#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 20 (2025) 200201

MeFRE

ETETREFREINCIREERERER AR

KRV NI FFI A D
1) (BHERAEAIBE, Bl 200444)
2) (PEFRNER LSS BE, SRRSO, 19§ 201210)

(2025 4E 7 1 Hg; 2025 4 8 H 31 HULEMEH)

FF 13.5 nm TAE I BB EG R AT B R & B L4 (extreme ultraviolet, EUV) A5 il 2% J51 1 51 AY
BRI [R) 20 R S OGTR AR 7 A A RRE VTR | T TCTS B BEUV OGIR, J2 TF R AR G i R AR BT 58 1Y 2R
SR, ARSCERIR T E PR 2 W25 0 5 EUV G IR TEA S A R AT & 00 TR MR e bn X AR HS, SRA
UMY T 455 15 55 R B B9 B Bl i g A5G I BOR 5 A T AT S BUR B B E AT S UG P 2R
F BT %, WG )T HER B BE A T AN 34— R Ak OB TR AL . BUR BRI S B AN R R . A S
AU T — R EUV B bE RAFT- 5 24 T S804, o8 B2k 6 361 EUV MRSk G RAE RS

(14 52 BRAE ) B AL T — i 9 TR S B (L

SR POESMEHL, A AREDEI, TSR S 40T, I e

PACS: 02.10.Yn, 33.15.Vb, 98.52.Cf, 78.47.dc
CSTR: 32037.14.aps.74.20250864

1 5 =

W ERHN (extreme ultraviolet, EUV) Y Z| & —
FREECIE R 13.5 nm PDEZIFIAR. H5IRESS (deep
ultraviolet, DUV) Y ZIAH tb, EUV JtZ1 ] 52 8
e Y AR BG4 B O e i AR #E A 7 nm L)
THICHHOR. EUV B iy« 4w, Ha
SRR RREHEES. s EWA T2
T TR AR, PR A0 2 i 1 DR AR (1) R AIE
FOR, s R R S B R 1 100 2 12,

HATTE EUV A G AR U P A 32300
U5, BIVR] 25 S O U5 R 45 B T4 (discharge-
produced plasma, DPP) J: . DPP Y i &
JERCHE IR Sn 558 K™ A4 EUV fa g, Ak

DOI: 10.7498/aps.74.20250864

R . B T R 34, AT S vy o | e e M
FELRFRAE. (HAERAE Z 2N TR LSBT DPP SBIR
S — R B REE M, HIHOR AT R 8 I 4 Ta vk
i W T —f% 6.7 nm BEUV(beyond EUV) St %,
PR K S R RE T A AN

[7i) 255 6 S VR A FH 9 2 A X e 1 L T AE R
s AR B R AR S Y EUV Ok, A KR
FE AT O e Y S A 20 42 80
EAROR, MG HE BB ARG, JLF i EUV
I 220 B AR 1) 35 F 24 2 3 5 ) 25 i 6 6 TR SE A B
AT B 1 B9F 5% A BAKT [) 25 % 49 56 5 9 BF 5% AR
FW, WeZ = A W R SR L AT U AR
JFRE EUV ALz i G R A s B . th 1
MRS HE DGR SRR LT Y, PR AR B
LEA TP R R R RO B R BB LR

[ S SR ST R B R (973 T (HEHES: 2021YFA1601000) FIEZK A ARMERA (S 12175297) WEHIRGILE.

T EEEH. E-mail: liuhg@sari.ac.cn
1 BfEYE# . E-mail: wangyong@sari.ac.cn
1 WEMEE . E-mail: tairz@sari.ac.cn

© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

200201-1


http://doi.org/10.7498/aps.74.20250864
https://cstr.cn/32037.14.aps.74.20250864
mailto:liuhg@sari.ac.cn
mailto:liuhg@sari.ac.cn
mailto:wangyong@sari.ac.cn
mailto:wangyong@sari.ac.cn
mailto:tairz@sari.ac.cn
mailto:tairz@sari.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. 20 (2025) 200201

(numerical aperture, NA) FIEE RS A & e,
HE &N BEUV BT RUIREY- 5. [, S04
Br b hnbRenit i i B R g ([R) A0 AT JEiR
(IR — i 30 m 2247 )9 W] LUSCE T8 7 T Ry
J"B N, R e TR AR RCR, B T A2
BT EE LA L A

ARSCE ST BUV OSGIRIT R EUV
155 B B 72 Z Kl (inspection) Fl AT (review) £
ARB SRR PG AR R A AT TR A . TRA
XFHE T IR ERAIETT 58 T4 BEUV FERLBREE R AL
B IPERESE R, A T AR AL R AR R Y
RIS

2 BEUV #4825t [l £ AL B &

EUV #ERH B (1) F A X i, 3 28 b AR 2 44 A
EUV St Re st sl anlEl 1 R, EUV i
VT2 A FA B 2 2200 R AL AFE(R
PR KBS HE A . S 2 IR )Z | R 22 B
ZEohZ UL B AR 2. HiES L DUV JEZ1 R
GANERE, EUV L Spi 4 K Z2H0 Rlom 2l
R R BETCHEA RO, Bt EUV LR
FH Mo/Si 28 8 41 W 19 A b b 22 J2 B i i B 45 44
SRR 64%—72% MR I % T S
40—50 2%, BUREEE 300 nm™, L& TGRS,
A, W FHAEN (electron beam inspection, EBI)
ToikgEids BIRIZFH K BLELEE. 1Ak, Mo/Si £ 2
JEAE S AP 3] WO Be AN B I, AR S HAR TCiE R
B G H E SR, Fr LR 562 T2 M T
YEW (RIFEIE ) B GEA T B pE RAE A2 E PR I
IS IR B LA ) T L

Amplitude defect
al

- o
=» Capping layer
- "\ LTEM substrate
\ l / N CrN

Phase defect

Absorber stack
/ Capping layer

1 EUV HEREE5 ) R A B
Fig. 1. EUV mask structure and typical defects.
NP 1 7R, MR SR DG B IR MR A2 A sl A 3 A2
b, EUV A5 E A [ ] o3 oA I M dke e R 07

W, Y2 lAr 2 2 A SRR, S AR
I T | PR EDR, Bl WA A%
AR I 50 nm DA R ABREEASREE I 3 A~ 1. HirRif
e AR B v b A T 2 R T
B, 2 LR EUV 6 AIER 25 5 A0 55, S
HERCRE R R BN LY, 50 G2 48 i 1),
AFHASE St B D)3 5 >k 1) Sl IR, il 3w 1A R
s ML, 2 2 BT T AL 2= DRI | 35 T sl g
YErp 5 B B 0 s E AR AR AE 17, 2 EUV S DB
X 38 2 S AsF, 2 55 R 408 IE X 3 S B & A T
W, AT AL ), IR A R BOCZIE S0 E
T BB RAE L. BUV HEA5E A 22 )2 B 25 F X6 AR 4
BB R RO, AR, AH A B S 5 ]S
) e e s, R A7 R B Pl O R RO R TR
A B 2T 3 S (ptychography) 3% A AV f5Uk
HOR B, X2 EBL S48 (AL T B Wiy Ik my
JRHZ —.

27 A ER L A AT B AR 1 A EE R A
DPP i, 2z (AR E ) B, FERF S
#hEE1E EUV ¢ DPP SGIEH AR o ih [ 4 1, DPP
SEUEME DAFE o DB UK AR T . H AR Lasertec
H A& IZAT L ) ZE W 8 A%, FAAE 1976 4R s DO ik
KT EERE G A LSRRI RS ), B4 2017
SRR EUE IR AT T8 EUV HERE G 7R
K A3 S BER) ABICS E1200), JLF-ZE W T #
SR B R AL T 0, F0 A% 1 A0 9 48 [ Carl Zeiss
() AIMS Z 45 5 3 10, 5 4K v [ s IR T3 Tl Ko
ST DPP GG R oG M (B ML R
W HLRRIE. Fb AN & B RO EEERS & R B0
AT OGS4l R TR 1Y Sn i DU 21
R T 2 3 IR 7S s e 0. [ A 4 ' TR oy o
(YRl T T E N =L G W (1 EL VA
B, BRI B A v T R S 5t s R A AT 52 190 R ek

priz e

3 EUV #4864 £ AR B BR

EUV #8553 2 Ak 456 16 e AR A oA 02,
FELAG I XHHEAR L A i A T DU e A7, i it
ORGP CRE PR R R, A3 2 B
FIBRBE TR B, TR BE— 2 X R o A SR )
DXIRIAEAT iR 0 HEAG oHT , BRAT AR B A A2
MSE(E R FE TR BUV OGIRAYHER G

200201-2


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. 20 (2025) 200201
1877 NFAEFIH EUV & 4/ B s (EUV- (R R, SCARF R BEAURH IR, DI HG 58 1 % 2 )2
PEEM) #4753 B 191, S Jie hy >4 4 43 B2 N TR e 9 2525 HE 7 1191,
AR AU = R R e AR S5 G B 5 AR s
3.2 EEREMTHRE

I (Fourier synthesis illumination, FSI) #9254

4

B 2 R FHEE AR 5 A8 T4 9 g
(coherent diffractive imaging, CDI) )& )2 fi7 41

JRAE, AT Tl B R R

&6 FSI MEHKE R £ERE
BRI AR — R R AR O T
HIRTS LA BB AR B, B R i .

A
T 2NA(1+o0) (1)

Hor, N BRI, NA BRI A i B L
1, o S BRWTAH T . Bl F 38 kS 25 R 4
JUTEEA 5 ASHOERI A R, Al NA R el
R REAR 2, i EUV OLIRTE FST RSPk
SRR 9101 T 1Y 93 B AR 73 PR R FST 2 25 4l
R A B R T R B ) 1] 2(a) R
AT AT ERM =8 FSIR S, £ E BB
(advanced light source, ALS)!M F1_I ¥ [F] 25 & 5
J&J5 (Shanghai Synchrotron Radiation Facility,
SSRF)P YR s HERR. Hrh &35 EUV il
LA S (micro-electro-mechanical system, MEMS)
PR AT AR ) DG R A R AL, DL AL
FERIEAR L 5 EE S0 A7 ) BRI U o Pl e 9 4
o it BCRAE en of A, 28 TR B AR IR B i A B
TIOR8 SR BB AR R THI R4 708 s f 1181, A
RARTE TG RGP PTG . A, B
W v i B R B [ Al UG rh ) B R o 1)

3.1

R

BZ AR (SRR TR ) 2—
P2 -G B AR CDI LSS A% 5t AR A 7 BR il
(49773 B8 Sl ORI 0 S 2 A/ XK SR
Fe AT IR DR i o s T, RS
i EH B DX I ) R BIAT IS PSS, 5 2URE i B B E A
17 5 F I s B S AT SR B AR I B8
A, CIAL AR RS TR B A A el P e L 28
e 091 ke B DX IR P D52 TR 07 W 22 88 4 1 55 R i
LI ARAIER 5 B S AR D. 4545 JRUA B
JER (BRER) BG4 B BT F ] B 20T 5
B3 200 THRCH R Al R E LB HE ST ), BRI

pi(r)=E(r)D(r—7), (2)
Forp e RERLF N TR B TR, n EERD
STREF R EAS . S HUBH RS MR i 55, A
B KR TUARTE, o f REME— I8l = HO5t
fipp 200, AR AR AR R PR BRSO B L B AR AR
W& IR MR DR G, B RV e B R 45
.

SIANTE AR TCT F NA BB SO 2 Te (R R
AE L i 709 3R et [ A 2 JBURRE i ) 1 20
PR SAOLAE B 2, HESROERER T %/ A+
JRE R e AN S 2 37 5 B oA ). 5 A JC B
FARMI, EEXEBGITIRSA T T HEL RS
BEPE, 425 T 2R PO 20T 5 R R AR
IV FEE SR AN = AR, LR i —RETE
2R GE/INT 3 o Y F TS A7 0 2 1 I i R

(a) Dynarrslic EUV (b) 4-Jaw () PDL i CCD
MEM; urror Viewing N beam\'\“e l/ slits \I EUV __ \E
— screen ®U 1 1 beamline Ma, o
e £
-
Illumination patterns m s
--------------------- (] =] E
. PD2 + % &
Y X ;
mirror .
OJOX X | ‘-
"""""""""" Me ' scMmOs
) Off-axis zone plate /
Flat mirror MB ZP array Mb S 7P
Mask
Mask e Mask Light pupil PD3

A 2

(a) e L IH 25 0 PR U I 6 18] K R WA S EE () (b) SHARP AL %307 (c) SSRF-BLO9BIA HSGEEiT

Fig. 2. (a) Schematic optical layout of FSI and representative illumination patterns; (b) optical path design of SHARP['"; (c) opti-

cal path design of SSRF-BLO9B1A.
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5 Al 7 A P4 SRR I 43 AH T R
MIRE ST, RREEE TR PR, [T, BESIHR
FHRG B e 24200 IR B B AEXTFR NA 553 B
RINZES, VRAN T LB R G TIE N H IR ik
KBS, BT SHARP TAEM % R A 30 pm
BRI B XI5, FAF A 75 XA IES T FUm 2k,
AT AR B G A T A AR Y SRR M A S
A ReHEAT 43T PO, SR LA N e A B R Bk, ek
U E A BG4S ik, SHARP 34t T H
EUV A Sl B 43 Bt 19 45 BR 23 B %, J2 8] 25 5 5
EUV YEIEI JEAE A AR AIARAT.

4.2 RESCAN

B RS ST T (Paul Scherrer Institute,
PSI) #£31#) RESCAN T 2016 4FH A, 11K
ST RO EUV M8 Pychography &
I3 PR 20, RESCAN %2 %% £ SLS XIL-TT ¢ 3
Li—AE s L, BUV IR (92 eV) 4 h
30 mW . fERHER E/AE (92 V) 219 4 % 3T
HAAZ N 10 pm 22 nE 3 fin, RESCAN Y fid
T R, PRIE T R0 R Rl RO
M1 Ko R AR B A i - 18 | S5 B M2
WILL 6° () A F s | A, P CCDUCAE
MG, Sniid & ks R e A
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Fig. 3. (a) Optical path design of RESCANP?; (b) optical
path design of Micro-CSMP3,
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8 3 A AT R AR AR [] DX SR 4 31 1) A3 55 IR
5, RESCAN 7] LIMREE B B 57 iU BRI 1) 7E 26
RO 3. BRARE LT, 13X P45 3R T ] —
ZH A5 52 BT AN 52 e A6 0 it 201, RESCAN 7R
LA RE T IR F B X e B A (SSCM),
RIV3E Ao L A RSS2 B AT S5 151 5 TE R B 1) 2 5 A S
L1825 500 N R . ) P 85 4 P A0 e
RPN T PRST /NERBE AT S i B AR, PR R
DA 55 Sl B A7 S 1) T 0455 BV AT 38 B s B SR R
W R FH 28 2 AT St B AB 0T A e RV AE 3647 40
Hr. RESCAN 2k H] JC 3% Ba BT FL it 1Ot 27 st
NA BRI, AR 43 38K 34 nm, HALTY"
KGR TR T 2 NA B2 XA BT i
PR AR AR K R AR T .

4.3 Micro-CSM

New SUBARU 7EH: BL10 JEHRZAH T Micro-
CSM, Jf- 7 2013 FFR A . % R GE A — Fh i
T BUV Bt B34, EUV SGRER R (92 eV)
E/AE 2574 1300, YEBE EH A ZH 0.23 pml?) £ H
F/NRSEARALBEBE 53T 22 Micro-CSM %&F CDI
Bt T A 3(b) FiaRe#. Micro-CSM B 5E i/
FL bR BRI A S SR RS, SR R UEH A (zone
plate, ZP) ¥ H R EEMAL I H 5 H CCD R4
MR IHCES. ZP i—F XA -, A
B NA 2524 0.08, EUV Y6 A G 2)°46.8°. CCD
FHPLSHEBOPAT, XN RGEH NA 2978 0.27, J6H
AU A M +£16°. Micro-CSM B4 T SZ 56 J I 454 PR
43K 30 nm hpl?) [ B & LHUSH(5 5 32 Bk
TEZ 2B A B2, 22 )2 O SR A7 5
)T RO 25 TH & 22 gk, it 60, 30 nm
T BB AT 230 X6 Bk B, e RS T S S

som 231 L gE R R B Y Micro-CSMXT £ )2
FEEGTRR S B0 T N AR S5k B 1 e U A3 BT RE . 2R
1M, Micro-CSM 75 i BhH At 15 £ 52 W7 26 46
JE A RERTBRFEIEA T AT, m A A 2.

4.4 SSRF-BL09B1A

SSRF 7£ BLO9B Yt W& 5 # T EUV i
B4 7E 2 A I # 43 Br — K 1k R 48 P& SSRF-
BLO9B1A, 7 35 A &5l [l o~ 80—500 eV. Hifif &
fL 5 4% 50 1/mm A1 250 1/mm P B GA E(
i, LA SR RE i AT HER E/AE (92 eV) 2978

1000 1 8000123, LA JE AN [R] NA By e BUAZ.
K 2(c) fr 7k, SSRF-BLO9BIA fi4 ¢ &% it 5
SHARP 2, RISR AR = 4% FSI &4, WA
FEBE 10 53R 45 EUV LR TR L. 5 SHARP
AT &, SSRE-BLO9B1A 4 #MMifi il SCMOS
MIES BRI S A5 S, nT R AR
25 A1) I - A PR 2 BRI RE 7 B vl B B, 5K
PUAE LA T RE 27, Y HEAS 0 e b DX I B A
SCMOS \CRERIRY, MsEgmfES; MikfEbl
BRI, SCMOS i 23 R4 BIFYOGIX A 1 5577
SHES, BESES. BT8R FE LT nm, A
XFFHEBAL mm FOCBET , KRS AE w7055,
FIFLAR T 08 AR, T Xt B3 1 S e el 56
BRTTA. 240 e B, R IR bR B Y 2878
BT bRk e IR P AT S8 7

SSRF-BLO9B1A [ 43 M7 #4315 FH 3 il e e
ORI i 165 COD 72y g, HT =
B FSI RGIE K NA 1, vl g fe SC BT R4
FEAERE I HR B 250, WA 2(a) B/, [R) IR fC AR
] NA (B Ra A, m] %k i i e S B e i 1
F 20 nm®7 FEIE S FER A 4T, RE Har, Bt
6 B~ EUV #54%, SSRF-BLO9B1A ffi ] 4xNA =
0.5 P Bl 7 Fr AR T BB I J A SR 43 B
S HER E AF] 48 nm hp, KRB R H 4xNA =
0.625 11455l B FSTE—E k.

I XT L EIRAAN S R T 5 1 RE, TT LA
AN AT CERES L, sk 1 PR,

F 1 EPRAA RS OCRS R AT
Table 1. Comparison of internationally renowned syn-

chrotron radiation sources and characterization equipment.

Y New
SR ALS SLS SUBARU SSRF

Micro- SSRF-
CSM BL09B1A
LELE RO+
Wi

i SHARP RESCAN

(LR +
537
wh BEGH MTIH 25

it e A

WA e we mlr Wi
92 VAt HE . -
K(E/AR) 10 4% 1300 1000—8000
BB /um 30 10 0.23 >25
Sy PE /nm 22 34 30 20(¥ 1)

& 1 AT, RS R EAR R SHARP
SSRF-BL09 B1 A # % RESCAN Fl1 Micro-CSM
HAWEE RGP, B 9% SHARP HI SSRF H
TROEIRALRE, 25 [ T2, {3 FST af Hsk i
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TR BRI S5 41 DA Rb 2, (o R B L S b A4
EUV JCZIBE G R v Bl X AR 520 . SHARP
F1 Micro-CSM JoikMKEE F SR BEBIRE Y AT BE A7
o 3 L 0B S AR AE SR T AL 1 RESCAN
F1 SSRF-BLO9B1A e 75 £k A I F1 53 47 95 it 2y
fE, M R T BRI RAL R SRS . Z5A K UL,
FESAT I AN AT — 4k SSRF-BLO9B1A HA %
EF5 P REFE AR AL RIS 1, SAb T v E HE RS R AR
MR T kB R G A2 H, S E” EUV GZ)
FAR B FEME NI AL = PR AE T HT A 58 TR
fiti55.

5 XETREFHEE EUV BERERK A
R R K Rt
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VIEWS AND PERSPECTIVES

Mask defects characterization techniques based on
synchrotron radiation extreme ultraviolet light source”
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2) (Shanghai Synchrotron Radiation Facility (SSRF), Shanghai Advanced Research Institute,
Chinese Academy of Sciences, Shanghai 201210, China)
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Abstract

The multilayer structure of extreme ultraviolet (EUV) masks limits the penetration depth of traditional
inspection techniques at non-working wavelengths, thus hindering the effective examination of buried phase
defects. Developing defect characterization techniques operating at the 13.5 nm wavelength is crucial for
overcoming the quality bottleneck in EUV mask fabrication. Synchrotron radiation light source, with their
stable EUV wavelength, cleanliness, and high power density, represents an ideal light source for EUV mask
defect characterization research. In this work the current state of technology development for mask
characterization at the world's four major synchrotron radiation facilities are systematically reviewed. Through
comparative analysis, their working principles, technical advantages, and limitations are investigated in depth,
and provide a forward-looking discussion on future trends. In response to the specific requirements for EUV
mask defect detection and review, this paper discusses the requirements for the next-generation system
platform, which integrates deep detection and review functions, develops novel compact light sources, and
innovatively combines the advantages of various imaging techniques to improve the numerical aperture (NA)
of imaging systems. This aims to achieve a theoretical resolution of over 20 nm, meeting the future demands of
the EUV lithography industry for higher NA (>0.55) and shorter wavelengths (6.7 nm). Regarding the
prospects of extending synchrotron radiation to industrial applications, a compact synchrotron radiation source,
which can be developed on-site in semiconductor facilities, is introduced to accelerate the research and
development cycle, while achieving the synergistic integration of imaging technologies. This paper focuses on the
application of phase recovery principle of ptychography to Fourier synthesis illumination (FSI), achieving
aberration correction in lens-based systems through synthetic aperture extension. In this paper, the working
principles, performance benchmarks, technical challenges, and emerging development trends of existing
synchrotron radiation-based EUV mask characterization techniques are investigated. It provides an important

reference for designing next-generation EUV mask characterization system platforms.

Keywords: extreme ultraviolet (EUV) mask, synchrotron radiation source, mask defect inspection and review,

Fourier synthesis illumination
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