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ABSTRACT 

We present the development of novel coatings for the far and extreme ultraviolet (FUV-EUV). In the EUV above ~50 
nm, the strong absorption of materials has precluded the development of narrowband coatings. An extensive research has 
been performed on the search and characterization of new materials with low absorption; the lanthanide series has been 
found to be a source of materials with relatively low absorption in the range of interest. The discovery of a wealth of 
materials with relatively low EUV absorption is basic to develop efficient multilayers, particularly with narrowband 
properties. In this way, we have developed multilayers based on Yb, Al, and SiO with narrowband performance in the 
50–92 nm range; these are first narrowband coatings peaked above 70 nm. Our recent research on multilayers based on 
Eu, Al, and SiO provide promising results, with an increase in the peak reflectance versus Yb/Al/SiO multilayers, along 
with a peak wavelength that can be extended up to ~100 nm. 

For applications where FUV-EUV narrowband coatings have not been able to be prepared, we can design multilayers 
that address specific purposes, such as maximizing the reflectance ratio at two wavelengths or bands. Our first goal in 
this direction is the development of coatings with high 102.6 nm/ 121.6 nm reflectance ratio. Calculations predict that a 
high reflectance at Lyman  with a good rejection at Lyman  can be obtained through multilayer coatings. We are at the 
beginning of experimental research for this goal. 
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1. INTRODUCTION
The far and extreme ultraviolet (FUV: 105-200 nm, EUV: 10-105 nm) ranges are demanding better coatings to face 
challenging applications in various fields that need to handle this radiation. One of these fields is the development of 
space-based astronomical instrumentation to observe in the FUV-EUV, where astronomers and solar physicists expect to 
get fundamental information. An increase in the optical coating efficiency at this little explored spectral range would 
help obtain important information that has not been accessible partly due to the limited efficiency of coatings. Other 
fields that would benefit of better FUV-EUV coatings are lithography, high-harmonic generation, plasma diagnostics, 
attosecond pulses, spectroscopy, etc. 

 Absorption of materials in nature becomes a major difficulty for the preparation of efficient EUV-FUV coatings. The 
performance of the available coatings is limited by the fact that all materials in the EUV (especially in the 50-105 nm), 
and most materials in the FUV, strongly absorb radiation. The ~50-125 range most often makes use of single-layer 
coatings (sometimes coated with a protective layer) because little radiation penetrates deeper. This little penetration 
limits the performance of the coating and it has impeded so far the development of satisfactory coatings for many 
applications. Both at longer and shorter wavelengths of the above range the absorption problem progressively relaxes, 
with the availability of materials with low-enough absorption as to make efficient coatings. Above 105 nm (LiF), 115 nm 
(MgF2), etc., some materials start to be transparent, whereas below ~50 nm we find some materials that exhibit low 
absorption on the long-wavelength side of their absorption edges. Hence the range with more lack of transparent 
materials is ~50-105 nm.  
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Research of Grupo de Óptica de Láminas Delgadas (GOLD) has been devoted to develop novel coatings with improved 
performance in the difficult spectral 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, the design and preparation of novel coatings, and the study of ageing behavior. 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 present recent results on the design and development of new coatings based on the search and 
characterization of new materials with promising properties in the FUV-EUV. The proceeding is organized as follows. 
Section 2 describes the experimental equipment at GOLD, with more stress on our new deposition system. Section 3 
addresses our research on novel multilayer coatings for the EUV-FUV.

2. EXPERIMENTAL SYSTEM 
GOLD’s main equipment for coating deposition and optical characterization in the FUV-EUV consists of: 

- A combined FUV-EUV reflectometer and deposition system  
- A new deposition system for the coating of large optics 

The above two pieces of equipment are described in the following sub-sections. 

2.1 FUV-EUV reflectometer and deposition system 

We have developed a deposition system connected in vacuum to an FUV-EUV reflectometer following our own design. 
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 gun, and ion-beam-sputtering (IBS). Fig. 1 
shows a schematic view of the equipment, where two different areas can be distinguished. One area is devoted to sample 
loading (LLC), and to deposition by evaporation (EC) and by IBS (SC). The other area is devoted to radiation 
propagation, wavelength selection and reflectometry measurements (chambers L, M, MC and RC). Freshly-deposited 
coated samples can be transferred without breaking vacuum from the deposition chambers to RC. There, in situ 
transmittance and reflectance measurements can be performed at incidence angles from 3º to ~87º in two perpendicular 
planes in the spectral range 12-200 nm. RC, EC and SC chambers operate under ultra high vacuum (UHV).  

Fig. 1. Schematic view of the reflectometer-deposition system. L: lamp, M: monochromator, EnS: entrance slit, ExS: exit slit, MC:
modulation chamber, S: aperture, RC: reflectometry chamber, SH: sample holder, CEM: channel electron multiplier, M1 to M4: sample 
manipulators, P1 to P5: small conductance pipes, EC: evaporation chamber, SC: sputtering chamber, LLC: load-lock chamber, V1 to 
V4: gate valves, MFV: valve with a MgF2 window. 

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



• Deposition by evaporation in UHV with e-beam and resistive sources 
• Deposition in UHV by ion-beam-sputtering  
• 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 

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  

An ISO-6 clean room has been prepared to host a new UHV evaporation-deposition system; Fig. 2 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 enables the deposition of coatings on substrates with a diameter up to ~60 cm. The chamber is pumped with a 
cryopump with a pumping speed of 7000 l/s for water. 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, they can be also closed with metal gaskets to enable working in UHV 
when the reactivity of the materials to be deposited requires it.  

The deposition chamber will be initially used to deposit coatings by evaporation. The chamber is expected to be 
upgraded in the future with the addition of IBS deposition. This addition is interesting both for the deposition of 
multilayers by IBS exclusively, and also by combining layers deposited by sputtering with others deposited by 
evaporation.  

Fig. 2. New deposition system in ISO-6 clean-room conditions. 

With this new facility GOLD can face the preparation of coatings for the most demanding applications, such as for space 
instruments. 



3. NOVEL MULTILAYER COATINGS FOR THE EUV 
3.1 narrowband multilayers peaked at wavelengths below 100 nm 

As it was said in the introduction, almost all materials in nature absorb EUV-FUV radiation strongly, particularly in the 
~50-105 nm range. This has impeded the preparation of efficient coatings, particularly with narrowband performance. 
Until few years ago, In and Sn were probably the only genuine low absorbing materials in the latter range, with lowest 
absorption in ~74-100 nm (In) and ~50-73 nm (Sn). To the best of our knowledge, no multilayers have been attempted 
based in these materials, except for a single In layer coating that will be mentioned in the next sub-section. Their low 
melting point anticipates unstable multilayers based on In or Sn. Just longer than the above range, LiF is transparent 
above ~105 nm, which, in principle, makes it a promising material for multilayers, although to our knowledge no such 
multilayers have been reported so far.  

Other than In and Sn, a source of low-absorption materials in the present range has been found among lanthanides. All 
lanthanides, except radioactive Pm, have been fully characterized in the last 8 years: La1,2, Ce3, Pr4, Nd7,2, Sm5, Eu6,
Gd7,2, Tb1,2, Dy2, Ho5,8, Er5,9, Tm10, Yb11,12, and Lu13; this research has been performed by two separate groups: an 
American-Russian team (Refs. 1, 2, 5, 7) and a Spanish-Italian team (Refs. 3, 4, 6, 8, 9, 10, 11, 12, 13). This effort in the 
characterization of low EUV-absorbing materials also extends to Sc14,15,16,17, a material with a similar low-absorption 
band and also similar chemical properties to lanthanides. All these materials were found to have a low-absorption range 
at wavelengths just longer than their O2,3 edge (M2,3 edge for Sc), with a minimum absorption for each material that 
ranges from 46 nm for Sc up to 77 nm for Ce. Regarding the less absorbing materials, Yb has the lowest absorption 
among lanthanides and Sc at wavelengths above ~56 nm and Eu above 74 nm. 

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 
Tb18,19,20, Gd7,21, Nd7, and La20, combined with Si, SiC or B4C, were reported recently, and they display useful bands 
centered in the ~55– 69 nm range with peak reflectance up to 0.27.  
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Fig. 3. Reflectance versus wavelength of an Yb/SiO/Al/SiO/Yb/SiO multilayer that had been stored in a desiccator for 20 months 

Our group has developed for the first time narrowband multilayers peaked at wavelengths longer than 70 nm, where the 
problem of material absorption is strongest22. Our multilayers are based on the low absorption of Yb and on the high 
refractive index contrast with Al, along with the moderate absorption of the latter. Multilayers were designed with one or 
two pairs of Yb/Al bilayers; multilayers were completed with an outermost Yb layer. The multilayers include 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 valuable filtering performance. The different films of the multilayers 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. Fig. 3 shows the reflectance of an Yb/SiO/Al/SiO/Yb/SiO multilayer; measurements were performed over a 
sample that had been stored in a desiccator for 20 months. 

An interesting result is the usefulness of SiO for protective and barrier layers. We started with a self-consistent 
characterization of the optical constants of SiO23. The advantage of SiO 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 candidates 
such as C, MgF2, or SiO2. For the above Yb/Al/SiO multilayers, a 9-nm thick SiO film proved effective to protect the 
outermost Yb layer. This protective layer thickness is compatible with the narrowband performance of the multilayers. 
When we looked for barrier layers between Yb and Al, SiO was the natural choice because it was the material used for 
the protective layer. A 1.2-nm thick SiO barrier layer was found effective to avoid the reactivity at the Al/ Yb the 
interface, at the cost of some loss in the peak reflectance.  
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Fig. 4. Reflectance versus wavelength of an Eu/SiO/Al/SiO/Eu/SiO multilayer that had been stored in a desiccator for 16 months 

Our recent research in multilayers based on Eu/Al/SiO is giving promising results; these multilayers may provide a 
valuable increase in the peak reflectance over Yb/Al/SiO multilayers and a peak wavelength that can be extended even 
longer, reaching up to ~100 nm. Fig. 4 shows the reflectance of an Eu/SiO/Al/SiO/Eu/SiO multilayer; measurements 
were performed over a sample that had been stored in a desiccator for 16 months; a peak reflectance of 0.297 was 
measured at the wavelength of 82 nm at 5º from normal incidence; the multilayer bandwidth is ~20 nm FWHM. 
Research is underway to further study the long-term stability of these multilayers. 

3.2 Future developments in coatings peaked at wavelengths above 100 nm 

The above sort of multilayers is expected to fill the lack of narrowband multilayers in the long EUV. However, the 
spectral range just above 100 nm would still be uncovered.  



Let us check the literature with filters peaked at wavelengths longer than 100 nm. A remarkable transmission filter based 
on a cold LiF substrate coated with a single In film was developed by Carruthers.24 This filter combined the enhanced 
absorption with wavelength of In over the FUV to visible, with the FUV transparency of a LiF substrate; the LiF cutoff 
had been shifted below H Lyman  (102.6 nm) by cooling the LiF crystal at liquid nitrogen temperature. This resulted in 
an efficient filter peaked at Lyman ; however, the peak transmittance amounted a little less than 0.04.  

At longer wavelengths, transmittance filters based on Al and MgF2 can be made with peak wavelengths of 120 nm and 
above25,26. These coatings have a continuously decreasing transmittance towards longer wavelengths, based on the 
absorption of Al, and a sudden cutoff at shorter wavelengths, due to the absorption of a certain fluoride substrate.  At 
wavelengths longer than ~130 nm, efficient narrowband reflection coatings have been developed based on alternating 
layers of two fluorides, such as MgF2 and LaF3.27

Therefore, the ~100-120 nm spectral range lacks narrowband coatings, except for the above exotic In/LiF combination. 
Although not strictly narrowband coatings, some structures have been devised that are successful in providing an 
acceptable throughput at the target wavelength with a strong rejection of a background wavelength whose intensity may 
mask the weak target wavelength. Edelstein28 studied some coatings for the purpose of providing an acceptable 
reflectance at H Lyman  with a strong rejection at H Lyman  (121.6 nm). He succeeded to develop a coating with a 
reflectance ratio of 30.6%/0.2%, measured at an optimum angle away from normal incidence; the coating was a single 
layer of Al2O3 on LiF on Al, among other attempted coatings. A similar approach has been followed to reflect/suppress 
the 83.4 nm O+ ion line versus H Lyman 29,30,31.

Our group is now at the beginning of a research towards developing narrowband coatings and wavelength-suppressing 
coatings for wavelengths in the ~100-120 nm. The research is based on our experience on various materials that we have 
characterized in the FUV-EUV, deposited both by evaporation and by IBS. The first goal of the research is the 
development of high Lyman / Lyman  ratio, equivalent to the problem addressed in Ref. 28. Our calculations show a 
sharp reflectance minimum at 121.6 nm, which in optimum conditions can be made several orders of magnitude lower 
than the reflectance at 102.6 nm. The minimum has a strong dependence on the exact film thicknesses, which anticipates 
the requirement of high precision in the thickness of each layer. Hence the calculations predict a high reflectance at 
Lyman  with a good rejection at Lyman , although this must be confirmed through experimental data. A very 
preliminary result looks promising, with a high reflectance ratio measured in situ at wavelengths close to Lyman  and .

In the next future we plan to face other challenges that need the development of novel coatings. One of these challenges 
is the use of CCD cameras for imaging in the FUV, such as for astrophysics or solar physics applications, which is 
complicated by the fact that CCD’s are not solar blind, and in fact they are more sensitive in the visible-near UV-near IR 
than they are in the FUV. Furthermore, radiation at long wavelengths is often much more intense than in the FUV. Hence 
the above challenge requires the development of transmission or reflection coatings with a high efficiency in the FUV 
and enough rejection of the long wavelengths. Based on calculations, we plan to start a research in the next future with 
reflective coatings that can be efficient at bands in the FUV with a low reflectance of few percent in the visible. 

Another target for the next future is the development of polarizers with high efficiency at some key FUV wavelengths; 
an example is 121.6 nm for solar physics observations. A plate, such as of MgF2 or LiF, working at the Brewster angle, 
can provide a good rejection of the electric field component that is parallel to the incidence plane; the throughput for the 
perpendicular component is moderate, and it would be desirable to enhance this component. Our group plans to develop 
reflective-coating polarizers that are optimized for a single wavelength, such as 121.6 nm, and at an angle away from 
normal incidence; our models predict a reflectance of the perpendicular component that is higher than for Brewster-angle 
plates, with a good rejection of the parallel component. 

SUMMARY
The strong absorption of materials in the EUV-FUV, especially in the ~50-105 nm range, has impeded the preparation of 
efficient coatings, particularly with narrowband performance. Our group pursues a research aimed at developing novel 
coatings with narrowband performance for wavelengths longer than ~50 nm. 

Our research has been initially focused on the search and the characterization of new materials with low absorption in the 
EUV-FUV. Lanthanide series has been found to be a source of materials with relatively low absorption in this range, 
where most materials in nature present a strong absorption. Among lanthanides, Yb and Eu have the lowest absorption at 
wavelengths above ~56 nm. 



These promising materials have been used to develop novel narrowband multilayers. Multilayers based on Yb/Al/SiO 
displayed filtering properties in the EUV, with a peak reflectance of 0.20-0.27, peak wavelengths of 78-91 nm, and 
bandwidths of ~12-16 nm FWHM. Multilayers include also SiO, both as a protective layer and as a barrier layer. The 
designs predict narrowband-performance multilayers with peaks that can be selected at least in the 50-92 nm range. Our 
recent results in multilayers based on Eu/Al/SiO provide promising results, with an increase in the peak reflectance along 
with a peak wavelength that can be extended even longer than for Yb/Al/SiO multilayers, reaching up to ~100 nm. 

Our group is now at the beginning of a research towards developing narrowband coatings and wavelength-suppressing 
coatings for wavelengths in the ~100-120 nm. The first goal of the research is the development of high H Lyman /
Lyman  reflectance ratio. Calculations predict multilayers with a high reflectance at Lyman  with a good rejection at 
Lyman ; the minimum at the latter line has a strong dependence on the exact film thicknesses. A very preliminary result 
looks promising, with a high reflectance ratio measured in situ at wavelengths close to Lyman  and ; more efforts will 
be devoted in the immediate future. 

In the next future we plan to develop two more types of coatings: coatings with high FUV-to-visible reflectance ratio and 
coatings with efficient polarization properties at specific wavelengths of the FUV, such as H Lyman .
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