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a  b  s  t  r  a  c  t

Coatings  with  a double  absorbing  layer  based  on  AlSiN/AlSiON  were  deposited  on  stainless  steel  sub-
strates  by  magnetron  sputtering  technique,  with  different  Al:Si  ratios.  A tungsten  layer  was  used  as
a back  reflector  and  AlSiOy or SiOx thin films  were  used  as  antireflection  top  layers.  Prior  the structure
design,  several  single  layers  were  deposited  on  glass  substrates  by  varying  the  reactive  gases  flows,  which
allowed  the  stacking  of  a series  of  layers  with  different  optical  properties.  Experimental  transmittance
and  reflectance  were modelled  for the  assessment  of  the spectral  optical  constants,  which  were  then
used  to  design  a coating  stack  with optimized  solar  absorptance  and thermal  emittance.  Optical  prop-
erties,  microstructure,  morphology,  composition  and  chemical  bonding  were  investigated  by employing
optical  spectroscopy,  scanning  electron  microscopy,  energy  dispersive  X-ray  spectroscopy,  X-ray  diffrac-
tion  and X-ray  photoelectron  spectroscopy.  The  samples  were  annealed  in air at  400 ◦C and  vacuum  at

◦
hermal stability 580 C  with  the purpose  to evaluate  their  oxidation  resistance  and  thermal  stability,  which  was  sub-
sequently  correlated  with  the  Al:Si  ratio.  Optimum  results  were  achieved  for  an  Al:Si  ratio  of  2.3:1,
whereas  for  significantly  higher  Si content  resulted  in  detrimental  performance.  The  solar  absorbance
and  thermal  emittance  for  the  optimized  multilayer  selective  coatings  is 93–94%  and  7–10%  (at  400 ◦C),
respectively.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Development of solar selective absorbing coatings for photo-
hermal conversion started originally in the 70s [1–4], where
tudies for applications for electricity generation were already
ncluded [5]. It is being prospected for the near future a growth
n the number of concentrated solar power (CSP) plants all over
he world for electricity generation. This development should be
ccompanied with an efficiency increase of the involved systems,
ligned with a decrease of its costs. The main requirements for
olar selective absorbing coatings are high absorptance (˛) in the
avelength range of 0.3–2.0 �m and low thermal emittance (ε)

n the infrared (IR) region (>2.0 �m).  The global efficiency can be

ncreased by a decrease of the thermal emittance and an increase
f solar absorptance, whereas the global costs can be reduced by
he increase of the long term stability.

∗ Corresponding author.
E-mail address: rebouta@fisica.uminho.pt (L. Rebouta).

ttp://dx.doi.org/10.1016/j.apsusc.2015.07.193
169-4332/© 2015 Elsevier B.V. All rights reserved.
The coatings are based in a bilayer structure, where the solar
absorptance is optimized through the interference effect. According
to the double interference absorption theory [6–8], the coat-
ing must have a layered structure consisting of an IR-reflective
metallic base layer, a double interference absorption layer and a
ceramic anti-reflection (AR) top layer. The design can be done with
ceramic–metal composite (cermet) coatings, where the metal vol-
ume  fraction is used to adjust the refractive index of each layer
[9–13], or with other kind of materials with adequate refractive
index and extinction coefficient [14–16].

AlSiON is known due to several interesting mechanical, chem-
ical and thermal properties [17,18], which makes them good
candidates for high temperature applications. In this work it
is presented the results of a solar selective absorbing coating
based on W/AlSiN/AlSiON/AlSiOy layers, which is a potential
candidate for intermediate temperature absorbers to be used

in a solar concentration system. Within the frame of this
work, solar selective absorbing coating stacks were developed
based on AlSiN and AlSiON ceramic layers with different Al:Si
ratios.

dx.doi.org/10.1016/j.apsusc.2015.07.193
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2015.07.193&domain=pdf
mailto:rebouta@fisica.uminho.pt
dx.doi.org/10.1016/j.apsusc.2015.07.193
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Table 1
Targets and deposition mode for coatings with different Al:Si ratio.

Coating type Target Deposition mode

SAON1 Al + 9 Si discs Static
SAON2 Al + 15 Si discs Static
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SAON3 SiAl (70/30) Static
SAON4 Al + 9 Si discs Rotation

. Experimental details

.1. Sample preparation and characterization

The W metallic back layer was deposited by DC magnetron
puttering in static mode from a pure tungsten target, using a cur-
ent density of 8 mA/cm2. The deposition rate was ∼60 nm/min.
our types of absorber coatings were optimized and tested using
hree different targets (different Al:Si ratio) and different deposi-
ion modes, as described in Table 1. The AlSiN and AlSiON layers
ere deposited also by DC sputtering using an Al target (10 cm
iameter), with small silicon discs (diameter of 1 cm)  within the
rosion zone (9 discs in the first series and 15 in the second
eries of samples), and from a SiAl target (70/30). For the first
l:Si ratio (9 Si discs), coatings in both static mode and rotation
ode were prepared. Static mode represents the deposition where

ubstrates were stopped for a predetermined time on top of each
arget, whereas rotation mode refers to substrates rotating with a
etermined angular speed (15 rpm) over the targets. Single layers
AlSiN, AlSiON and AlSiOy) were prepared using a target current
ensity of 5 mA/cm2. Argon was used as working gas. AlSiN lay-
rs were produced employing solely nitrogen as a reactive gas
nd for AlSiON layers a reactive gas mixture (nitrogen + oxygen
ith an 85:15 ratio) was used. The AR layers, based on AlSiOy

hin films, were prepared under an Ar/O2 atmosphere. Prior to the
eposition, the vacuum chamber was evacuated to a base pressure
f 2 × 10−4 Pa and during all depositions a pulsed bias of −60 V
frequency 90 kHz) was applied to the substrate holder. These mul-
ilayer stacks were deposited on polished stainless steel substrates
25 mm × 25 mm × 1 mm).

The SiO2 layer was deposited by plasma enhanced chemical
apour deposition (PECVD) assisted with an inductively coupled
lasma (ICP) source using octamethylcyclotetrasiloxane (OMCTS),
(CH3)2SiO]4 as a precursor [19].

The crystalline structure of the absorber coating was  stud-
ed using X-ray diffraction employing a Bruker AXS Discover D8
perating with Cu K� radiation. X-ray diffraction measurements
ere performed at an incidence angle of 3◦. Scanning electron
icroscopy (SEM) was performed with a NanoSEM–FEI Nova 200

FEG/SEM) microscope. Energy dispersive X-ray spectroscopy (EDS)
nalyzes were performed with the electron beam of the SEM,
ith an energy of 13.5 keV (EDAX – Pegasus X4M system). Optical
easurements, in transmittance and reflectance modes, were per-

ormed in the wavelength range of 0.25–2.5 �m,  using a Shimadzu
C3100 spectrophotometer. The reflectance measurements were
erformed at an incidence angle of 8◦ using an integrating sphere
ttachment and an Al mirror as a reference. The reflectance data
ere corrected accordingly with the Al-reference reflectance curve.

he normal solar absorptance, ˛sol, is defined as a weighted frac-
ion between absorbed radiation and incoming solar radiation and
as determined using either calculated or experimentally obtained

pectral reflectance data R(�) and ASTM AM1.5D solar spectral irra-
iance, Is(�), according to [3]:
sol =
∫ 2.5 �m

0.3 �m
Is(�)[1 − R(�)]d�

∫ 2.5�m
0.3�m

Is(�)d�
(1)
cience 356 (2015) 203–212

A Fourier transform infrared (FTIR) spectrophotometer from
Agilent Technologies equipped with a gold integrating sphere and
a MCT  detector was used to measure the spectral reflectance in
the infrared wavelength range, 1.6–16.7 �m.  The normal thermal
emittance, εth, is a weighted fraction between emitted radiation
and the Planck black body distribution at a specific temperature
and was  calculated from [3]:

εth =
∫ 25 �m

1.6 �m
Ibb(�)[1 − R(�)]d�

∫ 25 �m
1.6 �m

Ibb(�)d�
(2)

where Ibb(�) is the spectral blackbody emissive power and R(�)
the spectral reflectance. A gold thin film was used as a reference for
these reflectance measurements. Considering that gold has an abso-
lute reflectance lower than 100%, a polished copper plate was used
to correct it. The reflectance of the copper plate was measured and
corrected multiplying their reflectance by a constant factor (smaller
than 1) in order to obtain a thermal emittance of 3%. This correc-
tion was  applied to all IR reflectance measurements. The emittance
was also measured (at 80 ◦C) with an emissometer AE-AD3, from
Devices & Service Company.

The chemical analysis was performed using a Kratos AXIS Ultra
HSA X-ray photoelectron spectroscopy (XPS) system, with an Al
K� (1486.7 eV) X-ray source. The spectra were modelled using
the XPSPEAK41 software and the peaks were assumed to have a
Gaussian–Lorentzian shape, and a Shirley type background was
considered.

Raman scattering measurements were carried out at room tem-
perature in a back scattering geometry on alpha300 R confocal
Raman microscope (WITec) using a 532 nm Nd:YAG laser for exci-
tation. The system was operated with an output laser power of
≈1.5 mW and the Raman signal was acquired using 2 s and 30 acqui-
sitions for each spectra.

The accelerated ageing studies in air were performed in a Termo-
lab air furnace at a temperature of 400 ◦C. The furnace has a K-type
thermocouple for temperature measurements and the temperature
was controlled with a Shimaden FP21 programmable controller.
The vacuum thermal treatments (pressure <6 × 10−4 Pa) were also
performed in a Termolab furnace with same type of controller and
at a temperature of 580 ◦C. A K-type thermocouple for temperature
measurements was  fixed inside the sample holder.

2.2. Calculation of optical constants of single layers and optical
design of the coating

The spectral optical constants of single layers can be deter-
mined from transmittance (T) and reflectance (R) [20,21]. R and
T curves were modelled by a commercial optical simulation pro-
gramme  (SCOUT) [22] and the thickness and dielectric function
of the different layers were calculated. The model used in the
calculations assumes that there are several different types of oscil-
lators, each with their own  characteristic resonant frequency. This
enables the calculation of the frequency dependence of the complex
dielectric constant, ε̃r = ε1 + iε2, which can be used to obtain the
optical constants, n and �, being n the normal refractive index and
� the extinction coefficient. This is performed though the relation
between the complex dielectric constant and the complex refrac-
tive index, ñ2 = ε̃r , where the complex refractive index is usually
defined as ñ = n + i� [20,21]. With this process, and for each single
layer, the optical constants (n and k) as a function of the wave-

length and coating thickness (and deposition rate) were obtained.
Thus, the first step was the preparation of different single layers of:
AlSiN and AlSiON with varying content of nitrogen and oxygen; the
back reflector, W;  and the antireflection layers, AlSiOy and SiO2. R
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Fig. 1. Refractive index (n) and extinction coefficient (�) of nitrides, prepared with increasing nitrogen partial pressure, as indicated in the legend, and obtained with (a) Al
target with 9 Si discs (series 1) and (b) Al target with 15 Si discs (series 2).

Table 2
Deposition parameters for individual layers used to build the multilayer stacks. The target current density and substrate bias voltage remained constant.

Nitride
layer (HA)

N2 partial
pressure
(Pa)

Deposition
time (s)

Deposition
rate
[nm/min]

Al/Si
ratio

Oxynitride
layer (LA)

N2/O2 (85:15)
partial pressure
(Pa)

Deposition
time (s)

Deposition
rate
[nm/min]

Al/Si
ratio

Al/(9Si) – Static mode
9  N1 0.042 90 60 9 NO1 0.061 90 48 2.2
9 N2 0.047 90 60 2.1 9 NO2 0.077 90 36 2.4
9  N3 0.054 90 54 2.5 9 NO3 0.095 90 36
Al/(15Si) – Static mode
15 N1 0.014 60 78 15 NO1 0.045 90 53
15  N2 0.024 60 78 1.4 15 NO2 0.049 90 50 0.8
15  N3 0.033 90 60 1.3 15 NO3 0.061 90 36 0.7
15  N4 0.047 90 48 15 NO4 0.077 90 30
Si70/Al30 – Static mode
SA N1 0.010 60 78 0.4 SA NO3 0.049 90 52 0.4
SA  N2 0.014 60 75 SA NO4 0.061 90 48
SA  N3 0.024 60 74 0.5 SA NO5 0.077 90 42 0.4
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Al/(9Si) – Rotation mode
9 N1r 0.047 300 14 

nd T curves were measured and modelled with SCOUT [22], for the
ssessment of the spectral optical constants, as mentioned above.

After the determination of the spectral optical constants of the
forementioned different layers it is then possible to build a mul-
ilayer structure with the desired optical spectra (T and R), as well
s its optimization. The SCOUT software was used to design four
ayers coating stacks with optimized absorptance ˛s and emissiv-
ty εs. This modelling step allows for selecting the materials to be
sed with respective thicknesses. Finally, the multilayered coating
as deposited onto a polished stainless steel substrate, using the

ayered materials and thicknesses selected in the modelling step.

. Results

.1. Optical properties of single layers

Three series multilayer stacks were studied based on the target
omposition: (1) 9 Si discs on Al target; (2) 15 Al disc on Al target;
3) a Si70Al30 target. All these structures were prepared in static

ode. A fourth series was prepared in rotation mode, using the first
arget composition (9 Si discs on Al target) as described in Table 1.
oncerning the high absorbing layer, for each series a set of indi-
idual layers was deposited varying the nitrogen partial pressure,
n order to vary the optical properties from low to medium trans-
arency. In the first series (Fig. 1a) the nitrogen partial pressure was
aried from 0.042 Pa to 0.061 Pa. In the second series (Fig. 1b) the
itrogen partial pressure was varied from 0.014 to 0.047 Pa, while

n the third series (not shown) it varied from 0.010 to 0.033 Pa. The

eposition rates of representative layers are indicated in Table 2,
ithin the mentioned nitrogen partial pressure ranges. The low

bsorbing layer was deposited using nitrogen and oxygen as reac-
ive gases, and both were varied with constant ratio (85:15 as it
1r 0.061 300 11 2.8

is indicated in Table 2). The thicknesses of these individual layers
are between 50 and 90 nm.  The spectral optical constants (n and
�) were calculated and are presented in Fig. 1 (nitrides, HA layers)
and Fig. 2 (oxynitrides, LA layers), for the first two  series (series 1
Al target with 9 Si discs and series 2–15 Si discs, respectively). With
increasing nitrogen partial pressure, the AlSiN layers become more
transparent and lose their metallic behaviour, as expected due to
the inherent optical properties of AlN and Si3N4.

From the obtained optical constants (Figs. 1 and 2) it can be seen
that the Al:Si ratio has also an important role in the tailoring of the
optical properties. The high absorbing layer should have an increas-
ing refractive index in the wavelength range 0.4–1.0 �m,  varying
approximately from 2.5 to 5. This allows, for the same thickness,
an optical path (n·d = refractive index × thickness) of about �/4 for
different wavelengths in order to improve the interference effect.
This strategy was accomplished for the first series (9 Si discs) sam-
ples produced with a nitrogen partial pressure of 0.047 and 0.054 Pa
(Fig. 1a), which have an extinction coefficient ∼1 (also important for
intrinsic absorption). With the increase of the Si content in the films
(Fig. 1b), the refractive index variation becomes limited to a smaller
wavelength range and the layers also become more transparent,
with a lower extinction coefficient. For higher Si content (lower
Al:Si ratio) it was necessary to produce the nitride films with lower
N2 partial pressure and oxynitride films with lower N2/O2 partial
pressures (Table 2), when compared with similar films obtained for
higher Al:Si ratio. This means that were used nitrides with some
nitrogen deficiency, which may  affect the chemical stability.

The spectral optical constants for the antireflection layers are

shown in Fig. 3, where it is presented the optical constants of
the SiO2 layer prepared by PECVD and AlSiOy layers prepared by
sputtering with Al targets having 9 and 15 Si discs. The extinc-
tion coefficient is small in all cases (∼0). The SiO2 layer has a
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Fig. 2. Refractive index (n) and extinction coefficient (�) of oxynitrides, prepared with 

obtained with (a) Al target with 9 Si discs (series 1) and (b) Al target with 15 Si discs (seri

500 100 0 1500 2000 2500
0.0

0.5

1.0

1.5

2.0

R
ef

ra
ct

iv
e 

in
de

x 
(n

)

Wave leng th (nm)

 SiO2

 AlSiOy -  9Si
 AlSiOy - 15 Si

0.0

0.2

0.4

Ex
tin

ct
io

n 
co

ef
fic

ie
nt

 (k
)

F
i
S

r
h
t
l
l

F
a
e
s
m
t
i
o
m
t
t
r
a
l
A
o

3

t
o
X
9
T
w
a
s
a
T

ig. 3. Refractive index (n) and extinction coefficient (�) of antireflection layers used
n  multilayers, SiO2 prepared by PECVD, and AlSiOy prepared with Al target with 9
i discs and 15 Si discs.

efractive index of about 1.48, while the others have a slightly
igher index (∼1.53) due to the Al content. Although the refrac-
ive index is slightly higher than that of SiO2, the use of these AR
ayers has the advantage of using the same target for HA, LA and AR
ayers.

The composition of some of these layers was measured by EDS.
or layers prepared with the Al target having 9 Si discs, the nitrides
nd oxynitrides revealed a similar Al/Si atomic ratio of ∼2.3. How-
ver, in the oxide layer this ratio decreased to about 0.5. As it will be
hown in next section, the nitrides are sub-stoichiometric, which
eans that the poisoning effect on the target surface during deposi-

ion is negligible. However, during oxide deposition, an oxide layer
s formed on the target surface, which usually yields a decrease
f the sputtering rate. The Al2O3 sputtering rate is an order of
agnitude lower than that of Al [23]. On the other hand, the sput-

ering rates in nm/s of Si and SiO2 are similar [24], which means
hat the oxide formation at Al and Si surfaces induces a higher
eduction on the Al sputtering rate than that of Si, leading to the
forementioned decrease in the Al/Si atom ratio. For the case of
ayers prepared with 15 Si discs, the absorbing layer revealed an
l/Si atomic ratio of ∼1.35, while the oxynitrides showed a ratio
f 0.75.

.2. Chemical state and composition of the AlSiN/AlSiON films

In order to assess the detailed chemical information of the films,
hree individual layers were prepared with the same parameters as
f those used in a multilayer stack and subsequently analyzed by
PS. Such layers correspond to the nitride 9 N2 (A), the oxynitride

 NO1 (B), both were optically characterized in Figs. 1a and 2a and
able 2, and an oxide (C). Spectra of Al 2p, Si 2p, N 1s and O 1s
ere evaluated and the characteristic peaks of Si, Al, N and O were
ll observed and are represented in Fig. 4. The carbon peak (not
hown), was assumed to correspond to a binding energy located
t 285.0 eV and was used as a reference for all binding energies.
able 3 presents the results of the spectra decomposition for the
increasing nitrogen and oxygen partial pressures, as indicated in the legend, and
es 2).

four samples. In the case of nitride (A), the Al (2p) core level binding
energy, depicted in Fig. 4a, is deconvoluted in two  distinct compo-
nents (73.0 eV and 74.5 eV), of a simple Gaussian shape, both with a
full with at half maximum (FWHM) of 1.4 eV. It was considered that
the FWHM of these peaks should be similar for the other samples.
Thus, for the deconvolution of Al (2p) core level binding energy of
sample B it was necessary to include one more peak (centred at
73.7 eV). In sample C, a fourth peak, centred at 75.5 eV, was  con-
sidered, which is consistent with the presence of Al oxide [25,26].
The atomic ratio N/(Al + Si) of sample A is about 1/3. Then, in AlSiN
films, the number of incorporated N atoms is insufficient to form the
respective nitride, which enables the creation of intrinsic defects
such as Al Si, Al Al or Si Si bonds. The peak at 73.0 eV can be
assigned to Al Si or Al Al bonds, in excellent agreement with the
literature data obtained for pure Al and Al Si alloys [25–27]. Both
peaks located at the binding energies of 74.5 and 75.5 eV are present
in sample C (oxide), which has no nitrogen, and corresponds to the
formation of Al(OH)3 and Al2O3 compounds, respectively. How-
ever, the peak at 74.5 eV can also be due the presence of O Al N
bonds [28], which can occur in sample A (nitride). Finally the peak
at 73.7 eV can be assigned to the Al N bonds [28,29]. The bind-
ing energy separation between the peak associated with Al Si and
Al Al bonds (73.0 eV) and the oxide peak (75.5 eV) is 2.5 eV, which
is similar to the value of 2.7 eV found between metallic Al and Al
oxide components [25,26].

Regarding the Si 2p spectra, shown in Fig. 4b, the spectra for
samples A and B were decomposed in four distinct components
(98.1 eV, 99.2, 100.8 eV and 101.9 eV). Of the former peaks, in sam-
ple C it was maintained only the peak at 101.9 eV and it was
necessary to include a fifth peak centred at 103.1 eV. For the anal-
ysis of XPS silicon peaks, it has been reported in the literature a
model that describes the composition and structure of the oxyni-
tride film, which is the random bonding model [30,31]. According
to this model, the five peaks obtained from the spectra fitting
would correspond to a decreasing partial charge on the Si atom.
Accordingly to the mentioned model, the peak located at 98.1 eV
corresponds to Si Si or Si Al bonds, considering the N deficiency
in sample A, while the peak located at 103.1 eV can be assigned to
Si oxide (Si(Al) SiO3 and Si O4 bonds) and possibly to Si O3N and
Si O2N2 bonds [31,32]. The binding energy separation between the
peak associated with Al Si and Si Si bonds (98.1 eV) and the oxide
peak (103.1 eV) is 5.0 eV, which is higher than the reported value
of ∼4.0 eV between the Si Si peak in pure silicon and the Si oxide
peak [31,33,34].

The peak located at 99.2 eV can be ascribed to a Si(Al) Si3N and
Si(Al) Si3O bonds and the peak located at 100.8 eV can be ascribed
to a Si(Al) Si2N2 and Si(Al) Si2ON bonds. Finally, the 101.9 eV
peak corresponds to the formation of silicon oxynitrides due to

the level of oxygen content (SiN3O; Si(Al) SiO2N and Si(Al) SiON2
bonds) and silicon nitride (Si N4 bond) [29–31]. The binding ener-
gies obtained for the Si peak and its identification are presented in
Table 3.



L. Rebouta et al. / Applied Surface Science 356 (2015) 203–212 207

72 75 78

C

Oxide

Y
ie

ld
 (a

.u
.)

Binding Energy (eV)

B Oxynitride

Nitride

Al 2p      A a)

96 99 10 2 105

Y
ie

ld
 (a

.u
.)

Binding Energy (eV)

C

B

A Si 2p b)

393 396 399

Oxide

Y
ie

ld
 (a

.u
.)

Binding  Energy (eV)

OxynitrideB

C

Nitride

N 1sA c)

528 531 534

C

Y
ie

ld
 (a

.u
.)

Binding Energy (eV)

B

O 1sA d)

Fig. 4. XPS spectra of: (a) Al 2p, (b) Si 2p, (c) N 1s and (d) O 1s electrons for analyzed samples.

Table 3
Identification of core level binding energies for Al 2p, Si 2p and N 1s of analyzed
samples.

Sample A B C
Core level BE (eV) BE (eV) BE (eV)

Al 2p 73.0 – – Al–Al; Al–Si
73.7  73.7 – Al–N
74.4 74.4 74.5 Al–OH

– 75.5 75.5 Al–O
Si 2p 98.1 98.2 – Si–Si; Si–Al

99.2 99.3 – Si(Al)–Si3N;
Si(Al)–Si3O

100.8 100.8 – Si(Al)–Si2N2;
Si(Al)–Si2ON

101.9 101.9 102.0 Si–N4;
Si(Al)–Si2O2;
Si(Al)–SiO2N;
Si(Al)–SiON2;

–  – 103.1 Si(Al)–SiO3; Si–O4

N 1s 396.2 396.6 – Al–N
397.8 397.7 – Si–N4;

Si(Al)–SiON2;
Si(Al)–Si2(Al)ON
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Table 4
Atomic composition of different samples obtained from XPS analyzes (carbon is not
included).

Al 2p Si 2p N 1s O 1s Al/Si Al/Si (EDS)
– 399.9 – Si(Al)–O2N2:
Si(Al)–O3N

Fig. 4c shows the binding energy results of N 1s. Sample A has a
ain peak located at 396.2 eV, with a FWHM of 1.4 eV, and a small

eak located at 397.8 eV. The first peak can be ascribed to N Al
onds [28,35]. The second can be related with N Si [28,29,31], but
an also be assigned to Al and Si oxynitrides [27,31,33,34], which
ould correspond to having oxygen atoms as second-nearest-
eighbour atoms. In sample B the first peak shifts to 396.4 eV, which
an be justified by the increase of N Al O and N Si O bonds. The
eak with highest energy appears in sample B at 399.9 eV and is
scribed to Al and Si oxynitride, where oxygen atoms are already
rst-nearest-neighbour atoms [18,28,34,36], which happens when
he oxygen concentration gets large enough [37].

Regarding the O 1s spectra, shown in Fig. 4d, in the nitride (sam-
le A), the O 1s peak is located at a binding energy of 531.6 eV, which
hifts to 532.0 eV in the oxide (sample C). These peaks have a FWHM
f about 2.5 eV and should have at least four components. However
hese peaks were not deconvoluted in its components because their
espective energies are not evidently discerned. Nevertheless, these
eaks can be assigned to Si O and Al O bonds (532 eV [26], and to
he oxygen in the hydroxyl groups ( OH) (Al hydroxide 533.4 eV in
26]).
XPS can also provide information about the composition and
elative atomic concentrations of elements were obtained from sur-
ey scans with the spectrometer working with a 40 eV pass energy
nd by dividing the integrated intensity values by their sensitivity
A (at%) 30.9 17.3 16.8 35.0 1.8 2.1 ± 0.4
B  (at%) 31.0 12.4 17.4 39.3 2.5 2.2 ± 0.4
C  (at%) 14.8 22.5 0 62.7 0.7 0.5 ± 0.1

factors. From corresponding Al 2p, Si 2p, N 1s and O 1s core-level
intensities and tabulated atomic sensitivity factors (0.78 for O 1s,
0.477 for N 1s, 0.193 for Al 2p and 0.328 for Si 2p), the relative
atomic concentrations were calculated and are presented in Table 4.

The oxygen and nitrogen content are sensitive to the superficial
contamination, but the atomic Al to Si ratio is less sensitive to that.
The same samples were characterized by EDS and a similar Al:Si
ratio was obtained. The presence of Al Al and Al Si bonds associ-
ated with amounts of oxygen and nitrogen confirm that the films
are substoichiometric.

3.3. X-ray diffraction of single layers

Thick layers of W,  AlSiN and AlSiON layers were deposited and
subsequently analyzed by X-ray diffraction. In Fig. 5 are repre-
sented the XRD patterns of a W single layer (Fig. 5a) and AlSiN,
AlSiON and AlSiOy layers prepared with the higher Al to Si ratio
(Fig. 5b). The W layer is polycrystalline with [1 1 0] orientation. The
patterns of AlSi nitride, oxynitride and oxide layers reveal a shoul-
der, which is characteristic of the amorphous glass substrate. The
absence of diffraction peaks shows that these layers are amorphous.

3.4. Development of the W/AlSiN/AlSiON/SiO2 optical stacks

The deposition parameters of the W layer were maintained con-
stant for all multilayers and with a thickness of about 150 nm.
When the Al/9Si target was used, the multilayers (both in static
and in rotation mode) were built with 4 layers, as schematically
represented in Fig. 6a. With the Al/15Si and Si70Al30 targets, the
absorbing layers were not sufficiently absorptive and it was  neces-
sary to increment the interference effect, and two  additional layers
(six in total) were used, as represented in Fig. 6b.

As previously mentioned, the structure of the multilayers was
optimized by the simulation of its reflectance, varying the materials
characterized in Section 3.1 and its thicknesses. From this opti-
mization procedure, the deposition parameters were selected for

different layers, such as reactive gas partial pressure and respective
thickness. In Table 5 are presented the single layers used in each
coating, which are identified by the reactive gas partial pressure,
as were identified in Figs. 1–3 and respective thicknesses. All the
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Fig. 5. XRD patterns of single layers performed with an incidence angle of 3◦ of: (a) W deposited on stainless steel and (b) AlSiN, AlSiON and AlSiOy layers, deposited on glass.
S  indicates the peaks associated with stainless steel substrate.
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ig. 6. Sketches of multilayer coatings based on AlSiN/AlSiON layers from series 1
nd 2, using targets described in Table 1.

epositions were started with similar base pressures in order to
eproduce the partial pressures indicated in Table 2. SAON1 and
AON4 were prepared with an Al/9Si target, the first in static mode
nd the second in rotation mode. SAON2 and SAON3 were prepared
n static mode, with Al/15Si and Si70/Al30 targets, respectively. The
pectral reflectance of these 4 coatings is shown in Fig. 7. The solar
bsorptance is about 94%, while the thermal emittance (at 400 ◦C)
aries between 7 and 10%, depending on the location of the step on
he wavelength scale.

.5. SEM analysis of multilayered coatings

The different coatings described in Table 5, deposited on pol-
shed stainless steel substrates, were analyzed by SEM. A small
iece was bent about 270◦ and the folded region was  analyzed. In
ig. 8 are shown the micrographs obtained for SAON1 (a), SAON2
b) and SAON4 (c) with the indication of the constituent layers of
he optical stack and the respective thicknesses. In all cases, the
rst layer (W)  shows a morphology consistent with a columnar
rowth. As shown by the XRD data in Section 3.3, this layer is poly-
rystalline. The remaining layers reveal a featureless morphology,

hich agrees with the amorphous structure obtained from the XRD

nalyses. The top layer in Fig. 8a is the antireflection layer, SiO2.
he contrast difference between nitride and oxynitride layers in
he SEM micrographs is very small, which does not allow a clear

able 5
artial pressures used for different layers and respective thicknesses (d) of the multilayer

SAON1 SAON2 

Layer d (nm) Layer d (nm) 

W  150 W 150 

N2 0.054 Pa 46 N2 0.014 Pa 15 

N2/O2 0.077 Pa 42 N2 0.024 Pa 21 

SiO2 100 N2/O2 0.045 Pa 38 

N2/O2 0.095 Pa 48 

O2 0.072 Pa 56 
Fig. 7. Reflectance of different absorber coatings described in Table 5. The absorp-
tance and thermal emittance (at 400 ◦C) are also indicated in the legend.

distinction between them. The thicknesses indicated in the pictures
are lower than expected, 96 nm instead 100 nm for SiO2 layer and
84 nm instead of 88 nm for nitride + oxynitride layers (Table 5).

For the other samples (SAON2 and SAON4), Fig. 8b and c, the
antireflection layer is the AlSiOy, which was deposited with same
target used for AlSiN and AlSiON layers and without breaking the
vacuum. In both cases the contrast is low and it is not possible to
distinguish the different layers, nitride, oxynitride and oxide. The
total thicknesses of all layers, excluding W,  measured by SEM are
similar to those expected, which were calculated from deposition
rates (Table 5).

3.6. Thermal stability – annealing in air and in vacuum

In Fig. 9 is represented the reflectance of different coatings

(SAON1 to SAON4) in their as-deposited state and after annealing in
air at 400 ◦C. In the legends it is indicated the solar absorptance and
thermal emittance (calculated at 400 ◦C) for different situations. In
the cases of samples prepared in static mode (SAON1 to SAON3),

 stacks.

SAON3 SAON4

Layer d (nm) Layer d (nm)
W 150 W 150

N2 0.010 Pa 21 N2 0.047 Pa 50
N2/O2 0.049 Pa 31 N2/O2 0.061 Pa 60
N2/O2 0.077 Pa 13 O2 0.072 Pa 91
O2 0.072 Pa 25
O2 0.081 Pa 72
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Fig. 8. Fractured cross section SEM images of (a) SAON1; (b) SAON2 and (c) SAON4 samples (see Table 5) deposited on stainless steel substrates. The bottom layer corresponds
to  W layer, and the top layer to the antireflection layer. The intermediate layer corresponds to the double layer structure (HA and LA layers), not resolved in micrographs.
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Fig. 9. Reflectance of as deposited coatings and after the annealing at 400 ◦C in air for the
solar  absorptance and the thermal emittance (calculated at 400 ◦C) after each annealing s
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unction of the annealing time for samples SAON1 to SAON4. The lines are solely
ntroduced to guide the eyes.

he reflectance profile changed after the first annealing step. These
hanges induced a decrease in solar absorptance, being smaller for
ample SAON1. However, the best performance was  obtained for
ample SAON4 prepared in rotation mode and with the same target
sed for SAON1.
For comparison, in Fig. 10 are shown the absorptance and ther-
al  emittance as a function of the annealing time for all coatings.

here it can be seen for sample SAON1 a decrease in solar absorp-
ance after 432 h (∼1.4%), but without significant changes after the
 period indicated in the legend: (a) SAON1; (b) SAON2; (c) SAON3 (d) SAON4. The
tep are also indicated in the legend.

additional steps. However, SAON2 and SAON3 show a higher vari-
ation of solar absorptance after the first annealing step, of 3.6% and
5.7%, respectively. The solar absorptance of SAON4 did not show
appreciable changes. The thermal emittance was measured in as-
deposited samples and after all annealing steps. In all cases, a small
increase in this value was measured (between 0.4% and 0.6%), but
in the case of sample SAON1 this was  registered after 2496 h, while
for sample SAON4 was measured after 1200 h and for SAON2 and
SAON3 after 300 h.

Similar results for thermal annealing at 580 ◦C, in vacuum, are
shown in Fig. 11, where it is presented the solar absorptance
and thermal emittance as a function of the annealing time. Again,
SAON1 and SAON4 revealed better performance, but now SAON2
showed the worse performance.

These samples subjected to thermal tests were analyzed by XRD
before and after the thermal annealing. The results for SAON1 sam-
ple are shown in Fig. 12. For comparison, it is also included a XRD
pattern measured with a polished stainless steel substrate. As men-
tioned in Section 3.3, the W layer is polycrystalline while the other
layers are XRD amorphous. No significant changes are seen after
the annealing steps.

These samples were also studied using Raman spectroscopy.
Fig. 13 shows the Raman spectra of the SAON1 and SAON3 tan-

dem absorbers in the as-deposited form and after annealing
treatments at 400 ◦C and 580 ◦C. The Raman spectra confirm the
amorphous structure of the layers, presenting only three bands
superposed on a broad band. The main difference between the
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aman spectra of these two groups of samples is the intensity of
he Raman bands, which are better resolved in the SAON3 tan-
em absorber. The Raman bands peak positions are at ≈150 cm−1,

350 cm−1 and ≈760 cm−1 for the sample SAON1 (Fig. 13a) and
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rich oxynitride [38], and this is the reason why  it is more pro-
nounced in sample SAON3, which has a lower Al:Si ratio. The
amorphous silicon band appears also in this region. Additionally,
for these systems, the acoustic phonons (LA and TA) bands will
appear in the 150–300 cm−1 region, while the optic phonons (TO
and LO) modes in the 450–650 cm−1 region. In sample SAON3 a
small shift (from ≈450 cm−1 to ≈460 cm−1) happened with the
thermal annealing. This is less evident in sample SAON1, which
revealed better performance. Albeit these differences between
samples, for each group of samples no significant change in the
nature of Raman spectra was observed, which is consistent with
the high thermal microstructural stability of the produced tandem
absorbers.

4. Discussion

The SAON1 and SAON4 coatings were prepared with a Al/9Si
target, where the Al:Si ratio in the AlSiN and AlSiON layers is ∼2.3:1,
by averaging the data obtained with XPS and EDS (Table 4). Samples
SAON2 and SAON3 were prepared with lower Al:Si ratio.

Samples SAON1 and SAON4 showed the best performance. Sam-
ple SAON1 revealed a variation in solar absorptance after the first
annealing step in air (432 h), as shown in Fig. 9a. This variation
is associated with the oxidation of the SiOx antireflection layer,
which was  not completely oxidized after its deposition. Additional
annealing steps (until 2496 h) did not reveal appreciable changes.
The same did not occur with sample SAON4 (Fig. 9d), which has
an AlSiOy antireflection layer prepared with the same target used
for the underlying layers and the full stack was  deposited without
breaking vacuum.

The main reason for this behaviour is the chemical and ther-
mal  properties of the different layers. Silicon nitride, oxynitride
and oxide are known to have good properties as diffusion barri-
ers [40] and have also good thermal stability. AlON is also known
to have good properties as gas barrier films, while SiAlON is known
to have high oxidation resistance and good thermal properties.
For example, amorphous SiAlON films remained amorphous after
annealing in vacuum or air up to 1500 ◦C [18]. The film stoichiome-
try remained unchanged in vacuum at high temperature, although
while annealing in air at 1000 ◦C lost some nitrogen [18]. The oxy-
gen diffusion rate through SiAlON in N-rich samples is much faster
than in O-rich case [18], which means that the oxynitride layer
has much better diffusion barrier properties for oxygen than the
nitride layer. Furthermore, the functionalization of an oxynitride
layer with an oxide results in a good oxygen diffusion barrier that
protects the non-stoichiometric nitride layer.
dominantly amorphous (except for the W layer), as characterized
by X-ray diffraction, both in as deposited samples and after the ther-
mal  annealing. This is a consequence of the local chemical bonding
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Raman shift  (cm-1)
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afte r 300 h at 40 0oC i n ai r
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 its as-deposited state and after thermal treatments, as indicated in the figure.
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ffects in these materials [18], which is also important for avoid-
ng the diffusivity paths usually present when intergranular phases
re present. This improves the performance of oxide and oxynitride
ayers, as oxygen diffusion barrier layers.

The decrease of Al:Si contributed to a degradation of the
erformance. As shown, with the decrease of Al:Si ratio a non-
toichiometry was introduced to obtain the adequate spectral
ptical constants. For example, for samples with lower Al:Si ratio,
he AlSiN layer is not sufficiently absorptive and a more graded
olution employing two thin nitride layers and two  thin oxyni-
ride layers needed to be developed in order to obtain ˛s > 94%.
his also forced the utilization of more metallic LA layers to obtain

 high solar absorptance, which also lead to a lower thermal stabil-
ty of the coating. In the nonstoichiometric AlSiN films, the nitrogen
mount it is not sufficient to fill all the positions in the non-metallic
ublattice. Thus, Al and Si atoms occupy sites on the non-metallic
ublattice, and the presence of Al Al, Al Si and Si Si bonds leads
o a lower chemical and thermal stability [35,39]. This non stoi-
hiometry is the main reason for the weaker thermal stability of
amples SAON2 and SAON3. For example, the shoulder that appears
n the reflectance spectra around 400–500 nm after annealing in air
Fig. 9b and c) is mainly due to a small oxidation of the oxynitride
ayer. The reflectance in the region 700–1100 nm also increases
more evident in SAON3), which can be due to a small oxidation
f the nitride layer.

All samples showed a similar increase of the thermal emit-
ance of about 0.5% at 400 ◦C in air. However, at 580 ◦C in vacuum,
he thermal emittance of samples SAON1 and SAON4 (after 900 h)
ncreased by 0.8% and 0.7%, respectively, while for sample SAON3
t increased 2.2%. This can correspond to a small deterioration of

 layer as a consequence of the lower chemical and thermal sta-
ility of the AlSiN layer produced with low N2 partial pressure.
his deterioration can also be associated with outwards diffusion
f substrate atoms, which is related with the appearance of surface
efects in samples annealed in vacuum at 580 ◦C. A diffusion barrier

ayer deposited prior the W layer would the adequate to improve
he performance at these temperatures.

. Summary

A tandem structure based on AlSiN and AlSiON layers for selec-
ive absorption of the solar radiation was fabricated by magnetron
puttering. The multilayer was built with a pure metallic tung-
ten layer, as a back reflector, followed by two absorption layers
AlSiN and AlSiON layers) and an antireflection layer (AlSiO layer).
he optical stack was first simulated with the SCOUT software
sing suitable dielectric function models obtained from differ-
nt single layers. The Al:Si ratio was changed in order to find
he adequate composition for the indicated purpose. The best
erformance was obtained with an Al:Si ratio in the AlSiN and
lSiON layers of about 2.3:1. The samples were subjected to

 thermal annealing at 400 ◦C and 580 ◦C, in air and vacuum,
espectively. The tandem structure with that adequate Al:Si ratio
evealed good solar selective properties, as well as good thermal
tability.

With the increase of Si content it was necessary to decrease the
eactive gases content in order to get sufficient absorption of the
olar radiation and Al Al, Al Si and Si Si chemical bonds were
ound in the AlSiN layers, as shown by XPS analysis. These bonds
ead to lower chemical and thermal stability of the overall structure.
he AlSiN and AlSiON films with different Al:Si ratio revealed to be

ompletely miscible and do not result in phase separation at the
ested annealing process. X-ray photoelectron analysis indicates
referential formation of local Al-O and Si-N bonds, which has been
hown to stabilize the amorphous structure.
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