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* Introduction: RRAM technology and
applications

* Few examples:
— Ferroelectric tunnel junction memory
— Mott Insulator memory
— Electro Chemical Memory (CB-RAM)
— OXRAM

« Valence Change Memory
 Thermo Chemical Memory

» Conclusion: main challenges
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ST re— RRAM: big picture
Principle of RRAM

i . it to discriminate two (or more)

| A R,,= logical’1
. on J resistance states by electrical Metal electrode
N stress (1 bit of information, or \
" R=logical’0”  more)

« Evaluate this state by a

: V 1] ] . .
Viead ante Clzrericri] t voltage, i.e. probing
» Equivalent to a tunable
resistor

. Switching material
 Non volatile g

The time voltage dilemma

In other words: we want the write voltage V. t0 be fast and to induce a large
change of resistance and we want to be able to read for a very long time at V,__4 W/0
changing the state: not trivial.

Whatever is the physical mechanism originating the change of resistance, we need
NON LINEARITY

Ex: the worst non-volatile memory
Storing charge on a capacitor

Q, =1 IT

> N\
\ ' store write R/\ " Store/ Twrlte 10 6
| to become a Non-

> Volatile memory

V‘ Write ! Read t VW”te Read
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Some semantic...

v=TR(w)

dw

dt

-1.0 -0.5 0.0 0.5 1.0
Voltage

If we follow precisely the definition of
memristor, none of the RRAM belongs to
this class, but if we extend memrsitor to
memristive devices, all RRAM can fit into

this class...
“More or less the same, but not exactly

similar...”

Classification under construction

O—M/\:—:Q.(o |}

Capacitor
dg = Cdv

Resistor
dv = Rdi

dy = vdt

oy

Inductor Memristor
de = Ldi de = Mdqg

[ e

Memristive systems

Figure 1| The four fundamental two-terminal circuit elements: resistor,
capacitor, inductor and memristor. Resistors and memristors are subsets of
a more general class of dynamical devices, memristive systems. Note that R,
C, L and M can be functions of the independent variable in their defining
equations, yielding nonlinear elements. For example, a charge-controlled

memristor is defined by a single-valued function M(q).
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L N o
For RRAM to become a success story, it needs to bring more to industry,

performances

The Holy grale: a universal memory

| 1 ! 1
[ SRAM J [ DRAM ] [ Mature ] [Prototypica\] Emerging

*  Fast (sub 10ns) Flash Try to do

device:
* Fast (<10ns)

word line . slow’ Nono PCM * Low switching energy (pJ)

* Non-volatile (10 year@85C)

1
— FET .
I T__l__-L_ » need Iarge voltages Electronic « Reliable

* Need refresh and/or
power ON «[ NAND } «[ PCM ]

Redox

(i

capacitor ° Scallng ISSUe

hit line ® 4-termina|
» High retention time

—|  Polymer

Floating Gate
( Gate ] Stores Electrons

And more...

* Sub 10 nm integration

both with the same

Vee2 » High endurance (up to 1012
—| Nano-Mech CyC|eS

(e06s000) —{_ Moleculr - New computing solution

Sourco | \ orain *  Multi-bit

Table 1| Comparison of memory and storage technologies™. Note that circuit-level overheads for the listed performance metrics
are in general different among different device technologies and could often dominate individual device performance.’

Memristor PCM STTRAM SRAM DRAM Flash (NAND) HDD
Prototypes Commercialized technologies
Reciprocal density (F?) <4 4-16 20-60 140 6-12 1-4+ 2/3
Energy per bit (pJ) 01-3 2-25 01-25 0.0005 0.005 0.00002 1-10x10°
Read time (ns) <10 10-50 10-35 01-0.3 10 100,000 5-8x10°
Write time (ns) ~10 50-500 10-90 01-03 10 100,000 5-8x10°¢
Retention years years years Aslongas <<second years years
voltage applied

Endurance (cycles) 107 10° 10" >10' >10% 10* 104

*The energy to operate NAND Flash is typically hundreds of picojoules per bit primarily because accessing the memory cells requires charging word and bit lines to high voltages. *Smaller number represents an
effective area for multi-level cells. PCM, phase-change memory; STTRAM, spin torque transfer random access memory; SRAM, static RAM; DRAM, dynamic RAM; HDD, hard disk drive.
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RRAM potential

O Wide range of material systems (many , , —_—
CMOS compatible) and physical phenomena 3 but simple functionality

O High density due to lateral scaling and ..

<
>
c
L-10¢
o 2
200 2P,
2 -1 0 1 2
Voltage (V)
J. Yang et al. Nature Nano,
2005 - _ _ (2008). _ .
... monolithical 3D integration 0 Solution: hybrid circuits

crossbar add-on
with integrated
memristive
devices

CMOS circuits
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MEMORIES AND STORAG

ltransistor/1resistor(1T1R)

word line

memory cell
l’ memristor  Selected
le Jeo| |2
n o LE% "-’—% s
oRr _ _ _
=0 & * *
@) g 0—'_\% 0—'_\% »—'—E
A& A& *
q q <
selectedn’_,—é ’J—E ﬁ%
bit line V|

‘CMOS sense/drive circu‘ts

READ OPERATION
leakage current

> o

N

<

R

“

i

floated

O0T1R memory cell

LOGIC

(HPLab, Nature)
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(CMOS)
<— transistor
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Killer Applications

HYBRID CIRCUITS

crossbar add-on 22 éﬁ \_é .
with integrated £ / I Om

memristive ( \%Op v state
devices (nano)wire ) Y vV
conventional level I- x

complimentary OF | ' VwriTe

metal oxide ' similar two- state /|

V
semiconductor bottom terminal READ j
(CMOS) circuits  (nano)wire memristive
level devices at each

‘ crosspoint

crossbar wires (only few
are shown for clarity)
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State-of-the-Art Performance

2 ! SAIT »
5, 1E11¢ HP Labs
: o 1E9 .
1) yield and O . Panasonic Corp.
1E7}
repeatability g 4  Fujtsu Labs
10) density A 2) endurance 5 100,000}
c P e several groups
N : W 1,000— : : : : :
; . o, memory 2006 2007 2008 2009 2010 2011
Govoreanu,et all IEDM, 2012 9) number of - ‘/ \ 3) reciprocal Year
states ©® ‘,, -7 switching 2000 ; ; -
Ioglc —‘9 energy
1500}
‘A ,03 4) switching g
8) nonllnear / speed < 1000
‘4. d {‘demonstrated 2 £
\;/ . 500 b 1A
7) ON state 5) retention A—
e e resistance 6) on/off 0 : \ peore)
o i current ratio 0 > 120
Energy (pJ)

Kawahara et al. Samsung, 2012 J. Yang and D. Strukov (Nature Nano 2013) Strachan et al, Nanotechnology, 22,
W Decrease Weight I 3 L 505402 2011
= Increase Weight 120uA - SET

g 1E-4 4 Stand-by (Read only) i o B Ag-Ge-Se 2 |

> o } 60pA E A Cu-Sio ON state OFF state

COE) ; e el -~ 1:’25 H 2 B 1 reading RESET reading |

N©' .\| ;\__/ ,,,,,,,,,,,,,,,,,,,,,,,,,,,, 30uA %momé_ ‘;:"0 s RS

= ] s 1om g .

g \ ./ 154A . § g [ '

= Sl g Mg > é ! Roe

© g5 \ : : 8 100k 2 ﬁ'o/ Vi Gt |

i TuA F = _o——o——v-—-’—?RCH a
g - "kf  Schindler, PhD S [ By
. ; 1k ;
0 1000 2000 3000 65 B TheS|sd 20()",9 o Fo o0 200 400 600 ' 0 200 400 600
Pulse Number 107" 10719 10° 10® 107 10® 107° 107* Time [ps]



1) yield and
repeatability

10) density T 2) endurance

\ | /'memory

9) number of W \ ™ 3) reciprocal
g \"~R./ switching
\ —7  energy

states P
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4) switching
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RRAM technologies

Resistive Switching

L1 I
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AR Lo chemical switching This review

phenomena in oxides

Mott transition

rEr g memarie) - classilication ol the resitive Swilching mecham sms.
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Next big challenge:

Percentage of down domains

I (uA)

Cell area

Retention
time

Write cycles

Integration with CMOS friendly materials
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Mott Memory

Carbon-paste electrodes
Gold wires Gold

V V
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Electric Field induced
Breakdown
of the Mott state

50

P. Stoliar et al,
Adv. Mater. 25, 3222 (2013)

Timey(cycle #)

Modeling of the volatile resistive switching

Electric Field

conductor

insulator

Metastable ON state

-> OFF state more stable
(volatile transition)

BUT domain size effect
that induces a non-
volatile transition

V. Guiot et al.
Nature Comm; 4, 1722 (2013)



Electrical performances of GaV,Sg for Mott memories

Writing / erasing times £ 100 ns

Resistive switch cycling endurance Carbon-paste electrodes

Gold wires

2V / 1ms pulses on 50x50pm? MIM structures || D i
B ; — - 1100
sl - | i
E =
C) j 1050 |
x | }
% Il & 8V / 100ns pulses on S
] ! 20x3 um? planar structuteshs

" - 65000 cycles , errar rate < 0,1 %o 1000
i i - j H i - I . I i L 8

84200 210 220 230 16140 16150 16160 16170 54140 54150 54160 E 6
number of cycles % i

+ writing / erasing >
0

<
voltage < 2V J. Tranchant et al. Thin Solid Films, 533 (2013) 61 20

Increase of R /R ¢ with
downscaling

Data retention : high and low resistance states > 10 years
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Electrochemical Cell

* Other names:
— Solid state electrolyte memory
— Conductive bridge memory
— Programmable metallization cell

electrolyte

J

Solid state electrolyte with
host ions M4* ions

Active Electrode(€.9- Ag,S, Cu,S, RbAg,ls) Counter Electrode

(e.g., Ag, Cu) or (e.qg., Pt, Ir, Au, W)
insulator doped with M#*

(e.g. SIO,, WO,, GeS,

GeSe)
[ 4
= typically amorphous or mINSTITUT %g__
. \ / AT . CARNOT Recherche
@ E{Lﬁﬂ whe X Jof / crystalline o MmO




4 .!-; | Sulfides:

@ o

Electrolytes

Bottom Electrode

| Top electrode | Switching mode | reference

GexSy W Ag Bipolar 55
AsyS, Au Ag Bipolar 56
Cuss Cu Pt Bipolar 57, 38
ZnCdiS Pt Ag Bipolar 59
Todides:
Agl Pt Ag Bipolar 60
FbAg,l; Pt Ag Bipolar 61
Selenides:
Ge, Se, W | Ag, Cu Bipolar 62
Tellurides:
Ge,Te, Tiw | Ag Bipolar 63
Ternarv chalcogenides:
Ge-5b-Te Mo | Au, Ag Bipolar 64
oxides
TaxO5 Pt Cu Bipolar 63
5104 W Cu Uni/Bipolar 66
HfD, Pt Cu Bipolar 67
WO, Pt Cu Bipolar 68
L0y Ag Au Bipolar 69
SrT10s Pt Ag Bipolar 70
Ti03 Pt Ag Bipolar 71
CuQ, Cu Al Unipolar 2
ZnO Pt, Al doped ZnO Cu Bipolar 73
AlLO; Al Cu Bipolar 74
MoOx Cu Pt Bipolar 73
GdO, Cu doped MoOQ,, 76
Others:
MSQ Pt Ag Bipolar 77
doped organic semiconductors Pt Cu Bipolar 78
mitrides Pt Cu Bipolar 79
amorphous 51 P*Si Ag Bipolar 20
Carbon Pt Cu Bipolar 81
vacuum gaps RbAgsls/Ag, Ag.S5/Ag W, Pt Bipolar 82,83

lm ?
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RS 8520 Formaltion
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- Typical I-V and Process Cartoon

(A) OFF state

(B, C) SET process:
(1) Ag oxidized to
Ag*; (ii) drift in
electric field ; (i)
reduced and
electro-crystallized

(D) SET process:
complete
bridging

compliance-
gelatepd) = i

(E) RESET s
process:

opposite of SET

(heat assisted?)

RESET process

o N SRR PR -
@ #ﬁ“ e S5 SET process



» o : SET Process

Anodic oxidation and dissolution

of M:
M 2> M#+ze- electron phase formation
(b) Migration of M#* across thin film rensport Iofiransatit
(migrations is strongly enhanced @ A GeSe Pt &,
by extended defects) 9 . S 3
. i {1 Ag ions e
(c) Reduction and electro- / L. ————— e
. . < - VIR ‘
crystallization of M on the surface elections || | "electfons'— i OISCHONS
of CE:
Mz*+ze- > M |
Joule
-  Formation of filament growing anodic oxidation "€2Y"9%Cathodic reduction
(typically) in the direction of the [NOCESS PAGERSS
active electrode. R o i e
- A forming step (first sweep) is . _ _
required Origin of Non-linearity
> The growth is limited by current Butler-Volmer equation for oxidation reductions
compliance — Exponential for high overpotentials
Ag~applied potential ez . ) (s '*
® a: cathodic charge transfer coef.  J = J|exp| —————A0 | —exp —— ._\(:'>[ ?ME
&iﬂ wi L | kgT l kT formation




Ox(ide)RAM (redox based)

OxRAM is typicélly a transition metal oxide sandwichec

between inert electrodes Metal 1
(no metal cations available as in ECM).

If a sufficient voltage (or current) stress is applied, the M. O
insulating material can become conductive

Two distinct I-V switching phenomena are reported Metal 2

Unipolar: The same polarity can tune ON and OFF the cell
Bipolar: One polarity switch ON, the other switch OFF

“Thermo Chemical Memory” “Valence Change Memory”
UNIPOLAR BIPOLAR
a) b)
QRESET ON-state cc
.. _ONstate cc) | T I[seT |
! “N|SET g
5 OFF-state 3 OFF-state
8 / OFF-state g
_____ SET|\s
CC  ON-state / .
RESETAL, Y
Voltage | Voltage

(17 1 7 CARNOT ”” ’,’I Recherche
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Transfert



Valence Change Memory (redox-based)

In TMO, oxygen vacancies (Vy2*)are much more
mobile than cations.

Metal 1
This has been evidenced by coloration
measurement in slightly doped oxide cristal
M, 0,
The doping vision (in cristal): Metal 2

By changing the V,?* distribution, two doping region can be formed, n and

p respectively. For highly doped TMO, the n-type can become highly
conductive

0
~

log V'] (10"8em™) £,
n
(s>}

log [Vo'] (cm™)

»
o

ts = 1200 min
t4 = 300 min
t3 =100 min

Slightly Fe doped STO

° Red: Fe**, p-type region
@ E‘M&’i’ White: Fe<4*, n-type region (Vo rich)




A .

In the case of thin ﬁlms, the TMO are most of the time amorphous.
But still, the V,?*are expected to be the mobile species (no direct

evidence of V42" migration in amorphous TMO)

Metal 1

The stochiometry vision :

a b M, O,

Metal 2

(i) Metal  [(ii) VRH |(iii) NNH | (iv) Percolation | (v) X < X, /‘)
Y = L
(s (1.\1 ( ~ /\5\9/‘.
Liquid ' TR (e 1
e '\_/(_'};< xy\K
0y O O,
cL cL cL cL cL
® o o o o o
@ E ] ] ] ] ol
2 00 5 5 S 5 5
g = ¥ F 2 ¥ 53
a = @ L) @ L) @
E ] = = = =
@ £
% VB VB VB VB VB
(Me) B 3 3 B
conduction 5 5 5 5 5
channel 3 AN O3
@ | M 7] I‘ | @ | | %
= J = J M = J N
Ep 02 E | O2p'E 02 E 02p E
Me at% o] )

Oxygen

Figure 2 | Material selection criteria for high endurance and repeatability. a, Simplified schematic phase diagram of a metal-oxygen (Me-0)

system with only two solid-state phases at low temperature. The MeQ, phase is an insulating stoichiometric phase, serving as the matrix material

in the switching device illustrated schematically in Fig. 1. The (Me) phase is a metal-oxygen solid solution, serving as the conduction channel. These
two phases are thermodynamically stable with each other and do not mix by reaction to form an intermediate phase even at high temperature, for
example, locally induced by Joule heating. The metal (Me) has a large solubility of oxygen, readily accommodating mobile oxygen anions or vacancies
during switching. b, With increasing oxygen content in the channel region, the electron transport mechanism changes, producing corresponding
resistance changes. The schematic depicts a sequence of evolving conduction centre density and conduction mechanisms (top), and corresponding
photoemission core-level (CL, middle) and valence-band (VB, bottom) measurements, from a disordered transition metal oxide in the course of

oxidation. The red circles are the localization radii. Unoxidized metallic state (i), weakly localized variable range hopping (VRH) regime (ii), more B INSTITUT
strongly localized nearest-neighbour hopping (NNH, iii), strong localization regime on the verge of percolation breakdown (iv), and final highly ‘ CARNOT
insulating sub-percolation insulating state (v). X is the fraction of conduction centre sites and X, is the critical fraction at the percolation threshold. | IE'J_

Er, Fermi energy. Panel b reproduced with permission from ref. 73, © 2012 Springer.
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Insulators Bottom Electrode Top electrode Switching mode
Mgl Pt Pt Unipolar
Ti0x Ru, Pt Al Pt Men/Uni/Bipolar
F10, P'-5i, n'-5i Pt, Cr Uni/Bipolar
HfD, TiM TiM Bipolar
VO, N/A N/A Threshold
Mo, P'-5i Pt Unipolar
Ta0, Pt, Ta Pt, Ta Bipolar
Cr0, TiM Pt Bipolar
Moy Pt Pt-Ir UnifBipolar
WO, W, FTO TiN, Au Bipolar
MzO, Pt Al TiN Bipolar
Fal, Pt Pt Mon/Bipolar
Col, Pt Pt Monpolar
MG, Pt Pt Monpolar/Threshold 213
Culy, TiN, TaM, 3RO, Pt Pt Bipolar 24
Zn0, Pt, Au TiM, Ag Bipolar 25-27
AlD, Fu, Pt Pt, Ti Unipolar/Bipolar 28, 29
Galh, ITO Pt, Ti Bipolar 30
510y Paoly-5i, TiW Poly-5i, TIW Unipolar 31
Se0M, W Cu Bipolar 32
el ITO, TaM Pt, i Bipolar 33,34
So0, Pt Pt Unipolar 35
BiD, Bi W, Re, Ag, Cu Bipolar 36
5b0, Pt Sb Unipolar/Bipolar 37
Sm{, TiM Pt Bipolar 3B
GOy Pt Pt Unipolar 39
YO, Al Al Unipolar 40
Celd, Pt Al Bipolar 41
Eu(, TaM Ru UnifBipolar 42,43
FBril, TaM Ru Bipolar 43 43
ExrQ, TaM Ru Unipolar 42,43
DO, TaM Ru Unipolar 42,43
NdO, TaM Ru Unipolar 42 43
Bay 51,5 110, SrRul; Pt W Bipolar 44
SrTv0; SrRuO3, Au, Pt Au, Pt Bipolar 45
SrZr(s SrRuls Au Bipolar 46
BiFe, LaNiDy Pt Bipolar 47
Pr,,Ca, MO, YBCO, Pt, LaAIO; Az Bipolar 48
Lay 1351 47Fe0y Au Al Bipolar 49
PryLan epeyCanzrrsnQs Ag Ag Bipolar 50
Nimides (AD) Al TiN, Pt Al TiN, Pt Bipolar 51
Tellunde (ZnTe) i Au Bipolar 52
selenide (ZnSe) P'-Ge In, In-Zn Bipolar 53
Polymers Al, ITO, Cu Al, ITQ, Cu Bipolar 34,55
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Electroforming (cristal)

i i 010
Optical microscope [010]

During electroforming,
conducting filament are created
optical NtO the oxide.

microscope

b)

A
/ A few bubbles form g \
Electro- - - uder the Tl, layer
meter o S
4 I-Source s
a) / . ‘

1
const

Previous bubbles
Bubbles remain 3 S shrink, new bubbles
even after -V bias is form above the Ti0,
removed - layer

New bubbles grow N
in size and number
with time

Some small permanent
deformations remain

S
Bubbles disappear N
immediately when the "%
+V/ bias is removed

Larger and
longer +V
onTE

Large bubbles
grow to engulf
neighbors




Electroforming (thin film)

Observation of Mgneli phases in TIO2"

-.0-5
1077

1—9

Current [C]

1o

107%3

Voltage [V]

X ray-diffraction TEM image

- Forming is thermally assisted and two step process (reduction and migration)
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OFF-state

[ Bipolar switching

Current

RESET‘\J Ptlzroxlzr

Voltage

© Green=0
Purple = Zr in lower
valence state

i

| T
Oxygen mobile, Zr is immobile

SET process

’
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Mechanism for switching

MNonlinear Linear .;5‘ Bistable
-v -V '
€ E 7 = TN
2 ol i 2
5 5|e* 5
O O &
~ 3
Voltage Voltage Voltage
e f g h i
Electric e:} Electric Concentration Temperature
<— potential <— potential —>» gradient <— gradient

gradient gradient

Practically, even if one mechanism is more important, switching results from a
combination ;
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Fig.5. Calculated map of (a) dopant density np, (b) T'. and (c) potential 2 for
bias points A, B, C, and D along the reset sweep in Fig. 4(a). Calculations are

shown as a function of radial coordinate » and vertical coordinate = according
to Fig. 1.

(a) (b) (c)
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Vacancies mobility increase
exponentially with
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Other factor:
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RRAM Challenges

by 3 ;
; il
Main challenge:'d\eal with dispersion

Because forming is stochastic, dispersion in switching properties are huge
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Filament

) - . 0.5 . ik - - »
0 1 2 3 102 10 10* 10° 10° 107
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) . . (a) (b)
Solution: towards forming free devices
: (b) ()
QE

25 nmAu/ 15 nm Pt — o — o —
top electrode

X \ /

= m !
. < e-bea Partially Oxidized Partially Oxide with Partially
30 nm TIOZ_X patterned Pt reduced oxide oxide reduced oxide higher enery reduced oxide
of formation

protrusion
AE = active electrode (low oxygen affinity, high work function, e.g Pt, Ir, TiN)

5nmTi/ 25 nm Pt bottom electrode OE = Ohmic electrode (opposite, e.g Ti, Ta)

(a) Homogeneous monolayer, e.g. TiO2-x — forming is crucial
(b) Homogeneous bi-layer, e.g. TIO2/TiO2-x or Ta205/TaOx
(c) Hetergeneous bi-layer, e.g. Al203/TiO2-x or HFO2/TiO2-x




RRAM Challenges

Main challenge: energy consumption _—
Lowest E/Bit reported is few pJ. Ideally, we want to go to the sub pJ regime

Solution: filament engineering

Trade off between filament resistance and ON/OFF ratio. (Need to increase the
resistance of the filament)

High conductivity (metallic filament) Moderate conductivity (Semi-metallic)

—_—1 |

« Scaling of the filament
« Control of defects in the filament (i.e. control of
conductivity)
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RRAM challenges

Maln challenge high density crossbar implementation
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Additionnal challenges: Nanowire resistance contribution and high current effect
on wire during operation

Solutions:
Complementary

switching
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Thanks for your attention




