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CoO Sensitivity (Impact to $/GWLE to input parameter)
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Normalized Input Variation
Figure LITHI Plot of Normalized Cost of Ownership as a Function of

Several Normalized Input Variables
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ZITCOA BN E. NA I 0T nsingy THADLND, n 1H, LA — LU AN OBYE | itk BeD
L RFZA LAY B IR/ND JEIT R TH D, ap T2 EZEP TR SNDGEE | L XD 4
IZEBID YRR DR R DA DA FETh 5, k TV U AMERE, EiEa ha—L LF I DRE— R0
a2 Aa b — VLS TEICREL T B ERAER CTHDH, 22 CTh/h—TEF X NE7e~HEDT A4
IRY— B ER B TCELEVIZEEFERL T, V7 T77 OB IR R T EREL QD32 — 2 D i/
filE. 37ebb ¥ — BT ThD,

T —HATT—FINIT 74— DAL, B OSSN AN T, LY AR CD 22 bt
ZLTCEARBIEZHIRT D, BT 4— VFHNO— R TTPREINDT A — DATFRE, E3E R
(DOF : depth of focus)iZLL FT/REND',

A

DOF =ky
. Zr T J
nsin“| —sin~ (—sina,)
2 n

ZZT.n=1THY, NA<0.8 TIL DOF IZLL F &7 5,

NA
TEHK2 &KL, &, 7oA =P AR BROARE = AR L TS, L3> T
VY757 4D RIE, JVEWER K&V I EEF OV AT LE JO/NS7e k) T KB EOEN
INE— BT D ETHD, 193 nm(ArF)X° 193 nm(ArF)iEiE, 334 EUV(Extreme Ultraviolet)%
WPV AT LTI, VYT 74O EE DOF DA —U2 713 [1]— [3]12UZHED,

SeSmD VT A ANEDV Y TT7 28T D EEEIN THORT D780 A7 7 7 AHB(OAL off-axis
illumination), iz 37 h~ A7 (PSM: phase shifting mask). 3T %h 54l 1I£ (OPC: optical proximity
correction)7¢ & D A £ 47 (RET: resolution enhancement technique)?’ 193 nm i £ OFE N2 A7 AITH
WTHEIEREEEDIL TN D, RET (ITIIZ, i NA fbEL > ZNGEDARIEAN G Y 7T 7 4 DIEM D721
RSN TG, ot Bl o AHF ALV = — A RIR T 7o T HRIRES L) Y 777 4 ik 5 F
BtEU TG, & LITHL ISV Y 7T 7 4 %Rk T2 DI HWHiLS RET EFIEOFRE TR T, IRIZ
R SHAT AR OPC & RET D323 0 N #E T il 270> T, RIRIEIZAKZ VDI LT, NA 1
1.35 ~EHOHTENHKDN, 1.35 B2 5 NA ~OIEEICIX, mEITRM AN EES NS, £ LITH3
\Z hp EXLEEIID NA Zn T, IRIRIZELRSIVA BT I, 1ZIX NA/0.93 Th b,

32nm N—T7EwFEENLEICH T HERIL, BEOULEEITREE, BEITEL MR, B&
OEOEWEITROL VARSIV ERD  HDHWO X, ZEEEEMT2306E H S eV RY, ArF VY7
TT7ADREN A TND, 32 nm N—TE Y FELNLERIE L, RIRVY 7 T 71 &kt 3 04 7 a3,
2 BZEN LA LD~ AT RG =0 Z 3 H 28T D, LALLM, 2O HFIEIFAEOEAT L0 224l T
<THEFARBZ2W, B—R vy 72 E THIT T 72D121E, BUV, ¥ A2 A(ML2: maskless lithography), >/
TR, LT, WD RS X, DSA(directed  self-assembly) D X5 72 Rk XU 7' F 7 ¢+ (NGL :
next-generation lithography)f it DA & I Z O M EELTHTHAD, ARV 7T 7 (1T FTEBINTHT

' Burn Lin, “The k3 coefficient in nonparaxial A/NA scaling equations for resolution, depth of focus, and immersion
lithography, ” Journal of Microlithography, Microfabrication and Microsystems 1(1), 7-12, April 2002.
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LWAY T TANT I F v DR NN EL/2 570, JEL2D T, TN HERFNRilE ) 2— gt
L CIEMETEDNITH D,

Table LITHI Various Techniques for Achieving Desired CD Control and
Overlay with Optical Projection Lithography

MPU M1 contacted

) 160 nm 120 nm 90 nm 65 nm 45 nm 32 nm
s pitch
k; Range [A] 0.48-0.52 0.47-0.53 0.40-0.43 0.31-0.40 0.28-0.31 0.18-0.28
Design rules Allow Og(éAa;d PSM, Litho friendly design rules

Contact locations,

Restrictions . . . library cells checked
Pitch o

(cumulative) iich and orientation for OPC compatibility

and printability

Double exposure

Features on grid Restricted feature set ; .
compatible design

Model-based OPC
Model-based OPC | with vector simulation,
Model-based OPC - Model-based OPC | with vector simulation,| SRAF, polarization

Masks -
. .. (MBOPC) on critical MOde.l vbasled OPC W /SRAF on critical Iayers, with vector simulation,| SRAF, polarization corrections, variation
(Optical proximity verification of entire corrected layout with . ; - . !
. layers, SRAF on gate . . SRAF, polarization | corrections, variation | of OPC intensity by
correction) simulation A ) ) R
layer corrections of OPC intensity by location in circuit?,
location in circuit? magnification
increase?
(Gate and M1 layer cPSM and EPSM APSM, EPSM and hiT APSM_, hiT EPSM, APSM, _hIT EPSM, double exposure with 2x
mask type) EPSM dual dipole larger pitch
(Contacts/vias layers - il EPSM’.
K type) EPSM APSM, EPSM, HIiT PSM double exposure with
masx type 2x larger pitch
Resist
Thickness <400 nm <350 nm <280 nm <225 nm <160 nm <120 nm
ARC, hard masks, top
Substrate ARC, hard masks ARC, hard masks, top coats coats, contrast
enhancing layers
Etch Post development resist width reduction
Selection based on aberrations, automated ) - Aberration monitoring
) Aberration monitorin )
Tool NA/sigma control 9 and adjustment
(Illumination) Off-axis illumination Quadrupole Custom illumination Custom illumination, polarization optimization

Dose adjustment

Cross wafer dose .
Dose adjustment across the wafer and along scan across wafer, across

(Dose control)

eSS slit, and along scan
(Process control Automated process control with downloaded offsets Automated proce§s control \{wtlj downloaded offsets, metrology
(CD and overlay) integrated in lithography cell
MBOPC—model based optical proximity correction cPSM—complementary PSM APSM—alternating PSM
EPSM—embedded PSM  HiT—high transmission ARC—antireflection coating SRAF—sub-resolution assist features

DE/DP—double exposure/processing

# LITH1 O
[A] VYT TT7 4 EITHRV Y 7T 7 4 DME S TWDERE,

PR 73 A

B/ IN—T S TF DR/ NS DT ET, b EELVY 10 OREEZREINFREA & LITH2 1T
T ORI, A —V2 7721 Tl 65%0%@%1&%&0@\5 IHOXOHIENL, HEORS
—V 7 aMERFT A7 TR LITUIR, TEOAR =V 7 UL BICRHICSETHIENMETHD, <
AYBERE ) e~ AT AARNDIEKRIT, VY 7T 7 4 DA% DI RIZEHEE CTHOMKGRIZIFE N TO20ERH D,
PLETOHERAY 72— R~ 7 OANE D5 . F7 2 MPU O —MjIE (RARTF), BIOME W k1 VY7
Z7 41255 MEEF(mask error enhancement factor)fEEODHENN D728 | < A7 D#{gE= L M — )L )NVRRIZ A
7R E&L“Cﬁ%hb)o’(%to BHE7: OPC & PSM #5iE D~ 27 DIERLIZx L, A7 filigdkiE L 7 ot
ADERENTEE 7=, —FH T BAR 193 nm FHO~Ar 7 av AL, BB s E B 5, K. CD
T ha— L ERE— U LE RGO L XL, ﬁiﬁﬁ CRIBICHEL TRY ., LOMHERED @\~ Ay Tl ik &
DT B NLEELEN TS, Lt~ A7 DORYERIR ORI D73 2SO E Y 7S4BT 84
LT 22 EZRR T HZ BRI 72> T \%f)o H%éﬁﬁ& #5(ESD: electrostatic discharge)lZJ 5~ A7 15
ITEWREERE TH TS, v AT RE = A ZXDRE/INCED | LVIABAST-RIEIC 725 TSN, £
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BT = — BT ESEREOHEREY )~ A7 TR ES D AR R e s R R &L > TET,

INET IX 55X, BIW 10X DSAZERE HOWOLILVTETZN, EifiE7> TS 4X DV AT[EHRT
X~ A7 VERLO R &/\7/XL71LT'71—/\L0> AT 4 — VR ERKRIZTED, LL, WLOO R
END~ AIERE RELTDHEVIFEM MDD IREIN CND, ~AZOIANIEME: RET 2 fRAIZfE
HESNAINNTI2oTe e O RIBIZEL 2o THRY, IV KRERELEOAZIX 4 X < A7 L0R0 L7250
LIV WGRETE : A7 O = ~HENRREWZD AT RGEN B G 225729 ), RIATEHTD
NA>0.9 CURIRV Y7 T74TD NA>1.2 TIELV AD KREILEBNBIRNIREL 2D, AT — UV E LR
FEEE DA FEMILE L SUGESNT O JO/NERBHT 41— VR AXTHLY R WAL—T Y R 55
NDINH LIV, SBHIT 4 X AV IZRBITHYATHEE O HEITAS RW R EFRRBEHDNITENLDE/hE
LTpoTEY, ZNHD/RE—AXHEE O —EERIET D, -HENERED 0.5 (5025 2 (GFOHiPH TiX, &
G —1E TE(Transverse Electric)ff /S5, ¥~ A7 DT X TOFT T TH 72 mIEIRH L7225
RN VAT ADOR =S5 E L TRV END, N—T =2~ RATRL R T~ 27D I H77
BIRG~ A7 % i T DY 7 N =T I2IE, VB CRE R EBRR T T VDB EINDS THAD, &)
[ZIE~ ARG L DRI GIT, FEERE 4 BRI~ AIERERE DITHRFTT 23580 L
N, L, v AZIARNEL V Ra AN BT —T07, MWV A GRS TEZ DB T 1 — VR A
ADINEL T2 D028 AT v F o 7 FICiE TE 5190 uuu+éﬁ’b5?/7 DY ARIZEESTHTHAD,

CD a2’ — b~ EREZFENR T HOIT, RET 03— @it ~DHl R, 512 APC(automated
process control)237 LITHI (ZRENADIDITHNWOND, IV T TT Db > L e ~DOILiRE FEBUT 5T
OIZIE, FEH 7R BERZBWT, IR HEOD T 072 CD B K52 La LB o2 L
DL THD, ZHO Fhild, DFM(design for manufacturing)® FHil L CT— A RESILDH, DFM (%
AT @Eﬁmﬁ@ﬁfﬁ{h IBWTHEEIES &2 E BT, S5 IC #iET v 2% it O ERE
B/ ANTIRAET D7D bS5, FEMIIZITEE R TG 7 o v R8BI 5T X CTOWELHI 72
T%%i‘-_?‘k%@%ﬁéﬂa\ﬁ‘ﬁ@%uﬁ%ﬁoflﬁl%@%ﬁftf%éﬁ%bhm\Q OB ~LTIL, i%EE
IFHELEIZB W TPEREO BWIA T VBN Z BT HI010o TV, SBITIV T I7T7 4 2y TF 7 B
JFOCMP 7 etEAD T Ial —Taid, LA T U ETRE XL DX IR EINCT W 4 — 7 ARy R
IRNNEIINTF o TR E T RLDIAE SN >0b b, ZHHDT4— I AR D FEFE T~ A7 -
— O CD EIEEIZIREEND, T —HAREEINNIT AANF = TRV A — I ARy DT A
B EERRIZT DI EEESIND, BEINTET 4 — 7 ARy MEOTR T 35— SR OB A
TSN AZENKETHAD, FLT, TNHLDOT 4 — I ARy NIV AT U MNERERLE T o A 2B
HEZBVAT DXRESND, T4 —TARYND Y T T =T ZL DT E BV OB AT T RA~DT 4 —K
Ny 7O HEMEIE EDA 77 AVl TREMBAIZHELED DIV TD, DFM Y — /L EZOHEFIE, U=
—N\T 7T TR DR fe /ML, W IER SRV E R T AT DI AR A RIZRDHTHAH, DFM (2B
THHELWEFRITHFTOFEEAZROZE,

VI T T 7 4B @B E D /R 2 — =0 7R A REIC T A Z LI Z > TR O RESH 7D DR X723 AR
HIRZ 322 TET2DS I AR EFE R (RODEZZAILE TOERML ~IUIZHERF T 22 L3NV KR EE
7o TCUND, NATEYI T T 4 AN %ﬁé:h%@%ﬁ%zib&ﬁﬁuy7§74®ﬁf£%ﬁ”ﬁ’éw7§74
THREBETHD, WKV TTT7 4% EHITIEM T D720 IIARE BT ROWIZIK D T Tr3iF—r
KELEH N T VMR R T2 LWL VAN LT, JDEMER~ A PNERS L, £D~< AT
0)1’15% TN TR B SN~ AV BGELEE LR BN LB LSS THAD, 450 mm 7= — " ~DFAT

IZBWTUIBNEBOAT — VRGN vy GREFE  a—F— T4y ] Oa—T 7 HIICE
FDESNLTETHD, TNHDOE BIZEORLBREHENEETHTHA),

MPU |[ZBIF57 —F CD 2 ba— L ~DHERIIVY 7T 7 DT atAar ha— IR O FE)
%ﬁ*i%%zéo ZHUTIEV R T T LUAMEEN, BROANR U R EEND, FFICEREEE
CD Died DT Aa s da— VIEERBRETH S, IOIZ, 727 —MEIZ DXL DD T 7 R A,
BTy EL T SHEE —PE(CDUNSIZ LR TG, T atRar ha— LD IR L7225 AR
RN DSBS & B D ) 5 ISR 6D BV IF N D B G %338 Ui 72 20 B A Tl L AR
® LER(line edge roughness)i&” — }‘U)ﬂ‘?f@ﬁ?u%ﬁﬂ?ﬁv‘/“X]\@ﬂ‘OJV“‘@E@jﬁ%é61720’(%737?&5@%
(27202055, WYY 7 T7 1%, Bt EEN I E CRE IS ELE SN2 e W FIEICE

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2007



675774

DSNTWETZ, S CIEER BV ELEL T4, 2O E L, BT 5725100 T2l Ak
hFABEN T RED T2 D DG LR @R AT e 2R T L ERH D,

WRIRVY 777 4 DB NI DOF LWVIEEZ L5 LT, A v U RFR@ G, T fia Lmie, &5
(ZIZV A7 VAR THRAT DT NERIRIEDO O/ TZERMLETH D, WIRIRITT =— BIZEDZ
EHHY | ZIUIAT AL ZREHRI T, oL VANRIRIESC Ny 72— MAE O LB ThH D, ArF K
RV Z7 4% 45 nm ~—7 "y FHARIVIEETHEIEIXT72O12IE, AKREDE EWIEITER (>1.44) DK
& CaF, RA A TE (>1.56) LD mWEITROL AR METHD, ZHHOM BN, KRV 7774
BRI A~OHE A M ER BRI T 5T X TCOERE M- T LERHD,

T, G EIXD X OERIZI =2 HHERIL, TN TENDOT NAADEE S EHFEE T
ﬁ/ﬁkﬁ“ézlwﬁééﬁfoc?a? TR DN TND, Alt-PSM & Trim #%, X 7 NAH AR — VBN E | %500
TEBCEINT. BEICAFEICH DTS, 2SO EIF I ET R R (k1=0.25)1 238 A4 S AR5,
BEMRBISN T HT LW ERSEHIN X, —ERIEORINTRA A2 A G4 BT _REH B ES
. ZNDIE, R R L EFENCEIROBAICEY, Bl 777 T E R E ), n—K~y
7ClL. BH#EIZ. Double Exposure(DE)i%. IO HAOESOMEHIATW, o/ —FRlDO Ty F 7 T
F2C. Double Patterning(DP)IZ, O\&EDDT NAADEE, . HDDRIDFTEN LTy T 7% HWTIEKT D
LIEFL TS, Zl, DP IZBITHHR &7 CDU O3 =y ML DE ([2I37W oy F L 7R T AD
< F T LTI ER N D, BIDSGFED DP (X, AX—H— =T ar AT, OLoDIV T
T4 TRICH T, BEOT REyF 7O TREM T, HMOIVT 4N Ie B — 2 E BT 5, A
Rt —=F TN RE == TIE BN TRRZHI T 203, OE DD RZ— DLEZRD DT
TSN —AFRESID, ZOH—DFTNEEH Oy T 77Tt ATk 52 RI%, 2008 ITRS
update |25 5,

Double Exposure Double Patterning Spacer double patterning
e e s ey VS " m o= om M
|| || || ||

B B B eose N B B Frint

H k.
trenches ardmas trenches pamiaer

[
Mask 2 Mask 2 Spacer formation
— E— — — —

Expose Coat and
Il NE NN .trer?ches F * expose j’
second

Oxide deposition
CMP

B — 3 spacer remove
Develop hardma_sk I I Bottom
layer  —
Figure LITH2 Schematic Process Flows for Double Exposure, Double Patterning, and Spacer

Double Patterning

IRE—= 2 T DFEIIINAZ T . DESL DP H, —ODVATDE T, BbAWE. - OD~ AT DD E
BT, IVTATINTRT INA AR — L INTE R ENDIND D — AT AR KD, H—Dr—AlL
TOOBHTREMEABNC RF L BRI DHLD T, JIKHDTr—AThHD, TDOJEERD CD & Overlay
1L, ENENDOEANOIRDMEE D72 O AGDEICLVEREIND, T2, T A ADfE%E
WROHY AT, ENEI., EDOEEHE— D~ AT TR T DGR TELLVY CD v A7 Z— il
EOHIEZ R LT T2 0700, X LITH4 Tlid, AL AN v A% R LT, 742, w ik, Z7U7
ATINVIRNE =T wl, w2 1T, FIE, B OB R OE OB MRS/ NF— 2R T
5o _ODBENDOEREDLETT— x X, ZVT AN 72 2= DY AR E L2, TNENDFE
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Hlzksd CD OZET, FABNIES | T F LRIEb o EHERISNDZEND, IR CD 28N, [4]&7:
Do

OWmptall = OwiZ + Sw? (4]

Uncorrelated Correlated

Mask 1 Mask 1

|
Mask 2

Space is critical feature Line is critical feature

DP T, HHBIDRWFAZHADENICL Y, 2 U T g DITpNK — AR N—R) PR E V(). —ODEN
DUE X THBIBIE D SIS LD, 2 U T NI = AT ) PHRE B,

Figure LITH3 Double Patterning: Uncorrelated Exposures versus Correlated Exposures—
Critical Features

-+
!

Mask 2

FHBGBIF DHEV BB TlE, FHENDT X2 U T f YNNE — 2 DRIEM DR FRE L, EENDE, WLl T, #
BIBIFE D B 3 FEH TIL, ENENDEENIT, 27V T 4 GNNE =2 DT ZD—FHEF L, NE—2D2 YT YN XDDRE
1212, ZODEERLEIZ RS,

—> <—
! Il !
: s, Il ! S,
— ;. —
Wy i i Wy
! !
! !
! !
! !
! !
! !
! p !
—>
Figure LITH4 Double Exposure Cross-Section Showing Critical Dimensions

wil & w2 DJFRIL, BRADOET T —0x, 2573 " ODFEHICLVRE D, FFRE LT, X~N—X51, 82 PIE6ND, FANL IDE >
Flt, p TH5,

OB TRENERS T, ZNENT NAADIVT 4 1NV E— 2 Z T DA O 558 N0/
—ATlE, CDU DRV =y M, R4 — /=L AZFDRT TR BRN, 728785, CDU ZRITE T |
FHRHOBEIVLFLOMNS T, ZHUE, A ETICEWERH DL~ AT 82— OB E DR LR
%o KTIE, AN—R s BDIVT A IINIRE—2ThD, ZVT A TINVAR—AD R, ERbbE =7 —
X CHAXHHEZ 5 s1 EJib 75 s2 THERK S 11D,

1
Si2 = p_E(Wl +w,) £ ok

(5]

TR AN—AYAZXD T — X (I RIS T F AT ZADEE DO AT/, [l 5 D
(wl Ew)bERbbE T —(§ x)DEEEZITD,

EUV UV 757 41% 22 nm ~N—7EyF MRS EEES A1 ->TE 32 nm ~—7 "y F A58l
I ONLE—BNOffE 52 5L PRI TS, EUVIYZ 57 013 13.5 nm O E2 4585
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B TE 1/4 Fi/ OB AFHMThHD, ZOWRETIEIT X TOMEFCIEF IZHRIN DB RENTZ0,

WHFRIIT NP L TR SN, ZOKEEEIT 13.5 nm TEREED D72 L @M
=T AT ESITND, BUV VT T 7 %8N D720 D E/2 I N—R VDT IR A 133 LITH2
IRENTWD, ZZAIEZLL FOER BT BN TWD, KB E D~ A7 T T 7 ADVER Tt A
BT — @R EUV R, +7eFFm OB F R, MBI R B G LR 0 ETDIT
—DOHEYEIE L, 13.50mm FHETOESWEEBME OO ORKEOEREF L BT, +o/h&S7
LWR(line width roughness)& & & E A g OL DAL, BIORUZLL ZATRIISD~ A7 DR,
F72. EUV U797 030V 7 T77 4 LIBRAENDT20 , BRAEOOIm@ AR 7 RSN 465
N5,

EH#(Longer Term)iZ3\W\ Cid, RAH, Kifa, CD 2 ha— LIk F 57 0B AEfEA~DE R BT
ntAarha—b LUARNRSS AV BB ARRE ARG IC B ZE T THhAY, ATV R Y
T 74 MMERASNDE AT, v ATREICBIT DL A to T —H_X—ARE NV =— /DX {to T —H~
—AREICEEIMX ONDI DT SAVERIND, AT VN T TT DT T —REREE: LYY
TITTLTORAZIHHE L, Vo= EORE— LRICRESDR M7 EOERIITF LT
T Cob, VIAMIEIS DRV DS B EMETHAD, WRIRVY T 77 4% 38T HT2DITIE, Bz
VOAMIB IO EWRIT RN NI LELRDTEAD, R AR EK S o — M S LTS
PFAS(perfluoroalkyl sulfonate){t A ¥ DA ELS BT 221T T 20700, JEHGERED NS TEDD,
FBECHEARE DB =72 FIENROIRY AL O AR OBR YL UL B E L P AN BT D /hN—T
FHHIR TG LavZeyy, Fio, W7o [ 7o AR B RS m O SHERIEINE S /NES72 LWR &2 AT
HUTAMAERS BT A,
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Table LITH2 Lithography Difficult Challenges

Difficult Challenges > 32 nm*

Summary of Issues

Optical masks with features for resolution
enhancement and post-optical mask
fabrication

Registration, CD, and defect control for masks

Equipment infrastructure (writers, inspection, metrology, cleaning, repair) for fabricating masks
with sub-resolution assist features

Understanding polarization effects at the mask and effects of mask topography on imaging and
optimizing mask structures to compensate for these effects

Eliminating formation of progressive defects and haze during exposure

Determining optimal mask magnification ratio for <32 nm half pitch patterning with 193 nm
radiation and developing methods, such as stitching, to compensate for the potential use of
smaller exposure fields

Development of defect free 1x templates

Cost control and return on investment

Achieving constant/improved ratio of exposure related tool cost to throughput over time

Cost-effective resolution enhanced optical masks and post-optical masks, and reducing data volume

Sufficient lifetime for exposure tool technologies

Resources for developing multiple technologies at the same time

ROI for small volume products

Stages, overlay systems and resist coating equipment development for wafers with 450 mm
diameter

Process control

Processes to control gate CDs to < 1.3 nm 3¢

New and improved alignment and overlay control methods independent of technology option to
<5.7 nm 30 overlay error

Controlling LER, CD changes induced by metrology, and defects < 10 nm in size

Greater accuracy of resist simulation models

Accuracy of OPC and OPC verification, especially in presence of polarization effects

Control of and correction for flare in exposure tool, especially for EUV lithography

Lithography friendly design and design for manufacturing (DFM)

Immersion lithography

Control of defects caused in immersion environment, including bubbles and staining

Resist chemistry compatibility with fluid or topcoat and development of topcoats

Resists with index of refraction > 1.8

Fluid with refractive index > 1.65 meeting viscosity, absorption, and fluid recycling requirements

Lens materials with refractive index >1.65 meeting absorption and birefringence requirements for
lens designs

EUV lithography

Low defect mask blanks, including defect inspection with < 30 nm sensitivity and blank repair

Source power > 180 W at intermediate focus, acceptable utility requirements through increased
conversion efficiency and sufficient lifetime of collector optics and source components

Resist with <3 nm 36 LWR, < 10 mJ/cm2 sensitivity and < 40 nm %% pitch resolution

Fabrication of optics with < 0.10 nm rms figure error and < 10% intrinsic flare

Controlling optics contamination to achieve > five-year lifetime

Protection of masks from defects without pellicles

Double patterning

Overlay of multiple exposures including mask image placement, mask-to-mask matching, and CD
control for edges defined by two separate exposures

Availability of software to split the pattern, apply OPC, and verify the quality of the split while
preserving critical features and maintaining no more than two exposures for arbitrary designs

Availability of high productivity scanner, track, and process to maintain low cost-of-ownership

Photoresists with independent exposure of multiple passes

Fab logistics and process control to enable low cycle time impact that include on-time availability
of additional reticles and efficient scheduling of multiple exposure passes

*Lithography challenges >32nm versus the convention of the 2007 ITRS for challenges of >22nm will be reviewed in the 2008 Update.
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Table LITH2 Lithography Difficult Challenges (continued)

Difficult Challenges < 32 nm* Summary of Issues

Defect-free masks, especially for 1x masks for imprint and EUVL mask blanks free of printable
defects

Timeliness and capability of equipment infrastructure (writers, inspection, metrology, cleaning,

Mask fabrication repair), especially for 1x masks

Mask process control methods and yield enhancement

Protection of EUV masks and imprint templates from defects without pellicles

Phase shifting masks for EUV

Resolution and precision for critical dimension measurement down to 6 nm, including line width
roughness metrology for 0.8 nm 3¢

Metrology and defect inspection Metrology for achieving < 2.8 nm 3¢ overlay error

Defect inspection on patterned wafers for defects < 30 nm, especially for maskless lithography

Die-to-database inspection of wafer patterns written with maskless lithography

Achieving constant/improved ratio of exposure-related tool cost to throughput

Cost control and return on investment Development of cost-effective optical and post-optical masks

Achieving ROI for industry with sufficient lifetimes for exposure tool technologies and ROI for
small volume products

Development of processes to control gate CD < 0.9 nm 36 with < 1.2 nm 3o line width roughness

Gate CD control improvements and process Development of new and improved alignment and overlay control methods independent of
control technology option to achieve < 2.8 nm 3o overlay error, especially for imprint lithography

Process control and design for low k1 optical lithography

Resist and antireflection coating materials composed of alternatives to PFAS compounds

Resist materials Limits of chemically amplified resist sensitivity for < 32 nm half pitch due to acid diffusion length

Materials with improved dimensional and LWR control

*Lithography challenges <32nm versus the convention of the 2007 ITRS for challenges of <22nm will be reviewed in the 2008 Update.

UIT 57 4—FIITTAT AR
V757 a—R<y 7 OVLBEIEB I TOT7T—7 )V TERSIND:

o UVITIT74%RGER LITH3a & b)
e L UANER(F LITH4a, b, 5L Nc)
o  VAJHIR(F LITHSa-f)

MPU D/NE72 5 —hR(my F U 7T T B RIZA Y 17 aERas ha— L DO D EER
EAE AT, =T U T HBRORKST —N CD ZHEROFFHME £ 12% THIE T2 Z &30 IV KR # i
2o TEIZ, 2D 12%I1E, T HRAADERTH MDD, ZCDIVTAIINIRE—0 D T 4—)LRH, Tz—
N, T=— [, By MEOZEEINE FIL TN D, BUEE DT A RO/ MU T Z I —iBy T, K0
N2 TS, LY AR SIE = RETER T HZ81E, VI F77 47 v R BV T RER T AT A
VRUEMESTE, CD 2 b — Va2 ETE5, £72, LSI A~ —1%, "F—=0 7 % IV EB AT HE
IZT D70 FH N —NVEERHLLODOHDL, AAaal I nNsD) 7T 7 47 R)IeT A —)b
ZEFHTDH L TEEREE A RIZT7EAS, F/2, LER & LWR OFEFHEE~D N A NS LD
(27257 AR ARSI NO D Z EREICFHAI CELINCH BESNAMERHSH, LWR O E JE
B R E ., Al 7 a7 7 AOVOEAMR IS B T 5, RE7e 28 MR GRA TE e B 0 Sk s & 1
TNTBITD LWR 1T A ADIEW I LD T P28 7 — s EOEBDJFK L0 D, ZOEEL, bFr
VAR DV — I BIRABIINER &2 DT RAEZDAL—RDEH DXL  IC DXAIL 7 ED A
L%, 74 DIEE LER b %o, /NS7247"—RD CDU =7 — Y xvh, £ LER/LWR Correlation Length
\ZB3£% 9%, LER/LWR @ CDU ~D % 54313 ek Do —R <7 TCHERIIL TV 2 LER/LWR Q5K
D72 EE D ERIZED (T, 2008 ITRS update TULEESND, ), X7 MR—/LDIERK TILTy
FLoTHDALZINR—= N OHEIL VT FT7 45 DLV ANHELNSHIT NS 72D, ZHUTIR G L i
D MPU O — MO Z R LR ThDH, F LITH3a & b 2B DL,

Bl —  BEE LR b —L /NS LWR, 2L TR et 28457 P AR BRI
SNDMENRD D, TERTIENRIV NS 25720, KifalE /) ~—IZRIRE DO RKREXIZRD, LY AND T 4
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WV T BT HTHAD, & LITH4a-c B ROILE,

N AISDERIZIVT 4 TIVIEIZKT T DB D Th D, MO A FERIT DI nEE 2 b, /ER3
HIENHEL, TRTORMARY Y 7T 7 A(NGLYH~ A2 I F~v A7 L B> TEY, SHI2WT o
NGL £ b~ 7 VA5 Z L 1XTEZR, NGL ¥ 27 DERIINFV I T F7 4 DFNSEFE N R -
TWDHDT, ¥~ AZ, EUV A7 BIOAL TV AT U7 —MZOW TRl 2 OB BEINZ(Z
NZH., % LITHSa & b, 3 LITHSc & d, 3 LITHSe & f), EUV &ALV TV DR E T/ 8—F514H D
KT F~ A7 LB O— AT R E | FHEHINITFFEDOL DL TSN TS, A7V MIND

MNERENH DD T, ZZ TITEINRIZ L > TT o 7L — M o LT AR 2 AL S B 5 LWV SR AR T /A
7ok (UV-NIL) D ERZFED THD, £z, EUV v A7 T LD EH T ha— L A3 ET&;D =
DICY AT DR ZIZEAT Dk 4 72/3TF A—2 DBERNPIMAHIVTND, BUV Y AT T ZU 721, /h&
foekfsl’%%%éhm\t&)\ LR ERE LXK G e AOBRNLELIND, (VT J/I\EHT/7V

X7 == ETORIREFCSHEO R A M YD ML ETHHH, CD, /\°5'~/ﬁ6%\ BILUOKMHE=
/mww@%z BNHHEI MDA TD 4 X~ Z7JD 1/16 E/hEW, EIZEZ ZNHDSAZ DK
MaR A I L\ CTH A, EUV < ATRA L TV T 7L —RZ if\U%Wb EHTEZRW D | R
ek, BEEE COME A ORI RI NG~ A7 AR THE T DT OFFRIEN BT STV, 7T ARSI LE N
5D, INHDHIpo7= NGL ~ AV ER T F~ A7 TEEIC L 72> TCWD~ A7 Da Ak EFafEMT
HIVH L LAEIELE TSNS, CD 22 b — /Lt ERAEEOHFRMEIIER THZENRHEH LW
FRTHD, BREEIFREIL, BWBEY CAEVEIEZELT-OIZIVE L /2o, LU ADEIZLD
HRAERAEAOREZRTD, B—EENF V2 — OGO IV T 4 IV IEZBEE AT D7D
FENDDHELNRND, T4 —R NI ET 4 =R 73T =R O OFEN, 7o REE (AT v/ AF v
ERTIUNNZE S THR—ENDHLERH D, FEFRIEAED RN —H O IEET L ET NIV AIHES T
BB HEE 7L — LU —2 & CIM VAT LN ETHD, HEI 7 a2 HIE(APC)~DER|IZS
VTl Factory Integration &2 A% O HI CREMIZFERR T 5.
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Table LITH3a Lithography Technology Requirements—Near-term Years
Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM : pitch (nm) (contacted) 65 57 50 45 40 36 32 28 25
DRAM and Flash
DRAM ¥ pitch (nm) 65 57 50 45
Flash % pitch (nm) (un-contacted poly) 54 45 40 36
Contact in resist (nm) 72 62 55
Contact after etch (nm) 65 57
Overlay [A] (3 sigma) (nm) 13 11.3
CD control (3 sigma) (nm) [B] 5.6 4.7
MPU
MPU/ASIC Metal 1 (M1) % pitch (nm) 68 59 52 45
MPU gate in resist (nm) 42 38 34 30 27
MPU physical gate length (nm) * 25 23 20 18 16
Contact in resist (nm) 84 73 64 56
Contact after etch (nm) 77 67
Gate CD control (3 sigma) (nm) [B] ** 2.6
Chip size (mm?)
Maximum exposure field height (mm) 26 26 26 26 26 26 26 26 26
Maximum exposure field length (mm) 33 33 33 33 33 33 33 33 33
I(‘fn“;,‘g”“’”ﬁe’d area printed by exposure tool gs8 | 858 | 858 | 858 | 858 | 858 | 858 | 858 | 858
Wafer site flatness at exposure step (nm) [C] 63 54 50 45 40 32 29 ‘ 22 ‘ 17
Number of mask levels MPU 33 35 35 35 35 35 35 37 37
Number of mask levels DRAM 24 24 24 26 26 26 26 26 26
Wafer size (diameter, mm) 300 300 300 300
NA required for Flash (single exposure) 1.01 1.20 1.35 1.52
NA required for logic (single exposure) 0.91 1.04 1.20 1.38
NA required for double exposure (Flash) 0.72 0.86 0.96 1.08 1.93
NA required for double exposure (logic) 0.62 0.72 0.82 0.95 1.06 1.19 1.34 1.50 1.68

*MPU WHL — MEDOEAEE T — 13K D DT —F 77 )L—TF L OTRC (2L THRIES =, (2008 it Tl,
HAIFEN A AU AR A O SET 2R FTL T D, RETE)
*x Lot 3AERNC I DR BDFISN : RRFITESI T RNA, BLET 52215 50D TIEAR, GRETE)

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known | @

Manufacturable solutions are NOT known _
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Table LITH3b Lithography Technology Requirements—Long-term Years
Year of Production 2016 | 2017 | 2018 | 2019 | 2020 2021 | 2022
DRAM ¥ pitch (nm) (contacted) 22 20 18 16 14 13 11
DRAM and Flash

DRAM ¥ pitch (nm)
Flash % pitch (nm) (un-contacted poly)

Contact in resist (nm)

Contact after etch (nm)

Overlay [A] (3 sigma) (nm)

CD control (3 sigma) (nm) [B]

MPU

MPU/ASIC Metal 1 (M1) %2 pitch (nm)
MPU gate in resist (nm)

MPU physical gate length (nm) *

Contact in resist (nm)

Contact after etch (nm)
Gate CD control (3 sigma) (nm) [B] **

Chip size (mm?)

Maximum exposure field height (mm) 26 26 26 26 26 26 26
Maximum exposure field length (mm) 33 33 33 33 33 33 33
Maximum field area printed by exposure tool (mm’)| 858 858 858 858 858 858 858
Wafer site flatness at exposure step (nm) [C]

Number of mask levels MPU 39 39 39 39 39 39 39
Number of mask levels DRAM 26 26 26 26 26 26 26

Wafer size (diameter, mm)

NA required for Flash (single exposure)

NA required for logic (single exposure)

NA required for double exposure (Flash)

NA required for double exposure (logic)

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |4@

Manufacturable solutions are NOT known _

& LITH3a &b DJE:

[A] Overlay (nm) —Overlay &7 =—DHHPLRAL M TERSNIZ X LY FRIDIMVETHDH, FAAIDF:
TENLE P, ZAUCKHGE T DEAQBDEDL /A — (L UANDIELBHD)DNLE P2 L3 5E overlay |3 O=P1-P2 T4
ABND, 01X X &Y HMDENZENDSXIIVEG TERII, ZOMEITY = — EOEHERAED 3 5 TRSND,
[B] CD control (nm)— 3 CTO/RZ— By F TOWLJHRIE H L~ CD OFH, XTI TT7 4L D
K7 A7 | RGeS R E, TEE, BIOLUANMILSH D)L 558 2L 2B BRI (B 201X, #&
T 4=V RN, V== N RO =— ], Sy M O3 ) E 5 T,

[C] Wafer site flatness (nm) —A¥ ¥ —/"NFv I I TAF—|ZRELIZY = —/"DAX v —I2LD), AUy N RAF
Y HMOMEEERFHIEL T2 O, A% v — Y60 26 mm X 10 mm [Z351F D55 7 = — [ (peak-valley),
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Table LITH4a Resist Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM Y pitch (nm) (contacted) 65 57 50 45 40 36 32 28 25
Flash ¥ pitch (nm) (un-contacted poly) 3.5 45.0 40.1 35.7 31.8 28.8 25.8 2256 20.0
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 68 59 52 45 40 36 32 28 25
MPU physical gate length (nm) [after etch] 25 23 20 18 16 14 13 11 10
MPU gate in resist length (nm) 42 38 34 30 27 24 21 19 17
Resist Characteristics *

Resist meets requirements for gate resolution and

gate CD control (nm, 3 sigma) **7 26 e : : : £ 5 ‘ 1.2 Y
Resist thickness (nm, single layer) *** 105-190 | 90-160 | 80-145 | 70-130 [RE{0RNESRRERS1-EH0]0) 50-90‘ 45-80 @ 40-75
PEB temperature sensitivity (nm/C) 1.75 15 15 15 . ) 1 1
Backside particle density (particles/cm?) 0.28
Back surface particle diameter: lithography and

120
measurement tools (nm)
Defects in spin-coated resist films (#/cm’) 0.01

Minimum defect size in spin-coated resist films

(nm)

40

Defects in patterned resist films, gates, contacts,

ete. (#en’)

Minimum defect size in patterned resist (nm) 20

Low frequency line width roughness: (nm, 3 sigma)

<8% of CD *¥x%x%

1.9

Defects in spin-coated resist films for double

patterning (#/sz)

0.005

Backside particle density for double patterning

(#/cmz)

20 |
0.02|
20 |

17|

0.005

20

0.02
20

15

0.005

10

0.01
10

13

0.005

Table LITH4b Resist Requirements—Long-term Years

Year of Production 2016 2017 2018 2019 2020 2021 2022

DRAM ¥ pitch (nm) (contacted) 23 20 18 16 14 13 11

Flash ¥ pitch (nm) (un-contacted poly) 17.9 15.9 14.2 12.6 11.8 10.0 8.9

MPU/ASIC Metal 1 (M1) %: Pitch (nm)(contacted) 23 20 18 16 14 13 11

MPU physical gate length (nm) [after etch] 9 8 7 6 6 0 0
15 13 12 11 9 8 8

Resist Characteristics *

Resist meets requirements for gate resolution and gate CD control (nm, 3 sigma)

**7L

Resist thickness (nm, single layer) ***

PEB temperature sensitivity (nm/C)

Backside particle density (particles/cm?) 0.28 0.28 0.28 0.28

2550 2545

20-40  20-40

0.7 ‘ 07 06 ‘ 05| 05

15-35

0.28

Back surface particle diameter: lithography and measurement tools (nm) 50 50 50 50

Defects in spin-coated resist films (#/cm’) +

Minimum defect size in spin-coated resist films (nm)

Defects in patterned resist films, gates, contacts, etc. (#/cm?)

Minimum defect size in patterned resist (nm)

Low frequency line width roughness: (nm, 3 sigma) <8% of CD *****

Defects in spin-coated resist films for double patterning (#/cmz) 5 . 0.005

Backside particle density for double patterning (#/cmz) 0.14 0.14 0.14 0.14

0.005

0.005

0. oos\

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known | @

Manufacturable solutions are NOT known _
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# LITH4a & b D}t

BRI ATF S DZ M

* VAN IR DL CANEE T —7 V(o> —R) THRbis,

ok AR E & — NRRIE = o b — L i JE S D 2 S 7R R | AR I E 3 KO R &L O AR
Ffo CWAERT,

ok LUANDESTT AR 2.0:1 235 3.5:1 O THRD GV, /32— OEIEEIZIVFHIREND, .

ook FIRAGR BE L AR AT

kakak LWR (T 0.5 um 25 1/(2¥*MPU % Pitch) £ CTOZE M JE I DR 36 TH- 25N,

T FEAEMR Z21E SEM D/ A RZAH IE LTZAME XD D EOHEEE TR O LD, FRIEIEH DXL 2 pm 2L EO R
SIZHT=> T, 4 nm UL FORIETHIES NS,

;o LV ANERDORELIIE L AR— IR E DI, WG E U TR TREZR R B T SR AR A TR
SNBHLUANE_ED KFEEFXBIEILD,

fi D ZE 4

[A] RETATVIARNRT T AT VUV ANDEEN T IT N — 0 DF FE AR OFERFRIARAET D

[B] LI AMEOErEIIRIL 90+2 LN ERENLD,

[C] BAZEMEIZ=130CHERIND,

[D] =vF U 7MHEIIRY) —ERE% 2 2F L 2 (PHOST: poly hydroxystyrene)J: #i< 7a< TIF b 72w,

[E] L ANDRIBEZAT T2 T WREZRIRTE D R - TR B 2wy,

[F] 77N EEARMICREICEENDLEMTBIETHL, 7))~ REBEE TIIINOOWERE =
<1000pptM |ZHERF 4,

[G] Metal Rl < 5ppb

[H] L2 AXDO FET 2 4l Jﬁ(:’ﬁéh%ﬂﬁﬁ%ﬁxﬁ (molecules/cm®sec), 193 nm FE B IT6 L TiE <lel2,
EUV @ NEEEITx L Cld<Sel3 NERIND, B E — ATk THEITA %X ET D,

1] V/XO)T*B’C 2 S rEns Si &5 ﬁﬁ“é%ﬁa (molecules/cm®sec), 193 nm FEIEEEBITHL Tl

<le8, EUV BEJEELEIT ML Tld<Sel3 NERSND, BFE— LT HEITS HRET D,
Table LITH4c Resist Sensitivities
Exposure Technology Sensitivity
248 nm 10-50 mJ/ cm”
193 nm 20-50 mJ/ cm”
Extreme Ultraviolet at 13.5 nm 5-30 mJ/ cm2
High Voltage Electron Beam (50100 kV) **** 5-30 uC/ cm”
Low Voltage Electron Beam (1-2 kV) **** 0.2-30 pC/ Cm2

e JERIEIC T
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Table LITH5a Optical Mask Requirements—Near-term Years

Year of Production 2007 2008 2009 2010 2011 2012 2013 2014 2015
DRAM ¥ pitch (nm) (contacted) 65 57 50 45 40 36 32 28 25
DRAM/Flash CD control (3 sigma) (nm) 5.6 4.7 4.2 3.7 3.3 2.9 2.6 2.3 2.1
MPU/ASIC Metal 1 (M1) %2 pitch (nm)(contacted) 68 59 52 45 40 36 32 28 25
MPU gate in resist (nm) 42 38 34 30 27 24 21 19 17
MPU physical gate length (nm) 25 23 20 18 16 14 13 11 10
Gate CD control (3 sigma) (nm) [A] 2.6 2.3 2.1 1.9 1.7 1.5 1.3 1.2 1.0
Overlay (3 sigma) (nm) 13 11 10 9.0 8.0 7.1 6.4 5.7 5.1
Contact in resist (nm) 84 73 64 56 50 44 39 35 31
Mask magnification [B] 4 4 4 4 4 4 4 4 4
Mask nominal image size (nm) [C] 170 151 135 120
Mask minimum primary feature size [D] 119 106 94 84
Mask sub-resolution feature size (nm) opaque [E] 85 76 67 60
Image placement (nm, multipoint) [F] 7.8 6.8 6.0 5.4
CD uniformity allocation to mask (assumption) 0.4 0.4 0.4 0.4
MEEF isolated lines, binary or attenuated phase shift
mask [G] 1.6 1.8 2
CD unifo.rmity (nm, 3 sigma) isolated.lines (MPU 26 21
gates), binary or attenuated phase shift mask [H] *
MEEF dense lines, binary or attenuated phase shift
mask [G] 2.2 2.2
CP unif(?rmity (nm, 3 sigma) dense li'nes (DRAM half 40 34
pitch), binary or attenuated phase shift mask [J]
MEEF contacts [G] 35 4
CD uniformity (nm, 3 sigma), contact/vias [K] * 25 1.9 |15 1.3 12 |10 | o9 !
Linearity (nm) [L] 10.4 9.1 .
CD mean to target (nm) [M] 5.2 4.5 | 36 32 |29 |25 |23
Defect size (nm) [N] * 52 45
Blank flatness (nm, peak-valley) [O] 250 218 192 173 154 137 122 109 97
Pellicle thickness uniformity [P] 5.0 4.6 4.2 3.8 3.5 3.3 3.0 2.8 2.6
Data volume (GB) [Q] 413 520 655 825 1040 1310 1651 2080 2621
Mask design grid (nm) [R] 2 2 2 1 1 1 1 1 1
;it;‘;z?t(zjt:e(i 1;;9[1;/[11 ;;ae:;s[rf;]ssmn mean deviation from 4 4 4 4 4 4 4 4 4

— - )
g}{zztu)a;%l PSM transmission uniformity (% of 4 4 4 4 4 4 4 4 4
32:,tht;ld]]PSM phase mean deviation from 180° (= 3 3 3 3 3 3 3 3 3
Alternating PSM phase mean deviation from nominal
phase angle target (+ degree) [T]

Alternating PSM phase uniformity (+ degree) [U]

Image placement (nm, multipoint) for double
patterning of independent layers [V]

Difference in CD Mean-to-target for two masks used
as a double patterning set (nm) [W]

Double exposure: image placement for each mask
used for exposing mutually dependent layers (nm) [X]

Double exposure: mask CD uniformity for each mask
used for exposing mutually dependent layers (nm) [Y]

Double exposure: dual space, etch bias repeatability
and uniformity [Z]

Mask materials and substrates

Absorber/attenuator on fused silica

Pellicle for optical masks for exposure wavelengths down to 193 nm,

including masks for 193 nm immersion.

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Manufacturable solutions are NOT known

Interim solutions are known | @

THE INTERNATIONAL TECHNOLOGY ROADMAP FOR SEMICONDUCTORS: 2007



VI o574 17

Table LITH5b Optical Mask Requirements—Long-term Years

Optical masks are not part of potential solutions. beyond 22 nm
Year of Production 2016 2017 2018 2019 2020 2021 2022
DRAM Y pitch (nm) (contacted) 22 20 18 16 14 13 11
DRAM/Flash CD control (3 sigma) (nm) 1.9 1.7 1.5 1.3 1.2 1.0 0.9
MPU/ASIC Metal 1 (M1) % pitch (nm)(contacted) 23 20 18 16 14 13 11
MPU gate in resist (nm) 15 13 12 11
MPU physical gate length (nm) 9 8 7 6
Gate CD control (3 sigma) (nm) [A] 0.9 0.8 0.7 0.7 0.6 0.5 0.5
Overlay (3 sigma) (nm) 4.5 4.0 3.6 3.2 2.8 2.5 2.3
Contact in resist (nm) 28 25 22 20 18 16 14
Mask magnification [B] 4 4 4 4 4 4 4

Mask nominal image size (nm) [C]

Mask minimum primary feature size [D]

Mask sub-resolution feature size (nm) opaque [E]

Image placement (nm, multipoint) [F]

CD uniformity allocation to mask (assumption)

MEEF isolated lines, binary or attenuated phase shift

mask [G] 2.2 2.2 2.2 2.2 2.2 2.2 2.2

CD uniformity (nm, 3 sigma) isolated lines (MPU
gates), binary or attenuated phase shift mask [H] *

MEEF dense lines, binary or attenuated phase shift
mask [G]

CD uniformity (nm, 3 sigma) dense lines (DRAM half
pitch), binary or attenuated phase shift mask [J]

MEEF contacts [G]

CD uniformity (nm, 3 sigmay), contact/vias [K] *

Linearity (nm) [L]

CD mean to target (nm) [M]
Defect size (nm) [N] *
Blank flatness (nm, peak-valley) [O]

Pellicle thickness uniformity [P] ; . . . .

Data volume (GB) [Q] 10484 13209

Mask design grid (nm) [R]

Attenuated PSM transmission mean deviation from
target (+ % of target) [S]

Attenuated PSM transmission uniformity (% of
target) [T]

Attenuated PSM phase mean deviation from 180° (£
degree) [U]

Alternating PSM phase mean deviation from nominal
phase angle target (+ degree) [T]

Alternating PSM phase uniformity (£ degree) [U]

Image placement (nm, multipoint) for double
patterning of independent layers [V]

Difference in CD Mean-to-target for two masks used
as a double patterning set (nm) [W]

Double exposure: image placement for each mask used
for exposing mutually dependent layers (nm) [X]

Double exposure: mask CD uniformity for each mask
used for exposing mutually dependent layers (nm) [Y]

Double exposure: dual space, etch bias repeatability
and uniformity [Z]

Absorber/attenuator on fused silica
Mask materials and substrates Pellicle for optical masks for exposure wavelengths down to 193 nm,
including masks for 193 nm immersion.

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known | @

Manufacturable solutions are NOT known _
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# LITHSa &b D/

[A] Wafer Minimum Line Size —7 = —~ D&MV AMRIE, B/ 347 A TENH DT E S - HRE(— %
HNTITAMSZA T8 S A0, BRI — ML) =T VT 1 2B KT D),

[B] Magnification — & YA DA/ IME 2R,

[C] Mask Nominal Image Size — " = —~ LD /NP ANRIE L [7] 35 CRECZE E OMs/IMEREZNT 210,

[D] Mask Minimum Primary Feature Size —OPC 233 Hl St 7~ A7 CHEE DL {8 RS B & R Bas fil i S L7 R 1R
CRY gV33 - NN 7

[E] Mask Sub-Resolution Feature Size — 73 AN S—D I A7 EIZHVERE SFL7RL VERIE,

[F] Image Placement— %5 /5725 3R A2 RV TE RISV DBEARE 1 B0 /38— DAL IE S L5347 D e KAE(X
HOHNTY)e ZOMEITARV I NVEEERBE I IEE D AT — T ~OWFE THARDLERE LR AL DT DS/,

[G] V= — ECOMIERZEIT v A7 ETORIERRZIZIEBIL . MEEF(mask error enhancement Factor)3% ™ Lt
BitR%E72%, MEEF (X185 1 LV KE W2, U= — ECOMRIEE — M2 MR T 24 2 I L RRIES — 2~
AZIZERLTND,

[H] CD Uniformity — [flh—> ClAlsHEZFFH~v A7 ECTHEELESNTOWDLIRE T O~ AZ ETOEBEOHED 36
75, ATV —<R7D X, Y LI 5,

[I] CD Uniformity — [flh—> TR~ LA D~ A7 ETEELINTODIREHR T O~ AY ETCOFEBEOIED 3o
ff7e, A T A — (I~ ATD X, Y KOOSO T aRi o34 — N2l 5,

[J] CD Uniformity — [fdlh—> CRISHEZFFL~AY ECEHELSNTOWDIRE O~ A7 ETOEBEDHED 3o
7z, A TV—~ AT HHNIN—T h— N ATD X, Y KOOSO T Z o2 — 95,

[K] CD Uniformity —~ A7 EOE > FHIFIN NG T 27 MNEFEO VRO 30 7=,

[L] Linearity — v A7 ECRILM =2 DRRDTFA LY A XD/ — T HIFAEIZ K T DREAED FIE LA D 7
DI KA, 35— P A RDFPALL TG LIRWR/ N DT L AR RZ = by = = EDRR/NE Y F O 312 5124
HEWI T ARETHE TN,

[M] CD Mean to Target— I/ LIZ#RIED AL T AL F A XD I K7, — DDA XEb— TS D,
(I RE fiE- B R0 R 2

[N] Defect Size —~AZ KL 7V NLTZRFHZHR G- SLD0 0 DT 10% L, EO~HEELE 52 5005~ A7 |
DRFEEF), B— RNy ITRENDY AT D KA X1 Tagx 4 RIS W TIRG I TLEI & TRISND i/
ARXDHKKado HVNERE K BaO AL V- HREL TORSITND, BREIID 180° DN FH K FAILZ Z TRENTZAED
70% /N &V,

[O] Blank Flatness— 7 7Y MRAIX 6 A F %6 A F DWUAD~ AT T Z DTy hn Smm & BRI ToA A— U FH
BGREVE 2= H)O P ROFEEIC BT O — 7 — A E T, nm B TREND, 7Ty hRAL AET 5%
AVEND KA N6t D5 R EE 2RI AF T D,

[P] Pellicle thickness uniformity — & Y FEIEZ 31T H~_U 7V IEIE O ZEE) 0O nm HAL CTRIE S 3 o FEER A, Y
JIVIR PR AN—=7Ey F AR LT RO MEZ D ST | RO — MO BRITEIREL T, nm T
DOEFHEE L THRDZ EITIER,

[R] Mask Design Grid— 7 =—/NZEBIF DT VA NE LIV AV EFREF UL O,

[S] Transmission — WIUADFHNTWRNY AT T T 72k T2/ —T7 M= LAY 7 RO B HE T, % TREND,
[T] Phase —~27 £ 2 ;) KCONBERFAEDLEAL (NAHZE) T, ETREND, FAEIT~AT EDELD /=T
FHONTALFHDIEEEL TROBND,

[U] Alt PSM v A7 DALARE—PEIE, Lo DAy 7T FIEN DD i RAAHRAZEIZF L,

[V] FEEAEL 72V (independent) | C LB 7 T VB — =0 7 D/8F — U BLE L FIRTELZ2WE 7 L EEE(DE)H DU
WX T NRE == TNBIT D5 2 D~ AT DRTE ST/ 4 — Bl B RS AR EE([F1B ) T D,

[W] —2DO~AZ7D CD O HEEEVMEOZEMTIT)DOZE L, X TN RF—= 72BN BIEOOESD)E
EIRT DA G DD~ AT By N T HBILRW~ 27 D % D~ A7 CD OIEHMED 2% TREND,

[X] ZUTATINIRBE =2 K 2 D= AT DR — 2 DR THRAEE T H([FIZR)Y 7 R a—= 712815
K2 D~ AT DRF—FLE T, A (dependent) TNV R — = T T a v R HWBNDS & D AT DR —
Wi &K BE AR E B T D,

[Y] #2224 TN R —=0 7 T av AT WO 2 D~ A2 D CDU I, %% O~ A7 OHJIES iz CDU([J]
Z)ThD,

[Z] =T o TNATAOFBMEEE)— X, ¥ TN RS == 7 7o A ZBITD DOy T o7 TR, HDHWIE
X T NVFENDE) T B EAZRBITH D=y F 7 TRIZIVALSS CDU =7 —Th b,
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Table LITH5c EUVL Mask Requirements—Near-term Years

Year of Production 2008 2009 2010 2011 2012 2013 2014 2015
DRAM Y pitch (nm) (contacted) 57 50 45 40 36 32 28 25
Flash ¥ pitch (nm) (un-contacted poly) 45 40 36 32 28 25 23 20
DRAM/Flash CD control (3 sigma) (nm) 4.7 4.2 3.7 3.3 2.9 2.6 2.3 2.1
MPU/ASIC Metal 1 (M1) %2 pitch (nm)(contacted) 59 52 45 40 36 32 28 25
MPU gate in resist (nm) 38 34 30 27 24 21 19 17
MPU physical gate length (nm) 23 20 18 16 14 13 11 10
Gate CD control (3 sigma) (nm) [A] 2.3 2.1 1.9 1.7 1.5 1.3 1.2 1.0
Overlay 11.3 10.0 9.0 8.0 7.1 6.4 5.7 5.1
Contact after etch (nm) 67 58 51 45 40 36 32 28
Generic Mask Requirements
Mask magnification [B]
Mask nominal image size (nm) [C]

Mask minimum primary feature size [D]

Image placement (nm, multipoint) [E]

CD uniformity (nm, 3 sigma) [F]

Isolated lines (MPU gates)

Dense lines DRAM (half pitch)

Contact/vias

Linearity (nm) [G]

CD mean to target (nm) [H]

Defect size (nm) [I]

Data volume (GB) [J] 413 520 655 825 1040 1310 1651 2080
Mask design grid (nm) [K] 2 2 2 2 2 2 2 2
EUVL-specific Mask Requirements

Substrate defect size (nm) [L] 38 36 35 33 31 30 28 27
Mean peak reflectivity 65% 66% 66% 66% 67% 67% 67% 67%

Peak reflectivity uniformity (% 3 sigma absolute) 0.69% | 0.58% | 0.47% | 0.42% | 0.37% | 0.33% | 0.29% | 0.26%

Reflected centroid wavelength uniformity (nm 3 0.08 0.07 0.06 0.05 0.05 0.05 0.04 0.04

sigma) [M]

Absorber sidewall angle tolerance (x degrees) [P] 1

Absorber LER (3 sigma nm) [N] 3.2
Mask substrate flatness (nm peak-to-valley) [O] 65

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |4@

Manufacturable solutions are NOT known ;
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Table LITH5d EUVL Mask Requirements—Long-term Years
Year of Production 2016 2017 2018 2019 2020 2021 2022
DRAM ¥ pitch (nm) (contacted) 23 20 18 16 14 13 11
Flash Y pitch (nm) (un-contacted poly) 18 16 14 13 11 10 9
DRAM/Flash CD control (3 sigma) (nm) 1.9 1.7 1.5 1.3 1.2 1.0 0.9
MPU/ASIC Metal 1 (M1) %: pitch (nm)(contacted) 23 20 18 16 14 13 11
MPU gate in resist (nm) 15 13 12 11 9 8
MPU physical gate length (nm) 9 8 7 6 6 5
Gate CD control (3 sigma) (nm) [A] 0.9 0.8 0.7 0.7 0.6 0.5 0.5
Overlay 4.5 4.0 3.6 3.2 2.8 2.5 2.3
Contact after etch (nm) 25 23 20 18 16 14 13
Generic Mask Requirements
Mask magnification [B]

Mask nominal image size (nm) [C]

Mask minimum primary feature size [D]

Image placement (nm, multipoint) [E]
CD uniformity (nm, 3 sigma) [F]
Isolated lines (MPU gates)
Dense lines DRAM (half pitch)

Contact/vias

Linearity (nm) [G]

CD mean to target (nm) [H]

Defect size (nm) [1]

Data volume (GB) [J]

Mask design grid (nm) [K]

EUVL-specific Mask Requirements

Substrate defect size (nm) [L] 25 23

Mean peak reflectivity 67% 67% 67% 67% 67% 67% 67%
Peak reflectivity uniformity (% 3 sigma absolute) 0.23% | 0.21% | 0.19% | 0.17% | 0.15% | 0.13% | 0.12%
Reflected centroid wavelength uniformity (nm 3 sigma) [M]| 0.04 0.03 0.03 0.03 0.02 0.02 0.02
Absorber sidewall angle tolerance (£ degrees) [P] 0.5

Absorber LER (3 sigma nm) [N] 11

Mask substrate flatness (nm peak-to-valley) [O] 23

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known |4@

Manufacturable solutions are NOT known !

# LITH5c & d D/

EUVL HlO~ A2 JREMEZEM B0 JEMR_EIZ 2 82 R L D _BICRIN R A7 — 2R,

[A] Wafer Minimum Line Size — 7 = —/~_ED /NP AMRE, B/ 34T A TENHH O TGS U7 BRiE(— 5
AT INSZARI 0 FH S AL, BB — e =T VT 1% B KT 5),

[B] Magnification— & YA DA/ IME 2,

[C] Mask Nominal Image Size — 7 =—/~ LD #/IN P ANGRIE & R 36 CREOCEEE DM/ MEE N 20T 72h 0,

[D] Mask Minimum Primary Feature Size —OPC 73iii ] SHv7=~ A7 b CHAMEONL EAE FE & R BaAShil A S A7 e s
GEbENHE,

[E] Image Placement— %% /7 F72 5 3R 22 PRV CERIILOBRAEMK T DD/ F— 2 OALE T 415540 D e RAE(X
HAHNLY),

[F] CD Uniformity — [f]h—> TClA~EEZFFH~ A7 ECTHBELSIVTWDIBIRE 5 D~ A7 ETOEBEDOHED 36
W7z, X\ Y KOOSO T Z RN OB ERICHEH 35, A— W cxi LT JE SRR ZEIL~AZ LDk
2SR WD, B2 LTI D720 —RIC TRUIR L TWD, FEHIR(HETFE) — 7R (B )

[G] Linearity —~ A7 ECRIUM =V DRILDT F ALY A XD/ 5 — T EAREIZX T HREZED LR ED 2
D KRAE, /35— P AXDFIFHE L THE LR\ N DT VAR S =BT = = ED /Ny T D 3/2 {5124
BTV ARXETHEEND,

[H] CD Mean to Target— il i€ L7Z#RIEDEEHEE T AL P A XD I K7E, — DDV A XEb— i HSD,

2 (HEAE- B AR/ E
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[1] Defect Size —~ A7 KIaIT 7V NLUTBHICER G- ESND DT 10%LL EDO~HEBLE B2 55D~ AT |
DEFEZEFD, B— Ny FNIRIND YA DR AR TEZ LG AR B W TIEG SN TLEIE TSNS /N
AZXDY KMo D NIRE KGO EFED T I IREL TRENTND,

[J] Data Volume — 7 AX — A% U EIEE D7 +—~ T 1 LA T —IZX L CPShA R KRIEERE T —F D7 7
AN AR,

[K] Mask Design Grid— 7 = —MZEIT 5T P AUNE IV AV EREFRUIZHO,

[L] Substrate Defect Size — #& YA A—VIZFFA TERWRMBDOZEALZ 52 DIRK E72% it ECTLIEED Ficdhb
KRGO FNERE RVATF LU EERE — W) o FAARO K FEILEE A A=Y DAAHRRZ DR R L7020 | A A=
TR CERWEBAb e B R DI/ ND~ A0 T T 7 R ik 782,

[M] ~ A7 EOFDREOEEL | BCIEE RO RIIK T o7 A7 DL RO EE T T,

[N] Line edge roughness (LER) — 71 Ty T 7 R AL, "F =D FAAID | ~ A7 e /NFEXD /NS W ZE R FEBT
DOMMHD 36 TEFRIILD,

[O] Mask Substrate Flatness — #& YIS DL 7 b 27 W SRS THRIIES LA TH A0 5 mm DFfsr &S
Oy 2 BRUNZ IR AF FHH EERRFE (nm peak-to-valley) . L EERRZE T KR 72D e /N2 DAAR - OO R AL L
TREFRSND, ZOYHEEERIZEAMR O R, L ORSZIZE S D,

[P] P AR+ — N A O FEELL—Y =LV T T Y OHEDOS & TRIRD FLEFEIT LTl S5,
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Table LITH5e Imprint Template Requirements—Near-term Years
Year of Production 2008 2009 2010 2011 2012 2013 2014 2015
DRAM Y pitch (nm) (contacted) 57 50 45 40 36 32 28 25
Flash Y pitch (nm) (un-contacted poly) 45 40 36 32 28 25 23 20
DRAM/Flash CD control (3 sigma) (nm) 4.7 4.2 3.7 3.3 2.9 2.6 2.3 2.1
MPU/ASIC Metal 1 (M1) ¥ Pitch (nm)(contacted) 59 52 45 40 36 32 28 25
MPU gate in resist (nm) 38 34 30 27 24 21 19 17
MPU physical gate length (nm) 23 20 18 16 14 13 11 10
Overlay (3 sigma) (nm) 11.3 10.0 9.0 8.0 7.1 6.4 5.7 5.1
Gate CD control (3 sigma) (nm) [A] 2.3 2.1 1.9 1.7 1.5 1.3 1.2 1.0
Contact after etch (nm) 67 58 51 45 40 36 32 28
Generic Mask Requirements
Magnification [B]

Mask nominal image size (nm) [C]

Image placement (nm, multipoint) [D]

CD Uniformity (nm, 3 sigma) [E]

Isolated lines (MPU gates)

Dense lines DRAM/Flash (half pitch)

Contact/vias

Linearity (nm) [F]

CD mean to target (nm) [G]

Data volume (GB) [H]

295

372

469

591

Mask design grid (nm) [I]

0.5

0.5

0.5

0.25

UV-NIL-specific Mask Requirements

Defect size impacting CD (nm) x, y [J]

Defect size impacting CD (nm) z [K]

Mask substrate flatness (nm peak-to-valley) [L] 298 252 192 180 153 126 110 88
Trench depth, mean (nm) [M] 75-119 | 67-104 | 60-90 53-81 47-72 42-64 37-57 33-51
Etch depth uniformity (nm) [N] 3.8-5.9 | 3.4-5.2 | 3.0-4.5 | 2.7-4.0

Trench wall angle (degrees) [O] 87 87.3 87.6 87.9
Trench width roughness (nm, 3 sigma) [P] 34 3.0 2.7 2.4 2.1 1.9 1.7 ‘ 1.5
Corner radius, bottom of feature (nm) [Q] 6.3 2.8
Corner radius, top of feature (nm) [R] 1.1 0.6 0.6 0.5
Trench bottom surface roughness (nm, 3 sigma) [S] 7.6

Template absorption [T] <2%

Near surface defect (nm) [U] 51

Defect size, patterned template (nm) [V]

Defect density (#/cm?) [W]

Dual Damascene overlay: metal/via on template (nm, 3

sigma) [X]

11.3

10.0

9.0

003 001

20

20

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Manufacturable solutions are NOT known

Interim solutions are known |4@
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Table LITHS5f Imprint Template Requirements—Long-term Years
Year of Production 2016 2017 2018 2019 2020 2021 2022
DRAM : pitch (nm) (contacted) 23 20 18 16 14 13 11
Flash ' pitch (nm) (un-contacted poly) 18 16 14 13 11 10 9
DRAM/Flash CD control (3 sigma) (nm) 1.9 1.7 1.5 1.3 1.2 1.0 0.9
MPU/ASIC Metal 1 (M1) % Pitch (nm)(contacted) 23 20 18 16 14 13 11
MPU gate in resist (nm) 15 13 12 11 9
MPU physical gate length (nm) 9 8 7 6
Overlay (3 sigma) (nm) 4.5 4.0 3.6 3.2 2.8 2.5 2.3
Gate CD control (3 sigma) (nm) [A] 0.9 0.8 0.7 0.7 0.6 0.5 0.5
Contact after etch (nm) 25 23 20 18 16 14 13
Generic Mask Requirements
Magnification [B]

Mask nominal image size (nm) [C]

Image placement (nm, multipoint) [D]

CD Uniformity (nm, 3 sigma) [E]

Isolated lines (MPU gates)

Dense lines DRAM/Flash (half pitch)

Contact/vias

Linearity (nm) [F]

CD mean to target (nm) [G]

Data volume (GB) [H]

Mask design grid (nm) [I]

UV-NIL-specific Mask Requirements

Defect size impacting CD (nm) x, y [J] . . 1.4 13 11 1.0 0.9

Defect size impacting CD (nm) z [K] . . 2.8 25 2.3 2.0 1.8

Mask substrate flatness (nm peak-to-valley) [L] 45 36 29 24 21
23-36 21-32 18-29 17-26 15-22

Trench depth, mean (nm) [M]

Etch depth uniformity (nm) [N] 1.5-23 1.3—2.0‘1.2—1.8 11-16 09-14 0.9-1.3 0.8-1.1

Trench wall angle (degrees) [O]

1.3 12 | 11 1.0 0.8 0.8 0.7

Trench width roughness (nm, 3 sigma) [P]

Corner radius, bottom of feature (nm) [Q] 2.5 2.2

Corner radius, top of feature (nm) [R]

Trench bottom surface roughness (nm, 3 sigma) [S]

Template absorption [T]

Near surface defect (nm) [U]

Defect size, patterned template (nm) [V]

|
|

Defect density (#/cm?) [W] . 001 001 0.01
|

Dual Damascene overlay: metal/via on template (nm, 3 sigma) [X] 3.2

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known

Manufacturable solutions are NOT known
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# LITHSe *f D/

[A] Wafer Minimum Feature Size—7 = —~_E D&/ NP AMNRIE, Yo/ 34 7 A TR NHDOITHEB S 7= 5 E(—
REANZ I ANST AR FH S AL, BB — ML) =T VT 1 & B T D),

[B] Magnification—#& DR/ MEER | N:1,

[C] Mask Nominal Image Size—~ AZ#E/ MG ENT T2 = — N LDV AND /N A X L[R5

[D] %R (5 2GR DA IEM . RS 112533 D18 D UL E OB D e RO AL 53 (X or Y)

[E] CD Uniformity—[Rlh—> ClasHEEZFFH~v A7 ETEHBELINTWDIIRE 5O~ A7 ETCOEBEOHED 3o
7=, X\ Y KOOSO T Z RO ORI 35, A— W Cxt LT E LA R AL~ A2 EOm
BB TWD, ROBELDOTZD, 0—R<wy T AR —Z RSO NI ) —~T A A LTz, sqrt (HFE)—sqrt (¥
—7 s NEFH)

[F] Linearity—~ A7 L CRICN =2 DRIRDT AL P A XD/ — 2T BAEEIZ KT DREZED B EREFED 7
DI R, 73F =P A XDHFIPEL TG LI W/ ND T U AR RE = B = = EDR/IN—T 8 F D 3 %
WERERT T AXETHE END,

[G] CD Mean to Target—ifll & L 7= #RME DO FEINELELFH AR LD R FE, — DD AR =T HEND, =l
TE M- FARAE) R E L

[H] BLKOTAZ B E A2 W6 O — @Ikt 3 2 EMO T AR KT 4 — AV RICkHE T 5,

(1] vAZEREENT T2 =— 1~ EORR erﬁ UoR,

[J] Defect Size (nm) x, y— ~VAZKMaIE7 Vo RUTZRHZER G S ND028 DU NE 10% L EOHEZE A 52 555
HvAY FOREEZFD, iRy T IRESND Y A7 DR A X L% S HRIZB W TR ESN TLE & FRIS
L8/ NI A XD R [ad 2\ IHE RO HEFED - SR EL TRSILTN D,

[K] Defect Size (nm) z—vxwzﬁl’éc:ﬁu‘AU:H%E&:%?%%LM%@ NE10% L EOHEZE AR B2 55095~
27 LOREEFD, iRy T IREND VA7 DR A XL% S HRIZB W TR TSN TLEI E FRISND i
/N A XD K adn D\ ‘!iﬁé‘ﬁﬁl’é@@%@?ﬁiﬁkbf%énfb Do

[L] 6 A FHIERDTLDOA AT 4—)/LR 110 mm f TDT T LA (nm peak-to-valley) . 77 MR AL ER
HI7R IR AF I8 DY —VEL 53 TR £D,

[M] Trench depth mean—7" A~ ML 2: 1 ITERAE, fRVMEIZHE B DS — MR T, @V MEIZ MPU/ASIC DO/N—7
vy FTCRED,

[N] Trench depth uniformity in nm—hL > T RS D 5%IZFRE,

[O] Trench wall angle in degrees— —_JgL AN TR ATy F /AT A% 5%LL I T DI/ i /NI A —
WA, Ty F VA7 LG LAY OFIRIT 10:1 ZRE, EFEL AT OT ARTRNEIL 1.5 DOIREV RN 2 &7
Do

[P] Trench width roughness (nm, 3 sigma)—L1 <’ A~® LWR &[],

[Q] Corner radius, bottom of feature— S-FIL/R (R h—2 AL 7V N TEETHY , ZOMHEIZ R CD 2 bo—
NDIeO R Ty T ATV MIBIOBAH LA T2 RS Z R D H(CD D 12.5%), S-FIL (RI~—2 ATV k)
TRV ATITEE TR,

[R] Corner radius, top of feature— EL. #f7¢ CD = v —/L D72 S-FIL (RH h—2 A7V N7 a2 A THEECD
D 3%), BN TD" Ty T4 77 ERICINTHET S, S-FILR (RPh—r ATV N7 ae ATIREETIIZR
v,

[S] 7IAS Ty F b LI N—RFRI DA~ AR IO REZRSITLDN U FEDTARA,

[T] 6.3 mm JEFEARD 365 nm (ZxFTDWULDEIG (%), BFEAE, BUCLDEE R/ NRIC, FEEO AV —T v i K
WZT DD ERIAE,

[U] A 5K DD 200nm OIRS ETIZHD R KK,

[V] Defect size, patterned template—ﬁﬂglﬁxA DT T L —MTFIT DR A A (nm)

[W] DT 7L —hdD lem™ YD KK,

[X]3D 7> 7L —h CORMRER LN S T2 T AR— U AE 7 RO B RS 3K,
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Table LITH6a Maskless Technology Requirements—Near-term
Year of Production 2008 2009 2010 2011 2012 2013 2014 2015
DRAM ¥ pitch (nm) (contacted) 57 50 45 40 36 32 28 25
DRAM/Flash CD control (3 sigma) (nm) 4.7 4.2 3.7 3.3 2.9 2.6 2.3 2.1
MPU/ASIC Metal 1 (M1) %2 pitch (nm)(contacted) 59 52 45 40 36 32 28 25
MPU gate in resist (nm) 38 34 30 27 24 21 19 17
MPU physical gate length (nm) 23 20 18 16 14 13 11 10
Gate CD control (3 sigma) (nm) 2.3 2.1 1.9 1.7 1.5 1.3 1.2 1.0
Overlay (3 sigma) (nm) 11.3 10.0 9.0 8.0 7.1 6.4 5.7 5.1
Contact after etch (nm) 67 58 51 45 40 36 32 28
Data Volume (GB) 260 328 413 520 655 826 1040 1311
Grid Size (nm) 0.5 0.5 0.5 0.25 0.25 0.25 0.25 0.25
Table LITH6b Maskless Technology Requirements—Long-term

Year of Production 2016 2017 2018 2019 2020 2021 2022

DRAM ¥ pitch (nm) (contacted) 22 20 18 16 14 0 0

DRAM/Flash CD control (3 sigma) (nm) 1.9 1.7 1.5 1.3 1.2 1.0 0.9

MPU/ASIC Metal 1 (M1) % pitch (nm)(contacted) 23 20 18 16 14 13 11

MPU gate in resist (nm) 15 13 12 11

MPU physical gate length (nm) 9 8 7 6

Gate CD control (3 sigma) (nm) 0.9 0.8 0.7 0.7 0.6 0.5 0.5

Overlay (3 sigma) (nm) 4.5 4.0 3.6 3.2 2.8 2.5 2.3

Contact after etch (nm) 25 23 20 18 16 14 13

Data Volume (GB) 1651

Grid Size (nm) 0.25 0.25 0.25 0.25

Manufacturable solutions exist, and are being optimized

Manufacturable solutions are known

Interim solutions are known

Manufacturable solutions are NOT known

FREDLSR AR

IVT 4 FIVIBIZROWSND RSOV Y 7T 7 4\ AN T iR R A 2 X LITHS (2, #Hiiit~7 v a
Y ONEF IIE & OH AT Z DO WA TEE AL/ 2D I HEMEZ R L TRY., &ANIZH T oA 7 va H
WD FTREMED e B\ Y RSN AE DAY ST 7 4 H DT R TChOA 75— w27 LY
AR D — 13 ORI YE A EE > TUORITIUEZR 5720, ArF VY2757 41X DRAM @ 45 nm /~—7
T EFTROEBMN THHIEHHIND, EUV, ML2, BEOA 7V ME 32nm ~N—TEyTF bbb
HAREMEMNBH DM, BZHL 22 nm N—TEVF TOBRBLRDTHA), RiRV 777 1@ mdrRr
AR AT RIGIR IR OB AR E 21T 32 nm ~N—T Y FEFTHI VI FT7 0 DOFFZ LT 5%
LIV, 2D~ AT\ E— %0300, BIIDO /I N—T T D 25D/ N—T S F o ff O~ AT T2
[ENZo3 T CTENT AL HED HILTND, EFBLICEH LIV VAN 7R E O T T A A 3B %
énmﬁ% WiV 777 413X DRAM @ 32 nm /~—7 > F DS E Tl HELFHN AN D, /1 F— % 2 KL
DA Iy BT 2720 DY 7 =27 OB M ETHY , IO FIENMEO B HEITLVE
M CHLMLERHD,

RANEY V757 054513 DRAM @ 32 nm /~— 7> F b LUTF L, T IS T A i ch b,
AIREMED B DMREEHATEL T EEOHIR AN, SV 7T 7 4 DIIEN 2% MkE E LT EUV, ~ A7 A B
KOA L TVRNII T TT 4280 T, D% EL TORVADHEE ZDHE, EUV (X32 nm & 22 nm />
— 7T LD A REMED S W E e Siud, ~ ATV AV T 57 41X, BARRIZBITH T i e 7k
VIO T &, UV AR £ LT, A EOREE &M ERE R R (ASIC) A FEIZiE H S TUnD
N, FOuH A HAZIERTEDLTHA), @AV —T e FEERTH-0DEREO 7L —7 20 —1%
KREIpRTGEALY TR/ DA REEDR DY, ~ AV EREEL, SHIZTARNDOHNHEY A7 V2 A LKA
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=59, BIE, ub AT L EORRIZENT T2~ ATV A 757 3R BB I HY  a AT =
IT A7 TR ELE I ML2 2SHWONDT-O213 < O EE 2 H R R E MR S 72 nuiE 72 b7
W AT VNIV T TT4120%, AANT T 27T 4 T 70 fRIRIR L7 D Al REE R D03, | X T T L —k, K
b, 7o 7L —bhDFf, BEIOA — =L A REESD | R T _EZDOMBEEL THERINL TV,
FICBUEMR R L THIT DAL TODWNT O H TS DRAM @ 16 nm /~—7 By F OE R A 724
ZENTEDLDEID T TIE7L EH IR BN OB N ML ETHD, ZNHDOH T, GBI B4y
TAEIEN, V77 0 KORG8 — A XEH 242695 DSA 13X, b oa 47 vaic iz
Do

ZLOTRFEDDITLD DL | FEEFUTE W TIEBEO BN LFERRA T TANT I F v
(BOCEEE, L OAR, w27 BROARRRY NERMEET2EEICIRA DS DD, FEERNHRHE
ERERFHOFRE THA LI 00— SV IR0 IRIARDA T2 a Z40iA 7 1 DB LT 2 DD
Bt D b BRI E T FERUTIE N T 272D BT D, HLSIDVY 77 4 DEF AL, DRAM32 nm />
— 7y F LRI B W TH L—7 OIERIZ 5 St & BERFL T L TR EEEAR DAY ZOR L MES I
ZDIZDDREIRNGHE AL TN THD, TIUTVY T TTADAL T TANG I F o RESESE, B
LDTZDIZRER)Y —AENFELT HTHA), ZNOOBREIANIFENIEE, v~ A7 BIOMEIO %
HCEIRSR T USRS,

2007 2010 2013 2016 2019 2022
| 2008 2009 | 2011 2012 | 2014 2015 | 2017 2018 | 2020 2021 |
DRAM 1/2 Pitch 65nm 45nm 32nm 22nm 16nm 11nm

193 nm
193 nm immersion with water

65

[ DRAM Half-pitch ]

) Flash Half-pitch

193 nm immersion with water Narrow
Il 193 nm immersion double patterning options

193 nm immersion double patterning
EUV
78 193 nm immersion with other fluids
and lens materials
ML2, Imprint

Narrow
options

EUV
pyA Innovative 193 nm immersion
ML2, imprint, innovative technology

Narrow
options

[l Innovative technology Narrow
Innovative EUV, ML2, imprint, Directed Self Assembly options

EEE Research Required W Development Underway [——1 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.

Notes: RET and lithography friendly design rules will be used with all optical lithography solutions,
including with immersion, therefore, they are not explicitly noted.

Figure LITHS Lithography Exposure Tool Potential Solutions
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I ATy h=— XL BT RREIR R R

A FE T, Lithography . ESH, Factory Integration, Yield Enhancement, Metrology . Modeling and
Simulation, Device and Circuit performance #5357 Emerging Research Devices & Emerging Research

Materials %0 & L7270 A M= — X3 L ORI SRt 2 i 92,

BRiE 2, BIOMEEE (ESH)

HALFEWE TS F4D Perfluoroalkyl sulfonates(PFAS) Dkt 7 ff I B O A B OiEimiL, >\
BAITIZ72>C, BB IO S BHT, ESH IZBIO 28 E A 2 CWD ITREME R $H 5 S B
RSV TS EMED EL T, FrLWEIR OB AT, BB ORISR T2 A MNIIEE RHHA T
UV BRS L OME S E ORI A2 SR E R L CWVET, T /28 —T 7 D NI T-->TiE, Efmik
ERIFENZEINLL T O A XD E D ESH &L CTOREDOERMEIZ, FEROWVAEED ML ETHA), [FIERIZ,
EUV U757 4D @ENAN—T v e BB T 572D EREIND R E 2T 5720 D2 b0 R
ZENMESED T O ikl L EBIRA /NI 572012, EUV RO FEEERIL, LD MLETHD,
¥¥lZ, BUV JEDJhEE 36 L OIS S O HNC LB 72 XD — D e/ MED T2 D1 HEIR OBl 7B (wall-plug)
RN BHINDZENNIETHD, VT T77 4 THOGLILALFRER SO B X OWLS O1EE X, 5518
HOLRELRBEITFEEIRVE DY Z R THEG LZ2T R 570, AFER2 E B L OB L 'S
DAZY == 7 — V(AL LI R F )~ DY ZIZ B L Tk, BB - BB LI OMEEORE A SR <L
=y

TiE#E (FACTORY INTEGRATION)

WY 7 e AR T 572012, @ER TR AFIHEE N IX, V2= T 7T DV I TAE—IT
BWTRA KR THD, RERIZ, ZNHDORENF~AZEHWER B (TANTBNTET ETEEIT/R->TWND
N, ATEVED =D DZFNEDAL TVA T —a 0%, SIFEREAL TV, T — T 77 ) —F
—hA—=2ar OB OO FE R EZFIHTH2OE R K THA), WKOND~AT v ay 71T, Kk
HAEEDT=D DT —Z R 7% HENME T 57012 A0 E 2R LEL-, AElbOEHA5
BEDBFELTCWET, 4 H, V=— 777 THEHAZID SECS/GEM D L5727 DOFEHED ~ A7 Hilid
HEEA LT T~OF AN, BETT—OREE ZETHTLLD,

BRSO AT a— VAT B EMRT = — NIy F L AT AT, Tt AD ATE DTz —
D, U—F 770 —OiA D= DICE RSN ET, CD, VV/E(Litho stack)DEIE, BIE7 077 A /L, 4
— =LA KB B DFEE BT~/ 0 BERB IO 2 — NEHEOOESHHVNIENLL ED /TR
—Z D FTEEIZ T DUV <O DOFEA (Integrated) FHIE Y = — L iX, [AERIC, HESESE T, Nov o
AT IR— | AF T —1L, T RERIES DO DONERG DI —DE AZRFE I - T
LRSI T — 22T HIENATRETHDIE VB EH A,

FIEY 7D ETHH B, BEOWKONDEAITBWT, BT 5 \—Fr =7 DO B TRO D1 L
VWML O R FIE |, R B ANGT Y/ DE 2 — L D70 —DEEEITHRE ) . BLO FE D3
WA TV T TT o bxT m— RS, HHNE, BIRENIZL BBy MRA U IO ERZZIT AT
DEREZ TR T DL THVE T, SBITIE, EARN v IED 22— MZBWTH, [FAl—0ayhoHIZEB 0
TRV == T LI 72ty MRA U M 2 TR TELIENLEEL, BREE BV UL, Y7y
=7 NEE N E(Dose)., & m(Focus), HHENTil)IB LA —N—LAD A SJ/RTA—F 5T 2— T EIZHRAR
ST T RETHD, FHlEY 2— 1 OF )7L —rary BEX v 7L —rarBlh~yF
71X VBNV DAV —T RO RERBIRIEL TITONLIEZTHD,

#8806 L (YIELD ENHANCEMENT)

Bean KKaDYAZD, e OB IR LG /NSRBI E- T, AR B, EEARBREIZ D
ETIEIND, MAEEEIL, E LA —ROERICEET 580, ETET kA e, A7
DRMAEAE T WEE, FERELE TRIBHEI RO ON D KRR Z AL THHZea T E AR
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— gl TCTETUVRNY, S5, ML2 ZHWA=DIZ1E, W=—/"®D Die-to-Database f 223, 72 5A NI T
»H5,

5%’@?%9%0)%%5‘69@&}?%%/J\ﬂﬂ“éf:&b&:DFM@S%E%S‘}EF’%%%T:M SOIRBBR N IRE NG
VELIRHVET, BT, FPTHRL D AROTEEISIOFR/IME, B2t v~ A7 RIZBZHMEM KO
FER D B/ IMEIZ Z > TR D KALE 1S D721, A 50 1Y AMC) DA EE CTH D, VY
757 412 BET A AMC il O3 RAEIX, Yield Enhancement DFEAZ SR TLEEW, RUT)VEL T,
EUV v A7 BILOA TV T T — e RGEELITR DT O D~ AT N R 7 R RIREL T
B PO FFE TH- TD,

#H#l (METROLOGY)

V7T 7 4 5l D@t e fEREL TAECD KT A XD 1L, TV o— N~ 27 DFHAEE
PRk Ll T 5, BEAfFD CD FHAZEE ORI, DS TS 20%E Db o b A 72 HATHARIZ
KM AR EFEEIZE B L e, FBEEIZIE, EHDWITR W O E 28 8 %;Eé’?@b@ﬁf;%
TVEEMR Oy T 7B EHEL TEHEEND, Vo— A BLUAZO CD HiiTiL, 3D #HHllo=—XI2&
BT R RELTND, EEATR T, LWR HIE T9, LWR OGRS L, SRmEH &l %ﬂ?éné%@
FO/PSNEW)ETCF, LWR JIEZ FE b3 572012, 7 /S AMRE~D LWR 0)@’3&6%%73?\ —
B R<EEINIVERHVET,

FER DM MAU LA — =L AFH S PR AT T, AT —A— D —1THEDT AR
DEARD IO K Bk& 72 A — R — L A2 BR L COVES, TERODA— S —L A F &1 A 7
rBIO OPC < AT DERIZ LS TRAETHARELENH L ETOA —/N—L AT —TE L2, THI
%5 DE/DP HANOFIHIL, e\ —2 B G T 5 DO~ AI DT TA A NORREZ -+ 3 (TRFE
T DD, KOEREERT IAA M LBELL TV,

U757 45D R, FHOREDYY 7 Z 7 B LB EED 7L a ZhHVET, VY
777 4 BT R B LSO 2R IR I, FERICEDOED T TRENTVET,

T YT+ Talb—a (MODELING AND SIMULATION)

:a%‘fv‘/ﬁkvi;v~°/a‘/7b%®%d-" NI ABHBZE R 7T 7 4 DR R A B IEIX L Hri=72ik
ARV 77 A Hlr W D720 I ETHD, VI T TT74IBITHYIab—ra ) — D7 V7
= ANT VI T TTAA A= T T ie T D~y I A )L HFERO BHLN - ER 72 JEiE D5 K
Ry DRNEEZAFTND, ZHHDREV I T TTAA A=V T DTV 745720120, RIEICE
{BL. R 72 a2l —al Y — N ~DA L T VA T — g (R AR LU ET, B, T3 AR
LT B D ‘/i;v~‘/a/k@F’Eﬁ@;E%:gf;)/&ﬁia%ﬁ'aﬁﬁ”%wUy7?74\‘/i;1/~\‘/a:/&:u‘4~%i?&>éo
TONAZRROLE L, LIXUIE, 22—V =D EEZLT. HOIWIL, 2—V —NHE L= M fERIZE-
TH2bNI=T7 % 28 % u\f@%T) VT ERBERLUET,

Ralb—var s IAMIE, EUV U7 I 7 4D DL EEIT— LDV ADE &z, [T
~ AT D E WS TR DRI Y 7T 7 1T CHOONDH LW @ TS E T A bS i, é&b
SIRT USSR, v A7 — U EEEE L O D ML2 A7 ar VB COmBIRE S
TUWD, it 72 22 M BB AT R IR EB L OMRAH DN TEHEL AR 2T 58 %;’n%
VU RREHMERED T 2L —2a BB ThS, HITEIREZKDIAL O DI Ial —al bR —
M, A FETLFRER, EETHUHTHIEAD,

L HOWIRV I T T 7 4 DB NN, BT Vo722l —3a w0 OM DO FHR O ESRITHE
VHOEXET, NAL20 ZHBZ A NFL AT LA Iab —ar LTSRS, B, G~ A7k
EBLOMEHZEDE R 2 BN T ENERSINE T, RIRIE T TERIGIZ IV E D KIERAAL
ANGEDHEIW A Il —ar NI ARETHS,

VIS 74TV BLIOR 2l —ar DO EOHKIT. IKREHOAA— L BI0NT 0
Y ARSI DR SR DT A U ARDIR D B E EMEIC TR AT, ZRHIZ oW T,
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LER LWl @824 T, — R T THBBZOL VANEIRBLO Y v AT A R 2T Hld 57251
KO BRWIE AL SR 7T T VAR L TV ﬂm XR0ER A, BT VEBRLIZY, TR —/VIZ#
FONTWDET NENAZARLTZD T 57O, EO P TT7 4+ -V ANOE Y R BZITOR RS
Ni=FxU 7L —a Nk Ed, 3%«)7 L—varid, FilziE, CD FHAO IS, BEDNCA
NT—=2OEIEIFLET, LTen-> T, M= — DX B OB LM AL E T, Rt 21T
CD-SEM @oto FHEY — DT VAW THDILARETT, LWR LY LER OFEEMEOHEANIZ
PN VYT TT7 3 ab—aild, TNHLOT A AL FEFYERE(LER) & Z B (LWR) O FEAN 2 % 5-
TOVERHVET, LUAMS = TELS T U T DOIIR DT 7 RAINRT /3 AR I (IR
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