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What is Resistive Switching (in TMOs) ?

It is the sudden change in resistance due to a strong electric stress (V or /)

1) The change may be permanent, ie non-volatile, and reversible

(Obvious) Application as electronic memory device: RRAM (aka: ReRAM, OxRAM, memristors)

2) The change may be non-permanent ie volatile

Less obvious applications are practical realizations of:

artificial synapses (1) and artificial neurons (2)

New functionalities of TMO materials



Neuromorphic circuits and computation is a very hot topic

Bio-chips (CMOS hardware)

Deep Neural Networks (software)
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Novel electronic devices for neuromorphic systems

I

CMOS pre-neuron i

I

|

RRAM i
synapse !
i

i

I

|

I

|

- CMOS post-neuron

Park et al Nanotechnology ‘13

Neurons and Synapses:

Great oportunity for oxyde electronics !




1 - Non-volatile Resistive Switching

Basic concepts
Physical mechanism
Simple model



RS research is not new

it begun more than 50 years ago...
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Ficure 10. Photograph of X-Y ascilloscope V-I trace for a complete voltage cycle between en
0 and 9V at (a) 300 °K and (b) 77 °K. Scales are x = 1 Vjdiv, y = 10mA/div.
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Typical RRAM systems (aka ReRAM, OxRAM, memristor)

PLD made films

~100nm I
Au, Pt, Ag, SrRuO,etc

PrLaCaMnO, YBaCuO,LaCuO, SrTiO, SrZrO, TiO, CuO, NiO, etc...
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Key issues

* Endurance

* Retentivity

e Resistance on-off ratio
* Power dissipation

e Commutation speed



NiO
Baek el al 2004
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Fast commutation speed nsec

1k1 10 100 1k 10k100k 1M 10M100M 1G 10G
Endurance Number

By balancing the SET pulse WL=1V,BL=1.8V, 5ns and RESET pulse WL =3V, SL=1.8V, |0ns,
10'9 pulse endurance could be achieved on 40nm Hf/HfO, ITIR devices.

YY Chen et al 2012




Key issues

 Endurance

* Retentivity

e Resistance on-off ratio
* Power dissipation

e Commutation speed

* Physical mechanism ?1?
Voltage — time dilema



The Periodic Table of the Elements

corresponding binary oxide that

ﬁ exhibits bistable resistance switching ﬁ I—ie
. : 5 6 7 8 9 10
1111 ]?F metal that is used for electrode B|C|N|O]|F|Ne
. B 1[5 [ | 17| 18

Na (Mg AllSi|P|S |Cl|Ar

19 20 21 22 23 24 25 26 27 29 30 31 32 33 34 35 36

28
K |[Ca|[Sc|Ti| V |Cr|Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge|As|Se | Br | Kr

37 38 39 40 41 42 43 47 48 49 50 51 52 53 54

+4 5 46
Rb| Sr| Y | Zr [Nb|Mo| Tc [Ru|{Rh|Pd|Ag|Cd|In [Sn|Sb|Te| I |Xe

55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86

Cs|Ba|La|Hf | Ta| W |Re|Os|Ir | Pt |Au|Hg| T1 | Pb[Bi |Po | At |Rn

87 88 89 104 | 105 106 | 107 | 108 | 109 | 110 | 111 | 112 114 116 118

Fr |Ra|Ac|Rf |Db|Sg |Bh|Hs | Mt

58 59 60 61 62 63 64 65 66 67 68 69 70 71

Ce| Pr [Nd | Pm|Sm|Eu|Gd | Tb |Dy|Ho | Er |Tm|Yb|Lu

90 91 92 93 94 95 96 97 98 99 100 | 101 102 | 103

Th|Pa| U |[Np|Pu|Am Cm|Bk| Cf|Es |[Fm/Md|No | Lr

Astonishingly universal!

Wong et al IEEE 2012



Initial state

Oxygen vacancies
are involved in RS!

A few bubbles form
under the TiO, layer

k . Then
O T X +V OnTE

Not surprising...
Universal functionality
of TMOs _

and Bon s - Pl
Universal presence
of O in TMOs

New bubbles grow Bubbles disappear

in.sizt.z and number immediately when the”
with time +V/ bias is removed

Larger and
longer +V
onTE

Large bubbles
Some small permanent | gfow to engulf
deformations remain neighbors

Figure 2. Gas bubble behavior under (b), (c) negative bias, then
under (d)—(h) positive bias. (g) Atomic force micrograph of eruption
features remaining after the bias voltage was removed. Videos of
bubble evolution are available in the supplemental information
(available at stacks.iop.org/Nano/20/215201).

/ Oxygen bubbles!

JJ Yang et al 2009



Evidence of different type of switching
Filamentary and non filamentary conductive structures
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Observing the filaments (CuO)
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HRS
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There are two main types of Non-volatile Resistive Switching:

Non-Polar Bi-Polar

o
o
@)
ro
-
pe)
w
°
\
| g

Current (A)

= o

py) 4

wn

3
Current (A)

RS (on) 01 N\

e b

-0.2¢ TilLapCuOy/Laq g5Sr( 35CUO4]
1 L L . ;

6 4 -2 0 2 4 6
Voltage (V)

. PUNIO/Pt
2 -1 0 1 2
Voltage (V)

(©) Formation/Rupture

'—
w7
-~

Oxide
Metal

Filament

A Sawa, Mat Today (2008)



A simple model for bi-polar RS



Voltage-enhanced Oxygen drift (VEOD) model

Inhomogeneity 1-d channels

Higly resistive interfaces (Schottky)

!

!

initial oxygen vacancy density profile

1

“formed” oxygen vacancy density profile

4

A

Ag

Ar

MR, Sanchez, Weht, Levy, Acha PRB ’'10

(see also Jeong,Schroeder and Waser et al PRB’09
and R. Meyer et al NVMTS2008)

Oxygen drift (enhanced by V)

| [a]o] |

\ - 4
Pab = 0a(1 — &) exp(—Vy + AV,)
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Resistance (Q)

Non-trivial test: “Table with legs mystery”
MR, Sanchez, Weht, Levy, Acha PRB 10
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Some new theoretical insight

Shock Waves and Commutation Speed of Memristors
Phys. Rev. X 6, 011028 (2016)

- _—
Ph)/SICS Synopsis: Waves That Shock Resistance




OR(*) =1—In(1+41"/7,)/ In(2)

7,(1) = (xiznt/DIRHI) exp (—I/Ryy/Xin)

X nt

width of Schottky barrier

Ry, resistance of HI-R state



Strong correlation effects?

2 — Volatile Resistive Switching

in 3-dimensional Mott insulators
« Mottronics »



The classic example: Mott transition in V,0,
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-ImG

DMFT of the Mott — Hubbard transition

Georges, Kotliar, Krauth & MR, RMP ‘96

Georges, Kotliar PRB ‘92
Zhang, MR, Kotliar PRL ‘92

Coexistance region: 2 solutions
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Mott physics + electronics
« Mottronics »

Applying strong E-fields to
Mott systems



Volatile RS in 3D Mott insulators
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Volatile RS in 3D Mott insulators
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What is the origin of the Mott electric-breakdown?

Hubbard model 1D

“Upper Hubbard band”

doublon
b P

“Lower Hubbard band”

T.Oka et al. ‘03 ‘05 ‘10 ‘12
F. Heidrich-Meisner et al 10

M. Eckstein et al. ’09 ‘10’11 (DMFT)
M. Schiro and M. Fabrizio 10 (TGW)
A. Amaricci et al. ‘12 (DMFT)
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Model of the Mott resistive transition
(with inspiration from DMFT)
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Model results: Threshold Mott resistive transition
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How the transition evolves in time?

Top electrode

ottom electrode

Each pixel is a cell of the resistor network model

Color intensity indicates the local AV drops (ie local E)




How the transition evolves in time?
(snapshots)

time -



Model validation P. Stoliar,MR, et al., Adv. Mat. (2013)
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A Leaky-Integrate-and-Fire Neuron Analogue realized with a Mott insulator

P. Stoliar, MR, et al Adv Funct Mat (2017)
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Summary

* We now have artificial synapses and neurons made of simple 2 terminal oxide devices
whose physics is based on the physical phenomenon of resistive switching

* Theoretical modeling may provide useful guidance for experiments

 The way is open for neuromorphic aplications
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