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The advent of nanoscale multilayer (ML) technology has led to great breakthroughs in many scien-
tific and technological fields such as nano-manufacturing, bio-imaging, atto-physics, matter physics
and solar physics. ML nanostructures are an enabling technology for the development of mirrors and
reflective gratings having high efficiency at normal incidence in the extreme ultraviolet (EUV) range,
a spectral region where conventional coatings show a negligible reflectance. In solar physics, ML
mirrors have proved to be key elements for both imaging and spectroscopy space instruments, as
they allow to make observations of EUV solar plasma emissions with spatial and spectral resolutions
never reached before. ML-based instruments have been used in many of the major solar satellites
and have flown in numerous sounding rocket experiments; moreover, in the last two decades many
studies were performed in order to develop ML structures with increasingly better performance for
future solar missions. In this paper, a review of the most promising ML nanostructures developed
so far and applied to the observation of solar plasma emission lines is presented. After a brief recall
of ML theory, a detailed discussion of the most promising material pairs and layer stack structures
proposed and applied to past and current space missions will be presented; in particular, the review
will focus on the ML structures having high efficiency in the 6 nm—35 nm wavelength range. Finally,
the ML stability to low energy ion bombardment will be discussed.

Keywords: Extreme Ultravaiolet, Soft-X Rays, EUV, Multilayer, Solar Physics, EUV Space
Instrumentation, Si/Mo, Mg/SiC, Al/Zr, Mo/Y, Pd/B4C.
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1. INTRODUCTION

Since the beginning of space exploration, many satellites
were devoted to the study of the inner heliosphere and
the solar dynamics with the scope to discover the pro-
cesses that regulate the physics of the Sun. Remote sensing
observations of the solar disk and corona combined with

*Author to whom correspondence should be addressed.
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and long term stability. At wavelengths below 40 nm,
where many of the interesting solar plasma emission lines
are located, all materials show a strong absorption and a
low optical contrast; for this reason, at normal incidence,
the coatings based on a single layer thin film have a neg-
ligible reflectance.> An alternative is to use components
working in grazing incidence (GI) configuration, a solu-
tion which was largely adopted before the 1980s. Although
single layer coatings working in GI are able to achieve
notable reflectance in the EUV, imaging systems suffer
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from high aberrations and low collective area. Nanoscale
multilayer (ML) technology, made known by the work
of Spiller,* represents a great technological breakthrough,
allowing the realization of EUV mirrors and reflection
gratings with high efficiency at normal incidence. The
working principle of the EUV multilayer coatings exploits
optical interference.’> A basic multilayer coating is a stack
of nm-scale bi-layers, each of which is composed by two
thin layers of optically dissimilar materials; the heavier
element (typically with high Z) is called absorber, whereas
the lighter one (typically with low Z) is called spacer.
The layer thicknesses are designed in order to coherently
add all the small reflections occurring at each interface of
the stack, making a constructive interference at a specific
wavelength.

Nano-manufacturing, bio-imaging, atto-physics, matter
physics, solar physics and many other research fields
have strongly benefited from the technological possibili-
ties offered by the use of EUV multilayers. In particular,
solar observations with higher spatial and spectral resolu-
tion than ever before have been obtained. Historically, the
first use of an EUV ML coating in a space experiment
was in 1985, when a sounding rocket was flown to collect
images of the Sun at 44 A (Si-XII emission):® the primary
mirror of the normal incidence X-ray Herschelian’s tele-
scope was coated with a W/C multilayer comprising 30
bi-layers. Two years later, in 1987, Mo/Si MLs were used
to coat the mirrors of a Cassegrain’s telescope flown on
a second sounding rocket experiment; during this flight,
high resolution images of the solar disk at 173 A (Fe IX
and Fe X lines) and 256 A (He II line) were success-
fully recorded for the first time.”-® In the years following,

Orbiter.

board of ESA Juice.
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many different sounding rockets carrying instruments with
multilayer coatings have been lunched.*?* In 1995 the
NASA long term mission Solar and Heliospheric Obser-
vatory (SOHO), carrying out a suite of instruments for
remote and in-situ observations, has been launched: among
the instruments, the EIT imager was a telescope having the
primary mirror divided into four sectors, each coated with
a different multilayer, allowing the quasi-contemporary
observation of different EUV emission lines.?* After-
ward, multilayer coatings have been regularly employed
in all the EUV long-term solar space missions, including
TRACE,” STEREO/EUVL* Hinode/EIS,”” SDO/AIA,®
PROBA2/SWAP,” CORONAS-F/SPIRIT,** SUVI /GOES-
R3' and CORONAS-PHOTON/TESIS.*? Furthermore,
EUV multilayer technology was successfully used also on
instruments which do not have the Sun as scientific target,
including SELENA/TEX.*

Currently, a new generation of solar missions is planned.
For instance, the European Space Agency (ESA) is prepar-
ing Solar Orbiter! whose payload includes the Extreme
Ultraviolet Imager (EUTI), a suite of off-axis Gregorian
and Herschelian telescopes working at 174 A, 304 A
and 1216 A wavelengths;* similarly, the Japan Aerospace
Exploration Agency (JAXA) is developing the Solar-C
mission, on board of which a normal-incidence EUV tele-
scope working at 94 A, 171 A and 304 A wavelengths
is foreseen. In general, the scientific goals expected by
the future missions are leading the development of instru-
mentation with increasingly advanced features, resulting
in the need of improving ML performance in terms of
reflectance, spectral selectivity, stability to heat, radia-
tion and energetic particles. Narrowband MLs with high
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reflectance peak are pivotal to perform observations with
high spectral selectivity, avoiding wavelength inter-mixing
and reducing the integration times; likewise, efficient
broad-band MLs, which are particularly challenging at
wavelengths shorter than that of the Si L, ;-edge,*® are
highly required in spectroscopic instruments. Furthermore,
coatings able to withstand harsh environments, including
high thermal irradiation, protons, electrons, heavier ions
and gamma irradiations are in demand.

In the present paper we review the ML coating nano-
structures developed so far and applied to observations of
solar plasma emission lines. In order to introduce useful
definitions, a brief recall of ML working principles is pre-
sented in the second section. The following part will be
devoted to a detailed review of all the different material
pairs and layer structures researched and applied to past
and current space missions in the 6 nm—35 nm spectral
range.

2. EUV MULTILAYER THEORY

A basic ML is a periodic stack made of a periodic com-
bination of nm-scale bi-layers (Fig. 1(a)). The material
with lower density is the spacer (M1) while the one with
higher density is the absorber (M2). The reflectance peak
at a target wavelength, usually called “the central wave-
length,” is achieved by optimizing the layer thicknesses
in order to add all reflected components at each interface
in phase. Although the precise calculation of ML optical
performance requires the recursive application of the Fres-
nel coefficients at each interface,’ it is possible to use an
approximate relationship.?” By neglecting the small effects

I:I Spacer material (matA) Aditional material (matC)
. Absorber (matB) [:| Barier layer material

of the refraction occurring within each layer, the phase
difference between the radiation reflected by two consec-
utive bi-layers is given by

Adp = 2—7T2dc050 (1)
Ay
where d is the bi-layer total thickness, 6 is the incidence
angle defined from the surface normal direction and A, is
the target wavelength. The constructive interference—the
condition necessary for the reflectance boosting—occurs
when the phase difference is a multiple integer of 27. As it
is customary for the EUV MLs, the bi-layer thickness is
designed in order to work at the first order, i.e., making a
phase delay of exactly 277, obtaining the condition

Ay =2dcos@ (2)

The relationship reported in (2) is “Bragg’s law” and it is
the most practical approximation to link the bi-layer thick-
ness with the working angle and the central wavelength.
This name is derived from the natural crystal X-ray diffrac-
tion theory, since the working principle of EUV MLs is
similar to that of crystals in the X-ray range. In an actual
ML, the thicknesses of the spacer (d,) and the absorber
(d,) within each bi-layer are chosen in order to maximize
the Fresnel coefficients, by taking into account the effects
of the interference and the material absorption. The ratio
between the spacer thickness (d,) and the total period of
the bilayer (d) is called T.

A ML stack provides high reflectance in a spectral
band centered on the target wavelength. An approximate
relationship to estimate the bandwidth can be formulated

—
Period d capping-layer
|
e o e e
l— — = Periodic
stack

Period d {

Substrate

matA/matB periodic ML

matA/matB periodic ML

il

matA/matB a-periodic

’ Substrate Substrate

matA/matB/maC matA/matB periodic ML

with barrier layers ML periodic ML with a-periodic capping-layer
a) b) <) d) ¢)
Figure 1. Sketch of different structures adopted in EUV ML reflective coatings realization.
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by considering that the multilayer provides a temporally
coherent response. In fact, the waves reflected by the inner
bilayers must coherently add with those on the top surface.
Physically, this requires the total optical thickness of the
multilayer be proportional to the coherence length of the
stack,? obtaining:

A2 1

L_AAO(ZNd:>A/\0(N 3)
where N is the total number of the bi-layers in the peri-
odic stack and AA is the spectral band defined as the “full
width at half maximum” (FWHM). Relationship (3) sug-
gests that a narrow-band response is achievable by increas-
ing the number of bi-layers in the stack. Narrow-band
ML coatings are extremely important for all the appli-
cations requiring quasi-monochromatic imaging. However,
the absorption of the materials composing the ML stack
determines a maximum penetration depth, limiting the
number of layers that can interacts with the impinging
radiation. Thus, for a periodic ML based on a defined
material pair, there is a lower limit for the bandwidth
that cannot be exceeded by increasing the bi-layer num-
ber. In contrast, it is common to broaden the spectral
response by reducing the layer number, although this leads
also to a drop of the peak reflectance, which scales as
N?. This approach was used, for example, on the SERTS
instrument'' and on the Hinode/EIS instrument.*® An alter-
native method for enlarging the spectral band consists of
staking blocks of periodic structures with gradually var-
ied periods. Since the reflectance profile of each block is
spectrally shifted with respect to the others, the staking
process gives a resulting reflectance curve with an enlarged
bandwidth.>® A more refined approach, which has been
largely used in the development of mirrors for photolithog-
raphy and atto-second pulses manipulation, employs ape-
riodic structures (Fig. 1(c)).***? With this method, the
integrated reflectances achieved over bandwidth are higher
than those obtained by just reducing the number of layers,
although such structures are more expensive and require
stricter tolerances in layer thickness control.*’

The overall optical performance of MLs is heavily con-
ditioned by the quality of the layer interfaces. In a real
ML, the interfaces between two different materials are not
abrupt, but they present imperfections—such as roughness,
inter-layer diffuseness and crystallization—which impair
the specular reflectance. For instance, the interfacial rough-
ness is responsible for scattering light into non-specular
directions, leading to the increase of stray-light and to the
correspondent drop of the specular reflected light. Further-
more, diffuseness at interfaces reduces their reflectance,
allowing the impinging light to penetrate deeper into the
ML stack, with a consequent increase of the total radi-
ation absorption. The roughness, diffuseness and crystal-
lizations occurring at an interface might depend on many
factors, such as the deposition conditions, the materials

J. Nanosci. Nanotechnol. 19, 532-545, 2019

combination or the maximum operational temperature of
the ML. In particular, when the materials combination is
characterized by interfaces with a naturally poor quality,
the total reflection efficiency drops dramatically. A com-
mon technique adopted to improve the effects of such
interface imperfections consists in the insertion of thin
inter-layers which act as barrier layers (Fig. 1(b)). In fact,
the timely choice of the thickness and the barrier-layer
material—which guarantees low absorption at the working
wavelengths and the formation of smooth interfaces that
are stable over time—allows to contain the inter-diffusion,
improving the ML optical performance®* as well as their
thermal and aging stability.*>*’

An additional solution to improve the native perfor-
mance of a ML structure is to employ a tri-component
periodic stack (Fig. 1(d)).*** In a standard two-materials
stack, the optical contrast can be achieved by using
materials with low and high absorption;48 however, the
high-absorbing component limits the maximum reflectance
achievable by the structure. In a tri-component system, the
material with high absorption is replaced by two mod-
erately absorbing materials, reducing the total absorption
of the ML and then improving the maximum achievable
reflectance.®

ML performance is highly affected by surface oxida-
tion and/or contamination occurring during the operational
life of any space instrument. Surface oxidation as well
as contamination can occur at any time during ground
operations, at the development and integration of the
instrument. Furthermore, solar instruments—telescopes,
spectrographs and radiometers—are particularly vulnera-
ble in space because their optical elements are unshielded
and thus directly exposed to the environmental agents.>
For example, solar instruments flying onboard of low Earth
orbit satellites are heavily subjected to both O atoms
and other ions species bombardment, which induces sur-
face oxidation/contamination of the EUV optics. More-
over, instruments suffer substantial degradation due to
synergistic effects of solar irradiation and contamination
released by the spacecraft itself: in fact, the outgassed
organic compounds can be polymerized by the solar radi-
ation, causing an irreversible deposition of these same
compounds on the instrument optical surfaces.’! Organic
contamination and oxidation of the mirror surfaces is a
well-known problem also in the synchrotron, FEL and
EUV lithography user communities, who have developed
different approaches in order to mitigate such effects, such
as cleaning procedures>? and use of oxidation-resistant
capping layers.>® While the cleaning procedures are unser-
viceable in space, the use of protective capping layers
offers great benefits when adopted in solar physics instru-
mentation. A protective capping layer is usually a thin
layer of few nanometers placed on top of a ML stack;
an oxidation-resistant and chemically stable material is a
good candidate as capping layer.?* Moreover, the “cap-
ping layer technology” can be exploited to increase the
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reflectance peak at a specific wavelength, to slightly mod-
ify the spectral performance of a periodic stack or even to
improve the stability over time. For example, Ir and Ru
capping-layers were used to improve the native EUV per-
formance of periodic Mo/Si stacks.” Similarly, aperiodic
capping layers (Fig. 1(e)) were exploited to implement an
anti-reflection coating able to reject one wavelength while
boosting its third harmonics;’** aperiodic capping lay-
ers were also proposed to improve the spectral purity of a
periodic ML tuned at the 28.4 nm spectral line.”” Recently,
some studies have demonstrated that capping layers can
play an important role as protective layers, improving the
coating stability over time® and the stability against ions
irradiation.®'- 62

3. MATERIALS SELECTION

The performance of a ML coating in the 6 nm—35 nm
wavelength range is strongly dependent on the selection of
the layer materials. Standard periodic ML coatings require
the selection of at least one spacer material having min-
imum absorption in the target spectral range. The ideal
candidate as a spacer is a material having an absorption
edge just below the desired wavelength range. Different
materials having this feature are available in the 6—35 nm
wavelength range, including Mg, Al, Si, Be, Y, B (Fig. 2).
The second material is selected among those having a large
optical contrast with respect to the spacer one. By thinking
in terms of optical constants, this is equivalent to selecting
materials having values of the real part n and imaginary
part k of the refractive index as different as possible while
maintaining a reasonable low value for k.

In addition to the optical proprieties of the materials,
it is important to also take into account their physical
and chemical properties. The best material pairs should
form smooth and compositionally abrupt interfaces when
deposited. In order to ensure a good stability over time,
they should have low inter-diffusivity and low chemical
reactivity (low miscibility) with common gas species such

5nm 10 nm 15 nm

as oxygen, nitrogen, water vapor, sulfur. Finally, the health
hazard is an aspect that should be carefully considered.

Based on the data available in the literature, a selec-
tion of the most highly performing ML structures for solar
physics plasma observations has been carried out (Fig. 2).
Each of the listed proposed structures is discussed in the
following sections.

3.1. Silicon-Based EUV ML Structures
The L, ;-absorption edge of Silicon at about A ~ 12.4 nm
of silicon makes this material suitable for a big variety of
EUV ML structures. The Mo/Si multilayer stack is among
the most-studied MLs since the mid 80’s®® and perhaps the
best-known. The near normal-incidence reflectance attain-
able with Mo/Si approaches 70% for wavelengths just
above the Si L-edge (where EUV lithographic apparatus
operate),* % although the reflectance peak drops steadily
at longer wavelengths. Mo/Si ML is also a reference
coating for solar applications since it was successfully
employed in many long-term missions like SOHO/EIT,?*
Hinode/EIS,”” SDO/AIA,*® CORONAS-F/SPIRIT,* SUVI
/GOES-R?*! or CORONAS-PHOTON/TESIS,* showing an
appreciable stability over time. At 30.4 nm (He II Lyman-
a line) Mo/Si reaches a reflectance peak of 20% with a
FWHM band of about 2-3 nm;> at 28.4 nm (Fe XV
line) it can give a reflectance peak of about 22%, with a
FWHM band of 1.6 nm; at 19.4 nm it has a reflectance
peak of about 43% with a FWHM band of 1 nm;** % at
17.1 nm (Fe IX line) it reaches a reflectance of about
53% with a band of 0.9 nm.®® Figure 3 reports the sim-
ulation of the maximum reflectance peak expected by a
Mo/Si periodic ML structure when it is optimized for a
specific wavelength; in the same figure, the best perfor-
mances experimentally measured for different Mo/Si ML
mirrors are reported as well.

Simulations demonstrate that MLs having Si as topmost
layer offer lower reflectance with respect to the case where
the Mo/Si stack is terminated with a Mo layer. However,

Mg/SiC - Mg/Co
| B
Al/Zr - Al/Mo/SiC - Al/Mo/B,C
Ee————— el
Mo,C/Si - Si/Ir - B,C/Mo/Si
| |

5nm 10 nm

Figure 2. Material selection chart.
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Figure 3. (a) Simulation of the spectral reflectance expected from a Mo/Si stack in a set of wavelengths useful in solar plasma physics; (b) peak

reflectance expected at each wavelength by an optimized Mo/Si. For all simulations, the optical constants adopted for all materials are those currently
available at the CXRO website:™ for Si the optical constants are those provided in Ref. [71] while for Mo are those provided in Ref. [72] (for
wavelengths >20.4 nm) and Ref. [73] (for wavelengths <20.4 nm). The inter-diffusion at interfaces considered in the simulations was modeled with
an error function of o = 0.6 nm, which corresponds to an average value among those available in literature.’> %" In (b) the experimental reflectance

peaks reported in Refs. [55,67, 68, 69] are shown as well.

experimental evidence has demonstrated that the degrada-
tion in reflectance induced by the oxidation of the top-
most Mo layer is much more dramatic than that caused
by Si partial oxidation.®” The native performance of Mo/Si
stacks in term of peak reflectance and spectral band purity
can be improved by using capping-layers. Ir and Ru thin
films were deposited on-top of a Mo/Si periodic stack in
order to improve the EUV performance at 30.4 nm, suc-
cessfully increasing the reflectance up to 26%.%

The FWHM spectral band of a Mo/Si ML is a limiting
parameter in many applications. For example, the obser-
vation of the Fe XV line at 28.4 nm performed by using
periodic Mo/Si is seriously affected by the close and bright
He II line at 30.4 nm, which still falls in the ML spectral

overcame reaching a Hell line rejection between 100 and
1000 by using an aperiodic structure with a reduced num-
ber of layers, although this approach produced a reduc-
tion of the reflectance at 28.4 nm.>*”> Alternatively, the
use of capping-layers—consisting of a set of Si and Mo
aperiodic layers deposited on top of a periodic structure—
were proposed to improve the spectral purity of a stan-
dard periodic Mo/Si stack tuned at Fe XV line;*° a similar
approach was also adopted to improve the spectral purity
of a FEL beam.’’ Such layers are designed in order to
reject the 30.4 nm wavelength without compromising the
reflectance at 28.4 nm. In Figure 4(a), a simulation of
a Mo/Si ML tuned at 28.4 nm having an anti-reflection
capping-layer at 30.4 nm is compared with the perfor-

band. For example, in EIT instrument this problem was mance of a standard periodic Mo/Si stack. The design of
a)0.2s - : A A e : b) 10’ : T Rmma T .
[ i Periodic Mo/Si ML i ;
[ : -Periodic Mo/Si + CL
020 N\ Periodic Me/Si;
A d=15.2 nm
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Figure 4. Simulation of a periodic Mo/Si ML tuned at 28.4 nm with and without the capping layers for the rejection of the 30.4 nm line; the
reflectance curves versus wavelength of both structures are reported in linear scale (a) and in logarithmic scale (b). The design was performed by
following the methods proposed in Ref. [59]: the parameters of the two structures are also reported in the figure. The optical constants adopted for Si
are those provided in Ref. [71] while for Mo are those provided in Ref. [72] The inter-diffusion at interfaces was modeled with an error function with
o =0.6 nm.
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these two coatings has been performed by following the
methods proposed in Ref. [59]; the resulting parameters
are reported in Figure 4(b). The capped structure has a
slight peak shift which causes a small loss of reflectance
at 28.4 nm (peak reflectance drop from 20% to 18.5%);
on the other hand, the reflectance at 30.4nm is lower than
0.1%, gaining a high rejection for this line.

In addition to the Mo/Si MLs, many different Si-based
structures have been investigated, including Mo,C/Si,
Si/B,C, Si/C, Si/SiC and Ir/Si. For example, the TRACE
instrument employed Mo,C/Si multilayers,” a structure
having optical performance similar to that of a traditional
Mo/Si stack but with a better thermal stability’®”’ and
a slightly narrower spectral response.” % An interesting
alternative structure is the Si/B,C ML, which is able to
reach a reflectance of 30% at 30 nm and a reflectance of
about 36% at 28 nm.®’ Its performance appears promis-
ing, but at this moment this structure is unsuitable for
space applications because of its adhesion problems; in
fact, the high stress in the film leads to a coating delamina-
tion just about ten months after deposition.®” The Si/C and
Si/SiC MLs show similar or slightly lower performance
with respect to those achievable with Mo/Si, making dis-
advantageous the use of these coatings.®’

Recently, a promising coating exploiting Ir as absorber
layer was proposed for solar plasma observations.”® The
ML mirror presented was composed by a periodic stack
of 30 periods with an aperiodic capping layer. It showed
a reflectance of 24.4% at 30.4 nm with a spectral band
slightly narrower with respect to the standard Mo/Si.
Moreover, Ir/Si ML seems to be stable over time as the
reflectance peak has been proved to be unchanged after 21
months (Fig. 5).

The theoretical peak reflectance of the Ir/Si multilayer
expected by assuming perfectly smooth and sharp inter-
faces is 28%. The diminishing of the peak reflectance
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Figure 5. Comparison of the experimental reflectance of a Ir/Si ML

structure described in Ref. [78] measured two weeks and 21 months after

deposition. The measurements were performed at BEAR beam line at

ELETTRA synchrotron, Trieste (Italy).
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measured (i.e., 24%) is mainly due to inter-diffusion at
the interfaces. In Ref. [78] a model taking into account
interface roughness and inter-diffusion effects was built to
fit the experimental values; based on such a model, simu-
lation of the maximum reflectance achievable at different
wavelengths by an Ir/Si periodic ML stack has been com-
puted and reported in Figure 6. The results show that the
Ir/Si structure is particularly convenient for wavelengths
longer than 28 nm, were the reflectance peak is greater
than the Mo/Si one. In particular, Ir/Si seems to be a
valid choice at 33.5 nm (Fe XVI line) where it reaches a
reflectance of 28% with a FWHM spectral band of about
3 nm. An additional potential improvement of its optical
efficiency might be achieved by using appropriate barrier
layers, a method which was already adopted for breaking
the “70% threshold at 13.5 nm” in Mo/Si coatings.*>™
Higher EUV reflectance in the wavelength range 20 nm to
40 nm can be achieved by adding a third material (B,C)
in the periodic Mo/Si structure.* B,C/Mo/Si multilayer
tuned at 32 nm shows a stable normal incidence reflectance
of 34% over eight months.** This tri-component system
was also designed for imaging the He II plasma emission
line and it was adopted in the EUV coronagraph HECOR
which flown onboard of Herschel sounding rocket.?®

3.2. Al-Based EUV ML Structures

Reflectance and bandwidth simulations predict very
promising performance for multilayers using Al as spacer
material. In fact, the position of the Al L, ;-absorption
edge makes this material particularly suitable as spacer for
wavelengths longer than 17.1 nm, providing better theo-
retical performance (in terms of reflectance and spectral
purity) with respect to the Si-based MLs. However, in Al-
based systems the inhomogeneous crystallization and the
high diffusivity/reactivity of Al results in the formation of
rough interfaces between Al and the adjacent materials,
limiting the actual performance.®** Furthermore, because
Al is very reactive, the thermal and temporal stability of
the combinations is an additional crucial aspect in the prac-
tical application of Al-based systems.

Many different material pairs can be considered in prin-
ciple, such as Nb/Al, SiO,/Al, Mo/Al, Y/Al, B,C/Al
however, only in very few cases the EUV reflectance of
these structures are available in literature and, in gen-
eral, they show very poor performance. Among the Al-
based structures, there are some structures that deserve
further consideration. For instance, Al/SiC ML presents
interesting results despite it has high roughness at the
interfaces: in fact, the results achievable with this sys-
tem are very similar to those of the Mo/Si system in
terms of EUV reflectance and superior in terms of spec-
tral selectivity.?>%3 At 30.4 nm, the Al/ Y,0, ML shows a
reflectance of 24.9% while the standard Mo/Si one of 21%
in normal incidence.®* The experimental performance in
the 17-19 nm spectral range are still missing in literature.
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(a) Simulation of the spectral reflectance expected from an Ir/Si stack for the solar lines in the 25-35 nm spectral range; (b) comparison of

the maximum reflectances expected from periodic Mo/Si and Ir/Si structures at each wavelength. For all simulations, the materials optical constants are
those currently available in the CXRO website:” for Si the optical constants are those provided in Ref. [71], for Mo are those provided in Ref. [72] (for
wavelengths >20.4 nm) and Ref. [73] (for wavelengths <20.4 nm) while for Ir are those provided in Ref. [80]. In the Mo/Si structure the inter-diffusion
at interfaces was modeled with an error function with o = 0.6 nm; in the case of the Ir/Si coating, the inter-diffusion was modeled considering an error
function of o =1 nm for the Ir/a-Si interfaces and o = 0.8 nm for the a-Si/Ir interfaces.” In the figure the experimental reflectance peaks reported in

Refs. [55, 67, 69, 78] are shown as well.

The Al/Zr system is perhaps the most promising Al-
based structure so far because of its native high EUV
reflectance.®> Such coating has been suitably employed
in the Hi-C sounding rocket experiment??> and for over-
coating a prototype of a grating with ultra-high groove
density.%¢ Additionally, such ML has been demonstrated
to have good stability over time.®”% Recent research has
been oriented to develop techniques for further improving
the Al/Zr performance. The adoption of a 1% Si-doping Al
layer was proposed for increasing the reflectance peak:®®
this small concentration of Si highly affects the crystalliza-
tion of both Al and Zr layers with a consequent decrease of
the interface roughness.”” Moreover, this procedure seems
to enhance the thermal stability as well.”!*> Alternatively,
the Al/Zr reflectance was enhanced by introducing Si bar-
rier layers, with the aim to interrupt the Al layer crys-
tallization and to reduce the roughness at the interfaces
between the Al and Zr layers.” In Figure 7 the peak
reflectance expected with Al(1%wtSi)/Zr at different wave-
lengths is reported and compared with the experimental
results available in literature.

Remarkable improvements were achieved by adopt-
ing Al-based tri-components periodic ML stacks.?3 4%
By opportunely choosing the materials, a system with
smoother interfaces can be obtained. The best results in
terms of the EUV reflectance and long-term stability were
obtained both with Al/Mo/SiC”” and Al/Mo/B,C struc-
tures: the reflectance peaks of about 56% at 17.4 nm
and about 50% at 21 nm were demonstrated to be sta-
ble over four years.”> Furthermore, Al/Mo/B,C reached a
reflectance of 42% at 32 nm.” Such coatings showed a
fair drop in reflectance after annealing of nearly 6 sweeks
at 100 °C in air atmosphere, probably due to surface
oxidation;” in contrast, they remained stable after many
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vacuum thermal cycles ranging from —50 °C up to
+70 °C.°° In Figure 7 the peak reflectance expected with
Al/Mo/B,C at each wavelength is reported and compared
with the experimental results available in Ref. [95].

3.3. Mg-Based EUV ML Structures

Mg-based multilayers provide very high reflectance at
EUV wavelengths longer than the Mg L, ;-edge at about
25 nm; such structures are very promising for telescopes
making observations at the Fe XV, He II and Fe XVI
solar plasma emission lines. Different Mg based MLs
have been investigated, including Mg/Co, Mg/C, Mg/B,C,
Mg/Si and Mg/SiC.!""!% Among those, Mg/SiC is one
of the most promising because its theoretical reflectance
approaches 60% at 30.4 nm, with a spectral band of
only 1.4 nm: in fact, in the 26-35 nm wavelength range,
Mg/SiC structure gives higher reflectance and narrower
bandpass than both the standard Mo/Si and any other mate-
rial pair. Furthermore, Mg/SiC shows also a natively near-
zero stress and a high thermal stability up to 350 °C,
definitely making this structure superior of any other
material pairs in the >25 nm wavelength region.*> How-
ever, the actual performance of Mg/SiC are much lower
than the theoretical predictions, achieving a reflectance
peak of only 45% at 30.4 nm.'°"1% This difference is
due to the high chemical reactivity of the Mg which
causes a prominent and asymmetrical inter-diffusion at
the interfaces: the interlayer formed at the Mg-on-SiC
interfaces is about 1.0 nm thick while the one at the
SiC-on-Mg is about 2.5 nm.!%>!'% A simulation of the
actual performance expected by a periodic Mg/SiC stack
is reported in Figure 8. Moreover, the Mg/SiC system is
also prone to catastrophic degradation, still due to the Mg
chemical reactivity, which promotes corrosion mechanisms
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Figure 7. (a) Simulation of the spectral reflectance expected form Al(1%wtSi)/Zr stack for the solar lines in the 17-35 nm spectral band; (b) com-
parison of the maximum theoretical and experimental reflectance of periodic Al(1%wtSi)/Zr at 5° incidence angle and of Al/Mo/B,C structures at
10° incidence angle.3>-#7-%%:% In the simulations, the adopted optical constants of Al, Mo and Zr, were retrieved from the CXRO website”: for Al the
optical constants are those provided in Ref. [98], for Mo are those provided in Ref. [72] (for wavelengths >20.4 nm) and Ref. [73] (for wavelengths
<20.4 nm), for Zr are those updated in 2010.” The Al(1%wtSi) optical constants were computed from the atomic scattering factors of Al and Si”'
available in CXRO website by considering a material density of 2.7 g/cm®. For the B,C, simulations used the optical constants provided in Ref. [100].
In the case of the Al/Zr structure the inter-diffusion at interfaces was modeled with an error function with o = 1.45 nm; for the Al/Mo/B,C ML an

error function with o = 0.85 nm was adopted.

on the surface. This process affected also the Mg/SiC
MLs selected to coat the EUV mirror of the telescopes of
NASA’s M-class SDO mission,”® which at the end were
replaced with alternative coatings, resulting in a reduction
of instrument light throughput by a factor of 10.”® In order
to overcome the Mg chemical reactivity, the use of Al
corrosion barrier layers was proposed.*!97 Al layers of
about 20 nm thickness were inserted above the topmost
Mg layer and at the bottom of the multilayer, just on top
of the Si substrate; over a short period of time (~weeks),

the peak reflectance with respect to the standard Mg/SiC
system. Alternatively, it was demonstrated that the use
of a 3—4 nm thick SiC capping-layer can slow down the
degradation induced by the Mg corrosion, preserving good
optical performances over 4 years.'® However, also this
technique slightly degrades the maximum peak reflectance.
An improvement of the optical performance of the Mg/SiC
structure can be obtained by using barrier-layers at each
interface; in particular, it was demonstrated that the inser-
tion of Zr barrier layers at the SiC-on-Mg interfaces (much

more inter-diffused than the Mg-on-SiC ones) reduces
their inter-diffusion width, improving the final reflectance

the top and bottom Al-Mg layers reacted to form a stable
Al-Mg alloy that appeared to be less susceptible to Mg

corrosion,® although the top Al layer slightly degraded  peak up to 48% at 30.4 nm at 5° incidence angle.'®”
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Figure 8. (a) Simulation of the spectral reflectance of the Mg/SiC stack at different wavelengths in the 25-35 nm spectral range; (b) comparison
of the maximum reflectance expected from periodic Mg/SiC MLs working at 5° of incidence angle at different wavelenghts. In the simulations, the
materials optical constants are those currently available in the CXRO website”’: for Mg the optical constants are those provided in Ref. [111] while
for SiC the optical constants were computed from the atomic scattering factors of Si’' and C* by considering a material density of 3.11 g/cm®. The
inter-diffusion at interfaces was modeled with an error function with o = 1.25 nm for the Mg on SiC interface and with o =2.2 nm for the SiC on
Mg interface. In the figure the experimental reflectance peaks reported in Refs. [68, 101, 45, 108, 110] are reported as well.
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There are some alternative candidates to be used as
high-reflective coatings at wavelength longer than the Mg
L, ; absorption edge. Mg/Co offers still good EUV per-
formance although lower than Mg/SiC: it shows a peak
reflectance of 40.3% at 30.5 nm when working at an inci-
dence angle of 10°."°! An interesting result was instead
achieved with a tri-materials structure: the Mg/Sc/SiC mul-
tilayer showed a peak reflectance of 52.8% at 28.4 nm
with a FWHM bandwidth of 1.6 nm at near-normal
incidence.''” As already occurred with Al-based MLs, tri-
material system seems to be a very promising solution for
the Mg-based systems.

3.4. ML Structures for Wavelength Shorter than
Si L, ; Absorption Edge

The wavelength range A ~ 9—12 nm is of particular interest
for solar physics due to the presence of the bright coronal
Fe VIII line at A ~ 9.4 nm and other faint lines in the
10 nm—12 nm range. At wavelengths shorter than the Si
L, ;-edge a number of efficient multilayer systems have
been investigated. The Y-based MLs have demonstrated
good EUV performances in the A ~ 8—12 nm range, since
Y becomes a quite good spacer at wavelengths just longer
than its M, 5 absorption edge (at about 7.95 nm). Many
structures were proposed, including Y/Ru, Y/Pd, Y/Ag,
Y/Nb, Y/C.%6: 112113 Among these, Y/Mo multilayer sys-
tems have shown a good stability, low stress and a rel-
atively high peak in this spectral region,''>!* achieving
a reflectance of 33-34% near the diagnostically impor-
tant Fe XVIII line at ~9.4 nm.% 5 For this reason, peri-
odic Mo/Y multilayer coatings were employed in the Fe
XVIII line imaging channels of AIA?® onboard of SDO
and SUVI?! on the GOES-R satellite.
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Figure 9.

At these wavelengths, also B-based MLs can offer
very high EUV performance. B has its K-edge at about
6.6 nm, thus acting as good spacer in the A ~ 9-12 nm
spectral range. La/B,C and La/B are the most promising
MLs for the new generation of photolithographic mirrors
since they can reach reflectance greater than 57% in the
range 6.6-6.7 nm.'"*"8 Moreover, periodic and narrow-
band Pd/B,C multilayers have been shown to have sig-
nificantly higher peak reflectance (i.e., 43%) than Mo/Y
at 9.1 nm wavelength,’’ making this ML very interest-
ing in solar physics applications. However, such coating
undergoes extremely high stress®” and presents some sta-
bility issues.!!® Nevertheless, this structure is still under
investigation. It was found that the use of different mate-
rials as capping layers, such as Mo, can slow down the
natural degradation occurring in Pd/B,C films.'?® Further-
more, a considerable reduction of the structure stress can
be obtained by adding nitrogen in the atmosphere dur-
ing the deposition process, although the reflectance loss
is higher than 30%.'?! An alternative film characterized
by a high theoretical reflectance in the 8-12 nm wave-
length range is the Y/Pd stack.!'? Unfortunately, in such
structures the severe intermixing occurring between Pd and
Y layers results in an almost total disappearance of the
interfaces inside the multilayer structures with a dramatic
decrease of the reflectance. Nevertheless, it was recently
demonstrated that by adding a small amount of nitrogen
in the deposition atmosphere the intermixing at the inter-
faces can be reduced, obtaining a reflectance up to 30% at
9.3 nm.'?> A very promising result was instead obtained
by adding a sub-nm-thick B,C barrier layer at each inter-
face of a Y/Pd ML.'*? Such structures provided higher
reflectance at 9.4 nm (i.e., 43% with an incidence angle
of 5°) and they do not suffer from the high stress found in
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(a) Simulation of the spectral reflectance of the Y/Mo, B,C/Pd and La/B,C ML at the Fe VIII line (A ~ 9.4 nm); (b) comparison of the

maximum reflectance expected from periodic Y/Mo and B,C/Pd MLs working at 5° of incidence angle. In the simulations, the optical constants of the
materials are those provided by CXRO™: for Pd and Y the optical constants are those provided in Ref. [80] for La are those provided in Ref. [124]
while for Mo are those provided in Ref. [73] For B,C, simulations used the optical constants provided in Ref. [100]. In the case of La/B,C MLs the
inter-diffusion at interfaces was modeled with an error function with ¢ = 0.35 nm for the B,C on La interface and o =0.75 nm for the La on B,C
interface."® In the B,C/Pd ML, an error function with o = 0.65 nm was considered at each interface®” whereas for the Y/Mo ML an error function
with o = 0.57 nm was considered at each interface.®
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the simple Pd/B,C films. Furthermore, periodic Pd/B,C/Y
MLs showed reasonably good temporal stability, with a
measured drop in peak reflectance of about 10% over a
period of 16 months. They are also thermally stable up
to 100 °C.'>* In Figure 9(a), the expected performance of
Y/Mo, B,C/Pd and La/B,C ML structure at Fe VIII line
(A ~ 9.4 nm) is reported; moreover, in Figure 9(b) the
expected performance of Y/Mo and B,C/Pd ML structures
in the 7-12 nm wavelength range is reported and compared
with the experimental results available in literature.

4. STABILITY TO ACCELERATED
IONS IMPLANTATION

One of the main concerns in space optics regards the
potential degradation occurring in components when they
are exposed to the space environment. Harsh environmen-
tal agents can drastically affect the performance of the
components, leading a change of the overall optical behav-
ior of a space instrument; for this reason many efforts
have been made over the years to study these degradation
effects.'>~128 In particular, the stability in harsh operational
environment becomes more critical for the instruments
onboard of Solar Orbiter mission because they will operate
very close to the Sun.! In this environment, the instru-
ments undergo a constant bombardment of particles at
different energies coming from different sources.'” For
example, the quiet solar wind plasma is the main source
of low energy particles, being mainly composed of pro-
tons and « particles having average energies of 1 keV
and 4 kev respectively. Instead, occasional events such
as coronal mass ejections and solar flares are sources of
high energetic particles, giving protons and « particles
with energies in the MeV range. Although the high ener-
getic particles didn’t show appreciable effects on EUV
MLs,'3 the particles at low energy can lead to a dramatic
degradation of the performance, especially if the instru-
ment layout foresees an unshielded ML primary mirror (an
example of this class of instruments is the original lay-
out of METIS coronagraph that was proposed for Solar
Orbiter'?!). Recently, some ML structures were irradiated
by low energy protons and a-particles in order to assess
their stability.®"-°>% In the experiment reported,’ Mo/Si
structures with different capping-layers were irradiated by
protons at 1 keV with doses equivalent to three months
(i.e., ~9-10" p/cm?) and one year (i.e., ~36-10'° p/cm?)
operation of the Solar Orbiter spacecraft. After the irra-
diation with the one-year equivalent dose, all the tested
structures showed a change of the peak position and a
degradation of reflectance due to the blistering and delami-
nation occurring in the topmost layers of the stack. Similar
results were reported also in Refs.[132, 133]. However,
these effects seem to be dependent on the material used for
the capping-layer: in this experiment, all the Ir-capped ML
showed a smaller reflectance loss and a shorter peak shift
than the structures with other capping-layers. A similar
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result was obtained by irradiating such MLs with 4 keV
He™ ions, where the Ir-capped MLs showed the smallest
degradation.®? After He't ion irradiation with doses equiv-
alent to one year (i.e., ~2.5-10' p/cm?), two years (i.e.,
~5-10' p/cm?) and four years (i.e., ~10'® p/cm?) oper-
ation of the Solar Orbiter spacecraft, the exposed MLs
show a drop of reflectance and no appreciable reflectance
peak shifts; this behavior was attributed to an increase of
the intermixing at interfaces induced by the He' ions in
the topmost layers. Recently, AI/Mo/B,C and Al/Mo/SiC
were also irradiated with low energy (1 keV) and high
energy (100 keV) protons®® with doses of 7.4-10'2 p/cm?
and 9- 10" p/cm?; the lowest dose was chosen in order
to simulate the situation expected inside the High Resolu-
tion Imager (HRI) and Full Sun Imager (FSI) telescopes of
Solar Orbiter mission, where the mechanical structure and
the front filters drastically reduce the proton flux imping-
ing on the multilayers. All the structures irradiated didn’t
show appreciable changes of their performance, suggesting
that at these doses MLs can be considered stable.

5. CONCLUSIONS

In the present paper the ML coating nanostructures devel-
oped so far and applied to observations of solar plasma
emission lines in the 6 nm-35 nm wavelength range have
been reviewed. After a briefly recall of ML theory, a
detailed discussion of the most promising material pairs
and layer structures proposed and applied to past and cur-
rent space missions is presented. Finally, recent experi-
ments performed in order to assess ML stability to low
energy ion bombardment have been reported.
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