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Abstract: This paper summarizes recent advances in the development of EUV/x-ray multilayer 

optics for photolithography, free-electron and tabletop lasers, and solar physics. Driven by the 

needs of their respective applications, the optics meet a variety of extraordinary specifications 

including coating thickness control in the picometer (rms) range, low coating stress, resistance to 

atmospheric corrosion, while at the same time maintaining high reflective performance.  

OCIS codes: (340.0340) X-ray optics; (310.0310) Thin Films;   

 

1. Introduction 

The emergence of novel extreme ultraviolet (EUV)/x-ray sources and related applications [1,2,3] is posing 

extremely stringent requirements on the performance of multilayer optics, which are nowadays required to perform 

increasingly precise and complex functions and to meet tight and often conflicting specifications.  Such challenges 

include the need for thickness control in the sub-nanometer range and low thin film stress for wavefront 

preservation. Also needed is stability against radiation damage, elevated temperatures, contamination and 

atmospheric corrosion effects, while achieving the highest possible reflectance in the relevant wavelength region.  

This paper presents recent advances in the development of (i) multilayer optics for the first micro-exposure tools 

(METs) with numerical aperture (NA) =0.5 for EUV photolithography (ii) corrosion-resistant, low-stress and high 

reflectivity multilayer mirrors for EUV/x-ray laser sources and solar physics. All multilayer coatings discussed in 

this paper were deposited by DC-magnetron sputtering at Lawrence Livermore National Laboratory. 

2.  Results and discussion 

METs are small field (30 µm × 200 µm) tools aiming to provide early learning towards the extendibility of EUV 

lithography using 13.5 nm wavelength of illumination, especially in the areas of photoresist and mask development. 

METs with NA = 0.3 have been operational for over 10 years, using laboratory (e.g: laser plasma) or synchrotron 

EUV sources. Next-generation METs with NA=0.5 (MET5) have been recently developed to demonstrate EUV 

patterning of features with resolution as small as 8 nm (half-pitch) [4]. The MET5 multilayer projection optics 

consist of a 2-mirror, modified Schwarzschild design and are subject to extremely stringent wavefront error and 

wavelength matching tolerances [5]. To minimize the wavefront error contributions of the multilayer optics in the 

MET5 system, the MET5 multilayer coatings were especially optimized to achieve simultaneously the highest 

reflectivity, lowest stress and lowest figure error. The resulting multilayer coating stress values are on the order of -

100 MPa (compressive) with peak reflectance around 60%. The multilayer coating profile in the lateral direction 

was designed for both M1 and M2 mirrors to produce a reflectance vs. wavelength curve with a phase and a centroid 

wavelength that remain constant at all locations within the mirror clear aperture, at the angles of incidence of the 

MET5 system.  Multilayer thickness control across the curved surface of each mirror was achieved using a velocity 

modulation technique during deposition. The multilayer coatings for MET5 achieved non-compensable, multilayer-

added figure errors below 0.08 nm (80 picometers) rms, and an area-weighted centroid wavelength of 13.5 ± 0.05 

nm, which was the specification for each MET5 mirror [6].  

Mg/SiC is the best-performing multilayer coating in the 25-80 nm wavelength region, as it possesses a unique 

combination of consistently high reflectivity, good spectral selectivity, thermal stability to 350 degrees C and near-

zero stress. However, Mg/SiC suffers from Mg-induced atmospheric corrosion which leads to degradation of the 

multilayer film (Fig. 1 (a), (b)). This problem has prevented Mg/SiC coatings from being used in applications that 

require long lifetime stability. To address this problem, we studied and elucidated the mechanisms of corrosion 

propagation in Mg/SiC multilayers and we developed corrosion barrier layers consisting of Al-Mg [7]. The Al and 

Mg are deposited as two separate layers and they spontaneously intermix to form a partially amorphous Al-Mg layer 

which provides efficient corrosion resistance while maintaining the favorable reflective properties of the original, 

unprotected Mg/SiC multilayer. (Fig. 1(c)). The efficacy of this corrosion resistance concept was verified 



experimentally on Mg/SiC films aged for 3 years. The phenomenon of spontaneous intermixing and amorphization 

of sputtered Al and Mg layers with nanometer-scale thickness was observed and investigated for the first time 

during this work [8, 9].  
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Fig. 1: (a) Scanning Electron Microscopy image of the top surface of severely corroded Mg/SiC multilayer film. Material is partially or entirely 
delaminated from the top surface. (b) Cross-sectional TEM image of corroded region within Mg/SiC multilayer. Corrosion has consumed the 4 

top Mg/SiC bilayers and has formed Mg corrosion products, shown as the area with “cellular” appearance [9]. (c) Cross-sectional Transmission 

Electron Microscopy image of the top layers of a corrosion-resistant Mg/SiC multilayer designed for operation at wavelengths around 46 nm at 
normal incidence. The spontaneously intermixed Al-Mg corrosion barrier is shown underneath the top SiC layer [7]. 

 

Acknowledgements  

The contributions of the following colleagues are gratefully acknowledged: Jennifer Alameda, Jay Ayers, 

Shannon Ayers, Sherry Baker, Aaron Sperry, Chris Walton (LLNL), Holger Glatzel, Luc Girard, Lou Marchetti, 

Mark Bremer, Jim Kennon, Bob Kestner, John Kincade (Zygo Corp., Richmond,  California), Luis Rodríguez-De 

Marcos, Jose Méndez, Juan Larruquert (Instituto de Óptica, Consejo Superior de Investigaciones Científicas). This 

work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National 

Laboratory under Contract DE-AC52-07NA27344. Funding was provided by Zygo Corporation and by LLNL’s 

Laboratory Directed Research and Development Program. 
 

References 
                                                           

[1] S. Moeller, J. Arthur, A. Brachmann, R.Coffee, F.-J.Decker, et al, “Photon beamlines and diagnostics at LCLS”, NIM A 635, S6-S11 (2011). 

[2] B. A. Reagan, K. A. Wernsing, C. Baumgarten, L. Durivage, M. Berrill, F. Furch, A. Curtis, C. Salsbury, B. Luther, D. Patel, C. S. Menoni, 
and J. Rocca “High Average Power, 100 Hz Repetition Rate, Table-top EUV/Soft X-Ray Lasers”, CLEO: QELS Fundamental Science, OSA 

Technical Digest (2013). 

[3] S. Heinbuch, M. Grisham, D. Martz, and J. J. Rocca, “Demonstration of a desk-top size high repetition rate soft x-ray laser,” Opt. Express 13, 

4050–4055 (2005). 

[4] M. Goldstein, R. Hudyma, P. Naulleau, and S. Wurm, “Extreme-ultraviolet microexposure tool at 0.5 NA for sub-16 nm lithography,” Optics 
Letters 33, 2995-2997 (2008). 

[5] H. Glatzel, et al, “Projection optics for EUVL micro-field exposure tools with 0.5 NA”, Proc. SPIE 9048, 90481K (2014). 

[6] R. Soufli, J. C. Robinson, M. Fernández-Perea, E. Spiller, N. F. Brejnholt, M.-A. Descalle, M. J. Pivovaroff, E. M. Gullikson, “Recent 
advances in reflective optics for EUV/x-ray laser sources”, in X-Ray Lasers 2014: Proceedings of the 14th International Conference on X-Ray 

Lasers,  J. Rocca,  C. Menoni, and M. Marconi, eds., Vol. 169 of the series Springer Proceedings in Physics (Springer, 2015) pp. 331-337. 

[7]. R. Soufli, M. Fernández-Perea, S. L. Baker, J. C. Robinson, J. Alameda, and C. C. Walton, “Spontaneously intermixed Al-Mg barriers enable 
corrosion-resistant Mg/SiC multilayer coatings”, App. Phys. Lett. 101, 04311 (2012). 

[8] M. Fernández-Perea, R. Soufli, J. C. Robinson, L. Rodríguez-de Marcos, J. A. Mendez, J. I. Larruquert and  E. M. Gullikson, “Triple-

wavelength, narrowband Mg/SiC multilayers with corrosion barriers and high peak reflectance in the 25-80 nm wavelength region”, Opt. Express 
20, 24018-24029 (2012). 

[9] R. Soufli, et al, “Corrosion-resistant Mg/SiC multilayer coatings for EUV laser sources in the 25-80 nm wavelength region”, Proc. SPIE 8849 

88490D (2013). 

 


