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Abstract 

  W/C and Co/SiO2 multilayer gratings have been fabricated by depositing a multilayer 

coating on the surface of laminar-type holographic master gratings. The diffraction 

efficiency was measured by reflectometers in the energy region of 0.6-8.0 keV at 

synchrotron radiation facilities as well as at an x-ray diffractometer at 8.05 keV. The 

Co/SiO2 and W/C multilayer gratings showed peak diffraction efficiencies of 0.47 and 0.38 

at 4.0 and 8.0 keV, respectively. The peak efficiency of the Co/SiO2 multilayer grating is 

the highest measured with hard x-rays, to our knowledge. The diffraction efficiency of the 

Co/SiO2 multilayer gratings was higher than that of the W/C multilayer grating in the 

energy range of 2.5–6.0 keV. However, it decreased significantly in the energy above the 

K-absorption edge of Co (7.71 keV). For the Co/SiO2 multilayer grating the measured 
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diffraction efficiencies agreed with the calculated curves assuming a rms roughness ~1 nm. 
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1. Introduction 

  The K, L or M absorption edges of many elements including most of the transition metals 

are located in the energy region of 1–8 keV. Therefore spectroscopic research in this energy 

region is essential to investigate the atomic and electronic structure of these materials. 

Synchrotron radiation (SR) light sources having high brilliance and flux have been utilized 

for various experiments: for example, extended x-ray absorption fine structure (EXAFS)1,2 

and x-ray absorption near edge fine structure (XANES).3

  However, the throughput of the spectroscopic instruments employing diffraction gratings 

is usually not enough to perform these experiments satisfactory in this 2-8 keV energy 

region.4 Crystal spectrometers and monochromators usually based on Si crystals have been 

used in the energy region above 2 keV. These crystal spectrometers and monochromators 

provide good monochromaticity, but the integrated diffraction efficiency is limited by the 

narrow rocking curves of perfect crystals. 

  Multilayer coatings provide a way to increase the diffraction efficiency at a chosen 

incident angle. It has been performed either by coating a multilayer on a substrate having 

grating grooves.5-8 or forming grooves on a multilayer mirror.9,10 By kinematical theory the 

maximum diffraction efficiency for a multilayer grating is attained by satisfying the grating 

equation and extended Bragg condition simultaneously.11

  Multilayer gratings have been investigated in the energy regions below 2 keV and above 

8 keV and most of them are carbon based multilayers such as Rh/C5, W/C6,9,10, Mo/C10 and 

Pt/C.7,8 However, little work has been done to develop multilayer gratings in the energy 

region of 1–8 keV.10,12,13 Therefore we have develop multilayer laminar-type holographic 

gratings achieving a high diffraction efficiency in this energy region. 

  In this article we describe the selection of material pair, the fabrication of the multilayer 

gratings, and the evaluation of the diffraction efficiency by reflectometers at SR facilities as 

well as by an x-ray diffractometer. 
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2. Selection of Materials for Multilayer Coating 

  A multilayer grating is an optical device combining grating and multilayer structures.  

The primary goal of obtaining a high diffraction efficiency depends on finding a multilayer 

material pair having a high reflectivity. 

  We calculated the reflectivity of the 1st order Bragg peaks for multilayer mirrors 

composed of traditional material pairs, W/C,6,9,10 and Pt/C,7,8 as well as of new material 

pairs, Co/Si and Co/SiO2, proposed from a systematic materials survey. Figure 1 shows the 

reflectivities of the multilayer mirrors vs. photon energy. The W/BB4C multilayer is also 

shown in Fig. 1 for comparison. Because it is reported that the W/B4B C multilayer has more 

stable structure and smoother interfaces than the W/C multilayer.14,15 The W/BB4C 

multilayer will be an alternative material pair for multilayer grating to the W/C multilayer.  

The calculated reflectivities of W/B4B C multilayer have almost the same values with those of 

W/C multilayer. To achieve the sufficient reflectivity for multilayer mirrors over the wide 

energy region, a multilayer period of 6.64 nm and 30 periods (60 layers) were chosen. The 

multilayer of 30 periods is enough to obtain a saturated reflectivity in the grazing incidence 

angles. The optical constants published by Henke et al. were used.16 Also the calculations 

assumed s-polarized x-rays incident on an ideal multilayer structure, i.e., uniform layer 

thickness and abrupt interfaces without roughness and inter-diffusion. The incidence angles 

(Bragg angles) were varied with the photon energy to satisfy the Bragg condition. 

  The W/C multilayer mirror shows the highest reflectivity at 8.0 keV, but the reflectivity 

drops around 2.0 keV because of the M4,5-absorption edges of tungsten at 1.81 keV. 

Similarly, the Pt/C multilayer exhibits a decrease in reflectivity near 2.5 keV resulting from 

the Pt M4,5-absorption edges at 2.1 to 2.2 keV. Furthermore the Co/SiO2 multilayer achieves 

the highest reflectivity in the 3-7 keV energy region as shown in Fig. 1. The performance of 

Co/Si multilayer mirror is inferior to that of Co/SiO2 in almost the entire energy region. The 
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reflectivity of both Co/SiO2 and Co/Si multilayer mirrors decreases at 8.0 keV because of 

the K-absorption edge of Co at 7.71 keV. 

  For the Co/Si multilayer, the inter-diffusion between the Co and Si layers during 

deposition has been reported.17-20 The inter-diffusion layers decrease the optical contrast of 

layer boundaries and may cause a deterioration in the reflectivity. To evaluate this effect we 

fabricated and measured the reflectivity of a Co/Si multilayer mirror at 8.05 keV, and 

obtained a considerably smaller reflectivity than the calculated one. 

  When used as a soft x-ray multilayer material SiO2 is physically stable. For example it 

has been used successfully to improve the heat stability of Mo/Si multilayer mirrors.21,22 

Therefore, the Co/SiO2 and W/C multilayers are considered to be the most promising 

material pairs for our purpose. 

 

3. Fabrication of multilayer gratings 

  Multilayer gratings were fabricated by depositing multilayers onto the surface of 

laminar-type holographic gratings. Figure 2 shows the schematic diagram of multilayer 

grating. For laminar-type grating, the planes of land and valley are parallel to the average 

grating surface. The widths of land and valley are a and b, respectively. The groove density 

of grating is given by 1/D and the groove depth is shown by h in Fig. 2. The multilayer 

having the periodic length d is deposited onto the grating surface. The fabrication process 

of the laminar-type holographic gratings was performed at Shimadzu Corp., Kyoto, Japan. 

The grating substrates were made of synthetic fused quartz. The size and surface roughness 

of the substrates were 40x40 mm2 and 0.35 nm rms, respectively. A He/Cd laser (λ = 441.6 

nm) and photoresist, OFPR5000, were used to make the photo resist pattern of 1200 

lines/mm grooves on the surface of the grating substrate. The pattern was used as a mask to 

rule the laminar-type grooves on the substrate by reactive ion beam etching using CHF3. 

For the W/C multilayer grating the groove depth (h) was 3 nm with a land to period ratio 
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(a/D) of 0.45. Similarly for the Co/SiO2 multilayer grating the groove depth was 4 nm 

while the land to period ratio was 0.50. 

 The W/C multilayer was deposited at NTT Advanced Technologies Co. Ibaraki, Japan by 

the magnetron sputtering method. The Co/SiO2 multilayer was coated at the Japan Atomic 

Energy Agency, Kyoto, Japan by the ion beam sputtering method. It is advantageous to use 

the magnetron sputtering method to fabricate the multilayer consisting of carbon layer, 

because the deposition rate for carbon is higher than that of the ion beam sputtering method. 

The nominal multilayer period length was 6.64 nm and the ratio of (W or Co 

thickness)/(periodic length) was 0.4. For the W/C multilayer, 50 periods were deposited 

while 30 periods were deposited for the Co/SiO2 multilayer. 

  To examine the resultant period length of the multilayers, x-ray reflectivity 

measurements were carried out in the standard θ-2θ scan mode by use of an x-ray 

diffractometer with a Cu-Kα (8.05keV) source. To avoid appear the diffraction peaks from 

grating grooves, the direction of grooves was set to be parallel to the direction of incidence 

x-rays. The period lengths of multilayers deposited on the gratings were estimated by the 

Bragg peak positions. The multilayer period lengths were found to be 6.66 nm for the W/C 

multilayer grating and 6.62 nm for the Co/SiO2 multilayer grating. 

 

4. Results and Discussion 

  The diffraction efficiencies of both multilayer gratings were measured by a 

diffractometer with a Cu-Kα (8.05keV) source and by a reflectometer at the Advanced 

Light Source (ALS) beamline 5.3.123 in the energy range of 2.5–8.0 keV. Also the 

diffraction efficiency in the energy region of 0.6–1.5 keV was measured at the SR Center of 

Ritsumeikan University BL-1124 as well as at ALS BL 6.3.2.25 All the diffraction efficiency 

measurements were performed for the first diffraction order (m = +1). 

  Figure 3 shows a schematic diagram of the experimental setup. Monochromatic x-rays 
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illuminated the multilayer gratings with the incidence angle α, and then the x-rays were 

diffracted with the diffraction angle β. The intensity of diffracted x-rays was measured by 

the detector via detector angle scan (θD). To obtain the maximum efficiency of diffracted 

x-rays, the incidence angle α was adjusted around the predicted optimal angle by the 

calculation. 

  Figure 4 shows the measured diffraction efficiency of W/C and Co/SiO2 multilayer 

gratings. The decrease in efficiency of the W/C multilayer grating around 2.5 keV is 

attributed to the M4,5-absorption edge of tungsten at 1.81 keV. In the higher energy region, 

it increases with photon energy and reaches 0.38 at 8.0 keV. This value measured at ALS 

BL5.3.1 is consistent with the efficiency of 0.37 obtained at 8.05 keV by the Cu-Kα 

diffractometer. 

  On the other hand, the Co/SiO2 multilayer grating shows higher performance than the 

W/C multilayer grating in the 2.5-6.0 keV region. Diffraction efficiencies of 0.41 were 

observed at 4.0 keV and 0.47 at 6.0 keV. However, the efficiency at 8.0 keV decreases to 

0.14. Also, the efficiency decreases steeply from 4.0 keV to 2.5 keV. This photon energy 

dependence is understood from the K-absorption edges of Co (7.71 keV) and Si (1.84 keV). 

  Figure 5 shows the measured and calculated efficiencies of the zero-th (m = 0) and first 

(m = +1) orders of the Co/SiO2 multilayer grating between 2.5 and 8.0 keV. Similarly, 

figure 6 shows the measured and calculated efficiencies of the W/C multilayer grating. The 

black circles and squares show the measured diffraction efficiencies of the zero-th and +1st 

orders, respectively. The solid curves indicate the calculated ideal diffraction efficiencies 

for the zero-th and +1st orders (m = 0,+1). 

  The theoretical diffraction efficiencies were calculated by use of a simulation code26 

based on differential methods. We have confirmed the validity of this code by reproducing 

the results of the previous work based on the dynamical and electromagnetic theories.27,28 

The index of refraction derived from the atomic scattering factors was used.16 In the 
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calculation, smooth surfaces and abrupt interfaces were assumed. The multilayer period 

length was chosen to be the value measured by x-ray diffraction, i.e., 6.62 nm for the 

Co/SiO2 multilayer and 6.66 nm for the W/C multilayer. 

  The difference between the measured and theoretical efficiency could be attributed to the 

surface roughness at the top and at the boundaries inside the multilayer. In addition, exotic 

layers may be generated by inter-diffusion at the boundaries.17-20 To estimate the magnitude 

of these effects we applied the Debye-Waller factor,29

   ( )[ ]2
0 4 λαπσ /cosexpRR −= ,    (1) 

to the ideal theoretical diffraction efficiencies. R0 is reflectivity of multilayer assuming an 

ideal structure at the incidence angle α at wavelength λ, and σ is the rms roughness of the 

interfaces. The efficiencies calculated for a rms surface roughness (σ) of 0.7, 1.0, and 1.3 

nm are shown by dot-dashed curves. The comparison of the measured and theoretical 

efficiencies of the +1 order suggests that both multilayer gratings have a rms roughness of 

~1 nm. 

  For the laminar gratings, the zero-th order efficiencies can be suppressed by controlling 

the groove depth.30 This groove depth condition to suppress the zero-th order efficiency by 

the destructive interference is described by 

    αλ cosh/ 22 = .     (2) 

The groove depth of Co/SiO2 multilayer grating was 4 nm, and then the wavelength 

calculated from Eq. (2) is around 0.33 nm (about 3.8 keV). The measured efficiency of 

zero-th order for Co/SiO2 multilayer grating has a minimum at 4.0 keV, which is consistent 

with the theoretical prediction. For the W/C multilayer grating, the groove depth was 3 nm, 

so that the measured efficiency of zero-th order will have a minimum at < 2 keV. These 

results support that the condition to suppress the zero-th order light is also valid for the 

laminar-type multilayer gratings. 

  The measured zero-th order efficiencies are systematically higher than the calculated 
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values. This discrepancy might imply a different roughness effect, which is not included in 

the Debye-Waller factor, but reduces the suppression of the zero-th order. 

 

5. Conclusion 

  Multilayer gratings have been fabricated with Co/SiO2 and W/C multilayers on the 

surface of laminar-type holographic gratings. The goal was to achieve high diffraction 

efficiencies in the energy region of 1–8 keV. The Co/SiO2 multilayer grating showed a high 

diffraction efficiency of over 0.4 in the energy range of 4–6 keV. However, in both the 

lower and higher energy regions the diffraction efficiency decreased below 0.2 because of 

K-absorption edges of silicon and cobalt. By contrast, the W/C multilayer grating showed a 

high efficiency of nearly 0.4 at 8 keV. The peak efficiencies measured here are the highest 

grating efficiencies observed at hard x-ray photon energies, to our knowledge. In 

conclusion, the use of a combination of Co/SiO2 and W/C multilayer gratings is a 

promising approach to extend the capabilities of grating monochromators through the 1-8 

keV energy region. 
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Figure Captions 

 

FIG. 1. First order Bragg reflectivities calculated for various multilayer mirrors. A 6.64 nm 

period length and 30 periods were assumed for the multilayers. Calculations are 

made for s-polarized x-rays and ideal multilayer structures. The incidence angles 

were varied with the photon energy to satisfy the Bragg condition. 

 

FIG. 2. Schematic diagram of multilayer grating. 

 

FIG. 3. Geometry of experimental setup for efficiency measurements. α: incidence angle, β: 

diffraction angle, and θD: detector angle. 

 

FIG. 4. The measured diffraction efficiencies of the W/C and Co/SiO2 multilayer gratings. 

 

FIG. 5. The measured and calculated efficiencies are compared for the Co/SiO2 multilayer 

grating. Results for the zero-th and first diffraction orders (m = 0,+1) are shown. 

The symbols show the measured diffraction efficiencies and the lines indicate the 

calculated diffraction efficiencies with various Debye-Waller factors. 

 

FIG. 6. The measured and calculated efficiencies are compared for the W/C multilayer 

grating. Results for the zero-th and first diffraction orders (m = 0,+1) are shown. 

The symbols show the measured diffraction efficiencies and the lines indicate the 

calculated diffraction efficiencies with various Debye-Waller factors. 
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