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NEAR-TERM YEARS

YEAR 1999 2000 = 2062 2003 2004 2005 DRIVER
TECHNOLOGY NODE 180 nm 130 nm 100 nm
DRAM ¥ PrrcH (nm) 180 165 150 130 120 1a ot I
MPLU GATE LENGTH (nm) 140 120 140 H5.90 & 7 i) M GaTE
MPU -~ ASIC ¥ Pricd {nm) 230 210 180 60 45 130 115 A& A S
ASIC GATE LENGTH {nm) 180 165 1a0 130 120 1o o A GATE

LONG-TERM YEARS

YEar 2008 2011 2014 DrivER
TECHNOLOGY NODE J0 nim A0 nm 35 nm
DRAM £ PricH (nim) 70 a0 35 D i
MPU GATE LENGTH (rmm) da 3052 20-22 M GATE
MPLT 4 ASIC 1 PricH {nm) 80 55 40 A & A 4
ASTC GATE LENCTH {nm) 7 50 35 A GATE
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B | P ANV o T BB DEIAIV T RA LU N R TIETHD, LinL, B IOdIC, BLIEIX
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2—1 piEX
ITRS99 TiX. digital communication 2 ® consumer electronics IZFAWHNAZENTFTRENS
SoC T /A A% 5 R BTN 2 72,

ol OFf AR5 45 L L C. DRAM half pitch @ 180,130,100,70,50,35nm #7527 /ay. J—R&
LTCEHRELEZ, TNEFND ) —FRIZHTI DO/ —RIZX LE 709D % /s reduction THY, F= B 72 £ 7 i 4=
DIFEZEEEL TS,

ZHZE D technology node THFEENH IS (A 1 5l & H ) & ] DAL L TLL T D4R Z 5%
ELT,

T /Y ) —R%&%% Working Group (WG) CTHFIZHWAHZLIZEY, n—F~v 7 roadmap DO
ENKOR G D e H LTINS,

ZOETIZI.WG OB A2, ATEREH CTT 7 /ny ) —REICEH L7592 T, i 5 TF
Sl h=lEL T A I LI ET LD THD,

YeEAR 19949 2002 2005 2008 011 2014

TECHNOLOCY NODE (rim) 180 130 100 A a0 35

2—1—1 &3 WG

SoC D FHZ, WK DAEY, MPU, ASIC IO EING, 7 s Iy ARY 7 F )b, radio
frequency (RF) . micro electronic mechanical system (MEMS) 2R E DR 7T av /bl Ens
LSI R Et~OHF 2 E K425, 7705 (1) Mol b IS 3 7808 KX & 20 R RIZKD signal
integrity % st O ME{b (silicon complexity), (2) Y 7 T =T X G/ RITE DD LI HHE M
{ft (system complexity) . (3)/E# 7 vy 72 L5 #H i 7 a2 — 0 4 {t (design procedure
complexity) . (4) & &l ¥ 3 DB Ml (verification & analysis complexity). (5) T AN & O M4t
it (test/testability complexity) @& &t iR 3 BAEAL T 5,

~—47wRBER NG, SoC % cost—driven SoC & performance—driven SoC (Z K BI| LR & &7 ik #2
M2 o L, ~— 7y RIS ZD7DIIE, FPIZEE IO R OB 57 | time-
to-market, ZARREREFYEICSL U2 LS GO T ZE N K T°5, ZD728HIT core base g% &l
3725 Design Reuse ZH1 L EL7z LSI 8% 1A PEME design productivity O A 7] K 7235 57
L%,
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100nm LL F @ Node THEEIZHR B IZES 7 A —7 cross talk DO =72 £ — R %
TANT DR IEBL E L2 > TEY, IOV TOMZEDREN L END, Rl T A RZBTLT
FTar/FOENIy I AR DT AR, RO NI E T NA AL R T AZEZ N TT AN S
HAlib 100nm LU _ETOEHEZ challenge THY, WITNLT v T WE TT AMRZ = DR A L R
DR FF 3T 25 built-in-self-test (BIST) 23 potential solution T 5,

100nm A Jiii TIX SoC OT AR E THY, @ L~/ TD [technical term?] DT ANE G L%
3t design—for—test (DFS) XL EE L7225 [SoC & DFT R R EAZAOFH B 21, 100nm R TixT A
FLREICBITAAEY ol v 7T 3L AD built-in—self-repair IZEA R B Fv7ORBFLHR I I
Do

2—1—3 Zu bz RF7FrERX WG

b B i /s (scaling) W2 KDP8 Al AL A Mk e 9 D7 DI, 1€ 2k DR BE - £t 23 B89 R S B2 3
D70 Mk T AE DL INEZFT T DI BN B ETHDH, MOSFET ©7 —h Si02 D
EEFN RVERICEIDINT A PAZEFEAERNRICH L UIEFERMEORM R Va &
D78 ZAIZ L AEN R E OB IE B IRV MO EER Si ~DFRYHFEEZHITITX LT
T BM B —RNEMOBEH ., N7 UAZERE DR Elzxt LTI IR —MEHipn#E & O
B FIEENRE CHDL, Elo-TEDIMMAL 358412, metal gate, dielectric (2 #F £t &4 5
HZEIZED ., etching 7’HEBASNOE R NI ICK 72 D275, CD¥— M, BRI selectivity,
etch profile 1201 % line edge roughness OFH| I BT AXDPEREHERF DT-DICE E LD L7
Do

100nm F TIX MOSFET @ gate stack Id equivalent oxide thickness 1nm &L C nitride, A1203 F
7213 Ta205 OHa i A2 5 gate stack A3, 7= ultra shallow junction (21X raised source/drain,
plasma doping. laser annealing 73, ¥£72 DRAM storage cell scaling (21X dielectric L TiX BST,
M L CIX Ru, RuO2 O A MMEM TH D,

100nm R ¥ilf ® MOSFET TIEEf 121X BST £721% STO., FE MR 121 double work function metal
OE 2. DRAM @ # LW cell architecture &L TIX open-bit-line—cell, cross—point—cell.
multi-state—circuits 2MEH{ TH D, FRAWAM D transistor 1 15 L L TiL vertical MOS, £7/2 13K
FABBUS £ TX% double-gate SOI 23MEfH ThH D,

2—1—4 EH WG

Al M ~DFEAR W) 72 = — KL T A ZD i AL LA ~D5IE T D, MOS FT2 P AZ D&
LT T TelHE V-, Bl AR ] D% & Capacity \IZXKDIEAE delay 23T A XD B 1F 3 4 B 928
K &%, BCRRA EFEL TIE, R DD AL | L HCBT resistivity 23/NSW2 & F8 %F YL
PRI E N TEDT2DICE AR ] O % & %/J\é<fé°é LD Cu MEH SIS, BL#R O M # %
L inter-metal dielectric Z (%A #& [A] B (2 D GE & i /AN T DT DITHE KR D SI02 b
dielectric constant (k) @{&b\ﬂﬁf\@aﬁﬁiﬁﬁ‘ﬁ‘ﬂo 100nm TlT k=1.6~2.2 ¥& = O M £ OB 2 2»
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VB THY, R—F AR~ —_ SiOH, SIOHCH3 (methyl siloxane) % 2M&E 4 A4 £t TH D, Cu A
B MR OB G interaction 285 IE4 472812 10nm OJE XD XY T A% )L barrier metal B 3& 23
VB TCThHDH, Ebizar X7k —/L contact hole 1B L D=0 Em WT AT Kk high aspect
ratio #f T 5H D LD T AZ IV EH D IA To filling BT AL B THDHH, AX/L CVD, A4 LA
s34 lonized sputtering. = JEFHIA high pressure filling ZNEH Z THD, 70nm TIINYT AHX L
D IEIR #ETHY Cu DIL B diffusion ZBh Ik TEDRO72 k=1.5 O BB FE B3 E TH 2D, 50nm
UFTIEk=1.5 L FRNLET, FZ2EIHR air gap interconnect 2MES T D, F7- LSIEfHEDO—
HIE Cu Bl AR IV & B I radio frequency E23BE T A EbbsEE 2615,

2—1—5 VY7574 WG

V=Y F TNl a AN e FE L 2D, RLO technology timing (ZA HBMIM T2 K L THLZ D
=—=ATHD, NETEHBE A B OB KA. LFE RO NAE, ~—T b= BRI 27 b o
R O X5 7285 Wl #8524l (RET) O E L BEL OV P Ao @mERELICE > T3HF TR 0.7
EOMMALZER L CE, 4 %L BAABTICSOICE RO F2 L —H—(157nm) E D H
ZEEAN VWD VUV B L R Y BN HE S 7 b~ A7 5 D58 R AR B R A 5 K
HZEITEVEBITHI Y T 7 0t £ L T<H, B LLIL EUV (extreme UV) | EPL (electron
beam projection lithography) . PXL (proximity X-ray lithography) 2 ®OFH L WRB OV T T7 o5
it (NGL) 2 b 20813 dD, VUVIEIIM RS M B TORI A RSN BBHFE 7Y —
DN ELH B DA B/ T e AR M E 2D, NGL 3RS TEotIyr 774
M CITF BN R0 F O FR -~ AT LIV ANEIFIET R TO IR — R M L i 2
BN FELRD,

Critical dimension @1l . overlay, defect density 734 node DO K F¥L TV THD, T
%iﬂ‘ﬁﬂé’ﬂfﬂ#&ﬁéﬁﬁl1K75%%%7%éﬂéf:&ﬁ:“mcoté@f‘bif;< 100nm LLF O/ —RTiEk, LY ANy
T ORESRLFN BRI B2 BEEREE 2NN TSP IE ST PR L E 7225 DN KM S o B
1T OF M T (Arr Y — L R AR O H Tk X605 K910) K #7256 5012 A E O G
M OBRIREN IC KDL NG TE <D | 5 DMk 72 K1 J:D-%’Eéz’ﬂ* WRTHZE
Ay Sy v

TNEND /=R TOMMPRBEMITI T LOLBYTHD,

None POTENTIAL SOLUTIONS

180 nm KrF

130 nm ErF+RET, ArF

1K) nm ArF+ RET, F2, EPL, PXL, IPL

70 nm FZ2+RET, EFL, ELIV, IPL, CEDW

A0 nm ELV, EFL, IPL, CEDW

35 nm EUV, IPL, EPL, CEDW, Innovative Technology
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2—1—6 FatvASfL T —ary,  FTALRABIVOHEE WG

DRAM OF v 7 HARX1T, il BITITE v MR BN 4 EH M2 1.4 580328 mn3H-7-,
OB NE R ELMBE T DET T AXNIWM K ERVI YT T7 4 DFE )T R package DK EX
WX BERFEAETLOT, S ENIE Y ME BN 4 55 RESRDEICTF v I ARN 1.2 5 RERDET
NERE L, ZOETMIAERIFENR2ET2HETHOMRITL2MEmME—BLTWD, ZOET
JNZKDT v T AXDHE KM R OO 1%, 7 F AL — st LV FE O /NS open—bit-
line—cell, cross—point—cell Z2REDF 7272 LN RF OMLEHEZEHDD,

MOSFET O#MLIZ oW TiX, 7BV R 7B R THR RENTWAS — Mg L& B S
DM EZERL2ND, FFEANTYF 0D nE EGE MOSFET DA77 L —ar N K&
Thb, 100nm node DF ¥ AR &L T m—FR =L 7 CE 5 8 SiGe =t & D& AN
fRIERBEMELTE 26ND5, 50nm LD ) —RTIEARMY OB LA E ORGP LE NHE
CRBHEICAY, &Ry H—FE F T DRI ED T AL TF T /3 A novel switching
devices such as quantum dot or single electron transistors N A] REME L7205 5, AEY TIT A F#H 3
£ RAM TH 2D FeRAM ° MRAM 72 EDH LT NAARREL THE 2 HND,

TFus I AN T F B LT &R EE (2.0-1.5 vol)ALIZHESY T Fa [\ D A X% M
HELRD, RIS, AL ER BT DR v s ZOR B O 0% £ R & O &K /IME S i
LR AT B IC OV TR FERKOE A % FIZHONTIE Cu ZJE R, SOI HH, 3R L
WAL 7R E DA B FRE iR L72%,

AEY vy y TFuS BT RENBEHENDS SoC ITBWTIT, TUXNL-TFHa sl /A X7 R
PRI 7oy 7B OT #2322, TERESTF T HA RO KO /28 a A T 43—
YURIEBENDL TR T — gy NEREERBRETHS,

2—=1—7 TERSTVENRYFT—V T WG

BRI =— XX EERERO/NRUL LB K ThD, 800 B a2 5IHRnY vy /T /AR
T, Fy 7O E BT T b 7 25 T ek X, Fy 7w E 23 i 1 2R D720 72 I KA
IELTLEIZ, Ty 7RI T B H] O 1 8% (772 area array O AP LALERD,
= DN 72 BN T AR « 5 58 FE R L 2L BT 5729 ball grid array (BGA) ~® flip
chip # &R’ MFREEIND, VT AN —NIWE KD ETIVvIANLIKIAAND H ¥ B ~D % F 13K
DOV, BRMEHRE PRI, R AE MRV BV SRR BN Ty T OENICE W, BREREDTD
IZPb ZU—DIFATEZRH T5DI2E6720) I AERE R (BRI AR B E R E WV, RE DR
5. VT AR —h EORBRIL. Bt - BLO T 7 T UM ONSZID T 7 Ay T AL B
BCThHD, TUoH—TANMBHIIEIE A OB N TR E 2R35O0, #25 HeEE Mk
RAED =D OB E DK ERMLETHD, FHTFvTORBMEIIGL, BB TNy r—
VeFEML AL IaL—Tar - RE TN B E ST AN — IOy =V O 0 E - E M
.77 & EDR0WE FEESHRITLIFIEORBE N RDLND,

X575/ 1Z1%. CSP(chip size package) @ fine pitch ball grid array (FBGA) ~® flip chip
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2—1—8 Z7JRIAV T —vary WG

EAR ==X I THAEN, 3 RbbaAME ., 2k~ ik 7%t it | 5 M reliability &F H
PE availability O #, THOEMEDOBR THD, AHNE, FEARE TRONOTZ— L
F wafer processing Zxf £ &L . high-volume/high—-mix & high-volume/low—mix DT A 12DV T
Bl

MRFTORTREL T, Z<OFM B LCHHMOE AN, 720 L L, KNRUZ— DB A
HEMLL LG AT A~ AFMEEIN, 2ETHHES~OX IS 135, ZHLORRDIZIT, =
AMEI E T M & O T b ) &, 2 AR08 O O dE Kzt 72 LA flexibility /91
iR extendability | ZFRBE EL THET LT,

[TZ7 7N —F X —ar |22 ERE T2 EMESTL, ] L S/ BE R0
Bk A F L7, high volume/high mix 74 NZRBITFHT I /a0« ) —R4E D mask layer 24 7-0 T Hj
DEREZLL TFTOIIICEREL,

TECHNOLOCY NODE (rim) 180 130 100 70 50 35
Non Hot Lot Production Feriod per Mask Layer {days) 1.8 1.6 1.4 1.3 1.2 1.1
Hot Lot Production Period per Mask Layer [days) 0.9 0.85 0.8 0.75 0.7 0.65

WIZT TG AT A, THEEE | TRk (77 U7 ) 2 2 O B e LT, TH %

H AV T Mk % /*ﬁ%?ﬂxg&)7/1/5’4'AT4’X/\/7“AEZKE1%.ﬂL%ﬁTb‘ 100nm node 23 fé&%’
VIMEXREDER 2, TRGE®EE \IIEAFE (FI— avTqva=rd  TAN U — O HIE %
KT,

2—1-9 RE. 2. BF WG

Chemicals materials and equipment management %, i & (5L F 8 & g #1 B o F LLAET
[ZZNBO ESHIZB 4516 A48 ft L, B B 08 | dh O 52 B #2 12 ESH RIE BN FE L 30282 B
<“0 climate change mitigation (%, Y& (K LI C0% i % COME H =R —ZHI L., 52 Ek

REEAL YR OREYE O 288 3%, worker protection I, T35, i, fRi#EE | & FH -
IS L RBITCEELERE LS TS, resource conservation 1Z/K « =RV F— (L FWE -
MEVEOMHABZHIERL, AEDEOREZAMELH B L. EXREVOREIRIEZIEET D,
ESH design and management method /%, ESH IZBA LR LA MDD LW B T a2z b b )
% G 2 HESL T D,

FFIZ 70nm ARRICEBWTIE, Ve Rt =W E 2 H 358N m EHDO T, ZNHEBR A
BCEIE L R AWM B RARNEICRETIHEROEN DL ETHD, £ [ BELEHE
TR AR FE \Z Xt T D4 S 70 B 5 75>M3§1ténét&b BB A O/ 72 W E U A 7 VA
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2—1—10 EFV 7 &VIaL— a3y WG

TV & YRab—rarO=—XFMEROME B EEHROR ETHD, TutA T
NAZADERWEE, B A=Y BEHEFELZHBET VICESZFHREL, Yot/ T 1R/
A Z BILEEIL 45, FNI2E->T, 130nm node (28T 25%, 100nm node 2BV T 35%
DA A AT REE T D,

AT FE VY, 100nm £TIZ, ERET VO EMEREILICMA IV I FT7 4, =y F 7 CVD %
DT AR ALK TEHRETVEERLELRD, TIRAY VT —ARETORIE, LY ARD
BB RIS E OB RIS OMA NN ETHD, FHEBESCRMZR E9272012, 70y
R (Ayya) AERLHMEI AT VIV LOR LML ETHD,  100nm K TITH LIEAIND
F— BT LR HM iR Y OF B R RO TS — MR O b koL BL S 0SS o T
BifingERkshd, T /A—MNLVTAALATIEE 120 RO MW BT O 55 A 23 Bl B 12722 20 3
MBAEZRDTD LUV TOEMRET e E LD, REEL T, 100nm 2L ET
I E ZE G R E LTZET AN ETHSTZDIZH L, JLF L)L TOIEfMERYE ORI N
MEHEMEO PR OO, B F 2k LTI TV RELZ OB ET Ve, B 15
FrtHRLLTUR FORDIENEEHEGE 328 — HAG R ICRORBRA R STIA—2 &M ) kL
TRFEEITHZENZE T LD,

2—1—11 Abmuy— WG

180nm /—RIZBNThH, T AA AR E TR CTHRINDOIMAEAL =R EZE 2R, Ahnn
VI3 ZLOMEXNRIZONT, BIFTIHMAE FEORE R FITEL TS, 130nm /—RTIE7T
INA 2K TE OBCIAL AL IS o TR AT DT AT ML IZH IS T52ENRER=—XTHY,
180nm /—RIZH| EHEWVTORBE THLOWM A IECE T AN E CO S G EBIZE . F—
YR aT AV O R ZE [ 4y R RE BRI IN &L B ST — R AL B - R A B R IR oD i R R
WENPKF¥YL Y THD, 100nm /—RTEAE =ML OREMEZ XD LN FER=— AL
D, = RY = R NRNE = DO IERBI O — UL EE @S I E T 2N FRE
%, 10nm /—RTIX, 70 AM B BI R ZIR—2ab 23O B ICHIE 522NN E LR
DR M E AR MY ORBERBEPRELL T EL KD, —F 2/ —FaLtBLTHEIC
T AL E T HIDIC, BT ARG = — DB B RDOHND,

2—1—12 XKRKIEB WG

PEEREMOEARBE CHLIBE 2 m <R T2, KA IZED /7 —NIZB W T 3L iE
DKEDRETHD, /—FPELIZONTT NAARADOEHESHBH L KR EZZE &1L D 57201
fE R L oy — 2 &1 180nm /—RIZXF LT 50nm /—RTlE 80 f#iZb7ed, Zo7k
DR g A2 E N TDERZIRD | KRG ZRAT 723 A7 23§ 2ERITM LS 28 L, Kb
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Table C Design Difficult Challenges

FIVE INFEICUL T CHALLENGES SUMMARY OF ISSUES
= 100 nm < THROUGH 2005

Silicon complexity Large numbers of interacting devices and interconnects

Impact of signal integrity, noise, reliability, manufacturahility
Power and current management; voltage scaling

Meed for new logic families to meet performance challenges
Atomic-scale effects

Alternative technologies (such as copper, low x dielectric, SOI)

System complexity Embedded software as a key design problem

System-on-a-chip design with a diversity of design styles (including analog,
mixed-signal, RF, MEMS, electro-optical)

Increased system and function size
Use of open systems and incorporation into global networks

Integrated passive components

Design procedure complexity Convergence and predictability of design procedure

Core-based. IP-reused designs and standards for integration

Large, collaborative, multi-skilled, geographically distributed teams
Interacting design levels with multiple, complex design constraints
Specification and estimation needed at all levels

Technology remapping or migration to maintain productivity

Verification and analysis complexity Formal methods for system-level verification
System-on-a-Chip specification

Early high-level timing verification

Core-hased design verification {including analog/mixed-signal)

Verification of heterogeneous systems (including mixed-signal, MEMS)

Test/testability complexity Quality and yield impact due to test equipment limits

Test of core-based designs from multiple sources {including analog, RF)
Difficulty of at-speed test with increased clock frequencies

Signal integrity testability

FIVE ADDETIONAL INEFICULT CHALLENGES < 100 nm 7 BEVOND 2005

Silicon complexity Uncertainty due to manufacturing variahility

Uncertainty in fundamental chip parameters (such as signal skew)
Design with novel devices (multi-threshold, 3D layout, SOI)

Soft errors

System complexity Total system integration including new integrated technologies (such as
MEMS, electro-optical, electro-chemical, electro-biological)

Design techniques for fault tolerance

Embedded software and on-chip operating system issues

Design procedure complexity True one-pass design process supporting incremental and partial design
specification
Integration of design process with manufacturing to address reliability and
yield
Verification and analysis complexity Physical verification for novel interconnects {optical, RF, 3D) at high
frequency

Verification for novel devices (nanotube, molecular, chemical)

Test/testability complexity Dependence on self-test solutions for SoC (RF, analog)

System test (including MEMS and electro-optical components)

xv—dielectric constant SO —silicon on insulator TP—intellectual property
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Table D Test and Test Equipment Difficult Challenges

Five DIesicUL T CHALLENGES SUMMARY OF ISSUES
=100 mm ~ THROUGH 2005
BIST and DFT Test equipment costs will rise toward $20M and wafer yields may suffer without DFT and BIST.

DFT required for at-speed test with a low-speed tester.

Tools required for inserting DFT and BIST and estimating cost.

Analog BIST needed.

Access to SoC cores needed when using DFT and BIST.

DUT to ATE interface A major roadblock will be the need for high-frequency, high pin-count probes and test sockets;
research and development is urgently required to lower inductance and cost.

Increasing pincounts lead to larger test heads and longer JO round-trip delays (RTD). This
problem can be aveided using two transmission lines, but I/0 pins must then drive 25 ohms.

Power and thermal management prohlems
Monuniform wafer temperatures and the requirement for active DUT temperature control

Simulation needed for the path from the device through the package to the ATE pin electronics

Interface circuits must not degrade ATE accuracy or introduce noise. Especially for high
frequency differential DUT I/O

Faster, multi-socket, automatic package handlers are required.

Mixed-signal instruments IC manufactures must partner with the ATE suppliers to ensure ATE capability will match the
mixed-signal requirements

These will require more bandwidth, higher sample rates, and lower noise. Testing chips
containing RF and audio circuits will be a major challenge if they also contain large numbers
of noisy digital circuits.

Failure analysis 3D CAD and FA systems for isolation of defects in multi-layer metal processes

New fault models, such as for crosstalk. Automatic test generators for fault diagnosis.

CAD software for fault diagnosis using new fault models to support DFT and BIST requirements.
Test development. Automatic test program generators to reduce test development time

Test standards, such as STIL | IEEE P1500

Reuse of core tests for SoC to reduce test development time

Simulation of the ATE, interface, and DUT to avoid test development on expensive ATE. {virtual
testing)

Data management needs to be integrated into test program development
Fve INFFICULT CHALLENGES < 100 nm 7 BEYOND 2005

DUT to ATE interface Optical probing techniques

Full wafer test

Power and thermal management problems. especially with 300 mm wafers and increasing
parallel test sites

Contactless probing using BIST (see DFT/BIST section)

SoC test methods New DFT techniques (SCAN and BIST have been the mainstay for over 20 years). New test
methods for control and observation are needed. Tests will need to be developed utilizing the
design hierarchy.

Analog BIST

Logic BIST for new fault models and failure analysis
Deterministic self-test instead of pseudo random test patterns
EDA tools for DFT selection considering cost/performance issues

MEMS, sensors, and new IC Develop new test methods.
technologies
New burn-in techniques. Research is required.
Test during burn-in using burn-in DFT/EIST capahility: low-cost, massive parallel test during
burn-in
Failure analysis. Realtime analysis of defects in multi-layver metal processes

New fault models, such as noise
New CAD tools for diagnosis

Failure analysis for analog devices

FA—failure analvsis
SCAN—A test method in which test patterns are scanned fn and oot of the DUT.
STIL—IEEE Standard Test Interface Language
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Table E Process Integration, Devices, and Structures Difficult Challenges

Frve DIFFICULT CHALELENCES
2100 nm ~ THROUGH 2005

SUMMARY OF TSs5UES

Meeting device performance targets
with available gate stack materials

Production worthy high k dielectrics and compatible gate materials will not be
available.

Function integration at low V

Crosstalk, substrate noise, and device performance difficult to optimize

simultaneously at high clock rates and low V.

Managing power, ground, signal, and
clock on multilevel coupled
interconnect

Despite the use of low x dielectrics, interconnect scaling is increasing coupling
capacitance, crosstalk and signal integrity issues.

Power, clock, and ground distribution will consume an increasing fraction of
available interconnect.

Management of increasing reliability
risks with the rapid introduction of
new technologies.

Inadequate identification and modeling of failure modes in new materials, new
operating regions (such as tunneling) and new SoC technologies (such as
MEMS)

Integration of precision passive
elements

Maintaining high (). low noise, and tolerances of discrete components.

FIVE INEEICUL T CHALLENGES < 100 nm 2 BEYOND 2005

Overcoming fundamental scaling limits
for current device structures

Switching drive, noise margin, material properties, and reliability will limit
performance improvements from scaling

Integration choices for system-on-a-chip

Cost-effective process integration of many functions on a single chip.

Atomic level fluctuations and statistical
process variations

Possible reduction of yield and performance below desired levels due to
unacceptable statistical variations.

Design for manufacturability, reliability,
and performance.

Inadequate smart design tools that incorporate integration challenges in
process control, proximity effects, reliability, performance, and others

Low-power, low-voltage, high
performance, and reliable
nonvolatile memory element

NVM program and erase require voltages that are incompatible with highly
scaled low-voltage devices
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Table I Front End Process Difficult Challenges

INEEFCUL T CHALLENGES THROUGH 2005,

LOGIC GATE LENGTH > 65 nm

SUMMARY OF [SSLES

Nitride Derivatives and High k Gate
Stacks

Effective oxide thickness ~/=1.2 nm for nitride derivatives,
-« 1.2 nm for high &

Achieve optimal channel mobility >895% of 5i(),

Minimize gate leakage mechanisms to achieve ~l<1Afem’ for high
performance logic and ~/<0.001 Afem’ for system L5I

Control Boron penetration.

Minimize gate electrode depletion, e.g., polysilicon depletion

Chemical compatibility of dual metal with appropriate work functions

DRAM Storage Cells
{Stack and Trench Capacitors)

Implementation of Ta,0;, BST, etc., with associated compatible electrode
materials

Capacitor structures that meet (DREAM ' Pitch)® scaling

Trench and stack capacitor scaling to <100 nm

Ultra-Shallow Junctions (1S} with
Standard Processing

Achievement of lateral and depth abruptness
Achievement of low series resistance, <10% of channel R,

Annealing technology to achieve ~/<3000/0 at ~/<30 nm ){i

L.y Control

Etch CD control and selectivity

Sidewall etch control

Microloading effects of densefisolated lines
Halo/pocket implant optimization

Overall thermal cyele control

Metrology

Physical, electrical and chemical measurement and characterization of gate
dielectric, electrodes, USJ, etc.

DNEERCULT CHALLENGES BEYOND 2005 AND AFTER, LOCIC GATE LENCTH 65 nm

Ultra High k Gate Stack

Effective oxide thickness <0.9 nm

Chemical compatibility of dual metal with appropriate work functions

Acceptable channel mobility

Thermal budget and dielectric stahility

CD Control

Gate Leakage ~/<1A/cm” for high performance logic, ~/<0.001 A/cm® for system
L5I

Cost-effective CMOS integration

Memaory Storage Cell

Will an alternate storage cell supplant conventional memory?
Ultra high « capacitor dielectric (Epi BST)

Are trench and stack capacitor structures viable at or below 70 nm while
meeting (DRAM ¥ Pitch)’ scaling?

Alternate and Ultra-scaled Transistor
Structures

CMOS structure: raised 5/D, replacement gate process flow. CD control,
CMOS integration, and others

MNew device structures beyond planar CMOS: pillar, wraparound gate, and
others.

Integration of Silicon Compatible
Materials

Co0) of large wafers (=300 mm): epi, SO, Si:Ge
Development of compatible high « dielectric materials
Development of compatible dual metal electrodes

Development of material compatible cleaning processes

Metrology

Physical. chemical and electrical measurement and characterization of new
dielectric, electrodes, and ultra-shallow, ultra-abrupt, dopant distributions
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Table G Lithography Difficult Challenges

FIVE DNEEICUL T CHALLENCES
= 100 nm THROUGH 2005

Optical mask fabrication with resolution | Development of commercial mask manufacturing processes to meet

SUMMARY OF [S5UES

enhancement techniques for < requirements of Roadmap options (such as 157 nm substrates and films;
130 nm and post-optical mask defect free multi-layer substrate or memhbranes)
fabrication Development of equipment infrastructure (writers, inspection, repair) for
relatively small market
Lithography technology consensus MNarrowing of Roadmap options for 100-30 nm nodes.
(193 nm + RET, 157 nm, NGL) Achieving global consensus among technology developers and chip
manufacturers
Cost control and return on investment Achieving constant/improved throughput with larger wafers
(ROT) Development of cost-effective resolution enhanced optical masks and post
optical masks including an affordable ASIC solution, such as low costs
masks.

Achieving ROI for industry (chipmakers, equipment and material suppliers,
and infrastructure) on large investments necessary for Roadmap
acceleration, especially single node solutions at 100 nm and helow.

Gate CD control improvements Development of processes to control minimum feature size to less than 7 nm,
3 sigma

(wverlay improvements Development of new and improved alignment and overlay control methods
independent of technology option

Five DIEFicUL T CHALLENGES < 100 nm BEYOND 2005

Mask fabrication and process control Development of commercial mask manufacturing processes to meet
requirements of Roadmap options  (such as 157 nm substrates and films;
defect free multi-layer substrate or memhbranes)

Development of equipment infrastructure (writers, inspection, repair) for
relatively small market

Development of mask process control methods to achieve critical dimension,
image placement, and defect density control below 100 nm nodes

Metrology and defect inspection R&D for critical dimension and overlay metrology, and patterned wafer defect
inspection for defects < 40 nm
Cost control and return on investment Development of innovative technologies, tools, and materials to maintain
(ROT) historic productivity improvements

Achieving constant/improved throughput with post-optical technologies

Achieving ROI for industry (chipmakers, equipment and material suppliers,
and infrastructure) on large investments necessary for Roadmap
acceleration, especially single node solutions at 100 nm and below.

Gate CD control improvements Development of processes to contrel minimum feature size to less than 5 nm,
3 sigma, and reducing line edge roughness
(wverlay improvements and Development of new and improved alignment and overlay contrel methods
measurements independent of technology option
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Table H Interconnect Difficult Challenges

FrveE DIFFICULT CHALLENCES
=2 100 nm ~ THROUGH 2005

SUMMARY OF Is5UES

New materials

Rapid introduction of materials/processes are necessary to meet resistivity and
low/high « targets and address 5oC needs.

Reliability

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

Process integration

Combinations of materials (Cu, Al low &, high &, ferroelectrics, new
barriers/nucleation layers) along with multiple technologies used in SoC
applications open new integration challenges.

Dimensional control

Multi-dimensional control of interconnect features is necessary for circuit
performance and reliability. Multiple levels, new materials, reduced
feature size and pattern dependent processes create this challenge.

Interconnect process with low/no device
impact

As feature sizes shrink, interconnect processes must be compatible with device
roadmaps. Low plasma damage, contamination and thermal budgets are
key concerns.

FIVE DIFFICULT CHALLENCES < 100 rim /" BEYOND 2005

Dimensional control and metrology

Multi-dimensional control and metrology of interconnect features is necessary
for circuit performance and reliability.

Aspect ratios for fill and etch

As features shrink. etching and filling high aspect ratio structures will be
challenging, especially for DRAM. Dual damascene metal structures are
also expected to be difficult.

MNew materials and size effects

Continued introductions of materials/processes are expected. Microstructural
and gquantum effects become important.

Solutions beyond copper and low K

Material innovation with traditional scaling will no longer satisfy performance
requirements. Accelerated design, packaging and unconventional
interconnect innovation will be needed.

Process integration

Combinatiens of materials along with multiple technelogies used in SoC
applications are a continued challenge. Plasma damage, contamination
and thermal budgets are key concerns.
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Table I Factory Integration Difficult Challenges

INERICUL T CHALLENGES SUMMARY OF ISSUES

Complexity Management Rapidly changing business needs and globalization trends

. Increasing rate of new product and technology introductions

. Globally disparate factories run as single “virtual factory”

«  Need to meet regulations in different geographical areas
Increasing process and product complexity

. Explosive growth of data collection/analysis requirements

¢«  Increasing number of processing steps

. Multiple lots in a carrier
Larger wafers and carriers driving ergonomic solutions

. Increasing expectations for material handling automation systems
Increased reliance on factory systems

. Multiple system interdependencies

. Co-existence of new factory systems with existing (legacy) svstems
Factory Meet customer ontime delivery

Optimization +  Balanced throughput and cycle time

. Reduce time to ramp factories, products, and processes
Improve Overall Factory Effectiveness (OFE)

. Improve all Factory Integration thrust areas

Improve factory yield
«  Control production equipment and factory processes to reduce
parametric variation
Reduce product and operation cost
¢« Minimize waste and scrap and reduce the number of nonproduct
wafers
Satisfy all local, state and federal regulations.

Extendibility, Flexibility, and Scalability | Reuse of building, production and support equipment, and factory systems
. Across multiple technology nodes
»  Across a wafer size conversion

Factory designs that support rapid process and technology changes and
retrofits
. Understand up-front costs to incorporate EFS
¢+  Determine which EFS features to include and not to include
. Minimize downtime to on-going operations

Increase tighter ESH/Code requirements

Increase purity requirements for process and materials

EFR B R — R~ 7 19994E R



3—8 TEVTV&NR T —DUT

Table J Assembly & Packaging Difficult Challenges

Frve DIFEICULT CHALLENCES
2100 nm 2 THROUGH 2005

SUMMARY OF [550ES

Improved organic substrates for high
/0 area array flip chip

T}l compatible with Pb free solder processing

¢, approaching 2.0

Improved area array escape wireability at low cost
Lower CTE approaching 6.0 ppm/*C

Low moisture absorption

High density substrate test

Improved underfills for high /O area
array flip chip

Reliability limits of flip chip on organic
substrates

Improved manufacturability (fast dispense/cure), better interface adhesion,
lower moisture ahsorption, flow for dense bump pitch

Reliability up to 170°C for automaotive

Comprehensive parametric knowledge of packaging components (chip size,
underfill, substrate, heat sink, UBM/bump)

Coordinated design tools and simulators
to address chip, package, and
substrate complexity

Physical design
Thermal/thermo-mechanical

Electrical (power disturhs, EMI, signal integrity associated w/higher
frequency/current, lower voltage, mixed-signal co-design)

Commercial EDA supplier support

System reliability impact of Cuflow & on
packaging

Bump and underfill technology to assure low x dielectric integrity
Mechanical strength of dielectrics
Interfacial adhesion

Cost effective cooling for cost
performance and high-performance
sectors

Meeting 40°C above ambient temperature
Localized on-chip power density

INEFICUL T CHALLENCES < 100 nm 2 BEYOND 2005

Close the gap between the substrate
technology and the chip

Low-loss, low £ materials

Cost/unit area constant (cost/layer decreasing)
Interconnect density scaled to silicon

System level solution that optimizes reliability and cost

“System level” view of integrated chip,
package, and substrate needs

Commercial EDA supplier support

Ultra high frequency design for high
density digital and mixed-signal
packaging

Efficient design and simulation tools

Integrated analog to digital design tools

Manufacturability and reliability of
large body packages

Substrate flatness
Co-planarity of chip-to-package and package-to-board

CTE—coefficient of thermal expansion
EMI—electromagnetic interference

UBM-—under bump metallurgy
EDA—electronic design awtomation
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Table K Environment, Safety, and Health Difficult Challenges

FIVE DIFFICULT CHALLENGES
z 100 nm /7 THROUGH 2005

SUMMARY OF ISSUES

Chemicals, Materials and
Equipment Management

Chemical Data Collection

Need to document and make available environment, safety, and health characteristics of
chemicals.

New Chemical Assessment

Need for quality rapid assessment methodologies to ensure that new chemicals can be utilized
in manufacturing, while protecting human health, safety, and the environment without
delaying process implementation.

Envirenment Management

Need to develop effective management systems to address issues related to disposal of
equipment, and hazardous and non-hazardous residue from the manufacturing process.

Climate Change Mitigation

Reduce Energy Use OF Process Equipment

Need to design energy efficient larger wafer size processing equipment.

Reduce Energy Use OF The Manufacturing Facility

Need to design energy efficient facilities to offset the increasing energy requirements of higher
class clean rooms.

Reduce High Global Warming Fotential (GWF) Chemicals Emission

Need ongoing improvement in methods that will result in emissions reduction from GWP
chemicals.

Waorkplace Protection

Equipment Safety
Need to design ergonomically correct and safe equipment.
Chemical Exposure Protection

Increase knowledge base on health and safety characteristics of chemicals and materials used
in the manufacturing and maintenance processes, and of the process byproducts; and
implement safeguards to protect the users of the equipment and facility.

Resource Conservation

Reduce Water, Chemicals And Materials Use
Requirements for large amounts of water, chemicals, and materials limit sustainable growth.
Waste Recycle

Increase in resource use as the result of increasing process complexity will require that
efficient waste recycling methods he developed.

ESH Design and Measurement
Methods

Evaluate and Quantify ESH Impact

Need integrated way to evaluate and quantify ESH impact of process, chemicals, and process
equipment, and to make ESH a design parameter in development procedures for new
equipment and processes.

FivE DIFFICULT CHALLENGES < 100 1

wun A BEYOND 2005

Chemicals, Materials and
Equipment Management

Chemical Use Information

Rapid introduction of chemicals and materials into new process requires the understanding of
process fundamentals in order to reduce ESH impacts.

Climate Change Mitigation

Reduce Energy Use
The importance of reducing energy use for climate change will grow.
Reduce High GWP Chemicals Emissions

No known alternatives and international regulatory pressure to reduce emissions of GWP
chemicals.

Waorkplace Protection

Equipment Safety

MNeed ergonomic principles integrated into the processing and wafer moving equipment for both
operation and maintenance aspects, and into the overall manufacturing facility.

Resource Conservation

Reduce Water, Energy, Chemicals And Materials Use

Need resource efficient processing and facility support equipment and improved water reclaim
and recycling methods. Emphasis on resource sustainability will grow.

ESH Design and Measurement
Methods

Evaluate and Quaniify ESH Impact
Need integrated ESH design in development of new equipment and processes.
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Table I Defect Reduction Difficult Challenges

Frve DnEerciie T CHALLENGES = 100 mm
THREOUCH 2005

SUMMARY OF [SSUES

Yield Models—Random. systematic,
parametric, and memory redundancy
maodels must be developed and
validated to correlate process induced
defects, equipment generated particles
and product/process measurements to
yield

Correlated process-induced defects (PID), particles per wafer per pass (PWF),
product inspections, and in situ measurements

Sampling and statistical issues with ultra-small populations
Impact of within-wafer variations on yield predictions
Development of parametric yield loss models

High Aspect Ratio Inspection—High-speed,
cost-effective tools must be developed
that rapidly detect defects associated
with high-aspect ratio contacts/
vias/trenches, and especially defects
near/at the bottom of these features.

Poor transmission of energy into bottom of via and back out to detection
system

Large number of contacts and vias per wafer

Trace Impurity Specifications—Test
structures and advanced modeling are
needed to determine the effect of trace
impurities on device performance,
reliability and yield.

The need to better understand the impact of trace impurities is expected to
become more important as new materials and processes are introduced.

Defect Sourcing—Automated, intelligent
analysis and reduction algorithms that
correlate facility, design, process, test
and WIP data must be developed to
enable rapid root cause analysis of
vield limiting conditions.

Circuit complexity grows exponentially and the ability to rapidly isolate
failures on non-arrayed chips is needed.

Automated data reduction algorithms must be developed to source defects
from multiple data sources {facility, design, process and test.)

Nonvisual Defects—Failure analysis tools
and techniques are needed to enable
localization of defects where no visual
defect is detected.

Many defects that cause electrical faults are not detectable inline.

FIveE DIEFICULT CHALLENGES < 100 nm 2 BEYOnND 2005

Yield Models—Defect “budgeting” must
comprehend greater parametric
sensitivities, complex integration
issues, greater transistor packing,
ultra-thin film integrity, etc.

Development of test structures for new technology nodes
Modeling complex integration issues
Ultra-thin film integrity modeling

Better methods of scaling front end process complexity that considers
increased transistor packing density

Defert Detection—Detection and
simultaneous differentiation of
multiple killer defect types is necessary
at high capture rates and throughputs

Existing techniques tradeoff throughput for sensitivity, but at predicted defect
levels, both throughput and sensitivity are necessary for statistical
validity.

Ability to detect particles at critical size do may not exist

FEscalating inspection Costs—Equipment
must effectively utilize realtime
process and contamination control
through integrated fn situ process and
product metrology

Equipment must effectively utilize real time process and contamination
control through in sitir sensors.

Inspection must occur during yield ramp and by exception only in a production
environment.

Defect Characterization—Defect data must
include size, shape, composition,
location all independent of
“hackground,” for accelerated yield
learning

Defect characteristic data will be necessary to enable continued yield learning.

Inline defect detection data must include size, shape, composition, and so on.,
all independent of location and topology. Test structures will have to he
developed that emulate design to process and process integration issues.

Defect Free Intelligent Equipment
Advanced modeling
(chemistry/contamination), materials
technology, software and sensors are
required to provide robust, defect-free
process tools that predict failures/faults
and automatically initiate corrective
actions prior to defect formation.

Advanced modeling (chemistry/contamination), materials technology, software
and sensors are required to provide robust, defect-free process tools that
predict failures/faults and automatically initiate corrective actions prior to
defect formation

Development of advanced low defect surface preparation techniques
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Table M

Metrology Difficult Challenges

Five DIEFicULT CHALLENGES 2 100 nm ~
THREOUCH 2005

SUMMARY OF ISSUES

Factory level and company wide
metrology integration for in situ and
inline metrology tools; continued
development of robust sensors and
process controllers; and data
management that allows integration of
add-on sensors

Standards for process controllers and data management must be agreed upon.
Conversion of massive quantities of raw data to information useful for
enhancing the yield of a semiconductor manufacturing process. Better sensors
must be developed for trench etch end point, ion species/energy/dosage
{current), and wafer temperature during RTA.

Impurity detection (particles, oxygen, and
metallics) at levels of interest for starting
materials and reduced edge exclusion for
metrology tools

Existing capabilities will not meet Readmap specifications. Very small particles
must be detected and properly sized. Detectivity of trace metals in bulk silicon
or in the top silicon layer of SOI (silicon on insulator) must be enhanced.

Measurement of the frequency-dependent
dielectric constant of low x interconnect
materials at Sxto 10x base frequency.

Equipment, procedures, and test structures need to be reduced to practice and
applied to low x interconnect materials that account for clock harmonics, skin

Control of high-aspect ratio technologies
such as damascene challenges all
metrology methods.

MNew process control needs are not vet established. For example, 3-dimensional
(CD and depth) measurements will be required for trench structures in new,
low ® dielectrics.

Measurement of complex material stacks

Reference materials and standard measurement methodelogy for new, high
gate and capacitor dielectrics with interface layers, thin films such as
interconnect barrier and low « dielectric layers, and other process needs.
Optical measurement of gate and capacitor dielectric averages over too large
an area and needs to characterize interfacial layers. The same is true for
measurement of barrier lavers.

ADDITTONAL DvEricUL T CHALLENGES < 100 nm / BEYOND 2005

Mondestructive, production worthy wafer
and mask level microscopy for critical
dimension measurement, overlay, defect
detection, and analysis

Surface charging and contamination interfere with electron beam imaging. CD
measurements must account for side wall shape. CD for damascene process
may require measurement of trench structures.

Standard electrical test methods for
reliability of new materials, such as
ultra-thin gate and capacitor dielectric
materials. are not available.

The wearout mechanism for new, high x gate and capacitor dielectric materials
is unknown.

Statistical limits of sub-70 nm process
control

Controlling processes where the natural stochastic variation limits metrology
will he difficult. Examples are low-dose implant, thin gate dielectrics, and edge
roughness of very small structures.

3D dopant profiling

The dimensions of the active area approach the spacing between dopant atoms,
complicating both process simulation and metrology. Elemental measurement
of the dopant concentration at the requested spatial resolution is not possible.

Production worthy, physical inline
metrology for transistor processes that
provides SPC required to achieve
consistent electrical properties

Presently, the comhbined physical metrology for gate dielectric, CD, and dopant
dose and profile is not adequate for sub-T0) nm design rules.

SPC—statistical process control
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Table N Modeling and Simulation Difficult Challenges

INEEICULT CHALLENGES 2100 nnm »~
THROUGH 2005

SUMMARY OF ISSUES

High frequency circuit modeling
{=1GHz)

Efficient simulation of full-chip interconnect delay

High frequency circuit models including non-quasi-static, gate RLC, substrate
noise, QM effects

Accurate 3D interconnect model; inductance effects

Modeling of ultra-shallow junctions

Diffusion parameters (such as from first principles calculations) for As, B, P,
5b, In, Ge

Interface effects on point defects and dopants
Activation models (In, As, B); metastable states

Implant damage, amorphization, re-crystallization

Unified package/die-level models

Unified package/chip-level circuit models

Integrated treatment of thermal, mechanical, electrical effects

Model thin film and etch variation
across chipfwafer
{Equipment/topography)

Reaction paths and rate constants; reduced models for complex chemistry
Plasma models; linked equipment/feature models
CMP (full wafer and chip level)

Pattern dependent effects

Model alternative lithography
technologies

Resolution enhancement; mask synthesis (OPC, PSM)
Predictive resist models
248 versus 193 versus 157 evaluation and tradeoffs

Next-generation lithography system models

Reliability models for circuit design and
technology development

Circuit and device level transistor reliability: oxide TDDB, hot carrier,
electromigration, NVM reliability, SER, ESD, latch-up

Model new interconnect materials and
interfaces

Electromigration (physical). grain structure, diffusion  barriers, metallurgy.
low & dielectric materials

DUFRICUL T CHALLENGES < 100 nm 2 BEYOND 2005

Gate stack models for ultra-thin
dielectrics

Electrical and processing models for alternate gate dielectrics, and alternate
gate materials (such as metal)

Maodel epsilon, surface states, reliability, breakdown and tunneling from
process conditions

Nano-scale device modeling

MNew device concepts (using quantum effect) beyvond traditional MOS; single
electron transistors, effect of single dopants, etc.

Atomistic process modeling

Accurate atomic scale models for process integration
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