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ABSTRACT 

 
The computational design of multilayer-coated diffraction gratings for the extreme ultraviolet (EUV) wavelength region 
and the experimental performance of the coated gratings depend on the optical constants of the layer materials. While 
accurate optical constants are available for many commonly used materials, the EUV optical constants can in practice 
differ significantly from the tabulated values. This is generally true near absorption edges, for reactive materials that 
may be subject to oxidation or contamination, and for the longer EUV wavelengths (>30 nm) where molecular effects 
can be important. Normal-incidence gratings with Mo/Si coatings operating in the 17-21 nm and 25-29 nm wavelength 
ranges were successfully designed and fabricated for the Extreme Ultraviolet Imaging Spectrometer (EIS) on the Solar-
B mission, the first satellite instrument to carry a multilayer grating. Examples of multilayer gratings designed and 
fabricated for wavelengths <12 nm and >40 nm, using materials other than Mo/Si, will be given that have in many cases 
required the experimental determination of the optical constants owing to inaccuracies in the tabulated values. 
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1. INTRODUCTION 
 
 The normal-incidence reflectances of all materials are relatively low in the EUV region, particularly for 
wavelengths less than approximately 30 nm. In order to achieve useful instrument sensitivity and throughput while 
maintaining a reasonably small collection area, multilayer interference coatings have been implemented that have high 
reflectance in a selected wavelength range. The computational design and fabrication of the multilayer coatings require 
accurate knowledge of the optical constants of the layer materials. The most commonly used EUV multilayer materials 
are Mo and Si and related compounds, and a number of laboratory and spaceflight telescopes and spectrometers were 
built for the 13-30 nm wavelength range where Si is relatively transmissive. Multilayers for wavelengths <12 nm and 
30-40 nm have been developed for use on telescope mirrors, and several normal-incidence multilayer gratings with 
these coatings have been demonstrated. The EUV wavelength region >40 nm is largely unexplored, with the exception 
of Sc/Si multilayers, because of the lack of accurate optical constants for sufficiently transmissive layer materials. 
 A systematic study of candidate materials that may be suitably transmissive for multilayers operating at 
wavelengths 40-90 nm has been initiated. This study implements a novel multilayer-coated photodiode technique for 
measuring the optical constants of reactive materials protected by stable capping layers. Elements studied so far are Sc, 
Ti, La, and Tb. Several other rare earth elements are predicted to have transmission windows for wavelengths >40 nm 
associated with intense transitions to partially filled outer electron shells. The goal of the study is to develop high-
reflectance multilayer coatings and gratings for the >40 nm wavelength region. 
 

2. MO/SI GRATINGS FOR 13 NM - 30 NM WAVELENGTHS 
 
 Because of the excellent reliability and stability of Mo/Si multilayer coatings, they have been widely used for 
normal-incidence telescopes and spectrometers for laboratory and spaceflight applications. The EIS spectrometer 
developed for the Solar-B mission is the first satellite instrument to carry a multilayer-coated grating, and Mo/Si 
multilayers were selected and optimized for the instrument’s mirror and grating.1 The purpose of the spectrometer is to 
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record high-resolution spectra of solar regions and to determine the properties of the emitting plasma regions from 
spectral line shapes, wavelengths shifts, and intensities.2 The two halves of the grating, and the corresponding two 
halves of the parabolic collection mirror, are coated with Mo/Si multilayers covering the 17-21 nm and 25-29 nm 
wavelength ranges. The mirror has 160 mm diameter and 1.939 m focal length. The toroidal grating has 100 mm 
diameter, nominal 1.18 m radius of curvature, and 4200 grooves/mm with a laminar (approximately trapezoidal) groove 
profile. 
 The multilayers were deposited onto flat test mirrors, full size concave test substrates, and two pairs of flight 
optics at the Columbia Astrophysics Laboratory.3 The reflectances of the flight mirror M1 at the centers of the 
shortband and longband sides of the mirror are shown in Fig. 1. The data points are the reflectances measured using 
synchrotron radiation at an angle of incidence of 2.15o,4 and the curves are calculated reflectances. The Fresnel 
reflectivity and transmissivity coefficients were calculated at each material interface, and a Debye-Waller factor 
accounted for interdiffusion and microroughness at each interface. The layer thicknesses and interface parameters were 
determined by grazing incidence x-ray measurements of the test flats. Small adjustments were made to the period 
spacings and the interface parameters to fit the calculated normal-incidence reflectance curves to the measurements. 
 Shown in Fig. 1 are two calculations using the Mo and Si optical constants from the Center for X-Ray Optics 
(CXRO)5 and from the National Institutes of Standards and Technology (NIST).6 For the shortband wavelength range, 
the period spacing is 10.35 nm, and the ratio of the Mo to period thicknesses is 0.35. The interface parameters are 0.2 
nm for the Si-on-Mo layers and 0.85 nm for the Mo-on-Si layers. For the longband range, the corresponding values are 
14.65 nm, 0.34, 0.2 nm, and 0.9 nm. 
 There are significant differences between the calculated reflectances shown in Fig. 1, and neither calculation 
exactly fits the measured reflectances. The differences in the calculated reflectances primarily result from differences in 
the CXRO and NIST optical constants as shown in Fig. 2. While the CXRO and NIST optical constants for Si are in 
good agreement, except near the Si L3 absorption edge at 12.4 nm wavelength, the CXRO and NIST optical constants  
for Mo significantly differ, particularly at the longer wavelengths shown in Fig. 2. This illustrates how discrepancies 
among published optical constants can occur even for the widely utilized Mo/Si multilayer coating. 
 
  

Fig. 1. The measured reflectances (data points) and 
the calculated  reflectances (curves) of the 
shortband and longband EIS multilayer coatings. 

Fig. 2. The CXRO and NIST optical constants for Si (left) and Mo (right). 
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 The same multilayer coatings were applied to both the flight gratings and flight mirrors on subsequent 
deposition runs. The measured and calculated efficiencies of the flight grating FL7 are shown in Figs. 3 and 4, 
respectively.4 The error bars in Fig. 3 represent the standard deviation of the measurements across the coated areas of 
the grating. 
 The efficiencies were calculated using the PCGRATE computer program.7 PCGRATE implements the 
modified integral method for the calculation of the efficiency of a diffraction grating with a multilayer coating. The 
program accounts for the optical constants of the layer materials, the two polarizations of the incident radiation, and the 
groove profile and microroughness as determined by atomic force microscopy (AFM). This program had been 
previously validated by comparison with the measured efficiencies of test gratings with gold, aluminum, and Mo/Si 
multilayer coatings.1,8 

 There are significant differences between the measured and calculated efficiencies shown in Figs. 3 and 4, 
exceeding the differences between the measured and calculated reflectances illustrated in Fig. 1. In general for the EIS 
FL7 grating and for other gratings, the calculated efficiencies in the dispersed orders were larger than measured, and the 
calculated zero-order efficiencies were smaller than measured. These efficiency differences primarily are attributed to 
the uncertainties and variations in the groove profile. It was found that small changes in the groove profile used in the 

Fig. 3. The measured efficiencies of the EIS FL7 flight grating in the shortband (left) and the longband (right). 

Fig. 4. The calculated efficiencies of the EIS FL7 flight grating in the shortband (left) and the longband (right). 
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PCGRATE calculation resulted in significant changes in the values of the calculated efficiencies and in the distribution 
of the efficiencies in the various orders. 
 

3. MORU/BE AND MO/Y GRATINGS FOR <12 NM WAVELENGTHS 
 
 The availability of multilayer coatings with relatively high normal-incidence reflectance for wavelengths less 
than 12 nm, using transmissive spacer materials other than Si, has enabled the development of normal-incidence 
gratings in this wavelength region. MoRu/Be coatings with 50 and 100 periods were applied to two blazed grating 
substrates.9,10 The grating substrates had 2400 gr/mm and were replicas of a holographic master grating with rather low 
microroughness (0.8 nm rms). The measured efficiencies of the master grating and a replica grating, both without a 
coating, were in good agreement with the PCGRATE calculations in the 10-35 nm wavelength range.11,12 
 Shown in Fig. 5(a) is the comparison of the measured (data points) and calculated (curve) reflectances of a test 
flat mirror with 20 MoRu/Be bilayers at an angle of incidence of 10o. The period thickness is 6.18 nm, and the ratio of 
the MoRu layer thickness to the period thickness is 0.42. Based on the deposition conditions and metallurgy studies, the 
MoRu layers are believed to be Mo4Ru6. The optical constants of the Mo4Ru6 compound were derived from the CXRO 
tables for the elements Mo and Ru and assuming a density of 11.4 g/cm3. The Be optical constants were derived from 
the CXRO table assuming a density of 1.85 g/cm3. Based on experience with Be layers, the topmost Be layer was 
assumed to have a BeO surface of thickness 2.9 nm, and the optical constants of the BeO surface layer were derived 
from the Be and O CXRO data. For each interface, the Debye-Waller roughness parameter was 0.8 nm. The good 
agreement between the measured and calculated reflectances shown in Fig. 5(a) indicates the reliability of the optical 
constants derived from the CXRO tables in this wavelength region. In particular, at these short EUV wavelengths where 
molecular effects are rather insignificant, deriving the optical constants of compounds such as Mo4Ru6 and BeO from 
the elemental optical constants is an effective technique. 
 Shown in Fig. 5(b) by the data points is the measured zero-order efficiency of a replica grating with 50 
MoRu/Be bilayers, and the dashed curve indicates the reflectance of the MoRu/Be multilayer on a flat mirror. The zero-
order efficiency is essentially the product of the multilayer reflectance and the groove efficiency of the underlying 
grating substrate in the zero order.  As shown in Fig. 5(b), the zero-order efficiency is a factor of 10 lower than the 
reflectance, and this implies that the groove efficiency of the grating substrate is 10% in the zero order. The efficiency 
and reflectance curves have the same oscillatory behavior, and this is related to thin-film interference effects within the 
multilayer coating. 

Fig. 5.  (a) The measured (data points) and the 
calculated (dashed curve) reflectances of a test 
flat mirror with 20 MoRu/Be bilayers at an 
angle of incidence of 10o. (b) The zero-order 
efficiency measured at an angle of 13.9o (data 
points).   Also shown is the reflectance (dashed 
curve) of the multilayer coating with 50 
MoRu/Be bilayers. The measured zero-order 
efficiency is a factor of 10 lower than the 
reflectance. 
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 Figure 6 is a comparison of the measured efficiencies in the diffraction orders of the MoRu/Be grating with 50 
MoRu/Be periods and the efficiencies recently calculated by PCGRATE-SX version 6.1.7 The efficiencies were 
calculated using the same multilayer parameters and optical constants as for the test multilayer coatings on flat 
mirrors. The groove profile and microroughness were derived from AFM studies of the uncoated and coated 
gratings. There were no free parameters in the calculation. 
 As seen in Fig. 6, the calculated efficiencies tend to be larger than the measured efficiencies. This may result 
from an incomplete understanding of the role of microroughness at these shorter EUV wavelengths. In addition, the 
measured inside (n<0) and outside (n>0) orders are separated in wavelength in good agreement with the 
efficiencies calculated using the PCGRATE-SX version 6.1 resonance calculational mode. When the PCGRATE-
SX normal calculational mode is used, the computations execute much faster owing to the implementation of 
approximate algorithms, but the inside and outside orders are not separated in wavelength in disagreement with the 
measurements. 
  

Fig. 6. (a) The efficiencies of grating #2 with 50 
MoRu/Be periods measured at an angle of incidence 
of 13.9o and (b) The calculated efficiencies. 

Fig. 7. The efficiencies of (a) grating #1 and (b) grating #2 
measured at an angle of incidence of 13.9o and (c) The 
calculated efficiencies. 
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 Figure 7 is a comparison of the measured and calculated efficiencies in the 25-50 nm wavelength range. At 
these longer EUV wavelengths, the reflectance is primarily from the topmost layers of the MoRu/Be coating and is 
characteristic of the optical constants of the topmost Be and MoRu layers. As for the shorter wavelengths, the 
optical constants of the BeO surface layer and the underlying Be and Mo4Ru6 layers were derived from the optical 
constants of elemental Be, O, Mo, and Ru. The layer thickness, interface, and groove parameters were the same as 
for the shorter wavelength calculations. Initial calculations in the 25-40 nm wavelength range using optical 
constants derived from the CXRO tables indicated poor agreement with the measured efficiencies. Other 
calculations using optical constants derived from Palik’s compilation (Be,13 Ru,14 and Mo15) indicated good 
agreement in the 25-50 nm wavelength range as shown in Fig. 7(c). These results imply that for wavelengths >25 
nm, optical constants derived from Palik’s compilation may in some cases be more accurate than the CXRO values. 
Shown in Fig. 8 is a comparison of the optical constants of Be and Ru from CXRO5 and Palik’s compilation.13,14 
While the optical constants agree at wavelengths <20 nm, there are obvious differences for wavelengths >30 nm. 

 
 Multilayers in the 7 nm to 9 nm wavelength range have been developed using yttrium as the transmissive 
spacer layer.16 An Mo/Y multilayer coating was applied to a replica grating of the same type as used for the 
MoRu/Be grating studies.17 The zero-order efficiency, measured at an incidence angle of 8o, is shown in Fig. 9 and 
is compared to the reflectance of the Mo/Y coating on a flat mirror. The ratio of the two curves shown in Fig. 9 
implies a 2.8% zero-order groove efficiency. The zero-order groove efficiency (2.8%) in the 9 nm wavelength 
region is smaller than the corresponding groove efficiency (10%) near 11 nm, derived from the MoRu/Be grating 
studies, primarily because of the increasing effect of microroughness at shorter wavelengths. New values for the 
optical constants of Y were derived.18 
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Fig. 9.  The zero-order grating efficiency 
measured at 8° from normal incidence (lower 
dotted curve) and the reflectance (upper 
dashed curve) of the witness Mo/Y multilayer 
coating. 
 

Fig. 8. The optical constants of Be and Ru derived from the CXRO tables and from Palik’s 
compilation (Refs. 13 and 14). 
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 The measured and calculated efficiencies for the Mo/Y grating are compared in Fig. 10. As for the MoRu/Be 
grating, the calculated efficiencies tend to be larger than the measured efficiencies. In addition, the measured inside 
and outside orders of the Mo/Y grating are slightly shifted in wavelength as was the case for the MoRu/Be grating. 
The calculated efficiencies shown in Fig. 10 were computed using the PCGRATE normal calculational mode which 
executes much faster than the resonance calculational mode but implements approximate algorithms that result in 
no wavelength shift of the inside and outside orders. 

 
4. SC/SI GRATINGS FOR 40-50 NM WAVELENGTHS 

 
 Multilayer coatings using Sc and Si were developed for the 40 nm to 50 nm wavelength range, primarily 
motivated by the need for high-reflectance coatings for a fast-discharge laser operating at a wavelength of 46.9 nm.19 
Scandium has relatively high transmittance in the 40-50 nm wavelength range because of intense transitions of the 3p 
core electrons to the partially filled 3d levels. The normal-incidence reflectances, measured using a laser-produced 
plasma radiation source, were in the range 31% to 54%.19 Based on these results, Sc/Si multilayer coatings were 
deposited onto a 3600 gr/mm blazed grating substrate and at the same time onto flat witness mirrors. The coatings were 
designed to have peak reflectance near a wavelength of 40 nm. The reflectances of the test coatings, measured using 
synchrotron radiation, were unexpectedly low, typically about 25% at 40 nm wavelength.20 

 In order to understand the rather low Sc/Si multilayer reflectances measured at 40 nm wavelength, the optical 
constants of Sc were measured using a novel technique.20 Scandium layers with thicknesses in the range 7.5 nm to 130 
nm were deposited onto the surfaces of six silicon photodiodes. The Sc layers were protected from oxidation by Si 
layers of thickness 5 nm. Since each diode had the same 5 nm Si protective layer, the effect of the Si layers essentially 
divided out in the data analysis.21 The attenuation coefficient k was determined from the measure transmittances of the 
Sc/Si bilayers, and the real part of the index of refraction was determined by the Kramers-Kronig relationship and by 
the measured reflectances of the Sc/Si bilayers and of Sc/Si multilayer coatings. The resulting Sc optical constants are 
shown in Fig. 11 along with the optical constants of Ti and La determined by the same technique. For comparison, the 
optical constants derived from the CXRO tables are also shown in Fig. 11. These newly determined optical constants 
and the CXRO values agree for wavelengths <20 nm and differ significantly for longer wavelengths. In the case of Sc, 
the newly determined attenuation coefficient at 40 nm wavelength is much higher than the CXRO value, and this 
explains the unexpectedly low Sc/Si multilayer reflectance measured at 40 nm. 
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 Elevated temperature studies of Sc/Si multilayers indicated that the stability can be improved by using a thin 
tungsten barrier layer between the Sc and Si layers.22 The comparison of  the reflectance of a Sc/W/Si multilayer, 
measured using synchrotron radiation, and the reflectance calculated using the newly determined Sc optical constants is 
shown in Fig. 12. The W barrier layers were 0.8 nm thick, and the W and Si optical constants were from Palik’s 
compilation.23 The measured and calculated efficiencies of the Sc/W/Si coated grating are also shown in Fig. 12. The 
measured and calculated reflectances and efficiencies are in good agreement. 
 

 

 
5. WAVELENGTHS >50 NM 

 
 High-reflectance multilayer coatings are required for the solar missions operating at wavelengths >50 nm. For 
example, imaging and spectroscopy of the intense O V spectral line at 63.0 nm has been the goal of several proposed 
missions. A single opaque layer of SiC has approximately 20% reflectance at 63 nm and has been used for solar 
instruments. A single layer of B4C has slightly higher reflectance. An optimized Al/MgF2/B4C coating has 29% 
reflectance at 63 nm.24 A multilayer interference coating using more transmissive materials could potentially have a 
higher peak reflectance and also a narrower reflectance profile which is important for narrowband imaging of spectral 
lines such as the O V line at 63.0 nm. Thus the availability of transmissive layer materials for multilayer coatings could 

Fig. 12. Left: The measured (data points) and calculated reflectance of a Sc/W/Si multilayer test 
flat mirror. Right: The measured efficiencies (data points) of the Sc/W/Si grating in the -1 and 0 
orders for an angle of incidence of 6o, and the calculated efficiencies (curves). 

Fig. 11. The optical constants of Sc, Ti, and La derived from the transmittances and reflectances of protected 
bilayers of various thicknesses on silicon photodiodes by Uspenskii et al. are compared to the values derived 
from the CXRO tables. 
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potentially enhance the performance of solar instruments. However, such highly-reflective multilayer coatings are not 
presently available because of the lack of knowledge of the optical constants of suitably transmissive materials for 
wavelengths >50 nm. 
 Potential candidate elements for multilayers operating at >50 nm wavelengths can be identified based on the 
electronic structure of the elements. Looking at the portions of the periodic table of the elements shown in Fig. 13, it can 
be seen that the transition metals Sc and Ti are relatively transmissive in the 40-50 nm wavelength region because of 
intense transitions from the 3p level to the partially filled 3d level. Similarly, Sn and In are widely used transmissive 
filter materials because of transitions to the partially filled 5p level. The rare earth (lanthanide) elements also have 
partially filled outer levels (5d and 4f), and initial studies have indicated that these elements may have transmission 
windows at EUV wavelengths >50 nm.25 
 The partially filled outer levels make these elements reactive, and oxidation and contamination must be 
avoided when attempting to determine the optical constants. When utilized in multilayer coatings, the reactivity is 
somewhat mitigated by the alternating layer material and a protective capping layer. Thus highly-reflective multilayers 
using Sc, Y, and La have been fabricated and successfully utilized at <10 nm wavelengths (for example Ref. 17), and as 
discussed in the previous section Sc/Si multilayers have been utilized for the 46.9 nm discharge laser studies.19 

 Based on the technique discussed in the previous section for determining the optical constants of reactive 
materials, by depositing protected layers on silicon photodiode substrates, a systematic study of the optical constants of 
the rare earth elements is in progress. The optical constants of La are shown in Fig. 11. Based on the CXRO tables, La 
was predicted to have good transmittance at 63.0 nm wavelength. However, as seen in Fig. 11, the measured La 
attenuation coefficient k is much larger than predicted by the CXRO tables. 

 The next rare earth element to be studied was Tb. Terbium layers were deposited onto the surfaces of six 
silicon photodiodes with thicknesses ranging from 7 nm to 170 nm. A protective capping layer of 7.6 nm Si was 

Fig. 13. Portions of the periodic table of the elements. 

Fig. 14. The measured transmittances of 
Tb/Si bilayers on silicon photodiodes with 
the indicated Tb thicknesses. 
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deposited onto each Tb-coated photodiode without breaking vacuum. The measured transmittances of the Tb/Si bilayers 
on the six photodiodes are shown in Fig. 14. Terbium is relatively transmissive near 63 nm wavelength and is a 
potential candidate for high-reflectance multilayer coatings at this wavelength. 
 

6. SUMMARY 
 
 The development of multilayer-coated gratings for solar spaceflight instruments has motivated the study of the 
optical constants of a number of elements. These include Y for the 9 nm wavelength region, Sc and Ti for 40-50 nm 
wavelengths, and La and Tb for >50 nm wavelengths. In general, it has been found that the CXRO tables, while 
generally accurate and quite useful for the shorter wavelengths <20 nm, are in many cases not sufficiently accurate for 
wavelengths >30 nm. This is primarily because of the difficulty of performing accurate measurements owing to 
oxidation, contamination, and molecular effects, particularly for reactive elements. Some reactive elements, including 
the rare earth elements, are potential candidates for multilayer coatings for >50 nm wavelengths, and a novel technique 
is being utilized for the determination of the optical constants of reactive elements. Layers are deposited onto the 
surfaces of silicon photodiodes and are protected by thin capping layers. A systematic study of the optical constants of 
reactive elements that are potentially transmissive in the >50 nm wavelength region is in progress. 
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