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Fig. 1. Framework for the radiation hydrodynamics code RHDLPP.
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Fig. 2. Schematic diagram of the spectrum of a laser-pro-

duced plasma simulated by the Spelma3D program/.
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€1 £+1 Neger,

it (V) = Nionotr (1) (1 - e*’w/kT) . an

Hori Fj AR BT CIRESL, Ne, IR ¢ 1Y
BT i D RES L IVBUE I, g FORBER T L,
foo MRFIRTHREE, Niow 5 MU THOBE, 28
B eRE e, , (v) R T Voigt LY, oy (v) Fl o (v)
Sl B s Ny TR NS NE i = e s R 1T i R DY)
FTAEC 2R Sn 458 TWAE EUV B Bk
W R BBk B TR R KL, REE- A
M e 2 K5ORT E r- R R 2R ) TR AR /s 771,
PR AR SC R SR AT oo (v) B o (v) BERFH T H03E
faf B 2 g 0 5, HAARIE R 2 3Gk [36,38], 78
BEASFE 45 . WU R pigean (v) 38 33 Thomson HE
Ui E/R G

75 DLA B3 il 28 k5 2T 55
B AR AN TR ) R A S A A B B A
AR A B RE S - f0 A i 5. T X 2 A Jee 2 R R
fifp 35 SR B TR ZS B OTAR G, — Bk, KA g
TR R 4 TR R sl A (non-local-thermo-
dynamic equilibrium, non-LTE) R 2 J5 # 37 CR
R, S TSR A RS A 3 3 T R 2 R AR5 45 85 1
(BB AR i foe A k. SR IMDRE XA 7 i 0 H]
T DLA B Sn 458 THAE BEUV BBHRGTA
BYFE PSR R T FEFERERE L EUV
FRETEY Sndt—Sn By A HGE T 100 SR 4
BRELR, W PE R A RESECH AL AS FA AR ME S B AR

15 MH G R 2 IR Ailf 8 B4R S ot B 1 3l 1 24 CR
BRI 0 2R 3 5 B AR L 25 AR A5 o IR A, 58T
W, A SCHE A Ry B B P15 (local thermody-
namic equilibrium, LTE) i1l F # DLA 5 #1%
AP Sn 555 F1AFE EUV I B 1 48 5 AN 175 B
. 7 LTE i)l T, #5076 K H Saha-Boltza-
mnn J7 R, BB E 2 Boltzamnn 4347, &
B3 5, SRS K, 1 2 Kirchhoff . T
A EETAL LTE 3R RFEA SCTAE 38 .

4G, ASCP Sn SFE AR HEK A 1064 nm
B NAd:YAG #OE=4 (BRI 4.1 35F1 4.2 75), X Fp
B TR B I A5 FE Z0°h 1020 cm 3, AN B3O
RERI EEDURTEIG SR LR, I T8+
i BUV 48 5 Xk (BR 512 13.5 nm FHT) A9 H
T FE AR REAE 1019—102! cm 3 F1 20—40 eV
T 1) S AROU A 8] 9 AH B AR AR D) Rl
B F. R R, FATTFIH Busquet H2H 09 o B R
BEJ7: (ionisation temperature method)P%40 Stk
it — LW PPAl . X TIREE N T, (B EH p S
THRESEL, 2B B — BRI Ty .
£ (Tz,p) F 3T LTE Sl H A Saha-Boltzamnn
J7 FEARAT I HL AT 28 0 A B ARIE S TE (Te, p) T AT
non-LTE Z5/H1i) CR ARG ZER—2 Si5h,
Busquet &5 W3R8 25 T T, 1 Ty Z 18] B F5 B Ry
R, R=T./Tz ~ [1 + (5.36 x 10'3) T35 /n.]"*"°, H
Hin. FORHFHE. FIH T T W HE R TR
WAL I LTE 3215 non-LTE 454 22 [8] 1) fi 2
PR, FATERT 14 205 Nd:YAG HOEG™E/) Sn
FETR EUV HGHXEHSE0TE T HE R, M
NS RAER 1B, FTRE B, fEXeRES
BN TR T, B HUEAREE T 1, 3R] LTE S
AT

T38h, TATE AT T non-LTE #1 LTE 2%
(N SO~ S I N o I R 3 TS 2
H, non-LTE S5/ T A5 R A IS 2 15 b4 5 iy
ETF RS PAERS CRER TR, LTE
ZRAET B 45 SR A3 0 R FH 5 T e e &30 AR R 2 T 2
FRELY Saha-Boltzamnn J5 FEA5 3. SEHH faf 4%
TR 1S 394, 3 4 (Te, ne) T ESFHAT
AT BT LB AR 3 g B (2) pp AN
B kR B R LTE 548 F 2 TA4nSe gy
R, RN (D) po METHHE AR EI R LTE
KT ETRMREELNEER, (Z),0rm FIKE

033201-6


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 % 3R Acta Phys. Sin. Vol. 74, No. 3 (2025) 033201

K1 1441 (T ne) FIILM R ESRIE T, | LTE &0 F TSR TS (2) 1,  LTE £ F TR
W AT 75 (2) Lrpe % non-LTE 20 F 3T TR SRR T AT (2),00 e

Table 1.

Ratios R, ionization temperatures T , average charge states (Z) g, based on DLA model under LTE condi-

tions, (Z) 1p.o based on the screened hydrogenic approximation under LTE conditions, and (Z), . 1 based on the

screened hydrogenic approximation under non-LTE conditions for 14 sets of (T¢,ne) values.

5 Te/eV ne/em ™3 R Tz/eV (Z)L1e1 (Z) 1182 (Z)non-LTE
1 5.10x10% 1.00754 37.72 12.57 12.60 12.60
2 38 2.05%x10% 1.01839 37.31 13.20 13.35 13.34
3 5.97x10" 1.05867 35.89 13.91 14.09 14.08
4 5.07x 1020 1.00418 31.87 11.10 11.14 11.13
5 32 1.26x10% 1.01645 31.48 12.39 12.58 12.57
6 5.34x10" 1.03737 30.85 13.17 13.25 13.23
7 3.18%x10% 1.00418 27.88 10.44 10.41 10.41
8 28 1.15x10% 1.0114 27.68 11.32 11.46 11.46
9 4.31x10" 1.02944 27.20 12.14 12.39 12.37
10 1.00x10% 1.00664 22.85 9.87 9.82 9.81
11 23 5.26x10" 1.0125 22.72 10.37 10.39 10.38
12 2.23x10Y 1.02862 22.36 11.00 11.11 11.10
13 50 4.77x10% 1.00851 19.83 9.40 9.30 9.29
14 1.06x 10" 1.0364 19.30 10.42 10.44 10.43
Bl LTEDLA [ LTE-SH [l Non-LTE
T.=32 eV, T, =28 eV, T.=23 eV,
0.45 F n,=1.26x1020 cm—? 0.45 F n,=1.15x1020 cm~? 0.45 | n,=5.26X 10 cm—3
0.40 f 0.40 0.40
g 0.35 g 0.35 g 0.35
o o o
£ 0.30 £ 030 £ 0.30
Q Q Q
£ o025 £ o025 £ o025
£ 020 5 020 £ 020
0.15 0.15 0.15
0.10 0.10 0.10
0.05 0.05 0.05
0 0 0
10 11 12 13 14 15 9 10 11 12 13 14 8 9 10 11 12

Charge state

Charge state

Charge state

B3 R (Te,ne) T BTSSRI LAR, Hp @ FDRE R LTE &40 T & THBGER 4R (LTE-DLA), # (A4t

RIFR R LTE S04 T 56T 5 #2008 LK 25

(LTE-SH), JK A1 48 2% non-LTE £ 4t T 4 T Bl 200 o 1 45

Fig. 3. Comparison of ion charge state distributions under different (T¢,ne) conditions. The red bar chart represents results based

on DLA model under LTE conditions (LTE-DLA), the blue bar chart represents results based on the screened hydrogenic approx-

imation under LTE conditions (LTE-SH), and the gray bar chart represents results based on the screened hydrogenic approxima-

tion under non-LTE conditions.

FRAREC R non-LTE 04 N 3T Bl ZaL LAY 45
Tl 1 2 S A A B X F AT DL B, 3
PARAF 25 IR — B AR g SR T, g
TR A LTE Al non-LTE 2534k % #%30,
BT AP LTE 25 5 M A 2% . 33X i
225k A F AR RS AR L, B ik U AR
TEJR L5 A s f 2 280 TR 2 m R — R
FELWE L. H2, PRl &R N LTE Hl non-LTE
S5 5L v — AR T LR LTE 3 T AR

U NA:YAG #06r=A: 1 Sn 3 TR EUV a5
SHOTHE .

XFF (15) A AEE- A A R A s (v) THUE
1) Sn B T REGURIIR T3 8 45 T 288, AR SCFI
JE T LR TR COW AN JF MR () 20 25
MEAEHITEARS]. L Sn—Sn" B TR ], 1
LIRS AR 2 frsi.

AT RE R AR T3 SR T2 805,
DLA BAHEAG 2] 7K Ve H 12—16 nm. A
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JuH 10—100 eV, % B2 H 10°-10 g/cm® 55
T Sn SFE TR SN BE AR, o SR DL A
(I X A74%, it Spelma3D 72 /7  H K #E 4T EUV
VB LIERI. 18] 4 25 THREE 32 eV (& 4(a))
120 eV(El 4(b)). %K 0.002 g/cm® I} Sn 555
TR EUV SRGIAE I EE . oK (52 X 38 3%
7% EUVOGZIFF EER LA 13.5 nm A0 2% 47
vi. [ 4(a) 51 R Sn 45 B RSO B AT S
12.6, SEE TR b R F2A, Snl+ ) Snl2,
Sn3+HI Sn'*+, FEESMIA 0.12, 0.31, 0.37, 0.17; 1
TER 4(b) H1, 20 eV ' Sn 5B TR G - 2 v g 2%
H 8.8, EE TR EFHYE FIALN Sn™, Sndt,
Sno+F Sn'0+, FEEE4FIN 0.08, 0.28, 0.41, 0.2. 7EH]
TR R TR, A SR G SR A B | L
HL R = L I R S HZ I B AR S AN B
AEE EE ATk, 5Tk 80% LU b X5 Torretti
2RI CATS 2 7 A 8 45 14 FH GRASP
2K R P E I S5 e HAR—B. 758, E 4(a)
Frn RS ANBE I E 45 RS Torretti 55 12 {354
gEOL (ScHk [12] RRYE 3) A ARy —EihE.

4 HR5Hi#

AT FG % T Sn 5B FIRK EUV
SN W R B J5 A SCR ] RHDLPP 727
SE8 T WOEAE T S - 1 [ AR A0 BRI v
PR 1 AR IR S B0 AR TR IR R Spelma
3D BT 4G A EW AR S T EUV G Ry
LA

4.1 HHIERT Sn FHEE M

R EE T — N R 100 pm, %R
7.3 g/cm? [P [E K Sn ¥ B RS AEE A
R, WER 1070 g/em?. BEMIHOGIR E R AER ]| 25
6] |- #0 g s 3 A A B Nd:YAG BOG Ik ol
)RRy 3x1010 W /em?, 2 E 2% N 7 ns, W%
£ 1.064 pm, 7E50AF R A EBEE 48 275 um.
WOCAE T H0TH P B 2088 ORI Z, BOGR B
T A A BB IS 2R 10.5 ns. HUR RIS AR
MR IR IR R 300 K. X SR S 405 Pan 55 [
254 Thomson HL 5 ¥ A1 & BT 6 1% 1k 8K & ) &
Ot Sn 45 B 1A 2805 A F2s 8] 4 B EUV O
Tk T SR FH 1) 52 56 2% 1 — B AL AR A il o AR
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#* 2 COWAN IR RHA S +—Sn"+ 5+ 1Y
BN L

Table 2.

Configuration list of Sn''* to Sn'** ions.

BT

i

Snll+

4524p° + {4d?, 4%5s, 4d%5d, 4d4f2, 4d4f5p, 4d552,
4d5p?, 4d5d?, 4d5p5d};

4524p° + {4d4E, 4d%5p, AdP5E, Ad2Afs, 4d24f5d,
4d%5s5p};

4s’4p* + {4d°, 4d*5s, 4d*5d, 4d*4f?, 4d*4f5p};
4s?4p?® + {4d°4f, 4d°5p, 4d*415s, 4d*4f5d};

s4pS + {4d", 4d%5s, 4d?5d, 4424, 4d24f5p);
ds4p® + {4d'4f, 4d*5p, 4d%4f5s, 4d4f5d).

4s24p® 4 {dd24f, 4d%5p, 4425f, 4d4f5s, 4d4f5d,
4d5s5p}

4524p® + {dd*, 45s, 4d%5d, 4d24R, 4d25s2, 4d2465p,
4d%5s5d };

4s24pt + {dd*E, 4d'5p, 4d%4f5s, 4d34f5d);
4s’4p® + {4dS, 4d°5s, 4d°5d, 4d*4f?, 4d*4f5p};
4s4pt + {4d34f, 4d%5p, 4d%415s, 4d%4f5d};
ds4p® + {4dP, 4d*5s, 4d*5d, 442, Ad*4f5p).

San+

4s%4pS + {4d?, 4d5s, 4d5d, 42, 4f5p, 5s?, 5p?,
5d?, 5phd};

4524p° + {4d%4f, 4d%5p, 4d25f, 4d4f5s, 4d4f5d,
4d5s5p};

4s24pt + {4d*, 4d%s, 4d%5d, 4Q%AR2, 4d24f5p);
4s?4p® + {4d*4f, 4d*5p, 4d*4f5s, 4d34f5d};
4s4pS + {4d?, 4d25s, 4d25d, 4d4P2, 4d4f5p);
4s4p® + {4d34E, 4d35p, 4d24f5s, Ad24f5d).
4s?4p’® + {4d4f, 4dbp, 4d5f, 415s, 45d, 5sbp};
4524p° + {43, 4%5s, 44?5d, 4d4f2, 4d5s?, 4d4f5p,
4d5s5d};

4s%4p* + {4d%4f, 4d%5p, 4d%415s, 4d%4f5d};
4s’4p® + {4d°, 4d'5s, 4d*5d, 4d%4f?, 4d°4f5p};
4s4pS + {4d24f, 4d25p, 4d4fs, 4d4f5d);
4sdp® + {4d*, 4d%5s, 4d%5d, 4d%4f2, 4d24f5p}.

Snl3+

4s?4p® + {4d, 5s, 5d};

4s’4p® + {4d4f, 4d5p, 4d5f, 415s, 45d, 5sbp};
4s?4p* + {4d?, 4d%5s, 4d%5d, 4d4f?, 4d4f5p};
4s24p® + {ddP4f, 4d%5p, 4d24f5s, 4d24f5d);
4s4p’ + {4d?, 4d5s, 4d5d, 42, 4f5p};

4s4p® + {4d%4f, 4d%5p, 4d4f5s, 4d4f5d}.
4s*4p’ + {4f, 5p, 5f};

4s’4p°® + {4d?, 4dbs, 4d5d, 412, 5s?, 415p, Bsbd};
4s?4p* + {Ad24f, 44%5p, 4d4f5s, 4d4f5d);
4s’4p® + {4d*, 4d%5s, 4d®5d, 4d%4f?, 4d%4f5p};
dsdpS + {4d4f, 4d5p, Af5s, 4f5d};

4sdp® + {4d?, 4d%5s, 4d%5d, 4d4f?, 4d4f5p}.

Spld+

48%4pb;

4s*4p°® + {41, 5p, 51};

45?4p* + {42, 4d5s, 4d5d, 482, 4f5p);
4s24p® + {4d24f, 44%5p, 4d4f5s, 4d4f5d);
4s4p® + {4d, 5s, 5d};

4s4p® + {4d4f, 4d5p, 4f5s, 415d}.

4s’4p® + {4d, 5s, 5d};

4s’4p* + {4d4f, 4d5p, 4f5s, 4f5d};
4524p? + {43, 44%5s, 44%5d, 4442, 4d4f5p);
4s4p’ + {4f, 5p};

4s4p® + {4d?, 4d5s, 4d5d, 42, 4f5p}.
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(r-2) AR R HEAT, AT X E N0 < 2 <
900 um, 0 <7 < 700 pm. [FEK Sn#47 F 0< 2z <
100 um, 0 < r < 700 um B X 38, 0000 B AE 2 =
100 pm Ab. OGS 2 A B N YER T

& 5 J@oR T B3R S 10.5 ns FHEOE Sn 45
B U ) I BE RN L 9% B A R R AT 130, 200,
300 pm ALVRFE R (ril) B—4E 0. E b A TE]
AL [18) S 28 7 AR SCIM UL 25 3L A 18 25 e 11 2
g5 B 21 (o 5 B RN K 66— M JE R R Pan 5§ 19
FIFH Thomson #5119 SLIG S5 R (%3¢
fik [18] I 2(b) A1 2(c)). MIE 5 AT LI H
B 25 R 5 S e 4 SR B B — 3k, XUk

7
(@)
6 .
= 5.
g0
£
S 4
=
2
3 3
B
3]
@
S 2
14
0 T T T
12 13 14 15 16
Wavelength/nm

T RHDLPP BP0 Sn 5 & TR ESH 0
A AL 7 T A . 5 AR LE AL B (a) FUTREE &
B, e B AL 130 pm (PR AE) M1 200 pm (Z069)
ABAE L AR BE (B AE —50 pum < r < 50 um 5 [l P %
o T I (. B R e 22 1 — S AT BE R R
2 BRI AR SRR T3 2 5 R SRR FH 4 e S
AN B SR 3 T THERMOS B % 281, x4t
e EUV I BT AR N E0H 18 230k A 10 5Tk,
{752 0 B A3 I BE R IR R 30 eV 2247 B
i, T BRI B . A T IESEX —F5A,
AR S5 22 TAEh i e B0 a5 T 2
RASTUBRAY 6—20 nm I B i 5 A8 33 B B

3.04(®)
2.5 1
2.0 1
1.5+

1.0

Opacity/(10° cm?>g~1)

0.5

12 13 14 15 16
Wavelength/nm

B 4 #EH0.002 g/cm?, R (a) 32 eV Ml (b) 20 eV A Sn 458 FA ) EUV 5575 A5 W
Fig. 4. EUV radiative opacity of Sn plasmas at a density of 0.002 g/cm?® and temperatures of (a) 32 eV, (b) 20 eV.
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7l B 23 A

Fig. 5. Simulated and experimentally measured distributions of laser-produced Sn plasma (a) temperature and (b) electron density

along the r-axis are presented at distances of 130, 200, and 300 pm from the target surface, with a delay time of 10.5 ns.
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B X SRR B B ) THERMOS $idiz 122 28]
MRS AN I RE, S5 fm DA 05000 S Al =8
T8 B PR S E A AL

K6 45 T SEIR B[R]l 6.5, 8.5, 10.5, 12.5,
14.5 ns IR A IO Sn %5 B 10 0 T 28 A i
FETE r= 0 ALV E T (2 5h) —4E0 7. IR
JE 53 An AT LA 1, s IR BE (L R s ] 1 3 Ak 5 0
Sk A s ] R — 3. MBI AR Ao 2 B O
V(AT 2] 10.5 ns, WOGIRBEZWG K, TIRESFE
TR R RETEALBEZ T, X IR RE S e KR
B AH RIS K. 75 105 ns Z )5, TTARTE S8 1K
W R OB RE BT AR, SR ILA 45 B PR C 2
v R ke i 5 L B A R S AR R AR R — 36
SyRE s, PRI e R I R U A 07 e T e
/N, T 6(b) Hh A o 2 R A R R IR T bt
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BB — AR R RS B SRR AT
JEIRE G, 250 B %R Pan 45 1)) & 3] 1) 2
[ 4> HEEi. o TSR AR A, 4% HR 1 25 18] o7 B
Qb Y S BT AT A VR U AT T I 7 1) A 4%
BUREER (HARIES WSCHR [18]) Hhpy &l 1 S5l &
NERED). KA IXEERR S EUV G2 A
1 13.5 nm FHIEAY 2% 758, % ISR TE] 40 ns
J& S TR AT 10 eV, BLHIXT EUV
BE AR P IC Tk, DY R e T AL IR e ]
TG E N 0—40 ns. MIEL 7 AT LLA IR, A4
D5 AL 55 ' 1k 2 A A AR A I — Bk, XUk
T Spelma3D FEFEHOLAE B FIK EUV LBl
Ty R RE ST, B IESE T FRA TR Sn AF R
W EUV I BRI AN B I | 45 B TR SEL
LAY A PP B A AT S, D3N] 7 iR
Al LAE Y, EEESHR I 130—300 pm (R4 2
T W AE 2R T iy 1 R4 5. X 58] 5 HOAR[R]
A7 BT R BN 25 50 AT LA SR 4 SRS AS
B RS — 2 FE SR 130 pm A1 200 pum
b, BE BRI R ORIRE = T 25 eV, RUJEE T
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SPECIAL TOPIC—Dynamics of atoms and molecules at extremes

Numerical simulation of state parameter distributions and
extreme ultraviolet radiation in laser-produced tin plasma’
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Abstract

The laser-produced Sn plasma light source is a critical component in advanced extreme ultraviolet (EUV)
lithography. The power and stability of EUV radiation within a 2% bandwidth centered at 13.5 nm are key
indicators that determine success of the entire lithography process .The plasma state parameter distributions
and the EUV radiation spectrum for a laser-produced Sn plasma light source are numerically simulated in this
work. The radiative opacity of Sn plasma within the 12-16 nm range is calculated using a detailed-level-
accounting model in the local thermodynamic equilibrium approximation. Next, the temperature distribution
and the electron density distribution of plasma generated by nanosecond laser pulses interacting with both a Sn
planar solid target and a liquid droplet target are simulated using the radiation hydrodynamics code for laser-
produced plasma, RHDLPP. By combining the radiative opacity data with the plasma state data, the spectral
simulation subroutine Spelma3D is employed to model the spatially resolved EUV spectra for the planar target
plasma and the angle-resolved EUV spectra for the droplet target plasma at a 60-degree observation angle. The
variation of in-band radiation intensity at 13.5 nm within the 2% bandwidth as a function of observation angle
is also analyzed for the droplet-target plasma. The simulated plasma state parameter distributions and EUV
spectral results closely match existing experimental data, demonstrating the ability of RHDLPP code to model
laser-produced Sn plasma EUV light sources. These findings provide valuable support for the development of
EUV lithography and EUV light sources.

Keywords: extreme ultraviolet lithography light source, laser-produced tin plasma, radiation hydrodynamics

code, extreme ultraviolet spectra
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