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ABSTRACT 

Novel narrowband multilayer coatings efficient at a wavelength as short as 100 mn are reported, which 

pushes shortwards the existing limit of reported narrowband multilayers. Such limit had been established 

at ~120 nm, close to the MgF2 cutoff wavelength. The new multilayers combine layers of Al, LiF, and 

SiC, in an Al/LiF/SiC/LiF multilayer design (four layers, starting with the innermost layer). Among these 

materials, Al and LiF are deposited by evaporation and SiC by ion-beam-sputtering. In addition to a high, 

narrow peak close to H Lyman  (102.6 nm), these multilayers simultaneously provide a very small 

reflectance at H Lyman α (121.6 nm) and surroundings. This combined performance is demanded in 

space instrumentation for astrophysics and solar physics observations, where imaging the sky at the 

important diagnostic spectral line of Lyman  line requires rejecting the frequently much more intense 

background at Lyman α line. That is the situation to observe the solar corona at Lyman , which is 

masked by the strong Lyman α line. The multilayer peak is placed close to another important diagnostic 

tool: the OVI doublet at 103.2 and 103.8 nm. Multilayers kept a remarkable 102.6 nm/121.6 nm 

reflectance ratio over time in spite of some performance degradation over time. 
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INTRODUCTION 

Observations in the far ultraviolet (FUV, λ<200 nm) down to the Lyman limit (91.2 nm) are demanded by 

the solar physics and astrophysics communities since key spectral lines of basic constituents lie in this 

range
1
. For gas at temperatures of a few hundred thousand kelvins, intermediate to the temperature 

regimes sampled by optical and X-ray observations, emission is dominated by transitions of the lithium-

like ions such as OVI (103.2 and 103.8 nm), and also longer spectral lines such as NV (123.8 and 124.2 

nm) and CIV at 154.8, and 155.0 nm
2
. Emission from nonradiative interstellar shocks, still poorly 

understood, is dominated by FUV emission, and the brightest emission is OVI doublet
3
. H Lyman β 

(102.6 nm) and CIII (97.7 nm), along with the O VI doublet, are important atomic tracers relevant to a 

wide range of astrophysics targets
4
. Mapping the solar chromosphere, transition region and corona relies 

upon lines such as H Lyman β and OVI. Hence imaging at these spectral lines is expected to reveal 

valuable and diverse information. 

Nowadays, the efficiency of FUV optics limits imaging performance, and the development of narrowband 

coatings tuned at the aforementioned wavelengths is a key element for the future generation of space 

instruments. FUV narrowband imaging is difficult to perform due to absorption of materials in nature, 

particularly below the MgF2 cutoff wavelength at ~115 nm. Hence the spectral range between 90 and 120 

nm has been lacking narrowband coatings. For observations of H Lyman β in the solar corona, this line 

may be masked by the more intense H Lyman α line, which is the strongest line of the solar spectrum
5,6

. 

Another unwanted source of H Lyman α light originates in the Earth’s atmosphere in the form of 

geocoronal airglow
7
. Geocoronal H Lyman α line tends to be orders of magnitude brighter than 

astrophysical FUV emission; hence any FUV instrument designed to observe wavelengths shortwards of 

121.6 nm must strongly suppress geocoronal Lyman α
2
.  

Whilst fully narrowband coatings tuned at the above spectral lines are difficult to make, at least they 

should meet the requirement of strongly rejecting H Lyman α (121.6 nm). Fortunately, H Lyman β and 

OVI lines are still on the edge of the transparency range of LiF, the material in nature that extends 

transparency down to the shortest possible wavelength, what makes LiF the best choice of transparent 

material for multilayer coatings peaked at 102.6 to 103.8 nm.  
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No real narrowband performance has been developed for this range other than the combined natural 

transmittance band of In and LiF, with a relatively modest performance
8
. Outside coatings, other solutions 

have been proposed, such as the subtraction of two images acquired with edge filters, each with a 

different short-wavelength cutoff 
9,10

. Designs replacing one telescope mirror with a diffraction grating 

have been proposed to obtain narrowband imaging at H Lyman  or OVI with a rejection of H Lyman 

α
,2,4,7

, but the overall performance would be reduced by the limited grating efficiency. Regarding 

wideband mirrors down to 100 nm, coatings of Al overcoated with LiF, are available with relatively high 

reflectance at Lyman β and OVI
11,12,13,14

.   

In this research we address the development of narrowband coatings with high reflectance at H Lyman β, 

which could be extended to also include OVI lines, and at the same time are able to reject Lyman α with a 

small reflectance at this line. Other than some multilayer designs
15,16

, literature reports a pioneering work 

on this subject published by Edelstein
17

. He performed a preliminary investigation and got to a 3-layer 

coating with a high 102.6/121.6 nm reflectance ratio, although with no specific narrowband performance. 

Unfortunately, this attempt has not consolidated yet a technology with enough contrast between H Lyman 

 or OVI with respect to H Lyman α spectral lines that could be used in space instruments. 

At still shorter wavelengths, an analogous two-wavelength photometric performance has been addressed 

in the literature consisting in the development of coatings with a good 83.4-to-121.6 nm reflectance ratio, 

83.4 nm being an O II line of interest for atmosphere physics
18,19,20

. In some of these investigations
20

, a 

relatively high reflectance ratio was also obtained between H Lyman  and OVI spectral lines with 

respect to H Lyman α, although with a modest reflectance at the former. More strictly narrowband 

coatings peaked below 100 nm have also been proposed
21,22,23

, although without a specific strong 

rejection at 121.6 nm. 

The present research reports narrowband coatings tuned close to H Lyman  with a strong rejection at H 

Lyman , based on the material combination of Al, LiF, and SiC. The paper is organized as follows. 

Section 2 describes the experimental techniques. Section 3 presents various designs based on the 

combination of Al, LiF, and SiC films and reflectance measurements of fresh and aged multilayers. 

2. EXPERIMENTAL EQUIPMENT 

Multilayer coatings were deposited and measured in a combined reflectometer and deposition system at 

GOLD, which enables in-situ characterization in the FUV of UHV-prepared coatings. In this 

reflectometer-deposition system, multilayer coatings can be prepared using two different deposition 

techniques: ion-beam-sputtering (IBS) and evaporation, and both were used in this research. Since the 

two techniques are in different UHV chambers that are connected in vacuum, the samples travelled 

without breaking vacuum from the evaporation to the IBS chamber and back in order to alternate 

evaporation and sputtering in the multilayer. Base pressure in the evaporation and IBS chambers were 

~2x10
-8

 and 7×10
−8

 Pa, respectively. When the multilayer was completed, we transferred it to the 

reflectometer without breaking vacuum, so that reflectance could be measured for freshly-deposited 

coatings. 

 Al and LiF films were deposited by evaporation. Thermal sources for Al and LiF were W multi-

stranded filaments and Mo boats, respectively. The purity of material sources was 99.999% for Al and 

VUV-grade for LiF. Deposition rate was 0.5-0.9 (Al) and 0.2-0.5 (LiF) nm/s. Films of SiC and C were 

deposited by IBS, i.e. by impinging energetic ions at 45° on a target placed facing the substrate. 96.5-mm 

diameter targets were used with a purity of 99.9995% and 99.999% for CVD-SiC and C, respectively. 

The target was placed in a rotatable target holder that hosts up to four targets, which are cooled down 

with water. Ions were produced by means of a 3-cm hollow cathode ion gun working with a hollow 

cathode neutralizer; this gun and neutralizer contain no filament, which minimizes contamination. Typical 

deposition conditions were ion energy of 1200 eV and total ion current of ~60 mA. Ar was used as a 

process gas. Chamber pressure increased over the evaporation process up to ~10
−6 

Pa (Al) and ~2x10
-7

 Pa 

(LiF) and over the sputtering process up to ~7x10
-2

 Pa. Films were deposited onto 2”x2” size, polished 

float glass substrates that were not heated or cooled intentionally.  

GOLD`s reflectometer was used to measure sample reflectance in the FUV. The reflectometer 

has a grazing-incidence, toroidal-grating monochromator, in which the entrance and exit arms are 146º 

apart. The monochromator covers the 12.5-200 nm spectral range with two Pt-coated diffraction gratings 

that operate in the long (250 l/mm) or in the short (950 l/mm) spectral range. A windowless discharge 

lamp was used in this work. The lamp is fed with various pure gases or gas mixtures with which it can 

generate many spectral lines to cover the spectral range of interest. The beam divergence was ~5 mrad 

and angle accuracy is estimated as 0.1º. The sample holder can fit samples up to an area of 50.8x50.8 



mm
2
. A channel electron multiplier with a CsI-coated photocathode was used as the detector. Reflectance 

was obtained by alternately measuring the incident intensity and the intensity reflected by the sample. The 

reflectance of all samples was measured at 5º from the normal; the reflectance of some samples was 

measured as a function of the incidence angle. 

The EUV-FUV reflectance of all samples displayed in this research was first measured in situ, 

what is referred to as fresh. The samples were later extracted from vacuum and stored either in a 

desiccator or in normal air, and the FUV reflectance of the aged samples was measured after some storage 

periods. 

A Lambda-900 Perkin-Elmer double-beam spectrophotometer was used to measure specular 

reflectance with the universal reflectance accessory. Reflectance measurements were performed at a 

normal angle of 8°. 

 Grazing incidence x-ray reflectometry (XRR) measurements were performed at Centro de 

Asistencia a la Investigación (CAI), Universidad Complutense de Madrid (UCM). The diffractometer 

system was a PANalytical X`pert PRO MRD. A Cu anode under 45 kV discharge was used as the source. 

The Cu Kα (λ=0.154 nm) line was selected by a graphite monochromator. Measurements were performed 

at the grazing incident angles from 0.1º to 2º, with a step of 0.005º.  

3. Results 

3.a Coatings with SiC and C outermost layer 

The first attempt consisted in preparing Al/LiF/SiC multilayers (starting with the innermost layer), one 

layer per material, in the confidence that SiC is a relatively stable material that undergoes a limited 

oxidation that keeps high EUV reflectance over time, both as a single layer and as the top layer of a 

multilayer
24

. The reflectance of an Al/LiF/SiC multilayer sample, both fresh and aged in a desiccator, is 

plotted in Fig. 1-left. Even though this design resulted in fresh coatings with a good performance at the 

target wavelengths, reflectance evolved negatively over time both at the peak and at 121.6 nm. 

Particularly reflectance at the latter wavelength was seen to be more critical, with a large increase over 

time
25

. Layer thicknesses of this and all other multilayers reported in this research are given in Table 1. 

Table 1. Nominal layer thicknesses of the various multilayers designed with high reflectance at 

102.6 nm and small reflectance at 121.6 nma   

 

Design Mater. Thick. Mater. Thick. Mater. Thick. Mater. Thick. Samples 

D1 Al 50 LiF 10.9 SiC 5.0   ALS1,ALS2 

D2 Al 50 LiF 9.2 SiC 2.7 C 2.0 ALSC1 

D3 Al 50 LiF 14.5 SiC 8.8 LiF 15.1 

ALSL1, 

ALSL2, 

ALSL3, 

ALSL4, 

ALSL5, 

ALSL6 
a: Layer sequence starts with the innermost layer. Thickness is in nm 

In view of the negative behavior of the latter multilayer at 121.6 nm we decided to avoid SiC as the 

topmost layer material and used a thin film of C to protect the outermost layer of SiC; a 2-nm thin film 

was selected
26

, and the multilayer was reoptimized. The reflectance of an Al/LiF/SiC/C multilayer sample 

is plotted in Fig. 1-right. Again, the fresh multilayer performed well at the two target wavelengths, but 

reflectance increased at 121.6 nm even more than for the unprotected multilayer after several days stored 

under normal air. This behavior was not understood but it was considered negative enough as to not make 

any further efforts on multilayers protected with a C film
25

. 



  
 Fig. 1. Near-normal reflectance vs. wavelength of an Al/LiF/SiC multilayer (sample ALS1, left) and of an 

Al/LiF/SiC/C multilayer (sample ALSC1, right) both fresh and after a period of storage in a desiccator (left) or in air 

(right). mo: months 

3.b Coatings with LiF outermost layer 

The next strategy consisted in using a LiF layer to protect the SiC layer. This had not been initially 

considered because LiF is a material that is somewhat hygroscopic, so that coatings with a LiF outermost 

layer need to be continuously stored in an environment with a relatively low humidity
27

. However, the 

shortage of useful materials to make multilayers at 102.6 nm recommended the use of LiF and, in fact, Al 

mirrors protected with a film of LiF have been used for decades.  

Several Al/LiF/SiC/LiF multilayers were prepared with small film thickness differences around the 

design given in Table 1. Fig. 2 displays the reflectance of sample ALSL1, both fresh and after various 

storage periods in a desiccator up to 5 years. The sample kept a peak reflectance of ~45% after 10 months 

of ageing, but it decreased to ~35% after 5 years. Reflectance at 121.6 nm behaved well over time, since 

it decreased after 4 months and remained stable up to 5 years, yielding a remarkable 102.6 nm/121.6 nm 

reflectance ratio of 260 for the 5-year aged sample. 

 
 Fig. 2. Near-normal reflectance vs. wavelength of an Al/LiF/SiC/LiF multilayer (sample ALSL1) both fresh 

and after various storage periods in a desiccator. Left: linear axis. Right: log axis. mo: months; yr: years 

Whatever dynamics affects the multilayer, such as interdiffusion/reaction at the interfaces along with 

reaction of the outer layer to water vapor, oxygen, etc., such dynamics moved the minimum wavelength 

of the multilayer displayed in Fig. 2 to cross 121.6 nm and stabilize at ~128 nm and it turned much deeper 

than for the fresh sample; after a few months, such minimum kept rather stable. As for the band, its peak 

did not essentially shift over time and it was at ~100 nm, with the performance at 102.6 nm being close to 

the one at the peak. Regarding peak reflectance, it decayed at a slow speed for months, but it kept 

decaying over time with an important accumulated decrease after a long ageing period of 5 years. This 



accumulated decrease may be attributed in part to that the desiccator humidity was not kept consistently 

low over such a long period. Such peak-reflectance decrease contrasts with the stability observed at the 

minimum close to 121.6 nm. 

Structural information of Al/LiF/SiC/LiF multilayers was obtained through XRR. XRR measurements 

were performed on sample ALSL1 after 11 months of storage in a desiccator. Fig. 3 displays XRR 

measurements, along with the fit, which was performed with IMD software
28

. Table 2 displays the fitting 

parameters, which were film density, thickness, and RMS roughness (represented as ).  

 

Fig. 3. XRR measurements and fitting data for sample ALSL1 aged of 11 months 

Table 2. Structural parameters obtained in a fit to XXR measurements for sample ALSL1 

Material Thickness (nm)  (nm) Density (g/cm3) 

Al 45 2.2 2.70 

LiF 16.0 2.3 2.45 

SiC 8.3 2.5 2.84 

LiF 14.9 2.5 2.45 

The average density of the LiF layers corresponds to ~82% of the density of the massive material. In the 

case of SiC, the density value obtained is ~88% of bulk density. Density of Al was not a fitting parameter, 

and it was fixed to the bulk of 2.7 g / cm3. Regarding roughness, it somewhat increased from bottom to 

top layers. 

Other multilayers were prepared with slight film thickness variations to try to still better match mostly the 

target at 121.6 nm, which was seen to be the most critical. This strategy was momentarily successful, in 

the sense that fresh multilayers with smaller reflectance at 121.6 nm than for the sample plotted in Fig. 2 

were measured. However, those multilayers evolved in a more negative way so that their reflectance at 

121.6 nm after some months of ageing was not as small as the one displayed in Fig. 2
29

. The point on this 

is that the best multilayer is the one that evolves towards the best performance over time.  



 
Fig. 4. Near-normal reflectance vs. wavelength of an Al/LiF/SiC/LiF multilayer (sample ALSL5) both 

fresh and after various storage period in a desiccator. Left: linear axis. Right: log axis. mo: months; yr: 

years 

Fig. 4 displays the reflectance of sample ALSL5. Reflectance was measured both in situ and after various 

storage periods in a desiccator, up to 5 years. This sample originally had the largest peak reflectance, but 

also a larger reflectance at 121.6 nm. Peak reflectance was ~60% after an ageing period of 8 months, and 

underwent an important decrease after a total period of 5 years down to 44%. Reflectance at 121.6 nm 

behaved positively up to 8 months of ageing, but somewhat increased after 5 years. 

 
Fig. 5. Near-normal reflectance vs. wavelength of an Al/LiF/SiC/LiF multilayer (sample ALSL6) both 

fresh and after various storage periods in a desiccator and after two successive annealing processes at the 

indicated temperature for 1 hour. Left: linear axis. Right: log axis. mo: months; yr: years 

Fig. 5 displays the reflectance of sample ALSL6. Reflectance was measured both in situ and after 5-

month and 4-year storage periods in a desiccator. Peak reflectance decayed from 55% to 47%, which is a 

less severe decrease than for samples ALSL1 and ALSL5. Ageing resulted in a slight peak shift from 

~100.2 to ~100.9 nm. Reflectance at 121.6 nm displayed a more erratic behavior, with an apparent 

increase after 5 months and an apparent decrease after 4 years. This behavior might be attributed partly to 

the selection of a somewhat different sample spot and partly to the difficulty of measuring such small 

reflectance values. A 121.6-nm reflectance of 0.2% and a 102.6 nm/121.6 nm ratio of 192 were measured 

after 4 years of ageing. 

After such long ageing period, the previous sample was annealed to evaluate the stability of the multilayer 

with temperature and also to try to recuperate a higher peak reflectance by evaporating possible 

condensed contaminants. First annealing at 100°C for 1 hour resulted in some performance decrease, but 

the coating kept a peak reflectance of 45.7% and a reflectance at 121.6 nm of 0.4%. A further annealing at 

150°C for 1 hour resulted in an additional peak reflectance decrease down to 43.5% with a reflectance 

increase at 121.6 nm to ~1%, still keeping a 102.6/121.6 reflectance ratio of ~38. Hence, even though 



there was a negative evolution with temperature, the multilayer retained valuable properties of reflecting 

102.6 nm and rejecting 121.6 nm. Heating did not produce a further peak shift, although there was some 

peak shape modification towards increasing reflectance in the long-wavelength descent. 

The deep reflectance minimum at ~121.6 nm was rather critical towards small film-thickness variations. 

For some samples (ALSL1 and ALSL6) we promoted some thickness gradient in order to cover a certain 

thickness range in a single sample. We could do it by not letting rotate the sample during SiC deposition. 

We took advantage of this small thickness gradient by measuring the sample at the position with the 

smallest reflectance at 121.6 nm. We reproduced this strategy when we remeasured each sample, so that 

measurements plotted in Figs. 2 and 5 do not necessarily correspond to the same exact sample spot. 

Contrarily, the in-band reflectance was found to be independent of the specific sample area. 

 
 Fig. 6. Reflectance (log axis) vs. normal-incidence angle at the indicated wavelengths of an Al/LiF/SiC/LiF 

multilayer (sample ALSL6) stored for five months in a desiccator 

Reflectance at 102.6 and 121.6 nm was measured as a function of incidence angle for an Al/LiF/SiC/LiF 

multilayer sample after a storage period of 5 months in a desiccator and it is displayed in Fig. 6. The 

reflectometer provides radiation that is partially polarized. The estimate is that partial polarization at the 

measured wavelengths was p=(Ip-Is)/(Ip+Is)= -0.3, where Ip and Is represent the fraction of the radiation 

intensity impinging on the sample with the electric vector parallel and perpendicular, respectively, to the 

plane of incidence. p<0 stands for a beam with a larger component of s than of p polarization. Reflectance 

at 102.6 and 121.6 nm had a negligible dependence with angle up to 20° and 121.6-nm reflectance started 

increasing at larger angles. Reflectance was below 0.01 and above 0.4 up to 30º at Lyman α and β, 

respectively. 

 
 Fig. 7. Reflectance vs. wavelength at various normal-incidence angles of an Al/LiF/SiC/LiF multilayer 

(sample ALSL5) stored for one month in a desiccator 



Reflectance versus wavelength was measured at various angles for an Al/LiF/SiC/LiF multilayer sample 

after a storage period of 8 months in a desiccator and it is displayed in Fig. 7. The same estimate of partial 

polarization is applied here. There is a small decrease in performance up to 20° and the decrease is still 

moderate at 30°, but the narrow band basically remains. 

 
 Fig. 8. Near-normal reflectance vs. wavelength extended to the near IR of an Al/LiF/SiC/LiF multilayer 

(sample ALSL6) after four years of storage in a desiccator.  

Sample ALSL6 was measured at longer wavelengths up to the near infrared (NIR). Measurements were 

performed after 4 years of ageing and before annealing. The full spectrum is plotted in Fig. 8. In the out-

of-band, reflectance increased with wavelength up to 15% at 253 nm, later decreased down to 7% at 374 

nm and then reflectance strongly increased through the visible and displayed high reflectance in the NIR. 

The latter increase through the visible resulted in a characteristic yellowish interferential color. 

Conclusions 

Narrowband multilayer coatings peaked at a wavelength as short as 100 nm have been developed. The 

multilayer is based on the combination of films of three materials: Al, LiF, and SiC. The narrowband 

multilayers have been developed with the further requirement of a very small reflectance in a band 

containing 121.6 nm. Multilayer performance is effective for space observations at the H Lyman  

spectral line (102.6 nm) with a strong rejection of the usually more intense background radiation at H 

Lyman α line (121.6 nm). Multilayers were attempted in which the outermost layer was SiC and also C; 

those multilayers had a good performance when measured in situ but performance strongly degraded after 

few weeks or months of storage, mostly because reflectance at 121.6 mn increased over time. Multilayers 

with LiF as the outermost layer resulted in a remarkable performance both in situ and after storage in a 

desiccator for many months. A multilayer coating aged of 11 months in a desiccator retained a peak 

reflectance of 45% at ~100 nm with a reflectance below 0.1% at 121.6 nm. A largest peak reflectance of 

60% was obtained for an 8-month old multilayer with slight film thickness difference compared to the 

first design. Multilayer reflectance kept relatively small at longer wavelengths up to ~400 nm, where a 

steep increase was observed through the visible. Peak reflectance and antireflection at 121.6 nm were not 

strongly dependent on the angle of incidence, with small variations up to an angle of ~30°.  

A further storage period of 4 to 5 years in a desiccator resulted in a more severe reflectance loss at the 

peak, although the multilayer profile was still efficient at reflecting 102.6 nm and rejecting 121.6 nm. A 

121.6-nm reflectance of 0.2% and a 102.6 nm/121.6 nm ratio of 192 were measured for a multilayer after 

4 years of ageing. The further peak-reflectance decrease was attributed in part to the fact that the 

desiccator may not have had a consistent low humidity all over this long period.  

A multilayer sample that had been stored for 4 years in a desiccator was annealed to 100°C for 1 hour; it 

underwent some performance decrease, but it retained a peak reflectance of 45.7% with a 0.4% 

reflectance at 121.6 nm. After a further 1-h annealing at 150°C the multilayer retained a peak reflectance 

of 43.5% and a reflectance at 121.6 nm of 1%, keeping a 102.6/121.6-nm reflectance ratio of 38. 
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