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Abstract 

The stability of solar selective absorber coatings in hostile environments (e.g., humid 

condition, corrosive medium, longer exposure at elevated temperature) needs to be critically 

assessed to ensure durability of such coatings. In the present work, magnetron sputtered 

W/WAlN/WAlON/Al2O3 –based absorber coating with a high absorptance and low emittance 

of 0.958 and 0.08 (82 °C) respectively, has been tested in humid and corrosive environments. 

The selectivity (absorptance/emittance) of the coating did not change after keeping it in a 

95% humid environment at 37 °C for 400 hrs. Corrosion study in 3.5% NaCl solution reveals 

that this novel multilayer has a better corrosion resistance than that of uncoated stainless steel 

(SS) substrate. The nanoindentation test on the coating indicates that it has a hardness of 9.6 

± 0.5 GPa. The performance of the coating did not degrade after heat treatment at 350 °C in 

air for 1000 hrs. Additionally, the activation energy for degradation has been determined to 

predict the stability of the coating at high temperature. Further, the normal spectral emissivity 

of the tandem solar absorber was measured in the full angular range from 200 to 500 ◦C. 
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Emissivity measurements have been performed by varying observation angles. The results are 

analysed using numerical integration to obtain the total hemispherical emissivity. In 

summary, W/WAlN/WAlON/Al2O3 stack is an attractive candidate absorber coating which 

has potential to be used practically in photo-thermal conversion systems. 

Keywords: Humidity, corrosion, activation energy, emissivity 

1. Introduction

A spectrally selective solar absorber coating should possess a very high absorptance 

(α ≥ 0.95) in the solar spectrum (0.3 - 2.5 μm) and a low emittance (� ≤ 0.05) in the infrared

region (2.5 – 25 μm) for an efficient photothermal conversion [1]. Along with the superior 

combination of absorptance and emittance, the absorber should also exhibit good 

performance at high temperature. Exceptional resistivity against thermal stresses, low thermal 

expansion coefficient, long thermal durability, thermo-chemical and thermo-mechanical 

stability are some of the critical parameters for solar selective absorber coatings [2]. These 

necessary properties can be assured by a multilayer structure where the metallic properties 

decrease from substrate to surface. During last few years, multilayer architectures, including 

TiAlSiN/TiAlSiON/SiO2 [3], Ti0.5Al0.5N/Ti0.25Al0.75N/AlN [4], RuO2/SiO2 [5], 

HfMoN/HfON/Al2O3 [6], etc. have been studied extensively.  

Long term durability of the absorber coatings can be determined by investigating their 

behaviours in harsh environment as the functionality of the solar absorber coating can be 

affected by various environmental issues. Therefore, several experiments on these coatings 

are extremely needed to find out their performance in adverse conditions. There are a few 

studies on the selective coatings concerning their mechanical stability, corrosion resistance, 

properties in the humid environment, scratch resistance, etc. For example, Gao et al. [7] 

demonstrated anti-corrosion property of TiC/Al2O3 based solar absorber. 

Ti/AlTiN/AlTiON/AlTiO –based spectrally selective coating, developed by Barshilia [2], 
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exhibited a superior combination of high spectral selectivity, improved adhesion, UV 

stability, corrosion resistance and high thermal stability. Amri et al. [8] have evaluated elastic 

modulus and hardness of cobalt-based metal oxide (MxCoyOz with M = Mn, Cu, Ni) thin solar 

absorber films and observed that such coatings exhibit appreciable mechanical stability.  

Along with physical and mechanical stability, the emittance of the spectrally selective 

coating at elevated temperature is extremely important as high temperature emittance 

determines the rate of heat loss from the selective absorber surface.  The infrared emittance is 

the metric to evaluate how well a surface radiates thermal energy in the infrared wavelength 

range as compared to a perfect black body operating at the same temperature. The total 

hemispherical emissivity (�) is represented as, 

� = �
��                                                                                                                                (1) 

where W and �� are the radiant emission from a real and perfect black body, respectively 

[9]. The emittance of a body can also be determined using Plank’s radiation law, 

�� = 	
��
�[������ ��� ���]

                                                                                                              (2) 

where � is the wavelength, T is the absolute temperature, and C1 and C2 are the Planck 

constants.  

Emissivity of a material is dependent on temperature, wavelength and surface 

condition. It can have a value between 0 (perfect reflector - mirror) and 1 (perfect emitter - 

black body). The total hemispherical emissivity at a particular wavelength can be obtained by  

����� = �
�   ���!, �� cos ! sin ! )! )∅+�

,
� +�

,                                                        (3) 

where εT(θ, T) is the total directional emissivity and εH is the total hemispherical emissivity at 

temperature T [10]. 

The photothermal application of the absorber demands a very low emittance, i.e., less 

amount of heat loss at high temperature as thermal radiation from a surface increases 
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proportionally by T4. Recently, a little research attention has been devoted to acquire overall 

understanding of the radiative properties of these coatings. For example, Setién-Fernández et 

al. [11] first introduced a radiometric characterization of Mo - SiO2 –based double cermet 

coating at the entire working temperature range (150 – 600 °C). The emissivity study by 

Echániz et al. [12] on Mo – Si3N4 –based spectrally selective coating from 250 to 600 °C for 

different number of heating cycles proved good performance for high temperature photo-

thermal application. In a separate study, the high temperature emissive property of 

TiAlC/TiAlCN/TiAlSiCN/TiAlSiCO/TiAlSiO –based multilayer absorber coating have been 

determined by Jyothi et al.[13]. It has been found that the coating exhibit promising selective 

properties up to 500 °C. Therefore, it can be interpreted that in order to evaluate the 

performance of solar selective coating in actual field, a complete knowledge of 

environmental stability and high temperature emissivity is essential. 

In our previous work, we have designed a coating of W/WAlN/WAlON/Al2O3 with 

graded metallic structure, which showed an excellent selectivity with a high absorptance of 

0.958 and low emittance of 0.08. The thickness of the individual layer of W, WAlN, WAlON 

and Al2O3 is found to be ~ 125, 40, 40 and 62 nm, respectively. The layers were clearly 

distinguishable in terms of compositional variation [14, 15]. We also investigated long term 

thermal stability of the coating and found that the coatings were thermally stable at 350 and 

500 °C for 550 and 150 hrs, respectively in air [16, 17]. In the present study, the optical 

properties of the coating have been examined in humid environment. In order to support 

humidity resistance of the coating, the contact angle of the coating with water has also been 

measured. The corrosion studies have been performed on bare and coated stainless steel 

substrates using electrochemical technique. The coating/substrate adhesion has been 

investigated by scratch test. Most importantly, we report here the long term thermal stability 

of the W/WAlN/WAlON/Al2O3 coating at 350 °C in air. The emissive properties of the 
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coating have been explored from 200 to 500 °C. In order to understand the underlying optical 

phenomena of the coating in the entire spectrum, we have investigated the dependence of 

emissivity with angle of observation and have evaluated the total hemispherical emissivity of 

the coating. 

2. Experimental 

The W/WAlN/WAlON/Al2O3 -based solar selective coating, shown in Fig. 1, has 

been deposited on stainless steel substrates by DC and RF magnetron sputtering using highly 

pure (> 99.9%) W, Al and Al2O3 targets. The SS substrate was mechanically polished using 

emery paper, followed by diamond nanoparticle suspension. The deposition chamber was 

evacuated to a base pressure of 8.0 × 10−4 Pa by means of a rotary and turbo molecular 

pumps. W, WAlN, WAlON and Al2O3 layers were deposited successively in Ar, Ar + N2, Ar 

+ N2 + O2 and Ar + O2 environments. The depositions were carried out at a substrate 

temperature of 300 °C. A number of parameters, such as target power, reactive gas flow, and 

deposition time were tailored to achieve a maximum solar absorptance and low thermal 

emittance. The details of the deposition method can be found elsewhere [14]. The thickness 

of the coating was ~ 315 nm.  

To carry out the humidity test, the samples were placed at nearly 95% humidity at 37 

°C for 400 hrs. The reflectance spectra of the coating were collected before and after 

humidity test. The surface wettability of the coating was studied by measuring contact angles 

using sessile drop method with distilled water. The inspection was performed by contact 

angle goniometer (Dataphysics OCA 15EC) and a microscope that combine together charge-

coupled device (CCD) camera and digital imaging techniques under ambient condition. A 

dosing volume of 5 -L was dispensed on the coating with a speed of 0.10 -L/sec. The contact 
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angle of the samples was measured at three places and the value reported herein is the 

average of three measurements. 

The corrosion behaviour of substrate and coating was performed using a three-

electrode electrochemical cell set-up in a 3.5% sodium chloride solution under free air 

condition at room temperature. In the electrochemical cell, a platinum plate of 1 cm2 area and 

an Ag/AgCl, 3 M KCl electrode were fixed as counter and reference electrodes, respectively. 

The experiment procedure has been demonstrated in detail elsewhere [18].  

Scratch adhesion test was performed using nano scratch tester (Bruker’s Scratch Test 

System, USA). The coating was scratched by a Rockwell diamond indenter with the tip 

radius of 200 μm with a linearly increasing normal load from 1 to 4.5 N for 1 mm distance at 

a speed of 0.02 mm/s. The hardness of the absorber coating was estimated using Hysitron 

Triboindenter, Minneapolis, MN, USA, equipped with a three-sided pyramidal Berkovich 

diamond indenter. The equipment records the load, P and penetration depth, h of the indenter 

with resolutions of 1 nN and 0.2 nm, respectively. A peak load Pmax of 1000 µN with loading 

and unloading rate of 200 µN/sec was used. The recorded data were analysed using the 

standard Oliver-Pharr method [19] to obtain the hardness, H of the multilayer film. 

The absorptance and emittance of the selective absorber were measured using solar 

spectrum reflectometer and emissometer (M/S Devices and Services). An UV-Vis-NIR 

spectrophotometer (PerkinElmer, Lambda 950), equipped with an integrating sphere was 

utilised to evaluate the reflectance spectra of the coating at the incidence angle of 0°. In order 

to evaluate thermal stability, the coating was subjected to 350 °C for 1000 hrs inside a tube 

furnace. The multilayer coatings were kept in the temperature range of 300 – 500 °C for 2h 

for determining the activation energy of degradation.  
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The spectral emissivity measurements were carried out in the 2 - 25 µm range 

between 200 and 500 ºC using the high accuracy HAIRL radiometer. Two identical 

W/WAlN/WAlON/Al2O3 samples (Sample A and Sample B), fabricated in same deposition 

condition were required to verify the reproducibility of the emissive properties in air as well 

as in vacuum at 500 ºC. The measurement method and its precision analysis and other 

experimental details appear elsewhere [11]. In this case, spurious radiations from the sample 

surface reflections of the infrared window emission and of the detector itself were avoided to 

increase the measurement precision. The measurements were made first in vacuum of 10−3 

mbar and then in air. The temperature of the samples was measured by welding two K-type 

thermocouples directly to the coating substrate, since no electrical contact could be made to 

the multilayer system. 

In order to investigate the change in the phase assemblage between the heat treated and as 

deposited coating, X-Ray Diffractometer (Bruker, D8) with Cu - Kα (40 kV, 40 mA, � = 

0.15406 nm) radiation was used in the 2θ range of 10 – 60°. The as-deposited and annealed 

coating were characterized by Raman spectroscopy (WITec 300). X-ray photoelectron 

spectroscopy with non-monochromatic Al - Kα radiation (1486.8 eV) was employed to find 

the change in chemical composition and bonding structure of the heat treated coating.  The 

binding energies reported here were calculated with reference to C 1s peak at 284.5 eV with a 

precision of 0.1 eV. The surface topography of the coatings was investigated by atomic force 

microscopy (Bruker) in contact mode with a silicon nitride tip of radius 50 nm in contact 

mode.  

3. Results 

3.1. Stability in humid and saline environment 

The spectrally selective as-deposited coatings were placed in high humid environment 

(at 95% relative humidity and 37 °C) with exposure time up to 400 hrs. Fig. 2(a) represents 
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the reflectance spectra of the coating before and after humidity test. The overlapping of all of 

the reflectance spectra reveals that W/WAlN/WAlON/Al2O3 multilayer coating possesses 

excellent moisture resistance. In order to confirm the moisture resistance and the self – 

cleaning properties of the absorber coating, dynamic contact angle measurement was carried 

out. The contact angle of water droplet on the absorber surface (inset of Fig. 2(a)) is found to 

be 103°. Such hydrophobic nature of the coating is very effective to prevent the coating from 

damages in outdoor application against humidity. 

A simple corrosion resistance test provides an idea of the durability of the novel 

W/WAlN/WAlON/Al2O3 coating in corrosive environment. Fig. 2(b) shows the 

potentiodynamic polarization curves of SS and W/WAlN/WAlON/Al2O3 coating, deposited 

on SS substrate. A decrease in ./011 of the coating compared to SS substrate and the shift of 

applied potential (V) in the positive direction confirm a decrease in the corrosion rate, which 

signifies the coated stainless steel to possess improved corrosion resistance. This result also 

suggests that the coating is chemically inert and durable in NaCl environment. 

3.2. Mechanical stability 

The scratch resistance is also a prime factor for providing a good performance of thin 

films, especially in the case of a multilayer coating as the scratch resistance indicates the 

adhesive strength of the coating. The scratch test was repeated three times at different 

locations of the specimen with the normal load from 1 to 4.5 N.  Fig. 3(a) represents the 

optical micrograph of scratch on the absorber coating. The image of the scratched area has 

been captured by optical microscope. No evidence of delamination around the scratched 

region has been observed from the optical analysis. Fig. 3(b) represents the change in normal 

and the frictional forces vs time during the scratch test. The absence of critical load, i.e., the 

normal load for damage also confirms that the coating did not peel off.   
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Fig. 3(c) shows P-h (load vs. penetration depth) response of W/WAlN/WAlON/Al2O3 

film on SS substrate. Nanoindentation studies have been repeated on 9 independent locations 

of the film. Similar observations have been obtained from all the data points. The obtained 

values from all the experiments were averaged to determine the mechanical properties of the 

thin film. The multilayer exhibits an average hardness (H) of 9.6 ± 0.5 GPa. 

 

3.3. High temperature stability 

3.3.1. Long term annealing and activation energy 

One of the important problems limiting the use of solar selective absorber coatings is 

the long-term durability of these coatings at high temperature. Fig. 4(a) indicates a slight 

change in the reflectance spectra beyond 1300 nm after heating the sample at 350 °C for 80 

hrs which may appear due to the initial thermal exposure, experienced by the coating. The 

reflectance spectra do not change if heated for longer duration which is evidenced from 

identical reflectance spectra of the samples annealed for 600 and 1000 hrs. Also, no variation 

in the absorptance values (2 = 0.924) of the heat treated samples for 600 and 1000 hrs 

appeared. We have performed some preliminary analysis to assess the activation energy of 

degradation of the coating. The short-term thermal stability study on the coating indicates that 

the coating was stable up to 500 °C in air for 2 hrs with an absorptance of 0.934 and low 

emittance of 0.11 (Table 1). The drastic decrease in absorptance (2 = 0.80 – 0.82) and 

increase in emittance (� = 0.50) were recorded at 550 °C. In the present work, the Arrhenius 

equation was used to calculate the activation energy (Ea) i.e. the energy barrier for the 

degradation 

ln�42� =  56
7� + 9:;<=>;=                                                                                    (4) 

Where Δ2, R and T are change in absorptance, universal gas constant and temperature, 

respectively.  
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Fig. 4(b) plots the variation of ln(Δ2) against the inverse of absolute temperature (1000/T). 

The activation energy has been calculated from the slope of the straight line and it comes out 

to be approximately 61 kJ/mol. Such activation energy is indicative of a higher energy barrier 

for degradation to occur. This analysis demonstrates that W/WAlN/WAlON/Al2O3 coating on 

stainless steel substrate may withstand a high temperature for long time. 

3.3.2. High temperature emittance 

In this work, the emissivity of the coating is determined in two distinct approaches, 

(a) the variation of emissivity with temperature and (b) the variation with incident angles. 

Fig. 5(a) provides a representation of the effect of temperature on emissivity. The 

temperature range of 200 to 500 °C has been considered as substantial temperature window 

for high temperature applications of the spectrally selective coatings. All the emissive spectra 

in different temperatures have been found to remain same without any sign of degradation. 

The reproducibility of the emittance measurements at 500 °C were checked by acquiring the 

emittance of two equivalent samples (Sample A and Sample B) deposited in the same 

experimental conditions. The corresponding emissivity spectra have been shown in Fig. 5(b), 

which indicate that the emissivity values are highly reproducible. We have also compared the 

normal emissivity of the SS substrate and that of W/WAlN/WAlON/Al2O3 coating at 500 °C. 

It can be observed that the emittance of the coating is lower than the substrate beyond 4 -m, 

whilst below 2 -m, it reaches a value more than double to that of SS at 2 -m. This result 

illustrates the improved emittance properties compared to the bare stainless steel substrate. It 

is also interesting to note that the emissivity of the coating decreases with increasing 

wavelength at shorter wavelengths and remains almost constant around 15 – 25 -m. Such 

emissivity behaviour of the coating is appropriate and essential for the absorber on receiver 

tube. The spectral response of Sample A, investigated at 500 °C in vacuum also retains the 

similar optical behaviour like other samples, examined in air. The normal emissivity spectra 
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of as-deposited and heat-treated coating at 500 °C for 12 hrs have been showed separately in 

the inset of Fig. 5(b). This allows better visualization of the temperature dependence on 

emissivity. A closer look at Fig. 5(b) reveals a slight increase in the emissivity values from 3 

to 6 -m. Significant differences, observed around 2.93 and 4.25 -m, are due to radiation 

caused by H2O (room humidity) and CO2 molecules [20]. The above described experimental 

observations at elevated temperatures therefore assure the excellent performance of the 

coating for high temperature solar selective applications. 

In order to demonstrate the structural and chemical changes, XRD data of as-

deposited and annealed coating have been presented in Fig. 6(a). The formation of WO3 can 

be observed after heat treating the sample at 500 °C for 12 hrs in air. For further structural 

elucidation, Raman spectroscopy of as-deposited and heat treated coating was carried out. 

Fig. 6(b) shows the comparative analysis of Raman peaks of the coatings. Two featureless 

broad bands can be observed in the Raman spectrum of as-deposited coating, while an intense 

Raman peak at 202 cm-1 was associated with bending of O-W bond in the pure WO3 at heat 

treated coating. To study the chemical composition and chemical state of various elements of 

the as-deposited and annealed absorber, the coatings were characterized by XPS. Fig. 7(a) 

shows the survey scan spectra of both the coatings. Appearance of a small W peak in the heat 

treated coating indicated the outward diffusion of W as expected. The XPS data were further 

analysed by recording the core-level spectra of two coatings. Typical Al 2p, O 1s and W 4f 

core level spectra of as-deposited and annealed coating have been presented in Fig. 7(b - d). 

Al 2p spectra of both the coatings represent the presence of Al - O bond with bonding 

energies at around 74.5 eV [21]. No significant change in Al 2p core level spectrum has been 

observed after annealing the coating in air. The O 1s spectrum of as-deposited coating shows 

a characteristic peak at a binding energy of 531.5 eV corresponding to the O 1s electrons in 

Al2O3 [22]. The O 1s spectrum of annealed coating has been deconvoluated into three distinct 
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components at 530.5, 531.5 and 532.9 eV [23, 24]. The peak at 531.5 eV originates from O 

1s electron in Al2O3 as found in O 1s spectrum of the as-deposited coating. The peak centred 

at 530.5 eV, can be assigned to O 1s electrons in WO3 [34]. The peak, centred at 532.9 eV, 

indicates the presence of WOx [24]. The deconvolution of W 4f spectrum of heat treated 

coating resulted in two peaks, centred at 35.8 and 37.8 eV. These peaks originate from W 

4f5/2 and W 4f7/2 electrons in WO3 [25]. The appearance of these peaks is due to the formation 

of new WO3 phase as a result of outward diffusion of W to the top layer. The XPS spectra 

thus confirmed the formation of WO3 in the annealed coating.  

The coating surface roughness is one factor that affects the selective properties of the 

coating by increasing the emittance. According to the general theory of scattering, the 

rougher the surface is, higher will be the emittance [26]. The surface topographies of the as-

deposited and heat treated coatings were studied using AFM. The 3-dimensional AFM 

images of these coatings are shown in Fig. 8. The root mean square roughness values of the 

as-deposited and the heat-treated coatings are 2.6 and 3.1 nm, respectively. Hence it can be 

stated that W/WAlN/WAlON/Al2O3 coating retained the smooth surface morphology even 

after heat treatment at 500 °C for 12 hrs in air which helps the coating to exhibit the similar 

spectral emissivity property after annealing.    

The emissivity of a sample is strongly dependent on the observation angles and this 

aspect is poorly studied for absorber coating. In the present study, we have analysed how 

emissivity varies when the observation angle increases. The directional emissivity values at 

different viewing angles from 10° to 80° for the wavelength range of 0 – 25 -m have been 

presented in Fig. 9(a). The emissivity of the coating decreases with an increase in viewing 

angle up to ~ 4.5 -m, shown in the inset of Fig. 9(a). Above this wavelength, a reverse 

phenomenon can be observed, i.e., the emissivity increases with increasing the angles. It can 

also be observed that upto 10 - 40°, only small variations in emittance have been observed. 
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At angles higher than 40°, the emittance increases considerably with detection angle. In 

addition, the results indicate that one maximum appears around ~ 10.6 -m and this increases 

as the observation angle increases. The peak appears due to the Berreman effect [27], which 

usually indicates the longitudinal (LO) phonon modes of Al – O bonds of Al2O3 [28]. For 

further clarification, the directional spectral emissivity has been represented as a function of 

viewing angle for several discrete wavelengths in Fig. 9(b). A gradual decreasing trend of 

emittance up to θ < 70° with the increase in viewing angle, followed by a sharp drop beyond 

θ ~ 70° have been observed for 2 and 3 -m wavelengths. For rest of the wavelengths (5, 10 

and 15 -m), emittance increases slowly up to θ < 40° and reaches a maximum around 75°.  

For both the cases, the emittance drops to zero at 90°.  As the multilayer is highly absorbing 

in solar and NIR spectrum, it causes higher values of emittance. Beyond that wavelength (~ 3 

-m), the entire stack reflects most of the incident infrared wavelength to minimize the 

emittance. 

Numerical integration of the directional spectral data as a function of temperature for 

both Sample A and Sample B, shown in Fig. 9(c), gives values of the total hemispherical 

emissivity. Such calculation shows significant improvement over previous studies wherein 

only the total normal emissivity was calculated. The same integration procedure was 

followed for the calculation of the total emissivity at each angle and they were integrated, 

according to Eqn. 3. The total hemispherical emissivity can be expressed by the following 

Eqn..: 

�A��� = > + 10�DE� +  10�F9�+ +  10��,)�G + ⋯                                        (5) 

where T is the temperature and a, b, c, d are fitted coefficients. The total hemispherical 

emissivity values of both coatings were fitted to a polynomial of order 2 in order to obtain a 

phenomenological expression useful for heat transfer calculations when using these coatings 

in engineering applications (with T in °C): 
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εH(T) = 0.138 + 8.25 x 10−6T + 3.23 x 10−7T2                  (Sample A)                  (6) 

 

εH(T) = 0.129 + 5.91 x 10−6T + 2.27 x 10−7T2                  (Sample B)                    (7) 

The fitting as shown in Fig. 9(c) allows an interesting analysis of this type of selective 

coating as it can be clearly observed that there is a strong dependence of temperature on the 

total hemispherical emissivity, which increases with an increase in temperature. This 

investigation enables us to acquire an overall understanding of the actual behaviour of 

spectrally selective absorber coating at different operation temperatures for CSP applications. 

4. Discussion 

In this section, we will demonstrate the underlying reasons behind excellent 

mechanical, environmental and thermal stability of W/WAlN/WAlON/Al2O3 –based 

multilayer absorber coatings. At first, we will discuss about the moisture resistance and 

hydrophobicity of the absorber stack. These are essentially correlated with surface chemistry, 

which is determined by the characteristics of materials used. Pristine Al2O3 is hydrophilic in 

nature as it consists of a large number of polar sites originating from unsaturated aluminium 

and oxygen atoms. A hydrophilic structure is usually formed near surface to configure a full 

octate of electrons in electron-deficient aluminium atoms. It is interesting to note that the 

chemical or geometrical modification of a material can also govern the water repellence. Our 

results clearly indicate that in spite of the presence of Al2O3 on top layer, 

W/WAlN/WAlON/Al2O3 coating surprisingly possess hydrophobicity. It is quite likely that 

RF sputtering would lead to the deposition of nanocrystalline Al2O3 [14]. Although 

W/WAlN/WAlON/Al2O3 coatings have less surface roughness, it can be believed that 

hydrophobicity in the present case is intrinsic to the nanocrystalline nature of the magnetron 

sputtered coatings. This finding is also consistent with other coatings with similar surface 

roughness [29, 30]. Moreover, the ambient atmospheric exposure of magnetron sputtered 
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Al2O3 may result incorporation of hydroxyl to the oxide surface which may reduce the 

wettability of the thin film [31-33]. 

The result of humidity test (see Fig. 2(a)) revealed the high moisture resistance of the 

coating. High atmospheric humidity enhances condensation of moisture in the form of 

droplets which may lead to pin-holing, cratering and cracking. Additionally, condensation 

also causes blistering, blooming and eventually results to delamination of the coating. As the 

absorptance and emittance have not changed after exposure of the coating into humid 

environment, it can be stated that Al2O3 layer on top acted as a protective layer to tackle such 

detrimental phenomena.  

Our results also unveil that W/WAlN/WAlON/Al2O3 –based coating not only has a 

superior water repellence property but also has significant resistance in corrosion 

environment. The corrosion can take place through the defects on the coating surface, such as 

micro cracks, pores, cavities, etc. The reasons behind the enhanced corrosion resistance of the 

present absorber coating can be attributed to the fact that the coating surface was very smooth 

and crack free.  The composition of the coating has also played an important role towards 

corrosion resistance. The layer of Al2O3 on the top passivates the surface and acts as a barrier 

between the surrounding environment and the underlying coating. The corrosion behaviour of 

the multilayer coating has also been improved by the presence of Al in WAlN and WAlON 

layer as  Alanyali et al. [34] reported that the incorporation of Al to the transition metal 

nitrides improves the corrosion resistance. It has also been reported that the coatings with 

high W content have an excellent corrosion resistance property [35]. In addition, stainless 

steel has a wide spectrum of resistance to corrosion by chemical environments [36]. 

The better mechanical stability of the coating was confirmed by the scratch test. It has 

been found that there was no detachment of the coating along the edges of the scratch test 

track. It is worthwhile to mention that the exceptional scratch resistance of the coating 
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appears due to nanocrystalline nature of WAlN, WAlON and amorphous nature of Al2O3 

layer. The WAlN and WAlON layers are composed of nanocrystalline phase of AlN and 

WO3, respectively and Al2O3 layer was amorphous in nature [14]. The scratch resistance can 

also be well correlated with the better resistance to plastic deformation of the coating. The 

plastic deformation of the nanocrystalline films [37] usually be prevented as these films (i) 

hinder the generation of dislocations, (ii) prevent crack propagation, and (iii) suppresses grain 

boundary sliding [38]. Moreover, the adhesion of the multilayer coating strongly depends on 

the initial layer, deposited on the substrate. As highly adhesive W has been deposited on SS 

substrate as interlayer, a good adhesion of the coating has been obtained. Additionally, WAlN 

layer improves the load bearing capacity and prevent fracture of the coating, which results in 

better adhesion [39]. 

In addition to improved environmental and mechanical properties, the high 

temperature emissivity of the coating should also be taken into account when these coatings 

are heat treated at 350 °C for 1000 hrs. The coating does not show significant changes in the 

spectral properties in solar spectrum regime (300 – 2500 nm) while heat treated for a 

prolonged duration. Not only that, it is clear from the emissivity measurements that 

emissivity spectra do not exhibit any drastic change after the heat treatment of the coating at 

200 – 500 °C. It is well known that thermal radiative emissions from a material arise due to 

band-to-band transition, lattice vibrations and thermal motion of charges [40]. In Fig. 5(a), 

the emissive behaviour of the coating in solar spectrum (> 2.5 -m) is dominated by 

W/WAlN/WAlON/Al2O3 stack due to it’s opaque nature in shorter wavelength while the 

emissive response at the rest of the spectrum is governed by W layer having inherently low 

emissivity values owing to the poor efficiency of photon emission from the surface. In the 

solar spectrum (0.25 - 2.5 -m), the emittance is fairly high. According to Kirchoff’s law, 

emittance of a material represents the absorptance (� (�) = 2 (�)) at a particular wavelength. 
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Hence, the high emittance of the coating in > 2.5 -m suggests that most of the solar radiation 

is absorbed by the multilayer absorber, while the spectral emissivity in the infrared region 

(2.5 – 25 -m) is significantly less than in the region with shorter wavelength. The emissivity 

enhancement is essentially a consequence of the inter-reflections within the structure, which 

reduces the reflectivity and as a result, the emissivity and absorptivity are enhanced. The 

combination of nitride/oxynitride/oxide layers leads to destructive interference, causing lower 

values of emissivity in shorter wavelength range, while these materials may not have any 

influence on emissivity in longer wavelength and for that reason, emittance value above 5 -m 

remains constant. Different spectral response in these two separate wavelength regimes is 

desired for an efficient spectrally selective coating. The working temperature has also an 

effect on the emissivity of the material. Therefore, it is expected that the emissive properties 

of the coating will be influenced by annealing the samples in high temperature. After heating 

the sample at 500 °C for 12 hrs, no drastic difference in the spectral response in the heat 

treated coating has been observed. According to Brodu et al. [41] the emittance of W coating 

can remain stable up to very high temperature due to less sensitivity towards surface 

diffusion. Hence, it is expected that the presence of W interlayer on SS substrate assist to 

retain the similar emissivity characteristics at elevated temperature. From XRD, XPS and 

Raman study, it has been noticed that WO3 forms after annealing the sample in air. The 

combination of Al2O3 and WO3 on top layer play an important role as oxygen diffusion 

barrier and act as effective passivation layer between underneath layers and the environment. 

The selected layers namely, WAlN, WAlON and Al2O3 are highly stable in extreme 

conditions and these layers restrict interdiffusion between layers, structural transformations 

and chemical reactions.  

Along with high temperature emittance, the angular dependence of emissivity was 

also investigated. The observable fact is that for lower wavelengths, the value of emissivity 
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decreases as the look angle increases. An increase in emissivity with increasing viewing 

angle does exist for longer wavelengths. For 2 and 3 -m wavelengths, emittance decreased 

slowly up to θ < 70° after which it dropped sharply, like a typical dielectric. On the other 

hand, the angular variation of emissivity at higher wavelengths (5, 10 and 15 -m) is 

dominated by W metal. These angular characteristics are not only related to the optical 

properties of the materials, but also related to various factors, like scattering mechanism, 

porosity, surface roughness, etc. [42-45].   

The fitting of hemispherical emissivity values as a function of temperature (see Fig. 

9(c)) may not only allow one to evaluate the thermal energy losses from a collector but also 

to understand the microscopic origin of the temperature dependence of the radiative 

properties of the coating. The increase in total hemispherical emittance as a function of 

temperature may be a direct consequence of phonon – phonon interactions and the 

enhancement of the population of phonons with the increase of the temperature [46]. 

It is worth mentioning that multilayer absorber based on WAlN and WAlON together 

with a W back reflection layer and anti-reflecting Al2O3 layer have formed a very effective 

selective absorber. This multilayer stack exhibits excellent spectral selectivity and high 

temperature stability simultaneously. The high temperature performance of the material can 

be corelated with the intrinsic material properties, structural integrity and adhesive nature of 

the coating with substrate. In the multilayer, W layer not only serves the role of infrared 

reflector to reduce the emissivity, but also acts as diffusion barrier and adhesion promoter on 

stainless steel substrate to hinder the diffusion of Fe and Cr atoms into rest of the layers. 

WAlN has been chosen as the main absorber layer as it is known to be thermally resistant to 

oxidation [47, 48]. 

Moreover, the combination of transition metal nitride and oxynitride has been widely 

used in solar selective coating for excellent thermal shock resistance as they are capable to 
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withstand sudden variation in temperature caused by clouds, thundershower, etc. [49-53]. 

Furthermore, Al2O3 has been introduced as anti-reflection layer to enhance the solar 

absorption remarkably as well as to protect the underneath layers from environmental 

degradation. 

To summarize, W/WAlN/WAlON/Al2O3–based coating with excellent optical 

properties, outstanding environmental stability, mechanical robustness and long term 

durability at high temperature qualifies most of the criteria to be utilized as a spectrally 

selective absorber on receiver tubes of CSP systems.  

5. Conclusions 

W/WAlN/WAlON/Al2O3 –based coating with a high spectral selectivity (2 = 0.958, � 

= 0.08) possess good environmental stability in highly humid and corrosive environment. The 

judicious selection of coating compositions allows the coating to exhibit a reasonably good 

scratch protection and considerably high hardness. Beyond mechanical and environmental 

stability, the coating also showed superior resistance against thermal degradation at 350 °C 

for 1000 hrs in air. The activation energy for degradation is found to be 61.4 kJ/mol. The 

presence of W and Al2O3 as inter-diffusion and antireflection layer protect the coating at high 

temperature and facilitate to retain the emissive property at 500 °C in air and vacuum for 12 

hrs. The analysed angular variation of emissivity commensurate well with the spectrally 

selective nature of the multilayer stack. Overall, the combination of aforementioned optical, 

mechanical and thermal properties ensures the capability of the coating as an attractive 

absorber photo-thermal conversion systems with a promising durability.  
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Fig. 1.  Schematic representation of W/WAlN/WAlON/Al2O3 –based absorber coating on SS substrate deposited by 

magnetron sputtering.
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Fig. 2. (a) Reflectance spectra of the coating before and after humidity test at 37 °C and 95% condensation. The inset shows the

contact angle at water-coating interface, (b) Potentiodynamic polarization curves of uncoated SS and W/WAlN/WAlON/Al2O3

coating, in 3.5% NaCl solution.
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Fig. 3. (a) Evaluation of adhesion properties by performing nano - scratch test, showing graphs of normal load (N) and friction

force (N) vs. time (s), (b) Optical micrograph of the scratch track at a linearly increasing normal load from 1 to 4.5 N, (c) Load-

Penetration depth response of W/WAlN/WAlON/Al2O3 thin film.
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Fig. 4. (a) Reflectance spectra of the coating after heat treatment at 350 °C for 1000 hrs in air. (b) Arrhenius plot for the

degradation of the coating heat treated at 300, 400, 500 and 550 °C for 2 hrs in air. Solid line indicates linear fit.
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Fig. 5. (a) Temperature dependence of the normal spectral emissivity at different temperatures. (b) Comparison between the

spectral emissivity of SS substrate and that of W/WAlN/WAlON/Al2O3 coating (sample A and sample B, both having identical

compositional architechture) at highest measured temperature of 500 °C. Evaluation of normal spectral emissivity of the coating

after annealing at 500 °C in air for 12 hrs.
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Fig. 6. (a) XRD and (b) Raman spectrum analysis of as-deposited and annealed coating at 500 °C for 12 hrs in air. The presence

of WO3 is evident in the annealed coating.
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Fig. 7. (a) XPS survey spectra, (b) Al 2p, (c) O 1s core level spectra of as-deposited and annealed coating at 500 °C in air for 12

hr, (d) core level W 4f spectra of heat-treated coating.
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Fig. 8. 3D AFM images of (a) as-deposited and (b) annealed coating in air at 500 °C for 12 hrs in air.
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Fig. 9. (a) Directional emissivity of the coating as a (a) function of wavelength for entire wavelength range. (b) function of

viewing angle for five wavelengths as at 500 °C. The points have been joined with cubic splines for better visualization of the

tendencies. (c) Temperature dependence of total hemispherical emissivity of sample A and sample B, fitted to polynomials of order

2
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Table 1. The absorptance and emittance values of W/WAlN/WAlON/Al2O3 coating 

before and after annealing for 2 hrs in air 

 

 

Temperature 

(°C) 

Absorptance (�) Emittance (�) 

As-deposited Annealed Δ� As-deposited Annealed Δ� 

300 0.959 0.957 0.002 0.08 0.08 0.00 

350 0.959 0.954 0.005 0.08 0.08 0.00 

400 0.959 0.952 0.007 0.08 0.08 0.00 

450 0.959 0.950 0.009 0.08 0.08 0.00 

500 0.959 0.934 0.025 0.08 0.11 0.03 

550 0.959 0.810 0.149 0.08 0.50 0.42 




