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Abstract

In situ Rutherford Backscattering Spectrometry (RBS) and Spectroscopic Ellipsometry
(SE) were applied to study the compositional and optical stability of a WAISiN-based solar-
selective coating (SSC) at high temperatures in vacuum. The samples were exposed to heating-
cooling cycles between quasi room temperature and stepwise-increased high temperatures of
450 °C, 650 °C, and 800 °C, respectively. In situ RBS revealed full compositional stability of
the SSC during thermal cycling. In situ SE indicated full conservation of the optical response
at 450 °C and 650 °C, and minimal changes at 800 °C. The analysis of the ex situ optical
reflectance spectra after the complete thermal cycling gave an unchanged solar absorptance of
0.94 and a slightly higher calculated thermal emittance at 800 °C of 0.16 compared to 0.15
after deposition. Cross-sectional element distribution analysis performed in scanning
transmission electron microscopy mode confirmed the conservation of the SSC’s
microstructure after the heating — cooling cycles. The study demonstrates compositional,
optical, and structural stability of the WAISiN-based solar-selective coating at temperatures

targeted for the next generation of concentrated solar power plants.
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1. Introduction

Worldwide, energy consumption is rising with the rapid increase in industrialization
and population. Since the climate change requires the replacement of fossil fuels such as coal,
oil and gas, a massive increase of renewable energies is required in the world wide share of
energy’. In this context, research groups are exploring the opportunities of renewable energy
resources in establishing the large-scale production of electricity via photovoltaics and
concentrated solar power plants (CSP, also termed solar thermal electricity)?2. Researchers
have widely explored the CSP technology regarding various aspects for improving the overall
efficiency of the plants. The CSP technology has four major components: concentrator, solar
receiver, heat transfer fluid, and power conversion system. In this technology, solar selective
coatings (SSC) deposited on the receivers play a significant role in improving the overall
efficiency of the system*>8. An ideal SSC should possess a high solar absorptance (a > 0.95),
low thermal emissivity (e < 0.10), and thermal stability at high operating temperatures’. Up to
now, SSCs deposited by PVD techniques are widely used in parabolic trough collectors, which

operate at a working temperature (T) of T <400 °C in vacuum?.

Several research groups have investigated various potential materials for solar
absorbers for high-temperature application in the past decade. Transition-metal-based
absorbers, i.e., nitrides, oxynitrides and oxides demonstrate excellent resistance towards
oxidation, chemical and corrosion properties and tuneable optical properties. Some of the high-
temperature  solar  absorber  coatings  reported are:  CrAIN/CrAION/AIQOs3,
CrAIN/CrAION/SizN48, Ti/AITIN/AITION/AITIO®, W/Ag/WN-AIN/AIN/SiOL,

AIMoN(H)/AIMoN(L)*?, W/AISixN/AISIOyN«/AISiO«*?, Mo/ZrSiN/ZrSiON/SiO2*3,



W/CrAISiN,/CrAISiNO,/SiAlOM, TiN/AICISiO/AICISIO™, AlyTiiy(OxN1x) oxynitride
multilayer'®1’ etc.. The literature shows that most solar absorber coatings developed for high-
temperature applications degrade primarily due to oxidation, thermal stress and diffusion of the
constituent elements in the coatings'®. Moreover, with an increase in temperature, the thermal
emissivity also increases, reducing the efficiency due to the loss of absorbed energy in the form
of IR radiation (thermal dissipation)*®. Furthermore, the structural and morphological changes,
induced at high-temperature due to the degradation, affect the optical properties («, ¢ and
optical constants) and thermal emissivity of the coating. Therefore, it is necessary to understand
the structural and compositional changes induced at high-temperature and the influence of
these changes on the optical properties and thermal stability of the coating. In this context,
recently, Escobar-Galindo et al. investigated the microstructure, element composition,
chemical bonding, and optical properties of AlyTii.y(OxN1x) multilayers before and after
single-stage (12 h) and thermal cycling treatments (900 h) at 450 °C, 650 °C, and 800 °C in
airl’. The results indicated the stability of the SSCs up to 650 °C. Only at 800 °C, a rutile-TiO>
film formed on the surface, leading to the degradation of the coating’. In addition to these
classical, ex situ stability studies comparing composition, structure, and properties of SSCs
prior and after high-temperature treatments, new approaches towards the assessment of optical
properties, composition, and structural changes are necessary by using in situ techniques. It is
an essential question to clarify whether the optical properties, i.e. for CSP coatings the high
absorptance and low emittance, are conserved at high temperatures or not. Dynamic processes
might broaden the electronic states, increase damping and finally decrease the absorption
intensity and blur out or shift the reflectivity edge. Intermixing of the sharp interlayers could
appear at temperatures of up to 800 °C. Material losses are another possible reason of coating
degradation. The onset-temperature of those effects can be only identified by in situ

measurements. In this respect, Lungwitz et al. reported in situ spectroscopic ellipsometry (SE)



and Rutherford backscattering spectrometry (RBS) measurements up to 800 °C for 2 h in high
vacuum for a SnO»:Ta transparent conductive oxide coating, which can be used as selective
transmitter coating on top of a blackbody absorber?. In spite of this report it is to be emphasized
here that in situ measurements, using e.g. RBS and SE, are less explored in characterizing solar
absorber materials??2, However, these techniques are highly desirable since they can provide
evidence for the conservation of the structural and optical properties of SSCs in operando at
high temperatures (T > 600 °C), which correspond to those required for next generation CSP

plants.

In the present work, we report such type of in situ studies for the WAISiN-based
spectrally-selective solar absorber coating. Its previously proposed layer stacking was
W/WAISIN/SION/SiO-, and durability tests under various conditions indicated stability in air
up to 500 °C and in vacuum up to 700 °C for 200 h?32*, We have carried out in situ RBS and
SE measurements during heating — cooling cycles between quasi room temperature (25 °C<T
<100 °C) and the three subsequently increased high temperatures of 450 °C, 650 °C, and
800 °C. The measurements were performed at the cluster tool facility located at the lon Beam
Center (IBC) of the HZDR?'?%%, In order to confirm the in situ results, the element
composition, the optical and the microstructural properties of the solar absorber coating were
evaluated using ex situ reflectance spectroscopy and cross-sectional, scanning transmission
electron microscopy (STEM) including spectrum imaging analysis based on energy-dispersive
X-ray spectroscopy (EDXS) before and after the high-temperature cycling. This analysis led to
an improved stacking order and phase structure model of the SSC, which is consistent with the
element concentrations. It moreover provides a profound understanding of the superior thermal
and oxidation resistance of the studied SSC. Finally, the slight increase of the thermal emittance
from es00 °.c = 0.15 t0 0.16 is tentatively attributed to an oxygen enrichment observed by STEM-

EDXS on top of the absorber layer of the SSC. Our study demonstrate that the fabricated solar



absorber coating has excellent compositional, microstructural, and thermal stability up to

800 °C in vacuum during the entire heating-cooling cycling.

2. Experimental details

A four-cathode reactive unbalanced direct-current (DC) magnetron sputtering system
with high purity (W, Al, and Si >99.9 %) targets was utilized to fabricate the WAISiN-based
solar-selective coating. The as-deposited samples were deposited on stainless-steel (SS) and
silicon (Si) substrates for analysis. A distance of 10 cm between the target and substrate holder
was kept constant throughout the deposition process. The substrates were cleaned by in situ Ar
ion bombardment for 5 min at a bias voltage of -1000 V. The deposition of the solar absorber
coatings was carried out at a constant substrate temperature of 200 °C. A detailed discussion
on the optimization of the process parameters used for the deposition of the WAISiN-based
solar absorber coatings is reported in our previous article?®. Seven samples with de facto
identical compositional, structural and optical properties were deposited in one batch for this

study (see supporting information).

In situ RBS and SE investigations of the compositional and optical high-temperature
stability of the SCCs were performed at the cluster tool of the IBC at the HZDR?®. This setup
is designed for processing and comprehensive characterization of thin films at high
temperatures. Temperature-dependent in situ RBS was performed in a 155° backscattering
geometry using 2 MeV He* ions with a beam current of approx. 20 nA. In situ SE was measured
by using a Woollam M-2000 ellipsometer with a fixed angle of 70.5° in the spectral range from
371 to 1680 nm. For both in situ experiment series, a uniform heating — cooling cycle protocol
was employed. It comprised the initial measurements at room temperature (RT), followed by

three heating cooling cycles to 450 °C, 650 °C, and 800 °C, respectively and a cooling step



back to 100 °C, and a final measurement at RT (Figure 1). The time for the seven ramps,
including the time for temperature stabilization was 30 min each, and so was the measurement
time at each of the eight temperatures after thermal stabilization. This gives a total experiment

duration of 7.5 h for the applied heating — cooling cycles.
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Figure 1: Graphical representation of the heating-cooling cycling protocol applied for in situ

RBS and SE measurements of the WAISiN-based SSC.

In addition to RBS, elastic recoil detection (ERD) was applied as complementary in
situ ion beam analysis technique. For ERD, a 35 MeV CI™* ion beam was used. The angle
between the sample normal and the incoming beam was 67.5° and the scattering angle was 45°.
The analysed area was about 2.5 x 2.5 mmz2. The recoil atoms and scattered ions have been
detected with a Bragg lonisation Chamber (BIC), which enables energy measurement and Z
identification of the particles (BP signal, BP = Bragg peak). Since the heavy CI”* ions caused
some damage of the samples, only the ERD spectra taken at RT prior to the heating-cooling

cycling were included in this study. All RBS and ERD spectra were fitted simultaneously using



the program NDF v9.6%". The accuracy of the as-obtained element concentrations is 1 at.%,

and accordingly, all element concentrations are given as integer numbers in this article.

Ex situ optical reflectance spectra of the as-deposited and thermally-cycled samples
were measured using a Shimadzu SolidSpec 3700 DUV spectrometer in the wavelength range
of 250 — 3300 nm. The incidence angle was 5° relative to the surface normal. For measuring
the reflectance of the samples in the infrared range from 2500 nm to 25 um, a Bruker Vertex
80v spectrometer was applied with an incidence angle of 12°. The spectra of both ranges had
a very good overlap and were merged for the calculation of the solar parameters. An M-2000
ellipsometer (Woollam) was used for the ex situ SE measurements in the range from 211 nm
to 1688 nm. Three different angles of polarized light (s and p), 55°, 65°, and 75°, respectively,
were applied to characterize the seven as-deposited samples of the same batch. Subsequently,
the SE data and the reflectance data of all the seven as-deposited samples were combined in a
coupled analysis in order to develop an optical spline model employing the CompleteEASE
software (Woollam)?®?°, The optical model describes the ellipsometric and reflectance data
correctly and provides the refractive index, extinction coefficient, layer thicknesses and

roughness of the studied SCC.

Cross-sectional TEM specimens of the SCCs were prepared by in situ lift-out using a
Helios 5 CX focused ion beam (FIB) device (Thermo Fisher). To protect the sample surface, a
carbon cap layer was deposited beginning with electron-beam-assisted and subsequently
followed by Ga-FIB-assisted precursor decomposition. Afterwards, the TEM lamella was
prepared using a 30-keV Ga-FIB with adapted currents. Its transfer to a 3-post copper lift-out
grid (Omniprobe) was done with an EasyLift EX nanomanipulator (Thermo Fisher). To
minimize sidewall damage, Ga ions with only 5 keV energy were used for final thinning of the

TEM lamella to electron transparency. Cross-sectional bright-field and high-resolution TEM



imaging were performed using an image-Cs-corrected Titan 80-300 microscope (FEI) operated
at an accelerating voltage of 300 kV. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) imaging and spectrum imaging analysis based on
energy-dispersive X-ray spectroscopy (EDXS) were performed with a Talos F200X
microscope (FEI) operated at 200 kV. Prior to (S)TEM analysis, the specimen mounted in a
high-visibility low-background holder was treated for 8 s with a Model 1020 Plasma Cleaner

(Fischione) to remove potential contaminations.

3. Results and discussion:

3.1  Stack composition and microstructure of the WAISiN-based selective absorber

prior to heating — cooling cycles

The element depth profiles of the as-deposited WAISIN-based selective absorber
obtained by NDF fits?’ of the in situ RBS and ERD data at room temperature are shown in
Figure 2. The areal density in at/cm? is directly obtained from the analysis and is a measure of

the film thickness. Four distinct layers are evident from the depth profile.

Table 1: Element composition of the four layers comprising the WAISiIN-based SSC prior to the heating — cooling
cycling as obtained be in situ RBS + ERD. Minimal deviations (-1 at.%) from a sum of 100 at.% for the interlayer
and the absorber layer result from the rounding of the concentrations obtained by the fitting to the realistic integer
accuracy.

W (at.%) N (at.%) Si (at.%) Al (at.%) O (at.%)
IR Layer 100 0 0 0 0
Interlayer 59 38 0 0 2
Atl’;%?er 14 47 18 8 12
AR layer 0 4 34 0 62

The infrared reflective layer (IR layer) consists of metallic W. A thin interlayer (IL) of the

mean composition W16N is formed between the IR and the absorber layer. The absorber layer



is comprised of N (47 at.%), Si (18 at.%), W (14 at.%), O (12 at.%), and Al (8 at.%). Finally,
the antireflective layer (AR layer) is best described by SiO2x(Ny), since the N concentration
drops rapidly to less than 5 at.% from the absorber/ AR layer interface towards the surface
(Figure 2). The steep change in the W depth profile between IR layer and W16N interlayer is
ascribed to the drastic change in the calculated stopping power between these constituent
layers. The same holds for the sharp peak in the N profile between absorber and W1 sN-IL. The
ion beam analysis reveals new aspects of the element composition of the studied SSC. The
W6N interlayer is detected for the first time, the presence of oxygen in the absorber layer is
revealed, and a N-concentration gradient of the AR layer is demonstrated. The observation of
oxygen in the absorber layer can be ascribed to the O content in the N2 gas cylinder used during
deposition since no O is observed in the W layer when pure Ar was used for deposition. On the
other hand the fraction of approx. 12 at.% O must not affect the optical properties negatively

and might even stabilize the absorber layer of the SSC.

It is tempting to estimate the composition of the absorber layer not only in terms of
elements, but also in terms of chemical compounds or structural phases. We assume that all
oxygen is preferentially bound to Al, since Al.O3 has the highest bonding energy among the
possible structural phases, namely -3.28 eV/atom, followed by SiO, with -2.96 eV/atom*°.
Compared to them, the binary nitrides AIN and SizN4 are energetically much less favourable
with -1.49 eV/atom and -0.96 eV/atom, respectively*>. We obtain an almost perfectly
stoichiometric alumina, namely Al>0O2.97. The remaining absorber layer elements are W, N and
Si. Assuming now that SiNyx exists as stoichiometric SisNs, the remaining WNx would be
definitively rich in N, with a tentative stoichiometry of approx. WN16. From these estimations
follows that tungsten nitride exists in different compositions in the studied SSC: as W-rich
WeN interlayer (IL) between IR and absorber layer, and as N-rich tungsten nitride in the

absorber layer. Both compositions are consistent with the binary W-N phase diagram,



according to which the hexagonal 6-WN phase is capable to adopt the estimated N-

concentrations®?.
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Figure 2: Element depth profile of the WAISiIN-based SSC stack prior to the heating - cooling
cycles derived from RBS and ERD at RT. The curves are depth profiles directly extracted

from the spectra and the straight lines are the sample model fitted to the spectra.

According to the above estimation, the absorber layer consists of three structural
phases, namely 21 mol% Al>O297, 42 mol% SisNs, and 37 mol% WNze. According to this
composition, the concentration ratio of light- (low-Z) and heavy-element containing (high-2Z)
structural phases is approx. 1.7/1. This is reflected in the volume fractions visualized by cross-
sectional TEM-based analysis later on. The following table (Figure 3) illustrates the assignment
of the overall element composition to the individual compounds (structural phases) of the

absorber layer.



Table 2: Assignment of the element composition obtained by ERD + RBS to the structural phases of the as-
deposited WAISiN-based absorber layer of the studied SSC.

Element concentrations of the absorber layer

w N Si Al O Sum
(at. %) (at.%) (at.%) (at.%) (at.%) (at.%)
Total 14 47 18 8 12 100
Rest after subtracting 14 47 18 0 0 79
AlO297
Rest after_ subtracting 14 0 93 0 0 37
Si3Ng4
Rest after subtracting
WNLs 0 0 0 0 0 0

Cross-sectional TEM micrographs and STEM-EDXS-based element analysis confirm
the stacking sequence of the as-deposited WAISiN-based selective absorber concluded from
the RBS and ERD analysis. In particular, bright-field TEM (Figure 3a) and HAADF-STEM
images (Figure 3b) clearly show four distinct layers with different image contrast, which
correspond to the IR layer of W, the W1eN IL, the absorber and the AR layer, respectively.
The absorber layer consists of a periodic nanolaminate of 19 high-Z and 20 low-Z (Z: atomic
number) layers, i.e., bottom and top nanolaminate layers have low-Z nature. The low-Z layers
have a thickness of approx. (2.3£0.1) nm compared to approx. (1.7+0.1) nm for the high-Z
layers. This ratio is almost the same as the molar ratio of low-Z to high-Z absorber phases
obtained above. In order to verify the absorber layer phases deduced from ERD and RBS,
spectrum imaging analysis based on energy-dispersive X-ray spectroscopy (EDXS) was
performed (Figure 3). Particular attention was laid on the N- and O-containing phases, since
our study delivers new insights regarding to them. Figure 3c shows the distribution of N, Al
and Si in the full layer stack. N is present in the W1eN interlayer and in both absorber
nanolaminate layers. In the AR layer, very few N is found. Its quantity is of the noise level of
the figure. Al and Si are found in one absorber nanolaminate layer together with N but not in

the other. The AR layer contains Si and no Al, and as already mentioned, very few N. Figure



3d reveals the distribution of W and N in the absorber layer. One of the nanolaminate layers
contains W and N, the other only N. The relative intensity of N is higher in the former, and
lower in the latter. This finding supports the ion beam analysis data evaluation, according to
which the high-Z WNi16 nanolaminate layers contain 62 at.% N and those of the low-Z
nanolaminate only 38 at.% N. Figure 3d moreover confirms the sharp drop of the N-
concentration above the absorber layer. Figure 3e illustrates the distribution of Al and Si in the
absorber layer. Both are only present in the low-Z nanolaminate layer. Finally, Figure 3f
reveals the periodic O-concentration in the absorber along with Si (and Al), in full agreement
with the proposed formation of Al,Oz in the low-Z nanolaminate layer and the onset of the

continuous O-distribution in the AR layer.

The obtained STEM-EDXS results are in full agreement with the RBS and ERD
analysis of the as-deposited WAISiN-based solar-selective coating. In conclusion, the absorber
layer is better described as WAISIN(O) than as WAISIN. However, to avoid confusion, the
originally-proposed terminus WAISIN is used further on. The previously proposed
nanolaminate microstructure of the absorber layer was confirmed®. It is comprised of
alternating low-Z and high-Z layers. For the high-Z laminate layer a stoichiometry of WN1s is
deduced. Moreover, we propose that the low-Z laminate layer comprises the main structural
phases AlOs and SisNs. A low-Z laminate layer forms the upper edge of the absorber, and
provides the platform for the growth of the AR layer. Therein, the N contents drops rapidly to

less than 5 at.%, and stoichiometric SiO- is formed as the dominant constituent of it.
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Figure 3: TEM-based micrographs of the SSC after deposition. a) bright-field TEM and b)
HAADF-STEM image displaying the AR coating, absorber layer, interlayer (IL), and IR
reflector (from top to bottom); Distribution maps of selected elements measured by STEM-

EDXS in all four stack layers (c)) and in the absorber layer (d)-f)).



3.2 In situ RBS and SE evidence of compositional and optical stability of the
WAISiN-based selective absorber stack during heating — cooling cycles up to

800 °C

The conservation of their compositional and optical properties is crucial for the use of
SSCs in high-temperature CSP applications. Ideally, this can be demonstrated in situ under
conditions of high-temperature cycling. As explained in the introductory section, intermixing
of layers or outwards diffusion of volatile constituents can change the optimized layer stacking
and reduce the optical performance of SSCs. Therefore, the compositional and optical stability
of the WAISiN-based SSC was investigated by in situ RBS and SE during an identical heating
— cooling cycling protocol (see section 2 and Figure 1). The three different high-temperature
treatments - 450 °C, 650 °C, and 800 °C - correspond to the current operation temperature of
parabolic trough solar power plants, the current high-temperature limit of solar central receiver
plants and the target temperature of the next-generation CSP plants, respectively®?*. Selected
in situ RBS spectra taken during the experiment are displayed in Figure 4. The edges of the
SSC elements W, Si (Al cannot be separated from Si), O and N are identified at all temperatures
with apparently the same intensity. Most importantly, the room temperature in situ RBS
spectrum measured before and after the heating - cooling cycling is unchanged, as it is shown
in the inset of Figure 4. The Fe edge is caused by the stainless steel substrate. The conservation
of the Fe edge energy is a clear indicator for the mass conservation of the SSC during the
heating — cooling cycling. Otherwise, the substrate edge would have shifted to higher or lower

backscattering energies, indicating mass loss or gain, respectively.
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Figure 4 : In situ RBS spectra of W/WAISiIN/SiON/SiO, SSC stack taken during the heating

—cooling cycles.

Even though the in situ RBS technique is very powerful in demonstrating the
conservation of element composition, stacking order, and total mass, it does not proof the
conservation of the SSC’s optical properties at high temperatures. Therefore, in situ SE was
performed during the same heating - cooling cycling protocol. The ellipsometric parameters ¥
(Psi) and 4 (Delta) are plotted separately as a function of temperature in Figure 5a and Figure
5b, respectively. In both graphs, the solid lines represent the measurements at low temperatures
(25 °C, 100 °C and 25 °C) and dotted lines represent the measurements at high temperatures
(450 °C, 650 °C and 800 °C). In the Psi spectra taken at 450 °C and 650 °C, the two maxima
are slightly shifted to shorter wavelengths (blue-shifted) compared to the spectra taken at 25 °C
and 100 °C. These shifts are reversed when the samples are cooled down to 100 °C, indicating
that they reflect minor reversible changes of the optical properties at 450 °C and 650 °C.

Similar reversible changes are seen in the Delta spectra taken at 450 °C and 650 °C (Figure



5b). At 800 °C, the changes in the Psi and Delta spectra are larger than at 450 °C and 650 °C,
and they are not fully reversible anymore. However, the general signature of the ellipsometric
data is retained even at this very high temperature, and it shows the conservation of the solar-

selective properties of the studied WAISiN-based solar absorber.
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Figure 5: In situ SE spectra of W/WAISiIN/SiON/SiO2 SSC stack taken during the heating —

cooling cycles.

3.3  Post heating — cooling cycling proof of optical and microstructural stability of

the WAISIN-based selective absorber stack

3.3.1 Optical properties of WAISIN-based selective absorber stack prior to and after

heating — cooling cycling

After the initial composition and microstructure of the studied WAISIN-based solar
absorber were clarified (section 3.1) and in situ RBS and SE experiments have demonstrated
its compositional and optical stability at high temperatures (section 3.2), the solar parameters
of the SSC prior to and after the heating — cooling cycling were determined. Therefore, the
optical reflectance spectra were measured in the wavelength range of 0.25-25 pm and the solar

absorptance («) and thermal emissivity (¢) for 800 °C were calculated from them (Figure 6).



The reflectance spectra of a selected WAISiN-based solar absorber sample prior to and
after the heating and cooling cycling experiment are presented in Figure 6. The signatures of
both are highly solar-selective, with approx. 4 % reflectance (approx. 96 % absorptance) in the
visible and approx. 95 % reflectance in the thermal range. After the heating — cooling cycling,
the reflectance in the range between 400 nm and 500 nm is slightly lower (approx. 1 %), and
the infrared reflectance is by approx. 1 % reduced. This means, the sample would absorb little
more sunlight, but also emit little more thermal radiation. Quantitatively, the differences are
negligible. The as-deposited sample exhibits a solar absorptance of 0.94 and a thermal
emissivity of 0.15 (@ T = 800 °C). The heating-cooling cycled sample has the same solar
absorptance (4o = 0) and a slightly higher thermal emissivity (4esoo °.c =+ 0.1) (Figure 6). Thus,
the reflectance spectra and the solar parameter values are clear evidence of the high optical
stability of the WAISiN-based solar absorber under high-temperature heating-cooling cycling.

They are in full agreement with the in situ SE studies presented in the previous section.
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Figure 6: UV-Vis-IR reflectance spectra of the W/WAISIN/SION/SiO2 SSC stack prior to
and after the heating — cooling cycles with data calculated for the solar absorptance and the

thermal emittance at 800 °C.

Based on the reflectance spectra and the ex situ SE data the optical constants of the as-
deposited SSC were estimated (see Figure 7). The experimentally measured (open circle) and
the simulated data (black lines) are in excellent agreement, showing the robustness of the
optical model. The simulated optical spline model is based on the following SSC stack
structure: W - IR layer (265 nm)/ IL (15 nm)/ WAISIN (81 nm)/ SiO2 (119 nm) (Table 3). The
inset in Fig. 7 (left panel) presents the refractive index (n) and extinction coefficient (k) of the
WAISIN layer. The decreasing trend in refractive index with increase in wavelength depicts
the typical behavior of a semiconductor. The function of the extinction coefficient indicates

that the absorber layer of the SCC absorbs in the whole spectral range from 300 nm to 1700 nm.
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Figure 7: Experimental data of the SSC (open circles) and simulated data (black lines)
developed in a coupled analysis of (left) SE and (right) reflectance measurements of all 7
SSCs. The inset of the left figure shows the optical constants of the WAISiN-based absorber

layer resulting from the optical model.

3.3.2 Proof of the microstructural stability of WAISiN-based selective absorber stack

after heating — cooling cycling

Cross-sectional TEM-based analysis provided detailed insight in the stacking sequence
and the layer composition of the studied WAISIN-based selective absorber stack (section 3.1).
The same approach was applied to analyse these microstructural properties of the SSC after the
high-temperature heating — cooling cycling. As the as-deposited stack, the thermally-cycled
SSC consists of four principal layers (Figure 8). The nanolaminate microstructure of the
absorber layer was conserved. For a more quantitative comparison, the thicknesses of the stacks

obtained by modelling of the SE data and by the XTEM imaging are compiled in Table 3.

Table 3: Thicknesses of the four principal layers of the WAISiN-based SSC prior to and after heating — cooling
cycling up to 800 °C in high vacuum. The cross-sectional TEM values were averaged when more than one lamella
was prepared.

Sample Layer drem (nm) dse (nm)
SSC — as deposited AR layer 118+ 3 119+1
Absorber 80+1 81+1
IL 13+1 15+1
IR reflector 2631 265 (not fitted)
SSC — after cycling AR layer 120+ 1 123+1
Absorber 78x1 81+1
IL 11+1 12+1
IR reflector 270 £ 3 265 (not fitted)

Foremost, we note a perfect agreement of the thickness values obtained by the two
different techniques within the experimental accuracy. Comparing the thicknesses of the four

SSC components prior to and after the heating — cooling cycling, only minor temperature-



induced thickness changes are found. Specifically, the AR layer seems to have grown by
approx. 3 nm, and the IL has lost approx. 1 nm. The absorber layer thickness is unchanged
within the experimental accuracy. The thicknesses of the nano laminate layers of the absorber
layer are (2.2+0.1) nm and (1.6£0.1) nm for the low-Z and the high-Z component, respectively.
Before the heating — cooling cycling the values were (2.3+£0.1) nm and (1.7£0.1) nm, i.e., also
this structure parameter is unchanged within the experimental accuracy. Its periodic pattern is
regular after cycling, without local or extended damages (Figure 8). As after deposition, the
upper nanolaminate layer of the absorber is a low-Z layer. The heating — cooling cycling did
not induce changes in the element distribution of the SSC, even not in the absorber layer
nanolaminate (Figure 8c) to Figure 8f)). All the element signatures discussed in detail in section
3.1 are conserved. Specifically, we note that N does not out-diffuse from the absorber into the
AR layer and that the periodic N-concentration in the absorber is not equilibrated. The O-
periodicity in the absorber layer is also conserved, and there is no O enrichment at the bottom
of the absorber layer detected. This excludes the oxidation of WN16 or W during the heating-
cooling cycles, which might have occurred due to O diffusion from the absorber or AR layer.
The only indication of a change in the O profile compared to the state prior to the heating —
cooling cycling is the enhanced O signal intensity on top of the absorber. Finally, the cross-
sectional TEM analysis indicate the thermal stability of the solar absorber coating during

heating-cooling cycling up to 800 °C.
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Figure 8: TEM-based micrographs of the SSC after heating - cooling cycling up to 800 °C
in vacuum. a) bright-field TEM and b) HAADF-STEM image displaying the AR layer,
absorber layer, interlayer and IR layer (from top to bottom); Distribution maps of selected

elements measured by STEM-EDXS in the four stack layers (c)) and in the absorber layer

(d)-f)).

4. Conclusions:

In situ Rutherford Backscattering Spectrometry and Spectroscopic Ellipsometry were
used to demonstrate the conservation of the compositional and optical properties of WAISIN-
based solar-selective coating during heating-cooling cycling up to 800 °C in high vacuum. The
in situ results are verified by ex situ ion beam analysis, reflectometry, SE and cross-sectional
TEM-based analysis prior to and after the thermal treatment. The element composition of the
SSC was determined for the first time, and based on that, its stacking sequence was revised.
The stacking structure comprises the tungsten IR-layer, a W1eN interlayer, the absorber
nanolaminate and the AR layer of almost pure SiO2. The high concentration of non-metals —
47 at.% N and 12 at.% O — made the revision of the previously proposed structural phases of
the absorber nanolaminate necessary. The low-Z (Z: atomic number) absorber layer consists
presumably of Al202.97 and SizN4, while the high-Z absorber phase is constituted of WNze. In
conclusion, the studied SSC has a richer phase structure than originally expected, what might
account for its superior solar-selectivity. Its excellent high-temperature and oxidation stability
can now be at least partially attributed to the presence of oxidation-resistant oxides in the low-
Z absorber layers, which sandwich the high-Z WN3.¢ absorber layers responsible for the high

absorptance.



The minor changes observed during in situ SE and in the reflectance and SE spectra of
the thermally-cycled sample are not fully understood so far, since neither the stacking order,
nor the individual layer thicknesses or the element composition showed a significant change.
The only observed change in the coating architecture was a moderate O-enrichment on top of
the absorber layer. It might cause additional scattering, slightly reducing the optical reflectance.
However, its influence on the solar parameters is minor: The solar absorptance did not change
atall (a = 0.94), and the thermal emittance, esoo °c, increased only from 0.15 to 0.16. The results
obtained demonstrate the superior compositional and structural stability and optical
performance up to a temperature of 800°C in vacuum. These results suggest the SSC of the

present work as a potential candidate for high-temperature CSP applications.
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Supporting Information

The reflectance spectra of the whole batch of seven as-deposited samples (SSC #1 to
SSC #7) are similar with very small differences of the order of AR = £ 1%, indicating the high
reproducibility of the sputtering process (see Figure S-1). Overall differences in optical
reflectance and optical selectivity of the different solar absorber coatings are minor and,
thereby, will have an insignificant impact on the performance of the coating. Therefore, the

samples from the same deposition batch can be considered as equivalent for various studies.
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SI — 1: UV-vis-IR reflectance spectra of seven W/WAISiIN/SION/SiO, SSC stack samples
prior to the heating — cooling cycles to demonstrate sample reproducibility.




