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Electrical switching, manifesting itself in the nonlinear current-voltage characteristics with S- and N-type NDR (negative
differential resistance), is inherent in a variety of materials, in particular, transition metal oxides. Although this phenomenon
has been known for a long time, recent suggestions to use oxide-based switching elements as neuristor synapses and relaxation-
oscillation circuit components have resumed the interest in this area. In the present review, we describe the experimental facts and
theoretical models, mainly on the basis of the Mott transition in vanadium dioxide as a model object, of the switching effect with
special emphasis on the emerging applied potentialities for oxide electronics.

1. Introduction

The phenomenon of electrical switching [1] is a rapid and
reversible transition between a high-resistance (HR) state and
a low-resistance (LR) state affected by an applied electric field.
Two main types of the switching effect are described by an
N-shaped or an S-shaped I-V characteristic and denoted as
N-NDR and S-NDR [2], respectively, where the abbreviation
“NDR”means “negative differential resistance” (see Figure 1).
The two stable states are also frequently referred to as an OFF
state (which is equivalent to HR for the case of S-NDR and to
LR forN-NDR) and, correspondingly, anON state (Figure 2).

The switching effect with S-NDR was originally found
and investigated in chalcogenide-glass semiconductors
(CGS) [1, 3]. Electronic switching in amorphous CGS
thin films can be divided into two general types [4]:
(a) monostable threshold switching, in which continuous
electrical power is required tomaintain the highly conducting
ON state and (b) bistable memory switching, in which both
ON and OFF states can be maintained without electrical
power. In other words, for threshold switching, the OFF-to-
ON transition is absolutely reversible and repetitive, whereas
for memory switching a large voltage pulse is usually applied
in the erase operation cycle to switch a device from the ON
back to the OFF state.

We note apropos that recently the studies of bistable
switching in CGS have been renewed in connexion with the

development of phase changememory (PCM) technology. At
present, PCM is considered to be a promising candidate for
next generation nonvolatile memory. As compared with flash
memory, PCMprovides larger endurance, considerably faster
read and write speeds, and lower power consumption [5].

Thus, current-voltage characteristics of some CGS-based
thin film sandwich structures after electrical forming (the
process of electroforming, EF, will be described below) are
S-shaped. Similar phenomena have also been then observed
in oxides [6–8] (mainly those of transition metals) and
oxide glasses, amorphous and polycrystalline Si, and other
semiconductors [2], halides, nitrides, sulphides of metals,
carbon-containingmaterials, particularly, nanotubes, organic
compounds, such as conducting polymers and self-assembled
monolayers, andmany othermaterials (see [4] and references
therein).

Note that S-NDR andN-NDR switching devices, in theirs
operation, are the analogues of the conventional semiconduc-
tor devices such as, for example, thyristors and tunnel diodes,
respectively. However, in contrast to the latter, the CGS-based
and oxide-based switching devices do not require formation
of p-n junctions.

Finally, we remind the reader that memory switching
in oxide thin film structures is now considered, on a par
with PCM, as a promising approach to the design of new
generation of computer memory, oxide ReRAM (resistive
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Figure 1: Schematic I-V curves for two types of NDR which corresponds to the regions in the curves where dV/dI < 0. Inserts show sketches
of a high-current filament (a) and a high-field domain (b) inherent to S- and N-NDR, respectively [2] (where (1) is metal electrodes, (2) is
insulating (e.g., initial oxide or amorphous CGS) film, (3) is switching channel emerging after electrical forming, (4) is current filament, and
(5) is high-field domain).
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Figure 2: S-type current-voltage characteristic (O-C-A-A-B-A-C-
C-O) of a switching device.The O-C-A branch represents the OFF
state, C-A-B the ON state, and A-A and C-C the NDR region with
a hysteresis; 𝑉th and 𝑉

ℎ
(𝐼th and 𝐼

ℎ
) are the threshold and holding

voltages (currents), respectively.

random access memory) [9]. Conceptually unsophisticated
design of a cross-point metal/oxide/metal (MOM) memory
cell allows easily scalable ReRAM architecture with nanome-
tre cell dimensions. This, in turn, provides the basis for
3D integrated terabit memory with a multilayer stackable
structure [10].

Among transition metal oxides (TMOs), threshold
switching (without any memory effects) with an S-type I-
V characteristic has been observed in MOM structures with
Nb
2
O
5
[7, 11], NbO

2
[12–14], TiO

2
[7, 15], VO

2
[16], Ta

2
O
5

[7], Fe oxide [17], and some other TMOs [8]. As-fabricated
devices rarely show threshold or memory switching effects
without an initial modification of their structure, a process
which is usually called EF, or just “forming” [18]. There is a
striking similarity in the EF behaviour observed in a wide
range of oxide, halide, sulphide, polymer, and CGS films [18–
21], and further we will follow the discussion of this problem
in review [18].

Electroforming is achieved by the application of suitable
voltage pulses which are always higher in magnitude than
the subsequent operating pulses. This invariably produces an
irreversible change in the characteristics of a device, often
with a substantial decrease in the overall terminal resistance.
The processes involved in electroforming depend on the
nature and quality of the thin film, the geometrical structure
of the device and, in some cases, the electrode material. The
changes can be either structural, involving a movement of
material from one part of the device to another, or they
can be electronic, wherein a quasipermanent change in the
occupancy of some electronic states takes place. The changes
can occur throughout the bulk of the film or in a localized
region. The most common localized effect is the formation
of a fibre of highly conducting material, a switching channel.
Such permanent channel formation is a consequence of
temporary filamentary breakdown, often observed in metal-
insulator-metal and metal-semiconductor-metal sandwich
structures. However, electroforming differs from dielectric
breakdown in the sense that it is a nondestructive process;
that is, it rather resembles a self-healing type of breakdown
[20].

The EF characteristics of different materials are generally
ill defined and exhibit large variations, even for devices
fabricated under the same conditions. Nevertheless, since this
process is observed in a wide variety of insulating films, it
is unlikely to result from a peculiarity of any one system. In



Advances in Condensed Matter Physics 3

the case of amorphous thin film structures, switching channel
formation can occur via crystallization of an amorphous film,
stoichiometric changes, diffusion of the electrode material
into the film, or ionization of deep traps. All of these changes
usually refer to a localized modification of the structure
in the area of the channel. The modification of the initial
structure during the forming process is the most important
factor determining the subsequent switching operation. This
is because, in most cases, forming creates a “new device”
(within the original structure) whose characteristics deter-
mine the ensuing threshold or memory switching [18, 22].

In TMOs, a set of valence states, associated with the
existence of unfilled 𝑑-shells in the atoms of transition
metals, leads to formation of several oxide phases with
different properties, ranging from metallic to insulating. On
the other hand, it is specifically the behaviour of 𝑑-electrons
in the compounds of transition metals that is responsible
for the unique properties of these materials, causing strong
electron-electron correlations, which play an important role
in the mechanisms of such phenomena as, for example,
metal-insulator transitions (MITs), high-𝑇

𝑐
superconductiv-

ity, colossal magnetoresistance, and multiferroicity, which
are inherent to many TMOs [23–26]. That is, TMOs exhibit
an astonishing array of functionalities that result from a
combination of the strongly polarizable metal-oxygen bond
and strong electron correlations [25].

In our works [4, 22, 27–29], it has been shown that
switching in a number of TMOs with the S-NDR exhibits
several common features. Particularly, in most cases the
switching effect is associated with the insulator-to-metal
transition in an electric field. The channels, consisting of
lower oxides exhibiting MITs, are formed in an initial oxide
film during the process of EF.

In many TMOs, the switching mechanism has been
shown to be associated with an electronically induced Mott
MIT occurring in conditions of the nonequilibrium carrier
density excess under the applied electric field. The required
increase in electron density under the action of electric field
might be caused by the Poole-Frenkel effect [30] or some
other high-field-assisted charge carrier generation effects
such as avalanche ionization and Zener breakdown, as well
as Schottky, tunnel or avalanche injection from contacts, and
so forth.

This review focuses on earlier obtained results, current
research, the state of the art, and recent progress in the field of
science and applications of the phenomenon of monostable
threshold switching in oxides of transition metals. We start
by discussing the switching effects inMOM structures on the
basis of anodic oxide films (Sections 2.1 and 2.2) and then turn
to recent results concerning electrical switching in Mn and
Mo oxides obtained by deposition in vacuum (Section 2.3).
Effects of doping to stabilize the switching parameters and
unify the electroforming process are described in Section 2.4,
and Section 3 is devoted to various physical mechanisms at
play which could be responsible for the NDR behaviour,
emphasizing the particular relationship between the switch-
ing effect and MIT, electronically induced Mott transition
first of all. Further, in Section 4 we discuss applied poten-
tialities of the TMO-based thin film devices exhibiting the

NDR phenomena, and finally, in Section 5, we will try to for-
mulate some conclusions and outlook concerning the topic
discussed. It should be stressed that the scope of the review is
not to describe comprehensively all the results reported in the
literature but rather to sketch out the main pertinent works
and discuss the physical mechanisms involved in the phe-
nomenon of electrical switching in transition metal oxides.

2. Overview of Experimental Results

2.1. Switching in Anodic Oxide Films. In this section, we
present our results [4, 22, 27–31] on electroforming and
switching in thin film MOM structures with oxides of
transition metals (V, Ti, Fe, Nb, Mo, W, Hf, Zr, Mn, Y, and
Ta) obtained by electrochemical anodic oxidation. Anodic
oxidation permits the synthesis of high quality homogeneous
dielectric oxide films [32] and, as a rule, anodic oxide films
(AOFs) are amorphous.

The sandwich devices under study were fabricated by oxi-
dation of themetal substrates: both polished foils and vacuum
deposited layers. Au electrodes were vacuum-evaporated
onto the surfaces of oxide films to complete the MOM struc-
ture (Figure 3(a)). The spring-loaded point contacts, made of
gildedwire 0.5mm in diameter, were also used.The oxidation
was carried out electrochemically, under anodic polarization
in an electrolyte: Ta, Nb, W, Zr, and Hf were anodized in
0.1 N aqueous solutions of phosphoric and sulphuric acids
[32], while for oxidation of vanadium and molybdenum the
acetone-based electrolyte was used [33]. Fe, Ti, Mn, and
several of Nb and Ta samples were anodized in a KNO

3
+

NaNO
3
eutectic melt [34] at 570–620K. Anodic oxidation of

yttrium was carried out as described in [31]. The oxide film
thicknesses were typically from 50 to 200 nm.

The current-voltage characteristics of the initial struc-
tures are nonlinear and slightly asymmetric. The resistance
at zero bias, measured with the point contact, is in the range
107–108Ω for the vanadium anodic oxide, which is the most
highly conductive among all the materials studied. When
the amplitude of the applied voltage reaches the forming
voltage 𝑉

𝑓
, a sharp and irreversible increase in conductivity

is observed and the 𝐼(𝑉) curve becomes S-shaped. With
increasing current, the I-V characteristicmay change until the
parameters of the switching structure are finally stabilized.
The process outlined above is qualitatively similar to EF of
the switching devices based on amorphous semiconductors
[18]. The forming voltage depends on the temperature (𝑉

𝑓

increases upon cooling) and film thickness. The thicker the
film, the higher the required 𝑉

𝑓
. The value of 𝑉

𝑓
correlates

with the anodizing voltage 𝑉
𝑎
(because 𝑑 is proportional to

𝑉
𝑎
). A similar correlation is characteristic of the AOF break-

down: the breakdown voltage is also of the order of 𝑉
𝑎
[32].

Thus, the first stage of the forming does not differ
from the conventional electrical breakdown of oxide films.
However, if the postbreakdown current is limited, this results
in formation of a switching channel rather than a breakdown
channel. The latter would be expected to have metallic-
like conductivity and no negative resistance in the I-V
characteristic. It is quite evident that the phase composition
of this switching channel must differ from the material of the
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Figure 3: (a) The sandwich switching structure (schematic): (1) vanadium metal substrate, (2) anodic oxide film, (3) Au electrical contact,
and (4) switching channel (VO

2
, as will be shown below in Section 2.2); (b) the I-V characteristic after EF for one of the samples at room

temperature.

initial oxide film, because the channel conductivity exceeds
that of an unformed structure by several orders ofmagnitude.

Forming does not always result in an S-type characteris-
tic. In some instances, a transition of the structure to a high
conductivity state (𝑅 ∼ 100Ω) with ohmic behaviour takes
place; that is, in this case, breakdown rather than forming
occurs. Breakdown is more probable in Ta

2
O
5
, WO
3
, HfO

2
,

and MoO
3
films, while in the V- and Nb-based structures,

it is the electroforming that results in the S-shaped I-V
curves in most cases. The anodic films on Ti and Fe hold
an intermediate position. S-type switching has not been
observed in Zr, Y, and Mn oxide films. EF of W-, Fe-, and
Hf-based structures was carried out at 77 K, because at room
temperature breakdown took place and no switching effects
were observed. The characteristic feature of switching in Ta,
Mo, Hf, and, to a lesser extent, W oxide films is the instability
of parameters and the gradual disappearance of the S-type
NDRunder the influence of current flow and thermal cycling.

The voltage-current characteristic for electroformed
vanadium-AOF-metal structure is shown in Figure 3(b). The
parameters of the structures (threshold voltage 𝑉th and
current 𝐼th, resistances of OFF and ON states) may vary
by up to an order of magnitude from point to point for
the same specimen. Such a wide range of variation of the
𝑉th and 𝑅off values, as well as the absence of correlation
between these switching parameters and the parameters of
the sandwich structures (the electrode material and area and
the film thickness), leads to the conclusion that resistance
and threshold parameters are mainly determined by the
forming process. Conditions of the forming process cannot
be unified in principle, because the first stage of forming

is linked to breakdown, which is statistical in nature. As a
result, the diameter and phase composition of the channel
(and, consequently, its effective specific conductivity) vary
with position in the sample. This accounts for the scatter
in the parameters and for the seeming absence of their
thickness dependence. The I-V curves for Ti-, Nb-, and W-
based structures are also shown in Figure 4.

Similar behaviour has been observed for the other mate-
rials. On average, for 𝑑 ∼ 100 nm, a typical value of 𝑉th
is 1 to 10V; that is, the threshold field is 105–106 V/cm at
room temperature. The greatest differences between these
oxides are observed when the temperature dependence of
their threshold parameters, such as𝑉th, is measured. Figure 5
shows 𝑉th(𝑇) curves for the sandwich structures based on
iron, tungsten, vanadium, titanium, and niobium. For Ta

2
O
5
,

HfO
2
, and MoO

3
, no reproducible results were obtained

because of instabilities of their voltage-current character-
istics with temperature. As the temperature increased, 𝑉th
decreased, tending to zero at some finite temperature 𝑇

𝑜
.

This is best exhibited by the vanadium and titanium oxide
structures. The values of 𝑇

𝑜
vary considerably for different

oxides, but they are nearly identical for different structures
of the same oxide [28]. For the Nb-Nb

2
O
5
-metal structures,

it was impossible to measure the 𝑉th(𝑇) relationship over
the whole temperature range, because heating above 300∘C
induced processes related to diffusion and change in the
channel phase composition, leading to degradation of the
switching structure. Nevertheless, it is evident from Figure 5
that, for the niobium oxide, 𝑇

𝑜
exceeds 600K.

As was mentioned above, S-type switching has not been
observed inZr, Y, andMnoxide films. Instead, thesematerials
have sometimes demonstrated N-NDR at 𝑇 = 293K (Zr and
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Figure 4: Current-voltage characteristics of MOM structures with AOFs on (a) Ti, (b) Nb, and (c) W [29].

Y, see Figure 6) or at 𝑇 = 77K (Mn oxide). The process of
electroforming for these materials was hindered, like that for
Ta, Hf, and Mo. Switching in Mo and Mn oxides will also be
additionally discussed in Section 2.3 below.

2.2. Switching as an Electrically DrivenMetal-Insulator Transi-
tion. Next we discuss the process of electroforming in more
detail. The initial AOF represents, as a rule, a highest oxide
of the metal (e.g., Nb

2
O
5
in the case of niobium). However,

lower oxides always exist near the AOF-metal interface in
the form of transition layers or as separate inclusions. This
can be explained in terms of thermodynamics. Consider the
following reaction:

Nb + 2Nb
2
O
5
→ 5NbO

2
(1)

The change of the Gibbs (isobaric) potential for this
reaction is

Δ𝐺
𝑟
= ]
2
Δ𝐺
2
− ]
1
Δ𝐺
1
, (2)

where Δ𝐺
1
and Δ𝐺

2
are the standard isobaric potentials

of formation and ]
1
and ]

2
are the numbers of moles of

oxides which take part in the reaction. For Reaction (1), the

subscripts 1 and 2 in (2) are related to Nb
2
O
5
and NbO

2
,

respectively, and Δ𝐺
𝑟

= −163 kJ/mol [28]. Since Δ𝐺
𝑟

< 0,
Reaction (1) proceeds spontaneously, and hence, NbO

2
is

always present at the Nb-Nb
2
O
5
interface.

Transition metals exhibit multiple oxidation states and
form a number of oxides. Therefore, it is obvious that the
lower oxide to be formed is mainly that with the mini-
mum Δ𝐺

𝑟
. Figure 7 demonstrates the variation of Δ𝐺

𝑟
(𝑥)

for Fe
2
O
3
, Nb
2
O
5
, V
2
O
5
, TiO
2
, and some other oxides in

reactions similar to (1), where 𝑥 is the stoichiometric index
of oxygen. Δ𝐺

𝑟
values were calculated using (2); the data

on Δ𝐺
𝑜 for the calculations were taken from [35]. The

minima in these curves correspond to Fe
3
O
4
, NbO

2
, VO
2
,

and Ti
2
O
3
; therefore, these oxides form as intermediate

layers between the metal substrate and the corresponding
oxide of highest valence. Real systems are far from being
a plane parallel structure with two oxide layers; hence, the
suggested approach is rather oversimplified.Nevertheless, the
above considerations show that formation of those oxides
is thermodynamically reasonable; whether it is kinetically
possible can only be judged from experiment. For example,
as was shown in [33], in AOF on vanadium the vanadium
dioxide layer may be rather thick, and only a very thin film
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near the outer boundary is close to the V
2
O
5
stoichiometry.

The similar ordering of layers evidently exists in iron oxide;
particularly, it is known that, in a thermal oxide of iron, the
Fe
3
O
4
phase usually predominates [28]. On the other hand,

the AOFs on Nb and Ti mainly consist of Nb
2
O
5
and TiO

2
,

and NbO
2
or Ti
2
O
3
layers seem to be relatively thin [27, 28].

For the W-WO
3
system, a wide minimum of Δ𝐺

𝑟
(𝑥) lies

in the range 𝑥 = 2.7–3.0 (Figure 7); the same behaviour seems
to be characteristic of the Mo-MoO

3
system. The calculation

for manganese oxides yields the minimum at 𝑥 = 1.5, that is,
for Mn

2
O
3
. The curve Δ𝐺

𝑟
(𝑥) for uranium is also presented

just as an example; note, however, that MITs have been
reported for lower uranium oxide U

4
O
9
[36]. For Zr, Hf, Ta,

and Y such calculations have not been made, because there
exist no clear data on the thermodynamic properties of the
lower oxides of those metals.
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the reaction of the highest oxide with the metal substrate versus
𝑥, the oxygen stoichiometric index of the lower oxide, which is
formed in this reaction. Symbol indications are as follows. (i) Iron:
F1–FeO; F2–Fe

3
O
4
; F3–Fe

2
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3
. (ii) Niobium: N1–NbO; N2–NbO

2
;

N3–Nb
2
O
5
. (iii) Titanium: T1–TiO; T2–Ti

2
O
3
; T3–T10–Ti

𝑛
O
2𝑛−1

(𝑛 = 3–10); T11–TiO
2
. (iv) Vanadium: V1–VO; V2–V

2
O
3
; V3–V8–

V
𝑛
O
2𝑛−1

(𝑛 = 3–8); V9–VO
2
; V10–V

6
O
13
; V11–V

2
O
5
. (v) Tungsten:

W1–WO
2
;W2–W

18
O
49
;W3–W

10
O
29
;W4–W

50
O
148

;W5–WO
3
. (vi)

Manganese: M1–MnO; M2–Mn
3
O
4
; M3–Mn

2
O
3
; M4–MnO

2
. (vii)

Uranium: U1–UO
2
; U2–U

4
O
9
; U3–U

3
O
7
; U4–U

3
O
8
; U5–UO

3
. The

points T2 and V9 characterize a scatter due to the Δ𝐺
0 data

difference [22, 28].

During electroforming, current-induced heating of the
film under the electrode leads to a diffusion of both metal
from the substrate into the film and oxygen from the outer
layer to the inner one. Also the transport of metal and
oxygen ions due to the applied electric field is possible. Since
during electroforming (unlike thermal or electrochemical
oxidation) no external oxygen is present, no reaction can
take place except the reduction of the highest oxide of AOF.
The reduction results in growth of the channel, consisting of
lower oxide, through the film from one electrode to another.
Evidently, substances with the minimum Δ𝐺

𝑟
value (see

Figure 7)will be predominant in the phase composition of the
channel.The current increase after formingmay cause further
reduction of the channel material, leading to a predominance
of the phases such as VO, NbO, and TiO. Many of the lowest
oxides of transition metals (mono- and suboxides) exhibit
metallic properties [23]; the accumulation of these phases in
the channel will therefore lead to an irreversible increase in
conductivity, that is, to breakdown.

The above compounds (VO
2
, Fe
3
O
4
, Ti
2
O
3
, and NbO

2
)

have one feature in common, namely, a metal-insulator phase
transition [24]. The MIT phenomenon is characterized by
the sharp and reversible change in the conductivity at a
certain temperature 𝑇

𝑡
; for instance, vanadium dioxide at
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Figure 8: Squared threshold voltage as a function of temperature for (a) vanadium oxide-based switch and (b) titanium oxide; (1), (2), and
(3): three different samples.

𝑇 < 340K is a semiconductor, at 𝑇 = 𝑇
𝑡

= 340K the
conductivity abruptly increases by 4-5 orders of magnitude,
and above the transition temperature VO

2
exhibits metallic

properties. ForNbO
2
,𝑇
𝑡
= 1070K, Ti

2
O
3
undergoes a gradual

transition in the range 400–600K, and magnetite (Fe
3
O
4
)

is a semiconductor both above and below the Verwey tran-
sition temperature (120K), though its resistivity decreases
on heating by two orders of magnitude at 𝑇 = 𝑇

𝑡
. For the

switching devices based on these metals, the temperatures 𝑇
𝑜

coincide with the corresponding values of 𝑇
𝑡
(see Figure 5).

This suggests that the switching mechanism is caused by the
metal-insulator transition.

Electrical switching due to MIT has been first revealed
for vanadium dioxide [16, 27, 37–45]. Switching in VO

2

is explained by the current-induced Joule heating of the
sample up to 𝑇 = 𝑇

𝑡
, which has been confirmed by the

direct IR-radiation measurements of the switching channel
temperature [38, 45]. In these early works, switching has
been observed in single crystals [39] and planar thin film
devices [37, 38, 45], as well as in vanadate glasses [40, 41],
VO
2
-containing ceramics [44], and V

2
O
5
-gel films [42, 43].

When as-prepared samples do not consist of pure vanadium
dioxide, preliminary electroforming is required, resulting in
the formation of the VO

2
-containing channel [40, 42]. The

latter examples, as well as the discussed AOFs here, support
the assumption that the formation of vanadium dioxide is
thermodynamically preferable at a V

2
O
5
-V interface [22,

27]. For such samples, the threshold voltage decreases with
temperature and reaches zero at 𝑇 = 𝑇

𝑡
∼ 340K.

In this case, the switchingmechanismmight be described
in terms of the “critical temperature” model [29, 37] (if the
ambient temperature is not much lower than 𝑇

𝑡
):

𝑉th ∼ (𝑇 − 𝑇
𝑡
)
1/2

; (3)

that is, the squared threshold voltage linearly tends to zero at
𝑇 → 𝑇

𝑡
; see Figure 8. Switching elements for other transition

metal (Fe,W, Ti, and Nb) oxides exhibitingMIT are expected

to show similar behaviour, but for different 𝑇
𝑡
’s which is

demonstrated by Figure 8(b) for Ti oxide.
The switching effect in the WO

3
-based sandwich struc-

tures can also be explained in terms of ametal-insulator tran-
sition, which occurs in nonstoichiometric WO

3−𝑦
(within a

very narrow interval of variable 𝑦) at 𝑇
𝑡
ranging from 160 to

280K [46]. Because of the narrow interval of “appropriate”
stoichiometric compositions, the S-type I-V characteristic
is not likely to appear in tungsten trioxide, and in most
cases breakdown occurs instead. For switching structures
on anodic films on W, 𝑇

𝑜
was found to lie around ∼200K

(Figure 5). Therefore, 𝑇
𝑜
may turn out to be equal to 𝑇

𝑡
.

Almost no data on MIT in molybdenum oxides are avail-
able in the literature except for the transition in Mo

8
O
23

(MoO
2.875

), and the switching effect in molybdenum oxide
will be discussed in more detail in the next section. As
to Ta and Hf oxides, the formation of metastable lower
oxides during electroforming should also be possible. The
properties of these oxides are practically unknown, but some
metastable oxides of this type have been referred to, for
example, for the Ta-O system [47]. Recently, formation of
HfO
𝑥
[48] and TaO

𝑥
[49] suboxides has been reported. As

to Mn oxides, it is known [23] that MnO and Mn
3
O
4
are

Mott insulators, Mn
2
O
3
is a semiconductor, and MnO

2
is

also a semiconductor, but it shows a change in electrical
conductivity at 𝑇 = 𝑇

𝑁
∼ 90K (the Neel temperature). This

might account for the N-NDR effect in Mn oxide; this issue
will also be more thoroughly investigated in the next section.

Thus, the experimental data on the switching effect in
𝑑-metal oxide thin films can be explained in terms of the
switching mechanism driven by the MIT. We can state that
in all cases the electrothermal and electrochemical processes
during electroforming are responsible for the switching chan-
nel formation. The channel consists of a material which can
undergo a transition from semiconducting state to metallic
state at a certain temperature 𝑇

𝑡
. For the V-, Ti-, Nb-, and Fe-

based structures, the possibility of formation of the channels,
consisting completely or partly of VO

2
, Ti
2
O
3
, NbO

2
, and
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Fe
3
O
4
, respectively, is also confirmed by the thermodynamic

calculations. In oxides of W and Mo, switching may be
associated with MIT in the channels consisting of WO

3−𝑥

and Mo
8
O
23
. The S-shaped voltage-current characteristic

is conditioned by the development of an electrothermal
instability in the channel. When a voltage is applied, the
channel is heated up to 𝑇 = 𝑇

𝑡
(at 𝑉 = 𝑉th) by the current

and the structure undergoes a transition fromhigh-resistance
(OFF) insulating state to low-resistance (ON) metallic state.

In high electric fields (105–106 V/cm), the possible influ-
ence of electronic effects on the MIT should be taken into
account. A field-induced increase in charge carrier density
will act to screen Coulomb interactions [12], leading to the
elimination of the Mott-Hubbard energy gap at 𝑇 < 𝑇

𝑡
.

Moreover, a transition of this type may be important in those
materials where the usual temperature-induced MIT with a
well-defined 𝑇

𝑡
does not take place, for example, in oxides

of Ta or Hf (and in CGS-based switching structures as well
[50]). In the case of vanadium dioxide, such a possibility
of the electronically induced MIT was suggested from the
injection experiments [22] and will be discussed also below,
in connection with the transition mechanism in VO

2
.

To summarize, the results presented above, as well as
the other data on the switching in transition metal oxides
[11–17, 27–31], indicate that current instabilities with the S-
type NDR exhibit several common features. In particular,
for each of the investigated materials there is a certain fixed
temperature 𝑇

𝑜
, above which switching disappears. At 𝑇 <

𝑇
𝑜
, the threshold voltage decreases as the temperature rises,

tending to zero at 𝑇 = 𝑇
𝑜
. Comparison of these temperatures

with the temperatures of MIT for some compounds (𝑇
𝑡

=

120K for Fe
3
O
4
, ∼200K for WO

3−𝑥
, 340K for VO

2
, ∼500K

for Ti
2
O
3
, and 1070K for NbO

2
) shows that the switching

effect is associated with the insulator-metal transition in an
electric field. The channels, consisting of these lower oxides,
are formed in initial anodic films during the process of
preliminary EF.

And finally, in conclusion of this section, we would like to
discuss onemore vanadium oxide where the switching effects
are caused by MITs, namely, vanadium sesquioxide. The I-V
characteristics of chromium-doped V

2
O
3
shown in Figure 9

are distinctive in that they exhibit, in a certain temperature
range, two regions of negative differential resistance: both N-
NDR and S-NDR. The experimental data on the switching
effect ofMOM structures based onV

2
O
3
:Cr can be explained

in terms of the switching mechanism driven by the variable
MIT. The S-shaped I-V characteristic is conditioned by the
development of an electrothermal instability in the sample.
When a voltage is applied, the sample is heated by the current
up to 𝑇 = 𝑇

𝑡1
(at the threshold voltage 𝑉 = 𝑉th,𝑆), and

the structure undergoes a transition from a high-resistance
(OFF-1) AFI state to a low-resistance (ON) PM state. As
the current in the ON state increases, the sample is further
heated, and at 𝑇 = 𝑇

𝑡2
(𝐼 = 𝐼th,𝑁) the second transition

to the OFF-2 (or PI) state occurs [51]. In the OFF-1 state,
the plot of current versus the square root of the applied
voltage is indicative of a Poole-Frenkel type of conductivity
enhancement [52] (Figure 10).
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2.3. Switching Effects and Metal-Insulator Transitions in Mn
andMoOxides. In this section, we consider electrical switch-
ing in oxides of Mn and Mo obtained by vacuum deposition,
in comparison with those obtained by anodic oxidation [53,
54]. It should be emphasized here that AOFs are (as a rule,
except for some rare cases) amorphous [32, 33]. Therefore, in
MOM structures with anodic films, the process of EF similar
to that in CGSs usually takes place. However, in some cases
(Mo, Mn), as was described in previous sections, we have
failed to obtain stable switching with anodic films, and here
we present an alternative approach to this problem.
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2.3.1. Electrical Switching in Thin Film Structures Based on
MolybdenumOxide. As inmost TMOs, in the molybdenum-
oxygen system, there exist a number of oxides with variable
valence which are characterized by a wide diversity of
structures and physical properties [53, 55, 56]. Molybdenum
trioxideMoO

3
has a structure based on layers of edge-sharing

distorted MoO
6
octahedra [23]. Similar layered structures

are inherent in lower molybdenum oxides, including MoO
2
,

Mo
18
O
52
, Mo
9
O
26
, Mo
8
O
23
, Mo
5
O
14
, and Mo

17
O
47
, as well

as 𝜂- and 𝛾-Mo
4
O
11
[55–57].

Stoichiometric MoO
3
, in its most thermodynamically

stable form 𝛼-MoO
3
, is an insulator with a band gap of ∼3 eV

[23]. During reduction by means of either oxygen deficiency
formation or introducing donor impurity atoms, additional
donor levels near the conduction band bottom appear and
the reduced oxide behaves therefore as a semiconductor.
Polycrystalline MoO

3
, as well as a single crystal, has a grey-

yellow colour and the minimum value of the absorption edge
is 440 nm which corresponds to the smallest value of the
band gap of 2.8 eV [58]; thus, the band gap depends upon the
stoichiometry and the crystalline state [53]. The conductivity
values of molybdenum oxides range from dielectric MoO

3

to semiconductor Mo
18
O
52

(resistivity 𝜌 = 78.1Ω⋅cm)
and down to metal 𝜂-V]

4
\
11

(𝜌 = 1.66 × 10−4Ω⋅cm) [58].
Molybdenum dioxide also exhibits metallic properties [23,
58], and at room temperature 𝜌 = 8.8 × 10−5Ω⋅cm for bulk
MoO
2
samples [55].

Because of their special physical and chemical properties,
molybdenum oxides are used in various electronic devices
such as electrochromic displays and indicators, reversible
cathodes of lithium batteries, gas sensors, and memory
elements [55–61]. Metal-insulator transitions have also been
observed in some oxides of molybdenum and related com-
pounds [62–70]. In particular, Mo

8
O
23

exhibits a two-stage
structural MIT with formation of a charge-density wave at
𝑇
𝑡1
= 315 K and 𝑇

𝑡2
= 285K [62]. However, as far as we know,

no data are available in the literature concerning threshold
switching associated with these transitions, except for our
work [53]. In this work, we have particularly noted that
memory switching is observed inmany TMOs, molybdenum
oxides included [4, 9, 59, 60].

The most discussed models in the literature for the
ReRAMmechanism in oxide structures are those based either
on the growth and rupture of a metal filament inside the
oxide matrix under the action of electric current, or on
the redox processes responsible for the formation of some
high-conductivity or low-conductivity local inclusions cor-
responding to particular oxygen stoichiometry [4]. The MIT
ideology is also sometimes involved to explain the properties
of the structures and the memory switching mechanism
therein [71]. In any case, thememory switching phenomenon
seems to be associated with the ion transport [4, 9]. It is
also appropriate to mention here the works discussing the
memory effects in a material with MIT (vanadium dioxide)
associated with the presence of hysteresis in the temperature
dependence of conductivity [72].

On the other hand, as was shown in the previous section,
monostable threshold switching (with no memory effects)

associated with the MIT is also characteristic of a number
of TMOs. That is why the study of threshold switching
in molybdenum oxide and its possible connection with
the phenomenon of MIT is of considerable scientific and
practical interest.

Thinfilm samples ofmolybdenumoxidewere obtained by
two ways: anodic oxidation and thermal vacuum evaporation
[53]. Anodization of molybdenum was carried out in an
acetone-based electrolyte (22 g of benzoic acid plus 40mL
of saturated borax aqueous solution per litre of acetone
[33, 73]). AOFs on Mo might include lower molybdenum
oxides, for example, Mo

4
O
11
andMoO

2
with a relatively high

electronic conductivity [53]. The fact that the anodic oxide
on molybdenum contained lower oxides was confirmed by
experimental data in the work [74], where it was shown that
the degree of oxidation (valence state) of molybdenum in an
AOF is less than six. Also, this was confirmed theoretically in
terms of the thermodynamics of the process: the formation of
unsaturated oxide MoO

2
had been shown to be energetically

more favourable than MoO
3
[75].

Vacuum deposited film samples were fabricated by ther-
mal evaporation of MoO

3
powder at residual pressure of

10−4 Torr onto polished tantalum plates or glass substrates,
for electrical and optical studies, respectively.The thicknesses
of the films were determined from the transmission and
reflection interference spectra measurements [76] and they
were found to lie in the range from 300 to 800 nm.

The XRD pattern of a vacuum-deposited molybdenum
oxide sample is presented in Figure 11(a). It is shown that
the samples represent amorphousMoO

3
with a slight oxygen

nonstoichiometry [53]. Anodic oxide films on Mo are also
amorphous (or amorphous-microcrystalline, according to
the literature data [73]), but their composition corresponds,
as described above, to ratherMoO

2
or other lower oxides, and

not to the highest oxide MoO
3
.

Figure 11(b) shows the reflection and transmission spec-
tra for one of the samples obtained by vacuum deposition.
The experimental data processing using the envelope of the
interference extrema [76] yields the film thickness of (620 ±

50) nm, and the absorption edge around 𝜆 ≈ 400 nm indi-
cates the fact that the oxide phase composition corresponds
to MoO

3
with a band gap of ∼3 eV.

Before electroforming, initial structures demonstrate the
nonlinear and slightly asymmetric current-voltage charac-
teristics with no NDR regions. When the amplitude of the
applied voltage reaches the forming voltage, a sharp and
irreversible increase in conductivity is observed and the
I(V) curve becomes S-shaped (Figure 12). With increas-
ing current, the I-V characteristic may change until the
parameters of the switching structure are finally stabilized.
The process outlined above is qualitatively similar to the
electroforming of the switching devices based on other TMOs
(see Section 2.2 above). We emphasize once again that the
phase composition of the ensuing switching channel must
differ from the material of the pristine oxide film, because
the channel conductivity is higher than that of the unformed
structure by several orders of magnitude.

The current-voltage characteristics of vacuum-deposited
films and those of anodic films are qualitatively similar, but
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Figure 11: (a) XRD pattern of the molybdenum oxide film (1) andV]\
3
powder (2). (b) Optical spectra of the sample obtained by vacuum
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Figure 12: Current-voltage characteristics ofMOMstructures with vacuum-deposited (a) and anodic (b)Mo oxide films after electroforming.

there is a significant quantitative difference in their threshold
parameters. For instance, the switching voltage 𝑉th for the
AOF based structures is ∼2V (Figure 12(b)), whereas for
the structures on the basis of the films prepared by thermal
evaporation𝑉th is ∼10V (Figure 12(a)).This difference can be
explained by the difference in thickness of the films.

For anodic oxide, the thickness can be estimated from
Faraday’s law [53]:

𝑑 =

𝜇𝐼
𝑎
𝑡

4𝑒𝜌𝑆𝑁
𝐴

, (4)

where 𝜇 = 128 g/mol and 𝜌 = 6.5 g/cm3 are, respectively,
the molar mass and density of V]\

2
and 𝑒 and 𝑁

𝐴
are the

unit charge and Avogadro constant. For 𝐼
𝑎
= 70m0 and 𝑡 =

10min., (4) yields 𝑑 ∼ 20 nm which is significantly less than
the typical thickness of the vacuum deposited films and, as a
result, the threshold voltage for AOFs is also lower than that
for the films obtained by thermal evaporation.

As is discussed in [53], switching is not observed in
thinner films obtained by vacuum evaporation (𝑑 < 100 nm)

in contrast to ultrathin AOFs. A plausible reason for this
might be the fact that relatively thin vacuum deposited
films contain through-the-thickness conducting defects due
to local stoichiometry variations, whereas such defects are
impossible in anodic films because they are grown in high
electric field during anodic oxidation, and an appearance
of such defects would interrupt the film growth process.
This is similar to what is observed in vanadium oxide: in
polycrystalline vanadium dioxide films such pin-hole defects
are usually associated with the grain boundaries which could
undergo local metallization due to strain or nonstoichiom-
etry. That is why it had been difficult to observe switching
in sandwich MOM structures with sputtered or thermally
oxidized polycrystalline VO

2
films and most studies had

been conducted with planar thin-film structures, whilst for
anodically oxidized VO

2
the switching effect has then been

observed in a sandwich structure for the first time in [16].
Next we note that, unlike the most other TMOs, the

process of electroforming in Mo-based structures was hin-
dered, as was mentioned above in Section 2.1; that is, the
conventional electrical breakdown often occurred, not the
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formation of a switching channel. However, for the Mo
oxide films prepared by vacuum deposition, the processes
of electroforming and switching were more stable which
allowed in this case observation of the transformation of I-
V curves at a temperature change. It was found that, as the
temperature increased, the threshold voltage was reduced.
At 𝑇 = 𝑇

𝑜
∼ 55–65∘C, the NDR region degeneration

commenced, at 𝑇 ≈ 60–70∘C 𝑉th → 0, and at still higher
temperatures, the switching effect no longer occurred. In
this case, the switching mechanism might be described in
terms of the “critical temperature” model (Figure 13). It is
supposed [53] that, in the case of Mo, like in other TMO-
based structures, formation of a channel also takes place,
and this channel should consist of a material exhibiting MIT,
which is the reason for switching with an S-shaped current-
voltage characteristic (Figure 12).

A brief review of the materials with MIT in the family
of molybdenum compounds presented in [53] shows that the
most suitable candidate for the role of such a channel-forming
compound is Mo

8
O
23

because in this case the value of 𝑇
𝑡1

almost coincides with the above reported experimentally
measured 𝑇

0
. It should be noted that formation of other

compounds of molybdenum (e.g., pyrochlores, bronzes, sul-
fides, or chalcogenide glasses), exhibiting MITs with similar
order of magnitude transition temperatures [64–68, 70], is
impossible because of the lack of the necessary chemical
elements (i.e., rare earths, alkali metals or hydrogen, sulfur,
and tellurium) in the phase composition of both the oxide
film and the metal electrodes (Au, Ta, and Mo).

In conclusion, the results presented in this subsection on
switching from the HR state to the LR state with an S-NDR
in molybdenum oxides obtained by both thermal vacuum
deposition and electrochemical anodic oxidation show that
the switching effect is due to, apparently, an insulator-to-
metal phase transition in the switching channel consisting,
completely or partly, of the lower oxide Mo

8
O
23
, formed in

the initial film during the process of electroforming. The
current flowing through the channel heats it up to the MIT

temperature 𝑇
𝑡1
= 315K [62] and the structure switches into

the metallic low-resistance state.
Thus, the channels, consisting of this lower oxide, are

formed in initial Mo oxide films during preliminary elec-
troforming. Electrical forming results in the changes in
oxygen stoichiometry conditioned by the ionic processes in
an electric field close to the MOM structure breakdown field.
This picture is quite similar to what is observed inmany other
TMOs exhibiting the insulator-to-metal transitions.

2.3.2. Metal-Insulator Transition and Switching in Manganese
Dioxide. Manganese dioxide is one of the most interesting
inorganic materials because of its wide range of applica-
tions. In particular, nanostructured MnO

2
has received great

attention due to its high specific surface area, functional
properties, and potential applications as molecular and ion
selective membranes, in capacitors, Li-ion batteries, and
catalysts [77]. Originally, MnO

2
has been widely used as a

cathode material for oxide-semiconductor capacitors based
on tantalum, niobium, and aluminium oxides, and the most
important properties of the material for this application are
its high conductivity and ability to undergo a thermal phase
transition into the lower valence states accompanied by evo-
lution of atomic oxygen, while the resistance increases by 3-4
orders of magnitude (see, e.g., [54] and references therein).
Much attention is currently paid to various other properties
of MnO

2
, such as, for example, the electrochromic effect

[78], thermopower wave phenomenon [79], supercapacitive
behaviour [80], andmemory and threshold switching [54, 81,
82]. Also, there are a number of papers [83–85] describing an
anomaly in theMnO

2
conductivity near theNeel temperature

which is shown to be associated with the metal-insulator
transition [52]. That is why the electrical properties of MnO

2

are of special scientific interest and applied importance.
The most common methods for manganese oxide prepa-

ration are the pyrolytic decomposition of manganese nitrate,
electrochemical method, hydrothermal synthesis in a mag-
netic field, and chemical deposition [54, 86–89]. Due to a
wide range of possible valence states of cations, the structure
and phase composition of manganese oxides are determined
by the synthesis conditions and process temperature. Man-
ganese dioxide has many crystallographic forms (𝛼-, 𝛽-, 𝛾-,
𝛿-, 𝜀-, and 𝜆-MnO

2
) that connect MnO

6
octahedron units to

each other in different ways and have different characters of
spatial alternation of the octahedra filled by Mn atoms and
empty octahedra [54, 77, 90–94].

The crystal structure of the 𝛽-MnO
2
phase (Figure 14) is a

tetragonal modification of the rutile structural type, P4/mnm
symmetry group, which represents a slightly distorted close-
packed hexagonal lattice of oxygen ions [93]. Filled octahedra
are bound by two common edges in columns oriented along
the 𝑐 axis, and octahedra of adjacent columns are bound by
their vertices (Figure 14(c)). Manganese atoms are arranged
in positions 2(a) (000), and oxygen atoms in positions 4(f )
(xx0). Because there are vacancies in the oxygen packing,
the formula unit can be written as MnO

2−𝑦
where the

nonstoichiometry index is in the range 𝑦 = 0.01–0.10
depending on the synthesis method [93].
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As to the lower manganese oxides, MnO and Mn
3
O
4
are

known to be theMott insulatorswith relatively high resistivity
[90], and Mn

2
O
3
shows p-type semiconducting properties.

MnO
2
is an n-type semiconductor and antiferromagnetic

with the Neel temperature 𝑇
𝑁
= 92.5 K [91]. Conductivity of

manganese dioxide is higher than that of MnO and Mn
2
O
3

by several orders of magnitude. At temperatures above 723K,
manganese dioxide loses oxygen and transforms intoMn

2
O
3
,

which is accompanied by the transformation of the crystalline
structure from the tetragonal crystal system of the rutile type
into the complex large-period cubic lattice (𝑎 = 9.4>) and a
large number of formula units per unit cell [54, 92, 93].

In this subsection, we present the results on electrical
properties of manganese dioxide, particularly, the nature
of the 𝛽-MnO

2
conductivity at low temperatures, in its

interrelation with characteristic features of the material crys-
talline structure, and the metal-insulator phase transition
in this compound as well. The effect of electrical switching
with current-voltage characteristics of both N- and S-type
has been found in thin-film MOM structures on the basis
of manganese oxides. Possible mechanisms of switching in
terms of the MIT and thermistor effects are discussed.

Mn oxide samples under study have been obtained by
three methods: anodic oxidation and vacuum evaporation
(thin films), as well as by pyrolysis [54]. Thin films of
manganese dioxide were deposited by means of thermal
evaporation onto glass substrates, covered by a SnO

2
layer,

using a VUP-5 vacuum setup; the film thickness was 𝑑 =

250 nm.Also, thin films ofmanganese oxidewere obtained by
electrochemical oxidation of metal Mn in the KNO

3
-NaNO

3

eutectic melt (see Section 2.1) at 𝑇 = 600K at a constant
voltage of about 2V for 3min; the current density diminished
from 200 to 100mA/cm2 during the oxidation process. For
anodic oxide films on Mn, the value of 𝑑 was ∼100 nm. Bulk
samples of manganese dioxide were obtained by multiple
decomposition (pyrolysis) of manganese nitrate at 𝑇 = 670K
on a glass-ceramic substrate or on a tantalum sheetmetal with
the subsequent separation from the substrate [92, 93]. The
total coating thickness was about 1mm.

The manganese oxide samples were characterized by X-
ray diffraction (XRD) using a DRON-6 diffractometer in
CuK
𝛼
and FeK

𝛼
radiation. The characteristics of the atomic

structure of pyrolytic manganese dioxide were refined by the
full-profile analysis of the XRD patterns of polycrystalline
samples [93].The resistivity of pyrolyticMnO

2
wasmeasured

in the temperature range 15 to 300K bymeans of a four-probe
technique, both DC and AC (in a frequency range from 50 to
104Hz), in a Gifford-McMahon cycle cryorefrigerator [54].
We also measured electrical conductivity in the range T =
293–423K, the Hall effect in the magnetic field of 2.3 T, and
the Seebeck coefficient (thermoelectromotive force, thermo-
emf ). The dynamic current-voltage (I-V) characteristics of
the thin-film MOM structures were measured by oscillo-
graphic method using an AC sinusoidal signal.

The XRD patterns of the manganese oxide samples are
presented in Figures 15 and 16. The vacuum-deposited films
are amorphous and represent a mixture of 𝛽- and 𝛾-MnO

2

(Figure 16). The results of the full-profile analysis show that
the pyrolytic MnO

2
samples (Figure 15) are composed of

the finely dispersed 𝛽-MnO
2
phase with the traces of 𝛾-

MnO
2
, 𝜀-MnO

2
, and Mn

2
O
3
phases. The periods of the

tetragonal unit cell of 𝛽-MnO
2
are 𝑎 = 𝑏 = 4.401 Å and

𝑐 = 2.872 Å. The oxygen coordinates in 4𝑓 positions (see
discussion of the crystal structure above and Figure 14) are
found to be𝑥 = 0.302. Calculations of the oxygen-manganese
interatomic distances show [93] that the oxygen octahedron
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is compressed along the (100) direction which connects the
octahedron vertices. This deformation results in an increase
of the overlap of electron𝑝 orbitals of oxygen and𝑑 orbitals of
manganese and can form the additional splitting of electron
levels in the crystal field leading to the appearance of unpaired
electrons [94].

The measurements of the conductivity temperature
dependence, Hall effect, and thermo-emf show that man-
ganese dioxide is the electron semiconductor with conductiv-
ity of about 1Ω−1cm−1 and mobility of ∼10 cm2/V⋅s. The Hall
measurements give the carrier density of∼1018 cm−3, which is
close to the density values in degenerate semiconductors.The
activation energy of conductivity is ∼0.1 eV, and the band gap
width is equal to 2 eV [90]. The estimated value of the Fermi
energy, from the thermo-emf temperature dependence, is in
the range of 0.02 to 0.05 eV which also indicates the degener-
ate character of the electron gas.The nonstoichiometry index
determined by the XRD peaks, which are not contributed

by the manganese atoms, that is, by those with the odd
sum of indexes, is 𝑦 = 0.06. Such nonstoichiometry provides
the concentration of trap states of about 1017-1018 cm−3,
which correlates with the above mentioned Hall-effect-based
measurements of electron density.

Such high vacancy concentration allows us to consider
the nonstoichiometric 𝛽-MnO

2
as a heavily doped semicon-

ductor with a subband of impurity levels, which provides a
feasibility of the out-of-band electron transfer at low tem-
peratures. The structural distortions, high nonstoichiometry
and, as a consequence, sufficiently high concentration of
impurity states, cause the density state tails near the band
edges similarly to those in heavily doped semiconductors.
However, at room and higher temperatures the conduction is
determined by the activation mechanism. Thus, the electron
structure and a low mobility of charge carriers promote
the manifestation of different charge transfer mechanisms
in different temperature ranges, namely, both the hopping
mechanism and the activation one.

The electron capturing oxygen vacancies create mixed
valence states of manganese cations (Mn3+–Mn4+). Interest-
ingly, the mixed valence of Mn ions is also characteristic of
manganites Ln

1−𝑦
Sr
𝑦
MnO
3
[95], where Ln is La or another

rare-earth element, possessing the effect of colossal magne-
toresistance (CMR). In these compounds, the mixed valence
of manganese is attained via doping. It had been deemed that
holes introduced by strontium are localized at manganese
ions; that is, the Mn4+ ions with concentration 𝑦 are formed.
However, recent X-ray emission studies have shown that both
the chemical shift and the exchange splitting of the emission
X-ray Mn K

𝛽1
line are almost the same in the range 𝑦 < 0.4–

0.5, as is the case in Mn
2
O
3
, and then they decrease quickly

to the values characteristic of MnO
2
[96] which suggests that

the introduced holes are localized at oxygen atoms in the hole
doping region (at relatively low 𝑦) and atmanganese atoms in
the electron doping region, that is, at higher 𝑦 values.

The temperature dependence of conductivity is presented
in Figure 17. The resistance peak observed in the figure in
a temperature range of 80–90K is the result of the phase
transition of 𝛽-MnO

2
from a semiconducting state to a metal

state upon decreasing the temperature to 15 K [54]. The tem-
perature region of the transition is close to the known Neel
transition from the paramagnetic state into the ferromagnetic
one for manganese dioxide. The temperature dependence
of resistance indicates thus the MIT to occur in MnO

2
. In

the temperature range from 300 to 80K (Figure 17), this
dependence does not correspond to the exponential one, yet
it fits well with the linear dependence in theMott coordinates
ln(𝑅) ∼ 𝑇

1/4, which indicates the hopping conductivity
mechanism over the polyvalent states ofmanganese ions with
a distance between the centres of 25–35> [92]. However, in
the temperature range from 90 to 15 K, the dependence of
ln𝑅 on ln𝑇 is almost linear with the slope of about unity
(i.e., 𝜕 ln𝑅/𝜕 ln𝑇 ≈ 1), which is characteristic of the metallic
conduction.Thus, the character of conductivity ofmanganese
dioxide indicates the presence of the MIT at 𝑇

𝑐
∼ 80K (on

cooling).
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In the low temperature region, manganese dioxide is an
antiferromagnetwith the helical spin ordering [97].The inter-
action between the magnetic ions of manganese, which leads
to the antiferromagnetic state, occurs through the intermedi-
ate interaction with diamagnetic oxygen ions, which weakens
the exchange interaction. The conductivity increases proba-
bly due to exceeding the energy of the exchange interaction
by the thermal energy as the temperature increases, which
leads to an increase in the number of unpaired electrons in
the paramagnetic state. As the temperature further increases,
the conductivity continues to rise, and the Mott hopping
mechanism of charge transfer becomes predominant. Similar
character of the temperature dependence in ferromagnetic
degenerate semiconductors has previously been described
[85, 98] for substoichiometric (oxygen-deficient) europium
monoxide. The transition from the highly conductive state
into the insulating state occurs in such semiconductors upon
varying the type of magnetic ordering or its destruction.

For EuO
1−𝑦

, lowering the peak magnitude in the 𝑅(𝑇)

dependence is associatedwith a decrease in the concentration
of impurities (oxygen vacancies). In magnetic semicon-
ductors, the phase transition is associated both with the
magnetoelectric effects and with the variation in the electric
polarization under the action of the magnetic field at the
antiferromagnetic transition [98]. The dielectric constant for
manganese dioxide is equal to ∼10, but the effective dielectric
constant can decrease near 𝑇

𝑐
by a factor of several times

thereby affecting the mobility of carriers located in the tails
of the density of states near the band edge and promoting
their delocalization at the phase transition temperature.
Manganese dioxide also belongs to this group of substances;
however, the phase transition in MnO

2
reported here can be

also described in terms of the Mott transition [24].
According to the Mott criterion, electrons delocalize if

the distance between the atoms 𝑛
−1/3 becomes comparable

with their atomic radius 𝑎
𝐴
, where 𝑎

𝐴
is associated with the

Bohr radius 𝑎
𝐵
= ℏ
2
𝜀/me2.The static permittivity 𝜀 is replaced

by the effective permittivity, which takes into account the
exchange interaction of the spins of conduction electrons
with orbitalmagneticmoments of atoms. At the temperature-
induced Mott MIT, the orbital radius 𝑎

𝐵
decreases near 𝑇 =

𝑇
𝑐
thereby providing the fulfillment of the Mott criterion at a

given level of impurity centres [24, 98]. The transition from
the metallic state into the semiconductor state is possible in
such semiconductors as the temperature increases. Thus, the
MIT in manganese dioxide is brought about by temperature
variation.

In conclusion, we note that the phase transition described
above is inverse (reentrant) MIT; that is, the metallic phase
is low-temperature, while the high-temperature state is insu-
lating. This is rather rare, yet not unique, and unusual
phenomenon. In most cases (e.g., in vanadium dioxide), the
low-temperature phase is insulating, and on heating above
a certain temperature 𝑇

𝑐
, the material becomes metallic; for

VO
2
, this transition temperature is 𝑇

𝑐
= 340K. The inverse

transitions are observed in such compounds as the above
mentioned EuO

1−𝑦
, NiS
2
:Se, Y
2
O
3−𝑦

, and LaMnO
3
films [24,

31, 52, 85, 98, 99]. Also, the high-temperature Mott transi-
tion from paramagnetic metal to paramagnetic insulator in
V
2
O
3
:Cr is an inverse transition with the resistivity peak at

𝑇
𝑐
∼ 350K for a chromium concentration of around 1 at.%

[24, 51], and in mixed valence CMR-manganites the sharp
resistivity peak has been shown to be caused by the Anderson
MIT [95].

It is known that many TMOs exhibit electrical switching
associated with MITs [28]. For the anodic oxide films on
Mn, the study of the effect of electrical switching in thin-
film Mn-MnO

2
-Au sandwich structures showed that the S-

type switching was not observed in contrast to, for example,
the similar structures based on oxides of vanadium and
some other transition metals [28]. Instead, switching with
the N-shaped I-V characteristic occurred after EF at 𝑇 <

80K (Figure 18(a)). In addition, the EF process in the Mn-
based structures was hindered, likewise, for example, for the
structures based on yttrium oxide [31]; that is, the breakdown
took place more often. It should be noted that EF at room
temperature always led to breakdown, and the switching
effect had never been observed in this case. As was argued
in [54], this switching effect was associated with the MIT in
MnO
2
.

On the other hand, in the films obtained by vacuum
sputtering, we have observed S-type switching at room
temperature (Figure 18(b)). The threshold voltage is of the
order of 1 V and almost independent of temperature up to 𝑇

= 375K.
This situation resembles that with yttrium oxide where

both S-type and N-type switching has been observed too
[31]. One can assume that switching with the S-shaped
I-V curves is due to the so-called “thermistor effect.” It
is well known that the current flowing through a solid
generates Joule heat, resulting in an increased temperature.
In materials with a negative TCR, a rising temperature
induces a current enhancement and an increased power
dissipation resulting in a farther temperature increase. This
positive electrothermal feedback causes the appearance of an
NDR and, accordingly, an S-shaped I-V characteristic [2].
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Figure 18: (a) I-V characteristic of anodic oxide film on manganese at T = 77K. (b) I-V characteristic of vacuum-deposited MnO
2
at 𝑇 =

293K.

In some cases, this process might by modified by high-field
effects, such as Schottky injection, impact ionization, Poole-
Frenkel effect, and Zener or avalanche breakdown. Note
that, unlike a conventional thermistor with an Arrhenius-
like conductivity law, manganese oxide exhibits a weaker
𝑅(𝑇) dependence characteristic of the hopping conductivity
mechanism which seems to account for the observed weak
temperature dependence of the threshold voltage.

An alternative mechanism for the S-type switching effect
may be connected with a possible high-temperature usual
(i.e., not inverse)MIT in somemanganese oxide. As is known,
EF (see Section 2.2) leads to the formation of a filament of
highly conducting material, a switching channel. Similarly
to what is observed for Mo oxide (Section 2.3.1) and other
TMOs (Sections 2.1 and 2.2), we suppose that the composition
of this channel differs from the material of the initial oxide
film, since its conductivity noticeably exceeds that of an
unformed structure. In view of such a plentiful set of phases
and crystal structures in the Mn-O system, one can suppose
that the channelmight consist of nonstoichiometric𝛽-MnO

2
,

some other polymorphic modifications of manganese diox-
ide, or lower Mn oxides, which might undergo a MIT under
the action of either temperature or electric field. However,
this question obviously requires additional investigation, in
particular,measurements of𝑅(𝑇)dependences and switching
properties at higher temperatures. If this assumed high-
temperature MIT would occur in, for example, nonstoichio-
metric 𝛽-MnO

2
, one could expect observation of double-

NDR I-V characteristics in such samples at low temperatures,
analogously to those in V

2
O
3
:Cr (Figure 9) where this effect

is due to the MITs [29], with the only difference being that
in the case of MnO

2
this curve should be N-S-shaped (unlike

the S-N-shaped one in Figure 9), since in chromium-doped
vanadium sesquioxide the inverse MIT is high-temperature
as opposed to MnO

2
which, as we discussed above (see

Figure 17), exhibits the inverse MIT at low temperatures.
Note however that the discussed high-temperature MIT

in 𝛽-MnO
2−𝑦

may be unobservable under the temperature

change in equilibrium conditions but displays itself only
under the applied electric field as the S-type electrical
switching effect, because the transition temperature is close
to or higher than the temperature of MnO

2
decomposition

(723K). Such a nonequilibrium transition occurs at switching
in those materials where the usual temperature-inducedMIT
with a well-defined 𝑇

𝑡
does not take place, for example, in

CGSs for which the equilibrium transition temperature 𝑇
𝑡0

is higher than 𝑇
𝑔
, while in a high electric field 𝑇

𝑡
(𝐸) < 𝑇

𝑡0

might be lower than 𝑇
𝑔
, where 𝑇

𝑔
is the temperature of the

glass-crystal transition and𝐸 is the electric field strength [30].
Summarizing, we have studied the electrical properties

(conductivity temperature dependence and Hall and Seebeck
effects) of the 𝛽 phase of manganese dioxide obtained by
pyrolysis, thermal vacuum evaporation, and anodic oxida-
tion. The change of conductivity mechanisms depending
on temperature in a range of 450–25K has been shown
and the metal-insulator phase transition at low (<90K)
temperatures has been revealed. The specific feature of this
transition described in terms of the Mott mechanism is
that the metal phase exists at low temperatures, while at
higher temperatures the material is a semiconductor with
the hopping conductivity over the mixed valence states of
manganese ions.

The low-temperature switching effect with an NDR and
N-shaped current-voltage characteristic associated with the
phase transition in manganese dioxide has been found in the
MOM two-terminal devices based on anodicMn oxide films.
On the contrary, the devices based on vacuum-deposited
films have been found to exhibit an S-NDR at room and
higher temperatures which is suggested to be caused by
either the thermistor effect or a high-temperature MIT in
nonstoichiometric 𝛽-MnO

2
.

It should be emphasized that the low-temperature MIT
in 𝛽-MnO

2
with 𝑇

𝑡
= 70–80K is the inverse Mott transition

which is akin, for instance, to the transition in V
2
O
3
:Cr

at 𝑇
𝑡
= 190–385K (for chromium dopant concentration in

the range of 0.5–1.8 at.%) [51]. We thus assume that farther
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Figure 19: I-V curve (a) of Au-V
2−𝑦

W
𝑦
O
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investigations of the phase transition in manganese dioxide
described in this paper are a rather interesting and topical
scientific problem, since manganese dioxide can serve as a
model object for studying such inverse metal-insulator phase
transitions.

Finally, we note that the results presented in this section
indicate the possibility of application of manganese oxide as
a material for thin film sandwich switching devices. Devices
with NDR (N- and S-shaped I-V characteristics) have poten-
tial applications in microelectronics as switches, memory
elements, and microsensors (these issues will be discussed
in more detail below, in Section 4). Particularly, manganese
oxide microswitches [82] can be utilized for implementation
of neuristors built with Mott-transition-based memristors
[100].

2.4. Effect of Doping. It is only natural that the systems
exhibiting the NDR effects possess a high applied potential in
electronics [2, 4, 8, 18, 100, 101], yet the stage of EF is a weak
link of chain in the technology process. Note that the forming
process may be brought about by laser irradiation [102], not
by applying of electric field. In the case of laser treatment
(or “laser forming,” unlike the above described electrical
forming), the parameters of the structures are characterized
by the absence of the scatter; that is, the I-V characteristics of
all structures are almost identical [103]. One more demerit to
be avoided is the scatter in switching parameters (the value of
𝑉th first of all) and their instability during operation. In this
subsection, we discuss the issues concerning the switching
parameter stabilization by means of doping.

In the work [104], we have studied the switching effect
in the MOM structures on the basis of W-doped V

2
O
5
-gel

films.These structures require preliminary EF, similar to that
in anodic oxide films, resulting in formation of a conducting

channel within the initial dielectric xerogel film.The channel
consists of vanadiumdioxide and switching is associatedwith
the insulator-to-metal transition in VO

2
. As was shown in

[104, 105], for the pure (undoped) V
2
O
5
-gel, the switching

parameters vary in a wide range, because the phenomenon
of EF is statistical in nature (like electrical breakdown), and
its statistical character shows itself as a spread in the observed
threshold voltages of the ensuing structures; that is, actually,
at multiple measurements, 𝑉th = ⟨𝑉th⟩ ± Δ𝑉th.

It has been shown [104] that the statistical spread in values
of the threshold parameters can be minimized by means of
doping (Figure 19). Unsophisticated reasoning could account
for this result: for pure V

2
O
5
-gel, electroforming leads to

formation of VO
2
with 𝑇

𝑡
= 340K, and each switching

event requires heating up and cooling down from room
temperature to 𝑇

𝑡
; this thermal cycling can modify the

peripheral regions of the channel, which leads to the change
of the switching threshold voltage. On the other hand, for
the samples with a high concentration of W, the MIT is
suppressed [104], and switching is degenerated. Between
these two outermost points, an optimum should exist. As
one can see from Figure 19, this optimal value corresponds
to 3 at.% of W; that is, for V

0.97
W
0.03

O
2
the switching

parameters are the most stable.The transition temperature of
V
0.97

W
0.03

O
2
is lower than that for pure vanadium dioxide,

and hence the magnitude of the aforesaid thermal cycling
is decreased, which results in an increase of stability of the
switching parameters.

Next we have studied the effect of doping on switching
in AOFs on Ti [29]. These films were obtained in 5% water
solution of citric acid (C

6
H
8
O
7
), in volt-static regime at 𝑉

𝑎

= 20V. The samples were doped with aluminium by means
of adding soluble Al-containing substances to the electrolyte.
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For the insertion of Al3+ ions into the AOF, the process of
doping was carried out at cathodic polarization.

For the samples doped with Al, we encountered the
effect of stabilization of the switching characteristics. The
point is that usually the I-V curves might spontaneously
slightly change their parameters with time during operation
and, moreover, after several thousand switching cycles the
S-shaped I-V curve completely degrades and switching no
longer occurs. The above described behaviour is typical of
the pure nondoped samples, while for the structures based
onAOFTiO

2
:Al the behaviour is radically different. For these

samples, threshold voltage is of the order of 10V (Figure 20),
and current-voltage characteristics demonstrate stability and
long-term reproducible operation (up to 1010 cycles without
a noticeable change in the threshold parameters). It can be
assumed that the stabilization of the switching parameters is
caused by a change in the energy-band structure of titanium
dioxide as a result of doping it with aluminium [29, 106].

3. Switching Mechanism

The mechanism of threshold switching has for a long time
been a matter of especial concern, and the principal issue is
whether the mechanism is primarily thermal or electronic.
There have also been several works treating the switching
effect as a metal-insulator transition occurring in electric
field (see, e.g., [30] and references therein). Application
of an electric field to a Mott insulator, taking also into
account the current flow (since we consider the switching
effect, not a stationary field effect), will result in both the
thermal generation of additional carriers due to the Joule
heat and the field-induced generation. The latter is due to
the autoionization caused by the Coulomb barrier lowering,
a phenomenon analogous to the Poole-Frenkel (P-F) effect.
When the total concentration of free carriers reaches the
value of 𝑛 = 𝑛

𝑐
, the transition into the metal state (i.e.,

switching of the structure into the ON state) occurs. In a
material with the temperature-induced MIT, this switching
(in a relatively low field) occurs just due to the heating of
the switching channel up to 𝑇 = 𝑇

𝑡
according to the critical

temperature model (3). The above mentioned value of 𝑛
𝑐
is

determined by the Mott criterion:

𝑎
𝐻
𝑛
𝑐

1/3
≈ 0.25, (5)

where 𝑎
𝐻
= 𝜀ℏ
2/𝑚∗𝑒2 is the effective Bohr radius, 𝜀 is the static

dielectric permittivity, and 𝑚
∗ is the effective mass of charge

carriers.
In the paper [30], it has been reported on the switching

mechanism in vanadium dioxide. This mechanism is shown
to be based on the electronically induced Mott insulator-
to-metal transition occurring in conditions of the nonequi-
librium carrier density excess in the applied electric field.
The model takes into account the dependence of the carrier
density on electric field (see (6) below), as well as the
dependence of the critical electric field 𝐸

𝑐
on carrier density

(7) with fitting parameter 𝛾.
For switching in VO

2
, the main mechanism for the field-

induced carrier density increase is the P-F effect:

𝑛 = 𝑁
0
exp(−

𝑊 − 𝛽√𝐸

𝑘𝑇

) , (6)

where 𝑁
0
is a constant independent of the field and only

slightly dependent on temperature, 𝑊 is the conductivity
activation energy, and 𝛽 = (𝑒3/𝜋𝜀𝜀

𝑜
)1/2 is the P-F constant.

Next, the dependence of 𝐸
𝑐
on electron density has been

supposed to be

𝐸
𝑐
= 𝐸
0
(1 −

𝑛

𝑛
𝑐

)

𝛾

(7)

with 𝑛
𝑐
being the Mott critical electron density.

While the former of the two postulates (6) has afterwards
been repeatedly confirmed (see, e.g., [107–113]), the latter is
rather an ambiguous assumption introduced to adjust the
experimental data on the 𝑛

𝑚
values with the theory (𝑛

𝑚

is the maximum electron density in the switching channel
at 𝐸 = 𝐸th, where 𝐸th is the switching threshold voltage
[30]). Actually, (7) has been somehow vindicated from the
viewpoint of the scaling hypothesis inherent in a phase
transition, metal-insulator transition included [114].

We remind the reader that the dependence expressed
by (7) was introduced in [30, 114] in order that the 𝑛

𝑚
(𝑇)

behaviour might be comprehended. The data on the 𝑛
𝑚

temperature dependence (Figure 21, curve 1) were obtained
on the assumption of a temperature-independent carrier
mobility 𝜇, and the problem of 𝑛

𝑚
reduction at lower tem-

peratures was a stumbling-block, since for theMott transition
the value of 𝑛

𝑐
should be a constant. Note that, at 𝑇 > 200K,

𝑛
𝑚

≈ 3 ⋅ 10
18 cm−3 = 𝑛

𝑐
for VO

2
[30].

Now, in the light of some recent data on the 𝜇(𝑇)

dependence of vanadium dioxide [115–117], the problem
outlined above could be revisited. It has been shown [115] that
the conductivity of VO

2
can be written as

𝜎 ∼

1

𝑇
3/2

exp(−

𝐸
𝑎

𝑘
𝐵
𝑇

+

𝑘
𝐵
𝑇

𝜀

) , (8)
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Figure 21: Maximum electron density in the switching channel
as a function of ambient temperature; in fact, 𝑛

𝑚
depends on the

threshold electric field 𝐸th, and the latter, in turn, depends on 𝑇
0
.

The calculations aremade for the cases of 𝜇= const (curve 1) and 𝜇 ∼

𝑇
𝑚

−1 exp(𝑘
𝐵
𝑇
𝑚
/𝜀) (curve 2).Here𝑇

𝑚
( ̸= 𝑇
0
) is the temperature in the

channel centre calculated on the basis of mathematical simulating
[30].

where 𝐸
𝑎
is the conductivity activation energy and 𝜀 is a

constant of the small polaron hopping conduction theory
which takes into account the influence of thermal lattice
vibrations onto the resonance integral [118]. This behaviour
of 𝜎(𝑇) has first been shown to be valid for VO

2
single

crystals [115] and then for vanadium dioxide switching
channels [116] and thin films [117] as well. It is pertinent
to note here that similar results have also been obtained
for some other vanadium oxides exhibiting metal-insulator
transitions, namely, for V

2
O
3
[119], V

4
O
7
[120], V

3
O
5
[121],

and V
6
O
11
[122].

In (8), the first term in the exponent is responsible for the
band conduction, whereas the second one characterizes the
temperature dependence of the hopping mobility. Therefore,
the data on 𝑛

𝑚
(𝑇) (Figure 21, curve 1) should be corrected by

means of division by a factor corresponding to the mobility
temperature dependence 𝜇(𝑇) ∼ (1/𝑇) exp(𝑘

𝐵
𝑇/𝜀); note that

the preexponential factor for mobility is proportional to T−1,
unlike that for conductivity in (8) where it is proportional to
T−3/2 [118]. These corrected values of 𝑛

𝑚
, for 𝑘

𝐵
/𝜀 = 0.35 K−1

[115], are presented by curve 2 in Figure 21. One can see that,
within an order of magnitude, these values correspond to the
Mott critical concentration (dotted line in Figure 21).

In conclusion, we emphasize that the present amendment
does not call into question the results presented in [30] but
merely refines upon them. In particular, it does not abolish
the hypothesis concerning the scaling of 𝐸

𝑐
which has been

put forward in [30, 114], but parameter 𝛾 can change; for
example, it can decrease down to almost zero. Thus, like in
the work [30], we can state that the switching mechanism
is based on the electronically induced Mott metal-insulator

transition taking into consideration the dependence of the
carrier density on electric field (6) and the parametrical
dependence of the critical field on current density (7).

A more detailed analysis of the results would have been
possible on the basis of experimental data on the vanadium
dioxide mobility temperature dependence. In the recent
studies [123, 124], the values of 𝜇 ∼ 0.1–0.2 cm2 V−1s−1 (at
room temperature) have been obtained, which is really close
to an estimate 𝜇 = 0.5 cm2V−1s−1 used for calculations in
[30]. However, the measurements in these works have been
performed in a limited temperature range (in the vicinity of
the transition), where the mobility only slightly depends on
temperature [123, 124].

In recent literature, much attention is paid to the problem
of relative contributions of thermal and electronic effects in
switching, mainly in connection with the development of a
“Mott-transition FET” [125]. Particularly, the author of [126]
compares FETs based on strongly correlated TMOs and those
on Si.The devices on the basis of SmNiO

3
, VO
2
, and LaAlO

3
-

SrTiO
3
are examined. As for the vanadium dioxide, it is

stated, with the reference to the work [127], that “in VO
2

the transition is in large part caused by micrometer-scale
heating by the applied electric field.” It should be stressed
however that thermal effects do take place at switching (not
at the field effect) [30], and it has always been known that
the voltage-induced MIT in macroscopic VO

2
crystals and

planar micron-size film structures occurs due to the Joule
heating effect [128, 129]. Note that a “micrometer-scale” size
is surely macroscopic with respect to nanoscale dimensions.
Therefore, the results of [127] do not contradict the idea
of the field-controlled MIT in VO

2
. In summary, one can

arrive at a conclusion that the switching mechanism involves
a combination of both thermal and electronic effects, and
their relative contributions depend on device dimensions
and ambient temperature [30, 113, 130]. For example, at a
relatively high temperature, close to 𝑇

𝑡
, the mechanism is

merely thermal and switching is described by the critical
temperature model (3). On the other hand, in some cases
(nanoscale dimensions and low temperatures) switching
might be completely electronically induced. This conclusion
is supported by experiments on electric field-stimulatedMott
transition in VO

2
[125, 131–133]. Also, separating electric field

and thermal effects in vanadium oxide nanobeams has been
recently demonstrated in [134].

In addition, valuable information about the contributions
of electronic and thermal effects in switching might be
obtained when investigating the switching delay time [131].
For example, electrical switching dynamics of VO

2
in the RF

range has been studied in the works [135, 136]. Particularly,
two distinguishable time scales for electrical switching have
been observed [135], one in accordance with Joule heating
and one much faster, which may suggest contribution of the
electronic Mott MIT-based effects.

Finally, we note that electronically induced switching
associated with the MIT has been reported for a number of
other materials (not only for VO

2
), for example, in a family

of Mott insulators AM
4
X
8
(A = Ga, Ge; M = V, Nb, Ta; X = S,

Se) [137, 138], SmNiO
3
[139], 𝛽-PbxV2O5 [140], and H-doped

NbO
2
[141].
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4. Potential Applications of Switching in
Transition Metal Oxides

Devices with negative differential resistance (S- or N-shaped
I-V characteristics) have potential applications in electronics
as switches, memory elements, and microsensors [142]. One
more recently emerging field of application is connected with
neurochips and neural networks on the basis of memris-
tors [125], including those made of TMO-based switching
elements. Particularly, a NbO

2
-based switching device is

considered in [100] in this regard.
In a scheme with an S-NDR device, at a high enough d.c.

bias (𝑉
0
), relaxation oscillations are observed if the load line

intersects with the I-V curve at a unique point in the negative
resistance region (Figure 22) [142]. The frequency of this
oscillation (𝑓

𝑟
= 1/𝑇

𝑟
) depends on the threshold parameters

and, consequently, it depends on external parameters, for
example, on temperature and pressure. Sensors with the
frequency output have a number of evident advantages: high
sensitivity and stability, convenience of processing of a signal,
capability of remote measurements, and low noise suscepti-
bility.The𝑓

𝑟
(𝑇)-output temperature sensor based onVO

2
has

been first proposed in [143] and then developed in [144].
Electrical self-oscillations across out-of-plane threshold

switches based on VO
2
have also been recently studied

in the article [145]. The authors of this work note that,
beside integration as inverters and oscillators in high-
speed circuits, a prospective potential application may be
the parallel production of periodic signals in large scale
integrated circuits, analogous to the action potentials in
neural architectures. Note that, in the work [100], a MIT-
based switching devise has been proposed to be used as
a quasistatic neuristor synapse model. On the other hand,
dynamic oscillation-basedmodels are also widely explored in
the field of neuromorphic simulation [146–149]. Particularly,
in the works [148, 149], the authors present the realization of
coupled and scalable relaxation oscillators utilizing the MIT
in metal-insulator-metal transition in VO

2
and demonstrate

the potential use of such a system in pattern recognition as
one possible computational model based on a non-Boolean
neuromorphic computing paradigm. Further simulation of
computing with networks of synchronous oscillators based
on MIT-devices has been recently presented in [150]. Note
that thermally induced oscillations [151, 152], resistance noise
[153], negative capacitance [154], and some other possible
concomitant phenomena should apparently be taken into
account when constructing neuromorphic circuits on the
basis of switching devices with a MIT-induced NDR.

The development of the ideas expressed in [100] goes
on the way of both analysis of the various schemes [155]
and mathematical models [156] for constructing such a
“memristor-based neuristor,” as well as offering a variety
of materials (mainly TMOs) to create a memristor. In view
of the above-said, the following research area seems to be
promising, namely, investigate the possibility of applying the
switching effect in structures based on VO

2
(and possibly

other TMOs) to simulate the function of the neuristor
synapse. Some of these materials and devices for adaptive
oxide electronics have been recently reviewed in [157]. Addi-
tional capabilities are provided by a combination of memory
and MIT-induced switching in one device on the basis of
vanadium dioxide [158], see Figure 23. It should be noted that
bipolar memory switching in disordered vanadium oxide has
earlier been reported in the work [159].

To implement these ideas, one can use a memristive
device based on niobium oxide NbO

2
[100]. As was discussed

above in Section 2, Mott insulators such as NbO
2
have

long been known to exhibit current-controlled NDR. This
phenomenon is caused by a reversible metal-insulator phase
transition. However, due to relatively high transition temper-
ature (1070K [24]), niobium dioxide consumes a significant
amount of energy which evolved as heat. Therefore, it is not
yet possible to arrange a plurality of available neuristors with
high density on a single chip. Vanadium dioxide, on the other
hand, with the MIT temperature of only 340K seems to be
a more attractive material for this application. Among other
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Figure 23: I-V characteristic of VO
2
on p-Si after final electroform-

ing, demonstrating both MIT-induced threshold (I, II) and ion-
diffusion-based memory (III) switching (inset, the same curve at
negative polarity in linear coordinates).

materials for neuromorphic memristive circuits and adaptive
systems, one can mention also, for example, LixCoO2 [160],
MoOx/MoS

2
, and WOx/WS

2
heterostructures [161], and

some other binary and complex TMOs [157]. In conclusion,
we would like to mention also a recent work discussing
general aspects of neuromorphic networks based on metal-
oxide memristors [162]. On the other hand, dynamical
oscillator-based networks are reviewed in [163].

Other possible applications of the switching effect in
VO
2
include, for example, microwave switching devices [135,

136, 164], thermally and optically biased memristive switches
[165], electrolyte gated THz photonic devices [166], and thin-
film varistors [167] (see also some examples in reviews [125,
157, 168, 169]). In addition, switching structures, particularly
those based on Nb and Ti oxides, can be used as access
elements (selective devices) in high density cross-point type
ReRAMs [170, 171].

5. Conclusion

Nonlinear electric conduction in strongly correlated elec-
tron systems exhibiting metal-insulator phase transitions is
characterized by negative differential resistivity [2, 172]. The
theoretical difficulties in the study ofNDRare connectedwith
the fact that the system is far from equilibrium owing to the
dissipation caused by the finite current, and nonperturbative
analysis is necessary if the NDR is associated with the
threshold property such as the metal-insulator transition
[172].

In this review, we have confined our attention mostly to
S-type threshold switching (S-NDR) in oxides of transition
metals. Electrical instabilities with voltage-controlled (N-
type) NDR and various memory effects have also been
reported by many researchers both in oxides and in other
materials. However, “pure” threshold switching with an S-
shaped 𝐼(𝑉) curve, aside from chalcogenide semiconductors,
is characteristic of a number of transition metal oxides. This
is closely linked to the electronic structure of the transition

metals. A set of valence states, associated with the existence
of unfilled 𝑑-shells in these atoms, leads to formation of
several oxide phases with different properties [23, 25, 26, 173],
ranging frommetallic to insulating.This accounts for the ease
of chemical transformations during electroforming. On the
other hand, it is specifically the behaviour of 𝑑-electrons in
the compounds of transitionmetals that is responsible for the
unique properties of these materials, causing strong electron-
electron and electron-phonon correlations, which play an
important role in the mechanism of MITs.

The results presented in Sections 2 and 3 of this review
indicate that current instabilities with the S- or N-NDR
exhibit several common features. In particular, for each of the
investigated materials there is a certain fixed temperature 𝑇

0
,

above which switching disappears. At 𝑇 < 𝑇
0
, the threshold

voltage decreases as the temperature rises, tending to zero
at 𝑇 → 𝑇

0
. Comparison of these temperatures with the

temperatures of MIT for some compounds (e.g., 𝑇
𝑡
= 340K

for VO
2
, etc.) shows that the switching effect is associated

with the insulator-to-metal transition in an electric field. The
channels, consisting of these lower oxides, are formed in
initial films during preliminary electroforming.

Note that formation of Ti lower oxides (Ti
𝑛
O
2𝑛−1

Magneli
phases) during EF has also been reported in a number of
works on memory switching in titanium oxide systems [174,
175].The same is true for the Ta-O systemwhere TaOx subox-
ides have been reported [49, 176]. Moreover, TaO

2
exhibiting

a Peierls MIT has been recently reported to exist [177].
Since electronic devices that exhibit NDR are useful in

electric circuits, the understanding of NDR is also important
from the viewpoint of industrial applications [172]. As we
have shown in Section 4 above, vanadium dioxide appears
to be the most convenient material for various applications
due to the fact that its 𝑇

𝑡
is close to room temperature.

Basically, the roster of materials exhibitingMITs with sharply
discontinuous switching of electrical conductivity close to
room temperature remains rather sparse [140]. Apart from
VO
2
, useful devices in this sense might turn out to be

those based on manganese and molybdenum oxides (see
Section 2.3), as well as 𝛽-PbxV2O5 (𝑥 ≈ 0.33) [140] and
hydrogen-treated NbO

2
with reduced 𝑇

𝑡
[141].
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