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a b s t r a c t

In this study, a solar spectral selective absorbing coating of SS–(Fe3O4)/Mo/TiZrN/TiZrON/SiON exhibiting
an absorptance of 0.95 and an emittance of 0.08 at 80 1C is reported. The structure and morphology of
each layer were investigated by X-ray and Fourier transform infrared spectroscopic analyses. After heat
treatment at 500 1C for 300 h in vacuum, the values of absorptance and emittance became 0.92 and 0.10
(at 80 1C), respectively. Moreover root mean square roughness of the coating measured by atomic force
microscopy increased to 8.14 nm from 4.79 nm, indicating good thermal stability at 500 1C.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, less expensive transition metal/transition
metal alloy nitride/nitro-oxides, such as NbN, TiON, and TiMON
(M represents metal), have attracted significant attention as stable
absorbing layer in high-temperature solar selective absorbing
coatings for parabolic trough concentrated solar power (CSP)
photo-thermal conversion [1–5]. Highly absorbing metal–dielec-
tric composite coatings, or cermet, consist of fine metal particles in
a dielectric or ceramic matrix. However, fine metal particles can
easily diffuse, congregate, or oxidize, in particular, in high tem-
perature applications [6]. It causes deterioration in the optical
properties of the coating at high temperature. Extensive research
efforts have been devoted to binary or ternary transition metal
alloy nitride/nitro-oxides because of their efficient performance in
diffusion barrier and high temperature oxidation resistance [7–10].
Panjan et al. [9] showed that the oxidation resistance of both
Cr0.72Ti0.28N and TiN/CrN multilayer coatings was better than that
of single CrN or TiN layers, respectively. Previously, we reported
Nb–NbN solar selective absorbing coating with good spectral
selectivity and thermal stability [2]. For further improving the
high temperature stability, NbTiON solar selective absorbing coat-
ing with high absorptance (0.95), low emittance (0.07), and good
thermal stability at 500 1C in vacuum was deposited [3]. In this

study, NbTi alloy was substituted by TiZr to design a coating with
the following film structure: SS–(Fe3O4)/Mo/TiZrN/TiZrON/SiON.
SS–(Fe3O4) is the substrate with surface oxidation (Fe3O4) of
stainless steel (SS) piece. The Mo layer acted as infrared reflective
layer and SiON layer acted as the antireflective layer. The TiZrN and
TiZrON layers acted as double absorbing layers. Moreover, the
TiZrN layer acted as diffusion barrier between SS substrate and
absorbing layer. The TiZrON layer incorporating TiZrN layer played
a significant role in the destructive interference to enhance
absorbance. In practice, it has been reported that TiZrN, TiN, and
ZrN films have high hardness, high thermal and chemical stability,
and low electrical resistivity [10–12]. In this study, the spectral
properties (absorptance and emittance), microstructure, and ther-
mal stability of SS–(Fe3O4)/Mo/TiZrN/TiZrON/SiON coating were
investigated.

2. Experiment details

The coating was deposited on SS substrates (dimensions
30 mm�30 mm) by a JGP350C reactive DC/RF magnetron sputter-
ing system with multi-target arrangement. The SS substrates were
heated in air at 700 1C for 30 min to produce Fe3O4 layer after
cleaning to avoid interface diffusion between SS and Mo layers by
oxidation of the substrate surface. The purity, diameter and
thickness of the Mo, TiZr and SiN targets are 99.99%, 60 mm and
4 mm, respectively. The infrared reflective Mo layer was deposited
by a DC magnetron sputtering method. TiZrN and TiZrON layers
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were deposited at room temperature using Ti–Zr (1:1, at%) alloy
target with different O2/N2 gas flow rates by DC magnetron
sputtering. The TiZrN layer was deposited at a nitrogen flow rate
of 10 sccm. For TiZrON layer, the flow rates for O2 and N2 gases
were 5 and 10 sccm, respectively. SiON layer was deposited using
RF power with SiN target at the O2/N2 gas flowing rate of 1/10. The
sputtering pressure and flow rate of argon gas were kept constant
for all the layers, at 0.5 Pa and 80 sccm, respectively.

The reflective spectra R(λ) were measured by a UVPC3100
spectrophotometer in the wavelength range of 0.2–2.6 μm and
Bruker Tensor 27 spectrometer in the range of 2.6–25 μm. The
UVPC3100 was equipped with an integrating sphere coated with
barium sulfate; this instrument is divided into two spectral ranges
from 0.2 to 0.8 and 0.8 to 2.6 μmwith the source of deuterium and
tungsten lamps. The Bruker Tensor 27 is a type of Fourier Trans-
form Infrared Reflectance (FTIR) spectrometer equipped with an
integrating sphere coated with gold. The total solar absorptance
(αs) calculated with a normal angle of incidence is a weighted
average, obtained by using the solar spectral radiation (Is(λ, T)), as
shown in the following equation:

αs ¼
R λ2 ¼ 2:5
λ1 ¼ 0:3 ð1�RðλÞÞIsðλÞdλ

R λ2 ¼ 2:5
λ1 ¼ 0:3 IsðλÞdλ

ð1Þ

where R(λ) is the measured reflectance at a specific wavelength λ,
and Is(λ) is the solar spectra irradiation. The nearly normal
emittance was measured by a NEM-80 normal emittance tester
at 80 1C, a normal emissivity measuring instrument based on
comparing between sample's radiation and blackbody's radiation
at the same temperature (80 1C) to obtain the normal emittance
of the sample [13]. Absorptance and emittance depend on the
operating temperature. The solar absorptivity is expected to
change a little at higher temperatures. In contrast, the thermal
emissivity at different temperatures is strongly dependent on the
position and sharpness of the cut-off edge from low reflectivity to
high reflectivity at the operating temperature:

εt ¼
R λ4 ¼ 100
λ3 ¼ 0:3 ð1�RðλÞÞIbðλ; TÞdλ

R λ4 ¼ 100
λ3 ¼ 0:3 Ibðλ; TÞdλ

For the measurement of thickness, first the deposition rate was
obtained by preparing a thick single layer separately and measur-
ing the thickness by a VEECO dektak 6M type α-step profilometer.
Finally, the thickness of each layer in the multilayer films was
determined by the deposition rate and deposition time. The phase
formation and crystal structure of the films were determined by
X-ray diffraction (XRD) analysis using a Dmax diffractometer. The
AVATAR Fourier Transform Infrared spectroscopy (FTIR) was used
to characterize the composition of amorphous SiON layer. Surface
images of the as-deposited and annealed samples were obtained
using AFM (CSPM400, BenYuan Ltd.) in the contact mode. To test

the thermal stability, the coatings deposited on SS substrates were
heated twice at 500 1C for a long period in vacuum.

3. Results and discussion

3.1. Spectral properties

The absorptance, emittance and solar selectivity values for the
layer-added films of SS–(Fe3O4), SS–(Fe3O4)/Mo, SS–(Fe3O4)/Mo/
TiZrN, SS–(Fe3O4)/Mo/TiZrN/TiZrON and SS–(Fe3O4)Mo/TiZrN/TiZ-
rON/SiON are listed in Table 1. Results obtained using SS substrate
are provided for comparison. The SS–(Fe3O4)/Mo/TiZrN/TiZrON/
SiON coating exhibited a high absorptance (α) of 0.95 and a low
emittance (ε) of 0.08. The method employed for optimization of
the double absorbing layers ( TiZrN and TiZrON) was similar to
that for the two NbTiON sublayers [3].The thickness of Mo and
antireflective layers was obtained from previous studies [3,14].
The optimized thicknesses of Mo, TiZrN, TiZrON, and SiON layers
were 200, 100, 30 and 65 nm, respectively. The solar radiation was
mainly absorbed through two methods: intrinsic absorption
and interference absorption. The TiZrN absorbing layer provided
the maximum contribution to the absorbance through intrinsic
absorption; however, it led to an increase in the emittance. The
destructive interference between TiZrN and TiZrON layers led to a
further increase in absorbance. Moreover, presence of the SiON
layer further increased the solar absorbance due to the antire-
flective effect. The Mo infrared reflective metal layer exhibited a
low emittance of 0.05. The reflective spectra of the layer-added
film samples are shown in Fig. 1, and the results correspond to the
data listed in Table 1.

3.2. Structural characterization

XRD and FTIR analyses were used to determine the phase
structure of each layer. Fig. 2a shows the peaks corresponding to
SS–(Fe,C), Fe3O4 and Mo in SS–(Fe3O4)/Mo. A 500 nm thick TiZrN
layer was deposited on a glass substrate for XRD analysis. The
peaks corresponding to TiN and Zr2N are observed in the XRD
pattern (Fig. 2b) indicating that the obtained TiZrN layer consists
of TiN and Zr2N phases. Therefore, it can be assumed that the
TiZrN layer is a mixture of TiN and Zr2N aiding in diffusion barrier
application [11].

The TiZrON and SiON layers did not exhibit any XRD peak,
indicating their amorphous nature. A 350 nm thick SiON layer was
deposited on Si substrate to comply with the FTIR characterization.
Fig. 3 shows the superposition and fitting of the FTIR spectrum of
the SiON layer. The strongest absorption peaks at 1060 cm�1 and
890 cm�1 are attributed to Si–O in SiO2 and Si–N in Si3N4,
respectively [15]. Therefore, the presence of SiO2 and Si3N4 phases
could be suspected, even in the case of amorphous structure.

Table 1
The absorptance, emittance and solar spectral selectivity (α/ε) of the layer-added film samples before and after heat-treatment at 500 1C.

Samples Solar spectral selectivity α/ε

As-deposited Annealed Δα/Δε

SS substrate 0.36/0.10¼3.6 – –

SS–(Fe3O4) 0.72/0.14¼5.1 – –

SS–(Fe3O4)/Mo 0.45/0.05¼9 – –

SS(Fe3O4)/Mo/TiZrN 0.77/0.08¼9.6 – –

SS(Fe3O4)/Mo/TiZrN/TiZrON 0.85/0.08¼10.6 – –

SS(Fe3O4)/Mo/TiZrN/TiZrON/SiON 0.95/0.08¼11.8 0.93/0.08 (80 h) �0.02/0
0.92/0.10 (300 h) �0.03/0.02
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3.3. Thermal stability

The high temperature stability of the solar selective absorbing
coatings is extremely significant at 400 1C or higher for long
periods, for high temperature application in parabolic trough
CSP. [14] The thickness of the entire coating was determined to
be 400 nm. The phase structural and interface structural stability
of the coating with the total thickness of less than 1.0 μm is
essential for the permanence of the spectral selectivity, which
determines the lifetime of the coatings in applications.

The coating samples were kept in a quartz tube with the
vacuum of 5�10�1 Pa, heated up to 500 1C, and finally main-
tained at the desired temperature for 40 h. After being cooled
down to room temperature, the samples were again immediately
heated up to 500 1C for 40 h. Finally, the samples were heated up
to 500 1C for 300 h. Later, the spectral properties of the annealed
samples were measured. The absence of significant changes in the
values of absorptance and emittance indicated good thermal
stability of the coating at that temperature.

Comparison of the values of absorptance and emittance of the
coating before and after heat-treatment is presented in Table 1.
Insignificant changes are observed in the values of absorptance
and emittance. Reflective spectra shown in Fig. 4 confirm the

above mentioned results and display increase in the reflectivity in
the range of 0.5–25 μm for the annealed coating.

Fig. 5 shows three-dimensional AFM images of the SS–(Fe3O4)/
Mo/TiZrN/TiZrON/SiON coating before and after heat treatment.
The as-deposited coating exhibits a root mean square (RMS)
roughness of 4.79 nm [16] (Fig. 5) and shows a columnar micro-
structure with a textured surface, as expected for the sputtered
coatings grown from the vapor phase at low temperature. The
obtained columnar structure with surface texture could increase
light absorption, thus increasing solar absorption and thermal
stability [17]. Fig. 5b demonstrates an insignificant increase in the
RMS roughness when the coating was annealed at 500 1C (5.23 nm
(80 h) and 8.14 nm (300 h)). Emittance from the surface provides
considerable contribution and depends on the condition of the
material surface, including the surface microstructure, morphol-
ogy, roughness, and the surface oxide layers [18,19]. Negligible
change in RMS roughness was observed after annealing and
significant increase in emittance was not observed. The above
mentioned results indicated that the SS–(Fe3O4)/Mo/TiZrN/TiZ-
rON/SiON coating was thermally stable at 500 1C in vacuum.

High temperature heat-treatment could induce microstructure
degradation such as inter-diffusion and reaction at the interface
resulting in phase decomposition, transformation, and oxidation,
as investigated in our previous work [3]. The oxidation and
diffusion of NbTiON into the Cu substrate resulted in degradation

Fig. 1. The reflective spectra of the layer-added coating samples of (a) SS substrate,
(b) SS–(Fe3O4), (c) SS–(Fe3O4)/Mo, (d) SS–(Fe3O4)/Mo/TiZrN, (e) SS–(Fe3O4)/Mo/
TiZrN/TiZrON, and (f) SS–(Fe3O4)Mo/TiZrN/TiZrON/SiON.

Fig. 2. XRD patterns of (a) SS–(Fe3O4)/Mo and (b) TiZrN layer on glass substrate.

Fig. 4. The reflective spectra of SS–(Fe3O4)/Mo/TiZrN/TiZrON/SiON before and after
heat treatment in the range of 0.2–25 μm at 500 1C.

Fig. 3. The superposition and fitting of the FTIR absorption spectrum of the SiON
layer, indicating the presence of distinct SiO2 and Si3N4 phases.
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of the NbTiON solar selective absorbing coating. In the case of SS–
(Fe3O4)/Mo/TiZrN/TiZrON/SiON coating, Fe3O4, acting as a diffu-
sion barrier in the interface of Mo layer and SS substrate, has been
reported to effectively hold back the occurrence of the complex
phases such as Mo2C and Fe2MoC which are responsible for
increasing emissivity [2]. The TiZrN layer composed of TiN and
Zr2N phases is believed to be highly oxidation resistant and good
diffusion barrier, indicating a minimal diffusion between the
layers. In the reported Cu/TiZrN/Si contact system [11], a TiZrN
film with �10 nm thickness acted as the barrier, adequate to
suppress the penetration of extremely small quantity of Cu into
the Si substrate upon annealing at 600 1C for 1 h without sig-
nificant structural changes and solid-phase reaction. Moreover the
strong oxidation-resistant ability of the SiON layer on the upper
surface could suppress oxygen diffusion, thus reducing the oxida-
tion rate of the entire coating [13,20].

4. Conclusion

In this study, a solar selective absorbing coating with the film
structure of SS–(Fe3O4)/Mo/TiZrN/TiZrON/SiON was developed
which exhibited high absorptance of 0.95 and low emittance of
0.08. XRD analysis indicated that the prepared TiZrN layer con-
sisted of TiN and Zr2N phases, and the SiON and TiZrON layers
were amorphous in nature. After heat-treatment at 500 1C
for 300 h in vacuum, the absorptance and emittance values of
the coating became 0.92 and 0.10, respectively. No significant
change was found in RMS roughness, as confirmed by AFM
measurements, indicating good thermal stability at 500 1C. The
coating exhibited significant potential as solar selective absorbing
surface for high-temperature photo-thermal conversion in CSP
applications.
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