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Rt 1 (ERD, EMERGING RESEARCH DEVICES)

Aa—

BEHEZAZHGIR CMOS FHIMEIZZES [ S, IH MBI IS ESER T HICB O TH LW BFIZIAN
DFTLWIGS AEZ FTREE L TE 7, CMOS 7 A AHEDOHMEIX, D7edbZou—R<y 7 R H/N—
T FIEHES THAIL, £ CMOS DPERE EdH DV FF L R 7 m Bid, ZoRIMZ2#B 2 T
B ThAH, MR ECHMAMIESI MOS For DA R FIET AR BN —ADT RA R T D, FD
P % e KIRBICFI L T, CMOS 13 L 23 & B 2 2 7= 1% 6 & W R LB E AT D7 F o b7 4 —
LTHIHTHTHSY, CMOS Ty a7 AT |ZERLSNIET — VBB I AR B RE 2 4
DR LG SAVER H A1 BAE OIS AR IC L0 2RV a—arE B2 CMOS 77y 74— LD
FEHEA T — U T HSBIZIAT 5 THh A,

FRRDO IR REME R H DT 2007 FRROFTEETEFHE T-(ERD)D FH(FAT— T ENF LR T HZ 81272
STz, ZOETIE, ABV FRUEL- 0PI T NAAR BT )T —F 77 F v D2 DOHF LIS E
DEHZOWCRHMEZTTH, BFEE TAREEE RBLT 72000 2 DORLRDLT Tu—FektREd45, —>
E, INHDOHF LW T ~T 12 CMOS 77y h 74— AIZERETH2ETHY, "CMOS DIEE"HH T
BEEED ZRAL LIS RET T —F Thd, ~o BIE RAMICH LWE SRS D\ HE 5L EE 2 3
TV HIER TIEH LB RES ETHIZEDNEEA~T T —F 352 ThbH, ZOT—~TERIND
ZEFE FHLOMEN Tat R TR ST XTI F v B LVE RS, oA GRE. HE
RiEZFEPLFHT 2L THD, SHIT, 2005 FfiRD ERD O & CTHEAI L7 Bk 5t £ (Emerging
Research Materials) DEiMLIES VT, — DD ELIR STz, FiT SARIBE T D8 B FEOFREIT, 20
ERD O F THARD DAL TNDD, FTLWFIERTEM B O B TIHIFELE DI TN D,

ZOEO T AL, TFEERHGHE CMOS | 2 AE BB 2 CIE AL EL DO RE A YE5E 9 2 HTE & D A
BLOWREEETDHETHD, 2O BIEAZZER T HI120E,. L TRULE 2 SOHEAFEERZHR D2 nid
BV — FHEIO~TrEEIZLD CMOS 7' Iy 7 4 —LDIEE L ZDOHDFLNNME R T2 A
LRI DI e T 7 =% T 7 F v S DOBSIZED CMOS 7Ty b7 4 —LDIEERE Th D,

BT 2 I2bns, 1 DHIZ bLER UL CMOS 22 Ca— R~y 7 it &E 35597 A |
T AL T NAR NGRS )7 —X T 7T v OB EE —ETICEDLZETHD, ZOLHIZL T, Z
ZCOERILHI BRI TDA A ZIRAME T D, 2 D I, ZRHDOH T S A AR ISR L Tl B L,
fHh A 5252 THD,

B —ODOHENZBW T, MR CMOS TEERL A BEZ2 1 AL ER 2 AE T8 2. D I 72 1 L
B2 AT DARARM R B Z R R L CUVD, ZHUCED, ZOFTITERPE R ITHIRIT T A A5
HREELEARAETHEEH12, 23L7 CMOS & CMOS A7 —Vo T hBx H~A/uTlL Jha=7 AfER L%
fE ST LTS,

ZOBEDFEMITIRD 3 DOHTIV—203TF 605, 1) AEVT /SAR 2) WA E-IIny v s T 34
A 3) THRILBL S )T —%T 7T v, ThHD, ilsmSiLONEIL, ZOEAOEEFER, R, SR, AR,
BREBIORROMREZEICRET 25 M Th D, £z, CMOS 7Ty 7+ — At EHING~Tear
a2ty LU CTRIBIZSBEA IR T 28 T A AR T —F T/ F v iZ oW Thigim L2, € B, CMOS

! Information processing refers to the input, transmission, storage, manipulation or processing, and output of data. The scope of the
ERD Chapter is restricted to data or information manipulation, transmission, and storage.
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Tty OV T —%T 7 F v E L CEIELEIE DT AT LMEREZ LRI RACAT T2 0 LW AT A
MREZ FEH T DI T A AD BRI REA RN L7204 52 Th D, 2L, ERD DD E )/
MTHY, IVEMIRRESITT 4% CMOS ZE &2 DI MEBRLEEO RN 2R R 3524 T
HD,

IR ERD OEL[EREIZ, ZOF|ZILER K (Transision Table) M H#EiSCT5, EH RO AL 2
Db, —OlE, 2005 FEROE LR TE IS T2V LT Eili A b 04 <R, FDEE
OHHZHEIZEH T 5720 THD, 2 DHOHMIZX, BEEEZZONHDFEE ERD OFRICHE T HHME
RPN Z BN T HZETH D, 2O IR RO TIIEHIZEH SV TR 2 720,
WA TZ0T DG HARND T, BEEREMITND, ZOLDICZOEBZRIL, 2005 05 2007 HhR
~OEM DA B A Z2E L TND, £o, ZOBBEEIL 2009 /U CTHZINbDD0E i Ze W Fr iz v
HL, BN ROE ENI0H N WA BT 25 0 Thdh b, &%IZ, HOFESNZDOREILE
FNTNLHELTH, BT LHEDOBEZIERUIZVRGELTZD T D58 O TIEAR, W, ZOREITH EARD
ST2ELTH, ZOEEEBERRT DL D TIEARY,

PRI 8t 72 AR (DIFFICULT CHALLENGES)

FE

HERPE YT CMOS B b DK EIZHNT T, HDWITFNABE R THERBRIRE 28RS DIcB L
T2 FEOREE R BN R E I L CW)VD, 1 D1k, FOFEMOERE SHEREZ 2 T CMOS It R4 52
ETHY, FIAIE, CMOS 7Ty b7+ —AITH LW E I, mER T RIHEE ATV 2 G OB
HZEIZEY CMOS HIERSEHZETHD, b)) 1 FOFREIL. CMOS DA TEERL A HEZE AL P 2 AL
BT Z CIREMALER IR A R BSEHZLTHY, ZHUE CMOS 2R T 25T A RARLT =% T 7 F v D
77— F L LS RASNBIE RIS 5 N7 o+ — DB A RIS G DR DT LTIV R SN,
IR 7 2 H ATRRE % Table ERDI (27779,

T INA R

FRILT NARCEA T BN/ BRI, ATV EAMICB 23S HFRLELT NA 2T 7bbry
I T INARZ T DB T o5, SEO—D 1%, BIED AT DO B OR#EE SRS, CMOS 7
v 2 HHE DB HVERIE T TES L, BIfED SRAM X° FLASH D[RR &8 2 T b S5 X570 8 A
FVERN MBI L THD, ZOIHREMNIT AF R T — LIRE AT DR IT TS EEIR AT T /A A
ERI 7 v 225228105 THAY, v(r/aratyhra=yN\MPU)R T 0l T L% FET3 HVERE
X, 7y EAETYOM AERIZL S THIBRS CTRY ., #HME TIEZ o MBI R TEZR, BIEDOfF
RRIE. MPU OF %o a AEVDORBEEZECTIETHY, TOFER, MPU v 7 D SRAM O 54
D2 TND, ZORL U RICED, IEBROE B L — 7 NS EEIZIZ TR TLED, LB RAEY T
REFEVETIRNWO T, T — 2B T D8R BN 2 TIERN—R T A A7R09 CD 728 D) T 782D
BEVINELIBAT AT BB EEL/2S> TS, LIRS T, BRIINIT VB ARRECAFERE DO AEY, L
EERCEEMBOATIDBAREN, AV a—H T =X T 7 F ¥ IZ AL T2HT 2R B RN, 20D
L7 ARVDEAFR L, /A7 —/L CMOS TrREEIZEBLEINIVUL, EROH LD BEEZ#E L2 TESH705
TEHABEAL— T Y ROFELME R ES T2 DT 28272 D TH A,

ZHUCBAE T AT . CMOS 2y 7 H A 16nm (Z[A)1T T, HAHUVNE 16nm Z#Ex CTHERER EEw5
ZLThDH, CMOS OEGHIERD 10 4B TN ST A THEREM FAET A HIEO—21%, O3
Z Si 128% MOSFET OF % 3% SDEWHE R AT o732 ) 73 FE L @\ OB B E 2 A3 DB Ok
IZEXHRZ DL THD, BERERDMBIEL T, O % Ge, SiGe, <O 1I-V LA 8K, 7774
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‘/focewséof HID, VAL LSO B2 Vas Bl > MOSFET OF % 3 /UZE AT HZ01T, FEH
N2 G A D, O OREEL THEITONLDI. B FERN R D ay FizE gD (73
““7(5%@)7’“??/1/1%‘*4%%552?‘5 & NURE T RO B O A IF N R b RV B
IZNZ A28, -V RFERRS Ge DEFICBITET 2L~ =0 7 %228 Fr ik B
high-k #ERIEA B2 TR T 528728 ThDH, ZHHDOMH CMOS 7 — MBI 5 — 7 & il B & 1%
MHI LT AZELBE Th D, £z, ZNOOFM EZE AL D OFRIKFIZT NAZAFED L HERY — A
RLA > DRI LA IZES & 2 Wi+ 5280 KERRETH D,

FHI725 1%, "beyond CMOSIZ A CHLE RIREZ2 8T LUWME LB E A 2 R L, 260 s A
Wiz E3T252LThD, {ﬁJz R a@)ﬁ’%ww’x %, CMOS ®~/VF CPU LEMREL TN Higsad >~
2y a7 E LT A0 LD HILR, ZIWHOREBIHEOa T T 140 CMOS 72y
7 X0IXDNN R BRI DL AT MEREZ A DM T, £/-F 51T CMOS R—ATIHER TE
TRVVEF DS EEZ B 75T b N, 2D XH7 CMOS L DI IEZ B 2 DT-0 DR R I, #r
TEHALEE D FEARH)EZZE L LT CMOS Z (& XX DFTHRITT /A A2 £ A T Al REME D B D,

Table ERD1 Emerging Research Devices Difficult Challenges

Difficult Challenges > 22 nm

Summary of Issues and opportunities

Scale high-speed, dense, embeddable, volatile and non-
volatile memory technologies to and beyond 22 nm

SRAM and FLASH scaling will reach definite limits within the
next several years (see PIDS chapter for Difficult Challenges).
These are driving the need for new memory technologies to
replace SRAM and FLASH memories.

Identify the most promising technical approach(es) to obtain
electrically accessible, high-speed, high-density, low-power,
(preferably) embeddable volatile and non-volatile RAM

Difficult Challenges <22 nm

Scale CMOS to and beyond the 16 nm technology
generation.

IDevelop new materials to replace silicon as an alternate channel to
increase the saturation velocity and maximum drain current in
MOSFETs while minimizing leakage currents and power
dissipation for technology scaled to 16 nm and beyond.
Candidate materials include Ge, SiGe, III-V compound
semiconductors, and graphene. Develop 1D (nanowire or
nanotube) structures to scale MOSFETs and CMOS gates
beyond the 16 nm technology generation.

IDevelop means to control the variability of critical dimensions and
statistical distributions (e.g., gate length, channel thickness,
S/D doping concentrations, etc.)

Extend ultimately scaled CMOS as a platform technology
into new domains of application.

Discover and reduce to practice new device technologies and a
primitive-level architecture to provide special purpose
optimized functional cores heterogeneously integrable with
silicon CMOS.

Continue functional scaling of information processing
technology substantially beyond that attainable by
ultimately scaled CMOS.

Invent and develop a new information processing technology
eventually to replace CMOS

Ensure that a new information processing technology is compatible
with the new memory technology discussed above; i.e., the
logic technology must also provide the access function in a new
memory technology.

Bridge a knowledge gap that exists between materials behaviors

and device functions.
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PR

BrERTEM B O R, T/ A=V AT — VT BE O FTRTE T A A IE F BN ET 5 L5l
SN B 2R BT 2L TH D, MBET A ZOMEHHEOFl A7) LS 5720  MPEHEZ OB
FETFTLWVEHEE T L2 IO T TONRIT IR DR, TS O EE R B A3 LW TR IEAM B =
‘/G*&io

T 1E RALHR D 43¥E (NANO-INFORMATION PROCESSING TAXONOMY)

— I AT LB Lo TH DV AT LEEREZ T DITIT, W< DD B AT DL A
Y —HMELETDH, ZNODLAY—E T XTI TRRTHE, £T RHNLKDDIIMNE T TV r—a
FIIIT AT LEHETHY, HLWVTCU AT LT —F T 7T %, ~A /0 Elld ) /7 —% 77 F v, B, 731
A MEIDNAE7 2%, X ERDL IR 80, ZOMEAEEZWIZRNLT vy SN R DR L T2 T 58, I
WNZLKDDIXFHHEEATOZD OIRREL I L > TERINDK FEOWEL A —ThY, FkixH /7 —F%
TIF v CRINDI FEE2D, JOBAMICRDEINTZZOK T, WA T A A [ L~ L DfE
HALER|ZEE 52 Y T TR, FROKD AN ZZEAL (F 2 X8y Me ) ITFHE ORBEE S > TSN
5o B2, HROT ASHA(EAT AN T3 FAR) T, EOMLENZIUTFHYS L, CMOS 7Y > 7 Tl
J—REBEIZBIDEENIAIUME T2, 7 3A AL, ZORREELN 2 DHDHWNIE L, EOBER 72
RIEDIZATE R T DOEBNET DM B LT D, TR, HDOFTLEORHEE A T565%<
DI EEDE F > THER SN DM B2 EE THY . U —HOER T v 22175 2 LIc k> TERENS,
T A RBLIL, ZOREERET NAADELSIRIZE > QODINCRIL T — A EITHD FETHD,
T —AEXB O BWWINL, 2 EOT AN RELEEE T Fa /(g BB ThHD, T—FT77F ¥ DL
A —CZDONFEIETIE 3 SOV TR HNS 1) FHEOFETEATREE T 5 E R L~V DR A GE
ERERRT DT )T =X T I F X HDOIEIIE SIS DU NI T NAADE LR, 2) T HRIRAMAEZ
TUHLENAT NIV A L EFLIR T 55 EET L (Bl iXnr s, #H5HE, AT, BATIERIE R T —7
(CNN)/2E) . BLO3) HEET N EFEITTHVAT AOEIECHKIEL LR T ALV AT AL~V DT —F 7
7F ¥,
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Multicore Morphic

Von Neumann Reconfigurable Quantum

Analog | Data Representatio

Digital Qubit

| SETs | Device | Spintronics | | Quantum |
Scaled CMOS | Ferromagnetic

| Carbon | Material | Complex metal oxides |

Silicon | Macro molecules | Nanostructured mat'ls

Strongly correlated
electron state

Figure ERD1 A Taxonomy for Emerging Research Information Processing Devices

IPECHENIR OO ENN TODERITBED CMOS 77w b7 4 — Lz R L T, &t
HOREEBIIBM CIAL /A~ T =X T 7 F Y2 HVTEY, TAVHVOT —FREEH R
VAT LNHRELIR S TN, T TR OTFT —2REBBIED CMOS 7Ty 7+ — LI E £ TN5,
INHD 5 OOATIV—ITENPIVTODMOBEAMIL, AT A B DS EFRIZ D052
LIZED, FLFEF A =TT NI E AR D ST 57 A et 2 AR B 5,

FRIET AR

ARYF /AR

ZOFETIY EIFS - AL, 42 2005-2007 FEDO BN R R SNIZHFFER RO s | BATHA
DORRREFTR LI DH 17 RBREL TRESNT-REHITHD, BEHEAIZIT, FrATVIREOFINLE
FEIZHE W2 1348060 TR T D, BIEFT DIV TWDAFZEI, Tl 4 D IR 22 ATV ENEF LR R
ThHD, TNHOEMEREIZIE, BB RFFS N E B, R EIRT — MEFEIEO 7 5
FL T, RSB IC LA E EN TS, F ERD2 (213, BEEK OBFZEth D AE U4
FNENOREAEZ SO HEREFRITSU T 4 DI L ThAH, FATVRINELIT. CMOS H i 5oz
EREE 72— IR L TEDZENFRSKRD LN TND, ZDT=DITHE: CMOS FEH AT DIEIE, HDHU I
RPN TS, BT EEDO—2IE, BIEAOH LV AT v 7 LREOM T2
HIDT A AT Ra—Y— T 52 Th D,
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EROFHATYDBIRIZIE N FARATYDOMEREEZ S Z 2L QAT TEAEMER M EE . BEFEORE
HEHJAEY L EHE DA E ST AEVICKT L TF ERD3 IRL ThD, ZISDE MR, B BTHERZ AT
VEIROBIRMEREE [k B IEE O A 325 L TORWRUF~—Tbind,

2007 R ITRS (ZH 72 BT EER AT VI, WKODD 5T 2005 FEfREFR2 D, ZOFNDHITT LIEATIE
TNz =0 % ERD ARV T SAADOLEES (R ERDA) ICELD D, BRI, 1) T /3Er—
NMURAEVZ I T LI &, 2EIR ORI ATV ZLL T O 3 DICEEHL 228, T70bb 3)ba—
R/ RKea—ARIAEY  HAF L BEAEY Sy EFRRFHATITHY, K&, 6)T /AN =T NTIAEY
Mz T-ZEThD, 2O OB I LEIL ER ERD4 (TR 51TV, £72, “Emerging Research
Memory Devices”D 3%, & EMAEY (R ERDSa) LHHIAAEY (F ERDSb) O 2 DT3B, £NE
AU BUR O R E Rk B A RS TV,

O, # ERDSa &K 5b O R HUATICRHEHSIINTWD 8 FE D ATV HAIZ W TEED THD, 3
PUZH Tz > TIIEIHE SCRR O AR N7 A ATV, XL A TR B2 CE AT IR T 55012 L=,
B0 EF B ARV EAIL, BHRL 5 <9570 SHITWKONDT N—FIZ3ESN TS, THD
HAROFRIEL 72D /3T A—2 RNEHFNI T HITND, F/ 3T A—HIZH L, IRD 3 DO OHEREE N
B 256 T0W5, 77205 1) ERBICHE R RAKL ~L, 2) FHRERIHI O FBRTE RIS <B4 M:
BEAIE. 3) 51 SCHRICH S SN BT O LR T — X2 Tho,

7< ERDS5a }x T ERD5b Dy FEEDITIZIE, filt 2 RIS R INIZA ATV HATICEE T 55 SCa
T ThHD, ZOHTIE, BAEVCHTHRITDOFRDIEHR SR L THBY, ARICHEDIIHT-->TOERE
DIED— S it ZIHDEITZLD LIS TEY SR L& 5 Z CTite SR~
W, BRIAHFELFER X, B ATV OBMER PR3 2 B g Bl &R P TR LR~ - R B E IR
AEEDTZHLDOTHD,
AEVDLEE

7% ERD2 Zi%, ABVH AT E T2 — 2O e FIEN RSN TND, 22 Tlid, ARV EHEK TS
BEREER CTHHEL THD, mex T, BIRNT L DAF LR BRGNS ) — B D BEIY D DRAM &V
1%, 1TIC EilfE LTSNS, toEdlr, 2L 2 1T — 2 DM Bt O A R BEE L TIRTEEND
MRAM [, ITIR HfffeFRIN5D, ZZTEIUR T, ATV BAVOFHAH LA ZNDEIE O HIZ
FoTThNAZEERL TN, ZOHFEIBIZI L, S E B R A CEXHETHLL TAE BV E
i FAb (Fleb b VAN L COAEm ST A B, ERTHD, AEVHEINBIF O BB T
IE. ARV BT RICEBR DO T PAZEEEOFENE ) — R (2T o) DR RS A BN S
B8, BAFRAHET L IZ OV R E R I HE LS, ITIx ORICELEL, LELLUL, F—XLIERE T2
YUREDHFUNEDIALTE 1T BNV ERDZENFESND, BEEMDT /2L DOAEITLAIZB W TE, b
TP AE “T?ORDOIT, 2 Ui T DOIERIES A A —RBIZE - DRI AT IR T2 o TlEbhdnb Ll
72N, ZDXH72FEF1E, IDIR Hifffe £ I Lo,

LD AT il A 722 B LT D2 EERFHED — DX, IR OFF FRZT — X & REFTEDMNEIMNENIT
EThHD, REFMEATVL, O R TEAH L ANEW B MEEZ RS, RERES VI, 7 — Z R
TS5, FFEEIEATISZNE A ORFIRERIZH L TR0, UMD (SRR BRI
FSIVTVDIETE 4 Th D,
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Table ERD2 Memory Taxonomy
Cell Element Type | Non-volatility | Retention Time
MRAM Nonvolatile > 10 years
Phase change memory Nonvolatile > 10 years
Polymer memory Nonvolatile > years
Molecular memory Nonvolatile >years
1T1R or 1D1R [A] - -
Nanomechanical memory Nonvolatile > years
Fuse/antifuse memory Nonvolatile > years
lonic memory Nonvolatile > years
Electronic effects memory Nonvolatile > years
DRAM Volatile ~ seconds
1T1C[A] -
FeRAM [B] Nonvolatile > 10 years
FB DRAM [A] Volatile <seconds
Flash memory Nonvolatile > 10 years
SONOS Nonvolatile > 10 years
1T [A] - -
Nano floating gate memory Nonvolatile > 10 years
Engineered tunnel barrier memory Nonvolatile > 10 years
FeFET memory [A] Nonvolatile >years
. SRAM Volatile large
Multiple T [A] -
STTM [C] Volatile small

Notes for Table ERD2:
[A] 1T1R—1 transistor-1 resistor

1D1R—1 diode-1 resistor

DRAM FeFET—ferroelectric FET  Multiple T—multiple transistor

[B] FeRAM—ferroelectric RAM with one ferroelectric transistor and one ferroelectric capacitor

1T1C—1 transistor-1 capacitor

1T—1 transistor

FB DRAM—floating body

[C] STTM—scaleable 2-transistor memory. J. H. Yi, W. S. Kim, S. Song, Y. Khang, H.-J. Kim, J. H. Choi, H. H. Lim, N. I. Lee,
K. Fujihara, H.-K. Kang, J. T. Moon, and M. Y. Lee. “Scalable Two-transistor Memory (STTM).”” IEDM 2001 p. 36.1.1-4.
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Table ERD3 Current Baseline and Prototypical Memory Technologies
Baseline Technologies Prototypical Technologies [A]
DRAM Floating Gate [E]
Stand- SRAM Trapping F
eRAM MRAM PCM
alone Em‘;f:‘]‘ded [C] NOR | NAND | Charge [G]
[A]
Inter- Remnant M izati It;\;irgsllglgy
o agnetization
. Charge on a locked Charge on floating Charge_ polarization of amorphous
Storage Mechanism canacitor state of ate trapped in ona p . and
P logic & gate insulator | ferroelectric crromagnetic .
; layer crystalline
gates capacitor
phases
Cell Elements ITIC 6T 1T 1T ITIC 12)TIR ITIR
Feature 2007 68 90 65 90 90 65 180 90 65
size F, nm 2022 12 25 13 18 18 10 65 22 18
2007 6F° 12F° 140 F? 10 F? 5F 6F° 22F? 20F? 4.8F°
Ce” Area 2 2 2 2 2 2 2 2 2
2022 6F 12F 140 F 10 F 5F 5.5F 12F 16F 4.7F
Read Time 2007 | <10ns 1ns 0.3 ns 10 ns 50 ns 14 ns 45 ns [1] 20 ns [M] 60 ns [P]
2022 <10ns 0.2ns 70 ps 2ns 10 ns 25ns <20 ns [J] <0.5 ns <60ns
2007 | <10ns 0.7 ns 0.3ns 110“;/3 1/0.1ms | 20us/20ms[H] 10 ns [K] 20 ns [M] 50/120ns[P]
WI/E Time e Tro/
2022 <10ns 0.2ns 70 ps 10Hms 0.1 ms ~10us/10ms 1 ns[J] <0.5 ns [N] <50 ns
Retention 2007 64 ms 64 ms [D] >10y >10y >10y >10y >10y >10y
Time 2022 | 64 ms 64 ms [D] >10y >10y >10y >10y >10y >10y
Write 2007 >3E16 >3E16 >3E16 >1E5 >1E5 1E5 1E14 >3E16 1E8
Cycles 2022 >3E16 >3E16 >3E16 >1E5 >1E5 1E6 >1E16 >1E16 1E15
Write 2007 25 25 11 12 15 7-9 0.9-3.3 1.5 [M] 3[P]
Operating
Voltage 2022 15 15 0.7 12 15 4-6 0.7-1 <15 <3
M)
Read 2007 2 2 11 2 2 1.6 0.9-33 15[M] 3
Operating
Voltage 2022 15 15 0.7 11 11 11 0.7-1 <18 <3
W)
Write 2007 5'[%]15 5E-15 7E-16 >1[Eil4 >1['E14 1E-13[H] 3E-14 [ 7E-11[A] 5E-12[Q]
Energy
(I/bit) 2022 2'[%]15 2E-15 2E-17 >l[lE:']15 >1['|5:i15 >1E-15 5E-15[L] 2E-11 [A] <1E13[Q]
Spin-polarized
Write has a
Multiple- | Multiple- . ; . potential to . .
; p Multiple-bit Destructive . Multiple-bit
Comments bit bit potential read-out lower Write potential
potential | potential current density
and energy
O]

Notes for Table ERD3:

[A] 2007 ITRS PIDS chapter.

[B] Estimated as E~0.5*CV? for C=25fF, V=0.65 Volts (in 2007) and V=0.35 Volts in 2022 (energy to refresh is not included).

[C] See the Embedded Memory Requirements table in the System Drivers chapter.

[D] SRAM memory state is preserved so long as voltage is applied.

[E] Embedded applications (see the Embedded Memory Requirements table in the System Drivers chapter).

[F] Lower bound for Fowler Nordheim write/erase.

[G] Trapping charge memories in PIDS chapter include SONOS, and a number of engineered barrier concepts, some of which are described in Table
ERD5a.

[H] J-Y. Wu et al. “A Single-Sided PHINES SONOS Memory Featuring High-Speed And Low-Power Applications.” IEEE Electr. Dev. Lett. 27 (2006)
127.

[1] K. R. Udayakumar et al. “Full-Bit Functional, High-Density 8 Mbit One Transistor-One Capacitor Ferroelectric Random Access Memory
Embedded Within A Low-Power 130 nm Logic Process.” Jap. J. Appl. Phys. 46 (2007) 2180-2183.

[J] “Nanoelectronics and Information Technology.” Ed. Rainer Waser. Wiley-VCH, 2003, 568-569.

[K] H. Kohlstedt et al. “Current Status And Challenges Of Ferroelectric Memory Devices.”” Microelectronic Eng. 80 (2005) 296-304.

[L] Estimated as E~0.5*q*A*V for g=10.9 £C/cm?, A=0.33um? V.=1.5 Volts (in 2007) and =30 xC/cm?, A=0.069,m* V.=0.7 Volts (in 2022).

[M] N. Sakimura et. al. “MRAM Cell Technology For Over 500-MHz SOC.” IEEE J. Solid-State Circ. 42 (2007) 830-838.
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[N] H. W. Schumacher. “Ballistic bit addressing in a magnetic memory cell array.” Appl. Phys. Lett. v. 87, no. 4 (2005) 42504.

[O] Y. Jiang, T. Nozaki, S. Abe, T. Ochiai, A. Hirohata, N. Tezuka, K. Inomata. “Substantial Reduction Of Critical Current For Magnetization
Switching In An Exchange-Biased Spin Valve.” Nature Materials, v. 3, June 2004, 361-364.

[P] W. Y. Cho, B-H Cho, B-G. Choi, H-R Oh, S. Kang, K-S. Kim, K-H. Kim, D-E. Kim, C-K. Kwak, H-G. Byun, Y. Hwang, S. J. Ahn, G-H. Koh, G.
Jeong. H. Jeong, and K. Kim.““A 0.18-xm 3.0-V 64-Mb Nonvolatile Phase-Transition Random Access Memory (PRAM).”” IEEE J. Solid-State Circuits v.
40, no. 1 (2005) 291-300.

[Q] Estimated as E~0.5*1°R*t,, for 1=235 wA, R=3.54E3 Ohm, t,=50 ns (in 2007) and 1=13 A, R=3.54E4 Ohm, <50 ns (in 2022).

Table ERD4 Transition Table for Emerging Research Memory Devices
IN/OUT (Table ERD5) Reason for INJOUT Comment
Natural evolution of FG FLASH | ERD recommends to include
j i NFLG in PIDS
Nanofloating Gate Memory ouT No major research |s'sues . memo.ry n
Became a prototypical (Not included in 2007PIDS
technology chapter)
This memory category
Insulator Resistance Change Replaced by thr_ee new included several different
Memory ouT memory (_:ategorles (see memory types ba_sed on
immediately below) different mechanisms of
operation
Fuse/Antifuse Memory IN Repl_acement for the Insulator
Resistance Change memory
. Replacement for the Insulator
lonic Memory IN .
Resistance Change memory
Electronic Effects Memory IN Repl_acement for the Insulator
Resistance Change memory
New device concept,
Nanomechanical Memory IN promising characteristics,
several recent publications
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Table ERD5a

Demonstrated and Projected Parameters

Emerging Research Capacitance-based Memory Devices—

Engineered tunnel barrier
memory

Ferroelectric FET memory

Storage Mechanism

Charge on floating gate

Remnant polarization on a
ferroelectric gate dielectric

Cell Elements IT 1T
Device Types FG FET with graded/multilayer FET with FE gate insulator
gate insulator
Minimum required <65 nm <65 nm
Feature size F Best projected 10 nm [A] 22 nm [I]
Demonstrated 130/90 nm [B] ~2 pm [J]
Minimum required 10 F 8FY/4F” [F]

Cell Area Best projected 8F*/4F’ [A, F] 8F*/4F” [F]
Demonstrated 6F? [B], 4F* [C] Data not available
Minimum required <15 ns <15 ns

Read Time Best projected 2.5 ns 2.5ns
Demonstrated 20 ns [D] 20 ns [H]
Minimum required 1 us/10 ms Application dependent

WIE time Best projected 1 ns @ 9V[A] 2.51s [B]
Demonstrated ~l us @11V [B] 20 ns [K]
Minimum required >10y >10y

Retention Time Best projected >10y >ly
Demonstrated >10y [B] >30 days [L, M]
Minimum required >1ES >1ES5

Write Cycles Best projected >3E16 >3E16
Demonstrated 1E5 [G] 1E12
Minimum required Application dependent Application dependent

\(/\V/;ite Operating Voltage Best projected >3 V [E] <09V([]
Demonstrated 6.5 [B] +6

) Minimum required 2.5 2.5

(R\;))ad Operating Voltage Best projected 0.7 0.7
Demonstrated 2.5 [D] 2.5 [D]
Minimum required Application dependent Application dependent

Write Energy (J/Bit) Best projected >1E-15 2E-15[N]
Demonstrated Data not available Data not available

Comments

Potential for multi-bit/cell
storage

Potential for non-destructive
readout

Research activity [O]

25

48
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Notes for Table ERD5a:

[A] K. K. Likharev. “Riding the crest of a new wave in memory.” IEEE Circ. & Dev. v. 16, no. 4 (2000) 16-21.

[B] P. Blomme; J. De Vos; A. Akheyar; L. Haspeslagh; J. Van Houdt; K. De Meyer. “Scalable Floating Gate Flash Memory Cell With Engineered
Tunnel Dielectric and High-K (Al203) Interpoly Dielectric.”” Non-Volatile Semiconductor Memory Workshop, 2006. IEEE NVSMW 2006: 52 — 53.

[C] J. De Vos, L. Haspeslagh, M. Demand, K. Devriendt, D. Wellekens, S.Beckx, and J. Van Houdt. “A scalable Stacked Gate NOR/NAND Flash
Technology compatible with high-k and metal gates for sub 45 nm generations.” Proc. ICICDT, pp. 21-24, 2006.

[D] Based on floating gate and SONOS data (see Table ERD3). The read voltage and read time of all 1T memory devices are expected to be similar.

[E] Based on minimum barrier height of 1.5 eV for nonvolatile charge retention.

[F] 4F2 is for NAND or multiple bit storage, see e.g. Y Tabuchi, S. Hasegawa, T. Tamura, H. Hoko, K. Kato, Y. Arimoto, H. Ishiwara. “Multi-bit
programming for 1T-FeRAM by local polarization method.” 2005 SSDM, pp. 1038-1039.

[G] Blomme, P., Van Houdt, J., Kristin De Meyer, “Write/erase cycling endurance of memory cells with SiO,//HfO,/ tunnel dielectric.” IEEE Tran.
Device and Materials Reliability, V 4 (2004): 345 — 352.

[H] H. Ishiwara. “Application of Bismuth-layered perovskite thin films to FET-type ferroelectric memories.” Integrated Ferroelectrics 79 (2006) 3-13.
[1] Fitsilis M, Mustafa Y, Waser R, Scaling the ferroelectric field effect transistor, Integrated Ferroelectrics 70: 29-44 2005.

[J] ] M. Takashashi and S. Sakai. “Self-aligned-gate Metal/Ferroelectric/Insulator/Semiconductor field-effect transistors with long memory retention.”
Jap. J. Appl. Phys. 44 (2005) L800-L802.

[K] K. Aizawa, B-E. park, Y. Kawashima, K. Takabashi, and H. Ishiwara. “Impact of HfO, buffer layers on data retention characteristics of
ferroelectric-gate field-effect transistors.”” Appl. Phys. Lett. 85 (2004) 3199.

[L] K. Takahashi, K. Aizawa, B.-E. Park, and H. Ishiwara. “Thirty-days-long Data Retention in Ferroelectric-gate Ferroelectric Effect Transistor with
HfO2 Buffer Layers.” Jap. J. Appl. Phys 44 (2005) 6218-6220.

[M] M. Takahashi and S. Sakai. ““Self-aligned-gate Metal/Ferroelectric/Insulator transistors with long memory retention.” Jap. J. Appl. Phys. 44
(2005) L800-L802.

[N] Calculated based on the parameters of scaled ferroelectric capacitor projected in Ref. [I].

[O] The number of referred articles in technical journals that appeared in the Science Citation Index database for 7/1/2005-7/1/2007.
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Table ERD5b Emerging Research Resistance-based Memory Devices—
Demonstrated and Projected Parameters
Nanomechanical Fuse/Antifuse . Electronic Effects Macromolecular .
Ionic Memory Molecular Memories
Memory Memory Memory Memory
Electrostatically- . .
Storage Mechanism controlled Multlple fon transport and Multiple mechanisms Multlple Not known
mechanisms redox reaction mechanisms

mechanical switch

Cell Elements ITIR or IDIR ITIR or IDIR ITIR or IDIR ITIR or IDIR ITIR or IDIR ITIR or IDIR
1) nanobridge/ .
Device Types cantilever M-IM(e.g., 1) cation migration 3 Mot saneiion” M-I-M (nc)-1-M | Bi-stable switch
2) telescoping CNT Pt/NiO/Pt) 2) anion migration .
3) Nanoparticle 3) FE barrier effects
Min. required <65 nm <65 nm <65 nm <65 nm <65 nm <65 nm
Feature size F |Best projected 5-10 nm [B] 5-10 nm 5-10 nm 5-10 nm 5-10 nm 5 nm [U]
Demonstrated 180 nm [A] 180 nm [E] 90 nm [G] 1 um [L] 250 nm [R] 30 nm [AB]
Min. required 10F? 10 F? 10 F? 10 F2 10 F2 10 F2
Cell Area Best projected 5F? 8/5F* [H] 8/5F* [H] 8/5F [H] 8/5F [H] 5F2
Demonstrated Data not available |Data not available 8F” [G] Data not available Data not available [ Data not available
Min. required <I5ns <15ns <15ns <I5ns <I5ns <I5ns
Read Time Best projected <3 ns <10 ns <10 ns <10 ns <10 ns <10 ns [U]
Demonstrated 3 ns [C] Data not available <50 ns [G] Data not available ~10 ns [S] Data not available
. Min. required %iggﬁzgg:l ﬁiggﬁzzg:l Application dependent | Application dependent ?;Ig:lcdaet:tm /?iif)grfgtelr?tn
W/ time Best projected <Ins [AB] <10 ns <20 ns [P] <20 ns [M] <10ns <40 ns [U]
Demonstrated 31ns [C] 10 ns/5 ps [E] <50 ns [G] 100 ns [M] 10 ns [S] 0.2s[V]
Min. required >10y >10y >10y >10y >10y >10y
Retention Time  |Best projected >10y >10y >10y >10y Not known Not known
Demonstrated ~days [A] >8 months [E] >10y [K] 1y [N] 6 month [Y] 2 months [X]
Min. required >1E5 >1E5 >1E5 >1ES5 >1ES5 >1E5
Write Cycles Best projected >3E16 >3E16 >3E16 >3E16 >3E16 >3E16
Demonstrated >1E9 [A] >1E6 [E] >1E6 [G] >1E3 [O] >1E6 [S] >2E3 [W]
Write operating Min. required Application dependent ﬁggg;ggg? Application dependent | Application dependent 1?125:1:323? Application dependent
voltage (V) Best projected Not known [D] 0.5/1 <0.5V[Q] <3V <l V[R] 80 mV[Y]]
Demonstrated 1.5VI[A] 0.5/1 [E] +0.6/-0.2 V [G] 3-5V[LM] ~+2 [S] ~+1.5V[W]
. Min. required 2.5 25 25 2.5 2.5 2.5
\Fffﬁgg%pf\;;itmg ] 0.7 <05 <02V [Q] 0.7 0.7 03 [U]
Demonstrated 1.5 V[A] 0.4 [E] 0.15 V[G] 0.7 V[L] 1VI[S] 0.5V [W]
Write energy Min. required Application dependent ?e%;l;zaet;?n Application dependent | Application dependent ﬁgggﬁgzg? Application dependent
(J/bit) Best projected Not known [D] Not known 1E-15 [J] <1E-10 Not known 2E-19 [Y]
Demonstrated Data not available 1E-12 [F] SE-14 [1] 1E-9 [P] 1E-13 [T] Data not available
2 Mbit prototype chip
Inverse voltage . _ demoqstrated [G]. ' Potential for multi-bit 169 Kbit prototype
Comments scaling presents a P_otentlal for multi-|Potential for multi-bit storage chip demonstrated
bit storage storage Low read voltage [V]
problem Low read voltage presents a problem
presents a problem
Research activity [Z] 22 30 47 44 77 90

CNT—carbon nanotube

Notes for Table ERD5b:

[A] J. W. Ward, M. Meinhold, B. M. Segal, J. Berg, R. Sen, R. Sivarajan, D. K. Brock, and T. Rueckes. “A Non-Volatile Nanoelectromechanical
Memory Element Utilizing A Fabric Of Carbon Nanotubes.”” Non-Volatile Memory Technology Symposium, 15-17 Nov. 2004, pp. 34-38.

[B] T. Rueckes et al. “Carbon nanotube-Based Nonvolatile Random Access Memory for Molecular Computing.” Science 289 (2000): 94-97.

[C] www.nantero.com

[D] The projections for WRITE voltage and WRITE energy depend on the length of nanoelectromechanical element. For very small length, the
operating voltage might be too high for practical use, as follows from theoretical analysis in: M. Dequesnes et al. “Calculation of Pull-In Voltages For

Carbon-Nanotube-Based Nanoelectromechanical Switch.”

Electromechanical Devices.” Phys. Rev. Lett. 95 (2005) 185504.
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[E] G. Baek, et al. "Highly Scalable Nonvolatile Resistive Memory Using Simple Binary Oxide Driven By Asymmetric Unipolar Voltage Pulses.”” 2004

International Electron Devices Meeting, San Francisco, CA, USA, 13/12/2004-15/12/2004, 587-90.

[F] Estimated based on experimental data reported in Ref. [E]: E~0.5*V*I*t, , for V=1 Volt, I=0.5mA , t,=10 ns.

[G] S. Dietrich, M. Angerbauer, M. Ivanov, D. Gogl, H. Hoenigschmid, M. Kund, C. Liaw, M. Markert, R. Symanczyk, S. Bournat, and Gerhard
Mueller.” A Nonvolatile 20Mbit CBRAM Memory Core Featuring Advanced Read And Program Control.” IEEE J. Solid-State Circ. 42 (2007) 839. [H]
8F for 1T1R, 5F for 1R cells.

[1] Estimated based on experimental data reported in Ref. [G]: E~0.5*V*I*t, , for V=0.6 Volt, I=104A , t,=50 ns.

[J] Estimated as E~0.5*V2/Ron*t,, for V=0.2 Volts, Roy=2E5 Ohm, t,=10 ns.

[K] Obtained in ref. [G] from elevated temperature accelerated data retention measurements over 30 h.

[L] M. Fujimoto et al. “Resistivity and Resistive Switching Properties of Pry; Cags MnO; thin Films.”” Appl. Phys. Lett. 89 (2006) 243504.

[M] S. T. Hsu, T. Li and N. Awaya. “‘Resistance Random Access Memory Switching Mechanism.”” J. Appl. Phys. 101 (2007) 0245517.

[N] Y. Watanabe, J.G. Bednorz, A. Bietsch, Ch. Gerber, D. Widmer, A. Beck, S. J. Wind. *“Current-driven Insulator-conductor Transition and Non-
volatile Memory in Chromium-doped SrTiO3 Single Crystals.” Appl. Phys. Lett. 78, 2001, 3738.

[O] C. Papagianni, Y. B. Nian, Y. Q. Wang, N. J. Wu, A. Igmatiev, “Impedance Study of Reproducible Switching Memory effect.” 2004 International
Electron Devices Meeting, San Francisco, CA, USA, 13/12/2004-15/12/2004, 125-128.

[P] S. Liu, et al. “Electro-resistive Memory Effect in Colossal Magnetoresistive Films and Performance Enhancement by Post-annealing.” Mat. Res.
Soc. Symp. Proc. vol. 648 (2001) P3.26.1-8.

[Q] Electrochemical cell potentials control the write voltage. In appropriate combinations, 0.5 V will leave some safety margin. Read voltages will be
significantly smaller.

[R] R. Muller, S. De Jonge, K. Myny, D. J. Wouters, J. Genoe, and P. Heremans. “Organic CUTCNQ integrated in complementary metal oxide
semiconductor copper back end-of-line for nonvolatile memory.” Appl. Phys. Lett. 89 (2006) 223501.

[S] L. P. Ma, J. Liu, and Y. Yang. “Organic electrical bistable devices and rewritable memory cells Appl. Phys. Lett. v. 80, no. 16 (2002) 2997-2999.
[T] Estimated based on experimental data reported in Ref. [S]: E~0.5*V*I*t, , for , for V=2 Volts, 1=10£A , t,=10 ns.

[U] A. DeHon, S. C. Goldstein, P. J. Kuekes, P. Lincoln. “Nonphotolithographic nanoscale memory density prospects.” IEEE Trans. Nanotechnol. v. 4,
no. 2 (2005) 215-228.

[V] J. E. Green, J. W. Choi, A. Boukai, Y. Bunimovich, E. Johnston-Halperin, E. Delonno, Y. Luo, B. A. Sheriff, K. Xu, Y. S. Shin, H-R. Tseng, J. F.
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Table ERD6

Transition Table for Emerging Research Logic Devices

IN/OUT

Reason for IN/OUT

Comment

Rapid Single Flux Quanta (RSFQ)

ouT

RSFQ devices, systems and
circuits have been developed,
prototyped, and fabricated.
They could become an
important technology if the
correct market driver emerges

Design and fabrication lines
for RSFQ systems exist.
Cryogenic operation, cost and
material integration issues
limit application space

CMOS extension-I11-V channel
replacements

Low bandgap, compound IlI-V
semiconductors can
potentially improve transistor
performance

Research on compound IlI-V
semiconductors on Sl
substrates has increased
significantly over the last 2
years

Impact lonization MOS

Possible Future

Simulation results showing
very low sub threshold slopes
indicate potential for low
power operation

Reliability remains an issue
may be included in future
editions

Nano Electro Mechanical Systems
(NEMS)

Possible Future

Potential for ultra low leakage
device based on nano relay
operation

Issues associated with
stiction, speed, active power
and reliability are being
studied -may be included in
future editions

Lateral interband tunneling
transistor

Possible Future

Potential to utilize gate
modulated interband
tunneling to reduce
subthreshold slope

May be included in future
editions

Floating gate MOS devices

Possible Future

Devices with nanocrystals
embedded in gate allow
circuits with tuneable
thresholds. Potential for low
power circuits

May be included in future
editions
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1. CMOS ~DO¥LiE — Kk okEE, LLRNCIZh —AR >+ /F2—7 FET. 7 /UAVY—FET. 7 /UAY
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2. CMOS ~DYLIE—F v RILVOBEEHZ DT OMEE L TEBEINE Ge BLON IV L&Y H-E

K& %4 T MOSFET,

3. H—EBF T A ARILRIONR—=T g ERIFED A —T 2 Ffo,
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Emerging Research Logic Devices—Demonstrated and Projected Parameters

Device
|
| )
FET Extension
FET [A] 1D structures Channel SET Molecular Ferromagnetic | Spin transistor
replacement logic
Typical example devices Si CMOS CNT FET HI-V compound SET Crossbar latch | Moving domain Spin Gain
NW FET semiconductor and Molecular wall transistor
NW hetero- Ge channel transistor M: QCA
structures replacement Molecular QCA Spin FET
Nanoribbon
transistors with Spin Torque
graphene Transistor
C()ell S_izle Projected 100 nm 100 nm [D] 300 nm [I] 40 nm [O] 10 nm [U] 140 nm [Y] 100 nm [C]
spatia
pitch) [B] Demonstrated 590 nm ~1.5 pm [E] 1700 nm [J] ~200 nm [K, L] ~2 um [V] 250 nm [Z, AA] | 100 um [AB]
Density Projected 1E10 4.5E9 6.1E9 6E10 1E12 SE9 4.5E9
(device/ sz) Demonstrated 2.8E8 4E7 3.5E7 ~2E9 2E7 1.6E9 1E4
Switch Speed Projected 12 THz 6.3 THz [F] >1 THz 10 THz [Q] 1 THz [W] 1 GHz [Y] 40 GHz [AC]
P Demonstrated | 1.5 THz 200 MHz [G] >300 GHz 2 THz [R] 100 Hz [V] 30 Hz[Z, AA] | Notknown
Circuit Speed Projected 61 GHz 61 GHz [C] 61 GHz [C] 1 GHz [O] 1 GHz [U] 10 MHz [Y] Not known
P Demonstrated 5.6 GHz 220 Hz [H] Data not available 1 MHz [P] 100 Hz [V] 30 Hz [Z] Not known
1x107"* [O
Projected 3E-18 3E-18 3.00E-18 71[7 ] 5E-17 [X] ~1E-17 [Z] 3E-18
Switching [>1.5x10""][S]
Energy, J 8x10°/ [T]
Demonstrated 1E-16 1E-11 [H] 1E-16 [J] _14 3E-7[V] 6E-18 [AA] Not known
[>1.3x10 "][S]
Binary Projected 238 238 61 10 1000 5E-2 Not known
Throughput,
GBit/ns/cm2 Demonstrated 1.6 1E-8 Data not available 2E-4 2E-9 5E-8 Not known
Operational Temperature RT RT RT RT [M, N] RT RT RT
CNT, _
Si, Ge, 11I-V. InGaAs, InAs Organic Ferromagnetic Si, III-V,
Materials System Si T ’ ; ’ I1-V, Si, Ge, 8 g complex metals
In;03, ZnO, TiO», InSb molecules alloys oxides
SiC,
Research Activity [AD] 379 62 91 244 32 122
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Notes for Table ERD7a:

[A] For Si CMOS entry, parameters for high performance MPU are used: “Projected™ (2022), “Demonstrated” (2007).

[B] The effective dimension thatone transistor occupies on the MPU chip floor space. For CMOS MPU chips, the relation between cell size and Lg

holds approximately constant by scaling: cell size =20Lg.

[C] Lg=5 nm.

[D] Size and circuit speed scaling of these structures is the same as the scaling of MOSFETS.

[E] J. Appenzeller, Y.-M. Lin, J. Knoch, P. Avouris. “Band-to-band Tunneling in Carbon Nanotube Field-Effect Transistors.” Phys. Rev. Lett., v. 93, no.

19 (2003) 196805.

[F] P. J. Burke. ““AC Performance of Nanoelectronics: Towards a Ballistic THz Nanotube Transistor.”” Solid-State Electron. v. 48 (2004) 1981-1986.

[G] Singh DV, Jenkins KA, Appenzeller J. “Direct Measurements of Frequency Response of Carbon Nanotube Field Effect Transistors.” Electronics

Letters 41 (5): 280-282 MAR 3 2005.

[H] A. Javey, Q. Wang, A. Ural, Y.M. Li, H.J. Dai. “Carbon Nanotube Transistor Arrays for Multistage Complementary Logic and Ring Oscillators.”

Nano Lett. v. 2, no. 9 (2002) 929-932.

[1] Estimated as 20Lg for the minimum projected Lg=15 nm (InGaAs): A. Asenov, et al. “Simulation of Implant Free IlI-V MOSFETs for High

Performance Low Power Nano-CMOS Applications.” Microelectronic Eng. 84 (2007) 2398-2403.

[J] Estimated as 20Lg for Lg=85nm reported in: S. Datta. “I11-V Field-Effect Transistors for Low Power Digital Logic Applications.” Microelectronic

Eng. 84 (2007) 2133-2137.

[K] M.C. Lin, Aravind K., Wu C.S., et al. “Cyclotron Localization in a Sub-10-nm Silicon Quantum Dot Single Electron Transistor.” Appl. Phys. Lett.

90 (3): Art. No. 032106 JAN 15 2007

[L] M. Hofheinz, Jehl X., Sanquer M., et al. “Simple and controlled Single Electron Transistor Based on Doping Modulation in Silicon Nanowires.”

Appl. Phys. Lett. 89 (14): Art. No. 143504 OCT 2 2006.
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ENTND, R IV " T VAT AMENT L AaL By B AE R L, AENT LRI B R A TRk 4
7R ERANEE . B Z 1 XOR Z72o7-0 L HDO N DAL THEBLT D HHSND TR H 'Y,

ZL DT OEF T, AE it~ 3L ZHUIAE = ZA~O S IICA A ThD, i~
TR 28 i DA 7 = T I JEIB R L X A F— R & B — Y T O & 2h =8 L < {Kg
IR HL —RTITHZETHD'M,

ERRENIE, R RV R AR T VERBETIIRWVREE THY, X AT I L U EL B =Y
BV IRWNESROH D IHRAELZH H CTHLREMED B D, LINLRDG, B2 2 TIR BV GEA 72
MBER DD, 1 DIIREG IIAT—F 7 NN ThHIE, FRZ137a IS+ 2/ NSk & TR/ N T HE T
HHZETHDLN, 1370 L/NS/R M CILE R — BIERHERR ) — 712 LTRSS TLED, 5 2
ISR 7R R THY |, BRI - T 7 DIIIEHER—AD F R —2FH T 20835
DB LAV,

VLT T a2 F R LEES Multiferroic Tunnel Junctions (MFTJs) — 5835 B4 BHI 22 € CTAA v F 7]
REZR TR 0 R . Z D RAMEI T I R 72 i OB ENC Lo THI SR 23D, RERIZ, FREEMERBHI %L
TETAA YT Al REZRBEALRFIE , ZAUTE T S F IR A I Z Lo TH &R S5, O OFFMH:% [
REOR T~ LT 7 zaf v 7" MPEE DL DIRIFEA L T2, ~ VT T Ay I OER S HI72b O, 4
SRR ERRFIEDRE A LB 72 magnetoelectric” &7~ 3, B 21X, #7557 M O L D3 8 M Rk 2 42
EERTD, ZDWTE 572092, ZRHOMEHT ERM O TS TR, FEROBAK — BB A 0] 5
TEHINDRERAREMED DD,

< NTF T za A IEHEIC I ST NAAD RO FEBIL, ~ VT T z=raA v F FIAELETHEY, J]
BINIE, vy DARREZ BT 572012, BRIIMMEBALZMANIZHBIUE#REL T a—R 352
CIXFTRE ThH A, BEOBLRMNHAH UL, v VF 7 a7 BB R VS T ORSRER B E LT
NIV ATRETH D, TRk E — TR A B O CTH D Lag,.BigoMnOs(LBMO), ZO# EHT 2nm (753
HETH FTOT xraAf 7tk amd . RIS TS, ZOHERBIL, AL DT VZ) T DR )L [ERE
R &SI, BALE BRI A T SN TS, ZOHEITIT, SR D b RV B ISR L5
T EIEO T TSI, BHER 4 SOMPUIREE EHL$ ',
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4 OOWNLUIDRIEZ S DT AL, ZEn Yy 7 [EHE R IZAEn Yy 7RI THLMITIG S D A
REPEDND DTS, o 1 DDRTIT 4E Y IRRFALND S LB OREER 7L L TEb IS W e
PERHD 5,

722X 4 Single Electron Transistors (SETs)— HL& 1-~72 U AZ L, — 727 — A AREH O
B — AT 57 AR TH T 256 /A XIHEIMEL, CMOS &tbqﬁibf77y7%ﬁi‘ﬁﬁ<ﬁé’a
ThHEVOHMEEZ X TOVD, L LD D, B FN7 D AZ DI OB — BIEFHEIX, DT
NAYVRAADFHEEZEL THNIFIHSNA FTREME Y . A M OB RE AR L 78 AR 38 s A7 A
IS HEND FTREMED D, PEIRIEIG S AT AT T, RIS SN CO D BHERRFIE e 2132
DI THD,

BB AR S —NEE RSN 3T A RELTEZDE, V' —NEJEIZIKFL T —

&*%ij:/?ﬁ“ T — BIEREE RO LB OIS, T72bb, H57 —MNEE CERIIEY —7EE S, bL.,
Eﬁ(m%’i’ffzé/f NEFEEZT T —h- _INVDERERTHEDO THLER T L F—NEEDRD

ZD%/E@ BT AL RRICEI IR REEZ Y, HTERIIA NI &L (75 —NET) BT 71—
b%%b:k“hﬁ‘ﬁi&b%%i@?‘_ (2725, LTZM> T NHOBE I PAZRENENT 7L —
FERTETDHE, BIROBFNN, T 7L —h _XTLE AT RIMLNENTTIEOD)E N IR TR T2
LlZ72D, ZNNEAR T Ty 7 DIEARE R E R THDY, TARAABEREL, T — R E O HE
TRV REE, ZOXITR AR NVERIR B O KR EFREL Y Ty 7 CRET LA gEtEn o5, N~ F—
DI KPR FRITHEIE AT NIZEB W TR S TIThi b, B -7 U AZ OARE 72K E
ITIREZRBEER B, I KEREDT-OT ~yTF 7 R E[FR—ThHAME K EY Winer-Take-
AN(WTA)E] B X8 BT — 72 CMOS Bl TR S ICEBLTED, EHIT, HE N7 VARV A
ML S R T HZENTED, 7080, IREIFXZEIROJFEL CRININLTHD, 5V R 5
& ME A DT ASARCBITDHIELENL, ZHIRNIE S EROREIZE KR EEE RIS/,

_03429@@*97?’2/4% PERT 5121, tﬂﬂfﬁ{;m%ffzéff NEEDORRFINEETHHI, T

BRI UARIZEB W TUIR S TliEZen, 20 LH72RE BNV AIDE ARy —NE
me’ﬂ (TR — e T B ZE TR 22N TEDY, t—& (}lh’i’ﬁ—zéﬁ NIRRT — R
DEMINZLS THIHT 22N TE EMIXN RO AA T — Ml LT &/ TRl 52823 C
x5,

JRE R T 0y 7 R, fk. B OSSO AOFRH) 1L FEBRAIC =R CEMET A%l
/7 }\%ﬁbf_ﬁ BRI AR LS TEBRNCEIFSNTNADY, I m /s askme . flz 1T FEX
PR IR L N U B EMRNT IR ST, N T R ARG CMOS A o7 T u s Rl CHEFES LT

b\Z)O

’\%?/§42(Molecular Devices) — 43 17 /XA A&, i Y22 HIIIZ Lo TR RS (W B & 7213 bk
8) WAL DB D43 ?if_‘i/\%?ll/—7“@%%.’)k4”§:7ﬁ>f%é LIFULIZZNEDER X, WE
ERT I VISNTET D, ZNHO—F T ML ETHY, thHIE = SOREMDO NI TIZE-T
BN LTETHD, 1T NAADBERDHDHRT Vv ML, B DR F o0+ 28T 56
71, B AL EE 7 (B 2 E ., AR LRI T &L _47\]‘/9“ﬂ’/>?11/75 ZEOHFITEM TEDHEEL TIRO T
IFRAIEMESY 0 ") | MIRTEEE ) BREE (B2 pH) 28 LT s A 2 Re . 2L
TER AL TEICIIREE LA TR N2 G CEDRE ICEROH LB E L > TRAET D,
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BB & L~ AL AR RITEC B AL AR, VA S IZE LTI M3 on RAEL off IR
FERI DAy F 2§ LR TED,

— IR E oy ZHRE Iy TRomE ) (v a iy ) B TB RSN TEN, oIS AL ZOHITIEE
ZHNTNBPH2 B A DE Yy 7T 55 FAX— LR FEESN, =a2—T N F AT AF — LHE
END, A0 F LT ITNA T, 3 FOT T BB E R 2 —T (o T ICHOBNTE T, T AR
F2—7 OHTH LM EE AW TEREAT Y 72179 DNA 577 11285 DNA 2B a—F X, i) /e
Ea— X0+ BB — VA U R A IE ZENTED,

Wa—al X—2AD7 7 a—F NERZII, NEZM T Tic-Tac-Toe 7 —A (= HIER) 21792 LM
TELRIEEPESNIZ, — IV a—var R—2au Ea—T 4 7%, uoy/BEs 3ol —he
DEOGERZL . D SRR S E W Th D, ZDOTFUAITHB N TIEL, MAYA LTS5y
FA—r~vhAAT BEE T I — % well DY O HF TS T D%F5%7% deoxyribizome &L T, Tic-
Tac-Toe 7 — LR —R LORTO R EKBE = a— N2, ZOF —h~ AT 23 HD 5+ A —/Lu
D=k ARA AT deoxyribozyme DT — ARELF Y N — 2 TH D, ZLT 9 HD well O DR
ANZIETEZR— DD deoxyribizome 7L AW, 7 — LA —RIZxf T 5, AE—REZHINL, BRI EZHSH T2
L BN, T/ HWTZOT 7 e —F 2 EH T 5720 DL DL 181350 TnD,

Molecular cascade'”’ 1%, WP LT B2 —2 T =T 7 F v LOROX ¥y 7 IHEELEZLIHEL T
%, Temporal logic 13, 73 T AH AAER ZHRFEATT, vy 7 7 —NOEWEEZ R E T AT I I TV D,
Model-checking technique (3, By 77— BN ERC 7ot & 25l - 572D I Wb D, #lAG D
WIS —hDERRTAT TV =L, FrED T AT b VTGSV,

BELINTT 7 AZDEH— DO a=—IR & E T, CMOL ¥ 27 L ThD, Ziud, CMOS Dfh BV

e, F /U —raAa R —iEEO FICH S ESNTZ 2 A0 1T A AD IS BUWRHBAEREL 72
VAT LN CTHD, CMOL VAT ML, R — Bk 7e 8 O EE R ZIT) =2 —F NV Ry NI — 2721 T
72<, FPGA ~SHCED e H D,

DT SAAD BB EIL, BRA NS CEMET D ATREME AR D L GO R #1595
ZETHD, HFEOERHIRE BARZEITTF YL o P VR BEETH D, WLODNDY AT LB TL, 7
B IMBEEE B EL THWHIL WD, G SARED 8N TVD, 0 FIAY—ET A AR DR
FIAGHRBIE R ZE S0 A LB v, BITE, 0 AT 3 oy IRIEA R E 32 kD —
DELTHAINTWS,

SRREMET /34 A (Ferromagnetic Devices) — IRAEZ#E L TR T/ fEIk O RE K oA WD B o —
DI, FNENDAL Y BB ENCHAL CEIMET 228L, HM—HHREEZFOZLTHL, TORE., /
AREEZ KL L A TF ZRNX a2 TEXH AN S5, EHTEIESNAEM XYV T 7 —T7 D
LML TOMBERIRD RS LI BB S A H I TH D, UL, ZOLHREFEL TOsRELE S A
T LINELTEHINDAT =V T EORXFNT 4 B ORNR S, ZIUTH LT ROFEI Tl —EL LIE
BE DO BT VT 2 AET DT SR, A ML BENC Lo T SN AR RS 22 E B 2
T BT SAATDNTIRRD,

IRREZE S & Lot -/ IR O BRI i M 3 2 RER O AL ERE AT T E T TEA Bk, #
B, Prfr, DR, £ L CTNODOFRBENERIER] DAL F—T7 2 =R BL T D TH A, FRMNEZ > TR
HAATOT NAZDG > EREZRAFVIL, JRENED HBINDIAED, ZHHDT A ZADBEREIZE 4 HDAY, 1
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Mg AV TF o7 ARELW) = DD KX HTAVICEEDAIENTESL, ZNHDWKOMTIZDE'Y g
TrEmmLIZUY,

R T 71 1940 FARITB R S AL, MBRRICB W TEVWMEEMEEZFF O LB 2 iz, ZOHIEIL, =
DT I3, A DI TS AR E R D IER I Rt 2 FV TR, AC /XU —7 A%, DC /AT
ARSI/ RT —Z B | E T ZEICIDERINTND, boligili Tl XU —F A5 & T RCEI 7%
FiEIE> T, AR EF RN LA ESND 7 0y ZREEN ST —Z 5 X B4 ATREMEAVREN TS

158

o

W5AE B2 iEd LUXEIE 5720 IR NIRRT 7 1E. Mn:GaAs B LT Mn:Ge' " R R E
Az, ARG SR (DMS) T4 > RV BT DB B E AT LS TNA R —F —il~TafgiEo b ¢
H 3 BB 2 N — 9 528128 T, ZNHDT XA RTEMET D, FFROBEAR RIS I DB %
BAEX, EOIHRMEL AT MZB W THFET DR B> THAIREELZ BIIE T2 THD, &
PRIRE, ZOT IRAAD FEERI) T A EHLCE AT ORLE L F 2R S LS Tl

B EMML Tab— L U MY E M ET DAL M &L, 5t V3= —Tar BIER T,
ENEDSHIESN TS (E 513 Fe iR MEREth Tl S, fmESN T, F DI ER IR B L O
A DOBEE L L CHIE ST, 8 GHz O JE I Ha FF D 8 E A I 23 B R L 2R i STz,

FEAFRT 2V T HEE DRER A F N EFSHL, TAMSNZS, Zhbid T/~ Ry MBI 55T
FNX = LR TR — DM OB AL SHDOTH D, S B oA T — R OF =R
DOFEVRFRT IV TNCBIT A A EH =X =T, VT ARICE > TR EL TRY, BUERICEE 5
ZUIETERD, LML, FERRT 2V 2T E AN I I A 2N T HAEREZE TS
F—he LTI ENTED,

Self check-pointing architecture'® |, Ty 7 LB B (CEFEL /- mMERE - NER FLIE N B CE oMt
VA REEBREIEDFE S LTNAT VYRR — VR T AR TR ESNI, RESN o~ /e 7m
Ty, BIIEEITL CWE T R T LADRBEZ T DAL #— L TH LIS (snapshot) 72 [ TG
T AR AL TS, ZHUSED | AREISH T DT, B7ea T 7 ANAL T 7S Al e L 72
Do ZOHEITTRATzH D LR UL HHITRIRENE T /A UK, TREEMEA BHZ 31T D AR R A B LTz
A R BAC AT THEEIRAT v T Lo TND,

AR Eat—L  RAE T A X (Frequency Coherent Spin Device) — /2 it o> & i SR B '
NTEEINT 1996 LK, B IR OBEEAEE IZB WO T OO FERER 72 RFME A3 B, b W EE 2B
TN AN ENTZ, ZORUTIBW T, b BFERBIGIE, ISR B 128> TR TOIL/
P Jig [ 0D S SRR M AR M G . BB 72 BRI SR T R (S & O IRENAIZR IR D B Y) | AR I C R
TONIREME R DT TN RNVBG THD'C, WL OWDIFFET N—T" 73, F 73 RARE T/ RAZ 2D
FLWG B ZEDT2DIZ, ZNHDOBIRITE ENDIERICH BAEH OFEM O B LF I B3 DA Fe 2
DTS, ZHBITIE, AE L 7LD B R VRS (MTIs) . AU L3 E R, Fa—F 7 VRS I
A B EiD,

FEME) 7238 BT, AE U IRE BRI, SN O B ZAY A E ) B O B A LT
M RIC R E IR MV B 5.2 B2 LN TEDHEWNIZEThH -T2y A= J V7B i H 72T h Db B
BHli7oi R S @G s S A — VD= —DIDNHRDEHID TH D, T725 ., DC Btk = B D
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MRERIZE BT HDOTHD, ZOHGIE, & BEEFRSLCHIESRE & L LT A RIZER T&H Al HE
PERB®D, 8 AR DO BHEANL, 5 & EERCT T NV S CHAN RSB A E ISR
JHabe—L MBI at— L Mg B IROFIEEZ R T 50D Tholz, il OAFZE Tl 2 D3k
REBRD BRI T 2 A Ay 7 DRENTZ, ZHHDOHIRERIT, —E O EHli7e T ) 27— L DT R 2990
BEEAWRREO BB AT — (1 p WA —F —) LB T NED TND, FFEDRKE—REL T 57
DOFIEEDIEIEZHZEEST, TR EDOEF VAL LB BRI R L T M 2%
T 52 EnTED,

A VT BRENRAG 2R IATTINZ A&, LD RPAL L ML I AEY—DAA v TF L A MNIES 728D
(2 MTIs"MNZx LTI Tz, 2SI RE M BE 42 B KSR P 0 B 8 O iz e+ 5720
DAL MVIFEGICBE T 0D Th-o7-, RIRHIZEIX 500% £ THIIS L2038, Feig iy R &7 BiREh
FNZNED T SAAERERATY) ELTINAr— ) VIER LTG5 ORESEL TR 0D, L,
—ODJE I A Oa L IR — R MR ST 2 —F 7L RE B e E DDA U MLV 7T S AN, 1
ZFEh, AIESN TS, N THRBRL — Y —F I EICB T DA U ML IFES D, FFEDERTE—RE
FOZENLOE—RHOARE, at—L b, FERIERE A EZIE T2, 20T )T SRAADHFT LNy
X, R AV — G LB AR U MLV S I B B S EMSE B2 50 DL TR TES,

BRIET —XT T %
ILCHIZ

BB T o OT —X%T7F xiX, T A ADEREE LT 4 —~< U RAZEORED, HTLWEEE) T
INARZENT DL, T—F%T7 7 F vl T LVEMEIT2 D, FlZIE, BERELRWT SAAOEIGNEZ T, =T —
STIEALEE N LBE 2705, BTRIE T — X% T 7/ F Y DI —F L 7T N —T Dffifnld, TN AET —X%T 7 F %
DRV REREL, 7T—F 77 F vy OBINEREZ AL, DT 7o —F LD g A VER 52 &
Thd,

IDETEZDLT —XTI7F v LI RSN T SAA (T AL AT IAFN R ER LG ) OF
v 7 EORRERZCELE DI EEN), B2 LR, R RLRIT O T — X% 77 F 10, M AREE A A T
[CMOS DS DHFLNT SAZNZHIER DD, TNHDT A AL, <O TEFERE S LI |2 LB
A TIHERER 1T 5 CMOS LB ICRIEFTRE CTH LI L% Frx ITRFITE T 5,

CMOSI A=—a7 | 7—F T 7F ¥ DR K

%D CMOS 7 —F% 77 F v D FHHEEIIAT—R <7 DV AT ARTA/N—DEFE|ZFRBRINTND, =
ZTIEF ORIV IREZ2 WV LT OZEETE > TENRIE 25720 :CMOS 13, FEEE L SENT
WRWETT TV —al Oz OED e HEERR AT 5, Bl 1E, CMOS A=—a7 (x5 FIExFR) O
—X T 7T xiE HESLESNTEERN VR ThDH, A RO~ Aru7 oy O7 —% 7 7F ¥, v /v F
a7y BRITBEL TWD, 7 27 a7 fETBTERE LS TR, 77y Rary Fy 7 bl AS
720 ITHE, 80 a7 ORBRT v 7 BN ENTZT, BUE, KO DORENR~ LT aT R T NAAEAEFEL T
Wb, TNLIEFKR I FPGA LMEEN, A7 Y=k (B~ a7ty oA 2 EOMiI4 7V =
1) DECFNS72% FPOA (Field Programmable Object Arrays) i FV T '™, [AERIZ, <D ASIC
DA SoC b T a7 DR EL->TND, ZNOHD [ A=—aT | 7T—F% 7 7F v, Fv7 LEOT N
A A% YN AE D LIRIREIC, IR BEOE MO AR L2 230, A7 —F 7L CMOS (2L 1557
BN (BB EER) 2R AL TS, Yo arorayLibig L, BE S abwyt (a7) 2L
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2B 58T, /\°7ﬂ“~v‘/2%:?5%%<—ﬁf&;ﬁf%éfiﬂfﬂf%%ﬁ?%é}:ﬁﬁ*?&%zh“(b\5175 L
WL, — R DR EREICH 57 VTV R ARRMBNMEE 372012, _®Fx~—:710)ﬁbﬁ€f9
35<%Uﬂ%#ébé:fz%>5 ﬁmﬁ . CMOS il ATV AT AR, m— U —iH I IR, #fs. 1C
VAN E2Y 0)4’//\“—/a/@f:?fbODZEij:i‘%%/i\fi’%@WLéo

(A=—a7 |7 —F% 7 7F %X, 77V —2a IS0 T EES LUX A E D=7 RIELHR S AT Lk, 3
ET5, AIERRRIE, AT o T 77T VoI l0FESND, AT L T T 7T U7 8 EZEA L H—
72— ABOREORNT T 17 KWz FHLT D8 CTh b, a7 RS AT LD/ T 4 —~v AT, 7T —F
TIF X OEREAE T, B 20X, JFPTRE (Globally Asynchronous, Locally Synchronous: GALS) 77—
IF XL, R D‘E/‘U‘Fﬁ@ﬂiﬁm/ﬁ%‘:fﬁﬁﬂ"é LT, /vy 0T —ZOa7 B O EIE 3L T 5,
A F T T 7T VI DD, TNETHEA BRAAF U TV AT LB IO EE T3 e — T3 R RS
T2, ZZCHHIRET A RAEFNH TSR DD,

(INTa~eVFaT |7 —%77F %

RIS T NAAZ LV AT REE R D H B G A2 L 90> TR S1T 50 2 BIfEDO— O BT e v 75
PNAAT IVAEERE ot EA2 BIEL TWAISIZ R AW —omoF AL, CMOS THEITT
EDONDFHRBEREFHRILT NAATEIMAZDIETHD, 727120 ZIUTHIRIE T /3 A AD FEEEN
ZAMIZTED, ;!%u\t.’czﬁiz”/\“?zh—vxxwmib‘iﬁﬁiﬂéiﬂ/\ WZIRBND, <D —ATIL, #E%R
TNAAL CMOS (2L THBISND M ENHHTE A9, Bl 1L, VO 0 725t o=y hed A 2 —
72— A2 L 1L CMOS 1L > TRETDIIHNNEN THD,

ZDXI ATV REARFDO—FIH, CMOL (CMOS Fv 7 BB —43 - bipn ) /7 )y R & 323E LT
HL) THDH, ZnHD T /7)Y RIEH SHRRLIC IO RS L, o7k, CMOS EF /7o R D
F‘ﬁ ;3/5'7“5:3?/52?‘5 CMOS (XEERE), (55 DL AT, SMREDaR 2= —alveing, =

DTV REBEEE T arT< 7 VERREL THWIUE, AR CMOS [BIEOEEEAZ LR TE 5724
Do

LFTaANRN—T —% T IF %L CMOS &5 F L 7 a=I AN AT VN RFv AT 5807 7 a
—FTHD, BAEITFEZBBEIETZ0N, 0+ AAvTF &F VR BB B IE, PLA (T ey I~7 ray
VI ECH) 2 FANDZ LI LY BERHIIT D K B BIED 10450, EOEFEREE (10" bits/em?) N ERK TES

179

o

IOAN—T —FT I F v DIEARFEEE L, RTA—HZIDRD LN AT -ZA VDR E TR ED, A
TV HAE, @BEF BRI 0 A R—DELHE . CMOS ~ IV F LY T F T LY KRBT
FEMPED =D CMOS fﬂ«?sa/\zbﬁ GEL[RIEE D7D, RIEDHDHT /A A% N Ta/RARN: PLA 7—%
TIFXE MR T DO, TaT/ha—Re, KEMEERF>T 23—, R ATHER Ay T E N H
WHD,

L= AOERICHEDL T, BIERESN TWDE T —F 77 F vy ORI, /U147 D
EWEEST B L OB AN TH 5, 2T KEZ RC FFEEE A4 BERBELON CWD i KOEIE
FEIIB L% 1 GHz Thd, BT )70z R — T OOF| A A 328 . 2R o BRI
REEET | Ar—77 0 CMOS HTEH A TEXAIRU BBV ETHS, SV UL, 70 AT —L
OAFFNFHEIZ TV ENIZNT DT g —< A LS RGAENDD, EWVHZENEEZ /2D, Lo T, WhHbE
+§7\¢:4fﬂf*b‘f57%ﬂ???7’“’vk\ FARHNZWHNTHDLT TV r—a A B A VRS 5,
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R T RET =X T 7 F v EOREIZIZWICHEDLT, EO AR/ a—x o R atyihid~
NTFTaty it E LoD, —RINIZIZ, ZRBITDEDOFFTATVEMS L7 vyt B
Fo7 FOMAEAEZEF S, "NATURTF AR OaT 2503, B O e Tldkkx 72eya—b
DATERNBIIESNTWS, 2T, 77— a 2B b L3RIV, Ko T, R Rmicix
NATRF T T TV r—a ORI b L Te~T aa T 25 ATTnND,

AT NT AT T =X T I T v ~OBATIL, FHEITZ IS B ZIXFHRTL T A AW ) ~T 1
T ER 2 AZBATe T2 D DAER| 7R 7T N7 g — L a5, 20T IR R RE A FEAT T HH D
7273, CMOS O AR AR AT 7 oty s a AT 3 —< 2 A HEDNITBWEA),

ZDIVRBIENOE 2D E R T SAADO @A/ PRSI BRI TR0 | FIRFIZED H X
W2 T — % T 7T GRS BAME I Z 72D, ZORFHADIRINT, BriRIET A RTIR O FEE LRSS
REThD:

M GRS T A AL AT at B B I SE RS RE A FF o0 2)

A ANRT =< U ACTIRIET RA ALY ENIE T aANR T p—< 200 ET50 2 aRAk: T
AZVERL VY BB S, T —~ U AR ELRES))

a7V (=F a7 NoC(xyhT—2 on Fv7) T TvhT7 5 —LDH T, Figk R T EL THERL A RE
")

T B ANME GITERIE T SARKERR DAL B —T 2 — ZANEELED CMOS /0 A2 Z—T = — ALK 5 Tk
AHEDN ?)

ZO7 Fa—F ORIOEELF]EIX, BUEDAL B a— 8T =X 7V F XM RORERERA=2T F 7 Th
% RAMP (Research Accelerator for Multiple Processors) il & Al HE72Z & ThHh D, RAMP (3, #E#E{L FPGA
REAZH W~ AT T ay bR — X7 7 F v I T A T Y 2 7N THY | B DO KO A
BN EOFEDM T T% ',

L DEHETT —F T 7 F v EORENRFER > CD0, TOH TR RKOMEIZEOFHET LV THD, %
DINDT TV —asid, Wl BICHFE vy 7 C& ZNOITA B, A8 A7 5 EIB IO E Y
Th =T OREEZTEND, L, VA7 0T 4% A8 Ca BI85+ 2 07 k1370, 5o B
BEZIFDT VAV X LOBIFEIL, 70y 7 ERBEOHEINe AT T4 DL EALIOBIT DM H LN,
SOMDFHIRFE 7T NAA(ERD BV v/ DEEZZM) ZHWHZET, ~T a7 —% 7 7F Y OREREIX
PEESNADB LI, 728203, T ZRAV s 7T —F T 7 F Y 3G EIAa Y v 7 T A AL 523k
ARECH D, BRiA BIRT NARI AR THY, 2RO EPRIEIZ > TR R BIZ by,

T—T AV IHET XTI Fy

[B—T 47 |EWOEHET, SRRSO REZ BT 000 THD, Ziudals ., #EEEL THWS
N5, ez E, ma—u-E—T 49 71F MO =a—ar RSN B ONFEO Ry NI — 7 Z R4 At G %
FFobDOE BT 5, ZOFETIL, AR AR FZO /T2 A LD B % 5 T Rk /e I Rm0IC
W T DT —XT I F ¥ & [B—T 07 |ERES, ZOREIX, HTLWT ANAZAOISH /R U CRICA
FThod, £1=, CMOS HilfOIEFIZBWTHHEHTHD, 27 LZOETIE, T—T v /- PRI R
F a—HIZONTFI bW (FASIT AL D THY ITRS O EENLHANLT-D) , 2SO HIiIE
BHERLDTHDIN, BRI T A ADAT—TTIE FNRNEF & 1T L T D,

—RANEL T, BE—T 40T —F T 7 F vl i) WEN AL DT —F 2B 5ITEHT 2, i) Thbo
1B OMEEEROBRTIZOIZT AN ZEINT D, 1il) T ANVE DR SR ERIH T2, iv)RrEhi s
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7o T =2 OHBNET, v) T — A RTINS E AR 2= — 95, E DRE S &R D, TNHDEERET,
CMOS D BITHE TS DAIVR B B E AT T a1 5 5,

FRAAE G OYBEB G AR FICH R 5L, FEHICHRIRE BB A HEIC2 5, BRIIZIE,
Tharara—7 427 OREEEE (B GEE) B R T NA ARG DT EEBIR D
BoNDEE) & MELSNATERAEMBEICERES UXDDHILET, T4 FI T 7= 45 R
P A, BAATINE B £ OMOEEZZRIIITZ D, ZOROHEBEIT, REEDOT /5t
FAZIIROIROTHD, 7272 LhuL, 7halitHoaaie AD £, @5, 74U X VBB, HE
B E DA Ne REEZH)NT T a7 5B OBNAED R T EXITRD, 2D, TFhul- T4V X Vi A
DAARNIT U AN NN ANAT ) Ra B a—2OAIEDORIRL /2D, 72221, 7T ad v AT A
B R MG E DN RS TAOHNEREEL B TEBIICI AN T 3837328 O T Y R A E
26D, o, T EZ 0L DO TIHe, T —F&ESIVAERE /ZAIT) TROLIZGE . STkt
L Ca AN AT LS ATRE TH L™,

EGIZFA TENA TV RIE I — R A TE AT Dy REE L R B T BB A DTV D D
720 MdIE 1300 28 L EORRGHAE & 1~10 F JKMED > 7 AN B S E LB 7 vty
P THH'S, PiiL, L FO =D FEWARE A a) IHFHMAI T —F% 7 7 F ¥ 2G2S E 5, b)
RFZEf ATV Z2RFD, o) WARBEREZFFD, IO FTIEM: A LI, BBRE L TR E LIz E e ioiAte,
DFEVUDIEECH T R 2L S D e ThD, HE=a—ud, RIS — MEED AT
172<, RFZE R R Z — 2 ALBR 3 DA 2 O TS, MRS S AL B T, MRS &, A5 OBIRME, g xRy
N — 78R EEFI 35, £lo, MO RIFTEE L, #E2E/) Bayesian (A X)) #EET 7' m—F ZFIHL T
WD, EWVIEELBHD,

HIHYS AT DL, BARIC TR A SRR A X T Y 2 — A bR D EDRBA DS, S,
P () Wi Ff o 2 AT DRIV R Cio o, ZORTBIEC R0, KO TSR VA0 I
DIATRZ LA RTRELTARY  ERDOHERIE MR BIEA 5T 28 ATHE LA S, SHIZTHUL, KA T
AT LA I, SR LRI WAL S ER T, YU O BEREER R 1Y,

JIb PN DR 1, B2 DR R E MDA T e =D IR NS, RKIMEEREBEORS. Z=ZRHoH
FHBAD B ANIE L &S0, HERRIEAE | YEARERMEAS . MR I DFE ST IAEIND, VAT DL, #HEHAVIC IR
=R (5 BT KA LR, T TETHIEBOHE) 257 3572012, ZOmEDOHERIC
FEOEREFA T2, ZOIINL T, VAT TR EOREEF AL FHIT S (Chn[FEE TR 0Bk
THD), ITHED, IR ODHMHLRT, AT LAOBMEILEE TR L TIESH &R,
RS FIRL TS, o v o —Z (B4 2R3 —F Tld, BAEGE 7 oy (AMP) I2BiF 57/
FORAZADEEDNRFENTWE AMP 7—% 7 7F vid, 7a—T 40 7= VERGRINT DAL
(FG-FET) £/ 13 HE -7 VAKX (SETIZ KD EEETED, EWIZF AR OFEIETIE, 2 AT 34
ANEHTHAY, Tz X, ZEIEIN FVH A4 —F (MFTD) R 7 A b T P AX 728 (ERD Ry
JEOSR) NEITF OIS,

L F—HRIE T P —2 (CNN) — BT — IR Ry RU—2 (CNN) [X— D O FEAEIE Th 5, (554
AL OT IV r—a BN TR, T4 —~ U AEEEE ORI T, TAVHNMERLFL 27 L10E
ENTWHA™Y CNN 1%, BRI R 7 a2 BTk A& LIS ZofE ks, SIS T T
T DPHGRERRE 2Dy CNN OEFZE Ty L7 s/ 5402V GE CEMEL . o0 i a] 28
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IRTA=H I EHATHT B D, CNN IR A A K92 & CHEHZLEE 9% (CNN I A 1252,
BONTAEREZATIELTHE CNN 12525, %), $/2, HHFD CNN [THEEZE T aythlebicta
TR, ZHUT. BB ZRER O T SV —a THWSIND, D —D0DEIN, Tl T DA ViR
I B PR T =T 7/ F v ThHD, ZOT —X%T 7 F I V7L A%E B ffix DO
TR eI~ v Faty a2, THHDY AT AT, BIfEOa L B a—ZL AT LA L0B BN/ T
F—~ R W E AR TIEA, ONN 1T, SR E 2137 o b s R TR 22 SIS L5 (8
27 T ROHFRAFRII R DY AT B0 T9)
FRIEET NARDBFHAINDREEDH DT —FT7F %

ZOETIX, P EIC IV R EINT-HE R D72 D% DD FRIET NAARZDOWNWTE 2D,
CMOS 7'Fv 74— FEOERUERT SV r— a0 DT, FiEIETF ASARIE DI THE I D
NAEDN? ZNHDT NAAOENWERHEILEE EE LS TWRWTZD | ZHUFEEL ORIV TH D, & 67

2L BRI T NAARFI A CEL AR DSH LT —F T/ F Y a7 T, WTNOT =77 F v, itk T
INAREHDIATIZET, CMOS R 5/ 37 4 — < A% T, ETHIENGLDOTHD,
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Table ERDS8 Emerging Research Architectures
. . - A Research
Architecture Implementation Computational Elements Network Application Activity [D]
Homogeneous Symmetric cores CMOS Irregular/Fixed Synthesis/GPP [A]
Many-Core 158
Asymmetric cores CMOS Irregular/Fixed Synthesis/GPP
CMOL CMOS+molecular switches | Irregular/Fixed Synthesis/GPP 12
Heterogeneous
Molecular cross-bar | Molecular switches Regular/Flexible | Synthesis/GPP 23
Check-point CMOS+ferromagnetic logic | Irregular/Fixed Synthesis/GPP 3
CNN CMOS+sensors Regular/Flexible | Recognition/Vision [B] 84
AMP FG-FET, SET Irregular/Fixed Recognition/Vision 11
Morphic
Recognition
Bio-inspired Ml.:TD’. . Mixed Mining [C] 35[E]
Spin-gain transistor h
Synthesis

CMOL—Molecule on CMOS Architecture CNN—Cellular Nonlinear Network
FG-FET—Floating Gate Field Effect Transistor =~ GPP—general purpose processor
MFTD—Multiferroic Tunnel Diode

AMP—Associative Memory Processor
SET—Single Electron Transistor

Notes for Table ERDS:

[A] Synthesis—The ability to explore new scenarios by constructing new instances of a model.

[B] Recognition—Machine learning techniques that examine data and construct models for the data.

[C] Mining—The capability to find a model in a large volume of data.

[D] The number of refereed articles in technical journals that appeared in the Science Citation Index Database from July 1, 2005-July 1, 2007.
[E] Not including CNN and AMP.

7 ERDS I3, Bk 2 iR T "M RE CMOS EDRNEIZEDT 7V r—ar DRl gettza R4, 22T
FONTNWE =0T —F% T 7F ¥ 77X ([Al—DO~/NFay ~FavLFay E—74v7) Ot 7+
— R AEEZDILIIEE THD, TAVHNE T VAT LOT VT X LRI VAT 1793
VT BRBE DB AR/ T IR D72 W07, 2O ER L, ATVE LT 7 AR I IO HI RS
NBHIHZ, T —< ADNINZ T2 B A2 TIEIL, T —~ AR T ay I B 55,
LV ZETHD,

ANTRaAT T —X%TIF %, B Tty A L F o AR (B2 T AV EIVE SRR BRIEAR
N 7oy Y /0 Takyt, TIEIL =X B TRET A TR T 5, HhEW DR
T —< AN B OIAENT R HE T a ey b EEENICIRE T AT SV — v a TRITRE
IDACEYANAN

BT AT T =TI F L, JRHPHDIREE 5 AT MR ATRETH 5, 122 1E. B OB E
BEHTIELORe, 77)/7—ya/75 BT —X T 7T v g DR BERIKO OB FE T D, b\<075>0>/7~
AT, LB FaZ 3 RISV IThi, (E IR D03 M D /37—~ A i) B SR E
NZFER TED, IR OEIEE (72— 305 OBITIX, 7Fal /T 4P NAREFEIC I, T4 41T

TN LD LB L TN T — < AR KIEIZA B TUA,

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2007



36 FriEFEFEF(ERD, Emerging Research Devices)
FHRFEATY -G T N AA—E 27

Frim

F IR =T SAADNE RO 1AL E BT IR I ZE AT 20 EOMNNTEIED LA BT
TRV, FOLXVRT NAANRE 25T THAIT IR — LV OERBIL ORI A T TE 5 BN EEL H
5 ZEFMEWR D, BT CEm LIz B0, OO T S A A TR #AR RS J7 iEoH i RE M A A 9T
H5HY, KEOO Y v 7 « T—%T 7 F v OEHTREB LIS, £TIEINOOHIETET A A
CMOS EFEA L TREALTZ CMOS 77y R 7 4 — L& 56T D THr L Wb TR Z S TO< b A ze
W, Bl ZIE, HDHT A ADURFDRFIENRZ DT NASA AL > THELSNDFEEZD &
TRNT 72T =4 Tuy s LTOMREZIRILL., THICX- TEMERT XL - Ta vy
EEIEX, HYREINEE - e - fFHEEICB T 2B L ERT L EEZ 2 b5,

WZE 2R, T /AT — VT ASA R IO RO DFIFINA U B 20, g ArEIcy 28T 5, F
(2, T I A — LT A AT ENTIZS U3 CMOS SHERERIICH HATEIC: AN LB L7205, Rt
HINZIE, BATE WD T T SAZAO@EIL, Bl [EHFELIRIEZEEL (computational state variable) | 2377
RNERO=yMNE YN ERTH FIEREE OB LODE R IZ > TS a0 b e,
BELL, SOICEHIMNCITHT LVMESRABLE I X B e Hidfr & 72 0 . DWNZIZ T 7 v h 74— AL
LTCMOS ZEEZE X5 THA 9,

ZOHEIO B L, SRR IR OBRIE LR S D UVIT R Y PEILHERE A L IRICZOHEUEZ IS
W, ZOFE T AT FHRIEENT A, 1) CMOS Z R fEICE XA %, mERME. mEre, (KB EE2a 7
57— IVARELT XA AL 2 D BHDBNE 2) N—TE T 22 nm LARRICH IS TEAHEREMESH DU MTIA
FRVED AT HDNIAR —VHlT, L7202 50 EFHIT 528 THD, 22 TOMmIL, FEIRPEFEDN
BEEY fLA TV D EERL - BPEREILIC X - TEMAICEE L/ CMOS B Y v 79X E Y T34
ABBEEEZDHIRET A A AV Euvy 7)) HIFORWWZRERT > v v VOFHEIZEE 72
VW, 22T, ZOFEFEIC L o T BlARRHMliFIEIC L o TTH) CMOS #i58 « CMOS & 72
DDOFHREET NA AFMORT XY VEHET S Z E2ER L TR,

LT A ZRRNEHALF A DRI 2R T oo v /L OFIEE 9% 2 Thiled THEL VY, LaL7R
MHZDEFLOVH O OFI MBI R FRF THD, RO Y — AL R ATEL ST D7D,
HARPE MR II =T A DBHT LT SARHANTO BIZ2ART 2 b0, JEMAIIZ A — )L STz
CMOS <CEH# 32 ATV AT DO THAIVEREL LI L2305 B DB E E B CEHINTTHLEEN D
%o ZZCOFEMIIBUEDHREIL T /A AFATITKRE L CEM L 22 0 BBIEEZFFORV T~ — 7 4t
TAHEEIZHD,

MZ T, BAIZIESST NARIZONTE, T —FRBUECTRHAIREEE LW > T8 LW EAT OB
M5, ZOF O CTHNCH#ERZITY. ZOBOiER TIL, BrUWE RN — R 31T D FEA A 22 2
Y F OJFEL2 R (A X, =T — | AL —R7e8) W EEREERIZOW Tk T 2.

CMOS Z#k z HEAfT

[A] Scalability (X —ZEVFy) — FTHOITH L ME RALBLE I I BTG 55 E - 285 iR
T HE ERILBWREE T L2 A r—U 7 L, 2L CRMICER LI CMOS BEERIIER TEHY 2
— VBT DOBEEE 12 2 D X072 i LW R AR T 22 &2h 5, v aX—ZdD CMOS (%
MOSFET & 2B W TEMTO A —V 0 7 E2b 725U T, Bl ME SRALBRE AT oo B 1L, iz /e Btz fli-
T BEREL IS MALERERE N DSR2 HMT DA r—V 0 7 %b 7250, CMOS TORIEFHR T2 THD,
WL D& IRESNTZHANZ L CEBITEHF ML — T DIERIZE W THONHZ 8 TH D,
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[B] Performance (#£85) — ‘FROMEREFIEIZHAEDOMEREIRIE L IEF I TWHA TH A H, Thb
H, a A b, YA X, HETH D, FEROFHRMIREAN T, FEMAYICA 7 —/L &z CMOS Hifffic
FoTHELNAMEREZBZ T (Dl Ed) Femicm b LT 2Tl sy, Dz i,
nYyr AT OKREIRNREZA 2T /) T RIREET ) T —FT7 7 F DA LTV AT
—a VEEMIIIEZDIEAD,

[C] Energy Efficiency (Z=R2F—51F) — VD725 AR CMOS 7 /3AAIZEB W T IREEZE# L L C
B EITEREH O TODRD =RV —Zh AR R 72D Th A, Fo, REBOREELDFEA
WEEam T %5 Th, TRXF — R IT RO EERFHMEEUEL 25 TH A, BIRET NARZEBITS
%:1/7;% REEFEFE L DR —RATIZLD | FRERICE B E S AT ATIEZ 0y 7 AL —R % R 570,
WIZER Y Oy VAT AT E %2 TP 720 U707 b Th A, T /A — IV DEAIRET /NA A
TIEAA T L TR E D DIV HLER A H R T2 N EE THLEE ZHND,

[D1] OFF/ON or “1/0” Ratio (Memory Devices) /ON/OFF F7/2 110 & (X EYF/NAR)] — AEVT N
AAD ON/OFF Lhi, AEVFLER 7D, OFF IREETOT 7B AHPLE, ONIRIEETH T 7 v AW DL TH
%o RHEFEMEAEVIZEIL TiX, ON/OFF Ll FERIRAEY L OV — B EER /L OFE A H L ETE
DETERITIENTED, ZOEFRIT. %?R’?'JT/%X’C&)Z)BED%)T)‘%)BZWT IHYTUIFELTHAY, 7uA
— IRA > R AEY (cross-point rnemories) NEIEEE N Z R/ NTT DD, Fe, me i A UE SO
VUV EHMERFT D70, FEF TR X ON/OFF L3 ETh D,

[D2] Gain (Logic Devices) [ (B2 FNAR)] — F )T AADTA AL, 7 —bDT 7 T IR
RERBEEEEY /12 VLB L AREE CTHES 255> T DAYy 7[RI T, BRI RN CTH
Do THHRAFRIZZNSDT )T A 2% WA, Iy 707 7o T RD/NSN AT 72 @771:
—F BRI THD, KEREEE T, E 5 OHEEDTD CMOS EOER LN KLETHD, HIRIZ

T NA AL CMOS OEFEAVEZRB L, 2<OrYyZRIKIZBITAE 5 OFAITINA T, ﬁ’éjémt
i LS Thd, ZOEBLO MBI, FY —/L, BN B AE T £ T TOFEKIC

[E] Operational Reliability (B//EERRHE) — BMEEEVELIT AT M a2y 7 T30 2005 EhfEAEER
Tﬁi%hh%ﬁf’ﬁiﬁ~i¢"§fﬁw TENETDREIDZETHD, TXTDOT /A — LT A AL E
WC, =7 —RTHEERMETHL, =7—DRAIX, T A AEREEO P A XFELE | BLOSET 1281

B EBMOII7R TR AR E O T ThD, T /A — VT NARE R NDT —X T 7 F %I
72D ETH, K =7 — MBI ORI —fT EAF — AR ThH D,

[F] Operational Temperature (B//EMEE) — EEOISH T, 7 /7 AR ERELITZUTEN
IRECEMERRE CHHZENUITHY, SHIZHEIR (B 21F 100°C) I8 28 EEL + 3 ICEFR TEDT A
A AREIE TRT L7 B0,

[G] CMOS Technological Compatibility (CMOS D& #Hg72 A L) — N-EAREIEIL, W2 40 FITh
72>, HERBIA] R A T A AR O KRBT - TE /e, KRB IZE > TRIRE ALV RANS
K0, HERFEFR T, FRROME I TH EOBAN G E AT LI LV ZENFTFEITND, EARRER
M CHEAAINTIL, B EOHEM AR~ OB BB Z R KR IBRA T2 RDOD,

[H] CMOS Architectual Compatibility (CMOS D7 —F72F ¥ B #ME) — CMOS Hifff A% =

DHZE~DEBK, DFEVBEGFOAL 77515 T BN, CMOS 7 —X% 7 7 F v DO Az VL EETHE
BRETR D, T—XT 7 F ¥ O HMMEL, REBFEINDFIHT D007 AT AT — 2 RFEIEOBL RN E SR
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END, CMOS 137 — ViR BRI E A ) —F — 2 R GEEEZF AL DO T, REHAFD [REED J7 5%
FIM 422 ThH D,
B _R—ADT )R — VT IS A

AR ADHFHRILT /L 7 ha = Ay FIZBE L T LT REEEFREIT, ZhH0H T A
ADJFH I A=V TR L A=) B ED CMOS HiffiE D i Tdhs, 2007 4£0 ITRS T,
CMOS DA =V 75 2022 R ETIZIE 11 nm /—RICEDLETFHIL TS, Z0 /) —R Tk
MPU/ASIC T /3 A ZADELA 7 — MR IIH) 5 nm THY, FEIOHEE 13K 100 W/em® THD, il d
SR IC ZAUEY, BTN —ADT A AD JFHLY 22 A — VR FUE, 2022 4ED CMOS MOSFET O/ — |
FED 13 ThD, Linh, ZNHDAL v F T NAADBEEIL, T DOV AXTHIR Z 25 O Tidzed, 100
W/em® SV i KR EE ) CHIRSND, ZOMFZEDOfE L, A XL E BN O S TRAETA—
JLEFLTZ MOSFET £4f11%, EEfaf N — AT SARDOEGHII A — ) o T TRFUCH TN ENIZETH D, LI
ST, IDE (T /AT /) F2—7) DIIFRITEM N — Ay 7 T, v VasF e ofk
BREIRE LTI CED, SVRZDE, FTT NA AEEE B RN—AAL T ELTHAL T, 28
WA T =2 F A, (B— NV BIOTa— VD) A X —ax 7 Nl O R INT2B 5 5
HZEIE, AR EE OB K THE 23 HEREDAT = T UPER CERNWZEEE 2 DL
MEK/RZ L THD, ZOREMIL, T A REFEENAA T OV AR TIT7e<IHEE I THIRESNHZ 2B E
FTHLGED TI—RAF TN ThDd, ZOiEmNOiGmm T bIDIEIL, ey s T A ZAOHRIEITITE
ff _R—= AT REEE 72 E OB SN METHH LD ETHD,
P o —SREEET /AT — VT /SAR

ALNTHRNT, "2 B a—ZREEE LWV HFEIE, 1930 U TF 2=V 7088 A LT A BERR e
OEEEIZIEDNTND, ZHUL, I B2 —XDFRCe 7 ORREEZ R LD, AP0, LBl
DI, BELDFEDRBHDHENIB X ThD, bW OARIREFIET A ZAOHIX, ZAIXATH
%o FAITIT BFOERE  — OB THRL TN, ZOHI T, v a—2REEE L, HIcw P
HIRALE THY, ZAIRAE AT ETHEME A TN TED, AN —F— DR IXT —ZEH D=9
(BN ER E ', AT O3 T ARV, ERERLIE T A0, EIR - OBLREFI AL TVhA,
[FRRIC, T — 7o/ F I —Rb F2, 2V B a— OB HOIRELZTLIE T 572012, ROFEAFHL
TWD, ATREMEDHDHT LT B 2 — ZIRRE I L, BER PGB 218, BT DAL L REE), 45
TIREE, FHIREE, SRR IREE, BT Robh, 74 O RARE BN E N D, REIZ. ZnH0W PR 7
VEMRZETHHROa L 2— 2R EIN ., B E 40 FITHE->T CMOS 236725 L TEX/-D LAk D
B R VHEEE ) EVOBLART, RO 10 IS RO HALBLE i L 720G E9Th D, 2%
M, A (Critical Assessment) CHVHENLRETH S,

AEY LTI T N, ZRDETERIPMERED AT

REETIE, BB A — U o 7 R R 57 O IR IR £ THUI{ES 4172 CMOS B2y 7 H DN I AEY
FORA AN E B EWZ D FIRATVBL Oy 7R T S A ZE R O AR 2B REA Sl L TV D,
AIHTIE, BTG ALEE T /A A(Alternative Information Processing Devices)DF Tk BN HHEITT
INAAEE R EIFBEL TR0,

AR

[CMOS X DA —VU T | 3B BIT DT IR — VT AR T, SFSFRT SV r—rary, avy
2 —AIRIEE S EE DO AN R A TWD, Eakd TETRYER & M EEdE] ) X A FILDE
TERINTZ—HOZEMED L IXFHMEO LA, FrED [CMOS 282 2% | Hff A3 &M LEt s A
WCEDOREBHAEECTH 20 & /3T A—21b (BfElk) T567-OICHWLILD,

CMOS #HB 2 DHHRIE T /AT — N AV Ea I T RA A X, HD 1 DOERILU T, &K% DRYME
HAELES LA E M A1TH, By 712kt TlE, ZOEFEITT I A — )L F A ZF i Ok iy 7o BE
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D A[HEMEIZB T2, EDOHM OB BRI UL TZ R EL . ZNENOZ LRI L T, n—F~
> 7 DR E M LA 1inm DUz CMOS SEEEEL TVD, AEVCRIL T, ZOERITE T/
R — )V AT 73 AR ORI 72 RE D Rl REVEICEE 375, £ D HEAN DB R N U EA LTS EL .
FNENDZ G PEFEHEITH LT, LW ATV N E E WX DBEAF DO ATV HAT L LR L TD, IR
LT, 125 3 FTOMEMRENE THND, [3HTFEEAIC 1lnm D CMOS % L[E1Y | 1 TEERIC
CMOS &2, VBT DREFATVEINICH D, & A PEIEAEL, ATRC T B EER & 2 Y ML HE (Overall
Technology Requirements and Relevance Criteria) | D F CEFRIAVCUND, ZOFMIE. IAFLFHO AN 7 75
T REE A A T DA THER SIS ERD T —F 7 VL —T DA R — ORI TR ESNIZH DT
H%,

Logic—Individual Potential for Emerging Research Logic Devices
Related to each Technology Relevance Criterion

Substantially exceeds ultimately scaled CMOS

* or is compatible with CMOS architecture

3 ** or is monolithically integrable with CMOS wafer technology
***0r is compatible with CMOS operating temperature

(i.e., Substantially Better than Silicon CMOS Logic)

Comparable to ultimately scaled CMOS

* or can be integrated with CMOS architecture with some difficulty
2 ** or is functionally integrable (easily) with CMOS wafer technology
***0or requires a modest cooling technology, T > 77K

(i.e., Comparable to Silicon CMOS Logic)

Substantially (2%) inferior to ultimately scaled CMOS

* or can not be integrated with CMOS architecture

1 ** or is not integrable with CMOS wafer technology

***0r requires very aggressive cooling technology, T < 77K
(i.e., Substantially Worse than Silicon CMOS Logic)
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Memory—Individual Potential for Emerging Research Memory Devices
Related to each Technology Relevance Criterion

Substantially exceeds the appropriate Baseline Memory Technology
* or is compatible with CMOS wafer technology

3 ** or is monolithically integrable with CMOS wafer technology
***0r is compatible with CMOS operating temperature

(i.e., Substantially Better than Silicon Baseline Memory Technology)
Comparable to the appropriate Baseline Memory Technology

* or can be integrated with CMOS architecture with some difficulty
2 ** or is functionally integrable (easily) with CMOS wafer technology
***0or requires a modest cooling technology, T > 77K

(i.e., Comparable to Silicon Baseline Memory Technology)

Substantially (2x) inferior to the appropriate Baseline Memory
Technology

* or can not be integrated with CMOS architecture
** or is not integrable with CMOS wafer technology

***0r requires very aggressive cooling technology, T < 77K
(i.e., Substantially Worse than Silicon Baseline Memory Technology)

Overall Potential Assessment (OPA) = Potential Summed over the Eight Relevance
Criteria for each Technology Entry

Maximum Overall Potential Assessment (OPA) =

Minimum Overall Potential Assessment (OPA) =

Overall Potential Assessment for Technology Entries

Potential for the Technology Entry is projected to be significantly better than silicon

CMOS or baseline memory (compared using the Technology Relevance Criteria) Potential
(OPA >20)

Potential for the Technology Entry is projected to be slightly better than silicon CMOS

or baseline memory (compared using the Technology Relevance Criteria) Potential

(OPA =>18-20)
Potential for the Technology Entry is projected to be slightly less than silicon CMOS or

baseline memory (compared using the Technology Relevance Criteria) Potential
(OPA = >16-18)

Potential for the Technology Entry is projected to be significantly less than silicon
CMOS or baseline memory (compared using the Technology Relevance Criteria) Potential
(OPA < 16)

TP S

# ERD9 & ERD10 1L, Gl O BRI THD, M0 LIZ/2DH, BHIE, #R IR E ok <47 CMOS %
BRI E S Z | H LRI O XD/ 580 b E AIREIC 5, IRD 10 FFOFHRIL T "AABLNrY
VI EWEFM T 5L THD, BOIHEX, AIFLHAMTE A D70 OIETENE T-H(Overall Potential
Assessment for Technology Entries)] ORIZFEIN TS, AIXENENOFRILA T Lnd v
B oM sl 2359, L. @ERREIKICRIT S CMOS Ll L7- & &0, EEHx 5%
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Barrier Memory

Fuse/Anti-fuse
Memory

Nano Mechanical
Memory

ili Energy Off/On | Operational | Operational ¢MOos CMOS
Scalability | Performance Efficienc ratio Jiabili P .+«| Technological Architectural
Yy Reliability | Temperature™* | compatibility™ | Compatibility*
Engineered Tunnel 2.4 2.3 2.2 2.0 2.2 2.7 2.7 2.5

Electronic Effects
Memory

lonic Memory

Ferroelectric FET
Memory

Macromolecular
Memory

Molecular Memory

Table ERD9
Emerging Research Memory Devices

Potential Evaluation for
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. _ cMos cMos
Scalability | Performance | EE°"9Y | Gain Sgﬁ;ﬁﬁi‘;;a' Operational | rechnological | Architectural
Yy Temperature™ | compatibility™ | Compatibility

1D Structures 2.4 2.2 25 2.3 2.0 25 1.8 2.3

Channel Replacement

Materials

3

1.9

1.8

Single Electron
Transistors

Molecular Devices

Spin Transistors

Table ERD10
Emerging Research Logic Devices

Potential Evaluation for
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Scalability 3 Performance
CMQOS Architectural Energy Efficiency
Compatibility
CMOS Technological On/Off Ratio
Compatibility
Operational Temperature Operational Reliability

Engineered Tunnel Barrier Memory

Figure ERD2a  Technology Performance Evaluation for Engineered Tunnel Barrier Memory

Scalability 3 Performance
CMOS Architectural Energy Efficiency
Compatibility
CMOS Technological On/Off Ratio
Compatibility
Operational Temperature Operational Reliability

Fuse/Anti-fuse Memory

Figure ERD2b  Technology Performance Evaluation for Fuse/Antifuse Memory
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Scalability 3 Performance
2

CMOS Architectural Energy Efficiency

Compatibility
CMQOS Technological On/Off Ratio
Compatibility

Operational Temperature Operational Reliability

Nano Mechanical Memory

Figure ERD2c  Technology Performance Evaluation for Nano Mechanical Memory

Scalability 3 Performance
CMOS Architectural Energy Efficiency
Compatibility
CMOS Technological On/Off Ratio
Compatibility
Operational Temperature Operational Reliability

Electronic Effects Memory

Figure ERD2d  Technology Performance Evaluation for Electronic Effects Memory
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Scalability 3 Performance
CMOS Architectural Energy Efficiency
Compatibility
CMQS Technological On/Off Ratio
Compatibility
Operational Temperature Operational Reliability

lonic Memory

Figure ERD2e  Technology Performance Evaluation for lonic Memory

Scalability 3 Performance
CMOS Architectural Energy Efficiency
Compatibility
CMOS Technological On/Off Ratio
Compatibility
Operational Temperature Operational Reliability

Ferroelectric FET Memory

Figure ERD2f  Technology Performance Evaluation for Ferroelectric FET Memory
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Scalability 3 Performance
CMOS Architectural Energy Efficiency
Compatibility
CMOS Technological On/Off Ratio
Compatibility
Operational Temperature Operational Reliability

Macromolecular Memory

Figure ERD2g  Technology Performance Evaluation for Macromolecular Memory

Scalability 3 Performance
CMOS Architectural Energy Efficiency
Compatibility
CMOS Technological On/Off Ratio
Compatibility
Operational Temperature Operational Reliability

Molecular Memory

Figure ERD2h  Technology Performance Evaluation for Molecular Memory
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Scalability 3 Performance
CMOS Architectural Energy Efficiency
Compatibility
CMOS Technological Gain
Compatibility
Operational Temperature Operational Reliability

1D Structures

Figure ERD3a  Technology Performance Evaluation for 1D Structures (CNTs and NWs) Logic Devices

Scalability 3 Performance
CMOS Architectural Energy Efficiency
Compatibility
CMOS Technological Gain
Compatibility
Operational Temperature Operational Reliability

Channel Replacement Materials

Figure ERD3b  Technology Performance Evaluation for Channel Replacement Materials Logic Devices
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Scalability 3 Performance
2

CMOS Architectural Energy Efficiency

Compatibility
CMOS Technological Gain
Compatibility

Operational Temperature Operational Reliability

Single Electron Transistors

Figure ERD3c  Technology Performance Evaluation for Single-Electron Transistors Logic Devices

Scalability 3 Performance
Energy Efficiency
CMOS Architectural
Compatibility
CMQS Technological Gain
Compatibility
Operational Temperature Operational Reliability

Molecular Devices

Figure ERD3d  Technology Performance Evaluation for Molecular Logic Devices
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Scalability 3 Performance
2
CMOS Architectural Energy Efficiency
Compatibility
CMOS Technological Gain
Compatibility
Operational Temperature Operational Reliability

Ferromagnetic Devices

Figure ERD3f  Technology Performance Evaluation for Ferromagnetic Logic Devices

Scalability 3 Performance
2
CMOS Architectural Energy Efficiency
Compatibility
CMQOS Technological Gain
Compatibility
Operational Temperature Operational Reliability

Spin Transistors

Figure ERD3e  Technology Performance Evaluation for Spin Transistors Logic Devices
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