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1. Introduction

Resistive random access memories (ReRAM) form an emerging type of non-
volatile memories, based on an electrically driven resistive switching (RS) of The huge non-volatile memory market

an active material. This Feature Article focuses on a broad class of ReRAM
where the active material is a Mott insulator or a correlated system. These
materials can indeed undergo various insulator-to-metal transitions (IMT) in
response to external perturbations such as electronic doping or temperature.

is led by the Flash technology used, for
example, in Flash SD cards and solid
state drives. However, the limit of this
technology in downscaling will hinder
its development in a near future.ll Sev-

These IMT explain most of resistive switching observed in correlated insula- eral emerging random access memories
tors as, for example, the Joule heating induced RS in VO,. The main part of (RAM),?I that is, phase-change RAM

this Feature Article is dedicated to a new mechanism of resistive switching
recently unveiled in canonical Mott insulators such as (V;,Cr,),03, NiS,_Se,
and AM,Q; (A = Ga, Ge; M =V, Nb, Ta, Mo; Q =S, Se, Te). In these narrow

(PCRAM),Bl magnetic RAMs (MRAM),
and resistive RAM (ReRAM),! are cur-
rently considered as interesting candi-
dates to overcome the shortcomings of

gap Mott insulators, an electronic avalanche breakdown induces a resistive Flash memories. However, ReRAMs
switching, first volatile above a threshold electric field of a few kV/cm and then appear as a very appealing solution among
non-volatile at higher field. The low resistance state is related to the creation of these potential candidates, thanks to a
granular conductive filaments, which, in the non-volatile case, can be erased very simple architecture and promizing

by means of Joule heating. ReRAM devices based on this new type of out of
equilibrium Mott insulator-to-metal transition display promising performances.

memory performances.!l' ReRAMs are
hence envisioned to replace the Flash tech-
nology in mass storage applications before
2020.1 In ReRAM information storage is
enabled by a non-volatile and reversible
switching between two different resistance states of an active
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material. This resistive switching is obtained by applying short
electric pulses to the active material most of the time sand-
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wiched between two metallic electrodes. A large variety of mate-
rials are known to exhibit a reversible electric-pulse-induced
resistive switching phenomenon, such as transition metal
oxides Band Insulators (TiO,, SrTiO;, SrZrOj;, etc.) or copper
and silver based chalcogenides.’~'!l So far, different mecha-
nisms based on thermochemical or electrochemical effects have
been proposed to explain the non-volatile resistive switching
observed in these materials.’”-°) But resistive switching is also
observed in Mott insulators that form a large class of materials
particularly attractive in the context of memory applications.[!!]
They can indeed undergo various kinds of insulator-to-metal
transitions (IMT) in response to different external perturba-
tions like pressure, temperature, and electronic filling. These
IMT are often associated with huge modifications of the elec-
trical resistance and therefore allows generating high and low
resistance states, that is, the two logical states (‘0 and ‘1’) of a
ReRAM device.

This Feature Article focuses on this particularly interesting
class of ReRAM in which the active material is a Mott Insulator.
Section 2 describes briefly the theoretical background of Mott
insulators, and the different ways to break the Mott insulating
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state to induce IMT in these systems. Most resistive switching
in Mott insulators are closely related to these IMT that can be
induced by electric pulses either thanks to Joule heating, or
by means of electrochemical or thermochemical mechanisms.
Section 3 gives an overview of resistive switching in Mott insu-
lators and correlated insulators based on these known mecha-
nisms first evidenced in band insulators or amorphous insula-
tors. Conversely, a new mechanism of resistive switching was
recently discovered in Mott insulators.['24l This Feature Article
focuses particularly on this new type of resistive switching
which is triggered by an electric field induced avalanche break-
down ultimately leading to a non volatile electronic phase sepa-
ration at the nanoscale. Sections 4 and 5 describe, respectively,
the volatile avalanche breakdown phenomenon and its non
volatile consequences in Mott insulators. Section 6 displays the
potential of this universal property of narrow gap Mott insula-
tors for ReRAM applications. Finally, this Feature Article pro-
poses a classification of resistive switching mechanisms in Mott
insulators based on the types of insulator-to-metal transition
and controlling parameters involved in the resistive switching.

2. Mott Insulators and Mott Insulator to Metal
Transitions

2.1. Basic Concepts

Unlike conventional band insulators and semiconductors, Mott
insulators contain unpaired electrons in their ground state.
However, a drastic condition is required to bring up the Mott
insulating state: an electronic filling exactly equal to an integer
number of unpaired electron per site.'™ According to conven-
tional band theories, such compounds with an odd number of
electrons should be metallic since their Fermi levels lie in the
middle of a band, as shown in Figure 1a.

However, even in absence of disorder, many of these mate-
rials are actually insulators. The discrepancy comes from a
crucial parameter incorrectly described in conventional band
theories, the on-site Coulombian repulsion. For simplicity,
let’s consider the situation of a single band system that is half-
filled (i.e., with one electron per site). Thus, if the Coulomb
repulsion (Hubbard) energy U exceeds the bandwidth W, the
half-filled band splits into two sub-bands, the lower (LHB) and
upper (UHB) Hubbard bands (see Figure 1a). Thanks to the
U term, a Mott-Hubbard gap E; opens up between the LHB
and the UHB if U is larger than the bandwidth W, roughly
equal to Eg = U — W. The theoretical description of the Mott
insulating state has been a long-standing problem!['*'8] and
only modern approaches such as the dynamical mean field
theory (DMFT) have successfully predicted the whole phase
diagram of this class of materials.['>2% A salient feature of this
universal kgT/W versu U/W phase diagram('®-??l is the first
order (Mott) transition line which separates a metallic domain
atlow U/W from a paramagnetic Mott insulator (PMI) domain
for U/W > 1.15,123] as depicted in Figure la. This Mott metal-
insulator transition line terminates at a second order critical
endpoint at high temperature for Topgpeime = 0.025 W/k.['22
This endpoint has an interesting fundamental consequence:
the absence of crystallographic symmetry breaking across the
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Beyond the particular case of half-filling,

Figure 1b presents a generalized phase dia-
gram at any electronic filling, represented as
x (hole or electron doping level away from
half-filling) versus U/W.?* This diagram
reveals that the Mott insulating state is stable
only at half-filling and that doped Mott insu-
lators are metallic. Both phase diagrams

Paramagnetic
Metal

N\

highlight the three IMT, represented by red
arrows in Figure 1, that emerge from the
Mott insulating state:1?

1) Bandwidth controlled IMT. This IMT,
noted “type 1”7 thereafter, corresponds to
the crossing of the Mott transition line

U/w ~1.15

(see Figure 1a) induced by tuning the cor-
0 relation strength U/W,2*?"] This can be
achieved by applying an external pressure

Electron-doped
Mott insulator (metallic)

DOS

>

W

which enhances the orbitals overlaps and
increases thus the bandwidth W;

2) Temperature controlled IMT. This IMT,
noted “type 2” thereafter, is driven by
temperature and also relies on the cross-
ing of the Mott line in a narrow window

>
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of U/W around = 1.15, between the red

Aq dotted line in Figure 1a. This IMT occurs

o

d

Hole-doped

o

Mott Insulator (metallic)

Figure 1. a) Schematic phase diagram of two- and three-dimensional half-filled compounds
undergoing a Mott insulator-to-metal transition, displayed as kgT/W versus U/W. T, U, and
W are the temperature, the Hubbard electron-electron repulsion term and the bandwidth,
respectively. Typical electronic Density of States (DOS) are displayed in relevant regions of
in absence of electron correlation (U/W = 0), in the correlated metal
domain slightly below U/W =1.15 and in the Mott insulating state for U/W > 1.15. b) Dia-
gram of doped Mott insulators, represented as electron and hole doping away from half-filling
vs correlation strength U/W, for intermediate temperature Togered phase < T < Tendpoint ShOWn
in part (a). Red arrows indicate the universal IMT that emerge from the Paramagnetic Mott
Insulator state, that is, the “type 1” Mott,bandwith controlled (Mott-BC), and the “type 2”
Mott, temperature controlled (Mott-TC) transitions crossing the Mott line in half-filled com-
pounds, as well as the “type 3" filling-controlled (Mott-FC) IMT. The green arrow corresponds
to a non-universal “type 4” Temperature-Controlled insulator-to-metal transition towards a
long range order insulating state, associated in real systems to a Crystallographic Symmetry

the phase diagram :

Breaking (CSB-TC).

Mott line, since one can connect continuously the PMI and
metallic phases shown in Figure 1a through a high tempera-
ture path above the endpoint. Another major contribution of
the DMFT is to predict a specific signature of electronic cor-
relation close to the Mott IMT line: while a gap between the
lower and upper Hubbard bands exists on the insulating side,
a quasiparticle peak develops in the gap at the Fermi energy
on the metallic side (see Figure 1a).’”l Whereas the Mott line
and the high temperature part of the phase diagram are uni-
versal, the low temperature part is material-dependent and
can present various kinds of long-range (for example mag-
netic or orbital) orders.
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between a low temperature metal and

a high temperature insulator,?®l which

strongly contrasts with the more usual

transitions from a low-T insulator to a

high-T metal,

3) Filling controlled IMT.24 This IMT, not-
v ed “type 3” thereafter, occurs when the
band filling deviates from half filling (see

Figure 1b). This may be achieved by tun-

ing the electronic filling thanks to chemical

doping.

Several interesting conclusions can
be inferred from these phase diagrams
of correlated compounds. Figure 1la
indeed shows that a canonical paramag-
netic Mott insulator (PMI) can not pre-
sent an insulator-to-metal transition by
increasing  temperature.?)  However,
temperature-controlled insulator to metal
transitions are possible in half-filled cor-
related systems if they exhibit a long-range
(e.g., magnetic or orbital) order at low temperature, as
shown by the green arrow in Figure 1la. In real systems, such
Temperature Controlled IMT involve a symmetry breaking,
which is in general a crystallographic symmetry breaking.
These insulator-to-metal transitions, noted “type 4” there-
after, strongly differ from the three Mott IMT discussed
above which occur without crystallographic symmetry
breaking. In the compounds showing a “type 4” tempera-
ture controlled IMT involving a crystallographic symmetry
breaking, the driving force behind the IMT is not related
only to the U versus W competition, but necessarily includes
an additional mechanism.
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203, with M = Cr and Ti. In this system, changing the V/M ratio by 1% is equivalent to applying an external

pressure of = 4 kbar.’2l b) Resistance versus pressure across the Mott insulator-to-metal transition in (Vg,0625Cro.0375)203- Adapted with permission.?!
Copyright 1970, American Physical Society. c) Photoemission spectra taken at 300 K (in the Paramagnetic Mott Insulator state, Pl) and 200 K (Paramag-
netic Metal state, PM) from the (001) surface of (Vq.939Cro.011)203. The black arrows highlight the Lower Hubbard Band in the Pl state, on top of which
a quasiparticle peak appears in the PM state. Adapted with permission.?l Copyright 2009, American Physical Society. d) Resistivity vs temperature in
pure V,0; and (V;,Cr,),03 with x = 0.006 and 0.012. Adapted with permission.[8l Copyright 1980, American Physical Society.

2.2. Examples of Canonical Mott Insulators

The phase diagrams shown in Figure 1 are purely theoretical
and an important issue is to establish their relevance in real
compounds. The most famous “canonical” Mott insulator
is probably the oxide compound (V,,Cr,),03. Its phase dia-
gram>-32l shown in Figure 2a indeed compares very well with
theoretical predictions. It contains a Mott IMT line ending
around 450 K and separating a Mott insulating phase from
a metallic phase. Figure 2b shows that applying a moderate
pressure increases the bandwidth!®! and induces a type 1
(Mott) bandwidth-controlled IMT in (V(9625Cr00375)203.5%
Moreover, despite the strong decrease of unit cell volume at
the IMT indicating a first order transition, the IMT occurs
between two R-3c phases, that is, without any crystallographic
symmetry breaking.*”! Also, the observation of a quasipar-
ticle peak above the lower Hubbard band, shown in Figure 2c,
confirms the correlated nature of the metallic state in pure
V,03.34 Finally, pure and Cr-substituted V,0; display an anti-
ferromagnetic insulating (AFI) phase at low temperature;
in pure V,03, an IMT occurs between the AFI (space group
12/a) and the metallic phase (space group R-3c) at =165 K.13’!
According to the classification proposed in Section 2.1, this
transition does not correspond to a Mott transition. It corre-
sponds to a “type 4“ IMT, that is, a transition associated with
a crystallographic symmetry breaking and driven by an addi-
tional mechanism which is magnetic ordering in this case.
Figure 2d shows that two successive transitions (type 4, AFI —
metal and type 2, metal — PMI) appear in a narrow V/Cr
substitution level around 1%.128 The type 2 low temperature
metal to high temperature paramagnetic insulator is expected
from the theoretical phase diagram of Figure 1a, as the Mott
IMT line is not vertical but slightly tilted.1?21:22] All these
features indicate that the V,0; system is a prototypical Mott
insulator.

Beyond the V,0; system, a few other canonical Mott insu-
lators have been identified, such as the 2D molecular family
k-(BEDT-TTF), X or the chalcogenide system NiS,. Se,.”]

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Recently another series of chalcogenides, the AM,Qg
compounds (A = Ga, Ge; M =V, Nb, Ta, Mo; Q =S, Se, Te), has
emerged as a potential new example of canonical Mott insu-
lator. These compounds exhibit a lacunar spinel structure, in
which the electronic sites correspond to the tetrahedral transi-
tion metal clusters My shown in the inset of Figure 3a.¥ In
GaM,Qg compounds, each M, cluster contain one unpaired
electron among seven (M =V, Nb, Ta) or eleven (M = Mo) d
electrons.% These compounds own a narrow gap of 0.1-0.3 eV,
which can be tuned by chemical substitution.*” At ambient
pressure, all AM,Qg compounds display two important char-
acteristics of canonical Mott insulators: they are paramagnetic
insulators above 55KB%#142 and do not exhibit any tempera-
ture-controlled IMT up to 800 K, as shown in Figure 3-a. More-
over, these compounds exhibit a bandwidth-controlled IMT
(type 1). GaTa,Seg and GaNb,Qg (Q = S, Se) undergo indeed
an insulator-to-metal transition under pressure, with supercon-
ductivity at T¢ = 2-7 K in the pressurized metallic state above
11 GPa.[*3*41 Recent studies of transport properties under pres-
sure in GaTa,Seg, shown in Figure 3b, prove that this pressure-
induced (bandwidth-controlled) IMT is of first order with an
hysteresis, as expected from LDA+DMFT calculations.[*>#¢l
Moreover, the optical conductivity shown on Figure 3c reveals
the signature of a quasi-particle peak in the pressurized metallic
phase of GaTa,Seg.*’] Another interesting feature of AM,Qg is
that they undergo filling- controlled IMT (type 3) when doped
on the A site or on the M site.[*¥] All these results demonstrate
that the AM,Qg compounds display the expected characteristics
of a canonical Mott insulator.

2.3. Insulator-to-Metal Transition in Other Correlated Insulators

Beyond the examples of canonical Mott insulators and Mott
IMT, many other half-filled insulators display temperature-
controlled IMT potentially interesting for memory appli-
cations. Most of these IMT are clearly not of the Mott type
1, 2, or 3 discussed above, but belongs to the type 4 IMT

Adv. Funct. Mater. 2015, 25, 6287-6305
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Figure 3. a) Resistivity versus temperature up to 800 K in two representative AM,Qg compounds, GaMo,Sg and GaTa,Seg. Inset : crystallographic
structure of AM4Qg (A = Ga, Ge; M =V, Nb, Ta, Mo; Q =S, Se) compounds, highlighting the M, tetrahedral clusters. b) Resistivity vs temperature
(4 K< T<300K) at different pressures in GaTa,Seg in the PMI (1 and 2.4 GPa) and metallic (5 GPa) states. The “bistability” of resistivity at 3.5 GPa
is a clear indication of the phase coexistence close to the Mott IMT line. Inset: LDA + DMFT results for the resistivity as a function of the tempera-
ture. The red crosses, blue squares, and green triangles correspond to the metal, insulator and coexistent solutions, respectively. The lines are a
guide for the eyes. Reproduced with permission.[**] Copyright 2014, American Physical Society. c) Optical conductivity vs wave number in GaTa,Seg
in the metallic state appearing beyond the Mott line under pressure (10.7 GPa). The low energy contribution corresponds to the quasiparticle peak,
a typical signature of electronic correlation. Reproduced with permission.[*”l Copyright 2013, American Physical Society.

since they are associated with crystallographic symmetry
breakings. Figure 4 gathers several examples of such “type
4” insulator-to-metal transitions, which include IMT in
Ca,RuO, (Tiwr = 357 K), 4 VO, (Tiyr = 340 K),59 NbO, (Tiner
= 1070 K),P" and ANiO; perovskites.’>%3 As illustrated by
the representative example of VO, shown in Figure 5, the
temperature-pressure phase diagram of these half-filled insu-
lators contains, unlike canonical systems (see Figure la and
Figure 2a), an IMT line separating a low-T insulating phase
from a high-T metallic phase of different crystallographic
symmetry.>+>°]

Finally it is worth mentioning that temperature controlled
IMT can also happen in non-half-filled correlated systems.
In mixed valence systems, insulator-to-metal transition
may indeed go along with a charge ordering transition, as
observed, for example, in 2D molecular systems®l and in
transition metal oxides (a short review can be found in the
literature).’”) Such IMT are always accompanied by crystal-
lographic symmetry breaking, with a lower symmetry in the
charge ordered insulating phase at low temperature. They are
thus related with the temperature-controlled IMT (type 4) of
half-filled systems discussed above. A prominent example is

Correlated insulators

% NN NN NN NN NN NN N N N NN NN NN NN NN NN NN NN NN N N S S SN N NN N SN NN S R N N S S Sy

| o Maltfiledinsuiators | Nontfiled nsustors |
: l’ Paramagnetic (Mott) Insulators \I " 1 :
e R e e i I -

: 1 : Canonical CSB-TC |; - :
i : i Mott IMT IMT : i Fe.O 1
O (V1.Cr);0;, PMIdmetal VO, : 3 4- +
|:| Ni(S,Se), NbO, : ' La,,SrNiO, 11
H AM,Q ANIO,  |; '
H g L A=Pr, Nd ' Pr,,Ca, ;MnO, !
il k-(BEDT-TTF),X (A=Eu, Sm) | (A=Pr, Nd) I, Flo7%d03 311
I|l I 1V,0,, AFI-)metaL: l

\——————————————————" TI

Nature of the IMT

Insulating state involved in the IMT

Figure 4. Classification of IMT occuring in various correlated insulators of interest for resistive switching effects. Unlike canonical (Mott) IMT which
result only from a competition between U and W (IMT in (V;,,Cr,),03, Ni(S,Se),, AM4Qg and k(BEDT-TTF),X), Temperature-Controlled IMT associated
with a Crystallographic Symmetry Breaking (CSB-TC) are driven by another mechanism : Jahn-Teller effect at T,y = 357 K in Ca,RuO,,*! a Peierls-Mott
instability at Tyyr = 340 K in VO,P% and at T,y = 1070K in NbO,,P'l magnetic ordering at T;y;r = 165 K in pure V,055% or a complex site-selective
transition in ANiO; perovskites.2l The compounds gathered on the right hand side are typical examples of non-half-filled systems where the insulating
state results from a charge ordering.
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Figure 5. a) Temperature-pressure phase diagram of VO,. Adapted with
permission.?¥l Copyright 2014, American Institute of Physics. b) Resis-
tivity versus temperature at the “type 4” IMT in VO,. This IMT is associ-
ated with a crystallographic symmetry breaking between the monoclinic
low-T and the tetragonal high-T phases. Reproduced with permission.!
Copyright 2013, American Physical Society.

the Verwey transition occurring at 122 K in the magnetite
F6304.[58]

3. Resistive Switching in Correlated Insulators

3.1. Resistive Switching Related to Temperature-Controlled
Insulator-to-Metal Transitions

In Section 2, two different classes of thermally driven IMT
were introduced, occurring with (type 4 IMT) or without (type
2 IMT) crystallographic symmetry breaking. For both types of
IMT, temperature can be used as a tuning parameter triggering
a resistive switching. Indeed, the application of an electric
field at T < Ty can lead to Joule self-heating and therefore to
a strong modification of resistance if the sample temperature
exceeds Tyt

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Such a thermal mechanism is at play in correlated metal in
the close vicinity of the Mott line, as recently confirmed by a
DMEFT theoretical study.”” In compounds such as (V;.,Cr,),053
(x = 0.01)l%) and NiS,,Se, (x = 0.45),162 a volatile resistive
switching under electric field indeed occurs due to Joule heating
effects, between a low T metallic phase and a high T paramag-
netic Mott insulator phase (see Figure 2a). A more recent work
on GaTa,Seg under pressure also underlines the important role
of Joule heating near the Mott IMT line.* This switching are
related to a Mott type 2 IMT and leads to an increase of resist-
ance during the pulse.

Also, this thermal mechanism convincingly explains the
switchings observed in the compounds displaying a type 4 IMT,
such as in V0,964 NbO,,%! Ca,Ru0,,>%! in pure V,0; below
the AFI-metal transition temperaturel®=%! and in magnetite
Fe;0,.7%71 These thermally induced switchings are essentially
volatile (i.e., low resistance state is maintained only under elec-
tric field) and appears above a threshold voltage corresponding
to a Joule heating threshold. The materials showing such a vol-
atile threshold switching behavior’?l can be used as selectors
in Resistive Random Access Memory (ReRAM) crossbar arrays,
in order to suppress the undesired sneak currents (a general
introduction on this concept can be found in the literature).l”’!
However, non-volatile resistive switching (i.e., the low resist-
ance state remains even after the end of electric pulses) can be
also achieved in these correlated insulators by fine tuning the
working temperature within the hysteresis domain of the first
order IMT, as demonstrated in VO,.”#75] However this com-
pound was barely studied in the context of ReRAM applications.

3.2. Valence Change Memories (VCM) with Mott Insulators

Resistive switching based on valence change is one of the
most known mechanisms for ReRAM, and has been the focus
of many reviews.”~'!l In non-stoichiometric transition metal
oxides like SrTiOs,, TiO,.,, HfO,,, Ta,0s.,, the migration of
oxygen vacancies under electric field along grain boundaries
or dislocations induces a valence change of the cations in the
vicinity of theses defects.

At the local scale, a transition occurs between a band insu-
lator involving empty d-orbitals (d°) with cations in their high
valence state (e.g., Ti*') to a metallic state (degenerated doped
insulator) involving partially filled d-orbitals (d*%) with cations
in a lower valence state (e.g., Ti*"). In oxides like SrTiO;.,,
TiO,.,, HfO,.,, Ta,0s.,, this phenomenon leads to a reversible
bipolar resistive switching!’®! by the formation/destruction of a
metallic filamentary path between the electrodes.>*7”] Alterna-
tively, the electro-migration phenomenon can also occur close
to the metallic electrode/insulator oxide interface and lead to
a bipolar resistive switching by modification of a Schottky bar-
rier.># This interface type VCM was for example observed for
StRUO;/SrTig 0oNb 0;03/Ag junction.®78l

As discussed in Section 2.1, filling controlled insulator-to-
metal transition can also occur in Mott insulators. In oxide
Mott insulators this type of IMT is easily achieved by tuning
the oxygen content.l?!l For this reason, non-stoichiometric oxide
Mott insulators can exhibit both filamentary and interfacial
VCM type resistive switching. Interfacial VCM type resistive
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switching was observed for various Mott or correlated transi-
tion metal oxides such as La,CuO,®! Pry,Cay;Mn0s,798%
and YBa,Cu30,_.BY1 On the other hand, filamentary VCM
type resistive switching was reported in many transition metal
oxide Mott insulators.'182] This type of resistive switching was
observed for example in NiO,!#*%4 Cu0,>%% and Co0,#”! and
proposed in Fe,05,88 and MnO,. The most studied system is
by far NiO. In this compound, many studies have revealed that
the resistive switching is related to the creation of metallic Ni
filaments by a thermally assisted ionic migration process while
the destruction of these filaments occurs due to Joule heating.
As a consequence unipolar resistive switching’®l was mainly
reported for NiO.'8384 [n the same way, resistive switching
in CuO films was associated to the formation and destruction
of conducting filaments made of a reduced phase, namely
Cu,0.%1 Conversely, resistive switching in CoO films was
proposed to be related to the formation of an oxidized phase
CO3O4.[89]

3.3. Resistive Switching Induced by Dielectric Breakdown

As discussed in the previous sections, most of the resistive
transitions observed in Mott and correlated insulators can be
explained by Joule heating driven phase transition leading
to an IMT, or by a filling controlled IMT induced by ionic
migration. However several experimental reports of resistive
switching in Mott insulators or correlated systems cannot be
explained by these mechanisms. This is the case of the vola-
tile resistive switching reported in the quasi-one-dimensional
Mott insulators Sr,CuO; and SrCuO, by Taguchi et al.’% or
in the insulating charge-ordered state of La,,Sr,NiO,°! A
so called dielectric breakdown occurs for these compounds
above a threshold field of the order of 10>~10* V/cm. Similar
phenomena were also reported for the family of chalcogenide
Mott insulators AM4Qg (A = Ga, Ge; M =V, Nb, Ta, Mo; Q =S,
Se),l1213] or for the molecular Mott insulators K-TCNQ,"?l and
k-(BEDT-TTF),Cu[N(CN),]Br.”?] In that context, many theoret-
ical works were recently devoted to dielectric breakdown caused
by strong electric fields in Mott insulators. These studies have
mainly focused on the Zener breakdown for Mott insula-
tors.*%] For instance, calculations were performed in 1D Hub-
bard chains using exact diagonalization,™ and time-dependent
density matrix renormalization group,! or in the limit of large
dimensions using dynamical mean field theory.®®! All these
theoretical studies have predicted non-linear behavior in the
current—voltage characteristics, and the existence of a threshold
field (Ey,) beyond which a field induced metal appears. This die-
lectric breakdown should occur when the electric field is such
that it bends the Hubbard bands by the gap energy Eg within
the length & of the order of to the unit cell. Hence, the Zener
breakdown is predicted to occur for strength of the electric field
Eg~Eg/ & of the order of 10°~107 V/cm.” This is at least two
orders of magnitude larger than the values observed experi-
mentally.'3091:93] Ag a consequence, volatile resistive switching
in Mott insulators cannot be explained by a Zener breakdown
scenario. Alternatively, recent studies on the AM,Qg Mott insu-
lators support that the dielectric breakdown originates from an
electric field induced electronic avalanche phenomenon. The
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following sections will describe in more detail the experimental
evidences, theoretical modeling and ReRAM applications of
this universal property of Mott Insulators.

4, Electric Field Induced Dielectric Breakdown
in Mott Insulators

4.1. Avalanche Breakdown in AM,Qz Narrow Gap Mott
Insulators

AM,Qg (A =Ga, Ge; M =V, Nb, Ta, Mo; Q =S, Se) Mott insula-
tors are very sensitive to electric pulses.['>13989] When an elec-
tric field pulse exceeding a threshold field (Ey,) of a few kV/cm is
applied to these compounds they undergo a sudden decrease of
their resistance. As an example Figure 6 shows the typical time
evolution of the intensity I(f) and of the voltage Viympie(t) across
a GaV,Sg crystal during the application of a series of short
voltage pulses to a circuit composed of the crystal connected
in series with a load resistance (sketched in Figure 6a).'%
An abrupt increase of the intensity and a lowering of the
voltage across the sample is observed for applied voltages
that exceed the threshold voltage Vy, (or more precisely the
threshold field Ey= Vy,/d with d the inter-electrodes distance)
shown as red dotted line in Figure 6b. These transitions cor-
respond to volatile resistive switchings from a high to a low
resistance state, since resistance returns to its initial value after
the electric pulse terminates. It is worth noting that these tran-
sitions cannot be explained by a temperature controlled IMT
(described as type 2 IMT in Part 3.1) since AM,Qg compounds
do not present any IMT in temperature (see Figure 3a). More-
over simple estimates using the energy release during the pulse
and the activated temperature dependence of the resistivity
show that Joule heating cannot account for the abrupt resistive
switching.[¥] Figure 6 shows that the resistive switching occurs
only above a threshold electric field Ey, (= 7 kV/cm for GaV,Sy)
and after a time tyej,, which decreases as the voltage across the
sample increases. The sample voltage Vil after the resistive
switching event always lies on the same value Vg, = 12 V (or
Ey, = 7 kV/cm) that also corresponds to the lower voltage that
can induce a resistive switch in DC measurements. The AM,Qg
compounds exhibit therefore a very specific current-voltage
characteristics with two branches. The first one corresponds to
the non transited state and follows the Ohni's law. The second
branch, which is almost vertical and lies at the threshold field,
corresponds to the “transited” state (see red dotted line in
Figure 6¢). All AM,Qg compounds exhibit the same type of I(V)
characteristic with threshold electric field in the 1-10 kV/cm
range.'¥l The magnitude of the threshold field in AM,Qg Mott
insulators as well as their I(V) characteristics compare well with
the threshold field values and I(V) characteristics observed for
avalanche breakdowns in narrow gap semiconductors.!'%! For
this reason it was proposed that the resistive switching observed
in the Mott Insulators AM4Qg originates from an avalanche
breakdown phenomenon.'%? In semiconductors the avalanche
threshold field varies as a power law of the band gap and fol-
lows the universal law Egoc Eg2°.[1031%4 Figure 6d reveals that
AM,Qg compounds have a similar variation of the threshold
field as a function of the Mott-Hubbard gap.!'° This power law
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Figure 6. a) Example of circuit used for measurement. b) Time dependence of the voltage and intensity across a GaV,Sg single crystal during 200 ps
pulses for several voltages applied to the circuit. Above a threshold voltage of =12 V (equivalent to 7 kV/cm), a resistive switching occurs after a time
tdelay Which decreases when the sample voltage (electric field) increases. All the transitions observed during the pulses are volatile, that is, the resistance
is the same before and after the electric pulse. c) Current-voltage characteristics measured during the pulses, before (blue circles) and after (open
squares) the volatile transition (see corresponding symbols in Figure 6b). d) Dependence of Ey, in Mott insulators and semiconductors. Threshold
electric field (inducing avalanche breakdown) as a function of the Mott gap E¢ for various AM4Qg compounds. The solid blue curve corresponds to a
power law dependence Ey, «<E¢2°. Inset: comparison of the threshold fields versus gap dependence for the AM,Qg compounds and for classical semi-
conductors. The solid blue line displays the universal law Ey,[kV/cm] =173 (Eg[eV])>® observed for semiconductors. Reproduced with permission.[%2

Copyright 2013, Macmillan Publishers Limited.

behavior provides a strong evidence that supports the avalanche
breakdown scenario in these Mott insulators.

4.2. Modeling of Avalanche Phenomena in Mott Insulators
Avalanche breakdown in semiconductors'®>-1%! is the conse-
quence of an impact ionization process: some electrons accel-
erated by an electric field can promote by direct impact other
electrons from the valence band to the conduction band, hence
creating electron-hole pairs.

In the same way, avalanche breakdown in Mott insulators
could result in the massive creation of doublons (i.e., doubly
occupied sites) and holes at the local scale, and hence break
locally the Mott insulating (MI) state into a correlated metallic
(CM) state. The volatile resistive switching was therefore mod-
eled by implementing a resistor network made of an array of cells
(Figure 7b) which represents a small portion of the crystal that
may be of a few nanometers.[1%21%] Each cell is either in MI or
in CM state, and its resistance is either in high or low resistance
state, respectively Ry;; or Rey. The transition between both states
was modeled using the energy landscape presented in Figure 7a.
The CM state has a higher energy Ecy than the MI state, since
the compounds are generally in the Mott insulating state and the
correlated metal state is metastable. The application of an electric
field increases the energy level of the MI state, and thus lowers
the difference in energy between both states. In this model the
MI — CM transition is mainly dependant on the electric field:

_Fp—qlAV] (1)

Pyiscn =ve T

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(v is an attempt rate, q is the charge, T is the temperature and
AV is the local voltage drop for the considered cell) while the
CM — MI transition is a thermally activated relaxation from a
metastable state:

Ep—Em

Poviomr =ve M (2)

This model reproduces the experimental phenomenology
of the RS (i.e., time evolution of current and voltage and I(V)
characteristic) and provides a microscopic view of the tran-
sition.[192108109 Under an applied electric field, insulating
sites transform into metallic at a rate given by Equation (1).
If the transformation rate overcomes the relaxation one of
Equation (2), then metallic sites accumulate with time (regime
depicted in yellow in Figure 7d) in the material. This pro-
cess continues until a critical density of CM regions sets off
an avalanche-like process, which ends in the formation of a
conductive path connecting the electrodes (regime in green
in Figure 7d). A typical filament is presented in Figure 7e,
just after its creation which leads to a resistive switching.
After percolation, the number of metallic sites still goes on
increasing (regime represented in pink in Figure 7d), although
at a lower rate, as long as the electric field is applied. In these
three different regimes, the rate of accumulation of metallic
sites accelerates when the applied electric field increases. As
a consequence for higher voltage the slope for the creation of
metallic sites is steeper (yellow region in Figure 7d) and the
time for the creation of the filament is shorter (green region
in Figure 7d). It explains the decrease of delay time after
which the transition occurs vs the applied voltage as found
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experimentally (see Figure 6a).[1%1%%] Finally, calculations com-
bining the energy landscape model with a thermal model con-
firm that the onset of the resistive transition is solely driven by
a purely electronic transition, while Joule heating occurs once
the metallic filament is created and the current starts to raise
in the circuit.'%]

4.3. Avalanche Phenomena in Mott Insulators: A Universal
Property

The avalanche breakdown phenomenon is a universal prop-
erty of classical semiconductors. According to the modeling
detailed above, avalanche phenomenon should also occur in
any Mott insulator provided that the electric field is strong
enough to destabilize sufficiently the Mott Insulating state.
Recent experiments support that the avalanche breakdown
as observed in the AM,Qg compounds can be found in other
narrow gap Mott insulators. Avalanche breakdown was indeed
demonstrated in the famous Mott Insulators (V,.,Cr,),0; and
NiS,.Se,.l'%! Figure 8 shows that these compounds exhibit a
similar behavior as GaTa,Seg with a sharp transition onset at
a threshold electric field of the order of a few kV/cm. In the
same way, the avalanche breakdown model might also explain
the resistive switchings in Mott insulators like Sr,CuO; and
SrCu0,,% or k-(BEDT-TTF),Cu[N(CN),]Brl®*! as the threshold
fields and I(V) characteristics observed for these compounds
are quite similar. Avalanche breakdown appears therefore as a
universal property of narrow gap Mott insulators. This transi-
tion can be considered as a new type of Mott transition. How-
ever avalanche breakdown differs from the filling-control or
bandwidth-control IMT described in Section 2. These classical
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Mott transitions are indeed static bulk properties while ava-
lanche breakdown appears as a dynamical and filamentary
Mott transition. This electric field controlled IMT will be noted
thereafter as type 5.

5. Non-Volatile Resistive Switching in Mott
Insulators

5.1. Evidence of Electric Field Driven Non-Volatile Mott IMT

For electric fields well above the avalanche threshold field
involved in the volatile transition, the AM,Qg compounds
exhibit a non-volatile resistive switching.!3 Indeed, the applica-
tion on AM,Qg crystals of short voltage pulses of large ampli-
tude induces a non-volatile drop of their resistance, namely the
low bias resistance measured after the end of the pulse remains
at a low resistance value. Figure 9a shows the resistance vs tem-
perature curve of a GaV,Sg crystal measured at low bias level
in the pristine and transited states. Whereas the pristine curve
is typical of an insulator, the transited state is characteristic of
a metallic-like material, showing a drop a resistance of several
orders of magnitude. As observed for the volatile transition,
the non-volatile transition appears in all AM,Qg compounds
(see the examples of GaV,Sg, GaMo,Sg and GaTa,Seg shown
in Figure 9).!*>M101 Interestingly, Figure 9c,d demonstrates
that this non-volatile resistive switching behavior can also be
extended to the other Mott insulators such as V;,Cr;303 and
NiS,, where the volatile transition has been previously dis-
played. These recent results suggest that both the volatile and
non-volatile resistive switchings could be generalized to the
entire class of narrow gap Mott insulators.
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Moreover the detailed study of this non-volatile transition
has shown that the successive application of unipolar electric
pulses to these Mott insulators makes the resistance switch
back and forth between high and low resistance states.!'3]
This reversibility of the non-volatile transition enables envi-
sioning memories based on these materials.''Zl Noteworthy
intermediate levels between high and low resistance states can
be reached,” which could be of interest for multi-level data
storage or memristive applications.

5.2. From Volatile to Non-Volatile Resistive Switching: Control of
SET and RESET

The existence of a volatile resistive switching (RS) above a
threshold electric field which becomes non-volatile at higher
field is a specific fingerprint of narrow gap Mott insulators.
Recent experiments provide insight into the relationship
between these two types of switchings.['**l Figure 10a,b show,
for example, that a series of seven identical pulses yields a
non-volatile transition while each of these pulses applied inde-
pendently would only trigger a volatile resistive switching.
Such an evolution from single pulse/volatile RS to multipulse/
non-volatile RS can be rationalized on the basis of the model
of resistor network with two competing phases already intro-
duced in Section 4.2. This model described on Figure 7 indeed
predicts that the application of an electric field in a Mott insu-
lator induces an accumulation of metallic sites. A volatile
resistive switching is triggered above a critical accumulation
threshold, through the creation of a conductive percolating

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

path. This model also predicts, as shown in the upper part
of Figure 7d, that the number of metallic sites still goes on
increasing after the creation of the filament, as long as the
electric field is applied. Simulations show that this accumula-
tion effect corresponds to an increase of the filament diameter.
In the experiments described above, the filament diameter is
then much larger after application of a series of a few consecu-
tive pulses than after a single pulse. These simulations thus
strongly suggest that the observed non-volatile stabilization of
the RS (“SET transition”) is directly related to the growth of the
conducting filament. This concept of critical size above which
the filament becomes stable is consistent with classical mecha-
nisms of nucleation and growth processes, where stabilization
of a phase becomes possible only above a critical size.!!'
Another appealing prediction of the model of resistor net-
work with competing phases is that the relaxation of metallic
domains toward their more stable (Mott) insulating state is
thermally activated. This suggests that Joule self-heating could
be used to promote the RESET transition to the high resistance
state.'3] Figure 10c shows that the application of a very long
pulse with electric field chosen to optimize the competition
between relaxation (heating effect) and creation (electric field
effect) of metallic sites, is indeed efficient to induce the RESET.
This long pulse relaxes the resistance to a value very close to the
pristine state, which may indicate the quasi-complete dissolu-
tion of the filament. On the other hand, no RESET transition is
observed when the duration of the pulse is reduced by a factor 4
(see Figure 10c) which fully supports a thermal mechanism for
the dissolution of the filament. Schemes of the filament evolu-
tion suggested by these experiments are shown in Figure 10.
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Figure 9. Variation of resistance as a function of temperature for various
narrow gap Mott insulators in pristine state (pink curves) and after the
application of an electric pulse inducing a non-volatile resistive switch
(blue curves), in a) GaV,Sg, b) GaMo,Sg, ) V;;Crg303, d) NiS,, and
e) GaTa,Seg. ) resistance versus temperature for various magnetic fields
(from 0 to 5 Tesla) in a transited GaTa,Seg single crystal.[*’)

To sum up, these experiments demonstrate the relevance
of the model of resistor network with two competing phases
in the description of both the volatile and non-volatile resis-
tive switchings. According to this model, the volatile resistive
switching corresponds to the creation of a conducting filament
too thin to be stabilized after the end of the electric field pulse.
Conversely, for a non-volatile resistive switching, the thickness
of filament is sufficiently large to allow its stabilization after
the pulse. Figure 11 summarizes this scenario and provides
schematic representations of the evolution of the filament
during the volatile, the “SET” and “RESET” transitions. Finally,
a very clear strategy of electric pulses application emerges from
this work: applying short multipulses with large electric field
for the SET and long single pulses with low electric field to pro-
mote the RESET.

5.3. Electric-Field-Induced Electronic Phase Separation and
Resistive Switching
The model of resistor network with competing phases suc-

cessfully describes key features of a macroscopic property, the
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Figure 10. Resistance variation of a GaV,Sg crystal, before, during and
after applying a) 1 pulse of 30 ps/120 V, and b) a train of 7 pulses of
30 ps/120 V every 200 ps leading to SET non-volatile transition. As
expected, the resistance drop during the first pulse shown in (b) is similar
to the one occurring during the single pulse in (a). Noteworthy the resist-
ance does not go back to a high resistance state between and during the
subsequent pulses. The resistances before and after the application of
the (series of) pulses are measured at low bias and are displayed as blue
circles. ¢) Pulse duration impact on the RESET transition in a GaV,Sg
crystal. 500 ps pulses in the 10-20 V range do not affect resistance level,
whereas a 2 ms /12 V pulse induces the RESET transition. The additional
sketches illustrate the evolution of the conductive filament through the
application of successive pulses.
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Figure 11. Schematic illustration of the filament evolution before, during and after the application of a pulse inducing a volatile transition, a “SET”
non-volatile transition and a “RESET” non-volatile transition. White and black domains represent respectively Mott Insulating and correlated metal
regions of the material. Top and bottom electrodes are depicted in blue, and dashed blue lines represent a critical radius of stability for the filament.

volatile resistive switching. It also suggests that new conducting
domains should appear at a microscopic level after a non-vola-
tile RS. Scanning tunnel microscopy/spectroscopy (STM/STS)
experiments have been carried out on freshly cleaved GaTa,Seg
single crystals before and after a non-volatile resistive switching
to explore this hypothesis.'>%115] These experiments have
revealed that the non-volatile RS is related to an electronic phase
separation at the nanoscale. While the surface topography of
pristine crystals is structureless, filamentary structures made
of nanoscale heterogeneities with a typical size of 30-70 nm
appear after RS, qualitatively oriented along the direction of
the electric pulses (Figure 12a,b).l'?l The analysis of STS map
shown in Figure 12d reveals that, beside an insulating matrix
with STS spectra similar to the pristine state (green areas, curves
A in Figure 12e-f), these RS-induced nanoscale heterogenei-
ties consist in two different kinds of domains. The first ones
are metallic (red areas, curve B in Figure 12d—f) and the others
super-insulating (blue-violet areas, curve C), that is, with a low
bias conductance smaller than the pristine one. Moreover the
analysis of the tunnel conductance vs voltage measured on each
point of Figure 12d was used to extract the distribution of the
local electronic gaps. Before resistive switching, the distribution

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of the gap values is homogeneous around 200 meV in the pris-
tine state, as shown in Figure 12g. Conversely, Figure 12h shows
that new gapless regions appear after RS (the metallic regions in
red on Figure 12d), whereas the super-insulating regions (blue-
violet regions in Figure 12d) correspond to a continuum of larger
gaps between 200 and 700 meV, embedded in an undisturbed
matrix whose gap distribution is centered around 200 meV.'3!
The STM experiments demonstrate therefore that for the
nonvolatile resistive switching the metallic filamentary paths
are made of a percolating granular metallic phase instead of a
percolating metallic phase as suggested by the modeling work.
This is further confirmed by transport measurements per-
formed after a non-volatile resistive switching. The resistance
of the crystal is then well described by a two resistance model
considering a granular metallic phase (with power law tempera-
ture dependence) placed in parallel with an insulating pristine-
like phase (with an activated law temperature dependence).”!
The nanodomains revealed by STM were carefully investi-
gated by energy dispersive X-ray spectroscopy, and by transmis-
sion electron microscopy.'’” No chemical composition change
nor any crystallographic symmetry breaking or amorphisation
between the electrodes were detected at the nanometric scale.
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Figure 12. STM/STS study of a freshly cleaved GaTa,Seg surface, before and
after RS: small-scale topographic STM images of a) the pristine crystal and
b) the transited crystal. ¢) Conductance map measured at —200 mV of the
area shown in (a) showing a homogeneous electronic state. d) Conduct-
ance map measured at —200 mV of the area shown in (b) exhibiting strong
electronic heterogeneities. e) Representative tunneling conductance spec-
trum of a pristine cleaved crystal. The gap Eg = 100-200 meV measured by
optical and resistivity measurements is indicated by the threshold blue line.
f) Tunneling spectra corresponding to zones A (green), B (blue—violet),
and C (red) displayed on image (d). The dI/dV spectra of the zone A (in
green) are similar to the one of the insulating pristine samples; the spectra
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This excludes the formation of conducting bridge-like fila-
ments,[''%l amorphous-crystalline transition as observed in
phase change materials!!’”! or phase transition similar to the
monoclinic-tetragonal phase change observed in VO, (see dis-
cussion in Section 2.3).

Moreover STM/STS studies have revealed the extreme sen-
sitivity of the crystal surface to the electric field generated by
the STM tip. Applying voltages above a threshold value between
the STM tip and the surface indeed allows switching nanodo-
mains of typical diameter 10-20 nm. These pristine—metal or
pristine—superinsulating switchings are reversible and always
accompanied by a small topographical change of the sur-
face."™ For higher tip-surface voltage, the surface deformation
is drastically enhanced and leads ultimately to an irreversible
indentation of GaTa,Seg crystal by the STM tip.[*®! Both effects
are completely unusual and provide clear evidence of a strong
electromechanical coupling in GaTa,Seg.

5.4. Towards a Microscopic View of the Resistive Switching in
Mott Insulators

The STM/STS experiments have unveiled a particularly impor-
tant feature of the non-volatile resistive switching in AM,Qs,
that is, the existence of electric field induced metallic nano-
domains without any evidence of crystallographic symmetry
breaking (CSB) with respect to the pristine Mott insulating
phase. Interestingly, this is reminiscent of the coexistence
of phases sharing the same crystallographic structure that
develops across the Mott IMT line in Cr-substituted V,05.[118!
This absence of CSB in transited AM,Qg thus reminds the
behavior expected across the “type 1”7 Bandwidth Controlled
Mott transition discussed in Section 2. This suggests that the
metallic domains shown in Figure 12d could correspond to
compressed domains of GaTa,Seg which have crossed the IMT
line shown in Figure 12i.

This hypothesis was tested using the superconducting transi-
tion observed at low temperature (T = 4-7 K) in compressed
GaTa,Seg above 11 GPa.[*}l Figure 9e,f show that the resistance
drops below 6K in a transited crystal of GaTa,Seg. This resist-
ance drop is gradually suppressed by a magnetic field of 5 T, that
is, a value in the same range as the critical field H, determined
on bulk GaTa,Seg under pressure.l*3 Moreover, the resistance
drop displayed in Figure 9e,f is only partial and does not go
to zero. All these features indicate the presence of granular
superconductivity, that is, of disconnected and non-percolating
superconducting domains after resistive switching in GaTa,Seg.
The absence of percolation is clearly consistent with the spatial

from zone B (blue—violet) are more insulating and hence are called super-
insulating while the spectra from zone C (in red) are “metallic-like”. g,h)
Distribution of the electronic gap extracted from a 500 nm x 500 nm STS
map, in the pristine (g) and transited state (h). i) Schematic temperature
— pressure phase diagram of the Mott insulator GaTa,Seg in its pristine
state. For negative pressure (expansion), the Mott-Hubbard gap increases
continuously. For positive pressure (compression), a discontinuous first
order transition occurs at a critical pressure (=3.5 GPa), and the com-
pound undergoes a Mott IMT. Above =11 GPa, GaTa,Seg becomes super-
conducting with critical temperature in the 4-7 K range.[*}l Adapted with
permission.['" Copyright 2013, American Chemical Society.
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distribution of metallic (red) domains depicted in Figure 12d,
which are disconnected from each other. To sum up, the pres-
ence of granular superconductivity directly proves the pres-
ence of compressed metallic domains in transited crystal of
GaTa,Seg.

The existence of compressed (metallic) domain has an inter-
esting consequence: from simple arguments of volume conser-
vation within the GaTa,Seg crystal volume, one can infer that
expanded domains should coexist with the compressed ones.
As discussed in previous workl”! and shown in Figure 12i,
expanding a Mott insulator leads to increase its Mott-Hubbard
gap. This scenario thus rationalizes the STM/STS studies dis-
played in Figure 12. In particular, the seemingly complex “elec-
tronic patchwork” shown in Figure 12d simply consists in a set
of compressed metallic and neighboring expanded super-insu-
lating domains, embedded in a pristine insulating matrix, and
organized along filamentary pathways.

More generally, all these results suggest that the electronic
avalanche breakdown induces the collapse of the Mott insu-
lating state into a correlated metallic state. This effect occurs
at the local scale and leads to the formation of a granular con-
ductive filaments formed by compressed metallic domains and
expanded “superinsulating” domains. This idea that a purely
electronic effect, the avalanche, is responsible for a strong
response of the lattice is quite natural in the context of Mott
IMT physics. For example, the driving force of all Mott IMT is
also purely electronic and the lattice response (e.g., the volume
contraction at the bandwidth controlled IMT)B% appears a
simple consequence of this electronic effect.?®l The Dynamical
Mean Field Theory indeed predicts that this lattice response
follows from a dramatic change in the electronic wavefunction
across the IMT, which has a direct effect on the compressibility
of the lattice.?®l The strong sound velocity anomalies reported
at the IMT in Cr-substituted-V,05!" and in molecular Mott
insulators'2%121l provide direct evidence of this effect. The
electric-field-induced resistive switching hence appears as a
new type of out of equilibrium Mott insulator-to-metal transi-
tion and as a universal property of narrow gap Mott insulators.
Finally the modeling work of this original mechanism of RS
supplies strategies to control both SET and RESET non-volatile
transitions. This will be valuable for the realization of efficient
ReRAM devices based on narrow gap Mott insulators. The fab-
rication of such devices and the characterization of their perfor-
mances are addressed in Section 6.

6. ReRAM Devices Based on Avalanche
Breakdown in Narrow Gap Mott Insulators

The resistive switching based on electric field controlled IMT
discovered on Mott insulator compounds like AM,Qg!!?1l
V15Cry303 or NiS, leads to non volatile transitions which
makes them potential candidates for ReRAM applications.
Studies on this type of ReRAM are scarce and mainly focused
on GaV,Sg. The following sections present therefore the
realization of metal insulator metal (MIM) devices using the
narrow gap Mott insulator GaV,Sg and describe the perfor-
mances obtained on these devices in the context of ReRAM
applications.
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6.1. Preparation of GaV,Sg Thin Active Layers and GaV,Sg Based
MIM Structures

The deposition of GaV,Sg material in the form of thin layers has
been investigated both by non-reactive RF magnetron sputtering
in pure argon'?2 and by reactive process in Ar/H,S mixturel!?*!
using a stoichiometric GaV,Sg target.'*! A process parameter
window enabling to obtain thin films has been determined
both in non-reactivel'??l and in reactive gas mixtures.'?3] For
both approaches, GaV,Sy thin films need to be annealed in the
450-600 °C range to exhibit a crystalline structure, as checked by
XRD analysis (Figure 13a). For films deposited in pure Ar, the
annealing is performed with excess sulfur, whereas thin films
deposited in reactive phase H,S/Ar do not need any enrichment
to achieve the targeted sulfur stoichiometry. After annealing, the
stoichiometric polycrystalline layers crystallize with the expected
lacunar spinel structure, (Figure 13a), and exhibit a granular
morphology as revealed by the SEM image of a 100 nm annealed
thick film elaborated with 1% H,S content (Figure 13b).

Several MIM structures Au/GaV,Sg/Au were subsequently
realized (Figure 13e,f) using these well crystallized GaV,Sg thin
layers. TEM analyses reveal the excellent crystalline quality of
the GaV,Sg/Au interface at top and bottom electrodes, with
GaV,Sg atomic planes clearly visible at 2 nm from the interface
(Figure 13c), without any interfacial amorphous layer.['?’)

6.2. Resistive Switching in GaV,Sg MIM Structures

Resistive switching experiments were performed on GaV,Sg
MIM structures. A non-volatile resistive switching can be
induced by applying electric pulses to polycrystalline GaV,Sq
thin films. The resistance versus temperature depend-
ence of the GaV,Sg polycrystalline thin layer, displayed in
Figure 14b, changes from an insulating state in the pris-
tine state (Ropr = red curve) to a conductive one (Roy = blue
curve) after the application of short electric pulses in the
500 ns—10 ps range. This is completely similar to the resis-
tive switching observed previously on single crystal (see com-
parison in Figure 14a,b). Moreover, a significant difference
between Ry and Rggy is still observable on thin films at 300 K
(Figure 14b). The pulse protocol described in Section 5.2 was
therefore tested at room temperature in order to control the
SET and RESET transitions on GaV,Sg MIM structures. This
voltage pulse protocol alternates a series of seven identical
short pulses of large amplitude to generate the SET transi-
tion with a single long and low amplitude pulse to generate
the RESET transition. Using this pulse protocol a reversible
switch back and forth between the high and low resistance
states was observed at room temperature on this Au/GaV,Sg/
Au MIM structure (Figure 14).

6.3. Performances of GaV,Sg Based ReRAM Devices

Electrical performances such as endurance, scalability, and
retention times were evaluated on GaV,Sg MIM structures. The
endurance was measured on a GaV,Sg based device and exceeds
65 000 successive cycles with less than 0.01% error rate.!'’]

Adv. Funct. Mater. 2015, 25, 6287-6305



ADVANCED
FUNCTIONAL
MATERIALS

'a\
M“h\)iié

www.MaterialsViews.com

—
V)
~

Powder

>

(400)
331)
422)
(511)
(440)

{i(zzz)
-
.

(220)
(311)

—(111)
= (200)

| -

Thin film

After annealing (H,S)

Intensity (arb. Units)

(d) Carbon-paste (e)

Gold wires &7 e€lectrodes

q
Gold line 2 um

Figure 13. Typical characteristics of GaV,Sg thin layers (from top to
bottom): a) X-ray diffraction pattern of a 400 nm thick layer after 1 h
annealing at 873 K under H2S flow and comparison with the one of home-
synthesized powder used as a reference; b) SEM image in cross section
of a 100 nm thick GaV,Sg layer elaborated with 1% H2S after annealing
at 813 K; c) high magnification TEM picture of the bottom GaV,Sg/Au
interface within a 50 pm x 50 pm Au/GaV,Sg/Au MIM structure; d) Sche-
matic drawing of the 2 pm x 2 ym MIM structure cross-section; e) SEM
images of the corresponding substrate before deposition of the GaV,Sg
layer (surface view).

The downscaling properties were also investigated on
MIM structures!'! with electrode pad size ranging from
50 pum x 50 pm down to 150 nm X 150 nm. As displayed
in Figure 14 d the Ropp/Roy ratio strongly increases with
decreasing pad area and reaches values larger than 1000 for
pads of 150 nm X 150 nm. This result can be easily explained
considering the filamentary model depicted in Section 5. As
long as the cycling involves the creation/full dissolution of
a single filament, Ropp is indeed expected to scale with the
inverse of the pad area 1/S while Rpy is expected to depend
only on the resistance of few filamentary conducting paths cov-
ering a small area. As a consequence, Rogg/Roy should increase
as 1/S for small pads area, which is observed experimentally
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Figure 14. Typical electrical characteristics of GaV,Sg MIM devices. Gold
is used for the metallic electrodes of the thin-layer-based MIM devices.
a,b) Comparison of the temperature dependences of high and low resis-
tive states for a) a 300 ym GaV,Sg single crystal and b) a 400 nm thick
GaV,Sg thin layer obtained in pure Ar phase (50 ym x 50 pm pad size).
c) Resistive switching cycles obtained on 2 pm x 2 ym and 150 nm thick
GaV,Sg based MIM structure in series with Ri,,q = 10 Q, by applying suc-
cessively a multipulse sequence (seven 3.2 V/500 ns pulses, period 3.5 ps)
and single 1.6 V/500 ps pulses. d) Variation of the Rogr/Ron ratio vs the
electrode area. The dotted line indicates the dependence expected for a
simple model of creation / full dissolution of a single filament per memory
cell. Inset: RS cycles obtained with a 150 nm x 150 nm pad size exhib-
iting Rorr/Ron ratio larger than one thousand. e,f) Evolution of e) Roy and
f) Rogr versus time for two different 2 ym x 2 ym MIM structures with
retention extrapolation to 10 years, and comparison with their initial Rore
and Roy levels. The performances evaluated in (c—f) were obtained at 300 K.

for areas below 5 pm? (Figure 14d) and should keep increasing
as long as pad sizes remain larger than the filamentary con-
ducting paths. Ropg/Roy ratios larger than the 10°-10* current
values can thus be expected with further pad size downscaling.

The stability of high and low resistive states obtained on
MIM structures has been investigated at room temperature.
Extrapolation of Ropp and Roy to 10 years shows respec-
tively slight increase and decrease of these resistance levels
(Figure 14e,f). Both states exhibit therefore good retention time
which is promising for data storage.

Another interesting feature of the switching mechanism
observed in narrow gap insulators is that it enables a simple
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to the 12 V reported for Flash memories.!'?]

Among other ReRAM emerging technologies,
Mott insulator based ReRAM devices could
be thus considered as really promising candi-
dates to take over the Flash technology.

separation

H way to tune the SET voltage. Indeed the [Rueiesses Resistive
%] resistive switching is driven by electric field Metal switching ~ Mott Correlated
= of the order of kV/cm. The SET voltages Transition mechanism insulators insulators
- used on single crystals (typically 30-50 V for 63,04
g 10-30 pm inter-electrode distance) largely J VOZ[ &4
w decreases on thin films (down to 1.5 V for  Temperature- [60] e NbO, [65]
[ 150 nm). SET voltage value lower than 1 V Controlled ° (Vo_ggcr0_01)203 e Ca,RuO, [5,66]
» is therefore expected for sub-100 nm thick IMT Thermal . [61, 62] Y N e —
E thin films targeted in future devices. Finally gﬁgeﬁ o NiSy455€055 [67.6859] { metal)
1] writing time (SET transition) of 7 x 15 ns [70,71]
L and erasing time (RESET transition) as short o Fes0, ™™

as 500 ns were obtained in GaV,Sg planar [10,83.84]
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To summarize, the endurance of Mott- oy e CuO (389
. . . Controlled  Valence
RAM devices is very promising compared to IMT Change -
values ranging from 10 to 107 cycles currently (type 3) e YBa,Cuz0., [79]
. . 112 " Interfacial [8] Pro.7CagsMn0O;

obtained in Flash technology.!'?l The writing e La,Cu0,

time of 7 x 15 ns and the erasing time of 500

ns are favorable compared to characteristics e NiS,.,Se, I
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et n i gy, et v ¢ Vi Cr )0,
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stands as a huge advantage when compared (type 5) electronic phase

e Sr,Cu0;
e SrCu0,
e x-(BEDT-TTF),X [**

Figure 15. Classification of resistive switching mechanisms in Mott and Correlated Insulators

depending on the type of IMT involved in the resistance change. Compounds names written
in normal, italic and bold characters display respectively non-volatile, mainly volatile and both
volatile/non-volatile resistive switching.

7. Conclusion

Insulating state may arise in systems with an integer number
of unpaired electrons owing to strong electronic correlations.
The most prominent examples of these type of systems, known
as Mott Insulators, are (Vy,Cr,),03;, NiS, Se, and AM,Qg.
There are several ways to destabilize the Mott insulating state.
The best known ones consist in either applying pressure
(bandwidth-controlled IMT, type 1), changing the temperature
in the vicinity of the Mott transition line (temperature-con-
trolled IMT, type 2) or doping the system away from half filling
(filling-controlled IMT, type 3). Recently another way to desta-
bilize the Mott insulating state was reported consisting in
applying strong electric field. Electric field can indeed initiate
a dielectric breakdown of the avalanche type in Mott Insula-
tors which can be considered as an electric-field-controlled IMT
(type 5). These insulator-to-metal transitions which emerge
from the Mott insulating state are called Mott transitions and
do not involve a change in the crystal structure symmetry.
Alternatively, many insulating correlated materials like VO,,
Ca,Ru0, or Fe;0, display temperature-controlled IMT (type 4)
associated with diverse phase changes that all involve crystal-
lographic symmetry breakings.

Temperature, filling or electric-field-controlled IMT which
appear in Mott or correlated insulators are interesting in the
context of Resistive RAM. Indeed, resistive switchings in Mott
or correlated insulators can be classified under three types of
mechanisms depending on the type of IMT responsible for

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the change of resistance (see Figure 15). A first type of resis-
tive switching can be explained by a Joule heating induced
Temperature-Controlled IMT (type 2 and 4). This thermal
mechanism of resistive switching is encountered in Mott
insulator systems like (V;,,Cr,); O3 (x = 0.01) and NiS,_Se,
(* = 0.45) and in many correlated insulators like VO,,
Ca,RuOy,0r Fe;0,.

A second type of resistive switching observed in correlated
and Mott Insulators is based on an ionic migration process. In
transition metal oxides migration of oxygen under electric field
can indeed induce a filling-controlled IMT (type 3) either along
filamentary paths or at the oxide-metal electrode interface. This
type of resistive switching first described in band insulators like
StTiO; is called VCM for Valence Change Memory. Filamen-
tary VCM type resistive switching occurs in Mott insulators like
NiO while interfacial VCM type resistive switching occurs for
various metal- insulator junctions made of correlated materials
like Pry5Cay3MnO; or YBa,Cuz0-_,.

Finally, the last type of resistive switching is related to the
electric-field-controlled IMT (type 5) or avalanche breakdown
recently reported in Mott insulators. This avalanche break-
down induces the collapse of the Mott insulating state at the
local scale and leads to the formation of filamentary conducting
paths. Depending on the electric field value these filaments
can be either volatile or non-volatile (SET transition). Non-
volatile filaments may be destroyed by another electric pulse
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thanks to Joule heating (RESET transition). This type of resis-
tive switching is universal to narrow gap Mott insulators. It
was already demonstrated in several family of Mott insulators
like (Vy.,Cr,); O3, NiS,.,Se, and AM,Qg. This new mechanism
of resistive switching shows promising features such as resis-
tive switching ratio Ropp/Ron exceeding 103, cycling endurance
reaching more than 65 000 RS cycles, data retention time till 10
years and writing speed below 100 ns. All these results confirm
therefore the high potential of this Mott type resistive switching
for ReRAM applications.
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