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Table PIDSIa Process Integration Difficult Challenges—Near-term Years

Difficult Challenges =2 22 nm

Summary of Issues

1. Scaling of MOSFETS to the 22 nm technology
generation

Scaling planar bulk CMOS will face significant challenges due to the high channel doping
required, band-to-band tunneling across the junction and gate-induced drain leakage
(GIDL), random doping variations, and difficulty in adequately controlling short
channel effects. Also, keeping parasitics, such as series source/drain resistance with
very shallow extensions and fringing capacitance, within tolerable limits will be
significant issues.

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 at
some point. 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, as well as control of parasitic series source/drain
resistance for very thin regions.

2. With scaling, difficulties in inducing adequate
strain for enhanced mobility.

With scaling, it is critically important to maintain (or even increase) the current
significantly enhanced CMOS channel mobility attained by applying strain to the
channel. However, the strain due to current process-induced strain techniques tends to
decrease with scaling.

3. Timely assurance for the reliability of multiple
and rapid material, process, and structural changes

Multiple major changes are projected over the next seven years, such as.:

Material: high-k gate dielectric, metal gate electrodes, lead-free solder

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

Structure: ultra-thin body (UTB) fully depleted (FD) SOI, multiple-gate MOSFETSs, multi-
chip package modules

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 22 nm
technology generation

DRAM main issues with scaling—adequate storage capacitance for devices with 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.

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
22 nm technology generation

Flash—Non-scalability of tunnel dielectric and interpoly dielectric. Dielectric material
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.

MRAM-—Magnetic material properties and dimensional control. Sensitivity to IC
processing temperatures and conditions
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Table PIDS1b Process Integration Difficult Challenges—Long-term Years

Difficult Challenges<22 nm Summary of Issues
6. Implementation of advanced, non-classical Advanced non-classical CMOS (e.g., multiple-gate MOSFETs) with ultra-thin, lightly
CMOS with enhanced drive current and acceptable doped body will be needed to scale MOSFETSs to 10 nm gate length and below
control of short channel effects for highly scaled effectively. Control of parasitic resistance and capacitance will be critical.

MOSFETs 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 III-V thin channels on silicon) may be needed.

7. Dealing with fluctuations and statistical process Fundamental issues of statistical fluctuations for sub-10 nm gate length MOSFETs are not
variations in sub-11 nm gate length MOSFETs 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

memoty structures Increasing difficulty is expected in scaling DRAMs, especially scaling down the dielectric

equivalent oxide thickness and attaining the very low leakage currents and power
dissipation 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-k interconnect will become
interconnect schemes 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. Eventually, identification, selection, and Will drive major changes in process, materials, device physics, design, etc.
implementation of advanced, non-CMOS devices Performance, power dissipation, etc., of non-CMOS devices need to extend well beyond
and architectures for advanced information CMOS limits.

processing

Non-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.
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B LER, fiijE SOI JEEDIIH S E | MEHHIRIEO D E OB T+ /0 I T BRI TR
v,

[8] FTAEV—HEE DI, F#HR, AESL

EHIZEHEWTIZ DRAM & NVM DA —YU 7 OEELE )N, INEE2 RO R ITEEH SN TWVDEDIZ,
ARG D, @BE., @i, 20U THUWREERVE AT — S ~DO BN 1B E RO 72012,
LTV, ZDIHR RV AT)—DEFEIIRERT YL P ThD,

(9] BFH 7= BRI & DI B

SHOHHIRIL, FRIE2Y 100nm LA FE7pdé, a2, 2. BEHEEEOFEESRIL 1-1.5
DR CTH S, FOWEE T, EARARBMEREN EDT-012 T O T —F T 7 F v — O BHT LA R 5
NEREND,

[10] ZHAGIZIT, (EHRUBEDHER D=8 DR CMOS, CMOS LUSKD FANf R T —F 72 Fp—D
JAIGE, R, B

BAEHIIZIE, =Ry 7 DDV HDHNNIZDZIZIT T, MOSFET OAR7—V2 7135k 2\ Rm
§9<72 0, maAAMIZRY MERE, THEFE ), BREE 2L &M ELTOKTedIzi, 3E CMOS (XA MR
RSB D, EDIORFRE NN ETICHRB SN EELST T D EMERE, Ko AR, @& E O
CMOS 17 JHFIZ BEEEMIH D W ERIIC AL T 7L —a SNA 2 ER IR s D,

BV DRI R LA IR oA

BV B EITER

BB R OF I, @ PERRRAARIE E B IR T P2V IC D MOSFET D ZE RIS LIZbL D ThD, &
PERERR OB w7 8ix, T AV by TR0 — N — Al O~ A ra7 mty o=y (MPU) 728 DIEF 1ZH
MHECRMERE CTHLD, RERBEEE N OF 72 BEL THD, IRIBEE ROy 7 L3, PR EE
w1, BB F R EHE BN EMOFHFam CTHIBRS DR AT L2 HEL T0D, IKIHE B IROrY
w7 1x . IRENE®E /)Y 7 (Low Operation Power, LOP) S K 54&7E J)m s~ 7 (Low Standby Power,
LSTP)D DI KBS D, IREEE I HTF v 7%, REEEMAZ AL/ —Mia o —2DL57,
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B R RE 7R BN AL & TR, B ERFOVHE BT HITICIE ) L CWD, IS DT> 71X
INREBEOEMER T HEEREIEOL e, TIUIEEREL ZRIV W RAE R MICHE S, L8R
B/ NSV RFOVEE R /), T2 Db EB A RER it/ NNV — VBRI E S D EDIL TS, mfk
REICH O VAKX, EMERE Y v I DT= O\ BRR 727 — MR (BX Y, NI AKX R DD/}
TA=HE) Bb AT — J‘/&“émzf& ZJZOT BbmEmWIEREE R T, V=7 ERb Kb E ., 1K
BIEBR N T o ITBITDRN T VAL L, &0 TEREDMERWVA, +H0 I/ h W) — 7B aEE 35, — .
A E O 22T, b ER ﬁxff%w% wbD 72N — 7B A FEB T HREL705, KEE
BINT D AZNZBNT, BHEREN TV VAZ D = NENODFAIL T BT 2 FTHY, R E)
[B]CHE A IR I BT DR — 7 B D E R Z KL T D, (KSR S N7 P AZITB W T, mERE
NI D RE DT —NRINODZAILTIEIIUT 4 FTHY | BIRY — 7 BIR OB R A KL T D,

0y 7 DT E R DT — T VBT 572812, MASTAR MOSFET LWV ETF UL Y TR =7 /3
ffi & H7=, T. Skotnicki, F. Boeuf % (25> CRAR &M 7= MASTAR' 2 12i%, SCHkT — 4% F VTl
DAV FEMZ2 AT MOSFET £ 7 /L AME SV TS, B ERFEDIERIZIBU T, MASTAR (X E Y
PN —RA 7 H= SN T DOIZIEE T L CND, TT ADLERIND —DDOEE R/ RTA—=H L, Ah
V>tw 772 MOSFET OIRIERFH] 1=CV/I TdHD, ZZ T, CIIFEL TRETIS — M —NR"—Tu 7
TV VREE SNV UAKIE 1 /B0 = NFEETHY, V ITEREL (VD) | IETF v v
MR1I7a 40O fafndE it (Idsat) THDH, 1 1%, A"y 2772 MOSFET OIRIERFEIZX35 BV e
FETHY, Lo Tl 1 NIV PREDA LN 2 IR RAA YT o 7 A OFRIEL 720 NI P RH
PERED L HARHRIE L 70D, (Bt B BAE IR O FHAM R EE & LT R IR O R LA L B it & I
BERAST-RUVA B Ly 272 CV/Lg DBHFES L, CV/Id.sat L0, %57 IEfEE RSN TWAZEIC
HEETRETHD, F—LRB A=V F LU RERIIEL, ZNETOR—R~y 7 O A Z R
% BT, Fex l3BEOIEEN 0 EMETHLHD, THAEEOET TD)

FMTE IR DR D NTA—FEEPRE T H-0OIZ, V—7 & KEEE IRy > 27) R0 1 (ETHERER
1y ) IR E BB 18T A= D B ED R Eéﬂ’f“é ANRGA=21F A —V TR
=TV TR T NA A EREY 72 JF AN RIS TIRGER S 415D, MASTAR % HWT, B % 2
T DETAS NG AL EAT Ly Ry —h E T4 B2 CRtREMOIKL | BA&H7R A1/ ST A—2D
fHA B E L2, MASTAR 7077 hBEL TR Yy 7 DEAMERORZNEDDOITMH SN FEH O
MASTAR 7 7A/ViX ITRS @OV =7 %Ak http://www.itrs.net THEZR TX5,

FIREROFRIZIT, WKODD /T L LR ZARENGLTND, T —F—H L7 CMOS 2 TX572
JIEETIER T 5T, MEBAR 7 (5842222 % (UTB FD) Silicon-on-Insulator (SOI) MOSFET <°
FinFET O X572~V F 47—k, KX 7 V7 —NDG) MOSFET &\ 7= 6Bk A7 CMOS HiAfiA 2010 4
DREEASIL, T L—F L7 CMOS EATL ClETe, A7 —U 7 RiETelcLizid > T, Fr b
AH D @R AL T v RNV R+ 3 T C&7eliep 2 bl 7L —F—/3L7 MOSFET C
(3 OIENELD (SHARL5EMIE, NEERPR OO H 12 S i), BRI CMOS £
WIS I T —F—IH R =Y T LT W, thon—Rvy 7 TSNS, FE, v /LT 7 —
I MOSFET IZ UTB FD MOSFET kW& 27—V ZHEICEIN CWNDTZ | FEMiD MOSFET 13~ /LF 47—
FCHDHETRENTND, EEREBEREL T, L —F— T2 WNOETHWET D0, T, JeBi
#I72 CMOS HATICBAT T 22 A TI3FNE ORI L > TRRDZD T, EOEFHZBONNTTDE
FEOELRRLFHE, HT NEAFT D, 2O =R~y T DO/RTU ST ENE KL TWAHIEA ERL
TWD, &7 =T NDTRANTA=2EEY NI, &LRFRIR A=) 7 FUF % U CEE R )
INTGA—E N HAEIZET DIDNTEESNTND, L, T HZEDTEDANTIRTA—H N %<
B, FHFIRTA=ENINEELD ANFIRT A—H DR B> TN DT, BB H F1 /3T 2
— 2O B EZER T HMDO NS RTA—=ZOMER (T7bb | BRI —V 7 F VA T)
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DFTELY D, Bl ZIXHHTFVALL T, 7 — N —ZERB AT KT 5897 EOT #20H|IZA7—Y
VT DGE . RIS — N — 7 B A A D01 high-k 77— MEkxIFEO B 008 A A M T
725, MDA =V 7 FUATIE EOT 2oV ERT =V T IHHIENTEDL, ZOHE, 7 —K N —
Z BRI SOHIINL, FEREL T high-k 7 —MEFEOEALELHLZENTED, LML, 7 —ME
DT ¥ RNV —E T 3&1:)74~I//\/27</Mc&@{mwééfmm/\ﬁ H1%. EOT ®p-<hElL
TeAT =V T AL RICMH 13T A= G T D100, LV FELSAT =Y ZFESE T bieuy,
X, \_Z?L%@T“—7/l/0)x/7 Vo7 FUAE, ERIC E'<I/‘T’E|f+75f XET DM, FHM/ — R THEA
— O T HFEBEOEM T Y BV EIZLITRDEE 2 LD,

FEIRIT U AZDFR (PIDS2a &) ITHB W T, FERDIEHEIZ725D1E MOSFET DA Rty 77k
RRIEE CHD 1/t ThHD, 1/t O BEEL, @ EOMEREN ERITESTHHEEVE 17%0m ETHDH, T
TOray I A= RERF LW ER T EHIED7-0120%, 20 BEMAZER LTI, £
DZEDMD/RTA—=2 T, FFELTZEINT, 2O B EZ ZR TELHIITRESIN TS, KD HEEICE
ST OO EEFE RN GBS, NMOSFET OfIFIERE 1d,sat 1, 1/t O 17%/F D8 KA HEFF
THEDIC, B— R~y 7 OREMMZ L TOR0E EITHINL T, VY —RA/RL A B OY 7 ALy
a/LRY—27 & Isd,leak 1%, 2007 4E{ ’m\f 0.34uA/um EAHXTHIIC K EL SHIZZDOY— 7 E T~
T 2 HVF v 7T OEE BT W CEERBEWREZFFOIOICRD (TR CHEmEITI) . K
PIDS1 (&, miERERRE Y v 71 ;Ob\fml/r DRI =V 7w d, HeONOEERFIN A IRE, 2EEL
THR 17%10) L0 BEITZER SN TWD, 7L —F 7071220 T, 2009 LI, 17 % W EDH
— T PO REHEDHIAATND, ZHUTTEL CHREEZRBEROE DI H 1 TiEgm LA — U 7 DR #X
(WS TND (R =V 7 ODREESIIMASTERZ i o723 32l — 33 THRINNTND, Al | 3
72T ¥ VR — B DRI RIS, 2012 F1ZiE~8el8cm-3 LIEFIZE</25), UTB FD SOI
IZOWG | FREEIT SV IR TN, 2013 LAE 17 % DO BED — 7 bRERICE HiA Ty, DGT N
AAIZOWTIE 2019 FELLE, B HiATe, ZNHETDIr —A TR =V IR T ¥ RV 20 R 5
THHELIL, V=V B PRSI HEEF 5720, NI A MRED A EA RS A EIZEN D,
LSTP & LOP D1/t DA =V 7 DI1—7% ZOMERER] EOMERITE 13-14% THHH, IRPUIIFAR

Thd,
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1.E+05
17%l/yr increase
~ (HP target) _ -
I -
o -
= 1E+04 - %
g =
= 2z
- 2, DG
-,
-
- UTB FD
4
Planar Bulk
1.E+03 ; : : : : :
2007 2009 2011 2013 2015 2017 2019 2021
Calendar Year
Figure PIDS1 High-Performance Logic: Scaling of Transistor Intrinsic Speed, 1/t

IC L, Fy 7 REROMRESGED =D I E R T 5720 D~ L F a7~ /L F LEVWVESE
JEALD IS 72T =T I F v —Hilia T, Fo 7 ONT—EE L =2V OF T HEE W NT
WL AJUZHERFL D DT v 7 OEEMEZ @O 5 FIEZ G A UG 1=, T 7 EICEE D CPU Z45#75
ZEICRY, FoT EROMEEE D OO VKWW ay VEEECa T A ES A LN TED, ZD XL
N, VAT MEREE B T HT2DIC, MV VA BARO ALY —R IV, T EIZIDZLDaT 2
WTHIED TELEMEICEHESAEMMND AT AT AT —IZALND, SHIT, VAT LT AT —
IZ finite-cache WAL DT AT APEBER T NT 4 — %/ NRIZTH72D1280 JVEL<DF vy 2 AEY
7ty Ty I ANAHAICH D, O — DO EMERES AT AT REL T, L&V E DX
Yo a AEYELUTHE AT 572512 SRAM AEYE/LL0EIEAZT/NEV DRAM B E2~ a7 oty
Y F o TR T DEA N H T B D, A=V 7 HE > T EROEMRITROITHI S, Z0zhET

IR D THA), B—R<wy T DIRDIRTIL, T A& PIDS DU —FX 77 0 —713 FREA o
F T HRELEICB W T, 207 —F 77 F v —X—ADOMRER 7 —V 73, 2, WAL T —% 77 F
X —DMER 17%EVINERD T AL MEREA T — V7 BAEE R D DL RBE T HONEIN+471T
BETHTHAD,

BIEEEF > 7 ICB O TL, T EICEEI R T P AZ DY T AL L a/ L RERIT A KT 508,
7B B E PR L F IR DU ERH D, — DO R RIR X, T 7 NIZIK Vi O Ek
TUPARER Vi T, BRI, 7 MBEERNEWRY — 2 T O RE O TR ORI A A
WITDHZETHD, K =T T P AZ L, EE N T AR L AR TEIFE R N EL AR T S A APERE
(T HRARDOEMRIERE 1 ZKREW) THD, FlHNT AR, ZUT 4 TV S AT S, R
— IRV AT DO ETORTTEDLND, IRV — N7 DAZOFEM R I, Ty 7 hiea %

AU ERRPEICE T ISR H B B 12 KIB IR ST, 7R IE B E &M/ N T 2B RO F <
T—XT7F¥—LL T, AT = e HWCEIRES T RO/ AEERHNERT 2800, [ 7=
I DINT —F WO T 7= 77 ERe D, o FFiEEL T, 7Ll u%?%?ﬁ:EﬂﬂDLf iz EN
EEEOHIEEITO T ERDD, Lo T, Ar—VUr 7 E&Nniz@mthie 1IC OB FEMREIT, FHH72HEE
WL CTHEDLEVMEZFF O AR LT, T /3 A R/[al /7 — 5\'7‘77"\’ ZIEHT 5809
LD THD, FHFESROFRIZB O TL, EMEEENT L DRI RN a2 %5 50T, ZOMN VP AA T %
WoTB,

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2007



PIDS 9

KWEEENT 7 ICB W THEBESNDH )T A=2E V=R RV A DOY T Ay a/V R —7

T (Isd,leak) THY | RFHEE ) FT72 VAKX (LSTP) TIX AT _7= X R Z OfEIZ /Sy, LSTP
O Isd,leak DI 30pA/um A3 —EIHERFS AL, —F57 2007 FFEOAKENERE ) 7 A% (LOP) O Isd,leak
DEIZ~9A/um THY, A7 —V o TIHe> TR A ITHEINT 5, DT X TO/RTA—ZDOfEIL, EFED
Isd,leak % —7 v MIHESTHITRITNTND, ZIUTHD DL T | FERELTOT A AMEEE (1/1)
DIFEEIRI7e B #IE, LOP, LSTP EHIZHBEZEFHR 13-14% Thd, V—rEIRERICHDLE LD, 1
— T —a VI D — DA =V T IIEMRER Yy I REL o TWVAZ LI EESNTZWV GE
LLITueyyrOFRES M), LSTP B w7 I8 T 5 EERFED — O, EIRELE Vdd DA —U2 7'M
PFEWZETHD, LSTP 7 —H %79 Table PIDS3a & b 2B MDZL, ZOBWAr—V 7307 AL e
VR — 7B DLW R A7~ 372012, Vt DA —V o 7% e ENEI L= 728 T D, 1 7k
REASDT-OIZITT — b — =R T A7 (Vdd-VO)I L LAY R E2RME A HERF L7221 S 200 2 | Vdd
I Vit @@o@&bf_x/f Vo ZIZHEDRT UL D72, B E 8 ) I X E IR D2 (2 i3
BT IRHEE N DA OIEEEINLE RIS TRDICAT =V T ENDEN, ZOXAT
DOIEMEAL D E A WITFIR PN NSWEHIFFS DD T, FEFIT/NEINY =7 BRI I > TN EE
VAN j’%?}’Lé\_}:@fﬁ%@ﬁ#ﬁ%b\ LSTP oYy 7 E%t LT, LOP 2y (LOP O ZE kD
Table PIDS3c & d #& ML) FHOBEIREIE (VAD) (T B Ar—V 7L, BiERFOHE &
(vdd @:%a:tt@ﬂm“é%bﬁ@m‘%%ﬂ?ﬁ)%W/J MbT DI LICE SN ENND, L)L, Isd,leak 1T LSTP
DHLO LV REL, FEFIFIK TOLEVMEIX 3 IRWVERE THY, HHISD T — A — /=R 747 (Vdd-
VOREDILD,

2—/\U—F A IZEL ClE, FER BEILEMERET v 7 L RDEMERRITIEL AN ARET 7 3D D
D TV —F AL DI OHEE ) 2K 528 ThD, ZORKR7Z2 BRI, miErYy /T
FEFSI DO LEIERIZ Isdleak DIRNNT > P AZ AL AT 551k, T bR —F 7 RISk h
TUVAE  BIXORHERFE—RNTOTFT 7 DV — 7 EIREARIL T DD D/\T —< XA NG TR
BLOT —F77F v—H 7, 200 TEMRSND, FEMRIITITBEIR 2L EVMEEEHIE2 L ThD)s
H LA, LSTP DT —7 L TERENT= Isd,leak D /3T V702 —7 oy MEIZIEH 1T/ NEL, BHERFCTO
1KY — 7 BRI T DT ARSI R G & ST L TS, 2SR BRI, m VO EREZ 1557280 12
TEIW Isdleak Z2H T HNT7 VARG EZ AW TE WAV EREZELEEBIZ, Ty T RIROEIIEE S
T2 DEEESCT —% T 7 F v —HAil ;J:Dﬂﬁdz‘ﬂ? LD, BRI LOP vy /T, bk
WRUT=E1C, BEE DA FFAR UL P T 5701, EIRELEZ i) RAREE L35 TH A,

A=V T L5 TREEDOIEEN T £ <RAI2 2T, ¥ — N —278E ik, 8L —R)

— 7B FE DRI BRI — MR AL &9 57008, EHERFREE 722 (Table PIDS 2a, b & PIDS 3a
N5 d K OVERR]E[S1ZBROZL), XAV IR RV T8 57— ) — 27 &L EOT O I X
S THREBIEAINH T 5720 77— N — 7 EFILE LR EE72 5, FEP-TWG &/ —2 a7 A7)l
NERFATEWT, B UIRZ B LT B4R N R o 7B DR b —al DM Tk, i E R
DFTAF—IU> 7 &7 Vdd & EOT #H W TR R L7 — RN — 7 &S E O P ARENFH RS
72, LSTP & LOP, Ei 7 VAXIZEBWT, ZNLOFEINZF — N — VBB E L VAT LIPHD
PR THDHT — N — 7B OflfI (g limit) 2 FLEg U7, #% 5% Figuer PIDS2 75 PIDS4 12”9, =
2T, Jgsimulated (332l —a JOROLNTT — N —VEBiRE E Chd, LSTP EEtEiid N7
YYRBIZIRBNT, oD Jg ik, 2008 FEDERFTNIZAZFET D, Lo T, 2008 FLARE, [EER RV DTZDIT
2= AL CTIX) — 7 EIROFIFIZ 7V T TEe, SHIT, 2008 F-LIRE Jg,simulated O #ifRIL, Jg,limit D
BRI TEREL THD ., B L 2008 AELARRIZ 7 — Mkl L U TR S LA e T D — R —7
IFEGRICHR DA NDZEERL TWD, 20728, High-k 7 —MkiE (Ho%PHD EOT (I2xLTF
— RN — 7 E A RIEIAKTED) 23 LSTP LE# Yy 712 2008 - F TITM BT/ D05, ZHn7 —hR)
— I D 7260 Db A SRR GEAE T D, LOP 1Py 7 Tl BREALIRA S — R — 7 i DO IR
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A LRARDDIE 2009 4ETIHHH, LOP IZFU VT High-k BTy 7 L[ARE, 2008 4173 A
SNHETHEIND, = 2DDKOHFD Jg 7ryMIT X TF L —F— L7 MOSFET D4 Thd;
UTB FD X dual gate (DG) MOSFET D355 D7 vy MIK DO ELHEZ B TeDIZE FALTOZRWVA, Zih
Z 7y U286 T8 High-k 77— MERIEOE AN LI DRI E DB,

1.E+05 1
Simulated Jg
1.E+04
= ]
£
o
<
(=
L=,
1.E+03 o —*
[
1.E+02 ‘ ; ;
2007 2009 2011
Calendar Year
Figure PIDS2 High-Performance Logic: Jg jimi versus Simulated Gate Leakage Current
Density for SiON Gate Dielectric
1E+01 T
1.E400 1 Simulated Jg
N
£
(3]
<
>
1.E-01 |- e
1.E-02 +
2007 2008 2009 2010
Calendar Year
Figure PIDS3 LSTP: Jgjimit versus Simulated Gate Leakage Current Density for SiON Gate Dielectric
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1000

Simulated Jgj /..
100 |

Jg (A/lem2)

Jg,limit
10 -

2007 2009
Calendar Year

Figure PIDS4 LOP: Jg jimit versus Simulated Gate Leakage Current Density for SiON Gate Dielectric
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Table PIDS2a High-performance Logic Technology Requirements—Near-term Years

KD 13 UBT-FD-SOI 257 7L2"— ; MOSFET 3@ PEfi#E X415 F TOHf] & 7 L—F—Z 32 MOS K2 UTB-FD-SOI 75X 27— 1
S IRIRICEE L 7= DHI &R LTS (KX, WNZEHEDDHRESED= L)

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
%Z )U(/ifllmcclt‘:;“l I(M1) 72 Pitch 68 59 52 45 40 36 32 28 25
MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10
Lg: . Physical Lgate for High Performance 25 22 20 18 16 14 13 11 10
logic (nm) [1]

EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A) 1 9 7.5
UTBFD (A)
DG (A)

Gate Poly Depletion and Inversion-Layer Equivalent Thickness [3]
Extended Planar Bulk (A) 7.4 3.1 29
UTB FD (A)

DG (A)

EOT,jec: Electrical Equivalent Oxide Thickness in inversion [4]

Extended Planar Bulk (A) 18.4 121 104
UTB FD (A)
DG (A)

Jglimir: Maximum gate leakage current density [5]

Extended Planar Bulk (A/em’) 8.00E+02|9.09E+02

UTB FD (A/cmz) (RIS 0K 1.25E+03 1.43E+03 1.54E+03 1.82E+03 2.00E+03

1.25E+03 | 1.43E+03 [RM-LI=C KR - P =00 Km0 [1] S K

DG (Alem?)

Vaa: Power Supply Voltage (V) [6]
Extended Planar Bulk (V) 1.1 1 1 1 0.95 0.9
UTB FD and DG (V) 1 1 0.9 0.9 0.9 0.8

Vi sar- Saturation Threshold Voltage [7]

Extended Planar Bulk (mV) 134 94 94

UTB FD (mV)

DG (mV)

Lsg jeak: Source/Drain Subthreshold Off-State Leakage Current [8]
Extended Planar Bulk (nA/pum) 0.34 0.71 0.70

UTB FD (pA/um)

DG (pA/pm)

1y sar- NMOS Drive Current [9]
Extended Planar Bulk (pA/um) 1211 1513 1639

UTB FD (pA/um)
DG (pA/pm)
Mobility enhancement factor due to strain
[10]
1y sqt enhancement factor due to strain [11]
Extended Planar Bulk 1.09 1.08 1.08 1.08 1.09 1.08
UTB FD
DG

1.8 1.8 1.8
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Table PIDS2a High-performance Logic Technology Requirements—Near-term Years

JK Dt 4 UBT-FD-SOI 525 775"~ ; MOSFET 732645 X 5 F TOHH] & 7 L—F—Z\ 2 MOS {2 UTB-FD-SOI 73X 47—V
I WRIRICENE L 72 B DH R L TS (KX, WNCELFDHKEEED = L)

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
MPU/ASIC Metal 1 (M1) % Pitch 68 50 52 45 40 36 32 28 25
(nm)(contacted)

MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10
Effective Ballistic Enhancement Factor , Kbal [12]
Extended Planar Bulk 1 1
UTB FD
DG
Rsq: Effective Parasitic series source/drain resistance [13]
Extended Planar Bulk (Q-pm) 200 200
UTB FD (Q-um) -
DG (Q-pm)
Cgideal” Ideal NMOS Device Gate Capacitance [14]
Extended Planar Bulk (F/um) 4. 70E-16|6.30E-16 6.33E-16
UTB FD (F/um) 5.08E-16
DG (F/um) 4.39E-16
Cg totar- Total gate capacitance for calculation of CV/I [15]
Extended Planar Bulk (F/um) 7.10E-16 |8.40E-16 8.40E-16| 8.35E-16 7.93E-16
UTB FD (F/pm) 6.78E-16
DG (F/pm) . 6.29E-16
© =CV/I: NMOSFET intrinsic delay (ps) [16]
Extended Planar Bulk (ps) 0.64 0.55
UTB FD (ps)
DG (ps)
1/t: NMOSFET intrinsic switching speed (GHz) [17]
Extended Planar Bulk (GHz) 1563 1818
UTB FD (GHz)
DG (GHz)

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 PIDS2b High-performance Logic Technology Requirements—Long-term Years

K& DE/E UBT-FD-SOI 2477 "— | MOSFET 3@ s X5 F TOH & 7' L —F—T 02 MOS {° UTB-FD-SOI
PR = > ZIRIRICHE L =B DH L TS (KX, WNCELDEFZSHED = L)

Year of Production 2016 2017 2018 2019 2020 2021 2022
Y

MPU/ASIC Metal 1 (M1) ¥: Pitch 2 20 18 16 14 13 11

(nm)(contacted)

MPU Physical Gate Length (nm) 9 8 7 6.3 5.6 5.0 4.5

Lg: Physical Lgate for High
Performance logic (nm) [1]

EOT: Equivalent Oxide Thickness [2]
Extended planar bulk (A)
UTB FD (A)
b B O 5T O e e
Gate Poly Depletion and Inversion-Layer Equivalent Thickness [3]
Extended Planar Bulk (A)
UTBFD (A)
DG (A) 4 | 4 4 4 4 4 | 4
EOT,jec: Electrical Equivalent Oxide Thickness in inversion [4]
Extended Planar Bulk (A)
UTB FD (A)
DG (A) 95 | 95 9.5 9 9 9 9

Jg limit: Maximum gate leakage current density [5]

9 8 7 6 55 5 4.5

Extended Planar Bulk (A/cmz)

UTB FD (Alem’)

DG (A/cmz) 2.22E+03‘ 2.50E+03 2.86E+03 3.33E+03 3.64E+03 4.00E+03 ‘ 4.44E+03
Vaa: Power Supply Voltage (V) [6]

Extended Planar Bulk (V)

UTB FD and DG (V) 0.8 0.7 0.7 0.7 0.65 0.65 0.65
Vi sar: Saturation Threshold Voltage [7]

Extended Planar Bulk (mV)

UTB FD (mV)

DG (mV)

Lsg jeak: Source/Drain Subthreshold Off-State Leakage Current [§]

Extended Planar Bulk (nA/pm)
UTB FD (pA/pm)
DG (uA/pm)

14 sar- NMOS Drive Current [9]
Extended Planar Bulk (nA/pm)
UTB FD (pA/pm)

DG (uA/pm) 2627 | 2533

Mobility enhancement factor due to
strain [10]

18 | 1.8

14 sqr enhancement factor due to strain [11]
Extended Planar Bulk
UTB FD
DG
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Table PIDS2b High-performance Logic Technology Requirements—Long-term Years
K E Dt 1(d UBT-FD-SOI X477 27— b MOSFET 73 PEf#E X1 3 % TOHf] & 7' L—F—73r 2 MOS 2 UTB-FD-SOI
R G— Y 2 ZIRIRICHYEE L /e DI & L TS (KX, WNEEDBDERESHDZ L)
Year of Production 2016 2017 2018 2019 2020 2021 2022

MPU/ASIC Metal 1 (M1) %: Pitch
(nm)(contacted)

MPU Physical Gate Length (nm) 9 8 7 6.3 5.6 5.0 4.5
Effective Ballistic Enhancement Factor , Kbal [12]
Extended Planar Bulk
UTB FD
DG

22 20 18 16 14 13 11

Ryq: Effective Parasitic series source/drain resistance [13]
Extended Planar Bulk (Q-pm)
UTB FD (Q-um)

DG (Q-um) 155 ‘ 150 145 145 145 135 ‘ 135

Cgideal: Ideal NMOS Device Gate Capacitance [14]

Extended Planar Bulk (F/um)
UTB FD (F/um)
DG (F/um) 3.27E-16‘ 291E-16 2.68E-16 2.30E-16 2.11E-16 1.92E-16 | 1.72E-16

Cgtoral Total gate capacitance for calculation of CV/I [15]

Extended Planar Bulk (F/um)
UTB FD (F/pm)
DG (F/um) 5.07E-16‘ 4.58E-16 4.10E-16 3.91E-16 3.62E-16

t=CV/I: NMOSFET intrinsic delay (ps) [16]
Extended Planar Bulk (ps)
UTB FD (ps)

DG (ps)

1/t: NMOSFET intrinsic switching speed (GHz) [17]
Extended Planar Bulk (GHz)
UTB FD (GHz)

DG (GHz) 6667 ‘ 7692 9091 1.00E+04 1.11E+04 1.25E+04 @ 1.25E+04

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |€

Manufacturable solutions are NOT known _

Tables PIDS2a & PIDS2b DR

Table PIDS2a-PIDS2bIZIZMASTAR 12:3% I CEFE L 72l &7 L T 5D, MASTARE1E, MOSFETO #5173
fENTET VDY TN TdhDH, MASTARY R =L — L a Nl K DENOEE 2 E OFEM72 3R AE F ., I ONIMASTARD
ETVAT N —vba— =X =T WIHBEBIE L CZOITRSY = 7 A MIZED L TND, 7238, 20D
FDO/RTA=HET, BHERREE25CTOF — M EDPAFMEDONMOSDIE Th D, IHIT, BHORY YT T ISA AT
I, BFEOLEVMEFEL, Ton, loff, BR{LIEENHEAEELDOMOSFET CHEALS ALY, ZZ TIXLEVWMEE LD i
HAKL, Ton, Toff23 et i<, 77— MG e h < b mlieh TV AR A T L T E DA% R L TND,
F o TN TILZDOEERNT P AZT ., IV T 4DV RATEDLNATETT T EL Tl KRS TE. mLEn
EELE TR = DRI P AZMEIDLILTND, LINLZRRS, ZOEERE THOEY—I DT P AN Hiffia %
5195720, KiZFEELDFEHEHL TV,

INHOERITE, TL—F— VUL IZCMOSK R UKUTBFD-SOI, =L C¥ 7 V7 —NDG)MOSFET (7 (> —h
G1e) EWSTEDIAT DT DA BPFRESIN TS, 7L —TF =L CMOSD A — 2 7 TR FUT20124,
UTBFD-SOIIZ20155-£35 2 50T D705, DG-MOSFETI320228- FCThik £ 2 BTV 5, 2009 LIEL hT v
ABZDAL N JIRAA Y F o T A — R RN T%ESEDLDIIANATREL 2> TETERY, 'L —F—UL7 D
2=V BT AT EE T GElERIIA ISR R) . UTBFD-SOIDO A —S )T —%, FL—F—
PRI DFNIOBENTOET, ZOFEE., 7L —F— L7 D1sd)—ZIZUTBFD-SOLLY E < 72 > TUWVET, 7.
201042520 124E 1205 T TV DEOTIX LD RIC A — U 7S TOVET, EHICMASTARET U 7 Ot F
IZE UL, DIBLO KO8T v RV B E 7L F—2 L7 O F7 BSUTBFD-SOLE D K&V ET, RILEHIC, &
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TN = DA —FE VT 4 —XUBT-SOI&VEN TWET, Lo T, X7 N7 —+dDIsdV—21XUTBFD-SOILVEL |
EOTDO A —U 713 -<0 T, BF v RNV RITEINELKRVET, ZTNHDOENS, 20224FF TOR—R~<y
LT, X TN —NMIEMBOMOSFETT XA A THYET,

PFERDRTL D AZZEBNT, RINOEAEIT. NMOSKF 2P A2 DY — @& ik FF v R Rofthod 72 B U
P — IR DD, ANV IR ATV TR E A R T% R EHET HENI A — T /‘)‘)Z“Tik
HTND, LINLIRME, A= 7N23 2L D73 A—4 (EOT, Vg, Lajea ) 2380, 2 D/3T72—2 DFHIEIZ
D DR =V T IUABRSEIELTED, 728, SRIOA =Yo7« U IAFERREEE 2 55— {iJJ:L
TIBA TS, FFIZ, High-kS0 A /L7 —RNT20084F 8 AL TAEL T D, 20084F|ZHigh-k S LB L2 DB I,
TR LB RN-T2ET-0, F72, 20085 IZEOT=0.9nmE 7258, RYT Va7 —REZ LR REL TAZ IV —F
DLBELIRD,

[1]Lg (Physical Lgate) :Lg 1B —hR, DFED, =y F 7% O —MNEMIET DR TE, 7 —hRIT ORTC
(fefhm— R~y 7 HEMHER) O ESITND, 7 —NEMO TVERIEIE, Lithography & FEP Etch?® ITWG Tk
TEEHL, 30 T12%XL A IEL T D, A —U T T3, 20 12%0D FR A 732803, INEEIC 72> Tdp<
k%i%z"bé(hthography L FEP B2 M), ¥, /' —MROIIHOED, 7‘\/\\/1'7\ RTA=HDIEHHEDFER
TR THHEBZOLND, L DT —HIZEDHEITRS O Lg 27—V 7138 FUCBIT DB ELg A —V o 712~
TEEIZT 7Ly 7 ThHEHT, 2008 ITRS THMFISILD,
[2] EOT (Equivalent Oxide Thickness) : 77— MR Ty LHLFEER « IZBL T, EOT=Ty/ (x/ 3.9) & EFKSND,
ZZT 3910, BV LD FFERE Th D, 7 — MEZIEIE Ty2358% MOSFET O AL fE Y4 7= D BRAR
77— V? B, WRLIE RSN —MEZEIEEIE EOT @ MOSFET LRICME CTHD, 7 —h)—27 &l
T 5H72DIZ High-k 7 — MBS 2008 FEETIZHE THD (ZDRUITOWTRELIR RTZASIES M) . 2005 055
2007 Eiﬂi\ MR ) 3 BRI AE T, 7 — N — 2 2 I L7 R 620 212, EOT DA
=V TR T, A —U 7 IR, LU 5, High-k AN TSIV TS 2008 42 Tldk, EOT DA
=07 kELME T, 1271, HEAOESITE, EOT<0.9nm 2384% High-k YJa—ar NREFETHHZ
LERLTEY, FROALITIZ BEOT<0.7um DV a—3ar WERERNWZEE TR LTS, EOT ORITEITEMETHY,
— I MOS 5 /3 2 % WG 72 R e — FBE (CV) IE, BEOYWFRIE TIThiv T\,
[3] Gate Poly Depletion and Inversion-Layer Equivalent Thickness: & 7% 4 & T o7 — NEMD 22 2 JE g <0 S 8
rllaai WTFNDH MASTAR ZHWTRD 2, R Va7 —NEMRDZEZ JEIgIL, AU VarF—h~OR—e
BT T D, uaxum L2008 FELURE, RIS VAL A —hA~DR—E UV BARELTL 7 —hEZ JEiE DBk
1@%‘2%7‘:*%:&@2??{ f;é(‘:%z%n F—NEZ BN aLin b AR N7 — NEMROE AN THIEND, 2008
FICZOH A BEEE THIINCKRES TR TNDDIL, ZOAX VT —NEME AN T —MIOFENERERD
72T D, 2008 LU, 7L —TF—,3 L7 CMOS DZEZ J@mEH 3A LU TF722di2%f L, DG-MOSFET <> UTBFD-
SOI TiF4 A (F3iEMdnm ) EHAZEEY) EEBHTWDD, ZHUT T L —F— 317 CMOS OF v /LI EEN
DG CMOS X° FD-SOI J0H N2 &2k D, FREBELN TWDDIIMEF B Z HIE CE DI AS N7 — NEMA £
RO TNRNZD ThHD, 7L —F— 317 CMOS Tlik, R Va7 —hE Rk ul@éﬁb%b‘fﬁ TRRIE
T A7, NMOS 1213 {=E H (conduction band) 12TV MBI LB 720 PMOS 121X 4fi & 7 (valence
band) ¥TV MEF IS AV B L 725, UTBFD-SOI 1X° DG MOSFET Tl v RV EI N LS £/-F v 2L D AR
T2 EEL AU V=8 . MOSFET OLXVMED R EITIL, AZLVA— OB, SYRE vy 7003 EmIVA /L RAIC
HIUTIN Ry RF Yy 7 HEOEFEREE) , ~/VF VUL ERBRROFE RO ET, A%V —MEME High-k
7 — MRS BRI RAMR L TRY | B ALIREADEAFTHI A EOT (1T Note [2]% F.2)DZAUIHED,
[4] EOTelec IX EOT &7 —h2E 2 & L s RS ( ERREE[2], (312 ) D& 5T D, MOSFET O KA TlE, HAZHE
ﬁéf’@@fi*aﬁ’ﬁcﬁ/f f"’J?E' (HE[1412 24, ) 1L eox /( EOTelec) Ti@éhéo ZZT, eox | i’fﬂ/):f/ﬁaﬂjﬂﬁ@
HERTHD, ]ERIZBITDERB VAR, CVI ANy 770 5E (FE[16]5 0R) ORI
5D, i?’é/éﬁ?/éi EOTiaotwf N2 Z & & AR IR D e fH T 12D,
[S)glimit 1% 25CIZBIT DR RFTES — N —VERE L THY, 7 —M Vdd, V—A, RLA | FARZHE LT
ELT-ETHS, Jg limit /X 1 g m MDD BES T ALy gL R ) — &R T sd,leakTGT k&ﬁf”f‘b Lsdjeakrar 1TT7 /AR
5 Tum 24720 0.2pA ISR ESID, I RKFFARY — N — 78 1L Jg limit= [#FHME X [y earer! PEREDS — K
£) ¥[Hi TARFE)FREL / [AIEEARECRILSND, “Hi T RECIXN10ICRESNTERY, @tiEny vy s TP shn
TV EREMEIREE (100°C) 25 EL ., il 7e L 28ICHIN T2 Lyjeans STREERIFHEDIZEAE RN —R)—
e (BN RV CThDT2D) DR IT6RD T, “EIEARECIE N IR ESITEY, e & Jg,limit 2371
SEHURR T U D AZ TOETHLIDITK L, 0w 77— TOY T AL L a)L R — 7 b — ) — 7 BHR O NSRS
72 (NMOS @ Iy jead [81ZHR)E Jg limit ZR DT/ SA T AL T IR WANWARS —NEDINT U AZ TS
INAT AR ERDT2) o “HIHAMEIET0.1 [ZER B S TND, [BIEED KRy DT P AK iﬂf&bwf7xv/a/w
V— VB THDHIN, ZOERNDIT P AL TR AL T a/L R — 78R EL LEVWVEBEL RV LIC kD, 22T
DO“Hi T 2550, “[IEEARE, “%ﬂﬁ;ﬁfﬁ”@m IRENR ML THD, HELIREIL, EOT qﬁo(ipa&[ 12/,
[6] Vdd ! iaﬁ/ﬁ? WA 7T, BIREITIX, 7 — MEZEL M7 178 500 B A1 P2 AR | AR FnBRE) i 0O R
Tl T2 DIy A — R =R I A T BIE [V — BT L X WEEE (E[7)12 ) 1255 0B IREN VD, EEE
OEIREEIL, FED IR FH LATEM AR LI k> T ZORITTRENTZEDDHE10% (LI L) 85
ZELEZBND,
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[7] Vtsat IZEAFILX\VMEEE T, /N7 — MDDV AZ TR AT Vg ZHUNLTES51220 T MASTAR
ZHWTRDT, L%b\f‘[ﬁaﬁf LZRUTHMIL =Y T AL S a R — 28 (812 FR) 1. ﬁ’a%u%@b TEAE (FE[9]
ZR) DER A T2 12D+ 578 d— N—RIA T ELE[ Ve — FAFLXVMEE L) 2GS L0BINSHL WS, 7
—F— L7 CMOS T, [ 2217517 2007 FEOE E VY 2— a0, SiON 7 —ME&IE Th 57~ EOT
AREL(1.1nm) | BHF ¥ 1A EH3MD TREV (DIBL 1% 340mV/V LI L), SO @A SIFHITEER DO R
28 4el8cm-3 &2 H(MASTAR (2L 2)72b THY . AREAD A3 6e18cm-3 %ﬂkzét&bﬂbé
UTBED-SOI T, 2010 SENSHRAITR2>TERY, Visat EETF v /L BIMHI D702 72~ A R
T AR (Tsi) OFEA L ELESN D720 ThD, DG-MOSFET Tli, fﬁ@if:“f?&ﬁ@f‘%ﬂ\fxu\%’?<®ﬁnﬁ%>&?@z
THEY, BEVDPLIREAIZ2S>TND, FRIZ, ~0.6Lg ES5DONDT RO 7o T B B ko 1 -
ThD, MELZILD UTBFD-SOI DY 7R T 4 EES> DG-MOSFET D7 ¢ EI< MASTAR 75 HEEL Hivd,
[8]Ids,leak | % 7 AL v a/LR - U—ZEHRfE T, 25°CT NMOSFET ORL A% Vdd, Y —A, 7 —h, Rz
UIE LT= BT v VRS 720 DY — R E TR T D, NMOS DA 7IRBEETRIL. 25 CIZBIT DAL T ¥ R /VIE
L7200 NMOSFET DRV AV B THY, T AL gV R —r&Eiisr —h)—7 8% //lukﬁé/\) RN (R
b RV 7B GIDL 25 10) [l DM TH D, 25 CHHVNIEIRSLIETIE, 7 ALy a/L R )—7E i
I3V — 7 BRIV RELBRDEAE LT, Ly &7 — N — 7 EIEE DBIRIZOWTIXIE[S 2SR, LR
@i Vt,sat (FFRHE[7IB ) 28 Lyjere THRETHIEND Visat DEIZHESTND, Zhb, 47‘7“11/-/\‘/a/w-u~—
BIRETF — N — I EREEEV—IERDOAT =V 71X PMOS T3 A 2h 1 &S5,

[ ] lgsat (FEQFIFEPAE C, 25°CT NMOSFET ORL A L5 —ha Vdd, YV —A, SEREHEILURIE L7 AL T v 1L
Mg 4720 DRL A LB CThD, BAFIETRIIIERDAr—) o T BEERUAERK) 17%DT A AMEREN B4 CT&E5HT7
kRGeS DRI U 72 (FRLE[16]2 ) . PMOS Ofafn & itfiiE, NMOS D FneE fitfE o (40-50)% &R E LTz,
O REOBHIILL FOMIEH THD, T —A/ FUAVEFIGT Ry ( FRRE[1312 ), KEICBIT5%E
wﬁﬁfoc@kfhﬂﬁﬂﬁf (EM4]1Z8) | BEHEOZRE (FE[10]Z8) | NIAT 4o 7k LAUEERE (E[12]2 ),
[10] EAZLLBE EHEEAREUT pratio=[{FHE LB ENE)/[V 7 7L o ADOBE E ] TERIIL, [(%%Lf:%éb&f]bi

Ey otétﬁﬂ{ hREEGTBENE, V7 7L AOBENE] 1AL S F R VWBEIE ThD, BEHT X
uratio [T KR 1.8 °THD, F7=, BENE OHEEHAN LA B IR O ERAEE 727728 2004 LR IC %Fﬁé
NTEY, FRHICHESNZ T L —F — SO S UIE B Th o, LLARNE, T :ﬁ%’?@w DBy
fEiz ib\%b\%iﬁ%{fﬁ%@ ZOHITIL SiGe =t LD VA gzl u— IV ERT | BAUEO A — R —
LAY —I2k 57, PMOS S/D @ SiGe =2 NMOS S/D @ SiC W7 BRI k57 a b AR E . ATV M
sn il fE 72 L Liéiiﬁs SR8 E END, MOSFET DA —UL 7 it el BT, TBHAD RESEHERF 50
NEVFELL 72> TAL, T D BWFIERAZ2 00y F2EDI b0 T v A AN THNRE N E
BRI 172> TR,

%@FE& 2009 £EIZEE 1T/ > CVD, 2009 4 Cld, Lg=20nm T MASTAR [ZLDE R EIL SE18cm-3 |2

#T-3<, UTBFD-SOI & DG OWEHUTRAWTE, REAIZZ2>TWAE L, ZNHDT A ATREELZSETD
FIER RO TUORWERICED
[11] Idsat D7 DR EEHIFFAREKL 1d,ratio (3, BENEEMGIGIC LR EIROSCGEE SV AR T,
ZOFRBUT [BGELT- 1d,sat] / Id,ref=Id,ratio CEFRSND, 22T [FELTZ 1d,sat||THE A5 LB 8 E COfIfE
VAL, Id,ref IZIEE OB ENE CORIFIEEE 73", MASTAR THHHE IS Id,ratio 1, B EHEHI G517
B pratio GE[10]15H) ORI TH D, — (T, Id,ratio (T T ¥ RN RSB A — N —2 2 —MZEY  pratio LD
RO TONSIMEL 725, SO EZITAREADEASITFIE pratio DLIITHED, (FE[10]BHR)
[12]325h /) AT 7 HafE4% 50 % . UTBFD-SOI X° DG MOSFET [\ T iR 5 ¢ MOSFET D JEHIZ K& A
=0 T BEATEEAIC (I —ATOF YU T IEADHEICLD) 3\ AT o 78k B4 T 1d,sat 258003
HEEDOWERELRT, T —F— VL7 CMOS TIEBZ O AL N @< S AT 4o 7t B0 TAE T2,
ORI 1 LA EIZRA N AT 4 Vg a R U TERY  ZORBUIC I TN B B R AN 7 3 91270 D,
IREDEOSIFIE, MUV AXIH T D5 NVAT 4w Tk D) 2—a N D> TN &Lk D,
[13] RylE. F¥ RMEL 1 m 4720 D KPR AL B — A2+ RUAUEPU(E AR D=2V THD. Zh
DOMEIE, FAFIETE (E[9)ZMR) & & 5 IIZHE/ hSid, s Rtald, FET TWG (285 a2 7 MR,
P AR —MEFIB LR A« VAT 3ay DA —V o 7 OfERE KL TA, Rsd OIEITZF TS~
FEEHRICHETE 2005ITRS LW K& Ao TUWND,
[14] Cgigeal (FHNLT ¥ R/VIE Y 72D DO BBAYZ2 7 — M B, Cgigea=[€0X / (EOTgee)]XLy, ZZT gox EIFE Va2
{LIEDFHEE R, EOTye SITKIERIZB T DBERMNCHTE L 7B LIEIRE (E[4]20R), L, L3 ERi e — & (T
[11Z), #6,/ L, EOTwe. (FE[4]Z1R) 1218,
[15] Cgota (FSHRRFD BLAL F 0 RV 2 72D D27 — ME &, BALTF v RESE 720D Cyigea & FTFET — M —/3—
T STV VR Miller 1R E B Te) o ¥, IREITE, Cyigea TE[14]1Z 1) 12169,
[16] © &i%, 25CITHBITD NMOS T HAAADAL N2y I T P AZRIEREFT 1 = (Carom™Vad) lasar,
PMOSFET @ 1 b [FERIZHE/ NSNDERE LT, 72721, PMOS I ~(0.4—0.5)x(NMOS Ig) o TIET SAADRK
BHIIRAA T o T RIER N KT DB OWRETHY, 1t 13T A ADOKE IR AL v F o 7RIk THRVLR
EThD, R,/ AL, BB EO1Z M) BEO Cyom GE[15]5 ) O T2,
[17] 1/t 1X NMOS DAL NI 2 I IR AA T U TR E TS, miEiEn Yy DA =007 O B, 3556 17%
DT IR APERES L) R — 7« \L U ROMERF T D, TR, E AT, 116D,
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Table PIDS3a

Low Standby Power Technology Requirements—Near-term Years

K& DE/E UBT-FD-SOI 25" 771 4"— N MOSFET 3@ X415 F COHf & 7 L —F =T\ 2 MOS 2 UTB-FD-SOI 73X 57— > 2 JRIR
(CEE L B ZR L Tihd (KX, IENCHERDKESBD L)

Year in Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
%2 )U(g% acc]t‘z;j”’ I (M1) 7 Pitch 68 59 52 45 10 36 32 28 25
MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10
Lg: Physical gate length for LSTP [1]
(nl;jnx)tended Planar Bulk and DG 45 37 32 28 25 22 20 18 16

UTB FD (nm) 22 20 18 17
EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A) 19 16 15 14 13 12 1

UTB FD (A) 13 12 1 10

DG (A) 14 13 12 11
Gate Poly Depletion and Inversion-Layer Equivalent Thickness [3]

Extended planar bulk (A) 6.2 3.3 34 3.3 3.2 341 341

UTB FD (A)

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

Extended planar bulk (A) 25.2 19.3 18.4 17.3 16.2 15.1 141

UTB FD (A)

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

Extended Planar Bulk (A/cmz) 6.67E-02 | 8.11E-02 | 9.38E-02 | 1.07E-01 1.20E-01 | 1.36E-01 1.50E-01

UTB FD (A/cmz) 1.36E-01 1.50E-01 1.67E-01 1.76E-01

DG (A/cmz) 1.36E-01 1.50E-01 1.67E-01 1.88E-01
Vaa: Power Supply Voltage (V) [6]

Extended Planar Bulk (V) 1.1 11 1 1 1 1 0.95

UTB FD (V) 0.9 0.9 0.9 0.85

DG (V) 0.85 0.85 0.85 0.8
Vi sar: Saturation Threshold Voltage [7]

Extended Planar Bulk (mV) 534 567 535 535

UTB FD (mV)

DG (mV)
Lyg jeak: Source/Drain Subthreshold Off-State Leakage Current [8]

Extended Planar Bulk (uA/um) | 3.03E-05 | 3.03E-05 | 3.05E-05 | 3.07E-05 [ENiri=thil 3.02E-05‘ 3.03E-05

UTB FD (pA/pm) 3.14E-05‘ 3.09E-05 3.17E-05 3.02E-05

DG (pA/pm) 1.15E-05‘ 2.44E-05 2.82E-05 2.65E-05
14 sar- NMOS Drive Current [9]

Extended Planar Bulk (nA/pm) 465 569 501

UTB FD (pA/um)

DG (pA/um)
Mobility enhancement factor due to strain [10]

Extended Planar Bulk 1.8 1.8 1.8 1.8 1.8 1.8 1.8

UTB FD and DG
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Table PIDS3a

PIDS 19

Low Standby Power Technology Requirements—Near-term Years

JK Dt 43 UBT-FD-SOI 247715~  MOSFET S48 PEAS S5 F TOHE & 7' L —F—F 2 MOS 2 UTB-FD-SOI 3% &r— 1 > 2 JiRIR
(CEE L B ZR L Tid (KX, IENCHELDRESBD L)

Year in Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
MPU/ASIC Metal 1 (M1) %: Pitch 68 50 52 45 40 36 32 28 25
(nm)(contacted)
MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10
14 sqt enhancement factor due to strain [11]
Extended Planar Bulk 1.19 1.17 1.16 1.17 1.17 1.16 1.17
UTB FD
DG
Effective Ballistic Enhancement Factor [12]
Extended Planar Bulk 1 1 1
UTB FD
DG
Ryq: Effective Parasitic series source/drain resistance [13]
Extended Planar Bulk (Q-pm) 180 180 180
UTB FD (Q-pm)
DG (Q-um)
Cgideal: 1deal NMOS Device Gate Capacitance [14]
Extended Planar Bulk (F/pum) 6.17E-16 | 6.62E-16 | 6.01E-16 | 5.58E-16 | 5.32E-16 | 5.02E-16 | 4.90E-16
UTB FD (F/pm)
DG (F/pum)
Cg toral Total gate capacitance for calculation of CV/I [15]
Extended Planar Bulk (F/um) 8.57E-16 | 9.02E-16 | 8.21E-16 | 7.68E-16 | 7.32E-16 | 6.92E-16 | 6.70E-16
UTB FD (F/pm)
DG (F/pum)
© =CV/I: NMOSFET intrinsic delay (ps) [16]
Extended Planar Bulk (ps) 2.03 1.74 1.64
UTB FD (ps)
DG (ps)
1/t: NMOSFET intrinsic switching speed (GHz) [17]
Extended Planar Bulk (GHz) 493 575 610
UTB FD (GHz)
DG (GHz)

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 PIDS3b Low Standby Power Technology Requirements—Long-term Years

JK (D T d UBT-FD-SOI 247714 — | MOSFET 732645 X415 F TOHJH] & 7' L—F =72 MOS +° UTB-FD-SOI 73X 25— U
I RIRICEE L 72 EDHIE R L TS (KX, WNZFEDBDRFREDO= ~)

Year in Production 2016 2017 2018 2019 2020 2021 2022
1,
%ZZ/Z‘Z)C('CA;[;Zé t]ecg)M]) & 22 20 18 16 14 13 11
MPU Physical Gate Length (nm) 9 8 7 6.3 5.6 5 4.5
Lg: Physical gate length for LSTP [1]
(n]il);tended Planar Bulk and DG 14 13 12 1 10 9 8
UTB FD (nm) 16 15
EOT: Equivalent Oxide Thickness [2]
Extended planar bulk (A)
UTB FD (A) 9 8
DG (A) 11 10 10 9 9 8 8
Gate Poly Depletion and Inversion-Layer Equivalent Thickness [3]
Extended planar bulk (A)
UTB FD (A)
DG (A)

EOT,..: Electrical Equivalent Oxide Thickness in inversion [4]

Extended planar bulk (A)

UTB FD (A)

DG (A)

Jg limir: Maximum gate leakage current density [5]

Extended Planar Bulk (A/cmz)

UTB FD (A/em’) 1.88E-01 2.00E-01

DG (A/ cm2) 2.14E-01 2.31E-01 2.50E-01 2.73E-01 3.00E-01 3.33E-01 3.75E-01

Vaa: Power Supply Voltage (V) [6]

Extended Planar Bulk (V)

UTB FD (V) 0.8 0.8

DG (V) 0.8 0.8 0.8 0.75 0.75 0.7 0.7

Vi sar: Saturation Threshold Voltage [7]

Extended Planar Bulk (mV)

UTB FD (mV)

DG (mV)

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

Extended Planar Bulk
(uA/pm)

UTB FD (pA/pum) 3.10E-05 3.27E-05

DG (pA/pum) 2.97E-05 2.55E-05 3.38E-05 2.62E-05 2.39E-05 2.89E-05

14 sar: NMOS Drive Current [9]

Extended Planar Bulk
(nA/pm)

UTB FD (pA/pm)

DG (pA/pm)
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Table PIDS3b Low Standby Power Technology Requirements—Long-term Years

JK D T rd UBT-FD-SOI 2477714 — | MOSFET 732645 X415 F TOHH] & 7' L—F =2 MOS +° UTB-FD-SOI 73X & — U
S TRIFICZEE L 7= DHI 2R L T s (KX, WNNZERBDREFRED= E)

Year in Production 2016 2017 2018 2019 2020 2021 2022

MPU/ASIC Metal 1 (M1) %

Pitch (nm)(contacted) 22 20 18 16 4 3 u
MPU Physical Gate Length (nm) 9 8 7 6.3 5.6 5 4.5
Mobility enhancement factor due to strain [10]

Extended Planar Bulk

UTB FD and DG

14 sar enhancement factor due to strain [11]

Extended Planar Bulk

UTB FD

DG

Effective Ballistic Enhancement Factor [12]

Extended Planar Bulk

UTB FD

DG

Rgq: Effective Parasitic series source/drain resistance [13]

Extended Planar Bulk (Q-pm)

UTB FD (Q-pm)

DG (Q-pum)

Cgideal: Ideal NMOS Device Gate Capacitance [14]

Extended Planar Bulk (F/um)

UTB FD (F/pm) 4.25E-16 4.31E-16

DG (F/um) 3.22E-16 3.20E-16 2.92E-16 2.65E-16 2.59E-16 2.30E-16

Cg toar- Total gate capacitance for calculation of CV/I [15]

Extended Planar Bulk (F/pum)

UTB FD (F/pm) 6.25E-16 6.31E-16

DG (F/um) 5.62E-16 5.60E-16 ‘ 5.26E-16 5.02E-16 4.65E-16 4.49E-16 4.20E-16

v =CV/I: NMOSFET intrinsic delay (ps) [16]

Extended Planar Bulk (ps)

UTB FD (ps)

DG (ps)

1/r: NMOSFET intrinsic switching speed (GHz) [17]

Extended Planar Bulk (GHz)

UTB FD (GHz)

DG (GHz) 2381

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 PIDS3c

Low Operating Power Technology Requirements—Near-term Years

KD 4F UBT-FD-SOI 25771 "— ; MOSFET 3@ 2EftE X413 F TOH] & 7' L—F—Z 2 MOS K2 UTB-FD-SOI 73X & — J > 2 RIRIZ Fid
LEBDOH 2R L ThE (KX, WENCHELEDZEFRBD = L)

Year in Production 2007 2008

2009

2010

2011

2012

2013

2014

2015

MPU/ASIC Metal 1 (M1) % Pitch

(nm)(contacted) 68 59

52

45

40

36

32

28

25

MPU Physical Gate Length (nm) 25 22

20

18

16

14

13

11

10

Lg: Physical gate length for LOP 32 28
(nm) [1]

25

22

20

18

16

14

13

EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A) 12 1

10

UTB FD (&)

DG (A)

Gate Poly Depletion and Inversion-Layer Equivalent Thickness [3]

Extended planar bulk (A) 6.4 34

3.3

3.4

UTBFD (A)

DG (A)

EOTjec: Electrical Equivalent Oxide Thickness in inversion [4]

Extended planar bulk (A) 18.4 14.4

13.3

124

UTBFD (A)

DG (A)

Jg limie: Maximum gate leakage current density [5]

Extended Planar Bulk (A/ sz) 78 89

100

114

125

139

UTB FD (A/ cm?)

125

139

156

179

192

DG (A/ cmz)

125

139

156

179

192

Vaa: Power Supply Voltage (V) [6]

Extended Planar Bulk (V) 0.8 0.8

0.8

0.7

0.7

0.7

UTB FD (V)

0.7

0.7

0.6

0.6

0.6

DG (V)

0.7

0.7

0.6

0.6

0.6

Vi sar: Saturation Threshold Voltage [7]

Extended Planar Bulk (mV) 294 296

289

259

UTB FD (mV)

DG (mV)

Lsd jeak: Source/Drain Subthreshold Off-State Leakage Current [§]

Extended Planar Bulk (uA/pum) 9.08E-03 7.35E-03

8.96E-03

1.83E-02

UTB FD (nA/um)

DG (pA/pm)

14 sar: NMOS Drive Current [9]

Extended Planar Bulk (nA/pum) 563 705

760

UTB FD (pA/um)

DG (pA/pm)

Mobility enhancement factor due to

strain [10] 18 18

1.8

14 sqr enhancement factor due to strain [11]

8.32E-03
5.84E-03

3.57E-02
1.19E-02
7.73E-03

2.02E-02
8.61E-03

1.86E-02
1.07E-02

1.98E-02
1.10E-02

Extended Planar Bulk 1.15 1.1

UTB FD

DG
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Table PIDS3c Low Operating Power Technology Requirements—Near-term Years

JK Dt /(E UBT-FD-SOI >4 771 4"— h MOSFET 32645 X315 F TORE] & 7' L —F—F 302 MOS 2 UTB-FD-SOI 73X & — Y > 2 [RIRIZ H i
LEBOHZR L ThE (KX, WNCHELDHRERBD L),

Year in Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
ZZ %ﬁiﬁaccg;j”l 1(M1) 7 Pitch 68 59 52 45 40 36 32 28 25
MPU Physical Gate Length (nm) 25 22 20 18 16 14 13 11 10
Effective Ballistic Enhancement Factor [12]

Extended Planar Bulk 1 1 1

UTB FD

DG
Rgy: Effective Parasitic series source/drain resistance [13]

Extended Planar Bulk (Q-pm) 190 190 190

UTB FD (Q-um)

DG (Q-pm)
Cg.idear: 1deal NMOS Device Gate Capacitance [14]

Extended Planar Bulk (F/pm) 6.01E-16 6.70E-16 6.48E-16 6.13E-16 6.12E-16 5.54E-16

UTB FD (F/pm) 5 . 4.02E-16

DG (F/um) 5 . 4.02E-16
Cg toral- Total gate capacitance for calculation of CV/I [15]

Extended Planar Bulk (F/pm) 8.41E-16 | 9.10E-16 8.78E-16 8.13E-16 8.12E-16 7.54E-16

UTB FD (F/pm) : ) 6.02E-16

DG (F/um) . . 6.43E-16
= CV/I: NMOSFET intrinsic delay (ps) [16]

Extended Planar Bulk (ps) 1.19 1.03 0.92

UTB FD (ps)

DG (ps)
1/r: NMOSFET intrinsic switching speed (GHz) [17]

Extended Planar Bulk (GHz) 840 971 1087

UTB FD (GHz)

DG (GHz)

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 PIDS3d Low Operating Power Technology Requirements—Long-term Years

JK D /F UBT-FD-SOI 2577 2"— ; MOSFET 73 @ PEf#G X415 F TOHH] & 7' L—F—Z 2 MOS £° UTB-FD-SOI 73X - —
Y ZRIRICEE L 7= BB DI F 5 L TS (KX, WNCHEDHEF D= L)

Year in Production 2016 2017 2018 2019 2020 2021 2022
MPU/ASIC Metal 1 (M1) /2 Pitch 2 20 18 16 14 13 11
(nm)(contacted)

MPU Physical Gate Length (nm) 9 8 7 6.3 5.6 5 4.5
Lg: Physical gate length for LOP 1 10 9 3 7 6.5 6
(nm) [1]

EOT: Equivalent Oxide Thickness [2]

Extended planar bulk (A)

UTB FD (A) 7

b6 ; v 7 v "

Gate Poly Depletion and Inversion-Layer Equivalent Thickness [3]

Extended planar bulk (A)

UTB FD (A)

DG (A)

EOT,jec: Electrical Equivalent Oxide Thickness in inversion [4]

Extended planar bulk (A)

UTB FD (A)

DG (A)

Jglimir: Maximum gate leakage current density [5]

Extended Planar Bulk (A/ cm2)

UTB FD (A/ cm’) 227

DG (A/ em’) 227 250 278 313 357 385 417
Vaa: Power Supply Voltage (V)
[6]

Extended Planar Bulk (V)

UTB FD (V) 0.5

DG (V) 0.6 0.5 0.5 0.5 0.5 0.45 0.45

Vi sar: Saturation Threshold Voltage [7]

Extended Planar Bulk (mV)

UTB FD (mV)

DG (mV)

Lsg jeak: Source/Drain Subthreshold Off-State Leakage Current [8]

Extended Planar Bulk (uA/pum)

UTB FD (pA/pum) 3.71E-02

DG (pA/pm) 1.31E-02  2.23E-02 2.55E-02 3.26E-02

1y sar- NMOS Drive Current [9]

Extended Planar Bulk (nA/pum)

UTB FD (pA/pum)

DG (pA/um)

Mobility enhancement factor due to
strain [10]

14 sar enhancement factor due to strain [11]

Extended Planar Bulk

UTB FD

DG
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Table PIDS3d Low Operating Power Technology Requirements—Long-term Years
KED T E UBT-FD-SOI 24770 27— | MOSFET 3 #7#ks X415 £ TOHfH & 7' L—F =702 MOS 2 UTB-FD-SOI 73X 27—
Y ZIRIRICEE L = B ORI ER L TS (KX, WENEERBDHRERBDO = L),

Year in Production 2016 2017 2018 2019 2020 2021 2022

MPU/ASIC Metal 1 (M1) %: Pitch
(nm)(contacted)

MPU Physical Gate Length (nm) 9 8 7 6.3 5.6 5 4.5
Effective Ballistic Enhancement Factor [12]
Extended Planar Bulk

22 20 18 16 14 13 11

UTB FD

DG

Rsq: Effective Parasitic series source/drain resistance [13]
Extended Planar Bulk (Q-pm)

UTB FD (Q-um)

DG (Q-pm)

Cgideal” Ideal NMOS Device Gate Capacitance [14]
Extended Planar Bulk (F/pm)

UTB FD (F/um)

3.14E-16

DG (F/pm) 3.16E-16 3.14E-16 2.20E-16 2.07E-16

Cg toral Total gate capacitance for calculation of CV/I [15]

Extended Planar Bulk (F/pm)

UTB FD (F/um) 5.15E-16

DG (F/um) 556E-16  5.24E-16

©=CV/I: NMOSFET intrinsic delay (ps) [16]

Extended Planar Bulk (ps)

UTB FD (ps)

DG (ps)

1/t: NMOSFET intrinsic switching speed (GHz) [17]

Extended Planar Bulk (GHz)

UTB FD (GHz)

DG (GHz)

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |€

Manufacturable solutions are NOT known ;

Tables PIDS3a 7> PIDS3dDIER

FNOHARIL MASTAR R1:2.3 2 I CEFELL 72l A 7% LTV 5, MASTAR Ei%, MOSFET O EEMI7 ffATE T
DI TN ThDH, HNOEAE2E MASTAR 3ol —a |t kARl 3 ERE 5. I ONC MASTAR OEF U
TRl —Vba— =X =2 7 VIR E L CZD ITRS V=7 H A MRICEN TS, 7238, ZDFED /R
FA—2EIL, BYERFRE 25°CTOHF —MERATMED NMOS DfETH D, SHIT, WHF Oy FNAATIE
BFEDOL XV METEJE. Ton, loff, FEILIEEN SR HEED MOSFETﬂ%ﬁkéﬂébx::Tra‘ LSTP my/%7/
TAMILEVMEEED KD EL, lon, Ioff BEHIEL, 7 —MOFBENROLEW, ANy I AT 7 E
WEEBIKER T DRI DA E RTINS, T T WO REFIIZDOIN P AZ T FFRBRR T — 7 ERioRT
KB ZIMZ TND, ZOMTPREM, Hiflia#g[4 570, FICFEOEHL WD, —J7, LOP ¥y 7T, b
T AR TFERE TP AF L L T, LEVMEEER, Ton, [off IXHEEZHLD, BRENGE /) AN EREN DA T
LSTP iéf{ifﬁ{%&@ﬁ%?fﬂif£<“( HLBEAITHWSGNS, LOP b U A& TEEE J1MEL ., R RA £ CTEMER
)= EFAEINHTZDIZ Vdd BDRES A= 7ENTWhA,

_ﬂg@?,% X, 7L —F— L7 CMOS *°[E] U< UTBFD-SOI, #LC# 7 /L4 —hk (DG) MOSFET (7 4% —
EEe) VST DIAT DT P AEPPEEEENTND, LOP IZRAWTIE, L —F— 317 CMOS DA —
)/7“ [R5 2012 45, UTBFD-SOI i 2016 E&%i%hﬂ\éo UTBFD-SOI & DG 13 2011 E505F0 ., 2011 £
N5 2012 FEORNI ZFEFHD NI L DA NFET DT/ D, —J5, LSTP TlX, 7L—F—3L7 CMOS DA
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=V TRAE 2013 45, UTBFD-SOI 14 2017 4E£3 2 531 T 5, UTBFD-SOI & DG-MOSFET X 2012 £ 5
FAED 2012 D5 2013 FEDO NI EEE O N A BNEETHZ LT 5,

PFREDI T DA IR T, RNOEAEIL, hT P AZEREIEE ] T ¥ RN ESCM D s KL — &
IR H DD FlIR AT = 7 % BT VI A= 7 e FUA TR TS, LSTP IRV TIE, BIRY—2
B K& BETHY, LOP Ti. LSTPIZE Tl W BMEY — VB a2k b2 Eth HEEMEE O
DRERBEETHD, LNURDEE, 27—V 712135 D/37 A—4 (EOT, Vg, L ea L) 2350, fll 2 DT 2—%

DFEENEY DA —U T F VA BREIELTED, 728, S RIOA =) 7 F U IAFERREEE 2
25 Bl L TERA TWD, FFIZ, High-k 0AX L7 —RNT 2008 F38 AL FAEL TV D, 2008 41C High-k 2324 3L
7eBHBRHIL, RSLALESZ RN IZET20,

[1Lg 1B —RhE, DFY, moF L7 %O —NEMIET O EETETHD, V—7BHO BRI A 7-7 7=
WIZ, LOP OF—h 1T EEREnY v 7D 2 12, LSTP 1% 4 FEENOfEE 72> TW5, LSTP [A17 D FD /34
ATIL, ITRS OFEDOVEIZITF — R DA —) 7 H DG MOSFET KW LiENS IS5, 2k, UTBED-
SOI TlIFE T DOIHH L AR TV — 7 B & FF AR EIANIZIN O 2 FERREETH LD Th D, 7 —NEMmD
LB, Lithography & FEP Etch® ITWG THRESHL, 36 TI2%XL, A IEL T D, A7 —U 7 niliel3 L

D 12%DERAE 72920, N2> Tipl&B 2 54D (Lithography & FEP BEAZM), 72k, 7 —hED
X5 DN, ?‘z%%n"?%—&@ﬁ“%o%@a‘zﬁ%ﬁf%ék%/i%méo

[2] EOT: 7" — M IEE Ty B ER « (LT, EOT=Ty/ (k/3.9)EEFRESND, Z2T3.91%, B U=zl
EDLLFHERE THD, 7 — MEZIEE TyhHik% MOSFET OB s 4720 O BRI /27— V?E' 1%, L
TSNS — MEZIEIEE EOT ¢ MOSFET LRIUMETH S, 7 —h ) —2& 457912 High-k 7 — Mk
A% 2008 FEFETIIM I THD (D BITHOWTHELKIR RIS IR) , A0S, EOT<O 9nm % FEH T 5
High-k VVa—ar PAHE THLHZLEZRLTEY, ROEITFIX EOT<0.7um DY Ua—al WEERNZ L%
RLTWD, EOT OHIIEIIEHETHY, —iXIIIC MOS v/ 322 %& W B2 R B —EIE (CV) JIlE, BLOSE
FHIE TIThIL TS,

[3] Gate Poly Depletion and Inversion-Layer Equivalent Thickness: & 7% 4 & T o7 — NEMD 22 2 JE g <0 S s E
MEIZ, W h MASTAR AW CTROT, R Va7 —NEBOZEZ JEigit, AU Vas 7 —h~OR—er 7

BIRIFET D, LILARME, 2008 F-LUKE, R Va7 —h~DR—E 7 B2 L TH A —hEZ B3R
TR - iy BN e NI = iﬁé&%z%n T NEZBRPERLRDAX N — NEMOE AN THIESNS, 2008
QEGCC@IEEﬁ§|3%EQ%TZ)JZQ IRESTMOTNDEDIE, ZOAZ N —NEME N T —MIlOFEERBrlied
720 THD, 2008 FELIE, 7L —F—,317 CMOS DZ2Z JghgEss 3A LL F72DIZ%IL . DG-MOSFET <°> UTBFD-
SOI TiZ4 A (X M4nm ) EHEAZIEW) LN HTWDN, 2T 7L —F—3L7 CMOS OF ¥ RV FEN
DG CMOS X° FD-SOI J0H W2 Ei2 kD, ARSBELNTODDIITE R A T CE DL A V7 — NE M) F
RS TNRNZD T D, 7L —F— 317 CMOS Tlik, R Va7 —hE Rk ;@éfm%b\fﬁ TR IE
TH=01Z, NMOS (21T E 4 (conduction band) IZUTVMEF RIS ML EEE 72D . PMOS (213418 + 4 (valence
band) JTV M RIEON L BEL 725, FD-SOI =2 DG MOSFET Tl F v R/ SEIR DN RS E - F v /L DO ARl i e E,
V=8 MOSFET OLEVMEDRREIZIL, A7 — Ot FHBENT, Sy RE v 7B Em AV RNICH VR
FWO Ry RFry ZAHEOHEFERE) . vV FVUIEFEREROFE THOLNET, A%/VS —MEME High-k 7 —h
MR B B BT BMR L TRY, AL REAEO G T IX—&HIZ EOT (LT Note [2]& B2)DZAUZHENET,

[4] EOTelec IL EOT &7 —h22Z g & ting R ( ERLiE[2],[312 ) OAEH ThDH, MOSFET O A ClE, HALH
FEU -0 OHAR 2T — AR (JE[14]2 5 M, ) 1T 60 /( EOTelec) THEEND, ZIT, el TB VL WALIEDH
EWRTHD, FARIZBITHERM 72V BRAVIEIELL, CVI ANy 7700 At (FE[16120R) ORI WS
na, #fith,/ dHeaid, EOTkotwf N2 Z g & R IR O T ITHED,

[5Vglimit 1% 25CICBIT DR KITFET — N —VEREETHY, 7 —M vdd, Y —A, RLAv | FaBzLU |
ibf:ﬂﬁ’(‘&)éo Jg,hmlt X I/J m é[ﬁ_y)@ EFH‘H‘7 21///5/]/}‘ ) 7EE4/}IL IsdleakTGT &Bg'f'f‘b Isd 1331{[(3]‘ 17‘/\4'2
i lum *4720°C LSTP % 30pA. LOP (X 5nA (TR ESIVD, I KFFAT — N —7&EIRE T Jg limit=[#)H#]
B )% [Tsg jearerar/ (ERR S — MR Ix[Hi TEREESREL / [RIFRARE] TERFLIALD, LOP TiE“Hi THREIXISIICRES
NTRY, SIEEERE (RIEXLVE WD Hi T 251005 MiERY Y7 TPREIN TS 100°C LI EW) 2%
L CWD, Hi THREIT @RISR 828N T2 Ly SIRERIFHEDIZEA L 72N — ) — 278 (E4Zh
VRIVETRTHDHTD) O G HROT-, LSTP 1L, FIRIMEZEL ., “Hi T REEN IR ESI TS, “H
BB NTRRESIVTEY, Ly & Jglimit 3NZHARRT P 2AF TOETHLDITH L, vy 77— TD
YT AL VR — I & — N — 7 EIRO 7SR D T2, (NMOS D Iy el [81Z FR)E Tg limit Z k6D 734 T A%
LIZRRY  NWANALR T —NEDNT VAR TRIP D SAT AGKM N GROTZ) , Z2TOHi T AR5, “BIBARE,
“HIHME DIEIX K ED2 RFED D Th D, sl R, BOT IZHE) (LFLE2IB ),

[6] Vdd iﬂ? AT, BIREILIL, 7 — MO O 7 17 R %f:fa?r“ (PR D AN BRE) B A D Rk
vt ([T} A Y Y Ny B focz‘~/\—b747 T E[Va— BRI L XVMEEIE (JE[7]120R) 1250 LIRS Q0 D, FEER
OEIREEIL, FED IR FH LATEM A LI k> T, ZORITRENTZEDDHE10% (LI L) 85
ZEHEZHND, LSTP Tl 7 v ol va/L R — VAR D LB DA L EWMEEE 23 E <2579, Vdd
IR A =) o b i it e, — 77, LOP TlE, BifEE N2 IRIMZ DL ENENS Vdd DA —I 7

DIEGRITHET e,
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[7] Vtsat [ZEAFIL &V MEEE T, /N =MD T UV AS TR AT Vg ZEINIILIZ5A 12OV C MASTAR %
HAWTRD T, L%UWﬁa}FE UL T2 T AL v a v R — 285 GE[8)1 2 R) 13, ﬁ@*ﬂ%[éﬁ%()lﬂﬁ(/f[%
) DERZN =T 72D+ 97— =R I T EE [V — L EVEEE 250 L0@ RSN TN D, 7L —
F L2 CMOS T 1. EEADOESITITIER DO RHD I 4e18cm-3 Az H(MASTAR IZL5)2D THY ., i}
FBOESITIX 6el18cm-3 ZX HT-OTHDH, ZIVOD AW EILEMEEEZ2FTEOL VIR EL, BT v X
NV RAE T D7D B 72D, UTB-FD 7 /A ATIL, Vtsat ST ¥ RN RIMEN T2~ AU
AT AR (Tsi) DlE (LOP T~7nm,LSTP TiX < 7nm) SN LESI, ZOHE N ELSHROTHE> WD, DG
MOSFET Tid, ~0.6Lg L 5057 A DR I )7 572 L OEEEE D @< A EV DR AT > TUVD,
MEELLXD UTBFD-SOI D2V 7R T 4 JRIESS DG-MOSFET O~ ¢ g% MASTER 75 &S HL TV,
[8]1ds,leak | % V7 AL v /LR U—ZEHAE T, 25°CT NMOSFET ORL A% Vdd, Y —A, 7 —h, Ktz
LHE LT BT F v R UIR S 720 D) — A E i Th b, NMOS DA 7IRBEENRIL. 25 CITRIT B HEALF v VIR
W 720D NMOSFET ORL A ERTHY, 7T AL v a)L R V—IEiiRE 7 — N — B — 7Bt R
ko RV 7B GIDL 25 10) [ DM TH D, 25CHHVNIEIRSLIETIE, 7 ALy a/L R —7EiR
AV — BRIV RELRDERE LT, Lo &7 — N — 2 EBIREEE O RAFRIZHOWTIIE[S ]S IR, LR
@i Vt,sat (FFRHE[7IB ) 28 Lyjere TRETHIENE Visat DEIZHESTND, Zhb, 47‘711@\‘/5»&*-9»—
B ET — N =7 EREER) —7EBROA =7 1% PMOS T 3AAChiE &5, LSTP D% 7 ALvig
/w U—27 B O BEETHD 30pAum (TF—Ar—U 7T — L ThHD,
[9] Ly o VXEAFOEEHLAE T, 25°C T NMOSFET ORL AL &5 — R Vdd, Y — A, HAR A B URE L7 AL T v oL
Mg 4720 DRL A LB CThD, BAFIETRIIIERDAr—) o T BEERUAERK) 17%DT A AMEREN B4 CT&E5HT7
kRGeS DRI U 72 (FRLE[16]2 ) . PMOS Ofafn & itfiiE, NMOS D FneE fitfE o (40-50)% &R E LTz,
O REOBHIILL FOMIEH THD, T —A/ FUAVEFIGT Ry ( FRRE[1312 ), KEICBIT5%E
LRI (L[4 2 HR) . BBENE O BRIE E[101B 1) . NURT v 7k LA B R GE[ 1213 1),
[10] FEAAZLLBE EHEAARENT 1 ratio=[FHH LB EVE Y[V 7 7L o ADBENE | TSI, [{%t%?bf:%z%bfﬁ]ai
BRI LDWENREEOBHE, (V7 7L AOBEE] 1 THEEDIRE S ERVWBEIE Th5H, EEHC X
u ratio (X KR 1.8'°CH 5, 7o, BB OB HMTIX AR B O ERAEAT 723728 2004 4£" L& Lféﬁﬁ
ENTEY, TNBITHLESN= 7L — L7 OIS 0T A ThoTz, L LR, SCERT ﬂ%@f@tﬂﬂ
fZiz ib\%w%f;ﬂm%b ZOHIZIE SiGe =t DL Va g Ic kD n— L ERSE | BAEO A —
—LA¥—IZLDE, PMOS $/D @ SiGe X NMOS S/D @ SiC L7 B RTEIZ L5 7 m e A RFE, /A7 Vb
FEARER O 72 S IC XD TIED el 3 E ED, MOSFET DA —Vr 7 e Z# T T&@ﬁ%é%fﬁ%ﬁ“
DHONRINEELL 72> TLAL MRS BWFERMZ20) F2EDI oD 7 ot R AN THNRENE
PHRECIE 2> TR, Ko T, Lg=20nm THE 72> TU%, UTB-FDSOI & DG DUV U TS, FREIC
o TWDEIHIE, ZNBHDT NAATRENE 2K ET D HIEN RS> TN FITED,
[11] Idsat D7 OREEN EEHIFAREL 1d,ratio (3, BENEEMGIGIC LR EIROSEE S VAR T,
ZORENT [BELT 1d,sat] / Idref=Id,ratio TEFKIAD, 22T [BELT 1d,sat)lFHEF LB B COfIFIFE
VAL, Id,ref IXIEE OB BN E CORIFIE L 23", MASTAR TRHHE SIS Id,ratio 13, B EHEEHI G517
¥ pratio GE[10]2R) DR CTH D, —ikIZ, Id,ratio 1T T v RNV ROWE A — /N —2 2—MILY  pratio L
DD CT/NSIRfEE 72D, EEFEZITIRED S 1 ratio DEFUIHED, (E[10]2HR)
[12]135h VAT 7 HafE4% 0% . UTBFD-SOI X° DG MOSFET [Z A\ T IR 5 ¢ MOSFET D JEHIZ K& A
=0 TR EEIT (T —ATOXRY )T HEADMEEICED) ) AT 4w 734 T 1d,sat 2304
HEXDOWGERER T, T LT —UL7 CMOS TIHEEBE L ARHIRE N E < ANUART 4o VLB IT AT 20,
DOEREN 1 LLEIZ7e BN\ VAT VA R L TERY, ZOREIC IR B RS EREZW -9 8012725, I~
FBOODITIE, MU RATK T BE NV AT 4 T ED ) 2= a BN RO TN LT LD,
[13] Ry lE, T 3/VIE 1 pm 47200 KPR AEEY) — A+ RUAARPUE AR O URH) THD. i
HOMEIE, fAFIETE (E[9)ZMR) & & 5 L0ITHE/ hSid, i Rtald, FET TWG (285 a2 7 MR,
HUHF AR —MEFIB LR A« I AT 3ay DA —N o 7 OfERE KL T D, Rsd OEIZF -
FEEHRICFET% 2005ITRS LW K& Ao TUWND,
[14] Cyidea VEENLT v /IR 2 720 DAY 727 — ME Rro Caidear=[€ox / (EOTerec)]XLyy T T g LITEA U i1l
JEDFHFER, EOTee SILIKERAIZIITHBERMNHF LB LR ([4138) , L, L3 EEn72r — g (E[1]
B, W FREIE, BOTwe. JE[4]1Z ) 1219,
[15] Cyrotal 6&&4%%@%&%«*»@%f:@@é’f~k§%o AL T R 720D Cyigen EFFET — A —73—
T STV R Miller R ZGET)  #HEA/ TREAIX, Cyigen [ Z1ED,
[16] © &%, 25CicH 7% NMOS T NAADA LI 2y Z77g b T DV ASBIERER] T 1 = (Cgrom™Vad)/ lasa,
PMOSFET @ t & [RIRICHE/ NS IVADEARE LT, 72721, PMOS g5~ (0.4—0.5)x(NMOS Igg) o TlE FSAADAR
B2 AA T o ZBIERE RN ST 5 BWRETHY, 1/t 13T A ADKE IR A F o 7B T 5B VLR
FETHD, i,/ e, faFER (E91Z M) BLO Carom TE[15]1Z /) DI FIZ1ED,
[17] Ut iX NMOS DAL N oo D 7p AL T 7R E ThD, Rt/ A, 1IcHED,
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Ry 2T DR R

B R D RN BT D AT TREIVIZFRE L O fR T R4l & IR A BE BIAR 238 5 (Figure
PIDSS &), Z<OHA ., B ERFIORSNTR A (BEICB T ARIVRITDH->THRn) L
(BPEICB DR ITE LI TOD) 1T, TIHDAIZI > ORISR k3 DRI R A DA
95 BEETDFITHIEL TV, D RRIZES 92 251X, Figure PIDSS5 CHllgHZER RS TRV RR
RERNTE BRI 25 A T0D, ZIHDOHEFI7e ) 2 —a AL T, Bl ope kb ix i
RAEEME ., B FEY . BIOT 02T L — 2 ar O EE R L FNSEWRHIT- D12, WE R
T BIERPEDOWIE 2 — 2 L3% E LCUD, High-k 7 — MERKIKE L ORZ L7 —NEmA R 1178y
Va—3arDEL03, BRANSEHRA Y I T VAR TR SN, DUVINTIE, PEREEITS % 5 FH
UL RIZDTe o> THERESNHE D0 TEED K E72HAMT 8T BB B 17 BT (T TITEAIIL TV DA
=V TN E AT DI D) | High-k 77— MERKB IS L ORIV — B, #ESYRT 1
IS AT BRI 7 (522 Ze Z . SOl R0~ /LF 4 —h MOSFET 728, #a A By7e ki IC B i+ 5
ZliZieD,

A DfFERRAE CHHAN AL DB ENE 7] EiX, fafEOMERE B AR T 57 DICnEE L
INTND (Vv OFMRTE R FNIRELSLESNTBBE N FHITELE 2> TND) , ZOBENE A Fi
2004 FFIZHID TEE R Yy 7 N U VA TEASIUTEY, 2005 Floa—/"\T—a w7 T U AZ | TE
ASNAZENTESINTND, ka7 atRE AR T — I VAR A R0, TV~ =0 AOEH R
hr—/L L7z SiGe #EF1E EH LI SO ek BIChR Lo E S Va @i vz m— LA A
VIpE RO TELDOEE VT 0] EHANBFET D, MliI, ATV R HAL (72> PMOSFET @
FEVT1E(110) AL TR ELRD) R0, ESIITER SiGe BLD Ge F v 1/LE WD ENRDD,
NSO FEAFEAH F2 1%, NMOSFET L0 PMOSFET Ofifi Jj O8N Z AR i KO ETED .,
BENEW A& ICHE 572 8AT7m—0/E, S)IZIE UTB SOI o~ /L F % —k MOSFET DXL
VIR IHE T2 N T L AR~ OB ] OB AF T, M MW ERSNE THHI LA RR LTV,
IMZTT 'R ZELDARN AHINE T O ) B A L —V 2 7 L AT T 5T UL T 572108 | Mz
f7endeENnEEINET, MUV AZ B DAR—=ANAr — ) T2 L0 /NSLTe>TLAHE, S/D #457
~® embedded SiGe/SiC HIfi<°, AR A SiN T4 —% T P AF IR DHAMTIEL, T R~ D A
M ZFHE T DDIH N Thlle>TL D,

FEARW)Z: MOSFET #1&5% 2007 4F (B v 7 v D AZ O —hE 25nm) LR E T+ 0124
HUL D701, BUEHET NAADF —hAH w7 (SION 7 —Maigliss N — 7K Poly 7 —NEM) 25 T
HEEARFEMGREIC OV TN TR ER DD, WEL —ENMLS D & T v 1L 20 R 3
F ORI B REE KO 7-0127 — MNRAL LR ) (EOT) 1340 Y 0 72 1 i b S D, LnLanis, i
SFeMBEAZILTND SION 77— M kxR Ok 72 B LI BRIV B RO 5 BB H 0 78
&> T =N =2 ERNEH T L0 RA2L 7253 (X PIDS2-4 25 MR), 2T, BRI
PR R A B3 A=) o T &7 WV — NEM D 22 Z b & R R B2 X~ T, Mk L C& 7= EOT
WD DNRDRI L7222, HHHIFETO EOT 12345 High-k D5 — N — 7 & i I TR = RS
B L CHRD/NSW b | High-k 77— Mk IR L7 — R — 7 ER ORI W) SR E RS 078 ) = —
Tarkied, —FEOa Y N7 AL LY High-k 77— MEZFIEIL 2008 FFETITEANMLETHLHE
FRIENTND, GELLIE, e/ HINEROREEZ SR “FEOR v/ NI DAZ LY —NE
DZEZALEDRANAMHEIL , BEA 7 — N LI O L2 ) — 7 B RO FFR R IS 2 D721, AX
VI —NEMRS F72 2008 FIZEADBLETHLETHSNTND, 7TL—TF 73917 CMOS OLEVMERE
JEZ Y722 5% E 9572012, PMOSFET 2k L T YAl E - Him AT o4E 4584k NMOSFET
2L Co ARG T ORI MBI D, ZDT-8, PMOSFET & NMOSFET (ZxfLC
FNENR 2ol —NEMAME R BEOMETH D,
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A=V T BELTEGG A T L—TF 7317 CMOS T A ADN R 72 A r =V I IR #2705, FF
2, BT v RV R A RANCHIE T A 8T, FLWRIEL RN TREND, &5, Fy LR —
E U T PREERD TEWVENE NS5 8RN E L) 2R BEEOK TEBIORL A —RT
ARDNUR = RURBR RV 7 Ol A — 7 EIROEINEL -5, kD, ZDIHT/NEA
MOSFET DT R/ ~D AR DA 20D 72720 | R DOBSCELE DT 7 MR LE PR E
725, EDOFEFR, LEWVEEEDOREFIRPOLENFFE TERWIEERELD, TOLTRREIL, 27—
VT BETNIETRAN /2D, — DO ORRPRRAEARIE ., MR 5E 42222 {k (UTB-FD) SOl MOSFET i H]
ThbH, 7L —F 7307 MOSFET TidTF v RV AR E CLEVMEE A% E 3575, UTBSOI M7
VAR TIIT v RV 3 D 72 LEVWERE LTS — MEMO R TG, 205
B LEWVEBELZZELVEICERE T 57DI0E, Iy RF vy I HEDEFHREEE AT A2V —h
B NI THD, BREINHLFEIHN /2572 UTB-FDSOI (2 SN AZ V7 — M B, /)
NI T —FIMEHESNDMELEITEI S DIMEHSIND TH A, FEEE, midgap 1"HELLMIEE meV
PANIZEE T REZR2 AL FHBISZFF D 1 DOEMM B FRETHL S LIVER A, IR E THEA
28T T v XL THY, LEVEEE TS — MEMOFEE CTHIEIS 15729, UTB-FD SOl MOSFET
XV 7L —F MOSFET LG T, LA —Uo 7L TRy, fafnEiiz m<LedneEz o
N2, > 7 )W —k UTB-FD SOI MOSFET %, 2010 4R ICEiR Y v 7 b7 DA T SN A LTS
N5, < VF 7 —hOMEER T (5542222t MOSFET (350 MECHHEELICEV A =) 7 R[RET
HY, 2011 FFICEHE 7 IGHE A SNADEFHRIEN TS, 7 —RMME2Y 20nm LLTFICHE/ S TLpe, 1t
REC B E R (Y ZHEINE SRR O[12]12 2 W) 20 - T I2IL e 222 Z MK A M4 MOSFET I
MOSFET [, ¥#\UAT 4o /R Z L AMERE I LA LB LT 52 LN FLGAEND, ZHHOMERETRILITHL
ELOW D& FRIZ) — R TOF YT HEADLEZBL THELNLL D THD, B— R~y 7 O TIE,
XXV T HIEAL SO ESELTEDICEBBEWE (T72bb, 7L ~v=U L% 1I-V [, SVar~—2
DF I)IAY —oh—RoF ) F2—T7) e F ¥ RHEHTHE0IEH72, K0 ARy a— a0 n
BRSNS THAY,

FcthlC, m— R~y T Dk OFLIBEIZIU T, MOSFET OA—U 7139685 b LUEma A,
EZ 725 B 2 B0, FE CMOS (emerging research) 7 /NA A LUXIAIEE /7 —F7 7 3 % DN RR R
HTHD (CNHLOFEMZERRIE Emerging Research Devices Fa2M) , DO IO RIR X, T OREE
TICBHRINVBEASN TEIEERE, Ko Xh, @B ERNT DAL Z R LT CMOS B HiT e #ne
BS LI E R IR LS NS TH A,
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2007
| 2008

2010
2009 |

2013
2011 2012 |

2014 2015

2016
I

20

2019
17 2018 |

2022
2020 2021 |

DRAM 1/2 Pitch 65nm 45nm 32nm

22nm

16nm 11nm

Enhanced mobility (mainly
strained Si)

High-k gate dielectric (all logic | | |
types) | o

Metal gate electrode (all logic
types) for planar bulk.

Ultra-thin body, fully depleted
(UTB FD) SOl MOSFET

Metal gate electrodes for UTB
FD SOl near midgap work
function

Multiple-gate MOSFETSs (e.g.,
FinFets)

Enhanced quasi-ballistic
transport

Enhanced transport channels:
Ge, llI-V, carbon nanotube,

nanowire, ...

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

I Research Required

Figure PIDS5

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2007

I Development Underway [ Qualification/Pre-Production

RS cContinuous Improvement

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

Logic Potential Solutions
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AFV—|TkF DT R LR R AR

DRAM (Zxf 3 B E T R SRR SR

DRAM (26T AR 1T, A —Uo 7 LebicETE T LR DE TSN TV (PIDS DFED
4a & b B, 193nm EEXTED ArF OIKR O+ % 7 0253, DRAM /~—7t»F 60nm LA
T DRAM ZEHTH720 DX —Hili ThHD, LNLRMRE, STC BEO, hLoF v o 2GR 3
BRI OBEPEFIFICEL T, WS ONOEERRENR DD, FX/ S AR T &7 A7 hay
5{%2[111&(%%@;5“/7 RN L7 A R AR+ 72 it A S D ZEN M EESND, 2
SOMEARIRT D72 DI121E E— VR FDT=D DN—R~ 27 % W=7 3 D AN N ET £

2o TETCND, E 2. B2 ) Y 77 A H IR B L O, o F U T ER O ERLETH D,

—J7. JiZ CMOS BB EF DA =V TIZHEW FHCR PR E O 7 m B A TIHRIR 7 v A T
DLELIND, 2T CMOS FFDESIVIZ % TORIR 7 2B AN E IR A7 DRAM E/LTO
jt-érfoe%%'aﬁ&focé T, BATL—OWEBEEDT 7 BANT DAL, T — AR R R A R T 57

W AR SV DY T AL v a R — 7 E R EAR L~V DYEE Y — 7 B DO FHB B LB THDH, ZD %
a_\ U Ak F vy 3/L /L MOSFET 7% 80nm LL N DRAMHP OHL 5L CTldfE T, Iz, 50nm
PIBEDOHARTIL, IRWEMEEE CTho> ThHE WO R LA B ESHT-OIC7 U 4#iED MOSFET 232K
SND, OFRELTIL, EVMEREMAZH . /L MOSFET D4 —MEEIEN$H 5, @\ VBT O BE)
e FEBLT 572012, MWEEICHESN L MOSFET DO —NEBEBVLEINDHDTHD, &
JL MOSFET TiX, 7 ALy a/l ROEBRAARFE T L7200 E W BIEEE Lo TnAIEL | FEDL
NN ERESTHIENMBELERDHERATHD, ZORER. MZEEIZHINENS S —MERITE<725,
DRAM D/ MOSFET DA —U 7 U —REOHJE L~ LIC BT 54— NETE . £/L MOSFET @
SN, PIDS6 DT T7IIRENT WD, & — MEBIROE NI 9 RN 5, BOT (F22h R LAk
B (X, JEDIZERESILTEY, ZORER, FERNEMIL, A7 —V T B> Th, KIZLHIN TS
BRIZIZIE—EE /2> TS, thd DRAM (2327 A REL T, gl LT BB A TOFE 1/
Fe AR OU — RO Y MR OIRIRBUM B, B S OE T AXZ O TE, LU COEHE b EL
fif. ZL T, Cu Bl FR D @ £ DRAM ICIILETH D,

DRAM DF¥ L Fy SR TAr— 7 4t :ﬁ“ﬁ(?ﬁﬂﬂtén & XU A A 0D SE N A L A L =
(ETO) 1%, BV B B AR D72 DI A Ar — Vo 7S i abian, EOT &2 A7
=V 7 I, mW iR (k) %?ffoaﬁ?'-é{zlibi‘z\gk&é fiftt75%, BEIC . MIM (Metal Insulator
Metal)%:_ﬂ'rw\ UHREENIED TWND, FOMERREIZIL HSI0,<° ALO; 73 (k~10-25) 2006 4D
DARAM HP @ 70nm TiIfibil T %, 2010 F12iEL, MIM #iE T, JOEWHFEBEREL AT 5, Zr0,
HEEDMEDONDTEAD, IZEDHTIL, 50 ZB2 5 HEEREA T OMER ML E L7225 (PIDSS 22 ),
Flo, 2O EOKEE R o 7oA B O W BRIEIE X B VN O e/ AR ICE S L1 :%ﬁd ENDHH
HDe Tt VB B OMEIRZHERF T 5121%. DRAM O IR 2 — 0 7 D=1 £ £ 97 [N #
IRBSREPE T HZEIIRDTHA), AN —2 ) —R DXy U Zifuix D A/r—1 7 DRAM O&/L
T, EERLIEHE TR L, X PIDST [ZREN TS, ZORIIRSIVTWD I, v/ S Zifffx
JEORESFUL, EOT OEFEIC LSRN — ) 7L LB TR T2,

F 7Y A X% DRAM OE v hEE 75>tijDL“C%TE5E2}QHL?/7 HAEZHERF T D7-0121%, Fv 7 2R
FOBLENPODRREI DO THECTHDH, ZNEFEBLTH72DITIF, szw)wx7775'~” WY N
DTEHETHD, 2006 FI2iE, FARXT 774 —"a ”<‘:L“C”6”75> JEAT 2 #RLL BT TR, HI£<

DEAEN“O”DIRFIELED TND, BT A X T 77 52—"0" 37857672 h e /LRI O T~ 7 1
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HOWIZHDDmEIL, BV OmEEDNNSLIRo T, BRI OEAE I I LN 72N END /LR
1 63%035 56% 1185, 20074EK D DRAM @ Tableda 3L TN, 4b 121X, B YA X T 7752 —"70>"4”
1 FDOBEMENT IR NZENLHIFRII TS, LILZRRE, WL OO FEHRE NS TWD,

Table PIDS4a DRAM Technology Requirements—Near Term

Year in Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM ¥ Pitch (nm) [1] 68 58 50 45 40 36 32 30 25
DRAM cell size (,umz) [2] 0.0277 0.0202 0.0150 0.0122 0.0096 | 0.0078 0.0061 | 0.0054 | 0.0038
DRAM storage node cell capacitor
dielectric: equivalent oxide thickness EOT 1.2 0.90 0.80 0.60 0.50
(nm) [3]

%‘% storage node cell capacitor voltage | g 65 | 065 | 060 | 060 | 055 | 0.55 05 | 050 | 045
Equivalent Electric field of capacitor

dielectric, (MV/em) [3] 5.7 7.2 7.5 10.0 11.0

DRAM cell FET structure [6] RCAT RCAT RCAT FinFET | FinFET | FinFET | FinFET |FinFET|FinFET
DRAM cell FET dielectric: equivalent oxide

thickness, EOT (nm) [7] 5.0 5.0 4.5 4.0 4.0 4.0 4.0 4.0 4.0
Maximum Wordline (WL) level (V) [8] 3.0 2.8 2.7 2.7 2.7 2.7 2.6 2.6 24
Negative Wordline (WL) use [9] yes yes yes yes yes yes yes yes yes
Equivalent Electric field of cell FET device

dielectric (MV/em) [10] 6.00 5.60 6.00 6.75 6.75 6.75 6.50 6.50 6.00

Cell Size Factor: a [11] 6 6 6 6 6 6 6 6 6
Array Area Efficiency [12] 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.56 0.56
Minimum DRAM retention time (ms) [13] 64 64 64 64 64 64 64 64 64
DRAM soft error rate (fits) [14] 1000 1000 1000 1000 1000 1000 1000 1000 | 1000
Vint (support FET voltage) [V] [15] 1.3 1.2 11 11 11 11 1.1 1.0 0.9
Support nMOS EOT [nm] [16] 3.2 3 2.6 2.6 25 2.2 2 1.8 1.6
Support PMOS Gate Electrode [17] P+Poly/W|P+Poly/W|P+Poly/W|P+Poly/W|P+Poly/W|P+Poly/W|P+Poly/W| TiN TiN
Support Gate Oxide [18] SiON SiON SiON SiON SiON SiON HfSiON |HfSiON|HfSiON
Support min. Lgge for NMOS FET, physical 100 90 75 75 65 60 50 48 40
[nm] [19]

Support lsarn [nA/um] (25C, Vg=Va=Vin) 500 465 470 450 410 430 450 | 445 | 440
[20]

Support min. Vip (25C, Gmman Va=30mV) | g 49 0.40 0.38 0.37 0.37 0.33 033 | 031 | 0.31
217 . . . . . . . . .
Support Isap [ud/um] (25C, Ve=Va="Vim) | = 239 210 220 210 165 170 175 | 170 | 190
[22]

Support min. Vip (25C, Gpmax Va=30mV) | 945 | .040 | 038 | -038 | -038 | -034 | -0.34 | -0.32 | -0.32
[23]

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 PIDS4b

DRAM Technology Requirements—Long Term

PIDS

Year in Production

DRAM % Pitch (nm) [1]

DRAM cell size (um’) [2]

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

DRAM storage node cell capacitor voltage (V) [4]

Equivalent Electric field of capacitor dielectric, (MV/cm)
L]

0.30

0.30

0.25

mmmmmm

g GX)

13.3

13.3

LX)

17.5

23.3

29.2

Support nMOS EOT [nm] [16]

1.5

Support PMOS Gate Electrode [17]

TiN

Support Gate Oxide [18]

IST{0)\'| HfSiION HfSiON HfSiON‘HfSiON HfSiON HfSiON

DRAM cell FET structure [6]

21:;1][[47}:@11 FET dielectric: equivalent oxide thickness, EOT 35 35 35 35 35 35 35
Maximum Wordline (WL) level (V) [8] 2.3 2.3 2.3 2.0 2.0 2.0 2.0
Negative Wordline (WL) use [9] yes yes yes yes yes yes yes
Zijll,;'/lzcz:’ljn[tlEO;ectricﬁeld of cell FET device dielectric 6.57 6.57 6.57 5.71 5.71 5.71 5.71
Cell Size Factor: a [11] 6 6 6 6 6 6 6
Array Area Efficiency [12] 0.56 0.56 0.56 0.56 0.56 0.56 0.56
Minimum DRAM retention time (ms) [13] 64 64 64 64 64 64 64
DRAM soft error rate (fits) [14] 1000 | 1000 | 1000 | 1000 | 1000 1000 1000
Vint (support FET voltage) [V] [15] 0.9

Support min. Lgase for NMOS FET, physical [nm] [19] 35 31 28 25 23 21 19
Support Lgae.n [uA/um] (25C, Vo=V4=Vin) [20] 480 550 550 550 550 550 550
Support min. Ve, (25C, Gy max, Va=55mV) [21] 0.31 0.31 0.31 0.31 0.31 0.31 0.31
Support Lga.p [uA/um] (25C, Vg=Vy=-Vin) [22] 215.00 | 215.00 | 215.00 | 215.00 | 215.00 | 215.00 | 215.00
Support min. Viy (25C, Gy maw Va=55mV) [23] 032 | -0.32 | -0.32 | -0.32 | -0.32 | -0.32 | -0.32

Table PIDS4a & PIDS4b (2% A1

33

[1] ORTC (Overall Roadmap Technology Characteristics) Tablela 3L} 1b 123-5<, DRAM O/ —7EwF (%
2006 4= TOBAFEDNIEI 72N LD 2006 FEAR ITRS &R T,
[2] DRAM Dt /L = A XL LR (FEP) O F CREMIC iR im S AL T VD EDIZ DRAM DBy NE LT 7 A X))
SILESINTND, B YA RIL ORTC Tablela BEY 1b I2ESW T D, DRAM OEYREREF v 7 A R1TK
BT TV T THDHD, BV AXBEBNCA T — 7 SNHEL TS, IR T, B AXT 7752 —
“@”(=k/L - A X F) (F 1T DRAM O/ N—T v F) OFf/MZHDHTEAD, “a’DfiE LT DRAM /~N—7E > 68nm
DI ClII 6”72 > D,
[3] v/ X ISR LI R IEE (ETO) 13, MRS /[k/3.9] CEFRIND, 22T k IFAR—UF v/ U Hifukx
MIEOLLFHERTHY., 3.91%. Si0, DILFHEEFRTHD, EOT OfEil, FEP (Front End Process) & CismaaL TV D
FEIZ DRAM OEVRER (Fv 7 Um0 v M) BIO, Fo 7 A XL TRIAT BT HID, FEP DET
O TWDE Y REREF V7 A R1L, ORTC @ Tablela BETY 1b N TtilZe>TWD, EvhEREEF TV AR
I, D TT 7Ly 7 Thdied EOT 1L, BRI AT —V o 7 SNAERH D, 2009 HFETiE, Mt eH
ALO; HHUWNE HISIO, N R—ALI2 > TS, NP 2 AT A THD, 2009 4ELIKIEL, MIM &L & s E R 40
ERFOXY /RN NELEIND, BIEELTIE 9nm NSLBEEIND, T2 AT HEATHD, 2012 FLIKIZEIL
T, SN CWVBRIZARIAD =D IR THD, TNENDOETEREIND, T/ U XHaEERIL, L OE S,
HAF DOV — VB, I AT MDOTER T o A7 E D 3 TG IR IET 5,
[4] DRAM DARL — ) —R %/ R ZOBIEIL, EOTOREDOWEIAKFETHAN — ) —REx /U X AD
V—2EE/N NS L, OB ZONLT v — VN5 b o EESND,
[5] Fv/ SO FHEFIEOETRIL, DRAM $¥ /3 XEFEZ AN —2 ) — R OB IR EE CEl -7 TH 5,
FIES Si0, THIUE, ZDOERDF v U A g EE R Th D, Eih B THIVE, ZlE R/ [k/3.9]103F v/ 34
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Mk E R ThD, 27—V 7 LHTEFRITE KL 2009 FITIX AT FE A L25, 2007 FEOFERIL 7.5MV/em Th

%, 2012 #EITTFOfEIE 13.75MV/em Hxé

[6] DRAM ®&/V FET DX RCAT (Recessed Channel Array Transistor) 75 FinFET (Z[A)1F C#h<, RCAT I,

VTrovarfizadEZET ) B A EEH 7528, RpTEMEEMT ANV AX ThHD, FInFET X, [RHi

T VAR CEVTRENAE 1A B KSR A0, BRSNS, EL T VT a4 LblESND,

[7] EOT I, ¥a#x =PRI E % [k/3.9) CEI- 7l THD, ZZ T k IX DRAM &/V FET OF — MO Lk E

4\3911 Si0, DHFHEFE THDH, EOT DfEIL, T —RT7A BRSNS VD E R A FF AL IS
RETDMNENDHDHENDIEL /2o TND,

[ ] ROV —RIAEEIL, BT SARTZOICH [ ES I E/L MOSFET OF —hE F&f;oﬂ\é ZOEN

F—REEE, BIEIREET, NI =M T 2R T LR L WD EWEEE IR L TH, +o7etr

MOSFET O EJi A G572 DI hETHD,

[9] ADY—RIA L EEIL, 722 BEELEMEWGETH, 7 ALy a/ L RERE T 57D s,

£ /LD MOSFET DR BB E I E W EREN B 21557 OICB T D,

[10] &/ MOSFET @f@f%ﬂ%@ X, RO T —R#FEE% EOT (BRLEEAM IR ) TR/l Ch D,

[11] BAYART 72752 —“a"Z DRAM /LY AKX/ F* THDH, ZZTF L, DRAM O N—T7EwF Thd, 2007 4ELL

FeD“a”1d46” T D, BRI IZ, 2005 £ TD ., 2005, 2006, 2007 LED”a| X8 Th->7=,

[12] Jz;1/71/—§j3>$li\ BATL—OEEOT I T HETHL, TPz, T —hRITKRATH 2

bbb, 7L —#h#=1/(1+ A0 R EE)/[ NaF’]), ZZT. N (X DRAM OEVRE & (Fv 7 U700 v ML) T

5%, FlZ. DRAM ON—7EwF FLT9lE, AP AR T 772 —Th5h, “a’h § DEE, BT L —4h531% 0.63

ERFELLN TS0, 2007 FELLE Q"D 6 127258, TL—RhRIT/NELARD, 0.56 LD, Zo L& RO

FEIL, "8 DA LFRILEL TV,

[13] PREFIRERETIE 85°C— T FIN, AEVOT —HEFNTRLAZLDI 7Ly 2 TICEMIC T ARSI LR T

XD/ NORFTh D, ZZITHRESIVE 64ms (X PC i H D7D EESNDE TH D, PREFREIZ, FT7DY—

7N 55 REE, B AR OEE O AMERITKAFL, SHICH R —r a8 JONRE KT 5,

[14] ZAUTHALEY72 FIT L—h T D, LT, VA7 NVEFBZ LT, BV R EE, B RARIEIKFET S,

[15] Vint | iﬂﬂ@ﬁﬁﬂ%@ BIETHD, ZOELIT, 070 A— =R I T % 52 57O EREIE, 7 —NE

RERFFT D202, 072 BRI ESND,

[16] DRAM @Jﬁliﬂkﬁ‘/“}x&@ EOT I, WFRIEIE/[k/3.9] CEFHEND, 22T kITAR — V% v/ S i i

DFEERTHY, 3.9, Si0, DLEFEEERTHS,

[17] JEAEIEE PFET DR P AZ D7 —MAEHZ, P+poly/W 735 TiN ~BAT9 5,

[18] JEA R D7 — MR A BHE, SION 235, HfSION ~179%,

[19] /&[0l NFET OMEE 72 e/ N7 — M Lg %, 7 —hy F 7 DEAMEDIET DO ETHL,

[20] JEZEI#& @D 1dsat-n (NFET OfaFIER) (%, 170 MBH-V DRV A Eiil L TEFRSND, 2O, 25C,

Vd=Vg=Vint CRHliZi15,

[21] JEAREIEED Vin 1%, 25°C, FERNAT AL | Gm max, Vd=50mV OO —hETE Vg Thd,

[22] JELEI#E D 1dsat-p (PFET OfaFIER) (X, 170 E@HTZVDORL A Eiie L TERSND, ZOENIL, 25C.

Vd=Vg=-Vint TRHiiZi5,

[23] B EI D Vip 1%, 25°C. F:t/ A7 AEEL . Gm max, Vd=50 mV OO 7 —NEIE Vg ThHD,
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2007 2010
| 2008 2009 |

2013
2011 2012 |

2016
2014 2015 |

2017 2018

2019
I

2020 2021

2022
I

DRAM 1/2 Pitch 65nm 45nm 22nm

16nm

1lnm

High-x Capacitor Dialectric
AlLO, and HfO,, MIS structure
(x ~ 10-25)
MIM structures (x ~ 20-50)

New materials (x>50)

High-x Transistor Gate
Dielectric

HfSION, Metal Gate

Three dimensional array
device

Recess channel array device

FIinFET array device

Emerging research memory
devices

I Research Required [ Development Underway [ Qualification/Pre-Production

Figure PIDSS
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NEREPEAEY — KT D EHT R

FRHFEPEATY —1 XN OO B L= F IR BAERR S IV TWOD S, TR ME S0 3EL =120
Fra AL CTWD, SRR EHRBRITIS HIC L > THERD KB (F 3/ h) FfEA & T+5572 RFID 7°H
1 Fo 7 T+ Gb(FHE YR OEEELEE TCORPICIED, HINERERITZLLTD 3 2OH 7T —
(27153 TEY, NAND Flash, NOR Flash, 3EEMEMAT)—Tho, TNENOHTII—T 1 DL
Lol EE A TWD, 21X, NOR Flash A BV —(%, 70—T 427 F—h T A REER TV T T
INARTHY, TNEME OFE IV — LR —Y T NL U REA LTS, FETOHERIZ X~ Tl
IR EEVERRITE O F K EBENDT=DIZ, RO SISk 2 B> 7= il o B Lk
A DOLDOEL TUREN TV,

ZNENOHEIFICEATDERIL, 3 DOATIV—THEINTWD, ENENOEAM T OEATEE R
X, BB ETE A 2RO, i TR HETF SN E S, MRS N D AR (R VAR IS
FRHNL B OfSEHUE) 526005, 5 10, ZRENOEA HITI 6 L THERERNS DD /RTA—H
THY, 7 —hz FA-HEEERSE, WIEANTA=FRENRITRSNTOD, ZIHDNTA=ZIE,
Ry —=Uo 7T NVERRE B RET 2L L TEETHD, =12, MU GHE-FA YA
IVEITBEH-FIA A7) LRFFDR RSN T D, Mulk UitPE SR FFIT RIS PEATY) —HTIC
XL THEA DEIRER THY, =R =W —DBLRINST SAREAMEZIRE T D,

Table PIDS5a,b [Z, NAND Flash, NOR Flash, JEE A& EAT) —DOEW L RH O EREZNZ
FURL TS, RITIZ CMOS O/N—T7 -y F LRI IS AT — BNV Z T 72D WL
SHE (RERMEATY) — O F % nm AL C) Ol 5 13RS TS, [AIUAETH CTRIERIEAE) —
D/N—T T E, DRAM X°> CMOS 27 « 7 34 ADEDET IR AL Tz, NAND Hififo2ud 7
HEJRZ Lo CIT AR A ) L 72 > T Y, DRAM L0, NAND (28> CRREHV— L3k L S/ S
WD,
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Table PIDS5a Non-volatile Memory Technology Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM % Pitch (nm) (contacted) 68 58 50 45 40 36 32 30 25
NAND Flash poly %: Pitch (nm) 51 45 40 36 32 28 25 22 20
NAND Flash

NAND Flash technology — F (nm) [1] 51 45 40 36 32 28 25 22 20
I[\;l]lmber of word lines in one NAND string 32 32 64 64 64 64 64 64 64
Cell type (FG, CT, 3D, etc.) [3] FG FG FG FG/ICT CT CT CT-3D CT-3D CT-3D
3D NAND number of memory layers 1 1 1 1 1 1 2 2 2
A. Floating Gate NAND Flash
Cell size —area factora in multples of F* | 400 | 4020 | 4013 | 4010 | 4040 | 4010 | 40M0 | 4010 | 4010
SLC/MLC [4]
Tunnel oxide thickness (nm) [5] 6-7 6-7 6-7 6-7 6-7 6-7 6-7 6-7 6-7
Interpoly dielectric material [6] ONO ONO ONO ONO ONO High-k High-k
Interpoly dielectric thickness (nm) 10-13 10-13 10-13 10-13 10-13 9-10 9-10
Gate coupling ratio (GCR) [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 0.6-0.7 0.6-0.7
Control gate material [8] n-Poly n-Poly n-Poly n-Poly n-Poly |Poly/metal |Poly/metal|Poly/metal| Metal
Highest W/E voltage (V) [9] 17-19 17-19 15-17 1517 15-17 15-17 156-17 15-17 15-17
Endurance (erase/write cycles) [10] 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05
Nonvolatile data retention (years) [11] 10-20 10-20 10-20 10-20 10-20 10-20 10-20 10-20 10-20

Maximum number of bits per cell (MLC)

[12] 2 2 3 4 4 4 4 4 4

B. Charge trapping NAND Flash (MANOS or Barrier Engineering) [13]

. . . 2
Cell size—area factor a in multiples of F
SLOMLC 4.0/1.0 4.0/1.0 4.0/1.0 4.0/1.0 4.0/1.0 4.0/1.0

SiO, or SiO, or SiO, or SiO, or SiO, or SiO, or

Tunnel dielectric material [14] ONO ONO ONO ONO ONO ONO

Tunnel dielectric thickness EOT (nm) 3-4 34 34 34 34 34

Blocking dielectric material [15] SiO; or SiO, or SiO, or SiO; or SiO; or SiO, or

Al,0; Al,O; AlL,O; AlL,O; Al,0; Al,O;
Blocking dielectric thickness EOT (nm) 6-8 6-8 6-8 6-8 6-8 6-8
Charge trapping layer material [16] SiN SiN SiN SiN SiN SiN
Charge trapping layer thickness (nm) [17] 5-7 5-7 5-7 5-7 5-7 4-6
Gate material [18] p- p- p- p- p- Metal

Poly/Metal | Poly/Metal | Poly/Metal | Poly/Metal | Poly/Metal

Highest W/E voltage (V) 1517 15-17 15-17 15-17 15-17 15-17
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Table PIDS5a Non-volatile Memory Technology Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM % Pitch (nm) (contacted) 68 58 50 45 40 36 32 30 25
NAND Flash poly % Pitch (nm) 51 45 40 36 32 28 25 22 20
Endurance (erase/write cycles) [19] 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05 1.E+05
Nonvolatile data retention (years) [20] 10-20 10-20 10-20 10-20 10-20 10-20
Maximum number of bits per cell (MLC) 4 4 4 4 4 4
NOR Flash
NOR Flash technology — F (nm) [21] ‘ 65 ‘ 57 | 50 ‘ 45 ‘ 40 ‘ 35 | 32 ‘ 28 ‘ 25
A. Floating gate NOR Flash

. . . 2

E(;l]l,sfigfﬁgzi fé(;t]or a in multiples of F 9-11 9-11 9-11
Gate length L, physical (nm) [26] 130 120 100
Tunnel oxide thickness (nm) [27] 8-9 8-9 8-9
Interpoly dielectric material [28] ONO ONO ONO ONO ONO ONO
Interpoly dielectric thickness EOT (nm) 13-15 13-15 13-15 13-15 13-15 13-15
Gate coupling ratio [29] 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 0.6-0.7
Highest W/E voltage (V) [30] 79 79 79 79 79 79 6-8 6-8 6-8
Tread (MA) [31] 25-34 23-31 21-27 20-26 19-25 17-22 15-20 14-19 13-18
Endurance (erase/write cycles) [32] 1.00E+05 | 1.00E+05 | 1.00E+05 | 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06
Nonvolatile data retention (years) [33] 10-20 10-20 10-20 10-20 10-20 10-20 20 20 20
IEQIZTimum number of bits per cell (MLC) 2 2 2 2 2 2 2 2 2
Array architecture (with cell contact (CC) cc cc cc cc cc cc CCNG CCVG CCNG

or virtual ground (VG))[ 35]

B. Charge trapping NOR Flash (SONOS/NROM) [36]

SONOS/NROM technology, F (nm) 65 57 50 45 40 35 32 28 25

SONOS/NROM cell size - area factor a in
. 2
multiples of F

Cell size (per bit) — area factor a in

multiples of F2 (SLC/MLC) [37] 3.3/1.6 3.3/1.6 3.3/1.6 3.3/1.6 3.71.9 3.71.9 3.71.9 3.71.9 4.3/2.2

Gate length L, physical (nm) [38] 140 130 120 110 110 100 100 90 90
Tunnel oxide thickness (nm) [39] 5 5 5 4.5 4.5 4.5 4 4 4
Charge trapping layer thickness (nm) [40] 5-7 5-7 5-7 4-6 4-6 4-6 4-6 4-6 4-5
}11331([1‘1‘1{;] (top) dielectric thickness EOT 7-9 7-9 7-9 6-8 6-8 6-8 6-8 6-8 57
Highest W/E voltage (V) 79 79 79 6-8 6-8 6-8 6-8 5-7 5-7
Tread (MA) [31] 25-34 23-31 21-27 20-26 19-25 17-22 15-20 14-19 13-18
Endurance (erase/write cycles) [32] 1.00E+05 | 1.00E+05 | 1.00E+05 | 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06
Nonvolatile data retention (years) [33] 10-20 10-20 10-20 10-20 10-20 10-20 10-20 10-20 10-20

Maximum number of bits per cell (physical
2-bit/cell + MLC) [37] 4 4 4 4 4 4 4 4
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Table PIDS5a Non-volatile Memory Technology Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM % Pitch (nm) (contacted) 68 58 50 45 40 36 32 30 25
NAND Flash poly % Pitch (nm) 51 45 40 36 32 28 25 22 20
Non-charge-storage NVM
A. FeRAM (Ferroelectric RAM)
FeRAM technology — F (nm) [42] 180 180 180 130 130 130 90 90 90
FeRAM cell size — area factor a in
multiples of F2 [43] 22 22 22 20 20 20 16 16 16
FeRAM cell size ( “mz) 0.713 0.713 0.713 0.450 0.450 0.450 0.270 0.270 0.270
FeRAM cell structure [44] 2T2C 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C 1T1C
FeRAM capacitor structure [45] stack stack stack stack stack stack stack stack stack
FeRAM capacitor footprint (umz) [46] 0.330 0.330 0.330 0.200 0.200 0.200 0.106 0.106 0.106
FeRAM capacitor active area (umz) [47] 0.330 0.330 0.330 0.200 0.200 0.200 0.106 0.106 0.106
FeRAM cap active area/footprint ratio [48] 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Ferro capacitor voltage (V) [49] 1.50 1.50 1.50 1.20 1.20 1.20 1.20 1.20 1.20
FeRAM minimum switching charge

density (uC/cmZ) [50] 13.5 13.5 13.5 20 20 20 34 34 34
FeRAM endurance (read/write cycles) [51] | 1.0E+14 1E+14 1E+14 1E+14 1E+14 1E+14 1E+15 1E+15 1E+15
f;;‘;l)w nonvolatile data retention 10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years
B. MRAM (Magnetic RAM)

MRAM technology F (nm) [52] 90 65 65

g/f{%‘?M cell size area factor a in multiples 20 22 19

MRAM typical cell size (umz) 0.16 0.09 0.08

MRAM switching field (Oe) [53] 35 35 35

MRAM write energy (pJ/bit) [54] 70 35 35

MRAM active area per cell (pmz) [55] 0.05 0.025 0.025

MRAM resistance-area product (KOhm-

(“mz) [56] 2 1.1 1 0.8 0.8 0.8 0.6 0.6 0.6
MRAM magnetoresistance ratio (%) [57] 70 70 70 70 70 70 70 70 70
MRAM nonvolatile data retention (years) >10 >10 >10 >10 >10 >10 >10 >10 >10
MRAM write endurance (read/write cycles) | >3e16 >3e16 >3e16 >3e16 >3e16 >3e16 >3e16 >3e16 >3e16
MRAM endurance — tunnel junction >10 >10 >10 >10 >10 >10 >10 >10 >10

reliability (years at bias) [58]
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Table PIDS5a Non-volatile Memory Technology Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM % Pitch (nm) (contacted) 68 58 50 45 40 36 32 30 25
NAND Flash poly ' Pitch (nm) 51 45 40 36 32 28 25 22 20
C. PCRAM (Phase-Change RAM)
PCRAM technology F (nm) [58] 72 58 46 40 35 32 28 25 22
PCRAM cell size area factor a in multiples
of F? (BJT access device) [59] 4.8 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0
PCRAM cell size area factor a in multiples
ofFZ (NMOSFET access device) [60] 15.0 14.0 12.0 11.0 10.0 8.9 8.8 8.4 7.4

. . 2
PCRAM typical cell size (nm”) (BIT access| 24883 | 13456 8464 6400 4900 4096 3136 2500 1936
device) [61]

. . 2
PCRAM typical cell size (nm”) \MOSFET | 77760 | 47096 | 25392 | 17600 | 12250 9114 6899 5250 3582
access device) [62]
PCRAM number of bits per cell (MLC) 1 1 2 2 2 4 4 4 4
[63]

. o 2
PCRAM typical cell area per bit size (wm') | - 24883 | 13456 | 4232 3200 2450 1024 784 625 484
(BJT access device) [64]

) . 2
PCRAM typical cell area per bit size (um') | 77769 47096 12696 8800 6125 2278 1725 1313 895
(nMOSFET access device) [65]
PCRAM storage element CD (nm) [66] 45 36 30 25 22 20 18 16 14
PCRAM phase change volume (nm>) [67] | 373,000 | 195,000 | 112,000 | 64,000 | 43,000 | 33,000 | 25000 | 18,000 | 12,000
PCRAM reset current (uA) [68] 235 170 130 100 80 70 62 52 43
PCRAM set resistance (KOhm) [69] 3.54 4.57 5.68 7.08 8.29 9.21 10.20 11.66 13.56
PCRAM BIT current density (A/sz) [70] | 1.50E+07 | 1.50E+07 | 1.50E+07 | 1.50E+07 | 1.50E+07 | 1.50E+07 | 1.50E+07 | 1.60E+07 | 1.70E+07
PCRAM BJT emitter arca (nm”) [71] 4072 2642 1662 1257 962 804 616 491 380
PCRAM nMOSFET apparent current
density for reset (A/nm) [72] 1.5 1.5 1.8 1.8 1.8 21 21 21 n
PCRAM nMOSFET apparent device width 239 171 108 82 68 51 43 36 26
(nm) [73]
PCRAM nonvolatile data retention (years)
[74] >10 >10 >10 >10 >10 >10 >10 >10 >10
fycclfe’:‘)lv[[;;]ﬁte endurance (read/write 1.0E+08 | 1.0E+08 | 1.0E+10 | 1.0E+10 | 1.0E+10 | 1.0E+12 | 1.0E+12 | 1.0E+12 JENIZZE

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Manufacturable solutions are NOT known

Interim solutions are known
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Table PIDS5b Non-volatile Memory Technology Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 2022
DRAM ¥ Pitch (nm) (contacted) 22 20
NAND Flash poly % Pitch (nm) 19 18 16 14 13 11 10
NAND Flash
NAND Flash technology — F (nm) [1] 19 18 16 14 13 11 10
Number of word lines in one NAND string [2] 64 64 64 64 64 64 64
Cell type (FG, CT, 3D, etc.) [3] CT-3D CT-3D CT-3D CT-3D CT-3D CT-3D CT-3D
3D NAND number of memory layers 2 2 4 4 4 4 4
A. Floating Gate NAND Flash
Cell size — area factor a in multiples of F* 4010 | 40M.0 | 4010 | 401.0 | 4010 | 4.01.0 4.01.0
SLC/MLC [4]

Tunnel oxide thickness (nm) [5]

Interpoly dielectric material [6]

Interpoly dielectric thickness (nm)

Gate coupling ratio (GCR) [7]
Control gate material [8]
Highest W/E voltage (V) [9]
Endurance (erase/write cycles) [10] 1.E+04 1.E+04 1.E+04 1.E+04 1.E+04 1.E+04 1.E+04
Nonvolatile data retention (years) [11] 5-10 5-10 5-10 5-10 5-10 5-10 5-10
Maximum number of bits per cell (MLC) [12] 4 4 4 4 4 4 4
B. Charge trapping NAND Flash (MANOS or Barrier Engineering) [13]

. . . 2
gflé/sﬁié area factor a in multiples of F 4010 | 40M.0 | 4010 | 4040 | 4010 | 4010 | 4.0M1.0
Tunnel dielectric material [14] Sg:jg r S(Igjg r S(I)(ilzg r S:)C:jg r Sg:jg r Sg:jg r Sg?jg r
Tunnel dielectric thickness EOT (nm) 3-4 34 34 3-4 3-4 34 34
Blocking dielectric material [15] S;(I):)oc:r s;iz’ozr S;(I)zzozr S;(I)zzolzl' S;(I):)oc:r S;ER(I):O(:I- SA(I)Z"’O‘:"
Blocking dielectric thickness EOT (nm) 6-8 6-8 6-8 6-8 6-8 6-8 6-8
Charge trapping layer material [16] SiN I:|igh- SiN I:Iigh- SiN I:Iigh- SiN IKHigh- SiN I:|igh- SiN IKHigh- SiN I:ﬁgh-
Charge trapping layer thickness (nm) [17] 4-6 4-6 4-6 4-6 4-6 3-4 34
Gate material [18] Metal Metal Metal Metal Metal Metal Metal
Highest W/E voltage (V) 15-17 15-17 1517 15-17 15-17 15-17 156-17
Endurance (erase/write cycles) [19] 1.E+04 1.E+04 1.E+04 1.E+04 1.E+04 1.E+04 1.E+04
Nonvolatile data retention (years) [20] 5-10 5-10 5-10 5-10 5-10 5-10 5-10
Maximum number of bits per cell (MLC) 4 4 4 4 4 4 4
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Table PIDS5h Non-volatile Memory Technology Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 2022
DRAM : Pitch (nm) (contacted) 22 20
NAND Flash poly % Pitch (nm) 19 18 16 14 13 11 10
NOR Flash
NOR Flash technology — F (nm) [21] 22 20 18 16 14 12 10
A. Floating gate NOR Flash
Cell size — area factor a in multiples of F’ [22], 1013 1013 1013 1013 1013 1013 1013

[23], [24], [25]

Gate length L, physical (nm) [26]

Tunnel oxide thickness (nm) [27]

Interpoly dielectric material [28]

Interpoly dielectric thickness EOT (nm)

Gate coupling ratio [29] 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
Highest W/E voltage (V) [30] 6-8 6-8 6-8 6-8 6-8 6-8 6-8
Treaqd (nA) [31] 12-17 11-16 10-15 9-14 8-13 712 6-10
Endurance (erase/write cycles) [32] 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07 | 1.00E+07
Nonvolatile data retention (years) [33] 20 20 20 20 20 20 20
Maximum number of bits per cell (MLC) [34] 2 2 2 2 2 2 2
A_rray architecture (with cell contact (CC) or CCG cCNG CCNG CcCVG CCG CCVG CCNG
virtual ground (VG))[ 35]

B. Charge trapping NOR Flash (SONOS/NROM) [36]

SONOS/NROM technology, F (nm) 22 20 18 16 14 12 10
SONOS/NROM cell size - area factor a in

multiples of F2 8-9 8-9 8-9 9-10 9-10 9-10 9-10
Cellsize (per bi) —area factor a inmultiples of F* | 43102 | 43122 | 43122 | 4824 | 4824 | 4824 | 4824
(SLC/MLC) [37]

Gate length L, physical (nm) [38] 80 80 70 70 70 60 60
Tunnel oxide thickness (nm) [39] 4 4 4 3.5 3.5 3.5 3.5
Charge trapping layer thickness (nm) [40] 4-5 4-5 4-5 4 4 4 4
Blocking (top) dielectric thickness EOT (nm) [41] 5-7 5-7 5-7 5-7 5-7 5-7 5-7
Highest W/E voltage (V) 5-7 5-7 5-7 5-7 5-7 4-6 4-6
Treaq (MA) [31] 12-17 11-16 10-15 9-14 8-13 712 6-10
Endurance (erase/write cycles) [32] 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06 | 1.00E+06
Nonvolatile data retention (years) [33] 10-20 10-20 10-20 10-20 10-20 10-20 10-20

Maximum number of bits per cell (physical 2-
bit/cell + MLC) [37]
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Table PIDS5b Non-volatile Memory Technology Requirements—Long-term Years
Year of Production 2016 2017 2018 2019 2020 2021 2022
DRAM : Pitch (nm) (contacted) 22 20
NAND Flash poly % Pitch (nm) 19 18 16 14 13 11 10

Non-charge-storage NVM

A. FeRAM (Ferroelectric RAM)

FeRAM technology — F (nm) [42]

FeRAM cell size — area factor a in
multiples of F> [43]

FeRAM cell size ( umz)

14 14 14 12 12 12

FeRAM cell structure [44]

1T1C 1T1C 1T1C 1T1C 1T1C 1T1C

FeRAM capacitor structure [45]

3D 3D 3D 3D 3D 3D 3D

FeRAM capacitor footprint (pmz) [46]

0.016 0.016 0.016 0.016

FeRAM capacitor active area (umz) [47]

0.069 0.069 0.069 0.069

FeRAM cap active area/footprint ratio [48]

Ferro capacitor voltage (V) [49]

0.70 0.70 0.70 0.70

FeRAM minimum switching charge
density (uC/em?) [50]

30 30 30 30 30 30 30

FeRAM endurance (read/write cycles) [51]

>1.0E16 >1.0E16 >1.0E16 >1.0E16 >1.0E16 >1.0E16 >1.0E16

FeRAM nonvolatile data retention
(years)

10 Years | 10 Years | 10 Years | 10 Years | 10 Years | 10 Years 10 Years

B. MRAM (Magnetic RAM)

MRAM technology F (nm) [52]

MRAM cell size area factor a in multiples of F

MRAM typical cell size (umz)

MRAM switching field (Oe) [53]

MRAM write energy (pJ/bit) [54]

MRAM active area per cell (umz) [55]

MRAM resistance-area product (KOhm-(pmz) 0.6 0.6 0.6 0.6 0.6 0.6 0.6
[56] . . . . . . .
MRAM magnetoresistance ratio (%) [57] 70 70 70 70 70 70 70
MRAM nonvolatile data retention (years) >10 >10 >10 >10 >10 >10 >10
MRAM write endurance (read/write cycles) >3e16 >3e16 >3e16 >3e16 >3e16 >3e16 >3e16
MRAM endurance — tunnel junction reliability >10 >10 >10 >10 >10 >10 510

(years at bias) [58]
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Table PIDS5b Non-volatile Memory Technology Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 2022
DRAM : Pitch (nm) (contacted) 22 20
NAND Flash poly % Pitch (nm) 19 18 16 14 13 11 10

C. PCRAM (Phase-Change RAM)

PCRAM technology F (nm) [58] 20

PCRAM cell size area factor a in multiples of F 4.0
(BJT access device) [59] )

PCRAM cell size area factor a in multiples of F 7.3
(nMOSFET access device) [60] ’

PCRAM typical cell size (nmz) (BJT access

) 1600 1296 1024 784 576 480 340
device) [61]
PCRAM typical cell size (nm”) (1MOSFET access | 5900 2365 1536 1176 864 650 450
device) [62]
PCRAM number of bits per cell (MLC) [63] 4
PCRAM typical cell area per bit size (pmz) BIT 400 324 256 196 144 120 85
access device) [64]
PCRAM typlcal cell area per bit size (umz) 730 591 384 294 216 162 112
(nMOSFET access device) [65]
PCRAM storage element CD (nm) [66] 13 12 10 9 8 8 7
PCRAM phase change volume (nm3) [67] 9,000 6,700 4,700 3,200 2,000 1,300 900
PCRAM reset current (pA) [68] 37 32 27 22 18 15 13
PCRAM set resistance (KOhm) [69] 15.17

PCRAMBJTcurrentdensity(A/cmZ) [70] (RIS 0ra 2.00E+07 2.10E+07 2.20E+07 2.40E+07 2.50E+07 2.70E+07

PCRAM BIT emitter area (nmz) [71] 314 254 201 154 113 91 73

PCRAM nMOSFET apparent current density for
reset (LA/nm) [72]

PCRAM nMOSFET apparent device width (nm) 23 21 16 14 12 10 9
[73]

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

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

Table PIDS5alblZx 457

[1] 2005 %75 NAND Flash [Z, CMOS & DRAM £ ICBs~72, ZOZ i, RSN HRIZB W TEREF D700
FIEZHET D,

[2] NAND Flash 7—F% 77 F (X, FFET SAABOE Y MRARN V7 THERSIL TS, BDE Y MREARN 71X,
EYMRNT P AZ DI — =y REAR L TR 2 HMSE 2600 mWEItE LTI DRV EEH LE
MEVOEERED, —DOEYNRAN V7 HOT —REEUE, 16 235 32 (THANLT-,

[3] BV =R TV T OHERFE B2V O v AN— 2 O AR #7222 L5 NAND Hifffid 7 e —7 ¢
TR T NAAFG)NDEM T T+ T SAR(CT) MR & IZBAIT T HETRAIIND, (B35 3CHK. Kim,
"Technology for sub 50nm DRAM and NAND Flash manufacturing,” in Tech. Digest International Electron Devices
Meeting, pp. 539-543, 2005.) HRESNDE TN D02 2 LIZ K HHEIHEIR ) 7 — Z RFEFITHE
T B PR e K (BB SCHR G. Molas, et al., "Impact of few electron phenomena on floating gate memory
reliability,” Tech. Digest 2004 International Electron Devices Meeting, pp. 877-880, 2004.) . BT "A AED 3
WILERER A — VU v 7 offEic v EZEE Bbinsd, (53 k:beyond 30nm node,” Tech. Digest 2006
International Electron Devices Meeting, pp. 37-40, 2006. E-K. Lai, et al., "A multi-layer stackable thin-film transistor
(TFT) NAND-type Flash memory,” Tech. Digest 2006 International Electron Devices Meeting, pp. 41-44, 2006.)

[4] &V EAEGRE e =t VA FPo ZOBTE, AR ERES T Flash £/ O HERI 0T 2 HIFFRIPRA R L
TW5, ZEE/LMLO)Z WA ETrY Y7 - LULE(1,0)225(11,10,00,0 )~ T 5H0D D —-DD Flash &
JZTE Y L EZE R DL ATRETH D,
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[5] NAND Flash O h RV ER{LIFED 27—V 27 1%, NOR Flash E[RIEEICIFUHERICE E L TV, LLARAS,
NAND (2B 5T — - a—R#IE(ECC)iE NOR L0HE WL~V ORI GO EE A 3252 L5, 6-Tnm D
RN EIEA TR T 5, BIEDEZA, 6nm LA FIZR VB UIEE R — /L § DR R ITH DR TR,
[6] ONO B3R V= M OfEafEEIPD)E L CHWGILTETEY, STV kbl biuki T Hivd, LLRnis,
40nm LL FO7a—7 407 7 —MERETIL, ONO ECY—RERY L2 248 32D E TLEN,
Ta—T 7 =N T Dl v — L =R DB TV TN, =Ry TV T R BB S L
S5, MEEZETHENREETHHTD, mih B IPD £XERM Ty 7 T A ACT)RAHWSLNSE THAD,
ZZTlE. High-k IPD DG 4R LTz, THRIRRIR IR TZIZERES A UANVRNZ LD ARE LT,

[7] 77— R BTV T H(GCRIE, (Fa—T 47 = E I T Har b — T — R R)/(—A, RLA,
R BEICKRIT DT —T 4 VR E) L TERLIZ, GCR IZh RV BALIEIZ B T HEIERE FTOMaEREL
TRY, FBAREHEEMEFTOT SARZXLT 0.6 JOKREREETRETHDH, ZOZLIFHOENTO—T 1
T = e TEY, By MEH OB O/ h—21% MLC BRIk 28k E725, 40nm LA T
IZBWTC, 7r—7 97«7 = iR IPD (TLo> TRARD TR, avba— L5 — Mk T 5L 8012+
2V GCR ZHERFT 2922 b1, IREE R FRE CH D,

[8] n ARV V=2 (BLOKRIYAR) 7 — EMmIL, 2 br—/L 7 =L THWLILTETEY, VRS W
BT HNDETHAD, Si I L TRV AU T EED high-k IPD OB A TIHEEET OBV —MEAZSIZEIL,
p BRI VA 38 R — b oo @ WEEBEREI S S s Th A,

[9] IRWEIAABE L EBEITMLELSILTCNDR, | WE #EZ 27252872 W/E BIEKST5I012he =z
JVEEAEIEE IPD @ EOT ZAK F W21 U2 b7euy,

[10] FALEHEF A7V OB LML, @V ESREBIZ 61T D E R O B B2 5581 28> The RV ER LD
BEINDZ LB KT D, A —D ZTERAVIEHE G U CEQEIARWA, RERTLAX ECC BB AMN3&
HTEERD | RIMEORIEILHA 3%, High-k IPD 1%, A il H{bE2 o ST, 2O EiE, @V Uil
& W3 9% Solid-State drive 773 A7 E D HIRIZITE S 720,

[11] 7 —ZRFET, P VBRI D SE RV LR FFEE IV B RO 3 O [ 7 |12 Ko Tl S LD, hrrv
LD R L & R R O AR E T A O ME R Ol 5 203, PREFRE R O s ko TR T 5775,

[12] 4 By 7 - L~ 2-bit/cel) D ZEE/L(MLC)IE, 4 A TiZ NAND FlashiZ —fRAVCHWHILTEY, 8 By
7L~ UL(3-bit-cel ) BLDY 16 1w 7 « LUl (4-bit-cel ) BSBHFE ST D, 8-bit/cell MLC T /3A A%, 256 1y
TSN BEL T THEDHN OB ZE R OB I2E2AIZHHEBbhbZlnn, EFRICBWTH 8-
bit/cell A TEDLN) THRIZZN TR,

[13] MANOS(4: 8 -AI203-ZE/L-BR{L-S1) T /A AL LB AT b VRV B L B B8 SIN R 7 f@ L b %
IBLIROEERE FARMSE 570D Al203 &7 —MEAZ IEODHEMEEBESES — MWD, (BB
Wk: C.H. Lee, et al., "A novel SONOS structure of SiO2/SiN/AI203 with TaN metal gate for multi-giga bit Flash
memories,” Tech. Digest 2003 International Electron Devices Meeting, pp. 613-616, 2003.) 7NV 7 T.521%, FER
—b s FUFREANC L > THEIMEZESICT o8R8 v - XU T 205, (BF W H.T. Lue, et
al., "BE-SONOS: a bandgap engineered SONOS with excellent performance and reliability,” Tech. Digest 2005
International Electron Devices Meeting, pp. 555-558, 2005.) 7a—7 4> 7 « 5—KGCR &7 A « h—70 %
BRIFIE. 245 290 CT FIEIZ NAND % 30nm ([Z A7 — U > 745 Z LICHIRFCE 5,

[14] MANOS #1734 2D | R uiifglEald, ki U a2 U biEQG-4nm) ThH 5, XU 7 LHBE)T
A AD bRV, 88 ONOM 21 2nm/2nm/2nm) £ 721% OAO & W\ » 7=l OFEE I THER S5,
[15] MANOS T /34 A TlX, NUTEIDEW ALO; A7 v v XU ZibEL LC#EL TW5D,
AN,ANO,AHO 7¢ EOMOFERE 7 v v & V@ bR Cdh 5, BE 73 ATL 5T Si0, A7 1 v %
VIBALIETH D03, ALO; B L UMLOREEIE bbb,

[16] SIN I%, BAFOT —Z{RFFZRIET HHANRNE 7L 7 v 7207 Db — I Tl b A S AL B
N7y TETHD, KVIRNNT v T BT HMOZ D72 high-k MBS BHIFZITHV 5 ATRgtkn
»5, (BZFIHK:A. Chin, et al., "Low voltage high speed SiO2/AIGaN/AILaO3/TaN memory with good retention,”’
Tech. Digest 2005 International Electron Devices Meeting, pp. 165-168, 2005. ) CT 7 /34 AIZBAL T, HEifEK
BRI R E IR O IR — L« FURARETH D, ZO/ME, LOVEW T v 7%, ®miRARICHEIS
LT — A RFRRBE LR,

[17] SIN DTy 7 #h#i%, BEARFIENH LI B b, (BB WK H.T. Lue, et al., Proc. 2007 International
Reliability Physics Symposium, 2007) %D 7=, KR > THEME SiN, & L <X, high-k b7 v 7EA
WRET D &0 7T U TSRO T 2D RTREMED U,

[18] MV MRS B — ML, 7 —NEAZMH T 2D R ThHhD, LoLgis, 7ot AE G KA,
BUMERBEE WS TZER D, p BIRY ) N3 @R R IR L& 2 Bib,

[19] CT T/ 3A RIZBIT DR UMHTED AL 1L, RIZIZEDOD TR, 7a—T 47 e T IRA AL ES T,
CT T A ATIXBEMIIML LI by 7 ITHiEESND, H o7 a—T 407« FRAAD I ETORFFER B —>
DRI HIRAIRNTZDIZ, CT T AR E R R IED S AU Tau N,

[20] BE 7 A RIZBITHT —2IRFF OSBRI, L<DDro TR, (BB H.T. Lue, et al., "Reliability
model of bandgap engineered SONOS (BE-SONOS),” Tech. Digest 2006 International Electron Devices Meeting, pp.
495-498, 2006.) MANOS 7/ A ADT — X {RFHEMEIL, REICE Do TV, BRINTZT —ZI2LbHe,
HLEM T TOT =2 RFHITa—T 47— R TR AL E ThD,

[21] NOR Flash i, {5#£89(Z CMOS & DRAM LDV TWDN, EHAFEOWNIZIE Y, DRAM &% 725,
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[22] High-k "RUMHaERIEIL, 7 —b o7V 7 H>0.6 Z 2R T 5502, 32nm BL O LBEL D3, 202
CITHICHBR AR ETH7E0 ThD, (B35 k2005 Symposium on VLSI Technology, 11B-3, E. S. Cho, et
al.,” Hf-silicate Inter-Poly Dielectric Technology for sub 70 nm Body Tied FinFET Flash Memory,” pp. 208-209.)

[23] N—=F /LT RVG)T L AT BIT DB /VIEBOM/NCEETHSD, (5 3LHk: 2005 Symposium
on VLSI Technology, 11B-1, R. Koval, et al. "Flash ETOX Virtual Ground Architecture: A Future Scaling Direction,”
pp. 204-205.) L72>L., VG ORIFRICKM I TV, ZOEEIE, VG X2 T LA EARARMIC
WipoTEY, HoMAICIIREREBEENNRLETHY . ZOBTEAT I TERRENR,

[24] ET L —F « T34 2 (| 21E FinFET) (XfF3KD Flash 27—V U 7 HIZBE SN TWD 0D, Bk
(IS LTV, ONO IR & BE#E L7 7 N Aok fEo =2 ha—L - F—RhE7o—
TAVT = DOV, REICEEITHER STV,

[25] NOR Flash D& /VEE & 7 — NEOW G, TEBBAICA 77— > 7 S CURIE 10F O EEFRE & 72
S>TW5, (BEICHK 2005 ISSCC, "4 90 nm 512Mb 166 MHz Multilevel Cell Flash Memory with 1.5MBytes/s
Programming,” pp. 54-55. 2003 Symposium on VLSI Technology, "Highly Manufacturable 90nm NOR Flash
Technology with 0.081um2 Cell Size,” pp. 91-92. 2004 Symposium on VLSI Technology, "A 70nm NOR Flash
Technology with 0.049um?2 Cell Size,” pp. 238-239.)

[26] NOR Flash [ZF ¥ %L« Ry b« =L 7 trUoFHALEZHNWTEY , QRRES T2 7 7 A VOIEK %
MELE LTS, TORER, BT vy X RoMEZRE L T\Wb, LirL, NOR 7T—27 7 7 F ¥,
TNRA AR« V=T DFHRRHD, b RNABILERIZA Y —1 7 TERW0, BT v 2V RoslE i
A=V T xF 2D ETIEFICNERFEIGRETH D, TFE, 77— FRIZF X020 K20, Z o8l
BUEIC B 0vb B9, HREREIIITE 10F ZH#EFE Lt T\ b, (25122 H)

[27] b ¥ RN R 2 RIS 2 72 DI+ B LT iuE 2 720y, HE S/ EAALERS T 512
DIZHHE L, ZoOREER b L— A7, A 77—V 72155, Tam KD - > LRk
L, PREFMEEMEIC R L CTIRARBZFRETH 5,

[28] ONO JEIIARY VM OHEEIEE L CHWHILTETEY, VW FRbL DT HiLs, LnLRA 5, 32nm
LIBE® high-k IPD I%, GCR % 0.6 UL EIZHERF T 2D EETHD, BURTIEX, GCR X7 r—T 17«7 — Ol
arha— LS — I P T LIS TEMRSNTEY, 7a—T 47 -7 —NIxt+5arta— -7 —ho
KEEBELHMSE TS, 32nm £2IEZNLE T, BT —T 407 -7 — ORISR ETLEW,
ONO JEEav ba— L7 — P ESTLEID T, ZOH LIS E IIHEEL 727D,

[29] 7" —R-T1o 7V 7 H(GCR) X, (FR—T 4> 7« — N &I T Har ha—/L -7 — R NE&E)(/—A, RLA,
FEWBR BRI T DR T 0 —T 4 VKN 8) ThDH, GCR X, i IE7eT NARBIEDTZ | ) 0.6 LY RE/pfEL 3=
THD,

[30] BT LANTOT IR T D m Il ThY | B 134Ty 7 OF v— AR 7 RERIC L > TGS
Do AREEAGIL. Fr—2 R 7RI OB S Bz 7 0t 22> TRETHS, Highk IPD DAL, HEE
JEDIRI DI T &725,

[31] JRERAIZ, FEHLUETRIE WAL*Cox) DA —U TR L, BIEEE G LI E) 20ifl425, 7
7 AREIZHEH LB KT L . NOR Flash @ EERMEREFRIED —>ThHD, s LERIL, EREEHERFT 57
DIZ W/L*Cox) LD BAELINNIIA T2, RHIHIZIE, 2h G L EL2 51 EEZ T,

[32] B/W #uE UMD ER I, HIROMERICE > TEET %, 1ES FI3H H7e NOR /M LT/ MEEL
THFRINTE,

[33] BREFIZ, RERZ2 T NARFFEL WD KOG K FGRE ST 2—2Th 5, KIGHIEIOSEL T A AR OFEREIZL
ST, 20 FELLEDOREFEOIEREN EBRC SN TS, F2, B/W uRUiEE DR —R A7 LT, SRR
DI RENHZ LN DD,

[34] B BHLIZ, 2fHfRFFE Y M (ZE RV MLC) 42k 2 UEBATRFFL LR Z KR 2, 8 F/2i 16 fi~
OHERITEENICAIRETH L0, GEIe Vi EFEH U L7 L AR EHERF T A3 kiR L7 > TUNVD, N
BEFENLME TS NAND Flash L3220 PERELEHEMEN VR 2 @ <HERF9-HZ L3 NOR Flash O & E L XV &
FTHY, NAND Flash L0 & L~/0 MLC O£ JIEFRAR W,

[35] N—TF ¥/ T TUR-TUATHES DBELE Y MBI A BRIEHE 2 O TsY, BV STI F# 70l E7-i%
vy MR #7 N BEE U, JFRERIZ, VG T LA OmEERIEUL, 'V ST F 7 olfiear 27 Mm 357104
D~10F (2T 4F TN TED, HOIARGLESE DA —D o 73R e Bk ch0 | B8 0 BEX) — 7%
A PO U R G ST, K& R&D B8 VG TLADHERICHETHY, L/ WS VIO S A
THINTHIN RIS 5,

[36] NOR J&H DM NT> 7"+ T /34 A%, 1T SONOS ##iiz T, LIZUIZER O SONOS 7 /31 AL
[RSHLd, 85 D SONOS i X, NAND 7 LA IZi L TWD, 7 /3 AT HAMRDHDFE D Fowler-Nordheim hr
RN E S TEZIAEN, BRI SONOS @ SiN BICEEIND, B TIEEY SIN h o7 ICEfES L, Fowler-
Nordheim b RWMZESTT Mo 7 T HZENRREETHL, RDOVIZIEF I (2-3nm) b R ERLIEES VB,
SiIN HAD AR —/L « h I TN TT RNAADIEETOND, LLRRD, EDINTEN R VIR LI,
LHEINTZEBAICIVELDFHVERICB O THERNS DR — VO EBEN R GBI E I, BT — 2 {5Fr
EATHZENKEETHS, NROM [ NOR 7L AT SONOS DA R T HT NAALL THRESNIZHDOTHD,
BALDEZIALIZTF v hyh L rhnrz A0 B S/D #55mO1IE<O SiN BIZiRFiShD, HEIDE
INURRA R LS TAL TRy R A=V % SIN ~EAT D, YR (4-5nm) D o VR VIR FH S 4,
T —ARFEOEE IR T H, NROM © 17 A RZ28 Y MEMAREF (V— AU ERVA ) T5F 82 HLTER
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0, B DRMEE X B DIl S ame i L& H 5. NROM (33— F /b TR T LA T =% T 7F vI(Z
TERLS AL, FLl )/ NSV VR T D, NOR Flash 7217 T7< NAND #§1& LIS O 7 — 2 RFF BRIV B LD,
[37] CT NOR SLC Flash (%, 1E Y Y —2AIZ, $ITE Y MR A ANTIREF 5 2-bit/cell Té%, MLC Flash 13,
2E VY —2AIZ, $9 2 B MR A AR FF T2 4-bit/cell ThD,

[38] [T NARFUZHERIZ 2 B NERFFT DM, 7 — MRV I3 A E Y OSBRI E - THIBRE e
W A=V T 3T 0T 4 T = TARARERLT 778 —Chs TIRESI, A MIEBELET v v
R THD, )7, 4-bit/cell MLC 7 A A TLEAE Y MOBEFUZ S L, MLC @O Lg 27—V 7% SLC LhbiE
RN THD,

[39] BT SIN OO VRSN DT-0IS, h RV EIIE T 0 —T 427« 5 —h e T A 2L B FE R
WA =V HTENTED,

[40] FE AT 77" SIN DRI EOT 2 RIS, oy 7 @A bS5,

[41] A2 2 =AML, PRFFE RIS D720 3 BES LR IER B0,

[42] BLAAEY T 3L R (FERE T /314 A) D FeRAM ©/LIZ Vb DCE 7F”,

[43] BV AR S a =t /L fl/ F2, FeRAM BV 1L, FeRAM ERE L0 PP TREn,

[44] FeRAM E/UAEEIL, — DD P AZL—DDF v /XU ZATIOMRIIE -T2, (B35 3Lk JH. Park, et al.,
"Fully Logic Compatible (1.6V Vce, 2 Additional FRAM Masks) Highly Reliable Sub 10F2 Embedded FRAM with
Advanced Direct Via Technology and Robust 100 nm thick MOCVD PZT Technology", 2004 IEDM, 23.7.1, pp. 591-
594. Y. M. Kang et al., "Sub-1.2V Operational, 0.15um/12F2 Cell FRAM Technologies for Next Generation SoC
Applications”, 2005 Symposium on VLSI Technology, 6B-4, pp. 102-103.) D& 1T Chain-FeRAM @D & 9 IR
AR CTH D, (BB H Kanaya et al., "4 0.602um?2 Nestled Chain Cell Structure Formed by One Mask Etching
Process for 64Mbit FeRAM,” 2004 Symposium for VLSI Technology, pp. 150-151. N. Nagel et al., "New Highly
Scalable 3 Dimensional Chain FeRAM Cell with Vertical Capacitor,” 2004 Symposium on VLSI Technology, pp. 146-
147.) [45] /S A OREEIL, BVEBARE T OF —ERDER O — > THD, BEFmEIL, J0AZ7R37%
TG IR TEEMRAOND,

[46] V-7 TRSIF xR 2 DL B FL, B/VIERIC 3 53 53¢/ 32 X HifH, 2005-2006 F~19F,
2007-2009 “E~16F>, 2010-2020 4~ 10F* (3R ILF v/ S ) AR E LT,

[47] EBEOFELTH v/ S HERE, 5 = #-HEOEREZ AV TODIEND, 3IRTTH v/ X DOEFHEFELKE W,
[48] BRI 2 FEATHAE O, 5 — 8 HED A D2 RERL TS,

[49] /S A DI EEE(Vop), (KB EEMEIXNEE i G R, — A9, Vop ORI 115875 EIRIRE
DD INHEETHY, BERBMNTF v ThHhD, (BELHRD. C. Yoo et al., "Highly Reliable 50nm-thick PZT
Capacitor and Low Voltage FRAM Device Using Ir/SrRuO2/MOCVD PZT Capacitor Technology", 2005 Symposium
on VLSI Technology, 6B-3, pp. 100-101.)

[50] uClem® CIRSNDIAD AL T L 7 B EIX, BRI GH STA—2ThD, v/ SV XD EEOR BT
B ol AAL T U T BRATE LD, xS ZFEIEIX Vop,

[51] FeRAM (TRHEZEHI L Bl TH D72 Bl LITIZT —Z O BEFIARZ D, MR UME, 3L aEiA
FEEL DI ZE JE T %, DRAM & SRAM &35 FeRAM 13, K 1E15 [RIOMHK UL ML EETH D, BT
X E KRB LS Cdhd, 100MHz T 3 FEMBIESEL L, 1E16 [HITHD,

[52] MRAM 7 734 AL, 2010 4 45nm half pitch ® CMOS HiffETlEN A LD, REINTZHMN TRET D700
FlEZ{Z A5,

[53] MRAM AA»F U 7T, BV ORALTT 12 2L S E DI R B T8 E H,

[54] EYRY720D MRAM AA v F 27« TRLF—IT | (FIAR B X IR ELE X FIALRFH) TR R SND, AT
EYRDOAEY =T L —THESNIAAS T LT« 2R =D P RAENEDON DT ENEEL, T —D B L
LML, Ry F LT 2R — X LB HT- D DEZIALLE) ThD,

[55] MRAM (Z{E S ae v MlEfEIE, L O CRAEM B B S TO D EE TH D, £HE, R*A B
DAL > TG,

[56] MRAM #EHTLEFEDORE (F7205 R*A Fi) | I IRFEE M B O BEPERETHY | mFD 5725 /L LA ik
TOERDERZRIEMETH D, R*A FiIE LR HRHUR BB DR R ANV BEA T (Ryo) 2R EL THEDO BV
DWEPEREE IEEZENT GO E 52 L1Tdb, FHRTED,

[57] MRAM DOREEMEHRFTELIL, 100* (Rpigh-Rion) /Rioy &L CRIRIND, ZOHET, “17E“07DRY Y 7L~ L DH]
DEWZESIL TR | M E IO EVERE 2R, BEMER V26 ORFUEITRVER THIESND,

[58] Critical Dinension, F,

[59] B VHiFEFREL“a” = cell area/ F* , ZO¥KfiIL, MIFFSH T D PCRAM B/VEAEICHT L, FEEICH Db DHAT
il F> OfE5UT725 T %, PCRAM I, FEAIRRE 20D 7T 7 7 ARRE ~EE(LSE D EE R by NE A /5
&9°%, BIT b7 22213 MOSFET (ZHA~THALHEE Y720 X0 L OB ZR T 2E B AT THLHO T, b
HFEA DT &3 TED, BIT & nMOSFET Dii JF DT 72 A+ T A ZR/UE, ZORKTRENTND,

[60] & L HiFEFREL“a” = cell area/ F* , ZO¥KfEIL, MIFFSH T D PCRAM B/VIEAEICHT L, SIS DD HAT
it F> OfEHUC725 T %D, PCRAM 1L, AEfRIRRE 205 7877 AIRME ~BALSEHEERY Y MNETT A V5
&9°%, BIT b7 22213 MOSFET (ZHA~THAL IS Y 720 X0 L OB ZZ IS 5F B Al THLHO T, 'L
RS DT e CED, HMIIIZIE nMOSFET h72 VAXIRE IRV S D0, BT m e ALK
BIEEEO M )7 24245, BIT & MOSFET Ofi jOT 72 AT /SA A RNIZZDOE TREN TS, PCRAM
(3. MLC 2ty b O REW D D%, ZOHRAEIT, 12 S THY, By S TTIIR,
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[61] BIT 77 AT 34 Z%Ai 2 TSN 57 )72 CRAM OB VAL pum® THEENTWS,

[62] nMOSFET 7 72 A+ 7 /3 2% 2 - WS 5" AL )72 "PCRAM OB LV IEIFEIE pm® TREIN TS,

[63] 7 /L7 7 ARBELAEELIRRED B OHEHTELIE 100-1,000 2SI EZMETHHZED D, PCRAM 1T MLC #5{E
NARETH D, ZOMEIFIFSNSBIVEN 5D MLC By METhH 5,

[64] BIT E/LZAii 2 72 PCRAM O MLC &'y MO IFFSLH /LTS, BV D MLC By MIUIZL> THIGNDY)
R RKREZITHD,

[65] nMOSFET /L %1 2. 7= PCRAM @ MLC v MegDO#Esnb/L A X, B0 MLC By MIZE->T
HENHWER KRESTH D,

[66] PCRAM FHZEAL DR 1T, 22472 BT CRIRANCY By NMEZATH 7o O I E AT O AL F LY RiE I/ ha<
2T IUER DR, ZOfERE, nm BT CORSA RSN A AL ER O HE THH,

[67] PCRAM FHZE(LBIE, T ARG — 2 U — B b TEEARERN THDH, ZOMHEIE, nm® TRENS
HFRFSNDHRZELETHD, -

[68] pA HAT TH XD PCRAM OHIFFS LUt NET,

[69] & MEHLIX, PCRAM Fi A H LR IC > THEEZRREERNTHD,

[70] PCRAM t/ %2Vt v b5 Gl R BB 7L 7 7 ZARBE~) DITHMELZR BIT 7 7B A F /8 25D HifFEES
NLEREEHIOMTHD, LOREVEED BIT(KREWEAVEREZLZHLT) &, JVEWT TN Y NET (B
HIEE 2L EET 5, ) LD ThRiE{LSNIZb D THD,

[71] M)y MERZ MG CEAIFFESND BIT =3 X — RO THY . BIT B K HERIS D,

[72] PCRAM t/L & ¥y T2 G ERIRRE S 7 /L 7 7 RRBE~) DI ZE72 nMOSFET OO SN A B E
FEH DTS, LORZVDIED nMOSFET (KE\UWE/L - A X% H7-57) & JIDEWT 7Ny NETE (BB E
BIEEIEFEEOR2NWT A 2ELT6T) EOM ChaE{bESN b D TH D,

[73] B 72Uy ME & G CEDHIFFEID nMOSFET 4~ — Mg T&HhY , MOSFET DR FE AR T& 5,
[74P1fF&415 PCRAM OF —ZRFDOETHY, FEBEAT)—LL THEHSNLEL A TEELT D, PCRAM OF
— AR, AT QR BOEARSICT —# Tk, | N T 10 FLL EOT — 2 {REFFE
PWEIRLTCND, (BE WK S. J. Ahn et al., "Highly Manufacturable High Density Phase Change Memory of 64Mb
and Beyond,” 2004 IEDM, 37.2, pp. 907-910. A. L. Lacaita et al., "Electrothermal and Phase Change Dynamics in
Chalcogenide-Based Materials,” 2004 IEDM, 37.3, pp. 911-914.)

[75] ¥iFFXi1D PCRAM W/E BuRUHEDIE CTH D, it ARSI T — X2 DL, 1E+9 15 1E+13 O Uit
MERLTND, o (BB . S.J. Ahn et al., "Highly Manufacturable High Density Phase Change Memory of 64Mb
and Beyond,” 2004 IEDM, 37.2, pp. 907-910. S. Lai et al., "Current Status of Phase Change Memory and Its Future,”
2003 IEDM, pp. 255-258.)

THEFEIEAEY — DAFRF AR Potential Solutions)

FIEFEMEATY) —LFAE)—T L —& CMOS OJFEL R ZESEI-LOTHDH, AE)—T L —IR
FEIRMEA DT 0B E kLl CMOS A#iD 7 mt 2% LB L4, REEFRMEAEY—(3, BADD
REFE T, 2O H LU EREREZ £ CTSEIERHRICEHSNLTWD, AR =T L —0D7 —
XTI T v —LE HR A I HIEL Bp o7 IS U CEL O G 5, AR T AR N #ETH
D, WLONDOFITIFFITOU—R <y 7 OKEETICWHEANRFICET D THH), BIAMRTERT A
AT, B—L LB HHNNE LT LU Bb s T, Bzt VO EBEZHE/ N3 5, FiEt
BOHLE I T AR EL-BEETELZE T, it LR Lo N—2%2 537010 SREEMDE
THE S IRFFTORER DD, —T7, T —FPRFFRFE & E A Z BIEUTBLR O A HERF LT il
2T ISAICE S TUIH LW AR OO I ESERT 7 b, IEBRIRFRT A AT, i
BEN DT DI TR ARG BB E 5 2 5O D DT, RARBLRFUCT D& S2H D,

TRl — P TN R

FiET —NUT F s a AR — T NART il —MIEM 2B Lt A WD Z LI R 3 EA
ERRL TS, BUTOAEY =R T AR I RV AR OFIE S —R, % X ONO (oxide-nitride-
oxide) 3 JEMEE FAWDRY TV R sE, RUSVa L ilE 7 —b, b Vg, 2»Diksns, b
¥ RIHERR I X DR L DT CIRilE 7y — MZBMEZTEAT D720+ T2 ERHY | G H LI
EEIFEA T B OBRTE I ERET DI+ BEL 72T E b e, RU U Rl b ok
HELZ I 25 M VA T SOV AD F1 7V 7 D35 FE 2D I D KO b Sz i i 2 b e, il 7
—NPOFET — NOE B EVFIET — MR O R & (H 7 — M DIRES — N+ 17ilE s — Mr b 5 o
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R TERINDT — My 7V 7 HITE BRI ST A—=2THY, 0.6 UL ETRITITRBR0, £
SOTINAATIE, 7=ty TV T % 0.6 LA EIZT D720 1247 — RSl — hOIBE RV 2 [ AT
W5, RV fEkaIED 15nm L ESHDHOTE Y MROBIREA 30nm 22 LL Til/eoTzb& | Filf
7 —MAEEZ 18 7 — N CHH e HEE I XL <72 D, 16> T — MoV TR EMRF T 52 &Rl
—MUF ASAZAOHIZE S TRERFRETHD,

BT —NILT SA ZAD o VAR IR D RS K EZ 2GR E THY | BUEILGRO DAL TV DR
FET 0, ZOMBEITET v RV RICLDY —VERDEIABRT A AZ—T %33 HD T, NOR 7
T 2D — RO AL EL T %, High-k #EZEORY V2 W~0wEIxs — oy 7V o7
AR L, HAWNINE LB LN =2V DOEEZ I DDIZHE N ThHD, LU RbN—TE T
2% 30nm DZEILL FIZ72 072 E T FE T NAARMETHDHO T, il 7 — Tl r — OB R
T8 L WIS RIEALMED 72 <A o 724713 high-k #iENIE O H CHES LML ERH D, 16> THERIL
Si0, D 3 f5LL LTl e nieuy,

NOR & NAND D' — pB 7 F 2oz XF Y —

NOR 77wy ot/ VB Bk i) —REL CTOMEELZFiD 1 DD MOS Moo P AX LR
SD, ZONTr P AZDBIEEIEITFIET —MIE OO EMICL > THIEIS L, EEOKRELZ T,
FHEEVITE—L ey w7 (Single Level Logic, SLC, 1 & 0 DY/ 52 ERT ) b DOV~ /LT
L~y ry v (Multiple Level Logic, MLC,(11), (10), (00), (01)) #&Ff& T 5, AEV—TL—I XL YD
R7ZEUTZBURMEIE T, T X LR A LN TE D, FEIAAIIT ¥ R FYNETHLN I OR Y NE
FERRIZ S TITUV., {61 FN(Fowler-Nordheim) by R VB CE 12177 — M b a [ & < E12dD
179, RYNEFDERMIIZT NAAE FITEWEE G M ER D LETHY, THUTREEE T a7 74
JZESTELIND, ZHUTWICHE T v RV R — VBRI, BAALT A AZ—T E#H7207,
NE—EADBT SAADY — 7 EFRHTIE D T=DE DI TND A, [RIRFIZEE S OfE S 2K T S 40H
EZLHIRT 5, B MR XN RECTHLIET 7R T —03B 5 SbE, NOR 7Ty adtL
YA XTI RPN NS TED,

NAND 77wy 2t/ VIXRICSERE T SAAELTHEEET S 1| DD MOS b2 VA INOAERLS LTV
%, NAND 7 L — LMl 3R T A 2% i 272 32 [HHDVNEZE N EDOT I RA 2S5, ZOT —F
TIF v —IE Y MRAZ I NINRETHY, b/ NSV A RZNER TED, FIRAB DO H
LOMERENIZE Y MREOIEEIR B /T A RIETORAT RA R L TEIK, > TENZENDT /3 A
AZEESNTT —ZET o H DT 7B AT TE RN, FIALLEEZTW TS FN RV ERIZE -
TIFWET — M, Bl&HESND, FN h RV EFIEE O v M [RIRFCEZIAT Z A FIHEICL, £
TN EIREIA L Z B[RRIZL CVND, /NARNT U VAKX EL TORICE Y MRO T /SA R XZE DY) — VB RE
ZIABBDHNTFEA TN L B2 5070 D2 ORy NE T DRLEN2ND T, A IXEIEK T
&5, TNHIZRICHEE D R VR bFEZ VT NAND 731 A1E NOR 7731 AL BHIME N K0
5y CéD, NAND 770y 2|IREFBEOT —F% &M, st LT 0058 TkY, 7nr/JLa—k
AT DD TIZRWO T, 8%, i35 IE2—K (error correction code, ECC) 7 /LI YA L& EEHAL TH
D, NOR 77wy =W/ RIGZxE T DIERE, 7 — Iy 7 V7% 0.6 UL EICT D28, #FilEr —b
MOV BAN=7ZRETHIEDN 32nm D>BHDWNEZE VLT OFHI LI IE L IR #E72d E Th 5, i
TNARZET D high-k & FIMEZIEO@EREO B LR O 72D O BEE R~ A NV AN—1 70D
THA), WO, DETE T OFIIRBZ T AR AT REZL R FFRER] O 4347 12720 | Z Ukt L TIXBLE
DEZARDLNDIRRIR T2,

NOR 7 —F 72 F+—DER] P 7 > THFNL X
FARAAOBIEREIT SiN /X OB T 7 JBIZBIT B FFHCL EEE %15, SIN &A=&

TRy 7RIS R4 2% SONOS HEiE . DFENIVar (bAWIRIHAR) Z—h, 7T ayri{biE, SiN &
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&I, b RNVBRAIEDORE R 22> QDO Tl SONOS ERFIEND, FLEEIE R LA b B A

WAL K LTS NOR 7—F727F ¥ —0 SONOS 78 NROMPLL TS TS, NROM [EFEIA

FNZTF X XAy NEF & B EIASCRE VBT E 0D, ZA0RICEA SN BRI EA (T

(RTINS THD T, BILT ANARIZBNTY —AUERLA D 2 B hDIFERPMEFFTED, T

/\4’;@%%1@&5 ERV A BIEIZIORL A OB ETE L, W2 —AMAlOEHRE HE A H T2 EIck
TRt AL T HZENTED,

NROM NOR 7L —{Z, HOIALRILBENE Y MREL T, TS ZADTF ¥ BT — R (R AR)
FELU CTHRET DR TV R T L — 2806203 TED, ZO#EIRE v Mia v #7hb'LNO
STI 43 BfEb R/ D T fiE2kD N0R71/~<‘:tt$xbf$§éx INSWBILINFEBLTED, FLT NARIZE
35 2 SDOEFE/—REDI/aAN—213584 iiﬁ<’é’f£b\ ZDOWDWDL I RE YRR, T
ZPNOER ) —FOBIMEEE S5z H R, NROM (2B A2 MM0E N a7l 7 — MU T A 2 L0 N
HEZL TS, LINLIRDD RS — T SA AT 4 B eV EEDT-0OIZ 16 L)L ORIEETE N
BETHAHDITHIL T, NROM IIAEMIZ 2 B THY, LA HVIT 4 Eyheuicis, A8
FURT L =B % D NOR 7 —F 7 7F ¥ —IZxt L C, RILT AL L— /LTl 1.5 5005 2 (O HFER)
REF->TRY, EOICHET AN 1 BRIV 72D T A7 EHWO T IENTED,

A T TR S RN, BT — T S ZAREEH L TWDT =y TV 7 OFBED RN,
AL OFEEIIHELIL CD, IR TR T L —& 2 By heVEIEILT S ADY — 7 B IRICHEUR TH
D, FAALLHEEICEY N EMELD WA LIIEHEMEARBRIZH L TORIEHL TS, A LR 377
W7 —hT RAREF T THY, BT ¥ RNV RIZEDT SAAD) =7 B BEA DIETH D,

NAND 7 —F 72 F+—DER I Z » 77 N1 X

BEIZEAE D NAND BLETIRIES — T NA R WTAEESIL TS, 7 — My 7V 7 i
oW T B, B LI aAN— 2 &b &8 5720 O R #E A H N R I AT R T v 7 T N A
AEAFHZ LTIV ERET HZENTEDLDD LAV, H—F —NX MOS 7 /3 ADF v /L % [ ] 1]
TEXDHDT, =My 7V 7 O EIT <725, FloEWE LR O/ AN— 7| T\ CEXHRE T
D, BAVIENT » T TIT S A R T HEARH) 22 SONOS BT ASAZNGL DS EX FAMIEICHEH TE5ThHAH
Io LU EflZe b VR (LR A V2 SONOS 1%, — B2 LIRICE BTy éﬂé&*aﬁ
T CIZBIEHSZERE LD T, NAND D HIZIZW TR, T A REHIH ET 5720
BRI 7O RO EAZIEATHLERSH S, IEFLD SiOp Tk DFERE L& (~4, leV) D
T, IEFLEARENLITRLS 53 2 IEALEFRITIEF 1TV (~2nm) b RV B AW -5 6 D 455
D, UL, ZDIH72i N RV LI B WO I RN O B IEFLR VBT AL 990 VRFF
EREIEDLNRND T, T — RN S LT 5,

ITHEERED SONOS BID B & N IR RSN TWVD, b UiEkx D Hifliia 7 As ko oL ke
REMEZZE 2 CThe RAAERRIE D ] Z R 2 ED 3720 I O DL TS, BilZ 1 3 D ONO iyl
(1~2nm) JE A E— OB LIRA B X2 5708 ASHTV5 (BE-SONOS), ' @&ER FTid Efo 2
B E EA LRI Y aAlE 5 O B a0 5, RO IEfLITES O EOERLEEZ R RV LT

JENWEALEOZEREE I IEASND, 7 —ZREFE—RTIL, 59V ERT 3 EIREIZEIL TOrndZllidse
<, EEFOEFEEFLT 3 BEOMZNVEEIZL > Ty /&b, MANOS (metal-Al,Os-nitride-
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oxide-Si) "HEE T SA AIZIBUW T high-k MEfkEEE 48 7 — M AN BENMERF O 7 —MEAZFHE | b x
NBACIED ES % FiT 5, HERAIE (3-4nm) b R BR LI SR FF IS B W TR B D IEFLO B
PER IV,

HFEF A R E RS — P75

FinFET 0% T0 U R =" T NAAD I 72V T A ALGEST — N T NA R LTV IR 170 F v 1oL
N CE, FilE7 — e BN T 7T A AD ] 512 BTG~ DAL 23 FTRE & 72D, Ly
LSRR & 3 LD B b 30 2.5, Bl 20X, fin RO REIRRIZ N VIR LR L g R i is (s
T NRAADEA) [T ME 52 5720 43 IR IRT R RGN0 DO T EF R R E R 2T
(X 30nm LL F OB LIZTE2W DS LAV,

AREV—FL—D3 KTEBE

ERESNDE T EDHARICE L& TS AL CE LD/ NSV AN ER TEEL
Th, AEV—=T L —IZBITLHT XTOT NAAOBEE L5 I LHE TERNZ IR0 FR BRI R
BIENIRDTHAY, ATV —BEIMEROBME TR L, LU EE AT ) — & Ic L > T
WRT LAY D, ITFEAE)—T L —OREENAMEIILTND, | DORAIIHA LI RICED
SR a @A WD HIETHS, B S Va2 AW EENT L P22 D 6L 55, 1 g
1 ADIRE LR E BT IVANCEREN =) ar @B En=7 a2 B 0L LIz
WDDMLENRDD, ZHUTIREEREDES Brp o 7o IS TR D T ASAREAER T 528, T
DDV U DEIRD T SARZ T DRI AR FTT 5LV U W CHERFE TH D, 3 RICHE
JERRER DB Z LRV AEY — 5 A ESELHEL T, ZOR RITBE A A ER-% 3D
LTW%, B OBMESITH KL, 7TV —2RIIEEROEINELb I 35, 20 EdnEr7 mt20
BMES L~ 2 KB DI RITHBE 0 B E 5 2.5, fill, 7 a A% Hiib 35720128y MREHEC
B#R%”punch and plug” 7 XMER SN TND, 2

FEBIE P T THTFEREMEA T T —

AT BRI T S A ZADGERR DO LR UL FE T D722 52 T HDD | BT E /e L TAEY
—EETELT NARILV L TELEMFFSND, WO DIEBRERE T /A AR ANHFTES
TEY, FEENTWELDObLH 5, T A OF|REFFHM B OFEHTGFRENRH D, ZDHHUNL
OIRFRIZR IS I T, FrER 72582 SHUTEY NOR KON NAND 77wy = bid Be > 7= b
EI=EHTH A, EMDIHENHITEBIICIE NOR HHV T NAND ZARARIC & &2 5 AT RetEs
o5, BATEREICESRVGRELIRIEDARIR A B R FUZ BT 5, B2 I/ NEWERE EIL, MRAM O
WAL EDRFR DI, T LR BHEE 25,

FeRAM T _A A%, i ERORMIRER RS R A 3 2 LI KD R R A S TV D, AEY
—IRBEEEFAHT72DIE, B BEREBEBOCATV L AN —T 22DV ERHY, T —FTH A HL
BICEEEIRTFERBR0, ZOREEGH LISk~ T S E B b Lo ERZ A7 T
XU TR E R RE BIRE BB 2R T D ENHMRE L 22> TS, 05 BIAM BN @ E O
CMOS ZRIET DM ENZES T BB RO T, 6RO CMOS 7' e A5 FTidsib 3%, 1E-> Tl
HEEMEL, Ny T 7 — B LTRSS MR ESNL TS, WTRICL ThRBEAT
FeRAM T NOR & Y NAND 77 2 VAL 7 e A RIC B W TE RIS, Daded 1 RIT
PN TEY, ZEDARETIER, WZATITV VK NOR HAU NI NAND 77w oz i@ Xz 52 L1373
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WTHAHY, LNLRAEH FeRAM BN EE T, KBIETHHDO T | RFID, Av—hr7—K%°
ORI AL TS, A b ICE > CTHEDO A BAEIZB|ZE T 57-0121E, BBl AR L7
DHEIVORKRII T AREEZDZENBVETH D, B ELO I OMEATRFF BT v /ST F—D
L 2 WockEE 'L OFEB R REMEZ RL CD, 2 A 2D 3 IRV OEBITITEERE
AR B D,

MRAM 7 /A AFAEY — LU TR b /L #245 (magnetic tunnel junction, MTJ) Z VN TU5, MTJ
BT R RIVEREL U CEME T D BRI IZ K-> TS 2 B O REBEVER ) DR S TUVD,
1 DOEOBKRTE— AT DR T — AR F R ThHLGE (HDWIIR A D M ThiH Y
A) MTI Z VDTSR T DTN LT 5, N RVEIRIT 1 H VT 07T —F &~ RIS
TeZ &N TED, MRAM [IAHHIEME T DR [RICEH X TELO T, BELI &L THE
EJ—T&HY, SRAM & DRAM EFRICIDTARHHFENE RAM ELTHWOLNL S LR, MTI A XL
B O HI 18 & BRRS 2S 70 AR TH D, Floh v ALO; JEITHi A L/EA Y A7 VDA
AN 2D DH D TRF UL B0, MO BIE 7 v A b DR LS00 2 8% O il IS B iR
B THDH, THIRNIITEINREIL, BB )Ml H CE2EIE B2 HIBR 3 200722t v o iz
1357 DI FE I SRR E 2 T 2L ThHAHY, AL MM IMBDORES 2 A Z & 721D DR L)
DIEFEM O EHI BB 35 A" Bl [al#isE— AL | (spin transfer torque) Dzt DIHEHR T UV NMERT7
EER T DHDOTHD, 7

PCRAM T A A Tiw 17870 % BT 2720 SNV a 7 F AT A b — % HIIZIE Ge,Sb,Tes.
HHNE GST. WS TWD) DT /LT 7 A& Ll iL JE OIRPLDEZ FHNTWD, T A AL EEE
Tz, J1varFANE A L T EMmNOI RSV TNND, B bE LES N STV D et H L
TV AL LA T =7 EIRITHES NS, BELOZIAR/TEEIZLL T O 2 BEOEIENSRNL 5,
(Vb BHVaZF b ARHTANE LA LS THREFOEML, 2% anShEiEiio7EL 77
ADEEIZ72D, (2) By LIV RV UL A (10ns-100n8) (282 TT /L7 7 AD [E R 738 D HAUEHE
PLOFE B I 5, 1ITIR /WL NOR 779y 2L F%EDH A X THHN, T A AT\ EDT —H %
HETDZERSEIABNATRETHY, NOR 77y 2 0 WVEIAREE 2 A5, HiliZaihtomkids
KEJEEED PCRAM ZIRHEISHEL TRV 109725 DIZL T, PCRAM O E72 H T g 22
{bJg DVt MTERINADKEG (mA 4 —4 —) LR Wy M TH D, AL EL O KRR
ENENOEM HARITIBD TR L TEBY, EFEEo 2 SOBEITMHIEIZ I > TR Iz
LHEBbs, B EEEBMROMAERIZRBEEMEOREIC L [BIEAHIR T 208 Litke
DT PCRAM D 1T 72 B IRREIZ 72D,
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2007 2010 2013 2016 2019 2022

| 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021 |
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm 11nm

NAND Flash

Floating gate device

Charge trapping device (CT)

Tunnel barrier engineering

-
_

Metal/High-k (MANOS)

3D stacking

NOR Flash

Floating gate device
Nitride trapping device (NRPM)

Non-charge-storage device

Ferroelectric (FeRAM)

]
Phase change (PCRAM) A\\\\\\\\&\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\&
Magnetic (MRAM - MTJ) NI

Magnetic (MRAM - spin torque)

HE 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 PIDS9 Non-volatile Memory Potential Solutions

1EREME DO BRI B R LRI 3R
ArvaZrvar

EMEMIT, EEEROIZEAE R TO—FITLo THRERERFIE ChHD, BRINHEEEDOL
SNV ERBTHEVOBRERIT, A=V 7 MBS T SAADE A R THAN R (B, BIRE
BEIREE) L E5IT1E, R EE SN KT DRI DT 184 REEIZ /2> TD, A r—U 7%, T
TR A —PRDOTEIZBNT, JIVELDI P22 JVEWERRETER 52810705, 2K
BaoD RIREMEL 72 DB TA 2 T D2 LB,

REBDAD=ANE, A=V T2V BE2% T 5, FlxiX, BBZE LK O TDDB(time dependent
dielectric breakdown)iZ, #EfEIEIEAY Snm LL T L7 b L HE S UK FNDEIEIKFITE Do THRZ, SHIT,
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Pch @ NBTI (negative bias temperature instability)ld, ZiIVE TEES m<~ AT —22 R TH 72735, 4%
IO T NAZXTIEZBEDIRL 2D | BUEIL, EELBEFHTHD,

A=V 71%, Fo, REOJRIRE/RD AN AQEMEZF SR F, 5 112, EREERE ML Tk
%o TN, FEMROEHEMEIC BT 5, 55 2 12, LIZUIE, BENSTELVRE A — A Z T S5, 2
N, BROEMZS L MREOEEMEICET S, 8 3 12 A=V 7N HEE O RES|
TEIL, 2N, miR, KREREY A7)V RERBAEZ LT, TNHN, $ix ORBAD =X LR E
ZhH2 %5, A\OBRIL, BREEOEHE R TR OB 12X, SHIZELT 5,

MBI T SA A LD IR AT XD SOICIEF (CEAR 2 EREE ~D PR R B D L1705,
RIS NDREDAH =X BNEDVIGD, FlZ X, TAUL, TRV ar SN %ITRETHDH, £,
TL/ha~v AT L —ar O/RA R, T AT E VIR DB B TH D, LT, il TILERA
X BNZT VAL NI HVDRE NS D, ZIVSIRIAAZ NV B— T TR T 25 A IR XD AR A5
AR BOFEKERD, MA T, BT, T Zba~ A7 L —ay O AIR BN ZEHR TH
Do ZMBRIKT, D=L 7 ha~ A7 L —ay  ANCAFHRZE LA T, BU AR ORI O HE I
FOBUBI /2%, ZHNEIR T, 7ARUCHER L CHIECRROEFEME T, K0 R I CBURI 225,

oL~ AT —arb EEHRROW EHAE N A — Y 7 L TH g/ N T B> THET 5
259, FIMENEH T SA R, LR B A=A L& AT, B 213, Low k JE RIS > Tk, 24
FIPER DY, ZNETOUIa L B LIEO BRI CIX AN > T BRI 7R R B AT = X BE T, Fef

UICEIAENTZ S A RSV TR WR B AT =X LD AL 737 MEIRE,

ZNHOEHEMEOHRERIL, <D RE72FANTH2 L T NINIE A SN EMEND, SHIZEL
WHDIZ72 5, ZNHELOFMEAEAL, ARE—RFOHEAELHIE OS2 M5, SHio, —EIZL
SOFERLFEEHHZENTR0, RENTEHEMEEHO) Y — AL TRERGM LD,

B E R ORE

Table PIDS6 (2, SEMATECH {F#IEZ B RO —H L7 AMRICLD near-term (2351 DR HEME D A
7N T 5 BoR T, ZAUE, ZOED KO PIDS OKEEZHkERD 3 TH “Timely assurance for the
reliability of multiple and rapid material, process, and structural changes“Z #L5EL TV %,

near-term (2B ITAETEMEDOHFE 1 OFFBEEL T MOS FU P AZIZHTARB AT =R LNZEITHND,
WKADOT V=0 FRETORIFIA =V 7LD L TS, ZORPIDT L —I X T Fg
IZLDGEV T TV —IZ T ThDh, LinL, BEIZE>TI1ISU LY T T L —02 0 R
STHIOHTIC DARREFIZEITIHEDH S, Negative bias temperature instability [IpT v /L7
AR DEIR B TH D, T, BEEENA T — L Z S, £1-, 7 —MigiEe L o Ua
Fe AL VR U I E X DD oL, TOEEMAH L TEe, N—U AU, ENEED
NBTI Z T2 FTREMEDN A HZ DR EEL 21T 500 LIVR W, High-k 1%, #EfiEE AR RE—R (71—
IR M & E M (stability)) IZb HA A By UT R NBTL 2 E DT P AZ D ARRE—RIZ
bR EE 25, ZOWHEE Rl TR, O TH, U B LIEOE NI, F72, R
FTAREFEDE S TND, RISV RPNV —MNIEESHRZ 5268 MEEOE I EL 52 5,
Fio. F IR B B RORRE A B L 95, High k EAXLA7 —RO[EIRFEE AL, High k 2RV Va4
—MZETEAT LGSR TEEEOREZLVHELLT S,

BTl ATERIZ, $IRCHRE Low k ~DOBATIE, =L Uha~ A7 L —Tal | AN AFFRZEFLIE A, 55
UV A TR L S A TE Low k MERRIEOD/NSWEMEE M, Z LT, Low k IEDZ FLIE O EA TS
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LD, TAINBHA~DET L, L rha~A7 L —1a (T AR AR B ~) . AR
AL ZE FLFEAE RO ECRR D DIRJAEAR COET ~) 2 2 TETz, $i/Low k OFHEMEIX, RiEOHEIZ
IEHITHBUE TH D, Low k DFFWVEEMAITRE X, V= —T m—E 7 KN, o —DHEANIChH 2
ZH-2%, Low k DIRWEMRE L, 77 EOIRELY ERA-SE, REFTRAGELY EHIE5, Znbh
EHEMEICE B A 5.2 5, low k MEEEDOZFLIMEIT 7 0v AT HWAIE LR K S Z L= 0B E L0
B0 JBRESZEDMD AR BAD =X LDOFHRE/ 2D,

FOtEREE B 5720, EBIC, JOTHEE ) O KREWEFERIEE O 7= O Je /70 Sy r — D HAIE,
FHEMEOBII B INFIREZINZ 5, HEEHOM b, BB oEn, #@in4 2886 (g7 —7ed)
1T T, N\ —V OISR TS, FFIC, Low k FREMEZGEOE ALY, Nor—U L2 A D HE
TERMNEEINT 52812705, ~ VT T o7 80 r — VD WTIRR A 77 L — 3 3 (heterogeneous
integration) ~DATIL, [FHEAMZ LD —JEFEDZ WL DIZL TS, BIRAE KL, R—L /"7 O
RESPNELBRDIHEN, =L T hr~ A7 L —a AL LD RPN 5,

IC 1, ¥k 2 I 72 o 7=7 7V —2a O R THEDILTND, [FREMEDIEF IR e EIC e 5 5%
NOT TV r—a INFIET D, 8 112, 1IC N2 ABREEICLY, AR RAERSCA 72T 77
—3ar OBA IV T o LBESR AN AZEHENDLT TV r—aridd, Hlz A EECER, T
Ri&72 813 IC ZRRSG/RIRE T av 7128353, ZAUTNA T, MZEESCTFHE R T 7V —ra Tiddy
W2 R BR B T O 22812785, 5 212 IC OREN, FikEed IC o7 SV r—a ik
NCEFICERRERAL =0T EHE R T 7V r—ay (BIZITENEDIA L BT RO 2 AT
L) DD, —HRIT, A — VAT ST ICTETHIR TR D | ZIWBHRRR T 7V r— a5
(EHEMER AT 2N LV EEL <725,

ENENDRRAN = ALK L CHMDO AN DDHEVOEEIT GNP =TV 7 D FHHR
ThD, A RBOERNG | SRR 340 OO B OO S ESDIZBIR SRz Tnd, 27—
VT 7 me AXGHEOH K (B 21X, SR T-534 . CMP 1X5DX | line-edge roughness 72
E)MHTHINTND, FRIRFHZ 27—V 710 Bum e R A 51 S 23 RO A b/
LTCW5, ZIHDOERANZ, HFERFF O340 OB K, OWTIHA D FE £ TOREE DO ~ETEE X
DIEAD, BxNTEEE= =TV 7O —)L (Fl 21X, A7V —=27 G, Design for Reliability 72
EVITB TR T DHNNTYXEWHIZEDTEDLY T T 2B T DML ERH D,

7272 1 DZF BT long-term DR EESHENEIZBA T 2L, 7 /31 A &, e 77—
aNCBITHH B TIRELLIEZLIZBE T2 ETH D, Bl 21X, HHRE A THILA OERR (B 213 YEED
) 2B AT DMENAECLTHAD, EOBIRSNIZF LA DIRIZOWNTIL, Ao7o L THIEF IO T
D (H7plt 1C OFAREEL TOM B 2 HBRVIZIB VDT FHEMEIC R T2 EER L 2o len 2 &l
ROESE, BT NV (FEMOFEHITT Ve FMBEDERIZARN R SHERM BHIKA T 2030098
PRETIVOM ) 25 R, #8795 L build-in SAU7-A5HEME, design-in SAVZEHEME, A7V —=>
TRT AN ZEIZE RIREE N %D T AD, HLVME MR O 24 BAFE T~ D7 D ITIT I S I B
RINTZD I D72V EE S U TSN NI ES F-AURITEE Ao, IRELLIZMBFEZ 13T S A 2
I ZE MM O AT BT HIREL A TZOL | 2RO AE I THITITFH YD N FELETHT
HH9,
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Table PIDS6 Reliability Difficult Challenges
Difficult Challenges > 22 nm Summary of Issues
Transistor Reliability Time dependent dielectric breakdown

Negative bias temperature instability

Threshold voltage shifts due to traps, carrier injection, program or erase

Mobility degradation due to mechanical stress relaxation or interface state density change
New or changed failure mechanisms (TDDB, PBTI, NBTI< moisture absorption, etc.)
resulting from high k/metal gate

Interconnect Reliability Copper electromigration and stress voiding in scaled interconnects (lines and vias)
Electrical breakdown of interconnect dielectrics, especially low k and ultra low «
Moisture absorption/transport due to voids in porous low « dielectrics

Cu (ionic) migration through cracked or thin barrier metals

Packaging Reliability New failure mechanisms associated with Pb-free solders and new mold compounds
Electromigration in package traces, vias, and bumps

Impact of multichip modules and stacked dies on failure rate

Solder ball electromigration, for example in CSP and flip chip

Radioactive contaminants in packaging materials

Reliability in Extreme and/or Critical Applications Automotive (define mission profile for HOT underhood versus passenger and substantial
cycling)

Military (rugged versus shock and dust, highly diverse environmental requirements)

Space, i.e., radiation hard

Aeronautical (singe event effects tolerant and large, fast temperature swings)

Medical (corrosive, hermeticity, and safety)

Impact of Variability on Reliability Statistic variation growing larger and defect size is comparable to feature size: Distribution
of dopant atoms; subtle ultra-thin gate oxide defects; line edge roughness and other litho
"fidelity" issues; surface scattering

How to cope with cost-effective screens and qualifications that capture some "good" units
Design for Reliability in face of large percentage process variability
How to use yield to drive reliability

Difficult Challenges<22 nm Summary of Issues

Reliability of novel devices, structures, materials | ITRS proposes many new materials and structures, yet currently very little known about
and applications failure mechanisms

Need to have reliability characterization in place well in advance of application to develop
appropriate reliability requirements and qualification procedures

Design for Reliability tools

fEREPEDER

FHEMEA~OTERITT TV — 2l ARIF R IEF IR E W, S OEME FIZNIET DEHEV A7 35
HENZEL | BUROTF A EFNMEL ~L (R —PEBEMELET) 23, RO 15 FITbco ThifRrEn
HZEMBLDBRIZESTUETHD, o, BEEOL N EZUELIZWEERT Iy F v —r b
D, BUVMEFMEOL L BLOWEREE, SOIZIX, RWHEMEERTHT 77— a Tid, A AR
—LDF T AR, FTNANDT TV r—arORE K0 SR NIVEL /2D, Fy A FREMEL X
NV —EIHERF T HDE X, k?‘w‘/‘x%ﬁ:@@%*ﬁé BLAR D BN R EHT-0OEHEMEIIAr—) 7
R A SN BENH DI LITIEENLIE TH D, (SO AR 2 R 950X EE
BRE R THD, LT, EH ﬁ@ﬁtﬁﬁ%{%&f%fxb\ SRR MBS 22D,

INHLOBEEERIT, BEFOERICKEELIATND, BEE OESRIZIE, 2 TORETAIRE £ —
R OGN ELRBRAR  [FHEAMEDRR FHEDIA Z+, EVRAAGHEME (FFEMEREAE, LT, KpAZY)—=>
T O TELE NGO V=T VT RN E END, 4 H, ZTRHLOREITIL, — i, ER2F v
VT WD, SHIZ, FIM BB T A AEEDE ALY, ZNHDOX vy T IISHIZREIR D, HEZITIE
FREMEEMERED R — R AT DEGIZNEEIC /D + ool GO~ — VU 2T LERH S,
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BHMEDOREREIXH (CHDRRE DI A a3 e, FEERT, BHMEDZR AN 2L TR WA &2 38REL
TLEIVARZ B LT AGITER AL TODHEINEERNTLEIVAZ B35, R THAHD &, Bk
WHCHOWTRRREN AL ND, Ll £ OFRIEICH T DI AZ IR EL 2> T D, UAZDL LT 15
FEPED B (B HVESIN O FFRAR— A SHIZ, BEANTEIZEIFRL T,

(EHEMEBITE R O AT, MBI T A RTKE T DR eI ik &Y — AT K 25 FE
DIATDEBEBRT D, ANLEEA, ANTA T LTI, [FHEMEDOV AT N EEHZEERT, 2008
IR T A (BEDMER B TND) 178D, ZHUT A=V 7 ¥k T o1& E ), £ L TEY
Uz R 0 Bl ~DE ALK 35 B E NSV AT Z 77T, 2008 AEDOTAVR I —R %, D72hbhea
FEFMEDVAY %7257 high k/metal 7 — e A—H— 3B AT HMEINENITETEAD,

BRI, 2013 FEICANTIA T RO EISNTND) ICE DD, ZHUE, KIEOEATHY  Firll T
A AR B B Z AL HBECHRETZ1T non-CMOS h 7L P AZF T AT —) N8 ASN AR A F 4 50
REBERL TS, Bl IHc, oD LT D725 EDOV A 27260, M ESNAIETE
PEERAZ FEME AT A BAFE T~ DI IAR Y O IR 2 B35, T2 X2 OIRELLTZEAMT Ml CTh 2%
VIO ZEE EMEIZHISIRNDTE0 D G AZ ZHiH > THIDZ LT L TTERV, SRESN B
Btz dm- T TEFEMYAZIZEL Th o E BN T B AR MARE T2 L3 kD, Bz 13 (EHEME:
DIBENFIZRAALOINTND LV ZEE LT, IRVBY D SLZ2MDZ LI L TANI AT D5y
FEBRINUZ, UL, Fex OEEMEICE T2 N AN chiud, FHEtoY 2713 K5,
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Table PIDS7a Reliability Technology Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM % Pitch (nm) (contacted) 65 57 45 40 36 32 28 25
MPU/ASIC Metal 1 (M1) % Pitch 68 59 45 40 36 32 28 25
(nm)(contacted)
MPU Physical Gate Length (nm) 25 22 18 16 14 13 11 10
Early failures (ppm) (First 4000 operating 50— 50— 50— 50— 50— 50— 50— 50— 50—
hours) [1] 2000 2000 2000 2000 2000 2000 2000 2000 2000
Long term reliability (FITS = failures in 1E9 50— 50— 50— 50— 50— 50— 50— 50— 50—
hours) [2] 2000 2000 2000 2000 2000 2000 2000 2000 2000

. . 1000- 1000- 1000- 1000- 1000- 1000- 1000- 1000- 1000-
SRAM Soft error rate (FITs/MBiY) 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000 | 2000
Relative failure rate per transistor
(normalized to 2007 value) [3] 1.00 0.83 0.71 0.66 0.57 0.51 0.46 0.40 0.37
Relative failure rate per m of interconnect
(normalized to 2007 value) [4] 1.00 0.50 0.50 0.50 0.25 0.25 0.25 0.12 0.12

Manufacturable solutions exist, and are being optimized
Manufacturable solutions are known
Interim solutions are known |
Manufacturable solutions are NOT known _
Table PIDS7b Reliability Technology Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 2022
DRAM % Pitch (nm) (contacted) 22 20 18 16 14 13 11
MPU/ASIC Metal 1 (M1) % Pitch
(nm) (contacted) 22 20 18 16 14 13 11
MPU Physical Gate Length (nm) 9 8 7 6.3 5.6 5.0 4.5
ety flres (ppm) (First 4000 operaiing | 502000 | 50-2000 | 50-2000 | 50-2000 | 50-2000 | 50-2000 | 50-2000
Long term reliability (FITS = failures in
1E9 hours) [2] 50-2000 50-2000 50-2000 50-2000 50-2000 50-2000 50-2000
SRAM Soft error rate (FITs/MBit) 1000-2000 | 1000-2000 | 1000-2000 | 1000-2000 | 1000-2000 | 1000-2000 | 1000-2000
Relative failure rate per transistor 031 0.29 0.26 023 0.20 0.18 0.16
(normalized to 2007 value) [3] - - - - - - -
Relative failure rate per m of interconnect
(normalized to 2007 value) [4] 0.12 0.06 0.06 0.06 0.03 0.03 0.03

Table PIDS7a & b ~DF:

FHMEOERIT., TV —2 a0 T 5, 2L DAL AN — ADRRIZES T, 2T EERHS
ZOWHIMICE N TS, BIEOEEMEDOL ~ VAR T 22 LN+ tETh D, BAEDEHEMEDL ~ L E k428
12 ARG, B DERIT S —DENTET ARAATH L TTHY, Fo 7w r—ICEET R E

T—RFEET,

(EHEMEDFRAEL., W12 BEIZ D> COBEGRICE > TEIESND, HEkRL ~IL R Enpe, 204y VAL L,
FOWHERYIL D, BAL, HIREDVRIBRHHEwRT , ARNTAT1E, LOREWIART (BLLTZARARE—R,
HHNT, FHILWARBRE—ROHBLO ATREMEIC L D) 27T, etk ARIE, SRR 2N QR UG HEIE DY AT 3|
Wr X TUVRWE DI T, R S E L TR W2 2R 9™ GRAMRARCARIZ E DA DM AR SN

L),
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[115 0] 4000 BEFIENE (50%DF 2—T 4 HA 27/ TUHER O ) ORIOAR R, KL H0HAR BIZHT25,
RIEWETEMEL — M, IC DR EDFm i A S b,

[3]IC DA EEREEZZETHEDLRWE A [ORTC D] F v T HIZ0D T P AT N T 572 TR
ST OFRRTIAR BT SE 22T R0 720,

[41F > 7 DT DEFRE AL T D[RO AT ER T — 7 b0 T, BUFR O BAL A— 25720 DR B RiTED
SRR IUTOT A, BN TESLICEEARDIIE T OB KT HZETHD,

{EREME DR IR R A

BREMEDERIZE Z DR T IEL, ZNENOEAM AR ORI TR VI AE
FAME SR MERR G OIEVIA T (Demgn for-reliability) 156N 08RICTHZLTH D, T, FEMS M
REL /U — DR IE IR A FIRBIZ T2 THAIL . mWMEBM A 2R oG 7 o 2O EH 4 Al REIC
THTHA), RN, 4 B, ZIOLORNTIIRERF v 7 hd D, fk, ZNHDOF vy 71361
RELR2D, ZONF T 4= FEMERIEDY AT REMERE, AN, ZA LY —~—F v D LD
P T D,

FHMEOERIZE ZDITE, BOBOOREE—RIZxT DWW B 72 B L 58 T CE B E
FEMEMEATY — VISILBE T D, ERZIRVIRAUE, ZRHORES) (BFERRRICED, REE—RZMEITL .,
ELSTTPRIFTREZRRE T VA8 X FHEMEOIEDIA ARG FHE, [EHEME TCAD ¥ — VOB %1T9) % 5%
THIZIE, BT R OBIERR B ORNCZOF A GAE | +4F) DU ETHDH, HATOFHEEE /1i1%m
ELTE, Ll 72, RERX Yo T RD D, S5, B, LR —MigE LT~ T
WIRUWNT A A7 8 F B R D AR A Tl B MR O RE /) A A2 B ESE DT DOV THIR
RR3DD, FEREN 7 N M3 2B EERES 41X, IELVME MO FIik -~ — AN TIEIER 12
ENRZN,

Figure PIDS10 (Z/RSNAEFMEDFRR BRI, B — R~y 7 OR TRIZK T E B e fF i A H %
e (BUTIEZET TR W BMEIEEIC BT AE R RMICH Z<HD) , ZNDHEEM EOERKAFETA
HGER D HHD T, MR ICEY RRE—REFFELET MEL (B FR), %h%%ﬁéﬂ%aﬁtﬁﬁ%ﬁ
PETHEOL UL (F RoR) L BRI, FBlE , — RO M FEEfMENL 75 (3 RR) I
—6 ERRETHD, EHITIE, M BT SAANRGEIZADRFET, m@@%w»erﬂfﬁ@@r%
B TIEOMGH I R RN T THD, bH A, A TRWETIXIVE R CRIr 57259, Bl
PRIZFVUNT, Figure PIDS10 (REND M IR~ A )L A —2 DRFHIT 6 LT, ZAS DR F 23 52
BRICBARESND £ TITIZEE R B NN TFAE T 5,

BREMEDRE XYy F 7 v 7 S H121E, FHEMEOIERR R OH TR & Y704 A LA — L LY
18] E’J&&EQA%& ENEFGD T RERANNIRIESE DL DD, FHRFRHE TR 2N DA A, B
DBDODRBAN =X LD IEEMIRETIVEREY — VORI E B LIRS TH D, 8 low-k, 1
BT — MERIEDOERZ2 BB BHZ OW TR, FRRIEE N ML ETH D, KRR IC TORFERDOR
W2l — a2 YRR TR T EBIE DR EHEV ALY — VDRI E DT L — 7 2/ — D30
EMH LR, ETHlRAR72I51, FOWBIFIC S <O B RZRFANE T OB AZHEHITIL, LVZDEH
PEIZHRA L)Y — A F T M BT 705,
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DRAM 1/2 Pitch

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

svained scon
Vralons
Fotmetl gte
- gaefly deplte <O
PostCu treonnec

S, -

Figure PIDSI0 Reliability Potential Solutions

Figure PIDS10 ~M7E

[1] VIV PEFEIZASTND, FFROFTTIX, K0T 7Ly 7B arMEHsnsETHlsnb, NFv
DAL R B AT =X IR IR YT R NBTI 72 8)~D B 9 DRk 72 kI DS L BT D

[2] Low-k J& BRI AEFEIZ A > TD, BIKEK AT, FFAET D RBEAD =R LEEIELYD, Z LT, #HLwn
READ =X LPEASNDD, SHITIEV Low K AR E A XD,

[3] 2008 412 High-k 7" —MfxIEAE A 35409 PIDS DRy 7 ERIZED,

[4] 2008 FEAZAZ NV — R H N T 50N PIDS Dy 7 EERIZE D,

[512008 FIZ5E42ZE U SOI 23 AN 54\) PIDS DRy ZEERIZE D,

[6]2011 F2X 7L (B LLIE, NI V) 7P —hhTFU VAR EE AT DL PIDS Duy 7 8sRIZED,

[7] A ANRBLARD B2 R AL T/, 2O T, 2013 FIZEASNAERE LT, TORANHI%R T DL,
Ry I AL E DR T TN DMERDH D, T— A= EEMEICHOW T, FIGED) =R A LNRKETHHE
Thb,

[8] FTHLD non-CMOS 7 /SA AR MEEL2 DX fE T/, ZOFE TIL, 2016 FITEAINDEBEL TS,
ZORANRHIR THERY I AL A ORI MM ERHD, F—Avy—F FHEEICOWT K 6 FEDU—
REALDBMETHLZETHD,
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FEWTEO7: TWG DFRFE

EFY e a3zl —gy

TV v aial—Talid, PIDS OFE TERINHFX —DHEFHEIN 2] Z LA M3 2253
bbH, INBIE, ZUNVAREE YT 4 High-k 77— ME&E, AZ VG —NEMR, /o772 v
CMOS(HREEAR T 4 DFEARZETRI SOI &~ /VF %~ —hk MOSFETs), L C, fafnidE a4 5212725
YERHIE « N7 AR — e de, TNOHOFMTEHNIL, 7 uv A MR WE, RSO T, AROKE
RERELTELLET, MOEHFREEL T, HFL L DIEb o HitH 7 oA Eo & HLV AL
A — A LT, IvTART T F AT ANARE M EWHETT VT alal—ar OB T
o ML HEDBHMEIZ Y, T8 A BR, B~V TOFH LT mERA TR, 7—F%77F v #f
BHEHEMERTEN L EEIZ/20 | BORESNDAE —R TORIRE L4 572012 TT V7 aial—v
22 D XARMDVEELIRDET, FRIZ, SOI 25T NSARITKL T, R— U hOJEEL, 1EME L, FxV T O
(R AN REDOBEFET Vv a | SR RE /38— DRICHER U hidZebrauy, SOTTIE L7
IZH A ZORENGE 2 BEITRAT2DTHDH, ZNHOBEIL, 20D ITRS DEF V7 ey a3al—Y
Ay DEIHY, FFIZ, T bR TR RET VI ST NARAET VT Ao H—ax g e
SZEFAET IOV T F X TR EN TS, BRI, /77307 CMOS T /31 A1,
ZDOBEANDT=DITNTZ Y 2a RINET VOB R MLETHD,

NESTOHOEER ITWG D&

HRGERT A%

FHREER T SARERD)DFEL, 4 DAZ L H —RIgay CMOS HiliaB25T AR, 7T—F%T
IF v — MELOEBTER e B i a2 5ol L, 3L CWET, 5T, ERD TRLIREILDHT /A Al
PIDS CHLRSHLD CMOS T /3 A AD GBI BT 28 DIZ7e0ET, CMOS A7 —Ur 7 BRI T
AR B BE AN IE T @< Ieo TETRE, BRIl on—Rvy 72k ESEomnthziBx, ¥
RDBEREL D OVERE, BT ), IAND B UGES | MEEEZ 2 LstlTH10iE, BELIESD O
ERD #HAfiA L EEESIE T, 16> T, PIDS OEPFEADFR TIL, ERD OfERKLZ T —R <7 OFR
FROBBITEDTEBY, ZOFMIZ ERD OETE MLET,

WA= e s Ny = & 27 3

7ur b 7 a2 A(FEP) & PIDS OFEIZIZHRWEND A H D, 7'L—F 73127 MOSFETs (2%
HBORBEOF— T LT, Va2 b — Mk e R Va7 —NERRD D High-k fafxik s
ABNVT —NEBA~DE XM NDD, o, A7 —V T 5D DD — ARV A OFFERBIE T A
FHPN I D 2 HEERS2, 2008 45 LA A —Y o 7 051 A C BB E6 1 )48 & 4 T R L 20 A S B e
¥ RRENIER @R FE G LWL —R A7 2355, 2008 FFNHE AN GEL L ESNHIE
M Tz 1o R SOI &~ /LF 4~ —k MOSFETS |22\ Tk, o0 DO EEARRBE L, L —F 3 Lrk
[FUChs, A6, High-k 7 — kg, A2V — R NERg, TFARTIE AR 528708 Th
Do 1212, FXFRNVDIRRFEEIZONWTE, ZIHDT HSARIARENC ) R —=T"THOFRETIT2n, UL,
FLOEL DD, ZNHDT NARATROLADIEFIZHE N YL R T —OREREEC, ZnboT
NAAD Fc BN EE SH DG ELER /28 Th D, DRAM (2B AI@EDF — U7 X, DRAM
DA =V NI THT VAT DED)— 0% BIRY — kDbl B LA REIE 2T 7L
TNZA— v B2 High-k #fasiz V72 MIM(Metal Insulator Metal) AR — U %/ 30 2 CTh
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5o REFEMEATVIZONWTE, HBOMEDOF —U T LT, 7T7v 2 AT — DRV EMH &b L
HofxNE DA r — Vo TR DLW — R A7 3G FiD,
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