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Study of structural and reflective characteristics of multilayer X-ray
mirrors based on a pair of Ru/B materials
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The paper presents the results of a study of the reflective characteristics at wavelengths of 0.154, 0.989 and
1.76 nm and the structural characteristics reconstructed from these data of multilayer Ru/B X-ray mirrors without
interlayers and with carbon interlayers. The deposition of C interlayers on the B-on-Ru boundary resulted in a
decrease of the transition region length from 0.69 to 0.37 nm. The calculated reflectivity of the Ru/C/B structure at
a wavelength of 6.65 nm, performed using the obtained structural parameters of the mirrors, amounted to a record

68.9 %.
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The 6.65—9 nm spectral range is one of the wavelength
intervals of the greatest current interest. This interest stems
from the fact that the indicated range is relevant to a number
of important applications, such as next-generation projection
lithography [1], X-ray fluorescence analysis [2], design of
monochromators for synchrotron radiation stations [3], and
X-ray spectroscopy [4]. The general rule for selection of
materials for a multilayer X-ray mirror (MXM) is to choose
a material with the lowest absorption in the operating
wavelength range first. This material is then coupled with
the one that provides the strongest contrast in permittivity,
while also having as low absorption as possible. Boron
or boron-containing materials (boron absorption K-edge is
Ak = 6.63nm) are the best spacers within the 4 > 6.65nm
wavelength range. Lanthanum and ruthenium appear to be
the most efficient absorbers. Figure 1 presents the results of
theoretical calculation of peak values of reflectance for La/B,
La/B4C, Ru/B, and Ru/B4C structures within the 6—9nm
spectral range under normal incidence. The case of ideal
structures with zero roughness, tabular material densities,
and zero period drift or fluctuations is considered here. It
follows from these dependences that boron used as a spacer
provides higher reflectance values than boron carbide. It
should also be noted that the best reflectance values near
Ak are obtained in La/B structures, while Ru/B structures
provide the best results in the long-wavelength region of
the examined spectral range. La-based structures were
examined in [5-8]. Owing to mixing of materials at the
interfaces between layers, the reflectance values obtained
experimentally in these studies differed significantly from
the maximum theoretically possible ones. One efficient
method for enhancing the interface between materials is
structure synthesis in a mixture of argon and nitrogen gases.
In this case, nitrogen is introduced into the working volume
only during the synthesis of lanthanum layers, which leads to
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the formation of a LaN/B structure. Reflectance R = 64.1 %
at an incidence angle of 1.5° from the normal and a
wavelength of 6.65 nm was obtained in [8] for this structure.
This is the current reflectance record at the specified
wavelength. The optical properties of Ru/B4C MXMs in
the hard X-ray region were characterized in [9-12]. Ru/B
MXMs have not been studied earlier. These are the MXMs
examined in the present study.

The setup discussed in [13] was used for synthesis
of multilayer structures. Ruthenium was deposited by

magnetron sputtering (discharge parameters: | = 300 mA
and U =290V), while ion-beam deposition was used
for boron (beam current | = 60mA and beam energy
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Figure 1. Reflectance dependences for ideal La/B, La/B4C,

Ru/B, and Ru/B4C structures within the range of 6—9nm at a
grazing angle of incidence of 90°. Optical constants from the
CXRO database (https://henke.lbl.gov/optical_constants/) were used
in calculations.
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Structural parameters of the studied samples (number of periods for all structures N = 50)

Compound | Period, Transition layer width, nm R, % R*™*, %
of the structure | nm | A at the B-on-Ru boundary | at the Ru-on-B boundary | 1 = 0.989nm | A = 1.759nm | 1 = 6.65nm
Ru/B 3435 048 0.57 0.22 20 7.3 25.7
Ru/B 3425 (039 0.69 021 194 72 21.1
Ru/B 3.530 | 0.34 0.62 0.18 253 10.1 223
Ru/B 3635 |03 0.69 0.24 229 10 19.2
Ru/B/C 3425 1043 0.7 0.21 21.8 - 27.6
Ru/C/B 3.509 |0.38 0.37 021 28.7 12.3 36.45

* Ruthenium fraction in a period.
** Measured reflectance values at wavelengths of 0.989 and 1.759 nm.
*** Theoretical value of the MXM reflectance at a wavelength of 6.65 nm calculated with account for the reconstructed structural parameters.
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Figure 2. Dependences of the experimentally measured reflectance on the grazing angle of incidence and the results of fitting for
wavelengths 1 = 0.154 (a), 0.989 (b), and 1.759 nm (c).
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E = 800eV). Argon was the working gas; working pressure
p=1.3-10"3Torr. Silicon wafers with roughness at the
level of 0.2nm served as substrates. The synthesized
structures were examined both in the hard X-ray region
at wavelength 4 = 0.154 nm with a four-crystal PANalytical
X’Pert PRO diffractometer and in the soft X-ray region
at wavelengths 2 =0.989 and 1.759nm with a labora-
tory reflectometer fitted with an RSM-500 [14] grating
spectrometer/monochromator. The structural parameters of
samples (structure period, layer thickness, material density,
width of transition regions) were determined using the
Multifitting software developed at the Institute of Physics of
Microstructures of the Russian Academy of Sciences [15].
A series of samples with different values of parameter
B = dry/d, where dg, is the thickness of ruthenium in a
single structure period and d is the multilayer mirror period,
were synthesized for the study of structural parameters of
multilayer Ru/B mirrors. The number of periods in all
structures was N = 50. Figure 2 shows an example fit of
experimental curves in Multifitting, which served as the
basis for determination of the structural parameters. The
composition of MXM samples and their main structural
parameters are presented in the table. These data reveal an
asymmetry in transition regions at different boundaries: the
transition region at the B-on-Ru boundary is more extensive
than at the Ru-on-B boundary. To reduce the extent of
transition regions at the boundary, carbon barrier layers
were added to the structure. The addition of carbon onto
boron layers (Ru/B/C structure) did not produce a positive
effect, while the deposition of carbon layers onto ruthenium
(Ru/C/B structure) allowed us to reduce significantly the
width of the transition region from 0.69nm to 0.37nm.
The thickness of carbon layers was 0.33nm. Figure 3
shows the dependence of reflectance on the grazing angle of
incidence at wavelength 4 = 6.65 nm for a multilayer Ru/B
mirror with carbon barrier layers calculated numerically
with account for the obtained values of the transition region
width. The number of periods in this calculation was
N = 250. It is evident that ruthenium/boron structures with
barrier layers provide reflectance R = 68.9 % at wavelength
A =6.65nm, which exceeds reflectance R = 64.1% ob-
tained earlier in [8] for LaN/B structures. Thus, although
the optical characteristics of ideal Ru/B structures are such
that their theoretical reflectance in the vicinity of 6.7 nm is
lower than the one of La/B structures, the experimentally
attainable reflectance values for ruthenium-based structures
are higher (owing to the small width of transition regions).
However, despite the validity of the calculation model, this
claim of multilayer Ru/B mirrors being advantageous over
La/B ones requires experimental verification. Therefore,
Ru/C/B MXMs potentially hold promise for use as reflective
elements in optical circuits within the 6.65—9 nm spectral
range.

The following important results were obtained. It was
demonstrated that Ru/B structures have asymmetric thick-
nesses of transition layers: the B-on-Ru boundary is more
extensive with a width of 0.57—0.70 nm, which makes it
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Figure 3. Theoretical dependence of reflectance on the grazing
angle of incidence at wavelength 4 = 6.65nm for a multilayer
Ru/C/B mirror calculated with account for the obtained structural
parameters.

significantly more difficult to achieve high reflectance values.
The use of barrier layers (carbon interlayers with a thickness
of 0.3—0.4nm applied to the most extensive boundary)
allows one to reduce the width of the transition region by a
factor of almost 2 (to 0.3—0.4 nm), which, in turn, leads to
an increase in reflectance. Theoretical calculations revealed
that multilayer Ru/C/B mirrors with the obtained structural
parameters may provide a reflectance up to 68.9% at a
wavelength of 6.65nm (a record-high value, if confirmed by
measurements). Thus, the proposed structures have wide
opportunities for application as reflective elements within
the 6.65—9 nm wavelength range.
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