) 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025) 145202

FE RS AT R DGR AKHSE S Sn sBERRY
R 2L SME SRR I

FREVY HMBEDD  REVY FHHEVD x| K VI
A3 T D23 ARAF VDT AT VY

1) (PEBEER EECERTE NI, MIREOUR S SEOR S EE S E, B 201800)
2) (M ERFEBE LI ER AT T, RS %O E TR, 1 201800)
3) (PEFBEBERE, dbaT 100049)

(2025 4F 1 J 24 HYE); 2025 4F 4 7 21 HYEIB0%R)

BOL-F 8 TSN (LPP-EUV) JEIRJE et 2 R G B0 T REEZ —. AR, [ AR HOC 7
T —AC LPP-EUV G IR A SR SO 7 58 SR, b T AR B, [T PAHO's HAT i 9 458 8 1 Ak i ¢
W EFDLIE, FBOMOL- TR SNGRE 5 5 AR (CE) BUIR. B3 — ), A T AR 1R I K 0.532 jm
P8 T Jk e O X 25 S A B HEAT A ), X BURK P R D 1.064 pm (9 Nd:YAG 3RBh#0OE (E bkl 724
TR A5 Sn SEAE A R SRR REAT TR SCER 45 RAIEDT, 0.532 pm FiIK ph X Nd:YAG 9K 8 O 1E 26°H
39° 1 CE B4R TH 23 3K B 4% F18%; LB 1 #k 58 AP G RE 5 A 23 A1 B AT 280 35, JE A ol [l P 5 s S8 106
AR, 7EBURK vh 1 T OETE 20 R I8 3 12.2%, AL TRk b2 T 69%. LAk, SC56 b id i i 4 25 B 1
PR G HE B BEAT IS 18] 23 B AR, UEW] T4 52 AL RE 8 AR 20 A 15 45 8 T MO S RO R G 1. X 22 W] 0.532 pum Tk

MRE RS 2 S B TS, BETSZ 0 EUV RE & A 0 A Redk . LB A58 45 SR 00 [ MO B 0 i 52 41 6 IR 1 s

SYRRE AL HAT 47 S L

REIA: PSSR, WOL-AEE TR, Fikeh, FeaioR, ekl

PACS: 52.38.-1, 52.38.Dx, 52.50.Jm, 78.70.En
CSTR: 32037.14.aps.74.20250113

ail¥

1 5

BOt-S58 7K (laser-produced plasmas, LPP)
W ERAh (extreme ultraviolet, EUV) Y H A E Al
DT RDkAE EUV G2 AR O iz 1
SeiF A LS T2 S, LPP-EUV JGIREY
B FEHUE, (T mRe s kel CO, BOLE T HR
25 30 pm BB T, K AL B IR A 2= 2y 30 eV
Ja &t BEUV RR ST, 77 Az 0 5647 45 B 1R 48 59 i

DOI: 10.7498/aps.74.20250113

Mo/Si Z JZ IR BRI AE , It 2ad I8t R gt 29 4
164 13.5 nm 2% 7 SE 4R ST (in-band emission, 7
MRS A& BB R geh W, 3% 100 w/h
(wafer per hour) LA FR™ 2, EUV JGEALE A £
M. (intermediate focus, IF) BT 3R T8 3] 250 W
PLE, X0 COq BRSOG4 30 kW 11 i
T CO, WO HL-EHARACREAR (< 5%)F), EUV
HCZIPLREENLIIFEN i, BRETE A 1 MW DL L.
I, 2AARF EAREOEE N LPP-EUV JLIR
T REKSHOCR AT AT R AT T T2 B E 10, AH

* ERE AR (S 2023YFF0714905) . B A AR =S (S 62405336) . HE - ERIAIE A 74 #im L%EE)
({5 2023M743643) FIEZ B B LSO A SR (S GZB20230791) BEBIRiRL.

t HEfEEH. E-mail: nanlin@siom.ac.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

145202-1


http://doi.org/10.7498/aps.74.20250113
https://cstr.cn/32037.14.aps.74.20250113
mailto:nanlin@siom.ac.cn
mailto:nanlin@siom.ac.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025) 145202

BT COy WO, BARBOCEZ Iy BA B &,
AN LSRRI L RFR SR LA S ik o s 0
PRI M4, MR Sistrunk 28 7 fAIFST, ki
RBOCH T T R ASE T IA S 300 kW, REE S #4
AL EUV O OSGIRIK S EOG IR K. BTk, 4F
9% % R BOCIR shi) EUV G AT T K
FE. ISR B, X TSN O 1.064 pm 1 [
PO, XN A A5 2 IR AR (ne oc A72)
BT CO, #0 (10.6 pm), 55 Sn BSR4 )
ER TR EA S AR R B I EUV
RIS B TP A L RIDGIE (optical depth)
B, FECT R EUV RE RO (opacity
effect) "0 AT R Fa g0y (1. I H i 55 25 1R
] B KON RO RE TR, EUV & S e B0 A 45 1) S 12,
X 45 S W DGR (18 0 A4 S P 5

5l 1.064 pm FEAEOEEIRE A R A5
W, WFFEE AT E o2k 7 250 Sn $EAT 2 B Oy
1, 4N Harilal 55 19 R HIOG 548 Sn Ik Z @ik
YER, W3] 8 E 1521k, Hayden 55 1 7ERG %
MERH$B24 Sn0,, 78 5% Sn 824 I T 540 Sn 8
FEHEAH L35 %50 (conversion efficiency, CE)
2.2% $EE 2 2.9%. Lan 4 P XHE6S Sn fl SnO,
FERM EUV fRAPREEET TR, Si 4800 JP
TH#OES SnO, $EME MBI, KIEEERR Sn
BEERTE R 20%. VA b TAERY, sl B4 v Sn
VI FE RS IRl /N 45 S R B ORIk EUV SR 5 FF
PE. B T BUR R A B L4y, Skl (pre-pulse)
HORTE AT SR TR B S B T 7R3
PR R TR SO (k) A, — MR
T MK RERECN, SCom AR, UK e ik B 1A
T LR B R P 2 AR, 7 ki ASF IR0 e
EUURR BN FAE 25 AR rh, TR T 200655 514
()% B2 TETUDK A DCBFgE h, FE kB £ 2
1.064 pm F1 10.6 pm, 7E 8 FH A [F] 35 4< bk o
10.6 pm FEfkifist 07191 CE 3845 1 B & 427 HAE
TRk ep R AR 1.064 wm BYIFALT 2021,
CE F1 EUV JE35 I AL 2 1 25810 1 iz i
SR AT RE N : B G, 1.064 pm 1 10.6 pm #O%
(I 5% BE 43 1A 1x10% em® Fl 1x10" cm?,
TEARN TS ECT, 10.6 pm FOGHE & ¥ 5 T
FRAEAR S B2 101 5 8 -, T 1,064 wm OB RE
SUUBRCRA IR, KA 580G RE S A7 78 58 T R
W, PRI 1.064 pm B ep AR D0 S 5 X 1] H:

W, Tk REAEHE K 10.6 pm OGS B IR iy
W, LS CE, 1M 1.064 pm 0% -5 AR
YERIBT ISR 2ok 22, A REE &7 CE.

Shy S B 3 T 19k o 1 A EOG Bk 8h EUV O
U8 CE BT, AR TAERMHET 0.532 pm Tk ift
A1 1.064 pwm = kb a9 S KBOEIREh %, 1k,
T ST 56 v A UK e ] B4 B[] S B, A EUV
R ST RO (SO AN [R) 42 Bt T (%) S e ok A 1)
. R, S TSR B EBER /N EUV
AR 2. )5, R ICCD XA [F 2 T
S5 B T IRER BR AT B 0] 43 BE RS, FFXF 0.532 pm
Tk b A FBL EA TSR

2 LI A

AR S A v R BE L2k 2 DU 52
e 2 F AR H) EUV ZOLRIEsL i F &
AT 328 S A R AN A 1 R, — 3 0.532 pm
NA:YAG “ MO (Wilkof) fl—3 1.064 pm
Nd:YAG 0t (Ehkoh) H f400 MiE s R 4, )%
AR s A Y, IR AR Sn P - F—0r
B, AR 00, Tbk PR SRR R 1x
10° W /em?. ERkiph p s, HKHERN 600 mJ,
WK5E 4 5.6 ns, FERPEE 2T (FWHM) 4 250 pm,
FERRTE bR EEIETRN 1101 W /em?. FESEE T,
== ok e 5 ke =2 ] 9 S s Pl PR L A
frin g, Jf b — & LERHF S K A4 (SRS DG645)
HEFT IR, Sn PR A — A 2R S S
T, BUREOCAS G, R sh 2R s, DA fR
WOtE Sn $EAE R W] A2 B AUk AS S H T
AR T AR S A X e AT S, RO
FFE SRR IR E

SeE R SR U A H BRI EUV RE X
EUV i N e pEATIIE . fe it B el s 4 1
U7, SEOCAGHE RIS A 26°, WRER TR
k1 30°. LR RSO A S I 7 5k 26°
F139°. EUV figE it Mo/Si ZZ K S5 EUV
FE LRI FR L, AH OGN AR v AR L AR UL
AU TAE P T EE 22 R A B0 Y EUV )6
TEAY 126] X} 7—23 nm BEUV B [8] #4056 1% 1t 17 0
i, G 1200 £k /mm P30 X LA
A1 5B X B4k CCD (Andor DO940-BEN)
YR, H A B S OB A S 1 de Ml 50°. 1

145202-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 14 (2025) 145202

T EUV fE S 2 A i s %, IR IE EUV
FE I (O HERR P, SRR EUV IR AR N
NEZORZS, BAE/NT 104 Pa. SC8 AR} Sn %5
BT DG B AR IEEA T TN, BT £200
I 375 B 0 A5 B T AR AT UR JF i ICCD (Andor
iStar DH334T) #17RE, BN 4.8X, W&
£SO A T8I # R 90°.

Sn target

400 lens
pre/main

B 1 S R R Wbk b (B ) Rk (0 6)
28 f400 BEE I AR A AGT Sn ¥ET, AGHA K 0°, Wi fs EUV
AT 5 OB A A BE /Y A7 430 R 26°F0 39°, EUV JG 1%
05 SO A S D7 1w 32 1 S 50°, S T AR AR AT O T B 1
J A I £200 BRIt ICCD R4

Fig. 1. Schematic of the experimental layout. The pre-pulse
(depicted in green) and the main pulse (depicted in red) are
focused by a f400 lens co-axially and are incident onto the
Sn target surface, the incident angle is 0°, the angle
between the laser incident direction and the two EUV moni-
tors are 26° and 39°, respectively, the observation angle of
the EUV spectrometer is 50°, the visible band emission of
the Sn plasma is imaged by a f200 lens and captured by an
ICCD.
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Fig. 2. The dependency of CE on delay time for different
pre-pulse spot sizes. The dashed lines mark the CE values
when the main pulse irradiates the target without the pre-
pulse: (a) The dependency of 26° (red square) and 39° (blue
circle) CE on the delay time for 0.3 mm pre-pulse spot;
(b) the dependency of 26° (red square) and 39° (blue circle)
CE on the delay time for 1 mm pre-pulse spot.
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Fig. 3. The normalized EUV spectra at different pre-pulse
spot sizes, the violet shadow area corresponds to 13.5 nm
2% bandwidth: (a) The EUV spectra at different delay
times for 0.3 mm pre-pulse spot; (b) the EUV spectra at
different delay times for 1 mm pre-pulse spot.
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Fig. 4. Dependency of SP on delay for 0.3 mm (black

square) and 1 mm (red circle) laser spot sizes.
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Fig. 5. The plasma imaging measurements: (a)—(c) The plasma images at 0, 50, 1000 ns, the left side of the image is the target sur-

face, and the laser is incident from the right side, all images are set to the same contrast ratio; (d) the dependency of longitudinal

size of the plasma on delay time for 0.3 mm (black square) and 1 mm (red circle) laser spot sizes; (e) the dependency of longitudinal

central position of the plasma on delay time for 0.3 mm (black square) and 1 mm (red circle) laser spot sizes.
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Abstract

Laser-produced plasma extreme ultraviolet (LPP-EUV) source is one of the key technologies in advanced
lithography systems. Recently, solid-state lasers have been proposed as an alternative drive laser for the next-
generation LPP-EUYV source. Compared with currently used CO, lasers, solid-state lasers have higher electrical-
optical efficiency, more compact size, and better pulse shape tunability. Although limited to shorter operating
wavelengths, the solid-state lasers have higher critical plasma density and optical depth. Consequently, re-
absorption and spectral broadening cause lower conversion efficiency (CE). Therefore, to optimize EUV
emission features and improve CE, a 0.532-um pre-pulse laser is utilized in this work to modulate the plasma
density distribution. The pre-pulse and a 1.064-pm Nd: YAG laser (the main pulse) are incident on an Sn slab
target co-axially. The EUV energy and spectra of the Sn plasma are characterized at various delay times. It is
demonstrated that compared with the 1.064-pm single pulse, the 0.532-pm pre-pulse laser with short delay times
of 10 ns and 20 ns respectively results in a 4% increase in CE at 26° and 18% increase at 39°. The angular
distribution of EUV energy is modulated by the 0.532-pm pre-pulse. An isotropic emission can be obtained
within a certain delay time. The spectral feature near 13.5 nm is optimized, and a spectral purity of 12.2% is
improved by 69%. The laser spot sizes of 0.3 mm and 1 mm for the pre-pulse are compared in the experiment.
The results show that the 1-mm spot size has a better modulation effect on the EUV emission. Moreover, the
time-resolved visible-band plasma profile is captured by an ICCD with 1.6-ns gate width. The plasma size and
the distance to the target surface are increased by the 0.532-pm pre-pulse, which suggests that the energy of the
main pulse is deposited in the low-density pre-plasma plume instead of in the plasma near the target surface.
The lower plasma density leads to an increase in CE and spectral purity. The angular distribution of EUV
energy is found to be closely related to the plasma morphology, and defined as the ratio of the longitudinal size
to lateral size of the plasma. This indicates that the variation of plasma morphology can influence the angular
distribution of EUV energy, which is caused by the 0.532-pm pre-pulse. This work has guiding significance for
optimizing the emission characteristics of solid-state laser driven EUV sources.

Keywords: extreme ultraviolet sources, laser-produced plasma, pre-pulse, conversion efficiency, spectral purity
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