M=

1. [ZE®HIC
EEOTHE., MHEMIOBEE

2. $EARAL DAL
3. ELVUVT 71— 1T
4. EEBRTKPZOEVWL P AMARRFE

5. F&o



1990F HKEF DX —/I—aEa1—4% (footprint=6m X 6m)
= iPhone SELREIE D IIEKE S

WSTS (WORLD SEMICONDUCTOR TRADE STATISTICS

Participating company: Total 45 companies

Market was up 13.7% in 2018 to US$468.8 billion, an all-time high.
The year 2019 is forecasted to be down 3.0% to US$454.5 billion.
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WSTS Forecast Summary

By replacing the Q4 2018 forecast figures with Q4 2018 actual results, the forecast
of the annual growth rates is updated from the 2018 Fall Forecast, published on
November 27, 2018.

__YearonY rowth in

2019 2017 2018 2019

Americas : 97,021 35.0 ! .
Europe 38,311 42957 | 42824 17.1 12.1 -0.3
Japan 36,585 39,961 40,351 133 92 1.0
Asia Pacific 248,821| 282,863 | 274,350 19.4 13.7 -3.0
Discrete Semiconductors 21,651 24,102 24,776 115 113 2.8
Optoelectronics 34,813 38,032 | 38,611 8.8 9.2 15
Sensors 12,571 13,356 13,899 16.2 6.2 41
Integrated Circuits 343,186 | 393,288 | 377,261 240 14.6 4.1
Analog 53070| 58,785| 61083 10.9 10.8 3.9
Micro 63,834| 67233| 68513 55 5.2 1.9
Logic 102,208 108,303 | 112,109 11.7 6.9 28
Memo 123974 | 157,967 | 135557 61.5 27.4 -14.2

; 7 mnap— , 7 P BT

Note: Numbers in the table are rounded to whole millions of dollars, which may cause totais by region and totals by
product group to differ slightly.

GSAMYS G4BMI0 GASM24 GAZM2Y GAOM1E CAOMHET2 GAOM16T4
Labelis . 5 5 24 N5 “i.5% .57
Ho-f7 [ [X5] o121 RAHS 24115 [FEEIE]
= x fmFET LGAA 30VLSE JoVLS
Logic device structurs options FinfET AinfET LGAR LGAA ank VGAR VEAA
Mainstream device for logic RnFET fnFET FinFET LGAA LGAA LGAA, 30 LGAA, 30|
% A ¥
B
| My pitcih (nmm} 40 36 3
M (nm} 36 2 3
MO pitch [} 38 )
Gete pioh (nm] 54 A & 4 0 40
L, Gate Length - HP (nm} o 8 15 1
ig Gate Langth - HD (nm) FI 2 8 2
Channe! o - 620 [ [F) 926 | 020 0.2 ]
wiclhs (am) & [ ! L I 5 1 ]
‘Contact CO (nmj - AnFET, LGAA 1 16 17 16 18 16 46
Conistt CD fom) - VGAA
Device. key
FinFET pitch (om} 320 280 M0
FIinfET Fin widdh {nm) 80 70 &8
FinFET Fin height {om) 4 50 60
Foolprirt grive sficiency - ET | 2.75 3.82 525
t sforal GAA ateral pitch (om) 200
Leteral GAA vertical pitch 8.0
Lateral GAA (nanosheet) thickness T8 [¥] 5.8
Wember of verbically stacked neno. 3
LGAA Y 4
LGAA wigth (nm) - HD. 5 (1]
LGAA wiowh (nm| - SRAM | [}
LGAA total height (nm) 53 48
drive effici - inferel = HP 4.80 459 5.52 5.00
effective width (nm} - HE 88.0 1870 126.0 1920 156.0
Device effective wiot: (nm, - MO 8.0 Wro 1260 13240 102.0 3.0
Device Jateral pitch (nm) 2 28 F2 Fri E:] 20 F]
Device 40.0 500 60.0 53.0 480 570 510
width (nml - HP. [] ] 25 F] 15 10
Device wigth (nmj - HO [] & 15 Lk [] []
Device width (nm; - SRAM 3 [ 7 [] & []

Acronyms used in the table (in order of appearance): FDSOI: Fully-Depleted Si licon-On-Insulator (FDSOI), LGAA: Lateral Gate-All-Around-Device (GAA), VGAA:
Vertical GAA, 3DVLSI: Fine-pitch 3D logic sequential integration.



Difficult Challenges 2019 Draft V2

Next Generation
Technology

 EUV Single
Patterning

EUV Double
Patterning

- EUV high NA

EUV new
wavelength

Manolmprint

DSA {for pitch
multiplication)

$ 1 Transistor (hormalized)

=3

* Farecast

Embedded Systems and Innovation Technologies for loT Applications, Ali Keshavarzi. IEDM: 2016.

First Possible

Use in Mfg. 22Feature Type Device Type
22:to 24 nim hp CH/Cut
2018 Levels “Znm” Logic Node mask inspection
batk end metals at - ~Resist speed combined
1Bnm hais with LER and Stochastics
‘=shot noise
2022 12nmhp LS “3nm” Logic Node -Tolerance, EPE, and Overlay
: _ ~Stitching of two mask
2025 10.50m hplS “2.1nm” Logic Node patteras
-Shot noise
<EUV source power
. -Resist material
? ? > *

20287 8nm hp LS 7 1.5nm” Logic Node Actinic blank snd patterned
mask inspection
~Defectivity

; e -Overlay

20 nm Bnes and spaces IMacter Temphite

50310 Afinr contace 3D Flash Memory faiunatimaﬁ& mspection

ees -<20nm
-Defect repair
~Mass-production capacity
-Pattern Placement

Contact hokes/cut -Defectivity and defect

levels for logic. p oy inspection

et Possibly nanowire G ogic Node -Design
patterning -30 Metrology

Work in Progress: Not for Distribution

Required
Date for
Decision

Product
Evaluation
Completed

2021
2024

2030

Evaluation
Completed

2021

Moore’s Law: Economics and Power

Cost

Lower Cost per Transistor

65nm 45nm 32nm 22nm 14nm 10nm*

and

Active Power (normalized)

o

Power

Lower Active Power

45 nm 32 nm 22nm 14 nm

Reference: Intel, Bill Holt, ISSCC 2016

making
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Resist

Py-Sl!W Silicide lines.

Configuration of EUVL
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ULSI(Ultra Large Scaled Integrated Circuit)

(a) #H=—sn (150~ 300mme¢; (b)) F27 6~15mm) (e} Mor—¥
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Kodak Photo Resist (KPR)

MCHZ Hnnr

O—CO_CH=CH©
oty

NU‘CHZCHJW

H1C CH
o N /
N CO N
/ \
H;C CH
mCHz Hanr

O—COfCH—CllH—Q
@7iH*CH—CO—C¥)

"““"‘CHCHZW
L. M. Minsk, J. G. Smith, W. P. Van Deusen, J. F. Wricht : .. Appl. Polym. Sci. 2 (1959) 302.
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Kodak Thin Film Resist (KTFR)

| hv
CHs

OAGA®
N7
CHs
EXF7URBEALE

E. Kodak : USP. 2852379 (1958) ; 2940853 (1960)

LA HEFERBORESE
FIhF /227 2K (Diazonaphthoquinone (DNQ))

e
O CH3 CH;

IRZuY
% il (Photo Active Compound: PAC)

‘\C/OH
- 00—C q‘ D)
R
FTIOX/OOTUR ;‘J)l/\_/ 4JT./7‘JJL'h/E§

BEE: 7ILHIBRIGHEEER  (2.38 wt% tetra ammonium hydroxide)

L. Wolff : Ann. 394, 65, (1912) 25.
F. Arrndt, B. Eister : Ber. 68 (1935):200.
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PMMA (poly {(methyl methacrylate))

CHs THS THa
H :
—(—c —c . A —CQ—T- +  Hf——C—
COOCH3 COOCH, COOCH;
ZEP520A
Cl
O Ph Ph
o]
\ ]
Me Me
Chemically amplified resist (positive-tone)
{ERBIBRL DX (RO
EBposure Protecting group ({5 X&)
@:zs:n)
Base resin
(BB mmsmm
&S
. —> H*+X 2) B

H* Diffusion (3i#)
Decomposition of protecting group
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LOAMMHEDOESR
— EUVAL AR EIE? —

———
Light g-line/
KrF rF EB
source i-line S EUV
Wave 365 nm 248 nm 193 nm 135nm —
length
OH OH n
1 n
Ba ‘ @\ 0 2?7
se ] Similar to KrF
I (o] o)
polymer \9\“‘ A % i i 4 d L resist
Paly(p-hydroxystyrene) Poly(meth)acrylate
Novolak resin derivatives derivatives

Figure. Examples of resist base polymer compatible with various exposure light sources.

A=183 nm A=248 nm T i e
120 i euv Absorbance of etements {13.5 pm or $L48 V) Mai
H *

o

g0 | :anmein]acrylam Serivatives
for AfF resist)

oH

(8] Movoiak resin |
40 i ¥ ot gitine esist)

20 {b} Polyip-hydroxystyren: )
(for K resist) 5

Transmittance(%)
g
H
Phcto absatpHion crosssection (disol]
T
=
¥

T 3
4 :_‘____.'_:‘c_rff,;_‘« e e AT
130 150 170 190 210 230

‘Wavelength(nm)

20 30
Asoiic Mass

C. K. Ober et.al, EUV Symposium 2004.

L EIERL DA LDH

Polyhydroxystyrene t-butoxycarbonyl group

—CH,CH— —CH,;CH—

H #Hs
+ CHr + CO,
Ha

ESCAP (IRIERELFIBIBERLDAN)
—QCHZCH—)—(—CHZCH—)— —(—CHZCH—)—(-CHZCH—)—

ST B
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EUV is ready to go...

™ Industry confidence for HVM implementation of EUV is  ASML
- high - as confirmed by our customers -

% of Respondents Indicating E ~owe SHLee, VP Foundry
W @ 2018 Earnings (July 2018) |

; LY "Inmswmdhdhiﬂusme ,-)wwﬂtmmem
C.C.Wei, TSMC co-CEQ | strengthen ourp &
@ 2018 earnings (duw 201&} WBEGWWMEWTWIS
“Fhe siticon results fram our N7+ today are very 4

encouraging: Volume production will start Q2 next year, that | ——

o ey R R s | ’;@mm:l @ 1Q18 earnings {ﬂpnl 2918}
develepment. Our silicon date have proved al the benefits :'--"" o a“"é“wﬂﬁaﬁ"g‘b‘;‘;’ Wfﬁmm
we expect from process simpiification with EUV. In addition,

" | ~ understand the yisld issues. Theyte really ied to
we have also slanedowﬂstemwogymmm T e phaving EUV,the
—_— SR — *"‘—" ; amount of multi-patierming and the effect of thaton
2042y 2013 {48 20W[n=52) __ defedts..we have 4 56 layers of palterming to
# T T - ... produce a feature.
Source: Rick Memitt, EETimes O Sep'17 hifps ivauve BRIIRES COranrumer s /gt e f s Lm
November 16 2018

With 40 systems now in the field and increasing year on year

productivity, EUV capacity is increasing rapidly

Public
90 Slide 3
- TSMC to move 7nm EUV process to volume SPIEZ010

production in March

~
Qo

Somica Chn, Esinci; Jesst Shis, DIGITIMES € Tvesday 13 Pebruury 2010

Taiwan Semiconductor Manufaciuring Company (TSME) is expacied tokick off volume prockuctian of chips b using ah
enhanced 7nm with ELV node at the end of March, socording to industry sources

8

un
o

Samsung Electronics Starts Production of EUV-

based 7 nm LPP Process

Samsung's new 7LPP allows up to 40% increase in area efficiency

with 20% higher performance or 0% lower power consumption,

resulting in better yields with significant fewer layers, I
= It

2013 2014 2015 2016 2017 2018 2019 2020
= Cumulated Capacity (wafer per day) = Capacity (wafer per day)

X1000 wafersiday
F-Y
(=]

w
Q

N
Q

EUV yearly shipped and cumulated capacity
[
=]

Source: TSMC to move 7 nm EUV process to hvm in March’, Digitimes 12 Feb 2019 /'Samsung starts production of EUV-based 7 nm LPP process’,

Samsung press room, 18 Oct2018
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e, 8
TSWHD Property

Immeréibn 4 masks vs EUVL 1 mask

Immersion Etch

»

Mask 1

Mask 2

Mask 3
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Technical issues of EUV Lithography

Mask with no defects
Mask Inspection, repair, a
handling, and contamination

0.1 /cm2 @56nm
— 0.01 /em2 @40nm

£ o (el o (Plot Line)
| High power EUV | § — 0.003 /cm2 @25nm
- izgm smirw w?th o <z 1 ,. (HVM)

180 W @IF 2013
1125 W @IF 2014
| 250 W @IF 2015

E:UV mgmg &pﬁiﬂs e

ASML ADT Zianmnoﬁsm&ﬁ
ASML N&E»&iﬁ@ ?‘5'% node 3
ASML NXE-3300B 22 nm node NA0.33

Htgb sem;l%Mty, low line width
mughness (LWR), m ou@assmg

20 nﬂf(mz LWR 5 n
— 10 m3fem2, LWR 2 nm |

37

Background: Comparison of soft x-ray optics
@ Refractive optics can not be used in principle.

% Refractive index =1
@ Zone plate using diffraction
Suitable for pencil beam radiation

Field of view is as narrow as several mm

100 um Low diffraction efficiency is low.
2B Itis suitable for light collection.

@ Grazing incidence optical system using total

reflection
" It is difficult to achieve both a large numerical
aperture and low aberration. m: Bragg order

i A: Wavelength

@ Use constructive interference
n: Refractive index

Reflection increasing multilayer TR gt

film | #: Normal
Bragg condition mA = 2nd cos @ E incidence angle

R

— Possible to construct reflective optics with

high degree of freedom and bright and
wide-field optical

Vo= 18



nk@]13.5nm
0.08 iF Optical Index $n s
Ni ct *
from cxro g 9 _
i SHQ?O
Platinum .
0.06 - 6 ®
Gold .0 NiO z
k&
1 @ PO TaN s [
-4 .Pd ® He .CoO Cuo GI:I%O.ClMSl
'QE @! Fep203 s e
0.04 - PO TR waee. *
P -
R Rhodium _550%[‘38? S s -
ﬂ VUNO2  Ta205 AIN Gaﬁ Al
Ve vz%95 o Mg o
. .
Ruthenium Ru02 HCe . RE3, CoSi2
0.02 - * o0 TiC s?czozPB wep &
. @ Mo%mgm %arb ;
Mc!ybdenum Py
J 2N ; Sc§|3N4 ilican
@ 0512 i
g Sl
0.00 : . ' ' | Z!rcomum .
0.88 0.90 0.92 0. 94 n 0. 96 0 98 1.00

Multilayer film reflector for EUVL

Reflection increasing multilayer film
' =Stacking two substances alternately
1

*Enhancement of slight reflected light from
each interface

*Normal incidence optical element
*Expressing by Bragg equation

Mo ¢ 2d COS¢ =mA (m=132935' )

Selection of substance pairs
- * The difference in refractive index is large
Multilayer Mirrors . .
d=-69mm.y=06 | Increase the reflection at each interface

08, Calculated reflectance

0.74

—lz wavelength, ¢ incident angle, d: cycle length

06 Gl W « The absorption is small and reflect at
/31
2 054 e RIS many interfaces
B = RW/Si
B 044 —Aussi Wavelength 13.5nm | 6.75nm
E e B C/Si N8O
031

Pair materials Mo/Si LaN/B,C

” Reflectance 70% 58%
- \ ; ' (measured)
12.0 12.5 Isfvmﬂ;:gih (nml)tl() 14.5 150 Remarks EUVL BEL\'V
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Reflection spectrum of multilayer film and

its performance evaluation index
Peak reflectance R 64.5%
i +]

07 ———— —— r  (Maximum value)
_ Centroid wavelength (CWHM)
Center Wavelength at Half Maximum
L * The center of Ryea (Rpeak/2)
© H
g o4 o |13.48 nm
© 4 3 Y
B - 51 Full Width at Half Maximum
o 03 I. X |
55 ; (FWHM)
o 1 i ' : Spectrum width = R¢,/2
4. H | : i i W i s ¢ 7
b o \/ﬁ 0.57 nm
0.0 - ——— — = :
125 13.0 135 14.0 14.5

Wavelength (nm)
Definitions of Reflectance, centroid wavelength, and wavelength width

2018 International Symposium on

Extreme Ultraviolet Lithography
EUV FOCUS AREAS

2015/ 16hp 2016 /16hp 2017 / 16hp 2018 / 16hp

rati

. Keepmg mash defect fles 3 Keeping inask delaci fron

Good prograes but very lar logo progress tul very far togo
for HVM madinesy for HyM reatingst

= Need Industny fosus 10 bring aithe = Need indusiry ocus 1o tring altihe
equited oo punents together Teguired CoMpONSMS logether

sk dufact free (hy EUV

nesiration o thefakd
rgd i 2015



System configuration of ETS-1 (Univ. of Hyogo, Nikon, Hitachi)

lllumination optics PoBOX

\{W & M alignment tool |
T I

Three aspherical mirrors

Wavelength 135 0m
Numerical aperture 0.1

- Demagnification 15

Diffraction limit 60 nm

[] 1 ]

Oepthothoess  0aum i HEEEi |
Exposure area 30 mm {H) X1 mm (V)

s : Vibration isolated bench
Exposure area 30 mm {H) x 28 mm {V)

{in scanning)

Mask 8 inch or 6025ULE

Water £ e

Exposure In vacuum

environment

Aspherical mirrors for the imaging optics

M1-mirror M2-mirror M3-mirror
Diamter 272 mm 116 mm 224 mm
Figure error 0.58 nm 0.58 nm 0.58 nm

(rms)
Roughness 0.28 nm 0.31 nm 0.35 nm
(rms)




ETS-1 (Univ. of Hyogo and ASET)

T. Watanabe, K. Mashima, M. Niibe, and H. Kinoshita, “A novel design of three-aspherical-
mirror imaging optics for extreme ultra-violet lithography,” Jpn. J. Appl. Phys., 36 (1997) 7597-
7600. 45

Large field exposure pattern
v o 114 —

Al nmLER

10 mm

resist thickness : 100 nm

T. Watanabe, H. Kinoshita, K. Hamamoto, M. Hosoya, T. Shoki, H. Hada, H. Komano, and S.
Okazaki, “Fine pattern replication using ETS-1 three-aspherical mirror imaging system,” Jpn, J.
Appl. Phys., 41 (2002) 4105-4110. s
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... for the ASML NXE: 3400B

Source: Jan Van Schoot et al., EUVL Symposium, November 16
Monterrey 2017 2018
ZEISS Starlith® 3400 optical train: @
EUV lithography optics designed for HYM
reticle (mask)
A 13.5nm
NA 0.33

Field 26 x 33 mm?
Mag, 4x

Res  18/16/13nm
flu  flexible

November 16 2018




-ASMLHt DB & IHEUV R v+ —INXE:3400B) 218 =%
017FERICHEFERIE 250 W @IF 125 wafers/hr

- |[BE T NXE:3300B ) &M NXE:3350B 1% 148 HATFA LD KFEE
TuITTL—FFE

; ASML
= High-NA >0.5NA 4x/8x anamorphic magnification
Chief Ray Angle at Mask can be maintained s
ﬁ + Anamorphic optics = half field:

reticle

,,f” AN 8x Magnification in scan
4x Magnification in other direction
+ Chief ray angle ok = Imaging ok

pupil The pattern at the mask
| will be 2x larger >

Scanner prints half fields

V-25



Droplet
Generator

Beam
Transport

CO2 system

1 =

EUV Source - Principle of operation ASML

Public
e 17

Scanner

/ Intermediate
[\ Focus Unit

X D metrology for
~source to scanner

alignment

Power Amplifiers PP&MP Seed unit

Source Power Improvements

g

sy
TECHNENORY
nOsOMAES

g

g

g

3

PREDICTED POWER LEVEL (PER ROADMAP)

E, o PREDICTED IMPLEMENTATION DATE FOR POWER LEVEL

Source power meets
roadmap target

10X improvement in 5 years
Emphasis is on ensuring
sufficient power overhead

for predictable output

2nd supplier (Gigaphoton)is
making progress

Britt Turkot
EUVL Workshop , June 2017
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SPring-8
Electron storage ring 8GeV

SPring-8
Accumulato
1GeV—8GeV

. SPring-8
». Linac

8GeV




Center for EUV Lithography ¢

NewSUBARU Svnchrotron Radiation Facility
in SPring-8 site

Interference
Lithography

1} Resist
2) Mask
3) Large reflectometer of
Collector mirror for EUV
light source
4) Peliicle

Microscopes (EUVM )
Resist EUV Sensitivity

NewSUBARU
el

EUV & Soft X-ray BL-3

Three Beamlines for EUVL

EUV Interference Lithography
(EUV-IL)

V=29



11-m Long Undulator (LU)

Transmiss

d : pitch size of grating pattern
@, :incident angle

Qf : diffraction angle

ﬂ‘ —_—




X
E v *
x

@@ Two window transmission diffraction grating Q

/hp 40 nm
/ hp28nm

{he SEM image of hp 30 nm pattern of TaN diffraction grating

hp 15 nm

Resist replication results

hp 40 nm
hp 28 nm

hp 50 nm
hp 35 nm

Four window
transmission grating

150 um

Two window
transmission
grating




EUVL O R R

Issue of EUV Resist Development

Specification of 10 nm node

Sensitivity = 10 mJ/cm?

LWR = 0.8 nm (30) Acid

diffusion

Low Outgassing = 5 X 10%3
molecules/cm?/s

Shot

Resolution  Acid
diffusion

Development of LER reduction
and high sensitive resist
is most significant issue.




We need smooth resist!!

1) Low LER ,
Reduction of

Line edge roughness

High LER 10 nm (3o) Low LER 2 nm (3c)
2) High Sensitivity
3) Low Outgassing

Molecular size comparison

approx. 2 nm

Calculation method : MM2
Bond energy : 669.5 kcal/mol

b) Molecular resists

Figure. Schematic illustrations of cross sectional resist pattern based on (a) the conventional polymeric material
and {b) the low molecular base matrix. T. Kadota, et.al.,, Proc. SPIE, 4345 (2001) 891.

86
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Calixarene (AYYHORT7L—)

C(CH3)a
O HO E OH
t-butylcalix[8larene (BCA) ¢-methylcalixresorcin[4]arene (CRA)

CHj

£

p-methylcalix[Blarene (MCA)

CalixareneR L X

/§ - )\i (Cornell Univ.)

OH

Rio’ oR!
HO OH
R=CH;orCgHy3  ORM O)L‘OJ< \{/
0y O
‘soFs | T
L? o o PN
)
S
"
R= OR‘ (_ﬁ‘“:%) OTOK
J< >
oRts o7p < o 0\/‘\ X (Georgia Tech. Univ)
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Ref. R. Brainard, S. Kruger, C. Higgins, S. Revuru, S. Gibbons, D. Freedman, W. Yueh,
and T. Younkin: J. Photopolym. Sci. Technol. 22(2009) pp.43-50.

Achievement of high sensitivity EUV resist
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Since the EUV absorption of EUV resist increased, the
secondary electron yield can increase. .
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Nano Particle Resist for EUVL

Inarganic metal oxide core;
Z¢Q; or HIG,

-High etch-resistance

-Good EUV absorbance

i Organic ligand shell:

g 2 Y. ” Carboxylic acid or

E ) siifenic acld ligands
Photochemical reatticns

Phaotoactive

compound
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SPIE News Room

New oxide nanoparticle
extreme-UV photoresists
achieve high sensitivity
Christopher Ober and
Emmanuel Giannelis
Cornell University

15 September 2014, SPIE
Newsroom. DOI:
10.1117/2.1201409.005552

Figure 1. Schematic of the extreme-UV (EUV) nanoparticle photoresist with its core
metal oxide and the organic ligand surrounding the core. ZrO,: Zirconium dioxide.

HfO,: Hafnium oxide.




Nano Particle Resist for EUVL

rm“j soluble
mask

SPIE News Room
; : New oxide nanoparticle
{ m»; T A extreme-UV photoresists
; 20y . . war e
§ e, \,3 achieve high sensitivity
i Christopher Ober and

\ EKJ?; Emmanuel Giannelis
vhy g " Cornell University
d 15 September 2014, SPIE
| Newsroom. DOI:

10.1117/2.1201409.005552
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Develop in
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e Exposed nanoparticles

Figure 2. Schematic of the ligand-displacement patterning mechanism for negative-
tone pattern formation. hv: Energy. H,0: Water.
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Possibility of Metal Resist for EUVL
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PAG Bounded Resist (PBR)

Benefit of PAG Bounded Resist Comparison to the
Conventional one

High Sensitivity  *Optimization of the absorption coefficient of
*Acheivement of the uniform chemical reaction
density

LWR Reduction  -Qptimization of the molecular size
*Small dispersity

*Uniform density of PAG
PAG blended PAG bounded O OO

polymer polymer

PAG

V- 38




Comparison between PAG Bounded and Blended Resists (EB 30kV)

For the 75 nm L/S resist pattern

Blend type

LER=3.5nm LER=7.5nm BAD LER

Exposure characteristics (1/2) (E=50 kV) Resist D

75 nm L/S pattern (80 nm?)

V-39
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Z-factor = (Resolution®) x (LER?) x (Sensitivity)

LER: Line edge roughness LER = 30
LWR: Line width rougness LWR = V2 x LER

lo: R#ERE e
Standard deviation o= _Z(xi — ¥)2
n
n=1

68.27%
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Analysis of the spatial distribution of
functional material in resist functional groups,
photosensitizers (acid generators), additives

such as amines, and so on
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Benefit of PAG Bounded Resist Comparison to the
Conventional one

High Sensitivity  =Optimization of the absorption coefficient of
PAG
*Acheivement of the uniform chemical reaction
density

LWR Reduction  .Qptimization of the molecular size
*Small dispersity

' f *Uniform density of PAG
o ) IENEEPERE W OOO
polymer polymer

OH R

PAG

Comparison between PAG Bounded and Blended Resists (EB 30kV)

For the 75 nm L/S resist pattern

Blend type Blend type

LER =3.5 nm LER=7.5nm BAD LER




The soft x-ray absorption spectroscopy

Photo electron

Uno @H'é?m*r-.ﬁ_
Synchrotron Radiation Au Mesh Coagicd ompitar AN, Duger

NewSUBARU BL-7B

T

AL e

o

®, ) 1
# —I:‘: k Intensity = 1,/ 1,

e _ b For ekample,
To measure the change of the chemical bonding, Carbon 1s core
the specific energy of the incident energy required for 280~330 eV
the measurement. L Fluorine 1s core

690~730 eV

Powerful tool for evaluating the change of the chemical bonding

a5

SXAS (Soft X-ray Absorption Spectroscopy

' - |—— CAR
O“CxO(@*) PMMA
e .
= O=C
3 COO~
w
> 21
L
- O-C=0{ 1t %)
-_-“h—h_-‘_

Zéo 290 30
Photon energy (eV)



How to measure and analize?

€ RS0XS method __ D400 ym

. .' -' B T Center stop
[BL-10 beamline] CCD camera {1 ™M ¥idt) Pinhole
+ Light source : bending magnet The focal point is located 2.1 m

°
[
.

[CCD camera)

The maximum acceptance angle : 24°
(corresponded to hp 11 nm at 280 eV)

= XAS using Cu Ka S(8 keV photon ) cannot detect the
chemical bonding of the elements such as C, N, O, F
etc. of resist material.

- SXAS (soft x-ray absorption spectroscopy) is very
powerful tool to distinguish the chemical bonding of C,
N, O, F etc. in high contrast. (Resonance)

_i,_

- Soft X-ray Coherent scatterometry method is ver
powerful tool to measure the structure of the chemical
contents of resist material. (Scattering)

I

* Resonance Soft X-ray Scattering (RSoXS) is very
powerful tool to measure the size of the structure of
the chemical contents of resist material.

_ Experimental Setup

T Scattering Cut Soft X-ray
™ Pinhole

[1 E~280eV(4.4nm)

Ho200 ym

Monochromator is provided upstream. upstream of this system.
Photon energy range : 60 — 1100 eV
Energy resolution E/AE : 2500




‘Measured DSA samples (1)

€ Three polymers in triblock polymer

| : polyisoprene S polystyrene P : poly(2-vinylpyridine)

Ci-i —CH 5
(‘T‘Ha /Cl'h ’ =
c:H/C - CH —
2 = N
TEM image _ \_/ TEM image

Hexagonal Tetragonal |
Packed Packed
Cylinders Cylinders

(ISP:PSP=6:4) (ISP 100%) !

Results and Discussion
0 Hexagonal packed cylinder

p-P I-I I

TEY signal

In the RSoXS measurement, it is
i3 , possible to distinguish the polymer
naas o S s A e g types by changing the probe photon

Photon Energy (eV) E’nefg y
XAS results of the three polymers

D i e

288.6 eV : S polymer and P polymer had apprdkimately same absorption.
— Only |-l scattering _ 3 |



Resﬂu_l_ts and Discussion

€ Hexagonal packed cylinder

(a) 280.0 eV {b) 284.0 eV

Ellipse shape (not circle shape)
— The sample is streched along the horizontal
direction.

Ring-shape
— The domain size of this polymer is sufficiently
smaller than the beam diameter of 100 um.

« The outer ring signals
— were observed at 280.0, 284.0, 285.6 eV.
(@ (b)) (o
» The inner ring signals
— were observed at 285.6, 288.6 eV.
. % ‘] ) (d)
Scattering measurement results of {c)285.6 eV : t* bonding of benzyl group
hexagonal packed ISP triblock polymer 15

RSoXS method

The scattering vector g
can be calculated from
the scattering intensity
distribution obtained by
CCD.

CCD image

Scattering vector

[ qg=Zsin(2)
ight - -
‘_N shielding A 2
plate

A = wavelength

¢ = scattering angle



Carbon K-edge absorption spectra of

PMMA, CAR, and ZEP520A
Sample e 1 '\‘/
ZEP e
2 [ PMMA 1
S n
et s ]
%" 0-C=0 |
> 4 204eV | | cl
L 286 eV HA o
- Benzene ring(m %) ind | Nt
i g O Ph l
q
280 285 290 295 Me

Photon energy (eV)

Scattering vector spectra of PMMA, CAR, and ZEP520A
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1)

2)

3)

5)

Results

RSoXS method to evaluate uniformity of resist material distribution was
developed, which can modulate absorption contrast of functional group
by changing the incident photon energy around carbon absorption edge.
The scattering distributions from three types of the resist were
measured at the BL-10 beamline of NewSUBARU synchrotron light
facility.

The scattering profiles of the CAR at 286 and 294 eV were different from
that of 280 and 289 eV, which indicated the non-uniformity of the resist
material. Since these of PMMA resist had unity scattering profile, the
PMMA resist had uniform distribution of acrylate structure in resist.

The RSoXS results could show uniformity of resist material structure,
which was important to achieve high resolution and low LWR
performance.

In future, we will measure actual EUV resists using RSoXS with
quantitative uniformity evaluation and with higher signal-to-noise ratio
condition.

Result

1) We have developed the monochrometer and the
reflectometer for EUV — VUV region.

2) The monochrometer had sufficient wavelength resolution in
the EUV light region.

3) The beam size on sample was 0.6(H) X 0.3(V) mm?2.
4) We mwasured reflectance of Mo/Si multilayer, absorber(TaN),
and glass substrate, that

was composed EUV mask.

5) Future issue is to cut off the higher-order light in wavelength
region of 20~100 nm.
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Difficult Challenges 2019 Draft V2

Required

Date for

Next Generation First Possible Decision
Technolagv Use in Mfg 22Feature Type Device Type Key Challenges making

zmnmmw - mﬂcmmw Fmﬂmxt:

EUV Single. G Levels ; "‘a:m* Laglcﬂnde ~ mask inspaction :
Patterning o a:ar,;t-e;:u& metals at . -Resist speed combined zﬁ&a&%n
18nm hpts . with LER and Stochastics  Completed
-shet noise
EUV Double - et :
Potterning 2022 12am hp iS 3nm” Logic Node -Tolerance, EPE, and Overlay 2021
o o _ : T Mafmm
EUVhighNA 2025 10.5nm hplS “2,5nm” Logic Node ; 2024
e ' . . "SMW‘!@ : :
EUV rew ot e
wavelength 2028 7 8nmhpLS? 150m” LogicNode o and patteened 2030
mqsk ingpection
= . 20 nm lines and spaces o M arﬁmmﬁ _?mﬁuct 5
Nanotmprint 2019 e iy .  3DflashMemory fabrication and inspection _Evaak.m?an E
holes B 2o Completed
: ~Defect repair ]
e : -Mass-prodiiction capacity ]
-Pattern Placement
Contact hokes/cut -Defectivity and defect
DSA (for pitch levels for logic. o Ry inspection
multiplication) 4072 Possibly nanowire 3nm” toglc Node -Design 20?1
patterning -3D Metrology '

Work in Prograss: Not for Distribution

Challenges for Beyond EUVL in shortening wavelength)
(A=13.5 nm — 6.75 nm)

1) Imaging
O Flare level scales o« 1/A*
O Bandwidth of a single mirror AMA(Mo/Si)=4% = AMA(La/B4C)<1%
O Bandwidth of the optical column AMA(MO/Si}=2% = ANALa/B4C)=0.6%

2) Multilayer for masks and optics
O Smaller layer thickness =A
O Requirements to interlayer diffusion «A
O Larger number of bi-layers per multilayer to increase the reflectivity.

3) Source
O New fuel is needed in LPP.
0O EUV FEL is necessary.

4) Resist

O Resist sensitivity becomes 5-7 times lower

Quantum efficiency of current EUV resist will decrease due to lower
absorption of 6.7nm(186eV) photons vs 13.5nm(92eV) photons

O Potential shot noise increases



Next Generation EUVL Optics for 6.X nm

* Achieved the highest measured reflectivity to
date, actively developing multilayers to their
theoretical limit ~ 70%

05

s 31T D (ARG
i 341501 _New Sul
L

04
! 5 Paraneters. CXRO\Dra} Mew Subari
Afpeskl.om 6683 [

03 f
02
% s - (. N
CXRO -5 degrees ~
0.
o L

66 565 6.7 675 68 6.85

Refiactivity

By courtesy of Rigaku

FEL for EUV Light Source

FEL is a clean light source

* In Free Electron Laser relativistic electrons travel through
the undulator magnet in vacuum and generate X-rays

* No contamination high quality e-beam = microbunching
* Minimal thermal load and coherent amplification

* Directional output

* Scales to high duty cycle

e

s

i o

&% (adiabeam

'IVTECRNOE?JGHS
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FEL for EUV Light Source
Short term risk profile comparison

Straight shooter {S5] FEL Leveraged on LCLS-II design
> i and development, and X-
135 om FEL experience worldwide

- szm

Massive practical experience with single pass X-FEL,
large pool of experts and trained personnel Smaller injected/recirculated current

Untested physics of high efficiency short wavelength FEL  Higher RF and beam dump costs
Modular design, enables future upgrades, also testing can be done in existing facilities

Well developed modeling tools

By Recovery Unde B3] 16 Leveraged on Jlab design
e and 10 kW IR ERL FEL {2001)
. i % Closed system, has to be developed

V1o B, and tested In its entirety
i High injected/recirculated current,
Untested physics of short wavelength ERL FEL machine protection is an issue
Very elegant solution to reducing the RF power and beam dump costs
Very few operating ERL facilities worldwide Numerical tools require validation

Recent study about the power and spectrum at BEUV

FEL pulse energy FEL spectrum
80 d . 15 , :
| // L~
P The spectrum is
-
80 —/ P o narrow enough to
/ A = 41 | match the optics
= 7 S
S / s %
g ok i i %‘ P <-m| ~0.04nm I
5 .'/ .E 05
B ;;sziawl ed i
i tapering 2%
0 i 5 0.0 e JILL g
o 3 60 80 120 150 6.4 66 6.8 7.0 72
z [m} wavelength {nm]
I i 90, A
| FEL power with 2% tapering: :ﬂ
12.7/25.4 KW @ 9.75/19.5 mA (162.5/325 MHz) e

Accelerator Parameters: E,..= 1131 MeV (800 X V2),
The other conditions are almost same to these of EUV-FEL
5-7/November/2018, HILASE, Prague, Czech Republic




BEUV

1) Lithography for 6.x nm wavelength has a potential to extend
EUVL beyond 10 nm node

2) ML coatings
* Potential of for high reflectivity (up to 80%) for LaB,C

*Currently demonstrated reflectivity is 44% thus better inter-
layer diffusion control is required

3) EUV source
*Two types potential source fuels are investigated: Tb and Gd
*Considering resist sensitivity, EUV-FEL is necessary.
4) Optimization of EUV source spectrum with ML optics is required
5) Transmission of gases and contaminants for 6.x is significantly (up to
5x) better than for 13.5 nm

6) 6.x EUVL has a potential for a throughput comparable with 13.5
nm lithography at higher resolution

M=
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2) FBAMMAMN THMIL., SRTRERMTEHET. BEHE. 5F
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IEEADYVT S48 ML, BaRAMTRITAITESED, D
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FRENTEL,

5)BIREENRE VT ST — B OBRIRESRITONTELEE
ScEnTE,
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Monterey Conference Center and Monterey Marmioft

SPIE %WV + Monterey, California, United States
® EUV LITHOGRAPHY 15 - 19 September 2019

Make your plans to join us in September 2019

Online program details available i Hotet discounts

This key technical meeting is for mask makers, EUVL, emerging : cut-off 16 August
technologies, and the future of mask business. SPIE Photomask ;

Technology and the Intemational Conference on Extreme Uttraviolet Registration increases
Lithography are co-located conferences. after 30 August
Review the 2019 program details: Srowse papers, see keynote Manuscripts Due
SEEGkers, vIEW Specd YIS, 2 Mm 2019
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The 37ih International Conferene
Photopolymer Sclence and Technol
(ICPST-37)
Materials & Processes for Advanced Lithography,
Nanotechnology and Phototechnology

!nternattqnal Conference Hali
akuharl Messe, Chlba J

hitp:/iwww.spst-photopolymer.org

~21, 2620

& Photomask Japan 2020 c:

 The 27th Symposiumon
Photomask and Next Generation Lithography Mask Technology

PMJ2020 will be held on
April 19un)-21(Tue), 2020.

Special Events on 19th {Sun.), Regular Symposium on 20th {Mon.) &
24st (Tue.)

Sqmposium In

Caft for Pagers

Commitiees

Soprtng Componi SRR SR e B RS R

* IstAn et is availablel

https://www.photomask-japan.org/
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Thank you for your kind attention!!





