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Abstract

Sputter-deposited high-entropy materials, including high-entropy alloy (HEA) and high-entropy oxide (HEO), are demon-
strated for use as selective solar absorber coatings (SSCs). Multi-layer SSC consists of CrFeCoNiAl HEA as the IR reflec-
tor layer, (CrFeCoNi)O medium-entropy oxide as the first layer absorber, and (CrMnFeCoNi)O HEO as the second layer
absorber. The effects of phase and elemental concentration of the second layer absorber on the optical properties and thermal
stability are addressed. The (CrMnFeCoNi)O HEO hematite has better spectral selectivity than the (CrMnFeCoNi)O HEO
spinel. Meanwhile, from the X-Ray diffraction and transmission electron microscopy analyses of the annealed samples, the
(CrMnFeCoNi)O HEO spinel exhibits better thermal stability than (CrMnFeCoNi)O HEO hematite. This work provides
guidance to create an effective solar absorber.

Graphical Abstract

(CrMnFeCoNi)O hematite solar absorber exhibits better spectral selectivity than (CrMnFeCoNi)O spinel. (CtMnFeCoNi)
O spinel exhibits better thermal stability than (CrMnFeCoNi)O hematite. The thermal instability of the spinel originates
from the metal diffusion.
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Introduction

There are various green, renewable energy systems that con-
vert the solar energy into electricity directly, such as solar
photovoltaic cell [1], or indirectly, such as solar thermal
power systems [2, 3]. One of the most promising solar ther-
mal power systems is the concentrating solar power (CSP)
system, involving the use of a solar selective absorber to con-
vert the sunlight into thermal electric power. To maximize
the efficiency, high absorptance () in the solar spectrum
range and low thermal emittance (¢) in the infrared range
(IR) are required. Depending on operation temperature,
solar selective absorber can be grouped into low tempera-
ture (T< 100 °C), mid temperature (100 °C < T<450 °C),
and high-temperature (7> 450 °C) absorbers [4]. In the
context of high-temperature solar selective absorber, Pyro-
mark 2500, Ciemat, and spinel oxide-pigmented coatings
are known as the state-of-the-art coatings. Pyromark 2500
is silicon-based paint that has high thermal stability up to
700 °C. However, the value of « starts to degrade at operat-
ing temperatures > 700 °C in air from 90 to 88% due to phase
transformation and spallation [5, 6]. Multi-layer Ciemat
coatings having Pt IR layer and two diffusion layers is also
thermally stable up to 500 °C with a of 93% [7]. However,
this coating degrades as the temperature increases to above
650 °C in air due to the degradation of Pt IR layer. Moreo-
ver, spinel oxide-pigmented coating exhibits a high thermal
stability up to 750 °C with a of 93% [8]

Currently, high-temperature solar selective absorbers are
being sought since a higher operation temperature leads to
more thermal power to electricity conversion. Metal-die-
lectric composite or the so-called cermet is a conventional
high-temperature solar selective absorber. A cermet consists
of metal nanoparticles embedded in a dielectric matrix. For
examples, Cr—Cr,0; cermet is known as the black chrome
[9]. To enhance solar absorption, a sandwiched structure
consisting of an IR reflector in the bottom, a solar selec-
tive absorber in the middle, and an anti-reflective (AR) layer
at the top is often used. In such a solar selective coating
(SSC), the IR reflector reflects the thermal emission from
the metallic substrate and the AR layer helps to enhance
the light absorption. Moreover, the solar absorber itself is
often multi-layered for improved solar absorption. High-
temperature multi-layered SSCs include SS substrate/Cr IR
reflector/low oxygen content Cr-AlO,/mid-oxygen content
Cr-AlO, layer/high oxygen content Cr-AlO, layer, giving
a=0.91 and £=0.225 after annealing at 700 °C for 2 h in air
[10], SS/TiN/alternating TiAION and TiAIN layers, giving
a=0.788 and £ =0.173 after annealing at 600 °C for 50 h in
air [11], SS/Mo/HfO,/Mo/HfO,, exhibiting absorption and
emittance of 0.874 and 0.15, respectively, after annealing at
525 °C in air [12].

In the past few years, a new class of materials, namely,
high-entropy materials, has emerged at the center stage of
materials research, thanks to the discovery of high-entropy
alloy in 2004 [13] and the report of high-entropy oxide
(HEO) in 2015 [14]. HEMs have been shown to exhibit a
number of excellent characteristics. High-temperature struc-
tural stability between 850 and 1000 °C has been demon-
strated in, for example, (MgCoNiCuZn)O [14] and between
450 and 850 °C in, for example, (CoCrFeMnNi);0, [15].
(Yby,Y,Lug,Sc,,Gd, ,),S1,0; has good corrosion resist-
ance in water—vapor environment and displays excellent
phase stability from room temperature to 1300 °C [16].
(Mg, ,Coq,Nij ,Cuy,Zn,,)0O, (Li, Mg, Co, Ni, Cu, Zn)O,
and (Zn, Fe, Ni, Mg, Cd)Fe,O, have been shown to exhibit
huge dielectric constants [17, 18]. Along with the demon-
stration of these characteristics, HEOs have been prepared
using methods, such as solid-state reaction [14, 19], hydro-
thermal synthesis [20, 21], solvothermal synthesis [22], solu-
tion combustion synthesis [15], nebulized spray pyrolysis
[23], and reverse co-precipitation [24]. The resulting mate-
rials are powders or nanoparticles. It appears that there are
and only limited studies reported thin-film HEOs obtained
using a PVD process [25]. In the meantime, in the past few
years, there are several works on high-entropy materials
for solar absorber material, including AICrTaTiZrN [26],
MoNbH{ZrTi [27], HINbTaTiZrN [28], MoNbH{fZrTi [29],
AIMo00.5NbTa0.5TiZrNx [30], and HEO, has been demon-
strated for solar absorber. It is seen that almost no study
demonstrate the use of HEO for solar absorber coating.

In this work, we have explored the use of sputter-depos-
ited HEAs and HEOs for use SSCs. The IR reflector layer is
a CrFeCoNiAl HEA, and the multi-layered absorber consists
of a medium-entropy oxide (MEO) of (CrFeCoNi)O and
HEO of (CrMnFeCoNi)O. Relation among the composition,
structure, and optical property is investigated. The resulting
SSCs have also been evaluated for the thermal stability. In
the meantime, we have also investigated the effect of two
different HEO crystal structures, e.g., HEO spinel and hema-
tite, for the degradation mechanisms. This work provides a
guidance for optimizing oxide material for high-temperature
solar absorber coating.

Experimental

CrFeCoNiAl HEA, (CrFeCoNi)O MEO, and (CrMn-
FeCoNi)O HEO were deposited on (100) Si and 316L SS
substrates using a RF co-sputtered deposition method.
The target-to-substrate distance was fixed at 130 mm
and the deposition chamber was evacuated to lower than
5% 107® Torr and then back filled with 20-sccm Ar before
the deposition. The working pressure was 5x 10~ torr and
the substrate was rotated at 5 rpm. High-purity (99.99%)
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Ar and O, gasses were used as working gas and reactive
gas, respectively. For the CrFeCoNiAl IR reflector (des-
ignated as IRr), an Al target (99.995%) and a composite
target of Cr, Fe, Co, Ni (99.995%) were used. The RF pow-
ers for the Al and composite targets were 80 and 120 W,
respectively. For the first absorber layer of (CrFeCoNi)O
MEO (designated as A1), the composite target was used.
The power was 100 W and O,/Ar =2 sccm/20 sccm. Man-
ganese oxide (MnO) target (99.995%) and the composite
target were used to deposit the second absorber layer of
(CrMnFeCoNi)O HEO. Two such HEOs were made. One
was obtained at a MnO target power of 100 W, (CrFeCoNi)
alloy target power of 80W, and O,/Ar=2 sccm/20 sccm,
giving sample A2a. The other was obtained at a MnO
target power of 80 W, (CrFeCoNi) alloy target power of
100W, and O,/Ar=7 sccm/20 sccm, giving sample A2b.
The substrate was externally heated at 800 °C for the depo-
sition of all oxides. In contrast, no external heating was
applied to the substrate for the deposition of the HEA. A
matrix summarizing the deposition conditions is given in
Table S1 in the Supporting Information. For the thermal
stability test, as-deposited samples were post-annealed in
air at different temperatures of 600, 700, and 800 °C for
2 h (heating rate =6.67 °C/min).

The thickness of coating was determined using pro-
filometer and field emission scanning electron microscopy
(SEM, JOEL6701). The chemical composition was exam-
ined using Energy-dispersive X-ray spectroscopy (EDS,
JOEL6701). The refractive index and extinction coef-
ficient were investigated using ellipsometer (J.A. Wool-
lam /M2000-DI). The crystal structure was studied using
glazing angle X-ray diffraction (GIXRD, Bruker D8-Dis-
cover). The reflectance from 300 to 2500 nm wavelength
was measured using UV/Vis/NIR spectrophotometry
equipped with an integrated sphere (LAMBDATM 950,
PerkinElmer). The solar absorptance (a) was calculated
as follows using Eq. (1) [31], where Eq is the intensity
of incident solar light, A is the absorbance, and R is the
reflectance.

_ Lo EOANL _ [5o EA1 — R4

= (1
2500 2500
300 Es(Dda 300 Es(DdA

Emission was measured using Emissionmetry (Emis-
sionmeter K3, Optosol GmbH). It consists of an integrat-
ing sphere, glow bars as the sources of thermal radiation,
and 3 detectors, which are sensitive for 3.9-, 5.1-, and
10-pm wavelengths. Emissionmetry gave thermal emit-
tance (&) at room temperature that at 100 °C was calcu-
lated. Thermal emittance was calculated as follows using
Eq. (2) [31], where E|y-c is the black body radiation at
100 °C.
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The structure properties of the annealed coatings were
investigated using GIXRD and transmission electron micros-
copy (HR-TEM, JEOL JEM-2100F).

Results and Discussion

SEM analysis shows that the surface morphology of the
HEA IRr is granular (Fig. 1a). Similar surface morphology
was found for the MEO and HEO absorber layers, as shown
in Fig. 1b for HEO. From the cross-section, it is seen that
all layers have columnar structure, which is typical struc-
ture obtained using sputter deposition. This morphology
with surface texture is beneficial for light absorption, thus
increasing solar absorption and thermal ability [32]. All the
coating thicknesses are very uniform, as shown in Fig. 1c
and d for the IRr and A1 layers, respectively. The HEA IRr
has a BCC structure (JCPDF #47-1126) [33], as shown in
Fig. 2. EDS analysis shows that the composition of the HEA
is Cr/Fe/Co/Ni/Al=10.7/25.1/6.0/5.1/23.2 in at %. The Al
MEO layer is a spinel oxide (JCPDF #73-1856), having Cr/
Fe/Co/Ni=9.7/9.8/12.8/67.7 in at %. The A2a HEO also
has a spinel structure (JCPDF #84-0482). Meanwhile, the
A2b HEO has a hematite structure (JCPDF #84-0311). The
chemical compositions of A2a and A2b are Cr/Mn/Fe/Co/
Ni=4.6/47.1/5.2/7.9/35.3 and 8.5/25.5/7.1/11/47.9, respec-
tively. The different chemical compositions in the A2a and
A2b are due to the different power used for the MnO and
CrFeCoNi composite. Sputtering power is related to the
kinetic energy of the target atoms. A higher sputtering
power results in higher surface diffusions once these atoms
are adsorbed on the substrate surface [34]. As a result, A2a
has larger amount of Mn than that of A2b layer. This is
due to A2a was deposited at higher sputtering power of 100
W, while A2b was deposited at smaller sputtering power of
80 W. Likewise, the Cr, Fe, Co, and Ni concentrations are
higher in A2b layer due to its higher sputtering powers of
CrFeCoNi target.

The reflective indexes of these single layers are first
presented. The reflective indexes at 500 nm of the single
layers are 3.50, 2.62, 2.35, and 2.32 for IRr, Al, A2a, and
A?2b, respectively (Fig. 3 and Table S1). The reflective index
gradually decreases from the IRr to Al and then to A2.
Meanwhile, the extinction coefficient at 500 nm of the sin-
gle layers are 2.78, 0.6, 0.62, and 0.86 for IRr, A1, A2a, and
A2b, respectively. As a result, SSCs consisting of IRt/A1/
A2a and IR1/A1/A2b various layers are examined. Figure 4a
shows the reflectance spectra of various single and multi-
layer SSCs. The addition of layers gives low reflectance in
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Fig. 1 SEM top views of a IRr
and b A2b layers. SEM cross-
sectional views of ¢ IRr and d
Al on Si substrate
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Fig.2 GIXRD patterns of as-deposited coatings on Si substrate

the solar spectrum, indicating higher «. Comparing the IRt/
A1/A2a and IR1/A1/A2b, the IRr/A1/A2a has slightly bet-
ter o of 0.81 vs 0.78, as shown in Fig. 4b. However, the € of
the IR1/A1/A2b is slightly smaller than IRr/A1/A2a, 0.111
vs 0.130. Spectral selectivity (o/e) of both multilayer SSCs
is thus determined. The IRr/A1/A2b has o/e of 7, which is
higher than that of IRt/A1/A2a (6.2). To understand the bet-
ter performance of the IRr/A1/A2b, the reflectance spectra
of single layers A2a and A2b were obtained, as shown in
Figure S1. The single layer A2b exhibits higher a/e of 6.6,
compared to that of A2a (6). Moreover, the absorption of
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Fig.3 Reflective index and extinction coefficient of as-deposited
coatings on Si substrate

the thin film occurs due to two mechanisms, one is intrinsic
absorption, which is characterized by the extinction coef-
ficient of the film and the other one is interference-induced
absorption. The A2b has a higher extinction coefficient
of 0.86 than A2a (0.6), indicating its higher absorption
capability.

The thermal stability of the SSCs was thus investigated
at different temperatures of 600, 700, and 800 °C for 2 h
in air. Figure 5 shows that the solar absorptance and emit-
tance of IRr/A1/A2a coating remain the same at 600 °C.
The decrement of spectral selectivity is observed with the
rising temperature. On the other hand, IRt/A1/A2b coating
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Fig.5 a Reflection spectra and b absorptance and emittance of as-deposited IRr/A1/A2a SSC on SS substrate and post-annealing at 600, 700,

and 800 °C in air

exhibits a higher solar absorptance and smaller emittance at
600 °C (Fig. 6). The spectral selectivity decreases at a higher
temperature of 700 °C and significantly decreases at 800 °C.

The SSCs show optical degradation after annealing
at>700 °C. Various post-analysis was performed to under-
stand the phase, morphology, and elemental changing after
annealing treatment. XRD analysis was first performed
on the post-annealing A2a and A2b coating layers to
understand the phase stability after annealing. The crys-
tal structure of the A2a after post-annealing at 600 and
700 °C remains the same as before annealing, which is
spinel oxide (Fig. 7a). This indicates the structural stabil-
ity of A2a. It was reported that the HEO spinel has high
thermal stability due to its small chemical diffusion coef-
ficient at low-pressure oxygen (high temperature) [35, 36].

@ Springer

Meanwhile, A2b shows crystalline structure changes with
the annealing temperature. The structure transforms from
hematite for as-synthesized coating to spinel oxide for
coating after post-annealing at 600 and 700 °C, as shown
in Fig. 7b. Furthermore, the crystallinity of the spinel
oxide becomes better with increasing temperature. Thus,
the phase transformation in A2b accounts for thermal deg-
radation. Moreover, the result also confirms that spinel
oxide has better phase stability than hematite oxide. Due to
there is no phase transformation in the A2a, the post-TEM
analysis was performed on IRr/A1/A2a-700 to further
investigate the root cause of the degradation. It was found
that the thickness of the A1 layer of IRr/A1/A2a-700 was
wider as compared to the as-deposited IRr/A1/A2a, 25.1
vs 8.4 nm (Fig. 8). On the other hand, the thickness of the
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Fig.7 XRD patterns of as-deposited SSC and post-annealing at 600 and 700 °C in air for 2 h on SS substrate

A2a layer after annealing at 700 °C becomes shrinkage.
EDS analysis was performed to understand the elemental
concentration change due to diffusion at high tempera-
ture. It is seen that A2a and IR layers show insignificant
change after annealing at 700 °C. Meanwhile, the A1 layer
shows significant change in elemental composition after
annealing at 700 °C. Almost all of the metal concentration
decreases after annealing at 700 °C, except Al, as shown
in Table 1. The reduction of the Cr, Mn, Fe, Co, and Ni
concentration in the A1l layer of IRr/A1/A2a might be due
to the diffusion into either IRr or A2a layers. It is noted
that the Al concentration in A1 significantly increases after

annealing at 700 °C, from 9.6 to 31.7%. This indicates the
diffusion of the Al from the IRr layer toward A1l. This can
be explained since the melting point of Al is 660 °C, thus
annealing at 700 °C triggers its diffusion. The diffusion of
Al also can be seen from EDS mapping (Figures S2 and
S3). Furthermore, after annealing, it is obvious that the
Cr in the IRr layer is not uniformly distributed, forming
aggregation. From the post-XRD, -TEM, and -EDS analy-
ses, the degradation of the spectral selectivity of the IRt/
A1/A2a is due to the chemical structural instability in the
A1 layer and aggregation of Cr in the IRr layer.
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(a)

(b)

Fig.8 TEM images of a as-deposited IRr/A1/A2a and b IRr/A1/A2a after post-annealing at 700 °C in air for 2 h on SS substrate

Table 1 EDS point analysis of

Element  IRr Al A2a
Al layers
As-deposited ~ Post-anneal-  As-deposited ~ Post-anneal-  As-deposited ~ Post-anneal-
ing 700 °C) ing 700 °C) ing 700 °C)
o - 5.38 45.16 51.83 46.29 45.94
Al 28.68 27.33 9.58 31.68 0.25 1.35
Cr 15.67 12.56 11.44 8.06 3.69 3.14
Mn - 0.09 2.28 1.78 13.91 11.53
Fe 10.92 10.78 4.72 0.87 3.72 4.21
Co 18.11 17.43 10.38 1.29 10.92 12.82
Ni 26.63 26.42 16.45 4.48 21.22 21.02
Conclusion Data Availability Data are available on request.

In this work, sputter-deposited high-entropy materials were
demonstrated for use as SSCs. Multi-layer SSC consists of
CrFeCoNiAl HEA as the IR reflector layer, (CrFeCoNi)
O MEO as the first layer absorber, and (CrMnFeCoNi)O
HEO as the second layer absorber. The multi-layered struc-
ture enhances the solar absorptance and reduces the emis-
sion. Moreover, the phase and elemental concentration of
the second absorber layer affect the spectral selectivity and
thermal stability. The (CrMnFeCoNi)O HEO hematite has
better spectral selectivity than (CrMnFeCoNi)O HEO spi-
nel due to its higher extinction coefficient. Meanwhile, the
(CrMnFeCoNi)O HEO spinel exhibits better thermal stabil-
ity than (CrMnFeCoNi)O HEO hematite due to its phase and
structural stability.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s44210-024-00028-0.
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