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NA Numerical Aperture

CD Critical Dimension, CDU (CD Uniformity)

DOF Depth of Focus

LER/LWR Line Edge Roughness/Line Width Roughness

RET Resolution Enhancement Techniques

OAl Off-Axis lllumination

PSM Phase Shifting Mask cPSM (complementary PSM), APSM (Alternating PSM),
EPSM (Embedded PSM), Att. PSM (Attenuated PSM)

EDA Electronic Design Automation

OPC Optical Proximity Corrections, RB/MBOPC (Rule Base/Model Base OPC)

DFM Design for Manufacturing/Design for Manufacturability

SB/SRAF Scattering Bar/Sub Resolution Assist Feature™
MEEF Mask Error Enhancement Factor (=MEF)

ARC Anti-Reflection Coating, BARC (Bottom ARC), TARC (Top ARC)
AMC Airborne Molecular Contamination
DE Double Exposure

DP Double Patterning

SADP Self Aligned DP

ESD Electro Static Discharge

NGL Next Generation Lithography
EUVL Extreme Ultraviolet Lithography
ML2 Maskless Lithography

NIL Nanolmprint Lithography

UV-NIL Ultraviolet NIL

SFIL Step & Flash Imprint Lithography
DSA Directed Self Assembly
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ITRS2009

ITRS Lithogra

ohy Technology

ReC

uirements

IR

ITRS 2009
Year of Production 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
DRAM ¥ pitch (nm) (contacted) 52 45 40 36 32 28 23 20 18 16
DRAM
DRAM % pitch (nm) 52 45 40 36 32 28 23 20 18 16
CD control (3 sigma) (nm) [B] 5 4.7 4.2 2.3 2.1 1.9 1.7
Contact in resist (nm) 57 50 44 39 35 31 25 22 20 18
Contact after etch (nm) 52 45 40 36 32 28 23 20 18 16
Overlay [A] (3 sigma) (nm) 10 9.0 8.0 7.1 6.4 5.7 4.5 4.0 3.6 3.2
k1193 /1.35NA 0.36 0.25 0.22 0.20
k1 EUVL 0.66 0.59 0.52
Flash
Flash %2 pitch (nm) (un-contacted poly) 38 18 16 14 13
CD control (3 sigma) (nm) [B] 4 2.6 2.3 2.1 1.9 1.7 15 1.3
Contact Pitch (nm) 219 151 135 120 107 95 85 76
Contact after etch (nm) 52 36 32 28 25 23 20 18
Overlay [A] (3 sigma) (nm) 12 10.5 . 8.3 7.4 6.6 4.7 4.2
k1 193/ 1.35NA 0.26 0.22 0.20 0.18 0.16 0.14 0.12 0.11 0.10 0.09
k1 EUVL 0.61 0.39
MPU
MPU/ASIC Metal 1 (M1) % pitch (nm) 54 45 24 21 19 17 15 13
MPU gate in resist (nm) 47 41 25 22 20 18 16 14
MPU physical gate length (nm) * 29 27 18 17 15 14 13 12
Gate CD control (3 sigma) (hm) [B] ** 3.0 2.8 1.9 1.7 1.6 15 1.3 1.2
Contact in resist (nm) 66 56 29 26 23 21 19 17
Contact after etch (nm) 60 51 27 24 21 19 17 15
Overlay [A] (3 sigma) (nm) 13 11 . . . 6.0 5.3 4.7 4.2 3.8 3.3
k1 193/ 1.35NA 0.37 0.31 0.26 0.22 0.19 0.17 0.15 0.13 0.12 0.11 0.09
k1 EUVL 0.83 0.70 0.59 0.50 0.44 0.39 0.49 0.44 0.39 0.35

Work in Progress - Do not publish

STRJ WS: March 5, 2010, WG5 Litho

4



ITRS2009

Potential Solutions

ITRS 2009

First Year of IC Production

2009

2010

2011

2012

2016

2018 2019 2020 2021

DRAM % pitch (nm) (contacted)

52

45

40

36

18 16 14 13

Flash % Pitch (nm) (un-contacted Poly)(f)

45

193 nm immersion with w ater

28

25

13 11 10 8.9

32

193 nm Immersion Double Pattern

EUV (DRAM / MPU)

Narrow
Options

>
I~

N~
™

<

q

22

EUV

193 nm Immersion Double / Multiple
Pattern

ML2

Imprint

16

EUV

Innovative 193nm immersion Multiple
Pattern

ML2

Imprint

Directed Self Assembly

Interference Lithography

EUV(DRAM/MPU)

DP

Narrow Option

22nm:

EUV, 193
ML2, Imprint

DP/MP

Narrow Optiong

. @@ 0

- Tim

®
.

RN

11

EUV

ML2

Imprint

Directed Self Assembly

Interference Lithography
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ITRS2009

Potential Solutions
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ITRS2009 |

Diffct Challonges » 22

STRI

Difficult Challenges > 22 nm

Surmary of boues ITRS,2009

Optical masks wih feafres for
tesobton exhancement
postopfical mask fbriafon

Epipentnfostucure (e, inspection, metology, leaing, epa) fml
assis s

Registaton, D, nd defect conhol for masks

Flvinging formation of progressive defets and haze during exposune

Understanding and ahieving he speeiic sigmfureand speifications for a Doubl Pefemed mask

Establising a stable process so that sgnatwres can be coected,

HAZE

Double petening

Overley of ufiple esposures nchcing mask image placement, mask-fo-task

(efned by o sepaale expostnes

Avaabiy ofsofwae o splithe patem, apply OPC, and vey the qualfy of the spit whilepreseving eical
feaurs and g no movethn 0 exposures for arbiary desgns

Avaabity ofigh productity scamner, rack, and process to mainin low cost-f-ommersip

Photovesss with idependent esposureof unlple passes

/OPC/
CoO / /

Bl logisties and proces control o enabl ow cycle e mpaetthat efficent schedulng of muliple expase
DSSES

/ROI

Cost control aud reum oo
investment

Achieving consantmproved oo of exposure teated bol costo throughut over fme

ROTfor smll volme prodiucs

Resoures for developing muliple technologiesat he same e

Costffetive esoltion enhanced opfice masks and post-apticel masks, and recucing dta volume

450 m diameter wefer infrostroctine

Process cortrol

ROI

RET
450mm

New and improved dignment and overley confol methods mdependent o technology optionto <5
Overly nor

Controling LER, CD changs nduce by mefrology, and defets < 10 1m size

(eater aocuvacy ofresist similafion models

Accursey of OPC and OPC veiicafon, espeeillyin presence of polarzafon ffels

Lithography fiendy dsion and desig for manufachuring (DFM)

Work in Progress - Do not publish

30<5.7nm
LER CD 10nm
OPC/
DFM
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ITRS2009

Diffet Chalonges <= 21 mn

Dl%hallenges <22 nm

Sommary of ey

EUV ihography

Souweg power > 180 W af intermedia foeus, acoeptabl ity requirements fwough nerased convem E uv

effiieney and suficen Befime o colletor apies nd source components

Cost control an refum on invesfment

Resist wif1 < 1.3 35 LWR, < 10 mlfenC sensviy and < 20 n % pih resolion

Fabrication of Zero Prining Defeet Mask Blaks

Estabtshin the EVTVL roask Bl infastcture (Substrte defeot inspeetion, acfini bl inspection

Fsfabshin the FXTVT pttmed mask nfastructre (A cfivic mask nspection, EUV ATHE)

Controling opies contminetion fo aclieve > fve:pear edime

Protecton of BUV masks from defects without pelicles

Fabricaion o opfis vth < .10 nm s fgure evor and < % ininse fre

180W

ROI
‘LWR<1.5nm,

<20mJ/cm2,

<20nm

Resist materidls

Liits of chemically ampfied rsist sensivty for < 22 am hal pitch doeto acid diffsion e

Mateils ith improved dimensional and LWR.control add (i)

Resist and nfireflecton coatng materals composed of femaves fo PEAS compounds

Lovw defets i esist matetls (size < 10mn)

Linewikh rongness < 1 4un 3 o

Mask fibrication

22nm-hp
LWR
PFAS
(<10nm)
LWR (3o<1.4nm)

Thmeiness and eapabity of eqpipment infestructure ke, inspecon, mefology, eleaning, e

Mask process confol mefhods nd yield ehancement

Cost control an refum on investment

Cost confrol and rehm on
investment

Aciving constantmproved ralo of exposaweelte foolcostfo Croughput

ROI

Development o cost:effctve postapticl masks

ROI

Cost effefive 450mm Hhograply sylems

Actieing ROT Jorsmal vohume products

Diffct Challnges > 22

Sommary of ey

193 am Tmmersion Mulple
Pafeming

Cost control e refum on invesfment

450nm
ROI

Wer processig fo fihter overay and CD confols 193

Mask fibicaionfo tserspecifications

Work in Progress - Do not publish

/ROI
/ICD

STRJ WS: March 5, 2010, WG5 Litho

8




ITRS2009 |

Difficult Challenges <22 nm (cont’)

ITRS 2009

Defeot inspeetion on patemed wafes for defels < M0
Resolufon and precision for rialdimension measurement dovwn f0 6
melroogy for 08 m 3s

Difalf Challnges <= 22 m Sanmary of s

Metrology and defet inspecton —
Metrology for acievng < 2. nm 3 wafer overay enor

Teaplae nspecionfor 1X Iprint Pattemed Masks
Phase sifing masks for

Development of process
Development of e and improvee ligment and ovrly contol mefhods independent o technology apton fo

achieve <. m 35 overay eror, espectly for it Ethograly

(ate CD contol mprovements
and process confol

Costconfrol and efuem on nvestment

Maskless itrogrephy Dieodatbise nspeetion ofwafe paters wten with masless Aography
Datem placement - neludin sficting

Contoling variaiity befween beams n mulbeam sysems

Dt nprt empltes f 1 cnensons _
Infostruure fo LX technology Templtes (ke hereis inspeeton’)

Teaplee febriceion f fghter speeifiatons

Proteeton of uprn epltes fom defets wioutpelcks
Tnpint Lihogaphy Mask L ime

Throughput

Cost control nd reun on investment

Ovetay

Proesss control mefhods fo compensate for sysfemaic CD and overay emors

Work in Progress - Do not publish STRJ WS: March 5, 2010, WG5 Litho 9



k1 (193nm)

k, factor @ArF
hp = Resolution [hp]=k; A/NA

HP 120 90

0.181 0.163 0.145 0.131 0.116

101 NnN17C N 1CE N 1/ANn N 1
0] .24

€ NA
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i STRI

Computational lithography

OPC & optimization Process control

OPC
Resist modeling
Mask 3D

SRAF
Verification Exp. dose correction

4_ PEB temp. zone control

SMO Scanner knobs
(Source Mask Optimization) .. .
optimization

]| for CDU and OPE matching
=1
1'I i

Pixelated source & SRAF

Exp. dose Focus

Pupil Flare

\éberration Laser BW

Overlay correction

Lithography process
Slmulation

Analysis & evaluation

IFeed back II |

High order correction

http://www.brion.com/smo_summary.asp
http://www. kla tencor.co.jp/product/product_s/PROLITH.html
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[k1>0.25]; Double dipole

Original design H Design split H Double dipole exposure

Hewizomial
- ASML scanner
— = dipole exposures
L = _-EE_ 4 —-— "._".
— +| :'
L =/
: Varhos
I -
™ B —=a
Low-k, gate —— ] Low-k, 0.33)
layer design —= | 4 wafer resulis
!
MaskWeaver DDL masks
mask dala

http://www.asml.nl/asml/show.do?ctx=6843&rid=6713
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‘ STRI

[k1<0.25]
Pitch Splitting [TRS 2009

Double Exposure Double Patterning Spacer double patterning
Mask 1

Top Hard Mask
Buffer Oxide

Top hardmask etch
Spacer formation

trenches

Oxide deposition
CMP

Spacer removal
Develop Oxide removal

- Bottom
and etch a"‘ra‘;z:'m hardmask etch

Figure LITHI  Process Flows for Pitch Splitting (DE, DP), and Spacer Patterning

Work in Progress - Do not publish STRJ WS: March 5, 2010, WG5 Litho 13
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Double Patterning / Spacer Requirements

IT R S 2009 Year of Production . 2009 | 2010 | 2011 | 2012 | 2013 | 20014 | 2015 | 2016 | 2007 | 2018 | 2019
DRAMY MPUY ASIC (M1) ¥ pitch (nm) (contacied) | 52 45 40 36 32 28 25 23 20 18 16
DRAM CD contral (3 sigma) (nim) 5.4 4.7 4.2 3.7 3.3 2.9 2.6 2.3 2.1 1.9 1.7
Flash 14 pitch fnm) (un-contacted poly) 38 32 28 25 23 20 18 ig i4 i3 11
MPUASIC Metal 1 (M1) 34 Fifch fnm)fcontacted) 54 45 38 32
MPU gate in resist (nm) 47 41 35 31
D P MPU physical gate length {nm) 2¢ 27 24 22 : : : :

Gate CD control fetched) (3 sigma) (nm) 3.0 2.8 2.5 | 2=
verlay (3 sigma) (nm) 10 9.0 8.0 7.1 6.4
Contact in resist () [51s) 56 47 39 33

XGeneric Pitch Splitting - Double Patterning Requirements Driven by MPTU metal 1/2 Pitch
Mean CD Difference in DP Lines 0.9 0.8 0.6 0.5 0.5 0.4 0.4 0.3 0.3 0.3 0.2
Fooled Dual Line CD control (3 sigma) (nm) 3.3 3.0 2.7 2.4 2.2 2.0 1.8 1.7 1.5 1.4 1.3

Cveriay 35 for MPULFLE or LELE

Frinted Dependent Space CD control for MPU

64 | 54 | 45 | 38 | 32 | 29 | 25 | 23 | 20 | 1.8 | 16
LFLE-LELE fnm,3s)

D P Generic Spacer Patterning Requirements - Driven By Flash
Nominal printed duty cycle 1:3 1:3 1:3 1:3 1:3 1:3 1:3 1:3 1:3 1:3 1:3
Core Gap (Line) CD Control (3 sigima) (hm) 3.0 2.5 2.3 2.0 1.8 la 1.4 L3 1.1 1.0 0.9
Line - Depogited Sidewall Thickness uniformity (3
. 1.9 1.8 1.4 i.3 1.1 1.0 0.9 0.8 o7 0.6 0.8
sigma) fim)
Space Uniformity (Bi-Modal) 3 sigma 4.5 3.8 3.4 3.0 2.7 2.4 2.4 1.9 1.7 1.5 1.4

Mean CD Differce causing Bi-modal Spacce OD
Cwverlay for spacer process

Hequirements
Mask magnification [B]

Mask nominal image size fnm) {C]

Mask minimum primary feature size [D]
Mask sub-resolution feature size (nm) opague [E]

Image placement (nm, multipoint) [F]

D P reet (nm) fMT

Image placement (hm, multipoint) for double

s patterning of dependent layers [ V]
Difference in OD Mean-to-target for two masks used
as a double patterning set (nm) [W] 21 1.8 1.6 14 1.3 1.1 1.0 0.9

Work in Progress - Do not publish STRJ WS: March 5, 2010, WG5 Litho 17




ITRS 2009 @’

Reticle Cost
M Other
B Resist Cost
B Consumable Cost
B Capital Cost

Double Patterning

Cost of Ownership for 5000 wafers per mask

45nm DP (125 wph)

32nm Line DP (180 wph)
32nm EUV (100 wph)
22nm Line TP (200 wph)
22nm EUV (100 wph)

Figure 2. The Relative Cost of Ownership for the Critical Level of a 5000-Wafer Run Device vs.

Lithography Process and Node
Work in Progress - Do not publish STRJ WS: March 5, 2010, WG5 Litho 15



EUV

NGL

STRI

ITRS 2009

EUV Lithography

Maskless Lithography

Imprint Lithography

Source Power

E-Beam Patterning System

Mask

> 180 W at Intermediate Focus With HVM Reliability Throughput 1X Mask Pattern Inspection and Repair
Lifetime of Collector Optics and Source Components CD - Stitching Errors 1X Specifications
Resist Wafer Heating During Write 1X Defect-Free Process
LWR = < 1.5nm 3s Pattern Overlay Mask Life
Dose = < 10 mJ/em? System Calibrations
Resolution < 20nm 1/2 Pitch Resist
Resist Viscosity - Throughput
Masks LWR - < 1.5nm 3s
Dose - Adequate for Throughp Imprinting System
Actinic Blank Inspection = Phase Defects Resolution < 20nm 1/2 Pitch Throughput
Substrate Inspection = Phase Defect Source Defects
EUV Aerial Image Metrology (AIMs) - Defect Review Image Verification Overday

EUV Actinic Pattern Inspection
Defect-Free Reticle Handling

Patterning Repeating Error - Defect Checking

I nieeds invention to Reach Manufacturing Numbers

Needs 3X Improvement or More

Needs Less Than 3X Improvement

Work in Progress - Do not publish
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| STRJS

EUV Focus Areas 2005-2009:
22 nm half-pitch insertion target SEMATECH

2005 / 32hp | 2006 / 32hp | 2007 / 22hp | 2008 / 22hp | 2009 / 22hp

1. Resist resolution, . Reliable high power 1. Reliable high power 1. Long-term source ' 1. Mask yield & defect
sensitivity & LER source & collector source & collector operation with 100 W inspection/review
met simultaneously module module at IF and 5M.J/day infrastructure

2. Collector lifetime . Resist resolution, 2. Resist resolution, ' 2. Defect free masks 2. Long-term reliable
sensitivity & LER met sensitivity & LER met through lifecycle & source operation with
simultaneously simultaneously inspection/review 200 W at IF

infrastructure

3. Availability of defect 3. Resist resolution, 3. Resist resolution,
free mask sensitivity & LER met sensitivity & LER met
simultaneously simultaneously

3. Availability of defect
free mask

. Source power ' 4. Reticle protection | 4. Reticle protection Reticle protection « EUVL manufacturing

during storage, during storage, during storage, integration
handling and use handling and use handling and use

Reticle protection 5. Projection and 5. Projection and * Projection

during storage, illuminator optics illuminator optics iMuminator optics and

handling and use quality & lifetime quality & lifetime mask lifetime

* Projection and
illuminator optics .
quality & lifetime SEMATECH EUVL Symposium 2009

EUVL pilot line insertion in 2011/12 and HVM introduction in 2013

Work in Progress - Do not publish STRJ WS: March 5, 2010, WG5 Litho 17



EUV status ~
« EUVL
— (Actinic inspection)
o Selete
- DUV /EB
— EUV-AIMS (Aerial Image Measurement System)
[EUV ]
o Carl Zeiss
« EMI (EUV Mask Infrastructure) [SEMATECH]
6 )

Work in Progress - Do not publish STRJ WS: March 5, 2010, WG5 Litho 18
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EUV status ~ system

Dynamic Scan image 28nm L&S Selete ) Resolution Limit Selete )
Conv.
a=0.8
3 WL ELELELCRREEEFOERELRRERLERRRT ERRETRER 1
e | | N OO LR D R MCEK RN RN ||
< \LLERLERERLERRUICRARR RRVDLTAEREL RNERTEER R
ACRFEPRREREERROER ERURRRURERDLED RN RO
AFRVCRERRRLRDRRUCYRUERRRENT YD VYRR FRE
N——— WAREE CREET PRERURORDEDRRTEL RO OER
NA:0.25, sigma:0.8 - - w n “ -I -
Convnivntlnnal Himn. - “ n u - - m u
oomoeme " OAMAAY AERRE RURERD ERRLEL TERRRD FRRRRE VERRRL HRERI
| 28nm L&S scanning image across the chip was obtained | : 'HJ"'.“T;'"'..TG;H:'.:;"
2009 EUVL svmposiym - Tawarayar 17

K. Tawarayama, et. al. (Selete), Internatlonal Symposmm on Extreme
Ultraviolet Lithography, O ET-05, 2009

SPIE Advanced Lithography 2010

[Selete] 35nm DD (M1/V1/M2)
EUVL (Nikon EUV1)

Work in Progress - Do not publish STRJ WS: March 5, 2010, WG5 Litho 19



EUV |

Overlay <7 nm

Main improvements

1) New EUV platform :NXE

2) Improved low flare optics

3) New high o illuminator

4) New high power LPP source
5) Dual stages

EUV status ~ system

EUV Product Roadmap

2006 2010 2012 2013
ADT NXE:3100 NXE:3300B NXE:3350C
Resolution = 32 nm Resolution = 27 nm Resolution = 22 nm Resolution = 16* nm
NA=0256=05 NA=025 =038 NA=032 c=0209 NA =0.32, OAl

Overlay <45 nm Overlay < 3.5 nm Overlay <3 nm

Throughput 5 WPH Throughput 60 WPH Throughput 125 WPH Throughput 150 WPH
@ 5SmJicm? @ 10mJ/cm2 @ 15mJicm2 @ 15mJfcm2
~BW =>100W =350W =550W
. » 2 B . 5

Platform enhancements
1) Source power increase

Main improvements

1) New high NA 6 mirror lens

2) New high efficiency illuminator
3) Ofi-Axis illumination option

4) Source power increase

5) Reduced footprint

* Requires <7mm resist diffusion length

J. Benschop (ASML), International Symposium on Extreme Ultraviolet
Lithography, Keynote 1, 2009

[ASML]

[Nikon]

SPIE Advanced Lithography 2010
ASML NXE:3100 6
15WPH(20W)=2>60WPH(100W)
Nikon 2014 16nm

LPP

Work in Progress - Do not publish
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EUV

‘ STRI

EUV status ~ resist

1. Challenges to EUV resist materials

FUJIFILM

Lithographic performance of a CAR
28nm hp
B

26nm hp

Selete )

25nm hp

Annular (0.3/0.7)

Resolution LWR Sensitivity
ITRS HVM Specs 22 (nm) < 2.2 (nm) <10 (mJ/cm?)
Performances 25 (nm, partially) 5.0 (nm) 12.2 (mJ/cm?)

* Basically 25nm HP resolution, 5nm LWR and 12mJ/cm? sensitivity
were demonstrated. These are still far behind the target.

FUJIFILM Corporation

S. Tarutani, et. al. (Fujifilm), International Symposium on Extreme

Ultraviolet Lithography, O R1-01, 2009

SPIE Advanced Lithography 2010
( ) (

[Intel]

: HP=22nm, LWR=4.3nm,

10.9mJ/cm?

Work in Progress - Do not publish
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EUV status ~ source (LPP)

~70W EUV Power at IF — Continuous Operation

EUV Power at High Duty Cycle

« 60% duty cycle
» 400ms burst duration
« 30pum droplet diameter

+ Droplet position
control on

+ Dose control off

ELWV IF power, W

—n— BN Average
» = ELN Maimus m

" i 1 " i 1 "
0 10 20 0 40 50 &0
Time, min

TOW at IF for 1 hour at 60% duty cycle ~ 150 kJ per hr
24 hrs equivalent is 3.6MJ or 900 wafers per day (300mm, 10mJ/cm?)

D. Brandt, et. al. (Cymer), International Symposium on
Extreme Ultraviolet Lithography, O _SCI-03, 2009

SPIE Advanced Lithography 2010
LPP
[Cymer] LPP OOW@IF/DC80% IF
1/2 =>
[Gigaphoton] LPP 70W@IF/DC20%=14W

Work in Progress - Do not publish STRJ WS: March 5, 2010, WG5 Litho 22



v \ STRI

EUV status ~ source (DPP)

TRIANOOMESE
i hA20W & KRS
a0
2 o
500 N "
% 400 ' Coat s 2 100% DG
H ) I Y a [ ] aa a0 4
%3@3 L Y s :ﬁ
5 15% E'ﬁﬂ 100 1
4 00 . ' 1 - I:Iu 10 0 3;1 -ll.l 50 &0 Mmoo\
A ot
ﬁ 100 " * 10.5 K min.
0 . 0 . 500
0 z 4 & 5 B 400" e, L
3L iz I TannEE s :
= 3007
+
fg S0 5026 DG
e
1o 0 )s (FF e i 100 Cpen-loog run (no stabilization contral)
o
BN B T S
£ | e S Eifs hour
- S
=UVAN = xmremePHILIPS—]
EUVA =>34W@IF
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2010

e ITRS 2010 update/ITRS 2011

— NGL
« EUV EUV EUV
-> EUV
1
e ML2 Imprint

. ( )
— Computational Lithography
— Interference Lithography

Work in Progress - Do not publish STRJ WS: March 5, 2010, WG5 Litho 24



« 2010
— 45 nm hp
— 32nmhp

« 2013

— 32nmhp

— 22nmhp

- EUV

 LWR

DRAM/MPU
Flash

DRAM/MPU
Flash

. 16nm

Work in Progress - Do not publish

=»193nm
->

(Spacer)

EUV
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