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Collaborators

M. Ishino, Thanh-Hung Dinh, N. Hasegawa (QST) @ NTTAT ’ .
B
S. Ichimaru, M. Hatayama, T. Haga (NTT-AT) \

K. Sakaue, M. Washio (Waseda Univ. ) ¢ KPR A

OSAKA UNIVERSITY

H. Hara, T. Higashiguchi (Utsunomiya Univ.)

OF THE CZECH ACADEMY OF SCIENCES

T. Itani, Julius Joseph Santillan (EIDEC) m INSTITUTE OF PLASMA PHYSICS

T. Kozawa (Osaka Univ.) K. Okamoto (Hokkaido Univ.)
Anatoly Faenov, Tatiana Pikuz (Osaka Univ., RAS)

H. Kinoshita (Univ. of Hyogo) T. Hatano(Tohoku Univ.)
T. Suemoto (Toyota Physical and Chemical Research Inst.)

A. Kon, Y. Inubushi (JASRI) S.Owada (Riken)

Nikita Medvedev (IPP, Czech) Beata Ziaja (DESY)

The XFEL experiments were performed at the BL1 of SACLA with the approval of JASRI
(Proposal No. 2016B8006, 2017A8026, and 2017B8004).
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Interaction with EUV laser pulse (ps-XRL) @
Motivation for the understanding of EUV laser ablation QST

Low ablation threshold Nano-scale surface structure
- 1053nm
0 7 2 ns pulse i
— 1 1ps
= ,
§ 1= 0.4ps 46.9nm XRL 3
o © pulse 1.7 ns (ltaly) |
Y ,
S 0.1- O .
2 3]
- 13.9nm XRL
0.01 = 7ps pulse 3
: (JAEA) ;
0. 001 B
468 2 468 2 468 2
1 10 100
Photon energy of pump light (eV)
Faenov, Appl. Phys. Lett. 94, 231107 (2009) M. Ishino et al., Appl. Phys. A 110, 179 (2013).
The law ablation threshold of a material for an XRL beam has a possibility
of efficient machining by a lithography process and an ablation process.
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EUVL DEVELOPMENT

A
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Requirement for High power EUV source QST
EUV exposure system Next generation photon source
= - reticle (mask) for EUVL ?
(1)33: nm field facet mirror

NA
Field
Mag.
Res
llu

— EUV source power [
250~ W
‘ The EUV source power is need further
500~1000 W improvement to HVM requirements.
(for HVM)

26 x 33 mm?
4x

18/16/13 nm
flexible

P
plasma upil facet mirror

" Gollector wafer =~ design scheme
e yrooum 2018 Vst

R. Kato, EUVL workshop 2016
“The Design and Development of a 10-kW
Class EUV-FEL Project in Japan “

semiengineering.com
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Interaction with EUV laser pulse (ps-XRL)

Motivation for the understanding of EUV laser damage QST

High power EUV source

Mo/Si ML mirror ablation '

Damage(ablation) risk
-Multilayer mirror-

L — “Pellicle-

-Resist-

A 4

Highly-durable EUV optics

XRL damage spot

-
L = PSRN S ——_—— |

Lurking structure Compressed structure
in bottom around damage

The Nb/Si multilayer has potential for
higher resistance of High power EUV

collaborated with NTT-AT light source.
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2. Interaction with SXFEL

SXFEL ablation (Al & Si)

[2016B8006]

iR/ ULRASEEIE—L > MXERL — — (CKDBMMNN T (CalF 27 T L —2 3 > AROER
Nanoscale surface modifications and formation induced by ultra-short soft x-ray laser pulse
[2017A8026]

SXFELYEIRZ F U\ SR ERIMR Y VD S T« —RiiDRERE

Challenging survey of Extreme Ultraviolet Lithography Using SXFEL Source

[2017B8004]

EUVHHBNN T efiT(CmlF7ZSXFELEME - MR D BEVERCRI I DA

Research on interaction of SXFEL with matter for EUV ultra-precision nano-fabrication
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SXFEL & LP-XRL

We have started the comparison study of pulse duration
dependence using the two EUV lasers.

EUV laser
Wavelength : 13.9nm (89.2eV)
Energy: ~0.5 uJ

Pulse width : ~10 ps
Divergence: < 1mrad

Generation from
plasma gain medium =

S
QST

SACLA-BL1
7 [SXFEL)

Laser plasma
(30-50 pm¢ x 5~ mm)

| Pre-pulse (ns) |

|Main pulse (ps) |

G

SACLA
SXFEL (SACLA BL-1)
Wavelength : 13.5nm (92eV)
Energy: ~80 uJ
Divergence: < Tmrad

.

50 100 150 200 250

2nd EUV-FEL WORKSHOP 2017.12.12




e
5

We have started the comparison study of pulse duration
dependence using the two EUV lasers. QST

SXFEL at SACLA-BI1 92 eV & 200~ fs

K. Togawae dings of IPAC2017

)

oton energy: 20 to 150 eV Gun  Booster tal station
(SO ft x-ray region) Buncher S-band accelerator C-band accelerator C-band accelerator

» Pulse energy: 100-uJ class

Pulse width: 200 fs (100~300 fs) =

jition rate: 60 Hz

HENNERENSPCEIIENCEN | 89 eV & ~10 ps

Bunch compressor Bunch compressor Undulator

Pump laser ~0.1Hz

XRL seeder
» Photon energy: 89 eV (13.9 nm) “ l ‘ ‘
» Pulse energy: 100-nJ class Fully spatial coherent
> Pulse width: 7 ps Ni-like Silver SXRL
» Repetition rate: 0.1 Hz [13.9nm (33eV)] 2nd target

XRL amplifier Pump laser ~0.1Hz

Study on dependence of pulse duration is enable
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SXFEL experiment 2

Experimental setup at SACLA-BL1 QST
~ KB mirror

X-ray filters
Zr& Si

NG

\ CCD energy
\ monitor

Target
SACLA-BL1

Photon energy: 92 eV (AA = 4 eV)
Pulse energy: 80 pJ/pulse (+15%)
Pulse duration: 200 fs (100- 300 fs)

Irradiation condition

Focal spot size at FWHM (typical):
Horizontally: 10.5um
Vertically: 8.5 ym

Fluence: 5 - 1000 mJ/cm?

Target: Al, Si, Mo, Mo/Si, Resist etc...
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SXFEL experiment

X-ray filter & CCD camera were calibrated at
KEK-PF BL11D.

5 X-ray CCD
. X-ray filters

i camera |
Soft x-ray |-I

Transmittance measured Responsivity calibrated
at PF-BL11D & SACLA-BL1 at PF-BL11D
QT 21O
7 sacLA aa

e

S
QST
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Spallative ablation structures on Al surfaces QST

SXFEL: A= 13.5 nm, T = 100-300 fs SXRL: A=13.9nm, t=7 ps
Single shot (20~ mJ/cm?) Single shot (~20 mJ/cm?)

- Attenuation length : ~40 nm
* Rim structure

- Nano scale conical structure
- Threshold fluence :15~20 mJ/cm?

#ps-XRL results
M. Ishino et al., J. Appl Phys (2011)
S. V. Starikov et al., Appl. Phys. B 116, 1005 (2014).

S um

M. Ishino et al.,JSAP Meeting (2017)
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Theoretical calculation of spallation process QST

Al attenuation length: ~40 nm

(a) (b) (c) (d)

prm——y (a) Nucleation of interatomic size form
“
Time

(b) + (c) Inflation of the foams
(d) Run away of the spallative layer
Finally = Appearance of surface nano-relief

Spallation is long term process in
comparison with SXRL pulse width.

Process duration >> Pulse width
(more than 100 ps) (7 ps)

M. Ishino et al., J. Appl. Phys. 109, 013504 (2011).
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Deep hole on Si surfaces QST

SXFEL: A = 13.5 nm, t = 100-300 fs SXRL:A=13.9nm,t=7 ps

Si, 10 Shots Si, 10 Shots

1shot (~500 mJ/cm?)

. : ..... : v - v »‘o t;“; l: g ......... . ;“‘;
e N\ : of—A XA
o f, of | P]L § o W/
x.ch | m !
0 3 ’} ‘ ‘ i .\
i | = | Y
- Attenuation lengty : ~600 nm iy B e, T 1

- Melting-like deep hole
* Threshold fluence :300~400 mJ/cm?

#ps-XRL results
M. Ishino et al., Appl Phys A(2013)
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Comparison of Simulation result

4

10 —— High-density liquid
Low-density liquid
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10 160 10|00 10600 (c)¢=S5001s (d)t=1ps
Photon energy (eV) FIG. 11. (Color online) Nonthermal phase transition: snapshots
of atomic positions in silicon irradiated with 10 fs laser pulse of
FIG. 10. (Color online) Damage threshold fluences for silicon hw = 1 keV photon energy at the absorbed dose of 2.5 eV /atom: (a)
corresponding to the low-density liquid and high-density liquid t=0fs,(b)t =300fs,(c)r =0.5ps,and (d)r = 1 ps. X, Y, and Z
formation as a function of photon energy. axes are shown (left bottom of each panel).

N. Medvedev PRB91, 054113 (2015)
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2. Interaction with SXFEL

SXFEL ablation (Mo/Si & Resist)

Collaboration with
NTT-AT, Waseda Univ., Utsunomiya Univ., and EIDEC

2nd EUV-FEL WORKSHOP 2017.12.12
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Damage induced by ps-XRL QST

ps-XRL: Single shot (20~ mJ/cm?) Normal incidence

S. Ichimaru et al., Proc. ICXRL 2016 (will be published).

Ablation threshold of Mo/Si multilayers evaluated by EUV lights
» ~45 mJ/cm?: FEL (FLASH), A =13.5 nm, T=10fs [A. R. Khorsand et al., Opt. Express 18, 700 (2010).]
+ ~200 mJ/cm?: Plasma source, A = 13.5 nm, T = 8.8 ns [M. Miiller et al., Appl. Phys. A 108, 263 (2012).]
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Experimental setup at SACLA-BL1 QST
Garr?oiri]tirrgy C(rJnE;ri]ri?:rge —
\ KB mirror _
e X-ray filters i

Zr & Si
‘I\ X-ray filters -

ML mirror

CCD image

50 100 150 200 250

S. Ichimaru et al.,JSAP Meeting (2017)
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Summary QST

Nano-scale surface modifications
‘We show the surface ablation/modifications formed on Al and Si induced by single or multiple
SXFEL pulse irradiations.
-Surface modification thresholds of SXFEL pulse for materials are essentially lower than those
of optical lasers.
‘The MD simulation developed for soft x-ray ablation reveals the spallation process for surface
modifications.

EUV lithography components test
‘We started the EUV damage test on multi-layered mirrors and EUV lithography components.
-The surface damage are occurred in essentially lower fluence than those of
ns-plasma x-ray source.
‘There is a possibility that the exposure sensitivity is also lower than a ablation threshold.
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