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An alternate multilayer (AML) grating has been prepared by coating an ion etched lamellar grating with a B4C∕Mo2C
multilayer (ML) having a layer thickness close to the groove depth. Such a structure behaves as a 2D synthetic crystal
and can reach very high efficiencies when the Bragg condition is satisfied. This AML coated grating has been char-
acterized at the SOLEIL Metrology and Tests Beamline between 0.7 and 1.7 keV and at the four-crystal monochro-
mator beamline of Physikalisch-Technische Bundesanstalt (PTB) at BESSY II between 1.75 and 3.4 keV. A peak
diffraction efficiency of nearly 27% was measured at 2.2 keV. The measured efficiencies are well reproduced
by numerical simulations made with the electromagnetic propagation code CARPEM. Such AML gratings, paired
with a matched ML mirror, constitute efficient monochromators for intermediate energy photons. They will extend
the accessible energy for many applications as x-ray absorption spectroscopy or x-ray magnetic circular dichroism
experiments. © 2014 Optical Society of America
OCIS codes: (230.4170) Multilayers; (340.6720) Synchrotron radiation; (260.6048) Soft x-rays; (340.7470) X-ray

mirrors; (160.4760) Optical properties.
http://dx.doi.org/10.1364/OL.39.002141

The domain of synchrotron radiation features a transition
in beamline technology between hard and soft x-rays. In
the hard x-ray range, the energy selection is performed by
Bragg reflection on single crystals. The accessible energy
range is limited toward low energies by the unit cell size of
available crystal and their stability under radiation
(≈2 keV for Si, ≈1.75 keV for InSb) [1,2]. For soft x-rays,
reflective gratings with lamellar, or more often, triangular
(blazed) groove profiles are used under grazing incidence.
Despite innovations in grating fabrication processes
[3,4], the low efficiency of gratings still limits their use of
energy above approximately 2.2 keV. Nevertheless, high-
efficiency diffraction gratings are of prime importance for
some applications in the energy range up to 3.5 keV. For
example, x-ray absorption spectroscopy and x-ray
magnetic circular dichroism experiments at M -edges of
the rare earth elements and at the K -edge of sulfur would
benefit from alternate multilayer (AML) gratings.
At lower energy ranges, in the domain of extreme ultra-

violet, multilayer (ML)-coated lamellar gratings have
been proposed as a way to enhance the efficiency [5,6].
Recently, ML-coated blazed gratings have been distin-
guished [7–9] with a reported diffraction efficiency
approximately 44% at 13.1 nm (≈95 eV). In the soft x-rays
domain, lamellar ML amplitude gratings have been de-
scribed, but the reported efficiency was only around
8% at 1.5 keV [10,11]. Ways to improve the efficiency and
selectivity of blazed grating in this spectral range were
also shown [12,13]. However, producing a low blaze an-
gle 1 deg or less as required is a difficult task. Addition-
ally, maintaining the groove profile geometry on the large
surface needed for implementation in a beamline mono-
chromator is even more challenging. An alternative
would be using an AML grating [14]. As shown in Fig. 1,

the AML grating presents a double periodicity at nanome-
ter scale. In the plane of the surface, the period is the
pitch p of the laminar grating while it is the 2d spacing
of the ML in the vertical direction. Therefore, an AML gra-
ting has properties similar to a crystal with the advantage
of the freedom of choosing the periodicities.

In the ideal case depicted in Fig. 1, a perfect laminar
profile is coated with a perfect ML and all the layers have
a thickness equal to the grating groove depth. In the
cross-section of the grating, the two materials of the ML
alternate are in a checkerboard structure and the Bragg
planes are defined by their angle with respect to the
grating plane:
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!
2 md
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"
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Fig. 1. Cross-section of a simple binary model of an ideal AML
grating, realized on a lamellar grating of equal lands and
grooves by deposition of an ML whose thickness of each
material is equal to the grove depth d. Also indicated are the
pitch p and the groove width c of the grating. The oblique
straight line marks the orientation of the (1,1) Bragg plane.
The unit cell of the ideal lattice is shown in the right inset.
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Fig. 6. Reflectivity measurements obtained with the Ni/W/SiC/W aperiodic multilayer (N = 83 
layers): (a) GIXR measurements at E = 8.048 keV (dots) are compared with the expected 
reflectivity design (solid line) ; (b) SOLEIL measurements under 1.3° grazing incidence angle 
(dots), calculated (dash line) and targeted (solid line) reflectivity profiles. 

5. Conclusions 

Periodic Ni/SiC multilayer mirrors have been developed and characterized by GIXR at 8.048 
keV and by reflectometry measurements at 3 keV and 5 keV on a synchrotron radiation 
source. We have shown that significant interdiffusion takes place between Ni and SiC layers. 
We demonstrated that reflectivity measurements can be fitted by using a simple Ni5Si2/SiC 
model. We have also studied Ni/SiC periodic multilayers with 0.6 nm W barrier layers at each 
interface. Our results show that the W barrier layers efficiently reduce the interdiffusion 
between Ni and SiC. However, the reflectivity of Ni/SiC periodic multilayers without W 
barrier layers is somewhat higher than with W barrier layers. Aperiodic multilayer mirrors 
were optimized by using Ni/SiC with and without barrier layers in order to achieve a specific 
reflectivity profile in the 4 – 6 keV energy band and an out-of-band reflectivity as low as 
possible. In both cases, we were able to optimize a theoretical formula with a spectral 
response close to the targeted one. For Ni/SiC without W barrier layers, the interdiffusion 
between Ni and SiC prevents us from obtaining a sufficient precision on the thickness of each 
layer in the stack and the experimental reflectivity profile is not in good agreement with the 
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Fig. 6. Reflectivity measurements obtained with the Ni/W/SiC/W aperiodic multilayer (N = 83 
layers): (a) GIXR measurements at E = 8.048 keV (dots) are compared with the expected 
reflectivity design (solid line) ; (b) SOLEIL measurements under 1.3° grazing incidence angle 
(dots), calculated (dash line) and targeted (solid line) reflectivity profiles. 

5. Conclusions 

Periodic Ni/SiC multilayer mirrors have been developed and characterized by GIXR at 8.048 
keV and by reflectometry measurements at 3 keV and 5 keV on a synchrotron radiation 
source. We have shown that significant interdiffusion takes place between Ni and SiC layers. 
We demonstrated that reflectivity measurements can be fitted by using a simple Ni5Si2/SiC 
model. We have also studied Ni/SiC periodic multilayers with 0.6 nm W barrier layers at each 
interface. Our results show that the W barrier layers efficiently reduce the interdiffusion 
between Ni and SiC. However, the reflectivity of Ni/SiC periodic multilayers without W 
barrier layers is somewhat higher than with W barrier layers. Aperiodic multilayer mirrors 
were optimized by using Ni/SiC with and without barrier layers in order to achieve a specific 
reflectivity profile in the 4 – 6 keV energy band and an out-of-band reflectivity as low as 
possible. In both cases, we were able to optimize a theoretical formula with a spectral 
response close to the targeted one. For Ni/SiC without W barrier layers, the interdiffusion 
between Ni and SiC prevents us from obtaining a sufficient precision on the thickness of each 
layer in the stack and the experimental reflectivity profile is not in good agreement with the 
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to realize an aperiodic mirror with Ni/SiC multilayer, shows that the simple Ni5Si2/SiC model 

is not sufficient. Aquila et al. demonstrated the need to include interdiffusion in the 

development and optimization of aperiodic Mo/Si multilayer structures in the EUV [5]. The 

need for high precision on each layer thickness in such a coating would require probably an 

even more complex model to take into account the variations of interdiffusion effects between 

Ni and SiC as a function of layer thickness. 
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Fig. 5. Reflectivity measurements obtained with the first Ni/SiC (Ni5Si2/SiC) aperiodic stack 

(N = 80 layers): Shown are the targeted (solid line), calculated (dash line) reflectivity profiles, 

and the measured reflectivity profile obtained at PTB (dots), under 1.3° grazing incidence 

angle between 2.5 keV and 8.0 keV including the nominal bandwidth (4 – 6 keV). 

4.3. Aperiodic Ni/W/SiC/W multilayer 

We optimized another aperiodic MIM with 0.6 nm W barrier layers by using the model 

presented in section 3.2. The stack formula was optimized taking into account a 0.40 nm 

average interface roughness. The optimized MIM is composed of 82 layers in Ni/W/SiC/W 

sequences. Layer thickness ranges from 1.20 nm to 5.38 nm (and 0.60 nm for the W layers). 

A top layer of SiC was added as capping layer and its thickness was optimized to 6.78 nm. 

After deposition and GIXR measurement at 8.048 keV, we can see in Fig. 6(a) that the 

measured reflectivity is in very good agreement with the calculated one. In order to confirm 

this result, we measured this mirror at SOLEIL under 1.3° grazing incidence in the 3 – 8 keV 

energy band [Fig. 6(b)]. As expected from the angular measurement, the measured reflectivity 

is really close to the calculated formula. Indeed, the reflectivity outside the 4 – 6 keV energy 

band is very low (Rmax ≤ 1.6%). Some small oscillations remain (between 5.2 keV and 5.9 

keV) due to the sum of small differences between the real and expected thicknesses of each 

layer in the stack, but the overall spectral profile is in very good agreement within the targeted 

one. These results clearly show that the use of W barrier layers in Ni/SiC coatings is very 

beneficial for aperiodic mirror applications. Although the Bragg peak reflectivity for periodic 

Ni/SiC coatings is reduced by the addition of W layers, we were able to design a broadband 

mirror with the same average in-band reflectivity with or without W barriers (see dash lines in 

Figs. 5 and 6). The good agreement between simulated and experimental results shown in Fig. 

6 demonstrates that, by using W barrier layers, we have achieved a very high accuracy on 

each layer thickness. Moreover, the addition of W layers in the design allows reducing 

significantly the number of Ni and SiC layers. Indeed, the Ni/SiC aperiodic mirror is 

composed of 40 Ni and 40 SiC layers with variable thickness whereas the Ni/W/SiC/W one is 

composed of 21 Ni and 21 SiC layers with variable thickness and 41 W layers with fixed 

thickness. Thus, the experimental development is facilitated by the use of W barrier layers. 
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F. Choueikani et al.

Table 4 Properties of the
B4C/Mo2C multilayers deduced
from fits using a model of two
layers in the period. The
thickness is in nm. B7* line
corresponds to the fit using a
model of three in the period

Sample Thickness (nm) Period (nm) δ (×10−5) Roughness (nm)

B4C IL Mo2C B4C IL Mo2C B4C IL Mo2C

B1 0.09 0.00 2.59 2.68 0.80 – 2.36 0.27 – 0.36

B2 0.76 0.00 2.55 3.31 0.72 – 2.50 0.19 – 0.41

B3 1.87 0.00 2.68 4.55 0.67 – 2.58 0.19 – 0.34

B4 4.19 0.00 2.76 6.95 0.72 – 2.54 0.15 – 0.32

B5 1.95 0.00 1.08 3.03 0.72 – 2.45 0.17 – 0.36

B6 1.90 0.00 1.55 3.45 0.72 – 2.39 0.18 – 0.20

B7 1.48 0.00 5.21 6.69 0.72 – 2.48 0.15 – 0.30

B7* 1.44 0.50 4.75 6.69 0.70 1.53 2.55 0.15 0.17 0.30

B8 1.78 0.00 2.65 4.43 0.68 – 2.56 0.19 – 0.32

Fig. 9 Variation of B4C and Mo2C fitted thicknesses with B4C ex-
pected thickness. The expected Mo2C thickness is 2.5 nm for all sam-
ples. The dashed lines are the linear regression

(≈2.54 nm) than the expected one (2.5 nm). The graph
(Fig. 9) presents also a linear variation of the fitted thick-
ness of B4C (lozenges) as a function of the expected ones.
In comparison with the expected values, the fitted values of
B4C thickness are lower. The difference between expected
and fitted thicknesses increases when the expected thick-
ness increases. For example, the reduction value is around
0.66 nm for an expected thickness of 0.75 nm while it is
around 1.07 nm for an expected thickness of 5.26 nm. More-
over, extrapolation of this linear variation suggests that, for
an expected thickness lower than 0.6 nm, the final thickness
of B4C will vanish.

The variation of the fitted thickness of B4C (lozenges)
and Mo2C (squares) layers as function of the expected thick-
ness of Mo2C is presented in Fig. 10 for the second set of
samples.

This graph confirms the behavior that is observed in
Fig. 9. In fact, it shows also that the thickness of B4C lay-
ers decreases when the Mo2C thickness increases. In order
to obtain more details of the structure of the B4C/Mo2C
multilayers, HTEM measurements were performed on an
additional sample (B8, see Table 4) and results are shown

Fig. 10 Variation of B4C and Mo2C fitted thicknesses with Mo2C ex-
pected thickness. The expected B4C thickness is 2.5 nm for all samples.
The dashed lines are linear regressions

Fig. 11 Transmission electron microscopy cross-sectional images of a
B4C/Mo2C sample (B8) in which the expected thickness of each layer
is 2.5 nm. The scale bar is 10 nm for the micrograph A and 5 nm for
the micrographs B

on Fig. 11. The expected thickness of each layer in the
period is 2.5 nm. The image A shows that the period is
4.38 ± 0.03 nm. This value is in good agreement with re-
sults obtained by X-ray reflectometry measurements (see
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An alternate multilayer (AML) grating has been prepared by coating an ion etched lamellar grating with a B4C∕Mo2C
multilayer (ML) having a layer thickness close to the groove depth. Such a structure behaves as a 2D synthetic crystal
and can reach very high efficiencies when the Bragg condition is satisfied. This AML coated grating has been char-
acterized at the SOLEIL Metrology and Tests Beamline between 0.7 and 1.7 keV and at the four-crystal monochro-
mator beamline of Physikalisch-Technische Bundesanstalt (PTB) at BESSY II between 1.75 and 3.4 keV. A peak
diffraction efficiency of nearly 27% was measured at 2.2 keV. The measured efficiencies are well reproduced
by numerical simulations made with the electromagnetic propagation code CARPEM. Such AML gratings, paired
with a matched ML mirror, constitute efficient monochromators for intermediate energy photons. They will extend
the accessible energy for many applications as x-ray absorption spectroscopy or x-ray magnetic circular dichroism
experiments. © 2014 Optical Society of America
OCIS codes: (230.4170) Multilayers; (340.6720) Synchrotron radiation; (260.6048) Soft x-rays; (340.7470) X-ray

mirrors; (160.4760) Optical properties.
http://dx.doi.org/10.1364/OL.39.002141

The domain of synchrotron radiation features a transition
in beamline technology between hard and soft x-rays. In
the hard x-ray range, the energy selection is performed by
Bragg reflection on single crystals. The accessible energy
range is limited toward low energies by the unit cell size of
available crystal and their stability under radiation
(≈2 keV for Si, ≈1.75 keV for InSb) [1,2]. For soft x-rays,
reflective gratings with lamellar, or more often, triangular
(blazed) groove profiles are used under grazing incidence.
Despite innovations in grating fabrication processes
[3,4], the low efficiency of gratings still limits their use of
energy above approximately 2.2 keV. Nevertheless, high-
efficiency diffraction gratings are of prime importance for
some applications in the energy range up to 3.5 keV. For
example, x-ray absorption spectroscopy and x-ray
magnetic circular dichroism experiments at M -edges of
the rare earth elements and at the K -edge of sulfur would
benefit from alternate multilayer (AML) gratings.
At lower energy ranges, in the domain of extreme ultra-

violet, multilayer (ML)-coated lamellar gratings have
been proposed as a way to enhance the efficiency [5,6].
Recently, ML-coated blazed gratings have been distin-
guished [7–9] with a reported diffraction efficiency
approximately 44% at 13.1 nm (≈95 eV). In the soft x-rays
domain, lamellar ML amplitude gratings have been de-
scribed, but the reported efficiency was only around
8% at 1.5 keV [10,11]. Ways to improve the efficiency and
selectivity of blazed grating in this spectral range were
also shown [12,13]. However, producing a low blaze an-
gle 1 deg or less as required is a difficult task. Addition-
ally, maintaining the groove profile geometry on the large
surface needed for implementation in a beamline mono-
chromator is even more challenging. An alternative
would be using an AML grating [14]. As shown in Fig. 1,

the AML grating presents a double periodicity at nanome-
ter scale. In the plane of the surface, the period is the
pitch p of the laminar grating while it is the 2d spacing
of the ML in the vertical direction. Therefore, an AML gra-
ting has properties similar to a crystal with the advantage
of the freedom of choosing the periodicities.

In the ideal case depicted in Fig. 1, a perfect laminar
profile is coated with a perfect ML and all the layers have
a thickness equal to the grating groove depth. In the
cross-section of the grating, the two materials of the ML
alternate are in a checkerboard structure and the Bragg
planes are defined by their angle with respect to the
grating plane:

θ!m;n" # tan−1
!
2 md
np

"
; (1)

Fig. 1. Cross-section of a simple binary model of an ideal AML
grating, realized on a lamellar grating of equal lands and
grooves by deposition of an ML whose thickness of each
material is equal to the grove depth d. Also indicated are the
pitch p and the groove width c of the grating. The oblique
straight line marks the orientation of the (1,1) Bragg plane.
The unit cell of the ideal lattice is shown in the right inset.
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Fig. 6 Grazing incidence X-ray reflectivity at 0.154 nm measured
(dots) and fitted with a model of two layers in the period (continuous).
The graph correspond the sample B7 which is described in Table 2

on-Mo interface is more diffuse. In fact, it is difficult to
distinguish, on image B, the IL and B4C layers in each pe-
riod in order to determine their exact thickness. The aver-
age thickness of the molybdenum layer per period is around
2.16 ± 0.09 nm which is close the value obtained by X-ray
reflectometry. The total thickness of B4C and IL layers is
around 2.05 ± 0.09 nm. The more bright part corresponds
to the B4C material while the more contrasted one is for
IL. Thus, the HTEM measurements on the B4C/Mo systems
confirm the result obtained from the optical characterization.
The B4C/Mo multilayers present a B4C-on-Mo interfacial
layer that can be approximated with an asymmetric model
of three layers in the period.

3.2 B4C/Mo2C multilayers

The details of the two sets of B4C/Mo2C system deposited
with the same sputtering parameters are described in Ta-
ble 2. The first set consists of samples B1 to B4 with an ex-
pected Mo2C thickness of 2.5 nm and with a varying thick-
ness of B4C (from 0.75 to 5.26 nm). In the second set (sam-
ple B5 to B8), the expected thickness of B4C was fixed at
2.5 nm while that of Mo2C varied from 0.63 to 5.00 nm.

Figure 6 (resp. Fig. 7) shows an example of grazing in-
cidence X-ray reflectivity measurement at 0.154 nm and its
corresponding numerical fit for a B4C/Mo2C multilayer us-
ing a model of two (resp. three) layers in the period. The
parameters of these fits are given in the lines B7 (2 lay-
ers/period) and B7* (3 layers/period) of Table 4.

The comparison between Figs. 6 and 7 shows that both
models of numerical adjustment can be appropriated for
modeling of the B4C/Mo2C system. The addition of an in-
terfacial layer in the model do not improve the fit. This
means that, if an interfacial layer exists in the structure, it
is thin enough and has no significant effect on the reflectiv-
ity spectra. These results were confirmed by measurements
performed on Soft X-ray branch of Metrology and Tests

Fig. 7 Grazing incidence X-ray reflectivity at 0.154 nm measured
(dots) and fitted with a model of three layers in the period (continu-
ous). The graph corresponds to the sample B7* which is described in
Table 2

Fig. 8 Grazing incidence X-ray reflectivity at 0.83 nm measured for
the sample B7 (dots) and fitted with a model of two layers in the period
(continuous)

Beamline of Synchrotron SOLEIL. The experimental curve
measured at 0.83 nm (1500 eV) on sample B7 with its cor-
responding numerical adjustment, is plotted on Fig. 8. The
fitted thicknesses of Mo2C and B4C layers are, respectively,
5.1 nm and 1.6 nm. These values are in good agreement with
those obtained at 0.154 nm. Thus, a simple model with two
layers in the period, is sufficient to model the X-ray reflec-
tivity performances of B4C/Mo2C multilayers.

The fitting results deduced from the numerical adjust-
ments using a model of two layers in the period are sum-
marized in Table 4 for the others B4C/Mo2C samples. The
mean values of the decrement of the refractive index are,
respectively, 2.47 × 10−5 and 0.72 × 10−5 for Mo2C and
B4C layers. They are close to the theoretical values, which
are 2.59 × 10−5 for Mo2C and 0.75 × 10−5 for B4C [27].
The evolution of the fitted thicknesses of B4C and Mo2C
with the B4C expected thickness is given in Fig. 9 for the
first set of samples. These results show that the average
value of fitted Mo2C thicknesses (squares) is slightly higher
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