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A solar selective absorber coating of CrN,O,/SiO, was prepared on Cu (Si) substrate using DC reactive
magnetron sputtering technique. The coating exhibits a high absorptivity (a) of 0.947 and a low
emissivity (¢) of 0.05 at 80 °C. The spectral selectivity (a/e) of the coating on Cu substrate is stable (0.930/
0.073) even after heat-treatment at 278 °C in air for 300 h, but decreased (0.904/0.135) at 278 °C for
600 h. The determinants to govern the thermal stability were investigated by micro-Raman spectroscopy,
X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy (AES) measurements, which
reveal that the element diffusion whether throughout all the stacked layers or near the interface region,
the chemical interactions adjacent to the interface, and the interface width broadening are the Achilles'
heel for the solar thermal coatings to sustain high thermal stability.

Crown Copyright © 2013 Published by Elsevier B.V. All rights reserved.

1. Introduction

The solar selective absorber coatings have attracted much
attention for their applications in solar photo-thermal conversion
[1-3]. Such coatings simultaneously possess high solar absorptiv-
ity (@) in the wavelength range of 0.3-2.5 pm and low thermal
emissivity (¢) in the infrared region of 2.5-20 pm [4,5]. The ratio of
a to g, so-called solar selectivity, is used to evaluate the spectral
properties of solar selective absorber coatings. For the purpose of
achieving the spectral selectivity, various concepts and materials
have been explored so far [1-6].

At present, absorber coatings with acceptable thermal stability are
commercially available in the market. However, there is a continuous
need to increase the thermal stability, in order to keep the solar-
thermal converting efficiency constant in the whole life time. Gen-
erally, transition metal nitride/oxynitride has good performance as a
diffusion barrier due to its high-temperature oxidation resistance.
Accordingly, in recent years, transition metal or metal alloy nitride/
oxynitride has been intensively investigated for solar thermal applica-
tions [4]. Chrome, like other transition metal elements, has been
studied and developed in such research field. Fan and Spura reported
that the sputtered Cr-Cr,03 cermets deposited on Cu substrates were
stable up to 200 °C with a solar selectivity of 0.90/0.12, whereas the
cermets grown on nickel substrates showed good thermal stability up
to 300 °C [7]. Teixeira et al. revealed that the graded Cr-Cr,03 cermets
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exhibited a high absorptivity of 0.95 and a low emissivity of 0.05 [8].
Barshilia et al. investigated the evolution of structural and optical
properties of CryO,/Cr/Cr,05 solar selective coatings by pulsed sputter-
ing technique, and found that the coatings were stable in air up to
250 °C for 250 h with a solar selectivity of 0.898/0.11 [9]. The optical
and electronic properties of CrN,O, films, deposited by reactive DC
magnetron sputtering in the Ar/N,/O,(N>O) atmospheres, were also
studied by Mientus et al. [10]. Barshilia et al. reported the spectrally
selective CrMoN/CrON tandem absorber for mid-temperature solar
thermal applications, in which the optical properties of CrON had been
studied [11]. Nevertheless, for the chromium-based oxynitride used as
solar selective coatings, detailed information on the behaviors of
element diffusion, chemical reaction or interaction, and the interface
width fluctuation as a function of thermal treatment is still lacking.

In this work, DC reactive sputtering is used to deposit the
CrN,0O,/SiO, multilayer absorber coatings on Cu or Si substrates.
The structural, chemical, and optical evolution of these coatings
with thermal treatment was comprehensively investigated.
According to the accelerated aging tests, the thermal aging
characteristics of these coatings were analyzed and presented,
which is indispensable to uncover the black box of element
diffusion, chemical reaction/interaction, and interface width fluc-
tuation of the studied coatings.

2. Experiment details

The CrN,O, coatings were prepared on Cu substrate (Si sub-
strate as a reference) using a DC reactive magnetron sputtering
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system (ULVAC JSP-8000) with a 2 inch Cr metallic target (99.95%).
Before putting into the vacuum chamber, the substrates were
chemically cleaned. After evacuating to a base pressure of
5.0 x 107> Pa, Cr-N/Cr-0/SiO, layers were deposited successively
on Cu (Si) substrates. The microstructure and composition of the
coatings were tuned by adjusting the gas flow rate and the target
power, in the hope of reinforcing the solar spectrum selectivity.
The optimized parameters to make the multilayer coatings are
listed in Table 1.

To estimate the acceptable service life of an absorber coating,
the International Energy Agency-Solar Heating and Cooling pro-
gram (IEA-SHC), Task 27 [12-16], has defined an advanced perfor-
mance criterion (PC) function for flat plate collector testing. The
so-called performance criterion (PC) should be a useful property to
describe the influence of the changes in the solar absorptivity Aas
and the thermal emissivity Ae, less important by the factor of 0.5,
on the solar fraction:

PC=Aas—0.5A¢, where Aas=a; (unaged)—a; (after testing) and
Ae=¢ (unaged)—e (after testing) [12].

The maximum stagnation temperature was estimated to be
204 °C in line with Table 1 of Ref. [12]. The reason why 204 °C, as
the expected stagnation temperature, is selected is based on the
values of =0.947 and £=0.050 [12]. For this particular stagnation
temperature, Table 2 of Ref. [12] yields a testing temperature of
278 °C, which was chosen in this study. To evaluate the thermal
stability, the samples were annealed in air in a resistive tubular
furnace at 278 °C for 18 h, 36 h, 75 h, 150 h, 300 h, and 600 h. The
dependence of optical properties, microstructure, and chemical
composition of the coatings on the thermal treatment was
investigated. The absorptivity and emissivity were measured using
a UV-vis-IR spectrophotometer (Perkin-Elmer Lambda 950) and
an emissometer at 80 °C, respectively, and the detailed measure-
ment procedures have been reported elsewhere [4,9]. Raman
spectra were recorded using a micro-Raman spectrometer
(Renishaw inVia Reflex, and a Nd:YAG laser with a wavelength of
532 nm was utilized) with a CCD detector at room temperature.
The chemical bonding state study and the elemental depth

Table 1
The optimized processing parameters for the fabrication of CrN,0,/SiO, coatings.

Layer Gas flow rate (sccm) Power density  Substrate RF  Thickness

(W/cm?) bias (W) (nm)
Ar 0, N,
Si0, 10 0 0 5 0 100
Cr-Oym 4 1 0 4 100 30
Cr-Op 4 0.8 0 4 100 30
Cr-N 4 0 3 4 100 45

The two Cr-O layers were deposited under different O, gas flowing rates. The
subscripts M and D stand for the O, gas flowing rates at 1.0 sccm and 0.8 sccm,
respectively.

Table 2

The effect of annealing at 278 °C for different times in air on the absorptivity,
emissivity, and PC values of the Cu/CrN,O,/SiO, coatings deposited on copper
substrates. The PC value describes the influence in the change of solar absorption
(Aas) and emissivity (Ae) on the solar fraction: PC=Aas—0.5A¢<0.05 [12].

Time (h) a e Aas Ae PC
0 0.947 0.052 0 0 0

18 0.939 0.058 0.008 -0.006 0.011

36 0.945 0.053 0.002 -0.001 0.0025

75 0.937 0.065 0.010 -0.013 0.0165
150 0.935 0.069 0.012 -0.017 0.0205
300 0.930 0.073 0.017 -0.021 0.0275
600 0.904 0.135 0.043 -0.083 0.0845

profiling of the multilayer films were conducted by X-ray photo-
electron spectroscopy (XPS, equipped with a standard monochro-
matic Al-Ka source (hv) 1486.6 eV, Kratos Analytical Ltd., UK) and
Auger electron spectroscopy (AES), respectively. Primary electron
beam energy of 10 keV was employed for the XPS and the AES
measurements, and an Ar* energy of 4 keV with 100 pA ion
current was utilized for the layer-by-layer etching. The XPS
binding energy data were calibrated with respect to the C1s signal
of ambient hydrocarbons (C-H and C-C) centered at 284.8 eV. The
Lorentzian-Gaussian function after subtraction of a Shirley-type
background was applied to fit the narrow scanning spectra of
various elements, in which the chi-square value was minimized.
Auger electron spectra were recorded in the integral (N(E)/E)
mode. The integral Auger data were converted into the differential
(dN(E)/dE) mode by using the commercially available Casa XPS
software.

3. Results and discussion

The schematic diagram of CrN,O,/SiO, multilayer structure is
shown in Fig. 1. In this design, the first absorber layer (labeled with
Cr-0y,) has a higher metallic content than the second one (labeled
with Cr-0p), so as to obtain distinct refractive indices to improve
the optical properties. Although binary transition metal nitrides
(such as CrN) do not exhibit high solar absorptivity [11], the layer
of Cr-N can be used as the diffusion barrier [17]. The absorptivity
could be further enhanced by depositing an anti-reflection coating
on top of the absorbing layer.

Thermal stability of the solar absorber is very crucial because
the absorber would definitely degrade with time at the operating
temperatures, which shrinks the life time and eventually leads to
failure.

Comparison of « and & values of both the as-deposited and the
annealed samples is given in Table 2. The as-deposited samples
exhibit a high absorptivity of 0.947 and a low emissivity of 0.050 at
80 °C. The coatings were thermally stable in air at 278 °C for 300 h.
For example, no significant changes were observed in the optical
properties (Aa=0.017/Ae=-0.021). After 600 h, however, the
emissivity increases significantly and the performance criterion
(PC) value exceeds 0.05 [12]. These results indicate that the
CrN,0,/SiO, coating is thermally stable in air within 300 h, but
got degraded after 600 h.

To understand the thermal aging mechanisms, the microstruc-
tural properties of these CrN,O,/SiO, coatings with different
annealing treatments were studied using micro-Raman spectro-
scopy, as demonstrated in Fig. 2. For the as-deposited samples, the
broadening Raman bands centered at 660 cm™! should correspond
to the chromium-related complex oxides rather than Cr,0s. The
Raman spectra of the heat-treated ones (278 °C for 18 h in air),
however, display the excursion of main peak centered at 670 cm™!

SiO,—100nm

Cr-Op—30nm

Cr-Op—30nm

Cr-N—45nm

Cu substrate—200 pm

Fig. 1. Schematic diagram of the Cu/CrN,0,/SiO, absorber coating.
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Fig. 2. The Raman spectra of the as-deposited Cu/CrN,O,/SiO, coating and coatings
annealed at 278 °C for different times.

and the presence of Alg (550 cm™!) [9,18] bands of Cr,05. More-
over, the intensity of the Alg peak increases gradually with the
heat treating time, which means that the proportion of Cr,05 is
increasing. The shift of main peak to higher wavenumbers (from
660 to 670 cm™') is probably due to the valence state change of Cr.
When the sample was annealed at 278 °C for 300 h, there is a very
small CuO peak located at 295 cm~' [19], which could be attrib-
uted to the inclusion of CuO into the coating after annealing.
However, relative to the as-deposited specimen, three peaks of
CuO centered at 295, 342 and 628 cm™! [19] could be detected
clearly after heat treatment for 600 h, and thus the main peak
positions are obviously shifted. The emergence of CuO peaks could
be ascribed to the Cu diffusion from the substrate into the
absorber layers. In addition, the intermixing of Cu with CrN,O,,
and in particular the formation of CuO, would lead to an increase
of the emissivity [9].

To obtain the actual chemical composition of the samples,
depth profiling was carried out by XPS combined with 4 keV Ar™
sputtering. As expected, no signals related to Cu or CuO could be
found in the as-deposited specimens, while the information about
Cu and CuO was identified for the 600-h-annealed samples, even
in the uppermost SiO, layer after 300 s etching, as demonstrated
in Fig. 3. Two peaks located at (932.5eV) and (952.2 eV) were
stretched out, which correspond to Cu 2ps;, and Cu 2p,p, of
metallic copper, respectively. Meanwhile the peaks centered at
(933.6 eV) and (953.6 eV) could be assigned to Cu 2ps;; and Cu
2p4 2 states of CuO, respectively. The doublet separation of 20.0 eV
between Cu 2p3,; (933.6 eV) and Cu 2pq; (953.6 eV) also confirms
that the bonding state of copper is in the form of CuO [9,20].
Furthermore, two peaks located at 944.0 and 963.0 eV are also the
characteristics of CuO [9]. It must be mentioned that the same
information with depth profiling resolution was illustrated in the
inset of Fig. 3, which gives evidence that the copper diffusion and
the concomitant formation of CuO detected by the XPS technique,
in good agreement with the Raman spectroscopy analysis, are the
essential mechanisms to account for the coating degradation
[9,21].

High temperature accelerated aging and stability testing may
induce microstructure degradation such as interface diffusion,
reaction between different layers to yield phase transformation
and oxidation, and so on. In order to obtain accurate information
about the interface interaction between alien layers, the Si/CrN,O,/
SiO, coating, acting as a reference, was fabricated as usual and

Cu 932.5
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Fig. 3. The Cu 2p core level spectra of the Cu/CrN,O,/SiO, coatings before and after
annealing. The Cu XPS signals of annealed samples could be detected in the
uppermost SiO, layer after 300 s etching, whereas no Cu signals of the as-deposited
samples could be found in the SiO, layer after 300 s etchings. The Cu XPS spectra
with different etching times (i.e., different etch depths) were illustrated in the inset
for the annealed samples.
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Fig. 4. AES analysis results of the Si/CrN,O,/SiO, coating: (a) as-deposited and
(b) 278 °C treated for 300 h.
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investigated with the aid of the Auger electron spectroscopy (AES)
technique, in the hope of eliminating the influence of Cu
substrates.

In-depth composition study of the coatings is illustrated in
Fig. 4. On one hand, as shown in Fig. 4a, the SiO,, Cr-0, and Cr-N
layers can be identified unambiguously and the interfaces among
them are sharp and clear. The atomic concentration close to the
interface could rise or drop dramatically, indicating that no
evident interfacial diffusion occurred. On the other hand, the
profiles (shown in Fig. 4a) of the as-deposited coatings displayed
homogeneous concentration throughout the entire coating. For
comparison, the atomic concentration depth profiles for the 300 h
heat-treated sample are also demonstrated in Fig. 4b. The SiO,, Cr-
O, and Cr-N layers can also be found correspondingly. However,
the variation of the atomic concentration in the interface region I
is changing more gently than the counterpart as shown in Fig. 4a,
which manifests the annealing promotes the interfacial diffusion
and broadens the interface width. A similar phenomenon is also
observed in the interface region Il between Cr-O layer and Cr-N
layer. As a result, the above results once again confirm the
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existence of the interfacial diffusion in the studied coatings, which
eventually brings about performance degradation.

It is believed that the chromium-related Auger energy varies
more or less with the local chemical environment due to the
change in the interior electron shells. Accordingly, the ability of
the AES to reveal some detailed chemical information from local
area allows investigating the reactions in the interface region. In
many cases the chemical state of an element can also be inferred
from the AES spectra in terms of the intensity, energy and
lineshape of the specific peaks.

In this study, Auger spectra were obtained using the integral (N
(E)/E) mode, and the integral Auger data were converted into the
differential (dN(E)/dE) mode by the open-access software. Three
specific peaks arising from the so-called L3Mj3M,3 (=LMM),
L3My3Mys (=LMV), and L3MysMys (=LVV) transitions that are
summarized as the LMM group transition, appear in the high
energy range of the chromium Auger spectra [22]. Fig. 5 displays
the differential Auger electron spectra of Cr LMM group and
oxygen KLL peaks for the CrN,0,/SiO, multilayers before and after
300 h-annealing, in which the information from the SiO,, Cr-0,
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Fig. 5. Cr LMM group and O KLL Auger peaks for the as-deposited and annealed Si/CrN,O,/SiO, coatings. The specimens with an etching time of 300 s (a), 1500 s (b), 2400 s
(c), 3600 s (d), and 4500 s (e). The symbols A, B and C stand for the Cr LMM, Cr LMV and Cr LVV Auger peaks respectively, D represents the O KLL Auger peak in the SiO, layer
and E represents the O KLL Auger peak in the CrN,O, layer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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and Cr-N layers corresponds to Fig. 5a, ¢, and e, respectively.
Concerning Fig. 5a, ¢, and e, one can observe that the differential
curves are coincident with each other before and after annealing,
suggesting that there are no obvious changes in those layers. In
particular, the O KLL Auger peak at 508.2 eV corresponds to the
oxygen in silicon oxide (SiO, layer after 300 s etching, Fig. 5a). The
kinetic energy of the Cr LMV Auger main peak in the Cr-O layer
(Fig. 5¢, with 3600 s etching time) is about 530.0 eV, whereas in
the Cr-N layer (Fig. 5e, with 4500 s etching time) it is 531.5 eV. The
O KLL Auger peak in the Cr-O layer is centered at 513.2 eV,
revealing that the oxygen stems from the chromium oxides. It
should be pointed out that no oxygen signal is detected within the
Cr-N layer.

Fig. 5b and d highlight the AES signals coming from the
interfaces between the adjacent layers. It is obvious that the
differential curves differ from each other before and after anneal-
ing. The change in the shape of chromium-related Auger peaks
involved in valence electron transitions can be distinctly noticed
after annealing, as shown in Fig. 5b (interface region I with 1500 s
etching time). After annealing, three specific Auger peaks related
to chromium can be identified in the interface region I, implying
that the diffusion of Cr element occurred. And most importantly,
the intensity of the peaks present in Fig. 5b is relatively lower than
the normal one which is shown in Fig. 5c. If strong chemical
bonding among different elements occurs, the core electron levels
may change a few electron volts. For example, the O KLL Auger
peak at 512.2 eV (the red line in Fig. 5b) falls in between silicon
oxide (508.2 eV) and chromium oxide (513.2 eV), indicating that
the oxygen is in a more complicated chemical environment. To be
specific, the interfacial interaction at the chromium oxide/silicon
oxide interface (interface region I) occurs definitely. In the inter-
face region II (Fig. 5d, 3600 s etching time), the intensity of the O
KLL peaks after annealing is higher than that of the as-deposited.
The reason is probably due to the boosted oxygen concentration
after annealing or the annealing-induced interfacial interaction in
the interface region II. The results suggest that the interfacial
diffusion and interaction could be the stimuli to govern the
performance degradation.

The annealing treatment of the CrN,0,/SiO, coatings in air may
induce several microstructural modifications such as diffusion and
oxidation of the Cu, interfacial reaction between different layers to
generate new phases, interfacial diffusion, and so on, which results
in severe changes in the optical properties. In this study, the
degradation mechanisms of the CrNxO,/SiO, coatings annealed at
278 °C for 600 h are attributed to the factors as follows. (i) The
diffusion of metallic Cu from the substrate into the rest layers is
present definitely. In addition, the formation of CuO phase also
takes place. (ii) The interfacial diffusion within a confined region
and interactions close to the interface region are also expected to
lead to performance degradation, since both the change of
element atomic concentration and interface width broadening
are experimentally observed.

4. Conclusions

A four-layer stacked CrN,O,/SiO, solar selective absorber coat-
ing was fabricated on Cu (Si) substrate by DC reactive magnetron
sputtering technique, which exhibited a high absorptivity («) of
0.947 and a low emissivity(e) of 0.050 at 80 °C. The spectral
selectivity (a/e) of the coating fabricated on Cu substrate was
maintained at 0.930/0.073 even after heat-treatment at the stag-
nation temperature of 278 °C in air for 300 h, but got degraded
severely (0.904/0.135) after 600 h treatment. In this work we
performed accelerated life testing to find out the determinants
to govern the thermal stability of the coatings. On the basis of the

diverse characterization techniques, on one hand, the element
diffusion of Cu from the substrate throughout all the stacked layers
(the diffusion length is long in distance), along with the concomi-
tant generation of CuO phase, becomes one of the essential
mechanisms to account for the coating degradation; on the other,
the element diffusion close to the interface region (with finite
diffusion length in nature), the chemical interactions adjacent to
the interface, and the interface width broadening are expected to
be other degradation models.
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