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Abstract The development of extreme ultraviolet(EUV) lithographic objective design is toward the direction of an
anamorphic magnification objective system, and large field of view and high numerical aperture (NA) for projection
objectives are both needed, which cause an extreme increase of incident angle and incident angle range of an objective
lens system, so new methods for multilayer film design of anamorphic magnification EUV lithography objective
systems are needed to explore. A progressive optimization multilayer film design method is presented to increase the
reflectivity but not to change the imaging performance. This method is successfully applied to design the multilayer
films of an anamorphic magnification EUV lithography objective system with NA =0.6. The results show that the
average reflectivity of each mirror is higher than 65% and the reflectivity peak-to-valley value of each mirror is less
than 3.35%, meanwhile, a good uniformity of reflectivity is maintained.

Key words optical design; films; anamorphic magnification; extreme ultraviolet lithography

OCIS codes 220.2740; 310.4165; 140.7240

1 5] G

W2 AN CEUV) G219 55 & 48 R B ik it
T PRUE R Y S A 8 L T AR ) B A i B A R
YT L A A% 3O 20 W 5 i A T A A 5 A D 2 ) B
FR 5 1) 2 JE R, LRI LA TR) R A K R 3 A s B
LA (NA) H 2 T E B IO A M XA G
0 Bl 0RO A O A S 9T T A A A R 5
HMC 2 W) e F G IR BT T

Chapman Z21 451 T NA 25 0.10 9 EUV %

2100 K W) i 3R G 0 22 )2 BT O 58 - 45 B A 1 O
TSNS A6 RS 0 B AR /) S DR b 48 B R g B TT
W REOR, fERA/NILE H NA 5 0.50 By BRI
AR W5 R4 METS i, 8 R A A 11 nm.,
Hr g M1 AL M2 [ A S 98 B 0 R 47~ 147
F 1T~ A°, A TR B TR e B R R, TR
T H 0.03 mm X0.2 mm, Wik RE W F
Gt DA B T A S AR /N S W 0 e A B RO 25 5
AR KRB B2EE, £3F NA 4 0.25 1z 48 &b 6 %)
VERG, BIRV AR T Z2RE I R, K

W BEE: 2019-09-19; {EE HH: 2019-10-28; FABHI: 2019-11-26

ESWME . ERAHE KLU (20122X02702001-002)
* E-mail: liyanqiu@ bit,edu.cn

0522001-1



% {5

M1, M2, M4, M6 85 il B3 B, M3 Fl M5 4 il % 7]
Tofs BE I 5 A B A S )2 A L L B )2 S A B R S
FIEAR2ZH AT 0.0010 A IR . HE IR
BERIER (PVIERT 1.7% . Y B R G0 X
SRS R, KRA R LM T NA h 0.55 1
HEMEREYE RGBT T RITA B TYER
B (0 B 45 A B TR SRS T 6200, (H 2
YIBE RGN RS R N EE NG, AR 4 R
SRS YR 0 U TR T OME R L R
MELUH T 32 bR TR &5 . Meisels 551 7E ML 481
Mo/ Si BEJZ i, FI St J2 Ja 0 b s 4 B2 28 Mo 2,
T G B 1 RS A R TR X NA
0.5 BE R AE R My Ry 4 QiR A M
8 AL AR R RS2 B 1 2 2 & ik AT T
WEFE B T RSB B B ik . T as SRR L &
T S 5 % 1 S 349 i B R A 60 %0, AT R PV (i
KA 3.5% . Svechnikov &5 % #2846 % 4
BRI Z2 T S22 S5 A R AT T RS . R Mo/ Be S 5 B
TETE B I 5 7 Y de R RO 3L T Mo/Be/Si 2
SPREE s e KA R S ek

T AN EZIPLE LA 7 nm M 5 nm i
JSIIR R S 3 nm LU H R AL KR
FHALA A5 59 B2 2 40 BT CRIVRS ) il R A5 RS T
ENDY ONGE SN VN R NN D s WA g7 L
FETHT Y A1 30 PR S 3G K, 5 34 W A LN R O
RS FOR 51 HRG, & T AL AR5 Rk 5K A

ZVW BN TR B O L AW ST BE AT iE . TR IR 2T
FE e PERE 2H 5 A A 5 A1 6 20 W) B v IR B U7
TRV R SCEE X AL A RS A e %) W) B R L
5% J2 BT 2R CR A T RS B2 9 B3 SRR T 6004
I Pt DRI 4 458 2 G2 o W 30 3 B A A A R L 25 5 1R
ZEART 0.07144) ST 1 ¥ BRI AR BE B3 %, X
BT AL IR 2 5 SR R AR 14 B T R P 1) A 2
PEAT TR DRy 1 k200 i v B o I B TR )
SRR S BT AL B 2R RO R B i
Bl W X NA O 0.6 (9414 A% 5 0 5 4
SR B RGBT T R B I A R R
T S 36 R W) B8 R G A MEREHEAT T4

2 AR

2.1 BREEITERERM

2 b RE X A 58 S A S A AR B 0 I i L DR
FEM SR A R G0 b Tk i FH A 96 5%, 1 8 FH R 5
B, TERHTBE LAES Mo/Si £ 2 B, S B 540 I
SOCH AR 25 L W] 1 ) B AR G 1Y I S AR SR A R
H 3k 74 %04,

AR SCER XS5 = A AR TE A NA S 0.6 B )
HORAE 2 4 VN TR AE R 8 M4 AR5 R W) 5
RGBS T U RERRE ) 6 B R Mo/ Si 22
FEAPERE . X P AP Mo/Si £ 2 B 45 S i 1 fr
Sy I R A, 2 J5 1) A T A
J5 ] 5= J5 ) R Gy )

®) 77777

Bl1 2RI R A U R B . GO BUEE IR 5 (h) % 1 46 2 I

Fig. 1 Thickness distribution of multilayer films. (a) Regular multilayer films; (b) laterally graded multilayer films

T R 7 PR A R 1 a0 TR L B SR B O H LAY
R, HETTTZ N T A 5 AR 6 20 B i R
PR — 2R A /41 J& 13.5 nm) . B8 )2 A9 )
JREE A BEAAE  EASZETAHR 7 nm, Hi,
AR SR L B Mo J2 R 5 £ )2 6 1) )5
A ' =0.4(Mo JZJE R 2.8 nm., Si JZ & H
4.2 nm), JEWEGE ¥ JE 410~60,. ZZEEEE S
it 280 nm, HFEMRZE BT 40 J5, B E E

J2 VR JEE 1 B0 B A 23R A B 0 F b 48 HL 22 2
FMERE ETE L R L AR SCBE T R 5 A R A% A5 ) 09 %k
WA R 401 FEIE A IS T L B R T R B
e 1 3G KA 3 5 08 ZE I K 13.5 nm B, OS5
BEI B R KM A0 4% 1B EA RN Ru i
AR 0.8898, IO RN 0.0165; W W)= R Mo,
Pript 2R 0.9227 1L R EH 0.0062; H B2 K Si,
Pripr R 0.9999, IHE R ECH 0.0018; KK N SiO. ,

0522001-2



ot o Es 1z

Prif %0 0.9787 W R EL K 0.0106 , 3k PR 4K} Y s —
ZH0k H Lawrence Berkeley SZ56 51 | k""" 0°

A G L I LR /AN ) A A S -
% 13.5 nm B 5SS K VRS A % . b T e g® T
F F 2 L P 512 R 89 3 28 T g 7 L A 0 g0
FLRE . ML L0 D 9 I B E Oy 9 AR AEAR E F 3 = s
AR AR 5 55 55 3 S (8, L JBE S .

JIT oS IO B - 35 NS o AR S D PR A Y
3‘%/%[1]?\7

Ap=—2 1

€08 (7 4g)

2 M FR BB AR B AR
[F) IR, 22 2 S 1) 2 Sk 38 55 00 2 A5 A 110 06 & it 4 1]
WE 2 iR, ATRVE M 6L 4 A A oK,
FRE ) S S R o B A W 56 A1 O 20 ) 5K 1 B g
HRRT 602, HIE 2 AL IEOGL IE ST Lk
AT FATE R 0~ 10°R % 0 = I 55 %, Bl & A ST A
AR R A A AR 2270 551 T B AT A
TU A O~ A" X7 2 52 5 38, DA 3R 434 AT 0, Xof
TV XA S AR B A 9 AT R v
SRF RN IV AR BE T 3 RS 0 30 TR A0 B 4 B A
RO W A A 1Y S5 AR AR AR O, B
UGB TC L Ot B oK. AR AT
(B 1O, HERE 5 S S5 38 KT 60 06 Xof Iz 19 A5
T0 LR /)N 336 B A S TIC 1 0 2 TR

R 1) A JBE VR 88 A AR MR AN R 1 (b) o B ] A
JERE AR R 22 RAE A —FE AR 1) o0 8, ) 1015
FEMAR—HE, 380 BRI E AN [ Ak Y
JEOYREBE B T b A R S S R T B Ak
PR R AR R AE PR T A

BETh AT R — s SO R EE - P TR R
JE BB B AL p HD

p(r)=Co+Cor* +C,r" 4+ +Cur®, (2)

0 5 100 15 20 25 30 35
Incident angle 6/(°)

Bl 2 Mo/Si ML I 25 R 5 062 A5 £ i 5 R0
Fig. 2 Mo/Si regular film reflectivity versus incident angle™
K .ConCoerr s Coy N AR SR,
Y RE A T A b R AT R A AR SO ik 2 0
SO J) I JEE B B B A A I p EATHLA L T F
FEH) NA 2}y 0.6 BH SR RY 5 RGN R BT
T 1 AR L PRI 22 2 B R X R il S R B 1 Ol B
EAAETE v ) BER Y, L B
pa,y)=C,+Coz> +C,(y =Y, (3
A, R R bR S T R T 1) A XSO
VB y R R SR ) ARG
JIT LA 0 5 B T R TR B 1 o AR
Alxsy) =A[C, +Cox? +Co(y — YD ], ()
R 1) A JBE TS AT DA R TR B T A RS AR AR
A — 35, BRI 3R S AR AT
22 YIRERS
AR R A BT NA g 0.6 B 1] i K A
RN A YN TR F AN 8 M4 A R Y85 R 4t
Kl 3 i, M1~M6 K 6 iR 5. FERITEI
mE 1 PR RGN LR AR 2597 1 25 (RMS)
549 0.0567041°7
AR ST 5 0 ) B 06 T T AR S R O X
37 A5 B 5 B AT E S A I 1 B . AR SO
BRI 2 O 3 B i G 5 9 75 A 37 05
M6

stop

Bl 3 Muy=4, M, =8 WG MR EIOCAY R RRTE y2 T O6H
Fig. 3 Optical path of anamorphic magnification EUV lithography objective system in yz plane when M ;=4 and M; =8
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Table 1 Performance indexes of anamorphic magnification EUV

lithography objective system after optimization

Parameter Specification
Wavefront aberration/aA 0.05670
Wavelength /nm 13.5
Field of view /(mmX mm) 26 X1
My 4
M, 8
NA 0.6
Range of incident angle <6°
26 mm
. g 3 scanning
° ® Ilmm direction
F,-F, F,-F, F,-F,

B4 G GRS S FL~F,
Fig. 4 Image field and field points F,—F,
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Table 2 Range of incident angle and average incident angle of
lithography

anamorphic ~ magnification EUV

objective system with NA=0.6

Diameter / Incident angle  Average incident

Mirror
mm range /(%) angle /()
M1 483.29 11.56-19.46 15.94
M2 229.61 20.58-35.11 27.38
M3 65.77 9.34-19.08 13.76
M4 252.32 4.32-7.18 5.30
M5 288.56 1.36-17.92 10.71
M6 700.88 0.60—6.13 3.85
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Table 3 Minimum reflectivity distribution of M1-M6 mirrors

Minimum reflectivity /%

Mirror Optimized M1,M2.M3.M5 with Optimized M1.M2.M3.M5 with
laterally graded multilayer films progressively optimized graded multilayer films
M1 70.44 70.50
M2 46.53 47.18
M3 67.31 71.89
M4 72.31 72.31
M5 71.62 71.89
M6 71.48 71.48
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Table 4 Laterally graded multilayer film parameters of

mirrors M1, M2, M3, M5

Mirror C, C, Y,
M1 1.010 5.964 X107 —32.15
M2 1.068 8.549X10°° —10.20
M3 1.201 —1.299X10 % —355.30
M5 0.987 2.148X10°° —16.98

start

optimize multilayer parameter values

minimum reflectivity of each
field is equal?

35 3R N Y M1 M2 . M3 . M5 Jz %5
VAN VR 1) Aefs B R, SR S A R R R 5 I S
EFOMY F, (0,78 AR %, T LA 1,
F M1 M2 M3 M5 S5 T 1) 0 R 46 i A ]
B S, M1, M2, M3, M5 85 e F,
Ab 1 A B 23 DL R R R PV (E KSR TR K
MU, M1 B S IR B3 % N 7. 3496 42 5 %)
70.44% , FC T PV H N 56.81% T %] 1.68%;
M2 IR SR 0.17 Y4 = 31 47.18 % . I BT R
PV {5 M 5.04 % b TF5] 9.35% s M3 1Y i A1 52 56 3 A
73408 B 71.89% , AT PV {H M 67.20%
REE] 2.81% s M5 1y R AR 2 55 #8 M\ 7,35 %6 42w %]
71.62% , S PV A M 67.19% F FEE] 3.09%.
N SR EE T LA HE e 0 SR o A i e A
Joi s BN T B e R L SR T AR KR &

R T HE— 25 R R I codev St
AU X A i Al R B 114 2 B0 A o 0 A L 4R
o B L 5 R UL P R ARG S e i R S
B A RO R A B R ME . LS RS EUE Sk
3 A FNTN,

LR T Y W A% WV . U S BN AN = I v
HE 22 I A B2 38 1 O 8 X T A v B R L B
X6 B S R AT R A B AL S B S A
Y T W B IR R SR B R B T E A TR 3 v )
R AP R Bt RS2 15 M [ o A SR A ) DU 4k 2 R AT AR AL
LA AN B T FE A 3 T I SR A R S SR A A B 2
{EL A 3 fe/ME

continue to optimize multilayer films

output new multilayer parameter values

v

calculate reflectivity

5 b B IR A A v T AR

Fig. 5 Flow chart of progressive optimization design for graded multilayer films
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Table 5 Gradient variation parameters of laterally graded

multilayer films with progressive optimization design

Mirror C, C, Y,
M1 1.0101700 5.964 X107 —32.15
M2 1.0676230 8.549X 1077 —10.20
M3 1.1920615 —1.299X10°7 —355.30
M5 0.9824070 2.148 X107 —16.98
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Fig. 6 Reflectivity distribution of M1, M2, M3, and M5 mirrors when single mirror is added with progressively optimized

laterally graded multilayer films, and remaining mirrors are all bare mirrors (assuming ideal reflection). (a) MI1;

(b) M2; (c) M3; (d) M5
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Fig. 7 Reflectivity distribution and wavefront aberration distribution of film-containing objective system in final multilayer

film design scheme. (a) F,, reflectivity; (b) Fy, reflectivity; (c¢) F,, wavefront aberration; (d) F,, wavefront

aberration
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Table 6 Wavefront aberrations and Strehl of bare mirror

system and film-containing objective system at

center and edge field points

Wavefront
Field point Condition ) Strehl
aberration/A
P System without coating ~ 0.0307 0.964
2
System with coating 0.0598 0.868
F System without coating ~ 0.0559 0.884
9
System with coating 0.0872 0.741
:l_: N
4 én B

P HE TR T AR X R S A 2
B RGN 2 A BB TT B G Al RS2 R M A Oy
WEAT T A 5T . IR EF X NA S 0.6 I A 5%
RS T Z 2T Ir %8 . FHRUEE SRR k)
b B RS AT U T, O X5 A8 1o Ao 3 B 19 S B30 AT W i
Ak BTt B4 )2 15 0 B R 8 BT A B 4 1 - 1
RSP T 650, RT% PV EALT 3.4%, kg
Ut o S SOR RS ) A58 B A SCEAT L 1 T IR AR L
R FH T 1 BB 23 5 i R R Ak 1, i S A 31— 4
o o JE 2 0 5 BT W) DA W B R G A 28 A B
15 i RO B T R RGeS R A

Z £ X W

[1] Liu Y, Li Y Q. Aspherical surfaces design for

extreme ultraviolet lithographic objective with

aberration [ J]. Optical
Engineering, 2016, 55(9): 095108.
[2] Chapman H N, Hudyma R M, Shafer D R, et al.

Reflective optical

correction of thermal

imaging system with balanced

distortion: US5973826[P/OL]. 1999-10-26[2019-09-

(3]

(4]

(5]

(6]

L7]

(8]

(9]

[10]

0522001-7

18 7. https://patents.
US5973826A/en.

Glatzel H, Ashworth D, Bremer M, et al. Projection
optics for extreme ultraviolet lithography (EUVL)

glgoo. top/ patent/

micro-field exposure tools (METs) with a numerical
aperture of 0.5 [J]. Proceedings of SPIE, 2013,
8679: 867917.

Cao Z. Optical design of high-NA Coaxial objective
system for lithography[D]. Beijing: Beijing Institute
of Technology, 2016: 48-57.

IR B L AR SR RO 2 W B AR SOt S BT ST
[D]. Jbat: JLstF Tk %, 2016: 48-57.

Markus S, Ralf M. Optical subsystem for projection
lithography and illumination optical unit for projection
lithography: WO2016078818A1[P/OL]. 2016-05-26
[2019-09-187. https://patents. google. com/patent/
WO2016078818A1/ar.

Meisels R, Kuchar F. EUV Bragg reflectors with
photonic superlattices[J]. Optics Express, 2017, 25
(26): 32215-32226.

Shen S H. Graded multilayer coating design for sub
11 nm resolution EUV lithographic projection lens
[D]. Beijing: Beijing Institute of Technology, 2017:
29-38.

WA, 11 nm B DUT $ AR Y s 0 58 40 6 20 ¥ 5 B
JEREBETT (D] . dent: Jbnt# TR, 2017: 29-38.
Svechnikov M V, Chkhalo N I, Gusev S A, et al.
Influence of barrier interlayers on the performance of
Mo/Be multilayer mirrors for next-generation EUV
lithography [J]. Optics Express, 2018, 26 (26):
33718-33731.

van Setten E, Bottiglieri G, McNamara J, et al.

High NA EUV lithography: next step in EUV

imaging [ J]. Proceedings of SPIE, 2019, 10957:
1095709.
Liu Y. Design of Off-axis extreme ultraviolet

lithographic objective [D]. Beijing: Beijing Institute
of Technology, 2016: 33-34.



ot &2 # 2
X B B s A OL 20 W B R AT Y (D] AL lithography system [J]. Applied Optics, 1998, 37
e dbm TR, 2016 33-34. (16): 3533-3538.

[11] Zhang L C. Progress in EUV multilayer coating [14] Cao Z, Li Y Q, Liu F. Manufacturable design of 16-
technologies [ J]. Chinese Journal of Optics and 22 nm extreme ultraviolet lithographic objective[]J].
Applied Optics, 2010, 3(6): 554-565. Acta Optica Sinica, 2013, 33(9): 0922005.

KA. SN2 BB B (] . DA R, ARk, XFE. 16~22 nm W AMEZI Y B T
50 AN, 2010, 3(6): 554-565. At [J]. Jesg2adl, 2013, 33(9): 0922005.

[12] Liang C, Descour M R, Sasian ] M, et al. [15] Ren Z G, Li X Y, Ni D W. Compact space optical
Multilayer-coating-induced aberrations in extreme- system design with large relative aperture and field of
ultraviolet lithography optics [J]. Applied Optics, view[J]. Acta Optica Sinica, 2019, 39(9): 0922001.
2001, 40(1): 129-135. TR, 2, BERRfs. KARXT LA R R

[13] Duddles N J. Effects of Mo/Si multilayer coatings on Rz EDGE Rk it U], S22k, 2019, 39(9):

the imaging characteristics of an extreme-ultraviolet

0522001-8

0922001.



