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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 0.016A to 0.842A. Full-field analysis shows
a 0.727A 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
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Tab.5 Field dependence of Zernike coefficients described by the orthogonal polynomial fitting (unit: A\@13.4 nm)

m n Z, Z3 Z, Zs Zs Z; Zg Zy
0 0
0 1 0.000
0 2 0.000 0.000 0.000 0.000 0.000
0 3 0.000 0.000 0.000 0.000 0.000 0.000
1 0 0.000 0.000 - 0.000 - 0.000
1 1 0.000 0.000 0.000 0.000 0.000 0.000
1 2 0.000 0.000 0.000 0.000 0.000 0.000
1 3 0.000 0.000 0.000 0.000 0.000 0.000
2 0 0.000 0.000 0.000 0.000 0.000 0.000
2 1 0.000 0.000 0.000 0.000 0.000 0.000
2 2 0.000 0.000 0.000 0.000 0.000 0.000
2 3 0.000 0.000 0.000 0.000 0.000 0.000
3 0 0.000 0.000 0.000 0.000 0.000 0.000
3 1 0.000 0.000 0.000 0.000 0.000 0.000 0.000
3 2 0.000 0.000 0.000 0.000 0.000 0.000 0.000
3 3 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 0.0001 0.0000 0.0000 0.0000 0.0000 0.0000
6
RMS EUV RMS 0.02A
RMS
6 EUV RMS A\@

13.4 nm
Tab.6 Full-field RMS wavefront error of the EUV sys-
tem before and after coating (unit: A at 13.4 nm)

RMS RMS
0.01619 0.01588
0.8422 0.044 86

0.6576 0.01707




584 19

4 0.727\

0.034A

GSO

0.25 EUV
40 Mo/Si

[1] CIESIELSKI R, SAADEH Q, PHILIPSEN V, et al.. Determination of optical constants of thin films in the EUV[J].
Applied Optics, 2022, 61 8 : 2060-2078.

[2] MACLEOD H A. Thin-Film Optical Filters[M]. 4th ed. Boca Raton: CRC Press, 2010.

[31 MAJY, RENJL, ZHANG J H, et al.. Quantum imaging using spatially entangled photon pairs from a nonlinear
metasurface[J]. eLight, 2025,5 1 : 2.

[4] MASHJ, YANL, YEH K, et al.. Polarization aberration in catadioptric anamorphic optical system[J]. Proceedings of
SPIE, 2023, 12765: 127651S.

[5] HECH, ANTONELLO J,BOOTH M J. Vectorial adaptive optics[J]. eLight, 2023, 3 1 : 23.

[6] , , . [3]. 2023 6 2 23-28.

LYU JJ, ZHU Q X, LU Y, et al.. Design and simulation of orthogonal linearly polarized imaging guidance lens[J].
Flight Control & Detection, 2023, 6 2 : 23-28. (in Chinese).

[71 , , ;o [J1. ( ) 2025 18 5 979-1015.
LUO J, CHEN X D, LV N R, et al.. A review of methods for suppressing the influence of polarization characteristics in
optical systems[J]. Chinese Optics, 2025, 18 5 : 979-1015. (in Chinese).

[8] LIU XL, HUANG Y, YAN X, et al.. The correction method for wavefront aberration caused by spectrum-splitting
filters in multi-modal optical imaging system[J]. Photonics, 2024, 11 9 : 876.

[91 BAL M F, SINGH M, BRAAT J J M. Optimization of multilayer reflectors for extreme ultraviolet lithography[J].
Journal of Micro/Nanolithography, MEMS, and MOEMS, 2004, 3 4 : 537-544.

[10] REILEY D J, CHIPMAN R A. Coating-induced wavefront aberrations[J]. Proceedings of SPIE, 1992, 1746: 139-146.

[11] LIANG CH, DESCOUR M R, SASIAN J M, et al.. Multilayer-coating-induced aberrations in extreme-ultraviolet
lithography optics[J]. Applied Optics, 2001, 40 1 : 129-135.

[12] SMITH B W. Optical considerations of EUVL wavelength, NA, and multilayers at large angles[J]. Proceedings of
SPIE, 2025, 13424: 1342402.

[13] BROVELLI L R, KELLER U. Simple analytical expressions for the reflectivity and the penetration depth of a Bragg
mirror between arbitrary media[J]. Optics Communications, 1995, 116 4-6 : 343-350.

[14] , , , 1 2014 34 8
0811002.

WANG J, JIN CH SH, WANG L P, et al.. Foundation and application of model for multilayers analysis in extreme ultra-
violet lithography projection[J]. Acta Optica Sinica, 2014, 34 8 : 0811002. (in Chinese).

[15] , , , .40~90 nm 1. 2024 32 9 1293-1306.

LAI B, JIANG L, QI R Z, et al.. Research developments of extreme ultra-violet multilayers for 40-90 nm[J]. Optics and
Precision Engineering, 2024, 32 9 : 1293-1306. (in Chinese).

[16] HENKE B L, GULLIKSON E M, DAVIS J C. X-ray interactions: photoabsorption, scattering, transmission, and

reflection at E = 50-30, 000 eV, Z = 1-92[J]. Atomic Data and Nuclear Data Tables, 1993, 54 2 : 181-342.


https://doi.org/10.1364/AO.447152
https://doi.org/10.1186/s43593-024-00080-8
https://doi.org/10.1186/s43593-023-00056-0
https://doi.org/10.37188/CO.2025-0066
https://doi.org/10.37188/CO.2025-0066
https://doi.org/10.37188/CO.2025-0066
https://doi.org/10.37188/CO.2025-0066
https://doi.org/10.37188/CO.2025-0066
https://doi.org/10.37188/CO.2025-0066
https://doi.org/10.3390/photonics11090876
https://doi.org/10.1117/1.1793171
https://doi.org/10.1364/AO.40.000129
https://doi.org/10.1016/0030-4018(95)00084-L
https://doi.org/10.3788/AOS201434.0811002
https://doi.org/10.3788/AOS201434.0811002
https://doi.org/10.37188/OPE.20243209.1293
https://doi.org/10.37188/OPE.20243209.1293
https://doi.org/10.37188/OPE.20243209.1293
https://doi.org/10.37188/OPE.20243209.1293
https://doi.org/10.37188/OPE.20243209.1293
https://doi.org/10.1006/adnd.1993.1013

yoot 585

[17]
[18]
[19]
[20]

[21]
[22]

[23]

[24]

ZHANG Y, ZHANG S T, ZHENG Y H, et al.. Algorithm for accurate and efficient calculation of coating-induced
effects[J]. Optics Express, 2024, 32 17 : 29279-29290.

GOODMAN JW. Introduction to Fourier Optics[M]. 3rd ed. Englewood: Roberts & Co. Publishers, 2005.
MANSURIPUR M. Classical Optics and its Applications[M]. 2nd ed. Cambridge: Cambridge University Press, 2009.
WANG Z ZH, BALADRON-ZORITA O, HELLMANN C, et al.. Theory and algorithm of the homeomorphic Fourier
transform for optical simulations[J]. Optics Express, 2020, 28 7 : 10552-10571.

SASIAN J. Introduction to Aberrations in Optical Imaging Systems[M]. Cambridge: Cambridge University Press, 2012.
CHAI X Y, ZHANG H B, LIN X Y, et al.. Method for orthogonal fitting of arbitrary shaped aperture wavefront and
aberration removal[J]. Optical Engineering, 2024, 63 5 : 054112.

BAUER A, TAKAKI N, ROLLAND J P. Design methods for imaging with freeform optics[J]. Optica, 2025, 12 11 :
1775-1793.

CHAI X Y, LIN X Y, CHEN H T, et al.. Zernike polynomials fitting of arbitrary shape wavefront[J]. Proceedings of
SPIE, 2024, 13069: 1306912.

2001— 1993—
2023
E-mail
E-mail:1733641607@qg.com 18810575846@163.com



https://doi.org/10.1364/OE.527842
https://doi.org/10.1364/OE.388022
https://doi.org/10.1117/1.oe.63.5.054112
https://doi.org/10.1364/OPTICA.575611
https://doi.org/10.1117/12.3023145
https://doi.org/10.1117/12.3023145
mailto:1733641607@qq.com
mailto:18810575846@163.com

	1 引　言
	2 镀膜系统模型与理论分析
	2.1 EUV多层膜模型和系统模型
	2.2 膜层相位和横向位移计算方式

	3 镀膜系统波像差分析
	3.1 不同波段镀膜系统的波像差比较

	4 结　论
	参考文献

