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Electric-field-induced resistance switching (RS) phenomena have been studied for over 60 years in
metal/dielectrics/metal structures. In these experiments a wide range of dielectrics have been studied including binary
transition metal oxides, perovskite oxides, chalcogenides, carbon- and silicon-based materials, as well as organic materials.
RS phenomena can be used to store information and offer an attractive performance, which encompasses fast switching
speeds, high scalability, and the desirable compatibility with Si-based complementary metal–oxide–semiconductor fabri-
cation. This is promising for nonvolatile memory technology, i.e., resistance random access memory (RRAM). However,
a comprehensive understanding of the underlying mechanism is still lacking. This impedes faster product development as
well as accurate assessment of the device performance potential. Generally speaking, RS occurs not in the entire dielectric
but only in a small, confined region, which results from the local variation of conductivity in dielectrics. In this review,
we focus on the RS in oxides with such an inhomogeneous conductivity. According to the origin of the conductivity in-
homogeneity, the RS phenomena and their working mechanism are reviewed by dividing them into two aspects: interface
RS, based on the change of contact resistance at metal/oxide interface due to the change of Schottky barrier and interface
chemical layer, and bulk RS, realized by the formation, connection, and disconnection of conductive channels in the oxides.
Finally the current challenges of RS investigation and the potential improvement of the RS performance for the nonvolatile
memories are discussed.
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1. Introduction
The electric-field-induced resistance switching (RS) ef-

fect describes a situation where the resistance of a dielec-
tric material or devices consisting of a metal–insulator–metal
(MIM) sandwich configuration can be switched repeatedly be-
tween high and low resistance states by applying an electric
field. The resulting resistance states can be maintained for a
long time after removing the external field. Different from
traditional dielectric breakdown phenomena, which lead to a
permanent resistance decrease so that switching back is im-
possible, the RS process is reversible and can be repeated a
certain number of times. Depending on the external bias po-
larity, the RS can be induced either by unipolar or by bipolar
forms, as shown in Fig. 1. For the former, the switching di-
rection depends on the polarity of the applied electric field,
while for the latter there is no polarity dependence but only a
dependence on the amplitude of the applied voltage.

The RS phenomenon can be traced back more than 50
years ago. The first papers on RS in oxide insulators were
published by Kreynina[3] and Hickmott.[4] Then the first peak
in the number of investigations occurred until the 1980s, when
almost all the transition metal oxides were studied in an MIM

configuration. Dearnaley et al.,[5] Oxley,[6] and Pagnia,[7]

comprehensively reviewed the research results obtained in this
period and proposed several models to explain the RS effect.
Theses activities faded because of the lack of progress in un-
derstanding and controlling the phenomena due to insufficient
analytical tools and technological equipment at that time. The
current renewed interest in this area started since around the
year 2000. Prompted mainly by the experimental results of
Kozicki et al. on ion-doped chalcogenides,[8] Liu et al. on
manganites,[9] and Beck et al. on perovskites,[10] a new appli-
cation for nonvolatile memory called resistance random access
memory (RRAM) has been introduced, which is promising
for its easy fabrication, fast switching speed (< 100 ns), high
scalability, and good compatibility with the Si-based com-
plementary metal–oxide–semiconductor (CMOS) technology.
Furthermore, since it is possible to switch the device to sev-
eral resistance states, RRAM has the potential to realize a
multilevel memory,[10,11] in which the storage density of one
memory cell will multiply without changing cell volume. In
2008, Strukov et al. at Hewlett–Packard labs have success-
fully identified the resistance switching phenomena as mem-
ristive systems,[12] and subsequently proposed in a broader
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range of applications including the Boolean logic implementa-
tions and neuromorphic systems.[13,14] Driven by these oppor-
tunities, a large variety of materials have been demonstrated to
have the RS property and have the possibility to be the candi-
dates for RS-related device fabrication, including perovskite
oxides,[15,16] binary transition metal oxides,[2,17] wide band
gap high-k dielectric oxides,[18,19] higher chalcogenides,[20,21]

and carbon-based materials.[22,23]
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Fig. 1. I–V curves for (a) bipolar RS in a Ag/La0.7Ca0.3MnO3/Pt cell,[1]

and (b) unipolar RS in a Pt/NiO/Pt cell.[2] Copyright 2006 and 2008 The
American Physical Society.

The major roadblock to commercialize RS-related de-
vices is the lack of knowledge regarding the RS physi-
cal mechanism, even though models, as reviewed in detail
by Waser et al. and Sawa,[24–26] have been proposed based

on different types of material properties. From the view-
point of underlying physics, these models could be classi-
fied into two categories. One is based on an electronic mode
such as a Mott metal–insulator transition,[27] ferroelectric
polarization,[28,29] carrier trapping/detrapping,[1,30] and the
other one relies on an ionic model, such as cation- and anion-
migration,[31,32] ion valence change,[33] interfacial Schottky
barrier narrowing,[34] random breakdown,[35] and metastable
phase generation.[36,37]

No matter which mechanism dominates the RS behavior,
a noteworthy feature for almost all the RS phenomena in ox-
ides is that the RS does not occur in the whole cell but only
in a small, confined region. The presence of this local active
region in the RS cells implies that the conductivity distribu-
tion in the cell has to be inhomogeneous. Two different types
can be distinguished depending on the location of the inhomo-
geneity. In one case RS takes place at the interface between
the metallic electrodes and the dielectric oxides, while in the
second case RS occurs inside the bulk of the oxides, usually
accompanied by the formation and rupture of conductive chan-
nels, as shown in Fig. 2. Obviously, the origin, distribution,
and manipulation of the inhomogeneous conductivity are not
only highly relevant for the understanding of the microscopic
RS mechanism but also for the improvement and estimation
of the performance potential for future non-volatile memory
devices. Therefore, the main focus of this review is on the in-
homogeneous conductivity in the RS systems and its relation
with the RS mechanism. We will discuss this topic for the two
different classes, i.e., interface RS and bulk RS. Firstly, the
interface RS will be presented, focusing on the roles played
by the Schottky-like barrier and the interface layer, and sub-
sequently the interface inhomogeneity. Secondly, the intrinsic
defect and electroforming as the origin of the inhomogeneous
conductivity inside the bulk of oxides will be presented. Then
the bulk RS behavior will be discussed by means of observa-
tion of conductive channels, which are typical for the inhomo-
geneous conductivity in oxides. The review will be concluded
with the current challenges of RS investigation and the out-
look of the potential performance of the RS phenomena in the
application of nonvolatile memory.

interfacial barrier

or defect layer

oxide

metal

metal
conductive 
channel

Fig. 2. Inhomogeneous RS behavior can be classified depending on the location of the inhomogeneous region. (left side) Interface-
type, in which RS occurs in the metal/oxide interface region; (right side) Bulk-type, in which RS occurs in oxides in the form of
conductive channels.
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2. Resistance switching at metal/oxide interfaces
Usually the interface RS occurs in a metal/oxide/metal

sandwich cell, where the oxides originally have a relatively
high bulk conductivity. Hence, prior to talking about the inter-
face RS, it is first necessary to clarify the origin of the contact
resistance, which can be changed by applying an electric field.

2.1. Schottky-barrier-type RS

The origin of the high contact resistance between metal
electrode and oxide films can be mainly attributed to two rea-
sons. One reason is due to the formation of a Schottky-like
barrier. In this case, the RS is usually ascribed to a field-
induced variation of the interfacial barrier. Figures 3(b) and
3(c) show the current–voltage (I–V ) characteristics of two
Au/Nb:SrTiO3 junctions with 0.05 wt% and 0.5 wt% Nb dop-
ing concentrations, respectively.[38] The cells were prepared
by depositing gold electrodes on the Nb:SrTiO3 single crystals
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Fig. 3. (a) Schematic diagrams for the electrode setting and measure-
ment of metal/Nb:SrTiO3 junctions. Semilogarithmic I–V characteris-
tics of metal/Nb:SrTiO3 junctions with (a) Nb: 0.05 wt% and (b) Nb:
0.5 wt% for the voltage cycling of 0→ 3→ 0→ −3→ 0 V. Arrows
indicate the sweeping direction.[38]

by magnetron sputtering, and then depositing titanium elec-
trodes on the single crystals by pulsed laser deposition. From
the semi-logarithmic I–V characteristics, it can be seen that the
resistance of the Ti–Ti structure is very low, and the I–V curves
show an Ohmic-like transport behavior without any hysteresis,
meaning that there is no Schottky barrier at the Ti/Nb:SrTiO3

interface. However, once one Ti electrode was changed by
gold, the resistance increased largely and an obvious I–V hys-
teresis is observed. The positive branch of the log I–V curve
shows a linear trend and fits well with the Schottky barrier
function JF ∝ exp(qV/nkBT ), where JF is the forward current
density, q is the electron charge, n is the ideal factor, kB is the
Boltzmann constant, and T is the absolute temperature. Com-
pared with the Ti–Ti structure, it can be concluded that the
large device resistance value comes from the Au/Nb:SrTiO3

interface, where the Schottky-like barrier is formed. The large
I–V hysteresis demonstrates that nonvolatile RS takes place.
This type of RS is bipolarity, that is, the junction resistance
decreases in the positive bias region and increases in the neg-
ative bias region.
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Fig. 4. Multilevel RS of the Au–Nb(0.5 wt%):SrTiO3 junctions with
a sequence of voltage pulses of given polarities. (a) The sequence of
voltage pulses with voltage varied as +2.2, −1.5, −2.1, and −3.3 V.
Pulse width is fixed at 1 ms. (b) Response of the junction resistance to
the sequence of voltage pulses shown in panel (a). Readout voltage is
0.1 V and readout time is 3000 s. (c) Multilevel RS reproducibility of
Au–NSTO junctions. (d) The I–V curves of different resistance states
obtained by electric pulsing.[38]
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The RS behavior can also realized by applying electric
pulses. As shown in Fig. 4, a multilevel RS is obtained in
the Au/Nb(0.5 wt%):SrTiO3 junctions by changing the polar-
ity and amplitude of electric pulses (pulse width = 1 ms). The
junction resistance shows a high to low switching when in-
duced by positive pulses, whereas a reverse switching occurs
upon reversing the electric polarity. The RS between differ-
ent resistance states is a transient process followed by a slow
relaxation of junction resistance. However, each obtained re-
sistance state cannot restore to its last state and will become
stable after the relaxation (usually an hour). By applying a se-
quence of voltage pulses with appropriate amplitudes, a stable
and reproducible multilevel RS can be obtained. This multi-
level RS can be used to realize a multilevel memory. For ex-
ample, negative-pulse-induced LRS to HRS is appropriate for
an SET process in which several resistance states can be ob-
tained to save information of “1”, “2”, “3”, “4”, while positive-
pulse-induced HRS to LRS is appropriate for a RESET pro-
cess, in which the resistance can be restored to the initial state
to save the information “0”.

Many mechanisms have been reported to possibly cause
the Schottky barrier change and subsequently the RS behavior.
They include polarity changes in ferroelectric oxides,[28,39]

charge trapping or releasing of the defects in the deple-
tion layer,[40] resonant tunneling through the barrier,[34] the
presence of a low dielectric layer and interface states,[41]

and field-induced drift of dopants.[26,42] Among them, the
field-induced oxygen vacancy migration model seems to be
most widely accepted and much convincing experimental ev-
idence has been given. As shown in Fig. 5(a), Sawa et al.
determined the potential profiles of the depletion layer in
Ti/Pr0.7Ca0.3MnO3 Schottky junctions by capacitance–voltage
(C–V ) measurements.[26] The C–V curves show a hysteretic
behavior and C is larger in the LRS than in the HRS. This
suggests that the depletion layer width is narrower in the LRS
than in the HRS. Thus, electrons possibly pass through the
thin barrier via a tunneling process in the LRS, whereas the
thick barrier in the HRS prevents tunneling. The drift of oxy-
gen vacancies can explain the change of the barrier width.
This model has also been successfully used to explain the RS
behavior in the SrRuO3/Nb:SrTiO3 junctions, which shows
an opposite RS polarity to the Ti/Pr0.7Ca0.3MnO3 junction.
Yang et al. also adopted the influence of oxygen vacancy
drift on the barrier width to interpret the RS behavior in their
Pt/TiO2/TiO2−x/Pt systems.[42,43] As shown in Fig. 5(b), un-
der an applied electric field, oxygen vacancies can drift into
the interface region, reducing the electronic barrier and then
resulting in an LRS. Under an electric field with the opposite
polarity, the oxygen vacancies are repelled away from the in-
terface region, recovering the electronic barrier to regain the
HRS. Yang’s model can be also used to explain other binary

and perovskite RS systems.[44,45] Although both Sawa’s model
and Yang’s model are based on the oxygen vacancy migra-
tion, the RS polarities according to the experimental results
explained by the two models are opposite to each other. For
example, the forward bias of the Schottky-like barrier corre-
sponds to the resistance decreasing in Sawa’s model, while it
corresponds to the resistance increasing in Yang’s model.
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Fig. 5. (a) Capacitance–voltage curves under reverse bias for a
Ti/Pr0.7Ca0.3MnO3/SrRuO3 cell and corresponding change of the de-
pletion layer width (Wd) at the Ti/Pr0.7Ca0.3MnO3 interface by apply-
ing an electric field.[26] Copy right 2008 Elsevier. (b) Schematics of
the modes of RS at the Pt/TiO2 interface.[43] Positive charged oxygen
vacancies drift towards or away from an interface depending on the ap-
plied voltage polarity, resulting in RS between Ohmic and Schottky-like
contact. Copyright 2009 Wiley-VCH.

The electronic transport behaviors has been investigated
for the RS mechanism of the Au/Nb:SrTiO3 junctions.[46]

There are mainly two different currents through a Schottky
junction. The first one arises from electron tunneling and the
second one from thermionic emission. To clarify the relevance
of these two transport channels, the resulting I–V characteris-
tics were investigated under different temperature conditions.
Three types of samples were selected. The first one has an
Nb doping level of 0.5 wt%, the second one has an Nb doping
level of 0.05 wt%, and the third one has an Nb doping lever
of 0.05 wt% but utilizes a single crystal, which was annealed
in oxygen atmosphere before the measurement. As shown in
Fig. 6, the log I–V slope of both the first sample and the second
samples show a temperature-independent behavior. This fea-
ture is consistent with the predictions based on the Newman
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equation and strongly suggests the electron tunneling behav-
ior. In contrast, the log I–V slope of the third sample shows
a pronounced temperature dependence, as expected for ther-
mal emission behavior. Referring to the I–V characteristics, it
is interesting to find that the RS behavior occurs only in the
junctions with the electron tunneling transport.

Occurrence of electron tunneling implies that the deple-
tion layer width is quite thin and a considerable number of
defects that assist tunneling must exist in this layer. When
an external bias is applied, a thinner depletion width leads to
a higher effective electric field in the depletion layer, which
may drive the migration of the charged defects in the depletion
layer to form conductive channels. Since the post-annealing
in oxygen atmosphere will eliminate the donor-like oxygen

vacancy defects in the vicinity of the interface, the depletion
layer of the annealed-Au/Nb:SrTiO3 junction becomes wider.
Meanwhile, the charged defect density in the depletion layer
was also reduced. In this case, it becomes difficult to drive
the defects to form the conductive channel, until the perma-
nent breakdown takes place. Therefore, the RS phenomena
disappeared in the post-annealed sample. This scenario is
similar to Yang’s model if considering the dopants as oxygen
vacancies.[42] However, as has been mentioned above, apply-
ing Yang’s model to explain the RS of the Au/Nb:SrTiO3 the
Schottky junction would lead to the opposite polarity. That
means some other mechanism, as will be discussed later, might
exist in the interface RS based on a Schottky-like barrier.
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Fig. 6. The RS and I–V characteristics of [panels (a) and (b)] Au/Nb(0.5 wt%):SrTiO3 junction, [panels (c) and (d)]
Au/Nb(0.05 wt%):SrTiO3 junction, and [(e) and (f)] Au/Nb(0.05 wt%):SrTiO3 junction annealed in oxygen atmosphere at 823 K
for 30 min.[46] Copyright 2009 American Institute of Physics. Inset shows the schematics for the different electron transport modes.

2.2. Interfacial-layer-type RS

The other reason for forming a high contact resistance is
due to the interfacial layer formation caused by the chemical

reaction between metal and oxide. Ideally, the Schottky bar-

rier height is defined as the difference between the electron

affinity of the semiconductor and work function of the metal

067202-5



Chin. Phys. B Vol. 22, No. 6 (2013) 067202

and is supposed to be proportional to the work function of the
metal. However, in reality there may be an interfacial layer be-
tween the metal and semiconductor, which changes the band
structure matching at the interface and also causes a voltage
drop through the layer, leading to a deviation of the Schottky
barrier height from the ideal value. Yang et al. identified the
role of the interfacial layer in the current injection through the
metal/oxide interface for TiO2 in contact with various elec-
trode metals (Au, Pt, Ag, Ni, W, and Ti).[47] As, shown in
Fig. 7, no clear relation can be seen between the resistance of
the devices and the work function values of the top electrode
metals. According to the Ellingham diagram, which shows
the Gibbs free energy formation of metal oxides and can be
used to predict the possibility that reactions may occur, Ni,
W, and even Pt electrodes can reduce the TiO2 to a Magnéli
phase of TinO2n−1, and induce oxygen vacancies in TiO2 films
by the formation of NiO, WO3, and PtO2. Figure 7(c) shows
the resistance of the cells plotted versus the standard free en-
ergy of formation of the electrode metal oxides, where an ap-
proximately monotonic trend can be seen, indicating that the
larger the formation free energy of the metal electrode oxide,
the smaller the resistance of the devices with that metal elec-
trode.
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Fig. 7. (a) Resistance of metal/TiO2/Pt cells at a read-out voltage of
+/−1 V versus (a) the work function and (b) the standard free energy
of oxide formation of the top electrode metals. (c) Ellingham diagram
with different TiO2 formation reactions from its sub-oxides.[47] Copy-
right 2011 Springer.

This tendency was also found by Liao et al.[48] and Ya-
mamoto et al.,[49] in other perovskite oxide systems, where

the interfacial layer was observed directly by high-resolution
transmission electron microscopy (HRTEM) and photo emis-
sion spectroscopy (PES) measurements in the films with active
electrodes. However, the RS behavior in these films is dom-
inated not by the Schottky barrier change but by the concen-
tration change of oxygen vacancy concentration in the inter-
facial layer. Fox example, a positive voltage applied to the Ti
electrode will pull out the oxygen vacancies in the TiOx layer
and oxidation of TiOx region causes the switching to the HRS.
When a negative bias is applied to the Ti electrode, oxygen
vacancies will be attracted back to the TiOx layer and the re-
duction of the TiOx causes a switching back to the LRS. This
model can also be used for the RS systems with other metal
electrodes such as Al, W, Ta, where AlOx, WOx, and TaOx

form at the metal/film interface region.[50–53]

The interfacial layer formation is not only related to the
Gibbs free energy of oxide formation of metal electrodes, but
also with the electrode preparation techniques. For instance,
Shang et al.[54] and Fujimoto et al.[55] used silver paste as the
top electrode and found that the Ag(paste)/La0.7Ca0.3MnO3

interface exhibits an obvious I–V hysteresis and a stable RS
property. In contrast, Sawa et al.[56] and Liao et al.[48]

found no RS phenomenon in the Ag/Pr0.7Ca0.3MnO3 inter-
face, in which a Ag top electrode was prepared by elec-
tron beam and magnetron sputtering. Yang et al. found
the RS endurance in the Ag/La0.7Ca0.3MnO3/Pt cell can be
improved by alloying Al into the Ag electrode during elec-
trobeam evaporation.[57] These contradictions might originate
from the different chemical states of silver at the silver/oxide
interface. For example, Ag is commonly used as an inert
electrode material due to its antioxidation property. How-
ever, Ag can be readily oxidized during Ag film deposition
by some physical methods, if there is oxygen available in the
growth chamber. To clarify the effect of a Ag oxide on the
RS behavior, three types of devices were prepared with the
structure of Ag/Ag2O/Pt (AOP), Ag/WO3−x/Pt (AWP), and
Ag/Ag2O/WO3−x/Pt (AOWP), respectively.[58] As shown in
Fig. 8, firstly the original resistance of AOWP is much higher
than that of AOP and AWP, indicating that the interface of
Ag2O/WOx generates a high contact resistance. The rectify-
ing I–V curve and linear semilogarithmic current at the pos-
itive bias of AOWP indicate that an Schottky-like barrier ex-
ists at the Ag2O/WOx interface. The I–V hysteresis only ap-
peared in the AOP and AOWP devices, meaning that the Ag2O
layer plays a dominant role in the RS. From the micro-Auger
spectra of the sample with HRS and LRS, it can be seen that
the AgOx layer actually is inhomogeneous and composed of a
mixed phase containing Ag and Ag2O. The RS can be ascribed
to the content decreasing (increasing) of the Ag2O (Ag) in the
mixed layer due to the reversible electrochemical redox reac-
tion of Ag(Ag2O)+ e− ↔Ag under the electric field, which
changes the contact barrier at the Ag2O/WOx interface.
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Fig. 8. (a) The original resistances of the Ag/WOx/Pt, Ag/AgOx/Pt, and Ag/AgOx/WOx/Pt cells. (b) Ag MNN Auger spectra of
the Ag/AgOx/WOx/Pt cell under HRS and LRS. The HRS and LRS were obtained by applying an electric field to a removable Ag
probe with a diameter of ∼ 20 µm, which contacted directly with the AgOx surface and was removed after each RS. (c) and (d) I–V
characteristics in decimal and semilogarithmic patterns.[58] Copyright 2011, American Institute of Physics.

2.3. Is interface RS homogeneous or inhomogeneous?

In the search for promising oxide materials for future non-
volatile memories, special attention has to be paid to their scal-
ing capability. The issue of scaling is strongly linked to the
question whether the RS is distributed homogeneously over
the cell area or localized to one or a few conducting chan-
nel parts. Generally, homogeneous RS devices show a clear
scaling of the change of resistance with the electrode area.
Interface-layer-type RS systems usually shows the homoge-
neous RS, as reported by Meyer et al.,[59] Hasan et al.,[60]

and Sawa et al.[26,61] When the interface-layer-type RS shows
some inhomogeneous RS behavior, this resembles the conduc-
tive channel behavior in the oxide bulk, which will be dis-
cussed later in Section 3. Sim et al. reported on a so-called
homogeneous barrier-type RS in the Pt/Nb:SrTiO3 Schottky
junctions.[62] The resistance values in On and Off states de-
pend linearly on the electrode area, suggesting that the RS
takes place over the entire area of the interface. In contrast,
Yang et al. suggested that RS involves local changes to the
Schottky barrier at the Pt/TiO2 interface.[42,63] They cut the
active electrode into several parts after forming and RS, and
found only one of the parts shows the RS phenomenon while
other parts behave approximately virgin. This clearly demon-
strates that after electroforming typically one single conduc-
tive channel exists. Under an applied electric field, the posi-

tively charged oxygen vacancies drift through the most favor-
able diffusion paths, such as grain boundaries, to form chan-
nels with a high electrical conductivity. Once one or more
conducting channels penetrate the electronic barrier, the de-
vice is switched to LRS. Applying a voltage with the reverse
polarity repels the vacancies in the conducting channel away
from the top interface and the original electronic barrier is re-
covered. Szot et al.[45] adopted a metallic tip with a diam-
eter of about several nanometers as one of the electrodes to
form a point contact system on an SrTiO3−δ single crystal and
demonstrated the RS of the interfacial state between a Schot-
tky barrier and a metallic contact upon applying electric pulses
with different polarity, as shown in Fig. 9. The experiments
gave clear evidences that the conductivity of the SrTiO3 single
crystal surface is inhomogeneous due to the presence of a high
density of dislocations, which provide fast channels for oxy-
gen migration. RS occurs in these channels and thus is only
needs to a very small region (∼ 2 nm in diameter) of the oxide
surface.

The photovoltaic effect is a distinctive property of a
Schottky junction. The electric signal is generated by the built-
in field of the Schottky barrier. Hence, no external electric-
field is needed to detect the barrier change in this case. Fig-
ure 10 shows the open-circuit photovoltage (Vnoc) and short-
circuit photocurrent (IL) of the Au/Nb(0.5 wt%):SrTiO3 junc-
tion illuminated by a laser with a wavelength of 460 nm. The

067202-7



Chin. Phys. B Vol. 22, No. 6 (2013) 067202

strong dependence of Vnoc on the junction resistance Rj, which
was changed from 900 MΩ to 70 kΩ by applying electric
pulses, suggests the variation of the barrier potential.[64] Dif-
ferent from Vnoc, however, IL exhibits an almost invariant value
regardless of the change of Rj, indicative not only of the in-
variance of the barrier height/width but also of the carrier dif-
fusion lengths. Different laser sources with wavelengths be-
tween 380 nm to 940 nm have also been used to check IL. All
the results show the independence of Rj.[65]

An additional conductive channel through the Schottky
barrier is assumed to explain the contradictory behaviors be-
tween the obtained Vnoc and IL. In this case, the equivalent
circuit of the junction can be seen as a diode in parallel with a
resistor. The resistor represents the conductive channels, and
the diode represents the remaining unchanged region of the
Schottky barrier. The application of voltage pulses changed
the value of the resistor but has little effect on the diode during
the resistance switching. As shown in Fig. 10(c), the appear-
ance of the channels has no obvious effect on IL, since the
total area of the conductive channels could be much smaller
than that of the interface. However, when measuring the Vnoc

the conductive channels will short-circuit the interfacial bar-
rier and carry the main current through the junction. Thus, the
measured photovoltage is not a real open circuit signal at all
but a measure of the voltage on the conductive channels. The
measured photovoltage can be expressed as Vnoc = (IL− IF)Rj.
Since IL � IF at low bias, the equation can be simplified as
Vnoc≈ ILRj. As shown in Fig. 10(d), Vnoc indeed shows a linear
increase with Rj at a rate of IL ≈ 34 pA, which is a value con-
sistent with the experimental data of ∼ 33.5 pA in Fig. 10(b).

These photoresponse results provide a clear proof that the RS
of the Au/Nb:SrTiO3 junction takes place at a local region of
the interface. In fact, Yang et al. also gave the similar diode-
Rj parallel model for the Pt/TiO2/TiO2−x/Pt Schottky barrier
system where they denote the Rj as the memristor.[42]
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Fig. 9. Schematic illustration of the electromigration of oxygen in
the upper segment of an SrTiO3−x single crystal upon the RS. The
electrical properties can be characterized by a resistor with linear I–
V characteristics and a diode with symmetrical nonlinear I–V charac-
teristics. (b) Conductivity map of the surface of an SrTiO3−x single
crystal as recorded by C-AFM. Conductive channels are present on
the surface. Inset shows the conductive channel with a dimension of
1 nm–2 nm, corresponding to the size of the core of a typical edge-type
dislocation.[45] Copyright 2006 Nature Publishing Group.
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Fig. 10. (a) Open-circuit-photovoltage (Vnoc) and (b) short-circuit-photocurrent (IL) produced by laser (460 nm) illumination for the
Au/Nb(0.5%):SrTiO3 junction in different resistance states, which were obtained by applying voltage pulses with an amplitude of
3 V–6 V and width of 1 ms. (c) Schematic plot of the equivalent circuit consisting of a diode in parallel with a resistor. (d) Vnoc as a
function of junction resistance (Rj).[64] Copyright 2008 American Institute of Physics.
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A more complicated interface RS was reported by
Dittmann et al.[66,67] By using a delamination technique to re-
move the top electrode and then using conductive-tip atomic
force microscopy (C-AFM), the investigation of the active
RS interface with nanoscale lateral resolution is realized. As
shown in Fig. 11, two types of RS, filament-RS and area-
dependent RS, were observed after electroforming in the
same device with a Pt/Fe:SrTiO3/Nb:SrTiO3 structure. In-
terestingly, the two types of RS show opposite RS polarity.
This peculiar RS behavior was also observed in other related
systems.[68] Both types of RS are interpreted by the oxygen va-
cancy migration driven by an external electric field, as shown
in Figs. 11(e) and 11(f). In the case of area-dependent RS,
oxygen vacancies will start to migrate out of the lower regions
of the film and accumulate at the upper surface, forming a re-
duced region under negative bias. At the same time, the further
supply of vacancies from below is hindered because the elec-
tric field strength is only sufficient within the first 10 nm be-
low the surface. An oxygen vacancy depleted region is formed
within the film that has very poor conductivity and therefore
causes the overall sample resistance to rise to the HRS. Un-
der the positive bias, oxygen vacancies are pushed back into

the depleted region. At the same time, new vacancies can be
created at the surface due to oxygen release. The overall sam-
ple resistance is decreased and the junction switches back into
the LRS. The area-dependent RS therefore shows “eightwise”
switching polarity. The main difference of the filament-RS
mechanism from the area-dependent RS is the higher oxygen
mobility in the filament due to the existence of a high den-
sity of dislocation defects, which can play a role as a fast
ion channel. As shown in Fig. 11(f), in this case, the deple-
tion region of oxygen vacancies will not form; instead oxy-
gen vacancies would immediately close the gap. The attrac-
tion of oxygen vacancies into the upper interface under nega-
tive bias corresponds to lowering of the Schottky-like barrier
(LRS), and the repulsion of oxygen vacancies under positive
bias corresponds to recovery of that barrier (HRS). The fila-
ment therefore switches with the “counter eightwise” polar-
ity. This model seems to give a comprehensive explanation
for different RS systems with different polarities. Meanwhile,
it also indicates that the Schottky-barrier-type RS should be
more complicated and inhomogeneous than what has been re-
ported and the redox reaction as discussed in interfacial-layer-
type RS also needs to be reconsidered.
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Fig. 11. (a) Homogeneous-type and (b) filament-type tip-induced RS of a delaminated Fe(1 at%):SrTiO3/Nb(1 at%):SrTiO3 junction.
(c) Schematic plot of the sample cross section with a marker for the homogeneous RS region and corresponding TEM image. (d)
Schematic plot of the sample cross section with a marker for the filament RS region and corresponding TEM image, which shows a
strongly increased defect density. Panels (e) and (f) show the schematic illustration for the homogeneous and filament AFM-based RS
mechanism, respectively.[66] Copyright 2012 IEEE.

3. Resistance switching inside oxides (conduc-
tive channels)

RS inside oxides, called ‘bulk RS’, usually takes place
in a metal/oxide/metal cell, where the oxides originally have
relatively low conductivity and bear the main electric stress

under the bias condition. However, it does not mean that RS

takes place in the whole bulk region. Instead, almost all of the

reported bulk RS exhibit a localized feature. The active region

for RS is usually named as the conductive channel (or fila-

ment), which usually only occupies a small volume compared
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with the bulk, as shown in Fig. 2(b), and can be considered
as an inhomogeneous conductive distribution in the oxides.
Moreover, bulk RS does not mean it only involves the oxide it-
self. In some cases, the interface properties, such as Schottky-
like barrier and interfacial chemical reaction discussed above
also have some influence on the RS behavior since they can
change the conductive homogeneity in the cell. Therefore, it
is essential to have a good understanding of the origin of the
inhomogeneous conductivity in oxides.

3.1. Intrinsic inhomogeneous conductivity in oxides

As reported by Szot et al.,[45] (see Fig. 9) the inhomoge-
neous conductivity in single crystals can be caused by disloca-
tions, which have been demonstrated to possess a higher con-
ductivity compared to that of the surrounding matrix. Ab initio
calculations indicate that the high conductivity of dislocations
is due to the reduction of oxygen occupied in the dislocation
core, leading to a local change of the Ti valence.

Besides single crystals, many materials exhibit RS behav-

iors in the polycrystalline structure, in which grains are packed
together, separated by grain boundaries. Grain boundaries can
also be considered as defects and should have an important
effect on the local conductivity and RS behavior. Figure 12
shows topography and corresponding current images of the
polycrystalline WO3−x films on F-doped tin oxide substrates,
which are annealed at 400 ◦C in oxygen atmosphere for 30 min
before measurement.[69] The current images are measured by
applying external bias on the CAFM tip, which serves as one
of the electrodes to examine the local conductivity. It can be
seen clearly that the regions corresponding to the grain surface
exhibit a higher conductivity than that of the regions corre-
sponding to the grain boundary surfaces. The I–V characteris-
tics on the grain and grain boundary surfaces indicate that RS
occurs only in the grain region. The current mapping of HRS
and LRS further confirmed reversible RS in the grain region
with the diameter size of ∼ 10 nm, as shown in the inset of
Fig. 12(d).
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Fig. 12. (a) Topography of the WO3−x film on F-doped tin oxide/glass substrate. Panels (b) and (c) show the corresponding current
images with tip bias of 2 V and−1.5 V. Panels (d) and (e) show the local I–V curves for grain and grain boundary regions, respectively,
measured by the CAFM tip with external biases ranging from −3 V to 3 V. Upper left and lower right insets in panel (a) show the
current mappings after negative and positive voltage sweeps, respectively. The inset in panel (b) shows the current mapping after
negative voltage sweep. The current mappings were obtained for a tip bias of −0.5 V.[69] Copyright 2011 IOP Publishing Ltd.

By scanning the CAFM tip with an external bias larger

than the RS threshold voltage, an entire area can be selected

to switch reversibly between the HRS and the LRS, as shown

in Fig. 13. A two-fold overwriting process was performed.

First, a 0.6 µm×0.6 µm area in the center of a 1 µm×1 µm

area was scanned under a tip bias of −3 V. Then a smaller

inner area 0.3 µm×0.3 µm with the same center as the pre-

vious image was scanned under a tip bias of 3 V. The bright
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contrast indicates the LRS within the square region and the
HRS outside. Some dark fragments corresponding to the grain
boundaries in the LRS region are also observed due to the
non-switching property of the grain boundaries. Besides grain
boundary regions, it should be noted that no full area scanned
by the biased-tip shows the RS property. It has been demon-
strated that the RS area increases with increasing the tip bias
amplitude and the exact RS position varied although the tip
voltage is fixed.[70] By statistically analyzing the RS probabil-
ity through several times of switching between HRS and LRS
by tip scanning, five kinds of RS behaviors are distinguished,
as shown in Fig. 13(e). That means the RS itself is also inho-
mogeneous even in the grain region of the films.
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Fig. 13. Panels (a) and (c) show the topographies of the WO3−x. Pan-
els (b) and (d) show the corresponding current images after sequential
overwriting processes with tip bias of −0.5 V. (e) Proportion of the re-
gions showing different RS behaviors. NO: non-RS; W: weak RS; WS:
weak to stable RS; S: stable RS; IR: irregular RS.[69,70] Copyright 2011
IOP Publishing Ltd.

The mechanism for the differences in conductivity and

RS behaviors between the grain and grain boundary regions
is still unclear. A possible reason might be due to the differ-
ent oxygen vacancy concentrations. This difference could be
caused by the more preferential combination of oxygen with
oxygen vacancies along the grain boundaries during oxygen
annealing process. An oxygen-rich region is expected to form
in the grain boundary region, especially on the film surface.[71]

Consequently, the conductivity in the grain boundary region is
lower than that in the grain region. This difference might cause
the non-switching of the grain boundary regions or switching
under higher external voltage conditions.

It should be noted that the electric properties of the grain
boundary should be different for different oxides. For exam-
ple, Son et al. found that conductive filaments appeared ho-
mogeneously on both the grain and grain boundary region of
the NiO films when switching to LRS.[72] After switching to
HRS, the filaments in the grain region disappeared, while they
still stayed in the grain boundary region. This implies that the
grain boundary regions in the NiO films hold a high conductiv-
ity but cannot confine the RS behavior in this region. Another
example reported by Lanza et al. discusses polycrystalline
HfO2 films, in which RS is only observed at grain boundaries,
which exhibit a low breakdown voltage due to the intrinsic
high density of the oxygen vacancies.[73] From the point of
view of future memory devices, grain boundary effects on RS
will become more technologically important as the dimensions
of individual cells in devices continue to shrink and approach
the size of individual grains in polycrystalline films. Further
investigations to elucidate the grain boundary effect on RS is
still required.

3.2. Electroforming-induced inhomogeneous conductivity
in oxides

The word electroforming comes from an electrochemical
process for metallic structure formation, in which metallic el-
ements are plated on the surface of an object at the cathode
through redox reactions. In RS investigations, almost all the
reported oxides need a pretreatment process before they show
the desired RS behavior. This activating process is called elec-
troforming. Generally, electroforming needs an external volt-
age or current higher than that for the following RS, which
causes a reduction of the device resistance. An example is
shown in Fig. 14 for ITO/Mg:ZnO/FTO devices.[74] Obvi-
ously, three resistance states, the initial resistance state (IRS),
the HRS, and the LRS, can be distinguished. RS takes place al-
ternately between the HRS and the LRS, while the IRS cannot
be restored after electroforming. By comparing the resistance
values on the electrode area, it is clear that the resistance in the
IRS is proportional to the electrode area. This indicates that
the current flows homogenously through the entire electrode
area. However, the resistance in both the HRS and LRS is al-
most independent of the electrode area. This can be explained
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by the formation of conductive channels, which have a much
smaller size than that of the used electrodes. The formation of
the conductive channel also causes a redistribution of the oxy-
gen in the film leading to an inhomogeneous distribution after
electroforming.
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Fig. 14. (a) Semilogarithmic I–V characteristics of the indium-tin-oxide
(ITO)/Mg:ZnO/F-doped tin oxide (FTO) cell. Inset: schematic plot of
the measurement. (b) Dependence of resistance on the size of the ITO
electrode.[74] Copyright 2009 The Japan Society of Applied Physics.

Despite the importance of electroforming for RS, the de-
tails of the process are still unclear. This can be attributed
to many distinct events, which include ionic migration, redox
reaction, phase transition, and Joule heating. Their interplay
leads to a very complicated overall process. According to the
charge type of the active ions in RS, the electroforming can
be discussed from two aspects. One is related to the cation
migration, which is defined as electrochemical metallization
memory (ECM), also called conductive bridging random ac-
cess memory (CBRAM). Usually the ECM cells consist of an
active electrode, such as Ag or Cu, a solid electrolyte, such as
chalcogenides or SiO2, and an inert counter electrode such as
Pt. In the initial state, ECM cells have a homogeneous con-
duction and a high resistance values. Waser et al. have pre-
sented an in-depth description of the electroforming process
of this type of memory, as shown in Fig. 15(a).[75] During
the electroforming process, anodic dissolution of the active
electrode takes place to form metal ions, and the metal ions

drift across the solid electrolyte towards the inert cathode un-
der the influence of the electric field. Then the metal ions are
gradually reduced to metal atoms on the surface of the inert
cathode gradually, and accumulate together to form a metal-
lic channel in the solid electrolyte. After electroforming, RS
can be realized by the redox process of the metal ions near the
active electrode causing the disconnection and connection of
the channel. Interestingly enough, Yang et al. found a differ-
ent electroforming process in the ECM cells recently, where
amorphous Si, SiO2, and Al2O3 thin films were selected as the
solid-electrolyte.[76] By both ex situ and in situ TEM measure-
ments, it was found that the metallic channels growth from the
active Ag electrode to the inert Pt electrode (see Fig. 16(g)),
being opposite to the direction hypothesized by Waser et al.
In this case, the following RS is dominated by the region near
the inert electrode/electrolyte interface. A similar behavior
was also observed in Ag(orCu)/ZrO2/Pt cells.[77] The oppo-
site electroforming behavior has been ascribed to the lower ion
mobility in the amorphous Si and oxide electrolytes, leading
to an inert reduction of metal ions.

The other aspect of electroforming is related to the migra-
tion of the oxygen anion (or oxygen vacancy), which shows a
more complicated process than that in the cation case, since
the oxygen vacancy migration will induce not only the re-
dox reaction of oxygen itself, but also the gas generation, va-
lence change of metal ions, and even phase transition, and also
needs thermal assistance by the Joule heating effect. The ba-
sic process is the electric-field-induced drift of oxygen vacan-
cies, which gives rise to a virtual cathode made from oxygen
rich regions emerging at the real cathode, meanwhile oxy-
gen is released from the anode as gas.[45,63] Jeong et al. re-
viewed the electroforming processes in binary oxides and gave
a full description by separating the binary oxides into two cat-
egories: hyper-stoichiometric oxide, such as NiO, and hypo-
stoichiometric oxide, such as TiO2, as shown in Figs. 15(b)
and 15(c).[78] In the TiO2 systems, only oxygen vacancy drift
is concerned. The anode serves as an oxygen vacancy source.
The oxygen vacancies pile up at the cathode, and an oxygen
deficient phase, which has been demonstrated to be Magnéli
phase,[36,37] grows from the cathode to the anode. In the NiO
system, there are two types of defects, an oxygen vacancy, and
a nickel vacancy, which coexist in the electroforming. Oxygen
and nickel vacancies drift towards the cathode and the anode,
respectively, under a voltage. Since no nickel vacancy source
exists in the system, the concentration of nickel vacancies near
the cathode soon decreases as they migrate towards the anode.
Simultaneously, oxygen vacancies from the anode are piled up
at the cathode leading to a phase separation into Ni and NiO
due to the instability of oxygen-deficient NiO. Then a metallic
Ni phase grows from the cathode to the anode until it touches
the anode.
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(a)

(b)

(c)

Fig. 15. Schematics of electroforming process in (a) Ag/solid-
electrolyte/Pt,[75] Copyright 2011 IOP Publishing Ltd. (b) Pt/TiO2/Pt,
(c) Pt/NiO/Pt cells.[78] Copyright 2012 IOP Publishing Ltd.

Electroforming could even be more complex than that
presented above, and systematic studies are rather sparse.
However, it is clear by now that electroforming introduces a
conductivity inhomogeneity into the oxides or makes the oxide
conductivity more inhomogeneous than before. Subsequently,
reversible RS can be realized. This indicates that the inhomo-
geneous conductivity inside the oxides should be a prerequi-
site for RS. In this case, RS behavior, for example, the reported
conductive channel connection and disconnection processes,
can be considered as a change of oxide conductivity between
different inhomogeneous states.

3.3. Observation of the conductive channel

The conductive channel describes a special region in the
materials, which has a higher conductivity but smaller volume
than other regions and carries the most current through the ma-
terial under an electric field. From the point of view of conduc-
tivity distribution, conductive channels can be considered as a

typical case of inhomogeneous conductivity in oxides. Many
RS phenomena can be well described by the conductive chan-
nel connection/disconnection process. Therefore, information
about the position, dimension, number, composition, structure,
and dynamic evolution of the conductive channels during the
RS process is a key to understand the physical mechanism as
well as a way to improve the switching property.

By now many methods have been used for the conductive
channel observation, as summarized in Fig. 16. An early ob-
servation of a conductive channel was reported by Hirose et
al.,[79] who found the dendritic Ag filament in a Ag/As2S3/Au
cell by a direct optical method. Then a similar result was
observed in Ag/AgGeSe/Ni cell by Kozicki et al.,[80] and in
Ag/H2O/Pt cell by Guo et al.[81] By using the CAFM meth-
ods, Szot et al. found the channel along the dislocations in
an SrTiO3 single crystal and attributed it to the oxygen va-
cancy migration along the dislocations.[45] Janousch et al.
investigated the Pt/Cr:SrTiO3 (single crystal)/Pt cell by in-
frared thermal microscopy, micro X-ray fluorescence (XRF),
and X-ray absorption near-edge spectroscopy (XANES), and
detected the dumbbell-like channel shape caused by the oxy-
gen vacancy distribution.[82] Yasuhara et al. studied a planar-
type Pt/CuO/Pt cell by photoemission electron microscopy
(PEEM) and found that the channel formed due to the change
of the chemical state of Cu ions.[83] Kwon et al., using
high-resolution TEM combined with CAFM, attributed the
cone shape channel in TiO2 to the formation of a Magnéli
phase.[37] Yang et al. also performed TEM measurement on
Ag/SiO2/Pt cells and found the Ag filaments growing from
the Pt electrode.[76] Recently, the in situ observation of con-
ductive channels was realized by using the TEM method in
Cu/Cu:GeTe/Pt cell, which demonstrated the performance of
Cu multi-filaments during RS.[84] Since the channel usually
has a small size and occurs randomly in oxides, in situ mon-
itoring of the dynamic evolution of the whole channel in the
progress of RS is difficult but necessary, and will give cru-
cial insights into understanding the detailed channel connec-
tion/disconnection process.

Besides in situ TEM methods, the optical imaging method
should be another effective way for the dynamic observation
of the channel, since it can conveniently realize the in situ
measurement as well as the detection of the whole channel
region.[85] Figure 17 shows the conductive channel in a planar
Au/WO3−x/Au structure observed by the direct optical imag-
ing method.[86] Upon applying a low voltage, the I–V curve
shows a linear feature, indicative for a good Ohmic-like con-
tact at the Au/WO3−x interface. An obvious hysteresis ap-
peared with increasing voltage, accompanied by a dark region
with a parabolic shape protruding from the cathode towards
the anode. The dark region is considered as the conductive
channel due to its higher conductivity compared with the sur-
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roundings. Note that the channel cannot touch the anode, as it
is expected to penetrate through the oxide before. By changing
the external field polarity, a bar-like channel protruded from
the right electrode, which is the cathode in this case, and then
was pushed into the left parabolic channel. Correspondingly,
the device resistance decreased. Reversing the external field

polarity again, the bar-like channel shrank back and the device
resistance increased again. Obviously, there are four resistance
states, which can be distinguished in the Au/WO3−x/Au struc-
ture, that is, initial state, electroforming state, LRS, and HRS,
according to he channel shape and resistance value. Reversible
RS can be realized by changing between the LRS and the HRS.
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Fig. 16. (a) Conductive channel observation in various materials. (a) Optical microscopy image of an Ag dendrite grown from the Au
electrode towards to Ag electrode within an As2S3 thin film on a glass substrate.[79] Copyright 1976 American Institute of Physics.
(b) Optical microscopy image of an Ag filament in Ag/AgGeSe/Ni cell.[80] Copyright 2006 Elsevier. (c) CAFM current mapping
of a linear shaped filament in single crystal SrTiO3.[45] Copyright 2006 Nature Publishing Group. (d) A precipitated dendrite Ag
filament in Ag/H2O/Pt cell.[81] Copyright 2007, American Institute of Physics. (e) Cr XRF map taken at 6004.3 eV on the top of
a Cr-doped SrTiO3 single crystal with red color scale showing the oxygen vacancy in the Cr octahedral position of the perovskite
cell.[82] Copyright 2007 Wiley-VCH. Panels (f) and (g) show SEM image of the planar-type Pt/CuO/Pt cell after the electroforming
and corresponding chemical PEEM image, which is obtained from dividing the intensity of PEEM image recorded at photon energies
of 932.6 eV by that at 930.3 eV. The photon energies of 930.3 eV and 932.6 eV correspond to the Cu L3 absorption edges of CuO states
and their reduced states (Cu2O and/or Cu metal).[83] Copyright 2009 American Institute of Physics. (h) High-resolution TEM image
showing a cone-shaped conductive channel of a Magnéli (Ti4O7) phase in a TiO2 matrix.[37] Copyright 2010 Nature Publishing Group.
(i) In situ STEM measurement of Cu channel (dark region in the film) in a Pt/Cu-GeTe/Cu cell.[84] Copyright 2011 Wiley-VCH. (j)
TEM image of the Ag filaments in a Ag/SiO2/Pt planar cell.[76] Copyright 2012 Nature Publishing Group.
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Fig. 17. (a) Schematic plot of the Au/WO3−x/Au planar cell. (b) Images of the conductive channel shapes corresponding to the four
resistance states, which appeared in the RS process: initial state, electroforming state, LRS, and HRS.[86] Copyright 2012 American
Institute of Physics.

An interesting feature during the RS is that the low-to-
high RS is not simply a monotonic process but also dependent
on the field application time, as shown in Fig. 18(a). Four
typical states were selected to show the conductive channel
evolution during the RS. It can be seen that an “are-like” con-
nection between the parabolic- and bar-channels formed the

LRS with a relatively low conductive region still existing in
the channel center. When performing low-to-high RS, the low
conductive region disappeared firstly, but the whole channel
was still connected, corresponding to the state C. This geo-
metrical feature explains why the device resistance decreased
initially. Then the disconnection of the channel appeared at
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the right electrode side (i.e., the anode side), corresponding to
the state D.
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Fig. 18. (a) Time-dependent resistance change caused by a constant cur-
rent with −2 mA (left) and 2 mA (right). (b) Corresponding photo im-
ages, snapped simultaneously with resistance measurement at the time
of A, B, C, and D, shown in panel (a).[86] Copyright 2012 American
Institute of Physics.

It should be noted that the connection and disconnection
between the parabolic channel and bar channel are only re-
quired to occur at the region near one of the electrodes, which
actually depends on the position of the parabolic channel
formed during the electroforming process. Figure 19 shows
two cells electroformed by electric fields with opposite polar-
ity. It is clear that the RS location, that is the channel connec-
tion/disconnection region, changed from one electrode side to
the other. Meanwhile, the RS polarity, if we define one elec-
tric field direction as positive, also reversed. The RS polarity
of the planar cell should originate from the asymmetric dis-
tribution of the conductivity in the oxide due to the parabolic
channel formation in the electroforming process, irrelevant of
the interfacial barrier or chemical layer.

An optical imaging method can also show the conductive
channel evolution during instable RS. As shown in Fig. 20, it
is obvious that the instable RS, generated by applying a rela-
tively high constant current, corresponds to the occurring po-
sition of bar-channel changing gradually from the electrode
center to the edge and then coming back. These geometrical
features give some insight into the improvement of RS proper-
ties. For example, the electric-field distribution in the devices
can be concentrated to anchor the bar-like channel formation
by the geometrical shape design. Alternatively some active

particles can be inserted to induce the conductive channel for-
mation around these particles. It should be noted that ideas to
improve RS performance have been demonstrated in some RS
devices.[87–89]
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Fig. 19. (a) Photos of the Au/WO3−x/Au planar cell, snapped for the
high and low resistance states. The arrows correspond to the polarity
direction of the applied electric voltage. The RS regions are marked by
several circles. (b) RS of the planar cell triggered by a constant current
with an amplitude which alternated between 3 mA and−3 mA for 10 s.
Red and blue points correspond to the up-side and down-side images in
panel (a), respectively.

Based on the optical observations, some phenomenolog-
ical conclusions about the RS process can be given regarding
the geometrical features of the conductive channels.

1) The conductive channel is formed in the electroform-
ing process;

2) The conductive channel consists of two types of chan-
nels with different shapes. The RS is accompanied by the con-
nection/disconnection between the two types of channels.

3) RS only takes place in a region near one of the elec-
trodes determined by the electroforming.

4) The electroforming direction determines the RS polar-
ity.

5) The change of channel location can influence the RS
stability.
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Although the optical imaging method provides a direct
observation of the conductive channel in the Au/WO3−x/Au
cells, the related color change mechanism in is still unclear.
No observation of a channel was possible for the same films
when a quartz substrate was used. This implies that the color
change is due to the sodium migration in the WO3−x films,
which changes the valence of tungsten ions. Many aspects,
such as the special shape of the channel, the Joule heating ef-
fect, thermal and electric field distribution, electrode shape in-
fluence, and downscaling property, however, still need to be
further investigated.
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Fig. 20. (a) Instable RS triggered by a constant current of 5 mA with dif-
ferent polarity for 0.5 s. The measuring voltage is 0.1 V. (b) Correspond-
ing photos snapped simultaneously with resistance measurement.[86]

Copyright 2012 American Institute of Physics.

4. Summary and outlook
This review article summarized the recent RS studies of

oxides from the point of view of the conductivity inhomogene-
ity. For discussion convenience, the RS is divided into two
classes, interface RS and bulk RS according to the location of
active region. It should be pointed out that this is not a strin-
gent classification and in most cases the RS should be a joint
effect of interface and bulk. In the interface RS, the conductive
inhomogeneity is present in the interface region. We have dis-
cussed the mechanism of the Schottky-like barrier change and
interface layer formation due to the chemical reaction between
a metal electrode and oxides. In the bulk RS, the description of
the mechanism has focused on the conductive channel and can
be described through the formation, connection, and discon-

nection processes of the conductive channel. Although many
other RS materials and mechanisms are not included in this
review, they are closely related to these two classes. A ba-
sic feature for both interface and bulk RS is the conductive
inhomogeneity, which can be intrinsic to the oxide itself or
introduced by the electroforming process.

Electroforming is an important step to activate the RS be-
havior by the chemical layer formation at the metal/oxide in-
terface or conductive channel formation in the oxides. Usu-
ally the electric field for electroforming should be higher than
that for the following RS, and close to the dielectric break-
down field. Thus it is also called “soft-breakdown”. Under this
condition, an irreversible and extremely non-equilibrium ther-
malchemical and/or electrochemical reaction will take place,
leading to a very stochastic nature of the process, which fur-
ther results in a large non-uniformity from switching cycle to
cycle and from device to device. Therefore, quantitatively ma-
nipulating the electroforming or preparing electroforming-free
devices provides an opportunity for the improvement of RS
performance and uniformity. Taking this consideration into
account, some methods for an electroforming-free device have
been reported, for example, ultra-thin HfOx film devices,[90]

ferroelectric-resistive-switching devices with BiFeO3,[91] and
the resistive tunnel junction with a thin AlOx oxide tunnel
barrier.[92] As mentioned above, the purpose of electroforming
is to create a conductive inhomogeneity in the devices. There-
fore, by designing a proper intrinsic conductive inhomogene-
ity in materials to realize the control of conductive channel
formation will be another pathway to solve this problem.

Another important performance indicator is the scala-
bility of RS devices. The local RS behavior appears to be
promising to realize high-density devices, since the conduc-
tive channel only needs a very small footprint and leads to
a size-independent characteristics. However, the operation
current will only reduce slightly upon scaling down the de-
vice size, leading to a remarkable increase of the current den-
sity required for RS. This generates another challenge for the
selector devices, which are needed to constitute the stacked
crossbar arrays for increasing memory density.[93] It should
be pointed out that the so-called conductive inhomogeneity is
defined for a feature size range, in which the operation current
will be dependent on the conductivity distribution. For high-
density memory devices, therefore, a design of the conductive
inhomogeneity on the nanoscale will be required.

As has been said by Ovshinskey, “Information is encoded
energy”. Each resistance state should correspond to an ener-
getically stable state for RS-based nonvolatile memories, and
the switching can be considered as a release or absorption of
energy stemming from the electric field, temperature gradient,
chemical potential, and so on. Recently, Jeong et al. classi-
fied nonvolatile memories as either thermodynamic or kinetic
memories.[78] The RS behavior is defined to be a consequence
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of kinetics, that is, one state is in the configuration of the ul-
timate minimum energy, while the other state should be in a
meta-stable configuration with a higher energy. This implies
that the conductive inhomogeneity in oxides, e.g., the conduc-
tive channels in their host-insulating matrix, is a meta-stable
state. One possible reason for this feature might originate from
the inevitable ion motion in the RS mechanism, in which ions
act as charged dopants not only moving under the influence of
an electric field but also diffusing back under field-free condi-
tions. In this case, the switching between the stable and metal-
stable states needs a balance between the switching speed and
state stability of the meta-stable state. Hence in future designs
of RS materials and devices the voltage-time dilemma needs
to be overcome.[25]

The RS phenomenon has the potential to be used not
only as nonvolatile memory, but also as for embedded re-
configurable logic and artificial synapses to realize hardware-
based neuromorphic computing.[94] However, a complete un-
derstanding of the RS mechanism is a prerequisite to unravel
the potential of this phenomenon. The feature of conductive
inhomogeneity discussed in this review only concerns a small
fragment of the RS investigations. The RS phenomenon can
be classified as a critical phenomenon before the transitional
electric breakdown. It occurs under a comparatively high field
where many nonlinear effects with corresponding and related
chemical, thermal, and electronic phenomena occur. To un-
cover the veil, further investigations, in particular interdisci-
plinary studies, are still required.
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