavior during
voltage sweeping with low amplitude, in contrast they show

∗Project supported by the National Natural Science Foundation of China (Grant Nos. U1832116 and 51772112) and Fundamental Research Funds for the Central
Universities, China (Grant No. HUST: 2016YXZD058).

†Corresponding author. E-mail: yangrui@hust.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

097305-1

http://dx.doi.org/10.1088/1674-1056/aba9c7
mailto:yangrui@hust.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 29, No. 9 (2020) 097305

digital switching process under voltage sweeping in high am-
plitude region.[21] According to the retention characteristics
of the resistive states, the resistive switching behavior can be
classified into volatile and nonvolatile switching groups.[22–25]

As the word implies, the resistive switching occurs by electric
simulations, but the switching states soon go back after remov-
ing the external simulations in volatile switching devices. In
contrast, the resistive states of nonvolatile cells maintain for
a long time after removing the simulations. And there also
are some devices in medium states, in which the resistive state
maintains for a long time but it shows partial retention loss
over time, named as forgetting effect sometimes.[14,26] In ad-
dition, the resistive switching behavior can be classified into
bipolar and unipolar types with respect to the electric polarity
required for switching. In bipolar switching devices, the re-
quired electric pulses for SET, i.e., the change from HRS to
LRS, and for RESET (the switch from LRS to HRS) have op-
posite polarities. Meanwhile, the SET and RESET switching
shows no dependence on the polarity of the applied simula-
tions in the unipolar switching devices.[27,28] It has been found
that the resistive switching characteristics in memristive de-
vices highly depend on the materials, device structure, external
simulations, and switching mechanisms.[29–31] Thus, there are
many reports about tuning the switching behavior character-
istics through controlling the device structure and simulation
parameters.[28,32–37]

As is well known, synapses and neurons are building
blocks of neural networks. In a biological system, the synapse
is the specialized junction where a neuron contacts and com-
municates with another neuron.[38] The contact strength, i.e.,
synaptic weight, varies depending on the activities of relative
neurons and also its own local ion dynamics, which is termed
as synaptic plasticity. And, the synaptic weight modulation is
analog and possesses diverse time courses ranging from mil-
liseconds to hours, days and even the whole lifetime.[39] Thus,
analog switching behavior is generally required to mimic a
synapse. Both volatile and nonvolatile resistive switching be-
haviors have been reported to emulate a given synaptic func-
tion with certain time courses. Unlike synapses, the neu-
ron works to integrate inputs temporally and spatially from
contacted pre-synaptic neurons, evoking a temporal boost of
neuron membrane potential.[40–42] If this potential reaches the
threshold, a neural pulse will be generated. In contrast, sub-
threshold membrane potential will soon leak out in a short
time. The working process of neuron mainly presents short-
term dynamics, therefore volatile switching process is usually
required to emulate neuron. Thus, versatile switching dynam-
ics are required to emulate different synaptic and neuronal
functions to realize neuromorphic computing.[8,13]

Note that switching dynamics are highly related to

switching mechanisms in memristive devices. Till now,
different switching mechanisms have been demonstrated,
including redox reaction coupled with ion migration,[30]

electronic effect based on electron trapping,[43] insulator–
metal transition,[44,45] phase change effect,[42,46] spin-torque
effect,[47] and so on. In this review, we mainly focus on the
modulation of switching dynamics in the memristive devices
which have been intensely investigated for neuromorphic com-
puting. Redox reaction and electronic effect are mainly dis-
cussed here. The redox reaction can be subdivided into two
types: cation and anion migration related redox reactions. In
addition, perspectives for switching dynamics modulation in
memristive devices with different mechanisms are discussed.

2. Cation migration and redox reaction

The cation migration based memristive devices are gen-
erally referred to as atomic switch,[48–50] electrochemical met-
allization cell (ECM),[51–53] or programmable metallization
cell[54–56] and have attracted intensive research interests in the
past two decades. Typically, an electrochemically active elec-
trode, such as Ag or Cu, is adopted on one side of the devices
and an inert counter electrode is utilized on the other side of
the devices. The resistive switching occurs mostly through
creating and annihilation of a conductive metal filament result-
ing from the redox reaction coupled with migration of cations
in the ECM cells.[57] The operation principle in conjunction
with the typical I–V curve is schematically shown in Fig. 1,
using Ag as the active electrode and Pt as the counter electrode
for example.[51] Ag atoms are oxidized to Ag ions (Ag+) and
subsequently dissolve into the thin film electrolyte by apply-
ing a high enough positive voltage on the active Ag electrode
(Fig. 1(b)). Then, Ag+ cations drift across the thin film un-
der the external electric field and are reduced to Ag atoms at
the counter Pt electrode (Fig. 1(c)). These Ag atoms crys-
tallize and finally form a metal conductive bridge contacting
the opposite Pt electrode, which sets the device to the LRS
(Fig. 1(d)). This conductive filament will be ruptured by ap-
plying a negative voltage, resetting the device to the HRS, see
Fig. 1(e). The device can be reversely switched between HRS
and LRS through controlling the formation/rupture of conduc-
tive filaments by applying electric field.[35,58–60]

Remarkably, dynamic growth and rupture of the con-
ductive filaments are much more complicated in a real ECM
device than the above-mentioned operation principle.[52,61]

In fact, different filament growth modes, like growth from
the active electrode to the counter electrode, have been
observed.[58,61] Thanks to the directive observation and sys-
temically analysis of the filament dynamic growth processes,
it has been found that nanoclusters are formed in the thin film
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electrolyte and they exhibit diverse dynamic behaviors gov-
erned by kinetic factors including ion mobility and redox rates,
leading to different filament growth modes and filament shapes
in the memristive device.[52] In addition to the filaments with
a cone shape, many filaments are also observed with a den-
dritically branched structure. And, the rupture of the filaments
occurs due to the spontaneous dissolution process driven by in-
terfacial energy minimization between the foreigner phase of
the filaments and the matrix phase of the electrolyte thin films.
This spontaneous dissolution process plays a domain role in
the case of thin and weak filaments,[50,56] which results in the
volatile switching. This volatile characteristic is disastrous for
the memory storage, but it is very useful for mimicking the
synaptic short-term plasticity and the threshold-firing process
of neurons.[62]

Thus, the ECM device can clearly achieve both volatile
and nonvolatile switches through controlling the configuration
of the filaments.[22,50,62,63] Actually, it is found that the geom-
etry of the filaments, i.e., the density and diameter of the den-
dritic branches, can be utilized to control the retention char-
acteristics of the device.[62] As shown in Fig. 2, Barbera et
al. found that the density of the filament branches can be con-
trolled by the compliance current level (IC) in set process in the
device of Ag/Ag2S/Pt; the higher the applied IC is, the greater
the density of branches is obtained. And, the diameter of the
filaments is supposed to be related to the number of the electric
pulses. The branch grows thicker and thicker with increasing
the number of applied pulses. Then, the same conductance
state (i.e., Gmax = 0.9 mS) can be obtained by applying dif-

ferent numbers of electric pulses, but the sate shows different
retention characteristics, see panels 1 and 3. The states with
the same branches density also show different retentions, see
panels 2 and 4. These results clearly indicate that the growth
and rupture of filaments can be carefully tuned by controlling
the operating conditions. Note that the diameter of filaments is
also found to be highly related to the level of compliance cur-
rent in other devices[64,65] and fragile filaments are usually ob-
tained under low compliance current. At the same time, much
more stable filaments can be obtained under high compliance
current. This phenomenon is termed as the current-retention
dilemma, because it becomes very hard to decrease the op-
erating current for memory application asking for robust fila-
ments and very hard to increase the driving current for selec-
tor application requiring fragile filaments. Recently, Zhao et
al. first broke the current-retention dilemma through inserting
graphene with controlled defects into the Ag/SiO2 interface in
SiO2 memristive devices.[63] It was found that the quantity and
size of filaments can be well modulated by graphene defect en-
gineering due to its excellent impermeability to cations migra-
tion. The memory device with low operation current (≈ 1 µA)
was obtained by inserting graphene with concentrated defects
to centralize the filament distribution. At the same time, a high
driving current selector (≈ 1 mA) was realized through intro-
ducing graphene with discrete defects to decentralize the fila-
ments distribution. This proposed strategy can be applied to
other ECM cells to precisely control the geometry of the fila-
ments to realize the expected switching behaviors.

Fig. 1. Schematic operation principle of an electrochemical metallization cell in conjunction with the typical I–V curve with the SET (A–D)
and RESET processes (E). Reproduced with permission.[51] Copyright 2011, IOP Publishing.
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Fig. 2. The filament geometry in the device of Ag/Ag2S/Pt, including the density and diameter of the dendritic branches, can be tuned
independently through controlling the compliance current level (IC) and number of stimulus pulses, respectively. Two implementing examples
of LTP (cases 1 and 2) and STP (cases 3 and 4). Reproduced with permission.[62] Copyright 2015, American Chemical Society.

Fig. 3. In situ TEM observation of the planar structured Au/SiOxNy:Ag/Au device with threshold switching behavior, suggesting that the inter-
facial energy minimization induces the rapid contraction of filament after removing the external electric field. Reproduced with permission.[73]

Copyright 2017, Springer Nature.

Till now, a wide range of amorphous materials have
been explored as the solid electrolyte layer in the ECM cells
to realize volatile and nonvolatile resistive switching behav-
iors, including oxides,[63,66–68] chalcogenides,[48,60,69] and or-
ganic materials.[35,70] The random uncontrollable formation
and rupture of the filaments in the amorphous matrix bring
the switching properties of ECM cells with unavoidable large

device-to-device and cycle-to-cycle variabilities.[59] Very re-
cently, the epitaxial single-crystalline SiGe layer was used as
a switching medium to demonstrate reproducible high perfor-
mance switching through confining metal filaments in a de-
fined one-dimensional channel of threading dislocations.[31]

The volatile resistive switching behavior is also named as
threshold switching. Since the typical ECM cell has an asym-
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metric structure with only one active electrode in the device,
the threshold switching is usually obtained when the positive
voltage is applied in the active electrode.[22–25,71] Of course,
some bipolar threshold switching behaviors have been ob-
served in the typical ECM device due to the metal cations dis-
solved in the electrolyte working as bipolar electrodes.[27,72]

Recently, the active metals were deliberately mixed in the
electrolyte layer to achieve bipolar threshold switching behav-
iors with typical I–V curves through co-sputtering or thermal
annealing technologies.[7,73] These memristive devices with
bipolar threshold switching behaviors are also named as diffu-
sive memristive devices. And, the threshold switching mecha-
nisms have been examined through in-situ TEM, as shown in
Fig. 3. The device is Au/SiOxNy:Ag/Au with a planar struc-
ture. A filament consisting of Ag nanoparticles was formed
upon applying voltage from 0 s to 5 s. Then the power was
turned off at 5.0 s and the conductive filament rapidly con-
tracted under driving forces of minimizing the interfacial en-
ergy between the Ag filaments and SiOxNy:Ag matrix, see the
pictures captured at 5.3 s and 5.7 s. These results clearly indi-
cate that cation migration is involved in the threshold switch-
ing behavior. And these threshold switching devices find a
variety of applications including selector devices for memory
storage and synaptic and neuronal devices, which have gath-
ered intensive research interest recently.[29,62,72,74]

3. Anion migration and redox reaction
Besides metal ions, anions migration, most commonly

oxygen ions (typically described as oxygen vacancies, V..
O), is

involved in the memristive devices based on transition metal
oxides without electrochemical active electrodes.[17,18,75–77]

The migration of oxygen ions usually induces a redox re-
action expressed by a valence change of the cation sub-
lattice and leads to a stoichiometry change of the oxides.
Thus, anion migration related switching mechanism is typi-
cally referred to as valence change mechanism (VCM).[10] In
a VCM cell, resistive switching is generally attributed to the
creation/annihilation of oxygen-deficient conductive filaments
based on oxygen migration.[78,78–80] However, unlike the fruit-
ful findings of the metal cation filaments in the ECM cells,
the details of the oxygen migration and the resultant oxygen-
deficient conductive filaments are still elusive and controver-
sial owing to the difficulty in directly observing the oxygen
migration process.[81–84] Thanks to intensive investigations in
recent years, great progress has been made to understand the
microstructure of the filaments and the dynamic oxygen mi-
gration process in switching runtime.[85]

Similar to ECM cells, an electroforming process is typ-
ically required to achieve stable resistive switching in VCM
cells.[21,86] In the electroforming process, high-density oxy-
gen vacancies are generated and migrated to form VO-rich fil-
aments. The atomic structure of the filaments has been con-
firmed to be the oxygen-deficient phase (or so-called Magnéli

phase) in the TiO2−x
[87,88] and WO3−x

[89] memristive devices
through TEM measurements, as shown Fig. 4. Kwon and co-
authors[87] firstly observed the Ti4O7 filament with Magnéli
phase (Fig. 4(a)) in the Pt/TiO2/Pt devices exhibiting unipo-
lar resistive switching behavior in 2010. In the same year,
Strachan et al.[88] found that the Magnéli phase conductive
filament was also responsible for the bipolar resistive switch-
ing process in their Pt/TiO2/Pt devices. Unlike the filament
directly bridges the top and bottom electrodes in the unipo-
lar switching cell, the metallic Ti4O7 filament does not en-
tirely span between the bottom and top electrodes due to the
non-linear and low currents observed in the LRS state in their
bipolar switching cell. It is proposed that there is a nano-gap
and a Schottky-like barrier between the filament and the con-
tacting electrode, as shown in Fig. 4(b). Subsequently, the
resistive switching is ascribed to a modulation of the barrier
due to oxygen migration under external electric field. In 2016,
we also observed filaments with Magnéli phase formed in the
Pt/WO3−x/Pt devices in the forming process,[89] as shown in
Fig. 4(c). The device had a crossbar structure and before elec-
troforming the WO3 thin layer was amorphous. After electro-
forming, a broken bubble appeared in the lower right corner
of the cross point. A cross-sectional cut was made along the
broken bubble and then the WO3 thin was found crystallized
and a conductive Magnéli phase was observed through TEM
measurement, see panel 6 in Fig. 4(c). The subsequent bipolar
resistive switching relates to the local oxygen migration in the
interfacial area adjacent to the top of the filament. In 2018,
Zeng et al. directly observed the filaments composed of mon-
oclinic crystal with oxygen deficient in the W/HfOx/HfOy/Pt
bilayer device. More interestingly, it was found that this mon-
oclinic filament results from oxygen vacancy migration cou-
pled with phase transformation of the orthorhombic phases
previously formed during the forming process.[90]

In contrast, amorphous conductive filaments have been
observed in many other oxide memristive devices.[83,91] Wu
and co-workers[91] investigated the evolution of filaments and
analyzed the filament components in the Au/Ta2O5/Au device
through TEM and electron energy loss spectroscopy (EELS).
As shown in Fig. 5(a), in the outside conducting filament re-
gion, the atomic ratio of tantalum and oxygen is nearly 2 : 5,
meanwhile the ratio is nearly 1 : 2 in the filament region,
which clearly demonstrates that the nano-filament is oxygen-
deficient with the composition of TaO2−x. The formation pro-
cess of this oxygen-deficient filament is schematically illus-
trated in the bottom panels in Fig. 5(a) based on oxygen migra-
tion and accumulation. Recently, Kang and his coworkers[83]

directly observed the nano-filament in the HfO2-based mem-
ristive devices using TEM with electron holography, as shown
in Fig. 5(b). It is found that the oxygen vacancies are generated
through dissociating the Hf–O bands and the oxygen-deficient
conductive filament is formed in the forming process. Subse-
quently, the resistive switching is achieved through the con-
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nection and rupture of the filament at the top interface of the
HfO2 film.

Since oxygen vacancies are essential in the switching pro-
cess in VCM cells, the asymmetric architectures using two ox-
ide layers have been developed, in which one layer containing
higher VO concentration serves as a reservoir of VO, while the
other layer is close to stoichiometric.[92,93] A fast (10 ns) and
high-endurance (1012 cycles) nonvolatile memristive device
was demonstrated based on Ta2O5−x/TaO2−x bilayer struc-

tures, see Fig. 6(a), by Samsung in 2011.[92] Through TEM
and EELS measurements, they found that the superb switch-
ing performance originates from the formation and annihila-
tion of nanoscale TaO1−x filaments between a top electrode
and a TaO2−x base layer by means of oxygen migration, as
schematically illustrated in Fig. 6(b). Meanwhile, the geom-
etry of conductive filaments (sizes and percolation paths) in
TaO2−x base layer reversely changes along with the device
switching process.[93]

(a)
(b)

(c)

Fig. 4. Atomic structure of the conductive filaments with Magnéli structures observed in VCM cells. (a) High-resolution TEM image of a
Ti4O7 nanofilament in the device of Pt/TiO2/Pt with unipolar resistive switching behavior. Reproduced with permission.[87] Copyright 2010,
Springer Nature. (b) Electron diffraction pattern, dark field imaging of the Ti4O7 Magnéli crystallite and the physical model for bipolar resistive
switching in the Pt/TiO2/Pt memristive devices. Reproduced with permission.[88] Copyright 2010, Wiley. (c) Structure evolution in the forming
process of the Pt/WO3/Pt device, illustrating that a conductive filament with Magnéli phase is formed during the forming process. Reproduced
with permission.[89] Copyright 2016, Wiley.

(a) (b)

Fig. 5. Amorphous conductive filaments in VCM cells based on oxides. (a) TEM, EELS, and the physical switching mechanism for the
Au/Ta2O5/Au device. Reproduced with permission.[91] Copyright 2015, Wiley. (b) Electron holography graph of the HfO2-based memristive
device and the schematic of the switching mechanism. Reproduced with permission.[83] Copyright 2017, Wiley.
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(a) (b)

Fig. 6. Asymmetric structured memristive device with a reservoir layer of VO and the switching mechanism of the Pt/Ta2O5−x/TaO2−x/Pt
device. (a) TEM image of the device. Reproduced with permission.[92] Copyright 2011, Springer Nature. (b) Schematic diagrams of formation
and annihilation of nanoscale TaO1−x filaments during switching. Reproduced with permission.[93] Copyright 2013, Springer Nature.

(a) (b)

(c)

Fig. 7. Switching polarity determined by the dynamic oxygen migration process. (a) Two types of switching properties in the
Au/Sr2TiO4/Nb:SrTiO3 (STO) device; the device is schematically shown in the inset. Reproduced with permission.[32] Copyright 2010, Wiley.
(b) Schematic of the switching process induced by the internal oxygen migration in the oxides. Reproduced with permission.[95] Copyright
2009, Springer Nature. (c) Schematic of switching in Pt/STO/Nb:STO device, where oxygen migrates between the top Pt electrode and the
Pt/STO interface. Reproduced with permission.[102] Copyright 2017, Wiley.
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In addition to the microstructure of conductive filaments
in VCM cells, the dynamic oxygen migration process, in-
cluding migration location and direction, has been intensively
studied. Actually, the dynamic oxygen migration process de-
termines the switching polarity in VCM cells.[32,94] For ex-
ample, two types of switching properties with opposite volt-
age polarities were observed in one and the same device of
Au/Sr2TiO4/Nb:SrTiO3, as shown in Fig. 7(a).[32] The red
curve switching shows ‘counter-eightwise’ polarity, whereby
a device can be reset to HRS by applying positive voltage,
while a negative voltage sets the device to LRS. In con-
trast, the blue curve switching shows ‘eightwise’ polarity,
whereby a positive (negative) sets (resets) the device to LRS
(HRS). It is worth noting that there is a Schottky-like con-
tact at the Au/Sr2TiO4 interface, while an ohmic contact at the
Sr2TiO4/Nb:SrTiO3 interface. And all voltage is given on the
top Pt electrode with the Nb:SrTiO3 grounded, as shown in the
inset in Fig. 7(a). As mentioned above, the resistive switching
process in VCM cells typically is associated with local oxy-
gen migration at the Schottky-like interface adjacent the top
of switching filaments.[88] The opposite switching polarity in-
dicates that there are two competing oxygen migration pro-
cesses in one and the same device. The counter eightwise po-
larity switching behavior is also observed in TiOx-based mem-
ristive devices. And, it can be explained by the internal oxy-
gen migration within the oxides, as schematically illustrated
in Fig. 7(b).[95,96] In contrast, the eightwise polarity switching
cannot be explained by the internal oxygen migration within
the oxides, but it is also observed in various oxides, includ-
ing WO3−x,[97,98] CeO2,[99] SrTiO3 (STO),[100,101] HfOx,[84]

TaOx,[81] and so on. We have proposed that the oxygen migra-
tion process mainly occurs between the Schottky-like interface
and electrode in the Pt/WO3−x/Pt device based on the study
of the atmosphere effects on the switching behavior.[97] Very
recently, Cooper et al.[102] verified that the oxygen migrates
between the top Pt electrode and the Pt/STO interface in eight-
wise polarity switching, as schematically shown in Fig. 7(c).
In other words, oxygen is stored and electrocatalytic released
in the Pt electrode during eightwise switching behavior, indi-
cating that the oxygen migrates between the electrode and the
electrode/oxides interface.

Furthermore, the actual oxygen migration microphysics
is much more complicated than the drift process along the
electric field.[100] It was recently found that the lateral oxy-
gen migration in and out the conductive channels driven by
radial thermophoresis and Fick diffusion, plays a key role in
the eventual device switching performances, like device fail-
ure and retention characteristics, since elevated local temper-
ature and oxygen concentration gradient are generated in the
switching process.[33,103–105] And, in some typical VCM cells,
it was found that the host cations are also mobile and metallic

filaments can also be formed in some given VCM cells.[106,107]

Therefore, it is required to consider multiple state variables
involved in the switching process in a given device, though
multiple variables make the switching process much more ex-
clusive.

Actually, Lu and his coworkers[12,108] demonstrated
second-order memristive devices by utilizing local tempera-
ture or oxygen ion migration mobility as a second state vari-
able in addition to the size of filaments. Generally, these
second state variables perform short-term dynamics and af-
fect the device conductance through influencing the first state
variable with long-term dynamics. The first reported second-
order memristive device is Pd/Ta2O5−x/TaOy/Pd,[12] in which
the second state variable is the local temperature of the de-
vice. This local temperature increases abruptly due to Joule
heating upon the application of a voltage pulse, then it de-
cays spontaneously after removal of the simulation, resulting
in an intrinsic internal timing mechanism. The synaptic weight
modulation in biological synapses also depends on some local
dynamics with short-term dynamics, such as membrane volt-
age and calcium time course and level. These local dynam-
ics work as internal timing mechanisms to encode the activ-
ity information of pre- and post-synaptic neurons. Thus, the
second-order memristive devices have impressive advantages
over the first-order memristive devices in biorealistically mim-
icking synaptic plasticity. For example, the synapse emulator
based on the first-order memristor asks for carefully waveform
engineering and pulses overlapping to realize spike-timing de-
pendent plasticity (STDP), because it needs to encode the rela-
tive timing information of the neuron activity to the spike am-
plitude or width through pulse overlapping. In contrast, bio-
realistical implementation of STDP can be achieved without
the need of pre-/post-synaptic pulses overlapping based on the
second-order memristors with intrinsic internal timing mech-
anisms. As a better choice for biorealistic synaptic plastic-
ity implementation, many second-order memristors have been
reported in VCM cells, including WOx

[108] and STO[13,109]

based memristive devices.
Note that some VCM cells perform stable resistive

switching behavior based on anion migration, but there is
no filament formed in the switching process. This type of
device is generally termed as interface-type, for which the
resistive switching occurs at the interface over the entire
electrode.[16,110,111] And, it is reported that the redox reac-
tion occurs due to oxygen migration driven by electric field
at the metal/oxides interfaces and results in reversible re-
sistive switching. This kind of interface-type switching be-
havior has been reported in the Al/Pr0.7Ca0.3MnO3 (PCMO)
interface,[112] Al/La0.7Ca0.3MnO3 (LCMO) interface,[113] and
Ti/La0.7Ca0.3MnO3 (LCMO) interface.[114] In addition, some
other interface-type switching is attributed to interface barrier
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modulation induced by oxygen migration in Ti/PCMO,[115]

YSZ/PCMO,[116] and Pt/TiO2.[10] Compared to fruitful results
about filament-type switching cells, reports of interface-type
switching are relatively limited. However, the interface-type
switching device has some advantages, for example, it often
requires no forming process and it is generally much more
easily to achieve analog switching in the interface-type de-
vice. This is because a continuous resistive switching can
be achieved by continuously modification of the device inter-
faces, like interfacial barrier width or height. It is worth not-
ing that filament-type switching and interface-type switching
could coexist in a given device under specific operating condi-
tions, which offers an extra freedom to modulate the switching
dynamics.[32,94]

4. Electronic effect
As aforementioned, the nanoionics-based memristive de-

vices suffer from inevitable reliability and variability is-
sues related to local structure distortion caused by alien
or native ion migration in the switching process.[100] In
contrast, electronic memristive devices, in which the resis-
tive switching is attributed to a purely electronic process,
have internal advantages in terms of switching uniformity
and reliability.[43,117,118] Moreover, purely electronic memris-
tive devices can perform switching without filaments forma-
tion/rupture, thus they have good compatibility with current
mature microelectronic technology which is based on the elec-
tronic process too. Till now, electronic memristive devices
have been reported in several systems mainly based on two
kinds of mechanisms: charge trapping/detrapping[20,119–125]

and metal–insulator transition.[34,126–130] In particular, charge
traps can be subdivided into intrinsic defects, which inher-
ently exist in the interface or the bulk of switching insulators,
and extrinsic charge traps, which are artificially introduced
in the switching materials including nanoparticles,[124] quan-
tum dots,[120,123] and atom-level defects.[118] The charge trap-
ping/detrapping process can either induce modulation of the
interface barriers in the device[131,132] or changes of the bulk
carrier transport process in the switching materials[121,125] and
then results in the switching behavior.

Metal (with high work functions)/Nb:SrTiO3 (Nb-STO)
crystalline Schottky junction[122,131,133] is usually utilized as
the model device to investigate the interface charge trap-
ping induced switching behaviors, since the chemical de-
fects have been systemically established in the Nb-STO crys-
talline. The analog bipolar resistive switching behavior has
been experimentally demonstrated in the Au/Nb-STO,[133]

Ti/Nb-STO,[122,134] and Pt/Nb-STO[131] junctions. And it is
believed that the resistive switching is accompanied by a mod-
ulation of the effective height or width of the Schottky barrier

through electron trapping/detrapping at the metal/Nb-STO in-
terface. In these devices, a forward bias (i.e., the metal elec-
trode is positively biased) sets the device from HRS to LRS
and a reverse bias resets the device from LRS to HRS, as
shown in Fig. 8(a).[131] In the reset process, electrons are in-
jected from the metal electrode and trapped at the metal/Nb-
STO interfaces. These negative trapped charges result in in-
creased Schottky-barrier height and width, therefore reset the
device to HRS. When the reverse bias is applied on the in-
terface, electrons are drawn out from the traps, leaving posi-
tively charge traps in the interface. These positive charge traps
provide an additional potential, which reduces the Schottky
barrier height and width at the metal/Nb-STO interfaces.[133]

These charge traps are proved to be interface defects induced
by unintentional contaminations and metal electrode growth
induced damage and/or disorder in the metal/Nb-STO inter-
face. Mikheev et al.[131] experimentally demonstrated that
an unintentional interface traps layer has been formed in the
Pt/Nb-STO interface during Pt electrode deposition process.
This interface layer can be engineered by controlling the Pt
deposition method and post-annealing process.

In addition to interface barrier modulation, electron trap-
ping/detrapping process can also induce the modulation of
carrier conduction process determined by the interaction of
the injected carriers and trap centers in the bulk materials,
and then results in resistive switching too. Typical bulk car-
rier conduction processes involved in resistive switching pro-
cess are the Poole–Frenkel (P–F) conduction[125] and space-
charge-limited conduction (SCLC) mechanisms.[120] Take the
P–F conduction process for example, the switching behavior in
the Pt/Ta2O5/HfO2/TiN structure observed by Yoon et al.[125]

is explained based on the P–F conduction mechanism. In their
device, the Pt/Ta2O5 interface has a high Schottky barrier and
the HfO2/TiN contact is quasi-Ohmic, which induce a high
rectification in the I–V curves, see Fig. 8(c). It is proposed
that a large number of defects have been induced in the HfO2

layer due to the interfacial reaction with TiN layer and the
damage effect during the plasma-enhanced atomic layer de-
position of Ta2O5 on its top. As shown in Fig. 8(c), the de-
vice switches from HRS to LRS state upon positive voltage
sweeping, where the voltage is applied on the top Pt electrode
and bottom TiN is grounded. The device switches back from
LRS to HRS by applying negative voltage sweeping. And it
is found that both HRS and LRS states are mediated by P–
F carrier mechanism but with different trap depths, ∼ 1.0 eV
for HRS and ∼ 0.6–0.7 eV for LRS. When positive voltage
is applied on the Pt electrode, the electrons are injected from
the TiN electrode and trapped at the trap centers with depth of
∼ 1.0 eV in the HfO2 layer. This sets the device to LRS which
follows P–F conduction with trap depth ∼ 0.6–0.7 eV, since
the deeper traps (∼ 1.0 eV) are filled. When negative voltage
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is applied, the Schottky barrier in the Pt/Ta2O5 interface effi-
ciently suppresses the electron injection from the Pt electrode,
meanwhile, the previously trapped electron in the HfO2 layer
is detrapped and drained off to the TiN electrode. Then, the de-
vice changes back to HRS which follows P–F conduction with
trap depth ∼ 1.0 eV. Even though there is a Schottky-barrier in
this device, the resistive switching behavior results from bulk
effect rather than interface barrier modulation.

The above-mentioned charge trapping/detrapping in-

duced resistive switching behavior has been observed in many
systems, including ZnO,[117] CeO2,[135] CuxO,[136] ZrO2,[137]

BiFeO3,[20] etc. In these devices, the energy barrier of charge
detrapping determines the switching retention characteristics.
The trapped electronic charge might escape from the trap sites
with relatively low trapping barrier by thermally activated or
tunneling process,[131] which results in an inherent retention
loss, as shown in Figs. 8(b) and 8(d). At the same time, the
charge-trapping site with relatively high barrier calls for high

(a) (b)

(c) (d)

(e) (f)

Fig. 8. Resistive switching induced by electron trapping/detrapping process. (a) I–V curve of the Pt/Nb:SrTiO3/Al devics, which is set to
LRS by a forward bias. Reproduced with permission.[131] Copyright 2014, Springer Nature. (b) Resistance state retention characteristics,
illustrating that the electrons might escape from the trapped sites.[131] Copyright 2014, Springer Nature. (c) Resistive switching I–V curves of
the Pt/Ta2O5/HfO2−x/TiOx/Ti sample with self-rectification. (d) Retention of the LRS and HRS at different temperatures. Reproduced with
permission.[125] Copyright 2015, Wiley. (e) I–V characteristics of SiO2:0.2Pt atomic mixtures with various thicknesses. Reproduced with
permission.[118] Copyright 2011, Springer Nature. (f) Good retention performance of SiO2:0.2Pt device at 85 ◦C subsequent to switching.
Reproduced with permission.[43] Copyright 2011, Wiley.
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energy consumption and therefore slows the switching process
down. This issue is referred to as voltage–time dilemma which
describes that long data retention and low-energy switching
cannot be achieved simultaneously in purely electronic mem-
ristive devices.[138] This dilemma has a disastrous effect on
data storage application requiring both fast switching and long
retention. In contrast, this dilemma is not a terrible issue
in neuromorphic computing which presents high tolerance of
switching speed and data retention.

Recently, Chen and his coworkers developed a novel
size-dependent metal–insulator transition nanoscale device
and resolved the voltage–time dilemma faced by the normal
charge-trapping electronic memristive devices.[43,118,139,140]

They adopted atomic mixtures thin film of random insula-
tors (SiO2 or Si3N4) and metals (Pt, Cr, etc.) as switching
medium and took the Anderson’s picture of random insulators
as the switching principle. As provided by Anderson, electron
localization length (ζ ) is finite in insulators, while it is infi-
nite in conductors. Metal–insulator transition occurs in ran-
dom mixtures with the thin films thickness (δ ) comparable to
ζ , across the thickness films with δ < ζ are metallic, films
with δ > ζ are insulating, as shown in Fig. 8(e).[118] Thus, the
nonvolatile and digital resistive switching is achieved through
tuning ζ by charge trapping/detrapping mechanism. Specifi-
cally, the as-prepared mixture thin films are metallic. When
the applied voltage reaches a threshold bias, some electrons
crossing the film become trapped, erecting Coulomb repul-
sion as random fields and reducing ζ by ∼ 10 times, which
switches the device from metallic state to insulating state.
The devices can switch back to the metallic state by electron
detrapping through applying an opposite bias. This metal–
insulator transition presents good retentions (see Fig. 8(f)),
which is proposed to rely on the electron–phonon interaction
to autonomously reconfigure trap-sites’ barrier in accordance
to the electron-occupancy of the site during the electron trap-
ping process.[43,139]

Typically, the MIT effect results in the switching
properties observed in the strongly correlated oxides (e.g.,
NbO2

[40,127,130] and VO2
[34,128,129]) or narrow gap Mott in-

sulators (e.g., GaTa4Se8).[141] The basic mechanism leading
to the MIT effect in a given insulator is puzzling and com-
plicate, since it involves nontrivial out-of-equilibrium effects
in the correlated systems. In the case of VO2 and NbO2, it is
widely believed that MIT is driven by thermal effects.[142] The
electric field-induced Joule heating effect can trigger a sharp
resistive decrease from insulator state to metallic state when
the local temperature increases across the threshold MIT tem-
perature of the materials (e.g., 340 K for VO2). Thus, these
materials typically perform threshold switching with volatile
characteristics. In other words, the metallic state will soon
go back to the initial insulating state after removing the ex-

ternal electric field.[127] Threshold switching can also be ob-
served in the cation migration devices based on the filaments
formation/rupture, as discussed in Section 2. It is noteworthy
that the turn off speed in the MIT switching device is gen-
erally much faster than that in the cation migration devices.
That is because the thermal-effect-driven MIT originates from
a change in lattice symmetry without ion migration. In addi-
tion to thermal effect, purely electronic mechanisms including
electric-field-driven collapse of the Mott state and electronic
phase separation[141] are also proposed to explain MIT effects
in the correlated systems.

5. Other switching mechanisms
Even though most memristive devices can be grouped

into ionic or electronic memristive devices based on their
switching process driven by ion migration or electronic pro-
cess. It cannot be ignored that some switching behaviors
originate from the combinations of ionic migration and elec-
tronic process. Recently, Liu and his coworkers[143] demon-
strated a superior MIT-driven threshold switching in a 1D VO2

nanochannel constructed through electric-field-induced oxy-
gen migration in the V2O5 thin film. It was found that ion
migration in a correlated material can lead to a local MIT
effect and then results in resistive switching.[76,144] In addi-
tion, the combination of ion migration and electron-trapping
mechanisms is also observed in the bipolar switching behav-
ior of the Pt/TiO2/Pt device by Kim et al.[145] The formation
of TinO2n−1 filaments is attributed to oxygen migration in the
forming process. After forming, the bipolar switching occurs
in the local region between the top electrode and the TinO2n−1

filament through electron trapping/detrapping process.
Note that the mechanisms discussed above mainly work

in the prevalent two-terminal memristive devices. In ad-
dition to two-terminal devices, three-terminal[74,146–150] and
multiple-terminal memristive devices[151] have been devel-
oped too. In the three-terminal devices, i.e., transistor-type
devices, tunable and volatile channel conductivity can be ob-
tained by controlling the gate voltage based on electrical-
double layer effect[74,146,147] or electron-trapping in the chan-
nel interface.[148] The nonvolatile three-terminal device is de-
veloped using atomic switching technology.[152] In the device,
the gate electrode is chemically active, while the source and
drain electrodes are inert. Thus, metal cations are supplied
from a gate and migrate in the channel oxides. The forma-
tion/rupture of metal filaments between the source and the
drain results in nonvolatile switching behavior controlled by
the gate bias. Recently, a novel battery-like three-terminal
device was demonstrated to realize nonvolatile switching
behaviors.[153,154] Two layers, electrolyte and channel lay-
ers, are usually inserted between gate and source. The ion
inserting/extracting process occurred between the electrolyte

097305-11



Chin. Phys. B Vol. 29, No. 9 (2020) 097305

and channel layer induces tunable channel conductivity and
therefore results in nonvolatile resistive switching process.
This switching mechanism resembles charging/discharging
a battery, therefore it is named as a battery-like memris-
tive device.[155] These battery-like memristive devices possess
striking switching features including low energy consumption,
long retention time, and highly linear conductance response to
external electric field, which provides unique opportunities for
the applications of these devices in neuromorphic computing
and data storage.

6. Conclusions
Given that memristive synapses and neurons require dif-

ferent dynamics, the underlying resistive switching mecha-
nisms for memristive devices with different retentions, mainly
ECM cells, VCM cells, and pure electronic memristive de-
vices, are systematically discussed with typical devices and
experimental results. Typically, emulation of synapses asks
for analog resistive switching process. And, the switching
with diverse time courses benefits the implementation of ver-
satile synaptic plasticity. In contrast, volatile digital switch-
ing is better for emulation of neuron pulse generation process.
For ECM cells, digital switching process is much easier to
achieve through controlling the formation/rupture of the fil-
aments composed of conductive cation atoms, indicating that
the ECM cell naturally has advantages in neuron emulation.
And, the dynamic growth and rupture of the conductive fila-
ments, even though it varies widely in different devices, can be
deliberately controlled to realize both volatile and nonvolatile
switching processes. Thus, ECM cells, especially for the one
with high-speed threshold switching behaviors, can be used to
realize some neuron functions. It is worth noting that analog
switching process can also be obtained by careful controlling
the external stimulus, then some synaptic functions can also
be realized based on ECM cells. Unlike ECM cells, VCM de-
vices, especially those with interface-switching features, nat-
urally perform analog switching behavior. Moreover, some
VCM cells have more than one state variables, endowing them
rich switching dynamics. Thus, VCM cells are more suit-
able to achieve synaptic functions especially for those synap-
tic functions involving both short-term and long-term dynam-
ics. Since the VCM cell usually poses low switching speed
and analog switching process, there is generally no advantages
for VCM cells to emulate neuron functions compared to ECM
cells. As mentioned above, the nanoionics-based memristors
including both ECM cells and VCM cells suffer from unavoid-
able variability issues induced by ion migration. In contrast,
the device based on electronic effect performs naturally uni-
formity. Since high uniformity of the device is required in
synapses and neuron arrays for large-scale neuromorphic com-
puting systems, memristive devices based on electronic ef-

fect possess intrinsic advantages in neuromorphic computing.
Specifically, the cells based on electron trapping/detrapping
generally process analog switching with diverse time courses,
which are suitable for implementation of synapses. In contrast,
the MIT cells with fast threshold switching behaviors benefit
the realization of neuron functions.

In this review, the switching mechanisms and the ap-
proaches to adjust the switching dynamics have been dis-
cussed in detail. For ECM cells, the switching dynamics
highly depend on the geometry of conductive filaments. The
approaches to modulate the switching dynamics are system-
atically discussed, including stimulus parameters and device
structure designing. For VCM cells, we mainly discuss the
microstructure of conductive filaments as well as the actual
oxygen migration microphysics, including migration location
and directions. And multiple state variables are found to be
involved in the switching process, leading to the development
of the second-order memristive devices with functions better
than the so-called first-order memristive device in the bioreal-
istic implementation of the synaptic plasticity. For memristive
devices based on the electronic effect, we mainly focus on the
electron trapping/detrapping either at the interface or in the
bulk, metal–insulator transitions in the strong correlated ox-
ides, and the novel atomic mixtures composed of metals and
random insulators. At last, other mechanisms, including the
cooperation of ion migration and electronic effect, the novel
switching mechanisms in three-terminal and multiple termi-
nals are discussed.
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