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ABSTRACT 

The spectral range of 50 to 115 nm in the extreme ultraviolet (EUV) is characterized by the high absorption and low 
normal incidence reflectance of most materials, which make difficult the development of high reflectance multilayer 
mirrors at normal incidence angles. The availability of efficient mirrors would have a great impact on the performance of 
EUV space telescopes and other EUV instruments at these wavelengths. In order to obtain high normal-incidence 
reflectance coatings, it is necessary to find materials with absorption as low as possible at 50 – 115 nm. Recently, 
lanthanides and close elements have attracted the attention of researchers because of their relatively low absorption at 
bands in the EUV, and several studies on the optical constants of lanthanides in the EUV have been published. As a 
result of these investigations we have identified those lanthanides which better match the low absorption requirement at 
wavelengths in the 50 – 115 nm range. In this work we present the use of the lanthanide Yb combined with other 
materials and protective capping layers in multilayers designed to have a reflectance maximum at a wavelength selected 
within the spectral range of 50 to 95 nm. Experimental results for the case of a multilayer composed of Yb, Al and SiO 
layers confirm the adequacy of this approach, providing a peak reflectance of 0.276 at 80 nm with FWHM of 14.5 nm 
for samples not exposed to the atmosphere. A decrease in peak reflectance from 0.276 to 0.209 was observed after 2 
years of storage in a dessicator.  
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1. INTRODUCTION
Coatings with narrowband reflection properties have become available in most spectral ranges. Even at the extreme 
ultraviolet and soft-x-rays, where materials absorb much more than they do at visible wavelengths, the use of multilayers 
has been possible by means of an appropriate selection of the absorber/spacer thickness ratio. However, the ~50-115-nm 
spectral range has been lacking such coatings because the materials in this range display an even stronger absorption; 
this turns inefficient the accumulation of layers in a coating because radiation is mostly absorbed in the outermost layer.  

At spectral regions in the vicinity of 50 – 115 nm some materials have been used successfully. At wavelengths longer 
than 115 nm, MgF2 is a suitable spacer material, and narrowband multilayers have been prepared with a second material 
that was selected among either Al or some fluorides1,2,3. Just below ~ 50 nm, efficient multilayers have been developed 
so far that are based on Sc/Si4,5,6 and Mg/SiC7,8 pairs. They provide useful bands centered in the ~ 30 – 50 nm range.  

The number of narrowband reflectance multilayers developed so far within the ~ 50 – 115 nm spectral range is very 
limited. Narrowband multilayers based on Tb9,10, Gd11 and Nd11 combined with Si and SiC were developed recently. 
These multilayers demonstrated useful bands centered in the ~55-69 nm range. At wavelengths longer than ~69 nm, 
multilayers based on La and B4C12 with a peak at 90 nm have been reported. La/B4C multilayers were the first proposed 
narrowband coatings in the ~70 – 115 nm range and it can be expected that more efficient multilayers can be obtained. 
Besides the aforementioned narrowband reflective coatings, additional multilayers have been proposed to enhance the 
reflectance at wavelengths that lie in the 60-115 nm13
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19. However, these multilayers reflect in wide bands or were 
designed to provide high reflectance at a specific wavelength and suppresion at another one. Therefore, these multilayers 
do not have strictly narrowband characteristics. A remarkable transmission filter based on a cold LiF substrate and on an 
In film was developed by Carruthers20.  
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A new type of multilayers tuned in the core of the aforementioned 50 – 115 nm interval is reported here21. The 
multilayers are based on the transparency of Yb and use Al as a contrasting material; SiO is the third material of the 
multilayer and it is used as a capping layer. We designed multilayers with peak reflectance at wavelengths from about 50 
to 95 nm. The experimental results shown in this work correspond to coatings tuned in the 78 – 90 nm. These multilayers 
provide valuable filtering performance in a spectral range where few developments had been reported. Section 2 
describes the multilayers design. The experimental setup and procedures are described in section 3. Section 4 presents 
calculated performances as well as experimental results. 

2. MULTILAYER DESIGN
1.1 Material selection 

Material selection is the first step in the design of a multilayer. We accomplished this task considering the small range of 
available materials with relatively low absorption from 50 to 115 nm. In and LiF are probably the only genuine low-
absorbing materials in subranges within the 60 – 115 nm interval. LiF is transparent above ~ 105 nm, which, in 
principle, makes it adequate for multilayers tuned above 105 nm, although to our knowledge no such multilayers have 
been reported. Below 105 nm LiF becomes strongly absorbent, so it was discarded. In, with a ~ 60 – 100 nm low-
absorption band, would be the best choice, although the low melting point of In foresees unstable multilayers. Other than 
In, a source of low-absorption materials in the present range has been found among lanthanides. Many of them have 
been fully characterized recently (La12, Tb9,10, Gd11, Nd11, Yb22,23, Ce24, Pr25, Eu26, Tm27, Er28 and Ho29), along with 
materials with close chemical properties such as Sc30,31,32,33 and Y34. 
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Fig. 1. Experimental extinction coefficient k values of the lanthanides Pr25, Ce24, Sc33, Yb23, Tm27, and Eu26. 

In a long-term collaboration with italian researchers, we have conducted periodic characterization experiments to 
determine the optical constants (n and k, with N = n + ik the complex index of refraction of the material) of Sc33, Yb23, 
Ce24, Pr25, Eu26, Tm27, Er28 and Ho29 thin films through broad-spectrum transmittance measurements performed at the 
BEAR beamline of the synchrotron Elettra (Italy). Additional experiments were carried out at Grupo de Óptica de 
Láminas Delgadas (GOLD) characterization and preparation facilities at Instituto de Física Aplicada, CSIC, Spain (see 
Section 3 for further details). BEAR beamline and GOLD allowed sample characterization in the ~0.8 – 413 nm and in 
the 50-200 nm ranges, respectively. Lanthanide films with thicknesses ranging ~10 − 100 nm were evaporated in ultra 



high vacuum (UHV) conditions on carbon thin-film substrates supported on a Ni microgrid to provide mechanical 
resistance. Transmittance measurements were performed inmediatly after evaporation in the same vaccum system in 
order to address the high reactivity of these materials when exposed to the atmosphere or even to poor vacuum 
conditions. The extinction coefficient k was obtained at every investigated wavelength by means of least-square fittings 
of film thickness vs transmittance. k values in the experimentally accessible spectral range were augmented by using 
literature values, when available, and with interpolations and extrapolations in order to obtain a complete set of k values 
in the whole electromagnetic spectrum. The real part of the index of refraction n was obtained as a result of a Kramers-
Kronig analysis of the k data. The accuracy of each optical constants set was assessed by using both f- and inertial sum 
rules, which were fully satisfied.  

Fig. 1 shows the extinction coefficient of some of the lanthanides (and Sc) characterized so far. It is apparent from this 
figure that lanthanides display relatively low absorption in the spectral range ~ 45 – 105 nm. Among these materials, Yb 
has one of the smallest extinction coefficients in the ~60 – 105 nm. For this reason, Yb was selected as the spacer in the 
present work. More recently, Eu was found to present an even smaller absorption than Yb at this same range and we 
expect that multilayers based on Eu might provide improved results.  

Selection of the second material was performed in terms of a relatively low absorption and a high contrast of the 
refractive index with respect to Yb. Al is a material with a relatively low extinction coefficient k for wavelengths close to 
or shorter than the Al plasma wavelength (λp=83 nm). Furthermore, Al refractive index n is much lower than unity, and 
lower than the one of Yb, in the range above ~70 nm. However, both optical constants n and k of Al quickly vary with 
wavelength particularly when close to the Al plasma wavelength, which makes difficult to figure out a priori the spectral 
performance of a multilayer based on Yb and Al. Furthermore, Al becomes increasingly absorptive and reflective above 
λp, and these properties suggest that multilayers based on Al may not work well above λp. 

One further difficulty is that bare films of Yb and Al react with the atmosphere22, which results in the degradation of 
their EUV properties. Therefore, it was required the use of some protective coating on the Yb/Al multilayer. This 
problem does not have a straightforward solution since the ideal protective material would be transparent in the desired 
spectral range, but no such material is available and, in fact, we have selected Al and Yb for their relatively low 
absorption. Hence the lack of a transparent protective coating might result in the full degradation of the filtering 
properties of the Yb/Al multilayer. We selected SiO for a protective layer because it is expected to be reasonably inert 
and its absorption is not extremely high, and established a conservative minimum thickness of 5 nm for this material. 
The optical constants of SiO were previously determined by the same method used in the case of lanthanides, i.e. 
through transmittance measurements performed in films of different thicknesses and in a wide spectral range. The 
measurements were performed in the 6.3.2. beamline of ALS synchrotron (USA) for wavelengths from ~1.4 to 43.5 nm 
and at GOLD facilities from about 50 to 200 nm. Additional information about these experiments can be found 
elsewhere35. 

1.2 Multilayer layout 

Multilayers were designed in the following way: We found out that a simple Al/Yb/SiO multilayer (from the innermost 
to the outermost layer, one film per material) already displays interesting filtering properties with some tuning 
capability. In fact, the important absorption of Al above its λp impedes radiation to penetrate any further at these long 
wavelengths, which makes it unnecessary for wavelengths above Al λp to add layers under the Al one. However, the 
transparency of Al below λp enables radiation to penetrate deeper and hence adding Yb and Al layers under the 
outermost Al layer can improve the performance in the short wavelengths. In the calculations we used the optical 
constants available in the literature for Yb22,23, Al36,37,38, and SiO35. 

Fig. 2 displays examples of the calculated reflectance at normal incidence of various multilayer designs with peak 
wavelengths at 56.6, 73.5, 85.8, and 90.9 nm; multilayers with a peak at any wavelength between ~ 50 and ~ 92 nm 
could be designed. Multilayers were designed with one or two pairs of Yb/Al bilayers; the multilayers were completed 
with an outermost Yb layer plus a SiO protective coating. In the performance optimization, the thicknesses of the layers 
were allowed to vary, with a lower limit for the SiO layer thickness of 5 nm. It was found that a peak reflectance of ~ 0.3 
can be obtained for any band centered at wavelengths that are at least between 52 and 88 nm. As reported in the 
introduction, multilayers based on Tb9,10, Gd11 and Nd11 have demonstrated useful bands centered in the ~ 55 − 69 nm 



range with peak reflectances in the 0.12 − 0.27. On the long wavelength limit we found for our Yb/Al multilayers a 
pronounced peak reflectance decrease for bands centered at wavelength in excess of ~ 88 nm, such as with the curve 
displayed in Fig. 2 for a multilayer peaked at 90.9 nm, with a calculated reflectance peak of 0.19. The only antecedent of 
these multilayers that we know of are the aforementioned multilayers based on La and B4C12, with a peak reflectance of 
0.12 at 90 nm.  
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Fig. 2. Calculated reflectance vs wavelength for various multilayers based on Yb/Al with an outer bilayer of Yb/SiO. 

3. EXPERIMENTAL TECHNIQUES

The experimental system used in this work was designed at GOLD and consists of a UHV coating system connected in 
vacuum to a UHV far-extreme ultraviolet reflectometer. In this multi-task equipment both thin film single-layer and 
multilayer coatings can be prepared by means of three different deposition techniques. Samples can be transferred 
without breaking vacuum to the reflectometry chamber. In situ transmittance and reflectance measurements can be 
performed at incidence angles going from 3º to ~ 87º in two perpendicular planes. An ion pump and a titanium 
sublimation pump were used to pump each chamber. After baking both the deposition and the reflectometer chambers up 
to 470 K, the base pressure was ~2x10-8 Pa. Liquid nitrogen in the Ti sublimation pumps was used to minimize the 
pressure during the evaporations. 

UV radiation is generated in a 500-W windowless capillary discharge lamp, fed with a continuous gas flow of nitrogen 
and/or noble gases. The output is a discrete spectrum with lines at wavelengths covering the range between 50 and 200 
nm. The 0.2-m focal length monochromator has an aperture of F/4.5 and a 64º angle between entrance and exit arms. 
The grating is holographic, with 1200 l/mm, and the reciprocal dispersion relation of the monochromator is 4 nm/mm, 
with entrance and exit slits width ranging from 0.05 to 3 mm. At the modulation chamber, a 45º-tilted rotating cross 
stops simultaneously the monochromatic beam and a reference signal that is used to discriminate noise in a lock-in 
amplifier. The reflectometry chamber is furnished with a precision sample manipulator and two detectors that 
respectively rotate in two perpendicular planes of incidence. These detectors are channel electron multipliers that have 
been coated with CsI to extend their sensitivity up to around 200 nm. More detailed information about the experimental 
system can be found elsewhere39. 

We evaporated 99.999% purity Al from tungsten straight multistranded filaments.  Pressure during the evaporation was 
~ 8x10-6 Pa and deposition rate was 0.2 − 0.7 nm/s. 99.9% purity Yb from Sigma-Aldrich was evaporated from a 
tantalum boat. Pressure during the evaporation was ~ 1.7x10-5 Pa and deposition rate was 0.07 − 0.13 nm/s. SiO from 



CERAC with 99.97% purity was evaporated from a molybdenum boat. During the evaporation, pressure was ~ 1.5x10-7 
Pa and deposition rate was 0.03 − 0.07 nm/s. Films thicknesses were monitored with a quartz crystal oscillator, which 
had been previously calibrated through Tolansky interferometry40. The films were deposited onto room-temperature float 
glass substrates. Reflectance measurements were performed both in situ on freshly deposited samples and after storage in 
a desiccator at room temperature. 

4. RESULTS AND DISCUSSION

Fig. 3 shows the measured near-normal incidence reflectance of two Yb/Al/Yb/SiO multilayers, with a peak reflectance 
of 0.276 (0.247) at 80 (85) nm and a bandwidth of ~ 14.5 (~ 16) nm FWHM. Reflectance corresponds to samples not 
exposed to the atmosphere and kept under UHV since deposition. Towards longer wavelengths, the multilayer passes a 
minimum reflectance close to 104.8 nm (110 nm), and it increases longwards to values of 0.05 − 0.06. Towards shorter 
wavelengths, the sampling in one of the multilayers is too wide, and it does not resolve secondary peaks. 
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Fig. 3. Reflectance vs wavelength for two fresh Yb/Al/Yb/SiO multilayers. 

Fig. 4 shows the reflectance of one of the multilayers plotted in Fig. 3 measured at three incidence angles: 5°, 30°, and 
45°. Measurements were performed in situ, for a fresh multilayer kept in UHV. Measurements at 30° and 45° are the 
average of measurements at two perpendicular planes of incidence. The reason for this average is explained in the 
following. Radiation emerging from the monochromator onto the sample is partially polarized. The influence of 
polarization on reflectance can be described by a single parameter to which we shall refer as the degree of polarization p: 
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where Ip and Is indicate the fractions of the incident intensity with the electric vector parallel and perpendicular, 
respectively, to the plane of incidence. With this notation, the reflectance of the multilayer at angle θ for a certain degree 
of polarization is given by: 
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where Rp(θ) and Rs(θ) are the reflectance for p and s polarization, respectively. When we measure reflectance in two 
perpendicular planes of incidence, let us say R1(θ) and R2(θ), p takes opposite values in the two planes, so that the 
average of R1(θ) and R2(θ) equals the average of Rs(θ) and Rp(θ), which according to Eq. (2) equals the reflectance when 
incoming radiation is non-polarized, i.e., p=0. Summarizing, the average reflectance over the two planes represents the 
reflectance that would be measured for non-polarized incoming radiation. 

From Fig. 4 we observe that the band shifts towards shorter wavelengths when the angle moves away from normal 
incidence. The wavelengths at which the peak reflectance was measured were 80.0 (5°), 72.3 (30°), and 58.4 nm (45°). 
In order to determine a more accurate value of the peak wavelength, a simple model of the multilayer was attempted. 
The model was obtained by varying the thicknesses of the layers involved until a best match was obtained for 
measurements at the three incidence angles. In the calculations, we used the same optical constants referred above. The 
peaks were obtained at 79.3 (5°), 71.7 (30°), and 60.8 nm (45°). The angle-dependent behavior of these coatings results 
in a valuable tuning capability.  
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Fig. 4. Experimental and calculated reflectance vs wavelength for a fresh Yb/Al/Yb/SiO multilayer at three different angles 
of incidence. 

Fig. 5 shows the reflectance of one of the multilayers plotted in Fig. 3 after ageing for two years in a desiccator. The 
peak at 80 nm has decreased from 0.276 to 0.209 and the bandwidth is now ~12 nm FWHM. Hence, in spite of the 
decrease, the multilayers display a valuable efficiency that is not available nowadays with other coatings. 

The multilayers were observed under a microscope in transmitted light. Fig. 6 displays a picture of a multilayer aged for 
one year in a desiccator; the line represents a length of 20 μm. We observe a dendritic structure that grew in the 
multilayer. The dendrites were observable right after samples extraction, when they had a size of roughly 2 μm. Fig. 6 
corresponds to a multilayer aged in a desiccator for almost one year, and the largest dendrites have grown over time to a 
size of about 10 μm.  
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Fig. 5. Reflectance vs wavelength for a fresh Yb/Al/Yb/SiO multilayer and after 20 months of ageing in a desiccator. 

Fig. 6. Microscope view under transmitted light of a Yb/Al/Yb/SiO multilayer after one year of exposure to the atmosphere 

Fig. 7 displays a SEM picture of a multilayer after ageing for two years in a desiccator. A dendrite can be observed with 
a good resolution. X-ray microanalysis was performed both at a dendrite and away from it. The compositions were very 
similar at both locations except for a large decrease on Al abundance at the dendrite. Hence Al has migrated from the 
dendrite area. This is compatible with the observations under the microscope in transmitted light, in which the dendrites 
were areas of lower optical density. 

The dendrite structures in Figs. 6 and 7 are attributed to chemical reactions taking place at the Yb-Al interfaces. Even 
though the dendritic structures make the proposed multilayers less attractive, further research would be desirable to 
evaluate whether the dendritic structure is compatible with the use of the multilayers for certain applications. An 
ongoing investigation is being pursued at present in order to separate Al and Yb layers by means of barrier layers; at this 
moment the preliminary results have been succesful when using SiO barrier layers with thicknesses of about 1 nm. We 
anticipate that the use of SiO barriers will inhibit the formation of dendritic structures. These results will be reported in a 
future publication.  



The present multilayers almost fill the gap existing between the far (λ>105 nm) and the extreme (λ<50 nm) ultraviolet. 
Yet, a narrow band cannot be efficiently covered with the present multilayers, mostly in the 95-105 nm range. In order to 
develop multilayers for the remaining gap, further research must be performed on the search of materials with relatively 
low absorption in this range. 

1 μm1 μm1 μm

Fig. 7. SEM picture with a dendrite obtained on a Yb/Al/Yb/SiO multilayer after 20-month ageing in a desiccator. 

5. CONCLUSIONS
The need of narrowband reflective multilayers for the spectral range of 50 to 115 nm, and consequently of materials with 
lower absorption in this range has recently crystallized in different research groups performing several characterization 
experiments where the optical constants of lanthanides and neighbour materials were determined.  

In the light of these newly available data we were able to select the most appropriate materials for the development of 
efficient narrowband multilayer mirrors. In this proceeding we describe the design, preparation and characterization of 
narrowband multilayer coatings with a reflectance peaked in the range of ~50 to 95 nm. The coatings were composed of 
Al and Yb pairs and were protected by using a SiO capping layer. Experimental results are shown with a maximum 
reflectance value of 0.276 (0.247) at 80 (85) nm and a bandwidth of ~14.5 (~16) nm FWHM. The ageing behavior of the 
coatings was observed up to two years after storage in a dessiccator. A peak reflectance drop from 0.276 to 0.209 
occurred in the case of the mirror centered at 80 nm, with FWHM decreasing to 12 nm. The filtering properties of this 
coating were still valuable after two years of ageing. Microscope observations revealed a dendritic structure developed at 
the Al/Yb interfaces. Further investigations are being conducted, and preliminary results indicate that the use of SiO 
barrier layers may prevent dendrite formation. 
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