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ABSTRACT 

Multilayer coatings with 3 layers were designed to get an increase in normal incidence 

reflectance in the extreme ultraviolet over that of the available single layer coatings. 

Multilayer coatings based on Al, MgF2 and SiC or B4C are demonstrated to have higher 

reflectance than single layers of SiC and B4C in the spectral region from 57.9 nm to 121.6 

nm H Lyman  line and above. The increase in reflectance is higher at wavelengths close 

to 121.6 nm. Reflectance degraded slightly over time in the same way that single layers. 

After a few months, multilayer coatings maintained higher reflectance than their single 

layer counterparts. 
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I. INTRODUCTION 

 

The spectral region from 50 to 121.6 nm, which will be referred to as extreme ultraviolet 

(EUV), includes many important spectral lines for astrophysics, solar physics and 

atmosphere physics. Al films protected with MgF2 or LiF1 show the highest reflectance 

for wavelengths above 115 and 105 nm, respectively, although their reflectivity 

dramatically decreases below their cutoff wavelengths. CVD SiC2 is the material with the 

highest reflectance in the EUV spectral region; however, the high temperature necessary 

to prepare it and the difficulty polishing it limit its uses; moreover, it is extremely 

expensive. 

 

Single layers of SiC and B4C prepared by sputtering techniques at room temperature3-5 

are the best choice to cover the above spectral region when high temperatures are to be 

avoided, as is the case for conventional optical components and diffraction gratings. They 

are also cost-effective. Both materials have similar reflectivity, SiC showing higher 

reflectivity near Lyman  and lower reflectivity below 80 nm than B4C. Both materials 

degrade over time, reaching a minimum reflectance a few months from deposition.  

 

Multilayer coatings have proved to be very efficient as normal incidence reflectors for 

wavelengths as high as 30.4 nm. However, the lack of transparent materials at longer 

wavelengths precludes the use of multilayer coatings with a large number of layers since 

radiation is absorbed within the very few outermost layers.  
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Few papers have been published on multilayer coatings in the EUV as defined above, and 

to our knowledge all of them were constrained by the necessity of reflectance rejection at 

some wavelength6-9. 

 

In this paper we investigate the possibility of getting an increase in reflectance in the 

EUV by designing multilayers with 3 layers, where the outer layer is a highly reflecting 

material, with the underlying layers being Al and MgF2. 

 

II.  MULTILAYER COATING DESIGN 

 

The large radiation absorption of materials in the EUV precludes the use of interference 

multilayer coatings with a large number of layers. For that reason, multilayer coatings 

with a few layers were designed. A systematic search was made to find the best material 

and thickness combination for a multilayer coating with highest reflectance at hydrogen 

91.2 nm spectral line. Since the multilayer coating consists of a small number of layers, 

the reflectance peak will be broad and will include other interesting spectral lines. 

 

The design of multilayers requires accurate optical constant data in the EUV wavelength 

region. Optical constants of materials in the literature are scarce, differ among authors, 

and for many materials are even non-existent. Optical properties of materials deposited as 

thin films depend on the deposition conditions, surface quality of the film and aging 

properties, making it necessary to determine effective optical constants. Furthermore, the 

design of multilayer coatings requires the use of materials that can be deposited as thin 
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films, are stable and do not react or interdiffuse with adjacent layers. All the above 

requirements strongly reduce the number of candidate materials for multilayer coatings in 

the EUV. 

 

The choice of spacing material in the multilayer coating is highly constrained for the lack 

of transparent materials in the EUV. MgF2, although absorbing below 115 nm, was 

reported to have a low absorption in the spectral region around 85 nm10. Effective optical 

constants for MgF2, obtained from reflectance measurements on thin films, were used in 

the calculations below; our effective optical constants showed a more absorbing MgF2 

around 85 nm than in ref. 10. Other materials reported in the literature, such as Tl, Mg, In, 

InSb, Sn or LiF also have relatively low absorption coefficients in parts of the EUV and 

were also considered in the calculations. In order to maximize the multilayer coating 

reflectance, we need a second material with the highest contrast in the real part of the 

refractive index, with respect to the spacing material; this second material must also show 

a reflectance as high as possible in the desired wavelength. The best candidate materials 

were Al, Si, Ge, Sb, Sn, SiC, B4C, Si3N4, Al2O3, Ir, Pt, Re, W and Mo. Al and Si were not 

considered as the outermost layers because they quickly oxidize in normal atmosphere. 

Most of the other materials in the above list oxidize to some extent after a longer 

exposure to atmosphere, like SiC or Mo. Table I displays candidate multilayer designs 

arranged by decreasing normal incidence reflectance at 91.2 nm. In the calculations, the 

following optical constants were used: Al, Si and Si3N4
11; B4C

12; Ge13; Sn14; W, Ir, Pt, Re 

and Os15; Sb16; Al2O3
17. In the calculations our own optical constants of MgF2, SiC and 
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Mo were used. The optical constants used in our multilayer coating designs are listed in 

Table II. 

 

For spacing materials other than MgF2, Tl would be the best, giving a reflectance 

comparable to that with MgF2 at 91.2 nm. However, it is a toxic material and there is very 

little experience with Tl in the literature, so it was not considered for the multilayer 

coatings. 

 

Best results were obtained with 3 layers. From Table I, the best combinations are 

multilayers with a highly reflective outermost material over a thin film of MgF2 on Al. 

MgF2 on Al is a good combination, as long experience has proved. MgF2 films are 

somewhat thinner than standard protective films for highest reflectance coatings at 121.6 

nm (24 nm), but they should be thick enough to thoroughly protect Al from oxidation or 

interdiffusion with the outermost material. Si or Ge would be also good choices for 

bottom layers, although these multilayers show a lower reflectance than Al-based 

multilayers.  

 

The decision on the best candidates of multilayer coatings for the EUV was made from 

calculations shown in Table I. Multilayer coatings with an outermost layer of Ge shows 

the highest reflectance at 91.2 nm. In practice, a Ge film prepared by ion-beam-sputtering 

showed a very quick and large decrease in reflectance when exposed to atmosphere so 

that multilayer coatings with a Ge outermost film were discarded. Multilayer coatings 

with outermost Sb and Sn films, ranking in the next positions in table I, were also 
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discarded because, based on literature, both materials are expected to oxidize to some 

extent. Multilayer coatings with outermost SiC or B4C films rank next. Both materials, 

when deposited as single layers, are known to slightly oxidize, with a reflectance decrease 

that is higher right after contact with atmosphere, and is completed in practice after a few 

months, with a reflectance at 91.2 nm around 30%. This makes them the best choice for 

single layer coatings for the above spectral region. Therefore, multilayer coatings of Al/ 

MgF2/ SiC and Al/ MgF2/ B4C were finally selected for this study. 

 

III. EXPERIMENTAL TECHNIQUES 

 

Samples of Al/ MgF2/ SiC and Al/ MgF2/ B4C were prepared in two vacuum chambers. In 

the first vacuum chamber, an opaque film of Al was quickly overcoated with a thin film 

of MgF2, both materials deposited by resistance heating. The sample was removed from 

the chamber and transferred quickly to the second chamber where either SiC or B4C were 

deposited by ion beam sputtering on top of the Al/ MgF2 bilayer. Pure Ar was used as the 

process gas for sputtering. Both SiC and B4C were sputtered from 76.1-mm diameter 

targets: CVD -SiC, and 99.5% purity, hot pressed B4C, respectively. Deposition rates 

were about 10 nm/s for Al, 2 nm/s for MgF2, and 0.10-0.14 nm/s for SiC and B4C. 

Substrates were 50.8x50.8x2 mm3 pieces of float glass. Samples were exposed to 

atmosphere for a few minutes before being transferred to the reflectometer. Layer 

thickness was measured with a quartz crystal thickness monitor that was calibrated 

through a Topo-3D non-contact surface profiler. Surface roughness was measured with 

the same profiler. 
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Reflectance measurements at or below 200 nm were made using a reflectometer-

monochromator described elsewhere18. For reflectance measurements above 200 nm a 

Perkin-Elmer Lambda 9 spectrophotometer was used. 

 

IV. EXPERIMENTAL RESULTS AND DISCUSSION 

IV.1 REFLECTANCE OF FRESH MULTILAYER COATINGS 

 

We prepared multilayer coatings of Al/ MgF2/ SiC and Al/ MgF2/ B4C with layer 

thicknesses according to the values given in table I. Al films were approximately 60 nm 

thick. Multilayer coating reflectance in the spectral region 49-121.6 nm was measured at 

10º from normal incidence immediately after deposition and is shown in Fig. 1. 

Reflectance for different angles of incidence in two perpendicular planes of incidence was 

measured for aged multilayer coatings in the spectral region from 49.0 nm to 200 nm; 

averaged measurements in both planes of incidence are shown in fig. 2. 

 

Fresh Al/ MgF2/ SiC and Al/ MgF2/ B4C multilayer reflectance is close to 40% and 39%, 

respectively, near the target wavelength at 92.0 nm. Al/ MgF2/ SiC multilayer coatings 

display a reflectance slightly higher (lower) than Al/ MgF2/ B4C multilayers at long 

(short) wavelengths in the spectral region shown in Fig. 1. A near-normal reflectance 

peak centered at 118.5 nm, close to the important 121.6 nm H Lyman  line, is observed 

in Fig. 2 for both types of multilayer coatings. This is a much sharper peak than that at the 

optimized wavelength of 91.2 nm. This is due to the high reflectance of Al and the 
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transparency of MgF2 in the spectral region around 121.6 nm, which is above the MgF2 

cutoff wavelength. Hence, reflection at the inner Al/ MgF2 layers of the multilayer 

coating increases the reflectance of the semitransparent outer layer of SiC or B4C. 

 

Samples with single layers of SiC and B4C were prepared under the same conditions as 

the outermost layers of the above multilayer coatings, in order to investigate the 

reflectance enhancement of multilayer over single layer coatings. Film thickness was 30 

nm, which is the standard thickness for highest reflectance in the EUV. Reflectance of 

freshly deposited single layer coatings is also shown in Fig. 1. 

 

At 121.6 nm reflectance of single layer versus multilayer coatings increases from 40% to 

over 50% for SiC-based multilayer coatings, and from 32% to 50% for B4C-based. 

Reflectance of single layers of SiC and B4C are somewhat smaller than the highest 

reflectance achievable for this kind of coatings when deposited in optimized conditions. 

But both the single layer and the outermost layer of the multilayer coatings discussed in 

this study were deposited in the same conditions and, therefore, a higher reflectance 

would be expected for multilayer coatings deposited in optimized conditions.  

 

Reflectance enhancement is smaller at 104.8 nm because of the higher absorption of 

MgF2 for wavelengths just below the cutoff limit. At 92.0 nm and below MgF2 exhibits a 

“window” of moderate absorption. This window is responsible for a reflectance 

enhancement of the order of 4% of multilayer over single layer coatings at those 

wavelengths. For wavelengths below the Al plasma wavelength, 83.5 nm, Al intrinsic 
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reflectance dramatically drops. Yet optical constant contrast among Al, MgF2 and SiC or 

B4C, for the current film thicknesses, make reflections from outer and inner interfaces 

interfere constructively, thereby increasing the multilayer reflectance; e.g. at 57.9 nm 

reflectance increases for multilayers with SiC from 15% to 21%. 

 

We show in Fig. 3 reflectance measurements of multilayer coatings at 92 nm as a function 

of the angle of incidence. Reflectance measurements were made in two perpendicular 

planes of incidence and averaged to avoid uncertainty in the polarization state. 

Reflectance does not depend on angle of incidence for angles up to 40 for both SiC- and 

B4C- based multilayer coatings. Also from Fig. 2, reflectance does not depend on angle of 

incidence up to 30 for wavelengths shorter than 92 nm. Around 121.6 nm reflectance 

decreases from 10 to 30 by about 3% for B4C- based multilayers and 5% for SiC-based 

multilayers. Therefore, the applicability of these coatings is not restricted to a narrow 

range of angles of incidence, as for multilayer coatings with a large number of films. 

 

Near-normal reflectance was also measured in the far and near UV and the visible for 

aged multilayer coatings. A combination of reflectance measurements from different 

reflectometers is shown in fig. 4. Al/ MgF2/ B4C multilayer coatings show a reflectance 

remarkably higher than single B4C layers around and above 121.6 nm, up to wavelengths 

as long as 230 nm, giving a very wide range of reflectance enhancement extending from 

57.9 to 230 nm. Al/ MgF2/ SiC multilayer coatings reflectance enhancement extends from 

49 to 330 nm. The enhancement above 121.6 nm is higher for B4C-based multilayer 

coatings. These wide bands are due to the low number of layers in the multilayer coating.  
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Multilayer coatings show deep absorption bands in the visible. This minimum in 

reflectance originates in a destructive interference within the multilayer, since neither Al, 

MgF2, SiC nor B4C have this spectral behavior. The wavelength of minimum reflectance 

and the reflectance at the minimum vary with small changes of the film thicknesses. The 

minimum reflectance wavelength occurred between 370 and 510 nm for the different 

multilayers prepared. These absorption bands could be useful for optics blind in the 

visible. When reflectance in the visible is desirable for science applications or if the 

telescope is also used for tracking by looking at reference stars, a good choice of film 

thicknesses may give a reflectance as high as 56% at 600 nm. 

 

The increase in reflectance when going from single layer to multilayer coatings is lower 

in the EUV than predicted from calculations. For instance, at 92.0 nm a 7% increase was 

predicted for multilayer coatings with outermost layer of either SiC or B4C. In practice, 

about half of that increase was obtained. This difference may be explained by extra 

absorption in the Al/ MgF2 coating, related to the fact that real mirrors of MgF2 

overcoated Al always reflect somewhat less than calculations using their optical 

constants. Roughness measurements were made on both single layer and multilayer 

coatings to investigate if multilayer coatings became rougher than single layer coatings. A 

common rms roughness value of approximately 0.6 nm was obtained for both single layer 

and multilayer coatings, either for SiC or B4C, which discards roughness increase as a 

possible cause of reflectance loss. Other explanations of the reflectance difference 

between designed and experimental multilayer coatings may be inaccuracies in optical 
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constants and layer thickness determination. At this point no effort was made to optimize 

SiC or B4C film deposition, either for single layer or for multilayer coatings. 

Optimization of outermost layer deposition conditions and of film thickness 

determinations are two directions in which further limited reflectance increase may be 

obtained. 

 

IV.2 AGING OF MULTILAYER COATINGS 

 

The reflectance of multilayer coatings and single layer coatings was measured over time. 

Figure 5 shows a comparison in reflectance of multilayer and single layer coatings aged 

for 2 to 3 months. The reflectance decrease when going from 2 to 3 months can be 

neglected for these materials. The reflectance of multilayer and single layer coatings 

decreased over time due to oxidation of SiC or B4C, as previous studies have shown5, but 

the reflectance difference between multilayer and single layer coatings was maintained 

over time in the whole measured spectral region. B4C-based multilayer coatings showed 

slightly less degradation than SiC-based multilayer coatings, as was also reported in the 

literature for single layers19. After a few months the reflectance of a B4C-based multilayer 

in the range 83.5-121.6 nm is as high as for SiC-based multilayer, whereas for 

wavelengths of 74.0 nm and below B4C-based multilayer coatings maintained higher 

reflectance than their SiC counterparts. Fig. 4 extends the comparison to the near UV and 

visible. B4C-based multilayer coatings are then more efficient than SiC-based in the range 

49-74 nm. Conversely, SiC-based multilayer coatings are more efficient in the range 160-

500 nm.  
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In summary, both Al/ MgF2/ SiC and Al/ MgF2/ B4C multilayer coatings result in a 

reflectance increase in the EUV over single layers of SiC and B4C, either freshly 

deposited or aged for a few months. The increase extends over a wide spectral region. 

After a few months, B4C-based multilayer coatings degrade somewhat less than SiC-

based, and therefore appear to be the best choice when spectral region of interest extends 

from the EUV up to 160 nm.  

 

 

 

 

V. SUMMARY 

 

Multilayer coatings with 3 layers have been found to give promising normal incidence 

reflectances in the EUV. The best candidate multilayers are obtained by depositing a high 

reflectance material on an Al/ MgF2 bilayer. 

 

Al/ MgF2/ SiC and Al/ MgF2/ B4C multilayer coatings, deposited by evaporation of Al 

and MgF2, and ion-beam-sputtering of SiC and B4C, showed an increase in reflectance 

over that of single layers of SiC or B4C over an extremely wide spectral region in the 

EUV. The reflectance enhancement for B4C-based multilayer coatings extended from 

57.9 nm to 230 nm; for SiC-based multilayer coatings extended from 49 to 330 nm. 

Reflectance enhancement for both types of multilayer over single layer coatings was 
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highest near the 121.6 nm H Lyman  line. At 92.0 nm, close to the 91.2 nm H line, a 

reflectance enhancement of about 4% was obtained. Multilayer coating reflectance was 

independent of the angle of incidence for wavelengths of 92.0 nm and below.  

 

Reflectance measurements over time showed a parallel reflectance degradation of 

multilayer and single layer coatings. This degradation is due to oxidation of SiC or B4C 

outermost film, which is known to be almost completed after a few months from 

deposition. At that time the reflectance difference between freshly deposited multilayer 

and single layer coatings was maintained. SiC-based multilayer coatings degraded slightly 

more than B4C-based coatings.  

Therefore, both type of multilayer coatings perform better than single layers, and for its 

lower degradation, Al/ MgF2/ B4C appears to be the best choice when the spectral region 

of interest extends from the EUV up to 160 nm.  
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Table I. Calculated normal incidence reflectance of multilayer coatings optimized for 

highest reflectance at 91.2 nm.  

Bottom 

layer 

Middle layer  

Thickness (nm) 

Top layer 

Thickness (nm) 

Reflectance at  

91.2 nm 

Al MgF2, 17.4 Ge, 20.9 .500 

Al MgF2, 17.4 Sb, 17.8 .443 

Al MgF2, 17.5 Sn, 17.1 .420 

Al MgF2, 16.3 SiC, 12.1 .418 

Al MgF2, 15.4 B4C, 10.0 .407 

Al MgF2, 15.4 W, 9.8 .401 

Si MgF2, 16.9 SiC, 13.8 .395 

Ge MgF2, 16.5 SiC, 14.9 .394 

Al MgF2, 14.8 Si3N4, 8.4 .364 

Al MgF2, 15.4 Mo, 8.3 .334 

Al MgF2, 14.6 Re, 7.7 .333 

Al MgF2, 13.2 Al2O3, 7.4 .333 

Al MgF2, 15.0 Os, 7.4 .310 

Al MgF2, 15.1 Ir, 7.2 .306 

Al MgF2, 14.4 Pt, 7.0 .298 
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Table II. Optical constants of different materials used in the multilayer coating design. 

Material n k 

Al .042 .50 

Si .27 .70 

Ge .31 .64 

Sb .39 .58 

Sn .42 .50 

SiC .66 1.13 

B4C .93 1.37 

Si3N4 1.16 1.30 

Al2O3 1.54 1.17 

Ir 1.17 .95 

Pt 1.31 .93 

Re 1.23 1.14 

W .94 1.35 

Mo 1.02 1.05 

MgF2 1.51 .45 
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FIGURE CAPTIONS 

 

Figure 1. Near-normal reflectance in the EUV of fresh multilayer coatings of Al/ MgF2/ 

SiC and Al/ MgF2/ B4C compared to single layer coatings of SiC and B4C. 

 

Figure 2. Reflectance of aged multilayer coatings for different angles of incidence. a: Al/ 

MgF2/ SiC multilayer coating. b: Al/ MgF2/ B4C multilayer coating. 

 

Figure 3. Reflectance at 92 nm of aged Al/ MgF2/ SiC and Al/ MgF2/ B4C multilayer 

coatings as a function of the angle of incidence. 

 

Figure 4. Semilogarithmic plot of the near-normal reflectance from the EUV to the NIR 

of aged multilayer coatings of Al/ MgF2/ SiC and Al/ MgF2/ B4C compared to single 

layer coatings of SiC and B4C. 

 

Figure 5. Near-normal reflectance in the EUV of aged multilayer coatings of Al/ MgF2/ 

SiC and Al/ MgF2/ B4C compared to single layer coatings of SiC and B4C. 
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