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Rubidium-based multilayer mirrors for soft X-ray radiation
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Theoretical study was performed to investigate the configuration of rubidium-based X-ray multilayer mirrors for
a wavelength range of 11—17nm. A genetic algorithm was used to solve the problem of multilayer configuration
improvement for such mirrors. A possibility of reaching a maximum theoretical reflectivity limit of 78 % for
Ru/Rb-mirrors at 13.5nm and of 83 % for Al/Rb-mirrors near 17.0—17.1 nm is justified.

Keywords: X-ray radiation, multilayer metal mirrors, refractive index, reflectivity, spectral selectivity, genetic

algorithm.

DOI: 10.61011/TP.2025.10.62094.244-24

Introduction

Development of modern soft X-ray control technologies
directly depends on the improvement of optical properties
of multilayer mirrors (MM). Such mirrors have already
proved effective in various electromagnetic radiation ranges,
however, the theoretical reflectivity limit of multilayer
mirrors in the X-ray range is much lower than 100 % due
to strong radiation absorption by virtually all materials [1,2].
Notwithstanding that the authors in the previously published
works [3-6] managed to achieve mirror reflection coeffi-
cients that were quite close to the theoretical limit, there
are still wavelength ranges where much lower reflection
coefficients are observed.

Progress in a number of research and development
efforts is closely related to the development of existing
MM synthesis technology. In particular, 17.1nm X-ray
solar astronomy requires an increase in the resolution of
recording equipment and, therefore, the reflection coefficient
of coatings must be increased [7,8]. Improvement of the
existing multilayer optics and search for new compositions
of multilayer mirrors to achieve high reflection coefficients in
a lower short-wavelength band of 11—12 nm are important
tasks for lithographic applications [5,6,9]. Due to a large
number of mirrors in a lithography lens system, an increase
in the MM reflection coefficient by only a few percent can
significantly affect the cost benefits [10].

Due to physical features of interaction between X-ray
radiation and a substance, search for more transparent
materials for a soft X-ray spectrum is an important task,
which inevitable involves a need for improvement of MM
consisting of the chosen materials. The most valuable
practical achievement in the multilayer X-ray optics is the
ability to provide a high reflection coefficient in a relatively
narrow wavelength range. This task is handled successfully

by {A/S}y type periodic binary X-ray mirrors, where A is
the ,absorber, a strongly absorbing material , S is the
»Spacer“, a weakly absorbing material, N is the number
binary layer periods. For various X-ray ranges, Be, B4C, Si,
Al Sr, Y [3-7,11-13] are mainly used as a ,,spacer” and Mo,
Zr, Ru, Pd, Ag [3,5,6,11-13] are chosen as an ,,absorber”.

The authors of this work were the first to propose using
Rb as a ,spacer Rb, and using Ru and Al ,absorbers®
together with it (while Al generally serves as a ,spacer”).
Ru/Rb and Al/Rb mirror configurations were improved
to achieve the maximum reflectivity using the genetic
algorithm [14,15].

1. Calculation of X-ray mirror reflectivity

For any X-ray optical elements, a complex form of the
refractive index n is a typical quantity [1,2]:

n=no+i-k, (1)

where k is responsible for radiation absorption, and the
frequency dependence is expressed as

n=1- ;—;,lzpﬂ(ﬁ +if2), (2)

where rg is the classical electron radius, 1 is the wavelength
(reciprocal of frequency), p is the material density; u —
is the molar mass of a material, f; and f, are atomic
scattering factors [1]. Materials with the biggest difference
in the real part of refractive index ny with the lowest
absorption k are the most advantageous pair of materials
for multilayer interference structure synthesis [16]. Materials
chosen for the exploratory study of MM synthesis are shown
in Figure 1. Dependences of the real and imaginary parts of
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Figure 1. Real (a) and imaginary (b) parts of material refractive indices.
Table 1. Main properties of the improved Al/Rb mirror
Mirror configuration | Period | Number of | Fraction of Al in a period | Maximum reflection coefficient, | Wavelength | FWHM,
d, nm | periods N Par = hai/d % A, nm nm
Al/Rb 85 125 041 833 17.04 0.20

refractive index on the radiation wavelength are also plotted
in the figure.

The choice was conditioned by the fact that these
elements had the biggest difference in the real parts of
refractive index with the minimum imaginary parts in the
wavelength range of interest (2 = 11 — 17nm). However,
it was noted that Rb showed the properties of the most
transparent material (a material with the lowest absorption)
in the soft X-ray region, thus providing the clear choice of
the MM ,,spacer” material.

The next step involved software implementation of the
method for determining the multilayer structure reflectivity
based on the solution to the Maxwell equations using a
matrix method [17]. General theory of this calculation
is described in [18-20]. Eventually, the authors received
a tool for calculating MM reflection, transmission and
absorption coefficients to provide an opportunity of further
software suite upgrading. Due to the fact that the periodic
mirror reflection maximum is related to the structure period
(thickness of each of the layers) and to the angle of radiation
incidence on MM, a solution to the improvement problem
using a genetic algorithm was added to the software to sat-
isfy the best mirror configuration selection criterion [14,15].
The target function was defined as the reflection coefficient
function R depending on two variables (layer thicknesses /4
and h,), though there could be more control parameters
(angle of radiation incidence, number of layers). But for
reasons of time saving, it was proposed to examine these
dependences separately of the improvement problem. Thus,
the search for improvement was formed with preset initial
conditions: mirror composition, number of layer pairs and

s-polarized radiation incidence direction. It was assumed
that the mirror was ideal (free of roughness, layers were
smooth and clearly defined) and the wavelength range of
interest was 4 = 10 — 20nm. Improved calculations of the
reflectivity of AI/Rb and Ru/Rb mirrors are shown below.

2. Al/Rb mirror

For MM, apart from the reflectivity dependence, radiation
spectrum transmission FWHM, a spectral selectivity, was
also of interest. The main properties of the improved Al/Rb
mirror are shown in Table 1. Properties listed in the tables
for all mirrors are hereinafter valid for normal radiation
incidence.

Figure 2, a shows the dependence of the optimum Al/Rb
mirror reflectivity on the wavelength, the mirror properties
were taken from Table 1. Since the reflection coefficient
curve also depends on the layer thickness ratio in a
period, and the reflection maximum depends on the number
of layers, then Figure 2,b,c shows the dependences of
reflection on the fraction of strongly absorbing material (Al)
in a period Ba; and the number of periods N, respectively.
The curve in Figure 2, b also demonstrates the optimality of
the proposed configuration parameters.

Figure 3 shows that the maximum MM reflection
coefficient and the radiation bandwidth depend heav-
ily on the angle of incidence, and at 0 =0 —10°
the following may be achieved: 1) maximum reflec-
tion Ry = 83% with non-minimum FWHM = 0.2 nm;
2) minimum FWHM,;, = 0.07 nm with mirror reflectivity
R = 58%. Therefore, note that parameterization of each
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Figure 2. Dependences of A/Rb mirror reflection coefficient on: @ — incident radiation wavelength; b — fraction of Al in a period;

¢ — number of MM periods.

MM depends on the particular future application of this
mirror.

3. Ru/Rb mirror

Properties of the improved Ru/Rb mirror for 4 = 13.5nm
are shown below (this wavelength corresponds to a modern
lithography plasma source).

Figure 4—6 shows the dependences of mirror reflectivity
on the wavelength, fraction of Ru in a period fBr,, number
of MM periods and angle of radiation incidence, and the
dependences of the bandwidth on the angle of radiation
incidence.

Review of Figure 5,a and 6,b shows that, by varying
the angle of radiation incidence on the mirror, a higher
MXM reflection may be achieved compared with the
improved calculation. This is caused by the fact that
the improvement was performed for a normal incidence
mirror and only A; and h, were used as control parameters
for the genetic algorithm. However, it is reasonable to
assume that the increase in the Ru/Rb mirror reflectivity
is related to approaching the Ru or Rb absorption edge
(similar to approaching the L-absorption edge of Si in Mo/Si
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mirrors [21]). Figure 7 visualizes the dependences of the
real (ng) and imaginary (k) parts of the complex refractive
index n=ng+i-k for Ru and Rb on the wavelength
calculated using the atomic scattering factors [1].

Figure 7,d shows that Rb has an absorption spike
at A ~ 11 —12nm in contrast to the smooth curve for
Ru (Figure 7,b) suggesting that it is Rb that provides
the increases in the Rb-based mirror reflectivities at the
approach to the absorption edge.

Regardless of the fact that Ru/Rb mirrors were im-
proved for 4 = 13.5nm, the mirror reflectivities obtained
with varying angles of incidence are important results for
A =11 — 12nm because for the purpose of modern lithog-
raphy they provide multilayer X-ray mirrors for a xenon-
based or krypton-based plasma source with a theoretical
reflection limit compared with that of Mo/Si mirrors that
are currently successfully used with a 4 = 13.5nm source.

4. Discussion of findings

A special research interest of this work was in comparing
the findings with current multilayer X-ray mirror solutions
at: 1) A=11—12nm for future next-generation lithog-
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Figure 3. Dependence of the AI/Rb mirror parameters on the angle of radiation incidence on MM (0° corresponds to the normal
incidence): a — maximum reflection; b — spectral selectivity FWHM.

Table 2. Main properties of the improved Ru/Rb mirror

Mirror configuration | Period | Number of | Fraction of Ru in a period | Maximum reflection coefficient, | Wavelength | FWHM,
d,nm | periods N Bru = hru/d % A, nm nm
Ru/Rb 6.8 125 0.23 779 135 0.54
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Figure 4. Dependences of Ru/Rb mirror reflection coefficient on: @ — incident radiation wavelength; b — fraction of Ru in a period;
¢ — number of MM periods.
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Figure 6. Dependence of the Ru/Rb mirror properties: @ — correspondence of the wavelength at maximum reflection (1 at Rmax) (0°
corresponds to the normal incidence); b — mirror reflectivity at various angles of radiation incidence.

raphy; 2) 2 =13.5nm for modern lithography; 3) near
A =17.0—17.1nm for the X-ray astronomy. The Institute
for Physics of Microstructures of the Russian Academy of
Sciences (Institute for Physics of Microstructures of the
Russian Academy of Sciences) studied yttrium-based MM
for a spectral range of 8—12nm [5] and Ru/Sr mirrors
for 9—12nm [6]. For lithography at 2 = 13.5nm, Mo/Si
mirrors have already demonstrated their efficiency [3,22],
however, a search is underway for solutions capable of
increasing the reflectivity of such mirrors by decreasing
the Mo and Si interdiffusion [3,23-25]. The foreign
literature [23] proposed using Rb as an additive to Si
due to its transparency in the lithography spectral range,
which correlates with the findings of this work. For
solar X-ray astronomy near 4 = 17 nm, Be/Si/Al mirrors are
considered to be the best [7,8]. Comparative analysis of
the literature data and findings of this work is shown in
Table 3.

31* Technical Physics, 2025, Vol. 70, No. 10

Conclusion

The investigations of Rb-containing MM indicate that Rb-
based structures provide high theoretical reflection coeffi-
cients with the lowest spectral selectivity for various X-
ray ranges: for A = 11.4nm - the best result is provided
by Ru/Rb mirrors with a reflection coefficient of 75%
(FWHW = 0.4nm); for 2 = 13.5nm - the best result is
provided by Ru/Rb mirrors with 78 % (FWHW = 0.5nm);
for A =17.04nm - the best result is provided by Al/Rb
mirrors with the highest possible reflection coefficient of
~ 83% (FWHW = 0.2nm). However, considering the high
reactivity of Rb, feasibility of these mirrors in terms of
practical implementation shall be evaluated. Notwithstand-
ing that this problem is beyond the scope of this study,
some theoretical assumptions may be provided. Pure Rb is
known to be instable in contact with air, but this doesn’t
make it impractical because, first, barrier layers may be
used to separate Rb from the ambient air, and, second, the
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Figure 7. Dependences of the complex refractive index on the wavelength: a — real part of the refractive index of Ru; b — imaginary
part of the refractive index of Ru; ¢ — real part of the refractive index of Rb; d — imaginary part of the refractive index of Rb.

Table 3. Comparison of the literature data and the calculated MM data obtained in this work

Mirror configuration Theoretical reflection limit, Rmax Spectral selectivity Data source
FWHM, nm
Region 4 = 11.4nm
Ruw/Y 62 % (Practical result 56 %) ~ 0.35 [5]
Ru/Sr ~ 73 % (Practical result 62 %) — [6]
Ru/Rb 75% 044 This work
Region 4 = 13.5nm
Mo/Si 74 % 0.58 3]
Mo/Be/Si 75 % (Practical result72 %) 0.56 3]
Mo/RbSi 75% — [23]
Ru/Rb 78 % 0.54 This work
Region 2 = 17.0 — 17.1 nm
Be/Si/Al 75 % (Practical result61 %) 0.40 [7.8]
Al/Rb 83% 0.20 This work
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multilayer structure is form in such a way that the edge layer
in contact with air is Ru, an inert material that can serve as a
protective coating on its own. In addition, multilayer mirrors
are manufactured and used in vacuum conditions, therefore
all proposed Rb-containing mirrors may be suitable for
lithography purposes provided that the proper preparation
and treatment procedures are fulfilled [23].

Since the theoretical research results demonstrate the
practical value of Rb-based multilayer structures for appli-
cations in the spectral range of 11—17 nm, the authors are
planning to continue their work in the form of experimental
support of calculations and a search for not less transparent,
but at the same time chemically stable Rb-containing
compounds and alloys.
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