1 BB

B

B

1994 40> NTRS (National Technology Roadmap for Semiconductor) DELERELATO FETIL, TAEZIAHEfT
HIBER AT T T2 D DR LB R SR IEA BA~D e M) DELR DS RE AU, NTRS O 1997 iR T
I, 8 (Cu) 2 7= F > 7 DB E AN ZELIE -T2, 1999 4 NTRS Tl 7O TRV —ZATHEAX
OB ST HM IO BIRE DS FRFAS T, 2001 420K ITRS Tl Bkt EOMEGI708 AN GEi S, F2A/0
FRUEANEE 7O B HATRRISE S <UTHE> TR PIN N 2 MBS iR S iz, 2003 AT,
MPU K> ASIC ~DIKFE=R (low-k) HFHIEOEAAN—ZNFAELIZH DLV TOADI LN, ITRS By
B OHFLFRBEO ONE-DTIH 72, 2005 4ER ITRS TiL, & FEELIZE > THEMT % Cu KPTEE, Zhulk-
TELT DY B2 (RC) OEAREREFRIEA T L CD, FI2/ A= DFEFE T I EASFL T
%o WIREL TAERN T HNAAN, o/ NHEEZ ATV /aP RIAR—TiEdh D500, MPU DA%V 1T (MDY
vF X, 2010 4512 DRAM ERICAEIZRAETAAL TD,

i (near term) OHLELAIEAITIZHIT DAL TODENIL, BERICSLS ERDEPEREAL | Z AU RS
Z LTS, E (long term) THDE . GERTID 2 — 1 I BIHE B TlE, ITOMERE SR A1
T2 7272 o CD, MERIRIL, BRGT REOHHT RS 1 bbb W Eo T BE/ R A T 7L —ay | 5D
VNI, BBERR (RF) 24> 7= EBO72 Bl il o Iz 5 THh A,

BUERHDNNIT AT TV AT 2O AL, Fv 7 EOSESEORIBER0V AT LI, R EDE SEIx
L, BHENEMT AL MG T 228 ThHD, BT OB EROIEARIL, TH AL — L E2SHIT
fa/ N CTh, Ty 7 OEE R B ER Z e T 528 ThHD,

SRABCARAE R L 72T 71, JE R CER L IFZ > C 1998 4EIEASNZ, Hifffin—R~y 7 T HlE
NI ERIEOFEEROBIL, MBEE 2 THERBL TE Q0D 370bb, [KFEEREL Cu Ve ATAUT
7T —ar LIcGaIs B AR £V ORED, U0 TRV NEECHLZENHALINT 2> TET,
7RI (k=3.7) 1% 180nm HACTEASNZA, A BRI e=2.6-3.0 DA EHE, 90nm HALFETIA
SBHEh o7, k<2.6 DEAE (R—F 2 KFHER (low-1) MEIOA T 71— a3, EHIZHREEN
TREIND, ZNHDOFUMEFHEERBED B LFERE DM BT, #x T1ThnbsZ81c72560:b, MPU Hif,
PAZLOANE (2009 FEE T, 34EDD 2 D) 28, Bk, R TRER B 51 & T 5 ThH A, JaRiiED L
7 LU COWFHEREIIMRR RO K CHREI, AT 7L —ar ST56 ORI ik B R
OFPHITHATIE R FZICH DN TND, (LVFELWFRANKETHIUL, [Fix oo T 7L —Tar ik
(2RI D RN LB RIEOFH B DY AMNIT 7 BALTIZEWY) , ZODOHT L MEF B REDZE A,
JEBBHIE ORUT) ERZ R (0 —R) O BFEARIRL . Y —1Eo ] EEAbE T PHMERHY, 1T 7
—ar % ECTHRE L HIRREE VX D,

SRR, HEHIT L, B R IR FRRR OB L, m— v AL 1, HRJERE ., 7 e — LS
DEFTT, BT L —RICEEDENTND, B FHELSIRICED Cu DGR EAIT, REINICEE 22
R THAIL LR T REFETHD, i1 JEHERTTE (Atomic layer deposition: ALD) &, FHIoO MY
(ZHE BRI T RIS — M LRI SRR B CHY | EENE, JLHBE ISR, S EREOE
FHEL T ARIREL THEA S TS, BFRELRIRICER T2 Cu HiETRoIN L, BRI B R
AR THY  TESTT _RESE THD, Haahi &SmO 7 OBEUZ LD EETROFANTEIL TR E:
MOEBRDKEN, SFETOEZA, ZOBROMRIREILD IO HINT RIS TV, 51, FE2hahE

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



2 FE#R

ROBEREA T T, T aT VI AMEELCT T DO T 2y F T Ay =gz fliz /s
2%, CDORER. low-kiF B BIZ W, MHEEOET | N FREEDTERD, =y F 7 ONEER
WAL 72D, Ty T L 7 LDMBED BB IEE NS0T, 2 E R/ MRS Z 22T U720,
T F U T HDOLV U ANKBEDR low- M ENZHREE 5 2 EFERE ERASELLVORENRH D, =vTF
7 LRIBED T T DA L FEA~ORNGI, ST R_EELIe-> D, £, BERR CO, DXH7e, &
W DHHHEATFES I TS,

SEHAV O S AR X BRSO LD 2 DT TET-, (KFERBEE DA
T —a AT A EEIEO —OlE, FHAGBRE COHLE LB v T T L RIS D% E M
RETHD, ZAUERFHERPTIL, SOICHBEERDCTK, i, SEHEALHEANB R SS ) D B D
—DThD,

PRz E TR

Table79 |Z 32nm /—RETD Y4 (near term) D T ARGREE, 32nm /—RLIEO K (long term) D TG
AT, Y, B B CORROFEIL, Bl OEEROEREZFBIL | FHEREAR CELHHE
DENThHDH, BT, BRGSOV A RR OB FERIL 2T IUX T 720,

3VRTTAIZRIN AN L, BIERS IO R OB O T ERECTH D, TlidiisE chod 4~ 1%
ETIE, LW E—=0 7 oo T 7 SEHIEOSIEIN RO HND,  IEtEREZ 5 T 7201213, Bk
IS, 4FELLZ2VY RC FHELIRIZ DN DT 07 7 A VBB Z TR TE/R, 3 IROTHI7ZR NN LA 528
T DD, @AV —T Y ND @ T AT A EL BT D HEAR DT B EN D, FBAENES
RMGDA L TA L T=ZY 7 DT IRE HAELARTE L TROBI TS,  TOVKARRT = — N DEFEAR, 74
72— OHIRELIZLY | in-situ TOT mEARPEEIFORHABHEES NS THAD, 3 WITHIINLH]
FIBRAELIETH DN, ZIUEIGEERMERC ALD AZVIRE DR ERD, KOG E T2, JhEn
AR O FIEHRIE > 7 — VBB I O DILD SN2 D8, SHICHEE RS /25T, 45nm /
—RORFRIZ72 5L EF-REHELRE OMHME DB LY | FRERGUREPNHE R T 5720 B EE R Ef
B sROONDETIESND, Cu HEFHEFMEHIPEROT 7 THEDIFIT DB 2L, 71—
ZSOVBLRRIZ LTI, BRI SV H B BB 1A BB T 572, RF {516 OERCHE, 38K three-dimensional
integrated circuit (3 XJt IC) 72 & DFTUNEIFE Y 2 — 2 al DL EIT /258 PRSI, OO HEIRE AT
SOICHEE A BB KO e AR A £,

TEROWHI b, F B, 7~ I T TL BRROBHFE L RUEIZI51F 2 on-chip metrology (AT
TR OFEIFRETH D, FEFIZET AT MNEOREESC, IEFITHE VU T D Critical dimension
(CD) FHAIDSBEESN TS, LU, BHESHH ST o 7 DL RIS TE D TIETRITIUT NS
72N, EOMOEAFRBEE L T, @ ER OEHTROFHERME, BAETRE , OGRS T
%o
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Interconnect Difficult Challenges

Difficult Challenges > 32nm

Summary of Issues

Introduction of new materials to meet conductivity

requirements and reduce the dielectric permittivity*

The rapid introductions of new materials/processes that are necessary to meet conductivity
requirements and reduce the dielectric permittivity create integration and material

characterization challenges.

Engineering manufacturable interconnect structures
compatible with new materials and processes*

Integration complexity, CMP damage, resist poisoning, dielectric constant degradation. Lack of
interconnect/packaging architecture design optimization tool

Achieving necessary reliability

New materials, structures, and processes create new chip reliability (electrical, thermal, and
mechanical) exposure. Detecting, testing, modeling and control of failure mechanisms will
be key.

Three-dimensional control of interconnect features (with
it’s associated metrology) is required to achieve necessary

circuit performance and reliability.

Line edge roughness, trench depth and profile, via shape, etch bias, thinning due to cleaning,
CMP effects. The multiplicity of levels combined with new materials, reduced feature size,

and pattern dependent processes create this challenge.

Manufacturability and defect management that meet overall

cost/performance requirements

As feature sizes shrink, interconnect processes must be compatible with device roadmaps
and meet manufacturing targets at the specified wafer size. Plasma damage, contamination,
cleaning of high A/R features, defect
elimination/reduction of control wafers are key concerns. Where appropriate, global wiring

thermal budgets, tolerant  processes,

and packaging concerns will be addressed in an integrated fashion.

Difficult Challenges < 32nm

Summary of Issues

Mitigate impact of size effects in interconnect structures

Line and via sidewall roughness, intersection of porous low-k voids with sidewall, barrier
roughness, and copper surface roughness will all adversely affect electron scattering in

copper lines and cause increases in resistivity

Three-dimensional control of interconnect features (with

it’s associated metrology) is required

Line edge roughness, trench depth and profile, via shape, etch bias, thinning due to cleaning,
CMP effects. The multiplicity of levels, combined with new materials, reduced feature size
and pattern dependent processes, use of alternative memories, optical and RF interconnect,

continues to challenge.

Patterning, cleaning, and filling at nano dimensions

As features shrink, etching, cleaning, and filling high aspect ratio structures will be challenging,
especially for low-k dual-Damascene metal structures and DRAM at nano dimensions.

Integration of new processes and structures, including

interconnects for emerging devices

Combinations of materials and processes used to fabricate new structures create integration
complexity. The increased number of levels exacerbate thermomechanical effects.

Novel/active devices may be incorporated into the interconnect.

Identify solutions which address global wiring scaling

issues*®

Traditional interconnect scaling will no longer satisfy performance requirements. Defining and
finding solutions beyond copper and low x will require material innovation, combined with

accelerated design, packaging and unconventional interconnect.

* Top three challenges ( |73 2D F L-22°)

CMP—chemical mechanical planarization DRAM—dynamic random access memory

PR ICE RSN AMERES B AR

BLAR ISR 32, Ky estikza 3572012, B (Near Term) (2005-2013) . FH# (Long Term)
(2014-2020) TOHPRAIEER I L OMFRRFeA7A# A3 . MPU (Micro-Processor Unit) , DRAM (Dynamic Random
Access Memory) (253 5HL TRSIL TS, MPU (XL T, BIFEIAKERAS N QO DR ERIAr— I 7 k%
AHEEL TR, BURE YT 7 AT REEAN, A%L1 (M1) , HRERRRE. 27— U CXBIL TORL TV
%o 2005 R —R <7 Tldk, MPU B8 AN, Yk 2 RO (2007, 2009) 13, 2 A7 /UTHTES AL,
2009 FE-LARE S T2 72O 3 A A VN IRD EFRHRL T D, FT2, EHUZESTMPU DAL TE YT 753 2010 4
(21X DRAM E[RICIZ/2AE TRSID, AT, 2009 4 TIZ MPU DA% /L1 EFREJEBEROE Y F D 7137
72D, Fio, B —R~y 7 Tk, MPU DAYV 1 ITNT B a2 7 o0&y T DEF%  HelT BRI
T B EOIHE CRIE T 20Tl Bos iz 2 7 MidiE (staggered contacts) D315 & BATEC
L7z, BROICT NIz 27N BT, Bt OREHER) 72 MPU % 3HI WS TE TS,

MPU B> FONLEIL., Cu Bl D LV ha~ A7 L — a R L E LS5, BIEOKEEIZLS Cu

FIHENE ey ) OBE DO KEFREE (Jmax) DFFREFAR % . 2008 FEI21T#E 2 5, CoWP 72 D Cu it
BROBARAZ L Fv o T HARBAFE SO LI TRY , HHEOAFRI L2225, —T7, BIRT mE ATHET O
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S a—bDORRED DY | E VB U OIRP DR ED DD, IR vy 77 m b 2D SES RIS
TWD,

6], BT HELE T A DUGES AL, Cu DG EADERRIRE T AT MO E L TP HITED I
7250710 Figure 68 (Z/RSALTWAHIDIT, HeflBT BRI IR BGELE S B - BELO W 7 3 K& D,
Bl Tl 2O T DR RIZ 27> TR0,

| side
wall

> | grain boundary

Resistivity [uQ cm]

bulk resistivity

10 100 1000
Linewidth (nm)

Figure 68 Cu Resistivity

ZIUZEST, Cu OB TR/ D AZ IV 1, HREEERR. 7 o — SVERIZ OV T — R~y 7 70389
T ARTOEIH L TEHEHSIVTCND, T2, ZO T EHO RC HEREFFIEA~O AL GRS, EaRshb
PEREDRIZE N TND, F/ A REHRD 3 TR (3DCD) 1%, ZZEAFED ITRS 126V VTl B 2R
FEDUOEDEL THETHILTND, i/ NHEIZDL DX EHEELIZED M1 BUAMEH IO M—2 L X5 &L FHR SN,
MPU OEREINAMERED I E FINTND, MERD A =N 712k~ T, A0 1 LR EEROER X

HHE M NSNDTD | ZIDICE DB B I~ AT —72b D ThH D, ﬂ%%b\ﬁﬂﬁﬁ@ﬁ H~/vl/@ﬂ1’~'?<
I, S IBIEA~DFENKE N, MEE TR, Cu IEPIOWETIL, S MICHEREE R A 3512
153 Té A9, Figure 69 1%, FEROMARIZIITHAZ L 1 L7 D——/\/I/Eﬂf?@ﬁf—ﬁ%ﬂ“b“@ B, VB *—573%7\
(ZE > TR ZGES DD, {HE B 1T T THRES /2D,
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100

=—4&— Gate Delay
(Fan out 4)

= Local
(Scaled)

10 [ = Global with Repeaters

=>= Global w/o Repeaters

Relative Delay

250 180 130 20 65 45 32

Process Technology Node (nm)

Figure 69 Delay for Metal 1 and Global Wiring versus Feature Size

FHRCIE, FREHDNTH =72 B a0k 3D IC, H HZE[M RE, SEERRE) 23, TERDBLHRD I
HE, VHEFET]. mﬂmmmﬁﬁ%ﬁﬁ&a‘ét (MBI D, AV H T H L AD L, |  BWERE D <25
IZONTETETEHIEI/ 2> TLDETHA), FZIBIMDAZIVIEHDNTEERE N, AL 572 AD AR
WZDT= DI IR DD FIIR W, AR EEN AT —V o 7 HANHBD SNAIHEST, Z7rAN—7 3%
bbby G FRIAE TRIEIZ 2> TETWD, FTLWIRAN—Z DFREEDS, A%V 1, HiEERAR, 7 m
—/ww@ (2. ITRS2005 TIHEASIIZ, ZDOFE T, /ey F ORIV T/ A N—21285

EEEND, AT BIED 25% 72 HERREZFHEL TUVD, 2020 £EI2E81 Téﬂ%d\ﬁ“m—/vvﬁaﬁ@ﬁaﬁ
%BE%E% I, 2005 FEDOBEHRE D 30% A1 CTH D, fE> T, VaAN—7 OFREMEROT-0IZI1E, EEH B O
TIRMFEETRD, 2005 R —R -~ Tid, BERO AT T HLVR—F 2 1ow-1<né@nﬁ%a‘ﬂ®ﬁﬁ§%7b>
FIEREEITON TN, ORI T X7 (42) BB OE AN G,

MPU DWri

MPU T, MERE~DBIRREIED BEA TR T 57212, FIE@s I BiiRe T CECARE S N5
MEJ A — V) TR LD EE D S\ A S L 75%%7}0%60 Figure 70 2 M,
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-—— Dielectric
-—— Etch Stop Layer

-— Dielectric Capping Layer

Copper Conductor with
Barrier/Nucleation Layer
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\(

Intermediate <<
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Metal 1 —¢— |
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Figure70  Cross-section of Hierarchical Scaling-MPU Device

B ECA L F T DT I TV TR EO VTN E T Dl RESLR A 729 T2 O LB @ )
D, IHITAXVIENEEZ 5,

ASIC O¥E

ASIC DAL Cu AU low-ichfifgx il 7= MPU @42 8-#8%&H > T D, ASIC OF%EFFIEIL,
— RN LA LS b O C, A0 1, HifiE, B a— L (PO 2 58y F) . 7a— 3L (I
JED 4 {57 F) DI BERE T D, 2005 LERRKD MPU DEESRENDMEREDFITINT, ASIC DIAZEIS
72— UEGRRE Y F OFREEN, IBINEI TS, HURI)7e ASIC OWifi% Figure71 \Z7RT,
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Passivation
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{-+—— Etch Stop Layer
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Semi-Global =<
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Intermediate <<
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— Tungsten Contact Plug
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Figure 71  Cross-section of Hierarchical Scaling—ASIC Device

DRAM OB, HolbiLWERRE Y T ol @ \ar 27 DT AT AR L, b ok
B SHERIRE, KEGEHEZ SR 95, LasL, 2010 421X MPU DA%V 1 B F753 DRAM &—Ei5L
FHENTD, DRAM IZBWTH @O AT VRIS 272010 AKFEESRME (FSG) I TH T, £
T2/ N—7E YT 65nm TlE Cu BUAROBEANERENDHZ LT/ HTHAD, DRAM IZBWTE~—>vMZ
BUDMAEEREDFIABVNTHY, Cu Blfa WD ZEMIMEE ERSEDZ LU, ZOEADEN
HZELHV 25, B, DRAM T, 16D Al BlRRO M B EPRIEN S | & LB 72D,

Kz 7 A7m— 3 MPU/ASIC 5&EH1ED B 552 (5D T T, DRAM ~Off G L3> TLHZ

EDRHIFESILTCUND, Figure 72 13 WO ORI ECFE M (ILD) f &2 X/R L TWD, BIFED Cu &'~
ont A, WERRYRARR RS (PVD) 125D Ta ~_—ADYEHBG LIRS Cu RkEEAR AL Q)b —
FC, T AN — VORI IMEDS | Fe70 DRI RO HERE TV EO BIR A BR L TG, 2
OB AL CUET DI LIS TH- X (ECD) 2L > THERE L 7= SR A 2 — R~ 7" O T IR A&
(2020 4F) ETIEMLIOL TUODA, T, 23D T AT LD B AIRAS, BIZR LD A BT DA TR S8 &
MR PURG A LB L TS, IR IR T2 2SO IR T 2500070 i 4 HEFr
FTHERVELINTND, Bk EE D LD T ORRESE— BT 2 ERIIS ~ o A G ~DHEEIZL D
MDA FIREE T DT 2k 4 ik L<725, KL (538fF) . CVD, ALD, 2L CaEmBIEOILEP, 1R, &
REE COMRRNEATCTHY | FIE L DOILHEL BT ELNA, M LH BRIV TR,

BRI, R L CIHMEREERIL A 2T hy TV 708 R - 1t - 28 (MIM) Fv /3
BN TTHFH BRI, SO FRAM IS U TEEOMROE KDY, ZNZ U WS ORI ZORS
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N5, ZHHDMIFIEDOENT | Bk BRI BT 7 v AL T 7L — a1k L CE s Tk VB

Re§528l2%, IVEMRITIE, @AM COFERMENIVEEIT/ 2D THA, £, (KBS A
e T DTN R 7R A NI AN A oM FEM B ERSND TH D,

4— Dielectric
diffusion barrier

4— Etch stop layer

4— Dielectric
diffusion barrier

4— Etch stop layer

Homogeneous ILD Embedded low x ILD Homogeneous ILD
with trench etch stop

without trench etch stop (K1> KZ)

Figure 72 Typical ILD Architectures

#EfRME CMP & CMP 1% 0 K MR i o fkfse 72 e R NEHIRII I I ZBRS D TH A9, CMP LIS D
AL OB, BRI R M TH 5, Cud® CMP B\ T, CuDESNATr—I o 7 ENAHITHES
T, 20— ar 0T 4y T I NS T HZEN, BRMERREN - T 72O E L7 5 Th A, Fiz,
KA BRIIL, — IR E CHEREE N5\ V2D | ZAUSKIIE TED AL EAR (S Z USRS
BAFMZEE 2D, FTo, FERDT SAADIEKMAGIZRIL T, ARAR CMP 7V —=2 7 Hiffi D BRI 1
BETHD, Flo, T ARy T @R\ T JEEDOEOEIRIEAFFD | low-kE A LS E2n oy T 7 Hil,
L OANHBERENT, RANT Y F ) — =2 7 B OB M TDD, Fiz, Ty F L7 U m A TOS
A=V EARBALH D NI T ENT— L THY, BT, LOERED 7 — Nk, 57— MR IEOE A
L CEHETHD,

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



Table 80a

9 Fd#

MPU Interconnect Technology Requirements—Near-term Years

Year of Production

2005

2006 2007 2008 2009 2010 2011 2012 2013

DRAM : Pitch (nm) (contacted)

80

70 65 57 50 45 40 36 32

MPU/ASIC Metal 1 %2 Pitch
(nmy)(contacted)

90

78 68 59 52 45 40 36 32

MPU Physical Gate Length (nm)

32

28 25 22 20 18 16 14 13

Number of metal levels

11

11 11 12 12 12 12 12 13

Number of optional levels — ground
planes/capacitors

Total interconnect length (m/cmz) -
Metal 1 and five intermediate levels,
active wiring only [1]

1019

1212 1439 1712 2000 2222 2857

FITs/m length/cm2 x 107 excluding
global levels [2]

4.9

4.1 8i5 29 25 2.3

Jinax (A/cmz) — intermediate wire (at
105°C)

8.91E+05

1.37E+06 | 2.08E+06 | 3.08E+06 | 3.88E+06 | 5.15E+06 | 6.18E+06 | 6.46E+06 | 8.08E+06

Metal 1 wiring pitch (nm)

180

156 136 118 104 90 80 72 64

Metal 1 A/R (for Cu)

17

17 17 18 18 18 18 18 19

Interconnect RC delay (ps) for a 1 mm
Cu Metal 1 wire, assumes no
scattering and an effective pof

22 uQ-cm

307

409 486 626 783 966 1224 1357 1572

Interconnect RC delay (ps) for | mm
Cu Metal 1 wire, assumes
width-dependent scattering and a
conformal barrier of thickness
specified below

440

612 767 1044 1388 1792 2392 2857 3451

Conductor effective resistivity
(1€Q-cm) Cu Metal 1 wiring including
effect of width-dependent scattering
and a conformal barrier of thickness
specified below

315

3.29 347 3.67 39 4.08 43 4.63 4.83

Barrier/cladding thickness (for Cu
Metal 1 wiring) (nm) [3]

6.5

5.6 4.8 43 3.7 33 29 2.6 24

Line length (um) where T=RC delay
(Metal 1 wire) no scattering

53

43 36 29 24 20 17 15 13

Line length (um) where 25% of
switching voltage is induced on victim
Metal 1 wire by crosstalk [4]

136

118 107 96 90 84 79 73 61

Cu thinning at minimum pitch due to
erosion (nm), 10% % height, 50% areal
density, 500 um square array

15

13 12 11 9 8 7 6 6

Total Metal 1 resistance variability due
to CD erosion and scattering (%) [4]

28

29 28 29 30 30 31 32 32

Intermediate wiring pitch (nm)

200

167 140 118 104 90 80 64

Intermediate wiring dual damascene
A/R (Cu wire/via)

17/15

17/16 18/1.6 1.8/1.6 1.8/1.6 1.8/1.6 1.8/1.6 19117 9

Interconnect RC delay (ps) fora 1 mm
Cu intermediate wire, assumes no
scattering and an effective pof

2.2 uQ-cm

254

360 437 626 797 984 1246 1334 1596

Interconnect RC delay (ps) for I mm
Cu intermediate wire, assumes
width-dependent scattering and a
conformal barrier of thickness
specified below

355

527 682 1039 1413 8 436 84 04
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Table 80a MPU Interconnect Technology Requirements—Near-term Years (continued)

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM 2 Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32

U D
MPU/ASIC Metal 1 %2 Pitch 9 78 68 59 52 45 20 36 3
(nmy)(contacted)
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13

Conductor effective resistivity
(1€Q-cm) Cu intermediate wiring
including effect of width-dependent 3.07 3.22 343 3.65 39 4.08 43 459 4.83
scattering and a conformal barrier of
thickness specified below

Barrier/cladding thickness (for Cu

intermediate wiring) (nm) [3] 3 6 52 43 37

Line length (um) where T=RC delay

. . . . 59 45 38 29 24
(intermediate wire) no scattering

Line length (um) where 25% of
switching voltage is induced on victim 235 185 165 136 126 116 106 95 80
intermediate wire by crosstalk [4]

Cu thinning at minimum intermediate
pitch due to erosion (nm), 10% x

17 14 13 11 9 8 7 7 6
height, 50% areal density, 500 um
square array
Semi-global wire pitch (nm) (ASIC 400 334 280 236 208 180 160 144 128
only)
Minimum global wiring pitch (nm) 300 250 210 177 156 135 120 108 96
Ratio range (global wiring

. . . . 1.5-10 15-12 15-14 15-17 1.5-20 15-22 15-25 15-29 15-31
pitches/intermediate wiring pitch)

Global wiring dual damascene A/R

L 2.212.0 2220 2321 2.321 2422 2.52.3 2.52.3
(Cu wire/via)

Interconnect RC delay (ps) fora 1 mm
minimum pitch Cu. global wire, . 9% 139 168 242 301
assumes no scattering and an effective

pof2.2 uQ-cm

Interconnect RC delay (ps) for | mm
Cu min pitch global wire, assumes
width-dependent scattering and a 111 165 209 316 410
conformal barrier of thickness
specified below

Conductor effective resistivity
(1Q-cm) minimum pitch Cu global
wiring including effect of 253 262 273 287 300
width-dependent scattering and a
conformal barrier of thickness

specified below

Barrier/cladding thickness (for min.

7.3 6 5.2 43 3.7
pitch Cu global wiring) (nm) [3]

Line length (um) where = RC delay
(global wire at minimum pitch — no 95 73 62 47 39
scattering)
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Table 80a MPU Interconnect Technology Requirements—Near-term Years (continued)

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

90 78 68 59 52 45 40 36 32
(nm)(contacted)
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Line length (um) where 25% of
switching voltage is induced on victim 170 147 137 130 128 124 120 115 97
minimum global wire by crosstalk [4]
Cu thinning of maximum width global
wiring due to dishing and erosion 220 220 230 230 240 240 240 250 250
(nm), 10% x height, 80% areal density

Cu thinning global wiring due to

24 21 19 17 15 14 13
dishing (nm), 100 um wide feature
Conductor effective resistivity
(1Q-cm) Cu wiring, assumes no 2.2 2.2 22 22 2.2 2.2 2.2

scattering

Interlevel metal insulator — effective
3.1-34 3.1-34 2.7-3.0 2.7-3.0 25-2.8 25-2.8 25-2.8 21-24 2124
dielectric constant (k)

Interlevel metal insulator (minimum

expected) — bulk dielectric constant (i)

*Refer to Executive Summary Figure 4 for definition of metal 1 pitch

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |

Manufacturable solutions are NOT known -

Table 80b MPU Interconnect Technology Requirements—Long-term Years

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM 2 Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 % Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Number of metal levels 13 13 13 14 14 14 14
Number of optional levels — ground planes/capacitors 4 4 4 4 4 4 4

. 2
;(:z:nf;z:T::;;iﬁ?;ﬁ;ilg)onﬁﬁl land five Sy 4000 4545 5555 6250 7143
FITs/m length/cm2 x 107 excluding global levels [2] 14 13 11 0.9 0.8 0.7
Jinax (A/cmz) — intermediate wire (at 105°C) 106E+07  114E+07 147E+07 154E+07 180E+07  223E+07 | 2.74E+07

|

|
Metal 1 wiring pitch (nm) 56 50 44 40 36 32 \ 28

|

Metal 1 A/R (for Cu) ! ! ) ) 2 p) )
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Table 80b MPU Interconnect Technology Requirements—Long-term Years (continued)

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM : Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 2 Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Interconnect RC delay (ps) for a I mm Cu Metal 1

wire, assumes no scattering and an effective pof 2.2 2053 2346 2943 3563 3754 4752 6207
pQ-cm

Interconnect RC delay (ps) for | mm Cu Metal 1
wire, assumes width-dependent scattering and a 4853 5951 8040 10252 11432 15853 23105
conformal barrier of thickness specified below

Conductor effective resistivity (uQ-cm) Cu Metal 1
wiring including effect of width dependent scattering 52 5.58 6.01 6.33 6.7 7.34 8.19
and a conformal barrier of thickness specified below

Barrier/cladding thickness (for Cu Metal 1 wiring)
(nm) [3]

Line length (um) where T = RC delay (Metal 1 wire)
no scattering

Line length (um) where 25% of switching voltage is
induced on victim Metal 1 wire by crosstalk [4]

Cu thinning at minimum pitch due to erosion (nm),
10% x height, 50% areal density, 500 pm square
array

Total Meta} 1 resistance variability due to CD erosion 31 33 32 33 35 33 33
and scattering (%) [4]
56 50 44 40 36 2 ®

Intermediate wiring pitch (nm)

Intermediate wiring dual damascene A/R (Cu
wire/via)

1.9/1.7 1.9/1.7 2.0/1.8 2.0/1.8 2.0/1.8 2.0/1.8 ‘ 20/1.8

Interconnect RC delay (ps) for a | mm Cu
intermediate wire, assumes no scattering and an 2085 2382 2982
effective pof 2.2 pQ-cm

Interconnect RC delay (ps) for I mm Cu intermediate
wire, assumes width-dependent scattering and a
conformal barrier of thickness specified below

Conductor effective resistivity (uQ-cm) Cu
intermediate wiring including effect of
width-dependent scattering and a conformal barrier of
thickness specified below

Barrier/cladding thickness (for Cu intermediate
wiring) (nm) [3]

Line length (um) where © = RC delay (intermediate
wire) no scattering

Line length (um) where 25% of switching voltage is
induced on victim intermediate wire by crosstalk [4]

Cu thinning at minimum intermediate pitch due to
erosion (nm), 10% x height, 50% areal density, 500
Wm square array

Semi-global wire pitch (nm) (ASIC only) 100 88

Minimum global wiring pitch (nm) 42

84 75 66
Rflt}o range (global wiring pitches/intermediate 15-36 15-40 15.45 15-63 15-71
wiring pitch)

Global wiring dual damascene A/R (Cu wire/via) 2523 2.612.4 2.612.4 2.82.5 2.825

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005
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Table 80b MPU Interconnect Technology Requirements—Long-term Years (continued)
Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM 2 Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 %: Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6

Interconnect RC delay (ps) for a 1 mm minimum
pitch Cu global wire, assumes no scattering and an
effective pof 2.2 pQ-cm

Interconnect RC delay (ps) for | mm Cu minimum
pitch global wire, assumes width-dependent
scattering and a conformal barrier of thickness
specified below

Conductor effective resistivity (1Q-cm) minimum
pitch Cu global wiring including effect of
width-dependent scattering and a conformal barrier of
thickness specified below

Barrier/cladding thickness (for minimum pitch Cu
global wiring) (nm) [3]

Line length (um) where t = RC delay (global wire at
minimum pitch - no scattering)

Cu thinning global wiring due to dishing (nm),
100 pm wide feature

Conductor effective resistivity (LQ-cm) Cu wiring,
assumes no scattering

Interlevel metal insulator — effective dielectric

2424 19-22 19-22 19-22

constant (i)

Interlevel metal insulator (minimum expected) — bulk
dielectric constant (k)

*Refer to Executive Summary Figure 4 for definition of metal 1 pitch

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known | @

Manufacturable solutions are NOT known -

Notes for Tables 80a and b:

Line length (um) where 25% of switching voltage is

induced on victim minimum global wire by crosstalk 85 79 71 64 61 55 49
[4]

Cu thinning of maximum width global wiring due to

dishing and erosion (nm), 10% x height, 80% areal 250 260 260 260 280 280 280
density

[1] Calculated by assuming that only one of every three minimum pitch wiring tracks for Metal 1 and five intermediate wiring
levels are populated. The wiring lengths for each level are then summed to calculate the total interconnect length per square

centimeter of active area.

[2] This metric is calculated by assuming that a 5 FIT (failure in ten thousand) reliability budget is apportioned to interconnect
for the highest reliability grade MPUs. This number is then divided by the total interconnect length to arrive at the FITs per

meter of wiring per one square centimeter of active area.

[3] Calculated for a conformal layer to meet minimum effective conductor resistivity with no scattering.

[4] Crosstalk is a calculated value.  This metric will be managed by IC design.

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003
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Table 81a DRAM Interconnect Technology Requirements—Near-term Years

Year of Production 2005 2006 2007 2008 2009 2010 2011 2012 2013
DRAM 2 Pitch (nm) (contacted) 80 70 65 57 50 45 40 36 32
ZZ )lZ‘Zg;:;ml 17 Pitch %0 78 68 59 52 45 ) 36 32
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13
Number of metal layers 4 4 4 4 4

Contact A/R — stacked capacitor 15 16 16 17 17 >20 ‘

Metal 1 wiring pitch (nm) * 160 140 130 114 100 90 80 72 64

Specific contact resistance (Q—cmz)

forn’ Si 2.50E-08 | 2.30E-08 | 2.00E-08 | 1.70E-08 | 1.40E-08 [MWi)/=S0:} 9.80E-09‘ 8.20E-09 6.90E-09‘

Specific contact resistance (Q—cmz)

forp+ Si 4.50E-08 | 3.80E-08 | 3.20E-08 | 2.70E-08 | 2.20E-08 [WME:{=R0} 1.50E-08‘ 1.30E-08 1.10E-08‘

Speciﬁcviaresistance(Q-cmz) 7.00E-10 | 6.00E-10 | 5.00E-10 | 4.00E-10 | 3.50E-10 [Relo]=5xoR=10] <o o RN (0] =55 O MRS By o] S 0)

Conductor effective resistivity (L2-cm)

. 33 33 22 22 2.2
assumes no scattering for Cu

Interlevel metal insulator — effective

. . 3.64.1 3.64.1 3641 31-34 31-34
dielectric constant (k)

*Refer to Executive Summary Figure 4 for definition of Metal 1 pitch

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |€

Manufacturable solutions are NOT known !

Table 81b DRAM Interconnect Technology Requirements—Long-term Years

Year of Production 2014 2015 2016 2017 2018 2019 2020
DRAM 2 Pitch (nm) (contacted) 28 25 22 20 18 16 14
MPU/ASIC Metal 1 Half Pitch (nm)(contacted) 28 25 22 20 18 16 14
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6
Number of metal layers 4 4 4 4 4 4 4

Contact A/R — stacked capacitor >20 >20

36

>20
32

Metal 1 wiring pitch (nm) * 56 50

Specific contact resistance (Q—cmz)

+ . 5.80E-09 4.80E-09
forn Si

400E-09  340E-09 | 2.80E-09 | 2.34E-09

Specific contact resistance (Q—cmz)
for pJr Si

Specific via resistance (Q-cmz) 1.40E-10 1.20E-10

1.00E-10 8.40E-11

7.00E-11 5.88E-10

Conductor effective resistivity (1€-cm) assumes no 29 29

scattering for Cu

Interlevel metal insulator — effective dielectric constant

2.3-2.6
(¥)

9.20E-09  7.40E-09 | 6.20E-09  5.10E-09 | 4.30E-09
| | \

*Refer to Executive Summary Figure 4 for definition of Metal 1 pitch

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |

Manufacturable solutions are NOT known _
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PR fBeA

TR B Z B A AR SR

HEERPEEIT, RTIZNT, VAo Y a AU, PR T Ve T 77— AT 2 T VE <
AT TV =g T aEA(FVE) oD ETHELWVEEO RO BI85, ZHH ORI, Hik
(2, BRANCZE L HUEFEINCLTERFHEDY S | ZIHDW OB TR EO A G DR ORHEEZ R T,
F7=, FVF (3R TR D7 | J@RIMERRIEED L 7iefB e BT B/ O e fEZ 773, LosURERIT, #
TRIEFE i (Cap 5, Via JE RN, Trench JEFIEE, = F ARy 75, CMP £ I1IK) ZA% R T Z I E N ik
I TR I R BT 62812700 ThAD, ZHUT BT, SRR B FLm B O NN B L7 & & M
*9AREETE R T D, 1L~V i/ IMEL CoO ZHIET 5728 D RO EE LI, Z A% —{ i 4% ~ #
LT o TETCWD, B2 T HIDS, BAERERAOITHRLLAE low-kEHNDDOR Y = U BRrE
low-kE23Z D% D TRETRT T A=V HEE T HI-OITEASI O OB D, FHEERPESEIL, ITRS2001 T
FHEIL COE TR AR O RDDIZ, low-kififEIE OB OB AT T (b DIEZ A TS, ZOHELDIEIT,
BIFED low-ckEfa T 7V — GefEARJRI XN/~ 7 X< B CVD) | 2 L T/E0OTMAN low-k A>T
T —3au A% — A (FNE ORI KT TIMSZ.Oa—R <y T a2b 572 AT Vo R) OV s B
L7EH DO LAV,

HLOHERIER B O ORI, FRE T N TOHFT DRARI K LTI iRDO e PERE L THROT
PNART —FT I F 40— T DB R AR LT TS0, IR Hicid, AR Bk, =
LT bR EORFEICR D ZRITH LT, BURO ERFEBIE - TR DT O | IR Rtz
TZETbDObHD, L, Teex FRkOT 7 /ay s 7 —RIH LT, JBE N3G HERK B3 o7 LTh,
FRPEHTIZ, DR AL T 7V —2 a1 28ix ORIEDFAEL  Z D72 BRI TODiE
RN B D FF DTN IER SV TET 2, IRD 4 D73y 7 T R TRRARIZ D) DHERRIFEAA B O Hohfy
AR, A — R~y 7 O T 15 B THRIM A ko TVD,

BEOFHERMEEBRL, Cu T a7 VE <~ U Hfi CHB TR R AN TR KD/ T 4 —~v o 254
DT INAREGDIZO D, Fo/ND IR B R A vReL T DA BB AR T HT L,

Jebi Low-kABROAEZRME SUT AL, BREERES NSO/ Xy r — VU T E I BRSO R BT
—R DR

PR OFFER (k >20) Dk R (k> 100) MEFZBHFE L EHLrEER ALtk H7-v Oy MId
KA HEELBHT DA AT~ 3528, BLOL MPU/ASIC <° SoC DI DT o7V 7%
MIM F /XU Z~iHT 528,

TERAIDERZ | BB NBORR . S A A BRI R 8 (B & A D EAT DI B BB %
BHEA LTI —2 a7 4 — AL B E 17O L,

ORI B~ DR OFIPHZ AT L, £\ 2 R TR TENENO R TRIC T +— AT 5
7o | MR Z BE 3 DR R a2~ 9 Figure73 13, FIBRINC 3T B, Mk Bl 77 v b7 4 — 2
BRI Z & CO R &5 = 7 Bl O B ENEZ KR T 5 7= DI — i Mz b,

TableS8la & 81b (Z& % “Interevel metal insulator (minimum expected) -bulk dielectric constant”&“Interlevel
metal insulator-effective dielectric constant”}%, FIRDT—R <7 D CTERIIV TR T A—Z %D
BODEFDAL T IV —ar Ax— AT 5 fRAVRER S =2 — a7 AnLEHENIHLOT
0b, ZOU—X 7 F— NTHESTHEGmT BRIl —aE7 e Cu Cap RON—R~vRA,
Trench & FHERRIEE, Via JERIHERIESn— R~ RS- HECIREIRIC BT D5 “BLFERY7R” /T A
—HERAIRIANTZ, Z LT, b BRI ST A=F Tz i Rab —ar b EbIT, b “PRkin” <5
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A=W a2l —a b BT To72, “Interlevel metal insulator-effective dielectric constant”{Z3%
FLSAVICHII L, "BLERIR T A= 2 I Ko TIRBIVT R KB L HRkAY 72/ ST A— 2l ]IZ > T
ST/ IMETH D, “Interlevel metal insulator (minimum expected) -bulk dielectric constant”| %, FLFEH725E
(A ST et " R A7 AR IR L ST A— S 2 RFEL TD, ZOMEIE, (DD IC ABRZENZOfELY
Ho EHRER A7 low-kcb B IN T~ 27008 LIV 2 EX°, “Interlevel metal insulator-effective dielectric constant
range LD F/ IMEZ VG S LV MEE DAL T 7L — 2 al A% — L E IR T D05 LIV D T =7 L)
FKax LIz,

F o7 NO LIS T AMEE DD I8l (keff) ZHEE T HDICELDERL I2L —La BT /L
DMFET 5, Dielectric Appendix FL#?D FigureA1~A3 1%, BLHAC L O 2 #HRIE (90, 65, 45nm) DIEFRAT72
low-k A>T 7L —3ar Zx — ATkt T Dreff DL Ial—a R L Tho, ZOTTFMTIT., BRBEE, 7
AT, SRS IE RS rTRE S HIWT SV OAERRIEATEHZ B3 ITRS2005 #—2"y MEAS A& T
W5, 15D 3 T DKeff fEIX, TN ENOHARITKTT2ENENDA LT T —al AF—MTHIEL
72D THD, KB HOFREEZLABRUL, ZOua—R <y 7 O TR LI TERY, Uil T A—4
23 Figure A4 \RUTZERELE T MIZE DSV THRERSI TN D, MHREALEREE (VT 1V S 2) 1, SRR
AUB—AT 4 A MR C L B T e S AU MR 7oA HE A1 3K (2 A J] NAND+ A3 —%) L RO A
H— AT 4 TA NEHRE T T — 7 S VB DA LS COD EREL TD, REEBED A2 — AT ¢t A NECRR
L7 — VBRI, RC IR L3 57O IS bV e — & THElS TR, B a— VBl
IR EE WA — Y 7SI TND, ZOFET VOPGEIX Table WZHEBESIL TS, ZOERED T, /™A
TR SoC T 31T HIRIEREH] A AR L EH 1T 30% I L CE DI ALFHEILE N BAHERICA T —Y 7 LT
WSILEIINGD, Figure AS 12, ZOHGRNT 7 a—FIlks Tt S ekeff 27—V 7 —7 % Eiko
WA T T — 2 a Ax — LB [E LT keff PRIFERE L ORLIZ, ZRHITB BV RW—EEL
T,

& RERR T EiefE (PMD) I

PMD (Pre-Metal Dielectric) fi(Z DU NTld, ZDOREE A O% BFIZE T RMBELINTLDEA), =
TN YHAR (NiSi) D AI LN, DRAM OBEES —MEBROT AT NEH R EEIRE DY R —T D W
ZE, £L T, NOR A7 793 a2 AERVIZHIT HBVBIEIIRO LB, Z DG ))LleoTnD, rY v 7[H]
BEDOPEABIL O —h~D NiSi O FERIE, 450-490°C LA_EDEN ) DD LD 72 il 7 1D ~ B A B %
HHDEIRDIEAD, NiSt HALFRRIC, AZ V7 —RDOE ATV THEVBIEO IR LI/ 5, ZORE
IEEIREEDU R =7 DR T, EHITHELNT 2D, NOR D7 Ty 2 A2 D0HL, BEC, VT var %t
WRELT10%DVARFEZVLBELLRND, 2> NiSi 28 AL CWDLOLH5, 2, HARLEEIED J7ik
T, FTREL S =W EAITREE CTh 5,

DRAM D7 —REBRODOT AT R EEIE 2005 F121316: 1ITEEL, SHIZHRLEET D& TSI TS, £D
FESR, SNDTHAI T T A~ % 2 PMD BEEEICE | Bl AR CD, 50EZA, T IR~ % H
WL Z 8D 7 — MDD 77 X< 4 A—7 (Plasma Induced Damage) 73, B2/ RREE 72> TUONDRERE
3720, Lol ZORBEILS —MERIENSOICHEBE LS Th, #172725 high-x #EHIE - ThH, BES
O ST LMERDTHA,

B2, DRAM®DE > b A D BRI 72012 low-kHHiZ AR DB AN S TS, Bz 10X, 2010
FEFTITIT A (e-eff) 73 2.7-3.1 12, 2020 {213 2.3-2.6 [ICF T T D2 ENER SN TS, ZDEH78,
Xy 7 7R ARIR I, VR =7 T DB R A D722, kD PMD BlED 7 e 2
~IVF AT TREDNEAS VD T A), WAL T T A~ RO IE DS 2. 3 AELLNO BREE AL
A TCREIC R THRESILTE TN,
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ZD low-kEIOEALFIREZ, /SUT 22O REIEEAT OB 7225 8 (PVD—CVD—ALD) &, HiE:
95 Cu BUROIHUE AR 572D T d /U T AL OG- I E A A SN2 TEiabre
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BERD NN~ 27 % HHOAIEIED RSN TE T, TNDIN DA T 7L —a A% — A, BN
BWELE T o 2R LT A EEBIT, Febkeff 2HT257, iXEH NV — Tl Tib EE 2keff (X, T
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BUIZOWTE, WEZIZFEAET NTO low-kiEREAEHIXTL T, RROTZO DB DMEETD %, W)
BRRY, B, € L CREXIISMBHRHEL OO BB BIL, A2 T 7L — 3 a ORENE T R TER,
LD | ERFUIB W TR FINOESDHEI TR THD, SR, N—T A low-kbMFHD AT A
A RTTGR, T AT NEE U CTRT OIS (G — 7" K7 56 7 v— AR R ) S OB & ~ D E RIS
W, TR R Awgim A T TV D,

IN—R<RT

IN=R AT LFAZNV DR o FTED My 7N D ORI CTh D, ZAUTIL, TaT AH <y
UHREED NG — =0 7 ORI EEREIRIECMP DO ANy =g &) O DOERENR D, SHIZ, ZOREIZIE,
248nm 3L TN 193nm Tl SV DIERZ AT DAL FHEIRI T 4 MV AN & o TR BRSO RSy O YEHL
ZHIETDRED D, N R AT BRI CMP iR - YLy DN T BT 5281, k-eff DKL
LT D, (FEAE DAL T TV —a OREETIEL, ZO/N—R~<v A7 OFBIE, ORI B 1L MR
RIDBREN TS, LI AT UYRAT T —a0Tld, bULN— RS A7 T LAY —DOHaigIEAN
YRILTA B ChHIUT = T2 7o — I AEF L CE D, ZNHOMEIEL Tid, B2 L TN CVD A
ORI CHERE DR EL3.0FET FIFDIENTED, IHIZ, BAARDMEIO FIZIE, 22 FEE DK
WIFERLRET 2L 0L H D,

Ty F R T IE-ET

E7 DTy F ANy T TEICH Fo, ZODMREDN DD, O-LDIE, NZLTZE T IZBE S5 T g i) —
T T ENDHZEEFIT-OIZ, BT OMEFFIEIC KL Cill IE/e =y F 2 7 SR 2 iR 5% HITh D, ZL
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o BT 2y F AN T, ERERkeff (ICREIREEEHTI-Z DT ZORIELFHERER/NIT &
T&)éo

TyFAh T B—I T

R TF Dy F Ay T BO FEREREIL, AL—ATRFRIIRON L FRILETE T D012, h
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DRAM

DRAM HHZERWTIE, FREDFHEER (5<1c<d0) FEND | A7 v /33 DB ADEEST 10
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BEOL 7'2®AD Y —~< /L Y o bR L& i72 BEGR EE « R ORI LD 7o D I B ) B
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HTHA), B —APIILRNIBAR I, 4 CIIE M B OB R E SRy = R, 2L T8
RO B S A R T DAERRIERT B D5 A MEGE T S DB D,

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



19 Ed#R

2007 2010 2013 2016 2019
2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021

PRE-METAL DIELECTRIC } ‘ } ‘ ‘ ‘ ‘ ‘

(PMD) P !

HDP-silicon dioxide =42 [ A } o

PSG ZEEEE A NNMHHHHIHIIIHIHHITr

SA-CVD k=45 / ANy e

CVD-0SG (30<k<35) lnnng

Spin-on - MSQ/HSQ (30<k<35) | ‘ ______

CVD-0SG k<30 | L LY

Spin-on - MSQ/HSQ (k<3.0) - Alimneay
INTER-METAL DIELECTRIC

(IMD) - Metal 1 ; ;

CVD-silicon dioxide (k=4.2) m

CVD-FSG (k=3.5) m

CVD-0SG (k <3.0)

CVD-0SG (2.4<k <2.7) Il iatyy

Spin-on MSQ (k< 2.8) MDD

Spin-on polymer (k<2.6)

INTRA/IMD - > M2

CVD-FSG (k=35)

CVD-0SG @s8<k<32 [ MY

CVD-0SG (24<k=<27)

CVD-polymer (k=26) AN : §

CVD-ultra low k (k<2.4) -
Spin-on MSQ (28 <k<3.2) AN o

Spin-on porous MSQ( 20<k<25) &\\\\\\\\\\\\\\\\\\\\\\\\

Spin-on polymer (k=2.6) &\\\\\\\\\\\\\\\\\\\\\\\\\\\\N

S P P < k<25 [ DIy
Extreme low k (k<2.0) L T T I
Alternative air gap (k<2.0)

HARDMASK (DIELECTRIC
PROTECTION LAYER)

CVD-silicon dioxide (k=4.2)
cvo-siicon carbide  (c=35) [ [ NN\
cvD-0sG (k<35) [ I
Spin-on MSQ (k<3.0)

I Research Required [ Development Underway [____] Qualification/Pre-Production SN Continuous Improvement

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

Figure 73 Dielectric Potential Solutions
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2007 2010 2013 2016 2019

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

ETCH STOP-VIA i o o
(DIELECTRIC CAPPING
LAYER) : — —
CVD-silicon oxicarbide  (k <5.5)

CVD-silicon carbonitride  (k <5.5)
CVD-N-doped organosilicate

(k<4.0)
CVD-0SG (k<3.0)
CVD-polymer (k=2.6)

ETCH STOP-TRENCH
(DIELECTRIC STOP LAYER)

CVD-silicon dioxide (k=4.2)
CVD-silicon carbide (k=13.5)
CVD-0SG (k<3.0)
CVD-polymer (k<2.7)
Spin-on MSQ (k<3.0)
Spin-on polymer (k<2.6)

NVM (FERAM, MRAM)
PVD/CVD-PZT (k > 20)
CVD-SBT (k>50)

DRAM/MIM i i
CVD-silicon nitride k=7)
CVD-aluminum oxide k=9)
CVD-tantalum oxide (k = 25)

CVD-Intermediate k (26 < k < 45)
CVD-Higher k (k > 50)
DEPOSITION and CURE

TECHNOLOGY
PE-CVD

ALD-CVD
Thermal-CVD
Spin-on
Supercritical CO,
E-beam cure

UV cure

I Research Required [ Development Underway [____] Qualification/Pre-Production SN Continuous Improvement

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

Figure 73 Dielectric Potential Solutions (continued)

FEREIE (NUT) IR SR A
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FLWS =207y W OB IALEAT DT, MRS 23723415, BIfE ALD (Atomic Layer
Deposition) (242 TiN/Ti BBAFEHF THY, ZHEHNWDZET, A HINR— VOB T4 7572 T LN T
&, B — LD AL N HIFFCE D, CVD TYTIN AU T I DRAM A 753/ SO A7 B 7 AL
JIHAEIE~D W DAL 2720 | BIEHEL B IN T KIEAD, F T AT T T 7132 0DEE
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L a NIV —YEHOUR, NI T RE SERITR T ZENFIREIC/e D, £o, IV X INTTT7ELT W
[T 0% Ru D LH7eb Bl E O A RETH S TnD,

Cu BB S AIEHBG A EHIMEE T DR LI~ Cu DYERERLIET D728 DA T2, i
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ALD NUTEEEH T 57200 Ot KERFESIL, ALD IO EF ChHhL 7Y 1 —H FE 2 FUE
Low-kENDZEfL~ZETHZETHD, IKFHEEREOMEE T v SN THEHEZ T 52812k >TZD
MEZ R TEDDH LIV, BERSE LIk 2 O BB R L5\ 7 IR sk Bl Bk ©
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H)— DD TRAZLD BIE, T 2T AHZ <D Culitdid L ~DRIETH 5, 20 B D=2,
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VORISR 575, R, Bl IR IR 7255120 L RO T a— DY R D/ NSNS KFTb 85,
W, CuSiN, CoWP D 57 BRALE T Re7e B @A BT FHDMER S TRY, Ziub EHill o Stk igDs
Baf7pZ it s, mbrha~ A7 L —2a itk O KiER EHHERSIL TS, UL, TERITIE, IR
EaEX vy 7RIS 2 — ML AR EVIK FOVARI D357 EAITEEIT/R> TS,

AR DBFHENCLD Cu B OB EF2UGE 57201213, Cu & \UT AL FE O
PR Z DIZI DI FIE 2 Z LN EETHY | Jellb 7R ST AZ N R EZ DRSO3 T, S
BIZFEFNZ L DR FEBIRE DN EEL 72D, 7 a—7 L ELRRO 58 R~ ORISR~ OB FEBFE b i E 72130
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2007 2010 2013 2016 2019
2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm
7 — 7

LOCAL WIRING
Barriers for seamless fill W

conductor (PVD, ionized “

PVD, long throw PVD, CVD) i !

Barriers for seamless fill W ::

conductor (ALD)

comacy i or oA (ovp) | ST TN
Barriers for high AR W | - TN

contact fill for DRAM (ALD)
Barriers for enhanced PVD/ | 1

CVD Al fill (PVD, ionized

PVD, long throw PVD, CVD) 1

Barriers for enhanced PVD/
CVD Al fill (ALD)

Barriers for high A/R contact
fill alternative materials

METAL 1 AND INTERMEDIATE
WIRING (FOR Cu) ! !
Long throw PVD, ionized | |
PVD, CVD of nitrides and Si Y
nitrides of Ta, Ti and W ; ;
ALD of nitrides, Si nitrides ‘ :
and carbides of Ta, Ti and W

‘

Insitu diefectic formation/ | - e FTTTTIMITINY
Electroless deposited barriers ‘ : -m

Barriers deposited from i - --
supercritical CO, _ N

Capping barriers (CoWP, ‘ ‘ MMM,

selective W, and others)
Engineered barriers for low

e Cu procese A DU
GLOBAL WIRING % %

Barriers for 3D interconnects Ry

Barriers for RF/microwave 1 } I B : : N

interconnects ‘

Barriers for optical
interconnects

A bttt
Barriers compatible with M SO

|
caters cematie | o
ALTERNATIVE MEMORY -

Barriers for alternative
memory materials (SBT, PZT)

C ITITIjsr;rrosms

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

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

Figure 74 Barrier Potential Solutions
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XRVHE BN A 52 TLED, BUBRIEIRIEGIA @< 2o TLA 7 e — VVERO 8% e/ M2 975
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EESTND, TG Cu IR, FEHE 7R A ATV ALE 7 2 ARSIV TS, Ik & 7t At
B, BIp oo A H I E DT AL N NSDT /3 AD HIFEZ AR D72 O H BT 205 LIV,

2007
2005 2006 |

2010
2008 2009 |

2013
2011 2012 |

2016
2014 2015 |

2019
2017 2018 |

DRAM 1/2 Pitch

65nm 45nm 32nm 22nm 16nm

LOCAL WIRING
Seamless fill W conductor
(example ALD)

High A/R W contact fill for
DRAM

Enhanced PVD/CVD Al fill

High A/R contact alternative
material

METAL 1 AND INTERMEDIATE
WIRING
ECD Cu

ECD Cu enhancements
(combinations with CMP and
CEP)

Seamless fill CVD Cu
CVD/PVD Cu variants

Cu conductor deposited from
supercritical CO,

Low resistivity Cu process*

GLOBAL WIRING
ECD Cu

Design and signaling options

Package intermediated
interconnect

3D interconnects

RF/microwave interconnects
Optical interconnects

Radical solutions (spin,
nanotubes, etc.)
spin
nonotubes
molecular
cooled conductors
superconductors

PASSIVE

Electrode materials for metal-
insulator-metal capacitors

Magnetic materials for
inductors

WIRING FOR ALTERNATIVE
MEMORY
Material and process
optimization

~ EET) MAMANNINNNN
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[ AIIHIIIMMMIMIIMMY
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. IOl ey

Narrow options _ ERNNINNNNNNNNNN\WY
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C  IIrDDHRETOEOESSGy

Y
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Il Research Required

I Development Underway [ Qualification/Pre-Production

Y continuous Improvement

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

Figure 75 Conductor Potential Solutions
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Ru 13 Cu fEBUZRIL TEED LD U T HEERFT2 7208, Cu BEfRD © X IRL TRAE BT 72 BAZE R E Ch
HZEMMFLRESILTND, ZD728 ALD Ta X° ALD WNC 72 E Ot/ ~U T LA G THWLDL D&
FrHiD, PVD Cu DHIBED S P 8RR CTIHDZ LT DBIDOMRRRE L TiE, B > &% AVl
ERBOVST HEilind s, 7k, ZORMBED XA~ —NRIRIL, BiED >ZX 7 e AN\ T dEL
TH O ITREIZRD X910, Cu N ERE A R E LT 5L Thd,

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



26 Bo#R

2004 2007 2010 2013 2016 2019
2003 | 20052006 | 2008 2009 | 20112012 | 20142015 | 2017 2018 |

Technology Node hp9o hp65 hp45 hp32 hp22 hp16

LOCAL WIRING

Nucleation layers (ALD) for seamless fill
W conductor

Nucleation layers (ALD) for high A/R CVD
W contact fill for DRAM

Nucleation layers (CVD, ALD) for
enhanced PVD/CVD Alfill

.

Nucleation layers (ALD) for high A/R
alternative contact fill for DRAM

METAL 1, INTERMEDIATE,
AND GLOBAL WIRING
(FOR Cu)

Nucleation layers

Electroless deposited
Cu nucleation layer

ALD Cu nucleation layer

Enhanced PVD deposited
Cu nucleation layer

Enhanced CVD deposited
Cu nucleation layer

Supercritical CO, deposited
nucleation layer

Other
Self nucleating layer for ECD
(SNL ECD)

ECD Cu nucleation layer repair

I Rescarch Required [N Development Underway [ | Qualification/Pre-Production 7777777] continuous Improvement

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

Figure 76 Nucleation Potential Solutions
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2007 2010
2005 2006 | 2008 2009 |

2013
2011 2012 |

2016
2014 2015 |

2019
2017 2018 | 2020 2021

DRAM 1/2 Pitch

65nm 45nm 32nm 22nm 16nm
; ; - - -

MAJOR APPLICATIONS
Dielectrics

Shallow trench isolation
(STI) [indirect & direct]

Premetal dielectric (PMD)
[target & selective]

Interlevel dielectric (ILD)
New applications

Conductors

Polysilicon [selective &
target]

contact & via]

Copper/barrier
[4.0 > k eff > 2.7]

Copper/barrier
[2.8 > k eff > 2.1]

Copper/barrier
[2.4 > k eff > 1.6]

New applications

EQUIPMENT

Integrated clean and endpoint
detect

Onboard metrology and
process control

Combined CMP &
electropolishing or ECMP

Low stress/pressure/
non-uniformity polishing

Press planarization of
sacrificial/dielectric films

Very low stress/loss
alternative planarization

continued

Tunsten [local interconnect,

N

j

NN
| R RERSISRSW
MMM

T ———

AN
TSRS

L AIIIIIIIihmeor.,,D DDy

I Rescarch Required [ Development Underway [___] Qualification/Pre-Production

XY continuous Improvement

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

Figure 77  Planarization Potential Solutions
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2007 2010 2013 2016 2019
2005 2006 | 2008 2000 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021
DRAM 1/2 Pitch ‘ ‘ 65nm ‘ ‘ 45nm ‘ ‘ 32nm ‘ ‘ 22nm ‘ ‘ 16nm
CONSUMABLES
Fluids
High solids slurries | !
‘ ‘ N (N 1
Low or no solids slurries NN\
Optimized formulations from | - gy I MIrNlMnDMDTriOidy uiTdT;;O;O;O;Ogy

tunable platforms

Fluids for electrically
enhanced planarization

General cleaning solutions

Cleaning and buff solutions
tailored to applications

Pads

Urethane pads for new
applications

Abrasive containing pads

Range of alternative pads
for planarity+defects+cost

B Rescarch Required I Development Underway [ Qualification/Pre-Production SSSNY Continuous Improvement

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

Figure 77  Planarization Potential Solutions (continued)
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2007 2010 2013 2016 2019

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

METAL ETCH
Aluminum alloy etch

New electrode materials
(e.g., Ru, Pt)

Si etch

Metal barrier etch
(e.g., COWP)

SEMICONDUCTOR ETCH
SiGe
GaAs

DIELECTRIC ETCH
High x materials (x>100)

Moderate k materials (10<k<60)
Standard k materials (3.5<x<10)

Low k materials (2.7<x<3.0)

Ultra-low k materials (2.0<x<2.6)

Extreme low k materials
(1.5<k<1.9

FERROELECTRIC ETCH

il S
CVD BST (20 mC/cm?) | &\\\\\\\\\\\\\\\\\\\\\\\\\\N

Il Research Required [ Development Underway [ Qualification/Pre-Producton XYY Continuous Improvement

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

Figure 78  Etch Potential Solutions
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Table 82a Interconnect Surface Preparation Technology Requirements*—Near-term Years

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

90 78 68 59 52 45 40 36 32 M
(nm)(contacted)
MPU Physical Gate Length (nm) 32 28 25 22 20 18 16 14 13 M
Wafer diameter (mm) 300 300 300 300 300 300 300 300 300 D%, M
Wafer edge exclusion (mm) 2 2 2 2 2 2 2 2 2 D%, M

Front surface particles

Killer defect density, DyR,, (#/cm’)
0028 | 0019 | 0023 | 0016 | 002 | 0025 | 0016 | 002 | 0025

[A]
Critical particle diameter, d. (nm) [B] 40 35 325 285 25 225 20 175 16
Critical particle density, Dy, (#/waft
[Cr; ical particle density, Dpw (#wafer) | g7 64 80 54 68 8 1233 155 195
Back surface particles
Back surface critical particle diameter
0.2 0.16 0.16 0.16 0.14 0.14 0.14 0.14 NA
(nm) [D]
Back surface critical particle density
400 400 200 200 200 200 200 200 NA
(#/wafer) [E]
Edge bevel particles
Edge bevel critical particle diameter
160 140 130 114 100 90 80 70 64
(nm) [F]
Particles (cmﬁz) G) TBD TBD TBD TBD TBD TBD TBD TBD TBD M
Particles (#/wafer) (G) TBD TBD TBD TBD TBD TBD TBD TBD TBD M
Metallic Contamination
Critical front surface metals
9 2 10 10 10 10 10 10 10 10 10
(10" atoms/cm”) (H)
Critical back surface metals (Cu)
9 2 1000 1000 500 500 500 250 250 250 100
(10" atoms/cm”) (I)
Mobile ions (10" atoms/em?) [J] 5 5 25 25 25 25 25 25 24
Organic contamination (1013 C atoms/cmz)
(K] 14 13 12 1 0.9 0.9 0.9 0.9 0.9

Cleaning Effects on Dielectric Material

Maximum dielectric constant increase due
to Etch, Strip + Clean [L]

250% | 2.50% 250% | 250% @ 2.00%

Maximum dielectric constant increase due
to rework [L]

250% | 2.50%

Maximum effect on dielectric critical
dimension due to Strip + Clean [M]

250% | 2.50%

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |

Manufacturable solutions are NOT known !

TR Table 82a & b:

[A]FT7— KBEEFE (Killer defect density) I, 2B D 99%IZFH Y 32 KIfa FE% . 3 Y=0.99=exp[-DpRpAeff]/) HatH
T, 22T Aeff (ZHNT 7 THiFE, Dp 1Z KM, Rp 1XKMaDFT7—3; 35 B 3D KM1T A AEEE R RIZT 5
=2 Th D, FEDpRp 1LV =—/~ EOFT— KM EERT, Rpld, /S—T 47NV ORESOIAR, FAL, BELURFED
T HNAAVAT IRV S T2 O ERNARF T D, ZIVET, ZVT 41y 73—F 47 )b %A X (Critical Particle
size) ;dc KO RE7Z2/ =T 47 /WKL T, 3T Rp % 0.2 LEL TE7Z, Aeff I3, Front End Surface Preparation (DL
[FICABAAR E 9%, DRAM Tl Aeff=2.5F2T+(1-aF2T/Achip) X 0.6Achip, ZZC F {Zf/INHE, aldtnr 740 772
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BRT /N ADREESCHEIEDO RS TIRAFL QD SIS 28, ZOMEITFREEL TIRORE T, M TIEeuy,

UIBCHERD AT A A AT 7 o R RO FEHEIZ E B L 72\, RIEIA A ANEF BT Th> T [RBkO BRI 5L x5 |
L, BEOREEECDLN, BALEIZIXHDFEE DT N LEF X7 HER N GS, BRI OIGYRELL T,
7 b ROfEE WD, BIRRIZRTL T, 22 ORESNDIREITFFRL OV TOFRETHY, 7rr b RO H
YELOOK) 2 5 TH D,

K] BHIGY @S LU ANKBEL % L CMP # OPEH IS = — N BIZRF T DA RNah— R e TFET
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L TUND,

MIBHED =T 7 ERIBETIEIY Low-kIRD I — R k& EHZETH A—T% 5.2 Th, LnLIRRD, 20X A—
POFPAIL, ZDHDOT =y NI £ TREAEITES CODDIT TIER, =y F 7 LHEEDH D CD v AXEDIZZ5
ZRVINE LIRS, FREDIIZRT =y MEE DA CD BAIXEE /250G LIV, TNy F 7l > T
A=V TR LIS T R E B RS ZENTEHD T, Yoy MNEFDOHD CD BAOHEPHILTY T 7 L7 ot
ADW S OFERTHLE LAV, JIETES CD BARHE TR, Nl FEETHEED Bowing 1%, 22 74—
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Table 82b  Interconnect Surface Preparation Technology Requirements*—Long-term Years

Year of Production 2014 2015 2016 2017 2018 2019 2020 Driver
DRAM ¥: Pitch (nm) (contacted) 28 25 22 20 18 16 14 D"
MPU/ASIC Metal 1 %2 Pitch (nm)(contacted) 28 25 22 20 18 16 14 M
MPU Physical Gate Length (nm) 11 10 9 8 7 6 6 M
Wafer diameter (mm) 450 450 450 450 450 D%, M
Wafer edge exclusion (mm) 2 2 2 2 2 D%, M
Front surface particles

Killer defect density, DR, (#/cmz) [A] 0.016 0.02 0.014 0.017 0.022

Critical particle diameter, d. (nm) [B] 14 125 11 10 9

Critical particle density, Dy (#/wafer) [C] 123.1 155 106 1334 168
Back surface particles

Back surface critical particle diameter (nm) [D] NA NA NA NA NA

Back surface critical particle density (#/wafer)

[E] NA NA NA NA
Edge bevel particles

Edge bevel critical particle diameter (nm) [F] 56 50 44 40 36

Particles (cm'z) G) TBD TBD TBD TBD TBD M

Particles (#/wafer) (G) TBD TBD TBD TBD TBD M
Metallic Contamination

Critical front surface metals (10° atoms/cm?) (H) 10 10 10 10 10

Critical back surface metals (Cu) (109 atoms/cmz)
o 100 100 100 100 100

Mobile ions (10" atoms/cm?) [J] 24 24 23 23 23
Organic contamination (10" C atoms/em?) [K] 09 09 09 0.9 0.9

Cleaning Effects on Dielectric Material

Maximum dielectric constant increase due to Etch,

. 2.00% 2.00% 2.00% 2.00% 2.00%
Strip + Clean [L]

Maximum dielectric constant increase due to rework

L] 2.00% 2.00% 2.00% 2.00% 2.00%

Maximum effect on dielectric critical dimension due to
Strip + Clean [M]

2.50% 2.50% 2.50% 2.50% 2.50%

* Columns for years 2019 and 2020 will be updated in 2006.

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |

Manufacturable solutions are NOT known !
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2007 2010 2013 2016 2019
2005 2006 | 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021

DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm

Cu/LOW-x POST CMP & POST

DEPOSITION CLEANING
Control of Cu roughness,
control of Cu surface (CuOx or
CuFx), control of Cu corrosion,
control of Cu removal, slurry
residue removal, particle
removal, clean Cu in the
presence of low-k

Wet method

Amine-based (basic)

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

Figure 79  Interconnect Surface Preparation Potential Solutions
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I Research Required
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RS continuous Improvement

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

Figure 79  Interconnect Surface Preparation Potential Solutions (continued)
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Table 83 Options for Global Interconnects Beyond the Metal/Dielectric System

Use Different Signaling Methods
— Signal design
— Signal coding techniques

Use innovative design and package options
— Interconnect-centric design
— Package intermediated interconnect
— Chip-package co-design

Use Geometry
- 3D

Use Different Physics

— Optics (emitters, detectors, free space, waveguides)
— RF/microwaves (transmitters, receivers, free space, waveguides)

— Terahertz photonics

Radical Solutions
— Nanowires/nanotubes
— Molecules
— Spin

—  Quantum wave functions
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THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



46 B

RXyaAN—7 BBIZEWRAT e, ZOHMNIRFEDEAMISHIZB W TIaAN—=7 ) A X% 40%HI5 T ZE030R
SHTVWA,

Hp oy F " — B 0y 7T T a—F BN T ASKRYZR tree-driven Z VYRS, D7 vy )—R
DI E I Ty P REN LT HINCA L F T A F 72 EFEE L TD, RO R/ F—
IXBH LGOI TIT o720 k- E X B\ L CHOR T 52813, 7y 7RI A — 13 R X
Bz, ZFLTIDFN (AP ThoW) yay ) o D G 3 D DI B AN T 5720 DT 3L
X =ML T LD THD, 7V RDFNX v/ U 2 AHMELA2Y, 7V REBRE 50120 D77
RIAN—Z BT HDT, N\T =00y 7 OFRFHIRFRITEGEES LD, HIHRD Q EIZXL>TIETK 40%0D
B DN ATRE T D& TARE AL, JEIB 2 N — 7 DS RSB L Ny 77— DR L R 2D S8 5
ZET, skew & jitter ZEAVIZ TR TEDDDIRED,

TUT A Frl s

o T AL, AL, Si HAED I 72 BPEM ORI E

o  ZNBHDIFIEDIRERIRAr —FE VT 4 DYLIE

o JLIR[ENKDIZHDE Q A TF v AL IR— R hOHE

B2 T A e lr—TF T ar

JEAR L ST — D RIZIV B XSS IC GO NFESIZRT 5 a— 2 — L TOMBREIL, MR
TR RSN OEAMNC LT T o —F Tholz, EOFELIIEICT FAL &_wr —VILd Db D THDH, T
TR OHAMAR TS AL COD, 20T 7 r—F TRIKFHEFEE OMO EF R m—r L
BT B O M B A L LTS, 2T 7 —F TRERDITDO TN T ALY — L DI T, F1
IXEEARRZ Y — %y MEIEL S r — RS DS A SN QB EE | T AU RIS A — LT
HEOETV T L2l —2ar T HbDThh, ZOT 7 m—FITHT D < DD 5 k% FRtiZitid
T2

FIRFDTIA — IVT 4 TINISADTFA AN DD DO EHFA TRV S TE - IR
BHPLDOTHFA L ThD, ZO77a—F Tlk, B#T A — Bt B e, BdfL A7 e E e
—1ET AU BROH DD~ Tl S s (LIELIE o Rtz L O, Zo7 7 n—F
(ZIX, BURRDSR MLV R 7 Tl T A LRI CHERBZ e b 272 O I BISE D HAfr &8 FH 3 2 B | 722 F1
DD, LL 2 DORHREN®HD, 1 FRIL, ZOT 7 0—F 2 BT 570 @Rl T A —L
ERFHET N AT RXCOT VAR TEATHIENTES, ZLOGANAZ LD E, 2 FHIZ,
ZO7 T —F E I A7 A MG HTZOIIE DT AL L AT IO EZ UL LR EEE T
%o ZOZEIE, 2—T OIERNHE-> TR EITH SN CET=Ar =) 7 LN AL TORREF JET D,

AN — TR — 70— VBRI AR T D BT _RERIRE L LT B o —EE T v
BB FITERRE O B TSRS IVDIBINT > 7 ND LV EL EE OB T2 5 1ERH D,
ZDOFEE S —D 5 LT & 55, (B B Y72 AR A N CT v RICREND, 7 a— VRS
FC, B, 77U RERO A RIS ET 5 AT, VO $a KIEIZHEINT 5720 O ML) —R
(Sea of Leads) | FVENELNAFREMN DD, /X r =% N UT-T7 7 a—F DIFE A E DR AL, 5L
AL~V TREESIL TS, BB ERSCAFENE, AN EORBEIZKT L CHARDHENLETHD, b
OT 7 a—F OFEAITHL CRRERZR B AL LS TRY, BINESNDE L ERORMROEAIZLS,
A 2 A OB CORR R A Bl DL BN B 5,

Fo TEN =D T — ZHUIBHR T O IC Fo 7 e\ — D a— U B b E R

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



47 EHR

EA[RRIZ T HET NET FA L Zf—LIcb D ThD, ZOT H AL FHikE i b3 5L, BRI, ZH), Bt
7S 22l —a - RRE LA A TED1EAY, 207 7 u—F TClIikET VAT A2 HWAHZET,
T WAL DR 125 DN — R A7 L7 DS % BiAI, BlL BORO ZENTELIEAD, ZoT7
o—FE, T N r—T BLOR—REUETH0ENHL (BB EERNGHL725),

VT N Fplrs

o HIFI RIS HDOVNIRIEE Sy — VSR LICb DK T 57T A E it 357200, %
A=V TCEBHBDOET V2L —ary W CELT ALY — )L DR

o T T —U OB IR ERRO ARG FENE

o HEIAHINENT=F T D AN (i FF)

o Tyl —URIORMRE X 3T HT LI DR EHERE

o u—bELT/LTANDIANAZEENE

UF AR —
3AITIC — IC D EJEWAE FnfEO BE AP S A HC b7 51513 3D Bk A L CREshE 1%
A BN, VERERE DI E DI EThD, 2O 857 3 RSB CIIE Bkl o B e i/ NEBECRE
R T DA —ar i wigl 15, HMARENXLDIICREEIZR TJEIE, (EROR T4 T3y R TRy
=% il TR SIAE T A E BN BEE SR 2 DF 7 b L7V, Face-to-face THERESALTZ
B DF T B LIV, HFTRIZRY = — BB CHHE S o030 LIV, HDOWNTH—DF v
FORRNICREENIR AR LI-b Db LR, Ny —U 2L Chllx OF > 7 a3 5 5 ERS
HREITHHSIVTODN, 207 Ty ETO 3 IRITHUHRRODY = — BB D SO 70 i OE FARHE
ZRKBLT DR E A SHZ ST TER, BT, ZhUT 3 WIoEDHOREENF 703 Ed(E Taiba /R 51T
THEVOFEBIFLIR, ITRS D Assembly and Packaging DFE CHIEET v 7T 50—~y 7 OF0
SULYIRY SV

BUED Y AT LTI 5 3 IRTTBLARD F122 B NIE, FEER O UGEETh- T, BlfrMERED M) = Tlidan
JOTHD, ZOGEIX, Ty T ERMAENRD N — 7 O7 77— 1@t Thd, FTETHRTHM:
RELBERER M EL T DRERDT AT AT, OERD 3 Rt T/ L —ar BNEVEFIR D THAD,
SOC (System-on-a-Chip) & SIP (System-in-a-Package) & 3Kt A2 77 L —ar Oifam Cld, £9 SOC
I IHERECMEREZ 7] RS W 5T v 7 A XDRERVSAREEVD T35, ET o ZMEHE 72V AR Y
KT DEVORMEN DD, SIP TIEMRED ] EDNHED FIADIRN, 3IRICA LT T L — a A EREE B T A
Uy h3dh, BFEEHANZ LEE T DV AT LOMEMELHY, 3 WITIZLDT 7 m—F NEENDLTEA), L,
3 WIEA T 7L —ar O HEIZ— D TIdZew ), wafer-to-wafer <° chip-to-wafer, chip-to-chip &\ >7=,
EROV AT LDBERIGU TR e~ 7o T A4 7 L a b 0igs, FERELEIND AlRENEIHEK O TH A,
ZYT N FrL s
o  —RILT NAAD PRI HIANIED DI B
o HELLY— B
o UVIH—2 T LT TIAAN BEIOTF YT HOEE LTSN T OHER
o BEENT NARIX, BURE DR EE EICIRSILDM, NIV U AY— T L — RO TR AR Tl E

PRSI 75 o AV R ES
o FEEOHGLA~DOT TV r—ark BIRLIEA T T ar Ohnh, Fil/e i@ iR A wHREICT D “IRoTT A
ADFEEAANAREEVDET )V

o 3IDHEDOTE—L LT LT ANGE
o 3D T A ADAEHENME
o 3D KT U ADOIEYEL,

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



48 FD R

1B BBIBEDT=D DRI DY

ARSIV A T 2 ar TERTEL LG FARLRRIERED ] LA RDDDTHIUT, TEROEIE | ik
PR AR DI B A E B AT DI ENNEETH D, ZAULTE R E M UN DL D D, B
BEtS TS 3 SOfilE FRUIRT,

JEFR — NERRIT, 7 — VER O EEEMERAEDO N TFELL T, 0204 T va tLTEXDL

IWTCWD, 72T T a—Fid, ZLOFENHY | b HR AL, Ty 7 Ok B, =Xv& 475

o TV AR R R E AT DL D THA), IEI, BV w7 mIv7 GBS IR

WCHDEHE AT L a BB ANGLND, JFERRIZIE S ORISR BL, EERFI R LT 5D

MDORFFES B SO > TND, E B0 7 F L Z N E I ANDSNZ T 5 E ., F LT, kil

BAK, M2 TS0, ZL A F o7 WFE I OBRRINEE THD, 508 DAL —R | TBEd

BHZEDD ZOFIENAE =R ERZ 2T CTHAI LI G ITHEATE S, LnLeih, b—2 /L ORI}

VAT LEEFRT DO, Iy ORI O BRI, Bk EUAF DS AL —R | EAE RO

KW TWDIEE)  BRER OBy TV T IR ZOMOLOITRR L7 B e N B E S D,

ZYT N F vl

o FEENLOTRT Si CMOS |2 (KT ARNT) FBEIIA T 7L —Ta SNDIETIv X b @, ElA
A F LT L—H — 2D BHFE D BN

o A T7F T OEGEL —WFLFERFZ, Si CMOS 12 (KT ART) BRIA T —TarSiHk v —
FTal—H

e  SiCMOS IZ(XaART) FERAA LTI —2a SNHE T — @ZhR N A XD F ks

o T LB L HERE SMHTL — T L DR A NS

o [EHHMIHA

RF E~vr 2ol — 1EROEE | MR B2 IZH - Tb AL D EL T, T 7 N —EH 5
OB T~ RF R0~ A7l 2> CORE FRENH D, ZOF T a i, KEWZF 7 LT (777,
KON, GEEI7RME R4 KO B SRR A RO, 5E8. KON, G075 LAN OFELs5 , 20
AL, o= KON, IC HEEE Bz 7 ) —AR— 251k | THHZED RSN TS, i
AIREMEIE. RF U7 D BEMIN Sy —UNT EEED TV 7T 5RREROHLHZETH D, £
DARIENL, VXIARL T F IV HDHNE, FFEDV AT IS S Ca—R ST o2 7kl
TIRESN TS, HA TV ald, TNENDO2=— R EREFREC, BA OFE, KON, REEF->T
Wo, 70— VBIRA~DZ DT 7 a—F DR— 7703 B T RIVRENTOVD,

YT I Fwl S

o (UERTELILERL T, AN OMWEREH CTO =2V AT DO DRSS
e RF, vAVKEHRDT-O DEXR. BIEKDHINHDT F A —)L
o RF &L~ A7 DFIELDTZD D IC Kbkl Sor— OREE

T TN BRI

TIVYEIE 10%Hz(1 770 11 Ik by) O CORBIOESZ o7, RF EXFEE S
DNAT VR THD, ZIHIE, Cullow-k, Si02 il (ZhoTELIE ~ A7 AN w7 & % 18 > THY
W%, ZOT 7 u—F1d MRy M ZEZ OB AT DO B LR DR AR 5
KT I CD, ZOBE, S0 RFARELD S KB LA R C& D ATREMEAYDY,  “Intermediate”
DEYE 8 A CE D TTHEMED B %,

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



49 B

TYF 0 FFL s

e SiCMOS ~AUT 7L —yarSNbENHET T~ V—ARIARNT)

e SiCMOS ~Av T 7L —2arSNARNT =TT~ WY EY 2L —F (K2 AR T)

e SiCMOS IZT 7~V RS~ T 7L —a SNDIE T —T T~V E Y a2l —F (K3 ART )
(BUERHFTEETHD /SN L, REREN DB 7T~ ) 7280 RS i ik
IEDAARDIRN)

o AUBE—XUR B S B—REENM, RT— RS EREREN, ~ A 7aAN YT R0y
RAN—7  ZOMERET EMEIRRTA—=Z LR TET DI v AV AAN T TA L DA —FE T 4D
WF5E,

R LR

EREO 7 a— SV EIRRZ T AN IS . A O EFTE ROV DO LD HEST 7R I 238 5,
NSO IR T T /T 2—T | AE TV T R E DN E E D, TIUHOERE T,
FEBAREBEDO TN HY . EFEDOT- D OFHAIEA EFIERIZ, BeARZ I DH A FEIH CEAh—4 /LT A
THELTOa BT NMNIANTTO, DIV T 4 VIR DD, SHIZZ DO 78R DOAFFE
kLT HZETHIT e, Eo THIL 20 o T HEBDNI 72> TE TN D, BUARARRE I35 Fogiit) 7o fig
WL DBEBERRHED O ENFEBINTODN, ZNHD FEOFERABIZRL TUIZLOMZENRMLETH
%5, AANAPEMEIC BT 25 EZ wWIRL 72235, BObNcr—R~y 7O HIEAZEZBLTX5, HbT-7ehldE
B2 FEDNERITRO BN,

LU BT IC BdftotEAZ ke 2 B2 T3 DRI R 5 e SRS D728 DU D DFT L
AT RV BN AT LTz, W< O DfEl 2 DFHEZBALTZAN, R TFIETE R L -
THRIRDID | BAEBVRRT LR OO S | D FIEAAHH R DETb DI HEFZZBND, T AR
DITIE, BZBNLETOEMEEMEL Tk ROFEZ oI5 HIL , #2288V BB E23 -
TFFEIS AN ATRECn D,

BLRRER AR I, 1959 FED T N —he JA ZADORFFFITHE R L LD ®RE N> TE72, HELXNLTWD
Cu/low-k ~DEF Tz, Pl DR 72 i L D& ~ AT =72 iHERE TLO R, B EiF A&
HATRRE I I L DD, FEENEFADO PG 2 8 72 IZ B A F TIZ, F58FL O O BRI AR EA 5]
ZT5HE,

FDOMERET, B TITHOTZ>TODN 2

ENLBWOREE RIS 20 2 (EORZDT=012?)

WOFATTEDLN?

AT FEATHEH CO=—RIZE LBV~ F L TNDEN ?

ENLBOOPLTME, HHWE, TR RIS BH DA 2

FAT T DI=DITIE, BRI OEARI LI > 2

AIMCFATTH72IC, W), VI NI =T  N—RU=T  ApE T 7V —arHhHNEE Y RA
7o E DEALDI T 2

8. EOHANTHILEE FATORNI RIS DMED B D7~ 2 £z, ZAHDOBLIKIT 2
9. SFATT DI TERREIBVIZTE T HDOWNIMUATF AU e b7 2

10. EDINTEDEMTATHIN 2> T D ?

Nk W=

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2003



50 Bo#

BRI DDA

BRI O DD Z OHEATHIR T, 130, RIROBRREAT LB e MEiE 2 5 [ & T 28134
AIRETH D, £ DTZOITEARD A — Vo 7 A3 el DI21E, MBS BstEdfr, Gt £7 00 7ey
Lol —var O AERRNET ETEEII/R > TVD, BUROBRRERGHY —UT, Zaidi ko tERs
EFEZIETHITTE TR, EBIT, ZOFT /L1 RLC ML, Ao F 7402, 7548) T< RC P, A&
IRIA=BIESNTND, B DM RER & T 70 DR OREIL, BT AR SN TWAZ LY
%, Bl JEI O KRIT DI, T SAARARD HAENERBZ 2R T 27012, B el D g ~0
BEANREIE, LA T D MBI (FERE Y v 7 OELE-SCHUIE | FiE) OIE IEDRE NS EIT T\5, 7%
FHOREINL, =P =R, AN SEINIEV R CEDIERMEN 2T U570, Ao
BLARODOTF v LT REEHELTL, E0biT,

1. RLC IZHXSLIZET M, 10GHz HOWNEZENLL ETOA XL — a2 9D EMMEThD
(30GHz T, HHZEMIEEIX, #421 cm £T), ZOREIE RF £2i37 7~ RIS 2L
705,

2. BIER2ET BNV TL, Cu #10 EFICIDEMEIED 22885 B B L2 T U7, Zib
DET MZENTIL, BURIE, 7AXIME FART+— VL DTT7 XA BB O T LA A X2
AVENDRLISR, K, REEUREEZ IR LD DO THLZENUETHD,

3. BT DRI O m AN—2 &X' I — RO BN L OE B IE O RN S, BT T L THE
SNAVEERH D, BORRDT AT NIRRT 5 R E A BREIC /2576 T 5,

4, 7T AELOX(CD OFFRASCEHMAEIIZL DX, FARTA—/VTT73R) 1T, #UE, ET RO
AMEIZPEPNET FTEHEII 2> TLD, TP XU, IEHOXEFTFRT DRI EIXD O ET
el —ar PRI EIT A ST 572D I B> TL5,

5. BEREV o ZRLEO i b TR L, 3 KIT IC Dfil % DX A EIET Tl 450, AF I X AITHERS

o,
6. HLWET /UL, TIv ¥ R OBAEGORF DR HZ5 B LA O Bl LI LV BT S e
EeANEYANAN

7. EROFHRIIT T XA REROBWEEZ RS X ANTEEED VT 4 B VIR TRy ARy
N DI AERAE RIS D, BYREAZ RS ES Low-kifE SO —~< L AL 7 b e PRI CE L 2T
HIET /v, RE EHHE, 3 WorHEE IC IZHDIAFIN CODEDEGEEL ZIUTK DB AE, Sk
BB T HTT N AADBRHEDN M2 DD LR THD,

FFV 7LV ab—aid, IO D 2 TOEN 2B 2 3R 2 EERY — /1L T,
BURSNDET V7L a0l —a I BESIVARENIL, BlRRDS IC LA T U RRZE D& (Rl
JE, TAAR—ay AFEMERE) I RIET IR EW ST R ITTD TRIDG, (ZLAAEER, Cu &/ )T AX
VDR ERLAFINCLD) Cu BLEROBAMEIZ L DHRHT A0, HiL W MEEE R RS0 DAt DBl YL 7D
IROBLRRAA BEE - B IE O TN E TR ATV,

INHETOERAITBNT, BTV T2l —raid, TOEREE#HIZRFEERO I AR % AT REZRRY
B CEDLD, BRI LEL T D, OO ERIL, Hi- R B HAr AR C W TR -2
DN EBRCTORMDIIab—ar b, YL T HIT TOFEBRTOIXL > EOFPFHAND FIRENEZ T
B 2REFHEREICE TR A TVD,

OB B EFRRIC, BB DET U7 v Ral—var ~DERIT, MR T RERTA—HLZ
DB RET2>THNHOT, TRETUL RIS 72> TE TS, 728 ZUE BYREROEN Y Low-wifflik
JEICZE 35221280, B, By, BRI T T VO A B DR ENIERSE D (ZhiE, n—K~y
TORBEEL T, BTV T2l —ar OFiT 72T v Pl oT0ND),

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2005



51 Bl

EFTV 7 Ralb—ar ORSMIET 2B ZRIL: RBEERDT 7V — a2 ICH L TOAE
—REEMSORN —NF 725 b3 5720 OEEIZ LY BEOHA LI TV RN e X (2 F 7|
PVD., CMP %5 ¢¢) TOEHMETAEIE (ZIRITTDLH7R) OFECKRIERE T (BB R LG HEM A2 &) ; BAEAL
FRA T D720, DT, A —F ik 27200 T/ —ar7n— I8 5 T a3
ERE DT DY — R TFE; 2L CTORMRH TREDILTWOAE (BB, U7 | M B OWEERY, X
FEPELRIRRIC, W2 THIT DM ERFET U 7 ORES) Th D, FRIZEE/R2DIT Cu DY ARKIFNE, FEHILHL,
TR~ A7 L —ay 2L C CMP F¥O Thinning, Dishing Tho, E7 U7 e Ial—ay | O
ST,

REE, e, i (ESH)

BORREAICBAL Tl BRBE, Z2ME, K OMERE (ESH) O 1 T H ORRREDMED, R, Jeim it CorERE
EESEIE, FAEE (Low-kffif& e, Cus 3 — R /\UT - RT U — Uk ) LT 7 a2 R (BRALFA0 R,
CVD AX)L MR, Cu/7 VT CMP, Low-k Ty T« Y7 d) ZHR L CD, ZIbE 2iRIC &8
ALLHET DAL, BSH IZR T A3 FRME BB T AN NET/eD, Vo b RIALDE 7 ot
IZEHLEDND THAIL, OB MET, FrLWEE - MR EI OB AN, 20 ESH OF %
LoDl D, FFEED Low-kHEfEIESe CVD (28D AL < /8T 2 —R DS CILBEL IR D5 L ORTEE, 7 U
— LT BRI ZONWThH, B0 R WM T ESH OREAZEEL CASICAZ)—=0 7 D3N
5, ESH (28 8A WET D702, SOOI R KO 2 CORE, Mt E
AL L O ANE, ATRME, SOGMEL NS T 8RB E B LN UDRFE T HIENMIETHD, £, ER
& ADEAE b, REEANROEBEAN, VA7)V BRESZ B CHEHSN D L E S BEFEN) (HlD A%
W, CMP DAZY— | FR/EHAlL PRC, /K) OHINEE X303 5, G F e LSO AT —=
Y ZIZOWTI ESH OFEA SIS0 (BRI HHIFR)

ZORITEWT, Low-kM DAL ESH (25 TUIRERAL/XINTIE20, MEFEDLDIXERMETHS,
CVD 7V —HFEL DT, ZNETOL T HAIDERIEN D72\, AL A 20 Low-k DIRANL, 42
HER 70 BPE TRRICHB W T, REOH THIRNWR T KRS TWD, X v U AMEIEE TR T DTed D=y T
LTI A NCEREDEIZIBWCREDIFENHLL DOIME S TD,

Cu BURR~DOEIEEZIZED, Al =y F U ZRHZHW DI 0T o T ADOTEET 7272 >7275, Cu BB
Cu A4 L E G T KEOPKE LRI U, ZOREOKIZERAYNF | FRIEITEOH%D Cu-CMP T2
MHEZHSNIZL D TH D, FEESNDKDOHOD Culd, 2—AKRAURCMPIEEDYR) | HDHOE, T3
T “FERBEIEY)” 12, KIBIZATIREILCTD, CMP DA, A7V —0ORRKIN, Cu &JECA 412
PERTIEFIZZLDOEE TEEIN TS, FRRRI, BRIKE), BRI DNIA T AR D L5720t
DT, JIVEREED Cu b >EPKNOHIEIRVER L2, LLIRAS, CMP AZY—H0D Cu DFREI,
ENDFIREN TODT=DIC IR EEZ RO D, HFT Tk, ESH OBALD, HBESNIZAZY—HICEENH 8D
72 AR 100nm LL R D)/ 3—F 4 7 )V DR T~ CD, T, B ClI PR~ DO AN+
IO TR ST RSB O RS T5E ST T /=T 4 IV O A R e T U AL D,
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2005 ITRS Interconnect Appendix

Dielectric
Assumptions Assumptions Assumptions
CuCap height = 50nm CuCap height = 50nm Cu Cap height = 50nm
Hardmask height = NA Hardmask height = 50nm Hardmask height = 50nm
Via height = 210nm Via height = 210nm Via height = 210nm
Trench height = 230nm Trench height = 230nm Trench height = 230nm
Minimum L/S = 140nm MinimumL/S = 140nm Minimum L/S = 140nm
Assumptions Assumptions Assumptions
K(Cu Cap) = 5.0 K(Cu Cap) = 5.0 K(Cu Cap) =50
K(Hardmask) = NA K(Hardmask 4.1 K(Hardmask 41
Kig =30 Kug = 265 Kig =37
K(trench) =30 K(trench) =2.65 K(trench) =265
Kt = 3.24 Ko =3.05 Kt =3.54
Figure A1 90 nm Potential Solutions (2004)
Assumptions Assumptions Assumptions
Cu Cap height = 35nm Cu Cap height = 35nm Cu Cap height = 35nm
Hardmask height = NA Hardmask height = 35nm Hardmask height = 35nm
Via height = 150nm Via height = 150nm Via height = 150nm
Trench height = 170nm Trench height = 170nm Trench height = 170nm
MinimumL/S = 100nm MinimumL/S = 100nm MinimumL/S = 100nm
e e
ey
AR

Assumptions

K(Cu Cap) =40
K(Hardmask) = NA
Kug = 28
K(trench) =28
K, =2.96

Assumptions
K

(
K(Hardmask) =30
Ky = 265
K(trench) =2.65
Ky =283

K(Cu Cap) =40
K(Hardmask) =30
Kug = 25
K(trench) =24
Ko =271

Figure A2 65 nm Potential Solutions (2007)
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Assumptions Assumptions Assumptions

Cu Cap height = 25nm Cu Cap height = 25nm Cu Cap height = 25nm
Hardmask height = NA Hardmask height = 25nm Hardmask height = 25nm
Via height = 110nm Via height = 110nm Via height = 110nm
Trench height = 125nm Trench height = 125nm Trench height = 125nm
Minimum L/S = 70nm MinimumL/S = 70nm MinimumL/S = 70nm

b e

5‘. “%
e

15

_ S e

Assumptions Assumptions

Keucapy =3 ( Keucap =3
K(Hardmask) = NA K(Hardmask) =25 K(Hardmask) =25
Kyvia) =24 Kivia) =22 Kivia) =22
K(trench) =24 K(trench) =22 K(trench) =20
Kesr = 2.54 Kess = 240 Kess =231
Figure A3 45 nm Potential Solutions (2010)
<short IM > <long IM > <long GM >

GM with reverse scaled
width and thickness

J
MD*ZMF

[ repeater repeater
Typical circuits(2NAND+Inv.) | IM wires Global metal(GM) wires
connected with average long- with module-size length | | with chip-size length
intermediate(IM) wires divided by divided by
having multiple-stages optimized repeaters optimized repeaters

T min(Ufnads RrCwHRCr2v Ry CyR:Cyr

!

Scaling of both R,,, and C,, should be steadily done
in order to improve speed(T ,,;,) by 30% per generation.

Figure A4 Critical Path in High-end SOC and RC Scaling Scenario
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Table A1  Assumption on Interconnect Parameter Estimation Model

Assumption on Interconnect Parameter Estimation

Design Rule x (0.70/scaling, reverse scaling for GM
Chip Size =7 mm’ as 1-clock cycle limit
Module Size % 0.70/scaling
Repeater Inserted for long IM and GM wires
Gate Density :Oa ir(l); f)e):neration (based on ITRS 2002 MPU
Active Power Density x (0.6/generation with average-long IM wire
Logic Depth x (0.75/scaling
_T min. ___X_0.70/scaling

451
u: -
> B
X o
= 4.0
c R
S
& B
2 T
s 3.5F I ~~~~~
O L L .....
) I | A AT
— - ] ? " e 3
5 3.0[ : : :
2 - ] ! E
K B R
a - H
2 25F
= ‘
= B
8 -
& 20
L [ Solutions exist Red Brick Wall
15 - being optimized , , (Solutions are NOT known)

02 03 04 05 06 07 08 09 10 11 12 13 14
Year of 1st Shipment

Figure A5 ITRS 2003 x4 Roadmap Revision

i

BT

B ERF X N H A B 0 REURIRE DEREEIRA Ty T Z B DAZ T A B —ar ~DIEA
1%, BUERDWICREROBLRE T —F 7 7 T ¥ I T DH LW ER Th D, ZOERIL, FelEi/2Iy 7 AR
FIL RE, VAT LA F 7 (SOC) ~D HIRIZ L > THRICHEES L TV VDH[283, 284, 285, 286, 287], IC L
DOZBAEESE (B2, Fx /302 BPUR) 2 LB T D720 OIERIEIX, 7rr b R aEAHRIT/ED
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ATHDTH T2, ZOWAITIE, R—7 &N HifEis Vas B, ZibiksVar BRI, S Ua b
1% SV BREAVIEN VS, 7 b R AR Z 5N B3 1L, ST RO
[ZHD7=0  FEZE A CHEDIDGEITHREDL L OB KITHE LT Z &7, D7 Bl ~L T
BT E AR D 7o @ VB 7R 2 B TSP DR NRLS IR > TG, Bl A v T 7L —Tail
BT, 20 AEEZEY 2— VDI ANIREL, Lt AN ERE LB HEME AR/ 2 87|
KT HZENEE R TF YLVl h, BUEDHT, A7 at VB E B L OE B8 A A2 L8, M
IR R ER BT D720 DI ELNT 7 a—FThD, Iy 7 AR 7 /L L X RF CMOS F#IZx LT,
FEWE G A X% DD FTFED R OARIREFIE A b BE/ 2RO — D ThHD, Fr/\oX A HTH
EIUAD IS IS TV O ENFE KT 5, 7Hrs | Iy AR 7 F /1 RF f/DOZnEh
DA IO THIFRFSI CQODREROEITER N, VPl 223z =0 —2a32 D RF R ONT 772"
SR RN T AALERD BN REI TS,

WIZMIM X /32X A F 0% BRGURDREN 72T 7V r—ar HER, ZL T/ T 7L —a
AN AF L DI OWTCRTRICE T D,

MIM S/ N F
CMOS, Bi-CMOS BE NS F—FF o T IS T 7Y r— 3
* CMOS B DAA T 27 ORNCT v EOEET T RERRST 7 &/l —  a H5e 3 DRI RS
G AEEE AT A7 DI E SIS MPU Ty 7 73 3o 2
B JE B FEARAIE IR, ~ T 7 HEIZ 31T % RF Ay 7V 7 R0 RE /3782 p /302
A/D, D/A 2 N—H—D I 72 @ MREI Yy VAR 7 F NV D7 4V B — 0T s X 4
DRAM X° DRAM {E#n > 7 T SAZAHDO AN —TF 3 /304

MIM (ZBG7-BAFH LR
.+ kL E RS R
Y — 2 B ARG BRI
R L S B R
[F]—F 7 W TUTHET 5 MIM B OHa R L ORI IR B SRS E Ch Dzl
&S WVEEFPIC BT AEW =T U7 ChNSWEERE)
TRFERAEMEDS/ NENZ & (VNS RS
HERBEI/NSNZ L
ERIREEFAESE D72, @V Q HEFH WAL YT L J AL — R AIREIZ T D72 O Z M E RO AL
YUK A

TRERL T — g AN T EF L

- B RE R PEE RN E R A LT B 2R e A
Xy SUHY AR5/ NS T DD G BRI EEL, U7 BN DT, MR T
BHERFANETHO [P BT DT &,
et FS OV IR 550D AR B BE DM & VS W R THHE)
WA MIIRAZ T A —ar | R ERE MG 256 1261 IR AR (<450°C)
BINT OB ART S RA T at Vi) T 57 4 — TR E I LD ANAE A HINCHI T 572912, BE
FRRRE Bl R DA~ — MR 2— LA T T — gy
FMREDFAT TV TR BEOEHE, @V Q EEARFFT 572012, EEOB#FL /LT MIM F /3
HEFEE T HZ e, ARFHERERHRIEO L IRAI TH L3, DA77 —a ifEEb b
TH LAV,
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MIM F /XU Z DRI, Al R — ARG B35 3CHkE Cu ~_—AECKREEAT I B9~ SCRkD E 712
ROTFHI LN TEDH[288, 289, 283, 284, 285, 286, 290, 291, 292, 293], 4 H ., HEEN TOBIFEALE D
MIM /ST, 72 BHRENE L R A7 RF PERE, ZL T Al N—A T, Cu N — AR
WD T T —2a ORGENL, MIM AL T, U B bR, LU BRE(biE, i, v U=
EAVER L CUVD[294], BRI OB T 7o—F ko T, FNENRRD MIM 37 S 2R
FEBLSHL, 130nm ZJEHBCAREIN O FFE L 72 572[295],

BiRA T 7L — a3 DEE S MIM AR (121X, ALOs, Ta,0s, HfO,, Nb,Os, TiTaO) IZ
B3 2H LT — 2N ONORHSETHREIILTUD[285, 296, 297, 298, 299, 300, 301, 302], ik E$F
MIM #EfRE X, PVD #9727 =— N a  THZ I Lo TS D), F720d, 7 e B A RO EE )
W 400°C~450°CLL FIZHR7=4 7= CVD, FHIJF T CVD 7' ot R 2 &> ThlliEs s,

Lo, V—2 8, EECIREY =7 V7 ¢ XL, MO EFEMEOBLSD, SRk B8 (10~
26fF/um?) 957 7 u—F NETRITEDEIFRS2, il , ZNSDOMEE TEiR 572012, B4 72
ik e MIM MR DOFERE (@) BEAEZES47-[301, 303, 304, 305],

BEWAREE, @0 Q . B2 EEMEE AL, IBIMTAN /IS MIM 4/ S X OREENTLED T+
LT ThD, EDT, Z<OT IV r—a Tk, BARDRMRL ~ WIS VT K AT T B O AT
AR LI, 7O f A IE D TR X, [ A S BRI AT, AL RE S 720 D5 & % 2 /0
Z TR v XU 2 E EBLL TWB[306, 307, 308], 207 7 a—F Tk, Fy 7 HEN 7 0B ADBEHESD
k&5 | & Hax 12725,

AHEIH
RF BIBSICIIT BT T T Z28DT TV r— g
- BUEO~A7aE RF BIIZBIT DR D ATy I DAL —S A<y T U7 JERESOEEMEEE
(2, FEREBICA Y F T A 7 2O EEMENE T 7255[309, 310, 311],
RF oo o——
TA4IVH—
I flfER IR (VCO)
T =T T RNK ) ARXT 7 (LNA)

AEIHN BT BRI LR
© BAVEIEATBITDEN Q E, RN, A X I H AT DL Q EANE TS,
BV B C AR JE 25 (SRF)
ALH Y EAA PAZBIT DA —I 738 5 (18 BB C S )
A SR (51 AR e C SRR AY)
A BRI 3 T B I OB DJRIN L 705 A2 B 04 EFER O EAERIC K0 R A3 21 E R
VANV AN

TRERAL T —ai Al BT EF L

© RO A AEHTE BT AT DI RO R EGRR A 9528, CuBlRMERERD Al Fdfre Hei L CRh R
I CThD, Cu ¥~ U T TS NIZA R TNA L2 7 XN ERRICIZ S VT2 Al AL LS C Q
A 2 (LT 2 e SINTZ[312], L L3, BARDERL ~L CRESNZ Al Vv haAf v
THUGEITATRED S LAveW,
ALY B LB D372 2272 53 B BIZE, B ORI ~ W ZaA VAR E T 528 XU,
Ry _—ay EORIAINFITIERK T D2 L2k, BT AR I 2 A M S L,
Q AN LT D, IKFHERM BT, BEMFAERNIHM A X ORI TD[313, 314, 315, 316],
PRV a s H a3 52 e b F AT A X2 W ET D, LB, ZOo7 7 a—F 34
TOGAITARETHAHEITN 2720 [310],
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ALFIE T O Faiifil ~ L ~&Ry— VR (BRI TR TV —N 28 AT HZ L1280, o
T EIR AR 352 L3 TEH[309, 310, 311],

BE, BB Al BiEiUT. Cu Bl CHEBISNE A STV IVIN, F o T T AL B 7R D e — 72
HATTHD, LU AREMRR R THLHEEZ X LN TNDEE L v NASATNEAT RV JARZA
T DA T EPERIIE SIS LI [312],

Fisi 72 4 B AFIE (5~22.5um) A A TNVA LB I ZDENJERRINA SATNALEIED Q fHIZH- 258
HLFRIRRIZ, Cu BURRAS—ADA LA I ERE T D g EEIBINS =T V=0 Ag Db L MER DS Hes
S TCWB[317, 318],

TT Xy T EF L TH AR R T IR =T DA ST IV A LSO AR R T II= BY JARA L E T B
TERR T 22812k, Bty 7V 7 H AR A7 Q EDUER B LT 7-[319, 320], i Wik
INTAZ OIS T A Z 7 2 A 1.38nH (AL 1GHz KE) DY AR A2 7 553 E % 6GHz C Q i
70 THAHZEDRSAZ[321], EDMD Q FEDUGE (30~70%) FF{EIL, BlARATDT SA A HER% | H LI
BoRREER I, B RRAHC RO A2 7 Za L NI RTINS ket s U = BARBEI A TE R 228 T
HD[322, 323], R—TA VA FHMEFHTHZE2ED, Q ELHIRBN BN UET L2 enmiEshni-
[324], VAT BB AART v T H BT HI LA, SOl bz L 7= Q AN 20 DEENT-A L X VX D3R
SH72[308], 90nm RF-CMOS 77 b7 4 — LT CHRUES L Cu/i Ve bIRZS @ Rd#R o fe T Spm
® Cu e BCB #tfx s (k~2.7) 2 L OSN3y _—ray E(IC &) DA Z 7403, 140 DIE
WITEW Q HETHHZ EMnHESNT[325],

BB AR LT NA B 0 B DA T L —a DS S ST, CoZrTa SRAREEY TR
T = DEANZLY, EFTEDASRATIVALETEDA L T ADS 36~50%H ML 72[326], FRpEEA
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T Ay ThaH[328), iR T A 3528 T ARERE G (< 0.2GH2) 1231 DA X 74 A% 8fEET
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FLLEW T D EMHESIL TS [329],
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