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a b s t r a c t
Solar selective absorbing coatings play a valuable role in photo-thermal conversion for high efficiency
concentrating solar power systems (CSP). In this paper, a novel Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6
cermet-based solar selective absorbing coating was successfully deposited by ion beam assisted deposition. The optical properties, microstructure and element distribution in depth were investigated by spectroscopic ellipsometry, UV-vis-NIR spectrophotometer, transmission electron microscope (TEM) and
Auger electron spectroscopy (AES), respectively. A high absorptance of 0.953 and a low thermal emittance
of 0.079 at 400 °C are obtained by the integral computation according to the whole reflectance from 300
nm to 28,800 nm. After annealing treatment at 400 °C (in vacuum) for 192 h, the deposited coating exhibits the high thermal stability. Whereas, the photothermal conversion efficiency decreases from 12.10 to
6.86 due to the emittance increase after annealing at 600 °C for 192 h. Meanwhile, the nitrogen atom in
the Zr0.3Al0.7N sub-layer diffuses toward the adjacent sub-layer due to the spinodal decomposition of
metastable c-ZrAlN and the phase transition from c-AlN to h-AlN, which leads to the composition of
the Zr0.3Al0.7N sub-layer deviates the initial design. This phenomenon has a guide effect for the
thermal-stability improvement of cermet coatings. Additionally, a serious diffusion between copper
and silicon substrate also contributes to the emittance increase.
Ó 2018 Elsevier B.V. All rights reserved.

1. Introduction
Solar energy is an important composition in the global clear
energy supply [1,2]. There are two main approaches for harvesting
energy and generating electricity: photovoltaic (PV) power generation by solar cells and concentrating solar power (CSP) from solar
thermal energy [3]. Among the various components in CSP system,
solar collector plays a significant role in the overall system performance. The efficiency of solar collector strongly depends on the
optical properties of solar selective absorbing coatings, whose
function is to maximize the absorption in Vis-NIR region and minimize the thermal emittance in mid- and far-infrared region [4].
A high solar absorptance can be achieved by a gradual decrease
of refractive index and extinction coefficient from the metal substrate (infrared reflector) to the surface (anti-reflection layer). In
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addition, the occurance of destructive interference in visible and
near-infrared region will also be able to improve the solar absorptance, which can be obtained by multilayer gradient coating, cermet composite coating and optical interference coating [5–8].
Among those, cermet composite coating with bi-layer structure,
located between the metal infrared reflector and dielectric antireflectance layer, has been confirmed to possess high absorptance
and low emittance [8]. Thus, it becomes the preferred design system. Initially, metal particles as the absorbing unit in metaldielectric cermet coatings have been developed, such as Ni-NiO
[9], NiCrOx [10], and Mo-SiO2 [11]. For those coatings, the metal
particles are so easy to be oxidized during the preparation and
high-temperature applications that its thermal stability or optical
properties deteriorates obviously. To improve this issue, the
nitrides of transition metals are taken into consideration owing
to high melting point, extreme hardness, and outstanding oxidation resistance in consequence of high cohesive energy of pd orbital
hybridization [12]. Thus, the nitride of transition metals, such as
TiN, CrN, ZrN, HfN, NbN, TiON, and CrON, are chosen to as the
absorbing units to take place the metal particles. Consequently, a
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lot of cermet coatings have been developed [13–18], for instance,
the TiAlN combined the TiN (Metal-like materials, absorbing unit)
and AlN (dielectric material) is usually designed as the absorbing
layer. Whereas, the diffusion of nitrogen and oxygen and oxidation
of the metal element also limit its application at 600 °C or higher
for long duration service [13,14,18,19].
Zr and Ti are same group element (Group IVB), ZrN and TiN possess some analogical physicochemical properties. What is more,
the thermodynamical stability of ZrN (DH = 365 kJ/mol) is better
than that of TiN (DH = 336 kJ/mol), and oxidation activation
energy of ZrN (2.5 eV) is higher than that of TiN (2.05 eV) from
500 °C to 650 °C [20,21].
In this paper, ZrN is chosen as the absorbing unit and the AlN as
the dielectric matrix for the first to design a new cermet coating of
Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6.
The
optical
properties,
microstructure and thermal stability of this coating were investigated in detail.

gramme (Version Name: TFCalc 3.5.6). The experimental reflective
spectra at 0° angle incidence were measured by UV-vis-NIR spectrophotometer (Type: Hitachi U4100) with the wavelength range
from 250 nm to 2500 nm. The reflectance in the range of 2.5–25
lm was measured by Fourier Transform Infrared (FTIR) spectrophotometer (Type: Vertex80). The total solar absorptance
(asolar ) is calculated according to the following equation:

Z

asolar ¼

2500
250

Isolar ðkÞð1  RðkÞÞdk
Z 2500
Isolar dk
250

where RðkÞ is the measured reflectance from 250 nm to 2500 nm,
and Isolar ðkÞ is the ASTM AM1.5D solar spectral irradiance, which is
the reference after passing through the atmosphere 1.5 times.
Thermal emittance (ethermal ðTÞ) at the specific temperature is
determined by the formula as follow:

Z

2. Experimental

ethermal ðTÞ ¼

The Cu, Zr0.3Al0.7N, Zr0.2Al0.8N, Al34O60N6 films and Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 coating were deposited on Si(1 1 1) and
glass (soda lime glass) substrates by ISB700 system. The substrates
were ultrasonic cleaned with acetone, ethanol and deionized water
for 10 min sequentially at room temperature. The single layer (Cu,
Zr0.3Al0.7N, Zr0.2Al0.8N and Al34O60N6) deposited on glass (soda lime
glass) was used to the optical analysis. The films and coatings were
deposited on Si(1 1 1) was for studying microstructure and thermal
stability. A copper target (99.99% purity), an aluminum target
(99.999% purity) and a zirconium target (99.9% purity) were sputtered by argon ion generated by a Kaufman ion source. The reaction ion (nitrogen ion and oxygen ion) generated by a Kaufman
ion source bomdarded the substrate to synthesize the Zr1-xAlxN
(x = 0.7, 0.8) and Al34O60N6 sub-layers. In order to avoid the charge
accumulation on the surface of insulation substrate (such as Si(1 1
1) or glass), neutral filament at exit of reaction ion source was use
to neutralize the nitrogen or oxygen ion. The base pressure was 2.0
 104 Pa. The detail parameters were listed in Table 1. The solar
selective absorbing coating has to work under a good vacuum
(102 Pa) at high temperature (up to 380 °C when the heat
exchange fluid is diathermic oil and up to 550 °C in the case of molten salt) according to the concentrated ratio of solar radiation [22].
Considering the temperature fluctuation during service, we confirmed the annealing temperature was 400 °C and 600 °C, respectively. The coating deposited on Si(1 1 1) substrate was used to
carry out the annealing experiment in vacuum (5.0  102 Pa)
ambient at 400 °C or 600 °C for different times.
The optical constants of Cu, Zr0.3Al0.7N, Zr0.2Al0.8N and Al34O60N6
films were measured by spectroscopic ellipsometry (Type: M2000UI). Based on the optical constants of single layer, the reflectance spectra of the cermet coatings with four-layer structure were
optimized and calculated by a commercial optical simulation pro-

ð1Þ

1

Iblackbody ðkÞð1  RðkÞÞ

0Z

1

ð2Þ

Iblackbody ðkÞdðkÞ

0

where ethermal ðTÞ is an emittance at the temperature T. In our paper,
the temperature is 400 °C. Iblackbody ðkÞ is the spectral radiation of
black body at 400 °C according to the Planck’s radiation law.
The microstructure of coatings is investigated by Transmission
Electron Microscope (TEM, type: Tecnai G2 F20). The TEM is
equipped with a high-angle angular-dark-field (HAADF) detector,
X-ray energy-dispersive spectrometer (EDS) systems. The element
distribution in depth was measured by Auger Electron Spectroscopy (AES, type: ULVAC- PHI 700).
3. Results and discussion
Fig. 1 shows the refractive index (Fig. 1a) and extinction coefficient (Fig. 1b) of Cu, Zr0.3Al0.7N, Zr0.2Al0.8N and Al34O60N6 films. The
refractive index of Cu film shows the minimum at 600 nm, thereafter it increases with wavelength, where extinction coefficient
increases monotonically in the whole wavelength range. Additionally, the extinction coefficient value of Cu films is much higher than
that of the others. Those results indicate the purely metallic behavior because the Cu film has high absorption in the IR range due to
the phonon collision and free electron absorption. In the case of
Zr0.3Al0.7N film, the increase of refractive index and extinction coefficient indicates the metal-like behavior. For Zr0.2Al0.8N film, refractive index reaches the maximum at the wavelength of 320 nm,
thereafter it decreases. Extinction coefficient decreases monotonically, and the extinction coefficient value is between 0.2 and 1.15
in the whole wavelength range. Those results reveal the intermediate behavior (i.e., between metallic and dielectric). Both refractive
index and extinction coefficient of Al34O60N6 film decrease with
wavelength. The extinction value is almost zero, which displays

Table 1
The detail deposition parameters of Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 coating.
Materials

Target

Ar (sccm)

N2 (sccm)

O2 (sccm)

AIE (keV)

AIC (mA)

ASIE (eV)

ASIC (mA)

Time (min)

4

Al34O60N6

Al

5

2

2.7

100

200

50

15

Zr0.2Al0.8N

Al
Zr

5
5

6

2.7
2.7

100
40

200

50

2.5

Zr0.3Al0.7N

Al
Zr

5
5

6

2.7
2.7

100
60

200

50

13.5

Cu

Cu
Cu

5
5

6

2.7
2.7

100
100

200
0

30
0

10
10

AIE, AIC, ASIE, and ASIC correspond to argon ion energy, argon ion current, assisted ion energy and assisted ion current.
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Fig. 1. Optical constants of Cu, Zr0.3Al0.7N, Zr0.2Al0.8N and Al34O60N6 films.

the dielectric behavior in nature. The low refractive index
contributes to the low front surface reflections (n550 nm = 1.69; R
= 6.6%). It indicates the deposited Al34O60N6 film is a good candidate of anti-reflection layer.
A schematic diagram of the Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6
cermet coating and corresponding to reflectance spectra of theoretical and experimental are displayed in Fig. 2. From bottom to
top, the optimized thickness of Cu, Zr0.3Al0.7N, Zr0.2Al0.8N and Al34O60N6 is 100 nm, 65 nm, 15 nm and 70 nm, respectively. Based on
the optimized results, the Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 cermet coating with approximately optimized thickness was deposited on Si(1 1 1) and glass. From the reflectance spectra of
theoretical and experimental in Fig. 2, we can find that the experiment reflectance agrees well with the theoretical reflectance. The
deposited coatings exhibit low reflectance (<4%) in 450–1200 nm
region (the concentration area of solar radiation energy) and high
reflectance in the wavelength range of 2.5–25 lm (near infrared
and infrared region). The reflectance in the visible region is close
to zero, which is contributed to the instinct absorption of the
double-cermet layer and the destructive interference effects
[6,23]. The change from low to high reflectance abruptly occurred
near 1000 nm. The sharp reflectance transition from solar spectra
to the infrared wavelength range indicates the deposited coatings
have the excellent properties of selective absorbing even at high
temperature. According to the whole reflectance from 300 nm to
28,800 nm, the calculated solar absorptance is 0.953 and the thermal emittance is 0.079 at 400 °C.
The structure of deposited coatings was studied by TEM
method. The thickness of sub-layer is measured in the TEM cross
section of as-deposited coating. The thickness of as-deposited
sub-layer is close to the designed thickness value, particularly for
the Zr0.3Al0.7N and Zr0.2Al0.8N films. The slight deviation of Al34O60-

N6 film between designed and deposited value cause the slight
deviation between theoretical and experimental reflectance in
the wavelength from 250 nm to 2500 nm. Those results indicate
the obtained optical constants is credible deposited process have
high controllability. The SAED image of Zr0.3Al0.7N, Zr0.2Al0.8N and
Al34O60N6 is displayed in Fig. 3b. Table 2 gives a diffraction ring
analysis in terms of the corresponding phase and d-spacing. Three
diffraction roles (r1, r2, r3) can be observed. After measured precisely and calibrated, the measured d-spacing (r1) of 0.2478 nm
can be indexed as h-AlN(0 0 2) reflection (PDF database file 650832). The measured d-spacing from the diffraction role of r2 and
r3 shows that the interplanar distances of d2 (0.2205 nm) and d3
(0.156 nm) are assigned to the panels of c-ZrN(2 0 0) and c-ZrN
(2 2 0) (PDF database file 02-0956). The measured d-spacing deviation the theoretical value is due to the substitution of zirconium
atoms by aluminum atom which has the smaller atom radius than
the atom radius of zirconium [24]. The diffraction role of h-AlN(0 0
2) is diffused and not sharp, which indicates the content of crystalline phase is less and the crystallinity is poor. In order to analyze
the microstructure of single sub-layer, the HRTEM analysis of the
single sub-layer is carried out. The crystalline phase of h-AlN and
c-ZrAlN can be observed in the Zr0.3Al0.7N sub-layer (Fig. 3c). Additionally, a little of amorphous phase can also be noted in the zone
A. For the Zr0.2Al0.8N and Al34O60N6 sub-layer, the amorphous
structure is confirmed in the Fig. 3d. Based on the above results,
the diffraction roles are from the crystalline phase in the Zr0.3Al0.7N sub-layer.
The Gibbs energy of the formation of ZrN at 298 K
(DGhZrN ¼ 344:0 kJ/mol)

[25]

is

lower

than

that

of

AlN

(DGhAlN ¼ 287:0 kJ/mol) [26]. So, the nitrogen atoms arriving at
the substrate surface are inclined to combine with zirconium
atoms and synthesize the ZrN easily. Then, aluminum atom

Fig. 2. Schematic diagram of the Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 absorber coating and corresponding to optimized theoretical and experimental reflectance spectra.
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Fig. 3. The TEM analysis of as-deposited coatings, (a) TEM cross section of Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 coating, (b) SAED image of Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6
layer corresponding to the area in the image of a, (c) HRTEM image of Zr0.3Al0.7N sub-layer, (d) HRTEM image of Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 interface.

Table 2
The detail information of diffraction role for as-deposited Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 coating.
Determination of diffraction rings

Phase calibration

Phase

Ring No.

nm1

Measured d-spacing (nm)

Standard d-spacing (nm)

hkl

Standard phase

r1
r2
r3

4.0217
4.5353
6.4103

0.2486
0.2205
0.1560

0.249
0.229
0.162

(0 0 2)
(2 0 0)
(2 2 0)

h-AlN
c-ZrN
c-ZrN

replaces the zirconium atom to form the Zr1-xAlxN solid solution. In
the case of Zr0.3Al0.7N sub-layer, high zirconium composition is
benefit to the crystal nucleus growth of ZrAlN. The formation of
AlN crystal phase is related to the thermodynamic and kinetic factors. For the thermodynamic factor, the metastable c-AlN and
stable c-ZrN have the same structure. The lattice constant of cAlN and c-ZrN is 0.412 nm (PDF database file 25-1495) and
0.456 nm (PDF database 02-0956). What’s more, the lattice constant of c-ZrAlN decreases due to the zirconium atom is replaced
with aluminum atom, which decreases the mismatch degree further. The c-AlN can be formed on the c-ZrAlN substrate as the
coherent growth due to template effect to decrease the free energy
of system [27]. For the vapor deposition, it is well known that the
most important kinetic factor is the mobility of the deposited particles [28]. Generally, the particles have high mobility in the sur-

h-AlN
c-ZrAlN

face of the heterogeneous material. With the c-AlN thickness
increase, the strain energy increases, which results in the system
free energy increase. The c-AlN does not grow as the coherent
interface, and it transforms into the non-coherent interface. Without the template effect, the metastable c-AlN will transform into
the stable h-AlN [29,30]. The Zr0.3Al0.7N sub-layer is mainly composed of c-ZrAlN and h-AlN with little amorphous. For the Zr0.2Al0.8N sub-layer, the crystal nucleus cannot grow into grain due
to the low content of zirconium atom. The crystallinity of Al34O60N6 is poor. Hence, the sub-layers of Zr0.2Al0.8N and Al34O60N6 are
amorphous.
The annealing experiment was performed in a vacuum ambient
(5.0  102 Pa) using a tubular furnace. Table 3 gives the absorptance and emittance change of the annealed coatings. The absorptance and emittance of the coating after annealing treatment at

Table 3
Effect of annealing temperature and time on absorptance and emittance of Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 coating.
Condition

As-deposited

400 °C 96 h

400 °C 144 h

400 °C 168 h

400 °C 192 h

Absorptance (a)
Emittance (e400 °C)
a/e

0.953
0.079
12.1

0.952
0.078
12.2

0.953
0.080
11.9

0.952
0.077
12.4

0.952
0.074
12.9

Condition

As-deposited

600 °C 96 h

600 °C 144 h

600 °C 168 h

600 °C 192 h

Absorptance (a)
Emittance (e400 °C)
a/e

0.953
0.079
12.1

0.956
0.092
10.4

0.959
0.108
8.88

0.958
0.119
8.05

0.963
0.141
6.86
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Fig. 4. Reflectance spectra of as-deposited and annealed coatings, (a) as-deposited (black solid line) and after (red dashed line) annealing at 400 °C for 192 h, (b) as-deposited
(black solid line) and after (red dashed line) annealing at 600 °C for 192 h. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 5. The TEM analysis of annealed coating, (a) TEM cross section of Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 coatings, (b) SAED image of Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 layer
corresponding to the area in the image of a, (c) HRTEM image of Zr0.3Al0.7N sub-layer, (d) HRTEM image of Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 interface.

400 °C is almost stable. No significant change of reflectance
between as-deposited coating and annealed coating for 192 h at
400 °C is noted in Fig. 4a. Those results indicate the prepared coatings have high thermal stability at 400 °C. In the case of the coating
after annealing treatment at 600 °C, absorptance slightly increases
with time increase, whereas, emittance increases obviously. The
photothermal conversion efficient (a/e) decreases from 12.1 to
6.86. The spectral reflectance below 1500 nm increases slightly
while it decreases above 1500 nm.
The microstructure of coating after annealing at 600 °C for 192
h was investigated by TEM. Fig. 5a shows the TEM cross section of
the coating after annealing at 600 °C. Compared with TEM crosssection of as-deposited coating, the thickness of the Zr0.3Al0.7N,
Zr0.2Al0.8N and Al34O60N6 sub-layer keeps stable, whereas, the
interface become obscure. It indicates the element diffusion is

taken place at the interface. The thickness of Cu infrared layer
become thicker compared to the pristine coating, indicating serious element diffusion between Si(1 1 1) substrate and Cu sublayer. The SAED pattern for as-deposited and annealed coatings
have the same characterization. Table 4 gives a detail information
of phase analysis. For the absorbing and anti-reflection layer
(including Zr0.3Al0.7N, Zr0.2Al0.8N and Al34O60N6 layer), it also
contains h-AlN and c-ZrAlN phase. However, the diffraction role
corresponding to the h-AlN(0 0 2) becomes sharp, concentrated
and brighter (as shown in Fig. 5b). It manifests the h-AlN phase
increases after annealing treatment. To further confirm the
microstructure of sub-layer, the HRTEM analysis was implemented. The Zr0.3Al0.7N sub-layer is mainly composed of h-AlN
and c-ZrAlN with little amorphous (zone A). The Zr0.2Al0.8N
sub-layer consists of amorphous and little c-ZrAlN phase. The
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Table 4
The detail information of diffraction role for Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 coating after annealing treatment for 192 at 600 °C in vacuum.
Determination of diffraction rings
1

Ring No.

nm

r1
r2
r3

4.0541
4.4836
6.3913

Phase calibration

Phase

Measured d-spacing (nm)

Standard d-spacing (nm)

hkl

Standard phase

0.2467
0.2230
0.1565

0.248
0.229
0.162

(0 0 2)
(2 0 0)
(2 2 0)

h-AlN
c-ZrN
c-ZrN

h-AlN
c-ZrAlN

Fig. 6. Depth profile of as-deposited and annealed Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 coatings, (a) as-deposited, (b) annealing treatment at 600 °C for 192 h.

Al34O60N6 anti-reflection layer is amorphous. From above results
and analysis, we can confirm that h-AlN phase increases in Zr0.3Al0.7N sub-layer.
The element distribution of as-deposited and annealed coating
was analyzed by AES. For element distribution of as-deposited
(As shown in Fig. 6a), the sub-layer can be distinguished clearly.
Around interface, the atom concentration rises or drops sharply.
After annealing treatment at 600 °C for 192 h (as shown in
Fig. 6b), the sub-layer of Cu, Zr0.3Al0.7N, Zr0.2Al0.8N and Al34O60N6
can also be found correspondingly, whereas, the change of atom
concentration at interface become gently (see the shaded zone in
Fig. 6b). It is noteworthy that nitrogen element in the Zr0.3Al0.7N
films diffuses toward Cu and Zr0.2Al0.8N sub-layer terrible. The diffusion between and Si(1 1 1) and Cu sub-layer is also serious.
In the Me-Al-N system (Me = Ti, Zr and Hf and so on), the MeAlN
is metastable phase. Annealing treatment at high temperature, the

c-ZrAlN phase will transform into the stable phases c-ZrN and
metastable phase c-AlN by spinodal decomposition initially [31–
35]. Then, the metastable phase of c-AlN will transform into the
stable phase h-AlN finally [32]. During this process, the Al-N bond
will break, which results in the escape and loss of nitrogen atom
[36]. A schematic illustration of the c-AlN formation after annealing treatment at 600 °C for 192 h is showed in Fig. 7. The escaped
nitrogen atoms can diffuse easily along to the grain boundary
[37,38]. Those factors cause the serious diffusion of nitrogen atoms.
In the case of the Zr0.2Al0.8N sub-layer, the c-ZrAlN phase is little,
additionally, amorphous at the interface can suppress the process
of spinodal decomposition [39]. There is a serious diffusion
between copper and silicon due to the low active energy of diffusion (0.43 eV) and interstitial diffusion [40,41]. The diffusion coefficient between copper and silicon is high. Additionally, high
temperature accelerates the diffusion process. Those factors lead

Fig. 7. Schematic illustration of the AlN formation after annealing treatment at 600 °C for 192 h.
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to the serious diffusion between copper and silicon. Based on the
knowledge of solid state physics, the infrared reflectance is
positively correlated with the number of free electrons. The Cu3Si,
Cu5Si and Cu15Si4 compound will be formed during the diffusion
process between copper and silicon [42,43], which will decrease
the number of free electrons. It decreases the infrared reflection
and increases the emittance of coatings.

[15]

[16]

[17]

4. Conclusion
The high-performance Cu/Zr0.3Al0.7N/Zr0.2Al0.8N/Al34O60N6 cermet coating has been successfully prepared by ion beam assisted
deposition. The experimentally deposited coating achieves the
high absorptance of 0.953 and the low emittance of 0.079 at 400
°C. Annealing experiment at 400 °C in vacuum indicates the deposited coating exhibits the excellent thermal stability. After annealing treatment at 600 °C, the photothermal conversion efficient
decrease from 12.1 to 6.86 owing to the emittance increase. The
spinodal decomposition of the metastable c-ZrAlN phase in the
Zr0.3Al0.7N sub layer and the phase transition from c-AlN to h-AlN
contribute to the nitrogen diffusion, which leads to the composition of the Zr0.3Al0.7N sub-layer deviates the initial design after
annealing treatment. Additionally, the serious diffusion between
copper and silicon substrate also increases the emittance of coating. The phenomenon that nitrogen diffusion is caused by spinodal
decomposition and phase transition is a valuable discovery for the
thermal-stability improvement of cermet-based solar selective
absorbing coatings.
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