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ERD : #HEEKT/NA(R

CNT : Carbon Nanotube

SCM : Storage Class Memory

SSD : Solid-State Drive

MtM : More-than-Moore

BC :Beyond CMOS

NEMS: Nano Electro Mechanical System
PCM : Phase-Change Memory

RRAM: Resistance Random Access Memory
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20114 RRERD ChapterM3wyi >

0 BHRLIBRMIZH (T HCMOSDHEREE YL IR ##
T A OCIMYMBADEES 4 - HAEZ M
Z

02018-2026 F E TICHEIG TEAHHFHMNE R M TH
LIFODZEHLMNIT B,

0 More-than-Moore 7 74— a3 aRESE ST
INA AT 5T 5.
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ERD Chapter®Xa—7 €<

ERDAE!)—(Soli-State StorageZz=1>), APvY,
More-than-Moore, 7—XT9JF

Technology Entries(Xpublished research activity,
credibility, progressiZ&k>THIsh 3,

ERD®MTechnology Entry(X LA T D E#ZFiE1-9,

¢ 22U LD IL—TIZE - TCHNELER[TETEERERET
DERNHDHIZE,

® 1 DD IL—T THLOTHRMIGE VP EFRMEERREICS
HDERNGTEINTWNSIE,
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€ Memoryt 7 av[ZLLTDEN
O “Storage Class Memory” 4749 3>
O “Memory Select Device” 7493y

€® More-than-Mooret-< 3> % 3B/
O 2011kR TIX"RF Filter Application” 274 —hADFE

® InGaAs(nFET) Ge(pFET)IZPIDS & FEPA

Work in Progress - Do not publish STRJ WS: March 2, 2012, ERD



>t
7.'
v
il

Logic Section Outline

e MOSFETS: Extending MOSFETs to the End of the
Roadmap (Table ERD12a)

e Charge based Beyond CMOS: Non-Conventional FETs

and other Charge-based information carrier devices
(Table ERD12b)

* Alternative information processing devices (Table

ERD12c) S
[F & A EDSpinT /N1 X :ERD Logic&L TlZ

Si/llI-V/Ge — Carbon Electronics — Spin
ELVSTRENEZATIND.
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MOSFETS

e CNT FET
e Graphene Nanoribbon FET

e Nanowire FET —-siLit 02 EL#MBIZER
— M-V (GaN, AIN, InN, GaP, InP, GaAs, InAs)
— II-VI (CdSe, ZnSe, CdS, ZnS)
— Semiconducting oxides (In,0,, ZnO, TiO,)

e N-type IlI-V channel replacement FET

— &1 (XHEMT, HFET
— InAs, InSb —InSb, GaSbl£pMOSIZ+ HA%F

e n—type Ge channel replacement FET
—RELE, FEARE, 2V 2UMER

e Tunnel FET (BTBT)
—EEEERE-EFHEENEICHSF

Work in Progress - Do not publish STRJ WS: March 2, 2012, ERD
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Charge-based beyond CMOS

SpinFET and Spin MOSFET Transistors

— BRBRA(YFTIIEL FERSYFLREDEAICHSF

I-MOS

— Impact ionizationZ {5 R CC 2 ¥8?
EETFEENRELDT, SSTNARELTEHEBEEHLICERF

Negative gate capacitance FET

— SSTNARELTIEEEEHILICHEF o

NEMS

— 01)—%, 0-ONEH. {EFEMER LARIE.
FF(ENAT)VYRTINA A ?

. . ®
Atomic Switch

— 3IRFIEIZ&Y, LogicT /AL RELTHHALF. G |
Mott FET

— RERMIZITEBDNS DR RIZEYS5B? E-
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Alternative Information Processing
e Spin Wave Device D > conneton
— SpiniRIZ kSRR EE A A<y 4 |

e Nonomagnetic Logic
— Magnetic islandsRl T DB EERAZFI B
e Excitonic FET
— OFF{KRE#ZExcitonic insulating state CEIR
SST/INARELTHARF
e BIiSFET (bilayer pseudo—spin FET)
— p/nEGrapheneZ 4t #ZF IR TEEIY, e/h pail TxX b)) EFXF V)T ELT
WS, R7HED RN spindD KO IZHREFS.
e Spin Torque Majority Logic Gate
— Spin Transfer TorquelZ&AspinfREED EILZER A VF T IZF|H.
e All Spin Logic pelur ] > [V
— spin® £ T Zinformation carrier&LT=Logic
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ITRS2011/ERD - MEMORY DEVICES (31 [ZNVM)
MEMORY TAXONOMY AND DEVICES Memory Select Device
DHE M TRS20097HN 5 KIE (TR E + Storage Class Memory

- PR AE)

-EBEH): 17& (RE>RAMMDIPIDSA)
-HiERE: ATE 3O LE
- 20— DK

- Select device --- required for crossbar memory application
- Storage Class Memory --- to include solid state drive memory

DECAR A N4 o7=

B ITRS20113RIRAE)
6FEFE: MIMEMEIZE AT 55 T —IBREZT L AT 17&

WERT/NAA
AEYILEELIZR— YT A E
HERITY

2 FR(FAF—FE BRI Y FER)

Bl Storage Class Memory
-Storage-type: NAND{XE (SSDR] ()
-Memory-type: NANDEDRAMPEID /N T 7— (latencyDE[EIZF1EH D)

EbbbEMEIIETEL TV
Work in Progress - Do not publish STRJ WS: March 2, 2012, ERD
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MEMORY DEVICES **" <D

2009F IR D EL =
Transition Table for Emerging Research Memory Devices
IN/OUT Reason for IN/OUT
Emerging Ferroelectric Replaces former FeFET category and the ferroelectric
Memory polarization/electronic effects memory categories
IN
Redox memory IN Replaces former nanothermal and nanoionic memory categories
/ Mott Memory IN Separate oo cts memory

arization/electronic

FeFET Memory ouT
Electronic effects memory OouT Replaced by EFM and Mott
Nanothermal memory ouT Merged with lonic Memory to form Redox Memory Category
Nanoionic memory ouT Merged with Nanothermal Meory to form Redox Memory

y yRAMl;tP\DS/\%gﬁ

Spin-Transfer Torque MRAM ouT Became a prototypical technology
already included in PIDS chapter since 2009 (Tables PIDS5 and PIDS 5A

Work in Progress - Do not publish STRJ WS: March 2, 2012, ERD



rable er0s Emerging Research Memory Devices—oemonstrated andBroeFedbara el 11D

Emerging Nano- Macro-
m Ferroelectric | mechanical Redox Mott molecular Mnlecu]ar
Memory Memory Memories
memaory Memory Memory
Remnant Electrostatically-
- polarization on a .__1lon transport and redox Multiple Multiple Multiple
Storage Mechanism ferroelectric Icuntrullgiir;:;chamca reactions mechanisms mechanisms mechanisms
dielectric
Cell Elements 1Tor ITAROM| 1T1Ror 1D1R | 1T1Ror 1DIR [1T1R or 1D1R 1T1R or 1DIR | 1T1R or 1D1R
_ ET with FE gate 1) cation m
Device Types inssiaie Bi-stable switch

MIME DRI E L AEY, '
% ON/OFFIZE&{ELE Tt R It
I HEHD, 1A BEE,
L EET14TAVE

— BEAEARTRAW 2247

Feature size F BEI - SR IR BAKRFET: FET) S —F
A B EIRZRFFEIRICL TNVMIBRE
A FIF (vthZE1k)

SN FERIZEEMEN
A& . MIMEY K
T AR D—FE,

Cell Area Be ey AR oy o
Dedy gﬁ EJZEI?!?. 7-'5&]\*@ Re RAM . . ﬁ??ﬁ*ﬁj U v vailable] Datanot available | Data not available
. Wl SEEEERONBIZHESERELEE etc. ns <15ns
Read Time Be ns <10 ns

. Eof-MIMBEER L AEY

MitTeqanen

1 Dratd 1ot available
Application

Application dependent

i T DEERIEICH

. dependent depegient
W/E time i h — + IR
f' Best projected 2.5ns [Al] <1 ns [C4] i | ) *E_E *J'L z 1': % *IJ Fﬁ .
Demonstrated 20 ns [A Beda (5] cl
Min. required >10y =10y
Retention Time Best projected >10y (AR EMS"C-'{EOT: U I/_J_ill:l_] :ot h:r[mnin
. - 1 hour [HB], 2
e LY X yF(ERZTE) ZB Mott#nds (EE/HEHZA months [H4]

. Min. required >1ES 5 = . i) >1ES

Write Cycles Best projected >1E16 - 6 $K$§ ) ;& FIALTzMIMES >1E16
Demonstrated 2E11 [A6] ~10° [B4) 1E12 [C2] :ffE *J-"_L % “: AFEI J >2E3 [H2]

. . g g Application Application et 1 Application
Write operating Min-required dependent dependent Application depen dependent
voltage (V) Best projected <0.9 V [A1] Not known [B4] <0.5V [E7] Not known <1V [G1 80 mV[H5]

Demonstrated +4[AS) 1.5V [B1] 0.6/-0.2 [E1] <1V [e] ~12 [G2] 4V[HB], “+1.5 V [H2]

Work in Progress - Do not publish STRJ WS: March 2, 2012, ERD



Memory Select Devicé =" <D

ERBEZXZRODLDIEAT)RILEITFTIEGL, BILBIRT/INAX
(FAA—FOTHERCEAER D, 4aREBI5TH A,

(1) Vertical transistors

L » = o5 (4t E (3D) FETIE AN L iEtEA RS
A _": SES e E—i;;:o’cméo Si.NW+GAALEE £ 5,

i FEIRT NA RDLEFE

(2) Two-terminal select devices  p, rameter  Value Driver
Compatibility with logic;
EHELRATYFLAED ONVoltage, Vi~V |\ er operation
i JEFRFE T /N A ADBRL LY ON current, | i (szr;:i:egazg memory state
*ﬁ%‘]‘éhfl,\éjf@ﬁ'? INA R SRR e 108 iﬁiigﬁ:tly low ‘sneak’
> — > I

.9 1_7]— o . N o The top end spec for
-MIT switch P Operating NAND spec (the very
-Threshold switch ¢ temperature 50° C embodiment of non-
_MIEC switch volatile memory for the

current state-of-the-art)

Work in Progress - Do not publish STRJ WS: March 2, 2012, ERD
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Storage Class Memory &I {a] H

Memory and storage hierarchy

*SSD: solid-state drive

w51
k~M . MG ~G G~T bit Capacity
<ns ~ns | ~10ns <100 ns ~ms Latency
SRAM (L1, L2, L3) | DRAM SSD (NAND Flash) — HDD gt present
B . s S
SRAM (L1, L2, L3) | DRAM —{ Buffer (NVM) SSD ( novel NVM) — HDD in future
’ M-type SCM S-type SCM
(Memory) (Storage)
LatencyDIEfEZIEDH S Post NAND flash (scaling limitation)
AT RN =2V RT  2SSDDSHEEIRBEILEFEVBFOMR L
LDEMEIE (direct overwrite, random access)
STT-RAM? PCM? RRAM?
Likely... *Memory Interfaces: SSDTIXHDDED

-BufferAEJI[ESSDIZHAAFENTHEHOHNSD BAOSMENSSATAZ{ER ., AEY(SSD) [Z
CFRNVMIEANCT ) ykssDEL THE IR A L REx. S%0EE,
Work in Progress - Do not publish STRJ WS: March 2, 2012, ERD
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Table ERD9 Target device and system specifications for SCM

Benchmark [A] Target [C]
Memory-type Storage-type
HDD [B] NAND flash[B] DRAM
Parameter SCM SCM
) ~100ms
Read/Write latency 3-5ms <100 ns <100 ns 1-10ms
(block erase ~1 ms)
Endurance (cycles) unlimited 10*-10° unlimited >10° >10°
Retention >10 years ~10 years 64 ms >5 days ~10 years
ON power (W/GB) ~0.04 ~0.01-0.04 0.4 <0.4 <0.04

Standby power ~20% ON power <10% ON power ~25% ON power <1% ON power <1% ON power

Areal density ~ 10" bit/cm? ~ 10% bit/cm? ~ 10° bit/cm? >10%° bit/cm? >10%° bit/cm?
Cost (S/GB) 0.1 2 10 <10 <3-4

[A] The benchmark numbers are representative values, which may have significant variations in specific products
[B] Enterprise class

[C] Single-level cell (SLC)

Work in Progress - Do not publish STRJ WS: March 2, 2012, ERD
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STRI

Table ERD10 Potential of the current prototypical and emerging research memory
candidates for SCM applications

Prototypical (Table ERD3) Emerging (Table ERD5)
— Emerging Nano Ao N Macro
’
Parameter FeRAM (STT-MRATVI) \ PCRAM) ferroelectric  mechanical nf::]g); ) Mlze/lnggr molecular I\I/\I/Io;trencglrar
-— ~ - memory memory ~ y Y memory y
Scalability ' . ’
MLC

3D integration|

©
OO
OO0 OB
@@"“

Fabrication
cost
Endurance
>E15
Scalability Fin =45 nm Frin=10-45 nm Frin <10 nmM
MLC difficult feasible solutions anticipated
3D integration  |difficult feasible difficult
Fabrication cost |high medium potentially low
Endurance <1E5 write cycles demonstrated  |<1E10 write cycles demonstrated  |>1E10 write cycles demonstrated

Buffer (cache)IZfED>M, AL —UIZFESMNTEIREZEIET H S,
Work in Progress - Do not publish STRJ WS: March 2, 2012, ERD
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Emerging Research Architectures =#%8
ZNFTHORZE :ERD7—F T F+ D5 FE(ITRS 2007, 2009)

AEEBERD7—FFIF+ DN F2—7
s=—a7 sz owos AEYT—%F0F v
EfEmea7 JEXAFRTT CMOS . ?ﬁ%ﬁ?_*;7§7
+ BFRAVTF

cmoL MOSTAFAL (for Beyond-Neumann Computers)

i VR IERMIBD/INTA—2 2 ARFOREEY

Checkpoint CMOS + A& ITRS 2009 ERD-ERA Chapter
Morphic CNN CMOS + o4 . HX:E|)7—=\=T79:1’

s S A T 5%

P ' ISR MIE )5 ¥E(Beyond NeumanniEH)

ITRS 2007 ERD-ERA Chapter

Bi91 :ERDZAWTCEDNLSLBEH AT GEIC L DD ?
*MOSFET + A#EH (ReRAM, MTJ) : BB I RERIBEE, 7T OI R FDIESOEHIE
-Molecular Devices/Elements: 3 FOHE{ERAZFIAL =8B EE M EE

B2 :ERDOFIRBEN H 3R IMUEDIRR
‘BEBHET-FTF(BEBF, BRE(LXTEY, F/71A2, CMOL, CMOS)
BNV F—T—F TV Fr(LNF -2 'O HEIER)

EE’J3 FR DB DOFAMEERD—ETEHFELISO7TO—F
EEHE7—FTFr(BHEBEF BERELXE), F/71AX2, CMOL, CMOS)
Workm Progress - Do not publish STRJ WS: March2, 2012 18
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770U ,7-_“/ = /}nJlj ¥ﬁw’b\} .= U D=——

IR
A

EZEHEZE
TV r—a A& -
Uil TILVFAT | T—AR—X | THOYHRIE ENASIL ASIC free
AEiEE GB-TB PB XB GB MB - GB |XB=10"%/\Ak
HEB N BE BE FEICEE REE 5E
SEENL 5E FEICEE BE BE FE |tE=(CHpl
DRATLEK
& E DARI—F Ik REER (TUERRE
ZIRTE
giwt | FE | BEE | FmcEE | mEE | 3% | o)
EEST
CAMT4 BE gFE [QUTUVSER
mpqs HDDE[REFERE Flash&RR e
SCMIZEBIT5 =
AUk | RLYREE | WebRr—L | g [T OVERED e
DEE =A

HERBOE1—-ZRITOMBMBAEIT7—FTIF v

from ITRS 2011 Table ERD13

€K : SRAM: F+>3,a, CAM (LUT in FPGA) , DRAM: X2 X¥E1), HDD&SSD: AL —
BE RESEWM(TTVr—=230 DRT=VI NS TINMMART=) I 9HER)
Work in Progress - Do not publish
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AZy 7 +HBEA T OREOHRRE,

WrZREh A 73 FITE

277N

SBT—7JIL(LUT) ™R
+/FPGA A YFRYYRIEEFReRAM
NEMSH E TR

LFE) . SRITTEETIEII-5EFE

3

TEXT/ARIRFEH
T/ODZ/ {_ L\T:E%%gjonﬁ‘ava
VBTV T LA (PLA)

AT—ZTNWE_ImFREREFD
BEZE{ZITS

. | RBRELUTERERFRFE
AT 302 3ol
HALED

Energy Delay Product® 45%283E (STT-
MRAMET ILZ ALV =T )

Work in Progress - Do not publish

from ITRS 2011 Table ERD15
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BT —FT I FrDREOHFAESIM

EHEE
TI)r—2a 58 IRERRINTNE7—FTIF¥
B AT -caM(CMOS, SET), T—3ARA =T LHfEsm~ T Y
EERSRY (cmos), g (cmos) , # EEFEI R FHRNIE (RR—USH]),

EEHIE (cmos) , [EH

smERaREE (Cmos, SET), BiEH&H (emos, SET), RTLAE 3y

EILES (cmos), AR RIEHREFIHH (cmos), BIGE 7 1 FRZ (cmos),

4 A& (cmos), BEERE (cvos), [Eh

i YAV (emos), BRICKHEIERE (cmos) , IR RIZET
5/ A RXFv o )LEERKER (cvos), REE>t(cmos), [Fh

REHRER A Ea—%2(cmos, sET), ALk (cmos), A T&8hx

AT%Emm (cMos), [FhH
CrossNets (Molecular), 7L AL RERE) (cMOS), CDMA=21—3
R LAk (emos), AT ##E#lAE (cmos , SET), AT TR

(ReRAMIEDY), =R ITZELE, Brain-machinef 3 —Tx—X [FH

FTAFNNAA(BEF, F7/T1R7) MR & S FTAF N1 A(ReRANEZFAJHICFIAL . CMOSEHA B HETIERAL)
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More than Neumann (MtN) Beyond Neumann (BN)
LIMD KFRMEREICKHAFEE, ERDFAIE MN, MINKYEERMIICELVER, ERDAE

f5]:CA, Neuro, T—4270—, [EH fl: EFaEa—4, TR HEEH
1r 1
JET7 LT X LR
[’I%#E&MEE ,E/IA=E
7IIL3) X LR
< JATUE
r JEs A F h
seml T AR (RAT)
1XAF) < RETST
" = Z D4th Y,
More Neumann (MN) Less than Neumann (LtM)
/A< BDIER, CMOSOIHIES FINRIEZG /A< o8 ERDAE IMRIEAEY

#l: J|MIEDA=—27F, GPU, HAIEH +ALUE=[F 77O ER (BBEFER)
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ITRS2011: STRI-WG12A 5@ Contribution

e Atomic Switch (NIMS E&JIIEK)

« Graphene (E#W/ELTEN (EEK)
« CNT(&KXK KEEE)

e Spin MOSFET(RI K EIR:TE)

« ERA(JER Z=HEE)

e llI-V (NA)

« Ge (NHA)

« Extended CMOS Map (STRJ-WG12)

e ERAFTO>tTI: More-Neumann, More-than-Neumann,
Less-than-Neumann, Beyond Neumann (At X £ H A,
NICE Rw/\—K)

« Spider Chart(NIMS E£&JIIEK)
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