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Demande croissante et variée :

b densité d'information
b re-inscription

M stockage pérenne

Contraintes différentes

Différentes voies de stockage possible

wassy Optique (CD-ROM, CD-Rw,...)
wssy Electrique (mémoire flash)

=) Magnétique (disque dur)



wsss) CD-ROM (Compact Disc- Read-Only Memory) mmy dye

mess) CD-RW (Compact Disc-ReWritable) — mm Cha|009_er|1ide
materials

Chalcogenide

wessy  BD (Blu-ray Disc) mm materials

Mais aussi exploration de nouvelles voies

Cu/Si
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Longévité de I'information numérique,
Hourcade, Lalog, Spitz,
EDP Sciences 2010, p 84
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BD (Blu-ray Disc)

B Recording with TDK Blu—Ray Disc Materials:

Principle:

1 Recording laser 2 Silicon coating 1 Recorded mark 2 Silicon coating
3 Copper alloy 3 Copper alloy

C ies:
Blu—Ray Double Layers ompanies

1 DURABIS2 layer 2 Cover layer 3 Layer1 4 Spacer5 Layer 0
6 Disc substrate 7 Dielectric layer 8 Silicon layer 9 Copper alloy

10 Dielectric layer 11 Dielectric layer 12 Silicon layer 13 Copper alloy
14 Dielectric layer 15 Reflective layer



IRt i Rewitable

Active material : a phase change material i.e. a chalcogenide

. / UV resin

Reflection layer (heat sink)

Protection layer ZnS-SiO,
Active layer (GST, AIST)

Protection layer ZnS-SiO,

— Polycarbonate disc
|

T. Ohta, JOAM 2001



B principle of a memory device based on phase change materials

Amorphising pulse

Write-in

Power

Melting

Crystallising pulse
Erasure

Temperature

Crystallisation threshold

Read-out _.‘O Q , ©

Time
Amorphous state Liquid
low-reflectivity «® 0,
oN ® " ] @
OFF * ® 0‘ S
. -
9 ] ®
4 @ ° . ?

Crystalline state
high-reflectivity

M. Wuttig and N. Yamada, Nature Materials 6 (2007) 824.



Voltage

Resistance

Reset

Set

Amorphous state

Structure . .
high-resistance

@ © O .
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o Q —
Crystalline state
low-resistance

M. Wuttig, Nature Materials 4 (2005) 265.



B To be eligible a Phase Change Material (PCM) requir

===y Large optical and/or electrical contrasts between a
crystalline phases

sy Very fast crystallization

morphous and

esS

Such a family of materials exists: it belongs to the telluride family

Ia 0
1 IIa IIIa|IVa |(Va |VIa |VIIa |2
H He
3 4 5 6 7 8 9 10
Li Be B C N (o) F Ne
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87 88 89 104 105 106 107
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Vacancy

Te atoms occupy one
sublattice of the

\
Rock-salt structure crystal, and Ge
atoms, Sb atoms and

G eZS b 2Te5 (Hexagonal Stable phase) Ge/Sh -
Cubic metastable phase
.- 3A
vacancies randomly
occupy the second

_ .
sublattice. 3A 3A F(

OFF ON

The amorphous phase not so well
Amorphous phase known:
Presence of Ge in Td environment

M. Wuttig and N. Yamada, Nature Materials 6 (2007) 824.



-aterials: Phase Change Materials (PCM)

» Different classes of phase-change materials were empirically discovered:

Ge

b the tie line between GeTe and Sb ,Te,

b the region around Sb2Te

M the area around Sb \. GegSb,Tey;

W, GeShyTe,
l."'..'. .'.‘ Ge szT e 4

"'-—_.'.
Sb,Te,  Sb,Te

Te

All of these alloys crystallize in a metastable rock-salt structure, where Te atoms
occupy one lattice site (anion site) and Ge and Sb atoms as well as vacancies

occupy the second lattice site (cation site).

Lencer et al. Nature Mater.7 (2008), 972



_Phase Change Materials (PCM)

( Very fast crystallization

Cell resistance after application of set
pulses with different amplitude and length,
each starting from the amorphous reset
state.

The color of each data point represents
the cell resistance after the test pulse.

Resistance in Ohm

For pulses longer than 4 ns a broad

crystallization window opens between

1 2 4 8 16 32 64 128
Pulse Length inns 1.0and 1.5 V.

“ The crystallization behaviour shows that the phase

transition can be operated within a few nano second S.

G. Bruns et al., Applied Phys. Lett. 95 (2009) 043108



-erials: Phase Change Materials (PCM)

B Fast switching: « Umbrella flip »

a) Etat cristallin b) Etat amorphe

Kolobov et al., Nature Mater. 3 (2004) 703

B Tellurides are very bad glass formers (Tg ~ Tcryst.)



_se Change Materials (PCM)

( Large optical contrast between amorphous and crysta lline phases
- - Infrared reflectance spectra
of a PCM film
3 ~
- 2 1.0 s S seememsseseen
S h p >, Optical bandgap
0.8
\ Difference in reflectance oscillation frequency due to
change of (n x 1) on crystallization
oo
0.4 + Drude contribution
06+
S r Amplitude decrease from complete
reflectance level due to absorption
0.4+ 02+
Amorphous
02+ I Crystalline
Amorphous
Crystalline 0 L 1 ‘ 1 . ! A !
0 ; ; \ ; 0.2 0.4 0.6 0.8
0.2 0.4 0.6 0.8 E(EV)

E(eV)

K. Shportko, S. Kremers, M. Woda, D. Lencer,
Infrared reflectance spectra of an AginTe, J. Robertson, M. Wuttig, Nature Mater. 7
film (no PCM material) (2008) 653



.Iuride materials: Phase Change Materials (PCM)

B Amorphous phase behaves in a conventional way
(expected polarisability for covalent semiconductor)

B The crystalline phase has a much larger polarisability. Its refractive index
Is larger than that of the homologous amorphous phase by 50%

Resonance bonding

In phase-change materials, an average of three p-electrons per atom is present while

the environment is octahedral less than 2 electrons per bond
Sb ===Sb — Sb = Sb <=> Sh <=>Sb -Sb — Sb === Sb
Schematic di Lo ) U L Lo
chematic diagram +Sb — Sb ====Sb Sb <=>Sh <> Sh Sh s==sSb — Sb
demonstrating the origin of ' n . .
- | | l . ’ . [ | |
resonance bonding for Sb : -
S amms Sh — Sb = Sb <> Sh <=>Sh «Sb — Sb sm=s Sb

K. Shportko, S. Kremers, M. Woda, D. Lencer, J. Robertson, M. Wuttig,
Nature Mater. 7 (2008) 653.



B A map for phase-change materials: Resonance bonding
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Lencer et al. Nature Mater.7 (2008), 972



Potentials for atomic displacements
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_als: Phase Change Materials (PCM)

B Application of rigidity theory (Maxwell constraint)
to Ge-Sb-Te system

Fully relaxed region: tie line GeTe,-SbTe, Amorphous
Phase

Sb

Constraint contour plot in the

g2 GeSbTe, . Ge-Sb-Te triangle defining a

\' Stressed rigid :
a0\ |7\ ) \ flexible (green) phase and a
Sb,Te, 2 \-) o\

ALY stressed rigid phase (red).
Flexible AL LM

/ 01 : Micoulaut et al.,
Te ™ "0 GeTe Ge Phys. Rev. B 2009

Increased stability in time for the “fully relaxed”

glasses? No expected ageing



JAGGE84(6) systems:  Electrical memory (B -RAM)

Conductive Bridging RAM (CB -RAM)

Solid electrolyte is formed in a via between two levels of
metal ina back end of line (BEOL) process .\ ,4e: ag or Ag-containing
material

Solid electrolyte:
Ag photo-dissolution in
GeSe(S),
(O030-50nm )

Metal layer n

Silicon-based devices Cathode: inert metal
e —d ( Cr, Ni__)

N. Kozicki, M. Mitkova, M. Park, M. Balakrishnan, C.
Gopalan, Superlattices and Microstructures 34 (2003)

459.

M Bipolar resistive switching:  write-in and
erasure occur under different polarities.



B Operation principle of an electrical memory
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Waser et al., Adv. Mater. 21 (2009) 2632
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U. Montpellier



Inert electrode v Bipolar resistive switching

v" Similar operation principle
to Ag/GeSe(S) memories

The couple Cu/SiO, is a good
choice in order to make CB-RAM
integration easier with fabrication
processes that are already in use

Current (pA)

Y. Bernard et al., Microelectronic
Engineering 88 (2011) 814.




Conclusion

Tellurures

Materiaux a changement de phase cristallisée-amorphe
Etudiés surtout pour la réalisation de mémoires re-inscriptibles
et/ou a forte densité de stockage

Réflectivité tres differente entre amorphe et cristallisé car nature tres differente
des liaisons chimiques (liaison résonante dans le cas du cristallise)

Cristallisé ==y rOle de lacunes, distorsion, nano-separation de phase

Amorphe  mm) modele de rigidité de Maxwell (pas de vieillissement
pour la « phase intermediaire »)

Sulfures, séléniures

Mémoire a pont conducteur
Propriéte exploitée: tres grande mobilité de I'argent
dans les chalcogénures



