
Coating development for the far and extreme ultraviolet based on 
material characterization 

Juan I. Larruquert*, Luis Rodríguez-de Marcos, Sergio García-Cortés, Manuela Vidal-Dasilva, 
Antonio P. Pérez-Marín, José A. Aznárez, José A. Méndez 

GOLD, Instituto de Óptica-Consejo Superior de Investigaciones Científicas (CSIC) 
Serrano 144, 28006 Madrid, Spain 

ABSTRACT 

Little development on coatings has been available in the 50-120-nm spectral range until recently. One main reason for 
this is the large absorption of most materials in nature in this range. Our group has followed a research towards the 
development of novel coatings for this spectral range. This research has been based on the search and characterization of 
new materials mainly with low absorption. For many materials we have performed their optical characterizations in a 
large spectral range to reduce common inconsistencies that arise when combinations of data from different sources are 
used. We summarize our research on the characterization of many lanthanides, among other materials. Lanthanides are 
particularly interesting because they have a relatively low absorption in the spectral range of interest. Self-consistent 
characterization of other materials, such as SiC and B4C, has been performed for their interest as candidate materials for 
coatings involving the EUV to the visible. 

The discovery in lanthanides of a wealth of materials with relatively low absorption has enabled the development of 
multilayers based on the low absorption of Yb and Eu lanthanides. This resulted in the first narrowband multilayers with 
a peak wavelength in the 70 to 100 nm. 

We also report recent research on the development of multilayers with a peak reflectance above 100 nm; these 
multilayers address two targets: a) narrowband performance; b) zero reflectance at a wavelength slightly longer (such as 
121.6 nm) than the peak wavelength. As for a), a promising preliminary result is obtained with a narrowband multilayer 
peaked at 101 nm. Regarding b), multilayers with a high reflectance at 102.6 nm and a low reflectance at 121.6 nm were 
prepared and they displayed a successful performance when measured in situ (not exposed to the atmosphere); however, 
the minimum at 121.6 nm was lost after a short exposure to air. The latter research is still underway and we plan to 
experiment with new designs.  

Our group has also prepared efficient narrowband transmittance coatings peaked at wavelengths longer than 120 nm. 
They are based on the classical combination of Al and MgF2. 
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1. INTRODUCTION
Novel coatings for the far and the extreme ultraviolet (FUV: 105-200 nm, EUV: 10-105 nm) ranges are demanded for 
various applications, such as space-based instrumentation for astronomy, solar physics, and atmosphere physics. These 
ranges include many spectral lines of elements whose observation in the FUV-EUV can give key information for the 
above fields. 

The efficiency of coatings in the FUV-EUV is limited by the large absorption of most materials in nature. The little 
penetration of radiation through matter dramatically limits the capacity to obtain beneficial interference effects with 
multilayer coatings. The high absorption of materials adds up to the technical difficulties inherent to these spectral 
ranges, due to the necessity of working under vacuum since air also absorbs the FUV-EUV, and to the lower availability 
of sources, polarizers, detectors, or cameras compared to visible and close ranges. 
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The lack of transparent materials is greatest in the ~50-105-nm range, where traditionally single layer coatings, 
sometimes overcoated with a protective layer, have been mostly used. All this explains the little development of coatings 
in this range. Both at longer and shorter wavelengths of the above range, the absorption problem progressively relaxes, 
because a few materials become available with low absorption. Above 105 nm and 115 nm LiF and MgF2, respectively, 
display a relatively low absorption, and these materials are natural candidates for multilayer coatings. Below ~50 nm we 
find some materials that exhibit low absorption on the long-wavelength side of their absorption edges. Hence the ~50-
105-nm range rested impervious to efficient multilayer coatings. 

Research of Grupo de Óptica de Láminas Delgadas (GOLD) has been devoted to develop novel coatings with improved 
performance in the high-absorption range of 50-105 nm and longwards up to ~200 nm. Our research has been addressed 
in several directions: the search and optical characterization of new materials, the preparation of standard coatings with 
top performance, and the design and preparation of novel coatings. In fact the characterization of new materials has been 
basic for the development of novel coatings. Recent upgrades of our laboratories result in the capability to deposit 
coatings over large substrates and to measure their EUV-FUV characteristics in clean-room conditions. 

In this proceeding we report results on the optical characterization of materials and the design and development of new 
FUV-EUV coatings based on them. The proceeding is organized as follows. Section 2 gives a short description of the 
experimental equipment at GOLD. Section 3 describes our research on material characterization and on the development 
of novel multilayer coatings for the EUV-FUV.  

2. EXPERIMENTAL SYSTEM 
To carry out our research on coatings for the FUV-EUV we use a combined reflectometer and deposition system. 
Recently, a new deposition system for the coating of large optics in clean-room conditions has been developed. These 
two pieces of equipment are described in the following sub-sections. 

2.1 FUV-EUV reflectometer and deposition system 

It consists of a deposition system connected under ultra high vacuum (UHV) to an FUV-EUV reflectometer. In this 
reflectometer-deposition system, both single-layer and multilayer coatings can be prepared by means of two different 
deposition techniques: evaporation, both from filaments or electron beam, and ion-beam-sputtering (IBS). Freshly-
deposited coated samples can be transferred without breaking vacuum from the deposition chambers to the reflectometer. 
There, in situ transmittance and reflectance measurements can be performed at incidence angles from 3º to ~87º in two 
perpendicular planes in the 12-200 nm spectral range.  

The main features of the reflectometer-deposition system are as follows: 

• Deposition by evaporation in UHV with resistive sources and electron beam  
• Deposition in UHV by IBS  
• Deposition of up to 7 different materials in a multilayer 
• In situ reflectance and transmittance measurements in 12-200 nm 
• Reflectance measurements versus incidence angle from near normal to near grazing incidence 
• In situ treatments with gases, atomic oxygen, UV light 
• Instrument in ISO-8 clean-room conditions 

More details about the reflectometer have been reported elsewhere1,2. The reflectometer, which provides optical 
measurements at wavelengths below 200 nm, has been complemented with an ellipsometer covering the 190-800-nm 
range working ex situ. 

2.2 Deposition system for the coating of large optics  

So far, GOLD has been conducting research on coatings for the FUV-EUV; this activity is now combined with the 
capacity to fabricate coatings on request. An ISO-6 clean room has been developed to host a new UHV evaporation-
deposition system; Fig. 1 displays a picture of the new laboratory. The deposition chamber has a cylinder shape of 75-cm 
internal diameter and a height of 100 cm. The chamber is pumped with a cryopump with a pumping speed for water of 
7000 l/s. All small flanges of the chamber are Conflat type. Two large wire seal flanges give convenient access to the 
chamber interior; for ordinary operations, the two large flanges are planned to be used with elastomeric gaskets. 
Nevertheless, when the reactivity of the materials to be deposited requires it, the flanges can be also closed with metal 



 

 

gaskets to enable working in UHV. The deposition chamber will be initially used to deposit coatings by evaporation. We 
consider extending the deposition techniques with sputtering in the future.  

 
Fig. 1. New deposition chamber in ISO-6 clean-room conditions. 

With this new facility GOLD is ready for the preparation of coatings for the most demanding applications, such as UV 
coatings for space instruments. 

3. NOVEL MULTILAYER COATINGS FOR THE FUV-EUV 

3.1 Optical characterization of materials 

In order to design multilayer coatings, the optical constants n and k of candidate materials are required. Compared to 
spectral ranges such as the visible, little information is still available on the optical constants of materials in the EUV-
FUV. Furthermore, the strong absorption of radiation by most materials in nature requires the search of candidate 
materials with reduced absorption in this range. Our research on the development of novel coatings has walked in 
parallel with the search and characterization of materials either with low absorption or with high normal-incidence 
reflectance in the FUV-EUV, mostly in the long EUV.  

A systematic research has been performed on the optical properties of lanthanides in a large spectrum spanning from the 
near UV to the soft x-rays, which resulted in the characterization of Ce3, Pr4, Eu5, Ho6, Er7, Tm8, Yb9,10, and Lu11, and 
of a material with close properties as it is Sc12,13. This research was performed for the most part at BEAR beamline of 
ELETTRA synchrotron with the collaboration of Italian scientists from University of Pavia, Institute of Photonics and 
Nanotechnologies-CNR, Istituto Officina dei Materiali-CNR, and University of Modena and Reggio Emilia. For some of 
the above materials, the characterization in the FUV-long EUV was performed at GOLD. All these materials displayed a 
low absorption band above the O2,3 absorption-edge wavelength (above M2,3 edge for Sc). The low-absorption band 
shifts through the lanthanide series from Tm (minimum absorption at 54 nm) to Ce (minimum at 77.1 nm); Sc minimum-
absorption wavelength is at 46 nm. From these materials, Eu has the smallest k at wavelengths above 73 nm, Yb in the 
56-73-nm range, and Sc below 56 nm. In fact, multilayers with high reflectance in the ~35-50 nm based on Sc were first 
developed by Uspenskii et al.14. In the next sub-section we summarize our results on multilayers based on Yb and Eu. 

In addition to the above materials, B15 and SiO16 were characterized in the FUV to long EUV at GOLD, and these two 
materials plus Mg17 were characterized in the short EUV to the soft x-rays at beamline 6.3.2 of the Advanced Light 



 

 

Source (ALS) of the Lawrence Berkeley National Laboratory (LBNL) in collaboration with scientists of Center for X-ray 
Optics (CXRO)-LBNL and of Lawrence Livermore National Laboratory. B films18 resulted in a moderately high 
reflectance in the long EUV, close to IBS SiC and IBS B4C, which are standard materials for mirror coatings in this 
range; an advantage of B is that it can be deposited by evaporation, whereas SiC and B4C films cannot be prepared with a 
good stoichiometry by evaporation techniques. Regarding SiO, it was characterized for its potential to be used as capping 
and barrier layers. The advantage of this material is that it is reasonably stable under normal atmosphere and it is less 
absorbing in the ~50-105-nm range and/or easier to deposit by evaporation than other candidate materials. SiO was used 
as capping and barrier layers in multilayers based on Yb and Eu, which are referred to in the next sub-section. Finally, 
Mg17  was characterized for its low absorption at wavelengths longer than its L2,3 edge, with a minimum of k that was 
measured at 25.6 nm. This minimum makes Mg a valuable material for efficient multilayers in the low-k region, which in 
fact several groups have developed successfully. The new optical constants of Mg may enable the design of improved 
multilayer coatings. 

These extended ranges of optical characterization are important because often coatings are required to follow a complex 
figure of merit over a broad spectral range. As an example, sometimes coatings are required with a specific performance 
in the EUV but simultaneously with a rejection of the visible when solar-blind detectors are not available. Often, optical 
constants of materials have been measured at narrow ranges and it is necessary to extend the data to a broader range by 
combining data coming from different pieces of research. The above characterizations in broad spectral ranges help 
avoid inconsistencies between data of various sources.  

Another means of facing such inconsistencies was followed for some materials in a way that is summarized in the 
following. It is based on the use of Kramers-Krönig (KK) analysis and the so-called sum rules on data obtained from 
combinations from various sources. This method has been used both for SiC and B4C films, which are promising 
materials to be used in multilayers that satisfy a figure-of-merit in the EUV and longer wavelengths simultaneously. The 
optical constants of films were measured by ellipsometry in the 190-950 nm range. Both carbides were deposited by IBS, 
i.e., by impinging 1,200-eV Ar ions on a target placed facing the substrate. k data for each material was extended both 
towards shorter and longer wavelengths with data in the literature, along with inter- and extra-polations, in order to 
obtain self-consistent sets of data by means of KK analysis. We gathered k data over the whole spectrum and then we 
generated n with KK analysis; finally, we compared the latter n data with our data measured by ellipsometry.  

We summarize in the following the procedure performed for SiC. In the extension of k to the EUV range, we used data 
of Fernández-Perea et al.19 for IBS-SiC films in the 58.4-149.2 nm range, which had been measured in situ. There was a 
gap between the present data and Fernández-Perea data, which was filled with a smooth connection. At even shorter 
wavelengths, we used the data of Kortright and Windt20, down to 41 nm. Below 41 nm we used the data of Henke et al. 
21. The density of SiC amorphous films was taken from Soufli et al.22, who measured it for DC magnetron sputter-
deposited SiC films on room-temperature substrates. Henke data were downloaded from the website of the CXRO at 
LBNL23. These data were extrapolated to still higher energies with a power function.  

The extension to longer wavelengths was more difficult, since we found no usable data in the literature in the range of 
~1.1-8 μm. We decided to use the optical constants of a close material; amorphous Si was selected as a close 
semiconductor material for which optical constants were available. k of amorphous Si was taken from the paper of Pierce 
and Spicer24 in the spectral range longer than 950 nm. In order to smoothly connect to our data, we had to normalize 
Pierce and Spicer k data. At still longer wavelengths, SiC presents the absorption of the reststrahlen band, not present in 
Si. We used the reststrahlen data measured for sputter-deposited SiC films by Fagen25. We fitted a Lorentz oscillator to 
the extinction coefficient and used this oscillator to extrapolate the data both to longer wavelengths and to connect with 
the normalized data of Pierce and Spicer at shorter wavelengths.  

With this set of k in the whole spectrum we could calculate the refractive index n of SiC in the whole spectrum using KK 
dispersion relations: 
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In order to involve also ellipsometry n data in the calculation of self-consistent optical constant data for SiC, we 
constructed a new set of n data in which we averaged n data between ellipsometry data and the data obtained through KK 
analysis, with a smooth connection at the edges. This new and complete set of n data was used in an inverse KK analysis: 
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This set was then compared to k data obtained by ellipsometry and the small difference obtained was considered 
acceptable for the new set to describe film optical properties. The use of various sum rules showed a good global 
accuracy of the data gathered. This self-consistent set of n, k data was taken as the final result. All data gathered 
corresponded to films that were deposited by sputtering on non-heated substrates in order to minimize dispersion and 
inconsistencies. The so-obtained set of k data is plotted in Fig. 2 in the spectral range spanning from the reststrahlen band 
to Si L2,3 edge.  

 
Fig. 2. Log-log plot of the self-consistent set of k for IBS-SiC films versus wavelength. Solid line: range measured by ellipsometry. 

Dashed line: range that used data collected from literature 

3.2 Narrowband multilayers peaked at wavelengths below 100 nm 

As described in sub-section 3.1, a source of low-absorption materials in the long EUV range has been found among 
lanthanides; the discovery of a wealth of materials with relatively low EUV absorption is fundamental for the 
development of efficient multilayers, particularly with narrowband properties. Narrowband multilayers based on the low 
absorption of Tb26,27,28, Gd29,30, Nd29, and La28, combined with Si, SiC or B4C, were reported, and they display useful 
bands centered in the ~55– 69 nm range with peak reflectance up to 0.27.  

Our group has developed for the first time narrowband multilayers peaked at wavelengths longer than 70 nm, where the 
problem of material absorption is strongest31. Our first multilayers were based on the low absorption of Yb and on the 
high refractive index contrast with Al, along with the moderate absorption of the latter. First multilayers were designed 
with one or two pairs of Yb/Al bilayers; multilayers were completed with an outermost Yb layer. The multilayers 
included also SiO, both as a protective layer of the Yb outermost layer and as a barrier layer to passivate the Al/ Yb 
interfaces. The designs predict narrowband-performance multilayers with peaks that can be tailored at least in the 50-92 
nm range.  

Yb/Al/SiO multilayers were prepared with filtering characteristics. All films were deposited by thermal evaporation. 
Multilayer near-normal reflectance was measured in situ, with peak reflectances of 0.20-0.27 at peak wavelengths of 78-
91 nm and bandwidths of ~12-16 nm FWHM. The reflectance band shifted towards shorter wavelengths when the angle 
moved away from normal incidence; a shift of over 20 nm was measured from near-normal incidence to 45º. After a long 
period of storage in a desiccator, the peak reflectance retained useful filtering properties, even though some 



 

 

microstructures were observed to grow over time, which were attributed to reactivity between Al and Yb. To avoid this 
reactivity, the addition of SiO barrier layers at the Al-Yb interfaces was found effective, at the cost of some loss in the 
peak reflectance. More details of this research can be found in Ref. 31. 

The characterization of Eu showed that its absorption is lower than that of Yb above 74 nm. Hence we developed new 
multilayers now based on Eu/Al/SiO; these multilayers may provide a significant peak-reflectance increase over 
Yb/Al/SiO multilayers and a peak wavelength that can be shifted even longer, reaching up to ~100 nm. More details of 
this preliminary research can be found in Ref [32]. Research is underway to further study the long-term stability of these 
multilayers. 

3.3 Narrowband multilayers peaked at wavelengths above 100 nm 

Multilayers described in sub-section 3.2 may fill the lack of narrowband multilayers in the long EUV. Yet, narrowband 
multilayers are not available with peaks in the ~100-120 nm. We found a single development of a narrowband device in 
the latter region: a remarkable transmission filter based on a cold LiF substrate coated with a single In film was 
developed by Carruthers33; it resulted in a filter peaked at H Lyman β (102.6 nm); unfortunately, the peak transmittance 
amounted a little less than 0.04.  

If we go to wavelengths longer than 120 nm, transmittance filters based on Al and MgF2 can be prepared34,35. These 
coatings have a decreasing transmittance in the long-wavelength out-of-band, based on the absorption of Al, and a 
sudden cutoff at shorter wavelengths, due to the absorption of a certain fluoride substrate. At GOLD we are preparing 
efficient transmittance filters based on Al/MgF2 multilayers, as the one plotted in Fig. 3; these are the only transmittance 
coatings displayed in the proceeding, whereas all others operate by reflectance. At wavelengths longer than ~130 nm, 
reflective coatings have been reported in the literature based on multilayers that alternate layers of two fluorides, such as 
MgF2 and LaF3.36 

 
Fig. 3. Log-log plot of the transmittance versus wavelength of an Al/MgF2 multilayer prepared at GOLD 

Summarizing, the spectral range of ~100-120 nm still lacks filters, and we only know of the above exotic In/LiF 
combination. At GOLD we are at the beginning of a research to develop multilayers with narrowband performance 
peaked in the 100-120 nm range. A first promising result is plotted in Fig. 4 for a multilayer stored in a desiccator for 14 
days. To the best of our knowledge, this is the second narrowband coating ever prepared in the 100-120 nm range, the 
first one being the above In/LiF structure; the two are very different, though: the present one has a much higher peak 
efficiency but it is also much broader. The present one could be made narrower by the use of successive filters in series. 



 

 

Although not strictly narrowband coatings, some multilayers have been reported that are successful in providing an 
acceptable throughput at a target wavelength and simultaneously have a strong rejection of a background wavelength 
whose intensity may mask the weak target wavelength. Edelstein37 studied various coatings for the purpose of providing 
an acceptable reflectance at H Lyman β with a strong rejection at H Lyman α (121.6 nm). He succeeded in developing a 
coating with a reflectance ratio of 0.306(102.6) to 0.002(121.6), measured at an optimum angle of 23º, with a 121.6-nm 
reflectance of 0.011 at near-normal incidence; the coating was a single layer of Al2O3 on LiF on Al, among other 
attempted coatings. A similar approach has been reported in the literature to reflect the 83.4 nm O+ ion line and 
simultaneously reject H Lyman α38,39,40. 

 
Fig. 4. Reflectance of a narrowband multilayer after storage in a desiccator for 14 days  

We have been trying some multilayer designs aimed at solving the same problem addressed by Edelstein, although no 
success has been obtained so far. Various designs were found successful in predicting a relatively high reflectance at 
Lyman β with a virtually zero reflectance at Lyman α. Experiments proved also successful, with a minimum wavelength 
not far from 121.6 nm, but only for multilayers not exposed to the atmosphere (reflectance measured in situ); however, a 
short exposure to air resulted in the disappearance of the minimum reflectance, which can be explained by the strong 
sensitivity of this minimum to any oxidation or contamination process. In the next future we expect to develop coatings 
based on new designs that try to overcome this difficulty.  

Our work on the characterization of several materials is a good start point to face new challenges in the future. Our 
extensive optical constant database, along with versatile multilayer design codes, enables us to attempt novel coatings 
with efficient performance over a large number of targets. One example of this is the development of reflective coatings 
that are efficient at bands in the FUV with a low reflectance in the visible; another example is the development of 
polarizers based on coatings that are tuned at specific wavelengths, such as 121.6 nm. 

SUMMARY 
The need of accurate EUV-FUV optical constants for the design of multilayers, along with the limited availability of 
such data in the literature, has addressed our research to the search and characterization of materials either with low 
absorption or with high normal-incidence reflectance. A systematic research was performed on the optical properties of 
lanthanides plus Sc in a large spectrum spanning from the near UV to the soft x-rays. All these materials have a low 
absorption band in the long EUV. From these materials, Eu and Yb have the minimum absorption above 56 nm. Other 
materials with interesting properties in the EUV, such as SiO, B, and Mg, were also characterized. Our extensive 



 

 

database on optical constants, along with versatile multilayer design codes, enables us to attempt the development of 
novel coatings with efficient performance over a large number of targets. We have been working towards the 
development of multilayer coatings with narrowband performance at wavelengths longer than ~50 nm.  

Yb/Al/SiO and Eu/Al/SiO multilayers with a peak wavelength in the ~50-100-nm range and narrowband performance 
have been developed. They are based on the relatively low absorption of Yb and Eu. Multilayers include SiO, both as a 
protective layer and as a barrier layer.  

Our group has started the development of mutilayers with narrowband performance peaked at wavelengths longer than 
100 nm. A promising preliminary result has been obtained with a narrowband multilayer peaked at 101 nm. We are also 
involved in the development of wavelength-suppressing coatings at specific wavelengths. The goal of this research is the 
development of high 102.6 nm/ 121.6 nm reflectance ratio. Even though we have been trying some multilayer designs, 
we have had no success so far: various multilayer coatings that looked promising when their reflectance was measured in 
situ, degraded after a short contact to the air, which resulted in the disappearance of the minimum reflectance. We expect 
to try some new designs with the aim that they are more stable.  

Regarding narrowband multilayers peaked at 120 nm and longer, GOLD can prepare efficient coatings based on the 
classical Al/MgF2 combination, which works by transmittance. 

In the next future we plan to continue with the development of novel coatings to solve various sorts of targets. Examples 
of this are coatings with high FUV-to-visible reflectance ratio and coatings with efficient polarization properties at 
specific wavelengths of the FUV, such as 121.6 nm. 
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