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Abstract: Multilayer coatings are widely applied to high-precision imaging optics to improve throughput. In

short-wavelength systems, however, coatings not only alter transmittance/reflectance but also introduce pro-
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nounced phase effects and coating-induced lateral shifts, which collectively manifest as additional wavefront
aberrations at the system level. This work systematically investigates coating-induced full-field degradation
in short-wavelength imaging systems operated at small angles of incidence. A multilayer-coating break-point
ray-tracing algorithm is used to incorporate coating-induced phase and lateral-shift effects into the geometric-
al ray-tracing workflow, enabling a comparative evaluation of coating-induced wavefront aberrations in the
visible, infrared, and extreme ultraviolet (EUV) bands. A six-mirror EUV projection system (NA = 0.25) is
then analyzed to quantify the wavefront changes introduced by a uniform 40-bilayer Mo/Si multilayer coat-
ing. Furthermore, a full-field wavefront analysis method based on Gram—Schmidt orthogonalization (GSO) is
developed to characterize the field dependence of Fringe-Zernike aberration coefficients over a curved image
field. The results indicate that coating-induced wavefront aberrations are negligible for long-wavelength sys-
tems but become significant in the short-wavelength regime. In the EUV example, the coating introduces
strong tilt and defocus, increasing the RMS wavefront error from 0.016\ to 0.842A. Full-field analysis shows
a 0.727\ field-dependent tilt component and a 0.034A field-independent defocus component; the tilt terms
primarily correspond to image translation, magnification variation, and low-order distortion. These results
demonstrate that multilayer coatings can induce severe image-plane deformation in EUV systems and there-

fore must be accounted for during the optical design stage.
Key words: multilayer coating; wavefront aberration; lateral displacement; extreme ultraviolet (EUV) projec-
tion optics; Gram—Schmidt orthogonalization (GSO); optical system design

LA RGER M A ALE KA UL, TR
LGB I TR, F AN R G AR TR
IR 2 )R S 80 AR 1] (37 B AR 2> il R 87 HE Ao

3 = ; HEORAEE B ,
DR s, B R R AR
SIS R M B OO g, e s U AU RS
TR B g PRI OR T SRR
FEMBIER A, MRS RR L IO AR BB BRI A
R TR P AT 0 R, i 0 Lo HEIUTH. Reley il Chipman™ A Y
HHHE s UG TR AR A g T o PR TR 4 RIS R
W, 2 HE B AR SR 55 R R S T A b 57 2 3 RIEMEIRR G 5, R BB IS 23 7 A 1R
AU S, TR MR L gy PARBLICEIE, MRIURARLALES R0, 55
SO SR I B G R AR D R FEN 5 s 1 p o d 09 - AH AL AH G . Chen!™ A
AR DRI 22 W 57 B et A R B R 2 7 A % T 13.5 nm AT (0 4 A8 - T B B R Y 52 1),
KB (AN T TR B, Tk e TS T 2R BT A B A S B E AL

. AR A 1 5 2, ] T R

JRAEAR F RS, W0 EUV Il DUV #5224, N
TS S R R R P RN SIABBRERNRITIE R, KBRS 5 AR
BRSO . BRI CODEV

1 31 &

G BT R ACIB AL, L

JERR, S BOR AN A n] 240, 228 W6 i I (4 52 1

T ARE N s 6 p JGHFIARAL, ST AR
B2EW, Ak, h T2 JZBEREEART K, A REFHE
BN IR AE RGNS E AL, IR EATAE—
B AR5 1) i) — B, FROMBR AR o KRS
AIFEAE, 2 R GEREL AT S RO AR R, 1fE

FETF IR AR C R 8 I T 6 2575 TR 2 1) JEE B 52,
R UG 7 N T #A DGR ZEMAX
DU B )22 1 52 i) AL 1 AR SRR AR 7 5 2
W, BT 2 R 1 AL RS s, [FET, £2)2
R Fs2 55 8 A, B R AR A R A S S #0213, A BE



3 x ¥

FIRE, &5 @i E MR RGURERE S BBE 3

CL ZRE B 3B A6 b B 1) — 2 2B TR, 4 B
FERET Z 2B LR R B, R et £ )2
HEZBCIRE 200 R 50, R R X S 4 i ik 21
I A ELL TR ARSI NE I . Matthieu F. Bal®
T U FH A 28R SR B BB A3 BT R [ (5 RS 11 52
e, A% A7 7E 22 J2 IR 8 B A AE — A 880 AT
Bal il it 22 2 55 | AR AH A 31530 2500 3 AR )
BiA%, 153 A7 SR BE I b AR X A S A A —
B SEM 2R . R ROREERRL, b o BT T 4K
fHALAE 0.3 F1 0.5 (Y555 THI 95 B EUV R 40
(1) PSF, A I 25 7 A B £ I3 1 PSF B9 i
TRE. ERUYARYE AR E A, ABE Y RE R
PRI £ B AR A T AR RCTAE S T, A Al s A A
T RIMAFRL R, 2287 T Schwarzschild Y5555
FEERR) MTF, % IRI4 5] B 5 1 AR ot i 1 P E T
R LS8 R Wy I R0 45 B TS vk ik 2 1) 4 30 0 S AR
B, TR JEE B ARl s B MITF — 5 19 T B, {H 3
I VR P AR B AT PR R BATT B AR BR K-

HTIR B G A AE T LA T T A 1) 8 — 2 5540
BRI AR 5 48 BRI 5, 2 )2 238 1 A TF)
ST SO R AR T 5 ok SIS iR S U 3 1 AR
FH, B AN SAEAE— A BB 0 S S 1T 5 S
SRR )2 A5 M 46 Ry SRS 105 ol v 253 D
Uy 7R ) S AR BR T AR S8 (1B IB I AR, X
AR HE B I 0 WAt B IR SR TE B, ) 4
ROSCRTCH: GG R e B ARG &, B R
SR I W5 R TT T %o A5 A T 24 1 i 25 AR ] B
il ZRARRRLE G 25 PR n) (57 A% RIS 2 AH 07
TAILR BRI . — AR AR RS Rl
Yt 25721k

HER 53 BT 2 25 Rk B2 R G R 14
ZAARASCHIE I EZH W . AT BN
JERIH T — Tl I 2 200 (R i A s, W2 5T
(LA RN 5 Y648 I L FR 5 G, XTI R St it
TPEEE T 1 Sl i WA ]k B B R e b A 7
XF L, 43 BT B REEXT AN [R]85 B2 56 36 R R G s
Z G PRS2 2R B B EUV &G 17145
Mr, i it Gram-Schmidt 1E 22 £k (GSO) J7 ¥ 43 #r
T HANIE G 19 BT S RS AR 25 ARk,
TS WI T9 EE R 9 1 A AR 00 e B )25 i 4
AHTA RGBT R, R e ek RGARA IR AL T 8
Tl

2 PRGBS

2.1 EUV ZERERMAGIRE

PeFE Mo\Si VE 4 13.4 nm UK T 02 2 5kt
Bh, AT AT B TR AR P A B R 2, R
PSR BE EE 2, B35 B2 %t 22 4t s i B ) Yk
AR IR O 111190 ARy B2 AR X R A A
PEAT B, 40 J2 Mo-Si X4, B4
JE 24 280 nm, JEH A & 7 nm, Mo EWILZE, B
& dyio 9 2.8 nm, Si JEBIFE)Z, B dgi o 4.2 nm,
Mo JZ i 55 b T=dy/A=0.4. M IE Henkel's 25
AT, OB E BT AR S R 9 A
13

N=n+ik=1+06+ip,

r,A> p-N,4 r,A> p-Nyu
2 'pM b= 2 'pM

4 CXRO LAY T8O P £, f2 FIBF
BT p FIEE /R i M, W LI 134 n0m T
Mo\Si HT51% n ML REL kU F

Ns; =0.999 59 +i1.8213x107°
Nuo =0.92535+i6.2204x 107
Nsio, =0.978 56 +i1.0570x 107> 2)

1 Fis s U T Hr i AL iy EUV &
gt, BUE AL 0.25, BA XA Sl 3R Bk S5
B, AT AR R ARAS AT 200, R
45/ 0.25, K2 1500 mm, 1205 #1354 5%
£ 26 mm, 7& 2 mm HIIER .

5=

fo, D

Mask

— ']Ml Wafer
P M6}— = =
M| — ————w { /,/JV?T?J{
T

Bl 1 EUV 8 RGEH, Y & 134 mm-—
142 mm
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Fig. 2 Reflection phase and reflectivity of the corrected

uniform multilayer coating versus angle of incid-
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respond to surfaces 1, 3, and 5, respectively.
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Tab.2 RMS wavefront error of a tilted plane mirror
before and after coating. Two alternative mul-
tilayer designs are used for the 600-nm and 1100
-nm cases; values in parentheses correspond to

the alternative design.

PK/nm BERLRTRMS (L) BERLFFRMS (L)
13.4 0.0000 0.1691
600 0.0000 0.0440(0.0069)
1100 0.0000 0.0203(0.003 8)
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Fig. 7 Curved scanning field and the corresponding field-
sampling grid.
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(c) Coating-induced full-field wavefront aberrations.
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Fig. 8 Full-field maps of the first 16 Fringe-Zernike coefficients for (a) the uncoated system, (b) the coated system, and (c) the

coating-induced aberration (coated minus uncoated); for each Zernike term, the color scale limits are kept identical in

(@)—(c).

®3 REGMEERGH R Zernike TUAIAE LHY
RMS (#{i: »@13.4 nm)
Tab.3 Field-dependent RMS of each Fringe-Zernike
term for the uncoated and coated systems (unit:
A@13.4 nm).

ZernikelTl ARBENE e
72 0.00121 0.31954
VA] 0.00537 1.41882
Z4 0.01855 0.05474
z5 0.01623 0.01565
z6 0.00752 0.00727
71 0.00242 0.00223
Z8 0.01071 0.00995
79 0.00323 0.00387
Z10 0.001 65 0.00213
Z11 0.00225 0.00296
712 0.00605 0.006 60
713 0.00278 0.00304
Z14 0.00184 0.00181
Z15 0.008 06 0.00790
Z16 0.00143 0.00111
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Tab. 4 Coefficient matrix of the first eight terms in the orthogonalization of x*"y"

1 ¥ V v ¥ x Xy Xy
1.000 0 0 0 0 0 0 0
-34.910 36.832 0 0 0 0 0 0
1.015E3 ~2.153E3 1.142E3 0 0 0 0 0
~2.993E4 9.555E5 ~1.016ES 3.600E4 0 0 0 0
4.701E3 ~1.531E4 1.654E4 ~5.934E3 5.5765 0 0 0
6.466E3 ~1.799E4 1.646E4 ~4.941E3 -301.235 319.7468 0 0
~8.479E4 2.652E5 ~2.763ES5 9.594E4 1.101E4 ~2.341E4 1.244E4 0
4.543E4 ~1.434E5 1.509ES ~5.291E4 ~1.167E5 3.743E5 ~4.001ES 1.425E5
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Tab.5 Field dependence of Zernike coefficients described by the orthogonal polynomial fitting (unit: A@13.4 nm).

m n z2 z3 Z4 z5 z6 z7 z8 z9
0 0 —0.278 —1.419 0.059 0.012 —0.005 —0.001 —0.004 0.001
0 1 0.118 —0.053 —0.001 0.002 0.002 0.000 0.000 0.000
0 2 0.000 —0.005 0.000 0.000 0.000 0.000 0.000 0.000
0 3 —0.014 —0.003 0.000 0.000 0.000 0.000 0.000 0.000
1 0 —0.099 —0.016 0.000 0.000 —0.002 0.000 0.001 0.000
1 1 —-0.027 —0.004 0.000 0.000 0.000 0.000 0.000 0.000
1 2 —0.005 0.001 0.000 0.000 0.000 0.000 0.000 0.000
1 3 —0.005 0.001 0.000 0.000 0.000 0.000 0.000 0.000
2 0 0.014 —0.004 0.000 0.000 0.000 0.000 0.000 0.000
2 1 0.011 0.003 0.000 0.000 0.000 0.000 0.000 0.000
2 2 0.005 0.000 0.000 0.000 0.000 0.000 0.000 0.000
2 3 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.000
3 0 —0.005 0.003 0.000 0.000 0.000 0.000 0.000 0.000
3 1 —0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000
3 2 —0.003 0.000 0.000 0.000 0.000 0.000 0.000 0.000
3 3 —0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000
RMS 0.320 1.420 0.059 0.013 0.006 0.001 0.004 0.001
RMSE 0.0086 0.0015 0.000 1 0.0000 0.0000 0.0000 0.0000 0.0000
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Tab. 6 Full-field RMS wavefront error of the EUV sys-

tem before and after coating (unit: A at

13.4 nm).
RMS RMS (L BxMigH)
WAL 0.01619 0.01588
PR 0.8422 0.04486
HERR R B 0.6576 0.01707
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