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A B S T R A C T

Aluminium titanium oxynitrides were studied as candidate materials for high temperature absorbers in
solar selective coatings due to their excellent stability and their tuneable optical behaviour. A set of individual
AlyTi1−y(OxN1−x) layers with different oxygen content was prepared by cathodic vacuum arc (CVA) deposition.
The composition, morphology, phase structure and microstructure of the films were characterized by elastic
recoil detection (ERD), scanning and transmission electron microscopy and X-ray diffraction. An fcc phase
structure is found in a broad compositional range of AlyTi1−y(OxN1−x). Simultaneously, sample microstructure
and morphology undergo systematic changes from a columnar growth to the development of a heterogeneous
structure with spherical nanoparticle inclusions when the oxygen concentration is increased. The optical
properties were determined by spectroscopic ellipsometry and UV–Vis–NIR and FTIR spectrophotometry. A
comprehensive analysis of the film properties allowed an accurate modelling of the optical constants of the
AlyTi1−y(OxN1−x) in the whole wavelength range of solar interest (from 190 nm to 25 µm). It points to a
transition from metallic to dielectric behaviour with increasing oxygen content. Consequently, it is demonstrated
that the optical properties of these AlyTi1−y(OxN1−x) deposited films can be controlled in a wide range from
metallic to dielectric character by adjusting the oxygen concentration, opening a huge range of possibilities for
the design of solar selective coatings (SSC) based on this material. Complete SSC, including a TiN layer as IR
reflector, were designed by applying optical simulations, obtaining excellent optical selective properties of α =
94.0% and εRT = 4.8%.

1. Introduction

Concentrating solar power (CSP) electricity generation is a com-
mercially available technology capable of harvesting the solar resources
in many parts of the world. CSP offers the possibility of incorporating
thermal storage, providing dispatchable electrical power [1] that can
compete with conventional fossil fuel plants [1]. A high-temperature
heat source is created by concentrating the solar radiation reflected
from the heliostats field onto a sunlight absorbing receiver. The thermal
energy is converted into electricity downstream by a heat exchanger,
steam turbine, and electrical power generator in a thermodynamic
cycle. Solar selective coatings (SSC) with high absorptance (α) in the
solar spectral range (0.3 – 2.5 µm) and low thermal emittance (ε) in the

infrared region (2.5 – 30 µm) are required for improving the perfor-
mance of CSP receivers [2]. SSC deposited by physical vapor deposition
(PVD) techniques are currently applied in parabolic trough systems,
working at temperatures below 400 °C and under vacuum environments
[3]. In the case of central receivers of solar tower plants that operate at
high temperatures in ambient conditions, commercial solutions based
on absorber paints (i.e. Pyromark®) are currently applied. These paints
exhibit no solar selectivity (ε> 80%) and suffer from serious de-
gradation at temperatures above>550 °C [4,5]. Although there has
been an extensive evaluation of PVD coatings in literature [6–10] the
stringent operation conditions in central receiver towers have pre-
vented to this date the commercial implementation of PVD based SSC.

PVD deposited nitride and oxynitride coatings are considered to
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have potential as solar absorber layers in high-temperature applications
due to their excellent oxidation resistance [11] and thermal stability
[12]. Related research has been extensively reported in the literature
[13–19]. In 2009 Lei et al. [20], developed a multilayer stack including
an AlTiO thin film as anti-reflective (AR) layer by multi-arc ion plating
system using only one Al50Ti50 cathode. They obtained a solar ab-
sorptance of ~ 90% stable in air at 650 °C and a thermal emittance
below 8%. However, the removal of large size macroparticles
(~0.5 µm) deposited with this technique required a suitable post-de-
position process step. Rebouta et al. [16,21] obtained remarkable re-
sults in 2012 depositing Al50Ti50 oxynitride multilayer stacks by DC
magnetron sputtering (DC-MS) and using a top antireflective layer of
SiO2 (refractive index n~1.44) deposited by plasma enhanced chemical
vapor deposition (PECVD) in a different coating chamber. The system
was thermally stable in air for 600 h at a temperature up to 278 °C, with
no changes in the solar absorptance of 95% and thermal emittance of
6%. Barshilia’s AlTiN/AlTiON multilayer coatings on Cu substrate with
Si3N4 (n~2.00) as AR layer exhibited 95% absorptance and 7% thermal
emittance at 82 °C [22]. They employed an Al50Ti50 cathode for the
oxynitrides and a second Si cathode for the AR layer. The coatings
showed no degradation of the optical properties after 50 h in air at
525 °C. The last two multilayer designs require a different cathode (Si)
or deposition chamber for the AR layer, increasing the complexity of
the system. Afterwards, in 2014, Barshilia designed a similar stack
based on pure metallic Ti and Al cathodes [23,24], using a pulsed DC-
MS system to control independently the composition of each layer. This
new configuration includes AlTiO (n~1.8) as AR layer and Ti chrome as
infrared (IR) reflecting layer. This system did not achieve the same
optimal performance as the previous ones (α = 93% and ε82 °C = 16%),
but it is simpler to implement and represents a distinct step towards
industrial applications. Following the same AlyTi1−y(OxN1−x) struc-
ture, in 2015 Barshilia’s group added a W layer between the substrate
and the MeOxNy multilayer stack and they managed to reduce the
emittance and to avoid diffusion from the substrate to the coating up to
300 °C [24]. Several patents were filed by Barshilia employing alumi-
nium titanium oxynitride multilayer stacks [25,26] based on the pre-
viously explained results. In 2014, a hybrid system combining pulsed
DC-MS AlyTi1−y(OxN1−x) stack with a sol-gel AR top layer of organi-
cally modified silica (ormosil) was patented [27].

The structure analysis of a broad number of AlyTi1−y(OxN1−x)
samples has revealed two limiting cases. When the oxygen to nitrogen
atomic ratio (O/N) is low (<~0.3 [28]), the O atoms can be in-
corporated in the osbornite B1 cubic structure (Fm3m space group)
replacing N. The incorporation of oxygen into the nitride lattice affects
the properties of the compound due to different charges and differences
in the nature of metal-anion bonds [29]. Two nitrogen atoms (N3-) need
to be replaced by three oxygen atoms (O2-) in order to maintain the
electrical neutrality. For O/N>0.3 content above this limit, other
structural phases are expected to be formed [30].

While its phase structure can be predicted depending on the O/N
ratio [31,32], the microstructural design of the AlyTi1−y(OxN1−x)
system can be strongly influenced by the employed deposition tech-
nique and conditions. Structural and chemical properties of magnetron
sputtered [33] and cathodic vacuum arc grown [30] AlyTi1−y(OxN1−x)
have been studied, showing the improvement of the thermal resistance
and mechanical properties with the addition of a certain oxygen con-
tent.

As we discussed in a previous work by some of the authors [34], the
design of solar selective coatings requires a reliable simulation of the
optimized coating stack followed by an experimental confirmation of
the optical response. To achieve this, it is crucial to base the simulation
on optical constants, which properly describe the optical behaviour of
the material. This represents a major difficulty for AlyTi1−y(OxN1−x)
due to the strong dependence of the optical response on the composi-
tion and bonding behaviour of the material. Besides there is a very
limited knowledge on the dependencies of optical properties in the IR

range for the majority of optical materials. Therefore, one of the main
objectives of this study is the proper determination of the optical con-
stants of individual AlyTi1−y(OxN1−x) layers in the wavelength range of
interest (300–25,000 nm) supported by a detailed analysis of the film
composition, microstructure and phase morphology. The second ob-
jective is to apply this optical model to the design of a complete stack of
solar selective AR layer / AlyTi1−y(OxN1−x) absorber layers / IR re-
flector with optimized α/ε ratio relevant for high-temperature appli-
cations.

For that aim, a set of individual layers grown by Cathodic Vacuum
Arc (CVA) were thoroughly analysed in terms of composition using
Elastic Recoil Detection (ERD) and Rutherford Backscattering
Spectrometry (RBS), morphology by Scanning Electron Microscopy
(SEM) and microstructure by X-ray diffraction (XRD) and transmission
electron microscopy (TEM). Reflectance spectra were obtained by
UV–Vis–NIR and FTIR spectrophotometry. An extensive modelling
study was performed for the proper simulation of the optical constants
measured by spectroscopic ellipsometry (SE). This led to excellent
agreement between simulated and experimentally obtained reflectance
spectra within the whole wavelength range of interest. In this work, it is
demonstrated that a solid understanding of the correlations between
bonding type and composition is required in order to properly adjust
the solar selective properties of high-temperature resistant oxynitride
materials. Based on this approach, a complete solar selective multilayer
stack was optimized achieving optical properties (α= 94.0% and εRT =
4.8%) that are among the best performing reported for simulated layer
stacks using oxynitride films [18,35]. In a companion paper [36] the
thermal stability of the optimized complete multilayer stack in air were
analysed by i) asymmetric tests of 12 h at 450, 650 and 800 °C and ii)
heating– cooling cycles between 300 and 600 °C for 900 h.

2. Experimental details

2.1. Thin film growth

A set of AlyTi1−y(OxN1−x) thin films was deposited on Si (100) and
mirror polished Inconel HAYNES ® 230 substrates using a commercial
direct current (DC) non-filtered cathodic vacuum arc PL70 Platit setup.
The common deposition parameters applied for the AlyTi1−y(OxN1−x)
samples are summarized in Table 1.

As they were optimized previously for similar nitride films in this
CVA chamber [28,37], the substrate temperature (450 °C), the arc
current (125 A) and the substrate bias (−75 V) were kept as constant
parameters in order to obtain samples with low residual stress and good
adhesion. A single rectangular Al67Ti33 cathode was employed for all
the depositions. The flow rate of the reactive gases O2 and N2 was
varied. In this way, six AlyTi1−y(OxN1−x) thin film samples were ob-
tained. They are abbreviated by the notation #1 to #6 in the following
text (see Table 2).

Samples #1 - #5 were grown using only reactive gases (N2 and O2)
without Ar gas assistance. The pure oxide film (sample #6) was

Table 1
Common deposition parameters employed for AlyTi1−y(OxN1−x) samples grown by
CVA PL70 Platit setup.

Parameter Value

Base pressure (Pa) 2× 10−4

Working pressure (Pa) 1.5
Deposition temperature (°C) 450
Cathodes Al67Ti33
Cathode size (mm2) 331 × 174
Discharge current (A) 125
Bias voltage at deposition stage (V) - 75
Rotation speed of the substrate (rpm) 10
Distance to the substrate (mm) 150
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deposited to be used as AR top layer and to improve integrity and en-
vironmental protection at high temperatures [38]. For its deposition, 10
sccm of Ar gas flow was added to the chamber to stabilize the arc.
Oxynitride samples #2-#5 were deposited on top of ~0.5 µm AlTiN in
order to improve the layer adhesion to the substrate. No delamination
was observed in any of the deposited thin films.

2.2. Thin films compositional and microstructural characterization

ERD analysis was used to determine the depth-resolved elemental
composition of the samples #1 to #6. The measurements were carried
out using an incident 43 MeV Cl7+ ion beam of a 6 MV tandem accel-
erator. The angle between the sample normal and the incoming beam is
75°and the scattering angle is 31°relative to the beam direction. The
analysed area is about 1.5 × 1.5 mm2. The recoils have been detected
with a Bragg ionization chamber using a full energy detection circuit for
the ion energies and a fast timing circuit to obtain a Z-dependent signal
(Z: atomic number) to separate ion species. Hydrogen has been detected
with a separate solid state detector covered by an 18 µm Al foil to stop
other scattered ions and recoils at a scattering angle of 41°. With this
experimental configuration the ERD spectra of all elements are ob-
tained, and moreover the RBS spectrum of Ti (and possible heavy ele-
ment impurities). All spectra were fitted simultaneously using the
program NDF v9.3 g [39].

A Hitachi S5200 Scanning Electron Microscope (SEM) equipped
with a field emission gun (FEG) was employed to analyse the mor-
phology of the deposited samples. Cross sectional images of the samples
deposited on silicon substrates were measured without metallization at
1 and 5 kV electron beam energy.

The phase structure of the thin films was determined by X-ray dif-
fraction employing grazing incidence geometry (GIXRD) using a Rigaku
Ultima IV diffractometer with Cu-Kα radiation (λ=1.5406 Å). The in-
cident angle was 0.4°, and the XRD patterns were measured in the
diffraction angle range of 20–100° in steps of 0.02°. The crystallite size
was estimated employing the Scherrer equation with k of 0.94 [40].

The microstructure was analysed by cross-sectional transmission
electron microscopy (TEM) with a TECNAI F30 microscope operated at
300 kV accelerating voltage. It is equipped with Schottky-type field
emission gun and an ultra-high resolution pole piece. The thin lamellas
required for the cross-section analysis were made using a Focused Ion
Beam (FIB) Dual Beam Helios 650. It is equipped with a 30 kV Ga fo-
cused ion beam source combined with a 30 kV electron beam placed at
52° between them, and with the Omniprobe® manipulator. Sample-
protecting Pt thin films were deposited by electron beam deposition of
(CH3)3(CpCH3)Pt.

2.3. Determination of optical properties

The optical constants of the deposited thin films were determined by
spectroscopic ellipsometry (SE) in the wavelength range of
211–1688 nm using a rotating compensator ellipsometer M-2000FI (J.
A.Woollam, Inc.) with a fixed angle of polarized light incidence and
reflection of 75°. The data were acquired and interpreted via modelling

using WVASE32 software [41].
The specular reflectance at room temperature was measured in the

range 190–3300 nm using a Perkin Elmer UV–Vis–NIR spectro-
photometer Lambda 1050 under an incident angle of 11° from the
normal. The system is equipped with a deuterium (175–320 nm) and a
tungsten-halogen lamp (320–3300 nm). For rough samples, a 150 mm
integrating sphere accessory consisting of two hemispheres coated with
Spectralon and equipped with photomultiplier tube (PMT) and InGaAs
detectors, was employed. Spectralon was employed as diffusively re-
flecting reference.

Measurements of the reflectance in the IR range were carried out
with a Fourier transform infrared (FTIR) spectrometer Bruker Vertex
70. It is equipped with a DLaTGS detector and KBr beam splitter. The
measurement range was 400 cm−1 to 4000 cm−1 (2.5–25 µm), and the
resolution was 0.4 cm−1. A specular “W-type” accessory is employed to
measure reflectance of mirror like samples, employing a gold coated
glass as reference. Additionally, the IR reflectance of rough samples was
measured by an integrated sphere accessory coated with gold.

The commercial software CODE [42] and WVASE32 [41] were
employed to simulate the reflectance spectra.

The solar absorptance (α) and the thermal emittance (ɛ) of the
coatings can be evaluated from UV–Vis–NIR and FTIR reflectance
spectra. α is defined as the fraction of incident radiation in the solar
wavelength range that is absorbed, and it is calculated according to Eq.
(1) [43]:
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where λ1 =300 nm and λ2 = = 2500 nm denote the integration limits,
R(λ) the spectral reflectance, and G(λ) is the reference solar spectrum
AM 1.5. ɛ is calculated applying Kirchhoff’s law from the reflectance
spectra in the infrared region, following Eq. (2):
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where B (λ,T) is the spectral distribution of the blackbody radiation
calculated with Plank’s law [44] for a specific temperature T in Kelvin
degrees. The integration interval is limited by λ1 =1 µm and λ2 =
25 µm, based on European standard EN-673:2011 [45].

3. Results and discussion

3.1. Film composition and depth profile

The ERD elemental depth profiles of the AlyTi1−y(OxN1−x) samples
#1 to #6 are displayed in Fig. 1(a) to (f). The thickness in atoms/cm2 is
directly obtained from the measurements. The depth profiles are based
on the recoil spectra except for Ti, for which also the profile based on
the Cl+7 backscattering spectrum (marked as Ti (RBS)) is displayed in
order to increase the information depth for this element. The analysis
depth limit is different for each element due to limitations in the se-
paration of each recoil ion from the scattered Cl ions. It is reflected in
the graph by the abrupt drop of the ERD intensity. Sample #6 is the
only sample where the Si substrate was detected (Fig. 1(f)) due to its
lower thickness (85 nm) compared to samples #1-#5 (d>1.0 µm). In
the near surface region the depth profiles do not add up to 100%. This
effect is caused by surface roughness which causes that the spectra are
more rounded in the surface region compared to the simulation without
surface roughness [46].

The elemental concentration of the samples #1 to #6 measured by
ERD analysis is summarized in Table 3. These values were obtained
from the deeper part of the samples where the film composition is
homogeneous.

As shown in Table 3, the H and C concentration in the

Table 2
Gas flow parameters applied for AlyTi1−y(OxN1−x) thin films deposition.

Sample Coating type Flow rates (sccm) O2/(O2+N2) gas flow
ratio (%)

Ar N2 O2

1 AlTiN 0 70 0 0
2 AlyTi1−y(OxN1−x) 0 72 3 4.0
3 0 61 5 8.0
4 0 52 8 13.0
5 0 46 12 21.0
6 AlTiOx 10 0 50 100.0
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AlyTi1−y(OxN1−x) samples are close to the detection limit and in-
dependent of the reactive gases ratio or the operating pressure. The
most remarkable observation is the substitution of nitrogen by oxygen
in the oxynitride series (#1–5) with increasing O2/(O2+N2) gas flow
ratio (Fig. 2). The oxygen to nitrogen content O/(O+N) of the samples

increases linearly from 1±1% in the AlTiN sample #1 to 36± 2% in
the oxynitride sample #5. Moreover, oxygen enrichment by a factor of
approximately 2 is observed in all the oxynitride series #1 to #5
compared to the composition of the reactive gas. The uniform oxygen
enrichment factor and the linear relationship between oxygen content

Fig. 1. Elemental depth profiles of samples #1 to #6 analysed by ERD.

Table 3
Elemental composition of AlyTi1−y(OxN1−x) thin films. The estimated uncertainty is± 0.5 at%.

# Coating type Elemental composition (at%) O/(O+N) Al/(Al+Ti) (Al+Ti)/(Total)

O N Ti Al C H (%) (%) (%)

1 AlTiN 0.5 52.0 17.0 30.0 0.5 0.0 1± 1 64±1 47±2
2 AlyTi1−y(OxN1−x) 4.5 47.0 18.0 30.0 0.5 0.0 9± 1 63±1 48±2
3 9.0 45.0 16.0 30.0 0.0 0.0 17± 1 65±1 46±2
4 14.0 40.0 16.0 30.0 0.0 0.0 26± 1 65±1 46±2
5 20.0 35.0 14.0 30.0 0.5 0.5 36± 2 68±1 44±2
6 AlTiOx 58.0 1.0 10.0 27.0 3.0 1.0 100±3 73±1 38±2
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in the reactive gas atmosphere imply a similar structure-determining
film growth mechanism in the samples #1 to #5. Otherwise a change in
the slope or even kinks in the film composition vs. gas flow ratio re-
lations might occur. These observations point to the incorporation of
oxygen in the fcc-lattice rather than to a phase separation.

In samples #1 to #5 the Al and Ti content remains almost constant,
with minor deviations of the Al:Ti ratio when compared to the cathode
composition (67:33). The pure nitride sample (#1) has an oxygen im-
purity level of< 1 at%O. The precise stoichiometry of Al0.3Ti0.17N0.52

reveals a slight excess of nitrogen that might be indicative for the for-
mation of metal vacancies in the cubic lattice. As the oxygen flow in-
creases (samples #2-#5), the metallic proportion (i.e. (Al+Ti)/(Al+Ti
+N+O)) decreases from 48±2% in sample #2 to 44±2% in sample
#5. Accordingly, the ratio metal to non-metal element (Ti+Al):(N+O)
decreases from 0.93±0.04 in sample #2 to 0.80±0.03 in sample #5.

The ERD spectrum of sample #6 shows three layers with different
ratios of Al, Ti and O. The top layer practically has the stoichiometric
(Al,Ti)2O3 composition, with 37 at% of metal versus 58 at% of oxygen.
Its Al:Ti ratio of approximately 75:25 differs significantly from the in-
itial cathode composition. There is a clear change in the slope of the
oxygen and nitrogen gas flow ratio vs. film composition relations that
may indicate a change in the structure-determining film growth me-
chanism of sample #6 as compared to samples #1 to #5. All these
observations suggest the formation of either a mixture of
(Al0.66Ti0.33)2O3 oxide along with free alumina Al2O3 or a uniform
mixed-metal oxide of the composition (Al0.75Ti0.25)2O3. These three
layers will be later included in the optical modelling of the sample.

3.2. Film morphology

SEM analysis of the cross-sectional morphology revealed the de-
pendence of the coating structure of AlyTi1−y(OxN1−x) on the oxygen
content (Fig. 3). A pronounced dense columnar microstructure is ob-
served for the oxygen-free AlTiN (sample #1), whose columns were
grown throughout the whole film thickness. The microstructure of the
oxynitride samples #2-#5 (Fig. 3(b)-(e)) is gradually affected by the
oxygen content. The columnar structure is progressively less evident
and not detectable for samples #4 and #5 indicating very fine grained
film morphology. It is known that a small concentration of oxygen can
significantly modify the morphology of thin film, promoting re-nu-
cleation during growth and formation of smaller grains [28]. For the
pure oxide sample (Fig. 3(f)) no columnar growth was observed, but a
heterogeneous structure developed with spherical nanoparticle inclu-
sions (size ~10–30 nm). The SEM cross section revealed the presence of
three different layers in the film with individual thicknesses, from top to
bottom, of 16, 52 and 17 nm (±3 nm) respectively. This result is in
accordance with the ERD profile of Fig. 1(f) and it will be included in

the optical modelling of the sample (see Section 3.4).
Based on preliminary optical simulations of complete SSC (results

not shown here), a more detailed microstructural and optical analysis
was performed on selected samples (AlTiN #1, AlTiON #4, AlTiON #5
and AlTiO #6) as they were the most promising candidates to form a
SSC multilayer stack showing a clear contrast in their optical properties.
The phase structure and microstructure of these selected samples were
analysed by XRD and TEM (Section 3.3) while the optical constants of
the films were obtained using spectroscopic ellipsometry modelling
(Section 3.4). After a complete comprehensive analysis, a complete SSC
was finally designed with optimized optical performance (Section 3.5).

3.3. Phase and microstructure of selected AlyTi1−y(N1−xOx) samples

The GIXRD patterns of selected AlyTi1−y(OxN1−x) films are re-
presented in Fig. 4. The crystallite sizes obtained from Scherrer’s for-
mula [47], interplanar spacing (d) and lattice constants (a) were cal-
culated as an average of the main observed peaks and they are
summarized in Table 4.

The diffractogram of the AlTiN (#1) and the AlyTi1−y(N1−xOx)
samples #4 and #5 showed a pattern corresponding to a face-centred
cubic B1 structure (space group 225, Fm-3m) (Fig. 4). The observed
peaks at 2θ =37.3, 43.3, 63.1, 75.6 and 79.9° are associated to the
crystal planes (111), (200), (220), (311) and (222), respectively. This
structure is typical for pure TiN and titanium-based nitrides. The for-
mation of this structure in #1 and #4 is in agreement with literature
data for AlyTi1−yN samples wherein y ≤ 0.67 [48]. Interestingly, also
sample #5 with y = 0.68±0.01 adopts the same crystal structure. In
the literature, a structure consisting of a mixture of cubic and hexagonal
phase [37] or of h-AlN incorporated in a cubic TiAlN matrix was re-
ported for 0.67< y<0.75 [49]. No wurtzite structure was observed in
the samples #1, #4 and #5 with y = 0.64, 0.65, and 0.68, respectively.

The measured lattice constants of these rocksalt-type samples (a =
4.17±0.01 Å) are slightly larger than the reference value of Al0.5Ti0.5N
(a = 4.15 Å, ICDD card 04–018-6856) and smaller than the reference
value of TiN (a = 4.24 Å, ICDD card 00–038-1420). These results
suggest that titanium atoms in the TiN lattice are statistically sub-
stituted by Al atoms with smaller atomic radius [50]. The slightly larger
lattice constant compared to Al0.5Ti0.5N might indicate some degree of
tensile strain. A progressive peak broadening is observed with in-
creasing oxygen concentration, and the estimated crystallite sizes in-
dicate a nanocrystalline microstructure for these three samples. Since
microstrain cannot be excluded as source of line broadening, these
numbers represent minimum values for the crystallite sizes. The XRD
pattern of #4 and #5 showed one single additional broad (FWHM ~ 5°)
diffraction feature around 2θ ~ 35°. Because of its large width it could
correspond to some amount of amorphous phase within these samples
[30].

Finally, the pure oxide coating (sample #6) has a structure that
resembles to metastable cubic γ-Al2O3 phase with small peaks at 2θ =
38.7°, 44.8 and 65.7° corresponding to (222), (400) and (440), re-
spectively, of the cubic structure (ICCD card 00–056-0457). The mea-
sured lattice constant a = 8.06± 0.03 Å, is very similar to the re-
ference unit cell parameters (a = b = c = 7.91 Å). No other oxide
crystalline phases (i.e. TiO2 or Al2TiO5) were observed.

The TEM image of the AlTiN sample #1 (Fig. 5(a)) shows a clear
columnar growth only interrupted by defects attributed to the release of
macroparticles during the deposition process (see arrow in Fig. 5(a))
[51].

The polycrystalline structure of AlTiN revealed by the Selective
Area Electron Diffraction (SAED) pattern (Fig. 5(b)) shows six spotty-
ring pattern corresponding to lattice plane distances of 2.4, 2.1, 1.5,
1.3, 1.2 and 0.9 Å, in good agreement with (111), (200), (220), (311),
(222) and (400) reference values of fcc-Al0.5Ti0.5N (ICCD card 04–018-
6856) and the XRD results shown in Table 4.

TEM images of AlTiON sample #5 are shown in Fig. 6. The abrupt

Fig. 2. Al, Ti, N and O concentration of AlyTi1−y(OxN1−x) samples for different O2 /(O2

+ N2) reactive gas flow ratios, measured by ERD analysis.
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change of morphology and image contrast at a thickness of 500 nm
corresponds to the interface between AlTiN and AlTiON. The AlTiON
part has significantly less contrast than the AlTiN one, what is in-
dicative for smaller grain sizes. As previously observed in SEM images,
the addition of oxygen significantly modifies the morphology of the
oxynitride film. It promotes renucleation during film growth and the
formation of smaller grains as shown in Fig. 6(a).

The presence of four diffraction rings with varying sharpness in the
SAED pattern of sample #5 (Fig. 6(b)), indicates the superposition of
very small and randomly oriented crystallites and the presence of
amorphous regions. There are very few spots visible in the rings in
agreement with the reduction of the grain size observed by XRD. The
interplanar distances calculated from SAED are 2.5, 2.1, 1.5 and 1.2 and
correspond to (111), (200), (220), and (222) planes of fcc-Al0.5T0.5N
(ICCD card 04–018-6856), respectively. No evidence of crystalline

Al2O3 or TiO2 was observed.
Higher resolution images of the film interface are displayed in

Fig. 6(c) and (d). From these images it can be inferred that the co-
lumnar structure in the AlTiN serves as a template for promoting the
pseudomorphic growth of the AlTiON layer [30,52]. Fig. 6(d) reveals a
periodic multilayer structure within the AlTiON film with a periodicity
of ~2 nm. A similar multilayer structure with small columnar grains
was described by Sjölen for an equivalent CVA system [30] and asso-
ciated with rotation of the substrate holder during the deposition.

Based on the compositional and structural analysis the following
summary of the microstructure evolution in AlyTi1−y(N1−xOx) samples
under study can be given. The linear relationship between oxygen
content and oxygen gas flow without abrupt changes is a first hint for
an identical structure-determining film formation process. The con-
tinuous variation of the composition is accompanied by an identical

Fig. 3. SEM cross-section images of AlyTi1−y(OxN1−x) films with different oxygen content on Si substrate. Samples #2, #3, #4, and #5 were deposited on top of ~0.5 µm AlTiN film.
Sample #6 is deposited directly on the Si substrate.
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phase structure, namely the formation of a rocksalt-type lattice.
Apparently, the fcc-AlTiN lattice is stable up to Al/Ti ratios of up to
0.68, what is among the highest values reported for this material
system. Simultaneously the mean crystallite size is reduced from 11 nm
for x = 0 to 6 nm for x = 0.2. This can be attributed to a higher nu-
cleation rate and lower surface diffusivity with increasing oxygen
content. Hence, it was demonstrated that the nitrogen concentration in
this type of films can be reduced by increasing that of oxygen, while the
stable fcc phase structure is conserved. The evolution of the material
microstructure with increasing the O content was schematized in [53].
This approach can be used for the deposition of SSC stacks combining
the high stability of the fcc-AlTiN lattice structure with the better oxi-
dation resistance of oxygen enriched layers. The high solar absorptance
expected from graded SSC based on AlyTi1−y(OxN1−x) films is attrib-
uted to these morphological changes, as schematized at Fig. 7. The solar
absorption is related to light-matter interaction mechanisms, including
photon-induced electronic transitions, and photon-induced collective
electron oscillations in the AlTiN nanocrystallites [54,55]. This multi-
layer structure consisting of absorber layers with graded oxygen con-
centration deposited on a IR reflective layer (i.e. TiN) is expected to be
very efficient for solar selectivity [10,56].

3.4. Optical characterization and modelling of AlyTi1−y(N1−xOx) samples

A proper analysis of the optical constants is crucial to succeed in the
design of the multilayer SSC. After a detailed microstructural and
morphological analysis, a new set of AlyTi1−y(N1−xOx) samples was
deposited with the same process parameters as described in Section 2.1

Fig. 4. (a) GIXRD patterns of AlyTi1−y(OxN1−x) #1, #4, #5 and #6 samples. The vertical lines indicate the peak positions for fcc-Al0.5Ti0.5N (ICCD card number 04–018-6856) (b) Zoom-
in of the GIXRD pattern of sample #6 AlTiO. The vertical lines indicate the peak positions for γ-Al2O3 (ICCD card number 00–056-0057).

Table 4
Structure data for selected AlyTi1−y(OxN1−x) thin films on Si substrate obtained from
XRD patterns. The lattice constants (a) were calculated by averaging the given values of
the interplanar spacing (d). Data of fcc-Al0.5Ti0.5N (ICCD card number 04–018-6856), fcc-
TiN (ICCD card number 00–038-1420) and γ-Al2O3 (ICCD card number 00–056-0057) are
also shown as reference.

Sample # Crystallite size (nm) average d (Å) (h k l) a (Å) average

1 11±1 2.407 (111) 4.17±0.01
2.090 (200)
1.473 (220)

4 8±2 – (111) 4.16±0.02
2.088 (200)
1.467 (220)

5 6±3 – (111) 4.17±0.02
2.091 (200)
1.469 (220)

6 5±2 2.326 (222) 8.06±0.03
2.022 (400)
1.419 (440)

Al0.5Ti0.5N – 2.395 (111) 4.15
2.074 (200)
1.467 (220)

TiN – 2.449 (111) 4.24
2.121 (200)
1.500 (220)

γ-Al2O3 – 2.284 (222) 7.91
1.978 (400)
1.398 (440)

Fig. 5. (a) TEM cross-section images of
AlTiN sample #1 deposited on Inconel A
defect assigned to a macroparticle loss is
indicated. (b) Selected area electron dif-
fraction pattern of (a).

I. Heras et al. Solar Energy Materials and Solar Cells 176 (2018) 81–92

87



on silicon substrates and without AlTiN buffer layer for more precise
optical analysis. The optical properties of the selected
AlyTi1−y(OxN1−x) films were experimentally analysed by SE in the
range of λ = 211–1688 nm and by reflectivity measurements (UV–-
Vis–NIR and FTIR) in the range of λ = 190 – 25,000 nm. Both results
were combined and simultaneously fitted using the same optical model
(see description below) allowing the extension of the calculation of
optical properties into the IR range.

Fig. 8(a-c) shows the SE experimental spectra of the AlTiN (#1) and
AlTiON samples (#4 and #5) and Fig. 9(a-c) the corresponding ex-
perimental reflectance spectra, along with the fitted theoretical ones. In
the fitting procedure a series of oscillators, describing the optical con-
stants (index of refraction n and extinction coefficient k) are varied to

best describe the obtained experimental spectra. For these samples one
Lorentz and two Gauss oscillators were applied to fit the experimental
data in the range from 211 nm – to 1688 nm and another 3–4 Lorentz
oscillators for the extension into the IR range up to 25,000 nm. This
fitting procedure significantly improves the extrapolation performed by
the simulation software and reported in the literature [57–59]. AlTiN
(#1) was too absorptive to determine the thickness as there was no
change in the model for thicknesses higher than 350 nm, meaning that
light can only travel up to ~ 700 nm through this material without
getting completely absorbed. Thicknesses / roughnesses of the other
two samples were determined to be as follows: #4 (375±5) nm /
(6±2) nm and #5 (380± 5) nm / (12± 2) nm. The errors are esti-
mated from gradually changing those parameters in the model fit and
from the correlation with other fit parameters, although the highest
correlation exists between thickness and roughness themselves.

Due to the need of a high-energy pole function it can be concluded
that a major absorption is located outside the measured range on the
high energy edge of the spectrum (> 5.8 eV), corresponding to
λ<213 nm, which is most probably an interband transition of the
AlTiO and AlTiN. This corresponds with the fact that AlN as well as
Al2O3 both have band gaps higher than this value [60–62].

The absorptions modelled by Gauss oscillators in the range of 3.0 –
6.0 eV (~ 200–400 nm) are assumed to be transitions related to defect
states as their energies are high but their amplitudes are low compared
to interband transitions. As defect states are distributed randomly re-
garding the energies of their transitions and the width of this dis-
tribution is orders of magnitude higher than the width of the transitions
themselves, a statistical Gauss distribution of numerous harmonic os-
cillators is applicable. On the other hand, intraband transitions, with
energies of 0.05 eV (24,800 nm) – 1.87 eV (663 nm), are rather discrete
so they were modelled by Lorentz oscillators. With regard to simplicity
of the model, for these samples one homogeneous layer was assumed. In

Fig. 6. HR-TEM cross-section images of
AlTiON#5 sample deposited on Inconel. (a)
Overview image including the AlTiON and
AlTiN layers. (b) Selected area electron dif-
fraction pattern of AlTiON region of (a). (c)
and (d) Magnified images of the interface
region between AlTiN and AlTiON.

Fig. 7. Schematic diagram of the reflectance as interference sum of multiples reflections
of the interfaces and multiple scattering effects in AlTiO/AlTiON/AlTiN absorber multi-
layers. A IR reflective layer of TiN is included in the design to reduce the emittance of the
SSC stack. HTF stands for Heat Transfer Fluid.
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reality there is columnar growth (see Fig. 3) which can explain small
deviations of the optical model from the measured data as described in
[63].

The SE and reflectance spectra of the AlTiO sample (#6) show to-
tally different behaviour compared to the other samples (see Fig. 8((d)
and Fig. 9(d)). This material is considerably more transparent in the Vis
range, resulting in a characteristic shape of the SE spectrum with more
pronounced oscillations in psi and delta. Additionally, the IR re-
flectivity is not as high as in AlTiN and AlTiON. From the ERD spectrum
(Fig. 1(f)) and the SEM cross section (Fig. 3(f)), of sample #6 it is
evident that it is not one homogeneous layer but rather three layers
with different ratios of Al, Ti and O. The top layer is characterized by a
high O content of ~ 60 at%, indicating presence of fully oxidized Al and
Ti. The middle and bottom layers contain less oxygen (~ 50 at% and
27 at% respectively), indicating a certain amount of non-oxidized me-
tals. Taking this into account a three layer effective medium approx-
imation (EMA) model was developed containing different amounts of
mostly Al2O3, but also TiO2, Al and Ti, related with the concentration
obtained by the ERD analysis. Also, the depolarization factor of this
Bruggeman-EMA [64] was determined to be ~ 0.33, pointing to sphe-
rical inclusions consistent with the SEM result (Fig. 3(f)). Thickness and
roughness of this sample were determined to be (82± 3) nm / (4± 1)
nm, respectively.

The refractive index (n) and extinction coefficient (k) calculated
from the above described optical models are shown in Fig. 10. For the
AlTiO sample (#6) there is no single layer but additionally a nucleation-
and a surface oxide layer. The optical constants for each layer are dif-
ferent and not comparable to n and k of sample #1, #4 and #5.
Therefore only those samples are compared in the following figure.
Assuming the middle layer of sample #6 is crucial for this material, it
can be said that its refractive index varying between 1< n<2 (for
250 nm< λ<10,000 nm) and 2< n<2.25 (for 10000 nm< λ<

25,000 nm) as well as its extinction coefficient k<0.35 in the whole
range, are smaller than for the other samples, which is desirable if the
material should be used as anti-reflective coating.

The optical constants of all 3 samples are similar, especially in n
where values range between 2 and 3 in the UV–Vis and NIR part of the
spectrum are reasonable for mixtures of AlN (n ~ 2.3 [65]), Al2O3 (n ~
1.65 [66]), TiN (n ~ 2.5 [67]e) and TiO2 (n ~ 2.6 [68]) and consistent
with results obtained by Rebouta et al. [21] and Valkonen et al. [69]for
AlTi(O)N and TiN respectively. Towards the infrared range the re-
fractive indices increase considerably which is a consequence of the
increasing extinction due intraband transitions of the charge carriers,
indicating metal-like behaviour in those materials. In the reflectance
spectrum (Fig. 9) this results in increasing reflectance above 10 µm. The
oxynitride samples (#4 and #5) exhibit an overall lower extinction
coefficient compared to the pure nitride sample (#1), indicating a
transition into dielectric behaviour which is consistent with the evo-
lution of reflectance spectra from sample #1 - #6. The
AlyTi1−y(OxN1−x) layers present reasonably high extinction coefficients
around 1 in the UV–Vis and NIR range.

This, concurrently with the above mentioned refractive indices,
resulted in high absorption values of> 80% (see Fig. 9) already for
single oxynitride layers of those materials. In particular, the combina-
tion of these layers with an anti-reflective coating confirms their suit-
ability for sunlight absorption. The furthermore high IR reflectivity
endorses solar-selective properties to such materials. Both, absorptivity
and selectivity can be increased by multilayer structures consisting of
those materials as shown in the next part.

3.5. Solar selective multilayers based on AlyTi1−y(OxN1−x) individual
layers

Three different SSC (multilayer 1, 2 and 3), were designed using the

Fig. 8. Experimental psi and delta along with fitted values for (a) AlTiN #1, (b) AlTiON #4, 14 at% O (c) AlTiON #5, 20 at% O and (d) AlTiO #6 samples deposited on silicon substrate.
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optical constants of the single AlyTi1−y(OxN1−x) absorber layers mod-
elled in Section 3.4. A 400 nm TiN layer was included in the design to
be used as an IR reflective layer. The optical properties (n and k) of this
layer were experimentally measured in a previous work [34]. The TiN
layer was deposited at 300 °C in the same cathodic arc setup described
in Section 2.1 employing a 99.99% pure Ti metallic cathode and 3 sccm
of N2 gas flow (more details can be found in the accompanying paper
[36]). A 2-mm thick Inconel HAYNES ® 230 was simulated to be the
substrate of the SSC designs. The number of AlyTi1−y(OxN1−x) layers,
the oxygen concentration and the layer thickness were optimized in
order to maximize the solar absorptance and minimize the thermal
emittance. The simulated reflectance spectra of the three configurations

and the parameters employed for each one are schematized in Fig. 11.
The simplest design of multilayer 1 comprises AlTiO #6/AlTiN #1/

TiN layers. This design using only one absorbing AlTiN layer yielded α
= 87.7% and εRT = 10.0%. The addition of an intermediate oxynitride
layer (sample #4) to the stack (multilayer 2) slightly increases α =
88.6% at the expense of the emittance (εRT = 13.6%). Finally, the best
optical performance was achieved by employing a more complex design
with 2 oxynitride layers with different oxygen content (samples #4 and
#5) on top of the AlTiN. The selective performance achieved by this
multilayer 3 (α= 94.0% and εRT = 4.8%) is among the best performing
reported for simulated layer stacks using oxynitride films [18,35]. In a
companion article [36] the experimental deposition and thermal

Fig. 9. Experimental reflectance along with fitted values for (a) AlTiN #1, (b) AlTiON #4, 14 at% O, (c) AlTiON #5, 20 at% O and (d) AlTiO #6 samples deposited on silicon substrate.

Fig. 10. (a) Refractive index (n) and (b) extinction coefficient (k) after modelling the measured SE values of AlyTi1−y(OxN1−x) samples #1-#5 deposited on Si substrate.
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stability of the designed multilayers will be demonstrated, pointing out
these materials as real alternative beyond the state of the art in solar
selective coating applications.

4. Conclusions

AlyTi1−y(OxN1−x) single layers were comprehensively characterized
with respect to their composition, morphology, phase and micro-
structure. Their optical properties were measured by three com-
plementary methods. Optical models reproducing the experiments in
the whole wavelength range from 190 nm to 25 µm were used to design
multilayer SSC stacks with excellent solar selectivity. These have great
potential for high-temperature CSP central receiver plants.

The multilayer stacks can be deposited by a one-step CVA process by
varying the gas composition in the chamber. Starting with an IR layer of
TiN on Inconel, an Al0.67Ti0.33 target can be sputtered with an in-
creasing O/N ratio, thus increasing the oxygen content in the growing
film. Within the composition range characterized by O/N ratios of ~
0–0.57 and the Al/Ti ratio of ~ 2, the same fcc phase structure as in the
underlying TiN is formed. Simultaneously, the mean crystallite dia-
meter decreases and the initially nanocrystalline columnar morphology
changes stepwise into a mixture of nanocrystalline and amorphous
fractions. These structural changes allow for quasi-epitaxial growth of
the CSP absorber layer with good adhesion and a stable fcc structure,
and moreover, improved oxidation resistance and optimized absorp-
tion. Finally, in the same process, an AR top layer with the nominal
composition of Al0.75Ti0.25O3 and a γ-Al2O3 phase structure can be
deposited. This fully-oxidized and dense layer serves furthermore as
oxidation protection for the SCC stack. Exhaustive simulation work of
different AlyTi1−y(OxN1−x) SSC multilayers was performed in order to
obtain trustful models for the reflectance based on optical constant
measurements. In this work, it is demonstrated that a solid under-
standing of the correlations between bonding type and composition is
required in order to properly adjust the solar selective properties of
high-temperature resistance oxynitride materials. A SSC composed of
AlTiO / AlTiON (20 at%) / AlTiON (14at%) / AlTiN / TiN exhibited an
optimal α = 94.0% and εRT = 4.68%.
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