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ABSTRACT

Metallic coatings made of precious metals (e.g. Ir, Pt or Au) with high atomic number Z have been traditionally employed
at grazing incidence for X-rays reflection and focalization. These materials offer a range of reflection extended to higher
energies, but also present a series of absorption edges, which limit the reflectivity in the 2-4 keV band and below.

Therefore the search for alternative coatings, able to improve the reflection in the soft energy range, is particularly relevant
for the development of future telescopes, like ATHENA (ESA), Lynx (NASA) and eXTP (CAS).

Low-Z overcoatings (e.g. carbon or B4C), applied on top of the high-Z metallic layer, can enhance the reflectivity in the
softer band (mainly below 2 keV), but conventional deposition methods for these materials are not easily compatible with
some of the mainstream technologies for mirror fabrication (notably, the silicon pore optics that will be used for the
ATHENA X-ray mission which is being implemented by ESA).

In this work we discuss novel solutions (carbon-like overcoatings realized by dip coating or vapor phase deposition), which
can be particularly convenient for the application to ATHENA and to future telescopes.

Keywords: X-ray Optics, light coatings, soft X-rays reflectivity, ATHENA, grazing incidence optics

INTRODUCTION

Wolter I type X-ray telescopes focus light by total reflection at grazing incidence mirrors, in general implemented by
means of a set of concentric confocal nested surfaces. The most suitable materials for the reflection of X-rays over a broad
energy band are high-Z materials (tipically Au, Ir, Pt), that are applied as reflecting coating on the optics substrate.

Several technologies are available and used for the fabrication of X-ray telescopes. Most widespread technologies are
nickel electroformed replica monolithic optics with gold reflecting coating (used also as a separation agent in the
replication process), and platinum or iridium coatings, deposited on figured glass substrates'-? (monolithic or segmented).
Iridium coating on silicon plates is also the technology that will be used for the ATHENA (ESA) and Lynx (NASA)
missions>?.

The high-density metals used in this kind of applications, while quite effective up to a higher energy, because of the inverse
relation between critical angle for total reflection and density, present however low-energy absorption edges, which cause
abrupt reduction of reflectivity around their characteristic energies. It has been proposed the use of carbon (also in
Diamond-like form) or B4C as overcoatings on top of the metal layers in order to increase the reflectivity in correspondence
of the absorption edges of the metal layer®!!.

In this paper, we discuss the use of novel types of overcoatings, based on the concept of “dip” deposition, i.e. that can be
realized by immersing a substrate (or, when possible, a finite optics) in a precursor solution, and letting the coating material
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deposit on the surface. We have considered substrates made of nickel with gold coatings, representative of nickel-replica
optics (used in past missions like XMM, Swift and eRosita, and futures projects like eXTP'?), and silicon plates, coated
with iridium and with a thin (2-10 nm) layer of chromium on top of it. These last substrates are representative of silicon
pore optics, like the ones foreseen for the ATHENA mission. Even if the baseline configuration for ATHENA is based on
simple iridium coatings, we have also considered a thin chromium overcoating (deposited by sputtering), as this can
considerably enhance the reflectivity of the mirror at the cost of a relatively small change in the optics manufacturing
process'>!4. It has to be noticed that chromium is also used as a binding layer, as such is already present in the sputtering
chamber used for the reflecting coating deposition for ATHENA. As such, the manufacturing challenge is a mere issue of
control of thickness and film structure, in particular the micro-roughness, and film internal stress. It has to be noticed that
chromium can be a difficult material to deposit in thick layers (films tend to have high stress and roughness), however, as
far as we know, stress and roughness of very thin (few nanometers) are not commonly studied, and we may reasonably
expect these problems to be smaller than for thicker films. We have deposited films of this kind in two different facilities
with different sputtering methods. We first discuss the theoretical performances expected from this kind of coatings and
overcoatings, then we describe the deposition and the characterization of the deposited coatings.

DIP DEPOSITION OF OVERCOATINGS

“Dip” coatings considered in this work, belong to two different categories: self-regulating coatings (notably self-
assembling monolayers, SAMs), which grow ordered structures with definite thickness or, in alternative, indefinite-growth
coatings, for which the sedimentation of structures happens continuously and the final structure of the film is regulated by
the characteristics of the precursor solution and by deposition conditions and time. While not investigated in this work,
these coatings can also be deposited by other methods as e.g. physical (PVD) and chemical vapor deposition (CVD).

The overcoating material chemically binds to the top metal layer of the substrate, which determines the choice of the
material and precursor solution for the film to be deposited.

We have considered two types of reflecting layers and corresponding overcoatings:

e Ir/Cr coatings, which are an extension of the Ir coatings planned for ATHENA. In this case the baseline
coating for the mission is Ir, but it was recently proposed that a thin layer of chromium can enhance the
reflectivity over the band 2-4 keV

e Au coatings, that have been applied to many missions based on nickel replica optics (e.g. XMM, eRosita on
board of Spectrum-Roentgen-Gamma), and are planned on future missions with moderate angular
resolution, like eXTP.

To obtain a surface quality representative of the two missions, we used silicon plates provided by the company Cosine
(www.cosine.nl) on top of which we applied iridium and chromium coatings; and fragments of gold-coated nickel-
replicated shells provided by the company Media Lario, or flat samples realized with the same process.

The coatings selected for the liquid-phase deposition on top of the metallic layers were polydopamine for the Ir/Cr coatings
and a self-assembled bilayer of thiol and silane compounds, for the gold coatings. Both of these materials have a known
compatibility with the underlying material, showing features of good adhesion and smooth surface. They are commonly
used in a broad range of research and industrial applications; biotechnologies, electronics, MEMS, among the others. In
particular, thiol coatings on Au are widely employed as Au capping agent in Au nanoparticles synthesis, electronics and

sensors. 317
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Figure 1: Schematics of adhesion mechanisms for SAM coatings'® (left) and process of deposition on a nickel monolithic shell with
Au coating produced by replication (right).
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The mechanism for which these substances form ordered structures on the surface of a substrate, is shown in fig. 1 for
SAMs, which are composed of long chains with different properties at the head and the tail. In the case depicted in figure
1, the head is chemisorbed on the gold surface while molecules orient along a direction transversal to the surface, forming
an ordered layer, whose thickness is determined by the length of the chain. Compounds of this kind, when deposited in
ordered structures, are self-limiting, being their growth inhibited once the free sites on the underlying layer are occupied.
If the thickness is lower than desired, a compound can be chosen where the tail is functionalized, and a second substance,
with affinity for the free ends, is used to build a second layer. Dopamine follows a similar mechanism, with molecules
adhering to substrates, then polymerizing and forming intra-molecular bonds, giving stability to the coating, even for looser
bounds to the surface. Indeed for thiol the adhesion to chromium is difficult because of the presence of a stable oxidized
layer, making polydopamine a more appropriate choice.

EXPECTED PERFORMANCES

Intuitively, we can say that lower energies are reflected by the top low-Z overcoating, while the higher energies penetrate
deeper and are reflected by the metallic coating, thus preventing the absorption of low-energy radiation in correspondence
of K-edges of the underlying metallic coating'®. This picture is however a simplification; as interference and change of
phase at the interfaces must be kept into account and the coatings must be simulated using a correct physical model. We
have simulated the coating reflectivity by means of IMD software on the base of the coating chemical composition and
expected density (1.0 g/cm? for all carbon based coatings, as nominal values from datasheet). Chromium has been modeled
as chromium-oxide, as a more realistic form for such a thin layer.
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Figure 2: Each subfigure shows the effective area for a shells at a given angle with different combinations of iridium and chromium
coatings and dopamine overcoatings, as fraction of the collecting area of a shell at largest angle of 1.5 blue lines correspond to
iridium only coatings, while iridium+chromium coatings are represented by red lines. Continuous lines have a dopamine layer on top,
while dashed lines have no overcoating. Bottom panels of each subplot show the percentual gain over the baseline coating (iridium
monolayer).
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Figure 3: Expected gain for SAM overcoatings on top of a gold reflecting surface at four representative angles. Combinations with
the first layer only (2.5 nm of M11) and with both layers (2.5 nm M11 + 4.5 nm OTS) are considered. Effective Area are expressed as
fraction of collecting area of a shell with incidence angle of 1.5°.

The effective area of different combinations of coatings is shown in fig. 2 and 3 for a few representative angles in the
typical range of interest for X-ray telescopes (grazing incidence angle 0.3°-1.5°, energy 0-10 keV), respectively for
iridium/chromium and gold coated substrates. Effective areas are shown in arbitrary units, where the unit is represented
by the collecting area of a shell at the largest angle (1.5°), in this way the areas maintain the correct proportion between the
different shells having same angles in a telescope of fixed shell length. Indeed, for an X-ray telescope in Wolter I geometry,

formed by a large number of concentric shells, the reflection angle a; on each of them is given by «@; = %atan% with R;

radius of shell i at intersection plane and F focal length. As such, each change in reflectivity is amplified by the square,
while the collecting area is, for a given shell height, approximately proportional to the square of the radius (being the
projected area of a shell a circular corona of width AR = H tan a, with H shell length and angle o proportional to radius
in small angle approximation).

Plots show that the choice of coatings, and of coating parameters, is a trade-off. For most of the mirror shells of a given
X-ray telescope, increased reflectivity in a given energy interval, can correspond to a decrease in other parts of the
spectrum, with the relevance of each gain, positive or negative, and the overall impact on telescope area, depending on the
details of the telescope geometry. However it is also apparent how in many cases, the proposed combinations of coatings
can give an increase of effective area between 10% and 50% in spectral regions of scientific relevance, with little or no
loss (i.e. large fractional reductions of effective area happen in regions where the shell effective area is negligible).

In particular, for iridium-based mirrors, the use of chromium can give a large enhancement of effective area in the region
just above the iridium M absorption edge (2.04-3.17 keV), but depletes the low energy reflectivity at chromium L-edge
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(0.5-0.69 keV) and, for very small angles, above the K-edge at 5.99 keV. Thicker layers of chromium enhance the gain just above the
iridium M edge, but lead to a loss in the higher part of this range. Carbon-based coatings can compensate, partially or completely,
the depletion below 2 keV and, for the smaller angles, even above this energy, making it possible to use a thinner layer of
chromium and to reduce the loss above the chromium edge at 6 keV (see e.g. first panel of figure 2).

COATINGS AND OVERCOATINGS ON SILICON SUBSTRATES

Deposition and characterization of metallic layers

Silicon plates provided by the company Cosine, representative of the substrates that will be used for the fabrication of
ATHENA’s optics, have been coated at two facilities; the DC magnetron sputtering chamber at Smithsonian Astrophysical
Observatory (SAO) and the DC magnetron sputtering chamber at Aschaffenburg University (THAB). The two facilities
differ for the different control of minimal thickness and for the different optimization of the process for these coatings,
which are routinely manufactured in both facilities*'?, which also have developed methods to control stress in this kind
of films?*?. The SAO facility has a finer control of the deposited thickness and can produce nanometric or subnanometric
thickness films made of sputtered metals layers. For the facility at THAB, slightly thicker layers of chromium had to be
used in order to ensure a uniform coverage of the sample.

Iridium was deposited directly on silicon at SAO with a thickness of 30 nm. The thin chromium overcoating with target
thickness of 2 nm was deposited on some of the samples (others were kept with only iridium for surface characterization).
Samples were characterized in X-rays at 8.04 keV at SAO, giving thickness value into 10% deviation from target value
for iridium and 20% for chromium. Coatings deposited at THAB use a 40 nm binding layer below the iridium to ensure
adhesion to the substrate, as well as layer stress compensation??, while the thin chromium overcoating was deposited with
thickness values of 6 and 10 nm for different batches of samples, over a 30 nm thick layer of iridium.

Reflectance, R

|\ H W‘

Reflectance, R

T

1072

T W

T e . : 107 L L I L L

0.5 1.0 15 zu 25 3,0 0.5 1.0 1.5 2.0 2.5 3.0
Grazing Incidence Angle, § [deg] Grazing Incidence Angle, é [deg]
(E=B.040 keV, 69=0.008 deg) (E=8.040 keV, 66=0.008 deg)
I layer (1), p=22.000 g/cm’, 2=290.00 A, 0=4.00 A Cr layer (1), p=7.140 g/em’, z=25.00 A, 0=5.00 A
Si0, layer (2), p=1.500 /cm 2=11.00 A, 0=3.00 A Ir layer (2), p=22.000 g/em’, 2=299.00 A cm450 A
Si substrote, p=2.000 g/em’, 3=2.00 A Si0, layer (3), p=1.500 g/cm®, z=11.00 A, o=4.00 A
Si substrate, p=2.000 g}cm 0=2.00 A

Figure 4: Example of data and procedure used to characterize samples at SAO. Thickness, roughness and density can be fit in
unambiguous way from X-ray reflectivity data on angular scans at 8.04 keV.

Substrates from both deposition facilities with both iridium only and the combination iridium + chromium were
characterized using surface metrology tools at OAB: atomic force microscope (AFM) on three scales (1, 10 and 50 pum),
and MicroFinish Topographer phase measuring interferometer (MFT) with 10x objective (image size 0.9 mm for 1024
pixels). The power spectral density (PSD) was extracted from topography data for all samples and joined to give an overall
power spectrum.

PSD data on different scales have shown a good alignment and correspondence over common frequency intervals, with
similar surface quality for all coatings. There is a slight increase of surface roughness along the stack of layers from bottom
to top (fig. 5, table 1), with consistent values obtained from X-ray data on SAO samples. Notably all coatings are in the
range accepted for X-ray reflective surfaces, being the surface roughness on combined AFM scales lower than 0.5 nm and
comparable with the values for the bare substrates. A slightly higher value was found for the thinner chromium coatings
realized at THAB (6 nm, near the lower limit for the deposition process), which might indicate an incomplete growth of
the layer. A detailed views of rms calculated values over different frequency intervals for the different combinations of
coatings and overcoatings is shown in table 1.
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Figure 5: Comparison of substrates and evolution of PSD for the deposition of each layer. Values of rms roughness in legend are
calculated as square root of PSD integrated over the largest frequency range available from data. Peaks at high end of the spectrum are
due to environmental and electronic noise (they repeat with same shape over different measurement ranges according to the scan size
and sampling rate) and can be shown to have a negligible impact on the rms calculation.

Table 1: values of rms roughness estimated over extended frequency range of spatial frequencies. Values are derived from surface
metrology data on different samples and areas, by integrating of the PSD. The largest frequency range available for each coating type
is listed, together with a common frequency range, roughly corresponding to the full AFM scale. The range of values obtained over
different samples from fit of X-ray reflectivity data at 8.04 keV (for only metallic coatings at SAO, measurements at this energy are
not sensitive to overcoatings).

Coating rms from PSD (nm) over freq range rms from X-ray
Freq (um™): full range [freq.] [0.10:100] rzfl 8e %ngvﬁ !

Si Bare 0.46 [0.003:100] 0.22 0.25-0.35

Si+Ir SAO 0.30[0.1:128] 0.30 0.35-0.45

Si +Ir THAB 0.38[0.020:255] 0.36

Si+Ir + Cr SAO 0.39[0.02-128] 0.36 0.4-0.5

Si+Ir + Cr THAB 6 nm 0.75[0.001:128] 0.52

Si+1Ir + Cr THAB 10 nm 0.39[0.02-200] 0.37

Dopamine 4 h 0.88 [ 0.100-100] 0.87

Dopamine 2.5 d 6.46 [0.06-255] 5.8

Dopamine 24 h 0.76 [0.003:100] 0.69

Dopamine 24 h (range) 0.61-1.04 [0.001:127] 0.53-0.90
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Dopamine overcoating

We have deposited polydopamine overcoatings on THAB coated substrates using different immersion times.
Polydopamine coatings are obtained by dopamine (CsH;iNO) auto-polymerization®*-3! or oxidative polymerization®? in
alkaline solution. Here, polydopamine coatings were obtained according to procedure adapted from literature’?. A 20 mM
dopamine hydrochloride solution and 20 mM ammonium persulfate (APS) in 10 mM TRIS-buffer (pH 8.5) was prepared
and samples were immersed in solution at ambient temperature. Density is usually around 1 g/cm?®.

Times between 4 hours and 2.5 days were used to develop the deposition process. Film growth was apparent from the
change of discoloration of the sample and surface structure. Measurement of dopamine thickness by means of ellipsometry
is challenging because of the difficult determination of the optical constants for the material. We scratched the coating by
using a copper tip and used the MFT profilometer to measure the step and determine the coating thickness. A deposition
time of 24 h was eventually considered optimal to obtain the appropriate level of thickness and surface roughness and used
for our “best-effort” samples. The method used for thickness determination has high uncertainty, but measurements
consistently indicate a thickness between 5 and 10 nm.

We have measured surface topography using same methods described for the Cr and Ir surfaces. Results show an increase
of surface roughness from the 4 hours to the 2.5 days immersion time. The final sample deposited for 24 h has a rms
roughness that is better or equal to the one measured on any of the two reference samples, with PSD comparable to the
base substrate. AFM images are shown in fig. 6 and 7, including a large area scan (100 um size), which gives an idea of
the uniformity of the coating. There is some variability in data taken in different positions or on different samples. We
provide an estimate of this variability by indicating a realistic interval of PSDs, obtained from all data, and a PSD that we
consider a representative estimate of the coating quality (fig. 8, 9).
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Figure 6: AFM 1 um side. Left: Ir+Cr coated Si substrate (rms = 2.3 A); Center: dopamine deposition 4 hours (rms = 4.9 A); Right:
dopamine deposition 2.5 days (rms = 15 A); Data analysis by Gwyddion software®>.
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Figure 7: AFM scan for for 24 hours deposition dopamine. Left: 1 um size, rms 2.3 A. Right: 100 um size, rms 6.0 A.
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Figure 8: Comparison of PSDs for dopamine overcoatings in tests (4h, 2.5d) and final deposition (optimized coating). The gray area
shows the range for PSD as estimated from different measurement points and samples. Our best estimate for the full PSD is shown in

figure 9.
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Figure 9: Comparison of PSDs obtained from surface metrology data for the sequence of coatings from substrate to overcoating. Red
line represents a realistic estimate for the optimized dopamine coating, as obtained by different samples and points of measurement.
rms values in legend are obtained from the full frequency ranges.

OVERCOATINGS ON GOLD

We have deposited Carbon-like coatings on gold substrate by liquid-phase deposition of self-assembled layers of thiol and
silane molecules. Gold is a material of interest, as it is the common choice for the realization of monolithic shells by means
of nickel replica process, for which acts as release agent between the mirror shell and the mandrel on which the shell is
electroformed (in particular, this method will be used for the realization of the optics for the eXTP mission by CAS). The
bilayer approach was adopted in order to achieve the desirable coating thickness of 6-10 nm. In fact, SAM coatings are
usually extremely thin layers (< 2-3 nm) but strongly depending on precursor molecules, deposition technique and
parameters*-°. Here, long alkyl chains thiol and chlorosilanes were employed for the bilayer coating. In particular, a
double-functional thiol was employed for the first layer, owing to its strong binding affinity to gold substrate by the thiol
group and crosslinking capability through the triethoxysilane ending group®’. Substrates were cleaned by rinsing in
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acetone and 2-propanol and then immersed in a 2mM 11-Mercaptoundecyltrimethoxysilane (Ci4H3203SSi, here named
M11, provided by company Sigma Aldrich) in ethanol for 24 h for the deposition of the first layer. Second layer was
deposited by immersing the M 11-coated substrate in a 2mM solution of Trichloro(octadecyl)silane (CH3(CH>);7SiCl; here
named OTS, provided by Gelest company) in toluene for other 24 h.

Nominal values for density from provider’s data sheets are 0.98 g/cm? for OTS and 0.96 g/cm® for M11, the expected
thickness of the coating was estimated from preliminary test samples, to be respectively 2.5 nm and 4.5 nm for M11 and
OTS, against a theoretical value of about 2 nm for both monolayers, consistently with our expectations of having some
amount of uncontrolled growth, especially for OTS on top on the more ordered M11.

Thickness characterization

Ellipsometric data were collected in different positions of flat samples. Thickness was set as the only free parameter, and
the film was modelled according to a two parameter Cauchy model. A = 1.414, B=0.01, C = 0. Four points at increasing
distance from the center in different radial directions, were measured. Resulting values, in order of distance from center to
edge are 9.0, 9.7, 8.6, 7.4 nm, indicating a good uniformity and small errors in fit of data. Measurements on shell fragments
gave similar values (in the range 6-8 nm), but it was necessary to include the angular dispersion due to the non planar
shape of samples. The measured value is slightly higher than the expected one, which can be due to uncertainty in the
measurement and simplified modelling, or to a partially unordered growth of the second layer, more sensitive to deposition
conditions. We don’t have yet data for surface topography of this samples, as sample production and characterization was
done before the acquisition of an AFM in our facilities. Work is ongoing for the production and complete characterization
of new samples.
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Figure 10: Left pane: setup for ellipsometric measurement showing the measurement points. Right pane: Comparison of ellipsometric
data related to the thinnest (#4) and thickest (#2) point. Model fit worsen towards blue but the fitting error is in any case smaller than
the difference between ellipsometric data for the two spots.

CONCLUSIONS AND EXPECTED DEVELOPMENT

We have deposited iridium-chromium bilayers coatings on substrates representative of X-ray mirrors, like the silicon plates
that will be used for the ATHENA pore optics, measuring surface topography for each layer and extracting PSD
information over a broad range of spatial frequencies. While roughness slightly increases (as expected) along the layers
stack, it is shown that all layers maintains an acceptable roughness, with chromium layer having a rms below 4 A, over 10-
2to 10? um™ frequency range, and 6.4 A over a broader frequency range (down to 2 107 pm™) with a rather flat PSD in
the central part of the spectral range under investigation. The roughness values are in good agreement with the rms
roughness of 3-5 A estimated from X-ray reflectivity fit. Surface quality of the metallic coatings are very similar between
the two facilities used for the coating deposition for all thickness values of 25, 60 and 100 A.

These substrates were used for the deposition of a dopamine overcoating, which was optimized to give a roughness just
slightly above the one of the substrates (between 6 and 10 A over the extended frequency range with the value depending
on the sample and measurement point). The coating shows uniform structure on the largest scales (AFM over 100 um scale
and 10x optical profilometer). The thickness was roughly evaluated by scratch test, giving results in the valid range (5-10
nm).

The collected PSD data will be used to model the scattering properties and infer the X-ray properties. We plan to
characterize the coated samples in X-rays after a more thorough characterization of film properties.
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We also produced first samples of bilayer carbon-based coatings of thiols and silans, on gold, representative of optics
realized by nickel-replica process, like the one that will be used for eXTP mirrors, and characterized their thickness using
spectroscopic ellipsometry. The results are in line with the expectations even if slightly above the design values (a thickness
between 7.5 and 9.0 nm was obtained vs an expected thickness of 6.5 nm), that might indicate the needs for a more accurate
optimization of the deposition process.
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