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Abstract Resistive switching memories based on ion

transport and related electrochemical reactions have been

extensively studied for years. To utilize the resistive

switching memories for high-performance information

storage applications, a thorough understanding of the key

information of ion transport process, including the mobile

ion species, the ion transport paths, as well as the elec-

trochemical reaction behaviors of these ions should be

provided for material and device optimization. Moreover,

ion transport is usually accompanied by processes of

microstructure modification, phase transition, and energy

band structure variation that lead to further modulation of

other physical properties, e.g., magnetism, optical emis-

sion/absorbance, etc., in the resistive switching materials.

Therefore, novel resistive switching memories that are

controlled through additional means of magnetic or optical

stimulus, or demonstrate extra functionalities beyond

information storage, can be made possible via well-defined

ion transportation in various switching materials and

devices. In this contribution, the mechanism of ion trans-

port and related resistive switching phenomena in thin film

sandwich structures is discussed first, followed by a glance

at the recent progress in the development of high-perfor-

mance and multifunctional resistive switching memories. A

brief perspective of the ion transport-based resistive

switching memories is addressed at the end of this review.

Keywords Resistive random access memory

(RRAM) � Resistive switching � Ion transport �
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1 Introduction

As the fourth fundamental passive element in electrical

circuits, memristor is simply a two-terminal resistor capa-

ble of remembering its resistance state which can be

modulated by external electrical means [1–4]. After being

proposed by Chua [5] for more than 40 years, the missing

memristor was only found recently by researchers from the

Hewlett-Packard laboratory to complement the function-

alities of the resistors, capacitors, and inductors [6]. Basi-

cally, the resistance of a metal/insulator/metal sandwich

structured memristor can be switched reversibly between

two (or more) distinguished states by electrical stimulus.

Figure 1 illustrates the typical current–voltage (I–V) char-

acteristics of bipolar and unipolar resistive switching phe-

nomena differentiated by their operating voltage polarity

[7]. With the ability to switch between different resistance

states, one direct application of memristor is the nonvola-

tile resistive switching memory, or denoted as resistive

random access memory (RRAM), for data storage and

logical operation in computing technologies with the

attractive metrics of simple device structure, high storage

density, high operating speed, and low power consumption

[8–11].
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In the past decade, extensive research effort has been

devoted to the exploration of the underlying switching

mechanisms in various resistive switching materials, and

much progress has been made continuously [7–16]. In

general, the switching mechanisms can be sorted into three

classes, i.e., ionic, electronic, and thermal effect-induced

resistive switching [17]. The ionic effect-induced resistive

switching relies on the transport of mobile ions and their

electrochemical reactions in confined regions to form fila-

mentary conductive paths [12]. The formation and rupture

of the conductive filaments determine the device resistance

states. In electronic resistive switching memories, trapping/

de-trapping of electrons at the intrinsic crystalline defects

will alter the intrinsic charge transport behaviors of the thin

film, while that occurred at the electrode/media interface

may modify the Schottky barrier height and influence the

charge injection process [18]. The resistive switching in a

thermal effect controlled memory is similar to that of an

ionic-effect induced device, except for the fact that the

filaments rupture is mainly induced by thermal fusing

rather than electrochemical dissolution [15]. Usually, all

these phenomena may coexist during the entire course of

the resistive switching process, while only one or two of

them play the dominant role [19].

Among various resistive switching devices, those

working on an ionic mechanism exhibit advantages over

others for high density non-volatile memories [17, 20–25].

For instance, when shrinking to a nano-regime, devices

based on electronic switching mechanism will suffer

severely from current leaking through intensified electrons

tunneling, or increased power consumption/unwanted heat

generation, respectively, whereas the resistive switching

memories based on ion effect can still function properly.

Furthermore, ion transport-related resistive switching has

been demonstrated in a number of materials, including

ferroelectric [26, 27], magnetic [28, 29], multiferroic

[30–32], optical [33, 34], superconducting [35], carbon

materials [36–38], etc. In all these materials and their

metal/insulator/metal structures, resistive switching is

dominated by the types of mobile ion species, localized ion

transport pathways, and evolution of the ion-based con-

ductive filaments. The transport and redistribution of ion

species may also alter the microstructures, phases, or even

energy band structures. Consequently, the magnetic and

optical properties of the resistive switching materials can

be modulated as well. To realize resistive switching

memories with ultrahigh scalability, high reproducibility,

and complementary metal-oxide-semiconductor (CMOS)

compatibility, as well as to realize multifunctional devices

that can be tuned through multiple input of electricity,

magnetism, and light or demonstrate additional magnetic

and optical responses, the nanoscale ion transport across

the switching media should be both clearly understood and

well controlled.

In this contribution, focuses on the relationship between

nanoscale ion transport and resistive switching are

addressed, in terms of types of mobile ion species, ion

transport paths, and ion electrochemical reaction dynamics.

High-performance and multifunctional resistive switching

devices realized by deliberately controlling the ion trans-

port are also discussed. A brief summary and future per-

spectives of the ion transported-related resistive switching

memories are given at the end of the review.

2 Nanoscale ion transport and related resistive

switching phenomena

2.1 Mobile ion species

Most of the ion transport-related resistive switching phe-

nomena occur in a confined nanoscale region through the

electrochemical redox reaction of the mobile ions [39].

According to the dominated mobile species, the resistive

switching memories can be simply divided into cation and

anion migration-based devices [17].

Fig. 1 (Color online) Typical I–V characteristics of a bipolar and b unipolar resistive switching devices operated in voltage sweeping mode.

Reproduced with permission from [7], Copyright 2009, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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2.1.1 Mobile cation-induced resistive switching

Traditional cation migration-based resistive switching

devices can be viewed as electrochemical metallization

memories (ECM) [40]. This kind of device usually has an

electrochemically active metal/insulator/electrochemically

inert metal sandwich structure. The electrochemically active

metal includes copper (Cu), silver (Ag), nickel (Ni), or even

some metal alloys, while the electrochemically inert metal

ranges from gold (Au), platinum (Pt) to titanium nitride

(TiN), etc. [31, 41–43]. In the ECM devices, the mobile

species are considered to be metal cations injected from the

active electrodes [44–46]. The dynamical transport of these

ions can be described as following: (1) oxidization of the

electrode metal atoms to cations under electrical stresses. (2)

Migration of the mobile cations driven by electrical fields.

(3) Reduction of the cations to metal atoms at the counter

inert electrodes. (4) Growth of the metallic conductive fil-

aments. The electrical connection of the electrode pair with

the metallic conductive filaments switches the device ON,

whereas the electrochemical dissolution of the filaments

under reversed voltage will turn the device OFF.

At early stages, temperature dependence of the device

resistance was employed to indicate the composition of the

metallic conductive filaments indirectly [47]. Li et al. [31]

reported that the Ag/La-BiFeO3 (La-BFO)/Pt sandwich

device shows a semiconducting behavior in the pristine and

high resistive state (HRS), and a metallic conducting

behavior in the low resistive state (LRS), respectively

(Fig. 2a, b). It was found that the temperature coefficient of

the LRS resistance of the device is around 2.4 9 10-3 K-1

and comparable to that of a pure Ag nanowire, suggesting

the possibility of Ag ions migration into the La-BFO film

under an electrical field and the formation of the Ag con-

ductive filaments. In situ transmission electron microscopy

(TEM) observation and energy dispersive spectroscopy

(EDS) measurements provide more direct evidences to

identify the Ag ion species. In a similar structure of Ag/

ZrO2/Pt, the migration of Ag ions under an electrical field

has been observed by Liu et al. [48] in situ with accompa-

nied resistive switching phenomenon. After applying a bias

stress onto the Ag electrode and switch the device into LRS,

filaments connecting the two electrodes were observed

(Fig. 2c). EDS measurement clearly shows that the fila-

ments are composed of Ag (Fig. 2d), which confirms the Ag

ion transport plays an important role in the resistive

switching process of the Ag/ZrO2/Pt device. Transport of

metal ions from other electrochemical active electrode

Fig. 2 (Color online) Migration of Ag metal electrode ions in oxide thin films and related resistive switching phenomenon. a I–V characteristics

and b temperature dependence of the HRS and LRS resistances of a Ag/La-BFO/Pt bipolar resistive switching device. Reproduced with

permission from [31], Copyright 2010, IOP Publishing. c Set process of a Ag/ZrO2/Pt device and in situ TEM observation of the nanoscale

filament. d EDS spectra of the Ag/ZrO2/Pt device at different resistive states. Reproduced with permission from [48], Copyright 2012, WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim
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including Ni into oxide films and resultant formation of

conductive filaments have also been reported [49].

So far, the mechanism of migration of the electro-

chemically active electrode element that induces the

switching of device resistance has been widely accepted. It

is noteworthy that metals which are less electrochemically

active or even inert may also be locally ionized and

injected into oxide films under electrical fields with a

sufficient magnitude. Niobium (Nb) is electrochemically

less active when in comparison with Ag and Cu, and

becomes superconducting below a critical temperature of

9.3 K. Using Nb as the anode material, Zhu et al. [50]

found the Nb/ZnO/Pt sandwich devices exhibit stable and

reversible bipolar resistive switching behaviors as shown in

Fig. 3a. After setting the device into the LRS, the device

shows a metallic conducting character and a sudden drop of

the resistance at around 7.2 K that corresponds to the

superconductivity of metallic Nb element was observed

(Fig. 3b). The contribution of Nb electrode to the super-

conductivity was excluded by fabricating a Cu (75 nm)/Nb

(25 nm)/ZnO (80 nm)/Pt and a Nb (75 nm)/Cu (25 nm)/

ZnO (80 nm)/Pt devices and measuring their respective

LRS resistance–temperature (R–T) relationships (Fig. 3c,

d). The former device shows a similar superconducting

character whereas the latter one does not. These results

suggest that the Nb ions migrate into the ZnO films under

an electrical field and form the Nb filaments that are

responsible for the resistive switching and superconducting

phenomena. It is also noted that the superconducting

temperature varies from 7.9 to 9.3 K in a number of

devices, suggesting that impurities such as oxygen vacan-

cies may also participate in the formation of the filaments

and thus modify the superconducting temperature. More-

over, though Au and Pt are usually considered as electro-

chemically inert and often used as control electrode choice

to exclude the influence of metal electrode diffusion on the

intrinsic resistive switching of storage matrix, migration of

Au ions in Au/ZnO/Au switching device was visualized by

in situ TEM observation recently [51]. The unexpected

migration of Au ions into the ZnO thin film and form

conductive paths with the defect-containing ZnO film that

connect the electrodes is believed to induce the observed

resistive switching behavior.

Beyond the metal electrode ions migration, ion trans-

port-induced resistive switching has also been observed in

ionic semiconductors and ion-electron mix conductors such

as Ag2S [52] and RbAg4I5 [53], in which the resistive

switching can be ascribed to the migration of Ag ions.

Fig. 3 (Color online) Migration of Nb metal electrode ions in oxide thin films and related resistive switching phenomenon. a Bipolar resistive

switching and b superconducting behaviors of the Nb/ZnO/Pt device. Temperature dependence of LRS resistances of c a Cu/Nb/ZnO/Pt device

and d a Nb/Cu/ZnO/Pt device, respectively. Tc refers to the critical temperature where the superconducting behavior happens. Reproduced with

permission from [50], Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Similarly, Zhu et al. [54] found that ionic semiconductor

thin film of LixCoO2 sandwiched between Pt also shows

stable bipolar resistive behaviors (Fig. 4a). As a traditional

cathode material for lithium-ion battery, LixCoO2 has a

layered structure in which Li layers are separated by

alternatively arranged octahedrons layers composed of

cobalt and oxygen. Li ions can easily diffuse between the

CoO2 sheets under electrical fields with a low diffusion

energy barrier of 0.3 eV. However, due to the high elec-

trochemical activity of Li atoms, it is unlikely to anticipate

a metallic conductive filament composed of pure Li atoms

in the LixCoO2 thin films. As the resistance of the LixCoO2

phase greatly dependents on the Li content, a semicon-

ducting and a metallic conducting behaviors were observed

for the HRS and LRS Pt/LixCoO2/Pt stack, correspond to

the conduction behaviors of the Li-rich and Li-deficient

LiCoO2 phases, respectively (Fig. 4b). Therefore, the Li-

ion migration-induced resistive switching is arising from

the formation of LixCoO2 phases with different resistivities

instead of the formation of Li conductive filaments.

2.1.2 Mobile anion-induced resistive switching

The switching process of an anion migration-based device

resembles that of the cation counterparts, except for the

fact that the major mobile ions are anions, for instance,

oxygen ions in most cases [55–59]. For some oxides, the

migration of oxygen ions can modulate the stoichiometry

of the oxide thin film effectively, and the change of the

cation valence that leads to phase transitions will influence

the device resistance consequently [15, 18, 60]. As a result

of the gas oxygen released at the anode upon resistive

switching, formation of bubbles between the electrode and

oxide film has been frequently observed [21, 61]. Typical

oxides with rich phase transitions, e.g. TiOx and TaOx, fall

into this category [56, 61, 62]. In 2010, Kwon et al. [61]

used high resolution TEM (HR-TEM) technique to inves-

tigate the switching mechanism of a Pt/TiO2/Pt system

both in situ and ex situ. Detaching of the Pt electrode was

found by scanning electron microscope (SEM) observation,

which was considered to be caused by the release of oxy-

gen gas from the TiO2 film after repeated resistive

switching that damaged the adhesion between the electrode

and the oxide film. Electron diffractive pattern and fast

Fourier transformed HR-TEM micrographs identified that

the observed filaments with diameters ranging from several

to dozens of nanometers were composed of stable and

highly conductive Magneli Ti4O7 phase (Fig. 5a, b). Due to

the metallic to semiconducting transition of the Ti4O7

phase, a sudden increase in the LRS resistance of the Pt/

TiO2/Pt device was also observed when the temperature

was lowed to 130 K (Fig. 5c), again confirming the pre-

sence of the Ti4O7 phase. Similar identification of the

newly-formed conductive phase has also been achieved in

amorphous Ta oxide thin film, where the conducting path

was found to be composed of an amorphous Ta(O) solid

solution surrounded by a nanocrystalline Ta2O5 phase due

to the migration of oxygen anions and the thermal effect

(Fig. 5d, e) [62].

Oxygen anion transport-induced resistive switching has

also been studied in other simple binary oxides. In Pt/NiO/

Pt system, Park et al. [63] observed the formation of Ni

filaments in the NiO thin film. Electrical fields-induced

migration of oxygen ions results in the generation of Ni

atomic filaments, while the formation and rupture of such

Ni filaments between the electrodes dominate the resistive

switching process in the sandwich structure. Chen et al.

[64] reported their investigation of switching mechanism of

a ZnO film through in situ TEM analysis. It is revealed that

driven by an electrical field, oxygen ions will move toward

the inert Pt anode, generating numerous amounts of oxygen

vacancies and leaving comparable amount of zinc atoms

Fig. 4 (Color online) Transport of Li ions in LixCoO2 thin films and related resistive switching phenomenon. a Typical I–V characteristics of the

Pt/LixCoO2/Pt resistive switching device. b Temperature dependence of the HRS and LRS resistances of the Pt/LixCoO2/Pt resistive switching

device. Reproduced with permission from [54], Copyright 2013, Nature Publishing Group

Chin. Sci. Bull. (2014) 59(20):2363–2382 2367
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behind at localized positions (Fig. 6a). The electrochemi-

cally generated zinc atoms will get rearranged in the oxide

film, turning the original oxygen vacancy doped ZnO into

crystalline Zn-dominated ZnO1-x and switching the Pt/

ZnO/Pt device ON. The migration of oxygen ions from the

neighboring ZnO film will thermally disrupt the Zn-dom-

inated ZnO1-x conductive filaments and reset the device

OFF (Fig. 6b).

Recently, the switching mechanism in Pt/HfOx/ITO

(indium tin oxide) structured device was studied by Shang

et al. [65]. Through employing X-ray photoelectron spec-

troscopic (XPS) depth-profiling analysis technique, they

studied the chemical composition of the switching layer in

the Pt/HfOx/ITO at different resistive states. After transi-

tion into the LRS, it is found that the O:Hf atomic ratio of

the bulk film is decreased to 1.25 which is smaller than that

at pristine state (1.45), while the O:Hf atomic ratio at the

Pt/HfOx interface is changed to 1.33 (Fig. 6c, d). In the

meanwhile, the concentration of non-lattice oxygen species

is found to increase from *47.60 % to *59.75 %.

Moreover, bubbles at the edge of Pt electrode were also

observed after 10 electrical switching cycles (inset of

Fig. 6d). These results indicate that the oxygen ions

migration under an electrical field plays an important role

in resistive switching process. The core-level Hf 4d XPS

spectra were further studied for identifying the chemical

nature of the conductive filaments. After switched into the

LRS, the Hf 4d core-level XPS spectrum shows new Hf

4d5/2 and Hf 4d3/2 species at 248.29 and 259.12 eV, which

was believed to correspond to the electrochemically

reduced metallic hafnium atoms, respectively (Fig. 6e).

LRS R–T measurement of the device shows a temperature

coefficient of resistance of around 4.0 9 10-3 K-1, similar

to the reported value of 3.9 9 10-3 K-1 for a high-purity

hafnium nanowire. Therefore, the metallic hafnium-rich

conductive filaments that cause the resistive switching of

the device are confirmed.

2.2 Ion transport paths

Although the conductive filaments formed upon migration

of mobile ion species and responsible for the resistive

switching can be revealed by TEM observation, distribu-

tion of the ion transport paths, their relationship with the

microstructure of the switching matrix in particular, is

unclear but important. Differences between such localized

ion migration paths and other regions of the oxide film, for

instance, the ease of atom ionization and high mobility of

Fig. 5 (Color online) Oxygen ion transport and phase transition-induced resistive switching. a LRS and b HRS HR-TEM images of Ti4O7

filaments in the Pt/TiO2/Pt device, respectively. c Temperature-dependence of the LRS current in the Pt/TiO2/Pt device. Reproduced with

permission from [61], Copyright 2010, Nature Publishing Group. d HR-TEM image of a Ta-rich nanocrystal surrounded by amorphous Ta2O5

phase. e A nanobeam X-ray fluorescence image of a Ta-rich channel surrounded by nanocrystalline Ta2O5 phase. Reproduced with permission

from [62], Copyright 2011, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fig. 6 (Color online) Oxygen ion transport and related formation of metallic filaments in oxide resistive switching devices. HR-TEM images

and solid-sphere models of the a formed and b disrupted filaments in the Pt/ZnO/Pt device. Reproduced with permission from [64], Copyright

2013, American Chemical Society. c Distribution of the constituent elements and d the O:Hf ratio of the Pt/HfOx/ITO structure in the initial

resistance state (IRS) and low resistance state, respectively. e Hf 4d core-level XPS of the ultrathin hafnium oxide film in the initial and low

resistance states. Reproduced with permission from [65], Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Chin. Sci. Bull. (2014) 59(20):2363–2382 2369
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the generated ions, should also exist. Fortunately, the

conductive atomic force microscopy (C-AFM) technique

provides a convenient and an efficient toolkit to clarify the

location of the nanoscale filaments and related information

[14, 66, 67]. For single crystalline SrTiO3 in which the

oxygen ion migration results in the change of the energy

band structure, it is found that the oxygen ion transport is

along the dislocations of the single crystal with diameters

of several nanometers. Such dislocations provide fast and

easy ways for oxygen ions to flow through [21]. By com-

paring the morphology (Fig. 7a) and the corresponding

current map (Fig. 7b) of a polystalline ZnO thin film with

Cu and a C-AFM tip as the electrodes, Zhuge et al. [68]

found that the LRS conductive regions are mainly located

at the grain boundaries. Transport of oxygen ions via the

grain boundaries has also been observed by Lanza et al.

[69]. As shown in Fig. 7c, non-conductive areas of gran-

ular shape, well agreeing with that of the HfO2 nanograins,

are found to be surrounded by conductive borders in the

current mapping images. The authors emphasized that the

grain boundaries show bipolar resistive switching behav-

iors, while the nanograin does not, and attributed this

phenomena to the excess of oxygen vacancies at the grain

boundaries in comparison with that at the interior of the

nanograins.

Annealing the polycrystalline tungsten oxide film in

oxygen atmosphere can affect the ion transport locations

significantly. Shang et al. [70] studied the local resistive

switching behavior of WOx at the grain boundaries and the

grain surfaces with C-AFM technique thoroughly (Fig. 8).

Only the grain surfaces show stable bipolar resistive

switching behaviors, while the grain boundaries do not. It

is proposed that annealing in oxygen atmosphere favors the

recombining of oxygen ions with vacancies along the grain

boundaries, reducing the oxygen vacancy concentration

greatly and lowering the possibility of filament formation.

In the meanwhile, tungsten ions in the grain interiors may

be reduced upon electrochemical reaction with protons

originated from the film surface water, according to the

following reaction scheme:

nH�i þW6þ þ ne� !Wð6�nÞþ ;

and a metallic phase formed by the reduced W ions will

dominate the LRS electrical conduction of the device.

As aforementioned, Li-ion migration-induced transition

between a metallic Li-rich LiCoO2 phase and a semicon-

ducting Li-deficient LiCoO2 phase in polycrystalline

LixCoO2 thin film can lead to resistive switching phe-

nomenon. Nanoscale Li-ion migration paths were also

studied by using C-AFM technique, with the local mor-

phology of the LixCoO2 film, and the corresponding current

mapping images under various bias voltages shown in

Fig. 9a [54]. In contrast to the insulating character of the

pristine LixCoO2 film, conductive regions can be observed

after setting with a scanning voltage of 2.0 V and read with

a small voltage of 0.5 V. Such conductive regions can be

created and removed under biased voltages with opposite

polarity reversibly, and are ascribed to the Li-deficient

phase. By placing the C-AFM tip at the interiors of various

grains, bipolar resistive switching behaviors can be

observed. Interestingly, larger grain interior was found to

have a set voltage larger than that of a smaller grain interior

(Fig. 9b). Investigation of the Set processes at different

positions of a single nanograin suggests that the Set voltage

increases when the tip contact shifts away from the grain

boundary toward the grain interiors (Fig. 9c). The energy

barrier for Li-ion diffusion at the grain boundary is only

0.7 eV, as estimated by first principle calculation. Thus, the

Li ions tend to migrate under an electrical field along the

CoO2 sheets to the grain boundaries first, and then transfer

along the grain boundaries. When placing the constantly

biased C-AFM tip at different positions of a single nano-

grain and monitoring the current increasing rate, Zhu et al.

[54] found the current increases faster near the grain

boundaries, suggested that Li ions transport faster near the

grain boundaries (Fig. 9d). Therefore, nanoscale memory

devices with lower switching voltage and faster switching

speed can be reasonably expected when employing similar

switching matrix with higher density of grain boundaries.

Fig. 7 (Color online) Migration of mobile ions at the grain bound-

aries (1 pA = 1 9 10-12 A). a Morphology and b current map of a

polystalline ZnO film with Cu as the bottom electrode. Reproduced

with permission from [68], Copyright 2011, IOP Publishing. c Current

maps of HfO2 polystalline films. Reproduced with permission from

[69], Copyright 2012, American Institute of Physics

2370 Chin. Sci. Bull. (2014) 59(20):2363–2382
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2.3 Dynamics of ion electrochemical reactions

Dynamics of the electrochemical reactions of the mobile

ion species that determine the formation, rupture, and

regeneration of the conductive filaments are of equal

importance to the identification and investigation of such

filaments across the switching matrix [71–74]. Usually, in

the electrochemical active metal (Ag, Cu)/dielectric layer/

electrochemical inert metal (Pt, Au) structured devices, the

ECM theory has been widely employed to explain the

switching mechanisms, where the conductive filaments

were considered to grow from the cathode to the anode.

Typical example is the Ag/H2O/Pt device with a planar

structure shown in Fig. 10a, b [75]. The formation of

conical shape Ag filaments with the wider end located near

the cathode is observed through SEM analysis. Recently,

Yang et al. [76] studied the Ag ions migration dynamics

under electrical fields in polycrystalline SiO2. In good

agreement with the Ag/H2O/Pt case, electrical field-

induced reduction of Ag ions were found to occur first at

cathode, followed by the growth of the Ag filaments that

extended to the anode. Dendrite shape Ag filaments were

also observed, with the thinnest part located at the inert

cathode (Fig. 10c). It is proposed that the Ag atoms formed

at the initial stage serve as a virtual cathode that focalizes

the local electrical field, and the Ag ions arrived later get

accumulated on it to form the dendrite shaped filaments.

Growth dynamics of the Ag or Cu filaments in ZrO2 film

have also been studied by Liu et al. [48] through in situ

TEM observation. In complete contrast to the ECM model,

filaments grow from the Ag anode to the Pt cathode, with

the wider end located at the anode (Fig. 11a). Dissolution

Fig. 8 (Color online) Resistive switching at the grain surfaces of the WO3 polycrystalline film. a Current images of WO3 polycrystalline film

under different voltage biases. b Topography and current along the scanline across the grains and the grain boundaries. Reproduced with

permission from [70], Copyright 2011, IOP Publishing

Chin. Sci. Bull. (2014) 59(20):2363–2382 2371
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of Ag filaments propagating from the Pt anode to the Ag

cathode has also been observed during the Reset process

(Fig. 11b). Considering the lower solubility and diffusion

coefficient of Ag ions in ZrO2 than those in the chalco-

genide solid-state electrolyte, Ag ions can capture electrons

injected from the cathode and get reduced to the metallic

form without reaching the cathode. This is consistent with

that verified by Yang et al. [76] and Peng et al. [77] in the

Ag/a-Si/Pt and Cu/ZnO/Pt (Al:ZnO) devices (Fig. 11c, d).

Due to the lower Ag cation mobility of the amorphous

silicon film in comparison with that of the polycrystalline

SiO2, the conduction in the Ag/a-Si/Pt device is mainly

contributed by the electronic current rather than the ionic

current. Ag cations are reduced during their migration from

the anode to the cathode in the dielectric, resulting in the

growth of Ag filaments from the anode to the cathode.

The dynamics of ion migration and their redox reaction

in the anion(oxygen ion)-based devices have been

reviewed by Kim et al. [12]. Filaments composition and

growth direction strongly depend on the major carrier of

the oxides. For n-type TiO2 where the major carriers are

electrons, the metallic Ti4O7 filaments tend to grow from

the cathode interface with a conical shape. For p-type NiO

where the major carriers are holes, Ni interstitials can be

generated due to the injection of holes from the anode.

These Ni interstitials can form Ni metal filaments and grow

from the anode to the cathode with an invert conical sharp.

However, filaments with different shapes have also been

observed in actual devices, indicating that other factors

including work function and Fermi level of the electrode

Fig. 9 (Color online) Nanoscale Li-ion transport in LixCoO2 thin

films. a Characterization of the resistive switching effect. b I–V

measurements at the interiors of LixCoO2 nanograins with different

sizes. c Set voltage and d current–time measurements at different

positions of LixCoO2 nanograins. Reproduced with permission from

[54], Copyright 2013, Nature Publishing Group

Fig. 10 Growth/dissolution of Ag filaments in the Ag/H2O/Pt and

Ag/SiO2/Pt devices. SEM images of the dendrite shape filament in the

a HRS and b LRS Ag/H2O/Pt device, respectively. Reproduced with

permission from [75], Copyright 2007, American Institute of Physics.

c TEM image of Ag filaments formed in the LRS Ag/SiO2/Pt device.

Reproduced with permission from [76], Copyright 2012, Nature

Publishing Group
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and oxide film may play important roles. Nevertheless,

reveal of dynamics of oxygen ion migration and their redox

reaction in related resistive switching memories requires

further investigations.

3 Ion transport-related high-performance

and multifunctional resistive switching memories

3.1 Quantum conductance in oxide films for ultrahigh

storage density device

One distinguished advantage of the resistive switching

memories is the possibility of high density storage through

nanoscale operation. The ultimate scenario is that the

monatomic filaments demonstrate quantized conductance

that can be potentially used for multilevel storage [78–80].

Conductance quantization behaviors have been observed in

many switching materials, including oxides, amorphous

silicon, sulfides, etc. [50, 80–86]. Multiple conductance

jumps and drops are observed in the G–V curves of these

materials, where G represents the electrical conductance

(G = I/V) in the unit of G0 = 2e2/h, e is an electron charge

and h is the Planck’s constant. For example, during the Set

process, the conductance of the Nb/ZnO/Pt device

increases from G0 to 3 G0 at 0.8 V, followed by a plateau

of 4 G0 (Fig. 12a) [50]. These behaviors can also be

detected at 1.3 and 1.45 V. Further analysis of hundreds of

similar I–V curves shows that most of the conductance

changes occur at integer multiples values of G0, which

suggests the formation of discrete quantum channels in the

devices (Fig. 12b). Due to the bipolar resistive switching

characteristics of the Nb/ZnO/Pt device, the decrease of

conductance in the integer multiples of G0 is also observed.

Because of the intrinsic nature of nanoscale formation and

rupture of oxygen vacancy based filaments, such quantized

conductance phenomena are also observed in ITO/ZnO/

ITO unipolar devices.

In order to obtain desired quantum conductance state,

appropriate methods should be developed to effectively

control these states. It is found that the formation and

broken of quantum channels can be dedicatedly modulated

by changing the Set compliance current and the Reset

voltage. For example, in bipolar Nb/ZnO/Pt devices,

modulation of the conductance between 2 and 6 G0 can be

achieved by controlling the Set compliance current at

0.1 mA and Reset voltage at -0.6 V (Fig. 12c), respec-

tively. Modulation of the conductance by using electrical

pulses is also useful [84, 86]. In ITO/ZnO/ITO unipolar

device, quantum conductance states can be tuned by

Fig. 11 (Color online) Growth/dissolution of Ag filaments in the Ag/ZrO2/Pt, Ag/a-Si/Pt, and Cu/ZnO/Pt devices. HR-TEM images of the Ag/

ZrO2/Pt device a at LRS and b during the Reset process. Reproduced with permission from [48], Copyright 2012, WILEY-VCH Verlag GmbH &

Co. KGaA, Weinheim. c TEM image of the Ag/a-Si/Pt device with partially formed Ag filament. Reproduced with permission from [76].

Copyright 2012 Nature Publishing Group. d I–V characteristics and energy band diagram of the HRS Cu/ZnO/Pt device. e I–V characteristics of

the HRS Cu/ZnO/Pt device when the filament is ruptured at the cathode. Reproduced with permission from [77], Copyright 2012, American

Institute of Physics
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modulating the writing and erasing voltages as well. As

illustrated in Fig. 12d, the conductance can be reversibly

modulated between 4.5 and 5.5 G0 for at least 6 cycles,

with the Set and Reset voltages of 1.18 and 0.51 V,

respectively. Caused by the competition between the for-

mation and thermal rupture of conductive filaments,

oscillation of the conductance with amplitude of 2 G0 has

been observed (Fig. 12e, f). Hence, multilevel and

ultrahigh density storage, as well as the quantum conduc-

tance oscillator can be made possible upon effective

modulation of the formation and rupture of monatomic

chains in the resistive switching memories. It is also

noteworthy that as the size of the conductive filaments

enters atomic scale, additional issues of thermal instability

should be concerned with care, as tiny fluctuation in tem-

perature may result in significant influence on the storage

Fig. 12 (Color online) Quantum conductance phenomena in oxide films. a Conductance–voltage relationship and b histogram of the

conductance change in the Nb/ZnO/Pt device. c Modulation of the quantum conductance in the Nb/ZnO/Pt device between 2 and 6 G0 states.

d Modulation of the quantum conductance in the ITO/ZnO/ITO device between 4.5 and 5.5 G0 states. e Oscillation of quantum conductance in

the ITO/ZnO/ITO device with amplitude of 2 G0. f Schematic of the filament formation and rupture that induces the conductance oscillation.

Reproduced with permission from [50], Copyright 2012, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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behavior, retention capability in particular, of the multi-

level devices [81–88].

3.2 All oxide thermally stable transparent resistive

switching memory

In recent decades, transparent electronics have received

good market response and favored by young generation

[89]. Transparent resistive switching memories used for

information storage have also been explored extensively.

These devices are usually composed of transparent

switching materials including gadolinium oxide, titanium

oxide, zinc oxide, and doped-zinc oxide thin films sand-

wiched between transparent conductive oxide electrodes.

However, these devices usually suffer from drawbacks of

narrow transparent window or poor resistive switching

performances [90, 91]. Recently, Shang et al. [65] reported

an all-oxide transparent resistive switching memory based

on ITO/HfOx/ITO sandwich structure. The thickness of the

HfOx thin film is only around 5 nm. The ITO/HfOx/ITO

structure exhibits a good visible transmittance from *75 %

to 88 % in the 400–800 nm region, and has an almost

complete transparency ([99 %) over the entire ultraviolet–

visible–infrared (UV–Vis–IR) spectrum of the solar irradi-

ation (Fig. 13a). I–V characteristics of the device reveal a

forming-free, bipolar, and stable resistive switching effect

at room temperature. The device can be repeated switched

with fairly good accuracy for more than 400 operation

cycles. Both the Set and Reset voltages are distributed

uniformly with only minor (±4.3 %) variation, and the

moderate HRS/LRS resistance ratio of 45 can be retained

for at least 106 s (Fig. 13b). Pulse measurement indicates

that the device can be switched for more than 5 9 107

cycles by using a pulse less than 20 ns (Fig. 13c). Further

studies show that the device can perform well over the

temperature range of 10–490 K (Fig. 14d, e). The working

temperature of the ITO/HfOx/ITO device well covers that of

the near-earth space, and the all-oxide thermally stable

transparent resistive switching memory has a great potential

for outer-space data storage applications.

3.3 A multilevel organic resistive switching memory

with an excellent uniformity

Besides the oxide-based resistive switching devices,

memories made from organic materials feature advantages

of large-area processability, mechanical flexibility, and

relatively low-fabrication cost. However, the poor thermal

stability, limited switching cyclability, and emanative

operation parameters make organic memories less com-

petitive in comparison with the inorganic counterparts. Hu

et al. [92] proposed that organic memories with a gradual

resistive switching character may have better performance.

Based on this hypothesis, novel organic resistive switching

memory with fantastic performances of multilevel storage,

excellent uniformity, high cyclability, and even a self-

rectifying character has been fabricated. By controlling the

doping/dedoping of a polyazomethine (PA) backbone with

protonic acid via electrical means, an effective modulation

of charge carrier concentration in the organic switching

matrix and a gradual resistive switching behavior stable for

103 cycles can be achieved in the Pt/PA-TsOH/Pt devices.

Excellent uniformity in the switching parameters, as well

as the multilevel storage capability, is demonstrated in the

consecutive I–V cycles as illustrated in Fig. 14a, b. Pulse

measurements indicate that the device can be switched

between more than four stable resistive states (Fig. 14c).

3.4 Magnetism controllable resistive switching device

Controlling magnetic properties by electrical means is

important for the construction of spintronic devices [93,

94]. The electrical resistance information of a resistive

switching device can also be read by magnetic means, in

case, the transport of mobile ions and their redox reactions

can modulate the magnetism of the device. Recently,

resistive switching and magnetism change in Co-doped

ZnO thin film have been explored by Chen et al. [95]. As

the oxygen vacancy based filaments can influence the

magnetic coupling of local ferromagnetic domains signifi-

cantly, both the magnetic moment and cohesive field of the

device at LRS were found to be 50 % and 35 % larger than

that at HRS, respectively (Fig. 15a, b). Modulation of the

magnetism of the diluted magnetic semiconductor is

reproducible and reversible (Fig. 15c, d), indicating that

one can modulate the magnetic properties by modulating

the device electrical resistance, and also read the electrical

resistance by detecting the magnetic properties. On the

other hand, by setting the Pt/NiO/Pt device into the HRS

and LRS, antiferromagnetic and ferromagnetic hysteresis

loops were observed by Son et al. [96] at 10 K, respec-

tively. Due to the magnetic exchange coupling between the

ferromagnetic Ni nanofilaments and the antiferromagnetic

NiO film, exchange bias effect at the LRS was also

observed upon field cooling of the resistive switching

device (Fig. 15e, f). Other electrically controlled magnetic

nonvolatile memory devices have also been demonstrated

using ferroelectric or organic switching materials in com-

bination with spin-polarized electrodes [97, 98].

3.5 Light emission and light sensitive resistive

switching device

Both the electrical and optical properties of semiconduct-

ing materials are closely related to their intrinsic carrier

concentration, defects, and energy band structure. Thus,
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Fig. 13 (Color online) Performances of a thermally-stable transparent ITO/HfOx/ITO device. a Optical transmittance spectra and b I–V

characteristics of the ITO/HfOx/ITO device. c ON–OFF operation of the device pulse at room temperature. d Temperature-dependent Set/Reset

voltages and e HRS/LRS resistance of the device. Reproduced with permission from [65], Copyright 2013, WILEY-VCH Verlag GmbH & Co.

KGaA, Weinheim
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resistive switching, electroluminescence, and other optical

properties can be utilized simultaneously to construct

multifunctional optoelectronic devices. He et al. [99]

reported their first time realization of simultaneous resis-

tive switching and electroluminescence in a single device

of graphene/SiO2/graphene planar metal–insulator–metal

(MIM) structure as illustrated in Fig. 16a. The electrolu-

minescence properties of the device at different resistive

states are different. Light emission is observed with the

biased voltage varying between 3 and 9 V. With increase in

the biased voltages, the intensity of light emission increases

in the voltage range of 3–6 V and gradually reduces at

voltages above 6 V. Light emission spectra covers a wide

wavelength scale, range from 400 to 1,100 nm, with the

LRS and HRS emission peaks center at 770 and 550 nm,

respectively. Si nanocrystals generated in the SiO2

switching matrix during resistive switching are the origin

of the electroluminescence phenomena, while the differ-

ences in Si nanocrystal sizes and resistance states deter-

mine the variation in the electroluminescence properties

(Fig. 16b).

Very recently, Park et al. [100] fabricated a Au/ZnO-

nanorods/ITO device with a superhydrophobic surface, and

studied their resistive switching behaviors under different

optical illumination after being submerged into water. The

device has a total internal reflection at an incidence angle

of around 48�, and demonstrates reversible bipolar mem-

ristive characteristics under the light incident angle of

*10� (Fig. 17a). When the light incident angle is set to 60�
under the same condition, the device behaves as a pure

resistor without any switching feature. Upon modulating

the incident light angle, the device can be switched

between a memristor and a resistor repeatedly (Fig. 17b).

The interfacial air pocket formed between the ZnO nano-

rods surface and water content, acting as both a light

deflect layer and an oxygen source, plays an important role

in the resistive switching process. When the light incident

angle is larger than a critical value, the chemisorbed oxy-

gen ions on the ZnO surface will migrate into the bulk

nanorod matrix, hindering the formation of oxygen

vacancy based conductive filaments and turning the device

into a pure insulator. Replacing the air pocket with Teflon

solvent will remove the oxygen-rich environment for ZnO

nanorods, resulting in an un-settable HRS and Write-Once

Read-Many (WORM) switching behavior of the device.

Therefore, introduction of an additional liquid passivation

Fig. 14 (Color online) Switching characteristics of a high-performance organic device based on protonic acid doped polyazomethine.

a Consecutive I–V characteristics of the Pt/PA-TsOH/Pt resistive switching device. Multilevel operations of the Pt/PA-TsOH/Pt device in the

b dc sweeping and c pulse modes. Reproduced with permission from [92], Copyright 2012, American Chemical Society
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layer is demonstrated to be useful for the modulation of

memory and optical properties in certain device structures.

4 Summary and perspectives

With the distinctive metrics of high scalability, high

operation speed, low power consumption, configurable

complementary resistive switching structure that can avoid

the leaky problem, etc., over other nonvolatile memory

devices, ion transport related resistive switching memories,

or RRAMs, have been considered as one of the most

promising candidates for the next generation data storage

technology. Nevertheless, drawbacks including unsatisfied

stability and cell-to-cell operating parameter variation still

persist and make them unsuitable for practical applications

at the moment. To solve these issues, great efforts have

been devoted to explore novel switching materials and to

elucidate the switching and conduction mechanisms.

Nanoscale ion transport-related resistive switching

phenomena are found to be highly dependent on the ion

species, ion transport paths, and the dynamics of ion

electrochemical reaction. Careful selection of the

Fig. 15 (Color online) Modulation of device magnetism by ion migration related resistive switching in the Pt/Co-ZnO/Pt and Pt/NiO/Pt devices.

a HRS and b LRS magnetic hysteresis (M–H) loops of the Pt/Co-ZnO/Pt device. Modulation of the device c magnetic moment and d magnetic

coercive field by setting the device between HRS and LRS repeatedly. Reproduced with permission from [95], Copyright 2010, WILEY-VCH

Verlag GmbH & Co. KGaA, Weinheim. M–H curves of the e HRS and f LRS Pt/NiO/Pt device measured at 10 K under field cooled (FC) and

zero field cooled (ZFC) conditions. Reproduced with permission from [96], Copyright 2010, American Chemical Society

Fig. 16 (Color online) Tunable electroluminescence in graphene/

SiO2/graphen resistive switching devices. a I–V characteristics,

electroluminescence properties and b schematic electroluminescence

mechanism of the graphene/SiO2/graphene device. Reproduced with

permission from [99], Copyright 2013, WILEY-VCH Verlag GmbH

& Co. KGaA, Weinheim
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electrode and switching material is very essential. As the

mobile ion species prefer to transit through grain

boundaries in a large range of polystalline films, crystal

engineering that optimizes the density, distribution, and

orientation of grain boundaries can be employed to con-

trol the ion transport through the switching matrix and to

optimize the switching performance of the memory

devices [101, 102].

The steady progress in understanding the ion transport

mechanism has resulted in the fabrication of several pro-

totype high-performance and multifunctional resistive

switching memories, as well as the extension of the elec-

tronic memory devices into the fields of nanoionics, spin-

tronics, optoelectronics, etc. [103–106].

Looking into the future, efforts should not be confined in

the utilization of resistive switching devices for data storage

applications. One potential example is the mimicking of

human brain synapse with the well-defined resistive switching

behavior for learning functionalities [4, 107–109]. With the

endless possibility of materials choice ranging from oxides-,

sulfides-, silicon-, and carbon-based materials to organic and

polymeric materials, the electrical, optical, magnetic, and

other features of the resistive switching devices may make our

future life more convenient and intelligent.

Acknowledgements This work was supported by the National

Basic Research Program of China (2009CB933004, 2012CB933004),

the National Natural Science Foundation of China (51172250,

51303194, 61328402, 61306152), Zhejiang and Ningbo Natural Sci-

ence Foundations (2013A610031), and Science and Technology

Innovative Research Team of Ningbo Municipality (2009B21005,

2011B82004).

References

1. Yang JJ, Strukov DB, Stewart DR (2013) Memristive devices

for computing. Nat Nanotechnol 8:13–24

2. Chang T, Yang Y, Lu W (2013) Building neuromorphic circuits

with memristive devices. IEEE Circ Syst Mag 13:56–73

3. Chanthbouala A, Garcia V, Cherifi RO et al (2012) A ferro-

electric memristor. Nat Mater 11:860–864

4. Lu W (2013) Memristors: going active. Nat Mater 12:93–94

5. Chua LO (1971) Memristor-the missing circuit element. IEEE

Trans Circuit Theory 18:507–519

6. Strukov DB, Snider GS, Stewart DR et al (2008) The missing

memristor found. Nature 453:80–83

7. Waser R, Dittmann R, Staikov G et al (2009) Redox-based

resistive switching memories-nanoionic mechanisms, prospects,

and challenges. Adv Mater 21:2632–2663

8. Yang JJ, Borghetti J, Murphy D et al (2009) A family of elec-

tronically reconfigurable nanodevices. Adv Mater 21:3754–3758

9. Zhu XJ, Shang J, Li RW (2012) Resistive switching effects in

oxide sandwiched structures. Front Mater Sci 6:183–206

Fig. 17 (Color online) Modulatable resistor and memristor characters in ITO/ZnO nanorod/Au devices. a I–V characteristics of the ITO/ZnO

nanorod/Au device at different light incident angles. b Reversibly switching of the ITO/ZnO nanorod/Au device between a resistor and a

memristor character. Vth refers to the threshold voltage where the current changes drastically in the I–V curve as shown in the left panel of

a. Reproduced with permission from Ref. [100], Copyright 2013, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Chin. Sci. Bull. (2014) 59(20):2363–2382 2379

123



10. Sawa A (2008) Resistive switching in transition metal oxides.

Mater Today 11:28–36

11. Cho B, Song S, Ji Y et al (2011) Organic resistive memory

devices: performance enhancement, integration, and advanced

architectures. Adv Funct Mater 21:2806–2829

12. Kim KM, Jeong DS, Hwang CS (2011) Nanofilamentary resis-

tive switching in binary oxide system: a review on the present

status and outlook. Nanotechnology 22:254002

13. Jeong DS, Thomas R, Katiyar RS et al (2011) Overview on the

resistive switching in TiO2 solid electrolyte. Integr Ferroelectr

124:87–96

14. Lee MH, Hwang CS (2011) Resistive switching memory: obser-

vations with scanning probe microscopy. Nanoscale 3:490–502

15. Ielmini D, Bruchhaus R, Waser R (2011) Thermochemical

resistive switching: materials, mechanisms, and scaling projec-

tions. Phase Transit 84:570–602

16. Li Y, Long S, Liu Q et al (2011) An overview of resistive

random access memory devices. Chin Sci Bull 56:3072–3078

17. Waser R, Aono M (2007) Nanoionics-based resistive switching

memories. Nat Mater 6:833–840

18. Shang DS, Sun JR, Shen BG et al (2013) Resistance switching in

oxides with inhomogeneous conductivity. Chin Phys B

22:067202

19. Kim S, Kim SJ, Kim KM et al (2013) Physical electro-thermal

model of resistive switching in bi-layered resistance-change

memory. Sci Rep 3:1680

20. Chen A (2011) Ionic memory technology. In: Kharton VV (ed)

Solid state electrochemistry II: electrodes, interfaces and cera-

mic membranes. Wiley, Weinheim, pp 1–30

21. Szot K, Speier W, Bihlmayer G et al (2006) Switching the

electrical resistance of individual dislocations in single-crystal-

line SrTiO3. Nat Mater 5:312–320

22. Lee MJ, Lee CB, Lee D et al (2011) A fast, high-endurance and

scalable non-volatile memory device made from asymmetric

Ta2O5-x/TaO2-x bilayer structures. Nat Mater 10:625–630

23. Linn E, Rosezin R, Kugeler C et al (2010) Complementary

resistive switches for passive nanocrossbar memories. Nat Mater

9:403–406

24. Tang G, Zeng F, Chen C et al (2013) Programmable comple-

mentary resistive switching behaviours of a plasma-oxidised

titanium oxide nanolayer. Nanoscale 5:422–428

25. Yang Y, Choi S, Lu W (2013) Oxide heterostructure resistive

memory. Nano Lett 13:2908–2915

26. Nonnenmann SS, Gallo EM, Spanier JE (2010) Redox-based

resistive switching in ferroelectric perovskite nanotubes. Appl

Phys Lett 97:102904

27. Yan Z, Guo Y, Zhang G et al (2011) High-performance pro-

grammable memory devices based on Co-doped BaTiO3. Adv

Mater 23:1351–1355

28. Liao Z, Gao P, Bai X et al (2012) Evidence for electric-field-

driven migration and diffusion of oxygen vacancies in

Pr0.7Ca0.3MnO3. J Appl Phys 111:114506

29. Chen XG, Fu JB, Yun C et al (2013) The manipulation of

magnetic properties by resistive switching effect in CeO2/

La0.7(Sr0.1Ca0.9)0.3MnO3 system. J Appl Phys 113:17C708

30. Yin K, Li M, Liu Y et al (2010) Resistance switching in poly-

crystalline BiFeO3 thin films. Appl Phys Lett 97:042101

31. Li M, Zhuge F, Zhu X et al (2010) Nonvolatile resistive

switching in metal/La-doped BiFeO3/Pt sandwiches. Nanotech-

nology 21:425202

32. Zhu X, Zhuge F, Li M et al (2011) Microstructure dependence

of leakage and resistive switching behaviours in Ce-doped Bi-

FeO3 thin films. J Phys D Appl Phys 44:415104

33. Zhang J, Yang H, Zhang QL et al (2013) Structural, optical,

electrical and resistive switching properties of ZnO thin films

deposited by thermal and plasma-enhanced atomic layer depo-

sition. Appl Surf Sci 282:390–395

34. Sekhar KC, Silva JPB, Kamakshi K et al (2013) Semiconductor

layer thickness impact on optical and resistive switching

behavior of pulsed laser deposited BaTiO3/ZnO heterostruc-

tures. Appl Phys Lett 102:212903

35. Acha C (2011) Dynamical behaviour of the resistive switching

in ceramic YBCO/metal interfaces. J Phys D Appl Phys

44:345301

36. He CL, Zhuge F, Zhou XF et al (2009) Nonvolatile resistive

switching in graphene oxide thin films. Appl Phys Lett

95:232101

37. Zhuge F, Hu B, He C et al (2011) Mechanism of nonvolatile

resistive switching in graphene oxide thin films. Carbon

49:3796–3802

38. Chang KC, Zhang R, Chang TC et al (2013) Origin of hopping

conduction in graphene-oxide-doped silicon oxide resistance

random access memory devices. IEEE Electron Device Lett

34:677–679

39. Yang Y, Lu W (2013) Nanoscale resistive switching devices:

mechanisms and modeling. Nanoscale 5:10076–10092

40. Lu W, Jeong DS, Kozicki M et al (2012) Electrochemical

metallization cells-blending nanoionics into nanoelectronics?

MRS Bull 37:124–130

41. Lin KL, Hou TH, Shieh J et al (2011) Electrode dependence of

filament formation in HfO2 resistive-switching memory. J Appl

Phys 109:084104

42. Yu W, Li X, Rui Y et al (2008) Improvement of resistive

switching property in a noncrystalline and low-resistance

La0.7Ca0.3MnO3 thin film by using an Ag–Al alloy electrode.

J Phys D Appl Phys 41:215409

43. Goux L, Chen YY, Pantisano L et al (2010) On the gradual

unipolar and bipolar resistive switching of TiN/HfO2/Pt memory

systems. Electrochem Solid State Lett 13:G54–G56

44. Gao S, Song C, Chen C et al (2013) Formation process of

conducting filament in planar organic resistive memory. Appl

Phys Lett 102:141606

45. Yang YC, Pan F, Liu Q et al (2009) Fully room-temperature-

fabricated nonvolatile resistive memory for ultrafast and high-

density memory application. Nano Lett 9:1636–1643

46. Liu Q, Long S, Lv H et al (2010) Controllable growth of

nanoscale conductive filaments in solid-electrolyte-based Re-

RAM by using a metal nanocrystal covered bottom electrode.

ACS Nano 4:6162–6168

47. Jung K, Seo H, Kim Y et al (2007) Temperature dependence of

high- and low-resistance bistable states in polycrystalline NiO

films. Appl Phys Lett 90:052104

48. Liu Q, Sun J, Lv H et al (2012) Real-time observation on

dynamic growth/dissolution of conductive filaments in oxide-

electrolyte-based ReRAM. Adv Mater 24:1844–1849

49. Sun J, Liu Q, Xie H et al (2013) In situ observation of nickel as

an oxidizable electrode material for the solid-electrolyte-based

resistive random access memory. Appl Phys Lett 102:053502

50. Zhu X, Su W, Liu Y et al (2012) Observation of conductance

quantization in oxide-based resistive switching memory. Adv

Mater 24:3941–3946

51. Peng CN, Wang CW, Chan TC et al (2012) Resistive switching

of Au/ZnO/Au resistive memory: an in situ observation of

conductive bridge formation. Nanoscale Res Lett 7:559

52. Xu Z, Bando Y, Wang W et al (2010) Real-time in situ

HRTEM-resolved resistance switching of Ag2S nanoscale ionic

conductor. ACS Nano 4:2515–2522

53. Valov I, Sapezanskaia I, Nayak A et al (2012) Atomically

controlled electrochemical nucleation at superionic solid elec-

trolyte surfaces. Nat Mater 11:530–535

2380 Chin. Sci. Bull. (2014) 59(20):2363–2382

123



54. Zhu X, Ong CS, Xu X et al (2013) Direct observation of lithium-

ion transport under an electrical field in LixCoO2 nanograins. Sci

Rep 3:1084

55. Yang JJ, Inoue IH, Mikolajick T et al (2012) Metal oxide

memories based on thermochemical and valence change mech-

anisms. MRS Bull 37:131–137

56. Chen C, Gao S, Zeng F et al (2013) Migration of interfacial

oxygen ions modulated resistive switching in oxide-based

memory devices. J Appl Phys 114:014502

57. Syu YE, Chang TCC, Tsai TMM et al (2011) Redox reaction

switching mechanism in RRAM device with Pt/CoSiOx/TiN

structure. IEEE Electron Device Lett 32:545–547

58. Chen MC, Chang TC, Tsai CT et al (2010) Influence of elec-

trode material on the resistive memory switching property of

indium gallium zinc oxide thin films. Appl Phys Lett 96:262110

59. Guo Z, Sa B, Zhou J et al (2013) Role of oxygen vacancies in

the resistive switching of SrZrO3 for resistance random access

memory. J Alloys Compd 580:148–151

60. Doo SJ, Reji T, Katiyar RS et al (2012) Emerging memories:

resistive switching mechanisms and current status. Rep Prog

Phys 75:076502

61. Kwon DH, Kim KM, Jang JH et al (2010) Atomic structure of

conducting nanofilaments in TiO2 resistive switching memory.

Nat Nanotechnol 5:148–153

62. Miao F, Strachan JP, Yang JJ et al (2011) Anatomy of a

nanoscale conduction channel reveals the mechanism of a high-

performance memristor. Adv Mater 23:5633–5640

63. Park GS, Li XS, Kim DC et al (2007) Observation of electric-

field induced Ni filament channels in polycrystalline NiOx film.

Appl Phys Lett 91:222103

64. Chen JY, Hsin CL, Huang CW et al (2013) Dynamic evolution

of conducting nanofilament in resistive switching memories.

Nano Lett 13:3671–3677

65. Shang J, Liu G, Yang H et al (2013) Thermally-stable trans-

parent resistive random access memory based on all-oxide het-

erostructures. Adv Funct Mater. doi:10.1002/adfm.201303274

66. Zou C, Chen B, Zhu XJ et al (2011) Local leakage current

behaviours of BiFeO3 films. Chin Phys B 20:117701

67. Zhou MX, Chen B, Sun HB et al (2013) Local electrical con-

duction in polycrystalline La-doped BiFeO3 thin films. Nano-

technology 24:225702

68. Zhuge F, Peng S, He C et al (2011) Improvement of resistive

switching in Cu/ZnO/Pt sandwiches by weakening the ran-

domicity of the formation/rupture of Cu filaments. Nanotech-

nology 22:275204

69. Lanza M, Zhang K, Porti M et al (2012) Grain boundaries as

preferential sites for resistive switching in the HfO2 resistive

random access memory structures. Appl Phys Lett 100:123508

70. Shang DS, Shi L, Sun JR et al (2011) Local resistance switching

at grain and grain boundary surfaces of polycrystalline tungsten

oxide films. Nanotechnology 22:254008

71. Valov I, Waser R (2013) Comment on real-time observation on

dynamic growth/dissolution of conductive filaments in oxide-

electrolyte-based ReRAM. Adv Mater 25:162–164

72. Liu Q, Jun S, Lv H et al (2013) Response to comment on real-

time observation on dynamic growth/dissolution of conductive

filaments in oxide-electrolyte-based ReRAM. Adv Mater

25:165–167

73. Valov I, Waser R (2013) Comment on dynamic processes of

resistive switching in metallic filament-based organic memory

devices. J Phys Chem C 117:11878–11880

74. Gao S, Song C, Chen C et al (2013) Reply to comment on

dynamic processes of resistive switching in metallic filament-

based organic memory devices. J Phys Chem C 117:

11881–11882

75. Guo X, Schindler C, Menzel S et al (2007) Understanding the

switching-off mechanism in Ag? migration based resistively

switching model systems. Appl Phys Lett 91:133513

76. Yang Y, Gao P, Gaba S et al (2012) Observation of conducting

filament growth in nanoscale resistive memories. Nat Commun

3:732

77. Peng S, Zhuge F, Chen X et al (2012) Mechanism for resistive

switching in an oxide-based electrochemical metallization

memory. Appl Phys Lett 100:072101

78. Terabe K, Hasegawa T, Nakayama T et al (2005) Quantized

conductance atomic switch. Nature 433:47–49

79. Tappertzhofen S, Valov I, Waser R (2012) Quantum conduc-

tance and switching kinetics of AgI-based microcrossbar cells.

Nanotechnology 23:145703

80. Liu D, Cheng H, Zhu X et al (2013) Analog memristors based on

thickening/thinning of Ag nanofilaments in amorphous manganite

thin films. ACS Appl Mater Interfaces 5:11258–11264

81. Long S, Lian X, Cagli C et al (2013) Quantum-size effects in

hafnium-oxide resistive switching. Appl Phys Lett 102:183505

82. Long S, Perniola L, Cagli C et al (2013) Voltage and power-

controlled regimes in the progressive unipolar Reset transition

of HfO2-based RRAM. Sci Rep 3:2929

83. Gao S, Zeng F, Chen C et al (2013) Conductance quantization in

a Ag filament-based polymer resistive memory. Nanotechnology

24:335201

84. Mehonic A, Vrajitoarea A, Cueff S et al (2013) Quantum con-

ductance in silicon oxide resistive memory devices. Sci Rep

3:2708

85. Chen C, Gao S, Zeng F et al (2013) Conductance quantization in

oxygen-anion-migration-based resistive switching memory

devices. Appl Phys Lett 103:043510

86. Syu YE, Chang TC, Lou JH et al (2013) Atomic-level quantized

reaction of HfOx memristor. Appl Phys Lett 102:172903

87. Li CZ, Bogozi A, Huang W et al (1999) Fabrication of stable

metallic nanowires with quantized conductance. Nanotechnol-

ogy 10:221–223

88. Khomyakov PA, Brocks G (2006) Stability of conductance

oscillations in monatomic sodium wires. Phys Rev B 74:165416

89. Wager JF (2003) Transparent electronics. Science 300:1245–

1246

90. Liu KC, Tzeng WH, Chang KM et al (2011) Bipolar resistive

switching effect in Gd2O3 films for transparent memory appli-

cation. Microelectron Eng 88:1586–1589

91. Zheng K, Sun XW, Zhao JL et al (2011) An indium-free

transparent resistive switching random access memory. IEEE

Electron Device Lett 32:797–799

92. Hu B, Zhu X, Chen X et al (2012) A multilevel memory based

on proton-doped polyazomethine with an excellent uniformity in

resistive switching. J Am Chem Soc 134:17408–17411

93. Wang L, Wang D, Cao Q et al (2012) Electric control of

magnetism at room temperature. Sci Rep 2:223

94. Ohno H, Chiba D, Matsukura F et al (2000) Electric-field control

of ferromagnetism. Nature 408:944–946

95. Chen G, Song C, Chen C et al (2012) Resistive switching and

magnetic modulation in cobalt-doped ZnO. Adv Mater

24:3515–3520

96. Son JY, Kim CH, Cho JH et al (2010) Self-formed exchange

bias of switchable conducting filaments in NiO resistive random

access memory capacitors. ACS Nano 4:3288–3292

97. Pantel D, Goetze S, Hesse D et al (2012) Reversible electrical

switching of spin polarization in multiferroic tunnel junctions.

Nat Mater 11:289–293

98. Prezioso M, Riminucci A, Graziosi P et al (2013) A single-

device universal logic gate based on a magnetically enhanced

memristor. Adv Mater 25:534–538

Chin. Sci. Bull. (2014) 59(20):2363–2382 2381

123

http://dx.doi.org/10.1002/adfm.201303274


99. He C, Li J, Wu X et al (2013) Tunable electroluminescence in

planar graphene/SiO2 memristors. Adv Mater 25:5593–5598

100. Park J, Lee S, Lee J et al (2013) A light incident angle

switchable ZnO nanorod memristor: reversible switching

behavior between two non-volatile memory devices. Adv Mater

25:6423–6429

101. Huang JJ, Chang TC, Yu CC et al (2013) Enhancement of the

stability of resistive switching characteristics by conduction path

reconstruction. Appl Phys Lett 103:042902

102. Lee MJ, Han S, Jeon SH et al (2009) Electrical manipulation of

nanofilaments in transition-metal oxides for resistance based

memory. Nano Lett 9:1476–1481

103. Lu W, Lieber CM (2007) Nanoelectronics from the bottom up.

Nat Mater 6:841–850

104. Maier J (2005) Nanoionics: ion transport and electrochemical

storage in confined systems. Nat Mater 4:805–815

105. Awschalom DD, Flatte ME (2007) Challenges for semicon-

ductor spintronics. Nat Phys 3:153–159

106. Bonaccorso F, Sun Z, Hasan T et al (2010) Graphene photonics

and optoelectronics. Nat Photon 4:611–622

107. Kim KH, Gaba S, Wheeler D et al (2011) A functional hybrid

memristor crossbar-array/CMOS system for data storage and

neuromorphic applications. Nano Lett 12:389–395

108. Chang T, Jo SH, Lu W (2011) Short-term memory to long-term

memory transition in a nanoscale memristor. ACS Nano

5:7669–7676

109. Jo SH, Chang T, Ebong I et al (2010) Nanoscale memristor

device as synapse in neuromorphic systems. Nano Lett

10:1297–1301

2382 Chin. Sci. Bull. (2014) 59(20):2363–2382

123


	Ion transport-related resistive switching in film sandwich structures
	Abstract
	Introduction
	Nanoscale ion transport and related resistive switching phenomena
	Mobile ion species
	Mobile cation-induced resistive switching
	Mobile anion-induced resistive switching

	Ion transport paths
	Dynamics of ion electrochemical reactions

	Ion transport-related high-performance and multifunctional resistive switching memories
	Quantum conductance in oxide films for ultrahigh storage density device
	All oxide thermally stable transparent resistive switching memory
	A multilevel organic resistive switching memory with an excellent uniformity
	Magnetism controllable resistive switching device
	Light emission and light sensitive resistive switching device

	Summary and perspectives
	Acknowledgements
	References


