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Oxide Electronics and Vanadium Dioxide
Perspective: A Review

A. L. Pergament, G. B. Stefanovich, and A. A. Velichko

Abstract — Metal-oxide-semiconductor field-effect transis-
tors (MOSFET) have been for a long time the key elements of
modern electronics industry. For the purpose of a permanent
integration enhancement, the size of MOSFET has been
decreasing exponentially for over decades in compliance with
Moore's Law, but nowadays, owing to the intrinsic
restrictions, the further scaling of MOSFET devices either
encounters fundamental limits or demands for more and more
sophisticated and expensive engineering solutions. Alternative
approaches and device concepts are currently designed both in
order to sustain an increase of the integration degree, and to
improve the functionality and performance of electronic
devices. Oxide electronics is one of such promising approaches
which could enable and accelerate the development of
information and computing technology. The behavior of d-
electrons in transition metal oxides is responsible for the
unique properties of these materials, causing strong electron-
electron correlations, which play an important role in the
mechanism of metal-insulator transition. The Mott transition
in vanadium dioxide is specifically the phenomenon that
researchers consider as a corner stone of oxide electronics,
particularly, in its special direction known as a Mott-
transition field-effect transistor (MTFET). This review focuses
on current research, latest results, urgent problems and near-
term outlook of oxide electronics with special emphasis on the
state of the art and recent progress in the field of VO,-based
MTFETs.

Index Terms — Oxide electronics, Mott transition FET,
metal-insulator transition, transition metal oxides, vanadium
dioxide.
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I. INTRODUCTION: HOW DID OXIDE ELECTRONICS
EMERGE? FROM THE HISTORY OF THE PROBLEM

HE modern IT revolution is based on technological

progress which enables an exponentially growing
enhancement of the performance of electronic devices.
During all the history of the development of electronic
components, from a vacuum diode to modern highly
integrated ICs with nanometer scale of individual elements,
the question of the physical limitations on the further
progress in this area arose repeatedly. After the invention of
an IC by J. Kilby and R. Noyce in 1958 [1], the number of
transistors on a chip roughly doubles every two years, and
afterwards the processing speed and storage capacity
increase correspondingly (Moore’s Law). Such a dynamics
is typical of all other key parameters of the ICs, the most
important of which is a characteristic size of the active
region d,, [2], for example, the FET effective channel
length. In recent years, the issue of constraints for standard
Si-based electronics has been widely discussed in the
scientific literature, which is primarily associated with the
possibility of further scaling toward nano-size. In this
regard, in the 2007 edition of The International Technology
Roadmap for Semiconductors (ITRS, http://www.itrs.net), a
new section has appeared, namely “Emergent Research
Device Materials”, which indicates the need to develop a
new generation of devices based on new physical principles
[3].

Dimensional constraints of the conventional CMOS
technology will not allow, apparently, overcoming the limit
of d,, far beyond 10 nm, and this can be called as a
“Moore’s Law violation” [4] (or, so to say, “More than
Moore”, — the pun which seems to originate from the ITRS
authors). Note, however, that the ITRS program still
optimistically claims that a theoretical limit of scaling for Si
is not seen, and by 2026 it is planned to achieve the level of
dy, =6 nm (and according to the Intel’s road map — 10 nm
by 2015, the so called “P1274 process” [5]). Recently, a
laboratory prototype of a SOI-based FET with a 3 nm
channel length has been reported [6]. Last years,
technologies with characteristic topological dimensions of
45, 22 and 10 nm are being actively developed, and the
main directions here are as follows: high-k gate dielectrics,
multigate structures, the use of such materials as Ge, A3B5
and graphene, Si-Ge alloys in the source and drain regions
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and strained silicon, and finally, «tri-gate»y FET
configuration [5] (some of these directions have also been
presented in the recent review «Technology Evolution for
Silicon Nanoelectronics: Postscaling Technology» [7]).
Simultaneously, new technical solutions for architecture
optimization (such as, e.g., multi-core processors and the
Blue Gene project), system integration and innovative
design are developed [4].

Alternative approaches are based on another mechanism
(as compared to the field effect in Si CMOS FETs) or even
on a drastic change in computational paradigm or
architecture  (quantum computers, neuroprocessors).
Amongst the approaches utilizing new physical
mechanisms, one can list, for example, the following:
spintronics, superconducting electronics, single-electronics,
molecular electronics, as well as one more quite recent
direction, so-called “soletronics™ (single atom electronics)
[8]. One of such novel directions, oxide electronics, is
based on the idea of application of unique properties and
physical phenomena in strongly correlated transition metal
oxides (TMO). Metal-insulator transition (MIT) [9] belongs
to the class of the aforementioned phenomena, and many
TMOs, e.g. vanadium dioxide which will be for the most
part discussed in the present survey, undergo MITs as
functions of temperature or electric field [10].

Complex strongly correlated TMOs, such as HTSC
cuprates, CMR manganites or some interfaces (as for
instance LaAlO;-SrTiO;), had first been considered as
candidate materials for oxide electronics [3], [11]-[16]. The
list of the devices proposed includes, for example, FETs
with electron transport in complex oxide heterostructures
[12], [14] (a “Sketch-FET” [13]), sensors, signal
converters, memory elements, etc [3].

Afterwards, three main areas of research have emerged
in the field of new functional devices of oxide electronics:
1) Elements of non-volatile memory — oxide ReRAM.

2) Devices, mainly oxide-based transistors and diodes, for
transparent electronics.
3) FETs based on materials with MIT (“Mott-FET”).

One cannot but admit that the above classification is
rather relative. Particularly, the basic materials for
transparent and flexible electronics are apparently not
oxides: they are, for example, organic compounds and
low-dimensional carbon materials (nanotubes, graphene)
[17]-[19]. On the other hand, oxide heterostructure-based
p-n junctions as access elements (selective diodes) for
ReRAM might be considered as an independent branch of
oxide electronics. Also, complex perovskite oxide
ferroelectrics and multiferroics, garnets for magneto-optical
devices, oxide photonic crystals etc. can be utilized in
various discrete oxide electronic devices [20].

Transparent electronics and oxide ReRAMs are widely
discussed in the literature and described in detail in several
reviews. Note, however, that the memory effect, although
manifested mainly by TMOs [21]-[29], is obviously not
directly associated with the electron correlation phenomena.

The most discussed models in the literature for the ReRAM
mechanism 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
corresponding to a particular oxygen stoichiometry. The MIT
ideology is also sometimes involved to explain the properties
of the structures and the memory switching mechanism
therein [27]. In any case, the memory switching phenomenon
seems to be associated with the ion transport [23], [24], [26],
[28]. 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 [30], [31].

Typical oxides of transparent electronics (ZnO, ITO,
In-Ga-Zn oxide, Cu,O, etc.) [32]-[38] do not belong to the
class of TMOs, except for copper oxide, and,
correspondingly, the phenomena therein are not connected
specifically with the correlation effects. (Apropos, the work
[38] is one of the most cited articles where the term “oxide
electronics” has apparently first appeared.) Due to a
sufficiently wide band gap and a large density of defect
states, these oxides belong to the class of transparent
conductors [39], i.e. they exhibit both a relatively high
conductivity and a satisfactory transparency in the visible
spectrum region. On the other hand, the developed low-
temperature synthesis methods for the thin oxide films
preparation allow deposition of these films onto flexible
substrates which ensures their competitive ability as
compared with conventional materials of stretchable
transparent electronics [40], such as organic polymers and
carbon nanotubes [17]-[19].

The third of the above listed three areas of oxide
electronics, i.e. that connected with transistor structures
based on materials with a MIT, dates back to 1997 when
the work [41] has been published in which the idea of a
FET on the basis of a hypothetical molecular layer,
undergoing a Mott transition, has been proposed, and in
1996 the authors of [41] had patented their idea [42]. Such
a device has been called as a “Mott-FET”, or MTFET —
Mott Transition Field Effect Transistor.

It should be noted that IBM, for example, selected three
main approaches to the development of a so-called “beyond
silicon” electronics [4]; they are: quantum computers,
molecular electronics and a thin film MTFET. The latter is
considered to be the most promising because it is closest to
existing circuits and architectures [4].

Vanadium dioxide is currently considered as the most
suitable material for the MTFET implementation. It should
be noted that a simpler material exhibiting the Mott MIT,
such as e.g. heavily doped silicon, where this transition
occurs at a free charge carrier density of 7, ~ 3.5x10'® cm™
[9], would seem to be a more promising material for this
purpose. However, the Mott transition in doped Si is the
second order phase transition and hence it is not
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accompanied by a conductivity jump. On the other hand, in
vanadium dioxide, the change of conductivity at the
transition temperature (7; = 340 K [9]) reaches 4-5 orders of
magnitude (Fig. 1).
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Fig. 1. Metal-insulator transitions in vanadium oxides [9], [10], [43].

In the work [41], a Mott transition field effect transistor,
based on hypothetical molecular (Mott insulator) layers, in
particular, such exotic materials as K'TCNQ™ (the quasi-
monomer organic conductor) or KCg (the doped fulleren)
have been proposed. The version of the Mott-transition-
FET based on VO, [44] seems to be more attractive. It
demonstrates high speed, low dimensions, and (what is
more important) it works on the basis of the well-studied,
reliable material, which has already been tested as a
laboratory prototype. In addition, the important merits of
vanadium dioxide are that its transition temperature is very
close to room temperature and that this material is
thermodynamically stable [45] as compared to other oxides
in the vanadium-oxygen system (in which, by the way,
there are more than ten oxides exhibiting MITs at different
temperatures — see Fig. 1).

However, in order to use any compound as a material for
FETs, it is necessary to be sure that the MIT therein could
be induced by an electric field. This requirement has for a
long time been a stumbling block to the implementation of
the VO,-based MTFET. These issues are discussed in
Section II of this review where we also present a brief
synopsis of the vanadium dioxide physical properties, and
Section III is devoted directly to the possibility of
electronic control the metal-insulator transition in VO,.

Note that in contrast to the first two of the above listed
directions of oxide electronics, there are almost no
sufficiently detailed reviews in the literature on the topic of
MTFET, except, perhaps, for the works [23] and [46]. This
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fact was one of the motives for writing this paper, and
Section IV presents therefore the latest results and key
achievements in this area. Finally, in Section V, we state
the main findings and an assessment of the problems and
prospects of development of oxide electronics, especially as
it relates to the MTFET problem.

II. VANADIUM DIOXIDE AS A MATERIAL FOR OXIDE
ELECTRONICS

A. Introduction: Transition Metal Oxides

Transition metal compounds (oxides, chalcogenides, etc.)
are of considerable interest for basic research in condensed
matter physics and chemistry and, on the other hand, these
materials are promising from the viewpoint of the use in
various fields of engineering due to their diverse, and often
unique, properties [47]-[50]. 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. Moreover, lower oxides of, e.g., Ti,
W, Mo, and Nb not only exhibit metallic properties, but
under proper doping may be even superconductors [49]. It
is exactly a reversible formation of conductive filaments of
lower oxides that in some cases accounts for the non-
volatile memory mechanism in TMO-based structures [28],
[29]. One of the expressive properties of transition metal
compounds are electronic instabilities, such as metal-
insulator phase transitions [9], [47], [48] and effects of
electrical switching [51], [52]. In other words, TMOs
exhibit an astonishing array of functionalities that result
from a combination of the strongly polarizable metal-
oxygen bond and strong correlations [50]. It is specifically
the behavior 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, e.g., MITs, high-T, superconductivity
(HTSC), and colossal magnetoresistance (CMR), which are
inherent to many TMOs [53]. The point is that the wave
functions of d-electrons form narrow bands, and the
behavior of electrons in these bands is characterized by
strong electron-electron correlations, that is, in compounds
of d-elements, a characteristic energy of electron
interactions is comparable with the band width, i.e. with the
kinetic energy of an electron. The examples of such
electron-correlation effects are the above mentioned
phenomena of HTSC and CMR. Also, in many cases, these
electron-correlation effects bring about the MIT, and one of
the well-known examples is the Mott-Hubbard transition [9].

The vanadium-oxygen system may serve as an excellent
illustration of the above-said about the unique properties of
TMOs. Vanadium oxide Magneli phases, forming the
homologous series V,0p,-1 (3 < n <9), may be considered
as intermediate structures between the end members VO,
(n — o) and V,0; (n = 2). With one exception (V;013), the
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vanadium Magneli phases exhibit MITs [47] as functions of
temperature—see Fig. 1 and Table I. Vanadium pentoxide
is an insulator with £, = 2.5 eV [49], and lower vanadium
oxides VOy (x < 1) exhibit metallic properties. Vanadium
monoxide VO, (0.15 <y < 0.25), with a change of the
parameter y, undergoes a transition from a metallic state to
a Fermi liquid state with the Anderson localization [55].

TABLE 1
VANADIUM OXIDES [47], [48], [54]

n in formula V,0,,. Oxide T, K
@) VO -
?2) V,0; 150

3 V305 450
4 V4,0, 240
5 V;50q 130
6 VO, 170
7 V7013 -
8 VSO[S 70
() VO, 340
-6)" VeOi3 150
(-2) V,0s -

9 V40,3 and V,0s formally correspond to the series V,0,,.; with negative
n, though actually they belong to the Wadsley phases V2,05, [56].

B. Properties of VO,

Vanadium dioxide has been described in detail in a
number of reviews and monographs [9], [47], [48], [55],
mainly in light of the MIT in this compound. In
stoichiometric single crystals, the transition occurs at
T=1340 K and the resistivity change reaches a factor of 10°
over a temperature range of 0.1 K. This MIT is a first order
phase transition with the latent heat ¢ =4.27 kJ/mol.
Hysteresis associated with this transition is of about 2 K.
The magnitude of this transition and the narrowness of the
hysteresis loop is a good indication of how close the
stoichiometry is to VO,. Small stoichiometric deviations
destroy the sharpness of the transition and increase the
hysteresis width. The crystalline state of the material also
has an influence; polycrystalline material will have a
broader transition than single crystals. In addition, the
transition temperature also depends on the crystalline state,
oxygen non-stoichiometry, and doping. The temperature
dependence of resistivity is shown in Fig. 2.

At high temperature, vanadium dioxide has a rutile-type
structure (Fig. 3) with vanadium atoms equally spaced
along the corresponding c,-axis (Fig.3,b,c). At the
transition to the low-temperature state these vanadium
atoms pair along the c,-axis with a slight twist which leads
to a monoclinic symmetry (Fig. 3, a) [47].

The conductivity activation energy of the VO,
semiconductor phase immediately below the transition
temperature is £, ~ 0.5 eV, which is consistent with the
band gap found from optical measurements £, ~ 1 eV , i.e.
E, = 0.5E,, like in an intrinsic semiconductor. However, the
conductivity is of n-type (e.g., from Hall measurements),
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Fig. 2. Resistivity of VO, single crystals along the ¢ axis as a function
reciprocal temperature (1 - 5: data from different works; for references see
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Fig. 3. Crystal structure of semiconductor (a) and metal (b) phases of VO.,.
Distances in angstroms are indicated. Part (a) shows only displacements of
the vanadium atoms (schematically). Unit cell of tetragonal phase is shown
in inset (c¢) [10], [47].

and such a discrepancy is quite typical for oxides,
especially, for TMOs [49], [50]. The mobility of charge
carriers is 0.5-1 cm?V-s [9] and it does not change at the
transition, therefore the whole of conductivity jump is due
to the change in charge carrier density. The pointed out
mobility value, as well as the value of p; = 1-10 Q-cm (see
Fig.2), vyield the charge -carrier density in the
semiconducting phase (close to the transition onset and at
room temperature) n,~ 10"*-10" cm.

The available data on the effect of doping and
non-stoichiometry on the properties of VO, [9], [47] can be
summarized as follows. The oxygen deficiency, as well as
the presence of impurities of the Nb(5+) group, lowers both
T; and the activation energy E, It is specifically the
presence of impurities or oxygen non-stoichiometry that
results in a wide spread of the values of T, E, and p; (see
Figures 2 and 4). Moreover, in some cases, alloying may
result in complete suppression of the transition and metal
conductivity appears at temperatures <300 K (for example,
under tungsten doping to a level of about 9.5 at. % of W
[57], [58]; the doping effect will be also discussed below in
Section II.C). The oxygen excess, or doping with impurities
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of the Fe(3+) group, usually results in an increase in the
value of 7,, and the data on E, and p, are contradictory.
However, at any changes in the composition or structure
there is some empirical correlation between the resistance
of the semiconductor phase and the activation energy: as the
ps=(0y)" increases, the E, increases too in complete
accordance with the Mott MIT theory and the concept of a
minimum metallic conductivity [55]. This correlation is
demonstrated by Fig. 4.
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Fig. 4. Temperature dependences of conductivity of three samples of VO,
with different oxygen stoichiometry [59]. One can see that as the p;

increases (from sample 3 to sample 1), the slope, i.e. the value of E,,
increases too.

The MIT mechanism in VO, has for a long time been a
matter of especial concern and a subject of discussion [9],
[47], [60]. Note that, as was mentioned in Section I above,
this issue is of fundamental importance from the viewpoint
of feasibility of a VO,-based MTFET. It would seem that
changes in the crystal structure at the transition (doubling
of the unit cell period) can be treated in terms of the Peierls
transition [61]. In addition, a number of direct experiments,
for example, the pressure dependence of 7, [59] suggest,
according to the authors of [47], the important role of
phonons in the MIT mechanism in vanadium dioxide. On
the other hand, the effects associated with electronic
correlations are observed both in the semiconducting and in
metallic phases of vanadium dioxide [48], [62].
Experiments on the initiation of the MIT using photo-
generation of charge carriers by femtosecond laser pulses
[63], [64] without lattice heating to T = T; indicate that the
electron-electron interaction is also of importance for a
correct description of the transition. This is supported by
studies of the MIT in thin films of amorphous vanadium
dioxide [62] obtained by anodic oxidation [45], [65].

It has been shown [62], [65] that the XRD spectrum of
the anodic vanadium oxide exhibits diffuse maxima typical
for amorphous materials. The occurrence of the MIT in
these structurally disordered VO, films has been indicated
by an abrupt and considerable (although reversible) change
in the conductivity at 7=310-330 K, and this temperature
practically coincides with the transition temperature for the

MIT in crystalline VO,, T, = 340 K. The importance of
these results consists in the evidence that the
metal-insulator phase transition in VO, is preserved in the
absence of a long-range crystallographic order. This, in
turn, suggests that electron-electron correlations play an
important role in the transition mechanism, and hence the
MIT in VO, is an electronic Mott transition, rather than a
structural Peierls transition for which, in the first
approximation, a long-range crystallographic order is
necessary.

We thus arrive at a conclusion that the experimental facts
presented above could not be described only in terms of a
purely phonon mechanism of the MIT in VO,, and a correct
description of this transition should involve the
Mott-Hubbard electron-correlation effects [44], [57], [62],
[66], [67].

It has been shown in the work [67] that, on the basis of
the Mott criterion for MIT [9]

ayun” =025, 1)

an expression for the correlation length ¢, identical to that
for the coherence length in the theory of superconductivity,
can be obtained:

E=2hv./7A. 2)

Here n, is the critical charge carrier density for MIT, 7 —
the Planck constant, vp — the electron Fermi velocity, and A
is the correlation energy gap. The Bohr radius in (1) is

a, =é&h’/m’e*, 3)

where ¢, m" and e are, respectively, the material dielectric
constant, charge carrier effective mass, and charge of an
electron. This correlation length (2) characterizes the size
of an electron—hole pair (in an excitonic insulator) or the
effective Bohr radius ay (as, e.g, in doped
semiconductors). The relation obtained is used for
calculation of the correlation length in vanadium dioxide,
and the presence of two characteristic lengths (& ~ 20 A
and & ~ 1-2 A) is found. This is associated with the
specific features of the transition mechanism in VO,: this
mechanism represents a combination of the purely
electronic Mott—Hubbard contribution and the structural
(Peierls-like) one. It is shown, however, that the driving
force of the MIT in VO, is the electronic Mott—Hubbard
transition. The electron-correlation contribution to the
energy gap, corresponding to this transition, is A; ~ kT, ~
0.1 eV and & = & = ay. The modulation of the electronic
spectrum results then in distortion of the crystal structure
accompanied by formation of the gap A, ~ E, and by the
complete localization of electrons onto vanadium atoms
with the localization radius R = &,.

Note however that such a strict classification of the



PERGAMENT et al.: OXIDE ELECTRONICS AND VANADIUM DIOXIDE PERSPECTIVE: A REVIEW 29

transition as either a purely Peierls or a purely Mott-
Hubbard is rather schematic and oversimplified. In fact, the
MIT in vanadium dioxide is a two-stage (i.e. occurring
through an intermediate phase with A = A; and & = £)), and
the Mott transition should be considered as merely a trigger
mechanism  which  then initiates the  structural
transformation.

We again emphasize that the conclusion made is based
on experimental evidence, and the above arguments
(concerning &, A, ay, n. etc) represent only a model
designed to remove the contradictions and disputes about
the Mott or Peierls nature of the MIT in VO,. Experimental
facts in question indicate that the transition might be
initiated by an increase in the free charge carrier density
(without heating and without affecting the lattice, i.e. not
under, for example, doping or pressure) under
photo-generation [63], [64], injection [44], or high-field
generation at switching [68].

Generally, the question about the MIT mechanism in
VO, (posed as “either Mott, or Peierls transition” [60]) has
no sense because, in fact, this mechanism is essentially dual
[67] and can be treated as a “Mott—Peierls transition” [69],
[70].

Nonetheless, one should be aware of the fact (and take
this fact into account when analyzing the VO,-based
electronic devices) that the initiating mechanism is still the
Mott transition [44], [57], [62], [67], [68]. It is fair to admit
that some researchers continue to insist that the Peierls
instability plays a dominant role in the transition
mechanism [61]. Even the discoverers of the effect of
femtosecond laser excitation of MIT in VO,, on the basis of
their experiments, deem the photogeneration of
nonequilibrium electrons leads primarily to structural
changes, and only these changes are in turn responsible for
the electronic transition [64]. Other researchers formulate
this conclusion in the opposite way, speaking of a
correlation-assisted Peierls transition [71]. We believe that
even if consider the Peierls structural instabilities and
electronic Mott-Hubbard correlations in VO, to be equal in
their contribution to the MIT mechanism, it should still be
recognized that the latter are, figuratively speaking, a little
bit “more equal than others”. On the whole, the problem is
akin to the famous philosophical dilemma “which came
first, the chicken or the egg?” and has about the same
practical benefits from the ongoing debates in this field.

C. Transition Mechanism: The Role of Electron
Correlations

In this section we would like to acquaint a reader with
some recent experimental evidences -confirming the
important role of electron correlation effects in the MIT
dynamics in VO, [72]-[82]. Particularly, the authors of [72]
have studied the electrically triggered MIT in VO, thin
films at temperatures far below the structural phase
transition temperature 340 K. It is shown that the observed
weak temperature dependence of the threshold voltages is

smaller than that predicted for a purely current induced
Joule heating effect and may include contribution from
field effect or carrier injection under applied field, and a
linear relationship between log(I/V') and (V)" indicates the
Poole-Frenkel conduction mechanism [72], [82]. These
findings confirm our previous suggestions [68] concerning
the switching and MIT mechanisms, as well as the Poole-
Frenkel charge transfer mechanism, in vanadium dioxide.

Next, it is shown in the work [73] that voltage controlled
oscillations occurring in micro-beams of vanadium dioxide
are a result of the reversible insulator to metal phase
transition. Modeling of this phenomenon shows that, “while
temperature plays a critical role in the vanadium dioxide
phase transition, electrically induced heating cannot act as
the primary instigator of the oscillations”, and electric field,
on the contrary, is “the most likely candidate for driving the
phase transition” [73]. The study of local probe current-
voltage (STM) and electrostatic force-voltage (AFM)
characteristics of electric-field-induced insulator to metal
transition in VO, thin film [79] also shows that electric
field alone (i.e. without a heating up to the equilibrium
transition temperature) is sufficient to induce the MIT. The
authors of [78] have measured independently the MIT and
structural phase transition hysteresis in epitaxial VO, films,
and shown that they are not congruent. These results are
also in accordance with the data of [74] concerning an
intervening phase of correlated metal (Fig.5), between
metal and insulator states, which seems to be identical to
the intermediate phase with A = A; u ¢ = & in terms of the
work [67].

The review of the properties of VO, presented in the
previous section shows that important information about
the properties of this compound can be obtained from the
study of the effect of doping on the MIT characteristics
such as T, the temperature transition width and the
hysteresis width, the values of electrical conductivity in the
semiconductor and metal phases, as well as the
relationships between them.

Since the doping with tungsten, as was noted above,
lowers T; (by about 10 to 30 K per at. % of W [57], [58],
[80], [81]), this can be treated in terms of the Mott MIT.
Substitution of a W ion for a V* ion produces two V**
ions, as dictated by the electroneutrality condition. The
formation of donor defects leads to a decrease in resistivity
and reduction in the MIT temperature because of the
decrease in the band gap width [57], [80], and the reduction
of T upon doping lends support to the electronic Mott
mechanism of the phase transition in vanadium dioxide.

A different mechanism of the tungsten impurity
influence, based predominantly on structural processes, has
been proposed in [81] where the behavior of an isolated
W dopant and its influence on the VO, host lattice has been
investigated by X-ray absorption spectroscopy and the
first-principle calculations. The authors assert that, in their
work, a clear atomic structure of W atoms in VO, has been
unveiled, which possesses an intrinsically symmetric
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Fig. 5. Intermediate state in vanadium dioxide (a) [43] treated as a strongly
correlated metal (b) [74].

tetragonal structure, removing the twisting (see Fig. 3, a) of
the nearby asymmetric monoclinic VO, lattice and driving
it thereby towards the rutile phase. However, such a purely
structural approach [81] does not explain the
experimentally observed reentrant transition to the
semiconducting state at a doping level of more than 10 at.
% of W (see Fig. 6) or, as suggested in [58], to the Mott
insulator state.

It should be noted that a huge number of works on
doping (especially, by tungsten) amongst all the
publications on VO, is explained by the importance of
these studies from the viewpoint of possible technical
applications (which will be in rather more detail discussed
in Section V below), because doping allows the control the
transition temperature and other MIT parameters, in
particular, the shift of 7, toward room temperature — see, for
example, [57], [80], [83], [84].

Hydrogen insertion, likewise the above-described
W-alloying, to a certain level of the hydrogen concentration
X ~ 0.3 in H,VO,, also leads to metallization of vanadium
dioxide [75]-[77], although the mechanism is obviously
different, and there is still no consensus concerning the
interpretation of this phenomenon. Particularly, it is argued
in [76] that hydration initiates the electronic transition to
the metallic phase which is not accompanied by a change in
the structure from the monoclinic to tetragonal symmetry,

while in [75] the hydration-induced metallization is
supposed to be associated with the distortion of the
structure caused by the hydrogen atom insertion. Recently,
it has been shown that the MIT in VO, nano-beams can be
modified by doping with atomic hydrogen using the
catalytic spillover method [77]. This process is completely
reversible, and the transition vanishes when the doping
level exceeds a threshold value. Raman and conventional
optical microscopy, electron diffraction and transmission
electron microscopy provide evidence that the structure of
the metallic post-hydrogenation state is similar to that of the
rutile state. First-principles electronic structure calculations
confirm that this hydrogenated rutile structure is
energetically favored, and such doping favors metallic
behavior of vanadium dioxide from both the Mott and
Peierls perspectives [77].

Temperature (K)

. 1Q «cm

. ]
- Mott
y Elx Sl Insulator
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xinV,_ W0,
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Fig. 6. Phase diagram restored from the data of [58].

Thus, introduction of donor-type defects (Nb°" or W®*
impurities, inserted H' ions, oxygen vacancies) results in a
lowering of 7, in vanadium dioxide. Also, the MIT
temperature has been found to depend on the free-carrier
density determined by the stoichiometry defect
concentration [85].

As was already said, important information on the
mechanism of MIT might be, in principle, obtained from
the study of light-induced transition [63], [64]. We farther
discuss some more recent works in this field [86]-[91]
where the main conclusions of the earlier work [64] are
confirmed, and some new results are also reported.

Particularly, the photoinduced insulator-metal transition
in VO, has been studied by means of broadband time-
resolved reflection spectroscopy [89] which allows the
authors to separate the response of the lattice vibrations
from the electronic dynamics and observe their individual
evolution. It is shown that an ultrafast change in the lattice
potential drives the structural transition and that the
electronic properties of the material evolve on a different,
slower time scale. This separation of time scales suggests
that the early state of VO, immediately after
photoexcitation, is a nonequilibrium state that is not well
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defined by either the insulating or the metallic phase [89].
A similar transient state with a characteristic time scale of
about 10 ps has been reported in [86], and this state seems
to be related to the SCM state (see Fig. 5) discussed in [74].
Also, a general mechanism for photoinduced phase
transitions has been developed [88] and demonstrated to be
applicable for the MIT of VO, using a 20 nm Au injection
layer. It is shown that the Au film is the source of
nonequilibrium electrons driving the phase transition.
Photoinjection of hot electrons from a metal Au contact
resulting in a MIT in accordance with this mechanism has
been experimentally studied in the work [90]. Photo-
assisted bistable switching in planar junction devices based
on VO, thin films has been investigated in [87], and the
results are interpreted in terms of the photoinduced
electronic Mott MIT which is not accompanied by a
structural transformation.

Also, the dynamics of the reverse process, namely, the
transition from metallic to insulating state has been studied
in recent work [91], and it has been shown that the optical
excitation and fast recovery of ultrathin VO, films provides
a practical method to reversibly switch between the
monoclinic insulating and tetragonal metallic state at
nanosecond time scales.

The above presented data, in our opinion, clearly
evidence that the electronically controllable MIT in
vanadium dioxide is actually feasible. However, in order to
use VO, as the basic material for an MTFET, the sole fact
of electronic control is not sufficient, but such parameters
as the operating speed and the ability of transition to
nanosize are also of importance. Note that the fundamental
limit of the switching time from the semiconductor to the
metallic state, associated with the mechanism of the MIT in
VO, and determined from experiments on the photo-
initiation of transition, is of about 100 fs [64]. However, the
switching time in electric schemes will naturally be higher.
As for the scalability, it is also absolutely not obvious
a priori that the transition preserves in nano-scale and is
not suppressed due to the size effects on the MIT.

The delay time #; in the VO,-based structures has been
investigated in many studies. In the work [92], it is
determined as 4.5ns for the interelectrode gap of
d =125 nm in a planar switch. Theoretical estimates, which
are consistent with the experimental data, yield #; = 1 ns for
d =20 nm [93]. Note that in the sandwich structures with a
film thickness of 4 = 100 nm, the delay time can reach a
value of ~ 0.1 ns [44]. As the thickness increases, the
switching time rises parabolically because of a higher time
constant RC [94] - see Fig. 7.

The review [46] summarizes literature data on
measurements of the characteristic time for the MIT
development in VO, (Table 2 in [46]); it is shown that in
different experiments on initiating the transition via
microwave or optical pumping, this time lies within the
femto- to picosecond range, and for electrical switching the
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Fig. 7. Switching time as a function of channel length [94].

ultimate value of #; is 9 ns. We also emphasize that almost
all the papers mentioned above treat the results on the #;
measurements in terms of the electron-induced Mott
transition.

Thus, in order to obtain the minimum switching time and
hence the maximum device operation speed, one needs,
obviously, to diminish the device dimensions. Plenty of
works in the field of nanostructured VO, in recent years
makes it impossible even to quote them all here. Therefore,
we confine ourselves only to the most general observations
and a few selected references. In particular, the works [95],
[96] provide an overview of the properties of
nanostructured TMOs (HTSC, CMR-manganite, Fe;O, and
VO,); see also [97], where the dimensional effects on the
MIT in VO, are studied, and references therein to the most
significant works on the MIT in ultrathin films, nano-wires
and other VO,-based nano-objects, published prior to 2010.

It is discussed in the work [97] that vanadium dioxide
has various potential applications in electronics due to the
metal-insulator MIT, and on the other hand it is known that
oxide structures with nanometric dimensions exhibit
properties different from bulk oxide materials because of
the spatial confinement and the proximity of the substrate.
However, in order to integrate VO, into the thriving nano-
scale electronics, it is necessary to explore the MIT in this
material in thin film nano-structures. It has been shown [97]
that there is a fundamental dimensional restriction for the
transition to occur even for pure epitaxial VO, nano-films
and nano-wires. This is associated with the fact that any
phase transition turns out to be impossible when the system
size is decreased below a certain characteristic length d..
This dimension is estimated to be d, ~ ¢ (where ¢ is the
correlation length, ~2 nm for VO, [67]), and, on the basis
of the available experimental data, it is shown that the
transition temperature falls as the characteristic size (film
thickness or nano-wire radius) diminishes (Fig. 8), though
the predicted theoretical limit of 2nm is not still
experimentally achieved by now. The main conclusion one
can arrive at from these works consists therefore in the fact
that the MIT in VO, preserves in nanoscale down to at least
2 to 10 nm.
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Fig. 8. Transition temperature of vanadium dioxide as a function of the
nanowire width (1) and film thickness (2), and threshold voltage as a
function of the film thickness (3) for the switching structures metal-VO,—
metal (see [97] and references therein).

Concluding this brief discussion of the MIT in
nanostructured VO,, we mention also the work [98] where
a new high-yield method of doping of VO, nanostructures
with aluminum is proposed, which renders possible
stabilization of the monoclinic M2 phase in free-standing
nanoplatelets and opens an opportunity for realization of a
purely electronic Mott transition field-effect transistor
without an accompanying structural transition [98].

The aforesaid signifies that the task of creating of the
VO,-based MTFET with dimensions down to 10 nm or less
looks quite realistic, inasmuch as the substantially
electronic nature of the MIT provides the possibility of the
transition triggered by the electric field, and not by
temperature. In the next section, we therefore investigate
the problem of electronic control the insulator-to-metal
transition in vanadium dioxide.

III. ELECTRONIC CONTROL OF THE MIT AT SWITCHING
AND INJECTION

In vanadium dioxide, as well as in a number of other
TMOs [10, 28, 51, 52], the switching effect is associated
with the development of an insulator-to-metal transition in
the electric field [68]. The proposed switching mechanism
[68] is based on an electronically induced MIT occurring in
conditions of the non-equilibrium carrier density excess
under the applied electric field £ due to field-stimulated
donor ionization, i.e. the Poole-Frenkel effect:

N

n=Nj,exp| —— 4)
kT

where N, is a constant independent of the field and only
slightly dependent on temperature, W — the conductivity
activation energy, and 8= (e*/zeg)"* — the Poole-Frenkel
constant. This leads to the elimination of the Mott—Hubbard
energy gap at T, < T, with T, being the ambient

temperature. This effect may be treated also as a lowering
of T, due to an excess negative charge (electrons). This
model not only allows the qualitative description of the
switching mechanism, but it is in quantitative agreement
with the experimental results, in particular, with those
concerning the critical concentration and the T(E)
dependence. The model takes into account the dependence
of the carrier density on electric field, as well as the
dependence of the critical electric field on carrier density,
i.e. the scaling of the critical field [68].

These results [68], evidencing of a decrease of T in the
applied electric field, attach especial importance to the
problem of direct influence of electronic effects upon the
MIT in vanadium dioxide. The field effect upon the MIT in
VO, has been studied previously, both theoretically and
experimentally, in a number of works [99]-[105].
Particularly, a thermodynamic analysis based on the
standard phenomenological approach [99], [104], using the
equation for the free energy, shows that the shift of the
transition temperature in electric field is

|ATt|thggOE2/q, (5)

where &g is the material dielectric permittivity, and g — the
transition latent heat. The change in 7; is negligible in this
case (~1 K for E = 10° V/cm). Also, since the entropy of
VO, increases at the transition into metallic phase, the
value of T, increases with increase in E, i.e. AT, < 0 in
Equation (5) [99]. A decrease in T; in an electric field, and
finally its fall down to zero at a certain critical field E., can
be obtained using a microscopic, not thermodynamic,
approach based on the detailed MIT mechanism.
Unfortunately, as noted in [99], we have no quantitative
theory to describe such a transition.

It should be noted that the experiments in MOS
structures with VO, as the semiconductor (which is what
the configuration of structures studied most often) under
the conditions of a static field effect may turn out to be
ineffective, since the creation of a surface potential
providing a significant increase in charge carriers density,
in a sufficiently thick layer, will probably require an
applied gate voltage Vs comparable to the dielectric
breakdown voltage. In addition, the non-equilibrium charge
density in the enhancement mode in vanadium dioxide
declines rapidly with depth because of the relatively high
conductivity (low Debye screening length) of the material.
That is, such a classical field effect on 7; in VO, appears to
be rather impracticable or unobservable if not impossible at
all. A more promising approach, to our understanding, is
based not on the field effect, but on the carrier injection
from outside.

In our experiments described in [44] we carried out the
injection of electrons from Si into VO, in the structures Si-
Si0,-VO, (Fig. 9) on p-type silicon with p = 0.1 Q-cm and
dy = 70 nm (the SiO, layer thickness). These experiments
have shown that the non-equilibrium electrons injected
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from the Si substrate can initiate switching — and,
consequently, the MIT — in VO, at a certain critical electron
density 7.

Al contacts VO,-channel

. V,0;
/(d - 0.1-1pm)

1~ Sio,

Si (d,= 700A)

(5-10 um)

|
(0.2 mm)

100 Q

(b)

Fig. 9. (a) Schematic Si-SiO,-VO, structure described in [44] and (b) the
injection experiment set-up: G, — square pulse generator, G, — ramp
generator (maximum amplitude ~100 V), S — structure under study (see
panel (a)). The voltages V,, V, and V>, and the current /, were measured by
a two-beam four-input oscilloscope.

The value of n, was estimated as follows. The total
charge passing through the structure is approximately equal
to I, 7,, where [, and 7, are, respectively, the current and
duration of the avalanche injection pulse. For one of the
samples, the channel volume (2 of the planar switching
structure (Fig. 9, a) was measured to be 2= 1.3-10"° cm’,
the current was 7, = 0.9 mA, and 7,~ 100 ns (see Fig. 10).
Thus, the charge density injected from Si into VO, was
calculated to be:

ny =1,7,/e2=43-10"cm™ . (6)

This value by the order of magnitude is equal to the
carrier density in the semiconducting phase of VO, at
T— Ty ng~10"-10" cm™ [9], [44]. It is important to note
that the value of n. (~nj,;) is much less than the electron
density in the metallic phase of VO, (,= 107-10% cm™).
Therefore, the obtained results may not be accounted for
merely by a sharp increase in the switching channel
conductivity due to the pumping up of a sufficiently high
carrier density to the conductivity band of the material.

40 4
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40 4

20 <

40 <

204

Fig. 10. Injection oscillograms [44]: (a) the substrate voltage (75); (b) the
current in the substrate circuit, and J;, is the bias current due to the capacity
charging by the voltage V5; the peak in /, corresponds to the injection pulse
and its amplitude and duration are, respectively, /, and 7,. The panels (c) to
(f) represent voltage pulses across the VO, channel at different values of
Vo (see Fig. 9, b): Vo< Voa< Voe< Vor; tq 1s the switching delay time, and 7 —
the recovery time.

Thus, in VO, the MIT occurs at a certain n = n, and it
does not matter what is the way of the initiation of this
transition — either under heating up to 7 = T; (i.e. as the
result of the equilibrium thermal generation of carriers), or
under photo-generation [63], [64], [86]-[91], injection [44],
or high-field generation at switching [51], [52], [68], [92]-
[94]. The transition at n = n. (T < T;) is equivalent to the
fact that the value of 7; decreases with increasing electron
density [68].

For the electron correlation-induced MIT mechanism the
value of n, can be estimated from the Mott criterion (1)
whence for VO, one obtains:

n, =(0.25/a,)’ ~3-10%cm™. 7)

The Bohr radius is calculated here from Equation (2),
and for ¢ = 100 and m" = 3m, [44] this yields ay = 1.8 nm in
vanadium dioxide. Note that this quantity of n. in (7)
practically coincides with the above estimate of ny, (6).
Consequently, the electron injection results in exactly the
phase transition, and the estimate of the critical density
n.=ns~ 10"*-10" cm™ can be considered as a satisfactory
approximation which supports the Mott-Hubbard character
of the MIT in VO,.

As was noted in the beginning of this section, the pure
field effect in VO, has been originally studied in planar
MIS structures with SiO, or mica as insulating layers [102],
[103]. These experiments demonstrated that the external
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electric field could affect the characteristics of switching
(and, hence, of the MIT), yet the effects were rather weak
and might not be interpreted in terms of a direct influence
of the electric field upon the MIT. Alternative explanations
were based on either the inverse piezoelectric effect or an
additional Joule heating of the material by leakage currents
passing through the gate insulators.

The thermal effects can be excluded if we study the field
effect in planar structures Si-SiO,-Si;Ny4-VO,. The carrier
injection via silicon oxide into nitride would result in the
accumulation of a sufficiently large charge, and then,
provided that the nitride layer is thin enough, the trapped
charge would create an electric field on the Si;N4 outer
surface, i.e. on the Si;sN4-VO, interface. This field, in turn,
would affect directly upon the electron subsystem of
vanadium dioxide shifting its transition temperature

(Fig. 11).

R.Q

290 310 330 350 370 T,K

Fig. 11. Temperature dependence of the VO, film resistance: initial
curve (1) and after charge accumulation in the Si;N, sublayer (2) [105].

The experiments [105] were performed with the
structures of two types (A and B). The samples of type A
were formed on n-Si substrates with the oxide and nitride
layer thicknesses of 60 and 100 nm, respectively. The type
B samples were formed on p-Si with 50-nm-thick SiO, and
100-nm-thick SizN4. The VO, layers were deposited onto
the nitride surfaces, and the entire structures were
completed by thermally evaporated Al electrodes. The
structures were tested by measuring the C-J characteristics
and the conductivity jump at the MIT in VO,.

The samples were studied in the regime of tunnel
injection of electrons (type A) or holes (type B) and their
accumulation in the nitride layers. The injection voltage
pulse (V<110V, t=0.1 pus, /= 10*Hz) of a corresponding
polarity was applied to the bottom (substrate) metal
electrode. The charge accumulation was monitored by a
shift of the flat-band voltage of the C-V curves AVrg. The
value of AV depended on the substrate type, the
amplitude and duration of the pulse, and was measured to
be in the range ~6-12V. Next, the conductivity

temperature dependences of the VO, film were measured
by the four-probe method. No electric field effect was
observed in the structures of type A, while the samples of
type B exhibited a shift of 7; toward lower temperatures
(Fig. 11).

The results presented [44], [68], [105] confirm thus the
influence of excess electrons on the MIT under the field
effect conditions in VO,, i.e. the possibility of a transition
of vanadium dioxide from a semiconductor state to a
metallic state under the action of an electric field and,
thereby, the possibility of the VO,-based MTFET
implementation.

IV. MOTT TRANSITION FET

A. Vanadium Dioxide

The idea of a transistor based on the MIT in VO, had
first been advanced [99] in 2002, though with a rather
pessimistic outlook because of a negligible modulation of
T; (according to the estimate by the authors of [99] — see
Equation (5)). Even earlier, in the work on the electron
injection effect upon the MIT [44] we have also discussed
this possibility on the basis of the MTFET idea introduced
in [42]. Since about 2010 the research in this area has
noticeably intensified (see [106]-[118]) and a lot of really
encouraging results have been obtained, the review of
which is presented below; some preliminary overviews one
can also find in the recent surveys [23], [46], [116], [117].

For the first time, the experiments on “pure” field effect
in a thin-film transistor structure based on vanadium
dioxide have apparently been performed in the work [106].
The essence of this FET on VO, is presented in Fig. 12, and
the experimental results obtained in [106] are reproduced in
Fig. 13. One can see that the change in the channel
resistance is not very great: about 100 Q of 2 kQ, see
Fig. 13 (c, d), i.e., ~ 5 % at Vg =10 V. This is due precisely
to a low thickness of the SCR (space charge region)
enriched by electrons as compared with the total film
thickness, as discussed above in Section III. Similar results
(the MIT-induced channel impedance modulation is only
6 %) have been obtained in [108], where the gate dielectric
is HfO,, not SiO,. That is, in spite of the fact that the
resistivity jump at the MIT in VO, is 4-5 orders of
magnitude, the resistance of a thin metal channel with the
rest insulating ballast volume connected in parallel varies
only within a few percent.

The estimates of the Debye screening length (and hence
the corresponding SCR width) reported in [79] give L4 for
the semiconductor VO, phase in the range of 3 to 90 nm. A
more detailed calculation [109] shows that L4 = 8 nm, and
the thickness of the VO, layer where the carrier density
reaches the critical value 7, is only 0.9 nm (for the electric
field strength magnitude at the SiO,-VO, interface of
1.6-10° V/cm), although these calculations are to be refined,
in particular, taking into account the new data on the
vanadium dioxide electronic band structure [110].
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Fig. 12. The method of the VO,-based MTFET realization: a) scheme and
b) creation of an electron-enriched metal layer in VO, in the enhancement
mode [118]. Schematic representation of the same from the work [107] (c)
and double-gated structure (d).
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Fig. 13. Experimental results attained in the work [106] (reproduced from
[118]): (a) Structure under study (see Fig.12,a); (b) temperature
dependences of the channel resistance; (c) the source-drain -V
characteristics at different gate voltages and (d) the system parameters for
the case of a double-gated structure, at different gate-1 voltages, the same
as in panel (c).

It is quite evident that the gain in the output characteristic
modulation percentage, when altering the gate voltage, can
be achieved in this situation by reducing the film thickness
d of vanadium dioxide. Mathematical modeling of the
VO,-MTFET operation for d = 1.5 nm (Fig. 14), carried out
in [107], shows that in this case quite acceptable parameters
(in particular, the limit response time f3 = 0.5 ps at the
threshold power Wy, ~ 0.1 uW) can be obtained. However,
according to the authors of [107], these limits are difficult
to achieve in a real device because of the restrictions
associated with the MIT kinetics and heat dissipation; a
more realistic estimate gives ¢3 = 2 ps and Wy, = 1-10 uW.
Note that the above discussed purely electronic nature of
the MIT in VO, appears to remove such a concern, because
the heat effects would be negligible in this case.

Another problem is connected with the question of
whether the MIT will ever exist in such a thin (1-2 nm) film
of VO,, because the value of d ~ & [67], [97] (see
Section I1.B) is close to the theoretical limit of the influence
of dimensional effects on the transition. However, as was

Wi, (W)

WOz Device
PT Kinetics

VO, Device

10 107 ty(®)

Fig. 14. Power—time diagram for the VO,-MTFET operation [107]. The
product of 7 and (5)* has a quantum restriction (the Planck constant) and
this area is denoted as «Fundamental», and the restrictions connected with
the phase transition kinetics and thermal dissipation are also shown in the
upper area. The analysis has been carried out [107] with the following
parameters: Vg = 0.5 V, channel size 2 = 1.5x50x3 nm’; points 1 and 2
represent, respectively, optimal regimes for VO, device and VO, material.

discussed in Section II.C, the study of the properties of
nanostructured VO, shows that the MIT is not suppressed
at the transition to nano-scale down to 10 nm and even
perhaps below.

It is known that oxide semiconductor systems can be
electrostatically doped with organic ionic liquids as gate
insulators in order to modulate their carrier density and
thereby induce phase transitions [111]. This results from
the charge accumulation in the double layer at the
electrolyte-oxide interface, and the electric field of this
charge creates an electron-enriched layer in VO, which
leads to the MIT, i.e. this approach is similar to that
described above in the end of Section III (Fig. 11) where
the charge accumulation occurs in the silicon nitride film.
The channel conductance change has been reported to be
up to 50 % at a voltage Vg=+2V [111], and the work
[112] reports on complete metallization throughout the
VO,-FET channel, not only a near-gate layer. However, it
has been shown [113] that this effect is related to the field-
induced extraction of oxygen and the formation of oxygen
vacancies which, in turn, being the donor type
stoichiometry defects, contribute to an increase in free
carrier concentration resulting finally in the transition into a
metallic phase according to the Mott mechanism (similar to
the way as it occurs due to the hydrogen injection [75]-[77],
[119)).

In the work [114], the voltage-induced MIT in VO,
nanoparticles on a SiO,/Si(100) substrate has been
investigated. The results reveal that T; decreases by ~0.48
and ~0.87°C/V in the heating and cooling processes,
respectively. Also, the authors of [115] have explored the
MIT in VO,-based tunnel junction. It is shown that, in such
tunnel field effect transistors, the MIT can be utilized to
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modulate the tunnelling current by opening an energy gap

in the OFF-state, and by collapsing the gap in the ON-state.

It is also to be noted that some ideas, related to the use of

materials with MIT, including VO,, for a FET device

construction, have been patented (see for example [42],

[120]).

The main conclusion that can be drawn from the analysis
presented in this section is as follows. The main difficulty
in implementing the VO,-based MTFET is a small
thickness of the metal phase layer, and as a consequence,
the low magnitudes of the impedance jump at the MIT (in
spite of the fact that the VO, conductivity jump can reach
five orders of magnitude) under the influence of an applied
electric field. In our opinion, there exist the following
possible ways to overcome this problem:

1) Use thinner films of vanadium dioxide (e.g., 5 nm, and
the SCR width of 1 nm will be equal in this case to
almost one fifth of the total thickness).

2) Double-gate structures (Figures 12, d and 13, d) [106],
[107].

3) Doping (e.g., with tungsten) in order to reduce T, and
thereby to diminish the quantity of necessary additive
to electron density to achieve the value of n.; however,
an optimal doping level should be carefully adjusted
for the avoidance of the possible complete suppression
of the MIT under doping, on the one part, and on the
other part, for the increase in the semiconducting phase
resistivity, but so as to retain the resistivity jump at the
MIT as high as possible.

In addition, the field effect on the MIT in VO, could be
enhanced by varying the temperature so as to either achieve
a higher contrast between the resistivities of the
semiconducting and insulating phases (at cooling) or
approach to the transition onset (at heating). The same
result might be obtained at room temperature by dint of, for
example, proper doping, like in item 3 above, but it is to be
stressed that the way of temperature variation is suitable
only for investigation, i.e. in order to elucidate the problem,
and not for device operation, since in this case, such an
advantage of VO, as room temperature compatibility is in
fact lost.

B. Other Materials

Aside from vanadium dioxide, similar experiments in the
areca of MTFET are also carried out with some other
materials [12]-[15], [46], [95], [96], [116], [121]-[132],
such as, e.g., the Mott insulator GaTa,Seg [121], [127]. The
principle of FET operation in this case is the same as for
VO,, with the only difference being that the mechanism of
a high-field charge carrier augmentation up to the value of
n = n, may be other than the Poole-Frenkel donor ionization
(as it takes place in VO, [68], [72], [82], [107], [133]-
[135]), and it may be, for instance, the Zener or avalanche
breakdown mechanism. Particularly, for GaTasSegTe, it
has been shown [130] that the breakdown threshold voltage
depends on the Mott-Hubbard gap width as Ey, ~ (Eg)S/2

which is characteristic of avalanche breakdown in
semiconductors.

Various materials for oxide electronics, basically
strongly correlated TMOs, are discussed in the reviews
[23], [46], [116], [117], where not only FETSs, but also
other electronic devices are considered, in particular,
neurochips and neural networks on the basis of memristors
[117], [136], including those made of TMO-based
switching elements.

One more material proposed for MTFET is magnetite
(Fe;O4) [46], [95], [116], [122], [132] exhibiting the
Verwey transition at 7y = 120 K [47]. It has been shown
[122] that the transition in magnetite in the applied electric
field is due to the field effect and not caused by local Joule
heating. Also, the Verwey transition has been found to be a
two-step process with characteristic time scales of 300 fs
and 1.5+0.2 ps which establishes the speed limit for oxide
electronics devices based on magnetite [132].

It should be noted that the oxide materials are not the
only candidates for the MTFET realization. In addition to
the aforementioned GaTa,Sg [121], [127], [130],
molybdenum disulfide can serve as an example [123],
[131]. In particular, 2D materials are a new class of
materials with interesting physical properties and
applications ranging from nanoelectronics to sensing and
photonics [131]. In addition to graphene, the most studied
2D  material, monolayers of semiconducting di-
chalcogenides MoS, or WSe, are gaining in importance as
promising channel materials for FETs. High levels of
doping achieved in dual-gate devices have allowed the
observation of a metal-insulator transition in monolayer
MoS, due to strong electron—electron interactions [131].
Also, quasi-1D organic compounds are examined too; for
example, a field effect transistor structure using charge-
ordered organic materials a-(BEDT-TTF),I; and
o -(BEDT-TTF),IBr; has been recently reported [124].

Amongst other materials, multicomponent
perovskite-like oxides are worthy to be mentioned. For
example, a Mott-transition FET that exhibits a switching
ratio of more than two orders of magnitude at room
temperature has been demonstrated by using the electric
double layer of an ionic liquid for gating on a strongly
correlated electron system SmCoO; [129], an electron-
induced MIT in a two-terminal device based on NdNiO;
has been reported in [125], and MTFET prototypes based
on CaMnO; and NdNiO; are described in [23]. In the brief
note [128] the author compares FETs based on strongly
correlated TMOs and those on Si. The devices on the basis
of SmNiO;, VO,, and perovskite-based sketch-FETs (see
Section I and references [11]-[16]) are examined. As for the
vanadium dioxide, it is stated, with the reference to the
work [137] that “in VO, the transition is in large part
caused by micrometre-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) [68], and it
has always been known that the voltage-induced MIT in a
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macroscopic VO, crystal occurs due to the Joule heating

effect [138]. Note that a “micrometer-scale” size is surely

macroscopic with respect to nano-scale dimensions.

Therefore, the results of [137] do not contradict the idea of

the field-controlled MIT in VO,.

In conclusion, we point out the main advantages of VO,
compared to the other materials considered as candidates
for the implementation of MTFET devices:

1) T, is close to room temperature, unlike, e.g., Fe;04
whose T; is much lower than 300 K.

2) VO, is a simple binary oxide which is more
technologically convenient and easy to handle as
compared to sulfides or complex perovskite oxides. In
addition, this compound is comprehensively studied
and can easily be obtained by a number of
technological routes as thin films and nanostructures.

3) The transition temperature might be finely adjusted by
means of proper doping.

V. CONCLUSIONS AND OUTLOOK

In the present review, we have discussed some current
research, urgent problems and near-term prospect of oxide
electronics, one of the new and rapidly developing fields of
“beyond-silicon” electronics. Surely, rumors of the
forthcoming demise of conventional silicon electronics
seem to be heavily exaggerated. However, as we have
attempted to show in Section I, alternative approaches, such
as spintronics, superconducting electronics, single-
electronics, molecular electronics, soletronics and so forth,
are being intensively developed all over the world, and the
reasons for this have also been discussed in the
introduction. Such terms and acronyms as, for instance,
SET (single-transistor electron), RSFQ (rapid single flux
quantum) superconducting devices, spin FET, etc. become
now as familiar and customary as the MOSFET. Further it
has been shown there that one of such novel directions,
namely, oxide electronics, is based on the unique properties
and physical phenomena, particularly, the metal-insulator
transition, in strongly correlated transition metal oxides.
Our discussion of oxide electronics has been rather
selective and we have confined ourselves to only one,
though very important, kind of device, viz., VO,-based
Mott-transition FET. We have almost passed over in silence
both other areas of oxide electronics (except for a brief
mention of those in Section I provided with some
references) and other materials, i.e. not only VO,, for the
oxide FETs design, yet the latter have been discussed in
Section IV.B, and the search for new efficient materials and
systems for the MTFET idea realization has been shown to
be of importance.

It should be emphasized that the interest in vanadium
dioxide, as well as in the problem of metal-insulator
transition on the whole, results from not only a possible
practical yield, but this interest is of course connected first
of all with basic knowledge, since the MIT is one of the

most vital and spectacular problems in modern condensed
matter physics [9], [10], [43], [46]-[48]. Recently this
problem has received considerable attention once again,
primarily due to the discoveries of HTSC and CMR
phenomena in perovskite-like metal-oxide cuprates and
manganites [9], [49]. The MIT has been widely studied
over the last years, with special emphasis on the particular
case known as the Mott transition [9]. At zero temperature,
this process is controlled by the electron density. A simple
picture, which is able to grasp the main physical points and
to estimate the critical density n. for the Mott transition to
occur, is based on the Mott criterion, which has been
briefly discussed in Section II.B. This picture is very
qualitative and ignores fundamental aspects of the MIT,
such as magnetic effects, electron-phonon coupling
(polarons), disorder (Anderson localization) and some other
interactions. Nevertheless, various approaches based on the
Mott-Hubbard theory, taking the above-mentioned effects
into account, successfully describe the MIT in many
particular cases, from doped semiconductors to TMOs [9].

The generally known example of the MIT in doped
semiconductors (with an increase in the impurity
concentration) [9] is far from being the only one. There are
a lot of materials (mainly compounds of transition and rare-
earth metals) exhibiting a temperature-induced MIT [9],
[10], [47], [48], likewise any other usual phase transitions —
superconducting, ferroelectric, or magnetic. No consistent
and unified theory of MIT exists for transition-metal
compounds, unlike for doped semiconductors, where
everything is more or less clear, at least, conceptually.
Instead, there are a variety of models: the electron-
correlation Mott-Hubbard transition; the Peierls transition
in quasi-one-dimensional systems with charge- or spin-
density waves; the Verwey transition (based on the idea of
Wigner crystallization of the electron gas) involving charge
ordering; the Anderson transition due to the disorder-
induced localization, etc. In the absence of accurate
theories, MITs in real systems have been explained (often
merely qualitatively) in terms of the available models [48].
As we have discussed in this review, strongly correlated
transition metal oxides exhibiting such phase transitions are
currently considered as basic functional materials of oxide
electronics. That is why the theoretical models describing
MITs are of such importance, and vanadium dioxide
represents a model system for understanding correlated
oxides in general and diverse phenomena therein, including
such effects as MIT, HTSC, and CMR. For example, the
authors of [139] write that their studies of a solid-state
triple point between the insulating M1 and M2 and metallic
R phases at the MIT in vanadium dioxide “have profound
implications for the mechanism of the metal-insulator
transition in VO,, but they also demonstrate the importance
of this approach for mastering phase transitions in many
other strongly correlated materials, such as manganites and
iron-based superconductors”.

Further, it is to be noted that, generally, the ability of
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some materials to switch their conductance between two
stable states provides the basis for many electronic devices,
not only MTFET. Therefore, the phenomena of metal-
insulator transition and switching have various potential
applications in electronics and related fields of engineering
[10], [46], [47]. Particularly, the TMO-based MOM
structures demonstrating memory switching have been
proposed as potential candidates for both nonvolatile and
dynamic random-access memories [21]-[30]. Also, memory
effects due to the electric field induced Mott transition (in
cerium oxide particularly) have been studied in [140]. In
addition, vanadium dioxide can be used as a material for
thermochromic coatings, optical filters and controllers,
sensors, bolometers, sensitive elements for RF and THz
radiation  control, micro-electromechanical  systems,
plasmonic modulators, access diodes in oxide ReRAM and
many other optical and electronic devices [47], [83], [84],
[134], [141]-[166]. Many authors note that the high
operation lifetime of VO,-based devices (e.g. more than 10
cycles without failure for current-controlled switching
[167]), as well as the fast switching coupled with room
temperature compatibility could lead to further interest in
the use of correlated oxide phase transition devices,
including those based on vanadium dioxide, for future
electronics [168].

As far as to the oxide electronics area applications
concerns directly, in conclusion, we would like to outline a
prospect of an all-vanadium-oxide IC containing
VO,-MTFETs and vanadium-oxide-based memristors
(supplied with VO, switches as access elements [157]) in
one chip. It should be stressed that ReRAM devices may be
performed on either MIT materials or other vanadium
oxides which do not exhibit a MIT. An example of a
V,0;s-based memory device is given in our works [28],
[169], [170] — see Fig. 15. Various versions of memory
devices utilizing the effect of MIT in vanadium oxides has
also been discussed in the literature [30], [31], [156], [162],
[163], [171], [172]. 1t is pertinent to quote here also the
work [173] where the experiments on memory switching in
thin-film V,0s-based structures have first been described.
To interpret the results of these experiments, the authors of
[173] put forward a hypothesis of some “glass-to-metal”
transition in amorphous vanadium pentoxide. Afterwards,
in the literature, this assumption somehow transformed into
an idea of a MIT in V,0s which was further widely
circulated, (with no efforts to delve into the problem), much
referred to, and, finally, it has recently been reported on a
“MIT in V,0s”, as it is asserted in the titles of the articles
[174], [175]. Of course, there is no a MIT in vanadium
pentoxide, and we have recently published comments [43],
[176] concerning this issue.

Finally, as an addition to the above presented idea of all-
vanadium-oxide electronics, we note also that mechanical
memory, i.c. that similar factually to an HD or CD, based
on the MIT in VO, has been designed [144], [162], and a
flexible display is feasible on the basis of the

electrolyte-less electrochromic effect in V,0s-gel films
[175]. Note however that the main requirement to the
MIT-based oxide electronics is still its ability to be scaled
down to nano-dimensions. In this regard we have to
mention two more recent works [176], [177] in addition to
those discussed in the end of Section II and in [97].

s #
\ jv'ﬁ
2 "
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Fig. 15. -V characteristic of Au/V,0s/SiO,/Si junction at room
temperature with arrows indicating the direction of the voltage sweep [28],
[169]. The structure under study is also depicted schematically.

In conclusion, as to the prospective directions of
development of research in the field of MTFET, two
recently emerging interesting themes, apart from those
discussed in Section IV above, are worthy, in our opinion,
of especial mention, namely: a) ionic liquid gating [111],
[112], [129], [180] and b) application of MIT-based
switches and FETs for design of neurochips [117, 136].
Interestingly, the two, on the face of it, such dissimilar
directions seem to find a point of intersection [181].
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