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Abstract: AlMoON based solar selective absorption coatings were deposited on stainless steel substrate 
by magnetron sputtering. The coatings included infrared reflection layer Mo, absorption layer AlMoN, 
absorption layer AlMoON and antireflection layer AlMoO from bottom to top. The surface of the deposited 
coatings is flat without obvious defects. The absorptivity and emissivity are 0.896 and 0.09, respectively, and 
the quality factor is 9.96. After heat treatment at 500 ℃-36 h, the surface roughness of the coating increases, a 
small number of cracks and other defects appear, and the broken part is still attached to the coating surface. A 
certain degree of element diffusion occurs in the coatings, resulting in the decline of the optical properties of the 
coatings. The absorptivity and emissivity are 0.883 and 0.131, respectively, the quality factor is 7.06, and the PC 
value is 0.0335. The coatings do not fail under this condition and have certain thermal stability.
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1	 Introduction

As the core component of concentrating solar 
power (CSP), solar selective absorption coatings can 
convert solar energy into heat energy, so as to realize 
light thermal power generation[1-3]. The solar selective 
absorption coatings have characteristics that are high 
absorptivity (α) in solar radiation range (0.3-2.5 μm) 
and low emissivity (ε) in infrared range (2.5-25 μm)[4].
At present, thin film coatings are mainly prepared by 
physical vapor deposition, such as magnetron sput-
tering and multi arc ion plating[5,6]. Ceramic coatings 
prepared by physical vapor deposition are widely used 
in the field of photothermal conversion, and show ex-

cellent thermal stability in medium and high tempera-
ture environment[7], such as Mo[8-11], Al[12-18], Cr[19-23], 
Ti[24-26], and prepared coatings show excellent optical 
properties. For example, the absorptivity and emissiv-
ity of Mo-SiO2

[9] coatings at 400 ℃ are 0.95 and 0.15, 
respectively. And the absorptivity and emissivity of the 
as-deposited AlCrON-based coatings[23] are 0.90 and 
0.2, respectively. The performance of the coatings de-
clined after heat treatment at 500 ℃-1 000 h[23], and the 
absorptivity and emissivity are 0.92 and 0.14, respec-
tively.

In order to effectively improve the selective ab-
sorption performance of the coatings to solar energy, 
the solar selective absorption coatings are gradually de-
veloping towards to the direction of multi-layer struc-
ture. Guided by the double interference absorption the-
ory[27-29], the solar selective absorption coatings mainly 
include antireflection layer, absorption layer and infra-
red reflection layer from the surface to the substrate. 
According to the previous research, transition metals 
and their nitride or oxynitride nanoparticles will have 
a diffusion effect at high temperature, which leads to a 
certain decline in the optical properties of the coatings, 
and the columnar structure inside the coatings is condu-
cive to the diffusion behavior of elements[30]. Miao Du, 
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et al[31] had prepared a TiAlON-based solar selective 
absorption coatings, and found that O2 would diffuse 
with the AlTiN layer, resulting in the formation of an 
AlTiON films, and the optical properties of the coatings 
have decreased accordingly. Jyothi et al[32] had prepared 
the TiAlC/TiAlCN/TiAlSiCN/TiAlSiCO/TiAlSiO tan-
dem absorber, and coatings remain thermally stable 
properties for up to 400 hours at 325 ℃. According to 
the multilayer structure of the above-mentioned coat-
ings, Wang[33] had proposed a approach to deal with the 
above problems, using the method of multi-arc ion plat-
ing to prepare the Cr/AlCrN/AlCrON/AlCrO multilayer 
selective absorption coatings in series, and designed the 
absorption layer with metal element concentration gra-
dient. The absorptivity and emissivity of the coatings 
are 0.919 and 0.128, respectively. After heat treatment 
at 550 ℃ for 2 000 h under vacuum, the absorptivity 
and emissivity are 0.928 and 0.105, respectively. The 
excellent thermal stability of the coatings demonstrate 
the feasibility of this approach.

Mo based coatings have been widely used in var-
ious fields[34]. The semiconductor nature of metal Mo 
provides a theoretical basis for its absorption of solar 
spectrum. According to the preparing methods of coat-
ings and the similarity between Mo and Cr elements, 
Mo/AlMoN/AlMoON/AlMoO solar selective absorp-
tion coatings were deposited on stainless steel by mag-
netron sputtering in this research. In this multi-coat-
ings, the Mo is IR reflector layer, AlMoN and AlMoON 
are absorber layer, and AlMoO is the anti-reflective 
layer. The structure of the coatings is shown in Fig.1. 

Most of the coatings prepared by magnetron sputtering 
are amorphous, which can avoid the irregular agglom-
eration of nanoparticles inside the coatings, and will 
beneficial to the improvement of the optical properties 
of the coatings. Due to the properties of Al and Mo, 
the thermal stability of the coatings is also further im-
proved. The prepared coatings were heat treated under 
different conditions in atmospheric environment to 
evaluate the thermal stability. 

2	 Experimental

AlMoON based solar selective absorption coat-
ings are deposited on stainless steel (25 mm×50 mm× 
0.8 mm) by magnetron sputtering. The structure of 
coatings are infrared reflection layer Mo, absorption 
layer AlMoN (HMVF), absorption layer AlMoON 
(LMVF) and antireflection layer AlMoO from bottom 
to top. Before depositing the coatings, the stainless 
steel substrate are ultrasonically cleaned by acetone, 
absolute ethanol and deionized water for 15 minutes. 
After cleaning, the substrate is dried and put into the 
sputtering equipment. The metal Mo target and metal 
Al target with purity of 99.99% are fixed on two DC 
power supplies respectively, and the vacuum chamber 
is vacuumized. When the vacuum reaches 10-4 Pa, the 
coatings begin to deposit. The different thicknesses 
of each single-layer structure of the coatings prepared 
under certain experimental parameters are optimized 
by orthogonal test. By comparing the optical properties 
of the coatings under different thicknesses of each sin-
gle-layer structure, the thickness of each layer structure 
of the coatings with the best optical performance is se-
lected as the final thickness parameter of the coatings. 
The final thickness of each layer structure is Mo infra-
red reflection layer 40 nm, AlMoN absorption layer 60 
nm, AlMoON absorption layer 60 nm, AlMoO antire-
flection layer 60 nm. The experimental parameters are 
listed in Table 1.

The high temperature stability test of AlMoON 
based solar selective absorption coatings were carried 

Table 1  Preparation parameters of AlMoON based solar selective absorption coating

Layer Power/W
Gas flow/sccm

Thickness/nm Sputtering method
Ar N2 O2

Mo 60 150 0 0 40

DC power
AlMoN Mo:40, Al:60 120 30 0 60

AlMoON Mo:40, Al:60 110 30 10 60

AlMoO Mo:40, Al:60 140 0 10 60

Fig.1	 Structure diagram of AlMoON based solar selective 
absorption coating
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out in atmospheric environment. The muffle furnace is 
used to heat treat the coatings at a heating rate of 5 ℃/
min. After a period of heat preservation process, it is 
cooled with the furnace. The experimental temperature 
parameters of high temperature heat treatment are 300, 
400, and 500 ℃ respectively. Three quantities of 12, 
24, and 36 h are set under each temperature parameter. 
The performance of the coatings after heat treatment 
under different conditions is evaluated, and finally a 
conclusion is drawn. 

The deposited coatings and the coatings after heat 
treatment under different conditions were character-
ized. XRD and XPS were used to analyze the phase of 
the coatings before and after heat treatment. SEM and 
EDS were used to characterize the surface morphology 
and element proportion of the coatings before and after 
heat treatment. Al Ka X-ray (hv=1 486.6 eV) is used in 
this XPS test, and the energy analysis range is 0-1 400 
eV, and the coatings are etched by Ar+. Regarding the 
correction of charge, Greczynski G and Hultman L[35-37]

found that the binding energy of the C 1s peak of the 
amorphous carbon was related to the work function of 
the sample(ΦSA), and the sum of EB

F+ΦSA was con-
stant at 289.58±0.14 eV. The ΦSA of CrAlN and TiAlN 
was range from 4.37 to 4.72 eV[38]. According to the 
preparing methods of coatings and proper references 
for materials[39-44], the ΦSA of the deposited coatings in 
this study was selected to be 4.55±0.18 eV, therefore 
the carbon peak (C 1s) at 284.95 eV was used to cor-
rect the charge shift. Evolutions in microstructure of 
the coatings was observed by a focused ion beam-scan 
electron microscopy (FIB-SEM, FEI Scios 2 HiVac). 
FIB samples were observed by transmission electron 
microscopy (TEM). The point-line resolution of the 
coatings was 0.24 nm, which can be used to mapping 
the distribution of elements for different layers. UV-
Vis-NIR spectrophotometer and Fourier infrared spec-
trophotometer were used to measure the reflectivity of 
the coatings at 0.3-25 μm[33]. According to the Kirch-

hoff's thermal radiation law[45,46], the absorptivity (α) 
and emissivity (ε) of the coatings can be obtained by 
integrating the measured reflectivity. The calculation 
formulas are shown as follows,

0 0

0 0
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( , ) ( , )[1 ( , )] / ( , )

d A r d A

T d E T r d E T

a       

       

∞ ∞

∞ ∞

= −

= −

∫

∫

∫

∫

where, θ is the incident angle of light, λ is the wave-
length, T is the test temperature, and A(λ) and E(λ,T).
They are the energy density of solar radiation and 
blackbody radiation respectively.

The PC value is used to evaluate the coatings 
performance after heat treatment[22,23]. The PC value 
reflects the changes of optical properties of the coatings 
caused by the changes of absorptivity (α) and emissivi-
ty (ε) caused by high temperature. The specific calcula-
tion formula shown is shown as follows,

PC = -∆α + 0.5∆ε

where, ∆α=αHigh temperature-αAs-deposition, ∆ε=εHigh temperature- 
εAs-deposition. When the PC value is greater than 0.05, the 
coating failure can be determined, and the correspond-
ing high-temperature treatment time is the service life 
of the coatings.

3	 Results and discussion

3.1	 Optical properties
The reflectivity curve of the coating before and 

after heat treatment was measured, and the results are 
shown in Fig.2. It can be seen from it that the reflec-
tance curve of the coating after atmospheric environ-
ment heat treatment at three different temperatures 
has a certain degree of red shift within the visible light 
range, and the minimum reflectivity appears in the 
range of 1-2 μm, which is greatly reduced compared 
with the deposited coating, but the reflectivity has in-
creased to a certain extent in the range of 0.3-1 μm. It 

Fig.2	 Reflection spectra of AlMoON based solar selective absorption coating after heat treatment at different temperatures in atmospheric 
environment: (a) 300 ℃; (b) 400 ℃; (c) 500 ℃
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may be that high-temperature heat treatment increases 
the crystallization degree of compounds in the coating, 
resulting in the increase of the scattering degree of 
light transmitted into the coating, which improves the 
absorption of the coating in the visible light band to a 
certain extent. In the infrared band, after heat treatment 
at 300 and 400 ℃, the reflectivity curve of the coating 
does not change obviously, and the emissivity of the 
coating does not change obviously. After heat treatment 
at 500 ℃, the reflectivity curve of the coating decreases 
obviously, and the emissivity of the coating increases.

The optical properties of the deposited coating 
and the coating after heat treatment under different 
conditions are listed in Table 2. It can be seen from the 
table that after heat treatment in 300 ℃ atmospheric 
environment, the absorption rate of the coating contin-
ues to rise, reaching 0.904 when treated for 36 h, while 
the emissivity fluctuates during the treatment, which is 
basically the same as that of the deposited coating, with 
the lowest being 0.08 when treated for 36 h. At this 
time, the quality factor also reaches the maximum value 
of 11.3. After heat treatment at 400 ℃ for 12 h, the ab-
sorption rate of the coating continues to rise, reaching 
0.907 and the emissivity is 0.09, which is the same as 
that of the deposited coating. When the treatment time 
exceeds 12 h, the absorption rate of the coating shows 
a downward trend and the emissivity begins to rise. 
When the heat treatment temperature is 500 ℃, the op-
tical properties of the coating continue to decline with 
the extension of the treatment time. When the treatment 
time is 36h, the absorptivity of the coating decreases to 
0.883, the emissivity increases to 0.131, and the quality 
factor decreases to the lowest, which is 6.74. The PC 

value is introduced to evaluate the performance of the 
coatings[22,23], according to the definition of PC value, 
when the calculated PC value of the coating is greater 
than 0.05, the coating failure can be determined. It can 
be seen from the data in Table 2 that the coating has not 
failed after heat treatment under different experimen-
tal conditions, indicating that the coating has certain 
high-temperature stability[47].
3.2	 Morphology analysis 

Fig.3 shows the surface topography of the as-de-
posited coating and the coating after heat treatment 
under different conditions. Fig.3(a) shows the surface 
morphology of the deposited coating. From the fig-
ure, it can be seen that the coating surface is relatively 
flat, the particle size is relatively uniform, there is no 
obvious bulge and defects such as holes, cracks and ir-
regular agglomeration of grains are observed. Fig.3(b) 
shows the surface morphology of the coating after 
heat treatment at 300 ℃-36 h. Compared with coating 
surface, the coating surface after heat treatment at 300 
℃-36 h is still relatively flat without obvious holes, 
cracks and other defects, but the roughness increases, 
which may be due to the increase of crystallization de-
gree of surface materials after heat treatment and slight 
agglomeration, resulting in the increase of particle size 
and visual roughness of the coating surface. Fig.3(c) 
shows the surface morphology of the coating after heat 
treatment at 400 ℃-36 h. From the figure, it can be ob-
served that the agglomeration of similar grains on the 
coating surface is more obvious, and slight cracks ap-
pear on the coating surface. These cracks can provide 
a channel for air to enter the interior of the coating and 
accelerate the oxidation of components in the coating, 
which may be the direct reason for the decline of the 

Table 2	 Optical properties of AlMoON based solar selective 
absorption coating

As-deposited 12 h 24 h 36 h

300 ℃

α 0.896 0.899 0.901 0.904

ε 0.09 0.102 0.100 0.08

α/ε 9.96 8.81 9.01 11.3

PC 0 0.003 0 -0.013

400 ℃

α 0.896 0.907 0.897 0.892

ε 0.09 0.09 0.114 0.113

α/ε 9.96 10.08 7.87 7.89

PC 0 -0.011 0.011 0.015 5

500 ℃

α 0.896 0.893 0.886 0.883

ε 0.09 0.116 0.124 0.131

α/ε 9.96 7.70 7.15 6.74

PC 0 0.016 0.027 0.033 5

Fig.3	 Surface morphology of AlMoON based solar selective 
absorption coating after heat treatment at different 
temperatures：(a) AS-deposited; (b) 300 ℃-36 h; (c) 400 ℃- 
36 h; (d) 500 ℃-36 h
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optical properties of the coating after heat treatment at 
400 ℃-36 h. Fig.3(d) shows the surface morphology 
of the coatings after heat treatment at 500 ℃-36 h. It 
is observed that there is a slight fracture on the coating 
surface at this time, and a small amount of blocks are 
attached to the coating surface. It is speculated that the 
fracture on the coating surface may be caused by high 
temperature, and the cracked coating continues to ad-
here to the coating surface. Because the coating surface 
is AlMoO antireflection layer, the slight fracture of 
the antireflection layer leads to a sharp increase in the 
emissivity of the coating, which leads to the decline of 
optical properties.

Fig.4 shows the cross-sectional EDS spectra of 
the as-deposited coating and the coating after heat 
treatment at 500 ℃-36 h. According to the comparison 
of Figs.4(a) and 4(b), when the thickness is 0-25 nm, 
the content of Mo in the coating after heat treatment 
is at the same level as that in the as-deposited coating. 
When the thickness exceeds 25 nm, the content of Mo 
begins to decrease, Al and N elements appear in the 
infrared reflection layer, and the existence of O element 
is also detected at the end of AlMoN absorption layer. 
According to the sputtering thickness of each layer, 
in the range of 190-250 nm the coating is antireflec-
tion layer AlMoO, but the presence of N element was 
detected in the range of 200-220 nm. It indicated that 
after heat treatment, the elements between adjacent 
layers had a certain diffusion, resulting in the content 
of different elements in each functional layer changed, 
resulting in a certain decline in the optical properties of 
the coatings.
3.3	 Phase analysis

Fig.5 depicts the XRD patterns of the as-depos-
ited and after heat treatment coatings. Using single 
crystal silicon as the coating substrate in XRD char-
acterization, there are Si diffraction peaks in the XRD 
spectra of the coating. Except for the diffraction peak 

of substrate Si, the deposited coating only appears 
weak diffraction at 2θ=40° and 2θ=66°, which are met-
al Mo and metal Al, respectively. After heat treatment 
at 300 ℃-36 h, in addition to the existing diffraction 
peaks of metal Mo and metal Al, there is a weak Al2O3 
diffraction peak at 2θ=26° and 2θ=53° and AlN dif-
fraction peak appears at 2θ=59°, MoO3 diffraction peak 
appears at 2θ=16°, the intensity of diffraction peaks are 
weak. With the increase of heat treatment temperature, 
the weak diffraction peak of the coating after heat treat-
ment at 300 ℃ increases gradually. In addition, MoN 
diffraction peak appears at 2θ=28° and AlN diffraction 
peak appears at 2θ=36°. With the increase of heat treat-
ment temperature, the crystallinity of the substances 
present in the coating gradually increases, this may be 
the main reason for the above phenomenon. It may also 
be that with the increase of heat treatment tempera-
ture, defects appear on the coating surface, resulting in 
high-temperature air penetrating into the coating from 
the defects on the coating surface, accelerating the oxi-
dation inside the coating and increasing the proportion 
of nitrogen oxide content inside the coating.
3.4	 TEM analysis

Fig.6 shows TEM bright field images of the cross 
section of the multi-layer AlMoON based solar selec-
tive absorption coating. According to Fig.6(a), the four 

Fig.4  EDS line scan analysis of coating section: (a) As-deposited; (b) 500 ℃-36 h

Fig.5	 XRD patterns of multilayer coatings before and after heat 
treatment
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layers of the coating can be distinguished. The inter-
face of the coating layer is clear, and the stratification 
phenomenon in the Mo layer, AlMoN and AlMoO layer 
are obvious, while the changes of the AlMoON layer 
is not obvious. At the same time, the diffraction rings 
in selected diffraction spots are incomplete, and obvi-
ous single crystal spots can be seen in some locations, 
which indicates that the number of crystal phases in the 
coating increases. In order to quantitatively analyze the 
diffraction rings in the microregion, PASAD (profile 
analysis of the selected area electron diffraction pat-
tern) script in Digital Micrograph software was used to 
analyze the diffraction ring. The selected area electron 
diffraction pattern was obtained from cross section of 
coating, suggesting the introduction of AlN, MoO3 and 
Al2O3 phases. In the SAED pattern, as shown in Fig.6b, 
the diffraction rings were indexed characteristic (020) 
plane of MoO3, (110) and (220) planes of Al2O3, (002) 
plane of AlN, and (002) plane of MoN, which was in 
agreement with XRD results.

Due to the difference in the composition of dif-
ferent layers, atomic diffusion or reaction may occur 
between the layers during heat treatment[48]. Fig.7 shows 
element distribution diagram of the cross section of the 
AlMoON based solar selective absorption coating for 
multiple absorption layers. After heat treatment, the 
composition distribution in the coating is relatively uni-
form, without element segregation and enrichment, but 
the interface area of the layer becomes wider. After heat 
treatment, O element diffuses from the higher content 
of AlMoON layer to the inner absorption layer, and N 
element also diffuses from the higher content of AlMoN 
layer to the AlMoON layer and Mo layer on both sides 
of the layers. However, Mo element in the infrared re-
flector does not diffuse to the absorption layer.
3.5	 XPS analysis

The Mo 3d, Al 2p, N 1s and O 1s XPS spectra of 
coating after high temperature heat treatment at 500 
℃-36 h are shown in Figs.8-10. The standard binding 
energy of C 1s is 284.95 eV to calibrate the binding 
energy of other elements measured in this experi-
ment[39-44]. According to the analysis and fitting, the 
binding energy of Mo 3d is 229.43, 232.18, 232.78, 
and 235.53 eV in AlMoN layer, the binding energy of 
Mo 3d is 229.63, 232.18, 232.93, and 235.53 eV in 
AlMoON layer, the binding energy of Mo 3d is 233.34 
and 236.51 eV in AlMoO layer, and the Mo element 
mainly exists in the form of Mo6+, Mo4+, and Mo3+ in 
the whole coating. The binding energy of Al 2p is 74.84 
eV in AlMoN layer, the binding energies of Al 2p are 
74.84 and 75.24 eV in the AlMoON layer, the binding 

Fig.8  XPS spectra of elements on the surface of AlMoN layer after heat treatment at 500 ℃-36 h: (a)Mo 3d; (b)Al 2p; (c)N 1s

Fig.6	 TEM images of AlMoON based solar selective absorption 
coating: (a) Bright-field TEM image; (b) Electron diffraction 
(SAED) image

Fig.7  EDS maps of the distribution of Al, Mo, N and O in AlMoON based solar selective absorption coating
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energy of Al 2p is 75.24 eV in the AlMoO layer. The 
binding energies of N 1s are mainly 395.44 and 398.43 
eV, and that of O 1s are mainly 531.18 and 532.64 eV. 
They combine with metal Mo and metal Al to form 
Mo-N bond, Mo-O bond, Al-N bond, and Al-O bond. 
According to the inorganic elements (N and O) con-
tained in each layer, the main components in AlMoN 
layer are MoN and AlN, the main components in Al-
MoON layer are MoO3, MoN, Al2O3 and AlN, and the 
main components in AlMoO layer are MoO3 and Al2O3. 

Combined with the XRD and XPS spectra of the 
AlMoON based solar selective absorption coating af-
ter heat treatment in the atmospheric environment, in 
addition to the infrared reflective layer metal Mo, the 
coating after high temperature heat treatment mainly 

contains MoO3, MoN, Al2O3, AlN, and other crystal-
line compounds. Compared with the XRD spectrum of 
the deposited AlMoON based solar selective absorp-
tion coating, the crystallinity of Al2O3, AlN and other 
compounds of MoO3 and MoN increased, and obvious 
diffraction peaks of corresponding substances could be 
observed on the XRD spectrum. This is consistent with 
the above phenomenon[30], that is, with the increase of 
heat treatment temperature, the crystallinity of compo-
nents in the coating gradually increases, and nanopar-
ticles will diffuse into the coating with the crystalline 
coating components, resulting in the attenuation of 
optical properties of the coating. Due to the addition of 
metal aluminum and the related properties of aluminum 
elements in the coating components, the coating has a 

Fig.9  XPS spectra of elements on the surface of AlMoON layer after heat treatment at 500 ℃-36 h: (a) Mo 3d; (b) Al 2p; (c) N 1s; (d) O 1s

Fig.10  XPS spectra of elements on the surface of AlMoO layer after heat treatment at 500 ℃-36 h: (a) Mo 3d; (b) Al 2p; (c) O 1s
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certain thermal stability. After heat treatment under dif-
ferent conditions, the coating still did not fail.

4	 Conclusions

AlMoON based solar selective absorption coat-
ings were prepared by magnetron sputtering. The ab-
sorptivity and emissivity of the deposited AlMoON 
based solar selective absorption coatings were 0.896 
and 0.09 respectively, and the quality factor was 9.96. 
After heat treatment under different conditions, the 
optical properties of the coatings did not change sig-
nificantly, and the coatings have not failed. By element 
proportion analysis, a certain degree of element diffu-
sion occurs in the coatings, resulting in the decline of 
the optical properties of the coatings. The absorptivity 
and emissivity are 0.883 and 0.131 respectively, the 
quality factor is 7.06 and the PC value is 0.0335. The 
coatings do not fail under this condition and has certain 
thermal stability. With the increase of heat treatment 
temperature and time, the crystallization degree of 
amorphous MoO3, MoN, Al2O3, and AlN of the coat-
ingS increase gradually. In summary, due to the thermal 
stability, the AlMoON based coatingS could be applied 
for solar photo-thermal conversion at high temperature, 
especially for concentrating solar power. In summary, 
due to the sound thermal stability, the AlMoON-based 
coatings could be applied for solar photo-thermal con-
version at high temperature, especially for concentrat-
ing solar power. 
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