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Two question to ask (for a new NVM)...

> What are the cost/performance characteristics
required to add s/ignificant value in computing
devices?

» For the leading emerging NVM’s, what materials
Improvements are needed to realize this value?
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Computing memory hierarchy

PC Server

Not so long ago...

DRAM

Latency/size ns / GB ms/ TB s/ PB

Today... Mobile PC Server

DRAM

Latency/size ns / GB us/G-TB | ms/TB s/ PB

©?2013 Micron Technology, Inc. | 3




Where could a new memory add value?

(Assumption — you find a niche to grow)

NAND had a big “hole to fill” in 2009

Normalized DRAM NAND
Parameters
Latency ~500x ~100,000x

$/Bit 1x ~0.1x ~0.01x
A. Fazio, IEDM 2009

What do the holes look like today?

DRAM NOR NAND DISK
DRAM NOR NAND DISK

s T

More importantly, what does this look like in 3-5 years?
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Planar NAND Is getting tough to scale...
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...but continues to find solutions

Planar floating gate cell

Goda and Parat, IEDM 2012

16nm NAND announced

3D NAND

Vertical Horizontal
3D NAND 3D NAND

>

v

NAND string Process feature size
Goda, VLSI-TSA 2013

Samsung Starts Mass Producing Industry’s First 3D Vertical NAND Flash

Seoul, Korea on Aug. 6. 2013

www.samsung.com

- Micron customers won't have to
| wait long for 3D flash memory

CEO Mark Durcan tells CNET that the company will start providing
, samples of the advanced memory technology to customers in the first

EEWW. chet.com

ing NAND scaling limit; ushers in new 3D memory era

©2013 Micron Technology, Inc. |

6



While DRAM continues to scale
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Seon Yong Cha, IEDM short course, 2011
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Main vector in DRAM/NAND: Cost reduction

DRAM NAND DISK

atency R
Today: DRAM NAND DISK
Bit/$ ] B

DRAM NAND DISK
Latency D —
3 Years? : DRAM NAND DISK

Bit/$ -
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Where can an emerging memory fit in?

DRAM NAND DISK
Latency — — >
NVDRAM DRAM NAND DISK
(Non-Volatile DRAM) Bit/$ ] S
DRAM NAND DISK
atercy | I —
SCM DRAM NAND DISK

(Storage class memory) BI + /$

l

DRAM NAND DISK
NAND Latency B
. REPLACEMENT DRAM NAND DISK
(STORAGE)  gjy/s N
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Consider the “top 4” emerging memaories

’ ISSCC, VLSI Circuits, 1 ao,
— 32 Gb
. ASSCC O o g * Nich
S 40000|/EDM. VLSI Tech. [+ RRAM Technology | Company e
“; ’ B - E IE RRAM Adesto EEPROM Replacement
S pu &b _ Ultra high Reliability
8 1,000 ——0 A—k MRAM Everspin | BBSRAM replacement
S PRAM ‘/A” 108 r\fqlb £ Embedded
> 100 RA‘E’] ) STRAM Crocus Security
g : 64 Mb FERAM TI Embedded
@ 10 FERAM Ramtron | -OW Density —Power
Meters
° / o + m : ¢ PCM Samsung NOR replacement-
- o——o—a M . Micron Wireless applications
2001 2003 2005 2007 2009 2011 2013 Prall, IMW 2012
Year

FIGURE 15: Memory capacity of emerging nonvolatile memories.

IEEE Solid-State Circuits Mag. Spring 2013
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Memory “scorecard”

' Pl DRAM
- Cost/ b e
smallbit e I i

Low programming energy Cell size

Multi-level or multi-layer Programming
energy

> Latency Multi-level /

Fast read (large signal + layer

- [ I
memory window)

Fast / deterministic writes

Write endurance

Endurance
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Phase Change Memory (PCM)

Crystalllne
J*’-x

» Storage mechanism

Amorphous/poly-crystal phase of :
chalcogenide alloy (Ge,Sh,Te; — GST) i re.st..y o remstiy

> Writing mechanism Temperature

Reset (amorphization)

Current-induced Joule heating ! {

Set (crystallization)

-

» Sensing signal Time

Resistance change of the GST

0\ »
| i
> Cell structure ‘4 N\

1 transistor, 1 resistor (1T/1R) v i
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History of PCM Silicon Development

S. Lai and T. Lowrey,
IEDM 2001
180nm

®
Q@
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SET St My FESET State :—E Wth

o 02 04 a8 0B 10 12

I Fead Viotiage Ragime
Vaoltage (V)

F. Pellizzer et al.,

VLSI 2004
180nm

F. Pellizzer et al., G. Servalli,
VLSI 2006 IEDM 2009
90nm 45nm

M. Gill et al., G. Casagrande et al., Bedeschi et al., C. Villa et al.,
ISSCC 2002 VLSI 2004 ISSCC 2008 ISSCC 2010
180nm 180nm 90nm 128Mb (256Mb MLC) 45nm 1Gb

PCM array
& chip

\ﬁ%ﬁl

= Tile IAputs

Tile
Redundancy Prog Load

iEey—ouoye

2001 2003 2005 2007 2009 2011
< > < > < >
Concept Technology Product
Demonstration Validation Manufacturing
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PCM Scorecard

Planar | DRAM PCM
NAND

e ---

Programming energy ~H|gh |

Multi-level / layer -- Level/Layer

Fast write -- >100ns

Endurance
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PCM Cell Challenges

» High programming current > Resistance drift (MLC)

10 ZL I B S B B B B B B
1 L ®  Reset state "
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21-25%, 4 2-e-0-g-0— —-?-o-ogo_._. 10'F
Interconneact L L L I : L L L A :'————'QO'-O'-O'-O'—Q'-————O‘—
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Ireset (uA) 10‘910'310‘710'610'511(_)"‘1[2']310'210" 10° 10" 10°
Sadeghipour, ITHERM 2006 .o
ghipour, Kang, IEDM 2011 lelmini TED 2007

» Programming speed to > Thermal disturb
SET/crystallized state <

Choi, ISSCC 2012

«SET f0ins
-=-SET 150ns

-+RESET 100ns
150ng Pass

C
Russo TED 2008

Resistance (a.u)

45 nm isotropic

Current (a.u)
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RRAM

RRAM Material Systems Switching mechanism

RRAM-M
(CBRAM)

Bipolar
RRAM-0Ox

RRAM-MVO

AAcron’

%] whibi bivkabis resintance switching

lk\hl]l

Cu/GdO,
Ag/SiO,
Ag/GeS

Ti/HfOx, Ti/ZrOx

The Periodic Table of the Elements

comesponding binary oxide that

metad il In srvedl for slectrade

K [Ca \;: r v 1"!
Rb| Sr| ¥ |75 Nb \1
Ca| o | La | Hi ! Ta | W Re

Sy | B | His | M

Ce| P |14 | P | Son | Ee |Gl Th | Do || Ee [ Ton [ ¥B{ Ls

Mixed Valence Oxides
SrTiOx, PCMO etc,.

Cu, Ag etc,.

Metal Filament in Electrolyte
+V Y
!

STI

Oxygen vacancy filamentin

dielectric TiOx, ZrOx, TaOx etc,.

Uniform oxygen
movement

Current (4]

Current (A}

K.Aratani etal, IEDM 2008
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RRAM Scorecard

Planar | DRAM RRAM
NAND

e ---

Programming energy --_
1-38PC

Multi-level / layer Level/Layer
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RRAM Cell Challenges

» Window for MLC

99.5 . . . :
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30+
10F LRS

2F >10X
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1OI0k 1IM 1c;|v| 1o;m
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Chen IEDM 2012 — HfOx

> Write current scalability?

5 m Set

Cumulative probability (%)
(9]
[a=]

0.1 @ Reset
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Aratani IEDM 2007 -- CBRAM
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MRAM

» Fast switching could enable DRAM replacement
-~ EVERSPIN

TECHNOLOGIES

P The MRAM Company™ MR4A1GB

FEATURES 1M x 16 MRAM
« +3.3 Volt power supply
- Fast 35 ns read/write cycle
= SRAM compatible timing
- Unlimited read & write endurance
- Data always non-volatile for >20 years at temperature
= RoHS-compliant small footprint BGA and TSOP2 p|ackage
- AEC-Q100 Grade 1 option in TSOP2 package.

» But field / toggle MRAM cell too large - STT-MRAM
| write current PMA Stack

MR4A16B Datasheet,
www.everspin.com

EVERSPIN

20nm Ru
.25Co/.8Pd * 14
Free layer 9Ru
Tunnel barrier 0.3 Co .
Fixed layer 8.§5PCE[O/ .8Pd*4
0.25Co
H-field 0.3 Ta
-11e .
= Access __, ||— Fixed layer~_ [ 08 tored
transistor M g 0 e 0-9 Mego
write current Free layer (2).$aCOFeB
() ®) . 5 RuCoFe
Rizzo, IEEE Trans Mag 2013 Substrate

Sun, IEEE DRC 2011
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STT-MRAM Scorecard

Planar DRAM STT-
NAND MRAM

e ---

Programming energy -- Med |

Multi-level / layer Layer

Latency Overall I

Fast read <30ns
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> Writing

STT-MRAM Cell Challenges

current vs. stability

> Tunnel junction reliability
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FERAM

» Stores “Charge” in a 1T1C Memory Cell Schematic P
polarizable material WoriLine

Typically PZT R -
Select ﬁ/}J
Transistor FeCap Pl FE ?P’

top electrode

BitLine Plateline bottom electr

Wouters, CREMSI Workshop 2004

> As with field/toggle MRAM, moaiis - v

SMbit F-RAM Memory

erformance is similar to
p §Mbit Ferroelectric Nonvolatile BLAM Superior to Batterv-backed SEAM Modules

Orgamized as 512Kx16 *  No Battery Concerns
*  Configurable as 1Mx8 Using /UB, LB ¢ Monolithic Feliability
*  High Endurance 100 Trillion (10') Read Writes *  True Swface Mount Sclubon, Ne Rewerk Steps
D RA M &  NoDelay™ Wtes *  Supenor for Meisture, Shock, and Vibration
*  Page Mode Crperation to 330MHz )
#  Advanced High-Rehability Ferroelectric Process Low Power Operation
+ 27V - 3.6V Power Supply
SEAM Compatible ¢ 14mh Active Crent

# JEDEC 512Ex16 SFAM Pmout

* 60 s Access Tims, 115 ns Cycls Tome Industry Standard Configuration

¢  Indusimal Temperature -40° C to +85° C
Advanced Features *  45-pin “Green” RoHS FBGA package
* Low Vpp Monitor Protect: Memeory against
Inadvertent Writes

http://www.cypress.com/
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FERAM Scorecard

Planar DRAM FERAM
NAND

Cell size

Programming energy

Multi-level / layer -- Layer?
Latency Overall I N

Fast read
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FERAM Cell Challenges

> Need to reduce cells size — » Considering cell / array

limited by polarization /
bitline cap ratio

D. ima et al, MRS Spring Meeting 2011
Design Rule |0.5pm |I].25||m 0.2pm 130nm 130nm+DualOx
Capacity 16Kb 8Mb 32Mb 64Mb 128Mb
Chip | S i
1S5CC1999

I5SCC2001 I1SSCC2006 1ISSCC2009

Cell Structure |Offset Cell |Offset Cell |Stacked Cell |1-Mask Cell |Adv. Twin Cell

Capacitor Sputter PZT |Sputter PZT |Sputter PZT |MOCVD PZT |MOCVD PZT

Cap.Size  [3.24pm” 0.855pm°  |0.49pm® 0194|.ln 0.098pm*

. | Ave. |15.8um? 5.2um’ 1.875um? __ [0.719pm? __ [0.32pm?
Cell Size Bure[13.3um? 4. 2um? 1.539um”__[0.612um” __[0.25um
Process 2Metal 2Metal 3Metal 3Metal 4Metal Dual Ox
Chip Size ! %n_]mz 76mm” 96mm* 87.5mm°  |87.7mm*
R/W Cycle 80ns 70ns 75ns 60ns 75ns
Page/Burst  |80ns 40ns 25ns 10ns 1.25ns
R/W Bandwidth |[12.5MB/s _ |50MB/s 80MB/s 200MB/s 1.6GB/s
Vdd 3.3V 33V |33vizsv [33vizsv [18v

architecture solutions

(a) 3D Capacitor for Conv. FeRAM

{Ir 6F x 6F =36F2 J. M. Koo et al, IEDM2005

Poladzation [uC/em®]
PP

" et
Voltage [V]

(b) Virtical Capacitor for Chain FeRAM

L
w 2 x 20 ~dp2 N. Magel et al, VLS| Tech2004
i =
ro2 Iro, PIT Si0 % —
F 3 .
§ % AR
§ LWL
E 3 o //
< a '
capacitof Electrical Field [kViem]

Takashima NVMTS 2011

PL driver
BL
BL 2222222722
PL] WL7 WL6 - WL1 WLO BS
i I — - L 1 L
Capacitor

Shiga JSSC 2010
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Multi-Layer Memory

Bitline (B/L)

Crossbar memory very attractive

> “Simple” structure and minimum cell size (4F?) } Memory element

» Suitable for 3D stacking - cell size (4/n)F?2

Top electrode

» Array over circuitry - better array efficiency  Beftomelectrode

Wordline
(WiL)

Diode plus memory
element

The basic cell architecture requires a Vorog/2 Vorog Vorog/2
selector structure to be integrated in the
BEOL

» Parasitic paths exist through neighboring cells

» Programming (and also reading) can perturb
the array

AAcron’
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A Wide Range of Material Choices

P Selector device options

o = % ‘ Homojunctions - polySi p/n
. : junctions

— Memory element

Heterojunctions - p-CuO/n-InZnO

'T_ —— ’ _ ™ Switch element
L a4 Schottky diode> Ag/n-ZnO
Chalcogenide Ovonic Threshold
For the selector structure Switching (OTS) materials

Mixed lonic Electronic Conduction

several devices have been (MIEC) materials

proposed so far, none
have been “proven”

(P’?lcron ©2013 Micron Technology, Inc. | 26



Cross-Point Switch Requirements

> Very high forward bias cell ~20nm Cell | Current
Type Current density

current PCM 100UA 10 MA/cm?
Greater than the switching current RRAM 10uA L R
» Low leakage through Example for read
1.E+05 . S;ggtglérgint of

unselected cells 1.E+0 . .

Leakage per deselect !

Steep IV characteristic L Esog | (V2 scheme) / 5
1.E+02 //

1.E+00 / I

Necessary for bipolar RRAM o 2 4V0|ta96e 8 10

Current

> Bipolar operation may be
required

1.E+01

Array size < I gs(V) / 1 s (V/2)

Micron

©2013 Micron Technology, Inc. | 27



Summary Scorecard

Planar | DRAM RRAM STT- FERAM
NAND MRAM

Cost Overall

Programming ~High |
energy

Multi-level /
layer

Latency
Overall

Endurance 1e8 ??

o ------

Level/ Level/ Layer Layer?
Layer Layer
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Where can an emerging memory fit in?

DRAM NAND DISK
Latency — —>

?IVV?/RlA'IlVl DRAM) A (( —

on-Volatile .

sit's — ﬂs‘ —

DRAM NAND DISK
atency—_ [l D, W —

N

. SCM DRAM ?\Q‘P;J\ DISK

e ) iy i

DRAM NAND DISK

atency T

B REPLACEMENT A sk

STOGD s e




Summary

Many new NVM technologies are attempting to gain a foothold in the
computing devices

While they have cost or performance advantages over NAND or
DRAM, none beat the performance of DRAM or the cost of NAND

The most direct fit would be a NAND/DRAM *“blend” / SCM, but the
system implementation for this type of memory is not yet established

We need a few more advances in materials to make these
a reality!

Acknowledgments: Thanks to the Micron R&D team and the work of
the authors presented here.
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