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applications.

Spectrally-selective solar absorber is required to be thermally stable at high operational temperature. However
the currently available absorbers aren't stable beyond 700 °C. Here we explore a new absorber with cermet of
TiN in SiO, on LaAlO; substrate that can be used for long term at 700 °C. The optimized cermets contain TiN
with volume fraction of 60% and 65% as sun-light absorption media, SiO, as anti-reflection coating (ARC), and
tungsten (W) as infrared (IR) reflection layer. The absorbers demonstrate an absorptance higher than ~95%
before annealing and ~94% after annealing at 700 °C, which will be useful for especially concentrated solar

1. Introduction

Solar thermal technologies converting the abundant solar energy
into heat and then to electricity have attracted extensive attention in
recent years. In the solar thermal process, the absorbed heat can be
directly utilized for domestic hot water, or further converted into
electricity via steam turbines [1], solar thermoelectric generators [2],
solar thermophotovoltaic [3,4], and solar thermionic generators [5].
Concentrating solar power (CSP) has an increased deployment all over
the world [6,7]. The solar thermal system conversion e ciency in CSP
can be separated into the sunlight-to-thermal e ciency and thermal-
to-electricity e ciency. The sunlight-to-thermal e ciency is strongly
relied on the optical properties of solar absorbers. The ideal spectrally-
selective solar absorber should have a near-blackbody absorptance (o)
in a certain wavelength region while suppressing the emission in IR
range at operational temperatures [7]. The thermal-to-electricity con-
version e ciency is capped by Carnot e ciency, n.=1 — T¢/T,, where T,
is working temperature, and T is the ambient temperature. The
e ciency can be boosted by increasing the working temperature, which
requires stable solar absorber at elevated temperatures.

How to further enhance the stable temperature of selective surfaces
beyond 700 °C is still a challenge. A variety of spectrally-selective solar
absorbers such as intrinsic absorbers, cermet-based absorbers and
metallic nanostructure-enabled absorbers have been extensively ex-
plored for potential applications at high temperatures. The intrinsic
absorbers, such as SipgGep. >, demonstrated an absorptance of ~0.90—
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0.95 and a relatively low infrared (IR) emissivity of less than 0.3 at
500 °C.[8] Cermet-based absorbers have indicated good performances
on the spectral selectivity and thermal stability [9—11]. The high solar
absorptance is due to the interband transitions in the metal and small
particle plasmonic resonances, and the good thermal stability is
ensured by the stable ceramic host. The tandem absorber of TiAIN/
TiAION/SisN, exhibited a high solar absorptance of 0.95, a low
emittance of 0.07 at 82 °C, as well as thermal stability in air up to
600 °C for 2 h [12]. The Mo-SisN, based selective coatings demon-
strated a high solar absorptance of 0.93 and low emittance of 0.11 at
600 °C estimated from a single-angle bidirectional reflectance spec-
trum. However the coatings showed unsatisfactory thermal stability
because the emittance at 600 °C increased to 0.15 after thermal cycling
at 600 °C for 15 h with the heating rate of 4 °C/min [13]. The tungsten
(W) and nickel (Ni) filled Al,O3 and YSZ cermet based spectrally-
selective solar absorbers indicated better thermal stability at 600 °C for
seven days in vacuum and high solar absorptance of 0.90—0.91, as well
as low total hemispherical emittance of 0.13—0.15 at 500 °C.[14,15]
The Ni nanopyramids based solar absorbers also demonstrated high
thermal stability after a heat treatment at 800 °C in vacuum for 5h
with absorptance of 0.9 and emittance of 0.09 at 400 °C calculated
from the absorptance spectra [16]. To achieve reliable spectrally-
selective solar absorbers with super thermal stability at high tempera-
ture for a long term, one route is to modify the substrates through
forming a spontaneous oxide layer on stainless steel, depositing a
barrier layer, or choosing nonmetallic substrates (quartz, silicon) to
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eliminate the e ect of substrate element di usion; another strategy is
to introduce more stable metal components in the coatings, such as the
noble metal Pt embedded in the Al,O3; matrix, which would ensure
better thermal stability due to the super antioxidation resistance of the
noble metal [17,18]. However the use of noble metal is not economic-
ally viable for large-scale deployment. Titanium nitride with unusual
properties, such as high-temperature stability, extreme hardness,
chemical inertness and metallic electrical conductivity, can be chosen
as an alternative to noble metal in cermet due to its similar metallic
behaviors [19,20].

In this paper, we present a reliable high-temperature spectrally-
selective solar absorber with TiN-SiO, cermet as sun-light absorbing
coating and systematically investigate the optical properties of the
cermets with di erent TiN volume fractions. We compare the e ect of
di erent substrates including mechanically polished stainless steel
(SS), SS coated with SiO, layer, annealed SS and LAO substrates on
the spectral selectivity and thermal stability, and analyze the intrinsic
change of absorbers deposited on those substrates upon annealing at
di erent temperatures.

2. Experimental details
2.1. Preparation of coatings

All coatings are deposited by a commercial magnetron sputtering
system (AJA International, Inc.) according to our previously reported
method [14]. Briefly, the metals and dielectric materials are deposited
by a DC and a RF magnetron sputtering, respectively, and the cermet
layers are deposited by co-sputtering of the conductive ceramic and the
dielectric materials. The multilayer stack includes, starting from the
substrate, one W IR-reflecting layer, two TiN-SiO, cermet layers (C4
and C5) with high and low metal volume fractions in SiO, ceramic host,
and one SiO, anti-reflection coating (ARC) layer (Fig. 1). The targets
are high purity tungsten (99.95%, 2" Dia.), TiN (99.5%, 3" Dia), and
SiO, (99.995%, 3" Dia.). Prior to the deposition process, the SS
substrates are coated with 100 nm SiO, by RF sputtering of SiO,
(denoted as SiO,-SS), or with Fe,O3 layers by annealing the SS at

W reflector

Fig. 1. Schematic of the cermet-based spectrally-selective solar absorber comprising two
cermet layers C4 and C5 with di erent TiN volume fractions, one SiO, ARC layer, and
one tungsten IR reflecting layer on a variety of substrates (SS, Ann-SS, SiO,-SS, and
LAO).
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500 °C for 1 h (denoted as Ann-SS).

2.2. Material characterizations and optical measurements

The phases of samples are characterized using a T64000 Raman
spectrometer (Horiba Jobin Yvon) in back-scattering geometry at room
temperature with an air cooled Ar-ion laser (514 nm) as the excitation
source. The morphology and roughness of the surfaces are measured
with a Veeco Dimension 3000 Atomic Force Microscope (AFM). The
thicknesses of the prepared coatings are measured with an Alpha-step
200 Profilometer (Tencor). The spectral directional-hemispherical
reflectance from 0.3 to 2.5 um is measured with a Cary 5000 UV—
Vis—NIR spectrophotometer equipped with a di use reflectance acces-
sory (DRA) at an incident angle of 3° 20". The specular bi-directional
reflectance in the wavelength range of 2.5—25 um is recorded on a
Nicolet iS50 FT-IR spectrometer with a gold mirror (Thorlabs) as
reference at an incident angle of 10°. Optical properties of cermets with
di erent TiN volume fractions are obtained using a variable-angle M-
2000 spectroscopic ellipsometer (J. A. Woollam Co.). The thermal
stability is carried out in a tubular furnace at temperatures of 600 °C,
650°C, and 700°C for 7 days under a vacuum pressure of
~5x10 ° Torr.

3. Results and discussion

The fabricated spectrally selective solar absorbers for high-tem-
perature applications are based on a double-cermet configuration with
one SiO, ARC layer and a metal tungsten layer with high IR reflectance
as di usion barrier (Fig. 1). In order to investigate the e ect of
substrates on thermal stability and spectral selectivity, the solar
absorbers are deposited on a variety of substrates (SS, Ann-SS, SiO,-
SS, and LAO). The detailed parameters are summarized in Table 1.

The stainless steel (SS) has been extensively investigated as the
substrate of higher temperature spectrally-selective solar absorber due
to its higher thermal stability and cost-e ectiveness compared with
copper or aluminum substrate utilized in commercialized solar absor-
ber for applications below 500 °C. However the stability of absorber
deposited on the SS substrate is undermined by the oxidation or
di usion of stainless steel as the temperature is higher than 650 °C
[21]. To suppress the e ect of the substrate element di usion on the
performance, modification of the substrate is carried out on mechani-
cally polished SS substrate. The AFM images of the pristine SS,
annealed SS (Ann-SS, annealed at 500 °C for 1 h) and SiO,-coated SS
(Si0,-SS) are shown in Fig. 2. The SS and SiO,-SS have a smooth
surface with a root mean square roughness (Rq) of 1.5 nm and 2.1 nm,
respectively. The Ann-SS has a rough surface (Fig. 2b) with Ry of
16.8 nm and particle size of 200—300 nm due to the simultaneously
formed rough oxides layer upon annealing in air. The optical responses
of those substrates (Fig. 2d) show huge di erence on the reflectance
curve, especially in the wavelength range of below 4 um, and less
discrepancy in the mid-IR range. The pristine SS displays a high

Table 1
Sputtering parameters of the optimized spectrally-selective solar absorbers on various
substrates.

Sample Substrate W IR re ector C5 c4 SiO, ARC
TSS_SS SS 150 nm 33n$m 38nm 114 nm
TSS_Ann-SS Ann-SS 150 nm 33nm 38nm 114 nm
TSS_SS-SiO>  Si0,-SS 150 nm 33nm 38nm 114 nm
TSS_LAO LAO 150 nm 33n$m 38nm 114 nm

Tungsten IR reflecting layer: sputtered at a DC power density of 2.2 W/cm?.

Cermet (C4 and C5): TiN-SiO, sputtered using two individual RF power supplies with
di erent TiN volume fractions in cermet. The TiN volume fraction of cermet is 60% and
65% for C4 and C5, respectively.

ARC:SiO, sputtered with a RF power density of 4.4 W/cm?.
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Fig. 2. AFM images of the pristine SS (a), Annealed SS (b) and SiO,-SS with 100 nm SiO, (c). (d) the reflectance spectra of the pristine SS (black line), Ann-SS (blue line) and SiO,-SS
(red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

reflectance in this regime (below 4 pm) indicting metallic character-
istics. There are many interference peaks on SiO,-SS due to the oxide
layer. The low reflectance in the Ann-SS suggests a high absorptance
since the substrate is opaque, which is resulted from the formed rough
oxides layer on SS. The absorbers would have similar morphology to
their corresponding substrates, so the substrate morphology has a
significant contribution to the spectral selectivity and thermal stability.

The cermet in cermet-based spectrally-selective solar absorbers
plays a crucial role in sunlight absorbing [11]. The optical constants of
cermet, especially the extinction coe cient, have a direct contribution
to the absorption. To tune the optical characteristics of TiN-SiO,
cermet, cermets with di erent TiN volume fractions from 29—65% in
SiO, host are deposited on Si substrates. The Kramers-Kronig con-
sistent B-spline model [22,23] is used to extract the n and k of cermets
in CompleteEASE software (J. A. Woollam Co.) as shown in Fig. 3.
Cermets with low TiN volume fractions (C1 and C2) depict a trans-
parent dielectric-like characteristic with the extinction coe cient of
zero below the bandgap. The refractive index increases with increasing
the TiN volume fractions from 29% (C1) to 41% (C2). So the optical
characteristics of cermets with lower than 41% TiN volume fraction are
dominated by the SiO, host. The cermets C3, C4, and C5 with
increasing the TiN volume fraction in SiO, have a nonzero k value
over the wavelength range of 500—1690 nm, indicating a boosted
absorption of solar radiation mainly caused by the interband transi-
tions in TiN and small particle plasmonic resonances [7]. It looks like
the k value has not reached the maximum, which means the absorption
performance of cermet can be further promoted by incorporating more
TiN component in cermet. However, more TiN amount in cermet
would undermine thermal stability due to lack of e ective protection
from the stable SiO, host. So in the following section we mainly focus
on C4 and C5 to optimize the performances.

Fig. 4 shows the optical responses of optimized spectrally-selective
solar absorber (TSS) with C4 and C5 cermets deposited on SS, Ann-SS

14

4.0 T T M T T T T T M T T T M T 2.0
35

15
3.0

c 25 10X

2.0

0.5
15

0.0

Wavelength (nm)

Fig. 3. The refractive index (n) and extinction coe cient (k) of cermets with di erent
TiN volume fractions in SiO, host. The TiN volume fractions in C1, C2, C3, C4, and C5
are 29%, 41%, 54%, 60%, and 65%, respectively.

and SiO,-SS substrates. The minor discrepancy on the reflectance
spectra in the wavelength below 0.7 pm appears between the TSS_SS
and TSS_Ann-SS, whereas they are almost identical between TSS_SS
and TSS_SiO,-SS. The absorber of TSS_Ann-SS demonstrates a low
reflectance resulting from the rough and high absorption substrate,
which enables a high solar absorptance. Furthermore, a high reflection
peak located in the wavelength rang of 400—-500 nm on all those
absorbers is probably linked to the interference among cermet layers
and the dip of k of C4 and C5 in this range depicted in Fig. 3. In order
to promote the solar absorptance, the transition wavelength is shifted
to longer wavelength (~1.6 um) compared with our previous design
(~1.3 pum) [15]. Consequently, the solar absorptance is enhanced from
~92% to ~95%. The thermal emittance inevitably increases due to the
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Fig. 4. The reflectance spectra of TSS with C4 and C5 double cermet structure deposited
on SS (TSS_SS, black line), the annealed SS (TSS_Ann-SS, blue line) and SiO,-SS
(TSS_Si0,-SS, red line) before (solid line) and after (dash line) annealing at 600 °C for 7
days, optical images of those absorbers after annealing (bottom) are also shown. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.).

redshift of spectrum, which can be compensated through increasing the
optical concentration and then decreasing the weighting factor as
taking into account the eventual conversion e ciency. In the mid-IR
range, the absorber of TSS_SS indicates a sharp transition from low
reflectance to high reflectance compared with TSS_Ann-SS and
TSS_SiO,-SS suggesting the W IR reflector deposited on mechanically
polished SS substrate is favorable for IR reflection. After annealing at
600 °C for 7 days in vacuum, there is a slight change on the reflectance
spectra of TSS_SS and TSS_Ann-SS, while huge degradation appears
in TSS_SiO,-SS. The coatings deposited on SS and Ann-SS have a
pretty strong bonding even upon annealing, nevertheless, the coating
deposited on TSS_SiO,-SS exhibits a weak mechanical property after
annealing as shown at the bottom of Fig. 4 resulting in the unfavorable
change on the reflectance spectrum, which can be ascribed to the stress
induced by the annealing process as a result of the di erent thermal
expansion coe cients between the coating and its substrate [24]. Since
the coating on the SiO, coated SS substrate cannot survive the
annealing at 600 °C, it is screened in the following more rigorous
evaluation.

To find out the highest operational temperature, we evaluated the
thermal reliability of the absorbers deposited on SS and annealed SS
substrates by annealing the absorbers at 650 °C and 700 °C. Fig. 5a
shows the optical responses of those absorbers before and after
annealing at 650 °C. The reflectance of both absorbers in the wave-
length of below 2 pm increases slightly as a result of the possible
change of optical constants in the cermet layers after annealing. The
solar absorptance drops ~3% for TSS_SS (from ~95.0% to ~92.4%)
and ~4% for TSS_Ann-SS (from ~96.2% to ~92.1%) as shown in
Table 2. Both TSS_SS and TSS_Ann-SS absorbers demonstrate a
similar solar absorptance (~92%) after annealing at 650 °C.
Accordingly, the negligible advantage on the solar absorptance caused
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Fig. 5. The reflectance spectra of TSS with C4 and C5 double cermet structure deposited
on SS (TSS_SS, black line) and annealed SS (TSS_Ann-SS, blue line) before (solid line)
and after (dash line) annealing in vacuum for 7 days at 650 °C (a) and 700 °C (b). (c) The
optical response of TSS_LAO before (red solid line) and after (red dash line) annealing at
700 °C. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

by the annealed substrate (Fig. 5b) cannot be preserved upon annealing
at 650 °C. TSS_Ann-SS, meanwhile, shows the unfavorable thermal re-
radiation characteristics owing to the higher emittance estimated from
the reflectance spectrum and the blackbody radiation spectrum at
82 °C (Table 2) compared with TSS_SS absorber. Even though the
formed oxides di usion layer on the stainless steel substrate through
annealing in air facilitated the thermal stability of Mo-Al,O3 cermet
based solar absorber at 500 °C for a short term,[25] it is not commonly
used in our system with a W barrier and IR reflecting layer. The
spectrally-selective solar absorber with the unique configuration on the
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