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Abstract. We study Cr/Sc-based multilayer mirrors designed to work in the water window range using hard and soft
x-ray reflectivity as well as x-ray fluorescence enhanced by standing waves. Samples differ by the elemental
composition of the stack, the thickness of each layer and the order of deposition. This paper mainly consists of two
parts. In the first part the optical performances of different Cr/Sc-based multilayers are reported, and in the second
part we extend further the characterization of the structural parameters of the multilayers which can be extracted by
comparing the experimental data with simulations. The methodology is detailed in the case of Ct/B4C/Sc sample for
which a three-layer model is used. The structural parameters determined by fitting reflectivity curve are then
introduced as fixed parameters to plot the x-ray standing wave curve, to compare with the experiment and
confirming the determined structure of the stack.
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1 Introduction

Periodic multilayer mirrors play an important role as optical components in the x-ray and
extreme ultraviolet (EUV) spectral ranges for applications such as space telescopes, x-ray
microscopes, EUV photolithography and optical components of beamlines in synchrotron
radiation facilities. Such mirrors have high peak reflectivity at the wavelength of interest. A well-

defined structure of the multilayer with fine details of each layer and each interface is crucial for



the development and improvement of the design work, which is why we dedicated our time and
effort to characterize it.

The Cr/Sc multilayer system discussed in this paper is designed for the development of a
high reflective mirror working in the water window range (2.3 — 4.4nm)'. Based on the Cr/Sc
bilayer, derivative systems were also fabricated. Firstly B4C barrier layer was inserted to
increase the thermal stability and to decrease the interdiffusion between Cr and Sc layers?. It has
been reported that this kind of third material placed on interfaces of the original multilayer
structure exhibits increased reflectivity in multiple systems such as Mo/Si*#, Sc¢/Si*®, Si/Gd’ and
Co/Mg®. Such material was inserted at either Cr-on-Sc or Sc-on-Cr interfaces and should lead to
different optical performances following the model of Larruquert’. Secondly, a CrN/Sc sample
was also fabricated by adding nitrogen into the sputtering gas (argon) during deposition; this
would decrease the interdiffusion and sharpen the interfaces'®!!, and thus a higher reflectivity is
expected.

In this paper a XRR study will be presented first. The optical performances of all studied
multilayer mirrors at their application energy will be compared. It has been decades that
scientists use softwares to create models to simulate and fit the x-ray reflectivity (XRR) data in
order to determine the structure of multilayers'?. We present the fitting of the soft XRR data to
explore the structure (layer thickness and interface roughness) of the multilayers.

Second, we also use another method: standing wave enhanced x-ray fluorescence (XRF-
XSW). Pioneered by B. W. Batterman in the 1960s'3, the x-ray standing wave (XSW) technique
can be used to study the structure of surfaces and interfaces of multilayers made of nanoscale
thin films with high depth resolution and chemical selectivity'#!”. The interferences between the

incident and the reflected beams generate a x-ray standing wave field where the amplitude on



anti-nodal plane is maximized and the amplitude on the nodal plane is minimized. Such feature is
suitable for periodic multilayer study as it makes the experimental acquisition specific on certain
interfaces located on the anti-nodal plan. When the reflected beam is generated at the Bragg
condition for a super-lattice like the periodic Cr/Sc multilayer, the period of the XSW equals the
periodicity of the reflecting planes. By scanning the fluorescence yield around the Bragg angle,

the position of the elements on either side of the interface can be revealed.

2 Experimental details

Samples were prepared by using magnetron sputtering with no substrate bias. The purity of Cr,
Sc and B4C targets was better than 99.9%. The substrates were sliced and polished Si (100)
wafers. Pure Ar gas was used for Cr, Sc and B4C layers whereas a mixture of Ar and N2 gas
(80% Ar, 20% N2) was used for CrNx deposition. The Cr and CrNx layers were deposited by
DC magnetron sputtering with a 50 mA current. Sc and B4C layers were deposited by RF
magnetron sputtering with a power of 50 and 150 W respectively. The thickness of each layer
was determined by the velocity of the substrate over the deposition area. The original design was
100 periods of Cr/Sc bilayer covered by a 3 nm-thick B4C capping layer in order to protect the
sample from oxidization. Hard XRR measurements were performed using a commercial grazing
incident reflectometer (BRUKER Discover D8) equipped with Cu K  radiation source (8048
eV). Table 1 presents for each sample the detailed structural parameters as designed and
extracted from the fitting of the measured XRR curve. The notation of sample structure starts
from the substrate. The measured period values are different from the expected values for the
deposition. For example, samples 2 and 3 were both expected to have 2.2 nm for each period, yet
the determined values are 1.72 nm. Such a change of the period (contraction) is due to the
intermixing of different layers which will be described later.
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Table 1. Structural parameters of the samples as designed and extracted from the fitting of the measured hard XRR

curves.
Sample Structure Period Cr (nm) Sc B4C Measured
(nm) (nm) (nm) period (nm)
1 [B4C/Cr/Sc]i00 + B4C cap 1.9 0.6 1.0 0.3 1.65
2 [Cr/B4C/Sclioo + B4C cap 2.2 0.6 1.0 0.6 1.72
3 [B4C/Cr/Sc]io0 + B4C cap 2.2 0.6 1.0 0.6 1.72
4 [B4C/Cr/Sc]i00 + B4C cap 2.5 0.6 1.0 0.9 1.83
5 [C1/Sc]i00 + B4C cap 1.6 0.6 1.0 / 1.58
6 [CrN/Sc]ioo + B4C cap 1.6 0.6(CrN) 1.0 / 1.66

Soft x-ray characterization was done using XRR and XRF-XSW. Experiments were
performed on the BEAR beamline at the ELETTRA synchrotron radiation center!®. The choice
of the incident photon energy for XRR measurements was made in accordance with x-ray
absorption spectroscopy (XAS) data measured in the total electron yield mode. The retained
value is corresponding to the maximum of the first XAS peak associated to the Sc L3 and Cr L3
absorption edges. For XSW measurements we chose the energy associated to Cr L3 edge. The
angle between the incident beam and the fluorescence detector, a silicon drift detector (SDD),
was fixed at 60°. The fluorescence light was measured selecting the energy window around the
Cr L emission (572.8 eV). Being that the energy resolution of the detector is about 100 eV, in
this way we excluded the contribution coming from Sc L emission (395.4 eV). The intensity of
Cr L emission was scanned as a function of the grazing incident angle, leading to the so-called

XSW curve.

3 Result and discussions

Fig. 1 presents the XRR curves measured at the application photon energy equal to 395 eV.

Fig. 1(a) displays the comparison of all samples. As expected from the values in Table 1, the
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smallest value of the period gives rise to the highest of the Bragg angle. In addition the peak
reflectivity and bandwidth differs from one sample to another. An obvious difference in
reflectivity can be observed in Fig. 1(b) between sample 2 (namely Cr/B4C/Sc) and sample 3
(B4C/Cr/Sc) which only differ by the order of the layers. For sample 2, B4C barrier layers are
located at Sc-on-Cr interfaces while for sample 3, they are located at Cr-on-Sc interfaces. The
higher reflectance of sample 2 is in line with the prediction of the theoretical model of
Larruquert'® which considers the contrast of refractive index of the materials for a given
deposition order in a single period. Such difference may also have other origin such as the
difference in interdiffusion between B4C-on-Cr and B4C-on-Sc interfaces. Another group of
comparisons is formed with samples 1, 3 and 4 (Fig. 1(c)) where the only changing parameter is
the thickness of B4C layer varying from 0.3 nm to 0.9 nm. The Bragg peak is (as expected)
shifted according to the period change while the reflectivity remains almost constant. The last
comparison (Fig. (1d)) concerns the two bilayer systems: sample 5 (Cr/Sc) and sample 6
(CrN/Sc). The introduction of nitrogen results in a doubled reflectance, which is probably due to
sharpened interfaces'!. Furthermore, the shift of the Bragg angle peak position indicates an

increase of the period upon nitridation (in agreement with Table 1).



XRR comparison: sub-layer order

0.08 - - - 0.08 T T
0.07 —Sample 1| 0.07 + 1
——Sample 2
0.06 - —Sample 3] 0.06 1
——Sample 4
——Sample 5
;;:0,05 r —Sample 6] 7 ao.os 1
s z
8004 | 1 Boos J
T 2
x 7]
0.03 | 1 X023 4
0.02 + 1 0.02 7
0.01 ~ ! 4 0.01 J
0 A, L 0 Lo L ; ; T
55 60 {55 . 70 75 80 85 62 63 64 65 66 67 68 69
Grazing incidence angle (°) Grazing incidence angle (°)
XRR comparison: B4C thickness XRR comparison: sputtering gas
0.035 - 0.07
= 1
Cc o d —Sample 5
0.03 - k] o o6 ——Sample 6 1
——Sample 4
0.025 + 4 0.05 <!
r’ \ a
I £
] -> =
g 002 | 50‘04
%$0.015 | 1 ©0.03 ,
© |
0.01 [ | 002 | |
[ |
1 |
0.005 | [ ] 0.01 | R
55 80 65 70 65 70 75 80 85

1 H i o
Grazing incidence angle (°) S eidncs wgel)

Fig. 1 XRR curves measured at 395 eV: (a) Overview for Cr/Scbased samples; (b) Comparison of the influence of
layer order, samples 2 and 3; (c) Comparison of the influence of B4C barrier layer thickness, samples 1, 3 and 4; and

(d) Comparison of the influence of nitrogen in sputtering gas, samples 5 and 6.

Following the discussion of the optical performances of all samples, we illustrate the method
how XRR and XRF data are used to get a reliable description of the stack by taking sample 2
(C1/B4C/Sc tri-layer) as an example. According to the Ref. 20 the B4C layer is totally consumed
by Cr: the barrier layer is actually a mixture which consist of 70% of Cr and 30% of B4C. We
note the mixed barrier layer as CrB4C. The refractive index of the CrB4C used in the fitting

process (carried out with IMD software!?) is adjusted accordingly using the tabulated values of
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Cr and B4C from CXRO database?'. We consider a three layer model: the [Cr/CrB4C/Sc]
structure repeats 100 times over Si substrate. A layer of B4C is put on top of such multilayer as
capping layer.

We calculate the reflectivity while varying the parameters: thickness of each layer and
roughness/interdiffusion of each interface. Fig. 2(a) and 2(b) show the XRR spectra of sample 2
measured with incident photon energy at 395 eV (application energy) and 574.8 eV (energy
where we have the maximum absorption) respectively compared to the simulations. Between
these two fittings, a variation of 1.4% for thickness and roughness of each layer is used. We
believe such variation is tolerable as the experimental conditions may change slightly between
the two individual experiments. For example the two XRR measurements were performed at
different grazing incident angle range. This will cause a difference in the area of the illuminated
area. Finally we obtained the following structure for sample 2: Cr(0.60 nm)/CrB4C(0.20
nm)/Sc(0.92 nm), which is also compatible to the fitting of XRR measurement at 8048 eV. Such
result shows a non-proportional deviation of the thicknesses for the different layers compared to
the designed (expected) values. The severe intermixing also explains the tremendous change

between aimed and measured thickness of each period shown in Table 1.
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Fig. 2 XRR of sample 2 Cr/CrB4C/Sc multilayer mirror at 395 eV(a) and 574.8 eV (b). Red dots: experiment; blue
line: fit.

We use XRF-XSW to verify the structure we obtained from XRR fitting. The experimental
result of XRF-XSW is compared with the simulation, which is done with the code FLUORT?. In
the fluorescence calculation all parameters (thicknesses of the layers and roughness of each
interface) determined from XRR fitting are applied. As shown in Fig. 3(a), for sample 2
(Cr/CrB4C/Sc) the experimental XSW curve (red dots) is in agreement with the simulated curve
(blue line) in terms of position, shape and amplitude of the intensity modulation. However, we
could simulate experimental XRF data not only considering fluorescence emission but also
taking into account diffuse scattering and Kossel effect in order to improve the determnation of
the background in the angular range of interest. This is illustrated in Fig. 3(b) in the case of
sample 3 (namely B4C/Cr/Sc) on the 40 - 95° angular range. On the large-scale XSW curve, a
first feature is located at 60° while a second structure is present around 80°. Such phenomenon
happens to each sample with a varying intensity (the scattered intensity for sample 2 is low
enough to be negligible). These features can be explained geometrically, taking into account that
the angle between the incident x-ray beam and the SDD detector is fixed at 60°, as presented in
Figure 4. The 60° grazing incident angle corresponds to the specular condition (see Fig. 4(a)) and
the large tails on both sides of the peak is due to diffuse scattering. The scattered photons of the
incident beam contribute to the background since the energy of the fluorescence photon (572.8
eV) is close to the one of the incident photon (575.2 eV) and cannot be resolved by the SDD
detector. The secondary peak around 80° is due to the Kossel effect (see Fig. 4(b)), i.e. the
diffraction of the radiation emitted by the periodic structure of the multilayer. Considering the
large solid angle of detection in our experimental condition, such effect undergoes a convolution

to form a wide and smooth peak. To take into account these two contributions (diffuse scattering



and Kossel diffraction), two Gaussian curves have been added to the original simulation of the
XSW curve roughly centered at 60 and 80° respectively. In this way we obtain a better

agreement in the zone of interest where standing wave feature takes place (Fig. 3(c)).
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Fig 3 (a) XSW curve of the intensity of the Cr La emission of sample 2 Cr/B4C/Sc multilayer mirror with an
incident photon energy at 574.8 eV. (b) Large-scale angular scan of XSW curve at 575.2eV of sample 3 B4C/Cr/Sc
multilayer; red dots : experimental data; green line: raw simulation; blue line : simulation taking into account the
diffuse scattering and Kossel effect. (¢) Comparison of experimental curve and adjusted simulations for sample 3 in
the zone of interest.
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Fig. 4 XRF-XSW experimental geometry: there is a fixed angle of 60° between the directions of the incident and the
detection of the emitted photons. The XSW curve is obtained by rotating the sample. (a) when the glancing angle of
the photon beam on the sample surface is equal to 60°, the detector is in the specular direction; (b) when the
glancing angle of the photons is around 80°, the Kossel condition is fulfilled because the detection angle
corresponds to the value of the Bragg angle of the emitted radiation.

4 Conclusion and perspectives

We tested the performance of a series of multilayer mirrors based on the Cr/Sc system. B4C
barrier layers are found to be more effective at Sc-on-Cr interfaces than at Cr-on-Sc interfaces to
improve the reflectivity of the mirror. There is evidence that the introduction of nitrogen in the
sputtering gas has positive effect for the improvement of the reflectivity of Cr/Sc system.

Two different methods, XRR and XRF-XSW, are simultaneously applied for the
characterization of the Cr/CrB4C/Sc sample. In such way the determined structure of the sample
is more reliable. To get a better fit of the XSW curve, we use an empirical model of the
background originating from scattering and Kossel diffraction. Yet a mathematical calculation of
the scattering is still in need to simulate it. For the moment the XRF-XSW simulation can be

applied only as a verification method. But recent research declares success in fitting both XRR
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and XRF curves together”, and we are trying to develop our own fitting process to make it

possible to determine the structure independently with XRF-XSW.
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Fig. 1 XRR curves measured at 395 eV: (a) Overview for Cr/Scbased samples; (b) Comparison
of the influence of layer order, samples 2 and 3; (c) Comparison of the influence of B4C barrier
layer thickness, samples 1, 3 and 4; and (d) Comparison of the influence of nitrogen in sputtering
gas, samples 5 and 6.

Fig. 2 XRR of sample 2 Cr/CrB4C/Sc multilayer mirror at 395 eV(a) and 574.8 eV (b). Red dots:
experiment; blue line: fit.

Fig 3 (a) XSW curve of the intensity of the Cr La emission of sample 2 Cr/B4C/Sc multilayer
mirror with an incident photon energy at 574.8 eV. (b) Large-scale angular scan of XSW curve at
575.2eV of sample 3 B4C/Cr/Sc multilayer; red dots : experimental data; green line: raw
simulation; blue line : simulation taking into account the diffuse scattering and Kossel effect. (c)
Comparison of experimental curve and adjusted simulations for sample 3 in the zone of interest.
Fig. 4 XRF-XSW experimental geometry: there is a fixed angle of 60° between the directions of
the incident and the detection of the emitted photons. The XSW curve is obtained by rotating the
sample. (a) when the glancing angle of the photon beam on the sample surface is equal to 60°,
the detector is in the specular direction; (b) when the glancing angle of the photons is around 80°,
the Kossel condition is fulfilled because the detection angle corresponds to the value of the

Bragg angle of the emitted radiation.
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