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1 ABSTRACT

Mg/Sc and Sc/Mg bilayers were studied to investigate their interfaces. Time-of-flight
secondary ion mass spectroscopy and grazing incidence x-ray reflectivity are combined to
determine the realistic structure of the bilayer stack: thickness, refractive index, and roughness
of layers and interlayers respectively. In addition, soft x-ray reflectivity measurements provide
sensitive information about the chemical environment of scandium, when the incident photon
energy is tuned in the vicinity of the Sc L-absorption edge (~ 400 eV). Both Mg-on-Sc and Sc-
on-Mg interfaces have high roughness (~1 nm) and a MgSc compound interlayer but are shown

to be asymmetric.

Keywords: Grazing incidence x-ray reflectivity, Interfaces, Soft x-ray reflectivity, Time-of-
flight secondary ion mass spectroscopy.



1. Introduction

The water window range, located between the absorption edges of carbon (285 eV) and
oxygen (530 eV), is particularly suited for imaging biological samples with high optical
contrast. Within this range also falls the nitrogen K absorption edge (395 eV) with characteristic
Ka emission at 393 eV. This emission band is quite intriguing for the design and application of
multilayer mirrors as optical components for spectroscopic purposes [1]. Crystal spectrometers
when equipped with suitable periodic multilayers designed with periods ranging from few to
some tens of nanometers can diffract nitrogen K emission band, which is otherwise impossible

to achieve with a crystal owing to the long wavelength to disperse [2-4].

Different Mg/Sc multilayers with and without Co barrier layer have been previously
studied for application in this spectral range [5]. Out of those systems, Sc/Co/Mg/Co multilayer
displayed promising results with an expected reflectivity of 32% in the nitrogen K edge energy
range. However, it was found that strong interdiffusion takes place at the Mg-on-Sc and Sc-on-
Co interfaces, leading to limited reflective properties [5]. Given in figure 1(a) and b) is the
simulation of a perfect (without roughness or diffusion) [Mg(3nm)/Sc(3nm)]xes and
[Sc(3nm)/Mg(3nm)/ZrC(1nm)]xzs periodic multilayer systems with more than 50% reflectance
at the N K absorption edge of 395 eV. It is thus evident from the simulation that such systems
can pose as ideal candidates for application in the N K emission range. However, in reality such
perfect systems cannot be achieved as the interdiffusion at interfaces, formation of rough
surfaces and even in some cases presence of buried layers hinder the quality and overall optical
performance of any multilayer system. Thus, it is a prerequisite to describe precisely the
interlayers and have information about the interactions at the surface of the stack, in-between
each layer and at the bottom layer and the substrate. Consequently, we now aim to study the
bilayer systems made of Mg and Sc to investigate the behaviour of Mg-on-Sc and Sc-on-Mg

interface separately.
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Figure - 1 (a) and (b) show the simulated reflectance calculated for [Mg(3nm)/Sc(3nm)]x2s and
[Sc(3nm)/Mg(3nm)/ZrC(1nm)]x2s multilayer at the incident photon energy of N K edge 395 eV.

Grazing incidence hard x-ray reflectivity (GIXRR), a non-destructive tool, is used to
probe the two bilayer structures to deduce structural parameters: thickness, roughness and
density of layers and interlayers. In GIXRR, the optical contrast is not sufficient to identify the
small compositional gradients at the interface for thin films of low atomic numbers [6,7].
Whereas, in the soft x-ray region, near absorption edges, with a marginal change in the
composition, the atomic scattering factors vary drastically, in turn enhancing the optical index
contrast [8,9]. In this study, soft x-ray reflectivity (SXR) is employed to record the reflectivity
curves at photon energies around the Sc L3 absorption edge. Furthermore, time of flight
secondary ion mass spectroscopy (ToF-SIMS) analysis was also done to understand the nature
of different layers and interlayers formed. It gives the distribution of layers of inside the stack
and provides information of the possible compounds formed as a result of intermixing between

the layers.

2 Experimental
2.1 Sample Preparation

[Mg(20nm)/Sc(20nm)]/Si  substrate and  [Sc(20nm)/Mg(20nm)]/ZrC(1.5nm)/Si
substrate (labelled as Mg/Sc and Sc/Mg respectively in the following) samples were fabricated
using ion beam sputtering. Commercially available sputtering targets of Mg, Sc and ZrC with
99.5% purity were used. Deposition chamber was evacuated to 10° Pa before sputtering. The
targets were sputtered by 1 keV Ar ions using Kauffman ion source with 3 sccm flow. Working
pressure was maintained in ~ 0.1 Pa range during the deposition. The sputtering targets were
pre-sputtered for ~10 min to remove surface contamination. Samples were then deposited at a

typical deposition rate of 0.5 - 0.7 nm/min for Mg, Sc and ZrC.



2.2 Characterization

Grazing incidence reflectivity measurements using hard x-rays were performed using a
table top Bruker D-8 reflectometer equipped with a 0-20 goniometer and a Cu Ka source
(8048 eV). The reflectivity in the soft x-ray region was carried out at the soft x-ray reflectivity
beamline at Indus-2 synchrotron source. The beamline operates in the energy region of 100-
1500 eV with moderate resolving power (E/AE = 1000-6000) and high photon flux of 10°-
10 photons/s [10]. The beamline operates under ultra-high vacuum (< 3x107 Pa). The
reflectometer is kept in a high vacuum experimental chamber equipped with a two-axis
goniometer and a linear translation stage for sample movement. The reflected beam is detected
using a Si photodiode connected to a Keithley electrometer. SXR measurement was done for
the [Sc/Mg]/ZrC bilayer by tuning the energy of the incident beam around the Sc L-absorption
edge, at energies varying from 370 to 420 eV. The data obtained was then fitted using IMD, a
program for modelling optical properties of thin films and multilayers, based on Parratt
recursive formalism to obtain the structural and optical parameters of the stack: thickness,
roughness, density and real and imaginary parts of the optical index of the layers and interlayers
[11,12]. It utilizes nonlinear least squares curve fitting technique based on > minimization

method to fit the reflectivity curves.

To highlight the morphology of interfaces for bilayers time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) measurements were performed. The analysis was done using Bi* ion
gun operating at 30 keV and ~2.5 - 3.0 pA. The depth profiling was made with a O2* ion gun
operating at 500 eV, ~100 nA over an analysis of 100 umx 100 pm. Only positive ions were
recorded. ToF-SIMS profiles are recorded by measuring the intensity of each incident ion of a
given mass as a function of the sputtering time. It must be noted that the time scale is not relative
thickness of each layer and that the sputtering yields of two elements is not related to the

difference of concentration of these elements [13].

GIXRR fit of the reflectivity data can result in various possible fitted structures when
we take into account different thickness, composition and density of constituting layers and
interlayers. Hence, we first use ToF-SIMS to determine a priori information on possible
structure, by measuring the distribution of elements as a function of sputter time inside the
bilayer stacks. Then, the possible structure obtained from the ToF-SIMS analysis is used to fit

the measured GIXRR curves for both bilayers.



In the x-ray region, complex refractive index for matter is given by n =1 — 6§ + ip3,
where 6 (dispersion coefficient) and B (absorption coefficient) are the optical constants. The
SXR curves measured around the Sc L 3-absorption edge (400 eV), with energies ranging from
370 to 420 eV, are fitted and the values of optical constants & and B are determined. The
calculated values of & and B for Sc are then plotted as a function of incident energy across the
absorption edge. Using the fit values of film thickness, real part of refractive index (8), and
roughness, a depth dependent &-profile is calculated and plotted as a function of the depth. In
case of hard x-ray analyses, the &-profiles are more analogous to mass density profiles.
However, in case of soft x-rays the presence of different edges affects 6 value significantly

which then does not vary directly with mass density.

3 Results and discussion

Figure 2 shows the ToF-SIMS profiles of Mg*, Sc*, Si* ions as well as C* ions obtained
on the Mg/Sc bilayer. For sake of clarity, the regions corresponding to Mg and Sc layers and Si
substrate are delimited by vertical lines. The progression of Mg and Sc profiles suggests that
Mg is diffusing towards the Sc layer, resulting in an interlayer formation. The small increase,
between the Sc layer and the substrate could be indicative of an interlayer. Even if there exists
no direct relation between the sputtering time and the depth, it takes about four more time to
sputter the Sc layer than the Mg one. Knowing that the ratio of the sputtering yields of Mg to
Sc by oxygen ion of 1 keV is about 0.5 (it should be the same order of magnitude for 0.5 keV
ions), we expect the Sc layer to be at least twice thicker than the layer containing Mg atoms.

Carbon is only present at the surface owing to atmospheric contamination.
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Figure 2 - ToF-SIMS profile for Mg/Sc Bilayer.



Now that we have an idea of possible structure of the Mg/Sc bilayer, this information is
implemented to fit the measured GIXRR curve. Figure 3(a) shows measured as well as fitted
GIXRR data of the Mg/Sc bilayer. The best fit was obtained using a four-layer model consisting
of a top layer due to surface oxidation (MgO), an MgSc layer, the nominal Sc layer and an
interlayer at the scandium and silicon substrate interface. Table 1 collects the structural
parameters of the stack deduced from the fit. From these parameters, the 3-profile is plotted in
Figure 3(b). The thickness of the layers containing Mg atoms (4.5 nm) is much lower than the
aimed thickness (20 nm), whereas the Sc thickness (17 nm) is a little lower than the aimed one
(20 nm). This could come from a problem in the calibration of the Mg and Sc deposition rates

or of a low sticking coefficient of magnesium atoms on scandium.

The formation of the interface layer on Mg-on-Sc interface can be understood by the
value of the mixing enthalpy of Mg and Sc. It is found that the maximum values of enthalpy
calculated from semi-empirical Miedena model [14] for Mg-Sc is -5 kJ/mol. This negative
value means that the interface Mg-on-Sc is prone to interdiffusion and a mixed region is likely
to be formed as a result of diffusion of Mg atoms into the Sc layer during the deposition. The
Sc layer is mostly uniform with a density close to that of the bulk. An increase in the 5-profile
is seen at the Sc-on-Si interface. The calculated delta value of the interlayer (16.76 x 107),
Table 1, suggests that the interlayer formed at the Sc-on-Si interface could either be an oxide
of scandium, ScxOy (10.50x107) or a scandium silicide (ScSi 10.50x107®; ScsSis 10.69x10).
But since the fitted 6 value of the interlayer is higher than those of ScxOy, ScSi and ScaSis, we
suggest that the interlayer is rather a mix of ScSi interlayer with the presence of O atoms
resulting into a higher density [15,16]. The source of oxygen is the native oxide layer naturally

formed of top of the silicon substrate.
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Figure 3 - For the Mg/Sc bilayer: (a) experimental and fitted GIXRR curves; (b) in-depth -
profile deduced from the structure used to fit the GIXRR curve.

Table 1 - Structural and optical parameters of the Mg/Sc bilayer, where z and o are the
thickness and roughness of each layer respectively; 6 and f are the dispersion and absorption
coefficients. The thicknesses and roughness’s are given 0.1 nm.

Layer z(nm) [ o (nm) | & (x10°) | B (x107)
MgO 2.93 0.80 11.24 1.23
MgSc 1.54 0.32 9.79 3.95
Sc 17.15 1.00 10.84 6.76
Interlayer 0.51 0.20 16.76 5.95
Si substrate - 0.35 7.58 1.73

Figure 4, shows the ToF-SIMS profile of Mg*, Sc*, Zr*, Si* ions as well as C* ions of
Sc/Mg bilayer where the different layers are separated delimited by vertical dotted lines. As in
the Mg/Sc sample the diffuse transition of the profiles between the Sc and Mg layers suggests
the existence of an interlayer at the Sc-on-Mg interface. Owing to the very small thickness of
the ZrC layer, it is difficult to know if the shoulder observed on the Mg profile around 360 s
could evidence the presence of an interlayer between Mg and ZrC layers or is due a transient
sputtering regime. Carbon is only present at the surface owing to atmospheric contamination

and is not enough intense to be observed from the ZrC layer.
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Figure 4 - ToF-SIMS profile of Sc/Mg bilayer.

Similarly, here, the ToF-SIMS analysis result is applied to find a structure suitable to fit
the Sc/Mg GIXRR curve. The fitted and measured curves are shown in Figure 5(a). The fitted



structure is a six-layer model, that is to say in addition to the nominal layers of Sc, Mg and ZrC,
a top layer due to surface oxidation (Sc203), an interfacial layer (MgSc) at the Sc-on-Mg
interface and a native oxide layer (SiO.) on top of the silicon substrate have to be introduced.
SiO> layer is added due to possible oxidation of the Si substrate. Thickness and roughness of
different layers along with their 6 and 3 values for each layer as extracted from the GIXRR
analysis are given in Table 2. The fitted optical constants for each of the nominal layers are
close to their bulk densities. The delta &-profile deduced from the chosen structure of the

parameters of Table 2 is shown in Figure 5(b).
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Figure 5 - For the Sc/Mg bilayer: (a) experimental and fitted GIXRR curves; (b) in-depth ¢-
profile deduced from the structure used to fit the GIXRR curve.

Table 2 - Structural and optical parameters of the Sc/Mg bilayer, where z is thickness of each
layer, o being the roughness of each layer ¢ and f are the dispersion and absorption
coefficients. The thicknesses and roughness’s are given #0.1 nm.

Layer z(nm) | e(nm) | & (x10%) | B(x107) | & (x10%) B (x107)
(Bulk) (Bulk)

Sc203 1.47 0.46 11.81 5.85 11.99 5.95
Sc 12.3 0.36 10.05 7.52 9.10 6.85
MgSc 0.94 0.25 7.67 4.09 7.67 4.09
Mg 8.59 1.00 5.88 0.87 5.58 0.83
ZrC 1.6 0.30 19.29 9.64 19.16 9.57
SiOz 0.24 0.20 8.71 1.13 7.13 0.92
Si substrate - 0.25 7.58 1.73 7.58 1.73




As for the previous sample, the thickness of layers containing Mg atoms as well as the
layers containing Sc atoms are smaller than the aimed designed ones. On the contrary the ZrC
layer thickness is close to the aimed one. The large thickness of the Sc layer prevents the
underneath Mg layer from oxidation. The thickness of the MgSc interlayer is limited to 0.9 nm
in the Sc/Mg bilayer while it is 1.5 nm in the Mg/Sc bilayer. This shows that Mg-on-Sc and Sc-
on-Mg interfaces are asymmetric. A shoulder of native oxide of SiO; is expected to be observed
at the bottom of ZrC profile, but since the fitted thickness of SiO> is very small (0.24 nm) it is
difficult to see SiO2 on the 5-profile.

Near the absorption edge, refractive index is sensitive to the chemical environment, so
any change in local environment of the atom will be reciprocated by the change in its optical
parameters [7,17,18]. Thus, SXR technique can give elemental sensitive information, by tuning
the energy of x-rays to the absorption edges of Sc [19,20]. The SXR fitted and measured curves
for Sc/Mg bilayer, as function of incident angle at different photon energies around the Sc L
absorption edge ranging from 370 to 420 eV are shown in Figure 6.

Intensity (Arb. Units)

Incidence Angle (°)

Figure 6 — Measured (color lines) and fitted (black solid lines) angle-dependent SXR curves
at energies across the Sc L3 absorption edge.

The Reflectivity curve measured for the Sc/Mg bilayer at 8048eV is fitted to determine
the complete structure of the stack, i.e. the thickness, roughness and density of each layer and
interlayer formed. The SXR curves measured around the Sc L-edge ranging from 370 to 420
eV are then fitted using the structure deduced from the former analysis. The curves are fitted
only by changing the refractive index i.e; 0 (imaginary part) and B (real part). If we introduce
other parameters such as the thickness or roughness, the fitted structure will change for each

measured energy. Hence, it will no longer be possible to draw a fair comparison on the variation



of refractive index at different photon energies around the absorption edge. The calculated &
and 3 values of the Sc layer are plotted in Figure 7 (a) and (b) in comparison to the tabulated
values as and CXRO values obtained from online database [21,22]. Close to the Sc edge
(400 eV) the anomalous behaviour is evidenced by the negative values of the 6 parameter. The
B parameter is low before the edge and then increases sharply owing the empty Sc d states. A
scale difference for both 6 and P curves is observed in comparison with CXRO database at Sc-
Lo 3 edge. At lower energies below the absorption edge, the 6 values of Sc are similar to those
of CXRO.

0.004 r T T T T T
+«s@+» Measured Sc 0.010 B ](\;1;(321;5(1-1)1‘@;175()
. —— ¢
0002f o, —+—(CXRO Sc | —
. e & 0.008 |
0.000 [---=-7= Zagrommmmmememeoemees Podef e -
0.006 |
w -0.002 F 4 &
0.004 |
-0.004 - .
0.002 |
-0.006 |- .
0,008 (a) 0.000 — : : . . .
‘ 370 380 390 400 410 420 0o 380 390 400 4l0 420
Energy (¢V) Energy (eV)

Figure 7 - Dispersion () (a) and absorption () (b) coefficients of Sc layer for photon
energies in the vicinity of the Sc L3 edge extracted from the fit of SXR curves and compared
to CXRO tabulated values.

4  Conclusion

Mg/Sc and Sc/Mg bilayers were characterized by GIXRR and SXR measurements and
fitting. ToF-SIMS was useful as a first step in the analysis to limit the number of possible
structures used in the process of fitting reflectivity curves. Both samples are oxidized at their
surface, the magnesium oxide being about twice thick as the scandium oxide. An intermixing
between the Mg and Sc layers takes place with an asymmetric behaviour between the Sc-on-
Mg and Mg-on-Sc interfaces. This confirms the need to insert barrier layers at the interfaces of
Mg/Sc stacks to develop periodic multilayers as efficient dispersive elements for the water

window range.

Acknowledgements

Authors are thankful to Mr. Aniruddha Bose and Mr. R.K. Gupta of RRCAT Indore

for their support in ToF-SIMS and SXR measurements respectively.

10



References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

C. Hombourger, P. Jonnard, J.-M. André, J.-P. Chauvineau, Use of layered synthetic
microstructures for the quantitative x-ray analysis of light elements, X-Ray Spectrometry.
28 (1999) 163-167. https://doi.org/10.1002/(SICI)1097-
4539(199905/06)28:3<163::AID-XRS331>3.0.CO;2-Z.

F. Schafers, H.-C. Mertins, F. Schmolla, I. Packe, N.N. Salashchenko, E.A. Shamov,
Cr/Sc multilayers for the soft-x-ray range, Appl. Opt., AO. 37 (1998) 719-728.
https://doi.org/10.1364/A0.37.000719.

E.J. McDermott, E.Z. Kurmaev, T.D. Boyko, L.D. Finkelstein, R.J. Green, K. Maeda, K.
Domen, A. Moewes, Structural and Band Gap Investigation of GaN:ZnO Heterojunction
Solid Solution Photocatalyst Probed by Soft X-ray Spectroscopy, J. Phys. Chem. C. 116
(2012) 7694-7700. https://doi.org/10.1021/jp301231p.

J.B. MacNaughton, E.Z. Kurmaev, L.D. Finkelstein, J.S. Lee, S.D. Wettig, A. Moewes,
Electronic structure and charge carriers in metallic DNA investigated by soft x-ray
spectroscopy, Phys. Rev. B. 73 (2006) 205114.
https://doi.org/10.1103/PhysRevB.73.205114.

P. Jonnard, M. Wu, K. Le Guen, A. Giglia, K. Koshmak, Q. Huang, Z. Zhang, Z. Wang,
I. Esteve, N. Menguy, B. Doisneau, Characterization of Sc/Mg multilayers with and
without Co barriers layers for x-ray spectroscopy in the water window range, J. Appl.
Phys. 126 (2019).

Kiranjot, R. Dhawan, R.K. Gupta, P.K. Yadav, M.H. Modi, Interface asymmetry in
AIN/Ni and Ni/AIN interfaces: A study using resonant soft X-ray reflectivity, Applied
Surface Science. 529 (2020) 147199. https://doi.org/10.1016/j.apsusc.2020.147199.

A. Majhi, M. Nayak, P.C. Pradhan, E.O. Filatova, A. Sokolov, F. Schéfers, Soft X-ray
Reflection Spectroscopy for Nano-Scaled Layered Structure Materials, Sci Rep. 8 (2018)
15724, https://doi.org/10.1038/s41598-018-34076-5.

C. Wang, T. Araki, H. Ade, Soft x-ray resonant reflectivity of low-Z material thin films,
Appl. Phys. Lett. 87 (2005) 214109. https://doi.org/10.1063/1.2136353.

M. Nayak, G.S. Lodha, A.K. Sinha, R.V. Nandedkar, S.A. Shivashankar, Determination
of interlayer composition at buried interfaces using soft x-ray resonant reflectivity, Appl.
Phys. Lett. 89 (2006) 181920. https://doi.org/10.1063/1.2374865.

M.H. Modi, R.K. Gupta, S.R. Kane, V. Prasad, C.K. Garg, P. Yadav, V.K. Raghuvanshi,
A. Singh, M. Sinha, A soft x-ray reflectivity beamline for 100-1500 eV energy range at

11



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Indus-2 synchrotron radiation source, AIP Conference Proceedings. 2054 (2019) 060022.
https://doi.org/10.1063/1.5084653.

D.L. Windt, IMD—Software for modeling the optical properties of multilayer films,
Comput. Phys. 12 (1998) 360. https://doi.org/10.1063/1.168689.

L.G. Parratt, Surface Studies of Solids by Total Reflection of X-Rays, Phys. Rev. 95
(1954) 359-369. https://doi.org/10.1103/PhysRev.95.359.

A. Benninghoven, Surface analysis by Secondary lon Mass Spectrometry (SIMS), Surface
Science. 299-300 (1994) 246-260. https://doi.org/10.1016/0039-6028(94)90658-0.

A. Debski, R. Debski, W. Gasior, New features of Entall database: Comparison of
experimental and model formation enthalpies, Archives of Metallurgy and Materials. 59
(2015) 1337-1343. https://doi.org/10.2478/amm-2014-0228.

O. Thomas, C.S. Petersson, F.M. d’Heurle, The reaction of scandium thin films with
silicon: diffusion, nucleation, resistivities, Applied Surface Science. 53 (1991) 138-146.
https://doi.org/10.1016/0169-4332(91)90254-H.

Y.A. Uspenskii, V.E. Levashov, A.V. Vinogradov, A.l. Fedorenko, V.V. Kondratenko,
Y.P. Pershin, E.N. Zubarev, V.Y. Fedotov, High-reflectivity multilayer mirrors for a
vacuum-ultraviolet interval of 35-50??nm, Opt. Lett, OL. 23 (1998) 771-773.
https://doi.org/10.1364/0L.23.000771.

S.P. Singh, M.H. Modi, P. Srivastava, Growth kinetics and compositional analysis of
silicon rich a-SiNx:H film: A soft x-ray reflectivity study, Appl. Phys. Lett. 97 (2010)
151906. https://doi.org/10.1063/1.3497284.

M.H. Modi, M. Sinha, A. Bose, A. Singh, P. Jonnard, Depth analysis of Al/ZrC interfaces
using SIMS and x-ray reflectivity, Surf Interface Anal. 50 (2018) 1239-1242.
https://doi.org/10.1002/sia.6443.

M. Fernandez-Perea, J.I. Larruquert, J.A. Aznarez, J.A. Méndez, L. Poletto, A.M.
Malvezzi, A. Giglia, S. Nannarone, Determination of optical constants of scandium films
in the 20-1000 eV range, J. Opt. Soc. Am. A, JOSAA. 23 (2006) 2880-2887.
https://doi.org/10.1364/JOSAA.23.002880.

Y.A. Uspenskii, J.F. Seely, N.L. Popov, A.V. Vinogradov, Y.P. Pershin, V.V.
Kondratenko, Efficient method for the determination of extreme-ultraviolet optical
constants in reactive materials: application to scandium and titanium, J. Opt. Soc. Am. A,
JOSAA. 21 (2004) 298-305. https://doi.org/10.1364/JOSAA.21.000298.

12



[21] B.L. Henke, E.M. Gullikson, J.C. Davis, X-Ray Interactions: Photoabsorption, Scattering,
Transmission, and Reflection at E = 50-30,000 eV, Z = 1-92, Atomic Data and Nuclear
Data Tables. 54 (1993) 181-342. https://doi.org/10.1006/adnd.1993.1013.

[22] CXRO X-Ray Interactions With Matter, (n.d.). https://henke.lbl.gov/optical_constants

13



List of figure captions:

1.

Figure 1 - (a) and (b) show the simulated reflectance calculated for
[Mg(3nm)/Sc(3nm)]xzs and [Sc(3nm)/Mg(3nm)/ZrC(1nm)]x2s multilayer at the incident
photon energy of N K absorption edge at 395 eV.

Figure 2 - ToF-SIMS profile for Mg/Sc Bilayer.

Figure 3 - For the Mg/Sc bilayer: (a) experimental and fitted GIXRR curves; (b) in-
depth d-profile deduced from the structure used to fit the GIXRR curve.

Figure 4 - ToF-SIMS profile of Sc/Mg bilayer.

Figure 5 - For the Sc/Mg bilayer: (a) experimental and fitted GIXRR curves; (b) in-
depth d-profile deduced from the structure used to fit the GIXRR curve.

Figure 6 — Measured (color lines) and fitted (black solid lines) angle-dependent SXR
curves at energies across the Sc L3 absorption edge.

Figure 7 - Dispersion (9) (a) and absorption () (b) coefficients of Sc layer for photon
energies in the vicinity of the Sc L3 edge extracted from the fit of SXR curves and

compared to CXRO tabulated values.

List of table captions:

1.

Table 3 - Structural and optical parameters of the Mg/Sc bilayer, where z and o are the
thickness and roughness of each layer respectively; 6 and P are the dispersion and
absorption coefficients. The thicknesses and roughness’s are given + 0.1 nm.

Table 4 - Structural and optical parameters of the Sc/Mg bilayer, where z is thickness
of each layer, o being the roughness of each layer & and B are the dispersion and

absorption coefficients. The thicknesses and roughness’s are given + 0.1 nm.
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