WG12 (Emerging Research Devices: ERD)

ERDEIRMEERDX IV — >4
V—FFIF+

CmASEZE (BAEX)
EHEM (JEX)
AT (BRZ)
R #HF (BEIX)
ELEANTHE (VZ—)

Work in Progress - Do not publish STRJ WS: March 6, 2015, WG12 ERD 1



=P/

o 2014 ERENSET
e 20144 E WG12 (ERD)A>/\—
e Extended CMOS
e ERDE&EjE] (J\1S-1 )

- ERDO>wv D

- ERDX+EU
e ERDXIN—2 07 —FF0F v
o ITRS2.0XJ)is

o &
o FHSELE
JAA=A<<

Work in Progress - Do not publish STRJ WS: March 6, 2015, WG12 ERD 2



20144EFEEE) ©

saEh At

o 10FE~20FFGICEREINDIO>YVY. XEVUDMRASR - HiiEimze —Xo
L. ROFNV—DTTDBZE,

e ERDDJZEDEmMerging )’ —F+7 2 F 7. Emerging)/ —FF7TF v DIZHD
ERDZET 4 L2329 &, ERD X ERA.

e Extended CMOSDIEZEZXD &,

o HATHRESNTWLWBERDDTI LT RX&ERI &,
ITRS2.0E/MA. Low power, NVM, SCM, Security, Sensor,

EE)J.:‘I‘T

o Bibla&kfE BAZRLK) . BEtrU>JZztv N,

o 2014F 4B XDEEETE ( 14:00-17:00 ) DT K, ERM=E (3073) ERD-
ERMERITYE 3> (QFER) /ERM=ES (3093) .

o ERDEZEE. BLWMIEIERE 7Y > JICLDIEHIHRIBIESNR>FY—F
SOSEBRE. D—02avITILESSROTY TF— MR,

o [EEEFZEADZN. ERD workshopiEEIETk,

e ITRS 2013%[ER,

Work in Progress - Do not publish STRJ WS: March 6, 2015, WG12 ERD 3



20145FE (&l

/ STRJ WG K

24% (f£3%:7, X%¥:12, EMHSEF:5)

)—&—(14) SEHEESEREGEIEX) -4 B (2014F48 ~)
HJ1)—45— BEAZEBN(V=—) RN (EZ)
(244)
®E0f) AN (ERZ)
EERELY (14) ERZER(RK)
A v9G6(94) 'J—j’sc"‘— RAAN(RZ) EHREKRER(ELEM), 37 X
(RXK)
NE Z(EEX), KFiES(E&X), JIlimEa (LY X)
R BR(NTT), BB B2 (NEC), B EEEX (EL)
FEG(a4R) )—5— BEAZTER(V=—)
K ILSE (EEFAHE), &R Al (LEAP), BA IR (NIMS)
7—XTIF G )—F— EZHETH LX)
(34) RIN—Dx)LT4F 2K (NICT) . [B#HF (RIK)

RN A1HF—(64)

REHHZ (BX), &R (RALK), A +430— BB (JST)
BR BEIX),MA #FHX), §RE—(EX)

Work in Progress - Do not publish

STRJ WS: March 6, 2015, WG12 ERD

4




Japan ERD Coverage

STRI

. . CMOS Beyond .
Name Affiliation Logic | Memory extension CI\\;IOS MtM | Architecture
8 5 3 5 3 4
Shinada, Takahiro Tohoku Univ. X X
Yagami, Kojiro Sony X
Tatsumura, Kosuke Toshiba X X X
Hiramoto, Toshiro Univ. Tokyo X X
Akinaga, Hiroyuki AIST X
Asai, Tetsuya Hokkaido Univ. X
Awano, Yuji Keio Univ.
Uchida, Ken Keio Univ.
Endo, Tetsuo Tohoku Univ.
Ohno, Yutaka Nagoya Univ. X X X X
Kawabata, Kiyoshi Renesas
Kawamura, Seiichiro JST
Sato, Shintaro Fujitsu X X X
Shirane, Masayuki NEC X
Sugawara, Satoshi Tokyo Tech
Takagi, Shinich Univ. Tokyo
Takaura, Norikatsu LEAP X
Takeuchi, Ken Chuo Univ.
Noda, Kei Keio Univ. X X
Hasegawa, Tsuyoshi NIMS X
Hara, Yuko Tokyo Tech X
Hidaka, Mutuo AIST X X
Fujiwara, Akira NTT X X
Peper, Ferdinand NICT X
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Extended CMOS
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Figure ERD1 Relationship among More Moore, More-than-Moore, and Beyond CMOS.
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OERD Emerging Logic Assessment Workshop &4z Xk

OERD;ZBHFE WYX : Piezoelectric Transistor (PET)
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2014 ERD Emerging Logic Assessment Worksho@

State variable
(Info. Carrier)

[« Workshop Topics]

27-28. Aug, Albuquerque, USA

A
) Non-charge, beyond-CMOS
@)
CSU Spin wave 4 Nanomagnet 4a
O
c DW logic ~ BiSFET4E EXFET
< Spin-torqueﬁ All spin logic
CMOS extension Charge, beyond-CMOS
o | SIFET | FinFET SpinFET4@ Atomic sw. = RTD
o
& | Gealv  NWFET4 |[TFET@ SET | NEMS4EQCA
© | Graphene FET @CNT FE® | Mott FET4E Neg-C 48 IMOS
, >
Conventional Novel Mechanism
Additional:
2D channel FETSs;
Piezoelectric transistor;
SOl symmetric lateral bipolar transistor«
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2014 ERD Emerging Logic Assessment Worksho@
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ERD Emerging Logic ;XBFEYIX: STRJ_
Plezoelectric Transistor(PET): i soomon (Bm), ERD-Ws, Aug.28, 2015]
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STRJ/WS in Mar. 2015

ERDAE!)

B ERD Memory and Logic Device Assessment Workshops,

(8/25-28 in Albuquerque, NM, USA)

2014

Objectives  Evaluate emerging memory and logic devices
+ ldentify promising candidates

Format * Advocate presentations (30 min)

Friendly critic presentations (20
min)
Discussions (20 min)
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ERD Emerging Memory Device Assessment (wWorkshops, 2014)
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Devices evaluated in the “2014 ERD memory Assessment LD
Workshop”

ITRS 2013 ERD Memory

Memory Taxonomy
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Alignment with New Application

/

Computing/
Communication

1.Memory

2.Logic
3.Architectures

4 .More-than-Moore
(RF)

fit Sk
\_

\

/

*Emerging Research Device (ERD) Update, An Chen/ERD Working Group, 2014 ITRS Fall Public Conference

(KINTEX, Korea)

< YOGAM) 29

Drivers

-~

Internet-of-Things

1.Low-power devices,
e.g., TFET, NEMS
2.Embedded NVM
3.Security, e.g., PUFs
4.RF and wireless

CMOS
6.Energy-harvesting
devices

\_

5.Sensor integrated with

~

%

4 N

Cloud/Big Data

1.Optical interconnects
2.Storage Class
Memory

3.Efficient DC-DC
converters

4.Data driven
computing
(accelerators for
Hadoop, etc.)
5.Security

N /

=>EN-NVMDEREH &

3.6 STRINWS in Mar. 2015
rogress - Do not puBJnsh

ERD’s areas of focus:
> Today

*Emerging Logic
*Emerging Memory

» Future

«Sensor integration
*Security
*Energy-harvesting

Circuit blocks and
architectures for 10T, cloud

*DC-DC converters

_emerging mermery

= T
g R
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ITRS 2015 / Proposed Changes on Existing ERD Entries

o FeFET

e Carbon memory
e Mott memory

Emerging memory devices

e Emerging ferroelectric memory

o FE tunnel junction

Emerging logic devices
e Carbon-based nanoelectronics
e Nanowire FETs

e Tunnel FET

e n-Ge and p-111V

‘e Macromolecular, memory

Molecular memdty

ReRAM

o Electrochemic
metallization

o Metal oxide: b

o Metal oxide: ul
filament
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e Spin-FET and spin-MOSFET
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r_\

o "Atomic switch
e e Mott FET

r filament e Neg-Cg ferroelect| conductancebridgerama>  (hitecture
. LA BH B TEE
T5.
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Spin wave devices
Nano-Magnet Logic
Excitonic FET

BisFET
Spin torque majority gate
e All spin logic

STRIZ

Emerging architectures

e Memory architectures for
program centric architectures

e Storage Class Memories

e Evolved architectures
exploiting emerging research
memory devices

e Architectures that can learn

e Morphic architectures
o Neuromorphic architecture

llular automata

FFCAIaFERitSet phe Plamed

Possible entries to remove
or re-organize
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ghiTO)ERDXIV—“)’/7“7’—=\’-7_'79"-\'(ERA) in ITRS 2007, 2009, 2011, 2013
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CMOL CMOS + 3 FRAYF ITRS 2009 ERD-ERA Chapter
4> FCross-bar DFRAVF ) ERD)‘:EIJ_'_=F77§V
Checkpoint CMOS + 5&:EE K ° ﬁﬁll&\n-l-glv_:\:Ta?'\’( MOI‘DhIC )
Morphic CNN CMOS + &4 . 'Eiﬁﬂi!d)ﬁ?iﬁ( Beyond Neumanni{EH )
BAEAT FG-FET, SET ITRS 2011 ERD-ERA Chapter
Bio-inspired MFTD, RE> . 7D77A|:F Iy 7 —a :I:I IL,\T—:FT7?'\"
ITRS 2007 ERD-ERA Chapter gi:/t _-,__97_:‘:7-79’..\.,
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*MOSFET + A{EH (ReRAM, MTJ) - BIERVEERIBRE, 7O R FDIESDOEHIIE
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#7421V :Bridging the Research Gap between Emerging Architectures and Devices
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CMOSART—V I+ IRTT7—FTIVF+ ERD+#H# &7 —+77F+(ERA)
3 B 19)= 2 3
(RALLEITEREYB) _ . e oo (MEBORK)

ERA7—92av72015TRmEN=7—* T Fv- A E1—FT1 7

P HENERIDT7—FTIF+
=717 —%. BFEH. HEHFEY vs BELLEH. 1tk
-BIERTRET7—FTIF+
FPGA. EIREH#ERL. FAFHLFPGA. fth
FH AT —FT0Fv. BELUOAE) OV IREBT7—FTI7F v
0AN—&BIRFEF. memory-in-logic, processor-in-memory,
(BEEFTEL)EHESLTOIATEY, 1B AAREROS VY. b
SRET RO E -T2
WEHI5$RMIB, Approximate ComputingGEUESL )., ELEFELE. ftb
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Sponsored by IARPA, Sandia National Laboratory, IEEE Rebooting Computing

ITRS Emerging Research Device (ERD)
Workshop: Bridging the Research Gap between Emerging Architectures and Devices

Feb. 26 and 27, Stanford University

The allocated time for each topic include both presentation time (typically 25min) and discussion time (typically 20min)

STRIZ

Feb. 26, Thursday (CISX 101)
Time Duration | Presentation Title Speaker Affiliation
7:30 am Breakfast
8:00 am 45 min Introduction
o te 0 min Overview of Emerging Research Memory Devices Matt Marinella Sandia/ERD
ERDX:EU 5 min Emerging Memories: Harvesting Values from System Seung Kang Qualcomm
Perspectives
10:00 am 45 min Processor in Memory and Storage Erik DeBenedictis | Sandia/ERD
X:EI) R mf'n Break | | | _
_ min Integrated memory-logic architectures (tentative) Stan Williams HP
ﬁ%d)ﬁﬂﬁ' min Processor in memory (tentative) Rich Murphy Micron
[ 12:30pm | 45 min Lunch (CISX courtyard)
*E%D /“} Nonvolatile logic (tentative) Shinobu Fujita Toshiba
Overview of Emerging Research Logic Devices Shamik Das MITRE/ERD
N /9’-7—7 Benchmarking of Beyond-CMOS Devices and Circuits Dmitri Nikonov Intel
315 pmi >min | Break
3:30 pm 45 min IBM TrueNorth: Architecture, Technical, and Ecosystems Bryan Jackson IBM
4-18 nm 45 min Neuromorphic Architectures for Energy Efficient Processing Narayan Srinivasa | HRL
H g:_l_:\:‘\_: in Efficient Neural Computing using Cellular Array of Magneto- | Kaushik Roy Purdue
Metallic Neurons
ERD in Non-volatile Memory as a Neuromorphic Synapse: Effect of Geoff Burr IBM/ERD
imperfections
6:30 pm 60 min Light dinner (CISX courtyard)
7:30 pm 90 min Evening discussion
9:00 pm Adjourn

Work in Progress - Do not publish

STRJ WS: March 6, 2015, WG12 ERD 21



STRIZ

Feb. 27, Friday (CISX 101 + Packard 204)

! e

nin

The Challenge of a New Low-Voltage Switch That 1s Much
More Sensitive Than the Transistor

Eli Yablonovitch

Time Duration | Presentation Title Speaker Affiliation
7:30 am Breakfast

| 8] ﬁg'l' . EEQZH"J CMOS scaling to the end (tentative) Mustafa Badaroglu | Qualcomm
g| L= Statistical information processing: Computing on Nanoscale Naresh Shanbhag uluc

- EEE Fabrics Philips Wong Stanford
9:45 am [ 45 min Break (move to Packard 204)

|1 ;F/‘7yﬂ Computational Nanofabrics based on coupled oscillators George Bourianoff | Intel
1 Physics-Inspired Non-Boolean Computation based on Spatial- | Mike Niemer, U. Notre

| 7_=F Temporal Wave Excitation (tentative) Wolfgang Porod Dame
12:15 pm 75 min Lunch (move back to CISX, Courtyard)
1:30 pm 45 min Spintronics for Beyond-CMOS Computing lan Young Intel

UC Berkeley

3:00 pm 15 min Break
3:15 pm 45 min Energetics at the End of the Roadmap and Cognitive Paul Franzon NCSU
Computing
4 Interconnects for Beyond-CMOS Devices: Challenges and Azad Naeemi Georgia Tech
] ﬁﬁﬁﬁﬂ'ﬁﬁ Opportunities ’ ) -
4| *FPGA Reconfigurable computing (tentative) Hanpei Koike AIST
S3upm 30U T Summary ERD
6:00 pm Adjourn

‘BEHSIF. REFROD Y (/—2V)A7aE1—F10%). BLUBIEBREEEOS VY
(FPGA)DRBHISTNTNIRDEMXRHIRER
-3y 7HEEEZE(UCSD, Yale U, Georgia Tech, IBM, IRPA, Stanford U.. fttkt)184)

*7—92av7ICSMUERD/ERAZ R IR thF%RE(RIK)
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“Beyond-CMOS” Focus Team I

Outside
- System system
Integration connectivity

Application drivers;

Performance ents
o H 0 9]
requirements A cot® elerogeneous
Emi/ cornponents

Assessment &

ERD — “Beyond CMOS” transition criteria

Integration and 8 cop, More Moore
S

manufacturability
requirements

Heterogeneous

: : Manufacturing
Integration

Work in Progress - Do not publish STRJ WS: March 6, 2015, WG12 ERD



Alignment with New Applicatioﬁ@)
Drivers

e ™ / \ 4 "\ ERD’ s areas of focus:

Computing/ o Thi .
Communication Internet-of-Things Cloud/Big Data Today
*Emerging Logic
i ' *Emerging Memor
1. Memory 1.Lc_)w power _1.0pt|cal ging Yy
) devices, e.g., TFET, Interconnects Future
2.Logic NEMS 2.Storage Class - -
i.f/lrcc):rhe:_ttehc;gfes 5 Embedded NVM Memory -Senso.r Integration
Moore (RF) 3.Security, e.g., 3.Efficient DC- *Security
PUFs DC converters *Energy-harvesting
4 RF and wireless 4.Data driven -Circuit blocks and
5.Sensor integrated computing architectures for 10T,
with CMOS (accelerators for cloud
6.Energy-harvesting Hadoop, etc)
devices 5.Security DC-DC converters

\ AN AN 2

Work in Progress - Do not publish STRJ WS: March 6, 2015, WG12 ERD



Japan ERD Coverage

Name Affiliation Lower .power Embedded SCM Security Sensor Others
devices NVM
9 5 2 0 9 3
Shinada, Takahiro | Tohoku Univ. X X
Yagami, Kojiro Sony
Tatsumura, Kosuke Toshiba X
Hiramoto, Toshiro Univ. Tokyo X
Akinaga, Hiroyuki AIST X X
. . . Data-driven computing in
Asai, Tetsuya Hokkaido Univ. Cloud/Big Data section
Awano, Yuji Keio Univ.
Uchida, Ken Keio Univ.
Endo, Tetsuo Tohoku Univ.
Ohno, Yutaka Nagoya Univ. X X
Kawabata, Kiyoshi Renesas
Kawamura, Seiichiro JST
Sato, Shintaro Fujitsu X X
Shirane, Masayuki NEC X DI KT INNAREDRE
Sugawara, Satoshi Tokyo Tech
Takagi, Shinich Univ. Tokyo
Takaura, Norikatsu LEAP X X X
Takeuchi, Ken Chuo Univ.
Noda, Kei Keio Univ. X X X
Hasegawa, Tsuyoshi NIMS X
Hara, Yuko Tokyo Tech X
Hidaka, Mutuo AIST X X
Fujiwara, Akira NTT X X
RF and Wireless, Circuit blocks
Peper, Ferdinand NICT X X and architectures for loT, Energy

harvesting

Work in Progress - Do not publish
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2014FE & E)

—- A&t EtE. WG12 (ERD) X >/ \—#B1T,

ERD&Em (O>wD « XEUD)\ASA )

— ERD AssessmentD—72> 3w JRfE (8/25-28, Albuquerque)

— Most promising O>w (&, 1/241 ((F(EFEE) : TFET/Carbon>
)\ A, 34if : Nano-wire FET,

— Most promisingXEU (. 147 : STT-MRAM, 21if : CBRAM. 3fif
:OxReRAM/PCM ((Z(ZEEE0)

ERDD/Z&HDEmMerging 7 —+>2F v
= ERA'D—O*)EIW?"E%& (2/26-27, Stanford) »

- W@ ERD?&%\ta@ctjdeiz%b\‘—J E(CIRDHN. smmQ@ERDDF]
ﬁﬁif;&/*h\azé FIRVIEDIRZR, mmQBERUNIBD33E S ERD~ETER]
FHhesnrZJO—F,
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