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Abstract. Functional principles, current status, and problems of
multilayer X-ray optics are reviewed. Methods to optimize
planar multilayer interference structures and multilayer dif-
fraction gratings and their application in academic research
and technology are discussed.
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1. Introduction

Progress in modern science is based to a great extent on the
observation and manipulation of matter at the molecular or
atomic scale. This requires probing tools with the appropriate
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spatial, energy, and time resolution. The term ‘X-ray
radiation’ is applied at present to a broad spectral range of
electromagnetic waves from 0.01 to 120 nm. According to the
generally accepted terminology, although somewhat conven-
tionally, this range includes the hard X-ray (0.01-0.3 nm), soft
X-ray (0.3-10 nm), and extreme UV (EUV, 10-120 nm)
ranges.

In the hard X-ray region, the reflection or diffraction of
X-rays is performed from single crystals using the construc-
tive interference of waves reflected from the planes of a crystal
lattice (Bragg reflection). For soft X-rays and the extreme UV
range, the interplane distances d of most crystals used are too
small to satisfy the constructive interference criterion deter-
mined by Bragg’s law 2dsin 6 = m/. (where 4 is the radiation
wavelength, 0 is the Bragg angle, and m is the reflection
order). This restriction can be removed by producing a stack
of thin alternating layers of materials with the stack
periodicity (or the d interval) equal to the parameter d in
Bragg’s formula.

The waves reflected from all the interfaces of alternating
layers of two materials with a high contrast between their
optical indices are added constructively, resulting in a high
reflection coefficient. A multilayer interference structure
(MIS) obtained in this way can be treated as an artificial
crystal reflecting radiation like crystals. A great advantage of
these ‘synthetic’ multilayer systems is that the layer thickness
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and therefore the periodicity can be readily tuned to the
wavelength that must be reflected at a certain angle [1].

Problems with MIS physics and the interfaces of layers,
methods for deposition and diagnostics of such structures,
and their applications were discussed in detail in monographs
[2, 3] and reviews [4—14].

Due to the combination of a number of unique properties,
MISs (which are sometimes called multilayer mirrors) are
universal elements of modern X-ray optics. The flexibility of
MIS properties, the availability and universality of their
manufacturing technology, and the possibility of obtaining
high X-ray optical parameters of mirrors are attracting
increasing interest in their practical applications as disper-
sion and reflection elements for X-ray spectroscopy problems
and diffraction measurements, elemental fluorescent analysis,
X-ray plasma diagnostics, X-ray microscopy, astronomy,
EUYV lithography for microelectronics, and biomedicine [2—
4,7,12,13, 15, 16].

The aim of this review is to describe the structural
features, the main properties, and possibilities of using
multilayer synthetic structures for fundamental studies and
developments in the field of high technologies.

2. General information.
Regularities and problems

Standard mirrors are of little use for X-ray radiation. In the
case of nearly normal incidence (6 =~ 90°), the intensity ratio
for reflected and incident radiation is

I_5+p )
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The parameters ¢ and f determining the refractive index
n=1—0+ip are described by the expressions [17]
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where 0 is the refractive index decrement, A is the radiation
wavelength, N, is the Avogadro number, r. is the classical
electron radius, p is the matter density, Z and A are
respectively the order number and atomic weight of a sample
material, and p is the linear absorption coefficient. Because
the values of § and f§ are small (from 10~3 in the EUV region
to 107¢ in the hard X-ray region [1]), the reflection of X-raysis
extremely weak.

The situation drastically changes in the case of an MIS
consisting of alternating layers of materials with contrast
optical parameters of absorbers A4, usually with a high
absorption, and separating layers (spacers) B with a low
absorption (Fig. 1). We note that the separation of layers
into absorbing and separating is somewhat conventional
because all of them are involved in producing interference
reflection. Due to interference of the incident and reflected
waves, a standing wave is produced in the MIS with the
modulation amplitude of the permittivity [18]

2(e4 — ep) sin (mmy)
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Here, m is the reflection order, y = d4/(d4 + dp) = d4/d, and
d4 and dp are the thicknesses of layers 4 and B. The

Figure 1. MIS structure. d4 and dp are the respective absorber and spacer
layer thicknesses, d is the bilayer period, 6 is the Bragg angle and 1 is the
X-ray wavelength.

permittivity ¢ is related to the polarizability y of a material
and the refractive index base = 1 — y = n? and y=2(3 +ip),
i.e., it has real (Re) and imaginary (Im) parts (y =Rey + Imy),
the latter corresponding to the absorption of X-rays in the
medium.

Thus, the reflection structure is modulated by the function
sin (mmy), which means that the factor y determines the
relative peak reflectivity and, in particular, suppresses
diffraction peaks with m = y~!. For y = 0.5, for example,
the even Bragg peaks are suppressed, whereas the odd peaks
are amplified: multilayer structures with y = 0.5 are called
quarter-wavelength, because each layer covers exactly 1/4 of
the incident wave.

Periodic X-ray MISs are characterized by their reflectivity
or the reflection coefficient at the maximum of the diffraction
reflection curve R and by the curve width AA. The latter
determines the transmission band width AZ/2 or its reciprocal
value 1/A4, called the spectral resolving power. The transmis-
sion band is determined by the number N of bilayers involved
in the formation of the diffracted beam [19]:

AA 1
Y= 5
A mN (5)
With the refraction of X-rays taken into account, Bragg’s
law is modified to [1]

(6)
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Here, deir = 904 + (1 —y) 55 is the mean real part of the
refractive index decrement. If Bragg’s condition is satisfied,
the peak value of the reflection coefficient and the spectral
resolving power of the MIS for m =1 are given by the
expressions [3, 18, 20]
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where y=sin (ny)/n[y + Imy/ImAy], Ay =y, — x5, and
C=1 and C = cos(20) for the respective p(n) and s(o)
polarizations of X-rays.

A problem inherent in soft X-ray and EUV regions is that
all useful materials absorb radiation to some extent. For this
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reason, quarter-wavelength MISs are rarely used as optical
elements. The absorber thickness in quarter-wavelength
structures is so large that the absorption of X-rays is often
too large to obtain a high reflectivity. Because absorption in a
thin strongly absorbing material can be insignificant if it is
located at a node of the field of a standing wave, the influence
of absorption on the MIS reflectivity can be minimized by
decreasing the absorber thickness (y < 0.5). In this case, the
optimal value of the parameter y* is found by equating the
derivative 0y /0y to zero and is given by [3, 18, 21]

. T SN (e %
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Then the maximum reflectivity Ry, is described by the
expression
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Therefore, the maximum MIS reflection coefficient is com-
pletely determined by two parameters, ReAy/Im Ay and
Im y/Im Ay, while the increase in the reflection coefficient
achieved by choosing the optimal value of y is the result of a
compromise between the constructive interference of waves
successively reflected from interfaces and absorption losses.

If absorption is minimized, the number N of used
layers is increased and therefore the resolving power
increases [3, 19]:
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As y — 0, i.e., when absorbing material layers become
gradually thinner, (1/A),.. = sin®0/Im y.

Criteria for the choice of parameters of layer materials can
be reduced to three rules [2, 3, 18]:

(1) Intermediate layers should be made of materials with
the lowest absorption coefficient.

(2) The strongly absorbing MIS component should be
chosen to provide the greatest Re Ay/Im Ay ratio.

(3) The interface between the chosen materials should be
physically and chemically stable. One of the most important
problems is the compatibility of materials, which ideally
should not chemically interact or diffuse into each other.

3. Choice of materials for multilayer interference
structures (MISs)

Materials for the separating and reflecting layers are usually
chosen by analyzing the absorption spectra of various
materials. In this connection, of interest are the absorption
edges of elements corresponding to the ionization potentials
of the K, L, M, ... electron shells. The K shell is occupied by
two electrons, while the L shell has three sublevels (Fig. 2) and
can contain up to eight electrons. The M shell has five
sublevels and can contain up to 18 electrons.

The absorption of X-rays by matter occurs due to their
interaction with inner-shell electrons in atoms. When the

A

Figure 2. Schematic presentation of the X-ray absorption coefficient y as a
function of the wavelength /1 of a primary photon for four X-ray
absorption edges (K, Ly, L,, and L3).

photon energy exceeds the electron binding energy in a
nucleus (the excitation threshold), the electron can be
removed from the atom, which is accompanied by a sharp
increase (jump) in absorption of X-rays (see Fig. 2). The
wavelength corresponding to the excitation threshold energy
is called the absorption edge of the given element.

Slightly above the absorption edge of the element (at a
longer wavelength), the absorption coefficient can be quite
low and the refractive index can be close to unity. Therefore,
this element can be used as a material for the separating layer.
Such materials are the elements of the second period of the
periodic table: beryllium (Be), boron (B), and carbon (C),
which are used for operation at wavelengths located directly
behind their absorption K-edges; elements of the third and
fourth periods: magnesium (Mg), aluminum (Al), silicon (Si),
scandium (Sc), and titanium (Ti)—slightly above their
absorption L,3; edges; and elements of the fifth period:
strontium (Sr) and yttrium (Y) — slightly above their absorp-
tion My 5 edges [22].

The use of different materials to separate layers makes it
possible to cover different X-ray spectral regions.

3.1 Two-component MISs

‘Thematic’ EUV and soft X-Ray spectra can be convention-
ally separated into several ranges: the water window (2.3—
4.4nm), carbon window (4.4-5.0 nm), lithographic (6—13 nm),
9-14 nm, astronomic (17-35 nm), 35-50 nm, and hard X-ray
ranges.

3.1.1 Water window range (2.3—4.4 nm). The water window is
located between the absorption K edges of oxygen and
carbon, where the absorption coefficient of water is very
low, and at the same time X-rays are absorbed by organic or
biological materials containing carbon. Therefore, living cells
can be observed in vivo in their natural environment.

The water window range can be covered by MISs based on
Ca (Ar3 = 3.55 nm), Sc (A3 = 3.11 nm), Ti (A3 = 2.73 nm),
V (Ar3 = 2.43 nm), and Sb (Ams = 2.35 nm) (Fig. 3) [23].
However, information on using Cs and Sb to separate layers
are scarce in the literature [24, 25].

The most suitable pair of materials in the low spectral
region of the water window is chromium (Cr) and scandium
(Sc) [24-30]. Chromium is used together with scandium
because of their weak interaction. The combination of these
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Figure 3. Calculation of the spectral dependences of the peak reflectance
for MISs based on different pairs of materials in the spectral range
A=2.4-4.5nm [23].

materials does not overlap in the phase diagram, and there-
fore they do not form alloys, which alleviates theoretically the
production of sharp boundaries. Multilayer Cr/Sc mirrors
with high reflection coefficients reaching 14.5% and 20.7% in
the normal incidence geometry (90° — 0 < 10°) were manu-
factured in [31] and [32].

The authors of [33] replaced chromium with vanadium to
obtain a reflection coefficient equal to 18.4%.

Multiayer interference structures based on titanium and
vanadium have received little attention [34-37]. It was shown
in [35] that Me/Ti structures can provide reflection coeffi-
cients of up to 2.4% in the normal incidence geometry. The
best results were obtained for a Cr/Ti pair due to the weak
roughness of interfaces obtained with chromium.

3.1.2 Carbon window range (4.4-5.0 nm). The carbon window
supplements water window microscopy and occupies a special
place in the soft X-ray range. This is because carbon-
containing materials, including biological and medical
devices, polymers, carbon fibers, and nanotube conglomer-
ates, are most transparent in this spectral region due to the
K-jump of carbon absorption at a wavelength of 4.4 nm. In
this case, the radiation penetration depth in carbon-contain-
ing materials exceeds 10 um. The absorption of radiation by
carbon atoms is tens to hundreds of times weaker than by
atoms of other chemical elements. Such a difference in the
absorption provides an acceptable contrast in the X-ray
images of materials and biological structures, even for small
additions of various elements to materials consisting mainly
of carbon [38, 39].

Carbon-based MIS optics (ix =4.37 nm) (Fig. 3)
demonstrate the reflectivity measured at the carbon line
Ko = 4.47 nm and nearly normal incident angles equal to
6-13% for Fe/C and Co/C [25, 40], 8.5% for V/C, and 7%
[41] and 12.2% [23] for Cr/C. In the carbon window region, a
standard multilayer Co/C optical system provides the peak
reflectivity R~ 15% for planar and R~ 6% for bent
substrates [42].

3.1.3 Lithographic range (6-13 nm). The X-ray lithography
method, in which the template image is transferred to the
surface of a silicon plate by a system of normal-incidence
multilayer mirrors, is now considered the most probable basis
for technology of manufacturing next-generation integrated

microcircuits. EUV lithography is the leading candidate for
optical lithography for manufacturing integrated circuits.
The choice of the spectral range for EUV lithography is
determined by the prospects of obtaining a spatial resolution
of 10-15 nm and by the presence of highly reflecting multi-
layer coatings.

The density of transistors in an integrated circuit is
determined to a great extent by the ability of the lithographic
process to print more and more narrow details with sharp
boundaries. The basic lithographic system contains multi-
layer mirrors as the main and most important components of
illumination and projection optical devices. Because the
output reflection coefficient of a lithographic system is equal
to the product of reflection coefficients of each optical
element, these mirrors should reflect at least 70% of the
incident radiation to provide the sufficient EUV transmission
for manufacturing integrated circuits [43, 44]. This condition
can be theoretically satisfied for La/B, Mo/Be, and Mo/Si
MISs (Fig. 4). The maximum reflectivity achieved at present
for the well-studied Mo/Si MIS [46-52] at a soft X-ray
wavelength of 13.4 nm is 71% [50], which makes this optical
device the most in-demand for modern lithography.

The authors of [53] believe that to minimize risks, it is
necessary to think about lithography at other wavelengths
different from the generally accepted 13.4 nm. The most
promising weakly absorbing materials can be Be (ix =
11.1 nm) and B (igx = 6.6 nm). Multilayer interference
systems consisting of Mo/Be, Ru/Be, and Rh/Be were
synthesized and studied in [54]. The peak reflection coeffi-
cient of Mo/Be MISs at a wavelength of 11.3 nm was 68.7%
[55] and 69.4% [56]. Experimental data suggest that the
efficiency of beryllium-based optical systems can be higher
than that of Mo/Si MISs.

An alternative approach can be the use of shorter
wavelengths. Calculations performed for an La/B nanolitho-
graphic system at a wavelength of 6.7 nm revealed advantages
of this system in efficiency and spatial resolution over the
Mo/Si system operating at 13.4 nm. The results in [57, 58]
confirmed that the maximum reflectivity at a wavelength of
6.7 nm is obtained by using multilayer mirrors with
lanthanum as a reflector and boron as a separating material.
Boron is a preferable separating material for this wavelength
because it is close to the absorption K-edge.

1.0
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Figure 4. Calculated (lines) and experimental (stars) reflectance of the most
promising normal-incidence MISs [45].
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Because the magnetron-sputtering rate for pure boron is
very low, some boron carbides such as B4C and ByC are used
instead of boron in practice. Systematic studies of multilayer
La/B, La/B4C, La/ByC, and La,O3/B4C mirrors have
shown that multilayer La/B4C structures have the best
reflection coefficients [57, 59-62]. For example, the max-
imum reflectivity of the La/B4C MIS at 6.58 nm was 48.9%.
The reflectivity of the La;O3/B4C MIS at the same wave-
length was 39.2%, whereas the reflectivity at 6.63 nm was
42.7% [60]. The high reflectivity of 57.3% [62] and 58.6% [61]
was measured at a wavelength of 6.6 nm for almost normal
incidence on a multilayer La /B mirror containing 175 bilayers
and on an La/B4C MIS, respectively.

Along with applications in lithography, La-based multi-
layer structures seem to be especially interesting for detecting
boron [63-66]. The reflectivity of a multilayer La/B4C mirror
exceeds that of a multilayer Mo/B4C mirror, which was
earlier the most efficient multilayer element for detecting
boron, with the reflectively of 53% at 6.8 nm (38% for
Mo/B4C). In addition, La/B4C better suppresses the unde-
sired fluorescence of Si. This is important in studies of
Si-containing samples, for example, in the semiconductor
industry. Similarly, La/B4C better suppresses the fluores-
cence of Ok [64, 65]. Both effects reduce the background
signal in samples containing great amounts of silicon and
oxygen [67].

Apparently, the La/B4C MIS has the highest theoretically
achievable reflection in the 6.7-9 nm range [60]. However, a
strong mixing of the La and B4C layers prevents the
formation of sharp boundaries and reduces the reflection
coefficient by a factor of 1.5-2 compared to its theoretical
value [68]. The Sb/B4C MIS is one of the most promising
systems due to the favorable combination of the optical
properties of Sb and B4C. The low absorption of EUV
radiation in both materials and a quite substantial difference
between the real part of the refractive index and unity in the
range A > 8 nm in antimony [69, 70] should result in the high
reflectivity of the multilayer mirror in the wavelength range
6.7-9 nm. Sb/B4C multilayers also have one of the highest
theoretically achievable reflection coefficients. At the same
time, no mixing is expected for the Sb/B4C MIS because it
consists of noninteracting materials: Sb does not form
compounds with carbon or boron and is very weakly soluble
in both of them. This should lead to the formation of sharp
boundaries resulting in high reflectivity. The production of
multilayer Sb/B4C mirrors, measurements of their reflectiv-
ity, and some data on the production of aperiodic Sb/B,C
multilayers were first reported in [70]. The Sb/B4C MISs
manufactured in [71] had the reflection coefficient 19-28%
measured for almost normal incidence in the wavelength
range 6.64—8.5 nm. The reflectivity proved to be higher
than for multilayers based on many pairs of conventional
materials optimized for wavelengths from 6.6 to 9 nm.
However, it was lower than the reflectivity of the La/B,C
MIS [71].

3.1.4 The 9—-14 nm range. This range is also of special interest
for experiments with free-electron lasers [72] and for solar
physics because of the bright coronal 9.4-nm Fe XVIII line,
bright Fe VIII, Fe XXII, and Fe XXIII lines near 13.1 nm,
and other weak emission lines [73].

The most promising absorbing material in the spectral
region from § to 12 nm is palladium, whose absorption ability
is almost the same as that of Mo, whereas the real part of the

polarizability at 9.5 nm is 1.5 times greater. As a result, the
calculated reflectivity of the Pd/B4C mirror is higher than
that of Mo- and La-containing MISs in the range 8— 11 nm
[58, 74]: the theoretical peak reflection for linearly polarized
X-rays for 0 = 45° was 58%, while the experimental value
was 42%. This discrepancy can be related to the interface
quality [72].

The replacement of a B4C spacer by Y (Ams = 8.0 nm)
with lower absorption additionally increases the reflectivity
up to 65% for the Pd/Y MIS at 9.5 nm [75, 76] (see Fig. 4).

The authors of [77] compared the Mo/Y, Ru/B4C, and
Ru/Y MIS prototypes for detecting the solar spectrum
FeXVIII line. In this study, the Mo/Y MIS does provide the
highest reflection coefficient R = 34%, to be compared to
28.3% for the Ru/B4C MIS studied earlier [78] and equal to
only 77% of the theoretical reflection coefficient [79]. The
Mo/Y MIS was first manufactured in [80, 81] and had a
reflection coefficient of up to 46% at 11.4 nm for almost
normal incidence.

To fill the spectrum ‘gap’ between boron- and beryllium-
based MISs more efficiently (see Fig. 4), strontium (lys =
9.2 nm) [82] and phosphorus (A3 = 9.2 nm) [22, 83] were
proposed as elements for the spacer. For an Mo/Sr mirror,
the reflection coefficient of 48.3% at 10.5 nm that was
obtained in [82], also lower than the theoretical limit of
65%, looks promising.

The direct use of P in MISs is unlikely because of the high
reactivity of phosphorus, which forms solid compounds
(phosphides) with almost all chemical elements. It is believed
that boron phosphide (BP) can be used as a separating
material in reflection multilayer optics operating slightly
above the absorption L edge of P. As reflecting materials,
Mo, Ag, Ru, Rh, and Pd were considered. Calculations
performed for multilayer structures with perfect interfaces
have shown that the Pd/BP combination of materials
provides higher reflectivity, exceeding 70% in the 9.2—
10.0 nm spectral range [22]. The authors of [84] have also
shown that the maximum reflectivity of Pd/BP and Pd/Sr
MISs can exceed 70%.

3.1.5 Astronomic range (17-35 nm). The 17-35 nm EUV range
is one of the most interesting for modern astrophysics.
Telescopes, spectrometers, and chronographs operating in
this range are used to study white dwarfs and interstellar
media, the Sun, and the atmosphere of the Solar System
planets [85, 86]. The 17-35 nm range of the solar spectrum is
the most informative for diagnostics of the coronal plasma
because it contains the main spectral lines of the plasma, such
as the 17.1 nm Fe IX, 19.5 nm Fe XII, 21.1 nm Fe XIV,
28.4nm Fe XV, 30.4 nm He II, and 33.5 nm Fe XVI lines. The
X-ray spectral imaging of the solar disk and corona in the
radiation of iron and helium ions corresponding to mono-
temperature layers of the solar atmosphere plasma in a broad
temperature interval with high spatial, spectral, and temporal
resolution provides a basis for the observation and studies of
the Sun.

In particular, Al-based multilayers (A 3 = 17.1 nm) have
potential applications for the fabrication of layers operating in
the 17-19 nm range because many aluminum-based multi-
layer combinations have a high reflectivity in this range [87].

Two multilayer Al-based structures (SiC/Al and Zr/Al)
were studied for use at wavelengths exceeding the absorption
L-edge of Al1[88-92]. Notably, the Al/Zr system still provides
the highest reflectivity. The Al/Zr coating with a period of
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8.85 nm provides a reflectivity of about 60% at 17.3 nm.
Al/Zr multilayers have a very low film strain and good
temporal stability: the reflectivity of the Al/Zr MIS proto-
type has barely changed in several years [93].

Multilayer Y/Al structures have also been studied
experimentally. However, it was found that the peak reflec-
tion of Y/Al MISs at 19 nm was only about 18%, which is
considerably lower than the theoretical value. Moreover, the
peak reflection of these coatings gradually decreased to 1% or
lower after storage in air for ~ 300 days [88].

The reflectivity of an Mo/Al MIS at a wavelength of
18.5nm was 33.5% [94]. However, due to its optical constants,
the most efficient material for separating layers in the 25—
35-nm range is magnesium (A3 = 25.1 nm) [95].

The 30.4 nm He II emission line used in solar physics, for
example, for solar corona imaging, requires highly reflecting
multilayer mirrors. Mirrors operating at 30.4 nm were
developed by studying several combinations of magnesium-
based materials, including SiC/Mg, B4C/Mg, C/Mg,
Co/Mg, and Si/Mg [96, 97]. The maximum reflectivity of
Co/Mg and SiC/Mg MISs reached 40.3 and 44.6%, respec-
tively, for almost normal incidence. These results show that
multilayer SiC/Mg and Co/Mg mirrors are promising for use
at a wavelength of 30.4 nm.

The Mg/SiC MIS has attracted the attention of research-
ers due to the unique combination of high reflectivity (more
than 40% [98, 99]), good spectral selectivity, thermal stability
up to 350 °C, and the almost total absence of stresses [99-102].
However, the SiC/Mg system undergoes very strong degrada-
tion due to Mg corrosion. This problem made SiC/Mg
coatings impractical for applications requiring long-term
stability, for example, in experiments with synchrotron
radiation or space telescopes [102].

The thermal stability of Mg/Co is better [103]. In
addition, it was shown in [104] that interfaces in the Co/Mg
system are sharp and the mutual diffusion between Co and
Mg layers is absent. This example emphasizes the importance
of choosing the material to be used together with magnesium,
such that it does not interact with the latter and provides high
reflectivity. Zirconium is one such material. Magnesium and
zirconium do not interact with each other. The authors of
[105] showed that the thermal stability of Zr/Mg mirrors
during annealing at up to 600°C was higher than that of
Y,03;/Mg, SiC/Mg, and Co/Mg. The reflectivity of Zr/Mgis
30.6% at 30.4 nm. The reflection coefficient slightly decreases
upon increasing the annealing temperature to no higher than
500°C and finally drops to 15.1% at 600°C. This degradation
is explained by the roughness of interfaces caused by the
relaxation of stresses.

3.1.6 The 35-50 nm range. The EUV region above 40 nm
contains a few important lines of the solar spectrum,
including the 46.5 nm Ne VII, 63.9 nm O V, and 83.50 nm
O III lines. The radiation penetration depth in the 35-50 nm
range is minimal for the entire range of electromagnetic
waves. This has so far prevented the development of good
multilayer coatings, because radiation is absorbed in the
external layer and the efficiency considerably depends on the
surface contamination. In addition, knowledge of the optical
constants of reflecting materials is strongly restricted due to
the same reason, which complicates the systematic develop-
ment and optimization of multilayer coatings.

In transition metals (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn), competition between the occupation of the 3d and 4s

shells occurs. Because the 3d shell in all these elements is
unfilled, the 3p—3d optical transition from the inner 3p shell is
allowed. It is known that this transition produces strong
resonance in the absorption spectra of all transition metals.
The ideal combination of excitations of valence and conduc-
tion electrons makes the first element of this series, Sc, the
most promising for MISs operating in the 35-50 nm range,
while analysis of absorption spectra and calculations of
optical constants [106] shows that the Sc/Si pair is the best
coating [7, 77, 107].

The normal-incidence reflection coefficient of Sc/Si
mirrors is 30-54% [108]. These values are not the upper
bound for Sc/Si coatings however. Theoretical estimates
and electron-microscopy studies of Sc/Si interfaces demon-
strate a great potential for further increasing their reflectiv-
ity [108, 109].

Normal-incidence Sc/Si MISs are used in important fields
such as X-ray lasers, X-ray microscopy, and astrophysics.

At present, the number of MISs operating in the 50—
115 nm range is very limited. Recently, lanthanides and
elements close to them have attracted the attention of
researchers because of their relatively low absorption in the
EUYV band [110]. These studies revealed lanthanides with the
lowest absorption in the 50-115 nm range. Multilayer
structures based on Tb [111, 112], Gd [113, 114], and Nd
[113] in combination with Si and SiC were developed.
Multilayer structures based on La and B4C for wavelengths
exceeding 69 nm with the maximum reflectivity at 90 nm were
developed in [115]. La/B4C MISs for the 70-115 nm range
have been fabricated, and the production of more efficient
multilayer films is expected.

Reflectivity exceeding 20% for almost normal incidence
was measured for the Si/Tb (SiC/Tb) MIS at a wavelength of
60 nm [111]. Si/Gd MISs operating at 62 nm had the
maximum reflection coefficient of 26.2% for the incidence
angle of 5° [114].

3.1.7 Hard X-ray range. For normal-incidence optical devices,
a wavelength of 3 nm is the current limit for inclined (grazing)
incidence, but multilayer devices are successfully used in the
hard X-ray range as well [7].

Because of the weak absorption of X-rays in the hard
X-ray spectral region, chemical elements with a large atomic
number Z can be used as materials for the absorbing layer.
Therefore, a pair of materials with a high density contrast and
low absorption should be chosen here. The density ratio is a
good indicator of the reflectivity of each interface. Other
important characteristics for manufacturing multilayer mir-
rors are the time stability and compatibility of materials. In
the ideal case, the chosen materials should not chemically
react or mix with each other, avoiding the formation of
second phases, thereby increasing the smoothness of inter-
faces and the reflectivity of optics.

These requirements are satisfied for W/Si [116-119],
W/B4C [116, 120-123], W/SIC [116, 124, 125], Pt/C [117,
119, 124, 126], Pt/SiC [124], Ni/C [119, 123, 127], Ni/B4C
[123, 127], and Cu/Si [123] MISs intended for applications in
astrophysics. However, the use of tungsten-based MISs is
restricted by the energy below the absorption K-edge of W
(69.5 keV). For a number of scientific goals, it is necessary to
use spectral ranges up to 100 keV or even above, and hence
proper pairs of materials (without the absorption K-edge in
the required energy range) should be found. Cu/Si, Mo/Si,
Ni/C, Ni/B4C, Pt/C, and Pt/SiC multilayers can be used
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instead of the W/Si MIS. Except the Pt/C (Pt/SiC) MISs
restricted by the absorption K-edge of Pt (78.4 keV), all these
materials have rather good reflectivity in the energy range
from 20 to 100 keV and above. Multilayer structures based on
W, Pt, and Ni give excellent results. The higher silicon
deposition rate compared to that of carbon could probably
make the Cu/Si MIS the best choice for mirrors reflecting
X-rays beyond the absorption K-edge of W, but this MIS
proved to be unstable [118] and therefore unsuitable for use in
X-ray telescopes. The Mo/Si MIS, although popular for the
EUYV range, poorly operates above 20 keV because of its high
absorption [119].

Despite their high absorption, W/Si MISs can be
efficiently used in mirrors operating at energies considerably
exceeding 100 keV [118, 125].

3.2 Three-component MISs

Three- or four-component MISs have been studied theoreti-
cally and experimentally in the wavelength range from 1.3 to
6.8 nm in [129]. The authors demonstrated that the addition
of a third material can improve the reflectivity and proposed
criteria for selecting materials. The principle for improving
reflection is based on the optimization of the refractive-index
distribution in the period taking both the reflection coefficient
of separate layers and absorption of radiation in the whole
structure into account [130].

As regards wavelengths above 50 nm, Larruquert has
developed a theory for quasiperiodic multicomponent MISs
made of highly absorbing materials and proposed a selection
rule for materials for reflectivity optimization [130, 131].
Unfortunately, this theory does not work for 4 < 50 nm
because most of the materials moderately absorb X-rays.
Nevertheless, Larruquert proposed several multicomponent
multilayer systems (for 4 =30.4 and 50 nm) using his
selection rule. These strictures theoretically provide an
increase in reflectivity, this increase being most efficient
when a third material is added to a ‘classical’ MIS [131].

Multicomponent MISs have more interfaces per constant
optical path 4/2 (two-layer period for standard multilayers)
than standard two-component MISs. Thus, the greater
number of interfaces near the external surface provides
additional contributions to the reflection strength.

Materials are selected by mapping the refractive indices
(Ren, p) of all available materials in the Ren—f complex
plane and connecting the extreme refractive indices to form a
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Figure 5. Optical constants of materials at 4 = 13.4 nm. The minimal
polygon (solid curve) includes all materials [132].
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Figure 6. Normal-incidence reflectance spectra calculated for the
optimized B4C/Si MIS (solid curve), B4C/Mo/Si MIS (dashed-dotted
curve), and the Si/Mo/B4C MIS with the reverse order of layers (dashed
curve) [133].

closed polygon (Fig. 5). The minimal polygon is one with the
minimum number of vertices encompassing the optical
constants of all materials. The choice of materials with
optical constants located inside the minimal polygon reduces
the reflection coefficient, independent of the number of
materials. The choice of a material and its deposition order
can be made by going around the minimal polygon clockwise
(see Fig. 5) [132].

As predicted by theory [130, 131], the material deposition
order is decisive when three or more materials are used. The
spectral responses of three MISs are compared in Fig. 6. The
solid curve represents a simulation of the standard B4C/Si
MIS optimized for A = 32 nm. The dashed-dotted curve is the
simulation of the B4C/Mo/Si MIS. The dashed curve is the
reflectivity of the same three-component MIS with the same
thickness but deposited in the reverse sequence: Si/Mo/B4C.
A relative increase in the reflectivity by 23% is observed for
the optimal sequence B4C/Mo/Si and a decrease by 63% is
observed for the inverted MIS deposition [133].

However, the Larruquert selection rules cannot always be
applied [133, 134]. One of the reasons can be the instability of
materials and interfaces ignored by the theory. Nevertheless,
these selection rules for materials can be used as a guide to
find the optimal structure [133].

4. Calculation of MIS parameters

The main optimization parameters for two-component MISs
are the materials of layers 4 and B, their thickness, the order
of layers (ABAB... or BABA...), the total number of bilayers
N, and the multilayer structure period 4. In general, the
optimization process uses a merit function, which is deter-
mined by the project task. The choice of appropriate multi-
layer materials based on optical constants and stability of
materials is the starting point of the projecting process. The
optimization of individual constructions is a complex
problem, which can be solved only by using various
computer algorithms. The important technological con-
straint is that the optimal structure should be as simple as
possible, i.e., ultrathin layers and sharp variations in the layer
thickness should be avoided [135].

In all cases, the optimization problem involves the
multiparametric minimization or maximization of the merit
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function [136]. The merit function (general in the optimal
control theory) is the root-mean-square error between the
calculated reflection coefficient and its goal value [137].
Optimization assumes finding the global minimum of the
merit function or, at least, a minimum deep enough where the
root-mean-square error is so small that the calculated profile
of the reflection coefficient is very close to the desired profile.
The search for the global minimum is an extremely complex
problem of minimizing a function of many variables. Most of
the existing approaches to the problem of synthesis of
multilayer mirrors are based on complex computer software
requiring time-consuming calculations.

The corresponding optimization algorithms allow finding
the optimal multilayer structure and its design and determin-
ing the most realistic multilayer structure. Most such algo-
rithms are based on the recurrent Parratt formulas [138]. The
optimization algorithms are divided into local and global
[135, 139]. The local algorithms concern situations in which
the approximate range of optimal values is known before
optimization. The general local algorithms are mainly based
on the least gradient methods, in particular, the quasi-
Newtonian method [140, 141], the saddle-point method
[142], and the Levenberg—Marquardt (LM) algorithm [143,
144]. The last method works better when the initial values lie
near the global minimum, for example, initial values can be
calculated analytically from the experimental reflectivity
curve [145], and can be used to refine the calculated values
of parameters [146]. The simplex algorithm [147] finds the
nearest local minimum. A more global minimum can be
found using an iterative procedure.

Global algorithms have a large search space. Therefore,
the search for the optimal structure always requires more time
than in the case of local algorithms, but also local results that
‘miss’ the global optimum are prevented. Global algorithms
play a more important role than local algorithms because of
their wider ranges and greater searching possibilities. Global
algorithms are often based on natural phenomena and
processes. Genetic algorithms are a very powerful class of
minimization algorithms [148]. They were successfully used
by several authors (see, e.g., [149, 150]). The annealing
imitation algorithm uses an ordered random search based
on an analogy with the process of crystal structure formation
by matter with the minimal energy during cooling [151, 152].
This algorithm is realized in a program for analyzing a
multilayer structure [153]. The random search (RS) algo-
rithm [154], the topographic optimization algorithm [155], the
particle swarm optimization (PSO) algorithms [156], and the
ant colony optimization (ACO) algorithm [157] are also well
known.

To handle a great number of parameters characterizing a
multilayer structure and to obtain the values of parameters
providing the best fit of experimental data, a number of
computer programs have been developed, such as the PPM
(Pythonic Program for Multilayers) for the rapid multi-
parametric optimization of MIS reflectivity for one or
simultaneously several X-ray energies [158, 159].

The optical properties of MISs can be simulated using
IMD software [160], which allows simultaneously simulating
up to eight independent variables and estimating parameters
(including the formation of the confidence interval).

The advantages and disadvantages of a particular algo-
rithm are estimated according to the various requirements for
the optical parameters of MISs. In addition, in choosing the
appropriate optimization algorithm, it is necessary to main-

tain a balance between the computation time and the search
accuracy.

5. MIS deposition methods

The next stage of MIS manufacturing is the deposition of
multilayer coatings on a mirror surface. Considerable
progress in the development and studies of multilayer
structures has been achieved in recent years [2, 5, 11, 161,
162]. Many combinations of materials and deposition
technologies can be regularly used in the industrial manufac-
turing process.

Most of the research groups producing multilayer coat-
ings use magnetron sputtering [5, 47, 163-166] as a very
reliable and efficient method of deposition of nanometer
high-quality multilayer films for EUV and X-ray applica-
tions [167]. The very high stability of the deposition process,
along with the possibility of controlling the microstructure of
the layers, provides the high repeatability of the layer
thickness along a stack with a large number of periods [168].
The magnetron scattering method is apparently the best
deposition method [169].

Along with the magnetron spattering method, ion-beam
deposition [170, 171], electron-beam evaporation [49, 172,
173], and pulsed laser deposition technologies [174—176] are
used. Pulsed laser deposition is successfully used to manu-
facture high optical quality MISs. The excellent possibilities
of this method provide film thickness uniformity, a high
accuracy of the deposition process, the formation of smooth
interfaces, and the suppression of the columnar growth of
thin films. The synthesis of large-area X-ray optical multi-
layers by the laser deposition method was demonstrated
in [176].

Each method has its own disadvantages and advantages.
In many cases, the optimized composition allows choosing a
suitable deposition technology for obtaining the most
efficient MIS.

6. MIS investigation methods

The Table presents the parameters of some MISs grown for
use in normal-incidence mirrors: the bilayer period (d = 1/2),
the number N of bilayers, the parameter y, the calculated
(Riheor) and measured (Reyp) reflection coefficients, and the
spectral resolution A/AZ. In all examples presented in the

Table. Optical characteristics (calculation and experiment) of normal-
incidence MISs in the wavelength range 3—17.4 nm.

2, nm MIs dnm| N y Ripeor | Rexp | A/AL | Refer-
ences
3.14| Cr/se | 156 | - ~ lo46 015 | — | g
447 | Cr/Sc 2.21 | 200 - 0.24 1 0.075| 186 [177]
447 Co/C 2.26 | 200 - 1038 ]0.148 | 153 [178]
6.7 | La/B4C | 3.39 | 150 - 10.65 |0.44 120 [179]
8.5 | Sb/B4sC - 300 - 103781 0.18 - [70]
95 | Mojy | — | 120 {042 | — |o0384| — | [79]
11.34 | Mo/Be | 5.74 70 - 10.750 | 0.702 38 [180]
132 | Mo/si | 68 50 | 0.41 |076 066 | 26 | [90]
17.35 | Zr/Al 8.7 50 | 0.37 |1 0.63 |0.56 29 [90]
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Table, the value of Reyp is lower than Rineor. Among a variety
of observed defects (impurities, deviation of the layer density
from tabulated values, MIS surface quality, etc.), the most
important role in the deterioration of the optical character-
istics of MISs is played by the roughness of interfaces and the
intermediate layers.

An intermediate layer at the interface between films is the
result of both complex physicochemical growth processes of
ultrathin films and the interplane roughness inherited from
the initial substrate roughness. The size of islets, the film
uniformity, and the initial substrate roughness form the
geometrical profile of interfaces whose influence on X-ray
scattering can be characterized by the roughness g,. The
mixing of layers caused by mutual diffusion during the
growth process results in the spread of the electron density
jump and can be represented by the mean mixing depth ay.
The determination of parameters g, and a4, the minimal film
thickness at which their uniformity is preserved, is important
for understanding the MIS growth physics and optimizing the
MIS manufacturing process [181].

If the mean gradient of the composition at the layer
interface is represented by the Gaussian half-width o, the
reflection coefficient R, in the mth order is [182]

(11)

16202 sin 04 sin 0
RJ:Roexp(— nanAnjzl 4 3)7

where Ry is the reflection coefficient for the ideal MIS with
o = 0, ny and np are the refractive indices, and 04 and 0p are
grazing angles for the two components of the multilayer
structure. The total width ¢ can be calculated as the
quadratic sum

2 _ 2 2
0" =0, +o0g5.

(12)

To properly understand the bilayer structure, it is
necessary to use more complicated structural models describ-
ing gradient interdiffusion layers. This inevitably increases
the number of parameters, which can be determined only
after the combined analysis of MISs by several experimental
methods. The MIS structure was studied in a number of
papers [30, 104, 177, 183—187] by using a combination of two
or more noninvasive methods, such as X-ray reflectometry
[188, 189], X-ray emission spectroscopy (EXAFS) [190],
nuclear magnetic resonance (NMR) spectroscopy [191], the
X-ray standing wave technique (spectral fluorescence analy-
sis) [192], diffuse scattering [193, 194], atomic force micro-
scopy [195, 196], X-ray emission spectroscopy [197], and
invasive methods such as time-of-flight secondary-ion mass
spectrometry (ToF-SIMS) [198] and transmission electron
microscopy (TEM) [199].

The most efficient method for studying the structural
characteristics of MISs is X-ray reflectometry. This method
gives the thickness and electron density of layers, thickness
fluctuations, the width ¢ of intermediate layers, and their
asymmetry [52, 59, 200]. In addition, X-ray reflectometry can
be efficiently used for in situ monitoring of the thickness of
deposited layers during MIS growth [201].

The layer thickness, roughness, and density parameters of
the upper layers of grown multilayer films determining the
MIS properties considerably differ from the parameters of
lower layers due to the reaction of the upper layers with the
environment. The X-ray reflectometry method is not very
sensitive to the parameters of the upper layer, especially in the

case of multilayer samples. Surface layers are characterized by
the method of X-ray photoelectronic spectroscopy [187].

To know the type of defects (o, or a4), reducing the
reflectivity is important for a number of reasons. First of all,
this knowledge allows introducing corrections to the MIS
manufacturing technology required for eliminating this
defect. In addition, the roughness, unlike mixed zones,
considerably affects not only the reflectivity but also the
spectral resolution of the MIS [202]. Therefore, it is
important to be able to separate the contributions of ¢, and
a4 to the total width ¢ of the interface. X-ray fluorescence
experiments based on the X-ray standing wave method
provide the measurement of the diffusion layer thickness o4
[30], while angular dependences of diffuse X-ray scattering
give information on the correlation function of the roughness
profile and allow finding the parameter o, [181].

During the deposition of layers, other factors can also be
involved, which can affect the reflectivity in different ways.
For example, the crystallization of the film material, on the
one hand, should increase the roughness of layer boundaries,
implying that this effect is negative. On the other hand, the
matter density increases upon crystallization, which is
obviously a positive factor for strongly absorbing layer
materials, because this results in an increase in the permittiv-
ity jump. The negative effect of the polycrystalline structure is
diffusion along grain boundaries with typically a high
velocity, which can destroy the uniformity of layers [181].
The microstructure of layers and intermediate regions can be
studied by the method of transmission electron microscopy.

Another invasive method, time-of-flight secondary-ion
mass spectrometry, is used to study the depth distributions
of various elements contained in MISs.

The NMR spectra give the distributions of atoms
depending on their resonance frequency. The NMR fre-
quency is sensitive to the local environment of the atoms
probed: their number, nature, and symmetry [203].

The two remaining noninvasive methods, X-ray emission
spectroscopy and atomic force microscopy, are used to
determine the chemical state of atoms in multilayers and the
presence of some interphase compound, as well as to study the
roughness of the substrate and MIS surfaces.

Thus, the experimental methods briefly considered above
ensure a comprehensive structural analysis of MISs.

7. MIS improvement methods

MISs are key optical components in the soft X-ray and EUV
wavelength ranges. However, because all solid materials
strongly absorb X-rays in these spectral regions, EUV
mirrors can be strongly heated. With the increasing power
of soft X-ray and EUV sources (synchrotrons [204], free-
electron lasers (FELs) [205], high-harmonic generators [206],
discharge capillary lasers [207]), the stability of multilayer
optics becomes the decisive factor. Thus, it is necessary to
increase the temporal, thermal, and mechanical stability of
MISs.

7.1 Methods for reducing mutual diffusion

To improve the thermal stability of multilayer mirrors, two
strategies are used. The first, applied to short-period
structures, is based on the choice of components in phase
equilibrium with each other. For this purpose, pure compo-
nents are often replaced by alloys or compounds. The second
strategy uses antidiffusion barriers between layers to prevent
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the solution and chemical reactions of components. This
strategy looks preferable for long-period MISs [208].

7.1.1 Barrier layers. An improvement in multilayer stability
and (or) a decrease in the diffusion layer thickness have been
achieved for several combinations of materials by introducing
a thin layer (the so-called barrier layer) at the interface,
usually from 0.3 to 1 nm in thickness [50].

B4C is a stable ceramic and also a common diffusion
barrier layer. The efficiency of this barrier layer has been
demonstrated for several multilayer structures. The B4C
diffusion barriers 0.3-1.0 nm in thickness increase the
thermal stability from 150 to 400°C for the Mo/Si MIS
[209] and from 100 to 200 °C for the Sc/Si MIS [210].

The decrease in mutual diffusion caused by the introduc-
tion of a B4C layer was experimentally proved in [211], where
the mean thickness of the interphase region was estimated as
0.9+ 0.2 nm for Mo/Si multilayers and 0.5+ 0.1 nm for
Mo/B4C/Si/B4C multilayers.

Diffusion barriers consisting of C or B4C favor the
formation of compounds with MIS materials stable up to
the maximal temperatures and duration of annealing [212].
The introduction of C and B4C barrier layers reduces the
formation of well-known MoSi, mixing zones [213] at
interfaces and improves the optical contact between absorb-
ing and separating layers. The use of these barriers resulted in
an increase in the MIS reflectivity from 68.7% (4 = 13.46 nm,
90° — 0 =1.5°) for Mo/Si multilayers to 69.9% (1=
13.5 nm, 90° — 6=1.5°) for Mo/B4C/Si/C multilayers [214].

The influence of Be barrier layers on the reflection
coefficient of multilayer Mo/Be/Si mirrors was reported in
[215]. The reflection coefficients of samples were above 71%
at A =13.5 nm and above 72% at 4 = 12.9 nm for nearly
normal incidence. Calculations showed that by optimizing the
Be layer thickness, the reflection coefficient can be further
increased by 0.5-1%. These results are of great interest for
EUV lithography.

The main disadvantage of Sc/Si mirrors is their low
thermal stability caused by the thermodynamic instability of
such structures. According to the phase diagram, scandium
and silicon form a number of intermediate compounds,
silicides, which should appear already during the manufactur-
ing of the mirror. If the mirror is subjected to thermal or
radiative action during operation, a further formation of
silicides occurs. The formation of silicides is accompanied by
a significant change in the specific volume, resulting in a
change in the period of the multilayer mirror and therefore a
change in the resonance wavelength. As a result, the mirror
becomes off-resonance, and the reflection coefficient at the
operating wavelength drastically decreases [216].

For Sc/Si MISs, various barrier materials have been used
[217]. Tt was shown in [208] that W layers 0.5-0.8 nm in
thickness located at Sc/Si interfaces form efficient barriers
preventing the diffusion of Siinto Sc. Multilayer Sc/W /Si/W
films with a period of 20.5 nm produced by magnetron
spattering had a thermal stability up to 250°C and the
normal-incidence reflection coefficient 24% at wavelengths
of about 40 nm. Although tungsten is an efficient diffusion
barrier, its high absorption reduces the reflectivity. It was
found in [218] that the use of B4C increases the thermal
stability of multilayer Sc/Si films, while the reflectivity
decreases by only a few percent.

CrB, barrier layers can be promising for Sc/Si MISs. The
CrB, material was chosen in [219] because of its high melting

temperature (2473 K) and because chromium does not
interact with scandium.

The ultrathin B4C barrier layers have recently been
successfully used to suppress the interdiffusion between Cr
and V in the Cr/V MIS [220]. X-ray reflectometry showed
that the width of multilayer interfaces considerably decreased
to 0.21-0.31 nm after the introduction of B4C barrier layers
0.1 nm in thickness in both interfaces [221].

The optical characteristics of the Mg/Co MIS remain
stable if a multilayer stack is not annealed at temperatures
above 200 °C [222]. To increase this temperature limit, B4C,
W, and SiN barrier layers were introduced into Mg/Co. The
dependence of the reflectivity on the annealing temperature
showed that B4C is not suitable for the Mg/Co MIS, because
interlayer diffusion can take place for Mg and B4C. The
introduction of Mo improves the thermal stability to 300 °C,
but is accompanied by a loss of reflectivity. The introduction
of Zr considerably improves the thermal stability of Mg/Co
(up to 400 °C) without reducing the reflection coefficient. The
use of a Zr barrier layer is an efficient method for improving
the thermal stability of a multilayer Mg/Co material for
applications in the EUV radiation region [134, 183, 222].

The authors of [61] have managed to suppress the
formation of intermediate layers in the La/B4C structure to
a great extent by using ultrathin (~ 3 A) barrier carbon layers
to obtain the maximum reflection coefficient (58.6% at
A=66.6 A) for this periodic structure for normal incidence.

The reflection coefficients of an Si/Gd MIS suggest the
possibility of silicide formation at the Si—Gd interfaces. B4C,
W, and SiN were used as interface barrier layers to improve
the reflection coefficient of Si/Gd. The reflection coefficients
of Si/W/Gd and Si/B4C/Gd MISs were observed to increase
by more than 8% [114].

Figure 7 shows electron-microscope images of an Si/Gd
film and an Si/Gd film with a W barrier layer after annealing
for an hour at a temperature of 300 °C [223]. Although the
structure of layers is still clear in Si/Gd film, ‘pure’ Si and Gd
layers are considerably thinner and the contrast between the
Si and Gd layers is weakened: the Si—Gd spacers actually
expanded, probably consuming a greater part of the ‘pure’ Si
and Gd layers during annealing. On the contrary, the
annealed Si/W/Gd film barely changed. The barrier W
layers in this film are 1.8 nm in thickness and are obviously
quite efficient antidiffusion barriers for this structure, at least
up to the annealing temperature of 300 °C.

However, the introduction of an additional layer changes
the phase of waves reflected from different interfaces when
the Bragg condition is satisfied, thereby producing a phase
mismatch reducing the reflectivity. Therefore, to minimize the

Figure 7. Electron-microscope images of the longitudinal sections of
(a) Si/Gd and (b) Si/W/Gd MISs. Barrier W layers were 1.8 nm thick;
the thickness of the Si and Gd layers in the Si/W/Gd film was ~ 11.1 and
~ 21.0 nm, respectively [223].
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phase mismatch, the barrier layer should be ultrathin, which
requires strict control of the deposition process [224].

7.1.2 Compounds and alloys. To avoid or at least suppress the
mutual diffusion and formation of compounds, it is prefer-
able to manufacture the MISs with one or even two layers
(separating and absorbing) consisting of a stable compound.

Hard-melting metal (Mo, W, Nb) carbides have excellent
physical properties, such as a high melting temperature, good
electric conduction, and extreme hardness. Therefore, an MIS
consisting of an absorbing metal carbide layer with an Si or
SiC separating layer should have good reflectivity and
thermal stability. For example, the Mo,C/Si MIS demon-
strated excellent thermal stability up to 400 °C [225] and even
up to 600 °C with the maximal normal-incidence reflectivity
of 61.8% at A= 13.0 nm [226]. Good stability was also
demonstrated by NbC/Si [227], WC/SiC [228], and
Mo,C/B4C [229] MISs.

Compared with other conventional silicon-based multi-
layer systems like W /Si, WSi, /Si not only has a lower density
and lower absorption, but is also chemically more stable
because WSi, is no longer a silicide. Thus, it is expected that
the thermal stability of WSi, /Si multilayers will be improved
and they will have sharp interfaces [230].

Multilayer Mo,Si;_,/Si X-ray mirrors for soft X-rays
demonstrate a high thermal stability up to 900 °C, whereas
Mo/Si multilayers with the same periods are destroyed at
600°C [231]. Thus, the MoSi,/Si MIS with a high
reflectivity proved to be much more stable because of the
thermal equilibrium of the MoSi, and Si components at the
interface [232].

The use of Mg for manufacturing MISs is restricted by two
important properties of this material: the low melting
temperature Ty, = 923 K and the high chemical activity.
Because of the high chemical activity, the interlayer interac-
tion of Mg with most of the materials used in MISs occurs
during their manufacturing and further operation, which
reduces the reflectivity. A compromise variant may be the
use of an Mg-based chemical compound. For example, the
Mg, Si compound is more hard-melting than Mg and is less
chemically active. This pair of materials is also promising for
manufacturing MISs, because it is a eutectic system in which
interlayer interaction is absent. The theoretical calculation of
the reflectivity of the Si/Mg,Si MIS showed that despite
structural phase transformations during heating, this system
can provide a reflectivity of about 34% at a wavelength of
30.4 nm at normal incidence, even at 500 °C [233].

7.1.3 Nitrogenization. Reactive sputtering with nitrogen
(nitrogenization) can considerably suppress interdiffusion
between adjacent layers due to the formation of stable metal
nitrides, as was shown for Cr/Sc[234], La/B [235], and Pd/Y
[84]. If the optical constant of layers did not significantly
change in this case, a higher reflectivity could be obtained
compared with the MISs manufactured by the conventional
method. The thermal stability of a nitrogenized multilayer
material can also be improved, which is important for mirrors
operating at high thermal loads [32]. Taking these advantages
into account, reactive nitrogen sputtering can be promising
for improving the efficiency and expanding the field of X-ray
optics [236].

Several short-period Se-based MISs, including CrN,/Sc
and Cr/Sc with B4C barrier layers, were experimentally
compared in [237]. The best results were achieved for

nitrogenization of Cr layers with added B4C barrier layers.
The reflectivity for 397-eV photons measured at nearly
normal incidence reached 23%. The CrN,/B4C/Sc MIS
model was proposed, which predicts a reflection coefficient
exceeding 32%.

7.1.4 Annealing. Pulsed laser diffusion can be used to control
manipulation of the structure of interfaces in MISs [238].
Depending on the miscibility or immiscibility of MIS
materials, interfaces can be made blurred or sharp, which is
explained by the inverse diffusion process. The inverse
diffusion of two elements at interfaces was observed in
Co/Au, Co/Ag, Co/C, and CoN/CN MISs annealed up to
250°C[238, 239].

7.2 Methods for reducing interface roughness
The introduction of an antidiffusion barrier can sometimes
also reduce the roughness of interfaces.

It is known that the reflection coefficient of the SiC/Al
MIS decreases on heating up to 300°C [240]. This occurs
because of the development of roughness due to the nonuni-
form growth of aluminum grains. In this case, no significant
interlayer diffusion is observed. The introduction of a thin
Mo layer to the SiC-on-Al interface reduced the roughness
and thereby improved the optical characteristics of this
system: interfaces of Al/W/SiC and Al/Mo/SiC multilayers
became sharper than those of the Al/SiC system [87, 89, 241].

Similar results were obtained in [220]. The Cr/B4C/V
MIS with many bilayers (N = 300) has the same small width
of the transition region as prior to the introduction of the BsC
buffer layer into the Cr/V MIS, whereas the roughness of the
interfaces decreased. Electron-microscope measurements
showed that the roughness decrease produced by barrier
layers can be explained by the suppression of vanadium
crystallization inside the MIS.

Incidentally, it was noted in [50] that the presence of boron
carbide at the Mo/Si MIS interface suppresses the formation
of silicides. As a result, interfaces become sharper.

7.2.1 Ton polishing (smoothing). Very smooth interfaces
reducing the diffuse X-ray scattering to a minimum are
usually obtained by ion deposition for polishing each layer.
In this case, a separate ion gun is used [242] (with ion
energies up to a few hundred electron-volts) either after or
during ion deposition to help the deposited atoms to achieve
local positions corresponding to the minimal energy of the
system [28, 36, 243].

A strong smoothing of surfaces resulting in sharper
interfaces was first demonstrated for the RhRu/C MIS [244]
and W/C multilayers [245]. Shortly after that, ion-beam
smoothing was performed for the Mo/Si short-period MIS
[246] and for EUV radiation coatings [247]. At first, most of
the smoothing experiments were performed with Ar* ions.
However, small argon ions can deeply penetrate into layers
and therefore can damage the interface under the layer. This
effect can be reduced by using ions of larger sizes, such as Kr.
The use of Ar™ and Kr* was studied in [248, 249]. The authors
of [250] showed that the sputtering of 400 eV Kr* ions (with
the use of sputtered 10 eV Sc and Cr atoms) is the best
compromise for the optimized growth of defect-free, dense,
smooth layers with sharp interfaces [11].

7.2.2 Working pressure. It was found in [251] that the
roughness of an Si/C MIS surface increased from 0.13 to
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0.29 nm with increasing pressure from 0.13 to 0.52 Pa, while
the reflectivity of samples with 20 bilayers gradually
decreased from 2652 Pa and the reflectivity of samples with
20 bilayers gradually decreased from 26.3% to 18.9%. The
maximum reflectivity, equal to 33.2%, was obtained for a
sample with 50 bilayers prepared at a working pressure of
0.13 Pa.

An increase in the roughness with increasing the argon
working pressure was also observed during the growth of
Mo/Si [252], W/Si [253], and Nb/Si [254] MISs.

7.2.3 Substrate. The reflectivity and imaging properties of
MISs substantially depend on the substrates on which they
are deposited. Along with the general requirement of atomic
smoothness, some specific requirements are imposed on
substrates related to the specific features of problems solved
with the help of MISs.

The simplest model assumes that the substrate roughness
makes the same contribution to film roughness independently
of the film thickness. At the same time, this simple model
ignores the fact that the ‘memory’ of the substrate roughness
gradually disappears during film growth [255]. In general, the
contribution of the substrate roughness depends on time and
decreases with film growth [256].

The specification of substrates, methods of their manu-
facturing, and metrology for lithography, synchrotron
sources, FELs, solar physics, and astronomy are presented
in review [257]. Materials for substrates with an ultralow
expansion coefficient, silicon and silicon carbide substrates,
are presented. Some new materials for substrates and their
manufacturing technologies are also discussed.

7.2.4 Bias potential. In the absence of a bias potential applied
to a substrate during the deposition of a silicon layer, the
interface roughness tends to develop from the substrate to the
surface of a multilayer stack, finally forming a columnar
structure inside the Mo/Si MIS. If a negative bias potential
(up to —200 V) is applied to the substrate during the
deposition of a silicon layer, this favors the formation of
smoother interfaces and improves the layer morphology
[258]. When a negative potential is applied to the substrate
during deposition, the width of the intermediate zone in the
MIS can decrease, as was found in [259], because the intense
bombardment of the growing film by Ar ions can efficiently
increase the mobility of an adatom, reducing the roughness
between layers [260].

7.2.5 Substrate temperature. Experiments on the optimization
of Mo/Si MIS parameters [172, 181, 261, 262] revealed the
dependence of the interface roughness on the substrate
temperature, the minimal roughness being observed in the
temperature range from 120 to 250 °C.

The dependence of the interface roughness on the
substrate temperature (Fig. 8) has a sharp minimum with
the value of 0.33 nm for a multilayer Mo/Si film deposited
at 215°C [262]. The authors explain this minimum by the
competition of two processes. As the substrate temperature
is increased, smoothing caused by surface diffusion occurs,
which results in a decrease in the interface roughness. The
second process—improved temperature mixing — increases
the roughness and dominates at temperatures above
215°C.

Cryogenic Mo/Si MIS cooling was performed in [252,
263, 264]. The temperature dependences of the roughness and
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Figure 8. Interface roughness measured as a function of the substrate
temperature during MIS deposition [262].

reflectivity of multilayer Mo/Si mirrors deposited by the
electron-beam evaporation method were studied in [263] and
[252]. The authors found that the roughness of mirrors
deposited at the substrate temperature of —155°C was lower
than that of mirrors deposited at room temperature. This
result can be explained by the fact that the nucleation rate at
the initial film-growth stage is higher at the lower tempera-
ture, resulting in an increase in the number of nucleation
centers and therefore leading to smoother interfaces. This
mechanism is consistent with the smoothing effect observed
at considerably higher temperatures [11].

7.3 Methods for reducing stress

Strict requirements for MIS optics in the soft X-ray and EUV
regions demand the minimization of deformation caused by
multilayer film stress. Such a deformation can produce
substrate bending or film stratification. However, the stress
should be diminished or compensated without decreasing the
MIS reflectivity.

The compression stress of optimized Mo/Si MISs is
usually —420 MPa, while the tensile stress of Mo/Be MISs
is +330 MPa [56]. This stress level is high enough to deform,
for example, the image of projection optics in a lithographic
system.

Experimental studies of stresses showed that the stress in a
film can be controlled by deposition conditions such as
nitrogenization [265, 266], argon pressure [56, 251, 267], and
even pressure in a vacuum system before deposition [267].

Other methods for reducing stresses in multilayer Mo/Si
films include annealing after deposition [56, 225, 268-270],
the introduction of anti-stress buffer layers [56, 271-273], and
changing the fraction y [56, 274-277].

A study of annealing upon the deposition of Mo/Si
[56, 271] at 200 °C showed that the stress decreased by 70%,
as for annealing after deposition. However, the reflectivity
decreased by 3.9% compared to 1.3% for annealing after
deposition. This means that, if annealing is performed on
films, it should be done after the multilayer deposition.

The decrease in the residual stress of Mo/Si and Mo,C/Si
multilayers upon annealing was studied in [225]. Slow thermal
annealing (1°C min~") reduced the stress from —520 MPa to
zero by heating Mo/Si samples to 310°C. However, the
reflectivity decreased by approximately 3-4%. On the other
hand, the stress in the Mo,C/Si MIS can be reduced from
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—490 MPa to zero by annealing without a considerable
decrease in the reflectivity.

Multilayer Mo/B4C structures deposited at low sputter-
ing pressures have a high compression stress. Zero stress can
be achieved at 360—370°C, but annealing at < 200°C is
sufficient for reducing stress by ~ 40 % [270]. This stress
relaxation is accompanied by an increase in the multilayer
period by ~ 0.02 nm and a decrease in the normal-incidence
reflectivity by <0.5 %. The multilayer period remains stable
up to ~ 600 °C, while the internal stress changes sign.

Because the ability of substrates to withstand thermal
annealing was unknown, the authors of [270] decided to
develop a reliable nonthermal method to reduce stress so as
not to produce irreversible deformation of the multilayer
optics. For example, to reduce the stress by decreasing the
reflection coefficient, each of the Mo layers in [272] was
replaced by an Mo/Ru/Mo sandwich.

By using the technique of deposition of an amorphous
silicon buffer layer for the Mo/Be MIS and an Mo/Be
buffer layer for the Mo/Si MIS, multilayers with almost
zero stress and the reflectivity decreased by less than 1%
were obtained [271]. In this way, Mo/Be MISs with the
reflection coefficient 68.7% at 1.4 nm and Mo/Si MISs with
the reflection coefficient 66.5% at 13.3 nm with stresses of
less than 30 MPa were manufactured.

The stress in MISs can change with time, even at room
temperature. It is important that multilayer optical devices be
stable with time. For Mo/Si with the Mo/Be buffer layer, the
stress changed from —28 to +3 MPa and the reflection
coefficient decreased by approximately 0.4% for more than
300 days. For Mo/Be with an amorphous Si buffer layer, the
stress changed from —23 to —3 MPa and the reflection
coefficient decreased by 12.8% for the same time [271].

If the stress in layers 4 is compressing and in layers B is
tensile, then the stress in a multilayer stack can be either
compressing or tensile (or zero) depending on the relative
thickness of the layer.

In [275], W/Cr films obtained by magnetron sputtering in
argon consisted of 20-50 nm thick W layers deposited on 5—
10 nm thick Cr layers. The deposition conditions were
controlled such that the W layers were compressed, while
the CV layers were stretched such that for the specified
selection of the layer thickness satisfying the requirement for
optical contrast, the stress in the bilayer was minimized by
balancing the stresses in two metal layers.

It was found in [276] that the stress increased almost
linearly with increasing y (Fig. 9). The stress sign changed at
y ~ 0.5. This value divides the y range into two parts: the
lower values lead to compression stress and the higher values
give tensile stress.

It is known that the Mo/Si MIS reflectivity depends on
the parameter y=dy,/d and reaches its maximum value in
the spectral region 13-13.7 nm for y ~ 0.42—0.44 [276]. A
change in the ratio of thicknesses of the Mo and Si layers can
be used to reduce stresses to almost zero levels for y =~ 0.6 (see
Fig. 9), but with a strongly reduced reflection (R ~ 54—57 %)
[276]. A change in the molybdenum fraction in MISs obtained
by electron-beam evaporation leads to a result similar to that
for coatings produced by magnetron sputtering, although for
different values of y. In [277], the Mo/Si MIS with 30 periods,
d="7nm, and y = 0.7 was manufactured. The multilayer
‘softened’ stack with the high reflection coefficient (69%)
demonstrates a lower stress equal to —33 MPa. It was also
found that the number of periods of such an MIS does not

600
500 ~
400 )
300
200
100 .

0, MPa

—100
—200
-300
—400
—500

600 | | | | | | | | |
0 01 02 03 04 05 06 07 08 09 1.0

/

Figure 9. Stress Q in Mo/Si MISs obtained by magnetron sputtering
depending on the Mo fraction y at the fixed bilayer thickness of
6.8 nm [276].

affect the stress value in the range of N from 20 to 50, while a
change in the dinterval only slightly affects the residual stress.

7.4 Methods for increasing the radiative, temporal,
and corrosion stability
The contamination of optical surfaces due to the interaction
of X-rays with atoms of background vacuum gases decreases
the lifetime of the optics and is one of the main problems with
multilayer optical devices used with intense X-ray sources
such as high-power lasers, synchrotron radiation sources, or
plasma sources in EUV lithography instruments. The main
problem in the development of commercial EUV lithography
is increasing the lifetime of the Mo/Si MIS projection optics.
The Mo/Si MIS should have a high radiative stability and the
maximum possible reflectivity in the normal-incidence geo-
metry. A serious problem with usual highly reflecting Mo/Si
MISs with an upper silicon layer is the considerable deteriora-
tion of the reflectivity caused by carbonization and oxidation
of the surface silicon layer under the action of radiation [278].
It was shown that molecular contamination is caused by
secondary electrons induced by EUV radiation. The lifetime
of projection optical devices is restricted by the precipitation
of carbon and its oxidation. It was shown that carbon, for
example, can be removed using radiofrequency purification
by oxygen or hydrogen [279], atomic hydrogen [280, 281], or
ozone [282, 283] with an insignificant decrease in the
reflectivity. The best solution to this problem is to avoid
carbon precipitation. This idea was proposed by the authors
of [284], who showed that carbon precipitation was consider-
ably suppressed in a medium containing a mixture of water
vapor and ethanol. Oxidation is more problematic, because
an oxide cannot be removed after its formation. Oxides also
strongly absorb EUV and, for example, a small increase of
1.5 nm in the oxide-layer thickness reduces the reflection
coefficient by 1.6%, which is the durability criterion for
projection optics. Therefore, oxidation-stable protective
layers are required for increasing the lifetime of multilayer
optical devices. Various materials based on multilayer Mo/Si
films with certain optical constants were proposed for
protective layers in [285]. However, aside from the optical
properties, these materials should form a continuous layer up
to a few nanometers in thickness, stable against oxidation in
the water vapor environment, and also a sharp smooth
interface with the material under the layer. Moreover, the
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protective layer should be stable not only against oxidation
but also against the purification method for removing the
carbon contamination and should not reduce the reflection
coefficient [11].

The Ru, Rh, RuO,, TiO,, and ZrO, layers proposed for
protecting the Mo/Si MIS surface were studied in [8, 286,
287]. Ru is widely used as an anticorrosion layer because it
combines relatively high optical transparency with a suffi-
cient stability against oxidation in the environment contain-
ing H,O in large amounts [50, 278]. The microstructure,
morphology, and stability of Ru and RuO; in oxidizing and
reducing media were studied in detail in [288].

The growth of multilayer Pd/B4C structures with small
d intervals is accompanied by the appearance of extremely
compressing stresses and the formation of defects. The stress,
together with substrate surface defects, generates cracks and
other defects in the layers. The presence of oxygen in the
environment causes the depletion and oxidation of boron,
which in turn results in considerable damage to the layered
structure for several days. A protective SiO, layer can
decelerate the degradation process by orders of magnitude [74].

The stability of various nanostructure coatings for
different applications irradiated by high-power X-rays has
been studied by many authors [289-298].

The mechanism of Mo/Si MIS damage caused by 13.5 nm
radiation from a plasma source generated by a table-top laser
was studied in [291-293]. For multilayer Mo/Si mirrors, two
damage regimes were observed upon irradiation by nanose-
cond pulses: for the 0.8 J cm~2 radiation density, ‘spot-like’
damage is observed, which transforms into a crater for the
energy density of ~ 1.7 J cm~2 [291]. It was shown that the
Mo/Si efficiency could be improved by adding a protective
layer such as Pd or B4C. Indeed, Pd and Mo have similar
thermal and mechanical properties, which reduces stresses
and improves the Mo/Si MIS stability. A protective B,C
layer also reduces damage due to its high hardness, low X-ray
absorption, and the stable interface with a silicon layer under
it [292].

The Mo/Si MIS damage mechanism caused by a single
femtosecond pulse was studied in [294-298]. The damage
mechanism in this case is different because the material has no
time to melt under the action of a short femtosecond pulse.
For the radiation energy densities @ from 40 to 125 mJ cm~—2,
two types of damage were observed. The first is characterized
by the formation of a ‘smooth’ crater. The crater area exactly
corresponds to the damage area and its depth varies from a
few nanometers for @ slightly higher than the damage
threshold to more than 30 nm for & ~ 65 mJ cm~2. For
@ > 65 mJ cm~2, the second damage type is observed: the
crater is much deeper and increases to 70 nm for
® ~ 125 mJ cm~2. In addition, a mound forms in the middle
of the crater [294]. For @ < 17.5 mJ cm™2, no substantial
changes are observed in the MIS character, even under
irradiation for 60 s. For & ~ 42.5 mJ cm~2, considerable
changes in reflection characteristics were always observed,
even for a 10 ms exposition [298].

8. Methods providing spectral purity

Spectral contamination in the long-wavelength range is a
common problem with many X-ray sources. Plasma sources
produced by a laser discharge have a broad emission
spectrum from the EUV to the visible range, sometimes
extending to the IR range [299]. High-harmonic generation

sources emit a harmonic train of waves beginning from the
fundamental wave of a laser [206]. In astronomic observa-
tions in the EUV region, the longer-wavelength background
is also present [300]. Thus, the spectra of these sources contain
emission in the UV, visible, and even IR spectral ranges
outside the transmission band of MISs. This radiation can be
reflected even by a single layer, and therefore it is difficult to
filter it with the help of a standard multilayer mirror. Outside
the MIS transmission band, this radiation is also reflected by
a multilayer mirror to the optical system, where it can
decrease the spectral resolution, the detection sensitivity,
and the image processing quality [301] or create a thermal
load problem [302].

Undesirable long-wavelength radiation can be suppressed
with transmission multilayer filters. However, such filters
have a relatively low transmission coefficient in the EUV
range and degrade under a thermal load or variable pressure
[303, 304]. Several new schemes of spectral filters integrated
with MISs developed recently [11, 305] demonstrate a high
suppression of undesirable wavelengths along with a con-
siderably higher efficiency.

The commonly accepted method for suppressing UV
radiation is based on the use of an anti-reflection coating [306].
The method is based on the destructive interference of
reflections from the upper and lower surfaces of the coating:
if the two reflections have equal amplitudes and opposite
phases, the undesired radiation is transferred into the
substrate. The optical properties of Si3Ny in the wavelength
range 100200 nm are favorable for the design of a single-
layer anti-reflection coating. In [307], a 7 nm thick Si3Ny film
was deposited on an Mo/Si MIS. The relatively weak
absorption in SizNy at 13.5 nm restricts the reflectivity loss
by only 4%, the reflection coefficient for UV radiation
decreasing fivefold. In the wavelength range above 200 nm,
materials with a low reflectivity and high transparency in the
EUYV region are not available.

The authors of [308] manufactured a single-layer anti-
reflection coating for multilayer Mo/Si mirrors. A thin
Sig.52Co.16No.29 film 20 nm in thickness prepared by electron-
beam combined deposition of silicon and carbon with N T ion
implantation during growth suppresses the reflection of UV
radiation in a broad band with the maximum coefficient of
195 at 285 nm.

As a rule, the MIS reflection band has a small but finite
width, and this can be a serious disadvantage when several
spectral lines fall into the transmission band. The design,
realization, and characteristics of an innovative MIS with
high reflectivity along with the suppression of one of the two
adjacent spectral lines are presented in [86, 309]. A key optical
element is an optimized multilayer anti-reflection coating
deposited above the MIS, which preserves the reflection
coefficient at the specified wavelength and at the same time
suppresses reflection at a particular undesirable wavelength.
Similarly to the MIS, the coating structure consists of a
sequence of absorber and spacer layers, which can be made
of the same materials as the MIS or different materials. A
periodic MIS with a high reflectivity creates a standing wave
in the structure for both wavelengths. If the coating layers are
designed such that the standing wave antinodes for the
undesired wavelength are very close to the absorbing layer, a
considerable decrease in the intensity at the undesired
wavelength can be achieved [72, 86, 309].

The authors of [72] demonstrated the possibility of using a
Pd/B4C coating to obtain a high peak reflection coefficient
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for the third harmonic (34 &~ 20.1 nm) and to suppress the
fundamental harmonic in one configuration or, alternatively,
using this coating in another configuration to provide a high
peak reflection coefficient only for the fundamental harmo-
nic. In the first case, the absorbing layer (the Pd layer) is
always located near a node of the third harmonic of the
standing wave and at the antinode of the fundamental
harmonic with the subsequent appearance of a fundamental
reflection. It was shown in [310] that the combination of a
multilayer La/B4C mirror and an additional multilayer anti-
reflection coating of the same composition provides both a
high third-harmonic suppression coefficient equal to 356 and
a peak reflectivity of 53.4% at a wavelength of 6.7 nm.

Anti-reflection coatings for suppressing UV radiation are
quite attractive; however, they cannot be used to suppress
long-wavelength IR radiation because the large thickness of
the coating required for this purpose would lead to unac-
ceptable losses in EUV radiation intensity.

IR reflection by standard multilayer Mo/Si mirrors is
mainly caused by scattering from metal Mo. The first step for
reducing the IR reflection is the replacement of Mo by a
different material, such that the multilayer stack, still
reflecting EUV, would at the same time be transparent to IR
radiation. This is nontrivial, because materials with a high
electron density having reasonable reflection coefficients in
the EUV range are usually metals or metal compounds such
as Mo, Mo,C, Ru, or Zr, which are opaque to IR radiation. A
multilayer mirror for EUV radiation proposed in [311] has a
low reflection coefficient in the IR region at a CO, laser
wavelength of 10.6 um. The mirror is based on a multilayer
coating containing alternating layers of diamond-like carbon
and silicon, for which the reflection coefficients were 42.5%
and 4.4% in the respective EUV and IR ranges.

An elegant design of hybrid multilayer mirrors was
developed in [45, 32, 313] (Fig. 10). Here, the MIS operates
as a Bragg reflector for EUV radiation, and at the same time it
forms an IR anti-reflection coating together with a metal
layer located under it. The MIS is perceived by the incident IR
radiation as a homogeneous medium. In this case, the wave
intensity reflected from the whole structure is equal to the sum
of intensities reflected from the MIS external surface (R;) and
the MIS/metal layer interface (R,) [312] (Fig. 10a). If the total
MIS thickness is optimized, a phase shift between R; and R,
equal to 180° can be produced and therefore an IR reflectivity
close to zero can be achieved. In [312], the authors used the
B4C/Si MIS as a reflector transparent to the IR radiation and
a 10 nm thick Mo film between the Si substrate and the
B4C/Sistack. The maximal EUV reflectivity was measured to
be 45% along with the IR radiation suppression by more than
two orders of magnitude.

A similar (but more flexible) construction based on
LaN/B was proposed for a possible lithographic system
operating at a wavelength of about 6 nm [313] (Fig. 10b).
The IR reflection from this structure is determined by the
interference of waves reflected from the upper surface (R;),
the interface between the MIS and a phase-shifting layer (R»),
and the interface between the phase-shifting layer and
substrate (R3). Because the total width of the LaN/B MIS is
fixed by the construction for optimal EUV reflectivity, the
phase-shifting layer width should be adjusted to achieve
destructive interference at A = 10.6 pm for minimizing the
reflectivity at this wavelength.

This design provides a certain freedom in the choice of
materials for the phase-shifting layer, including amorphous

Figure 10. Sketches of hybrid multilayer mirrors: (a) /— B4C/Si MIS,
2— Mo film 10 nm in thickness, 3— substrate [312]; (b) /— LaN/B MIS,
2— phase-shifting SiO; layer, 3—substrate [313].

Si, Ge, and SiO,, which are compatible with the extremely
smooth growth conditions required for efficient MIS applica-
tions. In this particular study, SiO, was chosen because of the
commercial availability of ultrasmooth SiO; coatings.

SiC was proposed as a substrate material providing a high
optical contrast at 4 = 10.6 um, with materials such as Si and
SiO, proposed for a phase-shifting layer.

9. Applications of periodic MISs

9.1 Monochromators

Compared to crystal monochromators, multilayer mono-
chromators offer certain advantages. First, a multilayer
period (and hence the wavelength of a reflected photon) can
be made arbitrary, in particular, for reflecting wavelengths
above 1 nm, which is impossible for crystals. Second, the
typical transmission bandwidth of MISs is one to two orders
of magnitude larger than that of crystals. Thus, a multilayer
monochromator reflects the greater part of the energy
spectrum, resulting in an increase in the integrated intensity
of diffracted X-rays. Third, some geometric shapes can be
readily fabricated with the help of multilayer materials
deposited on profiled (for example, bent) substrates. The
fact that parameters of multilayer structures such as the
bilayer period (the d interval), the ratio of thicknesses y, the
combination of materials, and the number of layers can be
chosen arbitrarily allows somewhat adapting the spectral
range of the transmission band to the requirements of a
particular study [314]. Another advantage is that different
MISs can be deposited in the form of several strips on one
substrate to cover a broad spectral range with the optimal
efficiency [315-319].
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A high reflectivity in two spectral regions can be obtained
with the help of so-called periodic two-stack multilayer
coatings containing two MISs with different periods, depos-
ited one on another [320, 321].

The number of multilayer monochromators used in
synchrotrons all over the world is constantly increasing,
although is still limited compared to the number of crystal
monochromators. Optical systems are being developed or
used for various industrial applications [314].

9.2 Focusing

In 1981, Henry, Spiller, and Weisskopf [322] reported the
fabrication of the first multilayer device on a second-order
surface. MISs are usually deposited on an ellipsoid for
focusing or on a paraboloid for collimating a beam. For
example, a parabolic multilayer mirror proved to be efficient
for application in the powder diffraction method [15, 16, 323].
However, when the divergence of the incident beam is
large and the size of the optical apparatus required for the
beam interception becomes impractically large, the mer-
idional focusing concept gives way to the sagittal focusing
concept.

A sagittal focusing monochromator consisting of two
multilayer structures producing a spatially broadened broad-
band X-ray beam from a synchrotron radiation source is
described in [324]. This monochromator consists of two
W /B4C MISs with a period of 25 A on an Si substrate. The
second module is mounted on a sagittal bent device, which
can dynamically change the bend radius of a multilayer
mirror for beam focusing (Fig. 11a). This device provides
the control of the X-ray beam size to obtain the best matching
between the detection region and object sizes for efficient data
collection. The broad energy band, along with the sagittal
focusing, provides the best possible photon flux for time-
resolved experiments. The authors of [325] state that sagittal
focusing MISs with a fixed bent radius provide an additional
ten-fold increase in the flux density.

The mirror in a Hamos spectrometer is a cylindrical mica
crystal 20 mm in radius with W/B4C or Cr/Sc M1Ss deposited
on it (Fig. 11b). The radiation source and the recording plane
lie on the cylinder axis. Different wavelengths diffract in
different regions of the MIS surface and are focused at
different points on the spectrometer axis. The first studies
with MISs in a focusing Hamos spectrometer [326] have
shown that they are promising for applications in the X-ray
and EUV spectroscopy of low-intensity sources. In the range
8 < A < 25A, they can compete with crystals as dispersion
elements of focusing spectrometers. In the EUV range,
inaccessible to the application of crystals, focusing spectro-
meters based on MISs can be used instead of conventional
grazing-incidence diffraction spectrometers [327].

In 1948, Kirkpatric and Baez [328] presented one of the
first practical solutions to the X-ray optical visualization
problem. They managed to overcome the absence of conven-
tional refracting lenses and showed that a pair of cylindrical
mirrors can provide the ‘point-to-point’ focusing required for
imaging. The Kirkpatric-Baez microscope uses two cylind-
rical mirrors for the successive focusing of X-rays in two
perpendicular planes (Fig. 12a) for a grazing incidence in the
energy range 100 eV-10 keV. Compared to paraboloid and
ellipsoid surfaces, the fabrication of cylindrical surfaces is
much simpler [329]. When a multilayer coating is used, the
microscope has a high spatial resolution and high X-ray
focusing efficiency [330-333].

Figure 11. (a) Diagram of an MIS monochromator. The incident
collimated X-ray beam / is reflected from a plane multilayer mirror 2 at
the Bragg angle and focused on the spot 5 of a sagittally bent MIS 3.
Arrows 4 show the load applied for mechanically bending the MIS
substrate [324]. (b) Schematic of a focusing X-ray Hamos spectrometer:
1—X-ray source, 2—sagittally bent mica crystal with the MIS deposited
on it, 3— linear detector [327].

Figure 12. Kirkpatric—Baez ‘point-to-point’ focusing schemes: (a) classical
and (b) confocal [125, 334].

An important particular case of the Kirkpatric-Baez
optical device is a symmetric system with two ‘side-to-side’
mirrors (Fig. 12b), which is also called confocal. Such a
system has an effective aperture four times larger than the
classical Kirkpatric-Baez system, which is one of its
advantages [320]. In addition, because the optical apparatus
is much more compact than in the classical scheme, both
mirrors can be preliminarily adjusted and connected, while
the adjustment degrees of freedom can be independent of
each other [15, 16, 334].

9.3 Normal-incidence optical instruments
As in visible light optics, the diffraction-limited resolution of
an X-ray optical element is given by [335]

0.441
Dyifr = NA (13)

where NA = nsin 5 is the numerical aperture, # is the aperture
angle, n is the refractive index of a medium where radiation
propagates, and A is the radiation wavelength.
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Figure 13. (a) Path of rays in a Cassegrain telescope: / — primary focusing
mirror, 2— secondary scattering mirror, (F)—focus. (b) Path of rays in a
Schwarzschild objective: /—secondary focusing mirror, 2— primary
scattering mirror.

Therefore, the advantages of normal-incidence multilayer
optical instruments over grazing-incidence ones are the larger
numerical aperture, i.e., an increased aperture ratio and
improved spatial resolution, as well as the comparative
simplicity of manufacturing, resulting in the high quality of
produced images. The normal-incidence multilayer optical
instruments have a smaller number of aberrations than the
grazing-incidence ones, thereby providing a better angular
resolution in a much broader field of view.

X-ray normal-incidence spherical mirrors are used in
telescopes [100, 336-338], microscopes [2, 339-345], spectro-
meters [346-349], and EUV lithography [7, 11, 44, 350, 351].

Periodic multilayer coatings operating near the normal
incidence can be deposited on superpolished mirror sub-
strates, for example, in a Cassegrain telescope containing a
large primary concave mirror and a small convex secondary
mirror (Fig. 13a). The use of normal-incidence mirrors in
optical instruments improved their spectral resolution to
tenths of an angular second, reduced the exposure time by
more than an order of magnitude, and diminished the size and
weight of the instruments, which is very important for space
experiments.

In the case of telescope mirrors for solar visualization,
several EUV emission lines are imaged in one telescope, with
each of the mirrors divided into several sectors, each tuned to
one particular wavelength and covered with a suitably chosen
pair of materials [100]. For example, the EIT instrument uses
four separate multilayer structures deposited on the matched
quadrants of primary and secondary telescope mirrors. A
rotating mask makes it possible to use only one quadrant of
the telescope for solar illumination at any time. All the
multilayers are fabricated from alternating molybdenum
and silicon layers [336]. The SUVI instrument is a general-
ized Cassegrain telescope having six different wavelength
channels located on one mirror and tuned to six narrow
spectral bands centered at 93.9, 131.2,171.1, 195.1, 284.2, and
303.8 A [338].

To produce magnified images of microobjects with a
submicron spatial resolution in the soft X-ray and EUV
spectral regions, microscopes using Fresnel zone plates [352]

Figure 14. (a) Diagrams of X-ray microscopes: / —plasma laser source,
2—condenser (multilayer spherical mirror), (b) Schwarzschild objective:
3—sample, 4— objective (Fresnel zone plate), 5— magnified sample
(a) image/(b) detector [342, 343].

as an objective and a multilayer mirror as a condenser [343,
344] were developed and built (Fig. 14a). A normal-incidence
multilayer condenser offers a number of advantages, includ-
ing high data collection efficiency, distinct spectral selectivity,
and a high numerical aperture.

To obtain the high resolution for a large field of view with
the help of spherical mirrors, it is necessary to use two
reflections, as in the Schwarzschild objective [2, 339-341,
345] (Fig. 13b). The advantage of such systems over single-
reflection devices is also that the object and its image are
located on different sides of the focusing system, which
simplifies their use [2]. The Schwarzschild configuration also
allows creating an optical instrument without spherical
aberrations, astigmatism, or comas. The Schwarzschild
objective offers all the advantages of normal-incidence
mirrors based on MISs. It combines a large field of view
with a submicron spatial resolution [339, 341]. The Schwarzs-
child system can be used in microscopes as an objective [341]
and a condenser [342] (Fig. 14b).

Highly reflecting normal-incidence multilayer mirrors for
the EUV spectral range attract considerable interest because
the projection lithography is promising for the development
of the next generation of lithographic instruments for
manufacturing semiconductor structures with a resolution
of 70 nm or better [44]. In lithography, the image of a mask is
transferred onto the surface of a silicon plate by a system of
normal-incidence multilayer mirrors. The mask is an Mo/Si
MIS coated with an absorbing film with the pattern of an
integrated circuit [353]. Most of constructions consist of a
system of Bragg reflectors with a constant MIS thickness
(Fig. 15). A relatively large number of mirrors in the
projection part is necessary to obtain a high resolution along
with a large enough field of view. MISs give the maximum
theoretical reflectivity R ~ 0.75 for Mo/Be and R ~ 0.73 for
Mo/Si. However, for optical systems with several reflectors,
the output optical intensity sharply decreases and can
decrease to 6-10% of the input intensity. Therefore,
obviously, even an increase in the reflectivity of one mirror
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Figure 15. Diagram of an EUYV lithographic instrument: (A) —radiation
source, (B)—mask, (S)—silicon plate, (C) — condenser mirrors, (M) —
projection mirrors [351].

by 1-2% would provide a considerable increase in the
aperture ratio of the total optical system [11, 351]. This, in
particular, explains the desire of researchers to increase the
MIS reflectivity as much as possible.

9.4 Polarization properties

The polarization of X-rays is usually measured in a standard
way by using two optical elements azimuthally turned about
the radiation propagation direction: a polarizer for introdu-
cing a phase delay of 90° and a linear polarization analyzer. It
is well known that because the refractive index is close to unity
in the X-ray range, Brewster’s angle at which a p-polarized
wave is not reflected is in fact close to 45° (we note that this
conclusion follows from (7)).

Theoretical and experimental investigations showed that
multilayers can be used as efficient polarizers and analyzers in
the soft X-ray region [181, 354—372]. There are two types of
multilayer polarizers and analyzers. One of them operates in
the reflection geometry and the other in the transmission
geometry. Because the latter changes neither the propagation
direction nor the spatial position of the beam, it can be easily
introduced into any X-ray optical setup. Aside from
polarization properties, these films also have phase-shifting
properties. MISs can produce a phase shift between the s-
and p-components of the field near the Bragg angle if this
angle is close to Brewster’s angle. The reason is the difference
in the width of reflection curves for the s- and p-polarized
radiation [3, 157].

Due to interference of the incident and reflected s-polarized
field in MISs used in transmission, the field intensity is
concentrated in separating layers for angles slightly smaller
than the Bragg angle or in the absorbing material for angles
slightly exceeding the Bragg angle [373]. This results in a large
phase delay or phase advance for the s-component, whereas the
p-component is not affected by this resonance because of the
closeness to Brewster’s angle [357, 371].

Thus, MISs can be used to obtain quarter-wavelength
plates for soft X-rays and EUV radiation.

10. Aperiodic MISs

Periodic MISs have relatively narrow spectral transmission
bands (A1// ~ 0.01—0.1), which makes them, first of all, an
efficient tool for constructing quasi-monochromatic spectral
images. Along with periodic multilayer structures, of interest
are also aperiodic structures capable of satisfying criteria
other than the achievement of a high reflection coefficient in a

broad spectral range without changing the radiation inci-
dence angle.

Beginning with the pivotal paper by Lee [374], it has
become clear that changing the period of a multilayer
structure over depth or along the surface, allows changing
the reflection curve so as to impart unusual properties to
multilayer mirrors, the properties not inherent in conven-
tional periodic multilayer mirrors.

Aperiodic MISs have a huge potential inaccessible to
periodic MISs. Aperiodic MISs can be optimized to obtain
the maximum integrated reflectivity or the maximum uniform
reflectivity in the specified wavelength range or specified
incidence angle range to obtain the maximum reflectivity at
the same or several wavelengths, for polarization in all broad
wavelength ranges for a fixed grazing incidence angle, etc. [12,
14, 375-377].

10.1 Depth-gradient MISs
One of the methods for increasing MIS transmission is simply
to decrease the number of reflecting bilayers.

This approach for the hard X-ray range faces the problem
of a rapidly reducing reflectivity. The more efficient variant is
a change in the d interval such that X-rays with different
energies or different grazing angles are reflected into different
depths of the MIS. The obvious possibility of broadening the
transmission band is the creation of a multilayer structure
with a period gradually changing over the MIS depth. In this
case, shorter-wavelength X-rays are reflected from deeper
layers of the structure, because they are usually absorbed
more weakly (Fig. 16).

A well-known method for constructing aperiodic MISs
uses the gradual decrease in the d interval by a power-law
function [378]

d(j) =

a
(j+b)’

where j = 1, 2, .... The coefficients a, b, ¢, the number N of
layers, and the thickness fraction y should be optimized to
obtain the desired reflectivity as a function of the photon
energy. For gradient MISs, the parameter y can be a constant
or slowly varying quantity in order to optimize the reflection
efficiency, i.e., to find the best compromise between the
constructive interference and photoelectric absorption [138].

The solution of the inverse problem of projecting a
multilayer mirror with a reflectivity Ry(¢) between incidence
angles ¢, and ¢,;, is usually based on the minimization of
the merit function [379]:

(14)

MF = (Ag) ™" L [Ro(9) — R(9)]* do,

A(p = Pmax — Pmin >

dmélx

}~min

dmin

o

Figure 16. Principal setup of a depth-gradient MIS [116].
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which characterizes the root-mean-square deviation of the
calculated reflectivity profile R(¢) from the assumed reflec-
tivity. The thicknesses of deposited layers are assumed to be
independent variables. If the energy interval is specified
instead of the angular interval, Ag in (15) should be replaced
by AE.

After the choice of dpin and dn,x for a given MIS, the
parameters of the power-law function are determined by
minimizing the merit function via scanning the three-
dimensional space of parameters: the number N of bilayers,
the exponent ¢, and the ratio y of the thickness of a heavy
element to the d interval. This uniquely determines constants
a, b, and ¢ [119].

For example, the authors of [380] grew a gradient W/Si
MIS containing 150 bilayers with layer thicknesses in the
range d = 3.33—29.6 nm and y = 0.415. The bilayer thick-
ness distribution for this film was described by the expression

10.27
= =

T (09912 130,

(16)

where d; is the thickness (in nm) of the jth bilayer, the
uppermost layer corresponding to j = 1.

Requirements for the optical constants of elements of
gradient MISs depend on the optimization criterion used and
differ in general from those for periodic mirrors. Never-
theless, pairs of materials giving the best results for periodic
MISs are typically also good for aperiodic structures.
Gradient MISs with any desired reflectivity profile R(1) or
R(¢) were designed using several theoretical approaches (see,
e.g.,[144,378, 381-388]). We note that all the approaches give
a nonmonotonic oscillatory dependence of the layer thickness
on depth, although the desired profile of the reflection curve is
very simple (for example, constant) (Fig. 17). In fact, as
shown theoretically in [144, 384], the monotonic dependence
of the period on the depth always leads to a strongly
oscillating reflection curve. The reverse is also true: an MIS
providing a smooth reflection curve is always characterized
by a nonmonotonic change in the period, which often
oscillates with depth. As shown in [380, 386, 390], small
deviations (by a fraction of an angstrom) of the layer
thickness from the nominal value can explain the deforma-
tion of the reflection curve observed in experiments.

25
R, %
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Figure 17. Calculated (solid curve) and measured (dots) reflection
coefficients of an aperiodic multilayer polarizer consisting of 100 Mo/Si
bilayers [389].

Variations in the layer thickness in broadband MISs
should be minimized at the projecting stage. This is
important not only for the ease of control of the layer
thickness during manufacturing but also for preserving the
invariable layer structure along the whole stack and thereby
close to the desired design. This problem was solved by
Kozhevnikov et al. by using a new merit function including
a factor restricting the variation value of the layer thickness
[391]. They designed MISs providing an almost constant
reflectivity of 50% in the interval of incidence angles
0°—16° (4 = 13.5 nm), with the change in layer thickness
being no more than 0.39 nm. However, the more practical
solution of the problem would be the creation of a
broadband MIS with the thickness of the layers varied as
weakly as possible. Then the internal structure of layers
could be expected to vary insignificantly. As a result, the
deviation of the layer thickness from the calculated value
would be smaller, even with the use of methods for
controlling the deposited mass [391].

Broadband MISs are used as polarization elements [392—
398] and in spectroscopy [375, 376, 399—402], astronomy [124,
403-406], and X-ray optics [317, 407-409].

The generation and measurements of ultrashort electro-
magnetic pulses are at the forefront of modern physics. The
pulse duration restricts the temporal resolution of experi-
mental studies of the time evolution of various processes.
Attempts to generate laser pulses as short as possible are
stimulated by the desire to investigate fast molecular
processes [410]. Recently, we have witnessed great progress
in the generation of single pulses a few hundred attoseconds in
duration (lac = 10"'8s) [411, 412]. Such pulses can be
obtained during the interaction of high-power femtosecond
laser pulses with a gas jet; the ionization of atoms in a laser
field generated the spectrum of laser harmonics extending to
the X-ray region.

To filter out attosecond pulses from the high-harmonic
spectrum and to direct and focus them, special equipment is
required. Short pulses have a broad spectral range, and
hence the transmission band of an optical element should be
no less than the spectral range of the pulse. Therefore,
broadband mirrors can be used to reflect attosecond pulses.
It was shown that properly manufactured gradient MISs
can be used to compress chirped pulses [29, 250, 347, 377,
413-421]. (A chirped pulse is one with the wavelength
monotonically varying within the pulse [422]). The idea of
using a depth-gradient MIS to compress a chirped pulse is
based on the fact that different frequency components of the
pulse are reflected at different depths in the MIS, where
radiation locally satisfies the Bragg condition. Multilayers
located at different depths produce a difference in the path
length and therefore a phase difference between different
spectral components of the pulse, allowing the pulse to be
compressed.

Simulations in [413] showed that an optimized gradient
MIS can reduce the pulse duration from 260 to 90 as. The
possibility of generating short pulses with durations of 170—
130 as were demonstrated in the energy range 75-130 eV using
multilayer Mo/Si structures with the reflectivity of 5-10%
[416, 417, 421].

The authors of [418] experimentally demonstrated the
compression of chirped pulses to theoretical durations in the
range 5047 as. Moreover, their theoretical study showed that
gradient MISs can provide efficient pulse compression in a
very large range of incident angles.
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10.2 Lateral-gradient MISs

If the reflection coating for X-ray optical elements is made of
multilayer films (especially for a large receiving angle), the
uniform layer thickness causes chromatic aberration. This
aberration can be eliminated using a lateral gradient MIS
[335, 423-4206].

The Bragg law in such structures [formula (6)] holds at
each point of their surface, and the numerical aperture
increases compared to a periodic MIS, which in turn results
in an increase in the aperture ratio and the diffraction
resolution limit [335]:

1 1\
Dyir = 0.88 — — — .
airr <dmin dmax)

(17)

In the case of the parabolic or elliptic curvature of a lateral
gradient MIS, the initially diverging quasimonochromatic
X-ray beam can be transformed into a parallel or focused
beam. The replacement of a periodic structure by a lateral
gradient structure widens the possibilities of efficiently using
optical elements such as a condenser [427], a Schwarzschild
objective [42], and Kirkpatric—Baez mirrors [9, 425, 428—433].

Parabolically bent gradient MISs, so-called Goebel mir-
rors, opened new applications as X-ray optical devices. A
Goebel mirror is a gradient MIS on a parabolically bent
substrate transforming a diverging beam into a parallel
quasimonochromatic beam using the linear focus of an X-ray
tube (Fig. 18a). The Goebel mirror can be considered the
most successful among different types of gradient MISs
because it is the most flexible and has many applications [67,
423, 434-436]. For example, a parallel beam can be connected
with other X-ray optical elements such as a monochromator
[434] or fulfill the functions of a collimator in a diffractometer
[435] (Fig. 18D).

In the case of a primary polychromatic beam with a small
angular divergence, a planar lateral gradient MIS can be used
as a monochromator [437] or a linear polarizer [438] with the

Figure 18. (a) Goebel mirror 2 combined with an X-ray tube with a linear
focus 7 [67]. (b) Setup of a ‘moderate resolution’ diffractometer [435]: 1 —
X-ray tube, 2— collimator (Goebel mirror), 3— crystal monochromator,
4—sample, 5—analyzer (lateral-gradient cylindrical multilayer mirror,
6 —detector.
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Figure 19. Differential reflection curves obtained by moving an X-ray
beam over the Fe/Cr MIS surface with an interval of 3.1 mm along the
gradient direction [438].

possibility of energy detuning by directing the X-ray beam to
different parts of the surface with different 4 intervals
(Fig. 19).

10.3 y-gradient MISs

It is known [2] that for general MIS models with absorbing
layers, the gradual change in the distribution ratio over the
mirror depth from y = 0.3—0.4 on the surface to y = 0.5 near
the surface can increase the peak reflectivity. The authors
of [439] showed that if the ratio y is corrected for each bilayer
to provide the maximum increase in the reflectivity, a gradual
transition occurs from the ideal quarter-wavelength structure
near the substrate to thinner absorbing layers near the
surface. Their optimized design has demonstrated a much
higher reflectivity than the periodic structure.

The Mo/Si MIS was optimized in [350] by gradually
changing the layer thickness through the stack, whereas the
period width remained nominally constant at 6.8—7.0 nm. The
value of dy, near the substrate was ds; =~ 3.5 nm, changing to
dvo =~ 2.7 nm and ds; ~ 4.2 nm near the surface. The
important feature of the layer profile is that the value of y
equal 0.4 is preserved over the first 20 periods near the surface
and then gradually increases to 0.5 near the substrate, the last
value being close to the ideal value of 1/4.

The optimized Cr/Sc/Mo MIS proposed in [440] had a
gradient distribution of the layer thickness over depth within
the nominal optical period: the components of the first three-
layer stack had the widths Sc (3.3 nm)/Mo (2.7 nm)/Cr
(3.7 nm). ‘Transparent’ Sc and absorbing Mo layers in the
next three-layer stacks became thinner. Beginning with the
fifth three-layer stack, the layer thickness became constant.
The last six three-layer stacks were Cr (3.6 nm)/Sc (4.3 nm)/
Mo (1.4 nm), while the upper chromium layer was 3.3 nm in
thickness. This MIS had a constant periodic thickness of
9.8 nm for reflecting soft 310 eV X-rays at the grazing angle of
77.2°. The peak height and spectral width of the measured
reflectivity were 27.4% and 35 eV, which are suitable for the
condenser optical instruments of broadband high-intensity
soft X-ray sources.

For gradient layers, y can also be made a slowly varying
quantity to optimize the reflection efficiency, i.e., to find the
best compromise between constructive interference and
photoelectric absorption [138].
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11. Narrowband multilayer optical devices

In the development of new methods for increasing the
sensitivity and the signal-to-noise ratio, aside from the
necessity of increasing the reflectivity of mirrors, the
problem appears of how to synthesize coatings with
extremely narrow transmission bands. Such MISs should
provide a spectral resolution between those of ‘conventional’
MISs (AA/A = 2 %) and crystals (A1/4 = 0.01 %) to perform
investigations in the fields of microimaging, fluorescence
analysis, and crystallography with much higher photon
fluxes and adequate resolution.

The transmission band of a semi-finite MIS can be
described by the very simple expression [18, 235]

AL

== ‘RC(XA—XB)}M

(18)

sin 6

which is, of course, approximate because it does not contain
absorption effects and is valid only when the extinction depth
is considerably shorter than the mean free path of soft X-rays
restricted by absorption in the MIS material. Nevertheless,
this expression clearly points to methods that can be used to
increase the spectral resolution of MISs.

First, because expression (18) contains the Bragg reflec-
tion order m, the spectral resolution can be improved by
increasing the diffraction order. Higher orders in the EUV
range were used in [441], where the authors demonstrated a
narrow transition band 0.077 nm wide at A = 13.5 nm.

The second way to improve the spectral resolution is to
replace the absorbing material with some light, weakly
absorbing material to decrease the permittivity jump at the
interface affecting the resolution. One solution is the deposi-
tion of carbon/carbon coatings. This means that both
components of the structure are carbon, but its density in
alternating layers should be different [7, 442].

A carbon/carbon material system is of special interest due
to its low absorption coefficient in a broad spectral range and
the possibility of depositing C layers with different modifica-
tions, i.e., different optical properties. Simulations of C/C
multilayers [443] showed that the reflection coefficient R
(Cu Ka radiation) exceeding 80% and the resolving power
2/AX = 600 can be achieved for a C/C MIS with d =3 nm
and N =1000. Experimentally, the resolving power
//AL = 91 was obtained for the period thickness of 1 nm
and the number of periods up to 500.

The authors of [444] used low-contrast Al;O3; and B4C for
E = 8 keV to measure the transmission band equal to 0.27%
with the reflectivity of 40% of an Al,03/B4C multilayer with
N =2800and d =26A.

Another approach to improve the spectral resolution
consists in decreasing the thickness of layers of a strongly
absorbing material. As 7 is decreased, the transmission band
width decreased to the minimal possible value (AZ/1),.:,
(Imyg/ sin? 0) determined by the maximum possible penetra-
tion depth of the wave in the MIS and restricted by the
absorption of radiation in a weakly absorbing material of the
structure [19].

By simulating variations in y, the authors of [445] have
found that multilayer mirrors consisting of 30 Mo and Si
bilayers with the interval d = 9.1 —9.5 nm give a transmission
band width < 3 eV for the energy £ = 70 eV if y decreases
to 0.2 or less. The peak reflectivity decreases from 54% for
y=0.3 to 50% for y=0.2 (in the absence of interface

roughness). It was pointed out that the peak reflectivity
considerably decreased for y below 0.2.

By combining expressions (9) and (10), the authors of [18§]
obtained expressions for the s-polarization showing that the
increase in the resolving power is inevitably related to a
decrease in the peak reflectivity and vice versa:

5 .2
AAX - K(Sllgj) h—ﬁ . p<7", Ry=0.1-04. (19)
Here, K ranges from 0.4 to 0.7 for MISs with
[Re (x4 — 25)/Im(Ay)| <1 and from 0.7 to 1 for
IRe (x4 — x5)/Im(Ay)| > 1.

One of the methods for reducing the transmission
bandwidth without a noticeable decrease in the reflectivity
is based on the formation of a lamellar multilayer diffrac-
tion grating (lamella is a thin plate) in a common MIS
because, in this case, the penetration depth of soft X-rays
can increase [446, 447] simply due to removing part of the
MIS material [255].

12. Multilayer reflection
diffraction gratings (MDGs)

Diffraction gratings are the most popular tool used in
soft X-ray spectroscopy for obtaining monochromatic
soft X-rays, because natural crystals cannot be used in this
spectral region. Before 1980, diffraction gratings were used
only in the grazing incidence geometry because a very weak
polarizability of all materials results in a vanishingly low
reflectivity for an almost normal incidence. These gratings are
characterized by a small entrance aperture and a narrow
transmission band, as well as by considerable aberrations that
significantly restrict the spectral resolution in the case of
focusing gratings. The situation drastically changed after the
advent of MISs, which efficiently reflect soft X-rays at any
angle up to the normal incidence. The first tests of multilayer
diffraction gratings (MDGs) were described in [448, 449].

The use of MDGs often does not have an alternative for
obtaining high spectral resolution and a high aperture ratio.
For soft X-rays, MDGs are the alternative to crystals
traditionally used in this X-ray range. Moreover, unlike
crystals, which are ‘monochromatic’ elements, MDGs are
‘polychromatic’ elements. This MDG feature is related to
the dispersion properties of a common grating and allows
using or recording the entire broadband spectrum of incident
X-rays, which is useful in studying nonstationary processes.

Another advantage of multilayer gratings is the possibility
of controlling their transmission band to optimize the flux
and resolution in accordance with experimental require-
ments. This makes their applications in spectroscopy and
X-ray monochromatization very broad.

Thus, the creation and study of new X-ray optical
elements, such as MDGs providing a high spectral resolution
along with a large aperture ratio, not only broaden the
spectral range and choice of study objects but also allow
using new approaches in X-ray investigations, which are not
feasible with conventional X-ray elements [450—454].

There are several types of amplitude reflection (Bragg)
MDGs, which are shown schematically in Fig. 20.

A diagram of a lamellar MDG is shown in Fig. 21. X-rays
are incident on the grating at an angle 6, and are reflected at
an angle 0, to the pth diffraction order. The grating has the
period D and consists of 4/S MIS lamellas with the period d
and width L.
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Figure 20. Different types of reflection MDGs: (a) lamellar, (b) profiled, (c) truncated [452].
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Figure 21. Schematic presentation of a lamellar MDG [451].

In the hard and soft X-ray ranges (small incidence angles
and the extinction length greatly exceeding the grating
period D), multilayer lamellas become semi-transparent to
X-rays. As a result, each X-ray photon is reflected not from
one but from a few dozen multilayer lamellas simultaneously.
In this case, diffraction conditions for the reflection of X-rays
from the MIS layers and the diffraction grating are satisfied
simultaneously [457]:

p
7’" = sin 0 + sin0), , (20)

2n

are diffrac-

Ap
D= cos 0y — cos 0,

where p =0, £1, £2,...and m=1,2,3,...
tion orders for the grating and the MIS.

The simultaneous satisfaction of conditions (20) and (21)
for two of three variables (0y,0,, and 1) determines the
diffraction maxima of the MIS. These conditions are similar
to the Bragg conditions for radiation diffraction in crystals.

12.1 Lamellar MDGs

It was shown theoretically and experimentally in pioneering
paper [456] that the spectral resolution can be improved by
MIS etching, because the penetration depth of X-rays can be
increased after removing part of the absorbing material from
the MIS by etching, which leads to a so-called lamellar MDG
[451, 457-463]. An improvement in the MDG resolution in
the soft X-ray range is typically accompanied by a decrease in
the reflectance caused by undesired diffraction from the
grating. In a simple MIS, the total output X-ray intensity is
concentrated in one zeroth-order beam. However, the
primary monochromatic plane wave diffracts from the
MDG to different diffraction orders (see Fig. 21), thereby
reducing the efficiency for each individual order [458, 464]. To
reduce these diffraction losses, based on the developed
rigorous theory of X-ray diffraction from lamellar MDGs, a
single-mode MDG operation regime was proposed in which

the incident wave efficiently excites a single wave of a certain
diffraction order [20, 255, 451, 465, 466]. The necessary
condition for MDG operation in the single-order regime is
quite obvious: the angular width I'Af of the Bragg peak of the
MDG (where I is the ratio of the lamella width to the grating
period and A0 is the Bragg peak width for the MIS) must be
small compared to the angular distance d/ D between adjacent
diffraction peaks:

I'DAO < d. (22)
Then the higher diffraction orders ‘fall out’ from the receiving
angle A0 of the Bragg reflection from the MIS, and the
incident beam efficiently excites only one diffraction order,
substantially improving the MDG reflectance. In the semi-
infinite and strictly periodic MIS approximation, the single-
mode regime improves the spectral resolution by 1/I" times,
while the peak reflectance is preserved at the level of usual
MISs because the etched structure operates not as a
diffraction grating but simply as an MIS in the grazing
incidence geometry (Fig. 22). On the contrary, the depth A
of penetration into the structure and hence the MDG
resolution increase because of the inverse proportionality to
I [20, 255]:

Jsin0 ReAz\*1)"?
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e {0 () 1)
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y (23)

A comparison of expressions (10) and (23) shows that the
use of a single-mode MDR provides a considerable improve-
ment in spectral resolution compared to common MISs
without reducing the peak reflection coefficient (Fig. 23).
Therefore, lamellar MDGs can be used to produce mono-
chromatic soft X-rays. They have been applied in spectro-
scopy [461, 463, 467-471] and for producing monochromatic
X-rays [458, 464, 472, 473].

Figure 22. X-ray diffraction from an MDG in the single-mode regime [450].
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Figure 23. Calculated reflectance for the Mo/C MIS with a period of 2.5 nm
(1) and an MDG with I = 1/3 and 500 Mo/C MIS bilayers (2) [435].

12.2 Profiled MDGs

A further increase in the resolving power and efficiency of
multilayer X-ray optical devices is based on the use of a
profiled grating. As a rule, a sawtooth profile is used. In the
domestic literature, such an MDG is called a multilayer
blazed grating. Because a sawtooth profile resembles stairs,
we here use the term ‘MDG echelette’ (echelette (French)
from echelle, stairs). An MDG echelette is manufactured by
the deposition of an MIS on a sawtooth substrate [474-485]
(Fig. 20b). A sawtooth relief is usually produced by moist
anisotropic etching [479, 483] or by multilevel electron-beam
lithography [486].

Grating equation (20) shows that diffraction-order angles
depend only on the period of grooves but not on their shape.
The diffraction pattern intensity can be changed if the
reflecting parts (step surfaces) are inclined in the diffraction
plane at an angle of ¢, to the grating generatrix in order to
scatter the greater part of radiation in the preferred direction
(and to a particular diffraction order p). In this case, the beam
diffracted from the grating and the beam reflected from the
steps are reflected in the same direction (Fig. 24).

The grating equation can be rewritten in the form [474]

p/=2Dsing,sin0, (24)
where 2¢,, is the angle of deviation of the diffracted X-ray
beam from the zeroth order (2¢, = 0, — 0p). The combina-
tion of Eqn (24) and the Bragg formula Am = 2dsin 6 for the
MIS gives the correspondence equation for the MIS and

Figure 24. Diffraction geometry of an MDG echelette. o: incidence angle,
p: diffraction angle for the m-th order, ¢,: blaze angle, 0: Bragg angle, D:
grating period, d: interval of multilayer coating, np: normal to the grating
plane, n;: normal to the MIS plane [480].

the reflecting strips are illuminated.

It was shown by numerical and experimental methods
[450, 482] that the efficiency limit (the Maystre—Petit factor
[487]) for classical diffraction can be exceeded by 2-2.5 times
in higher orders when the MDG period is shorter than the
X-ray decay length: the dense multilayer periods become
semi-transparent to soft X-rays, thereby reducing the over-
shadowing effect. In addition, the relative diffraction
efficiency decreases with increasing the asymmetry b=
cosa/ cos ff and therefore with increasing the blaze angle ¢,
relating the incidence angle o to the diffraction angle f:
u=f+20,

The geometrical parameters of MDG echelettes can be
chosen to provide operation in one order, when only one
diffracted wave is excited, whereas waves in all other orders
are suppressed. As a result, the grating efficiency can reach
the reflectance of a usual MIS. This conclusion is also valid
for broadband MDG echelettes based on gradient MISs [488].

For photons with energies from 1 to 5 keV, echelette
gratings with multilayer coatings are perfectly suitable for
suppressing higher diffraction orders. For this purpose the
authors of [485] used a 2000 I/mm echelette grating with a
blaze angle of 0.84° coated with a 20-layer Cr/C MIS with the
dinterval of 7.3 nm. The efficiency of the MDG echelette was
35% and 55% at 2 and 4 keV, respectively.

In [476], a 3000 1/mm echelette grating with a blaze angle
of 2.78° had a multilayer Mo,C/Si coating. The efficiency
peak measured at the second negative diffraction order for an
incidence angle of 5.6° at a wavelength of 15.79 nm was
29.9%. The echelette grating with a multilayer Mo/Si coating
and a blaze angle of 1.9° manufactured in [489] had the
diffraction efficiency of 36.2% in the second negative order
for the incidence angle of 10° at the wavelength 13.62 nm.

An echelette grating coated with 20 Mo/Si bilayers had a
diffraction efficiency up to 33% in the third order for the
incidence angle 11° and the wavelength 14.18 nm [478]. A
new record of the diffraction efficiency was achieved for a
2525 1/mm MDG echelette optimized for the second diffrac-
tion order [481]. Its absolute efficiency at a wavelength of
13.4 nm reached 52.0%.

Thus, MDG echelettes with high groove densities and
high diffraction orders can provide good spectral resolution
at a high enough reflectance, which is of special interest for
modern spectroscopic methods [490, 491].

12.3 Truncated MDGs

There are two main methods for achieving ultrahigh spectral
resolution in the soft X-ray range. The first is the use of high-
order diffraction with low groove density MDGs (for
example, with an MDG echelette), and the other is the use
of the first diffraction order in ultrahigh groove density
gratings. MDGs of the second type can be fabricated by
cutting and polishing an MIS with a large number of periods
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Figure 25. Geometry of diffraction from a truncated MDG. a: incidence
angle, f: diffraction angle, ¢: truncation angle, 0: Bragg angle, D: grating
period, d: interval of the multilayer coating.
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Figure 26. Phase lamellar MDGs fabricated (a) by MIS etching and (b) by
MIS deposition on a diffraction grating.

N = 1000—2000 truncated at a small angle ¢ to its plane
(Fig. 25). In this case, a grating with the period D = d/ sin ¢
is formed on the cut, and the MDG equation takes the
form [422, 492]

mi =D (sinfi —sina) =2Dsinpsin 6. (26)

We note that such a structure and an asymmetrically
truncated crystal monochromator have similar dispersion
properties. Moreover, there is an obvious similarity between
an MDG echelette and a truncated MDG [493]. Indeed, the
truncated MDG is in fact a first-order MDG echelette. This is
confirmed by calculations of the efficiency, which show that
like the MDG echelettes, truncated MDGs demonstrate a
very high efficiency approaching the MIS reflectance [494].

Compared to the MDG echelette, the truncated MDG
should have higher reflectance because of the decrease in the
overshadowing effect. In addition, the truncated grating
should provide a more accurate diffraction pattern without
overlapping diffraction orders, which would be typical of an
MDG echelette with diffraction in a very high order. The
properties of the truncated MDG were considered in detail in
[422, 453, 494]. The first truncated MDGs based on the
Mo/Si MIS were fabricated a few years ago and used to
study laser plasma spectra in the wavelength range 12-30 nm
[493, 495]. The high efficiency of such MDGs in the EUV
range was demonstrated in experiments [422, 494]. However,
the maximum number of periods of a grating produced by the
truncation of an MIS deposited on a plane substrate is equal
to the number of deposited layers, which restricts both the
spectral resolution and the MDG size due to limitations of the
deposition technique. These restrictions were eliminated by
the deposition of an MIS on a substrate echelette followed by
polishing, removing part of the coating, and forming an
inclined cut [496] (Fig. 20c). For example, the authors of
[492] reported the fabrication of a truncated MDG with an
efficiency of ~ 30 % at a wavelength of 13.2 nm, with an
echelette grating with the period 36.95 nm and the blaze angle
10.5°, coated by an Mo/Si MIS consisting of 3200 bilayers
with a period of 6.7 nm and y = 0.5.

12.4 Phase MDGs

To increase the efficiency of lamellar MDGs, phase gratings
have been developed [495, 497-500]. Unlike ‘classical’
lamellar MDGs, they use the reflection of X-rays from the
upper part of a lamella and from the ‘bottom’ of a groove. For

this purpose, an MDG is fabricated by etching to a certain
depth / or, alternatively, a lamellar grating is covered by an
MIS with the groove depth / (Fig. 26).

Radiation reflected from the bottom and surface of a
lamella interferes constructively if & = gA/2(cosa + cos f3),
where ¢ is an odd integer, « is the incidence angle, and f is the
diffraction angle. In the ideal case of normal incidence, the
zeroth and even orders are completely suppressed if this
condition is satisfied and if grooves and lamellas have the
same width (i.e., I = 0.5). Then 40.5% of the primary X-ray
radiation diffracts to each of +1 and —1 orders, while
intensities in higher odd orders decrease as m~2, where m is
the diffraction order number [501].

The authors of [497] reported the first attempt to fabricate
alamellar phase MDG operating near normal incidence in the
EUYV region. In [499], an Mo/Si MIS was deposited on anion-
etched lamellar grating with 1200 grooves per 1 mm. The
groove depth was 61 A and I' = 0.41. For the incidence angle
of 46° and s-polarized radiation at 13.6 nm, the respective
efficiency in the +1 and —1 diffraction orders was 11% and
9%. In [500], a phase MDG consisting of a lamellar grating
coated with an Mo/Si MIS is described. The grating had 2400
grooves per mm, and the groove depth and width were 40 A
and 2080 A. The multilayer coating was optimized to have the
normal reflection peak at a wavelength of about 15 nm. The
peak efficiency of the grating for the incidence angle was
16.3% in the +1 order and 15.0% in the —1 order. The zeroth-
order efficiency was 1/40 due to the excellent choice of groove
depth and width.

12.5 Alternative MDG

Among all types of multilayer gratings, an alternating
version of MDG, shown schematically in Fig. 27, can be
fabricated quite easily by the deposition of a periodic
multilayer structure on a lamellar substrate with a lamella
depth d, which is part of the multilayer period of the
structure [502]. An alternating MDG 1is a grating with a
double periodicity on the nanometer scale. The grating
period on the surface plane is the step p of the lamellar
grating, in the vertical direction, and the MIS period is 2d.
Therefore, alternative MDGs have properties similar to a
crystal, with the advantage of the free choice of periodicity.
In the ideal case shown in Fig. 27, the lamellar profile is
covered by an ideal MIS, and all the layers have a thickness
equal to the grating groove depth. The two materials of the
MIS in the cross section are checkered [503].
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Figure 27. Model of an alternative MDG. The inclined straight line shows
the orientation of the Bragg plane (1, 1) [505].

The diffraction efficiency of the alternating MDG reaches
its maximum if the groove width is equal to half the grating
period (I' = 0.5) and the MIS parameters, first and foremost
the parameter 7y, are chosen to provide the maximum
reflectance of usual MISs. Among the advantages of alter-
nating MDGs are the relatively simple fabrication of the
lamella relief on the grating substrate compared to the
sawtooth relief of the echelette substrate and the possibility
of considerably decreasing the diffraction efficiency of the
zeroth and all even orders [504].

Alternating MDGs were recently designed and fabricated
for applications in X-ray equipment [502-506].

12.6 Spectral purity function MDG
Phase lamellar MDGs can be used to filter undesired
radiation (for example, IR radiation) [14, 507-509].

Because the angular separation of diffraction orders is
proportional to 1/D, when a grating with a large period of
tens of micrometers is used, the out-of-range long-wavelength
radiation from the specular direction diffracts at a large angle
to higher orders and can be blocked with an aperture. In this
case, EUV radiation is concentrated around the zeroth order,
providing high efficiency. However, the zeroth order of
undesired radiation propagates in the same direction. The
zeroth-order diffraction efficiency is [508]

4rth

Ry = Rt (142" (I' = 1))<1 - cos (T)) ’

(27)

where Ry is the total reflected intensity. It follows from (27)
that the zeroth-order intensity vanishes only for I' = 0.5 and
h=2/4+mi/2, where m =0, 1, 2, .... Thus, the reflection
of undesired radiation from the upper and lower surfaces of a
groove leads to destructive interference. The maximum
suppression wavelength can be tuned by varying the grating
height A.

A phase MDG of this type was used in [510] to suppress
the reflection of UV radiation. A multilayer grating with a
reflection coefficient of 64% operating at a wavelength of
70 nm provided a 30-fold suppression of radiation at 280 nm.

The phase lamellar MDG with a period of 100 um operated
at a wavelength of 10.6 nm in [508] provided a 70-fold
suppression of IR radiation, with a reflectance of 61%. This
method for suppressing undesired radiation was used in a
condenser mirror for EUV lithography [507, 511].

Although the lamellar phase shift grating and anti-
reflection coatings considered above provided efficient

suppression of radiation outside the band, the suppression
efficiency is still limited by destructive interference.

UV radiation can be reflected from one Si layer a few
nanometers in thickness. Si also weakly absorbs in the EUV
region. Therefore, the broadband absorption of UV radiation
can be realized by replacing the rectangular shape of grating
grooves by a profiled shape. Various structures can be used,
such as an echelette grating [512, 513] or a pyramid. In this
case, the undesired radiation is scattered into higher diffrac-
tion orders from inclined faces in a broad wavelength range,
while EUYV radiation is still reflected by the MIS.

The complete suppression of the 100-400 nm UV
radiation band along with the reflection coefficient of 56.2%
in the EUV region was demonstrated by using silicon
pyramids deposited on a multilayer Mo/Si structure [514]
(Fig. 28a). Because absorption in all materials, including
silicon, cannot be ignored in the EUV range, part of the
EUYV radiation intensity is lost due to absorption in pyramids.
However, if a pyramid consists, for example, of an Mo/Si
MIS, the UV radiation is still suppressed, but the EUV
radiation is reflected by pyramids and the lower layers of the
MIS. A multilayer pyramidal structure demonstrated almost
the same UV suppression as silicon pyramids and provided a
high EUV radiation efficiency of 64.7% [305].

UV radiation suppression is mainly caused by diffraction
from periodic faces of pyramids and destructive interference
between reflection from the upper plane region and from the
valley between pyramids, with most of the UV power
scattered into higher orders. The structure can be optimized
by selecting structural parameters, including the height #,
period p, bottom width a, and upper plane width w. The
influence of various structural parameters and detailed
optimization of the structure were discussed in a paper
describing silicon pyramids [514].

We note that the intensity of radiation reflected from
pyramids is distributed around the direction of specular
reflection from facets in a broader angular region (within a
few orders) than in the case of an echelette grating. This is
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Figure 28. Diagram (a) of a silicon pyramidal structure deposited on an
MIS and (b) of a pyramidal structure continuing the MIS [305].
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related to the two-dimensional symmetry of the pyramid
shape (Fig. 28D).

Pyramidal structures can be used in different wave-
length ranges for different applications, including imaging
of the Sun and filtration of radiation from high-harmonic
sources [14].

13. Multilayer transmission diffraction gratings

Modern X-ray optical devices require elements with better
dispersion possibilities. In the case of transmission diffraction
gratings, this requirement reduces to the fabrication of
structures with a large aspect ratio (the ratio of the relief
depth to the transverse size of the grating line) and a high
density of lines, i.e., with a very small period. An MDG
satisfying these requirements can be obtained by MIS slicing
and improvement [515, 516]. By selecting the relief depth (line
length) and optical constants of the MIS, a phase MDG can
be created.

However, large-area transmission gratings that are
required, for example, for X-ray visualization experiments
cannot be fabricated by slicing. The authors of [517, 518]
proposed a method of fabricating transmission gratings with
sub-micrometer periods and a centimeter size by the multi-
layer coating of a substrate shaped as an echelette. The
advantage of this method is the high aspect ratio of the
multilayer coating and the large substrate area. Several
layers are deposited on the horizontal surfaces of a ‘flight of
stairs’ by magnetron sputtering per passage. A silicon layer is
then deposited on the upper part of the grating and is
polished to equal the X-ray propagation path in the
structure (Fig. 29a). Each step of the substrate forms a
micro-grating with a width equal to the step height, and the
array of microgratings represents a unit large-area grating
with the continuity conditions satisfied. In this case, the
grating period can be potentially shorter than 100 nm.

The phase-contrast sensitivity can be increased by using a
far-field interferometer consisting of phase gratings compa-
tible with a polychromatic radiation source.

Figure 29. (a) Transmission MDG structure: /: Si echelette substrate,
2: MIS, 3: upper Si layer [517]. Phase-contrast imaging using transmission
MDGs: with (b) Bonse-Hart [521] and (c) Talbot [520] interferometers /:
primary X-ray beam, 2: sample, 3: detector; gratings Gy, G, and G, are
splitter, mirror, and analyzer, respectively.

A classical X-ray Bonse—Hart interferometer [519] con-
sists of three crystals cut out from a silicon monoblock and
located at equal distances from each other. The authors of
[520, 521] replaced crystals by identical nanometer phase
gratings (Fig. 29b). The first grating Gy (splitter) forms two
coherent beams and the second grating G| (mirror) combines
them on the third grating G, (analyzer). If a sample
transparent enough to X-rays is then placed into one of the
beams, the phase changes and a detector located behind the
third grating record an interference pattern characterizing the
sample.

An X-ray Talbot interferometer [522, 523] is fundamen-
tally only slightly different from a crystal interferometer. In
the setup described in [520], it consists of two diffraction
gratings G; and G, [524] (Fig. 29c¢). The first (phase) grating
G produces a periodic modulation of the wave front, similar
to a standing wave produced by the beamsplitter and mirror
of the Bonse—Hart interferometer. The period of the obtained
Fresnel interference pattern is of the order of a few
micrometers and is typically much smaller than the detector
resolution. The spatial and amplitude characteristics of the
interference pattern are determined with the help of a grating
G; mounted on one of the maximum-contrast planes and
playing the role of an analyzer. While the grating analyzer G,
should be an amplitude grating because it plays the role of a
mask, the beamsplitter G, can be a phase or absorption
grating. The interferometer ‘decomposes’ the beam into
several diffraction orders, each of which contains the sample
image. The distance between the interferometer and detector
provides the separation of diffraction orders and prevents the
overlap of images.

13.1 Multilayer Fresnel zone plate
A Fresnel zone plate has found applications in X-ray
microscopy, holography, and interferometry as a compact
focusing X-ray optics element.

The Fresnel zone plate consists of a series of concentric
circular zones with alternating X-ray absorption and transmis-
sion [2, 252]. Its structure is determined by the formula [525]
n2i?

4 ’

rl=nif+ (28)
where /4 is the X-ray wavelength, fis the focal distance for the
first diffraction order, and r, is the nth zone position. The
second term can be omitted if nl < f, which gives the
interzone distance d(r,) = (r, — rp—2) = fA/r,. The maxi-
mum possible resolution of the Fresnel zone is determined
by the far field size Ar:

A»
D, =122
m

(29)

To overcome restrictions inherent in ‘classical” amplitude
Fresnel zone plates (in particular, with the low aspect ratio),
the sputter-sliced method was developed [526-529], which is
sometimes called the ‘roll’ method. In this method, two
different materials with different X-ray absorption or
different phase shift properties are in turn deposited on a
rotating cylindrical gold or glass wire core by the method of
multilayer atomic deposition. Then the required number of
MDRs of the desired thickness can be obtained by slicing the
obtained structure with the help of a focused ion beam to
produce a concentric multilayer structure of the required
thickness (10200 pm) (Fig. 30). The important advantage
of this method is the ability to cut out MDGs with different
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Figure 30. Schematic for obtaining a focusing MDG by the ‘roll’
method [529].

thicknesses, adapted to different X-ray energies, from one
‘roll’: In principle, the width of zones can be several atomic
layers and, in addition, no restrictions are here imposed on
the aspect ratio.

The difference between decrements Ao of the refractive
index of the materials used determines the relative phase shift
of X-rays escaping from the MDG. Due to interference in the
focal plane, maximum efficiency is reached at the thickness ¢,
corresponding to the phase shift by n: z; = 1/2A4 [526].

To fabricate MDGs by this method, researchers have
studied many pairs of ‘contrast’ materials with a high thermal
stability and low diffusion coefficients [528]. The authors of
[527] have achieved a focusing efficiency in the first diffrac-
tion order amounting to 27% for an MDG consisting of
MoSi,/Si layers with an external zone width of 40.4 nm,
thickness of 32 pm, and aspect ratio of 792 for 20 keV X-rays.

13.2 Multilayer Laue lens

The ‘roll’ method is potentially suitable for the production of
X-ray optical elements providing a sub-10-nm resolution.
Nevertheless, the theoretical resolution limit can be unachie-
vable due to aberrations introduced by zone positioning
errors affecting the focal spot size. The layer deposition
accuracy for MDGs with a focal distance suitable for
practical applications is a serious problem. However, prac-
tical difficulties related to the core shape (the core is neither
ideally round nor smooth), the roughness of interfaces in the
multilayer structure, and deformations produced during its
slicing complicate the production of high-resolution focusing
MDG:s.

A new approach to the production of diffraction optical
instruments with a high numerical aperture and efficiency is a
multilayer Laue lens (MLL) [10, 530]. It is produced by
multilayer deposition on a flat substrate and consists of two
(or more) materials deposited in turn with periods following
the Fresnel zone plate law (28). It can be treated as a special
type of zone plate.

The important advantage of the MLL over ‘roll’ MDGs is
that the number of structural defects produced during the

Figure 31. Four types of MLLs: (a) planar, (b) inclined, (c) wedge-like, and
(d) bent. Diagram of 2D focusing using two crossed MLLs [530].

deposition of thin films on commercially manufactured
silicon plates (chips) is considerably smaller, because the
quality of the chip surface and its homogeneity significantly
surpass the surface quality and the radial homogeneity of the
core in the roll method.

Various materials and deposition methods have been
tested for manufacturing MLLs [531, 532], and several
experiments using them have been performed [533-536],
which demonstrates the ‘maturity’ of MLLs for scientific
applications.

Up to now, most of the known X-ray experiments have
been performed with MLLs consisting of planar zones. A
planar MLL (Fig. 31a) is functionally identical to a linear
Fresnel zone plate: zones are parallel to each and focus
radiation normally incident on the lens. Although planar
MLLs are rather simple to manufacture, they cannot
efficiently focus X-rays to sizes below 10 nm because of
dynamic diffraction effects [537].

To increase the focusing quality and efficiency, the two
halves of the MLL can be inclined to the optical axis to satisfy
the Bragg condition for external layers (Fig. 31b). The
inclined MLL described in [538] (Ar =4 nm, f= 4.2 mm)
focused 12 keV X-rays onto a line 11.2 nm in width with 15%
efficiency, while the MLL fabricated in [539] focused 19.5 keV
X-rays onto a line 30 nm in width with a diffraction efficiency
exceeding 40%. By the way, zones outside the optical axis are
typically omitted, resulting in the formation of half the lens.

However, high efficiency is produced only by a small
region of the inclined MLL. To obtain a focal spot 1 nm in
diameter with an efficiency above 50%, it is necessary to
create an MLL with a monotonically changing slope of zones
with respect to the incident beam, with the Bragg law satisfied
locally. Such a structure is called a wedge-like MLL [540-542]
(Fig. 31c). Wedge-like MLLs can have a very high efficiency
(up to 74%) [543].

The wedge-like MLL described in [544] had an efficiency
of 27% and a 26 nm focal size for 14.6 keV X-rays, in good
agreement with theoretical calculations.

High-resolution X-ray optical instruments require the
creation of an MLL with bent spatial zones consisting of
confocal parabolic layers for the incident plane wave or
confocal ellipsoidal layers for a spherical wave [537]
(Fig. 31d). However, the fabrication of such MLLs involves
great difficulties. One way to overcome them is based on the
simulation of the diffraction of X-rays in a bulk circular zone
plate: the optimized profile of its zones is given by their
multilevel construction with a radial increase in slopes and a
decrease in the height of the levels [545].

The four types of MLLs described above have different
focusing properties due to their different dependences on
dynamic effects [537]. As a linearly focusing optical element,
the MLL focuses X-rays only in one plane, irrespective of its
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type. Two-dimensional focusing can be achieved with the help
of crossed MLLs [533-536, 542, 543] (Fig. 31d). It was
reported in [546] that crossed MLLs consisting of WC/SiC
MISs focused 16.3 keV X-rays on an 8.4 x 6.8 nm spot.

14. Conclusions and outlook

It follows from the foregoing that considerable progress has
been achieved in developing the MISs and MDGs in recent
years [14]. They provide the required reflectance, transmis-
sion band, spectral purity, and other parameters, although
not all of these can be achieved simultaneously. The new
optical elements have greatly enhanced the possibilities of
various scientific applications. Nevertheless, new possibilities
exist and problems related to high-brightness sources appear.
New generations of EUV sources have been developed or are
appearing, including diffraction-limited sources [547], FELs,
higher-harmonic generators, and high-power EUV radiation
sources for lithography [548]. New fourth-generation syn-
chrotron radiation sources [549] will provide a higher bright-
ness with much better coherence than for the existing
generation of storage rings. To completely realize the
advantages of these new sources, it is necessary to preserve
the increased photon flux and to improve the methods of
controlling X-ray pulses for providing the required spectral/
temporal and polarization properties of radiation for various
applications [14].

It is necessary to develop methods for creating multilayer
coatings with an extremely high accuracy, lateral homogene-
ity of periods, and the quality of interfaces for increasing the
efficiency of optical devices and maintaining the coherence of
radiation sources. Highly efficient multilayer gratings with
ultrahigh spectral resolution are required for studying various
processes in matter. Pulse formation methods used in the
EUV region should be developed to control all the
characteristics of femto- or secondary attosecond pulses.
The development of some of these optical instruments has
already been initiated, but many problems require innova-
tive solutions and improvement in deposition and nanopro-
cessing technologies [14]. The development of high-accuracy
optics will improve a number of related methods such as
resonance inelastic X-ray scattering [550], nanoscale spectro-
scopy [551], ultrafast dynamic studies [552], and quantum
control [553]. On the other hand, extremely bright EUV
sources will also create other problems in optics, such as a
limited lifetime.

The surface contamination and degradation caused by
carbon and oxygen can be intensified at high irradiation
energies. The thermal load on mirrors will accelerate the
interdiffusion and phase changes in materials, while the
extremely high brightness of ultrashort femtosecond pulses
emitted by FELs can produce structural modifications or
even the melting of layers. Therefore, a search for new MISs
with enhanced thermal stability and stability against damage
and oxidation is required. Temperature variations can
produce strong distortions (aberrations) of the reflected
wavefront, which impair optical characteristics. These distor-
tions, as a rule, are nonuniform over the wavefront due to
nonuniform illumination and can be on a scale comparable to
the wavelength. To obtain the required optical characteris-
tics, it is necessary to correct the wavefront distortions. This
can be achieved by using adaptive optics, for example, based
on deformable mirrors [554, 555].

In the EUV lithography field, it is desirable to pass to
wavelengths shorter than 11 nm (for example, 6.7 nm) [53].

The strict requirements underlying the concept of an
X-ray telescope require the fabrication of MISs with periods
from 1.5 to 25 nm and a great number of bilayers to provide
high refection efficiency at energies up to 600 keV. Increasing
interest in operations with higher-energy X-rays and obtain-
ing greater zones for data collection will lead to more complex
multilayer constructions and therefore to increased require-
ments for simulation accuracy. Although it is unlikely that
future missions will be able to avoid empirical corrections to
determine the response of an X-ray telescope, the goal should
be to minimize their use by controlling the most significant
sources of simulation uncertainty. Manufacturing details
become especially important for complex optical schemes of
telescopes required for X-ray astronomy [556].

Solving the inverse problem of extracting structural data
from reflectance measurements involves certain difficulties
caused by the necessity of performing a fitting procedure
requiring hundreds or even thousands of simulations. Thus,
the calculation time is an important aspect in the attempt
to determine the optical properties of a multilayer struc-
ture [454]. The great number of MIS parameters complicates
the optimization of the MIS structure, but, on the other hand,
imparts an unusual flexibility to it. Without a doubt, we will
witness further advances in the development and use of
multilayer X-ray interference structures in the coming years.

This study was supported by the Ministry of Science and
Higher Education in the framework of the Crystallography
and Photonics State Program of the Russian Academy of
Sciences.
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