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Abstract: Soiling severely reduces solar mirror performance, requiring dispendious water consump-
tion for cleaning operations and causing an increase in the levelized cost of energy (LCOE). An
emerging technology for facing this problem consists of developing transparent self-cleaning coat-
ings, able to be washed with a small amount of water by virtue of the modulation of surficial wetting
properties. Nevertheless, the beneficial effects of coatings decrease in the first year, and coated mirrors
show even higher soiling than non-coated ones. Moreover, it is important that coating production
processes are economically convenient, consistent with the intended reduction of overall costs. The
aim of this work is the research and development of a cheap and scalable solution, compatible with
mirror fabrication steps and, in such a sense, economically advantageous. It involves the substitution
of the alumina last layer of solar mirrors with more hydrophobic, potentially auxetic aluminum
compounds, such as nitrides. In particular, 2D inorganic aluminum nitride thin films doped with
metals (such as aluminum and silver) and non-metals have been fabricated by means of reactive
sputtering deposition and characterized for the purpose of studying their self-cleaning behavior,
finding a trade-off between wetting properties, optical clarity, and stability.

Keywords: solar mirrors; aluminum nitride; sputtering deposition; self-cleaning coatings; aux-
etic properties

1. Introduction

Concentrating solar power could become the cheapest form of energy production in
many regions of the word, with the only problem of maintaining the solar field perfor-
mance [1]. In particular, the areas of the global sunbelt, where concentrated solar power
plants are typically located, suffer from high soiling due to dust accumulation, and this
reduces the amount of solar energy received (and hence electricity produced), increasing
LCOE [2]. The energy yield loss per day can exceed 20% if mirrored surfaces are not
cleaned [3]. Fortunately, it is possible to restore their performance via washing procedures,
which have to be implemented every few days, consuming water that, in some regions, is
scarce and expensive. Different strategies have been proposed to solve this problem: Dry
and wet cleaning, an automated or manual brush, plasma etching, anti-soiling screen layer
deposition on the glass face of back surface mirrors, and so on [4].

Among the solutions, the most promising is that of coating solar mirror surfaces with
self-cleaning layers, which can be hydrophobic, hydrophilic, or photocatalytic thin films,
whose washing requires the smallest amount of water, reducing maintenance costs [5].
Such a strategy, however, has to preserve the optical performance of mirrors and this
implies the further requirement of UV-Vis-NIR high transmittance of the coatings. So
far, the only marketable solution has been commercialized by Alcan and utilizes super
hydrophobic nano-textured fluoro-silane-based coatings. Flabeg [6] and Guardian both
confirm that they are working on anti-soiling titania-silica hydrophilic coatings but have
not announced details yet. The Dutch company Rads Global Business has developed an
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anti-soiling coating for solar PV modules, which is claimed to reduce cleaning costa by
around 60% [7].

Nevertheless, the beneficial effects of anti-soiling decrease over the years and coated
mirrors show even higher soiling than non-coated ones [8]. There is not a unique solution
valid for all types of mirrors and all climates. In this frame, it appears clear that research and
development of new coatings is a topic of particular interest. In our opinion, a profitable
approach is to start from materials that are already present in the last layer exposed to
the air, such as aluminum oxides and substituting them with aluminum nitrides and
metamaterials based on them, tailored for washing with less water.

The choice of aluminum nitride, AlN, a hard covalent semiconductor with a bandgap
of 6.2 eV, whose common crystalline hexagonal phase is a wurtzite-type structure [9], results
from the consideration of preserving the overall mirror fabrication process architecture.
This requires changing only a few steps relative to the alumina last layer (Al2O3, an
aluminum oxide neither hydrophilic nor hydrophobic utilized as a transparent barrier
layer to preserve the stability and reflectivity of metallized mirrors) with a wetting tailorable
aluminum compound, more hydrophobic than alumina (Al2O3). With the electropositive
cation, Al3+ nitrogen forms covalent bonds, Al-N, with higher cohesive forces than the
ionic bond of oxides. For this reason, aluminum nitride is a hard solid material in bulk
form, while in thin films, there are many metastable AlxNy phases, whose chemistry can
enable the persistence of different topological arrangements. In particular, 2D reentrant
honeycomb AlN politypoyds, with a mixed tetragonal and hexagonal structure, that exhibit
auxetism and photocatalytic properties have recently been discovered [10].

Auxetic materials (from the Greek word ‘αὐξητικóς’, whose meaning is ‘tending to
increase’) show a negative Poisson’s ratio (the ratio between the transverse and longitudinal
strain produced by the application of a load orthogonal to the section), related to their
unusual deformation in a perpendicular direction by means of the application of mechanical
stress/strain, as reported in Figure 1 [11].

Energies 2021, 14, 6668 2 of 15 
 

 

confirm that they are working on anti-soiling titania-silica hydrophilic coatings but have 
not announced details yet. The Dutch company Rads Global Business has developed an 
anti-soiling coating for solar PV modules, which is claimed to reduce cleaning costa by 
around 60% [7]. 

Nevertheless, the beneficial effects of anti-soiling decrease over the years and coated 
mirrors show even higher soiling than non-coated ones [8]. There is not a unique solution 
valid for all types of mirrors and all climates. In this frame, it appears clear that research 
and development of new coatings is a topic of particular interest. In our opinion, a prof-
itable approach is to start from materials that are already present in the last layer exposed 
to the air, such as aluminum oxides and substituting them with aluminum nitrides and 
metamaterials based on them, tailored for washing with less water. 

The choice of aluminum nitride, AlN, a hard covalent semiconductor with a 
bandgap of 6.2 eV, whose common crystalline hexagonal phase is a wurtzite-type struc-
ture [9], results from the consideration of preserving the overall mirror fabrication pro-
cess architecture. This requires changing only a few steps relative to the alumina last 
layer (Al2O3, an aluminum oxide neither hydrophilic nor hydrophobic utilized as a 
transparent barrier layer to preserve the stability and reflectivity of metallized mirrors) 
with a wetting tailorable aluminum compound, more hydrophobic than alumina (Al2O3). 
With the electropositive cation, Al3+ nitrogen forms covalent bonds, Al-N, with higher 
cohesive forces than the ionic bond of oxides. For this reason, aluminum nitride is a hard 
solid material in bulk form, while in thin films, there are many metastable AlxNy phases, 
whose chemistry can enable the persistence of different topological arrangements. In 
particular, 2D reentrant honeycomb AlN politypoyds, with a mixed tetragonal and hex-
agonal structure, that exhibit auxetism and photocatalytic properties have recently been 
discovered [10]. 

Auxetic materials (from the Greek word ‘αὐξητικός’, whose meaning is ‘tending to 
increase’) show a negative Poisson’s ratio (the ratio between the transverse and longitu-
dinal strain produced by the application of a load orthogonal to the section), related to 
their unusual deformation in a perpendicular direction by means of the application of 
mechanical stress/strain, as reported in Figure 1 [11]. 

 
Figure 1. Standard and auxetic structures showing strain relationships and geometries when 
stretched. 

As a classical example of auxetic materials, Gore-tex fibers, if strained, resemble an 
opened umbrella. Even though the existence of auxetic materials has been known for 
more than 150 years, only a few natural examples have been found in certain biological 
tissues (cat skin, cow teat, butterfly wings). Despite this, partial auxetics are quite com-
mon, as 69% of cubic elemental metals present an auxetic behavior in at least one direc-
tion. In any case, auxetic behavior is not related or specific to any particular material, 
being purely a consequence of how the material itself is structured microscopically [12]. 
There are different auxetic topologies, such as 2D reentrant honeycombs, rotating po-

Figure 1. Standard and auxetic structures showing strain relationships and geometries when
stretched.

As a classical example of auxetic materials, Gore-tex fibers, if strained, resemble an
opened umbrella. Even though the existence of auxetic materials has been known for more
than 150 years, only a few natural examples have been found in certain biological tissues
(cat skin, cow teat, butterfly wings). Despite this, partial auxetics are quite common, as
69% of cubic elemental metals present an auxetic behavior in at least one direction. In any
case, auxetic behavior is not related or specific to any particular material, being purely a
consequence of how the material itself is structured microscopically [12]. There are different
auxetic topologies, such as 2D reentrant honeycombs, rotating polygonals, chiral, or 3D
derived from buckling. In particular, a microstructure constituted by connected equilateral
triangles or squares can be auxetic when, if stressed, geometrical constituents remain
rigid but rotate with respect to each other. When auxetic materials expand their surface
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area, it is likely as a result of expected changes to the wetting properties of their surface.
This occurs, for example, in expanded polytetrafluoroethylene (ePTFE), the microporous
superhydrophobic waterproof and breathable layer in GoreTex.

Concerning the inorganic AlN auxetic structures discovered by Kilic and colleagues,
it is possible, in our opinion, to fabricate them as thin films by means of reactive sputtering
deposition. Experimental activity has been devoted to this goal.

It is important to underline that inorganic aluminum nitride could be more convenient
than the other hydrophobic proposals for covering solar mirrors. In fact, for hydrophobic
transparent coatings, the few present solutions contemplate the utilization of fluorinating
production steps, which are onerous since fluorination costs and the associated processing
are expensive [13].

Concerning AlN thin films, they can be produced via various methods, including
molecular beam epitaxy (MBE), electron cyclotron resonance dual-ion beam sputtering,
pulsed laser ablation, and metal organic chemical vapor deposition (MOCVD), which all
require high processing temperatures and are also expensive [14]. Direct current (DC)
reactive sputtering deposition, utilized in this work as the production method, has the
advantage of being a low-temperature, low-cost, easily scalable technique, useful for
depositing thin films of different compositions on glass and polymeric substrates, under
the conditions of kinetic control without any transformation in equilibrium phases, as
described in a previous work [15].

Here, exploiting previous expertise on 2D metamaterials for spectrally selective coat-
ings able to mirror solar heat toward the Universe [16], a range of 2D inorganic and hybrid
thin-film metamaterials have been developed. So, different coatings with potential aux-
etic and photocatalytic properties based on aluminum nitride doped with metals (silver,
aluminum, tungsten) and non-metals (oxygen, nitrogen) have been fabricated by means
of sputtering These are characterized by means of different techniques and are proposed
as anti-soiling and self-cleaning coatings for solar mirrors, considering that the change in
surface area with a strain induced by metamaterial fabrication processes (2D growth on
proper templates) combines with hydrophilic and hydrophobic properties to manipulate
the overall wetting properties of the surfaces. In particular, this study takes into account
the effect of combining modified wettability with the requirements of preserving a solar
mirror coating’s [17] optical reflectance and appropriate durability over time [18].

2. Materials and Methods

Coatings produced in this work are mono- or multi-layered, deposited by means of
the reactive sputtering technique, using a proprietary multi-cathode apparatus equipped
with magnetron and dual-magnetron cathodes operating in DC or pulsed DC and in the
medium frequency mode, respectively.

For greater clarity in identifying manufactured samples, Table 1 shows the sample
identification names, distinctive experimental fabrication conditions (such as total pressure
(P0 in mbar) and reactive gas flow (in sccm)), and the thickness of coatings.

Ag ultrathin layers were grown in DC sputtering mode at an Ar pressure of 1.0 × 10−3

mbar and with 1.65 W/cm2 power density applied to the Al cathode. AlN layers were
grown by means of reactive sputtering at an Ar + N2 pressure ranging from 1.0 × 10−2 to
4.4 × 10−4 mbar with a power density of 7.75 W/cm2 applied to the Al cathode.

Al2O3 film was deposited by means of reactive sputtering at an Ar + O2 pressure of
1.0 × 10−3 mbar with a power density of 7.75 W/cm2 supplied to the Al cathode.

The thickness of single layers was measured by means of a Surface Profiler TENCOR
P-10.

UV-VIS-NIR analysis was performed using a double-beam Perkin-Elmer mod. A
Lambda 900 instrument, equipped with an integrating sphere, was used to measure global
spectral reflectance and transmittance. Measurements were collected in the 200–2500 nm
spectral range under ambient conditions. A halon white (PTFE) reflectance standard was
used as the baseline.
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Table 1. Sample nomenclature and experimental fabrication details.

Sample Identification Composition P0 [mbar] Gas Flow (sccm) Thickness [nm]

AlNtp Glass/AlN in saturation regimen 1.3 × 10−3 200 Ar + 60 N2 102

AlNpre Glass/AlN in transition regimen at 3000 W 1.3 × 10−3 200 Ar + 25 N2 82

AlNpre2 Glass/AlN in transition regimen at 1500 W 1.0 × 10−3 200 Ar + 25 N2 80

Al2O3 Glass/Al2O3 in saturation regimen 1.3 × 10−3 200 Ar + 50 O2 107

AlNpost Glass/AlNpre annealed at 580 ◦C - - 80

AlNtp2
Glass/AlN in saturation regimen annealed

at 580 ◦C - - 100

AlNx_1 Glass/AlN in transition regimen obtained
with 1 sccm O2

9.3 × 10−4 50 Ar + 28 N2 + 1 O2 106

AlNx_2 Glass/AlN in transition regimen obtained
with 2 sccm O2

5.1 × 10−4 50 Ar + 28 N2 + 2 O2 120

AlNx_3 Glass/AlN in transition regimen obtained
with 3 sccm O2

5.7 × 10−4 50 Ar + 28 N2 + 3 O2 124

AlNx_4 Glass/AlN in transition regimen obtained
with 4 sccm O2

5.2 × 10−4 50 Ar + 28 N2 + 4 O2 100

AlNx_4 bis
Glass/AlN in transition regimen obtained

with different reactive gas
mixture/Argon ratio

4.4 × 10−4 400 Ar + 7 O2 + 50 N2 97

AlN_Ag1 Glass/AlN/Ag/AlN 1.0 × 10−3 400 Ar + 40 N2 37/8/47

AlN_Ag2 Glass/AlN/Ag16 nm/AlN 1.0 × 10−3 400 Ar + 40 N2 37/16/47

Vibrational analysis of materials was performed by means of micro-RAMAN and
FTIR techniques. Fourier Transform Infrared (FTIR) spectra were recorded with a Bruker
Fourier transform spectrometer model Equinox 55, equipped with a Deuterated triglycine
sulphate detector operating in the 400–4000 cm−1 range and an MCT detector operating
in the 560–8000 cm−1. The resolution was 4 cm−1. Raman spectra were collected with a
Renishaw visible Raman spectrometer system, equipped with a confocal microscope. Laser
excitation at 514 nm (green) was supplied by a YAG double-diode pumped laser (20 mW).

The Static Water Contact Angle (WCA) was measured with the direct optical method
of drop-shape analysis, by means of the contact angle meter KRUSS DSA-100.

The same Renishaw mod. inVia Raman spectrometer equipped with a 514 nm Argon
ion laser and an 1800 L/mm grating was used to collect photoluminescence (PL) spectra in
the 540–950 nm range.

Annealing tests were performed by exposing samples in a vacuum environment
to thermal cycles at the temperatures of 470 ◦C (AlNpost) and 560 ◦C for 8 h (AlNpre2,
AlNpost2).

Photocatalytic behavior was evaluated by means of a thin-film exposition test adapted
from the normed method ISO10678, consisting of exposing samples immersed in a solution
of Methylene Blue to UV lamp (253 nm) irradiation for 90 min and measuring the absorption
of the chromophore at 653 nm before and after the test. The organic dye in the presence of
UV radiation was degraded by photolysis promoted by the tested samples, which act as
photo-catalysts.

3. Results and Discussion

In order to change solar mirrors’ wettability for the purpose of reducing water con-
sumption and hence costs in cleaning operations and maintenance (O&M), experimentation
on thin-film metamaterial coatings based on aluminum compounds different from oxides
was conducted. In particular, we studied the promotion of auxetic properties in sputtered
politypoids of aluminum nitride, by means of 2D growth and doping with metals (such as
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aluminum, silver) and/or non-metals (such as nitrogen and oxygen) for the purpose of
demonstrating modulation of wetting properties of the alumina last layer of solar mirrors.

The first important consideration concerns the nitridation reaction for obtaining
AlN by means of reactive sputtering deposition starting from the metallic aluminium
target. In the reactive sputtering, nitridation occurs between the metallic target and reactive
nitrogen added to the argon processing gas. There are different possible operating regimens:
Metallic, transition, and saturation of the sputtering aluminum target, dependent on the
reactive gas concentration. They differ for the change from the metallic (where metallic
aluminum is ejected from the target and nitridation occurs on the substrate) to compound
mode (defined saturation regimen, or poisoned mode, where the reaction occurs on the
target and nitrides are then ejected from the poisoned target), passing through a transition
regimen (where unstable, partially nitridated target is operative) of the material sputtered
from the target. The cathode voltage and deposition rate vary from the metallic to saturation
regimen, where the reach their minimum level, remaining constant even with an increasing
N2 concentration. Despite different operational varieties, by means of reactive sputtering
deposition in different regimens, a hexagonal, equilibrium-phase (wurtzite) crystalline
structure is easily obtained in thick samples. For thin and ultrathin film composition,
crystallite orientation and domain dimensions can be influenced by the sputtering regimen.

This work is devoted to study this aspect for the purpose of fabricating auxetic
metamaterials. A careful study on the growth conditions of “constrained equilibrium”,
where the formation of the equilibrium phase is kinetically inhibited (strategies toward the
direct synthesis of metastable compounds), has been conducted to address the promotion
of auxetic surfaces with different wettability, where geometrical crystalline polygonal
micro-domains have a topological spatial disposition and an overall shape useful for
accommodating deformation and/or reticular enlarging.

Thin films of AlN in this work have been produced by means of reactive sputtering in
two different macro-conditions: High and medium content of reactive gas (saturation and
transition regimens), characterized by means of Raman spectroscopy, FTIR, photolumines-
cence, and RX analysis.

The first structural comparison comes from micro-Raman analysis of aluminum nitride
thin films obtained with a large amount of available nitrogen in the saturation regimen
(AlNtp) with a minor nitrogen concentration in the transition regimen (AlNpre), reported
in Figure 2. A difference in Raman activity of samples obtained in two regimens can
be observed.
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Group theory predicts AlN in eight vibrational modes: 2E2, 2A1, 2E1, and 2B1, all of
which, except the silent B1, are Raman active: 252 cm−1, 614 cm−1, 658 cm−1, 672 cm−1,
894 cm−1 e 912 cm−1 for the hexagonal phase and 658 cm−1 (TO) and 912 cm−1 (LO) for
the cubic zinc-blend phase.

The Raman spectrum of the transition regimen AlNpre (Figure 2b) has three peaks:
250 cm−1 (broad), 649 cm−1 (intense and coalescent with 614 cm−1 and 672 cm−1), and
902 cm−1 (broad), and this means that there are both phases (hexagonal and cubic, as
foreseen for auxetic Th-AlN). The Raman frequency position for stress-free bulk AlN is
657.4 cm−1 and such an E2

2 mode can be used to detect the stresses in the plane (σxx) and
on the c plane (σzz) of AlN, by means of the relationship:

∆ωλ= 2αλεxx + bλεzz = 2α̌λσxx + b̌λσzz

where αλ and βλ are deformation potential constants and ε is the strain [19]. The Raman
stress factor is an energy difference (or a frequency shift, with respect to the relaxed
frequency position). In AlNpre, there is a blue shift to 649 cm−1 that can be related to
tensile stress (stress factor k = −6.361.4 cm−1/GPa for the E2 mode). AlNtp obtained in the
saturation regimen has lower Raman activity with a unique peak at 655 cm−1 (stress factor
k = −2.4 cm − 1/GPa for the E2 mode) and broad bands in the region of nitrogen molecule
bond stretching (around 2300 cm−1 RS).

In particular, the peak of the multiple nitrogen bonds stretching at around 2320 cm−1

(the nitrogen molecule in the gas phase has such stretching at 2354 cm−1 Raman Shift) in
the Raman spectrum (Figure 3) can be attributed to AlN rings, where there are N = n bonds
predicted in simulations on the th-AlN phases.
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It is possible that the produced AlNtp is a mixed th AlN cubic phase. In general, the
Raman activity of AlNpre is higher than AlNtp for the SERS effect due to the presence of
metallic aluminium clusters.

In other words, concerning the transition region, under-stoichiometric AlN has been
produced, with amorphous aluminium islands. Meanwhile, in the saturation regimen, the
material sputtered from a completely poisoned target is super-stoichiometric AlNy, hosting
a certain amount of partially reduced nitrogen in the lattice. In both cases, micro Raman
data confirm the presence of auxetic phases.
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FTIR analysis (Figure 4) performed in the reflectance mode in the range 570 ÷ 700 cm−1

shows the two signals for Al-N stretching at 622 cm−1 (TO) and 851 cm−1 (LO), a small
peak at 1004 cm−1, attributable to the Al2N cluster (or n bonding 2 Al3+ ions), a broad band
at 1246 cm−1, for Al = n and Al ≡ n (multiple bonds presence indicates that there is an
auxetic phase), an intense 1435 cm−1 band relative to N-H bending, and 2881 cm−1 and
3615 cm−1 bands of combined stretching for -OH e -NHx.
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Figure 4. FTIR AlNpre analysis.

Theoretical infrared active Al-N bond stretching frequencies are 655 cm−1 (TO) and
860 cm−1 (LO). The two signals are both visible when the material is a bulk crystal, with
prominence in the LO mode. Moreover, TO is visible only when crystallites are randomly
oriented with respect to the substrate (no c-axis). In such an experimental case, the lattice
is distorted along the c axis and the bond in AlN has a mixed ionic and covalent character,
because TO and LO experimental modes are more distant than those reported in the
literature. In conclusion, FTIR analysis confirms the presence of AlxN clusters in transition-
regimen AlNpre samples, which means not all aluminum was nitridated and the resulting
metamaterial was a nitride doped with aluminum, AlN_Al.

From both analyses, interesting experimental evidence of multiple bonds in the ob-
tained AlN thin films (either between aluminium and nitrogen, or between two nitrogen
atoms) was obtained, and this is in accord with the spatial arrangement of multiple bonds
with neighbors (due to the valence electron pair repulsion rule) constituted by ordered
hexagonal and tetragonal rings with unprecedented properties (anisotropy, a negative Pois-
son’s ratio, ultrahigh ideal strength, photo-catalytic properties, tunable wettability, etc.).

To test the structural stability of the obtained metamaterials, high-temperature anneal-
ing of the thin films as sputtered was performed in two steps: The first annealing at 470 ◦C
for six hours, followed by sample characterization and then second annealing at the higher
temperature of 580 ◦C for 8 h.

Figure 5 reports the comparison between the photoluminescence of samples obtained
in two sputtering regimens before (AlNpre and AlNtp) and after (AlNpost and AlNtp2) the
annealing step at 580 ◦C. First of all, the thin films produced were all photo-luminescent and
presented different photo-emissive defects. A relatively wide emission band was observed,
which ranges from 540 nm (2.29 eV) to 900 nm (1.38 eV), centered at 738 nm (1.68 eV). It
is noteworthy that as the 514 nm laser was below the bandgap for AlN, the observed PL
originated from defects as a result of the vacancy of aluminum and/or O impurities that
substitute nitrogen (ON). In particular, comparing both AlNtp and AlNtp2 curves (samples
produced in saturation before and after annealing) and AlNpre and AlNpost curves (samples
produced in the transition regimen before and after annealing), it is possible to observe
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that the ON (1.93 eV) defect increases after annealing, and nitrogen-metal related defects
NAl (1.4–1.85 eV) decrease because there is an oxygen “contamination”.
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Figure 5. AlN thin-film photoluminescence spectra before (AlNpre and AlNtp) and after (AlNpost

and AlNtp2) annealing at 580 ◦C.

After the annealing, both kinds of samples (transition and saturation) modified their
photo-emissive trend in terms of intensity and peak positions. It is likely that the nanomet-
ric aluminum clusters that are under-nitridated and dispersed in the crystalline AlN lattice
undergo oxidation during annealing, increasing the concentration of oxygen defects. Oxy-
gen has a high affinity toward aluminum, due to an atomic radius smaller than nitrogen, so
the AlN lattice has a high capability of accommodating oxygen without phase segregation.
To preserve the system’s electro-neutrality, aluminum vacancies are created. When the
oxygen concentration increases, there is first a reduction in the reticular parameter and
then an expansion of the cell volume. At a critical point, the two defects (VAl and ON) are
combined to become one single octahedric defect, nulling the two vacancies.

Moreover, Alx-N = N-H photo-emissive complexes are evident and imputable to
metallic clusters, which arise during nitridation processes when there is a surplus of
reactive nitrogen and thermal energy coming from the heating of the substrate. These
findings confirm that there are micro-structural differences between samples that can be
influenced by thermal treatments, and that, generally, samples obtained in the transition
regimen are more defected and hence more photoluminescent.

The XRD analysis reported in Figure 6 shows a crystalline nature with a mixed
structure: Tilted (101) and columnar (002), as previously described [19]. After the first
annealing at 470 ◦C, the peak intensities increase, in particular for the (002), and the overall
crystallinity grows. Such modification is due to excess nitrogen removal. The following
580 ◦C annealing does not introduce any further modification and/or recrystallization.

Energies 2021, 14, 6668 9 of 15 
 

 

 
Figure 5. AlN thin-film photoluminescence spectra before (AlNpre and AlNtp) and after (AlNpost and 
AlNtp2) annealing at 580 °C. 

Moreover, Alx-N = N-H photo-emissive complexes are evident and imputable to 
metallic clusters, which arise during nitridation processes when there is a surplus of re-
active nitrogen and thermal energy coming from the heating of the substrate. These 
findings confirm that there are micro-structural differences between samples that can be 
influenced by thermal treatments, and that, generally, samples obtained in the transition 
regimen are more defected and hence more photoluminescent. 

The XRD analysis reported in Figure 6 shows a crystalline nature with a mixed 
structure: Tilted (101) and columnar (002), as previously described [19]. After the first 
annealing at 470 °C, the peak intensities increase, in particular for the (002), and the 
overall crystallinity grows. Such modification is due to excess nitrogen removal. The 
following 580 °C annealing does not introduce any further modification and/or recrys-
tallization. 

 
Figure 6. AlNpre RX analysis before and after two annealing steps. 

To Summarize, the analyses conducted have demonstrated that sputtered AlN thin 
films have different compositions, micro-structures, and a certain indefinite number of 
oxygen and aluminum clusters, which can be considered doping elements. When the 
target operates in the metallic regimen, there is a high deposition rate, high cathode 
voltage, and the presence of aluminum clusters in a hexagonal lattice of AlN. Upon in-
creasing the nitrogen concentration, the target operates in a transition regimen where the 
cathode voltage and deposition rate slightly decrease and the film’s composition tends 
towards a stoichiometric Al/N ratio, the microstructure varies, and a mixed-phase hex-
agonal-cubic structure appears. Finally, in the saturation regimen, the cathode voltage 
and deposition rate are at their minimum and do not change with nitrogen concentration, 

0

2 104

4 104

6 104

8 104

1 105

600 700 800 900 1000

AlNpost
AlNpre
AlN-tp
AlNtp2

I (
a.

u.
)

Wavelength(nm)

O
N

N 
Al

Alx-N=N-H 

Figure 6. AlNpre RX analysis before and after two annealing steps.



Energies 2021, 14, 6668 9 of 13

To Summarize, the analyses conducted have demonstrated that sputtered AlN thin
films have different compositions, micro-structures, and a certain indefinite number of
oxygen and aluminum clusters, which can be considered doping elements. When the
target operates in the metallic regimen, there is a high deposition rate, high cathode
voltage, and the presence of aluminum clusters in a hexagonal lattice of AlN. Upon
increasing the nitrogen concentration, the target operates in a transition regimen where
the cathode voltage and deposition rate slightly decrease and the film’s composition
tends towards a stoichiometric Al/N ratio, the microstructure varies, and a mixed-phase
hexagonal-cubic structure appears. Finally, in the saturation regimen, the cathode voltage
and deposition rate are at their minimum and do not change with nitrogen concentration,
the AlN hexagonal lattice hosts the nitrogen in excess, there are no aluminum clusters, and
there is evidence of a mixed th-phase.

Concerning the wetting behavior, as previously hypothesized, alumina is more hy-
drophilic than nitrides (Table 2). A thin alumina film produced by means of reactive
sputtering in saturation regimen of reactive oxygen from the same aluminum target has
a WCA of 61◦ (alumina of commercial solar mirrors has a WCA of around 50◦). The two
different nitride thin films (AlNpre and Altp) have different wetting properties and, in
particular, AlNpre is more hydrophobic than Altp. This difference can be slightly reduced
after the annealing step that produces Al-O bonds, as previously demonstrated.

Table 2. Water contact angle (WCA) of thin aluminum compound films.

Sample WCA

AlNtp 95 ± 4
AlNpre 100.8 ± 1.5
AlNpost 97.9 ± 0.5
Al2O3 61 ± 4

In both cases, nitride thin films confirm the hydrophobic character that is highly
desired in this frame.

After the morphological and chemical-physical characterization, UV-Vis-NIR anal-
ysis was conducted to verify the optical clarity necessary to grant mirrors good optical
performance. In particular, it is important that when passing from alumina to nitrides
there is no significant loss in optical transmittance to ensure that mirrors’ reflectivity can
be preserved. Figure 7 reports the transmittance, reflectance, and absorbance for alumina
and the three nitride thin films of similar thickness. As can be observed, alumina is more
transparent than nitrides in the visible range because the band gap is too large to absorb
visible light due to the deep valence band (O 2p orbitals) positions. Nitrogen has a lower
electronegativity than oxygen, so the substitution of oxygen with nitrogen results in a
substantial increase in the bonding covalence and visible light absorption. Moreover, the
optical properties of nitrides can vary largely by controlling their stoichiometry, which
determines changes in the density of free electrons. The enhanced transmittance of the
AlNpre2 film is due to the total pressure increase combined with the power decrease, with
both conditions determining a decrease in particle energies during the deposition, and
hence a less defective structure (compared to the photo-emissive behavior previously de-
scribed). Upon decreasing the defect concentration, it is possible to increase transmittance
in the region of 500–700 nm, finding a trade-off between wettability and optical properties.

Therefore, AlNpre2 obtained in the transition regimen can be considered a good starting
point for future experimentations on a larger scale.

Considering that Al-O bonds confer optical clarity but a worsening of wetting proper-
ties, it may be convenient to introduce oxygen in a more controlled way in the sputtering
process. A definitive amount of this gas has been added to nitrogen (from 1 sccm to 4 sccm)
during the reactive sputtering process, obtaining a family of doped AlN metamaterials,
named AlN_x, that are more transparent than AlN, as expected (cf. Figure 8), and remain
hydrophobic (Table 3), with WCA close to 100◦.
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Figure 8. UV-VIS-NIR transmittance of aluminum nitride thin films compared to alumina.

Table 3. WCA of oxygen-doped aluminum nitride thin films.

Sample WCA

AlNx_1 98 ± 3◦

AlNx_2 96.3 ± 0.5◦

AlNx_3 96 ± 2◦

AlNx_4 98.6 ± 1.5◦

AlNx_4 bis 96.0 ± 0.8◦

The second approach to doping AlN to ensure auxetic behavior was performed by
adding (in a definitive amount) a metallic guest in the nitride lattice. Previously, we have
shown an excess of aluminum (although not in a definitive amount) is present in the
transition-regimen-obtained AlN samples (e.g., AlNpre), giving rise to oxidation when
exposed to high temperatures. As a metallic guest, a less-oxidable homologue of aluminum
is the noble metal silver. From an experimental point of view, for the purpose of preserving
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a mixed tetragonal–hexagonal AlN wurtzitic lattice (which is the only recognized auxetic
phase) while also introducing silver as a dopant, the chosen method is the fabrication of an
ultrathin silver layer between two AlN layers, following a method already adopted in our
labs for producing transparent, low-emissive coatings [20]. In particular, ultra-thin silver
films grow on the AlN seed layer template, and it is then possible to freeze the structure by
means of growing another thin AlN third layer. The resulting metamaterial is cermet-like
AlN-Ag.

Three different layer structures have been fabricated and characterized. Such struc-
tures have hydrophobic behavior (WCA: 98◦). The only drawback of this method is the
lower optical clarity in the range of 900–2500 nm (Figure 9) due to silver reflectance and
interferential structural effects (dielectric–metal–dielectric).
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Figure 9. Transmittance, reflectance, and absorbance of AlN_Ag2 sample.

Upon reducing the thickness of the silver layer (AlN_Ag1 has a half thickness with
respect to the silver layer of sample 2), it is possible to enlarge the optical clarity region, but
samples with silver nano-islands result in being highly photoluminescent (cf. Figure 10).
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Indeed, it is possible to enlarge the optical clarity in the solar range window by
acting on interferential effects that relate to the relative thickness of the three layers, by
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means of a semi-empirical method already described in our work on solar thermodynamic
coatings [21]. Here, an optimization of the optical performance is outside the scope, but
experiments are already ongoing in such a direction.

Concerning self-cleaning behavior, the produced metamaterials have been tested to
verify their photocatalytic properties by means of a test adapted from ISO10678, consisting
of the immersion of thin films in a proper solution of methylene blue (BM) in the presence
of UV irradiation (253 nm for 90 min) followed by the measurement of chromophore
visible absorption at 653 nm, comparing data of the pristine (not degraded) dye with
those of solutions exposed to the photocatalyst. Figure 11 reports the comparison between
supernatant solutions where different potentially photocatalytic samples have previously
been immersed. All tested materials are able to degrade methylene blue (BM) and hence
organic pollutants, confirming their self-cleaning nature.
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The photocatalytic behavior is further evidence of the auxetic nature of the fabricated
thin-AlN-film-based metamaterials.

In conclusion, the fabrication method of doped AlN developed in this work utilizing
previous expertise of our labs makes it possible to obtain metamaterials with tailorable
wettability.

From the overall set of analyses, it is possible to conclude that a trade-off between
hydrophobic, photocatalytic, and optical clarity abilities of doped AlN metamaterials is
possible, and this represents a promising approach to change the wettability of the last
alumina layer of solar mirrors.

4. Conclusions

This work illustrates the potential of using AlN-based politypoid metamaterials to
change the wettability of solar mirrors, for the purpose of reducing water consumption in
O&M and hence LCOE produced in concentrated solar power plants. In particular, it has
been shown to be possible to change the wettability (from 61◦ to 100◦ WCA), promoting
auxetic and photocatalytic properties in sputtered metamaterials, by means of mixed-phase
polycrystalline nitrides 2D growth and doping with metals (such as aluminum and/or
silver) and non-metals (such as nitrogen and/or oxygen), preserving optical clarity in the
visible solar range. It is possible to find a trade-off between wetting performance and
optical properties, granting appropriate durability over time.

In conclusion, via proper fabrication skills, self-cleaning metamaterials have been
tailored, produced, characterized, and selected to function in a solar range. A similar
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original approach that combines hydrophobic and photocatalytic effects is promising for
the goal of a significant reduction of water consumption in solar mirrors and their cleaning
and maintenance. The proposed solution is cheap, scalable, and has a potentially easy
integration in already-existing production lines of commercial solar mirrors.
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