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WG12 (ERD) EF#oih I
{TRS2015>

INC1 INC2 INC3 INC4 (INC5) (INC6) (INC7) (INC8) (INC9) (INC10) (INC11) (INC12)
FY2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
65nm 45nm 32nm 22nm 14nm
EEEENEN >

WG6 PIDS

J—4—: FR (EX) WE (RIX) AT (&FZ) mE (FEHHA->ERIEK)

today

WG12 ERDERE| y-4-: =% (5+H8)

/ WG13 ERMIHIL

________

ERDAEMOTELL THRIZ@ITRS2005, Beyond CMOSOZE A AL NLOEFAC. o e - ’

ITRSOFHEHDIRSE
1. #BIRCMOSZIBZ D IEHRIEAD Y TO—F
2. 20205 F TICERIESNZFBMALIET ) A RDREE

O>wv)

XEl
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T—%FIFv

FEW’]Z Extended CMOS  F+JA#—1K> StorageClassMemory Neuro-morphic EF7=—Jl
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ERD 2013
Emerging

devices

ITRS ERD A—/\—E1— STRIZ

8o

8 Looc

EMERGING

ERD‘

R e e T s ITRS2.0

Emerging More-than-
architectures Moore

I |
» Embedded NVMs Emerging [ Sensor |
» Storage class memory devices for RF| : applications
| |
1

e Low power

NEAVEIGCER

Devices with |
learning capabillities

Security |
applications

_________________ |
NANOELECTRONIC Flexible
DEVICES electronics

A. Chen, J. Hutchby, V. Zhirnov, G. Bourianoff (Ed’s)
“Emerging Nanoelectronic Devices” (Wiley, Jan. 2015)

WILEY
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Proposed Changes on Existing ERD Entries (or imrs2015) STRI

Emerging memory devices Emerging logic devices Emerging architectures

e Emerging ferroelectric memory e Carbon-based nanoelectronics |e Memory architectures for
o FeFET e Nanowire FETS program centric architectures
o FE tunnel junction e Tunnel FET e Storage Class Memories
e Carbon memory e n-Ge and p-111-V e Evolved architectures
e Mott memory exploiting emerging research
e Macromolecular memory memory devices
e Molecular memory e Spin-FET and spin-MOSFET |e Architectures that can learn
e ReRAM e NEMS - Marphic architectures
: _ _ OSyIFETEL TESIC(4Eh . .
o Electrochemical e Atomic switch | smEicRE B3RO, Neuromorphic architecture
metallization bridge e Mott FET P pestomerPhic &7 sl ylar automata
o Metal oxide: bipolar filament e Neg-Cg ferroelectric FET architecture
0 Metal oxide: unipolar o Cortical architecture
filament Need major re-organization based on
o Metal oxide: bipolar non- e Spin wave devices the planned workshop
filamentary o Nano-Magnet Logic | Envauves, —B (fras
X X . FED) T-HTEI2aC
JRIENRBAHE, S iEh i 89 T e EXxcitonic FET 20TH
WSTHEEMRU TR, —H&B e BIiSFET
AULORERIET . .
(‘-’tReRAEE.MtHbcbfL FRIECEIEL . . Possible entries to remove
DI EBRR TR pin torq Jority 9 or re-organize
e All spin logic

Emerging Research Device (ERD) Update, An Chen / ERD Working Group, 2014 ITRS Fall Public Conference (KINTEX, Korea)
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Emerging Logic Devices
NIFI=T & \ (31 b
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TI-S4.059557 N1 R-p57Ty T2

for ITRS2015

e lable ERD10c
State Variab]e Red color highlights proposed change in 2015 /
[’A
Spin wave logic | Piezotronic
S0 o
= Nanomagnetic logic
=
Q
- —ExertontetEdl— —BISEEL —Bin ERAL
o
= STMG All spin logic
Spin Torque Majority Gate
Nano-wire
o S1 FET NW FET SpinFET 2D transistor
20 1 Tune B R RO( <RI
S| TFET  nGe p IV | Atemieswiteh— NEMS
@
Grapherig IEIEE CNTFET | Mott FET = Neg-C,FET
7 7 )
/ Conventional / Novel Structure
Table ERD 10a Table ERD10b /materials
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CMOS Extension & Beyond CMOS<l)

s B
A basic electronic CMOS eXtenSion: E 4 Tri-gate ?7?333 jz;EDM,
switch model « New materials E 3.: :;:::::G
~ — Strain, SiGe, Ge, ITI-V, CNT, ... -;';:_-z.z m Classic
o | TEh * New structures @ 1s - i H
@) — FinFET, gate-all-around, ... § . j I l l_
: o |
S0 65 45 32 22

Bevond-CMOS devices: new mechanism Generation (nm)

* New transport mechanisms E g tunneling s ﬂ
TFET

* New gating mechanisms E.g., mechanical ferroelectric
-

cantilever beam Intardielectric é
air gap o S0,
NEMS I 1 Fﬁﬁ Neg-C, FET
p-Si

insulating substrate

 New state variables

Sin 25nm ¢»
. Source Gate Drain p—
E.g.. spin | | | Coi (5.1 -n)I V """ W rec oy,
Co(8 “m)/_,', TR A‘:ff:-enwlaycr
in FET . -
SP Spin Wave
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nvyy  Assessment \STRI

27-28 Aug. 2014 in Albuquerque, USA

Only showing devices with more than 10% vote

o 20% E—
I=) ® Most promising
> ® ® New|| m Most need of resources
H5 ] ]
S, 15% @
s New
o o ®
O New
® 100, LLstlist 3rd| ist|3rd ® | 1st =
QQ(} QQ(} <§¢"$ 4\06 QQ(} QQ(} -\C)@% QQSO . c\}O&’ &\,C:Q QQ(} @‘5\9 QQ(} o\(bs
p Vg F O I ST F &
‘% ,%‘DQ > < = .Q’\' Q‘@ Y.'}Q \‘5\‘
5,8 S L& S N
5B S & X <
® < < AN Q’\
" & X
O
Q(b *New: ITRS2013MDERDIZIZEBE SN TLVELY.

B9 ARI4E: steep SS (< 60mV/dec.@RT) BEEXEF>BIEHEES
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Carbon Nanotube FET \STRI

S.J. Han, ERD Emerging logic device assessment workshop. 2014

Advantages: R BT Target: |

« Scalability o F_'!!'!_!’.‘F!!,(‘__??!!‘P!!’#_!_‘.‘J:LE,‘..v:_m

e Ultra-thin body mTEmeé};sfu o

« Ballistic transport g | 3

» Gate-all-around 3 -
5 o s

Challenges: ° O

* Purity, placement, density 3 001 3

« Variability = g

* Contact resistance
* NFET for CMOS

2000 2005 2010 2015 2020

I e B S B B
M=1,3nm1

9nmL, FET

T SS= i
84 mVidecade

2R, (k)

M— Vd5= 04V

ot |l V=001V Size-exclusion

0n ! ! ! = [

0 50 100 150 200 e chromatography
L, (nm) Vo )

R Ty Ly
Work in Progress - Do not publish STRJ WS: March 4, 2016, 12



Tunnel FET
SS <60 mV/dec.@RT

Gated quantum-mechanical i Challenges:
band-to-band tunneling to * Improve [, while keeping SS and I ¢ low

enable steep sub-threshold * More stringent material, device, and fabrication
slope for a low-power switch requirements, E, & composition engineering, etc.
* Reduce interface state density
* Body thickness scaling at advanced nodes
* Device variation (body thickness, G-S overlap)

I | i
I I | | Hetero-junction TFET: bandgap engineering
I | [ | N, Gag 2AS GaAs, ;Sby o Iy 5;Gay ,,AS GaAs...3b
0798 3 03590 gofINg ;G 3AS
- l | I Bmall Eg HomJ TFET Mod. Stagg HetJ TFET ngIiFStaggte.Hétr:J T||=ET
\, E,.s=0.58eV ! off=0. e N
I Empty I I \ ‘ﬂnel . \ channel ' Epei=0.25€V
| States | | RN\ Swewec) ‘e~
I I I Source \ Source :
| I T
PAUARR RN \\\\ 6
SSSUNSIN 3
84
. £3
Filled E ,
States S
=1
=
o - . AL v ¥
S. Datta, ERD Emerging Logic Device A s 050 025 0.00 035 0.50 0.

050 -025 0.00 025 050 0. 75 -0.50 -0.25 0.00 025 050 075
Drain Voltage, V,_[V] Drain Voltage, V,_[V] Drain Voltage, V_[V]
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Emerging Memory Devices
NIFI=T & \ 1S4 b
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IN—-IVIAEUFNAA-HFTY <D

Memory
Vol';tile Nonvc:)latile
SRAM Bas;-line Protot-ypical l Emel-'ging I ERD
DRAM L Flash :. l-:eizzhz § -;i Ferroelé:‘[;i-c-h-/l-e:;;r; ----------------
= Stand-alone I: NOR E PCM ii FeFET
{Embedded ] {NAND| HMRAM :i FTJ
]

HSTTRAMJi |II — ReRAM |2

Red color highlights proposed change in 2015 =] Macromolecular Memory I

=1 Molecular Memory

_____ I BEMT4FAVMER
PIDS 1l H Electrochemical Metallidation Bridge Stz J
I
i =1 Metal Oxide - Bipolar Filamentary - fEBEAE
i
I . . .
! =1  Metal Oxide - Unipolar Filajmentary : - EER RSB R
i I
: -1 Metal Oxide - Bipolar Ngnfilamentary |---#&I=&15
: - \I o RIVEEDEE
i =1 Mott Memory :
I
i — Carbon Memory -
l I
! I
i I
i I
i I
! I
! I
- .

NVl STTRAN [ 8857 S Rt B B R i B
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zyrEzn Assessment Results \STRI

27-28 Aug. 2014 in Albuquerque, USA
Only showing devices with more than 10% vote

(D) 40% ! : :
s - ® Most promising
> -y B Most need of resources
S 30% o -
(¢b) 310/0
c 20% 23% 24%
D ®
5 H
st st nd d
O 100 1 1 2 pAL
QQ\ <D Q&} 0@? Q@ Q@ Q@ D> <D
Q @ b’ ,&Q @'& @'& @'@ @ @
A » 6> < N N N AR
& S S Y R & & >
0 L S QX > > §
¢ e < > & & / x°
"70;3\ ,%\ QO :0 /’2’9 Q\ Q\ D o Qf
) Lo > 5 @ R/ xS
A o) > & S SO P
f&@& Q& IW@% fzyc} qu,i@*@p& O
oo # Ol
& F Sy BEIARE: HREHEHE
e S XgY 1st, 2nd : ERERE) (mEfcmat)
LK
{%, &l

| 1st ond - F ER &
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CNT-RAM: CNTEER{E-E REFEAT) T

(by Nantero Inc.)

® ZA(wF HIXIF—: ReRAM, STT-MRAM®D < 1/10
® LV7—ARE : Ct7J<U7"C>(JEUbody7&1’E*“
® Universal & BERREFEAEVORIEESE

S102

40nm %
W —20nmA
CNTZ/KICOEILTEM

(SW-CNT, Semicon : Metal = 2: 1)

4
»* Current compliance

Aligned CNT film for <2X
nm technology (top view)

* H—RIETHA(YFH] ?
CNT-RAMOH#EE I-V SWHFIE

140nnr >
Scalability: SL
15 nmdice] T, < 4 140nm 4Mb CNT-RAM: Typical conditions
enT Write (-65C to +165C)
<« M3 Voltage Time Current
-« M2 RESET 2V >1Vv*| <20 nS*? <10 uA *1 floating cell writelRFF
WL . SET 3V >2 Vvt <20 nS *2 <10 UA *2 RITEZS TR TR
- Window (1V read)| 10 MQ (OFF) / 0.1 MQ (ON) >~100 ZiBE{tHa]
| h'l Endurance >10'2 cycles HbithIE
I_,-' Read disturb >107° reads; non-destructive 32kbitAlE
{ p- (substrate) | Retention >1000years @ 85C; >10y @ 300C 32kbitHlE
Bit Yield >99.999% 32kbitAlE
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STRIZ

ITRS/ERD

Memory Select Device

ERREZRDDDEXEIRILIZITERV. WLBRFTNAR (F1A—ROTr) BEICEHZRD,
4FZzB¥a93idd : 1T1IR, 1T1C, 1D1R

(1) Vertical transistors
EiROHE (3D) FETENRORFIEN

1 B o TLVB. Si-NW+GAARRELE .
_M )

SES | a1 — gz N
20 FIEIRT )\ A ADESFIE

Parameter Value Driver

(2) Two-terminal select devices . g6, V 1V Compatibility with logic; low-
S T LA o power operation

i AN | i ) ) :

N S ] Sensing of memory state (fast
205 - IERIZT ) A 2D ONcurent, . ~10°A  onS v state
_ . - : 6 Sufficiently low ‘sneak’

REENTVSEIRTINAA v OLHOIEF G =l currents

® H1{ A— REY J DI 85° C The top end spec for servers.
o IKinA( “Jf’:*-: Operating NAND spec (the very

- MIT switch /‘ temp 50° C embodiment of non- volatile
- Threshold switch ' memory for the current state-
- MIEC switch of-the-art)

Work in Progress - Do not publish STRJ WS: March 4, 2016, 18



Memory Select Device i

Taxonomy ITRS/ERD
s AR oD
220 Memory Select Devices
Transistor Diodes Volatile switch Nonlinearity
eSS
—| Planar Si diodes Threshold switch Intrinsic
— \Vertical Oxide/oxide Mott switch Extrinsic
heterojunctions
Metal/oxide Schottky MIEC CRS
junctions

Reverse-conduction diodes

=) EAHEL Tr >4 A—RA,
S5(C, ‘Selector-less’ Memory cell (HSZiZEIRM) .

Work in Progress - Do not publish STRJ WS: March 4, 2016, 19



AEUE(E DA @

- - - ITRS/ERD
® XEUDAIEFLICKBFFHERFIHE E D DK /
® ARL—SDFAAEUDEA
Hierarchy in Memory system
k~Mbit | M~Gbit ~Gbit G~Tbit Capacity
<ns ~ns | ~10ns < 100 ns ~ms Latency
Volatile i Volatile - — Non-Volatile Non-Volatile
SRAM . DRAM —’\ ,‘— NAND Flash (SSD)—— HDD
L1 L2 L3 " Refresh operation Large latency gap Scaling limit, Not RAM, o ® set®
G G in standﬁ > Low@ficiency Indirect ogwrite v‘
NVM Memory-type SCM Storage-type SCM
? Buffer NVM Hybrid of NAND and NVM
\ )
S ! ZNE/b . ) )
PCM ()

LSI, ®/\1 )L BEER DRI H B & D HIHICR%). SR ELINANDRL ETHNELL (SE6) .
SR EERoHWHE.
\

I

FaAR - R
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Emerging Architectures
B Y — 5 IF v
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HFARRETF (ERD) D= DH ST — 554 ThD

CMNETDHOERD7 —F T F (ITRS 2007, 2009, 2011)

F—FHF v s EEER ITRS 2009 ERD-ERA Chapter

A=—aF RFHa7 CMOS FTEERD T —FTIVFVYDARFI—)
SEXHFIT CMOS O AEYTF—FTIUFv
pany CMOL cMos+ #F21vF o HEEH 7 —F T F v (for Beyond-Neumann Computers)
#FCrossbar  HFRAvF FHRUED/NTH—T U RAERDREFELY
Checkpoint CMOS + A EH " ITRS 2011 ERD-ERA Chapter
CNN CMOS + >4 oERDATEYTF :\:7_'79:’V
Morphic ERAE FG-FET, S!ET '%ﬁ*ﬂi =3 n'l'ﬁ y #7—_79—_)(, (I\/Iorphic)
Bio-inspired ~ MFTD, RE'> IBEERALER 0D 43 58 (Beyond Neumann, i)

ITRS 2007 ERD-ERA Chapter

> EiR1. ERDZAVTEDLSIEENAIREIZES M ?
*MOSFET+ F{EH (ReRAM, MT)) : BREMTIREHRIEEE, 7O RFDIESDEMIE
-Molecular Devices/Elements: - FDHEBEERZFRAL-BAIER . MEER

> EHim2. ERDDFIFHEESHAHLIEHMUVIBDER
N ET7—XTOFv: BEF EIRTIEAEY, 7 /T4X%, CMOL, CMOS
BS=T—XTIOFY: BT EXDE R ER

> B3, FHRUEBOSFEEERD ~HEFEMALOT7ITO—F~
-ﬁDEE’J/nT TOT7—XTOF R EIZAITT-%1E
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A7 —%F 5 FrDBREOHKEN I

7I)r—avn% RERABINTNET—FTIFF
= E A i EEEAE! — 2 E v
e A BEAE -cAM(CMOS, SET), T—2A =T L#EEm~ T > (CMOS),

B (cvos), #E %IZEJJ*"'IH#ELEE, 12 Bl {E (cmOS) , etc.

5w 2R5R R (cmos, SET), BhEHRH (cmos |, SET), ATLAE 3> (cmos),
EIRES REXREBHREFIE (cmos), BIET A FHZ (cmos), AHR&H (cmos),
Y EEE%{%(CMOS), etc.
(RR%) 20 )aviEg (cmos), FiRIZKAMERE (cmos) |, EERIZEITEH/4X
jF’V/t)L&E?RE’LI . (CMOS), "EE.‘E/‘E(CMOS) etc.
~ RISHREIaE1—42 (cmos, SET), AT &K (cmos), A L#8hx (cmos),
AT A etc.

CrossNets (Molecular), 7RL R4 R RERE) (cMOS), CDMA=2—Z LAk
T (cmos), A T #HRa (cmos , SET), AL+ T X (ReRAM, etc.), =RIT
& Brain-machinef>2—271—X etc.

YFTAFNAA(BBF, 7/71R7) &Ml &>+ T AT 131 A(ReRAMEZ FOZEIICFHIFL . CMOSt’ﬁE&AbETEﬁﬁ)

BFHhut Y FIFARITLA pre-neuron

\.\ fn ‘}_\- Jf Memiristor memristor synapse -
= X
_5_\ __ <
) @ p -‘,,»--:_.Ii"";a FJ;AQ+SI %
7 VR s 2 |
AL AR o :
Synapse —\ A UC>),40_ STDP
. — {—"'-" < Depressing
To pre-neuron ? \GJ 20l . , i ) L N
T i ?cg“‘“_ S(t\ 60 -40 =20 0 20 40 60
o post-neuron 7N neuron A Spike-Timing (ms)
AT R-ZRTI o Jo, Chang, Ebong, Bhadviya, Mazumder, Lu, Nano Lett. 2010, 10(4), p.1297

STDP:spike timing dependent plasticity

Work in Progress - Do not publish STRJ WS: March 4, 2016, 23



Neuromorphic7 —¥%79Fv: /A XL AKZIZHEH...

Error-Tolerant Transmission APPs in Phase Synchronization .. ADC Applications

of Pulse (Spike) Trains N k. -\)\(Pulsesﬂensify Modulation)

noise

HEGEOMR

-

PDM Processing o
In Cortex 110111.....

Performance

~

Noise amount

-—

BB

Sensors and

Decision Making Sencor

[*ole”e Application
- T2

Burst Spike Detection with

Low-Power and rm'lEE\/\ " Depressin SvﬂﬂpSEE

Fast Signal Transmission -
with slow device elements % Communication Applications noise Logic Application

Work in Progress - Do not publish STRJ WS: March 4, 2016, 24



ITRS2.0

72D IA—=HAIVU7 EERDDZEN
-EF1VFT 1D FEYVIR
Physical Unclonable Function (PUF)

Work in Progress - Do not publish STRJ WS: March 4, 2016,
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“Beyond-CMOS” Focus Team <

T2OMI7A—HAIT)7EERD (Beyond CMQOS) «  ERD&EIFY IL—T . BM(Beyond Moore)lE1T5

D) L REFARY,
By * ERDIZZDFFFH. TD AL /NTBMIZX G,
Q)  ERDEBMMD2DDBEMIXEILEEEHE T . ERDZE
System @ BMIZ S E B CHiaE.
-  ERDELVSIARINER—LNY1—E1LHDDTHE
inte ra.tion OUtSIde S_ys_tem L7=LY, (An Chenk)
g connectivity

Application drivers;
Performance @

requirements
Heterogeneous
® Emerging compone)nts components
ERD — "Beyond CMOS" | ¢ ®

Assessment &
transition criteria | More Moore

Integration and
manufacturability
requirements

@
Manufacturing

©
Heterogeneous
Integration

Work in Progress - Do not publish STRJ WS: March 4, 2016, 26




Alignment with New Application Drivers@I’

r ITRS2.0/Beyond Moore ~\
ITRS/ERD
/ Computing/\ / _ \ / \ ERD’ s areas of focus:
Communication Internet-of-Things Cloud/Big Data Today
*Emerging Logic
1.Memory 1.Low-power 1.Optical -Emerging Memory
2.Logic devices, e.g., TFET, || interconnects
3 Architectures NEMS 2.Storage Class Future
4.More-than- 2.Embedded NVM | Memory “Sensor i .
Moore (RF) 3.Securlty, e.g., 3.Efficient DC- ensor integration
PUFs DC converters *Security
4.RF and wireless 4.Data driven -Energy-harvesting
5.Sensor integrated computing T
with CMOS (accelerators for °C'r(.:u't blocks and
6.Energy-harvesting Hadoop, etc.) architectures for loT,
devices 5.Security cloud
\ VAN -/ \_ /| *DC-DC converters
\ J .. .

*t R £ B Dk 5k

Work in Progress - Do not publish STRJ WS: March 4, 2016, 27




PUF - D4 <

Physical Unclonable Function

LSIDEFEDEFREBEOHLY MNMEEE(TO B ERISHI A, TDEATL
TRAPEEREISER) : £OLSIONFER E> MNMESTEEN R NS AE,

Verayott (MIT) HHLCRGmERH

BFEECMOSE [B] 2% FE m Glitch Ring Osci.
FORLBEBOOLN N EDHIAI T DEREFMT 5
SRAMIZERA AN - E % ONMEDEREFI
- #HE FF Butterfly

Intrinsic-ID#t(cPhilips)h

- fERMEAEY 4 o,y B RS
L )73 DRAM
BHERAAEYR -
ERZE{ATY
4 % I
 FiERAE)) NAND MRAM ReRAM PCM FeRAM
HE Flash (STT)
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MTJ — PUF \STRI

Magnetic Tunnel Junction

(a)
AP to P 1stset Cycle
2000 [ T Reset of Voug of set PUF
é " Exp. 1 30
abbay] O oven EFEE} R
2 - AP to P 1 - -
= 0r /di/ - .*_:5.10. “Unique ID”
g P to AP - & Ot .
§-1000- 0 00 4 4 - :h:sn- ChipB ‘ *:_ ‘E‘;ﬂ
k: lan pesmnnn vs s cmesmenes 0 e ' 20 s : :
g-zooqlso 100 _50 0 50 100 150 10l White bit Gray bit Black bit
Bias current [pA] 0 [~ N LA MTJ x 8 Ea
Magnetic field 16 14 1.2 - -0.8 = >
(b) o gp e Pulse voltage [V] P state P or AP AP state
P A = L Vet lr PR - A—UNEND, BE. R,
' P to AP 2 Current
AP to'P ‘T Ptoar il
VBD ywriti i I .\ \/\f’ .“\ =vwrite= VBD
” I:\* i j - 3
| ~1V'
ﬁ Voltage
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Figure ERD1 Relationship among More Moore, More-than-Moore, and Beyond CMOS.
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