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Abstract

A more powerful EUV light source will be required for lithography in future to overcome the stochastic effects for
higher throughput and finer patterning. In Japan, Rapidus Corporation for mass production and LSTC(Leading-edge
Semiconductor Technology Center) for open R&D were recently established in framework for next-generation
semiconductor project. We have designed and studied a high-power EUV-FEL light source based on energy-recovery
linac (ERL) for future lithography. In this paper, after overview of the EUV-FEL light source, we show that the EUV-
FEL light source has many advantages such as extremely high EUV power, no tin contamination, narrow spectral width,
upgradability to a Beyond EUV (BEUV) FEL, polarization controllability and low electric power consumption per
scanner, as compared to the laser-produced plasma (LPP) source used in the present EUV lithography exposure tool.
Furthermore, demonstration of proof of concept (PoC) of the EUV-FEL is in progress using the Compact ERL (cERL) at

KEK. We also briefly present the current state of the PoC of the EUV-FEL.
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Figure 1: 3-D illustration and design parameters of the
EUV-FEL light source based on ERL.
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Figure 2: Handling of the EUV-FEL light in the optical
beamline. (a) Vertical expansion of the EUV-FEL light by
a curved grazing mirror with a small glancing angle. (b)
Horizontal expansion and separation of the EUV-FEL light
by a segmented multi curved mirror.
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Figure 3: (a) Simulated FEL pulse energies with 0 and 4 %
tapering as a function of the undulator section length and
(b) FEL spectrum at the FEL exit with the Mo/Si mirror

reflectivity curve (a broken line).
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Figure 4: Three possible upgrade schemes to a BEUV-FEL
based on (a) single-loop layout and (b)(c) double-loop

layout, (d) a simulated BEUV-FEL spectrum and (e)
measured reflectivity curve of a BEUV mirror.
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Figure 5: Schematic of two plane waves propagating on
different paths in high-NA configuration and the light
intensity produced by interference of the two waves on a
wafer for the (a) s-polarized and (b) p-polarized modes.
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Table 1: Electric Power Needed for the EUV-FEL

Item Electric power [MW]
Refrigerator System 3.2
RF Source 1.3
Other Components 1.0
Infrastructure 1.5
Total 7.0
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Figure 6: Schematic of PoC of the EUV-FEL light source
using the cERL and the cERL parameters.

LSBT NN—=ARE =R CW E—RIZEZ T /L
F—[EUN A ES & H ) FEL Eisgd B ollcis, +
DUEfEEL T, cERL &> 7T A 2% 2020 FRITUEL .
v — A B EEIMEIT RO GNF —=T I T H R
Z KIEIC 8 L72[30], &H1T, IR-FEL &%tk DK PID
CW E—RTOREIEL (FRKERKY 250 nA) %
2022 4E 2 A 3 AT T TWO AR A T B2
H~100 %D TR /LF — B A #ERHR TE[31], 5%
1L, CW E—R TOERAEECL TV LT D,
FHEIESDFIIETIZIH DD, SHIZES B IV T <&
BRI DWW TS T, 120k, EUV-FEL YIEOFEY
=7 w7 FB RS NEHZE JH@%JE&%&E%T%@ BlED
cERL FV=T V280 2 BE &/ IAA4 T 2—/Z
%2 C.EUV-FEL V=772 4 55 ANNI=07
A FE /:L~/I/% R 9 HIET, TRILF—% 55-
65 MeV (IZ EIFAHZEMTED, fiEHREL T, EUV-FEL &
«H@ PERERTAME cERL 0> ZE [ 75 far 20 R O #E IR S Y
A E O m B TES, F7-, EUV-FEL YL
FJL 10 mA b — NEHRE T 1510 AT A& R i
TREDOWEINCL > TRITDHIEEFEL TS, Z O,
EUV-FEL JtJiH APU BUFH A ZET Y2l —Z Dk
TELRRFIL TD,

5. F&&H

VI TTT7 4 —=ITBWTCAMN AT 4w I R72 8% Tk
LOO FO@AN—TF k@ EReE FEBLL T <7z
(CRVER D IR e SN D, Fox H3Ek G-
H%Lf%f: ERL % V7= EUV-FEL JtJZ LPP Ytik
LLEAT & EUV ), 5 —3E5Y%, BEUV ~D7 v
TV =R AT VI ARG, B ELRS
OO EEE el BN FE%2H 7%, cERL
% V7= EUV-FEL JEIROBEAEFFLHED HAL TS,
AP RAGHE RV 757 0 —FRIRTHO IV\?
TWAEE AT oY = 7 T e | PEZEALICIANT 72
BFERA S8 % — B EHEHEL CQHETZNEB 2 TVA,

- 228 -



Proceedings of the 20th Annual Meeting of Particle Accelerator Society of Japan
August 29 - September 1, 2023, Funabashi

B

EUV-FEL YR EFE(LIF 5821213, EUV-FEL RO
FEEAIZAT T i mm e R R Z OB E L Qs
EBIT, EUV V7T 74— T 22 <D b iRt L
THHEELZ, 2200, <L £, £72, cERL &
OVIR-FEL D& CfR5F - 1512 R )L TE E L7z cERL
HFF—L KN NEDO a7 F— LD AL 73—
(DI L E 9,

S5 3R

[1] I. Fomenkov, “EUV Source for Lithography in HVM:
performance and prospects”, Proc. Source Workshop 2019,
Amsterdam, Netherland, Nov. 2019.
https://www.euvlitho.com/2019/S1.pdf

[2] J. J. Biafore et al., “Stochastic simulation of resist at EUV
and ArF”, Proc. SPIE 7273, San Jose, CA, USA, Apr. 2009,
727343.
doi:10.1117/12.813551

[3] P.De Bisschop and E. Hendrickx, “Stochastic effects in EUV
lithography”, Proc. SPIE 10583, San Jose, CA, USA, Mar.
2018, 105831K.
doi:10.1117/12.2300541

[4] S. Inoue, “Trend of Leading-Edge Semiconductors and the
Patterning Technologies”, Proc. 4" EUV-FEL Workshop,
Akihabara, Japan, Dec. 2019.
https://conference-indico.kek.jp/event/93/contributions/
1998/attachments/1327/1416/Inoue.pdf

[5] https://english.kyodonews.net/news/2022/11/
148c2f25de20-breaking-news-japan-announces-strategy-
for-domestic-production-of-advanced-chips.html

[6] https://www.meti.go.jp/english/press/2022/pdf/
1111_001a.pdf

[7] N. Nakamura et al., “Design Work of the ERL-FEL as the
High Intense EUV Light Source”, Proc. ERL2015, Stony
Brook, NY, USA, Jun. 2015, pp. 4-9.

[8] N. Nakamura et al., “Challenges Towards Industrialization
of the ERL-FEL Light Source for EUV Lithography”, Proc.

IPAC2019, Melbourne, Australia, May 2019, pp. 3478-3481.

[9] H.Kawata, N. Nakamura, H. Sakai, R. Kato, and R. Hajima,
“High power light source for future extreme ultraviolet
lithography based on energy-recovery linac free-electron
laser”, J. Micro/Nanopattern Mater. Metrol. 21(2), 021210,
Apr-Jun 2022.
doi:10.1117/1.JMM.21.2.021210

[10]N. Nakamura et al., “High-power EUV free-electron laser for
future lithography”, Jpn. J. Appl. Phys. 62, SG0809 (2023).
doi:10.35848/1347-4065/acc18c

[11]N. Nishimori et al., “Generation of a 500-keV electron beam
from a high voltage photoemission gun”, Appl. Phys. Lett.
102, p. 234103, Jun. 2013.
doi:10.1063/1.4811158

[12]M. Yamamoto et al., “Development of a 500 kV DC dun with
narrow gap”, Proc. ERL2015, Stony Brook, NY, USA, Jun.
2015.
https://accelconf.web.cern.ch/ERL2015/talks/tuiblh1021_t
alk.pdf

[13]E. Kako et al., “Construction of injector cryomodule for
cERL at KEK”, Proc. IPAC’12, New Orleans, LA, USA,
May 2012, paper WEPPCO15, pp. 2239-2241.

[14]K. Watanabe, S. Noguchi, E. Kako, K. Umemori, and T.
Shishido, “Development of the superconducting RF 2-cell
cavity for cERL injector at KEK”, Nucl. Instrum. Methods
A714 (2013) 67-82.
doi:10.1016/j.nima.2013.02.035

[15]T. Konomi et al., “Design of the 9-cell superconducting

PASJ2023 THOA14

cavity for EUV light source accelerator”, Proc. ICFA Mini
Workshop on High Order Modes in Superconducting
Cavities, Rostock-Warnemiinde, Germany, Aug. 2016.
https://indico.cern.ch/event/465683/contributions/22692
24/attachments/1325097/1988846/HOMSC16_EUV_cavity
_V2.pdf

[16]N. Nakamura, R. Kato, T. Miyajima, M. Shimada, T. Hotei,
and R. Hajima, “S2E simulation of an ERL-based high-
power EUV-FEL source for lithography”, J. Phys.: Conf. Ser.
874, 012013, Jul. 2017.
doi:10.1088/1742-6596/874/1/012013

[17]M. Nishikino, “Research on interaction of SXFEL with
matter for EUV ultra-precision nano-fabrication”, Proc. 2nd
EUV-FEL Workshop, Dec. 2017.
http://pfwww.kek.jp/PEARL/EUV-FEL_Workshop2/
Proceedings/03_Nishikino.pdf

[18]0O. A. Tanaka, N. Nakamura, T. Tanikawa, and T. Miyajima,
“Injector Design Towards ERL-Based EUV-FEL for
Lithography”, Proc. IPAC2022, Bangkok, Thailand, Jun.
2022, pp. 2299-2301.

[19]R. Kato, “Demonstration of high-repetition FEL using cERL
and beyond EUV-FEL”, Proc. 4" EUV-FEL Workshop,
Akihabara, Japan, Dec. 2019.
https://conference-indico.kek.jp/event/93/contributions/
1990/attachments/1322/1411/Kato.pdf

[20]M. D. Ackermann et al., “EUV multilayers mirrors — wider,
thinner, and deeper”, Proc. 2021 Source Workshop, Oct.
2021.
https://www.euvlitho.com/2021/S1.pdf

[21]R. Amano ef al., “Influence of short pulse duration of carbon
dioxide lasers on extreme ultraviolet emission from laser-
produced plasmas”, Jpn. J. Appl. Phys. 57, 070311 (2018).
doi:10.7567/JJAP.57.070311

[22]B. W. Smith, L. Zavyalova, and A. Estroff, “Benefitting from
Polarization — Effects on High-NA Imaging”, Proc. SPIE
5377, pp. 68-79, May 2004.
doi:10.1117/12.537266

[23]T. Tanikawa et al., “WHAX EUV VY757 r—H @& )
EUV-FEL (25 S fmIGHIES =1 — a2, PASI2023,
Fanabashi, Japan, 29 Aug. - 1 Sep. 2023, FRP26, this
meeting.

[24] https://www.imec-int.com/en/expertise/cmos-
advanced/sustainable-semiconductor-technologies-and-
systems-ssts

[25]L. V. den Hove, “The endless progression of Moore's Law”,
Proc. SPIE PC12053, PC1205301, San Jose, California, USA,
Jun. 2022.
doi:10.1117/12.2606055

[26]M. V. den Brink, IMEC Technology Forum USA, Jun. 2020.

[27]M. Lercel, “EUV for High Volume Manufacturing”, Proc.
2022 EUVL Workshop & Supplier Showcase, 2022.
https://euvlitho.com/euvl-workshop/2022-euvl-workshop-
supplier-showcase/

[28]Y. Honda et al., “Construction and commissioning of mid-
infrared self-amplified spontaneous emission free-electron
laser at compact energy recovery linac”, Rev. Sci. Instrum.
92, 113101, Nov. 2021.
doi:10.1063/5.0072511

[29]H. Sakai et al., “Compact ERL % AV /=H1 774+ FEL DB
&L FEL J8#%”, PASJ2021, Takasaki (Online meeting), 9-
12 Aug. 2021, MOPOAOA4.

[30]N. Nakamura et al., “Reconstruction and beam-transport
study of the cERL dump line for high-power IR-FEL
operation”, J. Phys.: Conf. Ser. 2420, 012029, Jan. 2023.
doi:10.1088/1742-6596/2420/1/012029

[31]T. Tanikawa et al., “Current Status of Beam Operation at
Compact ERL toward Free-Electron Laser with CW Mode”,
presented at IPAC’23, Venice, Italy, May 2023, TUPL159.

- 229 -



