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Resistive Random Access Memories (RRAM)

Stored » RRAM: Resistivity change 100000 fcona 1w

ISSCC, VLSI Circuits, ASSCC
IEDM, VLSI Tech.

information » Flash memories: Trapped charges £ 100
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D. Takashima, Toshiba Corp.,
Keynote, NVMTS 2011, Nov7t, 2011

Above CMOS
OXRRAM oo S ase Simplified integration
/A 'l 3D stacking
T 4Pl Increased storage
MRAM A 0 >, density
| i
PC: Phase Change CB: Conductive Bridge OxR: Oxide Resistive
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Challenges of RRAM specifications

Low power

High switching speed
Low current pulses

Thermal stability
High retention time

High electrical
contrast
between the 2 states

No resistivity drift
with time

Requirements for
Resistive stacks

/

Cyclability N\ / Scalability
Stable for 10° cycles

Low variability of
electrical parameters

Same or better
properties at low
dimensions (<20nm)
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Characterization challenges for RRAM developments

Mastering of resistivity change

Material
selection &
optimization ...

... at narrow
scale...

... in complex
environment

m) From the characterization point of view
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Outline

leti

Introduction to Resistive Random Access Memories
Phase Change RAM

= Selection and optimization of materials

= Assessment of size effect on switching properties
Conductive Bridge and Oxide Resistive RAM

= Effect of integration environment on switching properties

= |dentification of switching mechanism

Summary



PCRAM basic device

Temperature driven switching Top electrode
via Joule effect X-GST e
P N
[ \
Insulator o \
©
O —
5 Active
= region
O

Bottom electrode

Heater width < 100 nm

20 60 100 140 180 220 260 300 amorphous ciystalline
o - = I'

. :I'emperature[ C] d:i’-ﬁ‘ _g :_!.

Fantini et al., IMW 2009 . Tn Qe

- v S &
Tx: Crystallization temperature . x - ‘-

Tm: Melting temperature of crystal Level 0 W Level 1

» Data retention relies on amorphous phase stability

Lleti | 6



Characterization challenges for RRAM developments

Mastering of resistivity change

PCRAM example

Material
selection & o
optimization ... )

» Tx increase for high temperature applications (ex: automotive)
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PCRAM typical materials

Chalcogenide
Material T,
Ge,Sb,Te; (GST) 150°C
GeTe 180°C
<—C§eTeC and GeTeN >225°C

T ——

—

Ge-rich Ge,Sb,Te,

266°C

150.0
170.6
191.3
211.9
2325
2531
2738
294.4

315.0

GeTe —Sb,Te,
pseudobinary line:
Yamada and coworkers, 1991

2 /1BM,2011

T'Ie.o - \/ . i ) / . / ., ., / | ) / , j’f , ‘../H. : 0.0
00 01 02 03 04 05 06 07 08 09 1.(Ge
GeTe Cheng et al., IEDM 2011

Huge doping effect on Tx Leti, 2010
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Top electrode

PCRAM - Data retention vs doping T

Tem I"atur'e < Heater
300 250 200 s 150 [l 100 O Doped GST Eo1s eackone
10°LF ('b) "' 154°C124°C 107°°C 87 °C ] = Matsuzaki et al., [IEDM 2005
/‘4 A/” /” // E
10’ N Qe‘a\ qg,a\ 1 In doped GeTe
10° S wl g% LY 1 = Morikamwa et al., IEDM 2007
’,%fb %ﬁ ,/,’/ 2 3
s 7 y Q',?/ < 3
— A g 1
<) A v (/ ] Betti Beneventi et al Sol. State Elec. 2011
£ 10° / v
= // v/ 1 —+% * ¥ . & ¥ T ¢ T ¥+ 7T}
— 3 ot ] % T 3
=10 &A , ’t B GST995 1 107 -3~ GeTe ;
L .42 / V ’ 1 —o— GeTeC4% | 3
10 A ;M p ] 23 —A— GeTeC10% | 1
: f N S A GeTeN2% | : E ,- s =2 -
Wi Vv GeTeN4% | 1 o 10° . )
1 00 i g /I / 5 1 i 1 . \ 3 1 5 ] : i :
20 22 24 26 28 30 32 34 £ 1
N 1/kT [eV ] 5 107 1
Fantini et al IEDM 2010 - 3
@ 3
-
N doped GST, N doped GeTe 10* 1
= Horii et al. VLSI 2003 : ;
= Fantini et al., IEDM 2010 e P Y FPUR &
50 100 150 200 250 300 350 400
C doped GS-I-, C doped GeTe Temperature, T [OC]

= Czubatyj et al. EPCOS 2006
= Betti Beneventi et al., Sol. State Elec. 2011 Role of Cand N doping in Tx increase ?

Deal with amorphous phase characterization
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Amorphous phase structural analysis SULEIL

SYNCHROTRON

Pair Distribution Fonction (PDF) of amorphous GeTe / GeTeC
» Mean distances between atoms

» The first peak is unchanged
» A new peak appears ata

Ge-Te
and Ge-Ge

Te-Te
and Ge-Ge

2.0 | GeTe
- —— GeTeC 9.5% V.
1.5 vV GeTeC 16.3% —
10 - /x
. 05
CHN N A
-0.5
1.0 -v/ \;//
-1.5 . L
2 3 4 5

distance around 3.5 A

» Low scattering efficiency of C
» Need for ab-initio simulation

r (Ang)

G. Ghezzi et al., APL 2011
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Amorphous phase structural ab-initio simulation

6 Instantaneous snapshot of a-GeTeC
Measurement (b) configuration at 300 K
4
GeTe
- | e GeTeC9.5%
5 2 - ---- GeTeC16.3%
0 GeTe
Simulation - - - - GeTeC15%
TR S S S g (C blue, Ge orange)

20 25 3.0 3.5 4.0 45 5.0

r [A] Shorter Ge-Ge distance T
= Good agreement with experiment de Litge g
= Evidence of C-C bonds » Strengthening of local structure by C doping
= Various C-Ge configuration » Stabilization of amorphous phase

G. Ghezzi et al., APL 2011
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Characterization challenges for RRAM developments

PCRAM example Mastering of resistivity change

Material
selection &
optimization ...

... at narrow
scale...

» Keeping switching with size reduction  for scalability
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Irac
Phase Change of nanoclusters i
= GST clusters = GST thin film
Alumina
GST 10 nm
Alumina
[ Clusters 0.4 nm
Alumina 3 nm
. Clusters 0.4 nm Sputtering gas-phase condensation
Alumina 3 nm
Clusters 0.4 nm
Alumina 3 »
— Clusters 0.4 nm Composition by RBS-PIXE

Film Ge:Sh:Te = 23:24:53
Clusters Ge:Sh:Te = 28:27:45

Clusters size distribution
peaked at 5.7 nm £1 nm
(Time of flight mass
spectrometer)

intensity (au)

0 2 4 6 8 10 12 G. Ghezzi et al., APL 2012
diameter (nm)
PIXE: Proton induced X-ray Emission
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AT

Crystallization temperature of nanoclusters b&‘g
T DAmMY

Intensity (x 108)

Intensity (x 108)

- 230°C

" 190°C |
| 170°C

210°C /

150°C

12 13 14 15
20 (deg)

| 210°C/
| 190°C

230°C

In situ XRD analysis

G. Ghezzi et al., APL 2012

» No peaks appearing at temperatures lower than 170 °C
» Crystallization of nanoclusters
» Crystallization is complete at around 200 °C

1.5
S5
S
= 1.0r
e
N S |
TEU 2 ost ;—A— (200) Clusters
g 3 :+ (220) Clusters
%o 0.0f I I (200) Film
= | : :—0— (220) Film

120 150 180 210 240
Temperature (°C)

» Phase transition kept @ nanosize
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Characterization challenges for RRAM developments

Mastering of resistivity change

Material
selection &
optimization ...

... at narrow
scale...

... in complex
environment

Example of the « Filament like » resistive RAM
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Outline

leti

Introduction to Resistive Random Access Memories
Phase Change RAM

= Selection and optimization of materials

= Assessment of size effect on switching properties
Conductive Bridge and Oxide Resistive RAM

= Effect of integration environment on switching properties

= |dentification of switching mechanism

Summary
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Conductive Bridging RAM and Oxide Resistive RAM

—
. . Absolute _
= The basic stack is a MIM structure value of =" |rorm
RESET ° Current
inl I
| = Most of them show 7 | (niog seale
l ]OMG bipolar switching "
i \Metal  ® The switching is often Voltage
related to filamentary BipolarI swit;:hing 7
. Opposite polarity for RESET
mechanisms . SET FORMING

= CBRAM

Growth/dissolution of a filament of
metal ions (Ag, Cu) in a solid electrolyte

= OXRRAM
A high k between 2 electrodes

Mostly invoked: filamentary mechanisms
involving O 2 and O vacancies oxygen ion

() oxygen vacancy

© oxygen atom

Top Electrode
*eee
O

+ Fresh sample (PRS) Forming Low Resitive State (LRS) High Resitive State (LRS)

- » Need for pristine sample characterization
leti
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Effect of integration environment on material
HfO, OXRRAM

» HfO, capped with a
top electrode

= Oxygen getter
effect (ex: Ti)

Oxide },:;_:f_ BE and s
t \

STEM-EDX HAADF-STEM and EDX images
HE sentrole SHGRTEL hickness (nm)
— Pt
= Pt ] ()——Ti i *
fi_j’ 4 N I max
£ | Interfacial layer
8 " g
'éi;u, % | HfO2 ;
;g: 104 DO_ I 63.8 .
" k;ﬁ 2[II:’ositionk[n ]25 - .
[Pt VX‘ HfO2 ,)GEK Ti | c.caglietal, IEDM 2011
O diffusion in Ti
»> Hf02 modified by integration Sowinska et al., Appl. Phys. Lett. 100, 233509 (2012)

Lleti
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Filamentary mechanism assumption

\'J

HfO, OXRRAM TiO, OXRRAM

— Vs ]
Rore }'{?%h"'* 1°

- =
8

TEM with in-situ electrical switching of the oxide

(=]
o
L

22

HR-TEM Image (side view

(=]
N
T

Diffraction pattern

(=]
n
1

Vonage [V]
1
D‘—
Resistance ()

o
L |

02 RON &-o-barta———> |
RESET -
A i e b _— l.lll 'S A A - _D‘
0.1 10 , 100 Simulation
Area [um’)

D.-H. Kwon et al., Nature Nanotech. 5, 148-153 (2010)

TiO, (Rutile) => Ti ,O, (Magneli)
» Phase change mechanism
» OXRRAM or PCRAM ?

LRS HRS
C. Cagli et al., IEDM 2011

No area scaling effect

. . | No other direct evidence
» Filament like conduction

of a conductive path
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Observation of local electrical switching

HfO, OXRRAM

C-AFM for local switching

1x10™

1x10° Jlcc (FORMING/SET)

1x10° 4

-7 |‘:
1x10 PN
[

Current (A)

i ] FORMING

. ) " 1 YFORMING
1x10™ +— ' —

0 1 2 3 4 5
V, Voltage (V)

» Resistive switching by C-AFM

P. Calka et al., et al. Nanotechnology 24 (2013)

Conductive AFM tip
(Diamond)

LRS .ﬁ_ 0 Hauteur (nm) 2

0 Height (nm)

3 qo7 Resistance (ohm) ;40

I | |

Insulating Region : Rpps > 101° Q

500 nm D

7
Conductive region

Rups ~ 107 Q

Height increase: 1 nm

» Localization of a conductive path by SSRM
» TEM lamella preparation around the conductive path

PRS: Pristine State

LRS: Low Resistance State

HRS: High Resistance State

Lleti
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. . . . HfO, OxRRAM
Observation of local electrical switching 2

STEM-EELS

[
0 Oxygen concentration  (cps.at.nm™?) 6x10!!

I
0  Nitrogen concentration ~ (cps.at.nm?) 4x10*

10 An s
0 Titanium concentration ~ cps.at.nm?) 6x10** s ‘

1.8x10*

-0,21 (a.u) ) +0,41

So.x(HfOz)

Sox(HfO2.)
» Oxygen depletion localized at the top of the switch ing area N\/\\

\J\/_\\SO_K(TN)
» O in HfO,, main component of the O-K line il

Sok(SIOCH)
480 500 520 540 560 580 600

» What about set and reset ? PR

1.2x10* 4

Intensité (cps)

PRS: Pristine State LRS: Low Resistance State HRS: High Resistance State

Lleti
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Summar |
y RRAM developments require

characterization of atom displacements

[ Sensitivity ] [Local analysis ]

Synchrotron
radiation based
characterization

Electron
microscopy

Combined
with

Ab-initio Localized
simulation switching

‘ Speed up the process-characterization loop
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Summary

Phase Change Filament like
RRAVIISSUES LRS and HRS PRS, LRS and HRS

haracterization : :
(c::haahzr?gees P Amorphous phase Filament observation
?ﬁ;}gfgg;eparat|on To avoid phase transition  To localize the filament

o Mechanism studies Stack of films

% Material choice Stack of films Device like

c . . .

o Integration effect Device like

% _ Integrated Nanomaterials

g Size effect S —

N Device like

=) “In operando” characterization ?

As suggested in Sowinska et al., Appl. Phys. Lett. 100, 233509 (2012)
PRS: Pristine State LRS: Low Resistance State HRS: High Resistance State
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