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Outline

1. Definition and classification

2. Filamentary switching
 Oxygen vacancy based (VCM)
* Metal cation based (ECM)

3. Interfacial switching devices

4. RRAM array organization

5. Status and outlook
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Resistive Switching Memories

— Memory element is R (MIM-type 2-terminal) |t LowR
 r can be altered by applying V/l on R
* readout R at low voltage High R

v

— Bipolar or Unipolar Switching depending on mechanism

. ! t A
Unipolar A ce —

ON state

OFF state v OFF state

Kawai et al., 2" RRAM workshop Oct 2012
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Taxonometry of Resistive Switching

Memories : based on Mechanism
Resistive Switching

—“4n|{mml|[zollzallzllzm|v= =z
ColFoplloFfloZllo®||ool|S o o L
oo (xS llo@ ]l 3||lex|loa|=zQ o
o ||°8|RalR3IRSIR8 3L 23
3 3 = Q 9 o > @ S
A EE EEREES N S
ol ol 23|28 |3 (= g
G S5 (1S Q9@ g

Qo ||O
(Mott) ] =¥ ]

Thermo- and electro-

chemical switching
PCRAM phenomena inoxides
Adapted from R.Waser,

RRAM ‘ IEDM 2008

MRAM
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1D Filamentary switching

1D

Filamentary

Thermo- Oxvaen 7
Chemical Y9 Electro-
vacancy

Fuse/ - : chemical
. migration
antifuse

Cation Source
(Ag*, Cu* or...)

=) 5!

OFF - Ry ON >R

Low

* FILAMENT

Unipolar :

: * Higher power
UNIPOLAR| BIPOLAR | BIPOLAR -
* Less cyclability
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Indications for filamentary switching

From physico-chemical analysis

B  camm

R. Miinstermann et al., 6.0 3.0 0 3.0 V)
PSS RRL4 (2010) 16-18

K. Szot, Phys. stat. sol. (RRL) 1, No. 2, R86—-R88 (2007) / DOI 10.1002
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Indications for filamentary switching

Electrical fingerprint from device characteristics
« Area (in)dependence of LRS/HRS and switching voltages

Voltage [V]

R[]

0.6 T T T T

o5 (@ -

04 - W _

03 —

02 @@ Set ol

OO Reset

01 —

10° -+ { { H
F (b) :

10 3
F O”’O\o———g—"”o

103?_ !“!.__——o——!———“‘ 3

102— 1111 ||||| 1 1 ||1|||| 1 L1111l

10° 10’ 102 10° 10*
Cell Area [um?]

FNardi et al, IEEE Trans. El.Dev. 59(9). 2661 (2012)
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Different steps in a filamentary switchinp.nrocess

C.Cagli, IEDM 2008

> Forming !
| | [
> RESET (a) (b) (c)
>
SET (@) v Initial state 1. Forming

) 2
ﬁﬁ = ] /}\
-
o
g 3
4 1 /
real switching curves & 2. Reset 3. Set
- >
1.E-03 O E— . ) Rupture
Voltage (arb. units)
—
£1.E-05
7]
t 5> ‘
O1.E-07 < Uelutine
Akihito Sawa, materialstoday, Voll |(6), 2008
Voltage
1.E-09 - . T

0 0.5 1 1.5 | | L.Goux (imec), NiO/Ni RRAM cell
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Forming: creating a conduction
path by “breakdown”

8
7
° (€]
R . T
S 5 )
g e ©
....... £ 4 7
: o0 0
£ '8
....... S ? @
2 <
| 1 2
O T T T T T
Forming 0.0 5.0 100 15.0 200 25.0 300
voltage scales Thickness (nm)
with thickness

NiO by MOCVD imec

Similar to (soft) breakdown in dielectrics (defect &
percolation path generation)
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Maximum current during Forming(/SET)
controls filament “Strength”

Filament size
determined by SET
current compliance

O Nio4] L |

© NIiO[20] 0 , vd
®  HO,[19] &

® Hi0,/Zr0,[2)
) TiOy[21]

TEL {anode)

Cale. (Epg=0.9eV)
— w Calc. (EA0= 12¢eV)

Calc. (Epg=1.5¢V) > g
— L ‘ \\
< o «f NiO
= ]
3 BEL (cathode)

GND

Ic [A]
D.lelmini et al, Trans.El.Dev. 58(12), p.4309, 201 | Vet el el Dev 200
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“Scaling of filamentary switching”

> 2D and 3D switching;
- Current levels scale with area of the cell ~ F?
> | D switching:
- Current levels independent of cell area
- Current level determined by filament “diameter”

* Determined by operation conditions (Forming/SET CC)
" We can have small current even in large device

- Limitations ? (&) (®) (©)
20 204 20 -
= Cell area ~ filament size.. & - =
= Smallest filament size ? En Eve E v
5 5 5
e ~ mm?? ] 0 ]
10 Mw -10 \0\/0/10 -10 M"’
x [nm] 10 -10 y [nm] x[nm]10 10 y [nm] x [nm] 10 -10 y[nm]

F.Nardi et al, Trans.El.Dev. 59(9), p.2461,2012
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Switching during SET/RESET:

SET 4 Forming

- 1
10nmHfO, i  5nmHfO o
S | 70, ! | fO, > 0 «  10nm-size cells
1 -
2 ol [ — 1 ~x i
g T T1 7) Sod T T
= 0.6 ! ! = i
i 1 1 = 1
(@] 1 1 o 1 T
> 1 > e i
T 0.4f © 041 : a4
o , : ; é’ ! T\~ J
1 H 1 1
a1 - . o
0 , 10nm-size cells 10nm HfO, 5nm HfO,
lpm 100nm  10nm 10nm 0 : . ! !
Cell size lpm 100nm  10nm 10nm
Cell size

B.Govoreanu, [EDM201 |

Absence of oxide thickness effect on
Vserreser indicative of LOCAL
filament switching
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Bipolar Switching OXRRAM :
“Oxygen Vacancy Migration”

1D Bipolar |- ce

Filamentary

Oxygen
vacancy
migration

OFF state

H.Y.Lee et al, “Low Power
and High Speed Bipolar
Switching with A Thin
Reactive Ti Buffer Layer in
Robust HfO, Based

RRAM”, IEDM, Tech. Dig,,
BIPOLAR pp. 297, 2008




RWTHAACHEN

Dirk Wouters ESA WS April 2015 Folie 15 IW=2 \ UNIVERSITY

Role of oxygen / oxygen vacancy
defects in OXRRAM memories

> Filament switching involves oxygen transport

Bubbles < O2 released to the gas phase or adsorbed by the grainboundaries
of the Pt electrode

Szot et al., Nature materials (2006)

» Filament observations indicate local lower O concent
- Magnelli phase of Ti,O, or Ti:O, , essentially TiO,_,

- Oxygen vacancy defects HRTEM images V,-chains

5| Oxygen
vacancy

. . (VO )04&1}0

(rutile/anatase)
BT

— D.-H. Kwon, Nat. Nanotech., (2010).

D. H. Kwon et al., Nature Nano technology(2010)




RWTHAACHEN

Dirk Wouters ESA WS April 2015 Folie 16 IW=2 ‘ UNIVERSITY

Oxygen vacancy filament conduction

> Oxygen vacancies influence conduction
- Electron hopping from one vacancy to another
- Act as local “doping” = thermally activated conduction
* aka VCM :valency change mechanism
- Create conductive defect band in Metal Oxide (e.g. at GB)

—> Metallic conduction

4000
i - i _ _ [ T sl Mads Mads o sl it dad Adnd et et M M
. ® Measured data g 3000t ] E =
cgﬂ-ﬁ- — Fitting curves P 2000 } | = 3
8 W=L=50um }1000. . 3 —
€ 0.08} Temp. = 300K I (a) ] E AN E
g 0 } 7 AN PR T T PO P T A A T & I TN P =
0 AC ampl. =10mV o 90 80 -70 -60 -50 -40 30 20 -1.0 00 10 20 30 40
Samal 2 £ Y N |\ TTTTTTTTT T T T T T T T T T T T T T T T TS
0.04} 2 g T AARAE RARRS , (RARRR |RARLE RARLN LAAR~
5 S 0.04 { Gp—o E
S P A ) i E
e v Q E i 3
20.00 [ O'((I))=—(—5)[N(EF)]2](T(0[111(L]1)]4 ] IJJ< 002} J = Conductive sub-band =
9 a o | (b). E 3
- i - - wal : -
10° 10° 10* 10° 10° 0.00 - &
Frenquency (Hz) 0 4x10%° 8x10%° 12x10%° PO PPN POTTA TITE TVe | o0 | o APTTIPRTR
3 90 -80 -70 -60 -50 -40 -30 -20 -10 00 10 20 30 40
nD [Cm ] Energy (eV)
N.Xu et al, S.Larentis et al, G.Bersuker et al
VLS| Technology, 2008 Trans. EL.D 9(9). 2012 : "
; rans: ElDev. S, 2V - J. Appl. Phys. 110, 124518 (2011)
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“Oxygen vacancy drift” based
RRAM

» Reset/Set :

- Transport = drift of oxygen vacancies

- Filament constriction shrinks/expands with
drift of oxygen vacancies up/down

Sesoles Closed ;
09s0 000 osed system:
/) S - NO Generation/Recombination of V5

BE



VCM-type switching: Switching mechanism

Material systems

Vel k

Y

w

SrZrO;, SrTiO,
TiO,, Ta,0;, HfO,, Zro,

SET process

Characteristics

Nonlinear ON/OFF state
Highly nonlinear switching kinetics
Electroforming required

Voltage (V)

OFF state

(VolA

Switching based on oxygen
vacancy migration and local
redox reactions
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“Oxygen vacancy drift” based

RRAM

Stack =8 >|Controlled introduction of oxygen
vacancy by process

- Oxygen scavenging metal cap layer on top

+ HO, —>< M-cap » of stoechiometric HfO, (ALD)
After Jes = Ti,Hf,Ta
processing 2l VD T
BiLS = Local formation of HfO, ;
ot - Deposition of substoichiometric HfO,,
oxygen vacancy reservo‘ir/ eécess oxygen (PV D)
A to::
52 : > > Need for asymmetric profile of
T _\ oxygen vacancies
> - Otherwise competing switching layers [1]

£

F.Nardi et al, “Complementary switching in metal oxides: toward diode-less Xbad RRAMs”, IEDM 201 |




R/W Driver & Control Logic

k4
L
23
=0
Z
.
-

Process CMOES: 0.18um 1PAM
FRAM: 0 64um 2048un
Memory Capacity 4MNb (32 x 128Eb sub-blocks)
Chip size 1131 0um x 16535um
(with test-mode circuits)
Device HV path: 3.3V device
Cell array: 33V device
Peripheral 1.8V device
VDD HV path: 3.3V
Core: 1.8V

Read-Write Access Time
(SLC-mode)

Random access: 7.2n:
Burst-mede. 3 6ns

Dirk Wouters ESA WS April 2015

HfO, RRAM demonstrator

A 4Mh Embedded SLC Resistive-RAM Macro with
7.2ns Read-Write Random-Access Time and 160ns
MLC-Access Capability

3
o

WL | Vo | VDD | VDD
BL | Vg 0 Varg
SL 0 Vagszr | D

State |LRS (R) | HRS Ry | '1° (0

NTHU/ITRI'ISSCC 2011 ITIR

RWTHAACHEN

S IW=2 UNIVERSITY

Resistance ( Ohm)

o sam s smp e
Accumulated pulse width ( sec )

ol 3

w0 |

z

g L

il’;—

','.: 1 1
1 0 1

VaRage (V]
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Conductive Bridge RRAM :
“Programmable Metallization Cell”

Bipolar |- ec

ON state

1D
Filamentary

 Electro- Electro- - OFF state Y

chemlcal

Cation Source
(Agt, Cut or...)

c
og
<2
wJ
2L

Material :
Ag or Cu based

Ag/Cu electrode

“

4

BIPOLAR Inert electrode
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Electrochemical filament formation

> Oxidation at anode: forming of metal ions (Ag 2Ag" + e)

> Drift of metal ions through insulating switching layer

» Reduction at cathode: plating out of metal ions (Ag* + e > Ag)
Growing filament forms “virtual cathode”

(a): Formation of a cg (b) Radial growth of the CF
—
Ag anode

Ag anode ) -

W cathode W cathode

Wcathode

Rainer Waser et al., Adv.
Mater. 2009, 21, 26322663

U. Russo et al., IEEE TRANSACTIONS ON ELECTRON DEVICES, 56(5), p. 1040, 2009




ECM-type switching: Switching mechanism

Material systems

* Agl, GeSe, GeS,, Cu:TCNQ
* SITiO,, SIO,, WO,

« TiO,, Ta,0Og, HfO,

Electrodes
« Ag or Cu active electrode
* One inert electrode

-V Characteristics
e Linear I-V in ON state
 Nonlinear OFF state

AX
Xy
. .
Sin:
WERD -

RESET process

Switching based on Ag/Cu filamentary i
growth and dissolution T SET process
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Bipolar Switching

(D) OFF state (_B) ON state

Geo,38e0_7 /+
251 i
20+
_15)
S 10}
E o
5 o
@) \
A
.:_-:.;.;::E:::
: -:-':-:25 | | 4 Q
== 02 04 06
— : Voltage [V] (A) SET
(C) RESE
7

C. Schindleret al., IEEE T-ED, 54 (2007) 2762

Folie 24 w2

Asymmetric switching

—>VRESET

<VSET

Deep RESET
~ complete filament annihilation?

=
ITI
o
S

1.E-08 -
after|103

1.E-12

Current (A)

‘\
4

cycleg

RWTHAACHEN
UNIVERSITY

-3

-1.5 0 1.5
Vbit—/ine (V)

L.Goux et al.,, VLSI Technology 2012
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Materials and Structures
|st generation : Ag-doped chalcogenide 2"d generation: Metal-Oxide
All-in-one, non-homogeneous material Cu source separated from switching layer

Ag electrode Cu(X) electrode

Ge,Se Metal-oxid
atrin etal-oxide
matrix
Ag,Se
nanoparticles
Inert electrode
( , Electrolyte layer As-fabricated Programmed \ A
, “insulating”/RESET state “conducting”/SET state { \
50 nmI

Ag-rich phases

Aq electrode
Ag-rich zone (~7.5nm) (Oxu:llzable Anade Formation of
metallic Ag

conductive bridges
Separated by ~1.5nm

insulating Ge-rich
Phase (matrix)

Interstitial glas

[1] M.Kozicki,
|EEE Trans. On 1.5nm l . 1.5nm

Nanotechnology :ii::::::' -

4(@3), 331 (2005) © K Aratani ot al, IEDM 2007




RWTHAACHEN

Dirk Wouters ESA WS April 2015 Folie 26 IW=2 ‘ UNIVERSITY

SONY ISSCC 2011 CBRAM 1T1R

A 4Mb Conductive-Bridge Resistive Memory with
2.3GB/s Read-Throughput and 216MB/s

Program-Throughput
il \I — WL ﬂ-i
v o oy a
Capacity 4Mb £ rrg2eK YT MR |
Tile 256Kb S i iB_iF_C.‘?'_'S L ey 1] YCOMMON E
. [
Process 180nm ; i‘ o £ '
CMOS + E !
1 1
Chip size 6§ G 26mm O GEJ | —Y_MUK | | —Y_MUX | :
¥ 358 mm? = 5|| ${REEF |+ +{RREF |4 '
5 Wihite WWrite

Cellarchitecture | 1T-tR L2l 4 Criver [T WU T Oriver [T ){64 SA : X1 6
= 1

Cellsize 224 pm? é g L osa L + SA L ' T|Ie
PowerSupply [ 33V18V =g !
= EETNES [ VAL | i
Memory/ IF — I I H
2 128MHz '
clock 0 . M
- 5 M
Read Size, 128Bvte = Ry 1
Throughput 23GBs Sl : B"Itzcsll‘lz oo E

| e2ll3
Program Size 16Byte § T 256Kb :
Throughput 21BMBIs . SRPAD- 45 Tile00 !
M ooooissiiiceeoeeeeomiooiis 7
L

Figure 11.7.1: Die micrograph and features. Figure 11.7.2: Array organization.
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The Time-Voltage Dilemma

How can we make a 2-terminal NVM ?

Fast programming

T READ
) ) 108 N0 * """""" 10y]
> At ~1V, need programming in ~lOnsec = -
> Non-linearity of
E10* [ > 16 orders
= of magnitude
100 L
Good retention 10%
g YN 30 ns |
107 X
> At ~0.1V, need stable read for ~ 10 years | WRITE
0.3 3

Voltage [V] —==

Need operation mechanism with extreme non-linear behavior:

>15 orders of magnitude in time over | decade in voltage

R-Waser (RWTH/|ulich)



RWTHAACHEN

Dirk Wouters ESA WS April 2015 Folie 28 IW=2 \ UNIVERSITY

Further comparison of 2 types of bipolar
switching RRAM : different kinetics

> Oxygen vacancy defect based cells (also > Metal cation based cells (ECM
called VMC cells) cells)

Switching kinetics are limited by

¢ |: Nucleation

10* 800

— 208K ) )
—w323K II: Electron transfer reactions
102 :: ——————————————— 348K . .
............ = 700 _.373K Il Elect.ron transfer reactions
10° Medium di x and ion hopping transport
= edium disc - .
“r temperatur = 0 01 02 03 04
B emperaturs {600 2 108 1074
510 o ,
© — v | 1078
E T-and E-acc. ) 2 10%18 | )
= 107 Experimental ] sgq 5 I 10
= I I . .
B _data & I} 107 SET kinetics can be
10~ 2 0 | "
lago © 50| B o modeled be E-
-8 - s 1 15 2 25 L
10 activation only
- 1078
107 . 300 '
0 1 2 3 4 5 6
i 107°
Applied voltage V [V] o 05 ] T3 5 o5

Vapp )

Menzel et al., Adv. Funct. Mat 2011
S. Menzel et al., Phys. Chem. Chem. Phys., 15, 18 (2013)

- Drift of oxygen vacancies requires strong

- Drift of metal cations possible
thermal activation

without thermal activation
= Limit of min current (> luA, typically few
10 of uA’s)

—> Limits RESET depth

—> Lower current operation possible
—> Strong RESET

— compromised retention
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RRAM Cell and Array

configurations
> RRAM element = RRAM cell ?

- Raw Cross Point array = highest density configuration
- Cell size = 4F?

2R BL

Bit lines )

a’ b
Cel_l.l-,rm :
3 " Word lines | Akihito Sawa,

MaterialsTodayJUNE 2008 |
VOLUME |1 | NUMBER 6 p. 28

i
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RAW XP LIMITA

IONS

> Read errors due to sneak current paths

> Program disturbs on half-select cells (1/2 or 1/3V

scheme)

> Power dissipation due to current through half-
selected cells

l

ele me nt

E.Linn en al, NATURE MATERIALS VOL 9 p. 403 MAY 2010

half-selected cell

selected cell

J.Liang et al., IEEE TRANSACTIONS ON ELECTRON
DEVICES, VOL. 57, NO. 10, p.2532 OCTOBER 2010




Dirk Wouters ESA WS April 2015 Folie 31 IW=2 """w‘c

1T1R cell

Transistor is ideal selector

> Both isolation switch and current limiter (during SET)

> 3-terminal device : large cell
> Best suited for embedded RRAM

Reset
Ve 400 P
Io(lcen) ~£ Re
s ] < Forming
=3
R B =
Ma(Ve) L
4.7 >R
ource 1Drain TiN) Vg
G 0 1 2 3
F.Chen ITRI V_topelectrode_NiOcell (V)

F.Nardi et al, IMW 2010



RWTHAACHEN

Dirk Wouters ESA WS April 2015 Folie 32 IW=2 \ UNIVERSITY

1D1R -1S1R cell

Diode selector

Good selector : strong asymmetry (rectification) combined
with strong (exponential) non-linearity

P.Wong (Stanford)

2 terminal selector on top of RRAM

Bitline (BIL)
= Small cell size possible

- ¥ =
Only for UniPOIar SWitChing RRAM LA Nanowire diode
=~ B

Wordline

Voltage drop over diode
(WIL)

Diode plus
memory element

Large aspect ratio

For bipolar RRAM

- New 2 terminal selectors :

= “Symmetric”’ diode type and Volatile Switching types



RWTHAACH

Dirk Wouters ESA WS April 2015 Folie 33 IW=2 \ UNIVERSITEQ

2- Terminal SELECTOR concepts

unipolar

bipolar

Symmetric diode type

Diode types

-p(i)n diode -Zener o
-Schottky diode

Using

semiconducting

. ﬁ material

Y.Sasago et al, VLSI Tech.Symp. 2009

M-J. Lee, Advanced Materials, 2007, 19, p.3919

Diode types Symmetric diode Volatile switching N
type MO type o KT -
; x P
MOx pn/Schottky diode & —
- Schottky Diode -MOTT  yvO2 o
o e 3 J. Huang, EDL 11(10) 201
(b) 2 Ve novel
o b - -OTS Chal id :
°“°"*v_’i—- i . alcogenide materials
B P-CuOInZO
o B e -Tunnel s
i Diode { N
M-J. Lee, Advanced Functional Materials, 1 - Ion CondUCtOI‘
J. Huang, IEDM 201 | ‘
2008, 18, p.! - Huang ENRC K.Gopalankhrisnan efal. VLS| 2010
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3D RRAM ARRAY OPTIONS

3D Stackable RRAM

“pseudo 3D” = 2D stacking

|
>

ISIR

M. Lee, et al., IEDM Tech. Dig. 2007

3D Matrix, Semiconductor International , 7 Jan. 2005
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3D RRAM ARRAY OPTIONS

3D Stackable RRAM 3DVRRAM
@ roae
E:;t:" :h}uﬂ HL 5:::1?
", Ay -

wertically- "
el (e

\\%

(b) fc)
i m | :
B ,E" a | = o No place for
- 4F Limit ;!le“'l.
(3]

| - docading tansisor selector !
Fig. 1 Schematic diagram of (a) an umit Fig. 10 (3} Vertical view and (b) fop wview of VCPA

cell stacks :
i

vertically-defined ReRAM cell, (b) horizontal - 2 ) - - SRC
cross-point _architecture (HCPA). and (c) vertical FeF AM with 4F° memory cell densifies.
cross-point architecture (VCPA).

H.Yoon, et al., VLSI Tech. 2009
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Self Rectifying Cell

> Cell with strong nonlinearity (in ON state)

> Some proposals, but still limited nonlinearity

=)
[a 1
~
©)
>
@)
o
=
< Pt Pt
£
LRS === 50nm HRS = 50nm
TiN TiOx Ta_-O; TiN
10 : 10”
—— IS structure ( 0 - r - - - - -
i —o— MOS structure (region 1) S Semi-log scale tb} f i
10°§ —o—MS > MOS transition (region Il 10°F Ideality factor~3.5 Al - | -
— -dr — —5r / f
10 F Regioniil < 107 g’ FOYS '//I 1
d:.) 10° E 10_7E linear scale : ¥ = o —— _"_—--'-'J-Hﬁﬂ'
g & sﬂ- 79r Eﬁ E _.l"-.._/-"-d-'-
o o 107 E a0t { S 1
10"°r 10'11[ = - | ;,r m—Type |
] 1 O | S
A0k I..-|" Type Il ]
10-12’ i i N i i i i L i 1013[ i — I Ly M " i i __H
6 5 4 3 2 4 0 1 2 3 4 5 4 3 2 10 1 2 3 4 < - y - : s :
Voltage [V] Voltage [V] i i

Voltage [V]
Hynix VLSI Tech. 2012

MJo et al, VLSI Tech. 2010
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Steady improvement of RRAM
operation speed & current

Y. Hosoi er al,, . Back .
L SHARP&AIST, . . Baek er1 al., |
10mA 2 IEDM2006 Samsung, 3
|IEDM2004
™
e
c
E £ Wei eral,
P Panasonic, :
s 1TmAE IEDM2008 High speed
T F| K. Tsunoda operation
| et al. Fujitsu .
o [| 1IEDM2007 Low current operation
= - ¥ .
Baan s
w100 3 ' g Y. Tamai er al., E
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> 1012 cyclability in TaOx
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<10nm scalability of HfO, RRAM cells

B.Govoreanu et al [EDM 201 |
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Array Demonstrations of 1T-1R RRAM
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Array Demonstrations of 1S5-1R RRAM
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ELPIDA Elpida

Elpida announces ReRAM chip, aims to enter market 2013
Peter Clarke
15252012 3:13 PM EST

64Mb, 50nm process,
Collaboration with AIST and SHARP

Eipida Memory, Inc. 64 Megabit prototype ReRAM
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Toshiba_ Sandisk will announce a 32Gb
1D1IR RRAM in 24nm @ ISSCC2013
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RRAM is fastly emerging !
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Status - outlook
Main issue :

C2C variabllity, especially for HR/thin filaments
(lack of control of defect positions on atomic scale)
- LRS/HRS distribution overlap

Application :
- embedded NVM (simple process, no HV)

- NAND Flash replacement (2D -3D): scalabllity

- Storage Class Memoiries : performance
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