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WSTS (WORLD SEMICONDUCTOR TRADE STATISTICS : tH 5 E(ATHIBFET)
JNER @ HB{E X — B %454

Market was up 13.7% in 2018 to USS$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.

H i 0,
Autumn 2018 - Q4 Update Amounts in US$M Year on Year Growth in %

2017 | 2018
Americas 88,494 | 102,997 97,021 35.0 -5.8
Europe 38,311 42,957 42824 17.1 -0.3
Japan 36,595 39,961 40,351 13.3 ; 1.0
Asia Pacific 248,821 | 282,863 | 274,350 194 -3.0
Total World - $M 412.221| 468,778 | 454,547 21.6 -3.0
Discrete Semiconductors 21,651 24,102 24,776 11.5 2.8
Optoelectronics 34,813 38,032 38,611 8.8 9.2 1.5
Sensors 12,571 13,356 13,899 16.2 6.2 4.1
Integrated Circuits 343,186| 393,288 | 377,261 24.0 14.6 -4.1
Analog 53,070 58,785 61,083 10.9 10.8 3.9
Micro 63,934 67,233 68,513 55 52 1.9
Logic 102,209 | 109,303 | 112,109 11.7 6.9 26
Memory 123,974 | 157,967 | 135557 61.5 274 -14.2
Total Products - $M 412,221| 468,778 | 454,547 21.6 13.7 -3.0

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

IRDS 2018 Device, PPA, and Ground Rules Roadmap for Logic Devices

YEAR OF PRODUCTION 2018 2020 2022 2025 2028 2031 2034
G54M36 G48M30 G45M24 G42M21 G40M16 G40M16T2 G40M16T4
Logic industry "Node Range” Labeling {nm) T "5" "3" "2 "1.5" "1.5" "1.5"
IDM-Foundry node labeling 0-f7 i7-f5 i5-f3 i3-f2.1 i21-f1.5 i21-f1.5 i21-1.5
" " " . - finFET LGAA 3DVLSI 3DVLSI
Logic device structure options FinFET finFET LGAA LGAA VGAA VGAA VGAA
Mainstream device for logic finFET finFET finFET

Mx pitch {nm)
M1 pitch {nm)
MO piteh (nm)
Gate pitch (nm)
L - Gate Length - HP (nm)
Ly Gate Length - HD {nm,
Channel overlap ratio - two-sided
Spacer width (nm)
Contsct CD {nm) - inFET, LGAA
Contact CD (nm} - VGAA
Device architecture key ground rules
FinFET pitch {nm) 320 28.0 24.0
FinFET Fin width (nm}) 8.0 7.0 6.0
FinFET Fin height (nm} 40 50 60
Footprint drive efficiency - finFET 275 3.82 5.256
Lateral GAA lateral pitch (nm, 22.0
Lateral GAA vertical pitch (nm} 18.0
Lateral GAA {nanosheet) thickness (nm)} 7.0
MNumber of vertically stacked nanosheets 3
LGAA width (nm) - HP 25
LGAA width (am) - HD 15
LGAA width (nm) - SRAM 7
LGAA total height (nm, 53
Footprint drive efficiency - lateral GAA - HP 4.80
Device effective width (nm) - HP 88.0 107.0 126.0 192.0 156.0 160.0 120.0
Device effective width (nm) - HD 88.0 107.0 126.0 1320 102.0 88.0 88.0
Device lateral pitch {nm) 32 28 24 22 20 20 20
Device height (nm)} 40.0 50.0 60.0 53.0 48.0 57.0 57.0
Device width (nm} - HP 8 T 6 25 20 15 10
Device width (nm) - HD 8 T [ 15 11 [} [
Device width ;nmil - SRAM 8 T i} T ] ] i} 6

Acronyms used in the table (in order of appearance): FDSOI: Fully-Depleted Silicon-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

Required
Date for
Next Generation First Possible Decision
Technology Use in Mfg. 22Feature Type Device Type Key Challenges making
-Pellicle
22 to 24 nm hp CH/Cut -Actinic mask patterned Product
EUV Single Levels “Jnm” Logic Node mask inspection :
A 2018 . .
Patterning back end metals at -Resist speed combined Evaluation
18nm hp LS with LER and Stochastics Completed
-shot noise
EUV Double o ” .
P~ 2022 12nm hp LS 3nm” Logic Node -Tolerance, EPE, and Overlay 2021
-Stitching of two mask
EUV high NA 2025 10.5nm hp LS “2.1nm” Logic Node patterns 2024
-Shot noise
bl
length 2028 ? ? “1.5nm” Logi i
waveleng 8nm hp LS 1.5nm” Logic Node e i s e 2030
mask inspection
-Defectivity
. -Overlay
20 nm lines and spaces i e Product
N | int 2019 icati i i i
anolmprin 20 to 30nm contact 3D Flash Memory iazkg’;c;tlon and inspection Evalu;|3t|or(1J
Complete
pEE -Defect repair P
-Mass-production capacity
-Pattern Placement
Contact hokes/cut -Defectivity and defect
DSA (for pitch levels for logic. . inspection
ierr [ 2022 “ ”
multiplication) Possibly nanowire ShiateelCheds -Design 2021
patterning -3D Metrology

Work in Progress: Not for Distribution
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World 1t Experimental Setup of X-ray Projection Lithography

NTT A=11 nm Ring field
Multilayer Coating Optics

Si stencil Mask /
h 7~ N\

- ] Qo
I Ring
Aperture Wafer

Photons
B {175 wrad®up0.01N

N o~

- s B3 @k v B PARACO.2um) /Si

BL-1C o33 H (I8 E )

H. Kinoshita, T. Kaneko, H. Takei, N. Takeuchi, and S. Ishihara, “Study on x-ray reduction
projection lithography,” presented at the 47t Autumn Meeting of the Japan Society of Applied

Physics, Paper No. 28-ZF-15 (1986) 322. 17

Molybdenum-silicon multilayer mirrors for
the extreme ultraviolet

Troy W. Barbee, Jr., Stanley Mrowka, and Michael C. Hettrick

I O [
| Reflectivity at I7T04A (72.76 eV)
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Fig. 3. Experimental continuous scan reflectivity of 170.4-A light

APPLIED OPTICS 24-6 (1985) 18
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Resist
p Coated

Resi )

I
: Water
Secondary mirror
= M
AN
Multilayer coated, S Ma = P ,tlsc
= 2 \ . imageplane, , Resistc ; «
\\ . | eler 5 Vacuum
\\ = < Window
Primary "~ Scan
tan e </ mirror direction
‘- Scan o i s
e ction FIG. 4. Schematic representa-
dlrecllonl %/.' ~a tion of a 5 reduction, ring
"\ field scanning system employ-
Patterned - ing four imaging mirrors, a re-
muitilayer flective mask, two condenser
mirrors, and driven by a laser
produced “point” source of x
rays.
FiG. 1. Hustration of one possible x-ray reduction camera design: off axis SCAN
scanning system with reflecting mask. In this embodiment, the mask is “ Condenser #2
imaged and scanned onto the wafer (a “step and scan” sequence). An ex-
ample of a “‘step and repeat” x-ray reduction camera is shown in Ref. 1.
) - Laser Produced
Condenser #1 1 X-ray Source
™ Biast stield
].4, 2t meey Gold pattern
e |
1oanm{ =t
Xeray d=65nm
mircor ~Silicon ‘
Molybdenum 1
Substrate | ! 2 m
1} & o
Y :‘}
i ) .
Al Y 5, y U
| 7"
- SN
FiG. 2. Crass-sectional view of an XRPL mask. A thin gold absorber pattern \ - 78
with refatively farge linewidths is p d directly onto a soft x-ray muiti- I >
IEpesan s I / L ‘7\\*

JVST Nov/Dec 1989, A. Hawrlyluk and N. Ceglioet.al =

Reduction image at 14 nm using SC optics

INCIDENT
SYNCHROTRON
RADIATION

A= 14 0m

TRANSMISSION —+r+
MASK

[

APERTURE —\ |
SECONDARY ——~ | !
MIRROR |

PRIMARY —/

MIRROR

12211

RESIST- COVERED —/
WAFER

FiG. 1. Schematic diagram of the basic experimental setup. The two mirrors
comprising the Schwarzschild objective were coated with Mo/Si multi-
layers to provide a reflectance of ~40% at 14 nm.

——

JVST Nov/Dec 1990, J. Bjorkholm, J. Boker et. al
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Offner Type Imaging Optics to Enlarged the Exposure Field

—
RING-FIELD OPTICAL SYSTEM
e =
AN
//
//,
<70NE OF GOOD
CORRECTION
WAFER MASK
0.2 um pattern
D
LIGHT FROM
UNDULATOR

RING FIELD OPTIC

JVST Nov/Dec 1991, A. MacDowell, J. Bjorkholm et. al .

Two Aspherical Mirror System in EUV Lithography

TABLE I. Design goals and conditions.

Storage ring
. Resolution 0.1 pm
Reflection mask FOCUSII'Ig mirrors Field size 15X 15 mm? ( > 10-mm radius ring scan)

Distortion <0.01 gm
Depth of focus + 1pm
Number of mirrors 2
Wavelength 130 A

Reduction Optics Numerical aperture 0.07

7, I 1 Aberration <0.05 ym
E mage plane Telecentricity <0.6°at + 1-um defocus
z Magnification 1/5 (mask size: 75X 15 mm?)

Ring shaped beém

70
MoySi
60 | g=671A
N=30
50 | e=15
rization
40 s

Reflectivity (%)
W
o

N
o

10

0 L IAVECEE
100 110 120 130 140 150 160
Wavelength (&)

24

JVST B9(6) (1991) K. Kurihara et. al




EUV LLC Micro Exposure Tool (MET1)

- TARGET

TRANSPORT
(©) O
MASK STAGE
LASER
PLASMA
SOURCE SCHWARZSCHILD
MAGNETICALLY
LEVITATED
= WAFER STAGE
CONDENSER - —— INTERFEROMETER
L ’ — COARSE STAGE
° K

P

VIBRATION
5 ISOLATION
=

SPIE Vol. 2437, D. Tichenor, G. Kubiak et. al

25

Fabrication of MOS devices with EUV Lithography

Figure 3. A 0.1 pm gate pattern printed over 500 A LOCOS topography. Since there is no
reflective notching in EUV, adequate linewidth control was achieve with 700 A thick SAL-
601 imaging layer.

HA 500

1.00E+02
3 e
g 1.00E+00 £
= 300 =
5 3 1.00E-02
2200 =
8 100 1.00E-04 J/
o 1.00E-06
o 0.3 0.6 0.9 1.2 18V -0.2 0.2 0.6 1
" . a b;
Figure 2. Outline of the NMOS @ 2
process. After gate oxidation and Figure 5. Characteristics of 0.1 pm NMOS transistor with EUVL gate level patterning (3
poly deposition, the EUV alignment pm gate width). Threshold voltage V, is 0.55 V, and Iy, at 1.3 V gate voltage is 400 pA.
marks were etched into the poly
layer.

OSA TOPS on EUVL, 1996 K. Nguyen, G. Cardinale et. al




15t US-Japan Workshop on X-ray Projection Lithography @
Hotel Mt. Fuji

2" US-Japan Workshop on X-ray Projection Lithography
Hotgvl Mt. Fuji




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

lllumination optics PoBOX
C2 \ W & M alignment tool
C1

i

Wavelength 13.5 nm

Numerical aperture 0.1

Demagnification 1/5

Diffraction limit 60 nm 1 ] [] ]
epthoffocus  0.9m 1N HE |
Exposure area 30 mm (H) X1 mm (V)

fin statics) Vibration isolated bench
Exposure area 30 mm (H) X 28 mm (V)

(in scanning)

Mask 8 inch or 6025ULE

Wafer 8 inch

Exposure In vacuum 29
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)

30




ETS-1 (Univ. of Hyogo and ASET)

Wafer stage R

'-t::_—_-—

Mask stage; |-

LN

I Opyic

I ‘ ou5ing:.'l.“ l- 1

— ikt

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. 31

Replicated patterns (0.1 um L&S) on ZEP520

32




Replication pattern of 100-nm-width line and space

Mask pattern Replicated pattern
A
500 nm 100 nm

resist : ZEP520

Replication pattern of 100-nm-width line and space

Mask pattern Replicated pattern

500 nm 100 nm resist: SAL601

34
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Large field exposure pattern

< 10 mm >

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. .

Static Exposures with an Active Coherence
Controlling llluminator

Interferometer
K-B Object
pinholes

Spherical
Grating — mirror

Partial coherence set by
focal spot and angular scan

. Naullean and P. Denham, LBNL. C’E ——
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The 0.1 NA ETS Imaging System Has 4 Mirrors

~ 1.1m mask
to wafer

37

Static Microfield Printing with the
ETS Optics at the ALS




Dipole lllumination Enhances
Resolution in One Direction

Exposure Process Control Enables Printing
of Sub-40-nm Loose Pitch Features

45-nm 3:1 |

39 nm at 0.1 NA

¥
16 nm at 0.25 NA
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‘Laborator, dvanced Science and Technology for Industry,
University of Hyogo
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EUV Lithography R&D at University of Hyogo

Resource

‘95 ‘98 ‘01 ‘02 ‘0708 11 ‘14 ‘16
Imaging EUV optics [MBSk inspection ] Lensless mask inspection system
Design and fabrication o supported by CREST supported by CREST

World 1 World 15t Collaboration work with Riken

Collaboration work wjith 40 nm patterning hase defect

Hitachi - Nikon iri\spection World 1t

- . HHG CSM
Ready for the
mplementa@n EIDEC
UCSM,Outgas testing

Industrial application

work

National project
ASET EUVL
collaboration

National project
SELETE, EIDEC
Collaboration work

R&D for resist and mask

R&D for mask and resist

SEMATECH mask inspection

World 15t PAG bounding
polymer resist for EUVL
is demonstrated low

‘EUV interference lithography
For resist tesiong

World 15t apply soft x-
ray absorption
spectroscopy for the
EUV resist reaction

analysis
LER and high sensitivity
EUV
ASML started aTool  BTool preproduction
EUV program 2sets  bsets 114
45

2018 International Symposium on

Extreme Ultraviolet Lithography

EUV FOCUS AREAS

2015 /16hp

1. Reliable source operation with > 85%
availability

— Expectation of 1500 average
wafers per day in 2016

. Resist resolution, sensitivity &LER
met simultaneously

— Increased focus needed on
manufacturing performance
(defectivity, patterncollapse,...)

. Mask yield & defect inspection/review
infrastructure

— Sustainability of mask tool supply
chain remains critical

. Keeping mask defect free (by EUV
pellicle)
- Pellicle demonstration in thefield
(on 3300) required in2016

2016 / 16hp

1. Reliable source operation with > 85%
availability

— 1500 wafers per day with
consistency in 2017

2. Resist resolution, sensitivity &
LER met simultaneously

— Sensitivity and LER/LCDU are far
fromtargets.

— Stochastic variation needs to be
addressed for current and future
materials

3. Keeping mask defect free

— Good progress but very far togo
for HVYM readiness

— Need industry focus to bring all the
required componentstogether

4. Mask yield & defect inspection/review
infrastructure

— Infrastructure gap for pattern mask
inspection remains

Ve E/DECC

imec

2017 / 16hp

1. Resist resolution, sensitivity &LER
met simultaneously

— Sensitivity and LER/LCDU are far
fromtargets.

— Stochastic variation needs to be
addressed for current and future
materials

. Reliable source operation with > 85%
availability

— 1500 wafers per day with
consistency in2017

. Keeping mask defect free

— Good progress but very far togo
for HYMreadiness

— Need industry focus to bring allthe
required componentstogether

. Mask yield & defect inspection/review
infrastructure

— Infrastructure gap for pattern mask
inspection remains

2018 /16hp

1. .Resist resolution, sensitivity &LER
met simultaneously
— Sensitivity and LER/LCDU are far
from targets.
— Stochastic variation needs to be
addressed for current and future
materials

2. Reliable source operation with > 85%
availability

— 1500 wafers per day with
consistency in2018

3. Keeping mask defectfree

— Good progress but very far togo
for HYMreadiness

— Need industry focus to bring allthe
required components together

4. Mask yield & defect inspection/review
infrastructure

— Infrastructure gap for pattern mask
inspection remains

=EUREKA 46




Center for EUV Lithography @

NewSUBARU Svnchrotron Radiation Facility
High power EUV 1 M in SPring-8 site

| \
~ Interference
Lithography g

2 1) Resist

2) Mask

3) Large reflectometer of
Collector mirror for EUV
light source

s 4) Pellicle

Microscopes (EUVM )
Resist EUV Sensitivity

NewSUBARU

EUV & S

Three Beamlines for EUVL

Resist Evaluation Instruments at NewSUBARU
Synchrotron Light Facility

Following instruments at three beamlines is for opened
usage of the novel EUV resist material evaluation.

1) E, sensitivity measurement

2) Outgassing measurement

3) EUV Interference lithography

4) Carbon growth in-situ measurement by ellipsometry
5) Resist transmission measurement

6) Resist chemical reaction analysis by Soft X-ray
Absorption Spectroscopy

Very few limitations to evaluate novel EUV resist
materials using each above tools !!

48




Beamline for EUVL BL3, BL9, BL10

B BLO9LU beamline

= "EUV IL

LWR and Resolution
AN - [n-situ carbon growth
"R by ellipsometry

i’ BL10 beamline
M - Resist transmittance
~ 4 -SXAS for chemical
reaction analysis

1) Low LER

We need smooth resist!!
Reduction of
Line edge roughness

I =

High LER Low LER

2) High Sensitivity
3) High Sensitivity
4) Low Outgassing .




Origins of LER (Factors of Stochastics)

1) Spatial distribution of functional material in resist
functional groups, photosensitizers (acid
generators), additives such as amines, etc.

2 ) Solvent distribution in prebake process
Spatial distribution of free volume

3) EUV photon shot noise

4 ) 2ndry electron blur

5) Solvent effect in PEB process
Acid diffusion

6) Development and rinse effects
Spatial distribution of developer penetration
and development process vyield

7) Out of band (OoB) light effect

51

Photon statistics - revisited

How Dose fluctuation turns into edge placement

LCDU 1 hvleV
nm | NILS Dose/(mJ/cm?)

NILS = 2.5
hv=92eV (13.5nm) wmmm)y |CDU =0.6nm
Dose = 20 mJ/cm?

52




Origins of LER (Factors of Stochastics)

1) Spatial distribution of functional material in resist
functional groups, photosensitizers (acid
generators), additives such as amines, etc.

2 ) Solvent distribution in prebake process
Spatial distribution of free volume

3) EUV photon shot noise

4 ) 2ndry electron blur

5) Solvent effect in PEB process
Acid diffusion

6) Development and rinse effects

Spatial distribution of developer penetration
and development process vyield
7) Out of band (OoB) light effect ,

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 . QOptimization of the molecular size
* Small dispersity

[ m * Uniform density of PAG

‘ ‘ PAG blended PAG bounded ‘ O ‘

SO polymer polymer

PAG




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

For the 75 nm L/S resist pattern

I

LER=3.5nm LER=7.5nm BAD LER

Blend type
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The soft x-ray absorption spectroscopy

Photo electron

Auger

.
N
“
\
\\
.
\
N, e
‘\ Y
X \
Y
VA

Synchrotron Radiation Au Mesh
NewSUBARU BL-7B

SR\K;

Grating

Q 1 I
4‘; 4‘; 2 Intensity =1,/ |,

For example,
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. Fluorine 1s core

690~730 eV

Powerful tool for evaluating the change of the chemical bonding
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SXAS (Soft X-ray Absorption Spectroscopy

' |—— CAR
4 ]
0-C=0
COO-

JC*

TEY signal (a.u.)

O-C=0( 1t *)

—

2é0 2€I)0 30
Photon energy (eV)

57

How to measure and analize?

- XAS using Cu Ko 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)

+

- Soft X-ray Coherent scatterometry method is ver
powerful tool to measure the structure of the chemical

contents of resist material. (Scattering)

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

‘ RSOXS methOd CCD camera
Center stop
(1 idth) .
Scattering light from the sample d S I:SOﬁX e
is recorded by the CCD camera < < |
in vacuum. e |=:
@100 pm
[BL-10 beamline] ~— Pinhole
* Light source : bending magnet The focal point is located 2.1 m

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

[CCD cameral

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

Measured DSA samples (1)

€ Three polymers in triblock polymer

Triblock polymer consisting of polyisoprene, polystyrene, poly (2-vinylpyridine)

| : polyisoprene S: polystyrene P : poly(2-vinylpyridine)
C|H3 (:H2 CH
L @
CH-
TEM |ma e
Hexagonal . Tetragonal ' ., [
Packed T se .Y #® g4 Packed .ﬁ‘
Cylinders gy B %1 Cylinders ﬁ. “Q
ISP:PSP=6:4)} & & @ + _ (ISP100%)" * e«
( ) ( o) | Q~§€ o ®
g
&'@&




Results and Discussion

€ Hexagonal packed cylinder

e b

P-P -1 |-

— S polymer
- P polymer

I polymer

TEY signal

In the RSoXS measurement, it is
possible to distinguish the polymer
types by changing the probe photon

e o e
275 280 285 290 295
Photon Energy (eV)

— T —
300 305 310

energy.

XAS results of the three polymers

284.0 eV : P polymer had slightly small absorption. — Only P-P scattering

285.6 eV : Three polymers had different absorption. — Both I-l and P-P scatterings

288.6 eV : S polymer and P polymer had approximately same absorption.

— Only I-I scattering
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Results and Discussion

€ Hexagonal packed cylinder

(a) 280.0 eV (b) 284.0 eV

(c) 285.6 eV (d) 288.6 eV
di
()
> T
\3d

(e) 300.0 eV

Two scattering signals with the ring-shape
were recorded.

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 pm.

* 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.
(c)  (d)

Scattering measurement results of (c)285.6 eV : t* bonding of benzyl group
. 62
hexagonal packed ISP triblock polymer 15




Results and Discussion
€ Tetragonal packed cylinder

) 200 2k ) 2242 Four scattering signals were recorded at

-~ P~ . .
-~ each inner and outer region.
1 ¥
- -~ Non-ring shape
— The domain size of this polymer is larger
() 285.6 eV (d) 288.6 eV than the illumination size of 100 um.

The d-spacing of the scatterings
— Inner scatterings : 59 nm .
Outer scatterings : 42 nm ) V2 times

59 nm ~2d
OELIY «O TEMJntage . 1, :
o Stelme2i Outer scatterings

38 o n® g
3’13?.{\:1:. %P, : The scattering from the |-l and P-P structures

:ﬂ- o LT

e T T

vy t2d, %100 m ° (i/‘//'

$ 2% b 3 oiplgd
Scattering measurement results of \/.2d e )
tetragonal packed ISP triblock polymer 18

RSoXS method

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

CCD image

Scattering vector

41T .

0
q=—sin(7)

Light
B shielding
plate

A = wavelength
U = scattering angle
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Development of evaluation system of
EUV resist by ultraviolet light (BL03)

M !

Grating

M4

Refelctometer

| & ' .

M5 0.5 mm (H)

Since beam is almost
parallel by the two toroidal
mirrors, and a diffraction

grating is inserted here.

0.5 mm (V)

Since the converging
position does not depend
on the wavelength, it is
suitable for spectroscopic

experiments
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Development of evaluation system of
EUV resist by ultraviolet light (BL03)

A = 10 nm~(BL-10)
M3

An oblique incidence
optical system is required

because of short
wavelength

A =

80~300 nm

an optical system
including a large
incident angle is
required because of
long wavelength
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5. Beyond EUVL

67

List of challenges for Beyond EUVL

(A=13.5 nm - 6.75 nm)
1) Imaging

* Flare level scales oc1/\?
* Bandwidth of a single mirror ANA(Mo/Si)=4% =» ANA(La/B4C)<1%
* Bandwidth of the optical column AANA(Mo/Si)=2% = ANA(La/B4C)=0.6%

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

3) Source

* New fuel is needed in LPP.
* EUV FEL is necessary.

4) Resist

* 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

e Potential shot noise increase




Mid-spatial frequency (MSFR) and flare level
* Flare reduces contrast I * l
* MSFRis linked to surface roughness ,
IHRNE

* Flare scales with wavelength as 1/A2so by 13.5nm=>»6.x nm,
flare increases 4x at the same MSFR

0.55
MSFR, nm Flare, % Flare, % _”-“L test mirer ,:IE: fﬁ,m,
13.5n 6.7n HO BCE I
m m ]
0.2 16 65 Eﬁﬂiﬁ | e -
0.14 8 32 Egzz : e ﬁ‘h:’;mm
012 — 6 23 S0 |
01— 4 G s erydectcn el e
0-05 1 4'| 0.052030%302 20‘03 2004 2':‘05 ZJIEE 2CIlJ'|' 20‘33 200

Achieved for NXE3100  Demonstrated roughness (MSFR optimized)
0.1 nm MSFR can be taken for image simulation

By courtesy of ASML

Exp. latitude vs DOF as calculated for 11nm
(conventional illumination 0=0.8)
Comparison 13.5nm@NA0.45 vs 6.7nm@NA0.25

EL vs. DOF with MSFR=0.1nm

20 i . :
18} 13.5nm 67nmi  MSFR 0.1nm corresponds:
16} — ==
R 14} el e 1 13.5nm - 4%
§ 12 I 6.7nm-16%
:.a 10 l\ -
_' 8 \\ ‘-“_
o 4 -
L|>j 6'. ‘\\ s‘_
4 ,,,,,,,,, \‘\u \\\
2 il ~.
ol \ -3 \ -

0 50 100 150 200 250 300
DOF, nm

Depth of Focus 2x larger with 6.7nm

By courtesy of ASML




1st Pilot MLM coating La/B,C for the range 6.6-7.0 nm

Theoretical 1stexperimental MLM
100 , 100
-——LaB (d=3.33nm)
80 80
S \ X
- 60 g o
3 S 4w aX
‘E,40 K o e
20 20 ;
/ .
0 !/ \I‘
655 66 665 67 675 68 685

0 6.556.606.656.706.756.806.85

A, NM Wavelength, nm

A=6.63nm, 5A=0.06nm, R=80% A=6.67nm, R=44.3%, 5A=0.06nm

Bandwidth of the optical column (11 mirrors):
ANZ/N(La/B4C)=0.6% (vs 2% for 13.5 nm)

= IPM PhysTeX

Next Generation EUVL Optics for 6. X nm

« Achieved the highest measured reflectivity to
date, actively developing multilayers to their

theoretical limit ~ 70%

05
i 34150 _Dec'10_CXRO

e 34 150_Jan'1 1_New Subar,
T

04 T
Parameters CXRO(Dec) New Subaru
A(peak). nm 6.683 6.658
Ripeak). % 489 475
FWHM nm 0.045 0.045

03

Reflectivity

0.2

New Subaru - 6 degrees

0.1

"
11 Incidence angle
CXRO -5 degrees
i
0
N RS
2w M

0
6.6 665 6.7 6.75 6.8 6.85
Wavelength, nm

By courtesy of Rigaku
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Glancing to Normal Incidence Optics for 6.x nm (BEUV)

Even as EUVL approaches adoption for high volume manufacturing,
the semiconductor industry is investigating next generation tools.
Beyond EUV (BEUV) is based on current development of new soft
X-ray sources and associated multilayer optics. Today, we offer the
highest performance optics available for BEUV.

La/B,C multilayer on a commercial silicon wafer,
measured by New SUBARU at 7 degrees from normal.

BEUV Champion
60

A —
: [\

10 \
\/\,_ By courtesy of Rigaku

6.55 658 6.61 6.64 6.67 6.69 672 675
Wavelength, nm 73

Reflectivity, (%)

0

Source: materials and spectra

Source: Churilov etc Phys. Scr. 80 (2009)

Hw N AIV+0OW
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"WWWM il Wk“f‘f “‘W“‘" W’WJ i

50 60 7 a mu 110 AA 0 80 90 100 110 3, A

I Optical throughput optimized for the coating (10 mirrors)

0 Optical throughput optimized for the maximum emission
spectrum

Gd XVl
d XVl
=Th XIX

Th XIX
= Th XIX

_E

*Gd and Tb are the main potential materials of choice for 6.x lithography
*Simultaneous optimization of ML band and emission spectral power is
required
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Investigating Conversion efficiency (CE)
for 6.77 nm with LPP

2
Gd ®
X 1.6 Target optimization /
g (COZ) ‘ Strong peak at 6.7 nm
8 1.2 ‘
£ Power density scaling i
e &
o~ 0.8 -~ ‘
£ -
I.IJ 0 4 B 50 100 150 200 250 300 350 400A
o ' - CE is defined as usual in 2% in bandwidth
‘, ~ But bandwidth is not 2% as for 13.5 nm but 0.6%
0 T T T !

Dec-08 Feb-09 Mar-09 May-09 Jul-09 Aug-09 Oct-09

In-band CE for 6.x nm (1.8% vs theoretical 3-5%) is
already comparable with that of 13.5 nm Sn

oF S
A i

.

)

Vepg 240 234

£
e il
ADpwy ©

Transmission of C and absorption in gases

6.7 nm vs 13.5 nm

Carbon-contaminated mirror Gas absorption
1.00 : : E 1=
e Target § '
0.99F > S =] b R
] -~ ~ \ | \
c gosl 1 ~ X 01 =
S 098r < § SR
[ \ 1 S m \ I N s
D097 N = : :
£ . A - 0.01bt ! S
2096 v d = TS
© v N Re) ! ! YL
F 0.95 L ~ P 1E-3 L —— N2 1mBar, 100cm
VI C-0.75nm e S ISIH20
0.94F s = 2
! ———C-35mm @ PR
0.93 e ' . : . S 1E4 p— : : : :
2 4 6 8 10 12 14 16 = 2 4 6 8 10 12 14 16
Wavelength, nm Wavelength, nm
L Less transmission loss (~10%) or
No transmission penalty for the Gas absorption is 10-1000x less 2

same C growth (<10% for optical
column) gor 5x thicker C on MLMs
can be tolerated for the same
transmission loss

-Less strict vacuum specs
-Mitigation schemes will work
much better

By courtesy of ASML




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

-

log(power)

accelerator

electrons

10/5/15 Challenges and opportunities for industrial EUV FEL ~" rcdia beqm
"~TECHNOEZ)GIES

FEL for EUV Light Source
Short term risk profile comparison

Straight shooter (SS) FEL Leveraged on LCLS-II design
and development, and X-

< >

~100m ~50m . )
__*/Hllmmmmu. : f-’;i:h';"' FEL experience worldwide

. . . = Well developed modeling tools
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

Energy Recovery Linac (ERL) FeL - Leveraged on Jlab design
TR ——— T . . and 10 kW IR ERL FEL (2001)
i: \ Closed system, has to be developed
. d tested in it tiret
s = A ——= | andrestecin s entirety
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
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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

+. Photomask Japan 2019

#8 . The 26th Symposium on Photomask and Next Generation Lithography Mask Technology

Sympesiam irormaton PMJ2019 will be held on April 16(Tue)-18(Thu), 2019.

Program

Call for Paper

Committees

Supporting Companies = Group photo taken at PMJ2018 Banguetl

+ 1st Announcement is availablel
Abstract Submission

Instruction for Oral Presentation / 5

Poster Presentation Photomask Japan 2019 is the 26th international symposium on photomasks and NGL masks in Japan. The aim of
the symposium is to bring together engineers and investigators from Japan, USA, and all over the world in the field

Author Guidelines of photomasks, NGL masks, and related technologies to discuss recent progress, applications, and future trends.

[Camera-Ready Abstract, Manuscript) > The conference program will feature invited papers, contributed papers, poster sessions, and a rump session with

panel discussion. Display opportunities will be provided to mask manufacturing materials, and equipment
Registration companies.
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The 36th InternationallConferenceref
Photopolymer Science andiechinelowy;
(ICPST-36) SIS
http://www.spst-photopolymel ,§
e

[,
“ONHy>

Photetechnology * V

@?ngg 24 -27,2019
' Int€rnational Conference Hall e
__Makuhati Messe, Chiba,Japan__.» =
Sponsored by the Sociefy of” /
Photopolymer Science.and Teehnolog

(SPST)

y

Thank you for your kind attention!!
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