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Solar thermal technologies such as solar hot water and concentrated solar power trough systems rely
on spectrally-selective solar absorbers. These solar absorbers are designed to efficiently absorb the
sunlight while suppressing re-emission of infrared radiation at elevated temperatures. Efforts for the
development of such solar absorbers must not only be devoted to their spectral selectivity but also
to their thermal stability for high temperature applications. In this work selective solar absorbers

based on two cermet layers are fabricated using a magnetron sputtering technique on mechanically
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polished stainless steel substrates. The targeted operating temperature is 500 — 600 <C. However, we
observed a detrimental change in the morphology, phase, and optical properties if the cermet layers
are deposited on a stainless steel substrate with a thin nickel adhesion layer, which is due to the
diffusion of iron atoms from the stainless steel into the cermet layer forming a FeWO, phase. In
order to improve thermal stability and reduce the infrared emittance, we find tungsten to be a good
candidate for the infrared reflector layer due to its excellent thermal stability and low infrared
emittance. We demonstrate a stable solar absorptance of ~0.90 and total hemispherical emittance of

0.15 at 500 <C.
1. Introduction

Since ancient times mankind has converted sunlight into a useful terrestrial heat source by means of
sunlight absorbing surfaces. Nowadays, solar absorbers find applications in well-established solar
thermal systems such as solar hot water systems and concentrated solar power (CSP) trough
systems, also in emerging technologies such as solar thermoelectric, solar thermophotovoltaic, and
solar thermionic generators.™ The solar thermal receiver efficiency is strongly dependent on the
optical properties of the solar absorber. To maximize efficiency solar absorbers should exhibit a
near-blackbody absorptance () in the solar spectrum range while retaining a low emittance (g) in

the infrared (IR) range,” ! and be thermally stable at their operational temperatures.

As for mid-temperature (100 °C < T < 400 °C) and high-temperature (T > 400 °C), cermet-
based coatings made of ceramic metallic composites are considered to be good candidates due to
their high solar absorptance, low emittance and good thermal stability because of the high
temperature stable ceramic host.> ¥ Cermet-based spectrally selective solar absorbers have been

developed and studied as single, double, and triple cermet layers. The thin cermet layer is typically



deposited onto a metallic surface for high solar absorptance while being transparent to IR radiation.
The absorption of solar radiation in the cermet layer is mostly caused by interband transitions in the
metal and small particle plasmonic resonances. A graded metal volume fraction within the cermet
layer gives it a gradual increase in the refractive index from surface to the substrate which reduces
reflection compared with single cermet layer absorbers that often use black metals such as black
chrome, black nickel, or black tungsten as their metal fillers. Similar to a graded cermet, cermet
multilayers with different metal volume fractions introduce a stepwise change in the refractive
index resulting in a low reflection of visible light due to interference effects. Additional
antireflection coatings are typically applied to further reduce reflection losses. Consequently,
cermet-based solar absorbers have a large tunable parameter space from constituents, coating
thicknesses to particle concentration, size, shape and orientation to optimize their spectral
selectivity. Thus, a lot of cermet-based solar absorbers have been studied to date. Various
combinations of host materials such as Al,Os3, AIN, and SiO, with metallic filler atoms such as Ni,
Co, Ti, Mo, W, Pt, SS, Cu, Ag, Au have been investigated in terms of the optical performance and
thermal stability of the cermet surfaces.!® & ™ They all have ceramic host materials in common that
naturally possess high temperature stability. The metal filler atoms must be chosen for their high
melting point and their nitriding and oxidation resistance to ensure thermal stability. In the case of
solar absorbers with mid-temperature applications, the cermet layers are deposited on metal
substrates such as polished aluminum or copper due to their low IR emittance and high thermal
conductivity. For example solar absorbers based on an Al,O3; host material have shown excellent
optical properties.” "% However, there are only few reports regarding the investigation of high
temperature stability in particular long term thermal stability at 600 <C or higher. For example, Mo-

Al,O3 cermet coatings deposited on stainless steel (SS) are proven to be stable at 800 <C for 2 hrs in



vacuum.® Antonaia et al. replaced Mo with W and found a slight change in the reflection spectra
after annealing at 580 °C for 2 days in vacuum.®® Mo-SiO, cermet based solar spectrally selective
absorbers deposited on SS also displayed a high solar absorptance of 0.94 and a very low thermal
emittance at 580 °C.*YJ Bare copper and aluminum are excluded as substrate material for high
temperature solar absorbers due to the low melting point of aluminum and the high elemental
diffusion of copper atoms at high temperature. Optically thick metal layers such as Mo, W, or Ni
deposited on non-metallic substrates (quartz, silicon) or on high-temperature stable alloys are
possible alternatives. Stainless steel was also studied as a potential candidate as substrate for high-
temperature solar absorbers due to its thermal stability, however, the diffusion of iron and carbon
atoms into the cermet layers at high temperature alter the optical properties over time. As a solution
a diffusion barrier between the substrate and the cermet layer was introduced with a spontaneously
formed Fe,O; layer by annealing the stainless steel substrate at 500 <C in air."! However the
roughness of the substrate changes a lot when forming a Fe,O3 layer, which eventually affects the
roughness of solar absorber and then increases the emittance. Also, the Fe,O3 layer on the backside
of the stainless steel also introduces another thermal resistance layer in solar absorber, which will

decrease the heat transport efficiency from the absorber to the thermal system.

Our strategy is to deposit a nickel (Ni) or tungsten (W) layer onto the mechanically polished
stainless steel substrate to act as a diffusion barrier and as a low IR emittance coating to improve
spectral selectivity. We investigate the performance of the metal IR reflector layer with a double-
layer cermet structure and two antireflection coatings (ARCs). In contrast to typical cermet
structures that are filled with particles of one metal type, our cermet layers based on an Al,O3
ceramic host material are filled with high temperature stable Ni-W alloy prepared by co-sputtering.

This has the advantage that not only the metal volume fraction in each cermet layer but also the



volume fraction of the individual constituent can be adjusted to tailor the optical properties. The
individual layers of the solar absorbers are deposited with a magnetron sputtering technique. The
spectral bidirectional reflectance responses of the fabricated solar absorbers are measured at room
temperature before and after annealing at 600 <C for 7 days. The solar absorptance and total

hemispherical emittance are also measured at elevated temperatures of up to 500 °C.

2. Results and discussion

©o e Cermett - ¢

Figure 1. Schematic of wavelength selective solar absorber structure with a double antireflection coating
(ARC1 and ARC?2), a double cermet layer (Cermetl and Cermet2), and a metallic IR reflector layer (IR

reflector) deposited onto a metal (stainless steel) substrate.

The fabricated and tested spectrally selective solar absorbers for mid- and high-temperature
applications are based on a double cermet layer configuration with two ARC layers and a metal
layer with high IR reflectance as diffusion barrier (Figure 1). The two ARC layers ARC1 and
ARC2 are Al,O3 and SiO, thin films, respectively. In order to investigate the effect of the IR
reflector layer the solar absorber multilayer structures are fabricated with tungsten, optically thick
nickel, or very thin nickel layer as IR reflector or bonding layer. The detailed parameters are

summarized in Table 1.



Table 1. Sputtering parameters of optimized solar selective absorbers

Metal layer: a DC power density of 12.3 W/cm? for nickel, and a DC power density of 2.2 W/cm? for

tungsten.

Cermetl: W+Ni+Al,O3 with a DC power density of 0.33 W/cm? for tungsten and 0.99 W/cm? for nickel, and

a RF power density of 9.9 W/cm? for AlLOs.

Cermet2: W+Ni+Al,O3 with a DC power density of 0.26 W/cm?for tungsten, and 0.74 W/cm? for nickel, and

a RF power density of 9.9 W/cm? for Al,Os.
ARC1: Al,O;with a RF power density of 9.9 W/cm?.

ARC2: SiO, with a RF power density of 4.4 W/cm?.

Bonding layer/IR

Sample Substrate layer Cermetl  Cermet2 ARCl ARC?2
C1 SS 10 nm Ni 180 nm NA NA NA
C2 SS 10 nm Ni NA 140 nm NA NA

S-SS SS 10 nm Ni 11 nm 28 nm 25nm 55 nm
S-Ni/SS SS 300 nm Ni 11 nm 28 nm 25 nm 55 nm
S-W/SS SS 300 nm W 11 nm 28 nm 25 nm 55 nm

S-W/SS-2 SS 200 nm W 11 nm 28 nm 25 nm 55 nm
S-W/SS-3 SS 100 nm W 11 nm 28 nm 25nm 55 nm
S-W/SS-4 SS 50 nmW 11 nm 28 nm 25 nm 55 nm
S-W/SS-5 SS 10 nm W 11 nm 28 nm 25nm 55 nm




The multilayer stack of our fabricated spectrally selective solar absorbers comprises one
bonding or IR reflector layer, double cermet absorption layers and double ARC layers which further
reduce reflection in the visible range.*” The use of mechanically polished stainless steel as the
substrate has the advantage of good high temperature stability and low cost, which can promote
large scale deployment as a potential solar absorber candidate in high temperature solar receivers. It
has been shown that elemental diffusion of iron and carbon from a stainless steel into the cermet
layer can be detrimental for the optical properties, which requires a diffusion barrier.”? Thus, we
investigate the thermal stability of our optimized coatings on stainless steel with a 10 nm thin nickel
bonding layer (S-SS). Details about multilayer stack composition and preparation parameters are
summarized in Table 1. The bidirectional reflectance spectra of the pristine and annealed solar
absorber are displayed in Figure 2. The reflectance of the pristine sample is close to zero in the
visible range, which is expected for a double-cermet-absorption-layer combined with a double-
ARC-layer due to the intrinsic absorption of the double-cermet layer and the reflectance reducing
interference effects.!*® The sharp transition wavelength range from low reflectance to high
reflectance appears to be from ~1 to ~3 um, which can result in promising spectral selectivity even
at high temperatures. However, the degraded optical properties of the solar absorber upon annealing
at 600 <C for 7 days show a detrimental effect on spectral selectivity. The spectral reflectance below
~1.1 um increases while it decreases above ~1.1 um which results in a broadening of the transition

wavelength range and ultimately decreases the solar absorptance and increases the IR emittance.
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Figure 2. Spectral bidirectional reflectance of a solar absorber with double antireflection coating, double
cermet layer, and 10 nm thin nickel layer deposited on a mechanically polished stainless steel substrate

before (solid line) and after annealing at 600 <C (dashed line).

Figure 3. AFM images of S-SS solar absorber with 10 nm thin nickel layer before (a) and after annealing at

600 T for 7 days (b).



Annealing at 600 °C for 7

5 um days 1n vacuum 5 um
(©) A (d)

50.0 nMm

0.0 nm

5 um

5 um
5 um

Figure 4. AFM images showing the morphology change of single cermet layer deposited on mechanically
polished stainless steel substrate coated with 10 nm Ni layer without any ARC layer upon annealing at 600 C
for 7 days. Cermetl (C1) with high metal volume fraction in Al,O; host before annealing (a) and after
annealing (b), cermet2 (C2) with low metal volume fraction in Al,Oz; host before annealing (c) and after

annealing (d).

A change in the surface roughness of the absorber upon annealing as the cause for the
change in optical properties can be excluded (Figure 3). No significant surface roughness change
upon sample annealing is observed. The sample retains the groove structure created by the
mechanical polishing process applied to the stainless steel substrate. The root mean square
roughness (Rq) of the sample before and after annealing is calculated to be 6 —8 nm using a

NanoScope Analysis software.



To further explore possible causes for the change in optical properties at high temperatures,
we investigate two additional cermet samples, C1 and C2, without ARC layers in terms of their
phases and morphology before and after annealing (Figure 4). The multilayer stacks deposited onto
the stainless steel substrates consist of a 10 nm nickel bonding layer and a single cermet layer with
the only difference between the two samples being the metal particle concentration in the cermet
layers and their thicknesses (C1 and C2, detailed in Table 1). Both samples show significant
changes in their film morphology upon annealing. Similar to the previous sample (S-SS), the C1
and C2 samples start out with a groove surface structure, however, the annealing process leads to a
rapid growth of the Ni-W alloy within the cermet layer from diameters of ~80 nm to 300 — 400 nm.
And the roughness increases from 6 —8 nm to 47-50 nm. The difference in the metal volume
fraction and layer thickness between sample C1 and C2 does not affect the particle growth and
roughness change. However, the unchanged roughness of the previous sample (S-SS) with double
ARC and much thinner double-cermet layer suggests that the ARC layers suppress the particle
growth within the cermet or the particle growth is much less pronounced in significantly thinner
cermet layers. A phase analysis before and after annealing is conducted using X-ray diffraction and
show the sharp peaks for the stainless steel substrate and the Ni-W alloy in the single-cermet layers
(Figure 5). As expected no diffraction peaks are observed for the dielectric Al,O3; even after
annealing at 600 <C for 7 days due to its stable amorphous nature. However, X-ray diffraction
spectra show an additional monoclinic FeWO, phase after sample annealing. As reported in
literature iron atoms diffuse at high temperatures from the stainless steel substrate into the cermet
layer.'"! Those iron atoms react with tungsten and residual oxygen to form the observed FeWO,
phase. This result is further supported by Raman measurements showing two distinct peaks located

at 882 cm™ and 691 cm™ for the annealed samples which can be traced back to A, modes of FeWO,

10



(Figure 6).11 Although we cannot detect the FeWO, phase in the solar absorber with thin Ni layer
(S-SS) due to the small thickness of cermet which significantly limits the signal strength in our
equipment, there is no apparent reason why the formation of this phase from Fe, W, and residual
oxygen should be suppressed by the anti-reflection coating. Also, the solar absorber with thin nickel
layer (S-SS) after annealing displays a very low reflectance in mid-IR range compared to that before
annealing (Figure 2), indicating a destruction of IR reflector and a formation of nonmetallic phase
between substrate and coatings. Thus, the main cause for the degradation of the optical properties
for our solar absorber sample (S-SS) probably is the formation of FeWO, phase in the cermet layers

at high temperature.
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Figure 5. XRD patterns of pristine and annealed cermet coatings with 10 nm nickel layer on stainless steel
(C1 and C2) and the solar absorber with thin nickel layer (S-SS). The results show peaks for the stainless
steel substrate (solid circles), the Ni-W alloy in cermet,™ (solid triangles) and the FeWO, phase (solid

squares) for the annealed samples.
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Figure 6. Raman spectra of pristine and annealed cermet coatings with 10 nm nickel on stainless steel

substrate (C1 and C2). Two distinct peaks are observed (solid squares) for the FeWOQO, phase.

With this result in mind we fabricated solar absorber samples (S-Ni/SS and S-W/SS, Table
1) with 300 nm thick metal layers as the diffusion barrier between the stainless steel substrate and
the double cermet layer. Nickel and tungsten are chosen as the metal due to their high melting point
and low IR emittance which improves the spectral selectivity of the solar absorber compared to the
previous sample S-SS with a very thin nickel layer (Figure 7). Both thick metal layers significantly
increase the spectral reflectance in the mid-IR range without altering the spectral response below
2.5 pm, however only the tungsten layer shows promising high temperature thermal stability. XRD
measurements support this result (Figure 8). The sample with the thick nickel layer (S-Ni/SS)
shows two nickel peaks which disappear after sample annealing suggesting that the nickel reacts
with iron atoms from the SS substrate. This is not the case for the sample with a thick tungsten layer
(S-WI/SS) which is not affected by the sample annealing, thus, demonstrating a stable tungsten layer

which prevents the iron diffusion.
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Figure 8. XRD patterns of solar absorbers with different IR reflectors before and after annealing. The peaks
marked with solid circles, solid triangles and solid squares come from the stainless steel substrate, nickel, and

tungsten layer, respectively.

Table 2. Calculated solar absorptance based on AM 1.5 direct + circumsolar solar spectrum and total
bidirectional emittance (82 <C) of fabricated solar absorbers. S-SS is the absorber with thin 10 nm nickel
bonding layer; S-Ni/SS is the absorber with 300 nm nickel IR reflector and S-W/SS is the absorber with 300

nm tungsten IR reflector.

Before Annealing After Annealing
Sample
Absorptance Emittance  Absorptance Emittance
S-SS 91.70% 8.63% 90.66% 15.99%
S-Ni/SS 93.10% 5.46% 91.38% 14.10%
S-W/SS 92.20% 5.65% 90.77% 5.70%
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Figure 9. Absolute and direct steady state calorimetric measurements. (a) Experimental setup. (b) The near
normal solar absorptance and total hemispherical emittance of a solar absorber with 300 nm tungsten IR

reflector (S-W/SS) as a function of temperature.
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Figure 10. Spectral bidirectional reflectance of solar absorbers with different thicknesses of tungsten IR

reflector before (solid lines) and after annealing at 600 <C for 7 days (dashed lines). S-W/SS-2, S-W/SS-3, S-
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W/SS-4, and S-W/SS-5 are the solar absorbers with tungsten IR reflector of 200 nm (green line), 100 nm

(blue line), 50 nm (red line), and 10 nm (black line), respectively.

The near normal solar absorptance and total bidirectional emittance are calculated from the
spectral reflectance data suggesting our developed spectrally selective solar absorber with tungsten
infrared reflector layer can be a good candidate for high temperature solar thermal applications
(Table 2). As described in section 2 the spectral properties are obtained at near room temperature
and at only one angle, thus, calculating the solar absorptance and total hemispherical emittance for
high temperatures using the spectral data can only be used as a rough estimate. From experience the
total hemispherical emittance values in particular are significantly underestimated.!> **! In order to
obtain an accurate estimate of the optical properties at elevated temperature we measured the solar
absorptance and the total hemispherical emittance of a sample with a tungsten infrared reflector (S-
WI/SS) at elevated temperatures up to 500 T (Figure 9). The near normal solar absorptance
(divergence half angle of ~159 is close to independent of temperature with a value of ~0.9 which is
in good agreement with the calculated solar absorptance from the spectral data. It has been
theoretically shown that cermet-based solar absorbers exhibit a solar absorptance with only weak
angle dependence.*” Thus, only little deviation from here demonstrated solar absorptance should
be expected even for concentrated solar power applications with a large range of incident angles.
However, future research efforts could experimentally investigate the angle dependence of the solar
absorptance to quantify the effect. The total hemispherical emittance shows the typical temperature
dependence of a spectrally selective solar absorber with approximately 0.09 at 100 <€ and 0.15 at

500 <C.

The tungsten metal layer thickness should be optimized to keep the production cost minimal

without losing the low emittance and long term thermal stability of the solar absorber. For that

16



matter we fabricated several solar absorbers with tungsten layer thicknesses of 10, 50, 100, and
200 nm (Table 1) and compare their spectral properties before and after the annealing at 600 <C for
7 days (Figure 10). For the pristine samples the tungsten layer thickness only affects the spectral
reflectance at wavelength larger ~2 pm. The annealing process, however, alters the spectral
response in the complete wavelength range with the largest effect at wavelengths longer than
~1.2 pm. As expected the spectral reflectance increases and the thermal stability improves with
increasing tungsten layer thickness. A tungsten layer thickness of 100 nm is sufficient to provide

good thermal stability and to act as a low emittance coating on stainless steel at high temperatures.

3. Conclusions

We developed a spectrally selective solar absorber based on double cermet layers (W-Ni-Al,O3
cermet) with double antireflection layers on a mechanically polished stainless substrate. Iron atoms
diffusing from the stainless steel substrate into the cermet layer detrimentally affect the optical
properties. A 100 nm thick tungsten layer can suppress the degradation of the optical properties at
high temperatures and lowers the emittance relative to the stainless steel substrate, which improves
the spectral selectivity of the solar absorber, and Ni is not effective as Fe diffusion barrier and IR
reflector. We experimentally demonstrated a solar absorber with a solar absorptance of ~0.9 and

total hemispherical emittance of ~0.15 at an operating temperature of 500 <C.

4. Experimental Section
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The spectrally-selective solar absorbers are deposited onto a mechanically polished stainless steel
substrate using a commercial magnetron sputtering equipment (AJA international, Inc.). For the
thickness measurement of the cermet layer the materials are simultaneously deposited on Si wafers
partly covered by a mask. Prior to the deposition process, the chamber is evacuated to lower than
4x107 Torr. The deposition targets are high purity nickel (99.999%, 2” Dia.), tungsten (99.95%, 3”
Dia.), Al;03(99.98%, 2” Dia.), and SiO; (99.995%, 3” Dia.). DC power is supplied to the metal
targets (Ni, W) to deposit the metal layer and for the metal particle. The dielectric layer is deposited
by RF magnetron sputtering. Co-sputtering is employed to deposit the cermet layers. The metal fill
fractions of the cermet layers are controlled by independent input power control to the
corresponding targets. The complete deposition process is performed in an argon plasma

environment at a pressure of 3 mTorr. The detailed preparation parameters are summarized in tablel.

Regarding the thermal stability the fabricated solar absorbers are characterized in terms of
their phase, morphology, and optical properties before and after annealing them at 600 <C for 7 days
at a vacuum pressure of ~5x107 Torr using a tubular furnace. The X-ray diffraction (XRD) patterns
are obtained using a PANalytical multipurpose diffractometer with an X’Celerator detector and Cu
Ka radiation (A = 1.54056 A) operating at 45 kV and 40 mA. Raman scattering spectra
measurements are carried out on a T64000 Raman system (Horiba Jobin Yvon) at room temperature.
The excitation source is the 514 nm laser line of an air cooled Ar-ion laser. The thickness of the
cermet films are measured with an Alpha-step 200 Profilometer (Tencor). The growth rates of metal
and dielectric layers are measured by a quartz crystal monitor equipped in the sputterring system.
The morphology and roughness of the films are measured with a VVeeco Dimensions 3000 Atomic
Force Microscope (AFM). The spectral bidirectional reflectance are measured at room temperature

with a Spectrophotometer by Varian (Cary 500i, angle of incidence 8 absolute spectral reflectance
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accessory) covering the wavelength range of 0.3—1.8 um, and with an FT-IR Spectrometer by
Thermo Scientific (Nicolet 6700, angle of incidence 129 covering the wavelength range of 1.8 —
20 um. The latter (relative measurement) requires a reference with known spectral reflectance
which is chosen to be a specular gold mirror (Thorlabs). The indirectly obtained emittance values of
solar absorbers from spectral reflectance data measured close to room temperature significantly
underestimates the emittance at elevated temperature because it ignores the temperature dependence
of the dielectric constants. *®! For that reason, the solar absorptance and total hemispherical
emittance of a fabricated solar absorber (S-W/SS) with thermally stable and most promising spectral
reflectance data is directly measured at elevated temperatures (up to 500 <C) using simple steady
state calorimetric methods.!*®! The sample is attached to a heater assembly and suspended in a
vacuum chamber. The electrical heater power input is directly related to the radiation heat loss from
the sample surface. Thus, the total hemispherical emittance can be calculated with the electrical
heater power inputs and the measured sample and surrounding temperatures. The solar absorptance
IS measured at elevated temperatures using a solar simulator. The sample/heater assembly is
suspended in the vacuum chamber facing a viewport allowing the solar simulator beam to irradiate
the sample surface. The solar absorptance can be obtained by varying the incident radiation power
onto the sample and measuring the corresponding electric heater power adjustments to maintain the

sample surface at a constant temperature.
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The iron diffusion from stainless steel substrate is suppressed by introducing a thick tungsten
layer between substrate and absorber coatings. The spectrally-selective solar absorber with tungsten
layer demonstrates a long-term thermal stability at 600 °C, a stable solar absorptance of ~0.90 and

total hemispherical emittance of 0.15 at 500 <C.
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