1 TR T v—va s/ T A BLUOEE

T AT T —ay T ARAA BIUOREE

REDOHE

TR T T =y TR BE UMW (Process Integration, Devices, and Structure: PIDS)
DETIE, LA T T ar OHEIFICBEELEHEEEORN — A7 2B E 2 72, LSI bbb T /A
ADT U AT A= ZDA T TV —arwifld, MEHHE F— T A ADE RN AT A—H | % H)
FF BN BRAELSRESEEN PIDS (28 £15, /-, MEHZREb X Eb#Ewm SN
TWBN, BIZHMEZHD, BT A A F0Y v 7 AEY—(DRAM & ARHEFE M AEY —: Non-
Volatile Memory [NVM]), ZILHOEHEMET, ZNE DI 0 LTS, BIZ, ZNEOHITiEF
— LA D HANT R Z TR R WO D E EO R IR AR LT D,

2005 “Efifil ITRS @ PIDS OFE|IIWK ODX— 725 580305, ZD—21%, HERDIT VA
PEREE]) ERO R U REHERF T 572012, Lo u Yy 7 AT 81T D ) TR e Ar—Y 7
Th b, BIBHIRAT — U 7 3B R ZE R LC, High-k 7 — M@k, A% V7 —R el O ERS T
DB ADE RGN ONOREREFEMEFH 2 HEAEL T D, o, BEMMICIE, s ez b
SOI-MOSFET (Fully Depleted SOI: FD-SOI)<° FinFET 72X D~ /LF %7 —k MOSFET D XH72H LT
VURAAREIE DR EREEL TWD, ZRHOEFIIRNR—ATEHASNLZENHIFFSNTND, 20
oD BRI EdR TV 7 FA L) —ICREBLG A~ DA T YR EFUTE S TORERRE TH 5,
NVM ([Z2OWTE, 27— 7L COBRWVIEICHORE OiFm I TUD, NAND 77y
NOR 773 =, SONOS(Silicon-Oxide-Nitride-Oxide-Silicon), 5% & RAM(FeRAM), ~7 FT (7
RAM(MRAM)/2E | < OFEFED NVM ZH BT T 5, FHE(LAEY —(PCRAM)IXEHEN TS\
7230, 2005 AERAMS PIDS DIEICHNZ H37-, DRAM OREIT ., Hi i) — 7 B INHI L2 B350 2 —
Vo T RREEZ 720> 0D L TH D, [EFEMEICEAL COREIL, o0 DT EIN CWDEFHFO ¥
ALY — I IE IR ETHD,

ITRS OEEZR AT, L—T DIEANZIH 72 0EREBVD CMOS A7 —V 7 ORI Ei7p |
BN ER SR E I 2 DN T 528 & BURZTH R T 27O I B SE L B A RS 5
ZLTH D, ZOFETI TR A (Potential Solutions)Z U AMEL Ci#amL CWAZED HEYIL, BE
PR R DWW COBLIR B B SR T AR T AL Zm 3720 Thd, UL, R R MOV AN E
FEETIEZRL, P LB R BOR LIRS0, ITRS OER R ILHT L, F7p o P iR SRl 2
[R2DITF DL D TIEARN,

avy

AR T NAREFED LT T ANy 7R TH D, ZOHI Tldm MR R I OMEHEE
F3& (TS IS ) Oy 25809 FEi I ER O FEM LR B R D R _ B Cnd, F—T—Rix
PERE, VHEE ). BHEE THD,
AEY—

0y 7 AR — TR T SAREFE @ O XL/ B R T b, ZOHITHO AT —IL, DRAM,
REFEMEAEY —(NVM) T D, ATV —H iz 25T 2D HAT) —THDHIH | ZHHIZ DV THR
FALTND, LU, IBEAT) =Tl FE 3D LOENLTIHAT) =BT A2 R HIfFSIL TV D,
DRAM & NVM (ZDUNTIE, FiT Rk LMo R i 235 i IR R b T,
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FIRL728512, NOR, NAND, FeRAM, SONOS, MRAM, PCM 72X NVM ~DERETF L PIH
HZH->T\D, ZOFETIEE A7 arT~7 7 NVM 72172 B0k, HidaH LR AEY —(Read
Only Memory: ROM)X 1 [RI721F FE&IA 4 A §E72 AE Y —(One-time-Programmable: OTP)DHAfTIL 1 F72
U,

(BT

BEMEIIT AT 7L —a AZBWTEHEREE Thd, FrLWET IS e e et
ADBANEFERT DN, ZNHICONTOIFRIEEL T —F X —ZADRELE, FrLO B EE —R LR D
ETFIALRRENZ B DR, OB AT 7L — g 33 il 3B A BRI BT D M E N H DT80
INETOEEEOL IV EHERFT 52 LITNEE 205, (BHEMEICB DRI, A0 B MERED 3
K, IAMER, TG A~ORGE S AR OEN 2 E2F ZEZ T, ZBIET AN, V= —L~ULDfFHH
PEZ DN T M7 B iR BE (Difficult Challenges)z i3, SEEEDFHEMITHIH L, Hr7 oA, RE Y
FORT 427 HEREENE, B MR8 IR THh D,

R 7 B AT AR RE (DIFFICULT CHALLENGES)

Table 39a Process Integration Difficult Challenges—Near-term

Difficult Challenges =32 nm Summary of Issues
1. Scaling of MOSFETS to the 32 nm technology Scaling planar bulk CMOS will face significant challenges due to the high channel
generation doping required, band-to-band tunneling across the junction and gate-induced drain

leakage (GIDL), stochastic doping variations, and difficulty in adequately
controlling short channel effects.

Implementation into manufacturing of new structures such as ultra-thin body fully
depleted silicon-on-insulator (SOI) and multiple-gate (e.g., FInFET) MOSFETS is
expected. This implementation will be challenging, with numerous new and
difficult issues. A particularly challenging issue is the control of the thickness and
its variability for these ultra-thin MOSFETs.

2. Implementation of high-« gate dielectric and High « and metal gate electrode will be required beginning in ~2008. Timely

metal gate electrode in a timely manner implementation will involve dealing with numerous challenging issues, including
appropriate tuning of metal gate work function, ensuring adequate channel mobility
with high-k, reducing the defects in high-k to acceptable levels, ensuring reliability,
and others.

3. Timely assurance for the reliability of multiple Multiple changes are projected over the next decade, such as.:

and rapid material, process, and structural changes Material: high-k gate dielectric, metal gate electrodes by 2008 or so

Process: elevated S/D (selective epi) and advanced annealing and doping
techniques

Structure: ultra-thin body (UTB) fully depleted (FD) SOI, followed by multiple-
gate structures.

It will be an important challenge to ensure the reliability of all these new materials,
processes, and structures in a timely manner.

4. Scaling of DRAM and SRAM to the 32 nm DRAM main issues with scaling—adequate storage capacitance for devices with
technology generation reduced feature size, including difficulties in implementing high-k storage
dielectrics; access device design; holding the overall leakage to acceptably low
levels; and deploying low sheet resistance materials for bit and word lines to ensure
desired speed for scaled DRAMs. Also, reducing the cell area factor in a timely

manner is quite challenging. (Cell area factor = a = cell area/Fz, where F=DRAM
half pitch).
SRAM—Difficulties with maintaining adequate noise margin and controlling key

instabilities and soft error rate with scaling. Also, difficult lithography and etch
issues with scaling.

5. Scaling high-density non-volatile memory to the Flash—Non-scalability of tunnel dielectric and interpoly dielectric. Dielectric material
32 nm technology generation properties and dimensional control are key issues.

FeRAM—Continued scaling of stack capacitor is quite challenging. Eventually,
continued scaling in 1T1C configuration. Sensitivity to IC processing temperatures
and conditions.

SONOS—ONO stack dimensions and material properties, including nitride layer trap
distribution in space and energy

MRAM-—Magnetic material properties and dimensional control. Sensitivity to IC
processing temperatures and conditions
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Table 39b  Process Integration Difficult Challenges—Long-term

Difficult Challenges<32 nm Summary of Issues
6. Implementation of advanced, non-classical CMOS Advanced non-classical CMOS (e.g., multiple-gate MOSFETSs) with ultra-thin, lightly
with enhanced drive current and acceptable control of doped body will be needed to effectively scale MOSFETs to 11 nm gate length and
short channel effects for highly scaled MOSFETs below.

To attain adequate drive current for the highly scaled MOSFETs, quasi-ballistic
operation with enhanced thermal velocity and injection at the source end appears to
be needed. Eventually, nanowires, carbon nanotubes, or other high transport
channel materials (e.g., germanium or I1I-V thin channels on silicon) may be

needed.
7. Dealing with fluctuations and statistical process Fundamental issues of statistical fluctuations for sub-11 nm gate length MOSFETs are
variations in sub-11 nm gate length MOSFETs not completely understood, including the impact of quantum effects, line edge
roughness, and width variation.
8. Identifying, selecting, and implementing new Dense, fast, low operating voltage non-volatile memory will become highly desirable
memory structures Increasing difficulty is expected in scaling DRAMs, especially scaling down the

dielectric equivalent oxide thickness and attaining the very low leakage currents
that will be required.

All of the existing forms of nonvolatile memory face limitations based on material
properties. Success will hinge on finding and developing alternative materials
and/or development of alternative emerging technologies.

See Emerging Research Devices section for more detail.

9. Identifying, selecting, and implementing novel Eventually, it is projected that the performance of copper/low-[] interconnect will
interconnect schemes become inadequate to meet the speed and power dissipation goals of highly scaled
ICs.

Solutions (optical, microwave/RF, etc,) are currently unclear.

For detail, refer to ITRS Interconnect chapter.

10. Toward the end of the Roadmap or beyond, Will drive major changes in process, materials, device physics, design, etc.
identification, selection, and implementation of Performance, power dissipation, etc., of beyond-CMOS devices need to extend well
advanced, beyond-CMOS devices and architectures beyond CMOS limits.

for advanced information processin,
P & Beyond-CMOS devices need to integrate physically or functionally into a CMOS

platform. Such integration may be difficult.

See Emerging Research Devices sections for more discussion and detail.

PIDS (2R3 D R #E2 B ik 3R R D R A
[1] 32nm H#AEETD MOSFET DR —V2 2

7L —F 7307 MOSFET DA —V 2 7B\ T, BT v 1V Zh SR & L&V MEE T EI 35728
2, Ty RVIREZ RIBIZE KT A2UNENDDL, BT ¥ RVREORE R, ELEE FOBEIE TS,
NUR R RV L D85 — 7O K, GIDL(Gate Induced Drain Leakage) D K7eE Rk Sid, &
BIZ, 154872 MOSFET OF ¥ RV INO A ED V7072 D721 Z, R OELENLE OFEETHI72d
OENRIT 5, ZORER., LEWEOF RO XXM T 5, 6l MOSFET 12817589 —20D
BARREIL, FEH RN — AR A AR B IT BT DY — A/ LA ARFIO IR TH 2,

7L —F )7 MOSFET DR —VU2 7 OHEATDT=8% , FD-SOI MOSFET X°>~ /L F %7 —h
MOSFET(FinFETS)72 & OFi 7/ SA ADFE RN HSNADZEDRFFHFS I TND, ZIVHDT /A A
LB IET ¥ RVRE RS, LEWVEITAZ VS — O FE BB THIIE NS0, L —TF 310
MOSFET TRIEE725E T ¥ RV EICE AR AL E ARl TED, LL, WO DHT
LW A LD, 2O O TR EE b DX, SOl EEOHIHEBEREIXL>E O], A2 L7 —
rOA B DOHIETHD, 7L —TF 3L MOSFET D4 EFRIEE, HAEDY —A/RL A ARBLOKRED
R 705 E ThH D,

A=V TS TV —F 3L MOSFET & MOSFET (Z3HG@EifE I, 7 —hRIZH L ToZ
A ¥ FLE(Line Edge Roughness: LER)DE| & DI TH D,
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EPERER Y 7N T, A — U T T T DEFEE O R ENT P AZ DY — 7 &R DO KD
7o, Fo 7 OF IR OV E T VKR EMERE B AR RO WL N0 D, tEReEHE B I DF—7
NMZET L BT =X 77 F vy O EH &, LEVMED B2 DT DAZ O (VT Vi) 728 M
WBELIR D, VT AN S AHENLEVMED N TP 2 Z % DDA T E W LEVMED T2
ZaAf PERELTHE B O LA TOME R DD, KIHEE ey 7 IZid, A7 —V 7 L
BB IIORIEIN VNI THD, 2O VT P AZO)— 7 EFRILEMERE & AT LR TIHER I
K72 o TND, < /LF VE 21T TR, @tERE & ERARIC, B ET —X T 7 F vy O EF NN ETHD,

[2] High-k " —PGRRIEEAS L 5 — FBRBE D5 A LY — 2B

PIDS OF7 —7 VOERIZIIUE, Ar—V 7 L — N — 7B a TR LN D729 12, High-k
7 — MR L AX V77— NEMR T 2008 FEETICMETHD, TSR — Ay /i DA
X2 OEIRIRED S, B2 1. High-k ZHW5E O+ 07 Y VT BENE OfER, K, Fr—
7o REEMEDIK 2 EDIRGETHD, £z, 7L —F— L7 CMOS (Rt Lift
FBI%¥) & FD-SOI CMOS (R R ¥ ¥y 7 1% IS LI A BEE) (0 4 7ot F R D AZ VM Bt OB E L |
i 2 7o A% V47 —h & High-k 7 — Mg iEE CMOS a2 7n—|(ZAESEAZ 8%, I IR EE R
HTHIRRE CH D, ZNDDF LB 2 A L) —IZ, B AVRFERFAM & A5 FEE FEAG O H i B R b R E T
H5,

[BIBFEDIH K, 72t R, D2 LRI L= (G REERE

MOSFET DA =V T EFSA MR, V—2 8B, 728 OEREDERIZIE, High-k &7 — M@,
AR NP —NER, TL_X—T RV —R/RL A2 H 7 =— VT, iR — o 7 HilinE o, <O Kig
7R MELOHERA, D7l 10 FLUNICEEEINLZEB L LI TS, 72, FD-SOI
MOSFET (Z46F-C, /L F % —h MOSFET (Z#ZeH LV MOSFET #i&ENEA SN2 en s
TS, ZNHOREE DFFEME DN Z A LY — ITRES VDT DI B2 HT LV MOSFET O PRiE LA
HERROET V7 I3 FEF IR #ERRE ThH L T HIND,

[4] 32nm Gz /B4 7= DRAM & SRAM DR —J22"

DRAM® E iR EIL, BADME/ NS TH 072 S A B O MR DT80 O | High-k#fif%EEEMIM
HEDFEMATHD, T2V 7T v ar R AR T 572012, MDY — 7 E i G ) — 7 &k,
T I RANT U RE DY T AL LAV R — 7B O N EE TH D, K —7EROFERITT 7 EANT
VAR DEERMEREFER A NS TS, L) T 7704 a = (BVEE)/FL, ZZTRIEIAZL 1 O
— VT DEAL) =2 IIER ICEHE ThD, UV —RREE Y MEH OIS — MEGUH BHZ, f5fi7e
DRAM®D ZLRE FEMERE FEBLIZIEFICEE TH D,

SRAM (DWW TIE, AT =V BT/ AR =V DR E, Ay bz rbas i@ R/]S
NBTI(Nagative Bias Temperature Instability)72 & DAL E MO INHI DM LA FRE T D, £z, Wul{kiz
BWCOVYIT7 by F 7 OELHL, SRAM X8 H | mifEhEORBEAE)—L L TEHShD
72 AR OFREZ R T 52 L1%, AT LEREN EICHZETHD,

[5] BT HEFRHEATT—NVM) D 32nm HAIZ/A117 7= 3670

AR MEATY—TILERREIT Z2H D, — DI, TNEND NVM E/UTND2 D 5T CMOS
HiRL 725, ZL T, ZOTDIZAE) L OB IZE S ORE) B D, ZNHOFEIL NVM ZE
(ZH2H L, MFFOIRBEIZZNEND NVM OT7 — 7 VRS Tnd, o> HOREIL, Byhelt®
MZEUF DI H OEEN, MEHZAN 2% 5.2 | B/VRHEO BN D AIEEE N DD, HIITiEE
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BYEDOT NARRFEITEE R T D200, RIGICEEL7ZAD = AL THELD, T T a7 AT v
VUDHERIT, ARV-D PIREINDRE ) EZ M O ARTA v == 525, 20D D
DIRT AL BN T T 5 I IFEF IR TH D, SPEMATIZIREE T, VT /L2 A LOFRERS HEL
U,

(6] EIEEBIEE DI ELS, D> T ¥ RAZIRIHIFI I/ 2722/ CMOS DEMFE

FERIZBWTR I D AZ DS —MED 11nm LU T &0 DE, KR EE T %/L D FD-SOI MOSFET X~
JVF—k MOSFET (35 3RANCHI L TE, BT v VRIS RS g, o B e 5
W7 B AOfRRRIL, High-k 7 — Mg, A2V 7 —NER, B2 )arFrxb, TLR_—TyRY
— ARV AUIRE T, /27T 710 CMOS IZEASNAZENHIFFSILTWD, 7 —RE 1lnm BL R Tl
FD-SOI DR T AJEIEIE 10nm LA FAAMEETH D, ZOHRD B 740 5 & 2 i BEL ) B D 528 345 iR B
STV, ZIHDOIEFITHHIZ2 MOSFET [, YV — A TOHENHE OB K EHET v AL T, %
INYRT 4 TR N > TND, 2D Flz1E 7 N~ =g AR -V IROF v 2z EiZfE-
720, =R F )T a—T R IUA Y2 E DWEN D E\NT ¥ LA DME DD LR,

[7] #7"11nm DS —~RD MOSFET (215173, b& EFEF1HT 7 2 ERILEDEDIRIBE!

?c

7 3hE, LER, R SOI fREDIZH X7/ | #2136 > OB I+ T BRI Cuve
AN

[8] BrAEY —HEEDIEAE, ZIR, BREL

EWIZHB W TIEL DRAM & NVM DA —V o 7O S8 INEE 2RO R IZFEEH SN TWA IS,
BB, BB S F U CH LW R RSN AR — G ~ DML BEMES B E RO DI B
LCND, ZDIIRAHREMEATY —DBEPEII RS2 T v L P ThHD,

[9] AP I DR ESL

SHOIPTIRIL, FRIEH 100nm DL F &7l Ra KT 5, 7. BRH&GEOLFHERIL 1-1.5
75>BE§%U%>Z>O %@H#,ﬁf\ H 22 AR RE D722 B DT —%T 7 F o BHT LA R S
gEREno,

[10] Z—Fv 7 DRPYVB SV NEEDEIZ[EIT T, [FRABEDLERE DD D CMOS 282 571X
T—FFIF ¥ DIRE, BN, BEE

BASEINZIE, B—R =y 7 DK DVHDLNTZED%IZHAIT T, MOSFET @Wf—uyﬁ‘ TR 2 \TED R D
FIIRBD, @A ANIZRY MERE, HEE ) R ERE 2 EL T 7=0i2iE, FE CMOS I LDk
KRBT D, F DI RN Z N E T f#]%%éﬂifﬂlzéhfb\émﬁﬁé\ K2, @& ED
CMOS B w7 Hi, BEREMIH D NI BRI AL T 7 L — T a SNDHZENHIFFEESND,

BV 7RI DE TR SR LR R
Vv 7T HETE R

sk ORI, SVERER RIS B E ST 2 2L IC D MOSFET OER|IZKHGELI-HDTHD, 5
PEREIR DTy 713, T ATy R0 —_"— e O~ A a7 atytha=yk(MPU) & DHFIE
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HECHEIMERE CTHDOMN, RERIEE B OFT 7 HBEL TS, IRIEHETE ROy 7813, FFRTEE
B, B FFRHE ERDSEMO G CTHIRIND R VAT A BEL TS, KIHEE IiRoay
w7 1% AKEMERE J1m v 7 (Low Operation Power, LOP): 1237 (Low Standby Power, LSTP)? —-2|Z
KilEb, IREMEE DT v IL, REERBEMAAG L/ —MIa o —20 857 kry & PEE7R
ERANVARTHY, BHERFOEE B IHIRICESIL D, KB RT3, INREOE A
BT HEREIEO L7, ZHUIEEREZ ER SO BAE Sl & A, FEBLATRE e i /NSRS
REOVEEE ), T 70 bEBLATRER RS/ NSWY — 7 BRI E RN E DIV TS, EHERRICH DN
A%, EERER Y vy DT=OI BRI 727 — MR (BL Y, MU D RARURODHMD /T A—52%) 3 b
BTV T ENDHZEICES T kb EWIEREZ R0, V=7 B b2\, KEIEE HF 71
BIFHNT DR T, BAMERRPMRWVD, +3/ SV — 7B A FEB T 5, — 7, KRR IO
TUVASE, BB PEREDMENDS, b DN — U A KRBT DR E LD, RENERR SINT U AZ T
BWT, @MREN T P RAZ D = ENDDAAIL T IENIL 2 FETHY TR 2B [aoHs 8 R IR
TR — 7 EBIROERE KL TND, IR E SN T AR WL, EBERERN T U AZ DS — ]
FIPDDAAILTEIUT 4FTHY, BIKY — 7 EROERE KL TD,

1w DB R OT — T W EAER T 57212, MASTAR MOSFET LV ET V7Y 7 RT 273
il & 7=, T. Skotnicki, F. Boeuf 282 5> TR &4172 MASTAR (2L, SCHRT — 4% FWCRED O D
T FEM72 AT MOSFET &7 /L ME & TUD, HAfT R B OIERIZFI T, MASTAR [3E 4719
IR —RA T Z2 5T HDICIEFITHEL TND, BT ADLE NSNS — DO BB/ T A—HZ(E, AR
Vv 772 MOSFET OIERFH] ( 1 =CV/I T D, ZZT, CIIFAL THAET LS — M — =Ty
RV VR BEELNTIVASNE 1 370 HIE0OF —RERTHY, VIFEEEE (VdD) . IEFvx
JVIB17 v By fafE R (Idsat) THhD, ©ld, ANy 277 MOSFET OB ERERTIZx3 5 F
FEEECTHY, Lo T/ v 1%, AN Z772 MOSFET Dt KA F L 7 TR B DI EL 720 h TP A
HPERED E B RREL70%, BB R DR D/ RTA—HEERET D202, V—7 BN 1/t 728 EE
H ) RF A= D BIEENRFEESIVTND, AJNTA=HZL, A= TR =TV 77
Wr. 7 A A EL 72 AN R > TIRGR B S41DH, MASTAR Z#H\WTC, HEEEZZK T HFETATIN
TA=BH AT Ly R —h LT A B2 CRHRAIRL | FfE e A1\ T A= DfEZFRE LT,
MASTAR 707 7 LB XY 7 DEANEROREAELDIAE S ZFEMIO MASTAR 7 714 /Vi%
ITRS O =7 %Ak http://public.itrs.net THEFR TX5D,

AR OFITIT, W<DDD/RTL L RARNE NI TS, T —F L7 CMOS %2 TX57217
F TR 25— 5T, MR T 1524222 % (UTB FD) Silicon-on-Insulator (SOI) MOSFET X° FinFET
DEH7p2~ /L F 47—k MOSFET & -7 SEBR A7 CMOS Hiffi s 2008 AELLEE A S, 7L —F 8L
27 CMOS LATL Clde, A —Us 7 BHERICLTZ03 > T, F ¥ RAAR M O m i A Lo T v R V%)
B XA b2 b7 . 7L —F 3L MOSFET TIZ < O8N A U5, SeEkr) 72
CMOS HAlTZ A NI 7L —FJOH R =V 7 LR T W #hou—R<y 7 TSN, 5, ~
JLF7—k MOSFET (% UTB FD MOSFET J0VH A7 — U 7PN TS0 28k MOSFET |3~
NTFF—RTHHETRSNTND, T —TF VTN T D EMREE 2 A T I3ENE DR
XS THRARDDT, EOIERZEHINEZE DRAEOER R, Hifi kT 5, Zor—K<y
T DIRFUNRANIENE IR CNDZEEERL CND, KT —7 VO P RARTA—2{Ety NI, D
Fepl7e A =V 7P A 2 ML CREER ) RT A—43 B EEIZET DI EIIL TS, L
ML, HETDHIEDOTEDATINTA—ERNHEL DY, T2 )T A—H NN D AT)RTA—H
DM BRI 72> QD7D BB 13T A—2 D HIEEE R T DMD AN T3 A= DA
(T7ebb, BIpp R — Vo T FUA e~ T2) NFIELY D, Bl ZIEHH T UAEL T, 7 —R ) —2H
WA BIITHE KT 55972 EOT 220K 1A — Vo 75856 PRI — N — 7Bz 57
WIT high-k 7 — MEZ LD BRI OE A DBV ENZ /2D, DR —) 72 FUA Tl BEOT o< EA
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=TS HIEMNTED, ZOLE | S — N — I EIITD-DEEML, #5FEL T high-k 7 — Mk
TEOBAZBESELZELENTED, LU, T —FERTFT ¥RV R —E L T E DD DIND /T A=
EOT Do ELTzAr — D T aME L., [RUH 13T A—S 52 T 572D, SRR =Y 7S
BRTNIERDR, Lo T ZNBEDT —T VDR =7 F AT ERICBWREZFRE T 508,
BHANT ) — R TEA—=DORH T HEBEOEFITFE G BV EIZ LR DHEE 2 HND, @7 VAL
DF% (Table 40a Eb) IZFBUWNT, VERL D FLUEIZ 725D 1T MOSFET OMREFRIE CTHhD 1/t ThHD, 1/t D B AE
= ﬁ%@'ﬁﬁ'@ﬁ'ﬂi%ﬁ \ZEEATHEFR YL 17%DM EThD, Ty 7 Dray 7 A —RE R E LV
‘?%‘L%éﬁéf: 2O BEEEAZER LT UIZRB0, ROZDOMD/STA—=2F, FFEL7zk
(2. 20D BARfHE %’:J%EE’C%E)JZO TRESN TV, ZHH 75%01/5\07‘:1/K“Db)ﬁi%fﬁ*%ﬁﬁﬁﬁﬁ
P?L%.’) NMOSFET OfaFiE T Id,sat 1%, 1/t D 17%/F-O REHERF 572012, v—R <y 7 O% E M
AL TR0 aE FITEML T, Y —R/RL AU OH 7 ALy a/LR )—& 59t Isd,leak 1., 2005
Ec m\f 0.06uA/um EFHRIZ R EL, EHIZZOV— VBRI 4 BT AHEIZHO T~ 7 D E:
ICBWCHEERERAFFII1205, (TRl TiEma o)

IC 31T, Ty 7 RAROYERESGE DI FHL A BB T 57 D~ L Far o~/ F LEVMEEE
DI T —X T 7 F v —H i T, Ty 7 ORU—EEEN—2 VL OF T EEE R NLT )
LAUZHERFL D 0T 7V O REME 2 S0 2 FIEL B A LD T, T 7 RITEE O CPU 5§52
LIZEY, Fo T BROMREEED OO KRV ay 7 B CaT EEES LI ENTED, 208D
(2, VAT AR E AL T AT, NIV UAFBRO AL — R0, T BICENZLOa T E R
TAHZEDOCEAEREICEHX LB AR N AT LT AT —IZABND, EHIT, VAT LFFAF—
finite-cache Zh A2 LD AT AERE R T NV T 42/ NRIZT 27201250 IVEL< DX vy 2 AE 2T
2y F o I I ANDEANZDH D, I — DD EMERES AT LTI U REL T, L0 EWBEE OX v
2 AFRYELTE T 572912 SRAM AEYE/LIDHEITAHT/IEV DRAM BV E~Ar7a7aty 5y
TNRH T DEM N RTINS, ZNHOEMNITEICE e v 2 IS DA, o Tidr—X
U=V ICHHENSTHA), A=V Tt > T ERLOT —F 77 F ¥ —H IR WIFI A E
. JOEHRINCR D THAY, B— Ry P ORDIRTIX, T A& PIDS DT —X 7 7 ) —F 1%, %
SHATHAR DT> T HEREL BN T, ZOT —F T 7 F ¥ —X—ADVEREA T —V U TN 17%E 0
IMERDRIT L D AFVEREAR T — V7 BAEE R DD RETHONE ), EieBI Mo T —x%77
F X — OB O T ITEETDHTHA),

EHBNETF T IZBW T M LI N DA DT AL 2/ LR BT IT AT KT A, B
H72 B B PR, T IR DB DD, — D O—RRIRIRIL, Ty 7 NI Ve OEEN
VURREE Vt T —MBLENEVME) — 7 T o AZ D FEFALL F O AR ST AL T
BD, ARV —I b T D ALL, NI D AR L AR TR E TR NS RN T S ZERE (T3 AD
EMERAERERE] 1 BAREV) THD, @R T o VAL L, ZVT 4 I IV RARF AL T 7 LTS Al
(2SI AR — I R PRSI DD B TOFT Tl DILD, K) —7 T2 P AX OFERI 72
RIX, Ty 7 2 2 U EBEICE TICEE E E 12 RIS Y5, 8722 & E 26
INTDEFDOEIEELT —F T 7F v —L LT, AP — e HWTEIRES TR O/ 2% AN HE KT
THLOR, AT 0y DRI —E T T I =772 ENh D, MO EEL T, I AT 2%
LT, B L EVWVEEIEOFIHEITI HIEDRSH D, Lo T, A —Ur 7 Iniz@mkae 1C OBLERNZ
R, B EEENCEL CEEOLEVMEE RO NI RS LT TSR/ BT —% 77
F ¥ —EEATHEILDOTHD, FITEROEZIZEB T, BERENT L PR BN Hiffi & 25450 T,
DT P AR o TND,

KHEEE T 7B THERSINAH S STA—=2F V—A/ KL A OV T ALy gL R —7
B (Isd,leak) THY  ARFFHETE /) R T2 A% (LSTP) TIL IR R X H I Z DO fE 1L /NSy, LSTP
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O Isd,leak DAFE L 10pA/um A —EIHERFS AL, — 5 2005 SEOIKENERE J) b7 A% (LOP) @ Isd,leak
DIEIX 3nA/um THY A7 —V TIZH> TR A IZHINT 5, O T X TONRTA—=ZOfEIX, EFLo

Isd,leak % —7%" Y MIHEATHINTRITNTND, ZHUTHDD DL T FEREL TOT SAAMRE(1/ )

DIFEJH 72 3R 1T, LOP, LSTP EHICBLZHE 14% ThDH, V—7EIRERICADEL-H, m—X

=Yy DT — MDA =Y 7 EEERRR Yy 2 I _REL 7> TWA Z EITERE SN GELLIX
Yy DFRES M), LSTP BV v 7B 5 EERFREO —D1X, BIREE Vdd DA —Ur 7 N
ZETHhD, Tabledla & 41b ZBMRDOZL, ZHUTT T AL L a/L R — 2 ER O LB SR 272472012,
Vt DR =V 7 % BRI INH L7272 Th D, i e EREA 155721237 — M — /=747 (Vdd-
VOIS R E 72 B2 HEEF L 72T UES 20 2, Vdd 1T VE DL ELT= A =D ZIZiEb it i
X7257200, B/ VHE B IX BB Q2R I T 570 AKHEEIINT U AZOIEEE L5

IR TSN A T =V T END, ZOXAT DIEMHALD FEGUMIFRT N NS EBIR S
HDOT, FFEFITNIN)— VBRI L TRIRIHEE D N T2 EDR DT REN, LSTP =

TR T, LOP 2y (LOP OFEFTE R D Table4lc & 41d #& RO L) HOBEELE (VAd) 1%
Ll RS A=Y 7L BERE O B B ) (Vdd O Z R ICHB+2B )M B E ) i/ MET 52
SIZHEANEIND, L, Isdleak (X LSTP OO L0 KEL, SUFFEE COLEME XT3 12RO %
ETHY, SO — A —/3—=R T4 7 (Vdd-Vt) Lt G 72 R /A X~— T U B3MEHND, mTERER I &
Y LOP, LSTP O Isd,leak & © DA —U 7 A Figure34 [ RSN TW5, (K OELMESAEIL CTHE
(BT 272D ITHEREFRIED 1/ « DISHVIZ ¢ 27y L TWD) TAEY, @PERERY v/ @ Isd,leak (35D
B T ITRBIELRY, LOP 2y 73T, LSTP By 7@ Isd,leak 1R HIEL © 1TRb E< 5, mikE
BERY Yy ZIZBWT, t DA =V 7 ITER 17%DMERER L4 —7 Y NMIG->TWbd, Fo, mtkErEryy
7@ Isd,leak 1%, LSTP ®u 7D Isd,leak @ 4 H1LL E@EVMEIZ/2> TOAZEIZHIEFEREL TWEE &2,

Planar bulk I leak (HP)

1.E+00 ( . T8 o W r 10.00
;_"—'
b “HP” = High-
- e ton |

Performance
Logic

r 1.00

(sd) yAD=neL

Isd,leak (UA/umM) (ps)
I/
I
'ﬁ

.E-03 1 ~—
Planar uTB RS
bulk FD -
(LOP) (LOP) ~ ‘i
1.E-04 4 lsaeax (LSTP) ~ ! 0.10
di

1.E-05 [——{+—{+—{+—103 3
0,
Planar bulk imlp7rcf)\//)<$:ént DG
(LSTP) : LSTP
1.E-06 ' ' in 1/tau L ) Lo.01
2005 2007 2009 2011 2013 2015 2017 2019

Calendar year

Figure 34 7= CV/l and Iy eax for All Logic Types.
(The dashed line represents the desired 17%/year transistor performance improvement.)

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



9 FTukvRAUTTL—Ta s T, A BLUEE

a— U —F oI TE, EE IRy T —FME it T 57O MBI 52T
B, EDI=DITEMERET > 7 L RDEMEREITIRL /2D, ZORERe BRI, Ty 7 TS
TWADERIERIT Isd,leak DARNNT DR ZAE 5515, 370 bR —F v 7 EICLEVWEEESS
—NBACIRIE D B2 D 2 k70 8T DA | BLOHERFE— R TCOF 7 OV — 7B &K T 5720 O
N =2 RV AN G RIE B IO —F% 7 7 F Y HlT, 2180 CERSILD, FEMIIZIZEI 72 L0
EBJEHIENE L CODE LRV, LSTP OF7 — 7 /LTI R &= Isd,leak O /3T L7k — 47 ME
FIEFINEL BERF COIRY — 7B E R T DT DU AX R G A L TD, st R
EUWEBEZ 1S T=OITHRD TEW Isd,leak #H T AT DAZEGHE AW TE WA VB EfSHEEHIT,
Fo T RAROEIEE % T 57D DRIECT —X 77 F ¢ — HA I L <K A7 a“é tHbdod, etk
IZLOP By 7 Tk, BalkL72d912, BfERE 1 2318 CE DRI LL P IR T~ 572012, EIREE4 b
) AAREEL T 5 THAD,

A=V TN o TR ELIEDOBEEN T F 9 < blc > T, ' — N —27&Efi, 8LV —R
— 7BV FEDHIBRICS — MR AL & 957008, BB 725 (Tabled0a, 40b & 41a 5 41d

L OERRIE[S1ZSBOZL) , AL IR RV 72X D7 — ) — 2 &L EOT Oz I~ T
iﬁz%ﬁi&é@ ZEINT BT =N — 7 EIRITE B 72D, FEP-TWG &/ — A a7 AN K5

IZBWT, B LA B LB R R 7 B E O o —ar MTbin, HTE RO FK T
A= E 72 Vdd & EOT & W TR R LD — N — 7 BB E O P REN G RSN,
LSTP & LOP, @7 P AZIZBWT, ZWLOFEINS — N — VBB E L VAT ANHOE
KCHDHT — N — 7 EE EOHIFZ i L, Figure35 75 37 IZZ2NE IR LTE, Z2°C, Jg limit (357
— R — VBB EOHIFITHY, Jg,simulated | T332 —Ta K0ROLITZT — N — 7 EFEE TH
%o Flo, HRTEROFREIZ EOT #25LL T7 2y L CV5, LSTP & LOP ORI P AZIZIWNT,
DO Jg I, 2008 FEDERNIR7ZET 5, £o7T, 2008 F-LAKE, [EHEN R DT B AL TIZY —2
BIMOFFIZ VT TEIR, SHIZ, 2008 LA Jg,simulated O #ifRIZ, Jg,limit O gh#R 5208 (2 T
LTHY, HL 2008 FLUFEIZT — MtfalEE L TR R LEZ LW 585 — N — 21 T2 I 254k
NHZEFERL TS, ZD7-8 . High-k 7 — Mz (H5#iFHD EOT (Zxf L T7— U & R N
[ZAKICTE D) 23 LSTP Ly v 712 2008 = E TITM B2 DA, 2T — N — 7K D 723D D
A 1 fRIR A T D, LOP By 7 T, BBEALEN 7 — N — 7 &R OHIRICHE & L 72 <725 DIX
2009 4ECH A, LOP IZF T High-k Iy 7 LREE, 2008 418 ASNAETFHREND, =
DOKDOHFD Jg 7ayNET X T —F L7 MOSFET O848 Th%; UTB FD X° dual gate (DG)
MOSFET D407 0y MK O ELHEZ B 72D 8 FNTWHORVN, Tba 7 oy L5456 T
High-k 7 — M RO B AN E A BRI D B0,
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1.E+04 4@ 12
\
l Jg,sim (SION):
1.E+03 L 1 g
s - I
< « =
-~
-A B B--B -85 -m
1.E+02 EOT, FDSOI 14
High-k needed
I/ beyond this
o crossover point T2
1.E+01 t t t t t t t 0
2005 2007 2009 2011 2013 2015 2017 2019
Calendar Year
Figure 35  Jg iimit VErsus Jgsimuates for High-Performance Logic
1.E+03 5 | | 25
| EOT, planar bulk I Jgsimulatea fOT SION, planar bulk k
1.E+02 =
] + 20
A\\
1.E+01 4 \ /
— T+ 15
<€ LE+00 ; | EOT, UTB FD -
: £ \/ E
< n V S
> 1.E-01 [ ~
i D\J\ 7‘7” 10
T ] ]
\
1.E-02 4 . _ I
E — \ i Jg.imit for SION, planar bulk
1 \ EOT, DG 1l
1.E-03 1 \
] High-k needed beyond this
, crossover point
1.E'04 T ! T T T T 0
2005 2007 2009 2011 2013 2015 2017 2019

Calendar Year

Figure 36 Jg jimit VErsus Jgsimuiated fOr Low Standby Power
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Jg (Alemd)

1.E+03

1.E+02

1.E+01

1.E+00

1.E+04 ¢ ‘ — 14
%O),planar bulk | L
| Jg.imit for SION, T 12
planar bulk r
| N— — r
1 T 10
1 EOT, UTB FD -
] -8 m
I ©)]
E \ J P
?.,/ / te
} EOT,DG |}
| Jg simulated TOT SION, planar bulk | 4
: 12
| High-k needed beyond this -
crossover point L
1 0
2005 2007 2009 2011 2013 2015 2017 2019

Calendar Year

Figure 37 Jgiimit VErsus Jgsimuated for Low Operating Power
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Table 40a High-Performance Logic Technology Requirements—Near-term

JK 8,07 113 FD-SOL 24 7 /L7 —h MOSFET N &R MGEINAETOHF LT —F—FL 07 MOS <° FD-
SOl BNAF =V 7 TRFUCEEL - OB AR L TV (RS, WNCHE RO ELZBROZL),

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥ Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch 90 78 68 59 52 45 40 26 22
(nm)(contacted)
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Lg: Physical Lgate for High Performance
logic (nm) [1] 32 28 25 22 20 18 16 14 13
EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A) 12 11

UTB FD (A)

DG (A)
Gate Poly Depletion and Inversion-Layer Thickness [3]

Extended Planar Bulk (A) 73 7.4

UTB FD (A)

DG (A)
EOTelec: Electrical Equivalent Oxide Thickness in inversion [4]

Extended Planar Bulk (A) 19.3 18.4

UTB FD (A)

DG (A)
Jg limit: Maximum gate leakage current density [5]

Extended Planar Bulk (A/cmz) 1.88E+02 | 5.36E+02

FDSOI (A/em?)

DG (A/cmz)
Vgq: Power Supply Voltage (V) [6] ‘ 1.1 ‘ 1.1 |

Vi sat: Saturation Threshold Voltage [7]

Extended Planar Bulk (mV) 195 168 165 160
UTB FD (mV) 169
DG (mV)

Isd,leak: Source/Drain Subthreshold Off-State Leakage Current [8]

Extended Planar Bulk (pA/pm) 0.06 0.15 0.2 0.2 0.22 0.28 0.32 0.34
UTB FD (uA/pm) 0.17
DG (pA/um)

lg sat: effective NMOS Drive Current [9]

Extended Planar Bulk (LA/pm) 1020 1130 1200
UTB FD (pA/pm)
DG (uA/pm)
Mobility Enhancement Factor for Iqsat [10]
Extended Planar Bulk 1.09 1.09 1.08 1.09 1.10 1.10 1.12 1.11
UTB FD 1.06 1.06 1.06 1.06 1.05 1.05
DG 1.05 1.04 1.05
Effective Ballistic Enhancement Factor [11]
Extended Planar Bulk 1 1 1 1 1 1 1 1
UTB FD 1 1 1 1 1 1.1
DG 117 1.25 1.31
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Table 40a High-Performance Logic Technology Requirements—Near-term (continued)

JRE.DF L1 FD-SOI R°% 7 17—k MOSFET M &FERhSN D F TOMIRK 7L —F —HAL L7 MOSFET <°
FD-SOI 232 —V 2 JRRFUCEZE L 72 O AR ZRL TD (RS, NI DOREZZ RO L),

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch 9 -8 68 50 52 45 40 36 32
(nm)(contacted)

MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13

Rgq: Effective Parasitic series source/drain resistance [12]

Planar Bulk (Q-pm) 180 170 140
UTB FD (Q-pm)
DG (Q-um)
Cy,ideal: Ideal NMOS Device Gate Capacitance [13]
Extended Planar Bulk (F/um) 5.73E-16 | 5.25E-16 | 4.69E-16 [fer{=MNPI=NI 7.39E-16 6.41E-16
UTB FD (F/pm) 5.84E-16 5.75E-16 552E-16 5.37E-16
DG (F/pm) 4.60E-16 | 4.39E-16
Cy,total- Total gate capacitance for calculation of CV/I [14]
Extended Planar Bulk (F/um) 8.13E-16 | 7.65E-16 | 6.99E-16 [ERAJSIMR:RISHIS 8.59E-16 | 751E-16
UTB FD (F/pm) 8.04E-16 7.55E-16 6.92E-16 | 6.67E-16
DG (F/pm) 6.50E-16 6.29E-16

7=CV/I: NMOSFET intrinsic delay (ps)
[15] 0.870 0.740 0.640

1/ NMOSFET intrinsic switching speed
(GHz) [16] 1149 1351 1563 1852 2174 2500

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known _
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Table 40b High-Performance Logic Technology Requirements—Long-term

JK.DE L 1E FD-SOI X°4 7 /147 —k MOSFET W& FERMGINAFETOHM LT —F—R13 17 MOSFET X°

FD-SOI 825 — U Z RFUCEIZE L 122 OB 27" L T0D (RS W NCHRIBRDRESROZL)

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Lg: Physical Lgage for High Performance logic (nm) [1] 11 10 9 8 7 6 5

EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A)

UTB FD (A)

DG (A)

Gate Poly Depletion & Inversion-Layer Thickness [3]

Extended planar bulk (A)

UTB FD (A)

DG (A)

EOTelec: Electrical Equivalent Oxide Thickness in inversion [4]

Extended Planar Bulk (A)

UTB FD (A)

DG (&)

Jg limit: Maximum gate leakage current density [5]

Extended Planar Bulk (A/cmz)

FDSOI (A/em?)

3.27E+03 3.70E+03

DG (A/cmz)

Vgq: Power Supply Voltage (V) [6]

Vi sat: Saturation Threshold Voltage [7]

Extended Planar Bulk (mV)

UTB FD (mV)

DG (mV)

Isd,leak- Source/Drain Subthreshold Off-State Leakage Current [8]

Extended Planar Bulk (uA/pum)

UTB FD (pA/um)

DG (pA/um)

lg sat: effective NMOS Drive Current [9]

Extended Planar Bulk (uA/pum)

UTB FD (nA/um)

DG (pA/um)

Mobility Enhancement Factor for Iqsat [10]

Extended Planar Bulk

UTB FD

1.04

1.04

DG

1.04

1.04

1.04

1.04

1.03

1.03

1.03

Effective Ballistic Enhancement Factor [11]

Extended Planar Bulk

UTB FD

DG
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Table 40b High-Performance Logic Technology Requirements—Long-term (continued)

JK D&V 1E FD-SOI 04 7 /L7 —h MOSFET M &FERGEIN D ETOHR 7L —F —F 317 MOSFET <2
FD-SOI 232 —V 2 JRRFUCEZE L 72 O AR ZRL TD (RS, NI DOREZZ RO L),

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Rgq: Effective Parasitic series source/drain resistance [12]
Planar Bulk (Q-pm)
UTB FD (Q-um)
DG (Q-pm)

Cg,ideal: ldeal NMOS Device Gate Capacitance [13]
Extended Planar Bulk (F/um)
UTB FD (F/pm)
DG (F/pm)

4.22E-16 3.83E-16
3.80E-16 3.45E-16 3.45E-16

3.07E-16 | 2.68E-16 2.30E-16 1.92E-16

Cy,total- Total gate capacitance for calculation of CV/I [14]
Extended Planar Bulk (F/um)

UTB FD (F/um) 5.42E-16 5.03E-16

DG (F/um) 550E-16 5025E-16 5.25E-16 487E-16 448E-16 4.10E-16 3.62E-16
7=CV/I: NMOSFET intrinsic delay (ps) [15] 0.210 0.180 0.150 ‘ 0.130 ‘ 0.110 0.100 0.080
1/ NMOSFET intrinsic switching speed (GHz) [16] 4762 5556 6667 7692 9091 10000 12500

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known ;

Table40a & 40b D

Table40a & Table40b (21X MASTAR % WV CRHE L7 fE%ERL TV 5, MASTAR &%, MOSFET O g7 fifAT
ETNDY TN ThHDH, MASTAR Va2l —a Al DR NOHEE OFEMFHRAE R, I ONZ MASTAR OF
FU T =D a2 — R = o T IR & B L T2 ITRS 7= 7 4 hAI be)zh“Cb Do IRE, ZOF
DT A=, BHERFHEE 25°CTO/ —MEDNVAFMED NMOS DfEThd, IHIT, lF OuY v T /A AT
1, BREOLEVMETEE. Ton, Toff, BRLIKIEN A8 4D MOSFET THERRS DA, ::“C XL EVMEEE DN
HAKL, Ton, Toff D3t <, 77— MERIED 5 H < BBIERFE] CV/ I3 MR N7 VD AZ OS5 %R CD,
Fo PN TIEIDOEENT DAL L, BTV T A B A RATH DA T T EL T2 L KT, mLE D
EEE TR =7 DT P2 MEDLI TS, LILIRNES, ZOEE TH O —I DT D AN, Hiffia 2
195720 FIZFELDIHFHKL TWD,

ZNHDFEITIE, T —TF—317 CMOS °[F UL FD-SOIL, 2L TH 7 /L7 —RKNDG)CMOS (747 —haie) &
WS- DEA T DNF D AZPPEELEI TS, T L—TF—3L7 CMOS DA —V 7 BR5 I 2012 4, FD-
SOIE 2015 B ZHNTNADDY, DG CMOS 13 2020 - E TRk EE LN TS, ZOKPL, L —F— UL
7 CMOS DY —A KL AL BT AL v a/LRU—ZEHAN 2009 4E235 2012 AEDO R 0.22pA/um 75 0.34pA/um
AL, FD-SOI <° DG DY — 7 E ikt K&pbZeT, 2012 T L —F =L CMOS DA —N 7D
ﬁ'@%ﬁi‘%ﬁmz@ﬁi%%ﬂénﬂ\éo BT AR T ERDT=DIZ, T —F—,VL7 CMOS @ EOT R &7 %
APEHT Red B FE72., 2009 45755 2012 FEDHIZ FD-SOIL <° DG CMOS X0y, BERICA =T &N, TDORESR,
MASTAR IZX5FHE CTld, DIBL 72 E DEF v 2L R FD-SOI X2 DG CMOS L0t K& 5, [REEIZ FD -SOI
LHEEL . DG CMOS @ EOT X° Rsd [FAB0NZ A —V 0 73 Z+, DG CMOS DY —A KL A U —7 1ds,leak
HIVIKMEEZ2 D, DG CMOS OB F ¥ 1/ 40 Rt FD-SOI LRSIz 65728 . DG CMOS 1351 D MOSFET
TNAARELT 2020 FOR—R =y 7T OO ETED,

PFELDRTL P AZZIBNT, RINOFAEIT. NMOSKF L 2Z DY — & ik FTF v RV oMt 72 B
PEIZ—BIR DD, AU NI Yy I A T2 TR LA YRR 171% 85T D8 VIR — T e o UA TR
DTN, FL—F—/L7CMOSTlE, & )87 —NEM, High-k”7'—MEEIEB LY — 2 /R A HARPUE
PRI DFHIAMP N — & 7By LBV H A & o 7 i 2 BN A DL EE T, B0 HAT D 5
LR ENLEn— R~y 7B IENDLZ LD, LINLIRRG, A=Y 71213 < D/3TA—% (EOT, Vg, L ea
) 2350, % D/RTA—ZDOFEICEY MORr—Y 7« FUFERSEIEL TED, 2B, S RIORr—)
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T FUFNTAEFERTREE B 2 155 —Fl L L TEA TV, FFIZ, High-kPAZ /L7 — RN 2008 38 AL TARL TD,
2008 fF|ZHigh-k2S B LR DB, IERRA LA S RN IZE T, T2, 2008 4EIZEOT=0.9nmE72 58 ARV
Va7 —hEZ AR R EL TRAY VT — s B LT D,

[Lgi3WBr — Nz, DFED, =y F o 7% 07— NEMIEHO A& TE, 77— MRIFORTC (R fin—RF~y 7
M FRAE) MO ESIVTND, 7 —NERO EHIEIE, Lithography“FEP Etch®ITWG TR E S, 36 Tx12%xL,
FIREL T WD, Ar—V o TR ERIEE, 20 12%DEREZMIZTIEN, WEIZRoThplEEZLND
(Lithography 7 LFEPE A S M), 7035, 7 —MREDIZHLDEN | THAARNFGA=H DXL DX D EREK ThHHE
EzbD,
[2] 7 —MEFEET,E B ER « ICBALT, EOT=T,y/ (¢/ 3.9 EFHSND, 22T 3.91 :t BV BREIED b
HERTHD, 7 —MEFEET O AMOSFET O BT [HFE 4 7=V O B2 7 — A BIL, BB bR CRE RS
=7 — Mk IEEEEOTOMOSFET L [RIUE Ch %, 77— N — 7 % il 95 7= 2 High- k/f Mtz B 2008
FEETITRETHD (ZORUTOWTHELIR TR IR I) , 2005 035 2007 FFETIL, 7 —MikaiEic o =
g 22 V2 T, 7 =R — 22 L 721 AUE 72 5720721l EOTDO A — ) U 3RS0 T, Ar—I o 73R
IRV, LU, High-KE AR TAESI TS 2008 - Tld, EOTOARr —V o7 v KE<EETe, £/, High-k»
NSNS 2008 AELABRITARSEHILTEY, 1.0nmA i OEOTIZR 2N E12/2 02 L2 RL TV,
EOT ORIEITEHETHY, — AT MOS /U &% W RS2 R & — BT (CV) IE, BIOYWFHIE TIT
OITN5,
BlE I REE 7 — NEMDZE Z JEiE<C ) sfE iR IL, VWi hh MASTAR 2 W TR, R Va7 —hE
WOZEZ J@hglL, RV Va7 —h~DOR—E T BIKFT 5, LOLERMRE, 2008 AELLE, AU Va7 —ha~
DOR—E 7 BEZFHEL TS 7 —NEZJEIEOERMEZ T Z IR A RRIC/RDEB 26, 77— NEZ JEiEisE
LR DAV — NERBOE AN THRIZID, 2008 FIZZOIEH DBFEEE TAIICKES TR TNDDIL, ZDA
BNV —NERRE N T — MO B &N Er L2572 Th D, 2008 4ELIKE, 7L —F—/ L7 CMOS DZEZ &g
2 3ALIT2DIZ% L. DG CMOS = FD-SOI Ti34 A (F3013M4nm) EHEAZFHIEW) LN HTWDEA, 2t
L—F— VL7 CMOS OF ¥V DG CMOS X° FD-SOI J0H @ E28 %, IRSESILTWD DTS
B A R CE D LD ALV — NEARDS if_ﬁoﬁxoﬂ\m\f_&)f&;é 7L —F—,L7 CMOS Tl AU
Va7 — R FRRICE Y 2 L2V MEIZER E T H72012. NMOS 121385 (conduction band) (Z¥T\V MEEEREEE A3
P L720 . PMOS (2l -4 (valence band) ITV \ﬁ%ﬁ%iﬁzrﬁ%%&fxé FD-SOI ®° DG MOSFET T, 7’“«%/»
FEIL S LS ET2TF v R DAL E SR 28 . MOSFET OLEVWMED R E 1T, A2V — O H BRI
YRF v T NEE IR INIZHIULIN Ry RE vy 7T O FHRE)
[4]EOTeleciZ EOT&?‘&%E’J@H%E%E%@(L%a‘zi[z],[s]é;%ﬁ{%)@/a\?rﬂ@éo MOSFET® [ #i5Cl, BT HIFE Y7~
DOFARR 27 — AR (E[13]12 3 M, ) 1T e /( EOTelec) THREND, ZIT, el TBVa L WALIEOFHERT
5D, KERIZBITHELBIRI VA BUIRIEIE, CV/I AL Ny 77 R 5T (1612 M) OFFEICHWSND, 77
=V L= EOTkiU%’iE’JHﬁEﬁW Jét@ﬁ%
[5Vglimitix 25 CIZHBIT DR RFFRY — N —ZEIEE THY, 7 — vdd, Y —A, RLA2 | R EHE M URE
L7 THD, Jglimitld 1um 472007 AL w2V R - V=2 Lyieal BRT5 (FRLEBISZ ), I KFFRY
—N)—ZERE T Jg limit=[FIHE] X L e /EREYS —NE) Ix[Hi TARE)FREL / BIEEARE] CRLIND,
“Hi TAREILN0 NI ESNTEY, @fEfEny v/ TSI TWDEIREMEIRE (100°0) 25 E L, mikized
L2l Ltmbu‘a—élsdledk\ SRR HEDIZEAE 2N — N — 7 &R (EEER RV ETRTHDHT2D) DR TNER
Wiz, “RIELRECIEN IR ESNTEY, Lyea EIgimit 3N RN P AF TOETHLDIZI L, vy 77
— R COBT AL aN RY =2 LA — ) — BT OFED SR DT, (NMOSD Iy 1ea([8]5 BR) LI g limitZ 7k 7= 3 A T
AGMEITBRTRD  WANARS —NREDINT U DAR TRIRDSAT AR LROTZ) , A 1301 1T ES
WD, FIEO RIS DT D AR BN T AL S a2/ R) — 7B THAD ., ZORNDINT D AZ TR IZ A
Ly a R =7 Rk&EL LEVEEBELIRWZEICL D, Z2TOHI THRRE . “RIBRE . “OIHE O IR £
R AFEHD THD, %@kiﬁ‘éi EOTIZHED (LFREIE[212 M),
[6] Vdd! iﬂiﬂ‘ﬂT T, BIREEIL, 77— NGO ME ST 17 8 S8 A1 B R D | faFBREhE e HR 4
729 72007 A — =R I AT B E [V — BRI L EWEEE (E[7120R) 1255 0@ IRENTWD, FEED
IR EIL., BrE ORI H S LT HAT i@ bIc k> T, ZORITRENTEDNH110% (Ll E) #5452
EHEZ LD,
[7] VtsatiFZEafIL &V MEEE T, /N — MO DAZTRUA NIV o HIIIL 72855 12OV TCMASTARE H
WTRD T2, LEVWEEEEZIUCEHBILIZ T AL L a/L R — 7 & (812 ) iX. ﬁ@fﬂ%[@ha(mfg(/i[ IE:
W) O BLR A 72T 72D+ /A — N —R T A 7 B[ Ve — fAFIL &V MEE T ]Z%?%éiiiiéﬂiéﬂfb\éo 7L—
F—/VL7CMOS T, 32> TODDIX, BT ¥ RV RO IHIE L&V MED R 23727 729 IZ5E18cm-3 %
oz D DR ML SN AT T D (MASTAR TEE) . FD-SOITIL, 2008 4ESHEIZ/e~> T,
Vt,sate HF v 2V RINE D202 T~ AN Y3 R T R (Tsi) OF AN EESNLT20 ThD,
2009 FIZITI VAL AT A DOIERILTamEL FIZ7eh | JRE1C72%, DG MOSFET T, ~0.6Lg L5057 1 E
DY 7P 71570 8 OMEEE N E L FREVD R A>T D,
[8]1ds,leakiE Y7 AL v a/LR U —27EifE T, 25°CCNMOSFETORL A %Vdd, V—A, 7 —b, FEREHL
HIE LI HBALT v VIR Y 720 DY — RE T TH D, NMOSO A 7 IREEETIL, 250123 Té%ﬂv’“«ﬂ‘vuﬁéét
DONMOSFETORL AL EIRTHY, 7 AL v a/VR-U—JEiE 7 — N — VB eEA ) — 7 O R
KV T EISCGIDLE & 18) 1/ DTN T D, 25CHH NI @RS T, 4%71&//5/»% V—2 &S
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V—J BRIV RELLDEME LT, Lypeace” — M — 2V EIEEE D BMRIZOWTUIIE[S |22, Al REIX
Vt,sat ( EFRIE[71B H) Dgpeac THRIE T DZENBVLsatDEAIZIES TWVVD, ZHLD, 4%7;0///5/% V—7% om&
=N —7EREER) — 7 BIMD A= 7 ITIPMOST /A A2 3 FH & D,

[9] Lo (FEAFNFEFAE T, 25°C TNMOSFETORL A L7 —haVdd, Y —A, SEREFEMURIE L7 BAL T v 1oL
ME4 720 DRL AL B TH D, BAFNERIINERD A —) 0 T KB UAERK) 17%DT A AMERE A Eafksi 95
IR 7= (FRLIE[16]2 1) , PMOSO N Wi 1%, NMOSD 1B i il 0D (40-50)% AR E LT, 8,/ 7
BEOHB I TOMNER Thd, HEY—ARUAVEIHEGIR (FREE[12]12 ), KRBT HEKM2EE
{EIEREE (FE[412 ) | BB A Ao & 72 ABGERRER D ERAE (E[1012 ) | NURT v 7kl Z LA U
B3 (E[111Z2 1),

[10] BEE) R A5 AR50 T, BENE OB R CRfEIRESE T 5, ZORHIE [B#ELT- Id,sat] / Id,ref=Id,ratio T
EFRIND, 2T [FEL Id,sat)i TS L= B8 E COMTIEME R L., Id,ref IXHEEFORWBENE Tofn
EEZER T, %@JF MR B O BISTH S 1d,ratio (X, MASTAR CTrIEIIND, pratio=[F§{E L= EHE) [V 7
LAOBEE] T, BEELEBEE VAR ERE OB ENE, (V7 7L AOB B E] 1T EREE S e
BEIE CTho, —i%iZ, 1dratio 13T ¥ RV RRCHEA—/N— 2—MIIY  pratio JVRD THI72R LD,
EERHZ LA, pratio 1ZAAKIR 1.84 Thd, £7-. BEIEOBRHIMEROUENRLIL/25 2004 4 5 L0
SND, ZOLEEDOT L —F—,3L7 CMOS TIEHE TRIFILTVDN, BEIEOHFIZIZNANAZ T 5 (SiGe —
E EDE L iR O, DA — N —L A — 2 LD ER SiGe Y —A R AL Lol F o AR A, A
T N OB A 1 LB ik 578 %4e) 78dY. MOSFET O A D T U b Chieh B Tl
Dy FEDINIINSD T O REM AL THN R E N EEHAEIZIZ /> TRV, ZORER 2000 (27
(272> TUWD, 2009 - ClE, Lg=20nm T MASTAR (ZXDERHIREE L SE18cm-3 (ZUT-DE A — U 3 [N #
(2725 TL D, FD-SOI & DG DWW T AU T, #5 (FD 1% 2008 4E, DG 1% 2011 4F) IZ725FEHIE, ZnH0 T
NARCTEENEZWET D HER L OhbnZ Eicd s,

[11]FE8h U AT o 78 % 50 E, FD-SOI X° DG MOSFET (2 AW TR R 7 ¢ MOSFET D XHIC KES A —
VT BT ENT BENUAT 4o 7Bk BRI > T Idsat M HEEDMERE LS, T — L7
CMOS TII AR IR N E < ANV AT 4o 7Bk BRI TR0, ZOMREN 1 LRI D L5\ AT 4 gk 3
LTHY, ORI IR E RS B RAE 2 729 8012725, B \UAT 1o 7k % (MASTAR IZ&kpk) 7o R—
T DA =7 OHEATE FD-SOI & DG MOSFET TSN TEY, HAIDHBHLIIIZR> TS, ZOhHEHN
LT —ME 10nm DT P AR T :t/\JXTMWM@&%W%D*@”ﬁ/fz’»ﬁHjﬂorri,cb\ Lizds,

[12] RylE, Fr /LR umém@mjﬁﬁ REAEES — ARV A VR PICHD. ZHHDOMENE, fafnEiim (7
[912:1R) 24l i A I/ hsib, i,/ R, FET TWGIZED a2 7 MEPL, UV AR —MMEPiB X
RV AL I AT ary DA =7 OFE R KL T D,

[13] Cyideal THALTF v 1 /UIE Y 720 DFRARA) 72 — ME L, Cigea=[Eox / (EOTiny)]¥XLg, ZZ Tl EIFE Vi1l
WEDOFHEH, EOT SILKEAIC 1T 2 ERHNHA LI E IR (412 1), L2 Eiey72e s — MR (15
M), B, TR, EOTw, JE[4]12 ) 1269,

[14] Cy ol IFHRRFD AL T v RVIE S 720D DR — MNE &, AL T ¥ RIS 720D Cyigea& BT — A —73—
T 7 STV VR Millerh R a2 G Te) , 356 TREIE, Cyigeal ZTED,

[15] &1, 25CIZBITFANMOS T SAADA L N2y 77 b T 0 P AR IEREE] Tt = (Cg o™ Vaa)/ lasa, PMOSFET
Db [AIERITHE N SND LR E LT, 72721, PMOS Igg~(0.4—0.5)x(NMOS lyg) o tiIT SAADOKERI R ALY
F o T RIERFRNC KT T2 RWRETHY, 1/2lET SAADKEHIRAAL v TF T BRI T2 RV RETHS, 7
&/, faRE (E[9]12 M) B LU, o (E[14]1ZHR) O J7124ED,

[16] 1//ziX NMOS DAL N2y I AL T TR EETHD, @tEiEny 7O —00 7 O BT, 35658 17%
DT INAAMERER L) AT = 7 LU R DHERF CTH D, AR,/ A1, thtd,
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Table 41a Low Standby Power Technology Requirements—Near-term

JRE.DF L1 FD-SOI R°% 7 17—k MOSFET M &FERhSN D F TOMIRK 7L —F —HAL L7 MOSFET <°
FD-SOI 232 —V 2 JRRFUCEZE L 72 O AR Z R L TD (RS, NI DOREZZ RO L),

Year in Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥ Pitch (nm)
(contacted) 80 70 65 57 50 45 40 36 32

MPU/ASIC Metal 1 (M1) %

Pitch (nm)(contacted) 90 8 68 59 52 45 40 36 32

MPU Physical Gate Length

(m) 32 28 25 22 20 18 16 14 13

Lg: Physical gate length for LSTP [1]

Extended Planar Bulk and

DG (nm) 65 53 45 37 32 28 25 22 20
UTB FD (nm) 22 20
EOT: Equivalent Oxide Thickness [2]
Extended planar bulk (A) 21 20 19
UTBFD (A)
DG (A)
Gate Poly Depletion and Inversion-Layer Thickness [3]
Extended planar bulk (A) 6.3 6.3 6.3
UTB FD (A)
DG (A)
EOTelec: Electrical Equivalent Oxide Thickness in inversion [4]
Extended planar bulk (A) 27.3 26.3 25.3
UTB FD (A)
DG (A)

Jg limit: Maximum gate leakage current density [5]

Extended Planar Bulk

(Aord) ISR AR N R R Ry M 2 7E-02 = 3.1E-02 36E-02 | 48E-02 | 7.3E-02  11E-01
UTB FD (A/em’) 45E-02 = 5.0E-02
DG (A/em?) 45E-02 = 5.0E-02

Vq4q: Power Supply Voltage

12 12 1.2 11 11 11 1 1 1
(V) [6]

Vi sat: Saturation Threshold Voltage [7]

Extended Planar Bulk

482 515 524 501 501 502 502 491 483
(mV)

UTBFD (mV) 483 486

DG (mV) 441 435

Isd,leak: Source/Drain Subthreshold Off-State Leakage Current [8]

Extended Planar Bulk

(WA/um) 1.0E-05 | 1.0E-05 | 1.0E-05

UTB FD (pA/pm)

DG (pA/pm)

lg sat: effective NMOS Drive Current [9]

Extended Planar Bulk

(WA/um) 497 500 519

UTB FD (pA/um)

DG (pA/um)
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Table 41a Low Standby Power Technology Requirements—Near-term (continued)

JRE.DF L1 FD-SOI R°% 7 17—k MOSFET M &FERhSN D F TOMIRK 7L —F —HAL L7 MOSFET <°
FD-SOI 232 —V 2 JRRFUCEZE L 72 O AR Z R L TD (RS, NI DOREZZ RO L),

Year in Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥ Pitch (nm)
(contacted) 80 70 65 57 50 45 40 36 32

MPU/ASIC Metal 1 (M1) %

Pitch (nm)(contacted) 90 8 68 59 52 45 40 36 32

MPU Physical Gate Length

(m) 32 28 25 22 20 18 16 14 13

Mobility Enhancement Factor for Iqsat [10]

Extended Planar Bulk 1.11 111 1.1 1.1 111 1.15 117 1.16 1.16

UTB FD 1.04 1.05

DG 1 1.04
Effective Ballistic Enhancement Factor [11]

Extended Planar Bulk 1 1 1 1 1 1 1 1 1

UTB FD 1 1

DG 1 1

Rgq: Effective Parasitic series source/drain resistance [12]

Extended Planar Bulk

1 1 1
(Qopm) 80 80 80

UTB FD (Q-pm)

DG (Q-pm)

Cyiideal: ldeal NMOS Device Gate Capacitance [13]

Extended Planar Bulk NN SRR 662E-16 6.06E-16 564E-16 5.01E-16 4.70E-16  4.58E-16

(F/pm)
UTB FD (F/um) 474E-16 = 4.60E-16
DG (F/um) 446E-16  4.31E-16

Cy,total: Total gate capacitance for calculation of CV/I [14]

Extended Planar Bulk

(Flum) 1.06E-15 | 9.36E-16 | 8.54E-16 8.46E-16 = 8.04E-16 6.81E-16 & 6.40E-16
UTB FD (F/um) 6.94E-16
DG (F/pm) 6.86E-16

7=CV/l: NMOSFET

intrinsic delay (ps) [15] 2.56 2.25 1.97

1/ NMOSFET intrinsic

switching speed (GHz) [16] 391 444 508

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known _
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Table 41b Low Standby Power Technology Requirements—Long-term

JK.0D% 1 iE FD-SOI X° DG MOSFET N&EFERGEINIETCoHMETL —F R 17
X2 FD-SOI A —V > Z BRI RIFEL 725 O M 2R L C5B,

Year in Production 2014 | 2015 | 2016 | 2017 | 2018 2019 2020
DRAM ¥ Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted)| 28 25 22 20 18 16 14
MPU Physical Gate Length (hm) 11 10 9 8 7 6 6
Lg: Physical gate length for LSTP [1]

Extended Planar Bulk and DG (nm) 18 16 14 13 12 11 10

UTB FD (nm) 18 17 16 15 14 13 12
EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A)

UTB FD (A)

DG (A)
Gate Poly Depletion and Inversion-Layer Thickness [3]

Extended planar bulk (A)

UTB FD (&)

DG (A)

Extended planar bulk (A)
UTB FD (&)
DG (A)

Jg limit: Maximum gate leakage current density [5]
Extended Planar Bulk (A/cmz)
UTB FD (A/cmz) 6.1E-02 6.5E-02‘7.5E-02 8.0E-02/8.6E-02 1.0E-01 1.3E-01
DG (A/cmz) 5.6E-02 6.3E-02‘7.1E-02 7.7E-02 8.3E-02 9.1E-02 1.0E-01

Vgq: Power Supply Voltage (V) [6] R

Vi sat: Saturation Threshold Voltage [7]
Extended Planar Bulk (mV)
UTB FD (mV) 486 489 ‘ 487 487 492
DG (mV) 432 434 ‘ 436 438 440

Isd,leak: Source/Drain Subthreshold Off-State Leakage Current [8]

Extended Planar Bulk (pA/um)

UTB FD (nA/pm) 1.1E-05 l.lE-OS‘l.ZE-OB 1.2E-05 1.2E-05 1.30E-05 1.60E-05

DG (pA/pm) 1.0E-05 1.0E-05‘1.0E-05 1.0E-05 1.0E-05 1.0E-05 1.0E-05
lg,sat: effective NMOS Drive Current [9]

Extended Planar Bulk (pA/um)

UTB FD (nA/pm)
DG (nA/pm)
Mobility Enhancement Factor for Iy st [10]
Extended Planar Bulk
UTB FD 1.06 1.06 1.05 1.05 1.05 1.04 1.04
DG 1.06 1.06 1.05 1.05 1.05 1.05 1.04
Effective Ballistic Enhancement Factor [11]
Extended Planar Bulk
UTB FD 1 1.08 1.15 1.24 1.32 14 1.48
DG 1 1 | 11 | 116 | 124
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Table 41b Low Standby Power Technology Requirements—Long-term (continued)

JK D11 FD-SOI 0% 7 /L4 —hk MOSFET B &ERMGENAETOHEET L —F —T
MOSFET *° FD-SOI A7 —V 7 RRFUCBIFE L= OB 2R L TWAD (R, I NT iR o R %
ZHDOZL)

Year in Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Rsq: Effective Parasitic series source/drain resistance [12]
Extended Planar Bulk (Q-pm)
UTB FD (Q-pm)
DG (Q-um)
Cy,ideal: 1deal NMOS Device Gate Capacitance [13]
Extended Planar Bulk (F/um)
UTB FD (F/um) 4.44E-16‘4.51E-16‘4.60E-16 4.31E-16 4.02E-16 3.74E-16 3.45E-16
DG (F/um) 4.14E-16 3.68E-16 3.22E-16 3.20E-16 2.96E-16 2.92E-16 2.65E-16
Cy,total: Total gate capacitance for calculation of CV/I [14]
Extended Planar Bulk (F/um)

UTB FD (F/um) 6.14E-16/6.11E-16 6.20E-16 5.91E-16 5.63E-16 5.34E-16 5.05E-16

DG (F/um) 6.54E-16/5.98E-16 5.52E-16 5.40E-16 5.16E-16 4.92E-16 4.65E-16
£=CV/I: NMOSFET intrinsic delay (ps) [15] 079 | 069 061 053 047 041 036
1/zz NMOSFET intrinsic switching speed (GHz) [16] 1887 2128 2439 2778

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known _

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



22 FukvRALUTFITVL—La v FRAL R BIOEE

Table 41c Low Operating Power Technology Requirements—Near-term

JK D ELIE FD-SOL o4& 7 /L7 —k MOSFET 2N EERIaS D E TOHIME T L —F— 17 MOSFET <

FD-SOI 232 —V 2 JRRFUCBZE L 72 O AR Z 7R L TD (RS, N DFREAZS RO L)

Year in Production

2005

2006

2007

2008

2009

2010

2011

2012

2013

DRAM % Pitch (nm) (contacted)

80

70

65

57

50

45

40

36

32

MPU/ASIC Metal 1 (M1) ¥ Pitch
(nm)(contacted)

90

78

68

59

52

45

40

36

32

MPU Physical Gate Length (nm)

32

28

25

22

20

18

16

14

13

Lg: Physical gate length for LOP (nm) [1]

45

37

32

28

25

22

20

18

16

EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A)

14

13

12

UTB FD (A)

DG (A)

Gate Poly Depletion and Inversion-Layer Thickness [3]

Extended planar bulk (A)

6.5

6.5

6.4

UTB FD (A)

DG (A)

EOTelec: Electrical Equivalent Oxide Thickness

in inversion [4]

Extended planar bulk (A)

20.5

19.5

18.4

UTB FD (A)

DG (A)

Jg limit: Maximum gate leakage current density

[5]

Extended Planar Bulk (A/cmz)

3.3E+01

4.1E+01

7.8E+01

UTB FD (A/em’)

8.9E+01

1.0E+02 ‘

| L1E+02 45E+02 6.9E+02

DG (A/em?)

2.0E+02 2.8E+02 3.1E+02
1.3E+02 1.9E+02 2.2E+02

Vq4q: Power Supply Voltage (V) [6]

| 09 [ o9 | 08 | 08 | 08 | o7 | o7

0.7

Vi sat: Saturation Threshold Voltage [7]

Extended Planar Bulk (mV)

288

303

285

274

275

226

UTB FD (mV)

DG (mV)

Isd leak: Source/Drain Subthreshold Off-State Leakage Current [8]

233

231

Extended Planar Bulk (nA/pum)

3.0E-03

3.0E-03

5.0E-03

5.0E-03

5.0E-03

5.0E-03

UTB FD (pA/um)

DG (pA/pm)

lg sat: effective NMOS Drive Current [9]

Extended Planar Bulk (uA/pm)

589

607

573

UTB FD (pA/um)

DG (pA/um)

Mobility Enhancement Factor for 1gsat [10]

1.8E-02
8.0E-03
5.0E-03

2.5E-02
1.0E-02
7.0E-03

1.0E-02
7.0E-03

Extended Planar Bulk

1.12

111

112

112

111

111

111

UTB FD

1.07

1.06

1.06

DG

1.06

1.06

1.06

Effective Ballistic Enhancement Factor [11]

Extended Planar Bulk

UTB FD

1.26

DG

1.12

1.14

1.37
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Table 41c Low Operating Power Technology Requirements—Near-term (continued)

JK D ELIE FD-SOL o4& 7 /L7 —k MOSFET 2N EERIaS D E TOHIME T L —F— 17 MOSFET <
FD-SOI 232 —V 2 JRRFUCEZE L 72 O AR Z 7R L TD (RS, N DFRESZ RO L)

Year in Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
'(\f;l;(’cﬁi'tgcxg;a' 1(M1) % Pitch 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Rgq: Effective Parasitic series source/drain resistance [12]

Planar Bulk (Q-pm) 180 180 180 180 180

UTB FD (Q-pum)

DG (Q-um)

Cy,ideal: 1deal NMOS Device Gate Capacitance [13]

Extended Planar Bulk (F/pm) 7.57E-16 | 6.55E-16 | 6.00E-16
UTB FD (F/pm)
DG (F/um)

6.76E-16 6.53E-16 6.20E-16 5.63E-16
5.31E-16

5.31E-16

5.09E-16
4.78E-16
4.78E-16

4.25E-16
4.60E-16

Cy,total- Total gate capacitance for calculation of CV/I [14]

Extended Planar Bulk (F/pm) R =R L Ll =] O.16E-16 | 8.73E-16 |8.40E-16 | 7.43E-16 |6.79E-16
UTB FD (F/um) 7.31E-16 | 6.68E-16 6.40E-16
DG (F/pum) 7.71E-16 | 7.18E-16 7.00E-16

7=CV/l: NMOSFET intrinsic delay (ps) [15] 1.52 1.33 1.17 1.03 0.90 0.79 0.69 0.61 0.53

%/r.] NMOSFET intrinsic switching speed (GHz) 658 752 855 971 1111 1266 1449 1639 1887
16

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Interim solutions are known
Manufacturable solutions are NOT known
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Table 41d Low Operating Power Technology Requirements—Long-term

IR DE VX FD-SOI 0% 7 /147 —h MOSFET M &FERGIN D E TOHM &7 —F—T 317 MOSFET <2
FD-SOI 23 A —V 2 JTRFUCEZE L 72 OB Z R L TD (RS, NI DO FREZZ RO L)

Year in Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Lg: Physical gate length for LOP (nm) [1] 14 13 11 10 9 8 7

EOT: Equivalent Oxide Thickness [2]
Extended planar bulk (A)

UTBFD (A)
DG ()

Gate Poly Depletion and Inversion-Layer Thickness [3]
Extended planar bulk (A)
UTB FD (A)

DG (A)

EOTelec: Electrical Equivalent Oxide Thickness in inversion [4]
Extended planar bulk (A)
UTB FD (A)

DG (A)

Jg limit: Maximum gate leakage current density [5]
Extended Planar Bulk (A/cm?)

UTB FD (Alem) 36E+02 38E+02  1.1E+03
DG (Aler) 36E+02 38E+02 O9.1E+02  10E+03  11E+03 13E+03 | 14E+03
Vaa: Power Supply Voltage (V) [6] | o6 | o6 | o5 | 05 05 | o5 | o5

Vi sat: Saturation Threshold Voltage [7]
Extended Planar Bulk (mV)

UTB FD (mV)
DG (mV)

Isd leak: Source/Drain Subthreshold Off-State Leakage Current [8]
Extended Planar Bulk (nA/pum)
UTB FD (pA/pum) 1.0E-02 1.0E-02 2.5E-02
DG (uA/pm) 10E-02  10E-02 @ 2.0E-02

Iy sat: effective NMOS Drive Current [9]
Extended Planar Bulk (nA/pum)

UTB FD (pA/um)
DG (pA/pm)

Mobility Enhancement Factor for 1gsat [10]
Extended Planar Bulk
UTB FD 1.05 1.05 1.04
DG 1.06 1.06 1.06 1.06 1.05 1.05 1.05
Effective Ballistic Enhancement Factor [11]
Extended Planar Bulk
UTB FD 1.28 1.37
DG 1.38 1.47
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Table 41d Low Operating Power Technology Requirements—Long-term (continued)

JR.D®IE FD-SOI 0% 7 L47"—~ MOSFET NEFERBEINDIETCOHE LT —F—F L7 MOSFET
X2 FD-SOI A7 —V > 7 BRFUCBFEL 728 O W 2 7R L QD (ORI, WWONZHEIRDOEEZZHROZL)

Year in Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Rqq: Effective Parasitic series source/drain resistance [12]
Planar Bulk (Q-pm)
UTB FD (Q-pm) 130
DG (Q-pm) 145 115 115

Cy,ideal: 1deal NMOS Device Gate Capacitance [13]
Extended Planar Bulk (F/um)

UTB FD (F/pm) 4.02E-16 3.74E-16 3.45E-16
DG (F/pum) 4.02E-16 3.74E-16 3.45E-16 3.14E-16 2.82E-16 2.51E-16 2.20E-16

Cy,total: Total gate capacitance for calculation of CV/I [14]

Extended Planar Bulk (F/um)

UTB FD (F/um) 5.83E-16 5.44E-16 5.05E-16

DG (F/pum) 6.43E-16 6.14E-16 5.55E-16 5.24E-16 ‘ 4.82E-16 4.41E-16 4.00E-16
7=CV/I: NMOSFET intrinsic delay (ps) [15] 4 0.41 0.36 0.32
1/zz NMOSFET intrinsic switching speed (GHz) [16] 2439 2778 3125 3571 4167

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Interim solutions are known |4
Manufacturable solutions are NOT known _

Table 41aH>5 41dD 7 (LSTP & LOP)

FNOEEIL MASTAR % W CEH A L2 EARL TV %, MASTAR &1, MOSFET O FE7ZRfi#MT £ 1007
FCH D, ZNDOEAE2E MASTAR 222l —a Al KD E RS B I ONE MASTAR OFF 7307
—vbta—P—Xw=a T IHERIE L TID ITRS V=7 A MNIZENILTND, 728, ZOED/ST A—H
fE1Z . B ERREEE 25°C TOHF —MEDNATMED NMOS O Thb, SHIZ, BHE ORIy 7T AL AT, KDL

ZUMEEEE, Ton, Toff, ALEIED DRk DD MOSFET ﬂ%ﬁkéhérﬁx ZZTCRT LSTP n w7 b VAL
LEVWMEEE E&DEL, lon, [off 23EHRLS, 7 — MRS B HIE N BIERFE CV/ 1T H IR b7//;<§7
DA T RLTWD, Fo T NDOREBFIIZDINT P AET FRPRET—VER-SCFEE N2z D, Z
DRI ARZD B an | 5770 FRICELDTLH L TWD, —F . LOP By 7 Tld, Nov DA T MR S5
VUARBELT, LEVMEEESC, Ton, loff [ ZH EE IS, BRENGE I N ER S DA C, LSTP I E R E 71240
2 THELHEITHWSND, LOP Mo AR TEMEE 1 MEL . ufFMEﬁiT@WE%ﬁJ I B EIDT=0
12 Vdd DR EL A=V 7 ENTND,

ZHDOEITIE, L —F—,3L7 CMOS R[E UL FD-SOL, #L X 7 /L4 —h(DG) CMOS (747 —FMade) &
W BEEDIAT DT P ZERFEEEEN TS, LOP ICRAWTIL, 7L —F— 317 CMOS DA —IU 7[R
FU% 2012 /5, UTB FD SOI 1 2016 4EE35 2 53T D, FD-SOI & DG 1E 2011 FE0BEAED, 2011 05 2012 4
ORIE =D NI L AR INGFAET DI LT85, — )5, LSTP TlX, 7L —F—/3L7 CMOS DA —I 7R
U3 2013 42, FD-SOI 1% 2020 4£&72 2 5TV D, FD & DG I 2012 EESEEED ., 2012 4035 2013 ORI =
FERE DN DA INFAET DL D,

PERED T D ARITIBNT, HNOEAEIL, bV AZERERE /) | H T v RV et TR PRI —
R B DD, R A=) 7 e Bfe T VO A — 7 e L UA TR O TS, LSTPIZR W T, BIKY—27 &
WAy K& BAECTHY, LOPTIL, LSTPIZE Tl W BMRY — 2B E D DD mEdithE HKENVETE O ML
KREREETHD, LLENRE, A=V 71213 %L D /3T A% (EOT, Vg, Lajear L) 2300, {2 /37 A=%D
FHENZLYD MDA =V T F A ZEREIEL TED, 728, SBRIOARr =V 7« F U AEFE R REL B 2 15
L FIE L TRATWD, FEIZ, High-kAZ /L7 — RN 2008 4R35 AL TAEL TUD, 2008 4E(CHigh-kS b B X707
AT, KEOARLEBIRNZ72ET20,

[1LglZEr — bR, %0, o F L 7B —NEMIEOKIEHETHD, V— 7 BIROERIE 2 7-977-
WIZ, LOPOF — 1L @MEREny v 7o 2 4EiE ., LSTPIL 4 Eﬁ%@ﬁ&iﬁoﬂ VDo FDT 73A AT, ITRSD
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HPVENZIE, LSRR 5720 7 — M NED A —Y 27 73DG MOSFETEW/ D LiENA IS5, 7 —NE
MR ~FEI AL, Lithography *FEP EtchDITWG CHRESI, 3 0 TH12% X LAEL TW5, A —Ur 73t
TIEE | 20 12%DER AT ZEDS, INEEZ72 5> TpLEHB 2 HivD (Lithography B EFEPFEA S ) , 7eds, 77—
FMEDIZEDEN, FRA R RTGA—EZDITHLOEXDFRER THLEE 2 HND,
[2] 7 — MR T, ER ICBAL T, EOT=Ty/ (U/ 3.9t EFRSND, 22T 3.9] :t BV R LD
FHEERTHD, 7 — MEFEIEIET ) D AMOSFET O AL i FE X4 720 O BRI 727 — M BT, BARILI TR kS
Ni=7 —MEZEFEEOTOMOSFET L [RIUAE Téh 5, 2008 4ELUBEIRSEB LI TWDH D] i 2008 RISV g
B CTH — N — 2 ZHE D2 LR AT BRI 7RV | High-k 7 — MERRKIE D A 23E 2 HILTODH, AZ VT —h
/High—k’@ﬁ)ﬁ@ﬁ%%7ﬁ§i7‘iﬁo73\ofb\fotb\f:&b“f‘?%é (FE[B]1ZH) . EOTORIEIIHEHETHY, —AIIIMOSF v
IV B E TR e — BT (CV) JIE, BEOWERE TIThiIv T,
BlE R REE T — NEMOZEZ EEC K EREIEIL, W d MASTAR ZH W TRD -, R Va7 —h
BIROZEZ EIEIL, RV V3 —h~OR = 7 &IEFL, RFERTRETH D, 2008 FELIFRIE, 77— MAlO R
BEAYuld 5720 A%V — NEME AE TIEEIND, 2008 H£IZZOHE B NEEE T AL RKES TR TNDLD
X, ZOAZ NV —NEME AT MO R ENRBrlinbizdThHb, 2008 FLIE, 7L —F—,317 CMOS @
227 BIEA 3ARREROIZKL, DG CMOS =2 FD-SOI TIF4ALENHTWAN, 2T 7L —F— Ly
CMOS OF ¥ FVIRFEHN DG CMOS X° FD-SOI K0HE N2 82k D, RSBELIVTWDDIHEF RS A I %5
Yo7 A NI — bﬂm)if_ﬁoﬁxoﬂ\f;b\f_&bf&;é 7L —F—,3L7 CMOS TliE, R Va7F —h LRk
WS 72L&V MEIZER E T D701, NMOS [Z135E 4 (conduction band) (23T MEEEREI NS BE 720 . PMOS (2
1A % -4 (valence band) ﬁwﬁ:%l%@%m» \BEL7e%, FD-SOI X° DG MOSFET T, F v R/ VEIR N < E /2 F v
VDA ISR V=D . MOSFET OLEVMEDR EITIT, AZVF — ORI, SRSy 70 b3
JUARLVMRIZENIEIN QYR vy o)
[4] EOTeleciZ EOT&?&%B’J@H%E%E%E(L%aii[z],p]é;%ﬁﬁ)@é.\?rﬂ%o MOSFET® 5 #5Cl, BT [ fE 24
720 OHABR /7 — B (FE[13]2 B W, ) 1T ew /( EOTelec) THEND, ZIT, el FE VL AVIEOFH B R
Thb, KIRICBIT BRI VA BUIRIEIE, CV/I AL R 7728 IE ([ 1612 1) O RICHWS A,
e Y, FEOTBXOERMEEFREICLD72DTHS
[5Vglimitix 25 CIZHBIT DI KR T — N —VEIREE THY, 77— vdd, V—A, RLA | AL E
LB THD, Jglimitld 1um 472007 A2V R - V=2 Lyieal BRT5 (FRLEBISZ ), I KFFRY
—N)—ZEREEIL T limit=[#IHIE] X [Typea / DERRIZ —R ) 1 X [Hi TERE)FREL / BIBIRE] CHERESND,
LOP T, “Hi THREIXI5 IR ESNTHY, miREEEE (BRI EWVHL THRE 10 o & tEiEry v/ T T
I TND 100 C IR 2B FEL TWD, Hi THREUE @RISR0 & ST T Dl e SIREERAFANEDIZ
EAETRNF — RN — I B (EEEN VBRI CTHHT-0) DB NHRD =, LSTPIX, EiRENMEZIEL., “Hi THR
BOIENNTRESINTND, “FIRAETILN TR ESIVTEY, Ly EIgimit 3 ISZHRRNT P22 TOET
BHHOIHL, Py 77— COYT AL LRy — s L5 — VBROEDHRDI, (NMOSOLyrend 815 1)
LI imitZ IR DT SAT ZGN LT FRIRD  WANWART —NRED I D AZTRID AT A0 RDTZ) , 22
TOHi THRET ., “BEIFAREC . “OIHIE” OFIE KR ENRREBELYTH D, HaLREANE, EOTIZN (EitiE)R]1E
),
[6] Vddi iaﬁﬁ EIEa R T, BIREEIX, 77— MERIEOMEST 17 58500 B 230 B IR D | A FniREl e i oD 2k
=TT 78 Ad — R =R T A T BE [V — BT L EVVEETE GE[7]3 ) 1255 0BRSS TnD, EEE
OEIRELEIL, FEDORKRHD LIIFEN B bz LTI, ZORITTRINTEND E10% (FLL |) 84
HZEHBEZHND, LSTPTIE, 7 v 2l i al R — I 2 K2 20 B b L &V MEE LS m <8572, Vdd
IR KA =) o b kR C T e, — 7 LOPTIE, BEE /12K INZ D LMD HVAAD A —) 7
SUHICHET e,
[7] VtsatiZfafL Z\VMEEBIE T, fie/hVF —FED IV ZAE TRUA NIV oAU 7235812V TMASTARE
HWTRD 72, LEVEEEEZUTEBIL = T AL v a b R —2 &5 GE[8)1ZR) 1. ﬁ@fﬂg[@j%mﬂﬁ(/fp]
HR) DB R A 729 72D 07 A — N =R I T EE [V — AL EVWVEEE 2550 IREN TWE, 7L —
‘i‘~/\'/1/?CMOST‘\ W TODDIL, BT ¥ RV ROIHIELEWMED Z R A 7372912 5E18cm-3
Ttz DE W E N LB L SNAT2D THhD (MASTAR TEFER) . FD T3 AT, Vtsat& 5T v /L4 5
HNZ 2D~ ATEWN Y 3R T IEE (Tsi) O (LOPT~7nm,LSTP Tl < 7nm) NV EEEEI., ZOHEE N EL
IR ThEE ST, DG MOSFETCld, ~0.6Lg L5007 4 RO J7Ch i 71570 & OBEFE 3 @< | i E
DINSIREIZ IR > TUND,
[8]1ds,leakit V7 AL v a/LR ) —Z7 &AM T, 25°C CNMOSFETDORL A &Vdd, Y —A, 7 —h, FREL
HIELIZBN T vy RIS 0D Y —AE ThHhDH, NMOSD A4 7 IRIEEFIX, 25Cl :ro%muvﬂvzwrpmé
72ODONMOSFETDORL AV Ei THY ., 7 ALy al R U —IEifRE s — N — 7 BB S — 7 (R
o RV 7 EFRRLCGIDLA & T0) Ay DRI TH D, 25CTHHINTEIESLME T, Y7 ALy a/L R ) —7 BT
AV — BRIV RESBRDEAE LT, Lyjear 7 — N — 27 EIRE EOBIRICOWTITIE[S1 2 S, HALRA
1%, Visat ( EFEIE[7]1Z ) D e CHRIETHIENDVELsatD EIZHES TS, Zih, %7 XI///S/I/I\ V—E
e =R — I EFREBERV— I EIFRDO AT = T IIPMOST /S A2 1 A S5,
[9] Lo 1 ZEAFNEFLAE T, 25°CTNMOSFETORL A &7 —haVdd, VY — A, AR A BH#URIE L7 AL T v 1L
MM 7=DDORL AL ETRTHD, BFIERIIIERD A —) 0 7 BEBEUARRK) 12%0D T /A AVEREN] Ak 45
ITRIRL 7= (FRLIE[16]21R) , PMOSO & i 1%, NMOSO 1B i il 0D (40-50)% AR E LT, 8,/ i}
BEOMHBITLLTOMNIER ThHhd, HEY—A/RUAVEIHEGIR (FREE[12]12 ), KRBT HEK N2
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(VIR L[4 R) BB FR AL 7 720 A BRI DB RAE E[10]BHR) . Y RT o Vs A0 E
B3 (E[111B2 1),
[10] BE) 5050, BENE O 5 R CRIMERA UGET 5, ZOMREUT [HELZ 1d,sat] / 1d,ref=Id,ratio
FSIND, 22T [EL Id,sat]iZEEE LB ENE CORMERMAE R L, 1dref IXEEORWBENE TOll
E@(}Mﬁﬁ’?ﬁ‘@‘ %@jrfmfif—ﬁ@?@%%(“(%é Id,ratio £, MASTAR TCitHEIND, u ratio= [téé’{il,fj%@jfh]/[)
TV AOBENE] T, BEL-BEE XN EREESOBEIE (V7 7L AOBENE] AR E S
BRWBEIE THD, —#%IZ, Id ratio 1T ¥ RNV RCHE A — R — 2—MNIZEY  pratio J:U*@&)T/J\éiﬁfﬁ&
725, BENZIAUZE., uratio 13 KR 1. 84 ThD, T BENEOBH I E T OWEN NI LD 2004 4F S
IhEEiEnsg, ZoLEo 7L —F— s CMOSTiE@TH‘éhT%é# BENE DM TNV ANARTE
(SiGe =t DI HbO  ZVED A — R —L A — 2L BB SiGe Y — A RL ALt T-F v R R
AT Uy Mk o 7L Ic ks F i 5578 2E1) 130, MOSFET O Z 1D T Thih BT
£7‘;ﬁ7‘;®75x FIEDINTINSED T T A AL THN 2 EINETHMEIZIT 2> TRV, EDRER, LSTP &
LOP W11, Lg=20nm T MASTAR (X DS NIRRT SE18em-3 (ZIL D& A — U 7 RINEE /> TS
72O AT oD, ZAUE LSTP Tl 2013 4E12, LOP Tl 2011 £EI24E U5, FD-SOI & DG DWW AU AW T
b, HOTHEDLEBIL, ZNHDOT NAATHEELZWET L IERRODLRNIEIZLD,
[1 1]?@%*‘%?@%@%&%&& FD-SOI X°> DG MOSFET |Z AW THEEAR 7 ¢ MOSFET DLHIZRKES AT —
VT BEATEBRENT BNV RT (o 7B B RICE - T Idsat MM HEEDOMEREET, LT —Ly
CMOS TII R f@%/;ar“ DELANVRAT 4 7 BLGHIAE TR, ZOLREDS 1 L B2 b 83 \URT 1V liik 2%
LTHY, ORIV AR E IS B RAE A 7298012725, #EN\UAT 17 HiiklL (MASTAR (12858) /o R —
T ORIV OHEATE FD & DG MOSFET TSN TEY, HMOHE AL IIII/2>TWD, ZOHEH DR
37— 10nm DT P AS TIIANYRT 4 ZBEARE A I3 BN A7 nZ &2k b,
[12] RelE. F v RUE T OmS 720 D KEFFR G AEES]Y —ARL AV BHEHICHD. ZHHDEIE, fafnE i (4
[912:1R) 23l i A I/ hSib, i,/ R, FET TWGIZED a2 7 MEPL, UV AR - —hMEPiB X
R AV I AT ar DA =0 7 OfE R L T,
[13] Cgidgeal ;@uv’wﬁvvrﬁmét@@ﬁ*ﬁéﬁ&/f FME L, Cyigea=[Eox / (BOTin)] XLy, ZZ Teg LITF U BRAL
WEDOFHEH, EOT SILKEAIC 1T 2 ERHNHA LI U IR (412 1), L2I3mEiey72e s — Mg (15
M), e IREIT, EOTmV(‘Jj‘?[4]#“<H€) 1€,
[14] Cgotat iﬁiﬁﬁ%e@ﬁuﬁ;'\?*/lehéé’lfcw@é/f—l\&*%o BT v RIE S 720D Cyigen& AT — A —73—
7/7 /7)// (Mlller%j%% U)o ﬁ@/ﬂﬁ@bi, Cg,ideadlﬁéi
[15] © &i%, 25CIZBITDONMOS T NAADA LN 2y VT 0 P AR IERE [ Tt = (Caiota X Vaa) Lisar,
PMOSFETDt &[RRI A/ NS LD EARE LTz, 72721, PMOS I~ (0.4—0.5) X (NMOS Iiq) o T IET SAADAK
B2 AA T 7 ISR R ﬂ*@“éﬁu\ﬁfﬁw 1t X T NAARDOKRE R e AA v F 2 7R T HROR
ETHD, Rth,/ dalk, S (FE9]2MR) 38 L UC, 0w ([ 1412 88) O 7 12969,
[16] 1/t IZ NMOS DAL N2y V70 AL T 7 E T D, R/ dalE, tlZied,

(=S4 s WY A7 Y Y i1

FT R DO RITBIT DT CRIN TR L ORISR LI TR EBEBIR 03 D, <D
A B ERFRIORINT AR A (EFEEIZIBIT AR R X0 > TV L (BB I DR R I
HBIVTND) 1L, ZENDDOEIZE S ORISR IR OB AN 35 B LT IR IG
LTCW5, ORRIZEI T2 2 UX, Figure38 | I/ RSV MR R LB BB 8 &5 A TUVD
ZETHD, INHDOEFIRY ) 2— 2 BT, BN ORER ST R DEENE R, A ED, B
FRTBvAS T TV —ar OFEE B LT NDEWHT-DI, SWERE /AT EEDOHIME —F L
X EL TS, High-k 7 —MakxlEd L UOAZ T — NEMRE RA 72 ) a—a O 2<0%, &AISE
HWRYy I AZNZEREND, DV, FEEEEITAS % 6 FRILL LIZhloo TERESNDED
D TEEEDREI BT EH BB 7 LI (3 TIZEASNCD) | High-k 7 — MEZIERS LU
IV — NERR, UENYRT 1o 7B D3 A REZR RN 7 1 58 222 2 A SOI R0~ /L F % —k MOSFET 72

AHZRHRERICE 35281275,

BADOFRPRNGEA CHHRBENE M LiX, faFnEROMERE BAEZ R T 572 DM B LS TS,
OBENE T _EIT 2004 F\2FmEHT Y Y7 hT DA TEAZILTEY, 2005 Flla— U —ayy I hT
VABNTEAINDZER T ESIVTND, kA4 727 a b RE AR g — )V AR A0, TV~ =T ADE
HHREarha—/L LTz SiGe fEfE EH LI SOl A BICpE L= FRE Vav fga -7 a—n
VAR AL TR E | iR TELDEE YT o8] EHANAFAET D, flZiE, ATV R L (T2 5
PMOSFET OEEV7 41X (110) i HAL CThied ii<7e5) 0, EH121E SiGe 8L Ge T V&AW
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ERDHD, ZIHOMERRGEAIFE X, NMOSFET # XU PMOSFET O J5 DR 8l 4 ] G275 fie K 0 %3 B
FTED, BENE M FAEEICHEAS T A7 et A7 a—0OREE . SN2 UTB SOL o~ /LF 47—k
MOSFET D LH72 Je I h T L D AZ ~OBENE ] EOBEAE T, M1 M2V SERLETHLEx
TR TV,

FEARNI72 MOSFET #6354 2007 4 (&Y v 7 b7 P AZ OB — & 25nm) LA £ T 2%
HUET272DI, 7= AZ 7 (F — Mkl 7 — M) & & T B B H RIS W Tl T
WEERDHD, YT —NEDAMEE D L, BT v L R d L OMa R BT KO- — Nig
LA (EOT) 1340 4 0 72 1 B LD, LU S, IERD DA S QDS — Mg,
VAL, ORKEER R LIL, BN RV EIRO BB INC L > T — N — 7 & ik
WA T HEVIHREREZD 25T, X T, BRI L R R 2322 — Y o 7 &g —
NEMROD 22 Z L& IHRJE N A Lo T, ki L C& 72 EOT D O BN R R L7225, D% TD EOT
(ZXH3% High-k 50057 — ) — 7 & i 6 B I LR AL L Phig L ChMie /S =8 | High-k 77— M
137 — N — 7 BRI E VI R F 272V a—ar LD, ZREOuY v TN T AL LY
High-k 7" — M@EZ BT 2008 FFETITEANMLE THLHE T RS TS, (FELLIL, Tabled0a Ebis LT
412715 41d, Figure35-37 2 B Lon Yy 7HIRELDROBEASZR)  —fE oYy /D248 7 —h
B ZEZALZ RN, BRAT — MBI LIEOERb A ) — 7 B OFF RIS 2 572912,
AZ NV — NEMRS F72 2008 FFIE AR M ETHLETHISILTWD, 7'L—F73127 CMOS DL XV ME
BEATEY)MEIZERE 9572012, PMOSFET (I L T U= Al & AT O 45 BE % & NMOSFET
2L TV ARE R AT OBV LS ND, D7, PMOSFET & NMOSFET [ 2% L T#
NENRI o727 —NEBAWE N BZLINETHD.

2007 4E (BT v 7 hT P AF O RS — MR 25nm) LAKRIC 65nm S —R XV A —) o 73t AT
B, TL—TF7L7 CMOS 7 A ADI R 2 A=V 713N #2705 & b g, BRI, BT v 3
IV RAE N R BRI T HZEIE, FRCEED LY, SHIZ, Ty RVR—E 7 R AR Ty il ~H
MSELZEDNEELRD | ZORER, BEIEOIK FBLONL A =R T D/ R — /SRR RY
YT OIOHEE) =V EROEMNE ST, &EIT, EDEIT/NI72 MOSFET DF v RV ~D ARl
DRBEUINTRV V72720 | ZDFEF LEWEEEOMFH IR POE NI TERWIEERELD, 29
LICiRREIT A=V Z ST ZETRANT 72D, — D DR K GEAIL, Wi 5E 222 Z /b (UTB) SOI
MOSFET Djiii i Th%, 7L —7F 7317 MOSFET TldF ¥ r/V AR E CLEVWMEBELZHETD
723, UTBSOI b7 VAL TIELTF v RV AHI D3 el 9072 LEVWEE LIS — MEMRO (- H BT
FIEEIND, ZOWGE, LEWEEEZLZEZLMEICRE T 5720120, Iy RSy 7 Ao FH B 5%
BT HARNG —NEMP LB T D, BRSNDHEFREED T2 5720 UTBSOL I HS LD AZ L5
—MEEHE, ST — I RSO B TES D OME A SIHTH A, AR Tz
ZHF 2 THY, LEVEEEITS — NEMOE R THIEISN D720 | K SOl MOSFET (%
2L 7L —F MOSFET LE#E LT, TR —D o 212U TERY, fafE iRz m< Lot neE 2 5
%o 37V —k SO MOSFET 1, 2008 FE\Z @i ny vy 7 N7 P AR TS bH L TS b, <L
T —hOWRER T 4 58 2282t MOSFET 13XV HE CHHEEBIZIV AT —U 7 RIEETHY, 2011
HEZER Yy 7\ SNAEFHEIS VTS, 7 —RED 20nm DL FIZHE/ NS, 588282 AR A
¥ MOSFET (X HGELMEIESNAD Z LKV NIRRT 7 « B— R TENET DB 2510, O FAafn
BIRNHEINT 5, =R~y 7 OBRADIE)TIL, FYUTEEESSICH LS50 @B EE
(T7hbb, FL~=U LR I-V E, Y Var R_R—=2ADF ) UA Y — o —RF ) Fa—7) BF vy R
T80 D357, K0 R a—al i AESND THAD,

B2, —R~y 7 O % OELIEIZIBV T, MOSFET DA —V Z133ERR . LUTE 2 AR,
ElC 72585 2 B, IE CMOS (emerging research) 7/ 3A AE LXBIEE 7 —37 7 3 DR R 5
I THD (CNHOFE72# L Emerging Research Devices Fa 2 M) , D IO/ fifihkIL, £ OFFE
TICBRB SN EA SN CTE@MERR, Ko Xh, @B N7 DAL R LTe CMOS S Hi & | Hne
B LI BRI R LS D TH A,
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2007 2010 2013 2016 2019

2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm

Enhanced mobility (strained Si,
etc.)

High-k gate dielectric (all logic
types)

Metal gate electrode (all logic
types) for planar bulk. Work
function near band edges.

Ultra-thin body, Fully Depleted
(UTB FD) SOI (HP)

Metal gate electrode for UTB FD
SOl and multiple gate MOSFET
(Work function near midgap.)

Multiple-gate MOSFET (HP)

Enhanced quasi-ballistic
transport

Emerging Research Logic
Devices and Circuit/
Architectures (see Emerging
Research Devices Chapter)

I Research Required [ Development Underway [ Qualification/Pre-Production S Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Figure 38 Logic Potential Solutions
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T —RBOEIRTHUL, B DA O BT AT DI 27 Mg .. LT, SEH b7 Y DRAM (2%
A7 A RIL RO DRAM ICBW T, T _RTATEELERIEE ThHH,

XX/ UAMEREIL, A=V T ICh bR VR BEOERE A 72972012, BOT (b R #a 5 5
JE) LB S 2545700, EOT 2 A7 =V 7 3572012, BB ERE A T DMk B3 n B L7 5,
HBAEDEFIE Ta205, A1203 @ (k~10-25) ¢ MIS (Metal Insulator Semiconductor) Z{# >7=F% ¥/ X% T
HDHNY, 2006 ELLFEIT, MIM (Metal Insulator Metal) ##3& C. Ta205, AIRO3 L0bEW LB ERE R
Mg N REND, Z D%, 50 LLEDOHFEEROMEIEA Figure4l (RSN TWDERIZEREND,
Flo, FOEWHTFEEREA THMEIEOWERIEIR L, 27—V 7 ST/ NS 72V SIS IS 95 &
N, A/ NSRS TUE B2\, fE R BRSNDF v /U E R EZEBTHOIC, kLA —V 7
72 DRAM EAZIRME T A7-012iE, BREEEITE T ETHIIL TV, Sy XU ZiEiREO
EOT DA —Vo 7 eeb|Z, M IEICHIINES NS E UL, £T T m<20, 2O R, MR (E
DFEENAEL D, DRAM AR — % p /XU ZOMEIFIEAr— 2 7 e "\ ZIZEIINESNDEE, 2L T,
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—— DRAM cell FET dielectric:
equivalent oxide thickness,
EOT nm

—=— Maximum WL level, V

—— Electric field of Cell FET device

dielectric, MV/cm

2010

2015 2020

Figure 39 Cell FET Devices

—— DRAM storage node cell
dielectric: equivalent physical
thickness, EOT nm

—=- DRAM storage node capacitor
voltage, V

—— Electricfield of capacitor
dielectric, MV/cm

Figure 40
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Table 42a DRAM Technology Requirements—Near-term

Year in Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥ Pitch (nm) [1] 80 70 65 57 50 45 40 35 32
DRAM cell size (um?) [2] 0.0514 0.0408 0.0324 0.0193 0.0153 0.0122

DRAM storage node cell capacitor

dielectric: equivalent oxide thickness 1.8 14 11 0.9 0.8

EOT (nm) [3]

DRAM storage node cell capacitor

voltage (V) [4] 15 14 1.3 1.2 11 11 11 1 1
Electric field of capacitor dielectric,

(MViem) [5] 8 10 12 13 14 18 ‘ 18 20 20
DRAM cell FET dielectric: equivalent 55 5 5 45 4 4 4 4 4

oxide thickness, EOT (nm) [6]
Maximum Wordline (WL) level (V) [7] 35 3.3 3.3 3 2.7 2.7 2.7 2.6 2.6
Electric field of cell FET device

dielectric (MV/cm) [8] 6.4 6.6 6.6 6.7 6.8 6.8 6.8 6.5 6.5
Cell Size Factor: a [9] 8 8 8 6 6 6 6 6 6
Array Area Efficiency [10] 0.63 0.63 0.63 0.56 0.56 0.56 0.56 0.56 0.56
l[vlllln]lmum DRAM retention time (ms) 64 64 64 64 64 64 64 64 64
DRAM soft error rate (fits) [12] 1000 1000 1000 1000 1000 1000 1000 1000 1000

Table 42b DRAM Technology Requirements—Long-term

Year in Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) [1] 28 25 22 20 18 16 14
DRAM cell size (umz) [2] 0.0048 0.0038 0.0030 0.0024 0.0019 0.0015 0.0012

DRAM storage node cell dielectric: equivalent physical
thickness EOT (nm) [3]

0.45
DRAM storage node capacitor voltage (V) [4] -mm

Electric field of capacitor dielectric, (MV/cm) [5]

0.25 0.15

DRAM cell FET dielectric: equivalent oxide thickness, EOT

(nm) [6] 4 35 35 35

Maximum Wordline (WL) level (V)1 [7] 2.6 2.3 2.3 2.3

Electric field of cell FET device dielectric (MV/cm) [8] 6.5 6.6 6.6 6.6 6.7 6.7 6.7
Cell Size Factor: a [9] 6 6 6 6 6 6 6
Array Area Efficiency [10] 0.56 0.56 0.56 0.56 0.56 0.56 0.56
Minimum DRAM retention time (ms) [11] 64 64 64 64 64 64 64
DRAM soft error rate (fits) [12] 1000 1000 1000 1000 1000 1000 1000

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known _

Table 42atblZxF 327N

[1] ORTC (Overall Roadmap Technology Characteristics) Tablela 33X UM biZ-5<, DRAM O/ N—7E v F %
2004 4 TORAZE DRI 72N ED 2004 FERITRS &7 L,

[2] DRAM® & /b« A XL LFE (FEP) DB CEEMI i mm S AL TV D LI IZDRAMD E Y ME T 7 A X715
PESN TV, EYRAE®IZORTCTablelaf N1bIZEESW TS, DRAMOE YA & ETF v 7 A RIRET S
Loy T ThHIZD, BIL - P ARXBFEBHINC A — D 7 SNHEL TS, R S, BV AT 72— (=
T AKX F?) (FIZDRAMD /N—TE Y F) DR/ NZHDHTE A9, “a”DfiE L CDRAM /~—7E T 80-65nm™T
13487, 57Tnm TIE“6”E 72> TUND,

[3] v/ o2 R LB R EE (ETO) 13, WERIFIE/[k/3.9] CIEFSIND, T2 TRIT AR — U v /S Ziffufx ]
FED LB ERTHY. 3.9 1%, Si0, DLFERTHS, EOTDHEIL, FEP (Front End Process) & CiiinS L T Dk
{ZDRAMOE Y "R (T 7 B0 D v M) BE, v 7 A RIS TRIAT BT HD, FEPOFE Tl
NTVWDAEYREEET v 7 A XE, ORTCDTablelals LN b LI /2o TH, EVINEBEET v 7 A RE, RO T
TV T ThDHIDEOTIL, BRI A — o T SND B INHD, 2007 FED 65SnmD FAT A ETIL, #ukx
MEHZ, MISHEE T, AIR203 HDUMETa205 BR—RE72 > TS, TP AT H THD, 20074 LI, MIM
G B WS EREFF O/ SUANNELESND, TDOTDAITE A THD, BT, 45nm M OZF LA Hit7
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AR TIE, O TCODFRIIRHDTZD BIIIR THD, TNENDETERSIND, Fv/ SUZiufafEL, o

B, MDY — 7B, 227 DR v AT O 3R TUAEE KT T D,

[4] DRAM DAR—3 ) —RF xS X DOEEEI, EOT@HEF DOWBUNEATFT HAN — ) —RFy /S H L AD

V—rE iz s, 75>O*fz%n5?dv~/7b>+ 272 B IO ESND,

[5] S/ S F el EE O E . DRAM /U X ETEH AN — ) — %@EM[:H%E& SRR CE| ST ETHD, A7

—) Ak E lif%d%(&li%jtb\ 2008 FEICIE, BT ML D, FOLEDERIL. 13MV/iem Th5, 2010 41T

1%, T 18MV/em &725,

[6] DRAM®D & /LFETOEOTIX, #fIHO M PRIEE % [k/3.9] CEl-7-ETH 5, ZZ TkiTDRAME/LFETD 7 —h

HFEDO L FEER, 3.91F. Si0, DHFEERTHD, EOTOMHEIL., m\ T —R T4 EEICHEEEICHNS A E
EFRMELL FICRET DR ENHDLZENLE <f£o'Cb\Zo

[7] T RDOT—RTA B, BIVT RARTZDICFHESNTZ S —NEEER>T0D, EDOEWF —RNEEIL, )

TEIRRE T, N7 = AT 2GR T EH LTS m WS I LT 4372 /L MOSFET O &%

HBH-DITHNETHD,

[8] 2/ MOSFET OO E UL, I KO — R % EOT (B L IEEEATIRR) THl-7-E TH D,

[9] BV ART 774 —“a”[IDRAM YA A R/F>CTdhDH, ZZTFIZ, DRAMDON—TE Y F ThbH, N—TE

F 80-65nm AR D 7a”DIEIL, “8” TH D, STamD HARLLFED“a”13467 T 5, 2004/ T, "4“DEDFLK D B

ST, AF 2070 BARH 72 B FERERNS NI E0 D, T—T T D DOITIER FE LW L7=7- . 200541

T 4“OBAE T2,

[10] AT L—%RiE, YA T L —OEBOF v 7 HEICH TR THD, Thdz, TLU—hR Ik ThHx

bbb, 7L —@h#R=1/(1+ A0 R EE])/[NaF?]) , 22T, NIZDRAMOE v A& (Fv 7 4 7-0 D v M) Th

5, FiZ, DRAMD/NN—7EwF, ZLTaE, BV AXT 775 —Thb, “a”h’ 8 DI, £ T 1 —%h=13 0.63

ERELLNTVATD 2007 FELLFE“a” DN 6 127258, TL—2hRIT/INELRD, 0.56 L7825, ZO L JEI R OH

FEIZ. "8 DA LRILEL TS,

[11] PREFIRER iSSuT ETEIN, ARVDT —HEHITR 1/7< IZEAU 7Ly 2 b PICERICTHEARAZ LN TES

I/ NOEFETH 5, Z IR ESINT=64msi I PCIE FH D 7= IZ ML BELINAIE TH D, PREFEFEIL, E T DOV —7EHR.

BRI, B AR ORE OF BAEFIRIEL , SHICA L — T a EBR RS L OV E IR 15,

[12] ZAUT A A ZRFITEIA T, A7 VB, BX O/ o T o3 RO AR OMRRIRTE T D,
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DRAM DFER R A5AH

2007 2010 2013 2016 2019

2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm

High-k Dialectric P
ALO, & Ta,O,, MIS structure m
(k ~ 10-25) NN

MIM Structures (k ~ 20-50)

New materials (k>50)

Three dimensional
array device

Emerging research
memory devices

I Research Required [ Development Underway [ | Qualification/Pre-Production [ Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Figure 41 DRAM Potential Solutions
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NAND) . FeRAM, SONOS, MRAM %L T phase change RAM(PCRAM)D £ A1 542 B3R ITH H 73
Tabled43a & b I RS TS,

JESEIZ, i EDH DR DO ANFEIEMEATY — (NVM) 1F, ZDHEFD CMOS @ feature size FCRFEHY
72 feature size (X DRAM O 12 By F) I fHEDOITEEH T, 1~2 4FE LTV /2, Table43a & Table43b (2
1%, BRIED CMOS D feature size ERFEFEMEDO L AR T H72DD feature size NVM O feature size
DOFE, “FEIFRI V2 DOAN—TE T ) DIRSIVTND, MR RERME AT — R IZ XD,
CMOS DO AT AEY — O feature size DRFEEAVUIAD L, ZL TR RNIZEBrERDZENHIfFE
5, FilES —R NAND X° NOR Hifff iz o T, RO FTIULFERITIER T D720 Tldied | FpZi
(NAND Flash) NVM 2837 A L )b— L &2 HED HDIT, RILAED R w27 DRAM & HART | b o L
(2725,

ENENDOHEAMZEETHIERIT 3 DT Tond, F—1X, AEV—DEETHDH, REBIEAT)—
DOF AN ESIL, LY T 777 570” (Bb A RF O 50 73 55E) 3k £5, B Vi
X, P P CRMELEND, B T, TN E ORI BRI L EE RS — MR BEESARMEEE, B
BB RTA—2I0 E DL OEWEME THD, TNOHOEAEIL, A r—U 7 OFT NCE B /iR
WA RARDHDICEETHDH, 5 =%, TARHE EE-BZART A7V FL, Si-EE A7) |
T BRFFRHE CTh D, THAME (2 T 2T 70 2) 07T —ZRFHRHE (U7 va) i3, NERMEAEY —
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HATIZ B DR EORIA H THY . ZORETH > T, RERMEATY — NG — — DA Tk /)
DI&HHBENE I IR ES D,

ZNENDEMN T DRI AEY — DR ORHERL, i D I DL TV DHCMOSEDFRPED
FEEEIZ RS TS, 7Ty a AR —1X, B AR EICL SRESILTODTRIES — D (HDH U
FRET — ) BRI T HZ LI IV AR —EEL T 5, MIFBATY—I3, MK EX v/ S XDtk i
YIVEE Z Fie A HDHZ 2128~ C, Silicon-oxide-nitride-oxide-silicon A€V —{%, & Z LHEHDRT v 7~
(DB) A5 T HTLITEY  MRAMIE, BEMER VRS (MTD) 2 TE AL TV SR LS T et A B oD
— B DOREKAE D 5 [0 Z2 G107 2 MITORGT ZZ2 BT 52 LI VAT —8ifEZ1T9, Phase change
RAMIT IS EIR BB LS A R RE D I CTEIV R D DIFIZ, BV T ARG TADIEIOZEA A5, L
MUT R TORFERMEATVX, EHEINTT v — VOB U COL IS E D I35 8572,
B A= 7 OMREIZE L TV,

Table 43a Non-Volatile Memory Technology Requirements—Near-term

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM ¥ Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Flash technology NOR/NAND - F (nm) [1] 80/76 70/64 65/57 57/51 50/45 45/40 40/36 35/32 32/28

Flash NOR cell size — area factor a in multiples of F2

9-11 | 911 | 911 | 912 | 10-12 | 9-12 | 9-12 | 10-12 | 10-12
[2]. [3]. [4]. [5]

Flash NAND cell size — area factor a in multiples of F

SLCIMLC [6] 4.0/2.0 | 4.0/20 | 4.0/2.0 | 40/2.0 | 40/20 | 4.0/1.0 | 40/1.0 | 40/1.0 | 4.0/1.0

Flash NOR typical cell size (umz) [71,[8] 0.064 | 0.049 | 0.042 | 0.034 | 0.028 | 0.021 | 0.017 | 0.013 | 0.011
Flash NOR Lg-stack (physical — um) [8], [9] 0.14 0.135 0.13 0.12 0.12 0.11 0.11 0.1 0.1
Flash NOR highest W/E voltage (V) [10], [11] 7-9 7-9 7-9 7-9 7-9 6-8 6-8 6-8 6-8
Flash NAND highest W/E voltage (V) [12] 17-19 | 17-19 | 15-17 | 15-17 | 15-17 | 15-17 | 15-17 | 15-17 | 15-17
Flash NOR Ireaq (MA) [13] 29-37 | 28-36 | 27-35 | 26-34 | 25-33 | 27-33 | 27-33 | 26-32 | 25-31
Flash coupling ratio [14] 0.65-0.75| 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7 | 0.6-0.7
Flash NOR tunnel oxide thickness EOT (nm) [15] 8-9 8-9 8-9 8-9 8-9 8 8 8 8
Flash NAND tunnel oxide thickness EOT (nm) [16] 7-8 7-8 6-7 6-7 6-7
[Fl'g‘ih NOR interpoly dielectric thickness EOT (M) | 1315 | 1345 | 13-15 | 1345 | 13-15 | 1042 | 10-12 | 1042 | 10-12
Flash NAND interpoly dielectric thickness (nm) [18] 13-15 | 13-15 | 10-13 | 10-13 | 10-13 | 10-13 | 10-13 | 10-13
Flash endurance (erase/write cycles) [19] 1.00E+05|1.00E+05|1.00E+051.00E+05(1.00E+05|1.00E+06|1.00E+06|1.00E+06|1.00E+06
Flash nonvolatile data retention (years) [20] 10-20 | 10-20 | 10-20 | 10-20 | 10-20 | 10-20 | 10-20 | 10-20 20
Flash maximum number of bits per cell (MLC) [21] 2 2 2 2 2

FeRAM technology — F (nm) [22] 130 110 100 90 80

FeRAM cell size — area factor a in multiples of F [23] 34 34 30 30 30

FeRAM cell size (umz) [24] 0.575 | 0411 | 0.300 | 0.243 | 0.192
FeRAM cell structure [25] 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C
FeRAM capacitor structure [26] stack stack stack stack stack 3D 3D
FeRAM capacitor footprint (pmz) [27] 0.32 0.23 0.158 0.128 0.101 0.029 0.018
FeRAM capacitor active area (umz) [28] 0.32 0.23 0.158 0.128 0.101 0.064 0.059
FeRAM cap active area/footprint ratio [29] 1 1 1 1 1 1.55 1.85 2.2 3.31
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Table 43a Non-Volatile Memory Technology Requirements—Near-term (continued)

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch
(nm)(contacted) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Ferro capacitor voltage (V) [30] 15 15 1.2 1.2 1.2 1 1 0.7
FeRAM minimum switching charge ) 9 o o 6 6 6
density (C/em?) [31] 114 14. !
[F§2F§AM L R R R PR PR PR N oLl -1 016 >10E16 >1OE16 >10E16 >LOE16 >10E16
FeRAM nonvolatile data retention
(vears) [33] 10 10 10 10 10 10 10 10 10
?&'}'OSI NROM technology — F (nm) 100 90 70 65 55 50 45 40 35
SONOS/NROM cell size — area factor 55 55 6 6 6 6 6 6 65
a in multiples of F2 [35] ' ' '

. . 2
?;’3‘03/ NROM typical cell size (um") | o5g 0.045 0.029 0.025 0.018 0.015 0.012 0.01 0.008
SONOS/NROM maximum number of
bits per cell ((physical 2-bit/cell) x 2 2 2 2 2
MLC) [37]

. 2

ESS'E‘OS’ NROM area per bit (um") 0028 | 0022 | 0015 | 0013 | 0009 [N TN 0L IOT: - BI Yo7
SONOS Lg-stack (physical — pum) [39] 0.17 0.17 0.16 0.16 0.16 0.16 0.16 0.16 0.15
SONOS highest W/E voltage (V) [40] | 5.0-6.0 5.0-6.0 5.0-55 5.0-55 5.0-5.5 5.0-5.5 5.0-5.5 5.0-5.5 5.0-5.5
SONOS/NROM lread (MA) [41] 31-41 29-39 27-37 25-35 25-35 25-35 25-35 24-34 23-33
SONOS/NROM tunnel oxide thickness
(m) [42] 45 4 35 35 35 35 35 35 3
SONOS/NROM nitride dielectric
thickness (nm) [43] 5 45 “ “ “ “ “ “ “
SONOS/NROM blocking (top) oxide or
dielectric thickness (nm) [44] 4.5 45 4 6 6 6 6 6 6
SONOS/NROM endurance
(erase/write cycles) [45] 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+08 | 1.00E+08 | 1.00E+08 | 1.00E+08
SONOS/NROM nonvolatile data
retention (years) [46] 10-20 10-20 10-20 10-20 10-20 10-20 10-20 10-20 10-20
MRAM technology F (nm) [47] 180 90 90 65 65 45 45 45 32
MRAM cell size area factor a in ) ) 5 . 1 5 1 1 1
multiples of F2 [48] 5 3 v g v e e &
MRAM typical cell size (umz) [49] 0.81 0.19 0.16 0.041 0.036 0.036 0.019
MRAM switching field (Oe) [50] 35 35 35 35 35 35 35
MRAM write energy (pJ/bit) [51] 150 100 70 25 25 25 20
MRAM active area per cell (umz) 011 0.05 0.05
[52] ' ' '
MRAM resistance-area product ) ) 08 08 08 06
(Kohm-(um?) [53] 4 11 1 ' : : :

i i 0,
[Mslz]AM magnetoresistance ratio (%) 40 70 70 70 70 70 70 70 70
MRAM nonvolatile data retention
(years) [55] >10 >10 >10 >10 >10 >10 >10 >10 >10
MRAM write endurance (read/write
cycles) [56] >3el6 >3el6 >3el6 >3el6 >3el6 >3el6 >3el6 >3el6 >3el6
MRAM endurance — tunnel junction
reliability (years at bias) [57] >10 >10 >10 >10 >10 >10 >10 >10 >10
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Table 43a Non-Volatile Memory Technology Requirements—Near-term (continued)

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM % Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
MPU/ASIC Metal 1 (M1) % Pitch

(nm)(contacted) 90 78 68 59 52 45 40 36 32
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
PCRAM technology F (nm) [58] 90 70 65 57 50 45 40 35 32
PCRAM cell size area factor a in

multiples of F (BJT access device) 7.2 7.0 6.4 5.6 5.8 5.8 5.8 6.1 5.8
[59]

PCRAM cell size area factor a in

multiples of F? (nMOSFET access 17.0 14.9 12.8 11.8 11.6 11.0 10.5 10.1 9.5
device) [60]

PCRAM typical cell size (umz) (BJT

: 0.059 0.034 0.027 0.018 0.015 0.012 0.0092 0.0074 0.0059
access device) [61]

PCRAM typical cell size (umz)

("MOSFET access device) [62] 0.14 0.073 0.054 0.038 0.029 0.022 0.017 0.012 0.0097

[P6C3I]?AM number of bits per cell (MLC) 1 1 2 2 2 4 4 --

PCRAM typical cell area per bit size
2 . 0.059 0.034 0.014 0.009 0.008 0.003 0.0023 0.0018 0.0015
(um?) (BJT access device) [64]

PCRAM typical cell area per bit size

(pmz) (NMOSFET access device) 0.14 0.073 0.027 0.019 0.015 0.006 0.004 0.003 0.0025
[65]
[Péél]?AM storage element CD (nm) 32 25 23 21 18 16 14 13

3
F6C7;*AM phase change volume (") | 47457 | g1g1 | 6371 | 4849 | 3054 | 2145 | 1437 | 1150 905
PCRAM reset current (LA) [68] 270 191 170 150 121 102 85 77 68
PCRAM set resistance (Kohm) [69] 25 3.4 3.7 4.3 5.0 5.7 6.5
. 2
[P%‘AM BJT current density (A'Cm™) | 4y 3e46 | 50E+6 | 5.1E+6 | 59E+6 | 6.2E+6 | 6.5E+6 | 6.8E+6 [EXNZTIREEEIT

PCRAM BJT emitter area (umz) [71] | 0.0064 0.0039 0.0033 0.0026 0.0020 0.0016 0.0013 0.00096 | 0.00080

PCRAM nMOSFET current density for
reset (WA/um) [72] 643 689 802 896 842 853 849 924 987

E%';AM NMOSFET device width (um) | 0.28 0.21 0.17 0.14 0.12 0.10 0.083 0.069

PCRAM nonvolatile data retention
(vears) [74] >10 >10 >10 >10 >10 >10 >10 >10

Eﬁﬁi\;\”[‘g’gfee"d”rame (readfwrite | ) -1 | 10E+12 | 1.0E+12 | 1.0E+12 | 1.0E+12 | 1.0E+13 | 1.0E+13 | 1.0E+13

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |@

Manufacturable solutions are NOT known _
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Table 43b Non-Volatile Memory Technology Requirements—Long-term

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Flash technology NOR/NAND - F (nm) [1] 28/25 25/23 22/20 20/18 18/16 16/14 14/13
[FL::T,SFS?OR cell size — area factor a in multiples of F [2]. [3], 10-12 10-13 10—-13 11-14 11-14 1914 1914
;'_acs';‘M'\l‘_ACN?S]C‘*" size — area factor a in multiples of F* 40/10 | 40/1.0 | 4010 | 4040 | 4040 | 4010 | 4.0/10
Flash NOR typical cell size (pmz) [71, [8] 0.0086 0.0073 0.0057 0.005 0.004 0.0034 0.0026
Flash NOR Lg-stack (physical — pm) [8], [9] 0.09 0.09 0.08 0.08 0.0 0.0 0.06
Flash NOR highest W/E voltage (V) [10], [11] 6-8 6-8 6-8 6-8 6-8 6-8 6-8
Flash NAND highest W/E voltage (V) [12] 15-17 15-17 15-17 15-17 15-17 15-17 15-17
Flash NOR Iyeaq (MA) [13] 24-30 23-29 22-28 21-27 20-26 19-25 18-24
Flash coupling ratio [14] 0.6-0.7 0.6-0.7 0.6-0.7 0.6-0.7 0.6-0.7 0.6-0.7 0.6-0.7

Flash NOR tunnel oxide thickness EOT (nm) [15] 7-8

7-8 7-8 7-8 7-8 7-8 7-8
79 6 8 6 8

Flash NOR interpoly dielectric thickness EOT (nm) [17] 8 10 8 10 8 10 8 10

Flash NAND interpoly dielectric thickness (nm) [18] 9-10 9-10 9-10 9-10 9-10

9-10

9-10

Flash endurance (erase/write cycles) [19] 1.00E+06 | 1.00E+06 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07

Flash nonvolatile data retention (years) [20]

Flash maximum number of bits per cell (MLC) [21]

FeRAM technology — F (nm) [22]

FeRAM cell size — area factor a in multiples of F2 [23]

FeRAM cell size (um?) [24]

4 4 4 4 4 4 4
4 | 3 | 32 [ 28 | 25 | 2 | 2
20 20 16 16 16 14 14

FeRAM cell structure [25] 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C
FeRAM capacitor structure [26] 3D 3D 3D 3D 3D 3D 3D
FeRAM capacitor footprint (pmz) [27] 0.014 0.011 0.0049 0.0039 0.0024 0.002
FeRAM capacitor active area (umz) [28] 0.055 0.05 0.043 0.04 0.037 0.035
FeRAM cap active area/footprint ratio [29] 3.88 4.63 8.81 10.25 15.12 17.17
Ferro capacitor voltage (V) [30] 0.7 0.7 0.7 0.7 0.7 0.7 0.7
FeRAM minimum switching charge density (uC/cmz) [31] 30 30 30 30 30 30 30
FeRAM endurance (read/write cycles) [32] >1.0E16 >1.0E16 >1.0E16 >1.0E16 >1.0E16 >1.0E16 >1.0E16
FeRAM nonvolatile data retention (years) [33]

SONOS/NROM technology — F (nm) [34] 32 28 25 23 20 19 18
SONOS/NROM cell size — area factor a in multiples of F [35] 6.5 6.5 7 7 7 7 7
SONOS/NROM typical cell size (um?) [36] 0.007 0.005 0.004 0.0037 0.003 0.0025 0.002

SONOS/NROM maximum number of bits per cell ((physical 2-
bit/cell) x MLC) [37]

SONOS/NROM area per bit (um?) [38]

SONOS Lg-stack (physical — pum) [39]

SONOS highest W/E voltage (V) [40]

SONOS/NROM lreaq (HA) [41] 23-33 | 22-32 | 2181 | 21-31 | 20-30

20-30

20-30
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Table 43b Non-Volatile Memory Technology Requirements—Long-term (continued)

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM % Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) %2 Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
SONOS/NROM tunnel oxide thickness (nm) [42] 3 3 25 25 25

SONOS/NROM nitride dielectric thickness (nm) [43] 4 4 4 4 4 4 4
?r%h;O[SA(HROM blocking (top) oxide or dielectric thickness 6 6 5 5 5 5 5
SONOS/NROM endurance (erase/write cycles) [45] (RoJo] =Sl I Mo[o] ==Xl 1.00E+09 | 1.00E+09 | 1.00E+09 1.00E+09 | 1.00E+09
SONOS/NROM nonvolatile data retention (years) [46] 10-20 10-20 10-20 10-20 10-20 10-20 10-20
MRAM technology F (nm) [47] 32 32 22 22 22 16 16

MRAM cell size area factor a in multiples of F [48]

MRAM typical cell size (um?) [49]

MRAM switching field (Oe) [50]

MRAM write energy (pJ/bit) [51]

MRAM active area per cell (umz) [52]

MRAM resistance-area product (Kohm-(umz) [53]

MRAM magnetoresistance ratio (%) [54] 70 70 70 70 70 70 70
MRAM nonvolatile data retention (years) [55] >10 >10 >10 >10 >10 >10 >10
MRAM write endurance (read/write cycles) [56] >3el6 >3el6 >3el6 >3el6 >3el6 >3el6 >3el6
MRAM endurance — tunnel junction reliability (years at bias) [57] >10 >10 >10 >10 >10 >10 >10
PCRAM technology F (nm) [58] 28 25 22 20 18 16 14

PCRAM cell size area factor a in multiples of F2 (BJT access

device) [59] 5.9 5.9 5.0 4.8 4.7 4.7 4.7

PCRAM cell size area factor a in multiples of F* ("MOSFET
access device) [60]

PCRAM typical cell size (pmz) (BJT access device) [61] 0.0046 0.0037 0.0024 0.0019 0.0015 0.0012 0.0009

. - 2 .
PCRAM typical cell size (um~) (NMOSFET access device) 0.0068 0.0051 0.0036 0.0027 0.0020 0.0015 0.0011
[62] : : : : : : :

PCRAM number of bits per cel (MLC) [63] I RN IR R R VR VR

PCRAM typical cell area per bit size (umz) (BJT access device)

[64] 0.0012 0.0009 0.0006 0.0005 0.0004 0.0003 0.0002

PCRAM typical cell area per bit size (umz) (NMOSFET access

- 0.0017 0.0013 0.0009 0.0007 0.0005 0.0004 0.0003
device) [65]

PCRAM storage element CD (nm) [66]

PCRAM phase change volume (nm3) [67] 524 382 268 180 113 102 65
PCRAM reset current (HA) [68] 53 46 39 32 26 21 16
PCRAM set resistance (Kohm) [69] 9.9 11.3 13.2 14.7 16.7 18.7 21.7
PCRAM BJT current density (Alcm) [70] ' 86E+6 = 9.3E+6  10E+7 = 10E+7 1.0E+7 10E+7 | 1.0E+7
PCRAM BJT emitter area (pmz) [71]
PCRAM nMOSFET current density for reset (WA/um) [72] 1,056 1,202 1,270 1,310 1,320 1,340
PCRAM nMOSFET device width (um) [73] 0.053 0.043 0.032 0.025 0.020 0.016 0.012
PCRAM nonvolatile data retention (years) [74] >10 >10 >10 >10 >10 >10 >10

PCRAM write endurance (read/write cycles) [75] 1.0E+14 1.0E+14 1.0E+15 1.0E+15 1.0E+15 1.0E+15 1.0E+15

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known _
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Table 43ak43blZx 7§ 5H1E
[1]1 BET7 Ty 2 A —%, CMOSOH D feature size “FIZ%F LIBNAMEA D372 53, HIZLZ DTN,
RSV CWDRE CORRFHIXT T FEA /RSN TS,

[2] 7T 2NORE/L - A XL, Hiflt /—ROF % T, a=/VIEifE F RSN TS, b RV LD 5
MEESNIZRFZ, 7 — MDA =V 7 BHEECHLF A LT o720 LTz EFEAICIEE,

[3]High-K 1% —R VMR Z45Snm R DN EZEFLLARE CRIBI S TRY, 7 — My 7 U 7 H3R0. 723 AT REC
bb, TR P ARXBARE, 2T 7704 —TO LB LT,

[ N—F LT TURTLATENI BIZ O LA RE WD SE D0 LIVRODS, ZOFBITHAEDO LTI
GEATR,

[5] non-planar 7 /NA A (FINFETD LO72b D) IIARKD T T3 2 A=V 7 D ZIZBARIILTODN, EHLORR
WFHAEDORITE EN TR, A Z—RUIZHDHigh-kDELE I XLgZ LR ST DI IS SO0 LIv W,

[6] BT 7775 e =)L U T/ FY, ZOFIL, L 2T BEPOEE2 25> TWA) ENAND /L0 S
OFEAET/RL TS, 77 2NANDIT, BIUAEIEDZLDERG 12OV I NV —T THHESNTHDHO T, LY
INSTR B s A R T2 5 TUND, (SLC: L ~ULDE/L, MLC: %L ~UL Dk L)

[7] X727 T2 aNORDEIL « A X3um> TREN TS, B A XL, FLEND 2" DfE L2 > TN D,
[8] NORT T3 2Dt /b + A X LA — MR A, KBRS Tung, 28

[9]1] 77> 2NORD = b —/ L7 — O E R RS THD,

[10, 12] BESIO TN D fe s BIE Thd, Wi IMBHHREIR L (38722,

[11] High-k-1 > % —RUAEZ O E NIITH EEE 2D T DOIE IO TH A,

[13] EHfiITA — =R TA T EBEEAKI T D7D W/(L*Cox) L0 mWEIS TR —I 7 L3892,

[

14] o TV TSR (Ta—T 47 7 = NE Rk Har b — L7 — &)/ — A, KAV FERA &It
THRTO—T 4 TR )

[15, 16] For R/VIRALIEE L T — Z R FF A RGE TE DI NIRRT USRI D, GEHEE LRSI DI
DN AT TR0, ZOBRNIA =V T2 T HZ L2705,

[17. 18] A2 X —RUMARE LT — HRE R 2 ARG E T D720 0 IR L AT TR B2V, —ED By TV T R
EARAET DI+ 0RO E R DD, HEIEO A —D 2 7 DRSO T — 2R IXE K2R E 725, High-kA
H—IRNET — R AR LRI, A H—RUDEOTZBO L, —ED Iy TV 7 R DITITAT
DTHA),

[19] E/WIHAPED MBS L, A OAERIZIN U TE DS, L, 1ESH A7 ML, ZNETORMEN LR D70
WRTREZR B/ NDRFRL ~ L E L TR AN TN D, 5% OFFH B L, B ERA 7 v a ELTHE
SNTMHAMERED A E & TF — R EDO R — R 712D L A Ei - A L FR S L5,

[20] 7 —Z{REFRFIEIL T /A R E A DR TIRZRKRMBIZ BB /37 A= 2 ThD, T /3N ADFE R K OVK g
ra—L Dk BIZED204E0 T — 2R EHERE N EH SN L MRS ND, S5IT, /WA Z ) ESE 5700k
—RAT7LLT, TR A IR T 52 L% I ANLILA b LR,

[21] BV DFHHED TIL, 28y bR 57-012 AL ~UL OB O EFREIRHEZFRBIL TD, 16~V ETH#
LHDZENTRSNDA, 2-bit/cel CH 2472V, LT LA REHERF 9D LD TH D, (MLC: Multi Level
Cell)

[22] IRH ATV —TIZR WL AT —L L TOFeRAM /L D[RR 15 THL Pl Z R L TND,

[23] ZAUTBENTYT 77 H @ ThHVa="1 /L« U T [FCHEND, FeRAM /L « B X%, E#H TIE7a kD
FeRAMIZi# i SN A BT OF % IV TR SIS,

[24] FeRAM /L « B A R Zpm?> TREN TS, BB A X (Ta*F,

[25] FeRAMD /LA T, 1T,/ 1CHRUZE > TUV5, 5F = — 2 FeRAM'S D L5 e th O R DO /U I3 B3 T T
Do

[26] Fv/ N\ HORERKIT, B/VHEZIRE D HERERN TH D, S LSV P ET, D50 B\ =k oikiE
IZE & DTV ER DD,

[27] %/ ST A O HRETum® TLH ST D, 200542006412 19F43, 20074E-20094E1Z16F%43, 2L C, 2010
HE-20204E121X10F, 2L T (Z R AMESIL T,
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[28] v/ XU A D FENEFE T D, 3R ITT CHEEZME AL TWA72DIZ, ZIRTAEED L D' ONEEFEIDE K&
7poTWNA,

[20] PRI 5 FEAERHOTI G, ZHITECORHRERTHTF T,

[30] ¥/ XU AICHINSNDENVEE L ThD, IKEEEENHHOHLVRETHD, —RINCTRF S ORI
FNEBIEABO T -0 EHT DL ENDHY  RELRFEHRRE THL'S,

[31] le/ DDA T2 7B IE (WClem?) 134T F7R% G/ RT A—4 T D, iU, EEEOF B v/ U X EEIC K
EISNT= I/ NDYIVD AL T L T ERIATE L, T3 ZEBIE I Vopl L TA,

[32] FeRAMIFAEE R I LEL T &7 > TDTzsh | EDRE AL A7 TN TH T —Z DO FRIFEDT=OITT A A

— B2 CUND, THAMEZ R T A7 M, A BEEDO BT ANV E R LIZL D THD, DRAMSSRAMEH A5
7290 IZFeRAM TIEMHA YA 7V HUE, 1E15E72 A RETH D, 1EIST A7 NV DOEFEMEERFE T 57 ANERJIZE KR
AUETHD, 100MHZz CT104E1X, 1E16 A7 VI 3D,

[33] 7 A AN EIFNOUIBES L CODRFIC BRSNS T — AR PR ETH D, 1B 851 TRHIS D,

[34] SONOS/NROM D 3% {13 e UL 2 AZ G, BUEDCMOSOEIFIZ LA E/2 > TND, fFRESIT-
IREH N CORRFHD 2 DFEATREEL TD,

[35] VU T 7704 —"a"=cell area / F*, ZDFIZIE, HIFFEALTUHSONOS/NROM NORE /LD /LI FEIZKf
L. EEIHEDNDHMHF OSSO RS TS, SONOS/NROMIET /SA AEICT —HD2DOD
physical bit & 2.5, ©/NVTIT 7774 —a%, BNV TH-T, By METITRUY,

[36] HIFFS DR FE M7 “SONOS/NROM NORE/V I Zpum D AL THRSNTND, ZO' N - A RFE T
&->C, physical F/2IIMLCE > Mg TIEZ2\,

[37] MBCIZZ 'y MEAF, MLCITHEHL ~ VDR AF% 79, SONOS/NROME /LY — R RUAAEHUE EoZE(l
JEFR ORI & D24 P B 28 2 Do JL ZED, = 2O EMI2DODR X DEYRBFIET D, LOL, TREIDE
i DOEGFTIE, BE DL ~L(MLOWZ 3T TEALNLZELHV 2D, TDORER., EDBNMIEZLNAHE Y MR
L/Tb \éo

[38] HIRFS DR FE M2 “SONOS/NROM NORDE k4 720 DB /L i1 Epum D BT THRENCND, fRIFSHT-
'y MEELN)2-bit/device P MLC & & 6,

[39] SONOS/NROM®D T /3 A ZADMHERE: 2 um TR L T %, MOSFETE[RIER I — (B D& — R 21T TRERR S L CUD,
[40] B/ TOOVIZH L TOERKEILETHD, ZIUEBIMLE LT R 25,
[41] BEA— /=R T4 7 EK A5 T 2 DR FRIFZ(W/L)*Cox) KD HEiv -,

[42] For RVBEALIEN L, 7 — 2 ORFFRE A RAE S D DI+ 3 B RBZRIT TR B7R0, LinL REE CRiAFE
A HICHERORRIC T OB E D DD, ZOZEIE, A= 74 5 EE 52 5,

[43] LT EMZENTED, TORBEIIT 0/ T LN EEIE, ME/EIALDORE, 7 —FFE, 7o AH4#,
ZLCiitA MO B Cha{b S5,

[44] EEOT ayx 7 OBLIFEEIL 7 — NEMm D, B ff ORI R (L) 2 0B, TOREEIX, 7 uro
T EEEELET X ORI E OB CHRE(LEINTZH D ThHD, ZOZEIL A=V 7T 5 EE 5 2
5o TNR=a— ALY D X5 7eHigh-kif AR LR 7L ~OVHEREE IR O IO 728 LW HERE E I O R B C, I BJg o
TayX T OMFIEIEL, EIAREE LR R ORI EHERFL 03D, 7 —MNEAZ[BLEET5 A 28T 206 L
N2, ZOHATZIRZEHL20084F, ZALLIRRIZRAT 5 THA), High-kifBIRIL, BRSNS, Z1b
PR RNV ER LA R — ) T BB N2 D,

[45] B EZALMANE GEEEBEIADYA7V) OERIZISH 3BT TED D, LOL1ES YA 27/0i%
BRI ERLNG L COR/NFAINVEZ R ~LEL TZIFT AL TETWD, FREN L. et 7 ar
LT ES AR/ NDPEDOHEIMD 725 VT ar St DR —RIZx L TRBE S -8 5923577
%9,

[46]SONOS/NROM DT —Z R FREFE I I FEEOHRRIZREV, Z D14 H#F'aﬁc:{zkﬁuxf;éo ZDT, BATEAITVE
LTI TIL T I RIS DN, FIUTEIRE E O if;%m\o T I T4 RREFN
AR EL T — 2R FFRFE DT O IGRFHEIL OB IRY, BIE TR, L7§ L. B ADFECT — R
DEFT I BENTEY, FFERANCESR5UGE LA RETH D,

[47] MRAM%'%Z X, 20104 FTIEBIEDOCMOSH AT O AR IR L L BN A L bis, Zohou—K<y
TIXRRFHIR U DA FEA/RSILTND,

[48] B/LTYT 7 774 —“a” = cell area/ F* , ZOHUHEIT, MRS TODMRAM B /VEIFEIZ) L, EERIZfEbLD
FIROFAEF OIS0 OBV EFEIZ 25T,

[49] R HIZ2MRAM D /L FE I um* D B THREN TS,
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[50] MRAM®D T — & Z& a2 HD1E, BV DRALD 5 A1 % AL S DD ) “H T D,

[51] MRAMD T — X% EZHZ DO/ NY T2 DAAL v F o T 23X —(F, BEXIALBHEERE
EXIALRFHOBEL CHEAESND, ATE Y RDAEY— 7v—f{ﬁu/azrfi%éhf_x4/%/7 TRLF— @E}ﬂﬂﬂﬁ
EDONDZENEELN, AT —D BRWRIEBVEIL, Ay TF 7 =X —,—HT-VOFEZALBOIETH
50

[52] MRAM®D T 77 47 726y MEAEIL, B/ O R TRMEM B SV CW DI Th D, i, RFAOHF DAL
TR o CUND,

[53] MRAMDIEHTEHEDHE (T2 BRAADFE) 13, BARDHEEEH 7520V LA i3 DO ER] 7 iR 725
WEMEM B O B B & 5 2 HEVERMETHh D, R*AFEIT ERIAYRMEIRFUIR BB OREME R RV A HRPT (R0, 270
EL. EEEOV L ORI mEZ N S b2 82k, FHHETE2,

[54] MRAMDREMEHRHTHRIL, 100* (Rpgh-Rioy) Rioy EL CRERESND, ZO T, “17L40"DRY v 7L~ L D[H D
EWEELDTWD, T, iU, MRS OB E AR T, Mﬁzwmwﬁ/\@ﬁﬁﬁ K E i CREAM
S,

[55] MRAMIZEIR NI CODIRIE T, T — X ZARIFEL CWARLENH D, B &L CIIERNL COER LD,

[56] MRAMZS, RENMEALARIS LR EE 5 2 58570 A UK IR IRTEC L BN E L2 U iE e b7 Bk an S
HHREEZOTFAINVETHD,

[57]1 MRAMIZ, BEMEAT B ORI MG DRI HDEE TIZIR N TODIRRE T, ERSh D/ DA S H
T LODMENDD,

[58] PCRAMIZ, CMOSE A DRI 72 A KB T 2 F BRI T0D, 2O O —R <y 7 ClIEEEHT
KT DA FEANREN TS,

[59] B/LUT 7774 —“a” = cell area/ F* , ZOFEIL, IFFSN TOHPCRAM VI FEIZ )L, EERIZfEbD
BAHEF 1 OES ORI > T D, PCRAMIEAERIREE D TEL T 7 RREE ~T 20— AF 2 VO EFE
BEHEA D0, BEER Y MERESHBET 5, BIThN 7V AXIMOSFETIZE R T =y ML, IVELDER
IR 2FEMNAFETHDOHD T, A HEBEE ST ZEN TED, BITEnMOSFETD T 72 AT /SA A MIZDFERT
IRSHTUND,

PCRAMIEZMLC (multi-bit per cell) B A[EETH D, B/LTVT 7772 —TE/VETHY, By METIE/R,

[60] B/LTYT 7774 —<a” = cell area/ F* , ZOHUHEIT, HIFHFSITODPCRAM B /VIEIFEIC KL, EBRIZfEbD
HAEF T Of20 DI/ > TS, PCRAMIZ T BV 7 7 24RBEND TEN T 7 ARBEA~T 2 — X F =21
L1202, BERU Y NEREVLEE TS, BITh P AZIIMOSFETIC R T =y MRl LV S OBk it
THENARETHLO T, BVEEZEO T O Té nMOSFETh;7 3 2% INear Term ClL L0 K& 72 L HIFE
12722 TCVABN, HifliZe 7 e ALK EEEMEL AT REIZL TV D, BITEnNMOSFETD T 7% AT /SA ARV EZDFET
RSV TS, PCRAMIIMLC( multi-bit per cell)23 AIEE T 5, HFEDE R T/ THY, B METITRU,

[61] BITT 72 AT /A 2% A 2 1=, MRS HIEN/RPCRAMD BV IZum™ TRIN TN,
[62] nAMOSFET T 7 & AT /SA A%l 2 72 RS AHIE N2 PCRAMD BV EFE I Tum* THREIN TN D,

[63] il itk L 7 /L 7 7 ZARBER OIHUE D L 23100-1,00072 0 T, PCRAMIIMLCEMEN A RETH D, ZDHEIT
S ND BV BN fFOMLCE v ML TH D,

[64] BITE/L% A 2 7-PCRAM®D 2 OMLCE Mg DO HIFF S D/ - A X, BV EOMLCE Y MIIZE>THiTH
OB e RESTHD,

[65] nMOSFET&/L %1 2 7ZPCRAMDMLCE > MO HIFF S D /L - A X, BV EOMLCE Y MRIZ X > ToriT
ONAMER 7R KRESTHD,

[66] PCRAMARZEAL BE521T, 2 472 BB TRV &y NEIMEAATD 2 ZH A O AR A XF LD R/ ha<721F
MUE725720, ZOMEEFnmICI W THIFF SO L B DIEFE T D,

[67] PCRAMARZEAL B LT A AR GO — 7 /30 —Z{R Lo C, HEARERE THD, ZOfEIInm (ZFVTHIFY
SNOMELETHD, -

[68] PCRAMD =AY £y MEEIZPA TRIILTND,
[69] & MEFIIPCRAMZE 1 H L AL — R 7= O T 8570 3% E B T b,

[70] PCRAM-E/V (i SR BEN S T L7 7 RRFEE T) 2V N DI TR BITT 7 BAT SAADLDHfFFS
NDEIEE IO THD, JOREOEEOBIT (KREWE/L A XEH767) EXLDEWT IR Y MER (R
EEEZLEELT D, ) ORI TRIE(LISNIZHL D THD,
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[71] M) MBI AR SRS A IR SN ABIT= v X — M DE T D, T BBITETE KA HERIS
50
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2007 2010 2013 2016 2019

2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm
7 -

NON-VOLATILE MEMORY
Near Term

Flash scaling trade-offs

FeRAM material improvements

SONOS ONO stack refinement

MRAM material improvements
PCRAM material improvements|

Long Term
Discovery of alternative
materials and/or alternative
NVM structures

I Rescarch Required [ Development Underway [ | Qualification/Pre-Production Y Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Figure 42 Non-volatile Memory Potential Solutions
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REBDAI=ARNE, A=V XA ST 5, Bz 1L, 2 b TDDB(time dependent
dielectric breakdown)iZ., #afxEIE A Snm LA T E72 5 LUK EITARIFIZE - TRz, EHIZ
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Table 44  Reliability Difficult Challenges

Difficult Challenges > 32 nm Summary of Issues

High-k gate dielectrics with metal gate electrodes Dielectric breakdown characteristics (hard and soft breakdown)
Transistor stability (charge trapping, work function stability, metal ion drift or diffusion)
Impact of implantation

Metal gate thermomechanical issues (coefficient of thermal expansion mismatch)

Copper/Low-« interconnects Stress migration of Cu vias and lines
Cu via and line electromigration performance

Impact of degradation of properties with lowering k (strength, adhesion, thermal
conductivity, coefficient of thermal expansion)

Time Dependent Dielectric Breakdown of the Cu/low-k system

Impact of packaging

Packaging Impact of increasing Coefficient of Thermal Expansion (CTE) mismatch between low-k,
silicon and organic packages

Increasing use of multi-chip packages and heterogeneous integration (e.g., CMOS plus
MEMs or Sensor)

Electromigration in package traces, vias and bumps

Impact of assembly and packaging on on-chip failure mechanisms (cracking, stack
delamination)

Ability of bumps to withstand thermal and mechanical stresses while providing sufficient
current carrying capability

Design and test for reliability Simulation tools for concurrent optimization of circuit performance and reliability

Tools to simulate electromigration, thermal-mechanical stress and process induced charging
Soft error detection and correction at chip and system level, including random logic faults
Screens for resistive and capacitively coupled interconnect defects

Alternative screens for decreasing burn-in effectiveness

Negative bias temperature instability Degradation of p channel current
Dependence on scaling and nitrogen in gate insulator

Impact on burn-in

Difficult Challenges<32 nm Summary of Issues

Reliability of novel devices, structures, materials and| Need to identify and model failure modes, develop acceleration techniques and qualify
applications Post-Cu interconnect solutions (e.g., optical, robust thermal solution, superconductors)
Non-CMOS transistors and memory elements

New packaging paradigms

Novel applications

fEREPEDER
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Table 45a Reliability Technology Requirements—Near-term

Year of Production 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013
DRAM ¥2 Pitch (nm) 80 70 65 57 50 45 40 36 )
(contacted)

MPU/ASIC Metal 1 (M1) %

Pitch (nm)(contacted) 90 78 68 59 52 45 40 36 32
m%’ Physical Gate Length | 5, 28 25 22 20 18 16 14
Early failures (ppm) (First

- 50— 50— 50= 50= 50= 50= 50—

b )—

4[1%00 operating hours) 2000 | 2000 |°020%0| 2000 | 2000 | 2000 | 2000 | 2000
Long term reliability (FITS
= failures in 169 hours) [2] 10-100 | 10-100 |50-2000 [ 10-100 | 10-100 | 10-100 | 10-100 | 10-100
Soft error rate (FITs) 1000 1000 1000 1000 1000 1000 1000 1000
Relative failure rate per Number of
transistor (normalized 1.00 0.79 0.63 0.50 0.40 0.32 0.25 0.20

t02005 value) [3] transistors

Customer needs;
J11 length of
interconnect

Relative failure rate per m of
interconnect (normalized 1.00 0.84 0.71 0.59 051 0.47 0.41 0.37
102005 value) [4]

Table 45b  Reliability Technology Requirements—Long-term

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM ¥ Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

1 1 1 Kk 0]
[Eﬁr'y UGN GUE RS L BN ©6 7000 50-2000 50-2000 50-2000 50-2000 50-2000 50-2000

I[_;]ngtermrellablllty(FITS:fallures|n1E9hours) 10-100  10-100 10-100 10-100 10-100 10-100 10-100

Soft error rate (FIT)

Relative failure rate per transistor (normalized Number of
t02005 value) [3] b R bl bl bl bl bl transistors

Customer needs;

Relative failure rate per m of interconnect
(normalized t02005 value) [4] | e

LFEDRIYZ TIZ, 2019~2020 D fZ72 255/ ODFSSHI R F 1T, ZHEDHED ORTC HIZTF > TD/YDI 722 X5
HeD FHECFPHE 28D, IRVIAA TUVRINZEITHEB /&0,

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known
Interim solutions are known |4

Manufacturable solutions are NOT known _

Table 45a & b ~D7E
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FRID) .

[115#] 4000 BEEIENE (50%DF 2—T 4 F A 27/ CTUHER O ) OO R, KIS E 508 R BIZH=5
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2007 2010 2013 2016 2019

2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm

Identify failure mechanisms,
develop physical and
statistical models;
qualification; design for
reliability capabilities for:

Strained Silicon [1]

Low-k Dielectric [2]

High-k Gate Insulator [3]

Metal Gate Electrodes [4] -\&\\\\\\\\S\\\\\&\\\\\\&\\\\\\
Double (or Multple Gate) [6] B [
Post-Cu Iterconnect [7]

Novel Devices, Materials,
Packages and Applications [8]

Bl Rescarch Required [ Development Underway [ | Qualification/Pre-Production XY Continuous Improvement

This legend indicates the time during which research, development, and qualification/pre-production should be taking place for the solution.

Figure 43 Reliability Potential Solutions
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