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ARTICLE INFO ABSTRACT

Keywords: The work presented involves the multiphysical modelling, simulation and design optimization of a key
Composite dielectric absorber component of a Solar Selective Coatings (SSC). The investigated SSC absorber consists of a near homogeneous
M“gl'ﬁ’hys‘cs distribution of nanoparticles of Titanium Nitride (TiN) in a matrix of Aluminium Nitride (AIN), to form a
Modelling

composite dielectric. With the aim of achieving high absorbance in the visible region of the spectrum and
minimum reflectance in the infrared region of the spectrum, our work highlights the numerical design, the
synthesis and optical characterization of a composite dielectric of approximately 500 nm thickness. A bottom-up
approach for the preparation of a stack with alternate layers, consisting of a distribution of TiN nanoparticles
with a layer of AIN on top, was adopted. The TiN nanoparticles, laid on a substrate (Silicon/Glass) by wet
chemical method, are coated with conformal layer of AIN, via Plasma-enhanced Atomic Layer Deposition (PE-
ALD). The control of the morphology at the nanoscale is fundamental in improving the optical performance
of the material. For this reason, two composites were prepared. One starting with TiN dispersions made with
dry TiN powder and deionized water, and the other with ready-made TiN dispersions. In both composites, the
particles were 20-30 nm in diameter. In both the cases, fewer clusters of about 0.5-1 pm of TiN particles were
present however, enough steps were taken to minimize these clusters into smaller particles. Parameters, such
as the size of TiN nanoparticles, the thickness of AIN thin film, were revealed by the numerical simulations,
performed using Wave-Optics module in COMSOL Multiphysics. The work showcased clearly compares the
two kinds of composites, using scanning electron microscope, X-ray photoelectron spectroscopy and electrical
conductivity measurement. In addition, the optical performance of the two prepared composites is used as a
means of validating the computational model.

Design optimization
Manufacturing and testing

1. Introduction radiation energy in a broad wavelength regime, while suppressing the
infrared (IR) re-radiation that is generated by heating of the solar

Solar-thermal energy conversion is a promising technology that absorber [8]. Thus, solar absorption and thermal emittance are the two
enables efficient energy harvesting from concentrated solar power main physical criteria indicating the performance of solar-to-thermal
(CSP). Recently, a lot of interest has been directed at composite metal- conversion devices. According to the European Strategic Energy Tech-

insulator based absorbers, as they offer high solar selectivity, depending
on the constituent materials for metal and insulator. A reliable analysis
of the complex coupled physical fields are crucial to the design and
fabrication of such composite structures [1-4].

CSP is a prime technology in renewable energies for solar energy
conversion. Spectrally-selective solar absorbers are extensively used
in harvesting of sunlight for a broad range of applications [5-9].
Spectrally-selective solar absorbers play an important role in enhancing
solar-to-thermal conversion efficiency, absorbing the major part of solar cermets) [15] which is a fundamental unit of the SSC that we aim to

nology (SET) Plan, the target is to generate 27% of EU electricity by
solar energy, by the year 2030. The report states that it is intended to
get to 11% CSP share of the global electricity by 2050 [10].

Selective solar absorbers are being categorized into different types,
in which each type of structure plays a different role in maximizing
absorption and minimizing emittance for best efficiency [11-14]. The
work presented here is focused on metal-dielectric composites (named
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prepare in our future work. These absorbers consist of metal particles
embedded in a dielectric matrix and get their efficacy from the synergic
combination of the properties of the constituent materials. When such
a composite is integrated in SSC which when coated on a highly
reflecting metal surface as a thin film, the resulting coating becomes
a good candidate for CSP applications. The cermet layer is reflective
in the thermal IR region and strongly absorbs in the visible region
of the solar spectrum, because of interband transition in the metal
and the small particle resonance. The solar selectivity of these cermet
absorbers can be adjusted by selecting an appropriate thickness for the
coating, the concentration of the particles, their size and orientation
in the dielectric matrix [15,16]. In a typical solar thermal engineering
system, the sunlight incident on the absorber layer is converted into
a heat flux and delivered to the thermal system, where it does the
desired work of heating and cooling. The thermal radiations leak at
the surface as radiative and convective thermal losses. As a result, the
ideal curve of an effective solar absorber is a step function between a
minimum value of reflectance (high absorptivity) in the visible (VIS)
wavelength range and a high reflectance (low emissivity) in the mid-
infrared thermal radiation range (IR) so as to reduce the thermal
leakage by radiation. Ideally the lower reflectance should be 0% while
the upper limit for the same would be 100%; however, in reality these
values cannot be attained. Thus, in the present investigation we are
targetting characteristics similar to the ideal solar absorber from the
metal-dielectric composites, making it obvious that if a component
from the entire system shows similar characteristics, we would reach
a step closer in obtaining a near perfect absorber.

SSC suffer a major setback due to the materials they are made of
thus, selecting the appropriate materials for the SSC is an influential
step in its performance. TiN has gained much attention in the context
of materials for CSP, due to its peculiar properties, particularly its
high chemical and thermal stability, together with its low electrical
resistivity. In addition, its high melting point (2930 °C) and high
hardness of TiN also make it an ideal material to be embedded into
a dielectric matrix for CSP applications [17-20]. Moreover, it has
been reported that TiN is an excellent candidate for high-temperature
plasmonic applications, while conventional plasmonic materials like
gold and silver are not suitable because of their relatively low melting
point and softness [17,19,21].

AIN is known to provide hard coatings, that are chemically and
thermally stable at elevated temperatures. It has a wide band gap (6.0—
6.2 eV) [22,23], so that it is transparent in the visible region, with
high thermal conductivity [24] and a high melting point (2200 °C).
Thus, it is suitable as a dielectric matrix for CSP applications. In air,
the oxidation of AIN is known to occur at (700 °C) [25,26]. However, a
passivation layer of alumina (Al,03) is typically observed on the surface
of AIN thin films, deposited in vacuum conditions, upon exposure to
air. The deposition process itself can introduce a certain amount of
oxygen into the material, leading to the presence of alumina in the core
of the coatings. But, as the properties remain similar to those of AIN,
i.e. low absorption of solar radiation, high electrical insulation, and
high thermal conductivity, the presence of an alumina fraction into AIN
does not affect the overall characteristics of the AIN dielectric matrix.

Our work involves the synthesis of a dielectric composite, a key
component of the SSC, made of a distribution of TiN NPs embedded
into an AIN matrix, with well-defined size and spacing of TiN NPs,
supported by a numerical simulation driven design of the material.
Numerical simulations show that the optical properties of the composite
can be tuned by controlling the distribution of TiN particles laid inside
the AIN matrix, allowing prediction of the optimal configuration.

This article is organized into the following sections: 2, wave-optics
modelling of the AIN —TiN composite describes the computational
studies employed to derive certain important parameters for the op-
timal design of the dielectric composite. Simulations were performed
using multiscale approach where the effective optical properties of the
composite were calculated in the nanoscale-model and placed in the

Composites Part C: Open Access 8 (2022) 100282

macro-model for optical performance predictions; 3, describes the step-
wise details adopted during the synthesis of the dielectric composite
with two different approaches; 4, this section explains the charac-
terization results using Scanning Electron Microscope (SEM), X-ray
Photoelectron Spectroscopy (XPS), electrical conductivity measurement
and optical measurement are mentioned. A comparison between the
two composites prepared experimentally, and the numerical model is
shown, wherever necessary.

2. Modelling of the composite dielectric absorber

The modelling consists of two steps — modelling the wave optics
interaction with nanoparticles and subsequently the wave propagation
through the composite film in steady state. electromagnetic interactions
are simulated by solving Maxwell’s equations (1) for the electric field
in the frequency domain [27].
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The wave optics propagation solved in frequency domain and steady
state respectively by Finite Element Method. For the nanostructured
architecture (Fig. 1), the length scale parameters are taken from exper-
imental measurements. The maximum mesh element size used in the
electromagnetic simulations is 5 nm. This is much smaller compared
to the minimum wavelength A simulated. The wave-optics module in
COMSOL Multiphysics [28] is used to predict the optimal design of
the absorber coatings, starting with the interaction of light with the
nanoparticles. First, we built a nanoscale model, where we specified the
dimensions and volume fraction (vf) of TiN NPs into the AIN matrix.
Instead of modelling an array of TiN NPs with AIN thin film over the
bulk silicon, we used a single unit cell along with a Floquet periodic
boundary condition on the sides [29,30]. This approach significantly
reduces the computation time of the model, without compromising
the accuracy of the results. The refractive indexes of AIN and TiN are
dispersive over the frequency spectrum, for our simulations we used
the data available from database https://refractiveindex.info. In order
to ensure sufficient accuracy and mesh convergence while doing para-
metric sweep calculations over the spectrum 250 nm-2.5 pm, the PML is
always maintained to be 1/2 and eight prismatic elements, the air space
between PML and unit cell is three prismatic elements. Tetrahedral
elements are used to mesh unit cell including the NP and the element
size is chosen to be fine enough (5 nm) to resolve the particle curvature
and also kept below 1/8. Quadratic elements are used with direct solver
which counts for 54000 dof which have shown good convergence rate
for all frequencies. We simulated nanostructures, varying the size of TiN
NPs, their volume fraction in AIN matrix and their intricacies, aiming
at enhancing the absorbance of the desired design. The performance of
the proposed design will be validated experimentally by a comparison
with the prediction of the numerical model. The aim of the numerical
optimization is to determine the size of the NPs and their density, i.e
the number of unit cells in the composite layer, so that the material
maximizes the absorption in the visible fraction of the solar spectrum,
as well as the reflection in the IR region of the spectrum. We performed
simulations using a multiscale approach for TiN particles inside a AIN
matrix. Simulations enabled us to derive the optimal values for the
TiN particle diameter D and the vf of TiN NPs inside the AIN matrix.
Fig. 1 shows the constructed nanoscale-model, where a single TiN NP
is buried in a AIN matrix, forming a single unit cell. The perfectly
matched layer (PML), indicated in yellow, is a domain/layer that is
included to mimic a non-reflecting infinite domain. The top and bottom
surface, between the PML and the air, is considered as the port from
which the excitation of the incident wave is activated. In Fig. 2, it
is clearly seen that TiN particle diameter of D = 20 nm demonstrates
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Fig. 1. Single unit cell modelled with TiN NP inclusion in AIN host. PML thickness is
kept as A/2, the air space fixed to be three elements between the PML and the unit
cell. Floquet-PBC is applied to parallel sides to mimic infinite surface. the port surfaces
are used to apply the incident wave and compute the scattering parameters.
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Fig. 2. Extinction cross section for various particle sizes showing that small particle
diameter (D = 20 nm) gives better performance.

the best curve in terms of relative extinction of the incident wave
with wavelength. We investigated, on the unit-cell, the extinction cross-
section relative to the particle volume, ranging from 20 nm-60 nm TiN
particle diameter. The extinction cross-section, sometimes called the
attenuation cross-section, [31,32], is the area which, when multiplied
with the irradiance of electromagnetic waves incident on the unit cell,
gives the total radiant flux absorbed by the unit cell formed with the
TiN particle buried in the AIN matrix. We define

Oext = Osca T Oaps (2)

where o,,, is the measure of the dissipation of light in a medium, o,
is the amount of light scattered inside the material by particles and o,
is the amount of light absorbed, as Joule loss, in the material.

To know the vf of TiN NPs in AIN matrix for least reflectance in the
visible spectrum and maximum reflectance in the infrared spectrum,
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Fig. 3. The absorbance results showing that 20% volume fraction of TiN provides good
absorption over the visible and high reflection in the IR region of the spectrum.

it was necessary to construct a macro-model numerically. Properties
like reflectance depends on the thickness, and is obtained using a two-
scale approach. This method is built upon the calculation of scattering
S-parameters that are associated with complex reflection and trans-
mission coefficients. After the S-parameters were obtained from the
micro-model that was constructed above, they are used to retrieve
the optical effective parameters » and k using technique described
in [33,34]. These values are fed into the constructed macro-model
similar to the one shown in Fig. 4 to evaluate its reflectance in the
required VIS-IR spectrum. Four different volume concentrations, in the
range 20%-75%, were investigated, while the diameter of TiN was
fixed at 20 nm. The thickness of the composite in the macro-model was
taken as 1 pm. Fig. 3 shows the computed reflectance, for different
volume fraction of TiN NPs in the AIN matrix. For the composite
with vf = 75% of TiN NPs inside the AIN matrix, a high reflectance in
the visible and IR region is seen, which is not what we are seeking.
The composite with vf =20% of TiN gives the best absorbance (least
reflectance) in the visible region and high reflectance in the IR. The 20%
volume fraction has a peculiar characteristic of a sharp filter between
the reflectance in the visible and the IR region of the spectrum. In all
our subsequent experiments, we used 20 nm diameter TiN NPs and tried
to control the concentration of TiNNPs close to 20%. Given the two
parameters, the diameter, and the volume fraction of TiN NPs inside
AIN matrix, for best absorption, we retrieve the effective parameters
of the homogenized composite dielectric in terms of refractive index
(n) and extinction coefficient (k). These parameters then help us in
obtaining the reflectance of the macro-model that corresponds to the
composite prepared experimentally.

The macro-model describing the complete structure of the compos-
ite was successively refined according the outcomes of the experimental
work. These regarded in particular the total thickness and the presence
of a certain fraction of alumina (Al,03) in AIN layers (see XPS results in
Section 4.2). Fig. 4 shows the computational model of the homogenized
media with a thinner dielectric-1 on top of a much thicker dielectric-
2. Floquet boundary conditions were applied separately to the pair of
two opposite boundaries to simulate a large surface [29]. The effective
parameters, n and k, retrieved from the nanoscale-model (unit cell)
were placed in the homogenized dielectrics of the macro-model, for
evaluating the optical performance of the selective absorber layer,
in terms of absorbance and reflectance over the frequency range of
the visible light which is shown in Section 4—Fig. 17. The n and k
values for dielectric-1 were retrieved from a unit cell that consists of
an inclusion of 35% volume fraction of alumina inside a AIN matrix.
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Fig. 4. Structured macro-model refined through the experimental data, with effective
n and k from the unit cells, for the absorber coatings.
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Fig. 5. Results from numerical simulations of a macro-model: Reflectance curve at
normal incidence, of the prepared macro-model.

Dielectric-2 received its n and k values from a unit cell that consists of
a matrix of alumina with 22% of AIN and 16% of TiN inclusions inside
a AIN matrix. Fig. 5 shows the computed reflectance spectrum from
the macro-model at different angles of incidence, refined with exper-
imentally determined parameters. This presents low reflectance (high
absorbance) in the visible band and high reflectance (less absorbance)
in the IR region, as envisaged. It is clear from Fig. 5 that, at 60° angle
of incidence, the composite gains about 20% more reflectance in the
visible spectrum and loses about the same in the IR spectrum, compared
to 0° angle of incidence. An important feature to note here is the same
trend of reflectance for all angle of incidence in the entire spectrum.
This signifies that the optical performance of the composite does not
change much at the grazing incidence.

Another important point to note in Figs. 1 and 4 is the different
shape of inclusions in the unit cell. The shape effect of the inclusion is
insignificant in the simulations, as the wavelength range of interest is
much larger than the size of the inclusions.

3. Synthesis of AIN — TiN dielectric composite
Several layers of TiN NPs embedded in a AIN matrix were syn-

thesized, one on top of the other, making it a single composite of a
thickness of few hundred nanometres. Each single layer of TiN NPs
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Fig. 6. Graph showing the comparison between the agglomerates achieved after using
different methods.

embedded in a AIN matrix was obtained first by dispersing TiN NPs
onto the previous layer from a liquid suspension. A conformal film
of AIN is then deposited on to the TiN dispersion. Two approaches
were adopted to obtain the TiN NPs suspension: the first starting from
dry powders of TiN (nominal diameter 20 nm, Goodfellow) followed by
suspension in deionized water; the second by directly adopting a ready-
made suspension (nominal diameter 20 nm, US Research Nanomaterials
Inc.). In Section 4 we will analyse the two kind of composites, one
where TiN NPs dispersion comes from the preparation based on dry
powder and the other where the dispersion comes from the ready-made
suspension. This will be accomplished by making a clear compari-
son with the differences in the SEM images, XPS analysis, electrical
conductivity measurement and optical measurements.

3.1. TiN nanoparticles suspension from dry powder

The preparation made from TiN dry powder (approx. 20 nm particle
diameter, purchased from Goodfellow Suppliers) and water showed
the presence of several large chunks of aggregated nanoparticles. This
became evident when bigger clusters precipitated at the bottom of the
beaker, if the solution was kept stationary for several hours. SEM and
scanning transmission electron microscopy (STEM) analysis confirmed
the spherical shape and the diameter of 15-25 nm of the TiN compo-
nents, as well as their agglomeration in chunks of few micrometres size.
Clearly, for achieving good optical properties, it is crucial to have the
TiN NPs in a well-dispersed state and several methods were adopted to
disaggregate the chunks of TiN NPs.

A bath ultrasonic cleaner (VW R, 45 kHz, 80 W) was used first. After
subjecting the TiN NPs solution to sonication for hours, no there were
no noticeable differences in the size of NP agglomerates. Secondly,
a probe sonicator (0500,20 kHz, 500 W) was employed, as the direct
contact with the solution was expected to result in a better action onto
the aggregates. The use of a probe with suitable size can greatly reduce
the processing time and ensure the entire volume of the solution is
processed properly. The volume of the solution is directly linked to
the probe diameter, which meant that, for sonicating small volumes
of liquid (20-250 ml), a probe with 12.7 mm diameter ideal for such
volume, was used. It is clear, from the graph in Fig. 6, that probe
sonication greatly reduced the size of the agglomerates, resulting in the
range 100-500 nm with very few chunks close to 1 pm.

With the objective of further reducing the size of TiN agglomerates,
the probe sonicated solution was filtered, using a paper of pore size
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8 layers total
Thickness ~160 nm to 350 nm

Allare AIN thin films of 20 nm thickness

Fig. 7. Schematic of the steps included in the synthesis of a composite; (a) Step 1: Distribution of TiN NPs on Si/Glass substrate. (b): Step 2: Covering TiN NPs with a thin film
of AIN. (c) Step 3: Repeating Steps 1 and 2 several times to get a composite of the desired thickness.
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Fig. 9. Detailed experimental process for the preparation of the composite: AIN thin
film over TiN NPs laid on Si/glass substrate.

0.4 pm. This reduced the size of the TiN chunks to nearly 200 nm.
For better dispersibility of TiN NPs solution, chemical functionalization
was carried out by adding surfactants. In the literature, we could
not find any conclusive work specifically dealing with TiN NPs. In
addition, it has been observed that none of the common surfactants
(e.g. Ficoll 400, Tween 80, Chitosan and PEG-400), is able to stabilize
the TiN dispersions [35]. We chose, Polyvinylpyrrolidone — — — PV P
and Polyethyleneimine — — — PEI as stabilizers that are well suited for
particles that have a metallic behaviour, but neither worked well for
the stabilization of the TiN dispersions. Fig. 6 summarizes the results
of the various strategies adopted in order to disaggregate/remove
TiN NPs aggregates into the solution obtained from dry powders. For
comparison, it also includes the ready-made solution by US Research
Nanomaterials Inc.

Electrostatic Attraction

—ae e

~.
~——

Fig. 10. SEM images showing approximately 20% volume fraction of distributed TiN
NPs over the substrate: 19.96% distribution of TiN NPs powder solution over Si
substrate.

3.2. TiN Nanoparticles dispersion onto underlying surfaces

TiN NPs from liquid solution (either obtained from dry powder or
ready-made one) were laid on an Si wafer by wet incubation method.
They were then conformally coated with thin film of AIN, via plasma-
enhanced atomic layer deposition PE-ALD [36-38], as shown in Fig. 7.
The steps (a) and (b) of Fig. 7 were repeated several times, to ob-
tain a composite with thickness of several hundred of nanometres, as
illustrated in step (c) of Fig. 7.

Among wet-chemistry synthesis routes for nanostructure fabrica-
tion [39], incubation proves to be a simple, cost-effective process, with
rather easy control over the distribution of particles. In this process, the
Si substrate is submerged into the nanoparticles solution and incubated
for a controlled time, during which nanoparticles progressively undergo
physisorption adhesion onto substrate surface. Parameters like solvent,
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22.85 %

Fig. 11. SEM images showing approximately 20% volume fraction of distributed TiN
NPs over the substrate: 22.85% distribution of TiN dispersions over Si substrate.

Fig. 12. Cross-section SEM images of the prepared composites: Composite-1 prepared
with TiN powder.

Fig. 13. Cross-section SEM images of the prepared composites: Composite-2 prepared
with TiN dispersions.

particle concentrations, type of nanoparticles to be deposited and time
of incubation, play an important role in nanoparticles deposition. All
these parameters were fine-tuned in several experiments to obtain the
desired distribution of TiN NPs. To improve the interaction of TiN
NPs with the underlying surface (i.e. Si wafer at the beginning, AIN
conformal layers by PE-ALD for the subsequent steps), a method called
surface functionalization was adopted [40], in which we functionalized
the underlying surface with APTES ((3 — Aminopropyl)triethoxysilane)
((99%) Sigma Aldrich). APTES activates the Si surface by creating
stable amino-terminations suitable for nanoparticle capture. The pres-
ence of hydroxyl groups on the surface is an essential requirement for
the process of silanization [41-43]. Silanization refers to the process
of functionalizing the surface with silane solution that results in the
formation of a silane monolayer. For this purpose, the surfaces re-
ceiving TiN NPs were functionalized where they were treated using
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oxygen plasma by a reactive ion etching equipment (Plasmatherm 790
RIE) for 3 min. Oxygen plasma promotes —OH groups on the surface
of the substrate, which covalently bind with the positively charged
silane head groups from APTES. At the end of plasma treatment, the
substrates are immediately submerged in an air-tight glass container
with 20 mM solution of APTES in ethanol, for 2 h. Substrates are
successively taken from the APTES solution, washed with ethanol so
that the loosely attached silanes are removed and dried under nitrogen
flux. The substrates are then dipped in the solution of TiN NPs (con-
centration 0.5 mg/ml) for 3 h. In this step, the negatively charged TiN
NPs stick to the positively charged Silane head groups of APTES on the
surface. Finally, the substrates are washed thoroughly with water, for
the removal of loosely or unbound TiN NPs, and dried with nitrogen.
A detailed experimental process for the distribution of TiN NPs on the
Si and glass substrate is described in Fig. 8.

3.3. AIN Conformal coating by (PE-ALD)

The AIN layer over the distribution of TiN NPs, was grown by
the PE-ALD reactor (Beneq TFS 200). Precursor Trimethylaluminium
Al,(CH;)¢ (TMA) and a proper mixture of N,:H,:Ar gases with a flow
ratio of 100/80/30 ppm, were used (ALPHAGAZ, > 99.9999% — mol less
than 0.5 ppm of H,O mol impurity) [44]. The AIN films were grown
by employing a sequence of four steps: TMA (0.1 s), N, purge (5 s),
N,:H,:Ar plasma (20 s), and N, purge (5 s). The deposition temperature
was set to 250 °C. The plasma power was set at 100 W. The above
sequence was repeated through 275cycles, to deposit a AIN layer of
about 20 nm thickness. The process, of using a thin film of AIN to cover
the TiN NPs laid over the substrate, by PE-ALD, is illustrated in Fig. 9.

For the second distribution of TiN nanoparticles onto the AIN film,
which constitutes the 3rd layer of the composite, the process was
repeated for silanization, but now the AIN layers were functionalized
with 20 mM solution of APTES with toluene as solvent [45]. This second
distribution of TiN nanoparticles was again coated with 20 nm of AIN,
which constitutes the fourth layer in the composite. A total of eight
layers were created to prepare the composite of the desired thickness,
starting with the distribution of TiN NPs (Ist layer) and ending with
the AIN film (8th layer), distinctly seen in Fig. 7(c).

4. Results and discussion
4.1. SEM analysis of the AIN — TiN composite dielectric

To estimate the volume fraction of TiN NPs, we considered the
area covered by in-plane SEM images, in sub-monolayer deposition
conditions. We assumed that the fraction of area covered by TiN NPs
corresponds to the volume fraction in the AIN matrix. For this purpose,
SEM images were analysed by ImageJ software. Figs. 10 and 11 show
nearly 20% surface coverage fraction of TiN NPs distributed over the
Si substrate (indicated by red the zone, with colour threshold for area
calculation). Despite the manual approach, this result is well in line
with the targeted value. The comparison of the volume fraction with
the area coverage is good as, according to the calculations, the volume
fraction is 0.94 times the area coverage. Assuming the configuration
where the surface coverage is the projection on the surface, we can
write V, = S, (4/3) (r/a), where V, is the volume coverage of TiN NPs
on the substrate, S, is the surface coverage (projection) of the TiN NPs
over the substrate, r is the radius of the TiN NP and a is the side of the
single unit cell.

Figs. 12, 13 show the cross-section, as well as the top view, of the
final composites, at the end of the layering process, which includes four
distributions of TiN nanoparticles and four AIN films depositions by
ALD alternating each other. Images clearly show that TiN NPs were
conformally coated with AIN. Repeated layers of TiN NPs distribution
and AIN thin film leads to a high surface roughness of the final
composite. Cross sectional views reveal non-constant thickness, ranging
from 150 nm to 560 nm, because of the piling-up of TiN NPs in the
various positions of the substrate at the end of the production process.
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4.2. XPS analysis of the AIN — TiN composite dielectric

To verify the elemental composition of our samples, particularly in
respect to the presence of contaminants and to the in-depth distribution
of the main constituents (namely Al, N and Ti), XPS was carried out
with a Kratos Axis Ultra DLD instrument using Al (1486.6 eV) X-ray
source at normal incidence angle with respect to the surface and a
argon ion gun (4 keV) for etching.

Fig. 14(a) shows the results of the XPS survey scans for both types
of composite before the Ar+ etching. Aluminium and nitrogen are
dominant at the surface, as expected. Prominent oxygen peaks indicate
that the surfaces of the topmost AIN layer of both composites is strongly
oxidized. In fact, the surface of AIN films is prone to oxidation, and the
emergence of different forms of oxides and hydroxides, on its surface,
has been reported [46-49]. In addition, carbon, fluorine and chlorine
are also observed and assigned to surface contaminations, the last two
with intensities close to instrument sensitivity limit.

Fig. 14(b), (c) shows the elemental composition profile of the two
composites over a total etching time of 15 min. The Si signal and
the oxygen linked to Si, appearing and becoming dominant at larger
etching times, has not been considered in the calculation of the per-
centages, aiming at emphasizing the trends of the element of interest.
With respect to surface composition, three main differences in both
composites are highlighted by in-depth profiles.

Firstly, the carbon intensity drops to a very low value, indicating the
substantial absence of carbon impurities inside the composites. This in
turn suggests that, despite the low temperature of deposition, there was
no noticeable fusion of carbon containing ligands from TMA and the
precursors used were completely decomposed [50]. In fact, if methyl
groups from the Al precursors were trapped in the film, this would have
given rise to a substantial amount of carbon. In summary, the absence
of a carbon signal signifies that neither the deposition of TiN NPs (four
repetitions in both composites) nor the deposition of AIN thin films
(four repetitions in both composites) introduced carbon impurities.

Secondly, the amount of oxygen shows a significant drop after the
first steps of etching in both composites, suggesting that a considerable
portion of it was the result of atmospheric oxidation. Yet, after the
initial drop, the two curves show an increase up to remarkable level
of oxygen, which remains rather constant throughout the composites
volume. This is ascribable to oxidation taking place during composites
preparation steps, where samples are exposed to the air after each AIN
thin film deposition as well as to post-deposition oxygen plasma treat-
ment of AIN, the last aiming to promote TiN nanoparticles adhesion
as explained in the previous Section 3. It can also be ascribable to
oxygen contaminations affecting the deposition process of AIN itself.
Aiming to investigate this last point, AIN films having thickness around
400 nm were deposited and subjected to XPS in-depth profile analysis.
An amount of approximately 15% at. of oxygen was observed in the
volume. This suggests the presence of oxygen contamination sources
(e.g. moisture) in the reactor chamber and/or in the precursor or gas
lines and, consequently, the presence of Al,O5; or aluminium oxynitride
(AION) within the AIN film. Favourably, AIN, Al,0; and AION, all
three are optically transparent materials in the near-ultraviolet, vis-
ible, and midwave-infrared regions of the electromagnetic spectrum,
which would not have a major impact on the optical properties of the
composites.

The third difference in the depth profile with respect to surface com-
position is the appearance of a titanium signal after a certain etching
time. This grows until a fairly constant value is attained throughout the
composite volume. This is clearly related to the presence of TiN NPs,
which are completely embedded inside the AIN matrix, as expected.

It is worth notice that, because the X-ray spot dimension
(700 x 300) pm is much larger than the dimension of TiN nanoparticles
and the spacing between them, the profiles represent the average com-
position over the spot size. Moreover, due to the high roughness of both
samples, resulting from random distribution as well as agglomeration
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of TiN nanoparticles (as unveiled by SEM cross-sections in Figs. 12,
13, composition averaging should be considered also in the vertical
direction. In this respect, the etching of the thinnest regions, where no
TiN particles are present, quickly reaches the Si substrate, introducing
an oxygen contribution related to SiO, on the substrate surface. On the
other hand, the appearance of the Ti signal only after a certain etching
time confirms that the TiN particles are all completely covered by AIN,
in the area averaged by the XPS beam spot.

To further investigate the chemical state and the nature of bonding
of aluminium, nitrogen and oxygen, high resolution XPS scans were
acquired for Ti2p, Ols, Al2p and N1s orbitals, for both prepared compos-
ites, as shown in Fig. 15. The high-resolution scans are collected after
an etching time of 900 s, so that the information provided is ascribable
to the volume fraction in the bulk of the composite.

The complex combination of peaks and satellite features of Ti2p
peak, as shown in Fig. 15(a), is ascribable to TiN, TiO, and TiO,N, [51,
52]. The high resolution scan of Ti2pfor composite dielectric 2 shows
the analysis with fitting of the background, TiN, TiO,Ny, TiO, along
with a perfect fitting of the experimental data. Similar general features
were obtained for the Ti2p of composite dielectric 1, which is not
detailed further here. The first Ti2p3/2 peak and the third Ti2p1/2 peak
at 454.7 eV and 460.6 eV respectively, are signature of TiN. The shaded
yellow region in Fig. 15(a) shows the analysis for the TiN reference
that was created by physical vapour deposition (PVD) in our laboratory.
The binding energy of our experimental data compares well with that
of the internal reference. The satellite features shown in cyan may be
attributed to TiO4N, and TiO,, which also supports the presence of
oxygen in the composite. This could have happened due to the exposure
of TiN NPs with atmospheric oxygen over a long time.

The peak of Al2p appears at 75.6 eV for both the composites. Due
to the closeness of the Al2p energies from Al — O and Al - N [53,54]
the observed peak cannot unambiguously be associated to one of the
species. On the other hand, the presence of both oxygen and nitrogen
in our composites suggests that the observed Al2p peak includes the
contribution of both species. The Nls peak is observed at 397.9 eV
for both composites. As with the Al2p peak, the measured binding
energy value of Nls is compatible with the cases of N bonded to Al
and N bonded to Ti [55], which are nevertheless both present in the
composites. Moreover, aluminium oxynitride AION shows Al2p energy
of similar values preventing a clear assessment of the possible oxidized
species.

A single Ols peak was observed at 532.5 eV. According to the
literature, the binding energy of Ols peak for metal oxides appears
at 529-530 eV [56]. This makes it clear that no TiO, is present. The
energy of observed Ols peak matches pretty well the case of O bonded
to Si [57] from the substrate. The observed energy is also very close to
the energy of O linked to Al (531.1 eV) which justifies that a fraction
Al,O5 is also present in the composites. It is also possible to have a
fraction of oxygen from Ti— O —N and O — Ti — O, the energy which
was observed in the high resolution scan of Ti2p. There is also a high
probability that the oxygen is chemisorbed on the surface of the TiN
nanoparticles, as the naked particles were in contact with the air for a
long time after deposition.

From the above analysis, it is fair to say that there is a thorough
consistency in the two composites, in terms of synthesis of AIN thin
films by PE-ALD, from the two approaches, and chemical composition.
Furthermore, no other element was detectable in the XPS scans that
distinctively shows the stability of TiN and AIN. In addition, no material
diffused into any other during their synthesis.

4.3. Electrical conductivity measurements

Considering the perspective application of the composite, as one of
the major components in solar selective coatings, it is necessary for the
composite to behave as a dielectric. To test the electrical behaviour
of the composite, impedance spectroscopy measurements were carried
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out using a Novocontrol Alpha-A Impedance Measurement System.
Conductivity can be deduced from the impedance measurements for
the known sample geometry. All measurements were made at room
temperature.

The high roughness of the composite made it necessary to cover
both sample faces with a metallic layer (Platinum, Pt) to create a
constant electric potential across the surfaces. This was done by coating
both sides of the sample with a 10 nm film of Pt, by sputtering technique
using Leica EM ACE 200. It is worth noting that the deposition is
done on both top and bottom surfaces of the sample, hence the silicon

substrate itself is part of the measured materials sandwich. In order to
distinguish the impedance behaviour of the composite from that of the
silicon substrate, a reference sample was prepared in which the Pt was
deposited on the two surfaces of a silicon substrate only.

The samples were then placed between the two parallel plates of
the sample holder of the spectrometer. The platinum Pt layer ensured
a good electrical connection between the entire (rough) surface of the
composite and the (flat) top electrode of the sample holder. Due to the
non-regular thickness of the composites, the impedance results have
been referred to the average thickness within the electrode area.
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Fig. 16. Electrical conductivity measurement of dielectric composite 1, 2 and bare Si
substrate.

Fig. 16 shows the results of impedance spectroscopy measurements,
in terms of impedance module | Z| as function of frequency. Although
bare Si has a resistive behaviour throughout the frequency range in-
vestigated, at high frequencies, the samples including the composite
multilayer behave as capacitors (one order of magnitude decrease in
|Z]) per one order of magnitude increase in frequency), as expected.
At low frequencies, composite samples basically behave as resistors,
as |Z| does not depend on frequency. In this region, we observe a
difference of about one order of magnitude in the resistive component
of the composite.

However, considering both the resistive part at low frequencies and
the capacitive part at high frequencies, we observe that the cut-off
frequencies of the two composites 1/RC are separated by one order of
magnitude, in good agreement with resistance difference. This suggests
that the capacitive behaviour of the two composites is basically the
same.

4.4. Optical characterization

The optical reflectance in the visible and IR range was measured
using the Perkin Elmer Lambda 750 Spectrophotometer. Both deposited
layers of composites 1 and 2 are shown respectively in Figs. 12 and 13.
The SEM image for composite dielectric 1 shows partial coverage of the
silicon substrate with agglomerates ranging from about 50 to 360 nm,
while the image corresponding to that of the composite dielectric-2
shows also partial coverage, but with slightly more surface coverage,
and agglomerates ranging from about 80 to 550 nm.

In the numerical simulation, shown in Fig. 4, we modelled this case
by considering the XPS results; the bottom layer is made of composite
(AIN — TiN — Al,03) of thickness 232 nm and the top layer is made of
composite AIN — Al,O; with 68 nm thickness. The silicon substrate is
modelled as a perfect electric conductor (PEC) boundary condition,
which totally reflects the EM waves. Fig. 17 shows the comparison
between the measured and the computed reflectance at normal inci-
dence of both composites. The dielectric curves show a difference in
magnitude in the IR region. This is explained by the fact that composite-
2 has more absorbing material than composite-1 and much bigger
agglomerates. The simulation curve shows similar reflectance level, in
the visible range, compared to the measurements, for both composites.
However, for wavelengths at the IR region, the predicted reflectance
shows higher values than observed. This is explained by the fact that
the model surfaces are uniform, while the two samples have very rough
surfaces. The important thing to note is that all curves filter behaviour
at 1 pm, as predicted.
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5. Conclusion

In this paper, we presented results of the production and charac-
terization of a composite (AIN — TiN) solar absorber for concentrated
solar power (CSP) applications. The composite was constructed with
a stack of layers, by alternating the adsorption of TiN NPs, and the
deposition of a conformal AIN coating. The choice of TiN and AIN was
made on the basis of their electrical and thermal properties, matching
the strict requirements of high-temperature solar absorbers for CSP. The
fundamental design elements, namely the size of TiN particles and their
volume fraction in the AIN matrix, were defined before the experimen-
tal phase through numerical simulations. This allowed the fine-tuning
of the composite structure to achieve the targeted performance.

Although affected by aggregation issues, which are particularly
severe at the nanoscale dimensions of the supplied NPs, wet-chemistry
methods adopted for better distribution allowed a reasonably good con-
trol of the uniformity and the volume fraction of the TiN component of
the composite dielectric film. The PE-ALD adopted for embedding TiN
nanoparticles into the AIN matrix, was shown to be a good approach to
address this task, thanks to the high conformity of the PE-ALD coating,
which allowed the complete burying of TiN nanoparticles, even in the
case of aggregates.

The overall characterization results collected from the two compos-
ite samples confirmed the design of a structure that was in agreement
with that modelled computationally. In particular, the optical charac-
terization, where the reflectance in the visible region was shown to be
close, for the two composite dielectrics and the numerical macro-model.
In all the three cases, a well-defined filter is also observed at 1 pm, as
anticipated.

The composite described in this article represents a fundamental
element of a more complex structure, the emergence of metamaterials.
Producing an ideal metamaterial based selective absorber structure by
placing an array of resonators on top of these composite dielectrics,
will create potential opportunities, especially in the field of solar energy
harvesting.
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