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Abstract 

In this work, the effect of increasing Si content in the absorber layers (CrAlSiNx /CrAlSiOyNx) of 

solar selective absorbers upon their selectivity and thermal stability are studied. The two optical stacks 

presented consist of four magnetron sputtered layers on stainless steel substrates. In both cases, tungsten 

is used as back-reflector, CrAlSixN/CrAlSiOyNx as absorber layers with different Si/(Cr+Al+Si) atomic 

ratio (0.15 and 0.30, respectively) and finally the SiAlOx antireflection layer. The structures were 

theoretically designed by SCOUT software depended on experimental transmittance (T) and reflectance 

(R) of thin single layers deposited on glass substrates. It is observed that optical stack coatings with 

higher silicon content show better selectivity values, high solar absorptance, α= 95.9%, and low 

emissivity, ε= 9.7 % (calculated for 400 ºC), with higher thermal stability at 600 ºC in vacuum, for 650 h. 

Additionally, with the annealing at 600 ºC an increase of surface roughness was found, which was 

smaller for sample with higher Si content. 
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1. Introduction 

 
Selective solar thermal absorber coatings are divided into two main groups, the first being based on 

Cermets as the studied presented in [1-4] and the second are the metal nitrides and oxynitrides based on 

structures like the ones presented in [5-7]. Cermets allow to obtain efficient absorbers by changing  their 

metal volume fraction to optimize their absorptance and emission [8].  

On the other hand, transition metal nitrides and oxynitrides based on structure are characterized by a 

good diffusion barrier, high resistance of oxidation and thermal stability [6,7, 9-14]. Several transition 

metals were already used, such as, Ti, Cr,W, Nb, Zr and Al [6,7, 9-11, 14-18]. 
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However, high selectivity of such coatings is vital condition to have high efficient thermal absorber 

stacks. Selectivity means that any design should show a high absorptance (α) at the solar radiation region 

and a low thermal emittance in the IR region.  

In previous studies [9,12], a design of selective solar thermal absorber stacks based on 

nitride/oxynitride absorber layers structure (W/CrAlSiNx/CrAlSiOyNx/SiAlOx) [9] was presented. The 

best results showed simultaneously a high solar absorbance α = 95 % and low emissivity ε= 12 % 

(calculated at 400 ºC) with good thermal stability at 400 ºC in air and at 600 ºC in vacuum, respectively. 

The current work studies the effect of varying the Si contents of the nitride and the oxynitride upon the 

thermal stability and absorber selectivity.  

 

2. Experimental  

DC magnetron sputtering have been used for all coating with Ar as sputtering gas, working pressure 

of 0.37 Pa, density of current of 6.4 mA/cm2, pulsed bias of -60 V, f =90 kHz, initial chamber pressure 

2×10-4 Pa and room temperature. In the case of tungsten, a density of current 12.7 mA/cm2 was used. All 

substrates were carefully cleaned in acetone by ultra sound and under vacuum, a plasma etching was 

performed. A (99.99%) tungsten target was used for the tungsten layer deposition. Small Si disks were 

uniformly distributed on a 10 cm diameter Cr70% Al 30% target erosion zone to change the Si content in 

coatings. Two designs with different Si content are presented in this work; D1 with 5 Si pellets and D2 

with 11 Si pellets. The antireflection SiAlOx layer was deposited using Si80 Al20 at% target and oxygen 

reactive gas. 

For both designs, and in order to obtain the optical properties, single CrAlSiNx and CrAlSiOyNx 

layers were deposited on glass substrates with different Si content (5 and 11 silicon discs) and different 

nitrogen and oxygen partial pressures for 1 min. This allowed to select those with adequate optical 

properties, and the used single layers, CrAlSiNx and CrAlSiOyNx, prepared with 11 and 5 Si pellets, are 

identified as N-11Si, ON-11Si, N-5Si and ON-5Si, respectively. For nitrides and oxynitrides layers, 

partial pressures of nitrogen (PN= 0.05 Pa) and oxygen and nitrogen (PON= 0.07 Pa), respectively, were 

used as reactive gases. 

Transmittance (T) and the reflectance (R) of those layers, in 0.25 – 2.5 µm wavelength range, were 

performed with a Shimadzu PC3100 spectrophotometer. An Al reference mirror was used to correct the 

reflectance curves.  Those measurements were used to calculate the optical constants (n and k) and 

thicknesses of designed layers as described in previous studies [9,12]. Selective absorber stacks were 

designed based on the data obtained from single layers, and deposited on Si and stainless-steel substrates 

with parameters presented in Table I. 

 



Table I: D1 and D2 deposition parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 For the thermal stability tests, the absorber stacks were annealed in air and in vacuum at 450 ºC and 

600 ºC, respectively for 650 h. in the case of experiments under vacuum, the initial pressure of the 

furnace was 5.0 mPa. The normal solar absorptance (αs) and normal thermal emittance were calculated in 

the same way presented in previous works [9] 

X-ray diffraction XRD in glancing incident angle mode was applied to study the structure and the 

oxidation resistance of the samples using a Bruker AXS Discover D8 apparatus operating with Cu Kα 

radiation. All measurements were performed the incidence angle of α = 3º. A Nano SEM–FEI Nova 

200(FEG/SEM) microscope was used for Scanning electron microscopy (SEM) to determine the coatings 

thickness, morphology and chemical composition, which was assessed by means of EDS analyses with an 

acceleration voltage of 7 keV. Film topography and surface roughness were studied using Atomic Force 

Microscope (Dimension Icon- Bruker) under scan adjust mode. 

The CTN/IST Van de Graaff accelerator was used to perform the Rutherford Backscattering (RBS) 

measurements with 2 MeV 4He+ beam and detectors at 165º to the beam direction and IBA Data Furnace 

NDF software was also used to analyse the data [19]. 

3. Results and discussion  

3.1 Optical properties of single layers 

Sample 
 

Layer Target Deposition 
time 
(min) 

Reactive gas and 
partial pressure 

(Pa) 

Thickness 
(nm) 

 

D1 

W W 2:00 - 120 

CrAlSiNx 
(N-5Si) 

CrAl+ 5 Si 1: 27 N2 
0.05 

63 

CrAlSiOyNx 
(ON-5Si) 

CrAl+ 5 Si 0:23 N2/O2 (85%/15%) 
0.07 

16 

SiAlOx SiAl 1:29 O2 
0.06 

77 

 
 

D2 

W W 2:00 - 120 

CrAlSiNx 
(N-11Si) 

CrAl+11 Si 2:20 N2 
0.05 

59 

CrAlSiOyNx 
(ON-11Si) 

CrAl+11Si 1:26 N2/O2 (85%/15%) 
0.07 

35 

SiAlOx SiAl 1: 19 O2 
0.06 

68 



Fig. 1 shows the transmittance (T), reflectance (R), refractive index (n) and extinction coefficient (k) 

of the individual layers used in both designs D1 and D2, as a function of wavelength in the range of 300 – 

2500 nm. The n and k curves were simulated from the modeling of the experimental transmittance and 

reflectance spectra. The algorithm used by SCOUT software also allows the calculation of the thicknesses 

simultaneously with T and R modeling [20] and thus, estimate the deposition rate. The thin layers N-5Si, 

N-11Si, ON-5Si and ON-11Si, whose results are shown in Fig. 1, have thicknesses of 42 nm, 31 nm, 38 

nm and 36 nm, respectively. The deposition time was the same for all, and this shows that when the 

number of Si inserts was increased, the deposition rate decreased being the effect higher in case of 

nitrides. Increasing Si content in the CrAlSiNx and CrAlSiOyNx layers leads to a higher transparency. The 

refractive index (n) of N-11Si is slightly higher than the one of N-5Si, but the extinction coefficient of N-

11Si is lower than the one of N-5Si. For oxynitrides, ON-11Si shows lower n and k when compared with 

those prepared with 5 Si discs. This means that increasing Si content in the films and using the same 

partial pressure of reactive gases, leads to more transparent layers, due to the formation of Si nitride and 

Si oxynitride, which are transparent. The increase of Si content implies a decrease of Cr content, which 

leads to non-transparent nitrides. The presence of Si nitride and oxynitride will improve the thermal and 

chemical stability but can impoverish the optical properties. Thus, the increase of the Si content should be 

limited in order to maintain the optical properties in the required range.  

The interference effect can be used to optimize the solar absorptance. With three layers it is possible 

to have, in the reflectance spectra, two minima in the wavelength range of solar radiation. The refractive 

indices and thicknesses of the bilayer structure should be selected to get a phase cancellation position at 

wavelengths around 0.5 µm and 1.3 µm, which decreases the reflectance of the solar radiation and 

enhancing its absorptance [21]. 



  
Fig. 1: (a)Transmittance (T), (b) Reflectance (R), (c) Refractive index (n) and (d) extinction coefficient 

(k) of CrAlSiNx and CrAlSiOyNx as a function of wavelength (λ). 

 

 In both designs, tungsten was used as back-reflector layer and SiAlOx as antireflection layer. These 

two layers were studied in detail in the previous works [9,12,18]. Tungsten shows a high reflectance in 

the IR region of radiation (R% = 94.6 at λ ~ 2.5 µm), whereas the antireflection layer (SiAlOx) is 

transparent and has a very low extinction coefficient and a refractive index around 1.50. This 

layer is a good barrier diffusion, protecting the other layers.  

3.2 Chemical composition of the single layers  

The chemical composition of thick layers like those used in the optical stacks are presented in Table 

II. An average of two EDS measurements randomly performed for two points on the surface of each 

sample was calculated. When the number of Si discs decreased from 11 to 5, a 25 % decrease in the 

(Al+Si)/Cr elemental ratio in nitride and oxynitride samples is observed, and the Si/(Si+Al+Cr) atomic 

ratio changed from 0.3 to 0.15. This change in the elemental content ratio is enough to obtain different 

optical properties, as already described in the previous section. The Si discs were placed on the CrAl 

target, which means that the increase of Si implies a reduction of Al and Cr, as shown in table II. AlN is 

also transparent, but the (Al+Si)/Cr elemental ratio can play an important role in other properties of the 

films. The oxygen and the nitrogen reactive gases partial pressures have a big influence on the structure, 
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chemical and thermal stability of the layers. Stoichiometric films are more thermally and chemically 

stable, but usually they do not have the adequate optical properties and it is necessary to deposit sub-

stoichiometric films to obtain those optical properties. 

Table II: EDS chemical composition and thickness of N-11Si, ON-11Si, N-5Si and ON-5Si thick layers. 

Layer N 
at% 

O 
at% 

Al 
at% 

Si 
at% 

Cr 
at%

Si/(Si+Al+Cr) N+O/(Al+Si+Cr) (Al+Si)/Cr Thickness
(µm) 

N-5Si  23 6 30 11 30 0.15 0.4 1.5 1.3 
N-11Si 26 5 26 20 23 0.29 0.5 2.0 0.9 
ON-5Si 27 18 25 8 22 0.145 0.8 1.5 1.4 
ON-11Si 30 11 22 18 19 0.305 0.7 2.0 1.1 

 

3.3 Structure of the single layers 

The absorption layers used in both absorber stacks, the nitrides and oxynitrides layers, were analyzed 

by XRD, and the corresponding diffractograms are represented in Fig. 2. Some layers show broad peaks, 

which is typical for materials with small grain size, and other layers amorphous. Moreover, cross section 

SEM micrographs (Fig. 3) agree with the XRD analysis showing a compact featureless morphology.   

 
Fig. 2: XRD of the single layers. (S related to stainless steel structure.) 
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Fig. 4:  Schematic diagram of the simulated multilayer as obtained by SCOUT with simulated and 
experimental reflectance curves of the absorber design (a) D1 and (b) D2. 
 

Furthermore, Fig. 5 shows SEM cross-section micrographs of the two samples deposited on Si 

substrates. Only W layer shows the columnar growth morphology and the remaining layers seem to be 

amorphous that agrees with XRD analysis of the similar thick layers presented in section 3.3. The total 

thickness is similar to those in the simulated design. The change in composition from nitride to oxynitride 

is mainly the increase of light elements, and this is not enough to distinguish the nitride from the 

oxynitride in the SEM micrographs. 

 
Fig. 5: Cross-sectional SEM images of samples D1 and D2. 
 

3.5 Thermal stability 

Thermal stability and good resistance to oxidation is a core need to selective thermal absorbers for 

long lifetime use.  The performance of optical stacks was evaluated with to annealing tests in air at 450 ºC 

and in vacuum at 600 ºC for 650 h, and the solar absorptance (α) and the emittance (ε) were used as 

control parameters. The results are presented in Fig.6, where are represented the reflectance curves of the 

as deposited samples and after 650 h of air and vacuum annealing. As shown in Fig.6a and Fig. 6b, both 

samples D1 and D2 show excellent thermal stability after annealing in air with almost no changes on the 

reflectance curves and absorbance (α), which confirm that both stacks are adequate for this high 

temperature (450 ºC). On the other hand, the stack with higher Si content (D2) shows much better thermal 

stability than the D1 one after vacuum annealing at 600 ºC. The changes in the reflectance curve of 

sample D1 (Fig. 6a) resulted in a decrease of the absorbance (α) of 1.1%. In all cases, the emittance (ε) is 

improved after annealing in air and in vacuum, which confirms that the tungsten reflection layer is well 

protected by the other layers, showing good thermal stability against oxidation. The decrease of the 



emissivity with annealing was already reported and can be due to a W phase transformation during 

annealing [22,23]. 

 

   
Fig. 6: Reflectance of as deposited and after air and vacuum thermal annealed samples (the thermal 
emittance (ε) was calculated for 400 ºC). 
 

Further tests upon the thermal stability and the evaluation of elemental diffusion were performed by 

RBS, where the elemental depth profiles of each absorber were studied. The RBS spectra of the as 

deposited and after vacuum and air annealed samples for 650 h are shown in Fig. 7a and b. For better 

understanding, the front edges of the different elements, if located at surface sample, are indicated in the 

figures. From the spectra it is clearly observed that W and absorption layers (AL) of sample D2 (Fig. 7b) 

are thicker than those of sample D1 (Fig. 7a), confirming what is shown in Fig. 5. Small differences 

between the spectra of the as deposited and after annealing samples were obtained and the analysis 

emphasized that differences in the region of channel numbers 560-580 are related with depth profile of W 

element and corresponds to a tail elongation of the back side of W layer, as also confirmed in the previous 

studies [9,12]. As a result, small amount of tungsten diffused towards the stainless-steel substrate, but the 

general evaluation shows that no other significant changes are present. However, tungsten diffusion 

towards the substrate can be easily solved by adding a barrier layer, as studied in the previous work [22]. 

The small changes seen after the vacuum annealing, shown in Fig. 6, should be related with diffusion 

processes other that are not related with the tungsten diffusion towards the substrate, which cannot be 

seen in reflectance curves. From Fig. 7 cannot be excluded the small widening of the interface between W 

layer and the absorption layer and other diffusion processes are not clearly seen in Fig. 7, but in sample 

D2 (Fig. 6 b) are certainly lower than in sample D1 (Fig. 6 a).  
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Fig. 7: The spectra of RBS of the samples D1 and D2 as deposited and after air and vacuum annealing for 
650 h. 

 
The two samples were analyzed by XRD to have more information about any further structural 

changes after air and vacuum annealing.  In Fig. 8 are represented the diffractograms of samples before 

and after annealing, and all samples showed no significant changes after the annealing except for small 

differences in the intensity of W peaks. As already shown with reflectance curves (Fig. 6), this behavior is 

in accordance with good resistance against oxidation and thermal stability. The peak located at 36º in 

Fig.8a, is addressed to W β-phase, which contributes for higher emittance of the as deposited D1 sample. 

The β-W phase is favored when the base pressure before the deposition of the W layer is not good 

enough. The β-W phase has higher electrical resistivity than α-W phase and its presence contributes for 

the resistivity increase of the W layer and consequent emittance increase [24].  

Moreover, the tungsten layer in sample D2 does not have any β-phase structure, which means it 

contributed for improving of the emittance of the whole stack. Annealing induces the transformation from 

tungsten β- to α- phase together with a decrease of the emittance, as shown in Fig. 8 and Fig. 6. The peak 

at ~36º in Fig. 6a has becomes thinner after the annealing. A transformation from tungsten β- to α- phase 

was also reported by other authors [23] with a small increase in the reflectance for wavelengths higher 

than 2 µm. In the case of sample D2, the contamination of the W layer was smaller, as the presence of β-

W phase is not evident, but the decrease of the emittance with the annealing suggests an improvement of 

the resistivity of the W layer, which is related to the reflectance in the IR wavelength range. In Fig.8 are 

also included the grain sizes of tungsten layer, in as deposited state and after annealing, which were 

calculated from the full width at half maximum (FWHM) of (110) tungsten peak and using the Scherrer 

equation [25]. The grain size revealed a slight increase with the annealing in vacuum at 600 ºC (from ~17 
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nm to ~26 nm), but no significant changes were seen after the annealing in air at 450 ºC. This grain 

growth is related with recrystallization associated with a decrease of grain boundary area, but can also be 

related with the mentioned phase transformation, which can happen at 600 ºC, when the oxygen 

concentration is low (1-2 at.% O) [26]. 

 
Fig. 8: XRD diffractograms of as deposited samples D1 and D2 in the as deposited state and after air 

and vacuum annealing. 
 

Surface roughness of samples D1 and D2 were studied by AFM, one in as deposited state and a second 

annealed in vacuum at 600 ºC. The surface roughness Ra was averaged from two 5x5 µm2 scans, and the 

AFM micrographs of the as-deposited and annealed films are presented in Fig. 9. Some scratches can be 

seen, which are due to the mechanical surface polishing prior the deposition. The surface morphology of 

as deposited samples (Fig. 9a and Fig. 9c) indicates featureless grain growth indicating no clear grain 

formation, which is in agreement with the amorphous structure. With the annealing a small spike 

formation was found (Fig. 9b and Fig. 9d) and the surface roughness revealed a small increase, changing 

from Ra=2.2 nm for the as deposited state to 5.7 nm after the annealing in vacuum for sample D1, and 

from Ra=2.1 nm to 4.9 nm for sample D2. The difference is not significant, but the sampleD2, with higher 

Si content is also the sample with better performance when subjected to thermal annealing. The surface 

roughness of as deposited samples is similar to other selective absorber coating based on AlSiOx:W 

cermets [27]. However, the surface roughness of those cermets after annealing was lower, but the time 

annealing time was also much lower.  
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Fig. 9:  Surface roughness imaged by AFM (5x5 µm2) of sample D1: a) as deposited coating; b) 
after annealing at 600 ºC in vacuum and of sample D2: a) as deposited coating; b) after annealing 
at 600 ºC in vacuum. 
 

As a summary, the sample with higher Si content (D2) revealed a better thermal stability with 

annealing in vacuum, which can be mainly related with atomic diffusion, because the annealing was 

performed in vacuum, where the oxidation processes are minimized. The diffusion barrier properties were 

improved with the increase of Si content. The films are sub-stoichiometric with (N+O)/(Al+Si+Cr) 

atomic ratio of about 0.43-0.45 for nitrides and 0.7 -0.8 for oxynitride. Thus, those layers (mainly for 

nitrides) contain some of Cr atoms in metallic oxidation state, which favors the diffusion, and Si 

has apparently an important role in the improvement of the barrier properties. With the annealing 

at 600 ºC, an increase of the surface roughness was found, being smaller for sample with higher 

Si content.  

 

4. Conclusions 
 

Two designs of solar selective absorber for high temperature applications were presented. 

The designs consist on multilayer based on a structure of four layers (W/CrAlSiNx 

/CrAlSiOyNx /SiAlOx), with different Si content (5 and 11 silicon discs on CrAl target), which 

correspond to a Si/(Si+Al+Cr) atomic ratio of 0.15 and 0.3, respectively. Thick single layers of 
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CrAlSiNx and CrAlSiOyNx similar to those used in both designs were used to study the 

structural, optical and chemical properties. Using the same partial pressure of reactive gases, 

these layers have lower extinction coefficient and become more transparent with increasing 

silicon content, showing that, the optical constants n and k are sensitive to these changes. The 

elemental ratio (Al+Si)/Cr decreased by 25 % in nitride and oxynitride samples when the 

number of Si discs decreased from 11 to 5 and all these layers are amorphous, as confirmed be 

XRD analysis. Based on the data from these single layers, the tandems were simulated by the 

SCOUT software and then the stacks were deposited. A small improvement was seen with the 

increase of Si content (using 5, 9 [9] and 11 Si discs on CrAl target), and the experimental 

designs of higher silicon content show better selectivity values, high solar absorptance, 

α=95.9%, and low emissivity, ε= 9.7 % (calculated for 400 ºC), together with higher thermal 

stability at 600 ºC, in vacuum, for 650 h. Generally, thermal emissivity revealed a small 

improvement with the thermal annealing, which is related with the tungsten grain size 

increase and transformation from tungsten β- to α- phase, but also shows that the W back 

reflector layer is well protected by the outermost layers. The RBS recorded a small amount of 

tungsten diffused from the back-reflector layer towards the stainless-steel substrate in both 

designs, which can be avoided by adding a barrier layer. Moreover, after vacuum annealing at 

600 ºC, an increase of surface roughness was found, being slightly smaller for sample with 

higher Si content.. Finally, the CrAlSiNx /CrAlSiOyNx and SiAlOx layers are amorphous and 

the tungsten layer is polycrystalline with (110) orientation as confirmed by XRD.  
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Figure Captions 
 
Fig. 1: (a)Transmittance (T), (b) Reflectance (R), (c) Refractive index (n) and (d) extinction coefficient 

(k) of CrAlSiNx and CrAlSiOyNx as a function of wavelength (λ). 

 

Fig. 2: XRD of the single layers. (S related to stainless steel structure.) 

 

Fig. 3: SEM cross-section micrographs of (a) N-5Si and (b) ON-5Si samples. 

 
Fig. 4:  Schematic diagram of the simulated multilayer as obtained by SCOUT with simulated and 

experimental reflectance curves of the absorber design (a) D1 and (b) D2. 

 

Fig. 5: Cross-sectional SEM images of samples D1 and D2. 

 

Fig. 6: Reflectance of as deposited and after air and vacuum thermal annealed samples (the thermal 

emittance (ε) was calculated for 400 ºC). 

 

Fig. 7: The spectra of RBS of the samples D1 and D2 as deposited and after air and vacuum annealing for 

650 h. 

 

Fig. 8: XRD diffractograms of as deposited samples D1 and D2 in the as deposited state and after air and 

vacuum annealing. 

 

Fig. 9: Surface roughness imaged by AFM (5x5 µm2) of sample D1: a) as deposited coating; b) 

after annealing at 600 ºC in vacuum and of sample D2: a) as deposited coating; b) after annealing 

at 600 ºC in vacuum. 

 

  



 

Tables 

 

Table I: D1 and D2 deposition parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table II: EDS chemical composition and thickness of N-11Si, ON-11Si, N-5Si and ON-5Si thick layers. 

Layer N 
at% 

O 
at% 

Al 
at% 

Si 
at% 

Cr 
at%

Si/(Si+Al+Cr) N+O/(Al+Si+Cr) (Al+Si)/Cr Thickness
(µm) 

N-5Si  23 6 30 11 30 0.15 0.4 1.5 1.3 
N-11Si 26 5 26 20 23 0.29 0.5 2.0 0.9 
ON-5Si 27 18 25 8 22 0.145 0.8 1.5 1.4 
ON-11Si 30 11 22 18 19 0.305 0.7 2.0 1.1 

 

 

 

 

Sample 
 

Layer Target Deposition 
time 
(min) 

Reactive gas and 
partial pressure 

(Pa) 

Thickness 
(nm) 

 

D1 

W W 2:00 - 120 

CrAlSiNx 
(N-5Si) 

CrAl+ 5 Si 1: 27 N2 
0.05 

63 

CrAlSiOyNx 
(ON-5Si) 

CrAl+ 5 Si 0:23 N2/O2 (85%/15%) 
0.07 

16 

SiAlOx SiAl 1:29 O2 
0.06 

77 

 
 

D2 

W W 2:00 - 120 

CrAlSiNx 
(N-11Si) 

CrAl+11 Si 2:20 N2 
0.05 

59 

CrAlSiOyNx 
(ON-11Si) 

CrAl+11Si 1:26 N2/O2 (85%/15%) 
0.07 

35 

SiAlOx SiAl 1: 19 O2 
0.06 

68 


