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Introduction

Global warming is a relevant issue that currently engage the entire world: since
the pre-industrial era ("900) the human activities, the fossil fuels burning, and the
industrialization increased the heat-trapping greenhouse gas levels in Earth’s atmo-
sphere, causing an increasing of the average global surface temperature and a cli-
mate change: scientists have observed that rain has increased by 15% and the sea
level has risen by 10.5 cm during the last century [1], while the Intergovernmen-
tal Panel on Climate Change predicts a temperature rise of 1 to 5 °C over the next
century.

Renewable energies, including hydropower, biomass, geothermal, waves, tides,
wind, solar, etc., could be a solution to this problem through the mitigation of the
greenhouse gases in the atmosphere. The schematic of Figure 1 compares the an-
nual energy consumption of the world to the known reserves of the finite fossil and
nuclear resources and to the yearly potential of the renewable alternatives [2]. The
volume of each sphere represents the total amount of energy recoverable from the
finite reserves and the energy recoverable per year from renewable sources. It shows
that the renewable sources are not all equivalent by far: the solar resource is orders
of magnitude larger than all the others combined.

Renewable Resources (per year)

e 0000 @
Solar

23,000 per year
Non-Renewable Resources (total reserves)

@ Natara
Total World Energy Use (per year)
16
240 215
200

%0-300
All energy outputs in terawatts (TW)

Data Source: Perez, R. and M. Ferez, A Fundamental Lock At Energy Resarves For The Plane

FIGURE 1: Finite and renewable planetary energy reserves (Terawatt-years). Total re-
coverable reserves are shown for the finite resources. Yearly potential is shown for the
renewables. [2]

Various studies confirm that, despite about half of the solar radiation is either
absorbed or reflected by the clouds and the atmosphere, the Earth’s surface still re-
ceive enough power to meet the demands of the whole world [3, 4]. It is an abun-
dant, free, clean and CO,-free source of energy with a great potentiality in reducing
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global warming and supplying for fossil fuels [5-7]. And, last but not least, it is in-
exhaustible and limitless. According to the National Renewable Energy Laboratory
(NREL) [8], "solar energy is a powerful source of energy that can be used to heat, cool, and
light homes and businesses", and “more energy from the sun falls on the earth in one hour
than is used by everyone in the world in one year”. Therefore, as long as we develop and
improve systems that are capable to capture and to harness the solar resource and
convert it into useful energy, a "free" source of energy could be available to everyone.
Furthermore, the environmental impact of solar power is significantly smaller than
other power generation methods, in fact the impact is mainly related to the produc-
tion and supply of the special materials and metals that are required to produce the
devices to harness such energy.

In the last decades, more and more systems collecting solar energy have been
installed in our homes and also industries have chosen to install solar panels for a
cheaper source of energy. The most popular device is the photovoltaic (PV), based
on the photovoltaic effect (from which it takes its name), which converts sunlight
directly into electricity to power homes or businesses. There are also thermoelec-
tric generators (TEG), also called Seebeck generators, which are solid state devices
that convert heat flux directly into electrical energy through Seebeck effect. On the
other side there are technologies like concentrating and non-concentrating devices
which instead produce thermal energy, of great interest for both domestic and in-
dustrial use. Finally, in addition to PV and solar thermal devices there are thermo-
photovoltaic systems, which are currently at an earlier stage of development but
represent a promising technology for the simultaneous heat recovery and electricity
generation.

Why generate heat? Unlike what is commonly thought, heating accounts for a
significant portion of the world’s total energy demand: in Europe, for example, the
energy demand for heating and cooling is of 49%, while those for electricity and
transport are 20% and 31%, respectively. In the world, the building sector alone
consumes 35.3%, of which more than 50% is for space heating and domestic water
heating (Fig. 2).

Washing machine, dryer
and dishwasher (5%)

Electronics (7%)

Other (9%)
Refrigeration (8%)

(12% /Lighting (11%)

Water heating
(12%)

Space heating (31%) Computers (1%)

Cooking (4%)

FIGURE 2: Household energy demand. (Source: IEA Electricity /Heat in World in 2009)

Besides buildings, there is substantial heat consumption for industrial processes
(food industries, textile industries, etc.) and heat-intensive services [3]. In particu-
lar, the Solar Payback (2017) showed that heat represents three quarters of industrial
energy demand worldwide (Fig. 3). Of this, only the 9% is supplied by renewable
sources, and half of it is required as medium and low-temperatures heat. Therefore,
solar collectors could play a key role in the energy transition.



Chapter 0. Introduction 7

I Industry Low-temp heat
[} Transport (below 150 °C)
X . - Boiling, pasteurising,
[l Residential A 45 %% coa sterilising, cleaning, drying,

washing, bleaching, steaming,
pickling, cooking

B Other

A Medium-temp heat
22 % (150 to 400 °C)
Distilling, mrate melting, dyeing,
30 % Natural gas comprassion.
o, .
15 % o e High-temp heat
(above 400 °C)
Material transformation
N processes

S 9 % Renewables
1 % other

FIGURE 3: Worldwide industrial energy demand (Source: Solar Payback, 2017).

The technologies most used to produce heat are concentrating solar power (CSP)
systems and flat plates. The CSP is mainly used for power plants since its structure
is quite complex: it uses mirrors to reflect and concentrate sunlight into a receiver
collector, that collects the solar energy. Such systems are suitable for high temper-
ature heat (up to 500 °C), but they can be very expensive and bulky. On the other
hand flat plates can be used to drive a heat engine connected to an electrical power
generator, or for processing heating and cooling. They are preferred in both indus-
trial and residential applications thanks to their minor cost, easier maintenance, and
less bulky structure. Unfortunately, at temperatures above 100 °C their efficiency is
quite low.

Recently, more versatile systems that convert the solar energy into heat are catch-
ing on: the High Vacuum insulated Flat solar thermal Panels (HVFP), which supply
mid-temperature output with high efficiency. In fact, the high vacuum insulation
reduces the conductive and convective losses due to the gas, increasing the operat-
ing temperature from the old 80-100 °C up to 200 °C. Unfortunately, the radiative
losses due to the hot absorber still survive and rises rapidly with temperature, par-
ticularly in the absence of concentration [9]. This limits the use of flat panel devices
at temperatures around 180 °C, since they experience a fast drop off in the radiative
efficiency of the absorber [10].

Therefore, it is then clear the main limitation of solar power is linked to our abil-

ity to turn it into electricity or heating in an efficient and cost-effective way. In fact,
the fraction of the produced renewable energy is still very low compared to the total
demand, which makes even more interesting and indispensable the research in more
efficient energy usage, generation, and conversion systems.
To provide solutions to these problems, this thesis focuses on the description and
development of new optical elements useful for improving the performance of solar
devices, showing that controlling and tailoring the optical properties of such ele-
ments is crucial. In fact, this Ph.D. program is born as a part of the FSE-FESR Na-
tional Operational Program "Ricerca e Innovazione 2014-2020" of the Italian Minis-
tero dell’Istruzione, dell’Universita e della Ricerca, and intends to support the promotion
and strengthening of fostering collaboration between academic world and private
industry in the field of scientific research. Therefore, in this context, I have been in-
volved in the development and optimization of new products in collaboration with
the company TVP Solar [11].
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The first part of this Ph.D. program has been focused on the increase of the en-
ergy conversion efficiency in high-vacuum flat solar thermal panels through the de-
velopment of a novel filter, the IR mirror, to be applied on the glass envelope of the
HVFPs developed by the company TVP Solar. In this context, such mirror is use-
ful for triggering the cold-side external photon mechanism in evacuated collectors,
allowing for the recovery of the infrared radiation emitted by the hot absorber. How-
ever, even if it has been developed for a high-vacuum flat solar thermal panel, the
approach is general enough that it could potentially be extended to any emissive
solar thermal device.

The second part of the Ph.D. program is focused on the development of selective
emitters to be used in thermo-photovoltaic (TPV) technologies. In fact, the develop-
ment and use of selective emitters could play a key role in increasing the efficiency
of these devices and in reducing heat losses: they would act as a "filter" that lets
only photons with energy above the bandgap of the photovoltaic cell pass through.
The idea is to design easy-to-fabricate selective emitters based on multilayers, as
the ones currently available involve mainly metamaterials, metasurfaces, plasmon-
ics structures or nanofabrications, which could be difficult to scale at an industrial
level.

One of the main drawbacks in the development of both IR mirrors and selec-
tive emitters is the need for simple and cost-effective solutions, which must be eas-
ily reproducible on a large scale production and used on a daily basis in industrial
applications. This brought with it many constraints, such as the use of deposition
techniques that can be easily applied on an industrial level, the design of structures
which avoid complex techniques (such as nanostructuring of surfaces, nanoparticles
or ion implantation), the choice of materials inexpensive and easy to handle, etc. In
fact, this work represents the first step towards the broader, industrial development
of these elements, where all the aforementioned characteristics are fundamental.

The thesis is structured as follows: Chapter 1 focuses on the general framework and
the basic physical principles useful for this study, i.e. the fundamentals of optics and
thermal radiation. The state of the art of solar thermal systems is also summarized,
with a focus on the HVFP developed by TVP Solar. The introduction to the main
routes that enable the increase of efficiency in HVFPs concludes the chapter. Then,
in Chapter 2, follows the description of a thermal model based on the properties of
the currently existing HVFP and on the calculation methods. The model has been
built to gain a complete understanding of the effectiveness of an IR mirror applied
to HVFPs, regardless of the specific properties of the mirror but taking into account
the general limitations that these devices present. Therefore, Chapter 2 compares
the performance of evacuated panels equipped with an IR mirror, alternatively with
ideal or realistic properties, with the same panel without any mirror. Chapter 3
describes the experimental setup used in the course of the IR mirror development,
ranging from the thin film deposition tool to the various instruments utilized for the
characterization of the deposited films. The two optical simulators software used
are also presented, in addition to the description of the technique used for the op-
timization of multilayer filters. Chapter 4 illustrates the complete methodology for
the design and fabrication of an IR mirror, starting from the choice of the design and
of the materials and ending with the proposal of two different IR mirror solutions
that meet the industrial requirements. Chapter 5 is instead based on the simulation
of the spectral emissivity of different easy-to-fabricate selective emitters design, con-
sisting of various high-melting point materials and structures. An overview of the
TPV technology and of the working principle of the PV cell is also given. Finally, the
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conclusions reported at the end of this document summarize the study and gives a
critical evaluation and prospects for possible future works.

The work presented in this thesis has been carried out in collaboration with: Univer-
sity of Naples "Federico II" in Naples (Italy); Istituto di Scienze Applicate e Sistemi
Intelligenti "Eduardo Caianiello" (ISASI - CNR) of Naples (Italy); TVP Solar [11] in
Avellino (Italy); Purdue University, in West Lafayette (Indiana, USA).
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Chapter 1

Solar thermal systems and working
principles

This introductory chapter intends to provide a general overview on solar thermal
systems. First, we introduce some useful principles and basic notions (section 1.1),
then we introduce solar thermal systems (section 1.2), with a particular focus on the
evacuated flat solar thermal panels produced by the company TVP Solar (section
1.3). Hence, we illustrate two different approach useful to improve the performance
of evacuated flat thermal solar panels (section 1.4).

1.1 Basic principles of optics and radiations

This section introduces the main concepts for a complete understanding of the op-
tical and radiative properties of the materials, the heat transfer mechanisms and
briefly describe the blackbody emission and the solar spectrum.

1.1.1 Optical properties of materials

An electromagnetic wave is a transverse wave consisting of an electric field vector, E,
and a magnetic field vector, B, function of position and time, mutually perpendicular
and perpendicular to the direction of propagation (Fig. 1.1).

Wavelength A,

i Z

Traveling direction

FIGURE 1.1: Linearly polarized electromagnetic wave. Adapted from [12].

The propagation speed, v, is defined as follows:

v=Av (1.1)
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where A is the wavelength, i.e. the distance over which the wave’s shape repeats,
and v is the frequency, i.e. number of cycles per unit of time. The speed defined
in Eq. 1.1 can be also related to the dielectric constant (or permittivity) € and the
magnetic permeability u of the medium in which the wave propagates, as predicted
by Maxwell’s equations:

v=——. (1.2)

Note that e depends on the properties of the medium considered through the relative
permittivity €,: € = ¢, - &9. The same applies to the magnetic permeability: u =
Hr - Ho. When light propagates in vacuum it assumes its maximum value, in fact
g = U, = land
1
VEoHo

The value of c is well known: ¢ = 2.99792 - 10® m/s.

The electromagnetic spectrum represents the range of frequencies of electromag-
netic radiation and their respective wavelengths and photon energies. It is illus-
trated in Fig. 1.2, where it is evident the partition in separate bands: radio waves,
microwaves, infrared, visible light, ultraviolet, X-rays, and gamma rays at the high-
frequency (short wavelength) end.

(1.3)

V=C=

« Increasing Frequency (v)
103 1022 1020 10" 10'¢ 10 102 10" 108 108 104 107 100 visTT)

FRCE] Xrays w ([:] Microwave |FM AM Long radio waves .
Aadio waves
|

I

1 i o] 1 ' / ] ;

108 1009 g2 g0 10.3 e 10 10k 109 102 104 106 1ﬂﬂ' kY [nm)
gl P Increasing Wavelength (1) —

Ultraviolet (UV): valence electrons
Visible (Vis): valence electrons

Wiz Specinim L - Types of Atemic & Molecular Transitions
Infrared (IR): molecular vibrations

— - =
i ] Microwave: molecular roations; electran spin

Kerays: core-level electrons
700 Radio waves: nuclear spin

Increasing Wavelength (&) innm —

FIGURE 1.2: The electromagnetic spectrum showing the boundaries between different
regions and the type of atomic or molecular transition responsible for the change in
energy. The colored inset shows the visible spectrum [13].

While the electromagnetic radiation propagates through a medium and hits the
surface of an object, the following phenomena can affect the incident light beam [14],
as schematized in Fig. 1.3:

* Reflection: reduction of the light velocity and bending of the rays;
¢ Absorption: attenuation of the beam as it progresses;

¢ Transmission: non-absorbed light passes through the medium.
If the light goes through the object and bends at an angle, we talk about refrac-
tion.
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—

Reflection Absorption lTransmission

FIGURE 1.3: Reflection, absorption, and transmission of a light beam incident on a
medium.

These phenomena can be described by the coefficient of reflection (p,), absorption
(«p), and transmission (7)), which corresponds to the reflected, absorbed, and trans-
mitted fraction of the total incoming irradiation, G. Note that the defined coefficients
are wavelength-dependent; to indicate the total values («, p, T) we need to calculate
their spectral average. Therefore, recalling the conservation of energy, we can state
that the sum of the fraction of light transmitted, absorbed, and reflected must return
the intensity of the incident beam, at each wavelength A. In other words:

G +aG+ 171G = G. (1.4)

The absorption (or attenuation) coefficient, a, is defined through the Beer-Lambert
law as the rate at which the light is absorbed when traveling through the material:

I(z) = Ipe ™™, (1.5)

where t is the object thickness, and I the beam intensity. a is also related to quantity
named extinction coefficient, k:

4k
=
The extinction coefficient, k, describes how the intensity decreases as the light passes
through the material. It is part of the complex refractive index, 7i, which describes
the propagation of an electromagnetic wave through a medium. It is defined by the
following equation:

a (1.6)

i =n+ik (1.7)

where n is refractive index, defined as the ratio between the speed of light in vacuum
and in the material, n = c¢/v, while k measures how fast light vanished in a material.
Both n and k, are functions of the wavelength.

It is possible to relate the refractive index of a medium to its dielectric constat, ¢,

n=./¢-. (1.8)
Being e, = &1 + iey, results:

€1 = 1’12 — kz, (1 9)
€y = 2nk. ’

Assuming a plane wave that is partially reflected and transmitted when arrives
at the object surface, its electric field vector can be decomposed in E; and E,, com-
ponents normal and parallel to plane of incidence, respectively. The reflection of the
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components is described by the Fresnel coefficients of reflection:

E’ . E! ;
Tp = ff - ’7’10“315”/ s = ];Tf = [rsle’®. (1.10)
14 S

The modules of 1, and rs give the change in amplitude of the electric field compo-
nents, while their phases describe the shift due to reflection.

1.1.2 Heat transfer and blackbody emission

From thermodynamics, we have learned that energy can be transferred by interac-
tion of a system and the surrounding environment. There exist three different pro-
cesses of thermal energy (heat) transfer, also known as modes [15]. The first mode is
named conduction, and refers to the heat transfer that occur across the medium; the
second mode is the convection, which represents the heat transfer that occur between
a surface and a moving fluid at different temperatures; the third and last mode is the
thermal radiation: all surfaces at a certain temperature emit energy in form of electro-
magnetic waves. While conduction and convection modes require the presence of a
material medium to allow the energy transfer, radiation does not. In fact, radiation
transfer occurs most efficiently in vacuum.

The intensity of the emission depends mainly on the object’s temperature, ac-
cording to the Planck’s law of blackbody radiation, described by equation 1.11. Note
that the blackbody radiation is defined as the thermal radiation emitted by an ideal
body, the blackbody (BB), that is both a perfect absorber and a perfect emitter. In fact,
it always absorbs and emits more energy than any other object at the same temper-
ature.

_ 27thc? 1

A5 e(#;T)—l

B,\(T) (1.11)

In Eq. 1.11 h is the Planck’s constant, i = 6.62 - 10734 .5, c the speed of light, A the
wavelength, kg = 1.38 1072 /K is the Boltzmann’s constant, and T the temperature
in Kelvin degrees. As temperature increases, the maximum intensity of black body
radiation is shifted to shorter wavelengths, according to the Wien’s displacement
law, Ayax = b/ T, b=2898 um - K. This is illustrated in Fig. 1.4.

The maximum limit to the emitted power, the rate at which energy is released per
unit of are (W/m?), is given by the Stephan-Boltzmann law:

Epp = eospT* (1.12)

where T is the absolute temperature (K), 0sp=5.67 - 1078 W/m? - K* is the Stephan-
Boltzmann constant, and ¢ is the surface emissivity, 0 < e <1 (e=1 for blackbodies).

1.1.3 The solar spectrum

The Sun’s surface behaves like a blackbody at a temperature of about 5800 K, with
some near-zero intensity regions due to the light absorption in the atmosphere. The
portion of electromagnetic spectrum emitted by the Sun is well known as solar radi-
ation. Because it varies according to the location and time of the year, Fig. 1.5 shows
the standard solar irradiance at the Earth’s surface, as defined by the American Soci-
ety for Testing and Materials (ASTM) G173-03, for an Air Mass (AM) of 1.5 [16]. The
AM coefficient quantifies the reduction in the power of light as it passes through the
atmosphere and is absorbed by air and dust. It is defined as the length of the path
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FIGURE 1.4: Blackbody radiation spectrum at different temperatures: 273 K (black line),

473 K (red line), and 673 K (blue line). Inset (logarithmic scale): the position of the

wavelength for the maximum intensity of the BB radiation at different temperatures are
highlighted.

that light travels through the atmosphere normalized to the shortest possible path
length (i.e. when the sun is vertically upwards).

As evident from the figure 1.5, the solar radiation exists in the UV, VIS, and near-
IR regions, such as between 0.3 and 2.5 ym. The reader should note that a BB in
thermal equilibrium at the temperature of 673 K or below emits in a wavelengths
range that negligibly overlaps with the solar spectrum [17].

1.1.4 Radiative properties of surfaces

As the blackbody emits the maximum radiant energy at each considered tempera-
ture, we can define the spectral emittance, €, of a material as the fraction of energy
radiated by the material with respect the one emitted by a blackbody at the same
temperature and in the same range of wavelengths:

_ E\(T)
BA(T)

e (T) . (1.13)
The total emittance or thermal emittance, ¢, is defined by integration of €, over the
whole range of wavelengths:

5" ex(T)BA(T)IA

(1) = [ BA(T)dA

(1.14)

As already mentioned in Section 1.1.1, when the radiative energy hits the surface
of an object it is partially reflected, transmitted, and eventually absorbed. Of course,
the principle of energy conservation must be satisfied (Eq. 1.4), and in case of opaque
surfaces it becomes:

ay) = 1—p)\. (115)
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FIGURE 1.5: Solar spectral irradiance at AM 1.5 as defined by ASTM-G173-03. The

seven pure spectral colors are highlighted. Note that the ranges indicated in the illus-

tration are an approximation, as the real spectrum is continuous. Two BB emissions at
573 K and 673 K are included: olive green and grey dashed lines, respectively.

According to the Kirchhoff’s law of thermal radiation, when the examined surface
is in thermal equilibrium radiates a quantity of power which is equal to the power
absorbed. In other words, if the transmission through the designed structure is neg-
ligible, the emissivity of an object is equal to its absorptivity.

ar(T) = ex(T) (1.16)

By combination of Egs. 1.15 and 1.16 we obtain a direct link between a,, €5, and p,.
Therefore, the spectrally averaged solar absorptance and the thermal emittance can
be defined as follows:

J(1 = p2) - Sa(T)dA

a(T) = JEsu(Tyar -
e(T) = fooo(l —pr) - By(T)dA .
fooo B,A(T)dA ¢

where S (T) indicates the solar spectral irradiance (Wm2).

From the measurement of the optical reflectivity and the determination of the
previous we can evaluate the thermal efficiency of a device.
In solar thermal systems the thermal transfer efficiency 1 represents the fraction of
solar irradiation that is actually converted into thermal energy. It depends on the
temperature and on the solar concentration ratio, C, which represents the ratio of
observed intensity to the solar intensity I (generally considered to be 1000 Wm 2
under standard testing conditions [16]) [18]:

n=a(T) - g(?.‘TIT{ (1.18)
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1.2 Solar thermal systems

Solar thermal systems are devices used to collect the solar radiation and convert it
into thermal energy through a transport medium. They are usually classified in terms
of the working temperature as:

¢ low-temperature technologies, involving working temperatures below 70°C
requested by applications like space or water heating, etc.;

* medium-temperature technologies, with temperatures between 70°C and 200°C
of interest for solar cooling, solar distillation, etc.;

¢ high-temperature technologies, with temperatures above 200°C useful in so-
lar thermal power generation systems.

In the following we introduce the main types of solar collectors used for solar
water heating systems: unglazed collectors, flat plate collectors, evacuated tubes,
parabolic troughs (Fig. 1.6).
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FIGURE 1.6: Different types of solar thermal collectors. Adapted from [19].

Typically, unglazed collectors consist of a dark metallic or black plastic absorber
plate without a cover. The absence of glazing allows them to absorb a larger portion
of the solar energy, but because they are not insulated a large portion of the heat
absorbed is lost, particularly when it is windy. In fact, they are mostly involved in
low temperature applications, below 30 °C, such as for heating swimming pools.
The most common type of unglazed collector on the market is the transpired solar
collector (TSC), widely used in Canada and USA. They use solar energy to heat the
absorber surface (usually steel or aluminium), which transmits thermal energy to
the ambient air. The contact surface between the absorber and air is increased by
drawing air through the multiple small perforations into the cavity between the skin
and building facade. The schematic of a TSC is illustrated in Fig. 1.7.

Parabolic trough collectors are more appealing for the industrial purposes, as
they can reach high operating temperatures (200-500 °C) with relatively high effi-
ciency. To sustain the high temperatures, the solar absorber is made of stainless steel
pipes and a selective coating, and the transfer fluid used could be either synthetic
oil or molten salt. However, their structure is quite complex, as they consist of a
concave reflective mirror that concentrates the solar light into its focus, where the
receiver pipe is located. As they mostly collects the direct solar irradiation, and the
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FIGURE 1.7: Schematic of a transpired solar collector [20].

diffuse portion of the radiation only if it falls within a specific acceptance cone angle,
such systems require a tracking infrastructure that allows to tilt the whole device to
ensure that the solar radiation is parallel to the mirror axis. This, of course, adds to
the expense and complication of the device itself, to the high maintenance costs and
installation problems, which overall limit its use.
Another trough-type technology that concentrates solar energy onto a tube receiver
is the Compound Parabolic Concentrator (CPC). Two symmetric parabolic seg-
ments with different focal lengths are combined together to enable the collection of
any solar radiation entering the collector aperture within an acceptance angle onto
the tube receiver by means of multiple internal reflections. This allows CPCs to op-
erate without continuous tracking. They have been found to provide the best optics
for systems with a low solar radiation concentration and can be designed with low
concentrating ratios (<5). They are well-suited for medium- to high-temperature ap-
plications [21].
On the other hand, conventional flat-plate collectors can collect both the direct
and the diffuse component of radiation. Their basic structure is relatively simple:
a metallic chamber is equipped with a transparent glass cover on the top that let
the solar radiation hit a solar absorber which, thanks to its adequate characteristics
(on which we will focus on later), absorb the solar radiation. A transport medium,
which is often a fluid like oil or water, flows into the conducting pipes. Both for the
better price-to-performance ratio and for the easier mounting options (on the roof,
standalone, etc.), flat systems are spreading a lot. Unfortunately, their demand is
currently limited only to the more common low temperature applications (e.g. in
residential sites, to heat or cool water and environments). In fact, their tempera-
ture output is too low (=~ 150 °C) to meet the industrial requirements of medium-
and high-temperature heat (above 250 °C). This is due to the fact that there are var-
ious source of loss in these devices: reflection losses, due to the glass cover and the
absorber; conduction and convection losses, caused by the various connection ele-
ments within the panel and by the gas trapped into the chamber; radiative losses,
mainly generated from the absorber, but a small part comes from all the components
at high temperature.

As flat-plate collectors have the potential of reaching performance higher than
that of compact parabolic concentrating collectors [22], it is essential to improve their
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performance and work to extend the applicability of these systems. Fortunately, all
the above causes of loss can be reduced with a proper design of the collector and
with the use of new or improved elements.

A first step towards the improvement of the performance of these devices could
be done with a partial evacuation of the panel, in fact at pressures lower than 10* Pa
the conduction losses almost vanish [23] (continuum regime of gas heat conduction
being independent of pressure [24]). Gases like argon, xenon, krypton or sulfur
hexafluoride could be introduced into the chamber: [24] demonstrated that they
allow for lower conductivity compared to air, as shown in Fig. 1.8.
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FIGURE 1.8: Conduction losses from the hot absorber to the metallic case in a flat plate
collector, at different gas pressures and different filling gases.

Further improvements can be done with evacuated tubes, that can reach temper-
atures above 200 ° C with high efficiencies [25]. Their main innovation consists in the
evacuation of the space between the absorber and the external box: taking the pres-
sure down to 1072 Pa greatly reduces the level of convective and conductive heat
losses. In evacuated tubes the absorber can be either metallic or be concentrically
attached to the inner and outer surface of the glass tube. There could be different
types of devices: glass-metal or glass-glass evacuated tubes. The glass-metal tubes
are made of curved absorber sheets placed inside a single glass tube, in vacuum,
and an AR layer helps increasing the transparency. The glass to metal seal is subject
to thermal stress and degradation because of the usually different thermal expan-
sion coefficients [26]. Then, the vacuum seal can be at risk. The glass-glass tubes are
made of two glass tubes fused together, and the absorber is placed at atmospheric
pressure in the inner tube. This on one side solves the previous issue, while on the
other side determines a reduction in absorption because of the double layer of glass.
Both types of evacuated tubes suffer of a further issue: because of their structure, the
regions between individual tubes and the gaps between each tube and its absorber
do not contribute to absorption. Therefore, as according to the ISO 9806 standard
[27] the efficiency has to be measured in terms of the area occupied by the device
(gross aren), flat plates appear as the most favourable systems.

To combine the advantages of evacuated tube collectors and flat plate collectors,
a new type of collector is also gaining interest in the past years: the evacuated flat
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plate collector. Similarly to the partial evacuated panel, their novelty is based on
the lowering of the pressure, which in these systems is brought down to 102 Pa.

As already mentioned in the case of evacuated tubes, realizing evacuated flat
collectors is not an easy task either: they need a glass-metal seal to join the glass
cover and the metallic evacuated envelope, and a support against the atmospheric
pressure. The company TVP Solar [11], based in Geneva (CH) and Avellino (IT),
overcame the technical issues and is currently one of the leaders on the market in the
production of evacuated flat plate collectors: it designs, develops, and manufactures
high-performance High Vacuum insulated Flat Plate solar thermal Panel (HVFP)
based on a proprietary technology for cooling and heating applications. The details
on these devices are described in the next section.

1.3 The HVFP by TVP Solar

The solar thermal collectors produced by TVP Solar is showed in Fig. 1.9: it consists
of two return and supply copper pipes, a support glass, and an absorber coated
on a copper substrate and enclosed between a highly transparent glass cover and
a stainless steel vessel. The glass support structure has pins capable to sustain the
pressure exerted on the external glass, to realize a more solid structure, while the
font glass is welded to the rest of the system by an adhesive paste. Therefore, the
absorber has holes that have to include the pins. To guarantee the proper vacuum
seal, the panel is tested by using a leaks detector and helium as a tracer gas. Finally,
the system is baked in a proper oven at high temperature. The working principle
of the HVFP could therefore be summarized as follows: as the absorber gets hotter,
heat is transferred through the copper pipes to the transfer fluid, which raises its
temperature. Of course, part of the heat emitted by the absorber is also transferred
to the surrounding space: to minimize losses from the bottom and lateral sides, the
collector has been insulated with aluminum.

High-Vacuum
Insulation

ump

Glass
Support
Structure

FIGURE 1.9: Schematic of the HVFP produced by TVP Solar and of the getter pump
(inset).

The technology is based on two innovative and patented ideas [28]:

¢ a flexible glass-metal seal made from inorganic material provides an efficient
barrier to prevent air gas entering the vacuum envelop, thus reaching and
maintaining a high vacuum (from 102 to 107 Pa, depending on the operating
temperature);
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FIGURE 1.10: Comparison between conversion efficiency (%) of (a) a traditional fiber-
glass insulated flat plate and (b) a HVPE.

* aproprietary Non-Evaporable Getter (NEG) holder allow getter activation dur-
ing the panel evacuation and it is used to maintain the high vacuum through-
out the service life of the collector by absorbing gas molecules outgassed from
the inner surface of the collector. Then, it can be regenerated in situ by expo-
sure to solar light.

The system is highly reliable (the estimated lifespan is of 25 years), 100% recy-
clable and designed as ideal thermal energy source for large-scale applications be-
tween 80 °C and 180 °C such as: air conditioning, desalination, and process heat
[11]. In fact, the high vacuum insulation and the careful choice of the materials to
use in the fabrication allow those systems to achieve a high efficiency up to oper-
ating temperature of 200 °C, as shown in Fig. 1.10: at 150 °C, the panel efficiency
is of 50% and it reaches the stagnation point with 0% efficiency at about 300 °C. In
particular, to avoid degassing (that in turn raise the internal pressure), low vapor
pressure materials are used.

Nevertheless, Fig. 1.10 shows that, even though vacuum encapsulation brings
many advantages, both the optical and the radiative contributions to the global
losses remain. The latter, in particular, increases with the fourth power of the tem-
perature (as stated by the Stephan-Boltzmann law in Eq. 1.12), limiting the efficiency
of the devices. Therefore, in the next section we will discuss various strategies useful
to overcome/reduce this problem.

1.4 Strategies for increasing the solar conversion efficiency

As mentioned in the previous section, the conversion efficiency in evacuated flat
solar thermal devices drops quite fast when working at high operating temperatures,
meaning that these panels cannot be used to extract solar heat at or above 180°C. It
is evident from the Fig. 1.10 that the main contribution to the efficiency drop is due
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to the radiation mechanism, which mainly comes from the hot absorber. Then, we
must consider that if on one hand the hot absorber emits infrared radiation towards
the glass cover, on the other hand, the glass cover absorbs it and loses it. Therefore,
to reduce these losses and increase the current operating temperature of 180 °C to
higher values, the first approach is to work on two different areas of the HVFD, the
absorber and the glass cover, of which we will talk about in sections 1.4.1 and 1.4.2,
respectively.

Another approach aimed at the increasing of the solar conversion efficiency is
instead focused on the use of the high vacuum insulation in more complex systems,
as for example in thermo-photovoltaic (TPV) or hybrid systems, i.e. systems made
of the combination of two (or more) power generation technologies to make best use
of their operating characteristics and to obtain efficiencies higher than that obtained
from a single power source [29]. We will present this strategy in the chapter 5, by
introducing TPV systems and selective thermal emitters.

1.4.1 The selective solar absorber

The absorber is the most important component of solar thermal devices, as it has
to absorb as much solar radiation as possible for maximizing efficiency. Its perfor-
mance is determined by solar absorptance («) and thermal emittance (¢). To reduce
the radiative loss, increase the panel efficiency and satisfy the needs for mid- and
high-temperature heat (i.e. from 200 to 400 °C), the commercial absorber must be
replaced by a spectrally-Selective Solar Absorber (SSA) [30, 31].
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FIGURE 1.11: a) Normalized solar spectral irradiance (orange line) and normalized BB

emission spectra at different temperatures: 473 K (solid black line), 673 K (solid red line),

and 873 K (solid blue line). Ideal absorptivity curves for solar selective absorbers with

different cut-off wavelength Ay, depending on the operating temperature (dashed-

dotted lines). b) The cut-off wavelength, A., for the ideal SSA at different working
temperatures.

Ideally, its behavior would be well described by the dash-dotted lines in Fig. 1.11
a), exhibiting an absorptivity curve described by:

(1 i A< Aa(D)
= {o if A >Aa(T) (1.19)

where Aq;(T) is the cut-off wavelength, defined as the transition wavelength from
high-to-low absorptivity that maximizes the efficiency at a certain working tem-
perature. Generally, this transition occurs at the wavelength where the blackbody
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emission exceeds the incident solar radiation [32], and decreases with increasing the
operating temperature, as highlighted in Fig. 1.11 a). Therefore, at temperatures
higher than 200 °C, a significant part of the solar radiation is lost because of ther-
mal emissions. Fig. 1.11 b) provides the optimal values of A.,(T) as a function of
temperature, calculated at C=1. The optimal values of A, (T) are obtained from an
optimization procedure that maximizes the thermal efficiency, allowing for & ~ 1 in
almost all the solar region. Note that the zero intensity regions in the solar spectrum
at the Earth surface is responsible for the stepped behaviour of A, [32].
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FIGURE 1.12: Schematic of the various design of selective solar absorbers: (a) intrin-
sic absorbers, (b) semiconductor-metal tandems, (c) multilayer absorbers, (d) cermets
(metal-dielectric composites), (e) surface texturing, and (f) PhC-based designs. [9]

Research on selective absorbers has been going on for several years and currently
there are six different types of designs [10], shown in Fig. 1.12 and listed below:

e intrinsic absorbers [33]. They are made of materials with intrinsic selectiv-
ity (transition metals, semiconductors), induced by dielectric dispersion as a
function of wavelength. Unfortunately, no natural materials have a perfect
ideal selectivity;

¢ semiconductor-metal tandems [34, 35]. The semiconductor (most likely Si, Ge,
and PbS), which efficiently absorbs the visible light, is deposited over a metal
reflector, which reflects the long-wavelength radiation;

¢ multilayer absorbers [36, 37]. They consists of alternating layers of dielectric
and metal and the working principle is based on the multiple reflections at the
layers interfaces, which enhance the absorption of the incoming light;

¢ ceramic-metal composites (cermets)) [32, 38]. They consist of nanoscale metal
particles embedded in a ceramic matrix, and are made of an AR layer, one or
more cermet layer(s) that act as the primary absorber, and a reflective substrate
to help minimizing the absorption of undesired IR wavelengths. They show a
good selectivity at high temperatures;

¢ textured surfaces [39, 40]. In this case dendrite or porous microstructures are
used to generate multiple internal reflections, to trap the incident light in the
visible spectrum while rejecting the longer wavelengths (IR range);

* photonic crystals [41, 42]. They are made of periodic arrangements of materi-
als with high and low dielectric constants. It generates a photonic bandgap in
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which certain wavelengths are fully reflected for all incident angles and polar-
izations.

Realizing a selective solar absorber with ideal properties can be truly challeng-
ing: maintaining an ultra-low emissivity even at high temperatures is complicated,
especially within a single structure subject to large temperature variations. In ad-
dition, the possibility that the emissivity curve has a finite slope in the transition
from high absorptance to low emittance must be taken into consideration. The SSA
currently installed in the HVFPs by TVP Solar is the commercial Mirotherm 1300
produced by Alanod [43], based upon an aluminum strip and an innovative three-
layer absorber. Fig. 1.13 shows its emissivity spectrum and the BB emissions at
three different temperature. It is evident that the absorber is optimized for low-
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FIGURE 1.13: Left-hand axis: Solar spectral irradiance (orange line), BB (continuous

lines) and SSA (dash-dotted lines) irradiance at different temperatures: a) 100 °C (blue

line), c) 200 °C (red line), and d) 300 °C (green line). Right-hand axis: emissivity of a

commercial absorber (Mirotherm, black line). b) Enlarged view of Fig. a) showing the
low emittance of the commercial SSA working at 100 °C.

temperatures operation: it results in good performance at 100 °C, while shows ris-
ing thermal losses at 200 °C and above: at such temperatures the thermal emittance
curves in Fig. 1.13 c¢) and d) cross the commercial absorber emissivity in a region
where it is still high. In fact, one should remember that the heat losses increase with
the operating temperature, according to Planck’s law (Eq. 1.11). Thus, when work-
ing at temperature higher than 250 °C, the A.,; moves towards shorter wavelengths,
increasing the percentage of heat loss.

A remarkable improvement has been reached in the past years with an easy-to-
fabricate SSA based on a sputter-deposited Cr,O3/Ti/Cr,O3 tri-layer design [44]: it
can reach an efficiency more than double than that of the Mirotherm at temperatures
up to 300°C (48% Vs 20%). However, despite its stronger selectivity with respect the
commercial absorber, the SSA optimized for 250 °C has a non-negligible emissivity
at longer wavelengths (¢ # 0 in the IR) and a non-zero slope, as proved by red line
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in Fig. 1.14. Therefore, the thermal radiation remains a source of loss and limits the
energy conversion efficiency. Indeed, as the absorber exchanges radiation with the
glass cover, the radiated infrared power is absorbed by the glass and is completely
lost.
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FIGURE 1.14: Left-hand axis: Solar spectral emission at the Earth surface (orange line)

compared with the BB and the optimized SSA emissions at 250°C (green lines). Right-

hand axis: emissivity of the ideal SSA (grey dashed line), the commercial SSA installed

in the HVFPs (black solid line), and a SSA optimized for an operating temperature of
250°C (red line). Reflectivity of an ideal IR mirror (orange area).

1.4.2 IR mirror

To further reduce the radiative losses coming from the components of the HVFP
at high temperatures, including the SSA, it is crucial to recycle the power lost as
thermal radiation. The best way to do that is by exploiting the cold-side external
photon recycling. In this mechanism, an optimized infrared mirror reflects and thus
recaptures infrared emission in the desired mid-infrared region back at the receiver,
to suppress heat loss. Such a mirror, placed on the inner side of the cover glass,
would operate at room temperature and hence would cause a very low emission.
The working principle is schematically showed in Fig. 1.15.

Prior experimental work [45] has demonstrated that surrounding an incandes-
cent filament of a light source with properly designed interference structures triples
its overall efficiency. The design allows visible light to be transmitted and IR light to
be recycled, for a wide range of emission angles. Therefore, in [45] the authors man-
aged to reject light at unwanted wavelengths and, on the other hand, they enabled
its reabsoption by the emitter, allowing for resistive heating.

In the case of a HVFDP, the ideal mirror must be perfectly transparent (7 = 1) in
the visible/near-IR region up to a temperature-dependent threshold wavelength,
Atires(T), to avoid the reduction of the incident power on the absorber, and yet per-
fectly reflective (p = 1) in the mid-IR, as showed in Fig. 1.14 (orange area). The
Atnres(T) value can be evaluated by maximizing the efficiency of a collector equipped
with an SSA having the chosen A, and the ideal IR mirror facing the absorber (eq.
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2.1, with p;jrpm(A) = 1 for each A > Aypes(T)). It has been verified that, at each
temperature, Ay,es(T) coincides with Acy(T), showing that Asy.s(T) does not de-
pend on the optical properties of the absorber. The reason is that for A < Ay, the
absorber spectral emissivity calculated at the specific working temperature affects
solar absorption and radiative emission in the same way, whereas for A > Ay, the
ideal absorber also behaves as an ideal IR mirror. Therefore, from now on we will
consider Ao (T)=Acut (T).
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Chapter 2

Performance analysis of an HVPF
equipped with an IR mirror

Since the IR mirror has to be reproduced industrially, before starting the experiment,
it is important to evaluate the characteristics that it must have in order to allow an
effective improvement of the performance of a HVFP. In fact, in the absence of sub-
stantial improvements, one must estimate whether it makes sense to design such a
mirror, as its use already brings an additional cost to the current total cost of the
panel.

Therefore, in this chapter, after highlighting the limitations of the previous models
developed to describe the properties and the benefits of mirrors in concentrating
systems (section 2.1), the details of the HVFP and IR mirror used in this study are
illustrated (section 2.2). Results on the increasing of efficiency and on the reduction
of the power loss for different operating temperatures of the panel, as well as for
different values of the mirror reflection bandwidth, reflectivity and transparency are
showed (sections 2.3 and 2.4). Finally, the monthly and annual energy gain associ-
ated with HVFP equipped with an IR mirror are analyzed (section 2.5).

The results presented in this chapter have been published in Applied Energy [46].

2.1 State of the art: IR mirror for concentrating systems

Reducing thermal losses in solar thermal devices is fundamental for enhancing con-
version efficiencies, particularly at high operating temperatures. Prior works have
already highlighted the benefits achievable with the addition of IR mirrors to con-
centrating systems: it could bring a gain in efficiency over a year comparable to the
one obtained with an AR treatment [47]. A prior work [48] proposes the use of a hot
mirror on the glass cover instead of a selective coating on the absorber pipe to re-
duce IR losses, demonstrating that the glass cover temperature remains much cooler
than the absorber pipe, thus experiencing less thermal expansion-driven mechanical
stress. A later work [49] has proposed the idea of using the hot mirror coating in a
hybrid system, by taking advantage of the selective coating on the absorber pipe on
the lower temperature section of the receiver, and of the hot mirror coating in the
high temperature sections, where the selective coating would disintegrate.
However, these studies are based on numerical models which consider both solar
transmissivity and IR reflectivity as constant functions, neglecting the wavelength
dispersive character of both properties. This represents an important limitation:
transmissivity is a crucial parameter in HVFPs as, if low, it significantly alters the
absorber performance. For a deeper and more accurate analysis, we introduce a
thermal model (described in the next section) that includes both the spectral analysis
and the potential non-idealities associated with experimentally manufacturing a real
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a) b)
Glass Glass + IR mirror
MT-SSA on Cu MT-SSA on Cu
Vessel Vessel

FIGURE 2.1: Schematic cross view (not to scale) of the system. The glass cover a) is
naked or b) could be coated on the inner side by an IR mirror.

IR mirror, which may include limited reflection bandwidths, wavelength-dependent
reflectivity values, etc. Therefore, this study is crucial to evaluate the effectiveness of
the IR mirror regardless of its specific properties, but taking into account the general
limitations that these devices present.

2.2 Modeling of HVFP and IR mirror

The HVFP under study consists of an SSA developed to work at medium tempera-
tures (MT-SSA)! coated on a copper substrate and enclosed between a highly trans-
parent glass cover and a stainless steel vessel, as schematically represented in Fig.
2.1 a). As in the evacuated flat collector the distance between the glass and the ab-
sorber is two orders of magnitude lower than the absorber size, the system can be
schematized as made up of three effectively infinite and parallel layers. Hence, the
thermal exchanges between them can be described by the equation of radiative ex-
change between flat parallel plates in a one-dimensional thermal model that neglects
thermal gradient and boundary effects, as experimentally demonstrated in a prior
work [50].
In the following, we compare two different cases: one in which the absorber loses
thermal power only through irradiation (g5, = 0, €4ess = 0, and Tg45,=1), and one in
which the substrate emissivity, the radiative exchange with the stainless-steel ves-
sel, and the non-ideal glass transparency are included (g, = 0.02, £4ess = 0.15, and
Talass= 0.95, respectively. The analysis is carried out up to temperatures of 500 ° C, to
consider all possible applications involving low, medium or high temperatures; the
comparison between the performance of a HVFP equipped with an IR mirror (Fig.
2.1 b)) or not (Fig. 2.1 a)) is described.

We must also consider that from an experimental point of view realizing an ideal
IR mirror is not an easy task: while one can readily obtain a near-ideal mirror for a
relatively small bandwidth [51, 52], transmissivity and reflectivity may deviate con-
siderably from the ideal ones as the bandwidth is increased substantially. Therefore,
since an infinitely wide reflection window and high transparency in the solar region
could be difficult to be simultaneously realized in experiment, the range of reflected
wavelengths must be bounded. For this reason we introduced a new parameter,
Arrm, which represents the high-reflection window width (stopband). In this way,
we assume that the ideal IR mirror has ideal behavior only in a finite region: that
region has a fixed starting point, corresponding to Ac,:(T), but a variable ending
point, Acyr + Arrym, depending on the SSA emission. Below A, the ideal IR mirror
coating is supposed to be perfectly transparent, showing the cover glass with the
typical emissivity €g,5s = 0.89. This concept is schematized in Fig. 2.2.

However, to reach a configuration that can actually be experimentally produced
by using a realistic set of materials, we also introduce the real IR mirror. It is defined

IMid-Temperatures Selective Solar Absorber
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FIGURE 2.2: Schematic of the IR mirror with a finite stopband Ajry;.

by a solar transparency Tira less than 1 for each A < Ay, while an IR reflectiv-
ity pirm less than 1 over the range [Acut, Acur + Arrm]. In this way we consider
and evaluate how the presence of some non-idealities of the mirror, which can eas-
ily come out following realization, affects the overall collector efficiency. Note that
once the mirror is no longer ideal, to obtain the overall solar transparency value one
should multiply the mirror transparency, Tjrm, by the one of the glass, Ty, i-e.
Tall = Tglass X TIRM-

Therefore, we separate the cases of an IR mirror with ideal properties (section
2.3) from the one with realistic properties (section 2.5).

2.3 Efficiency and power loss in systems with ideal mirrors

As mentioned in the previous section, the ideal mirror is characterized by 7 = 1 in
the visible/near-IR region up to a temperature-dependent threshold wavelength,
Acut(T), and pjrm(A) = 1in Ajgp. Such an ideal mirror, coated on the inner side of
the cover glass, gives a negligible contribution to the spectral emission, as it operates
at room temperature. Conversely, the absorber operating at a chosen temperature
of 250 °C has a non-negligible emission in the IR region between 1 and 12 ym, as
showed in Fig. 2.2 by the grey line.

Therefore, the radiative efficiency of such an ideal system can be defined in terms
of absorbed, emitted, and incident power, as follows:

o Pabsorbed — Pemitted o
Naps = P . -
incident
. f;i;z Sabs()\ﬂ()‘)d)‘ - fooo 8{zbs—glass(/\) [EBB(/\I Tabs) - EBB(A/ Tamb)]d)\ (2'1)

[y 1(A)dA '

where T, is the absorber temperature, I(A) is the solar spectral irradiance, Egp (A, Typs)
is the blackbody spectral emission calculated at the absorber temperature value.
A1 = 0.25 ym and Ay = 2.5 ym represent the lower and the higher limits of the solar
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region, respectively, e,,;(A) is the spectral emissivity of the absorber. €gps_g1ass () is
the equivalent emissivity of the absorber facing the glass, calculated as a reduced
equation of the radiative heat transfer [53]:

gabsfglass()t) = 1 1 . (2.2)
1-pirm(A) T eas(A) 1

Note that
avs—glass O lf pIRM()\) _ 1 .

meaning that the ideal mirror reflects back to the absorber all the photons thermally
emitted.

In such a system the power loss can be evaluated as
qL = éabsfglaSS(T)‘T(bes - T;Lmb)/ (2.4)

where éabs—glass<T) is the spectral averaged emissivity of the system. Therefore, ac-
cording to Eq. (2.2), when (1 — pirm(A)) < eaps(A) the quantity qps—g1ass(T) reduces
and, consequently, the power loss reduces.

Results for systems equipped with ideal mirrors

On the basis of the previous considerations, we evaluated both the efficiency and the
power loss for the two cases mentioned in section 2.2 in case of systems equipped
with ideal IR mirrors characterized by finite reflection bandwidth Ajrps. This study
has been performed at different operating temperatures of the absorber and variable
Arrpm, in 0-10 pm. The case Ajrp=0 corresponds to calculations made in absence of
the IR mirror.
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FIGURE 2.3: Effect of an ideal IR mirror on the power loss of a) an MT-SSA absorber
and b) an HVFP collector equipped with an MT-SSA, as a function of the working tem-
perature and of Ajrpy.

The analysis concerning the power loss, calculated according to Eq. 2.4, suggests
that the ideal IR mirror keeps the power losses low even for absorber temperatures
higher than 250°C: for example, when an ideal IR mirror with Ajgpr = 2 ymis added
to the system only approximately 200 Wm 2 are lost at a temperature of 325°C. Of
course, if the radiative losses from both the substrate and the vessel are taken into
account, the power loss increases and reaches approximately 350 W2 at the same
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temperature. This also leads to a reduction of the absorber stagnation temperature,
which pass from 450°C to 405°C at [ = 1000 W - m~2.

In general, the analysis showed that, at a fixed temperature, the losses decrease as
the window broaden. The results of this study are depicted in Fig. 2.3. In particular,
Fig. 2.3 a) shows results of the power loss for the absorber-glass system (eg,;, = 0,
€vess = 0, and Tg455=1), while Fig. 2.3 b) that of the whole collector (e5,, = 0.02,
€vess = 0.15, and Tgy45s= 0.95). The patterned area in the latter figure represents the
region where the power loss is higher than the absorbed power.

Furthermore, an additional small contribution to the power loss is due to the
substrate emissivity towards the vessel. This could also be recovered if an additional
coating is applied to the stainless steel vessel. In this case there would be no need
for transparency, so the coating could be easily made of a thin layer of silver, which
has a p = 0.99 in the IR region [54].

Efficiency change

Ay (um) Ay (um)

FIGURE 2.4: Efficiency change trend as a function of working temperature and Ajrym
for a) the MT-SSA alone and b) the HVFP collector equipped with an MT-SSA

The reduced power losses due to the presence of the ideal IR mirror directly
increase the efficiency: as expected, the results showed that the broader the IR win-
dow the bigger the efficiency change (An), calculated as the difference between the
efficiency with and without the IR mirror at I = 1000 W - m~2 and T,,,;, = 20°C.
However, a reflection bandwidth of 2 yum is already enough to produce an apprecia-
ble improvement in the system efficiency at 325°C, but more substantial improve-
ments in terms of efficiency are expected as the absorber temperature increases. The
results of this study have been represented in Fig. 2.4. As for the power loss, also
in this case the analysis has been carried out both for the absorber alone (77,5, Fig.
2.4 a)), and for the whole collector (7., Fig. 2.4 b)). As expected, the latter figure
shows a patterned area starting at 405 °C (stagnation temperature) and representing
the physical limit beyond which Az cannot be calculated.

To highlight the effect of the cold-side external photon recycling on the panel
performance, we can compare the available power, i.e the power converted into heat
by the absorber in presence of the IR mirror and defined as 77 x I(A), to the recovered
power, defined as Ay x I(A) at different absorber working temperatures. Results are
shown in Fig. 2.5 a) for the system absorber-glass and b) for the whole collector. By
comparing the two cases, it is evident that the presence of the substrate and vessel
only changes the available power, since the power losses due to the substrate are not
recovered in the present configuration. Moreover, as expected, the increase of Ajry
contributes to the increase in efficiency: in fact, the recovered power increases and
sums up to the power converted by the absorber alone, leading to values of available
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FIGURE 2.5: Recovered (continuous lines) and available power (dashed lines) at differ-
ent temperatures for (a) an MT-SSA absorber and (b) an HVFP collector with MT-SSA
and an ideal mirror with different Ajg.

power almost equal to the ideal ones (& X Tgjass X Trrm X ).

However, for large Ajrp the amount of recovered power saturates, in fact the MT-
SSA emissivity becomes almost negligible at longer wavelength (see Fig. 1.14), im-
plying that there is less power available to be recovered per unit of wavelength. This
also suggests that the IR mirror is more effective when working at high operating
temperatures, as the black-body emitted power peaks towards shorter wavelengths
(Fig. 1.11).
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FIGURE 2.6: Efficiency of an absorber with an ideal IR mirror designed at 300°C and
different Ajgps. Results refer to I = 1000 W/m? and Tymp = 20°C, calculated for the
absorber only (dashed lines) and the whole collector (continuous lines).

The recovered power also extends the temperature range achievable by the MT-
SSA, as shown in Fig. 2.6, where the efficiency is calculated for both scenarios (g, =
0, €vess = 0, Tgrass=1, or €gyp = 0.02, €pess = 0.15, Tgyas5= 0.95), considering an ideal
IR mirror with Ay = 2.2 ym, an incident power of 1000 W/ m?, variable Ag M, and
Tomy = 20°C. When Ay = 2.2 um, the mirror starts to recover a noticeable fraction of
power at temperatures higher than 150°C and the absorber stagnation temperature
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increases significantly and reaches values above 400 °C. As expected, the collector
efficiency improves with increasing Ajrpy, and a Ajry = 2pm is already sufficient to
increase 7. from 50% to 58% at 350°C, from 30% to 46% at 350°C, and from 0 to 30%
at 400°C.

2.4 Efficiency and power loss in systems with realistic mir-
rors

To calculate the overall efficiency of an evacuated flat collectors also the glass trans-
parency and the substrate and vessel emissivities have to be taken into account. The
finite bandwidth, Ajrpy, and the reflectivity values pjry < 1 over the range [Acut,
Acut + Arrm] can be easily taken into account in Eq. 2.1 and 2.2 by assuming the
proper values for pjrar(A). Therefore, the analytical formula for the collector effi-
ciency calculation, 7., based on the described thermal model, becomes:

f)ﬁz TglussTIRM(/\)gubs(/\)I(/\)d/\ - fooo €all (A) [EBB(A/ Tabs) - EBB (/\/ Tamb)]d)\

]7 =
‘ 2 1(A)dA
(2.5)
where
Eall = €absfglass + Esub—vess (26)
and
1
Esub—vess(A) = 1 1 ’ (2.7)

) + €vess (A) -1

which describes the thermal loss due to the substrate of the absorber that faces the
interior side of the vessel. The emissivity values of the stainless steel vessel and the
copper substrate are subsequently assumed to be 0.15 and 0.02, respectively. In the
previous formula we assumed that both glass and vessel remain at room temper-
ature. This is not a risky assumption, in fact it has been experimentally observed
that, when in operation, both the glass and the vessel of an HVFP do not exceed
Tamp by more than 10°C. The mathematical model describing the collector efficiency
(Eqg. 2.5) has been already validated in absence of the IR mirror in a prior work [55],
thanks to numerical simulations performed using COMSOL Multiphyics [56] and an
experimental system [44].

Results for systems equipped with realistic mirrors

Since it has already been shown that an optimized HVFP can be more efficient than
concentrators up to 250°C [57], we will focus our attention on the effect of a real IR
mirror at temperatures equal or higher than 250°C to extend the HVFP operational
temperature range. To investigate this point in detail, we study the power loss of
the couple absorber-glass in absence (Ajryr = 0 pm) or in presence of an IR mirror
(Arrm = 1,2,3,4 um) at different operating temperatures and for different reflec-
tivity values ranging from 0.80 to 1. The study confirms that the power loss of the
absorber through the glass can significantly be reduced by the presence of the IR
mirror, in particular at T,;,s above 350°C, and that the higher the pirp the greater
the benefits in terms of recycled power. The results related to the power loss are
represented as colormaps in Fig. 2.7.

The power loss is a fundamental parameter to evaluate, but it is independent
from the IR mirror transparency. We therefore studied the influence of Ajrum, p1rM
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and T7rpm on the collector efficiency to determine their relative weight on the overall
performance. In this analysis both transparency and reflectivity of the mirror have
been varied in the range of 0.80 to 1.00 and it has been observed that the higher the
TirMm and pjrym values the higher the efficiency change (for any Ajgpy). Conversely,
increasing the Ay reduces the requirements on the transparency at the same tem-
perature: at temperatures of 250°C and 300°C the efficiency change is higher than
zero for each of pjrpm > 0.80 and for each value of Tjry close to 1. On the con-
trary, reflectivity values close to 1 still need a high transparency. Therefore this
analysis suggests that in designing an IR mirror for mid-temperature applications
(at I=1000 W/m?) the priority has to be given to the mirror transparency and Ajgy
more than reflectivity.

All these results are presented in Fig. 2.8, where colormaps of efficiency change with
respect to these factors are shown: each row refers to different T,;;, whereas columns
to different IR mirror bandwidth values. The white areas in the Fig. 2.8 are regions
of non-positive efficiency change.

The collector efficiency values, 7., reported in the legends of Fig. 2.8 are the ones
calculated from eq. 2.5 in absence of the IR mirror on the glass (o;jrm = 0). Therefore,
to obtain the collector efficiency in presence of an IR mirror, one should also add the
correspondent efficiency change value to 7.

2.5 Monthly and annual energy conversion

All the efficiency change values reported in Fig. 2.8 are peak efficiencies at I =
1000 W/m?, i.e. efficiencies calculated for normal incidence of solar radiation [58],
whereas the power irradiated by the Sun on the Earth varies according to the sea-
sons, the time of day, and the weather conditions. Therefore, when the available
power is lower than the nominal solar power, the efficiency change can be recalcu-
lated according to the formula:

I I
Al = RTgiass <1 — TIRM) (I — 1) + AUlOOOT/ (2.8)
X X

where Ay, is the efficiency change at Sun irradiance, I, = xW/ m? and An1000 is the
efficiency change calculated at 1000 W/m?.

When Eq. (2.8) is applied to Typical Meteorological Year Data (TMY) [59], we
observe improvements in efficiency higher than those seen at the peak efficiency.
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FIGURE 2.8: Efficiency change of a collector equipped with an MT-SSA and possible

realistic mirrors with Ajgps from 1 (top row) to 4 ym (bottom row) at different tempera-

tures, from 250°C (left column) to 400°C (right column), as function of mirror reflectivity

and transmissivity. I = 1000 W/ m?, T, = 20°C and radiative losses from the enve-
lope have been assumed in the calculation.

The study has been performed on two European cities as Naples? in Italy and
Copenhagen3 in Denmark, and on an American city, Phoenix* in Arizona. It shows
a more pronounced relative increase in the monthly distribution of the converted en-
ergy at T, = 250 °C during winter, particularly at higher latitude: in Copenhagen
the use of the IR mirror allows to extend the useful hours during the days at high
temperatures. However, at such high latitudes during autumn and winter the Sun is
too low on the horizon for too few hours and the system does not reach the working
temperature of 250°C. Still, other applications at lower temperatures (such as district
heating) could use the heat generated by the HVFP during winter. The representa-
tion of these results in terms of a monthly distribution of the converted energy at
Tas = 250°C is shown in Fig. 2.9 (a,b,c) for Copenhagen, Naples, and Phoenix,
respectively.

When integrating over the entire year, the presence of an IR ideal mirror with
Arrm = 2pm (and Tirm = 1, prrm = 1) allows reaching a peak efficiency change
of 3.9% at a working temperature of 250°C. This results in an increase of the 14.7%
of produced annual energy in Naples (from 3044 MJ/m? to 3493 MJ/m?, see Fig.
2.9 (d)). The same peak efficiency changes produce a relative annual energy in-
crease of 21.4% in Copenhagen, bringing the available energy from 1452 MJ/m? to
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1762 MJ /m?; and of 10.6% in Phoenix (available energy from 4555 MJ/ m? to 5038 MJ/m?),
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4Lat.: 33°27'N Long.: 112°04'W
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FIGURE 2.9: Upper row: Monthly converted energy for a HVFP working at 250°C in the

caso of no IR mirror, realistic IR mirror (Ajgy = 2 pm, Tirpy = 0.99, and pjry = 0.97)

and ideal IR mirror with Ajgpy; = 2 pm (left-hand axis), and monthly percentage of the

energy enhancement obtained with the real IR mirror (right-hand axis). Lower row:

Converted annual energy at different operating temperature: 250°C (d), 300°C (e) and

350°C (f). The analysis has been performed for three cities: (a) Copenhagen (DK), (b)
Naples (IT) and (c) Phoenix (AZ).

with an annual efficiency that increases from 0.517 up to 0.572. At higher tempera-
ture the radiative losses increase and the same ideal mirror can recover even more
energy (see Fig. 2.9 (e f)), extending the operating temperature range of the panel.
However the losses can became so important that the bandwidth should be extended
to produce a significant amount of annual energy. Indeed, at 300°C an ideal mirror
with Ajgy = 3 um would bring the annual energy from 3063 MJ/m? to 4363 MJ/m?
in Phoenix, with a relative improvement of 42% and an annual efficiency of 49.5%,
and from 1731 MJ/m? to 2871 MJ/m? in Naples, with a relative increase of 65.9%
and an annual efficiency of 41.8%. Instead, if we consider a realistic mirror with
Arrm = 3um, Tirpm = 0.99, and pjrm = 0.97, at the same working temperature of
300°C, the annual efficiency varies from 25.2% to 36.1% in Naples, from 34.8% to
44.3% in Phoenix, and from 13.7% to 23.8% in Copenhagen.

Note that data from Ref. [59] are hourly-mean value for each month, which av-
erages any combination of sunny and cloudy days and leads to an underestimation
of the monthly output. Indeed, if one could shut down the system during the days
when the light is not enough, one might increase the available energy, which be an
appropriate optimization problem for future studies.

We will resume the results of this thermal analysis later in Chapter 4.



37

Chapter 3

Experimental setup

This chapter provides an overview of the experimental setup and simulation soft-
ware used to design and develop the IR mirror briefly introduced in section 1.4.2.

Section 3.1 describes the deposition technique used for the thin films deposition;
section 3.2 illustrates the various instruments used to perform the optical character-
ization of the deposited films. Finally, section 3.3 describes the two software used to
perform optical simulations.

3.1 Thin films deposition: magnetron sputtering

The deposition of thin films is the key for designing simple and complex structures.
The thin film depositions consist in creating and depositing thin layers of a mate-
rial onto a substrate, commonly c¢-Si or glass. There exist different deposition tech-
niques, which could be briefly divided into Physical Vapor Deposition (PVD) and
Chemical Vapor Deposition (CVD), illustrated in Fig. 3.1. PVD techniques consist in
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FIGURE 3.1: Schematic of PVD and CVD processes, adapted from [60].

vaporizing and then depositing a solid material in a vacuum chamber; CVD involve
chemical volatile precursors, which react and decompose, depositing on the sub-
strate surface. Despite the ability to coat complex topographies when using CVD,
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coatings created by PVD appear highly durable and resistant to scratching and cor-
rosion, which is highly recommended when involved in solar cells or solar thermal
devices. Also, it allows off-thermal equilibrium film growth, as well as the use of
heated and heat-sensitive substrates. Finally, it is a well-established technology to
coat materials with tailored properties [61].

PVD includes evaporation (electron beam, ion assisted deposition, and thermal
evaporation), ion beam sputtering, pulsed laser deposition, and magnetron sputter-
ing. The latter is the technique chosen to realize the IR mirror, as it is widely used
both in research and in industry to grow films for various applications.

Magnetron sputtering is a coating process that takes place in a vacuum chamber
filled with an inert gas (usually argon) and allows to coat films with thickness of
a few Angstroms to several micrometers. Positively charged and highly energetic
ions created from a magnetically confined plasma nearby the surface of the target
material (i.e. the material to be deposited) collide with the negatively charged target.
The result is that the atoms from the target (cathode) are sputtered, i.e. ejected, and
driven to the substrate (anode), where they deposit creating a film. The schematic of
the process is showed in Fig. 3.2.
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FIGURE 3.2: Schematic of the sputtering process. Adapted from [62].

An important parameter in this process is the sputtering yield (SY), defined as
the mean number of atoms removed from the target surface per incident ion. The ef-
ficiency of the process mainly depends on: target material, nature of the process gas,
trajectory and energy of ions. The SY could be enhanced if an oblique incidence of
the ions with respect to the target surface is chosen, in fact with a non-perpendicular
incidence it is easier for collisions to give the atoms a direct velocity component to-
wards the outside of the target. A higher yield is also obtained when the incident
ions have a mass comparable to that of the atoms of the target material, in fact in
this case there will be a more efficient exchange of energy, according to the theory
of elastic collisions. Of course, it is also possible that an ion is reflected by the tar-
get without creating any sputtering, and the energy of this reflected particle (Er) is
strongly dependent on the atomic masses of the gas and the material constituting
the target:

3.1)

M; — M, 1"
s
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where Ej represents the energy of the ions that hit the target, M; and M, are the
atomic masses of the target material and of the gas, respectively. 7 is typically equal
to 1.5.

In the sputtering process there are various parameters that can be controlled and
affect the quality of the process itself and the characteristics of the film to be de-
posited: power (voltage and current) applied to the electrodes for gas ionization,
substrate temperature, process gas pressure, target-substrate distance and their re-
ciprocal dimensions. For example, an increase in the discharge power supply in-
volves an increase in mobility of the atoms, as a consequence of the greater flow of
ions and their greater kinetics energy. This translates into increased sputtering effi-
ciency, higher crystallinity of the film, increased deposition rate, higher target and
substrate temperature, reduction of the film resistivity. Also the pressure of the ion-
ized gas has a main effect on the ions mobility: high pressures cause the reduction
of the particles free path in the plasma, in fact more collisions will occur in the path
between target and substrate. This also leads to a decrease in the deposition rate,
greater amorphous structure of the film, increase of the film resistivity. Finally, even
reduced distances between source and substrate favor a higher rate of deposition,
while an area of the substrate smaller than that of the target leads to a better unifor-
mity of the deposit, since the target is not evenly eroded by moving from the center
to the periphery.

The sputtering technique allows different kind of depositions, according to the

type of power supplied to the target material. It includes Direct Current (DC) sput-
tering, Radio-Frequency (RF) sputtering, and DC or RF magnetron sputtering. The
DC sputtering is the simplest system, as it is made of two electrodes, the cathode
and the anode, where the substrate is placed. The power supplied between cath-
ode and anode is continuous and ionizes the gas present in the chamber allowing
the formation of the glow discharge. The process is highly influenced by the working
pressure, in fact too low pressures there is an insufficient ionization rate, while too
high pressures cause an excessive mobility of the particles of the plasma which hin-
der the path of the atoms directed to the substrate. DC depositions are only suitable
when using electrical conducting targets, in fact electrical insulators would not be
able to sustain the glow discharge as the positive ions will accumulate on the target
surface. Then, for insulating materials the RF technique is more suitable, as the alter-
nated electric potential between the two electrodes does not allow the accumulation
of charges.
The magnetron sputtering system is essentially a variant of the previously described
systems that includes permanent magnets placed under the cathode. The purpose
is to increase the ionization rate: thanks to the presence of a magnetic field nearby
the cathode, the electrons in the plasma are affected by a magnetic trap that causes a
greater number of ions in the process gas hitting the target and therefore a greater
erosion of the target. The secondary electrons emitted from the target increase the
number of collision with the gas molecules, which allows the possibility to work
at pressure and voltage lower than the standard case. DC and RF technique can
both be reactive or non-reactive, depending on whether a reactive gas is injected
in the chamber or not (in addition to the process gas). Usually reactive sputtering
processes are subject to hysteretic behaviours that affect the deposition, requiring a
deeper analysis of the deposition parameters to control the quality of the film.
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3.2 Thin films characterization

The complete characterization of the deposited thin films is a key element in the vali-
dation of simulations and the optimization of the desired properties of the IR mirror.
It has been carried out in different steps, all described in the following paragraphs.

3.2.1 Profilometry

A profilometer is an instrument used for measurements of surface properties, i.e.
roughness, step height, etc. Its working principle is shown in Fig. 3.3: a probe
tip, in direct contact with the surface to measure, moves linearly along it record
the vertical change (z-direction), which is useful to reconstruct the surface profile.
Measurements of step height are usually obtained using standard photolithography,

Styvlns tip

Measured/profile

™\ p
. Original profile -~ |

Machined surface

X

FIGURE 3.3: Working principle of a stylus type profilometer [63].

i.e. by applying a mask on the substrate before deposition and chemically removing
it after deposition of the thin film, and are useful to estimate the deposition rate. An
example of this kind of measurement is shown in Fig. 3.4.

3.2.2 Reflectance/transmittance measurements

Optical transmittance/reflectance spectra were recorded using two different instru-
ments to cover the ultra-broad spectral range.

In the short wavelengths region, from 350 to 1750 nm, an integrating sphere cou-
pled with an Optical Spectrum Analyzer (OSA), showed in Fig. 3.5, was used to perform
hemispherical reflectance measurements. The inner part of the integrating sphere is
coated with a diffusive material which provides a high reflective surface and allows
to obtain a homogeneous distribution of radiation thanks to the multiple Lambertian
reflections on the inside of the sphere. A light source illuminates the sample and the
fraction of light reflected by the sample under analysis is read by the spectrometer,
which measures the spectral power (Wnm~!) over the range of investigated wave-
lengths. Then, the reflected power can be estimated from the comparison with a
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FIGURE 3.5: Working principle (a) and design (b) of the integrating sphere.

measurement made on a reference sample, which has a known reflectivity (oy.f):

- Rsample - Rsample ’ Rref . Rsample

P; p;- Rref Rref

Pref/ (32)

where P; is the power intensity incident on the sample, Rssmpie and R, the spectral
power reflected by the sample and by the reference sample, respectively. The refer-
ence sample used in this work is the Spectralon WS-1-SL diffuse reflectance standard
from Labsphere, with a 99% reflectivity in the range of 400 to 1500 nm, while > 96%
reflectivity in the range of 250 to 2000 nm.

Alternatively, optical transmittance spectra in the range of 200 nm to 2500 nm can
be recorded using a spectrophotometer. The working principle is shown in Fig. 3.6:
a lamp provides the source of light; the beam of light strikes the diffraction grating,
which works like a prism and separates the light into its component wavelengths.
The grating is rotated so that only a specific wavelength of light reaches the exit
slit; at this point the light interacts with the sample and the detector measures the
transmittance of the sample, i.e. the amount of light that passes completely through
the sample and strikes the detector.

The Fourier-transform Infrared Spectrometer (FTIR) has been used for reflectance
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FIGURE 3.6: Working principle of a common spectrophotometer.

measurement in the range of 1.5 yum to 30 um. The working principle of this instru-
ment is shown in Fig. 3.7: a broadband infrared light beam is sent to an interfer-
ometer which produces an optical signal with all the IR frequencies encoded into
it. Then, the light beam hits the sample, which absorb a fraction of light at certain
wavelengths and the signal is decoded by applying a Fourier Transform (FT). The
FT convert the intensity-time spectrum into intensity-frequency, and the spectral re-
flectance is estimated from the comparison with a reference sample.

3.2.3 Ellipsometry

Ellipsometer is by far the most important and complex instrument in our study,
as it allows to characterize the film thickness and optical constants. Its layout and
working principle are shown in Fig. 3.8: by means of an optical fiber, the light ejected
from a source reaches the polarizer, where the state of polarization of the light is
defined. Then, the light strikes the sample and the reflected component is modulated
and sent to the analyzer and monochromator, that separates the light into its various
components before it reaches the detector.

Ellipsometric measurements are based on the measurement of the change in po-
larization of the light incident on the sample of interest, and depends on the optical
properties and thickness of the individual materials included in the sample.

The change in polarization is quantified by the amplitude ratio and phase difference:

o= L = tan(y)e®,

tan(w)::azgye [0,90°], (3.3)

A =6, — 65 € [0,360°].

The quantities 7, and s are the Fresnel reflection coefficient for s- and p-polarization
(Eqg. 1.10), respectively, while i and A are the ellipsometric angles: from them it is pos-
sible to obtain the optical properties of the sample. Unfortunately, they cannot be
directly converted into the optical constants of the material, but are used to validate
a material structure model that allows to predict the material optical properties, i.e.
the complex refractive index, by means of mathematical relations, dispersion formu-
lae. There are several degree of freedom in this analysis: incident angle, as well as
thickness, roughness and refractive index of each layer included in the sample. Any
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FIGURE 3.7: FTIR spectrometer with source, interferometer, and detector [64].

of these properties is varied to improve the match between experiment and calcu-
lation. Therefore, it is important to carefully choose the model and control the x>
value returned by the fit, which defines its quality.

Figure 3.9 shows an example of the measured quantities I. and I;, which are func-
tions of 1 and A according to

I, = sz:n(th) -sin(A), (3.4)

I. = sin(2¢) - cos(A),
and the relative fit lines, which are in agreement with the measurement. In our
analysis, the model used to fit the ellipsometric data faithfully reproduces the ex-
perimental samples: a thin film of the deposited materials lies on a silicon/glass
substrate. Also, two additional thin layers were included to simulate the roughness
at the interface between the substrate and the film and on the film surface, as shown
in Fig. 3.10.

Measurements must be conducted at the Brewster angle (6p) of the substrate,
where the highest sensitivity is observed. In fact, it corresponds to an angle of inci-
dence at which the p-polarized light is perfectly transmitted through a transparent
dielectric surface, with no reflection. It can be calculated from the indices of the two

media:

tan(0p) = % (3.5)
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FIGURE 3.8: a) Layout and b) working principle of a classical ellipsometer.

Results of the characterization of silicon nitride films and that of SiO,, TiO,, and
[SiO;]x[TiOz]1 4 films are presented in Chapter 4.

3.3 Optical simulations: S4 and Open Filters

Before starting the sample fabrication it is crucial to perform simulations to forecast
the sample response, especially when the structures are very complex and consist of
many layers. The optical simulation presented in this work have been carried out
using two different software: Stanford Stratified Structure Solver (S4) [65] and Open
Filters (OF) [66].

3.3.1 Stanford Stratified Structure Solver: S4

Stanford Stratified Structure Solver, briefly S4, is a frequency domain code to solve
layered periodic structures. It is based on the Rigorous Coupled Wave Analysis
(RCWA), also called the Fourier Modal Method (FMM) [67] for computing modal
expansions within layers, combined with the scattering matrix (S-matrix) algorithm



3.3. Optical simulations: S4 and Open Filters 45

I\j ) [ 2 0.794 B
{ i ‘ ® |c Measure — IcFit

n

.

|

lo——0——*

’m’ ® |s Measure — |IsFit

-0 Is

g K4 | B
400 600 800 1.000 1.200 1.400 1.600
Wawelength (nm)

1

FIGURE 3.9: Example of a good fit (x? < 1): the ellipsometric measured quantities I and
I (blue and red dots, respectively) and the fitted quantities (I. as a blue line, and I; as a
red line) are compared.

Coated Film (50%) Air (50%) \
Coated Film Roughness-equivalent

Substrate (50%) Coated Film (50%) | _— layers

c-Si/glass substrate

FIGURE 3.10: Diagram of samples (not to scale), including roughness-equivalent layers.

[68, 69] to join together layers for solving electromagnetic fields throughout a three-
dimensional structure. The the S-matrix method is used to solve transfer matrix
problems for all grating models with upward- or downward-propagating and de-
caying waves (Fig. 3.11). The basic idea behind the FMM is to expand the electro-
magnetic fields within each layer into eigenmodes, which are represented using a
Fourier basis in the plane of periodicity. The modal expansion coefficients are then
related at layer interfaces to satisfy field continuity conditions in the Fourier basis.
For an arbitrary layer p, 0 < p < n, the following equation is satisfied:

u(p +1) o

40 | —

where S is a stack S-matrix, u and d represent a set of wave amplitudes as column
vectors for upward- and downward-propagation waves in each layer, respectively.

In this way the waves in layer (p+1) is linked with medium (0). Eq. 3.6 can also be
written in the following form:

u(p+1)
oo ]

40
p) [d <p+1>} , (3.6)

i) RY)

(ol
R Tas

o
[d<p+1>] ' (37)
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FIGURE 3.11: Layered grating structure (adapted from Ref. [69]).

where T and R are the transmission and reflection matrices, respectively. As only de-
creasing exponential functions appear in the matrices (unlike in the transfer-matrix
method), the S-matrix approach is unlikely to encounter numerical instabilities.

For each structure solved by 54, 1 = 0and d", which is the incident wave, is
given. Therefore, 1 and d© total reflection and total transmission, can be com-
puted as:

ul = Ri’;fl)d("),
(0) (n—=1) 3(n) (3.8)
v =T, “d",

and, of course, the total absorption can be calculated by subtracting reflection and
transmission from the total incident wave amplitude.

The 5S4 tool has two types of input: graphical interface and input deck. The latter
can be used by writing the control file in the Lua scripting language and allows to
define more complex structures.

3.3.2 Open Filters

Open Filters calculates the multilayer properties using the characteristic matrix ap-
proach [70], where the i-th layer is represented by

[ cos; (i/ﬂz‘)Si”(Pi] (3.9)

in;sing; cosQ;

where

N? — a2 s — polarization
=V P (3.10)
N?/\/N? — a2 p — polarization

is the pseudoindex of the layer and

2
i = 7” N2 — a2d; 3.11)
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is the phase shift of the wave inside the layer, « = N;sin8;, d; the thickness of the i-th
layer, and A the wavelength of light in vacuum.
The characteristic matrix describing the multilayer is

1
mi1 MmMip
M= = M;, 3.12

|:m21 mzz] 11_5 ' ( )

where g is the number of layers, and the product is taken in reverse order since the
matrices of upper layers must be multiplied on the left. The amplitude reflection
and transmission coefficients of the multilayer are

p — Minc!11 = HexM22 + Ninclex™12 — m21’
Hinc™M11 + Hex™22 + NinclexMi12 + My
- 277inc
Ninc™M11 + HexMo + Hinclextin + Moy’

(3.13)

where 7;,. and 7., are the pseudoindices of the incidence and exit media, respec-
tively. Therefore, reflectance, transmittance, and absorptance are calculated as

R=rr*=|r%

ReN,x ,»
T = t 3.14
ReNinc| %, (3.14)
A=1—-R-T.

To account for the effect of the substrate backside, one can simply add multiple
reflections and transmissions occurring in the substrates (see Fig. 3.12). Therefore,

Ry TeRyTyg exp 4B; TpRyRppRpTyy exp 86

N, back

TiTyexp 2B; TpRyRw Ty exp 6B,
FIGURE 3.12: Optical filter with backside [66].

the old Eq. 3.14 becomes

4B,
R =Rr+ M,
1-— RBRFR€4ﬁi
(3.15)
T TrTpe?Pi

- 1-— RBRFR€4ﬁi’

where Ry and Tr are the reflectance and transmittance of the front side, Rg and Ty the
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ones of the backside, while RpR and TrR that of the front side in reverse direction.

The quantity
27
Bi = Im(T)\/nfub — a2dgy, (3.16)

is related to the absorption in the substrate, and ny,;, is the refractive index of the
substrate.

3.3.3 Comparison between S4 and OF

Given the high reliability of both software, we compared the results of the simula-
tions performed with S4 and OF to verify their agreement. The example shown in
Fig. 3.13 shows that the agreement is perfect in the whole range of wavelengths in-
vestigated. Therefore, even if both software have been used in the modeling of the IR
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FIGURE 3.13: Comparison between the spectra resulting from 54 and OF simulation of
the same optical structure.

mirror, in the next sections only the results of the OF simulations will be taken into
account, as it is less time consuming and easier to use, especially when it comes to
optimization processes. In fact, in OF there are three optimization methods already
developed and ready to use (see the next section for further details).

3.4 Optimization techniques

Designing a filter which respects the exact desired specifications it’s manually hard:
strongly undesired peaks can appear in some regions, disrupting the achievement
of a specific goal. Generally, the strength of these sidelobes is a function of the mis-
match of the equivalent index of the structure and the index of the surrounding
media. Therefore, to improve the properties of a filter, especially if it is based on a
multilayer structure, we can add single or multiple matching layers at its interfaces
(Section 3.4.1). Of course, the last step in the optimization process would be the re-
finement of the thicknesses or the addition of new layers in specific positions of the
design (Section 3.4.2).
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3.4.1 Matching layers and apodization functions

To improve the properties of the designed filter, we can consider adding single or
multiple layers at its interfaces to reduce the mismatch with the refractive index of
the surrounding media by smoothing the discontinuity at the edges.

The simplest example of a matching layer is a single dielectric film with thickness
equal to one quarter of the wavelength of the incident light (quarter-wavelength
layer) and refractive index equal to the geometric mean of the refractive indices of
the the surrounding media [71]:

M ARcoating = \/Mair * Msubstrate (3.17)

When the single matching layer is not enough, the spectrum can be further im-
proved by considering an apodization function, as suggested by W. H. Southwell in
[72]. There exists different apodization functions, such as: quintic polynomial [73],
Bartlett [74], Gaussian [75], etc. An example of the change in the index profile after
application of a fifth-order polynomial function is shown in Fig. 3.14. However, we
must consider that the removal of the sidelobe ripple can be obtained at the price of
decreased reflectance in the stopband [72].
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FIGURE 3.14: Index profile for a period structure in absence (left) or in presence (right)
of matching with a fifth-order polynomial function [72].

3.4.2 Optimization in Open Filters: thickness refinement, needles and
steps

The main advantage of Open Filters is that it allows to optimize the filter properties
towards three different methods, listed below.

1. Refinement method

This method, based on prior literature [76], consists in the adjustment of the thick-
ness and/or refractive index of each layer of the starting design to reach a final con-
figuration where the filter properties are sufficiently close to the target curve spec-
ifications. To check the quality of the design, OF allows to define and minimize a
Merit Function (MF):
o=y (Bh 6.19)
=" AB; '

1

where m is the number of targets, B; is a property of interest, B; is the target value
for that property, and AB; is the tolerance for that property.
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FIGURE 3.15: Schematic representation of (a) the needle and (b) the step methods [66].

The optimization algorithm used by OF is the Levenberg-Marquardt (LM) algo-
rithm [77]. The properties of a filter that are optimized are represented by a vector
a=[aj, ap, ...]. The LM algorithm calculates the first derivatives of the MF with regard
to every parameter a; and determines the point where the MF is the lowest in a trust
region centered around the present value of a. Repeated improvements of the MF
allow the Levenberg-Marquardt algorithm to find a local minimum.

2. Needle method

The needle method was first described by Tikhonravov [78]. It consists of adding
thin layers at optimal positions in the filter and then adjusting their thickness by
refinement. Needles are added until a satisfactory solution is found or the addition
of more needles does not improve the filter. The optimal position to add needles is
determined by calculating the derivative of the MF with regard to the thickness of
an infinitesimally thin layer as a function of the position where it is added. Where
the derivative is negative, it is favorable to add a needle (Fig. 3.15 (a)).

3. Step method

Similar to the needle method, the step method adds layers at optimal positions in
the filter, determined by the derivative of the MF, and then adjusts their thickness by
refinement. Conversely, this time infinitesimal steps in the index profile are consid-
ered instead of needles (Fig. 3.15 (b)).

Both the needle and step method are useful when solving complex design prob-
lems, but their use lead to possible additional thin layers.
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Chapter 4

Methodology for the design and
fabrication of an IR mirror

Designing the IR mirror introduced in section 1.4.2 is a multi-step task: first, a col-
lection of materials with appropriate properties have to be selected; then, a suitable
design has to be chosen to avoid spurious and undesired reflections in some regions
of the spectrum. In addition, further constraints such as the use of low-cost materi-
als, low-cost and easy manufacturing, etc. must be taken into account: keeping the
production process easy would make the mirror suitable for industrial production.

In the following sections all the necessary steps for a complete design of an IR
mirror are covered in details: we start with a brief introduction to the designs com-
monly used to make IR mirrors, highlighting the flaws that make them not useful
for our study (section 4.1). Thus, the one used in this work, the rugate structure, is
deeply described in section 4.2. The design process of an IR mirror continues with
the selection of the materials that composes each layer of the rugate filter (section
4.3). Follows their deposition as thin films by using the Physical Vapor Deposition
(PVD) technique, their optical characterization, and their final fabrication of the IR
mirror (sections 4.4 and 4.5). We conclude the chapter with some fundamental con-
siderations on the IR mirror and on the technique used to optimize its properties
(section 4.6). The various steps mentioned, useful to manufacture the IR mirror, are
schematically shown in Fig. 4.1.

The results presented in this chapter have been published in various manuscript
[52], [79], [80], [81].

3. Optical
1. Choice of the 2. Deposition and simulations based L.
design and characterization on experimental 4. Fabrication and
materials to make of single-layer of data: planning and characterization
an IR mirror the selected optimization of the of the IR mirror
materials complete design

FIGURE 4.1: Schematic of the fundamental steps used to manufacture the IR mirror,
described below.

4.1 IR mirror: state of the art

The idea of developing IR mirrors to be applied in solar thermal devices is not new:
the first works on selective filters that take into account the need for solar light to
pass and for IR emission to be reflected have been developed in 1981 [82, 83].

The IR mirrors developed so far can be classified into three categories [47]:
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¢ thin metal layers like silver, gold, copper or aluminum deposited on glass sub-
strates. They suffer from low selectivity (particularly in the case of Al [84]), and
low solar transmissivity: 9 nm of silver determines a poor solar transmissivity,
of approximately 40%;

¢ doped semiconductors like indium tin oxide (ITO) or In,O3:5n which despite
the good selectivity [82, 85] have usually a low reflectivity (< 85%) [86];

* composite layers consists in structures made by alternating layers of metals
and dielectrics: TiO,/Ag/TiO, [87] or ZnO/Ag/ZnO [88], etc. The dielectric
act as an antireflective layer and increases the solar transmissivity above 70%.
But still, the metallic layer causes the above problems.

In summary, both metal-based and doped semiconductor structures exhibit low
transmittance or reflectance, making the hot mirror useless for use in HVFPs. The
idea of composite layers appears more appropriate, even though the metallic layer
still limits solar transmittance and IR reflectance. Therefore, in the next section we
will focus on structures entirely based on the use of dielectric materials.

4.2 DBR and rugate design

The first design we took into account is the Distributed Bragg Reflector (DBR), or
Bragg mirror, which consists of a multiple layers structure composed of two mate-
rials with different refractive indices (high- and low-refractive index materials) and
has extremely low losses at optical and IR frequencies compared to ordinary metallic
mirrors. Typically, the first and last layers are chosen to have high refractive index.
The optical thickness of each layer, ¢, is calculated such thatn - t = Ay/4, being Ay the
design wavelength: when the wavelength is close to 4t, the constructive interference
makes the whole structure a high-quality reflector. The range of wavelengths where
reflections occurs, namely stopband (A), is strictly related to the materials chosen, as
highlighted by the following formula:

4

A = —asin( .
T nyg+ng

s S 4.1)

Therefore, the higher ny/n; the larger the stopband. However, after the first 10
periods, the quarter-wave stack no longer offers improved efficiency as additional
layers are added. Another well-known issue with a quarter-wave stack design is the
presence of odd-order reflection bands at Ag/3, A¢/5, and so on, as demonstrated
in Fig. 4.2. This phenomenon limits the breadth of the passband as well as the
transmission in the near- and mid-IR (the ideal properties of the IR mirror have been
better described in section 1.4.2), making it unsuitable for our goal.

To obtain near-ideal performance, more complex structure have thus been ex-
amined as alternative candidates. In particular, a coating design that allows one to
effectively reduce all higher-order reflection bands, leaving only the band at Ay, is
the rugate filter. Idealized rugate filters are characterized by a continuous, sinusoidal
variation of the refractive index as a function of optical thickness in the direction
perpendicular to the film plane [89]. Such structures present several advantages
in terms of suppression of high order harmonics. Furthermore, [90] demonstrated
that, thanks to the smooth modulation of the layers, the rugate filter is subject to
less residual stress than that of filters made from discrete quarter-wave layers with
alternate high and low indices.
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FIGURE 4.2: Simulated reflectance spectrum of a DBR made by alternating layers of
TiO; and SiO; on a glass substrate. Odd-order reflection bands are pointed out.

Any continuous and sinusoidal profile can be used to describe a rugate structure,
but the most exhaustive suppression of higher order harmonics is achieved when the
logarithm of the refractive index is a sinusoidal function of n; and ny [91], which
represent the refractive indices of the layers with the lowest and highest refractive
index values, respectively:

In[n(t)] = a-cos(kot) + b, 4.2)

where 1 is the refractive index, t is the optical thickness, and ko=47t/Ag. The coeffi-
cients a and b are chosen to give the correct higher and lower limits to the refractive
index profile, and are given by:

a= %ln(ﬂ ,
. "H (4.3)
b= *ln(TZL . YLH),

2

where 1, and npy are the refractive indices of the layers with the lowest and higher
refractive index values, respectively.

While a rugate filter might seem like the ideal candidate, its major drawback is its
fabrication: the refractive index must be constantly varied, requiring in situ growth
monitoring and complex algorithms to adjust fabrication parameters. Fortunately,
previous work [92, 93] demonstrated that it is still possible to achieve appreciable
improvements if the sinusoidal curve describing the refractive index variation is
discretized. This means that the standard rugate filter made of infinite layers can
be approximated by a discrete number of layers with steps in the refractive indices,
creating a Stepped Index Rugate (SIR) filter. A pictographic representation of the si-
nusoidal variation of the refractive index with increasing film thickness is shown in
Fig. 4.3 (a), while Fig. 4.3 b) shows the case of the SIR filter.

In a SIR filter the layers are stacked according to a [ABC..X..CBA] scheme, repeated
periodically. The proposed SIR filter uses multiple different layers, each having a
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FIGURE 4.3: Refractive index profile of a) a standard rugate filter and b) an SIR filter.

certain refractive index, to approximate the sinusoidal variation of a standard ru-
gate filter. Its main goals are: i) easier fabrication and ii) similar performance when
compared to a standard rugate filter. Despite rugate structures having already been
used in various applications involving thermo-photovoltaic (TPV) systems [94] or
hypersonic structures [95], they have not been experimentally applied in the case of
solar thermal systems.

4.3 The choice of materials

Once the suitable design has been found, the process continues with the selection of
materials to be involved in the design: the best candidates are dielectric materials,
as most likely they are characterized by low or near-zero extinction coefficients (k ~
0).

Several dielectric materials have been initially taken into account, such as SiO, SiO,,
TiO,, SizNy, TaxOs, ZnS, ZnO, Al O3, etc. Their complex refractive index is showed
in Fig. 4.4.
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FIGURE 4.4: a) Refractive index and b) extinction coefficient trends of various dielectric
materials useful in the IR mirror design.

In the choice of the materials we must remember that, according to equation 4.1,
they must have the highest possible refractive index contrast to ensure a wide stop-
band [96]. However, even though the best discretization to a continuous function
can be obtained by using a large number of materials with closely-spaced refractive
indices, lowering the number of materials involved reduces the challenge of fabrica-
tion. In fact, most sputtering deposition tools are limited to one material at a time,
with a limited number of targets available. This implies that if different materials are
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involved in the design of the IR mirror, different and frequently target substitution
must be performed to deposit each period of the IR mirror. This, therefore, would
considerably slow down the fabrication process and, on the other hand, would lead
to greater expenses for the realization, even at an industrial level. Therefore, two
techniques were taken in consideration for fabrication of the different index layers:
i) mix different percentages of two materials, and ii) vary the composition of a single
material. Both approaches are more likely to be beneficial when compared with the
deposition of films from different target materials. In fact:

* varying the composition of a material by changing the parameters of depo-
sition (i.e. gases flow rate, pressure, power, etc.) allows to obtain different
refractive indices from a single target;

¢ mixing a low- and a high-index material through co-sputtering in principle
could allow one to create composite materials with different properties, which
leads to a huge flexibility in achieving any refractive index value between those
of the starting materials.

On one side, co-sputtering of a high and low index materials such as titanium

dioxide and silicon dioxide was chosen for its simplicity and versatility. Both mate-
rials are easy to handle and well-known in the literature [97]. In addition, the high
refractive index contrast ng/ny, > 1.5 make their choice even more interesting as the
wavelength range in which reflection occurs is strictly related to this value [96].
On the other side, prior studies conducted on silicon nitride demonstrates that it is a
very versatile material and its physical properties can be strongly influenced by the
environmental condition during deposition. For example, [98, 99] studied the influ-
ence of the Ar and N, gas concentrations on the refractive index and deposition rate
of silicon nitride films and reported that an increase in nitrogen flux leads to higher
refractive indices and lower deposition rates; other works demonstrated that the
physical properties of silicon nitride films are strongly influenced by the substrate
temperature [100] and N» partial pressure [101]. Therefore, it is well suited to be-
ing the ideal candidate for obtaining different compositions, i.e. different refractive
indices.

We therefore focused on two different design of IR mirror: one entirely made of
silicon nitride composites (SiNy), and one based on layers of silicon dioxide (5iO;)
and titanium dioxide (TiOy).

4.4 Rugate design based on silicon nitrides

This section presents a rugate filter made of different layers obtained from a single
cathode of Si, exploiting the idea of varying the refractive index by varying the de-
position conditions. This structure was developed at the Institute of Applied Sciences
and Intelligent Systems (ISASI) in Naples (Italy).

4.4.1 Deposition and characterization of single silicon nitride films
Deposition

Thin silicon nitride films were produced in Naples (CNR-ISASI) by reactive sput-
tering deposition using a magnetron source operated by an RF power supply (Ad-
vanced Energy, HiLight 613). The cylindrical vacuum chamber is equipped with
four targets (10 cm in diameter) placed at 90° from each other, and a rotating plate
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FIGURE 4.5: a) Sputtering deposition system at CNR-ISASI (Naples). b) Rotating plate
with four sample holders.

with four Cu sample holders (10.7 cm in diameter) connected to ground (Fig. 4.5). A
rotating shutter placed close to the target helped to control the deposition time and
film thickness. A water-cooled silicon target (4-in diameter) with a purity of 99.99%
is placed 10 cm from the sample holder. Smooth, alkali-free boro-aluminosilicate
glasses (Corning: 1737F, 2.5 cm x 2.5 cm) are used as substrates, after appropriate
cleaning in ultrasonic acetone and isopropanol baths. To facilitate optical studies,
lightly doped n-type (1.0-1.5 x 103 Q- cm) single-side polished silicon (100) wafers
(2.5 cm x 2.5 cm) were also used as substrates.

Using a 1500 L/s turbo molecular pump, the vacuum chamber is pumped down
overnight to a base pressure below 2 x 10~ Pa before starting the experiment. A
throttle valve is activated to reduce the pumping speed and obtain a pressure suit-
able for sputtering without wasting too much gas. The throttle activation did not
increase the base pressure above 2 x 107> Pa. Indeed, the high vacuum is necessary
to avoid oxidation of the source and have clean surfaces, and allows vapor particles
to travel directly to the substrate, where they condense.

High-purity Ar and N» gases were introduced into the chamber and monitored
using separate mass flow controllers (MKS, Series 946), with a constant Ar:N, ra-
tio (36:3) corresponding to a total pressure of 0.54 Pa, measured by a capacitance
gauge (Pfeiffer CMR 364). The choice of an argon flow significantly greater than
nitrogen flow is based on evidence from previous studies [102, 103], where it was
demonstrated that increasing the total flux of the processing gas could reduce the
hysteresis that characterizes most reactive sputtering processes.

Before starting deposition, the Si target is cleaned from surface impurities by pre-
sputtering in an Ar atmosphere for 15 min. Nitrogen is injected and the RF power
supplied to the Si target is slowly increased to the desired level and maintained for
20 minutes to ensure an equilibrium condition and guarantee homogeneous film
growth. This conditioning is performed with the shutter plate open over an empty
sample holder to reproduce the same deposition conditions of an actual experiment.
The silicon target was supplied with variable power from 100-400 W; the automatic
matching line maintained the reflected RF power component at a negligible level for
all power values. No external heating or cooling was provided during deposition:
temperature measurements showed that the sample holder never exceeded 100°C,
as shown in Fig. 4.6.
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FIGURE 4.6: Sample holder temperature during deposition at different RF powers. The
circled points on each curve indicate the deposition time required to obtain a film thick
140 nm.

Characterization

The thicknesses of the silicon nitride films were measured using a profilometer (KLA
Tencor, P-15) and their values were compared and confirmed by ellipsometric anal-
ysis, which yielded similar results, within 3% (Table 4.1). The deposition time was
varied to maintain thicknesses of approximately 140 nm at each power, whilst at
300 W different deposition times were chosen to study the influence of the film thick-

ness on the optical properties.

TABLE 4.1: Deposition rates of thin SiN, films at different RF sputtering powers es-
timated from profilometric measurements, film thicknesses measured by profilometer
and obtained from the model based on ellipsometric measurements, and percentage
discrepancy between the two sets of thickness values. The numbers in brackets indicate

different samples deposited in the same conditions.

RF Power Dep. Rate Thickness (nm) Thickness
(W) (A/ S) Profilometer Ellipsometer discrepancy (%)
100 0.48 138.0 141.1 2.2
125 (1) 0.63 117.8 120.0 1.9
125 (2) 0.66 131.2 132.6 1.1

150 0.78 126.1 126.7 0.5
200 (1) 1.11 145.7 149.9 2.9
200 (2) 1.65 135.0 138.4 2.5
200 (3) 143 179.4 180.2 0.4

250 2.08 125.3 128.3 24
300 (1) 2.55 235.6 237.3 0.7
300 (2) 2.52 131.2 133.6 1.8
300 (3) 2.56 148.4 151.2 1.9
300 (4) 2.50 137.5 140.2 2.0

350 3.55 157.0 159.2 1.4
400 (1) 4.15 141.3 143.7 1.7
400 (2) 4.05 136.7 136.9 0.1
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FIGURE 4.7: Deposition rate of SiNy at various RF sputtering powers (red triangles).

Black empty triangles (at 125 W, 300 W, and 400 W), the cyan empty square and blue

circle (at 300 W) represent additional samples produced in different runs to check the

rates reproducibility. The red half empty triangles highlight the lack of reproducibility

at 200 W. The two lines highlight the different slope (m) in the linear relation between
deposition rate and power.

During the reactive sputtering, the gases react with the target material, creating

a compound that is deposited on the substrate. The speed of this process and the
properties of the compound are process-dependent. The evaluation of the deposi-
tion rates showed its increase with the sputtering power at fixed Ar and N, pres-
sures (Fig. 4.7), as already observed in prior studies conducted in a narrower range
of powers [104, 105].
It is also evident from the Fig. 4.7 that the region around 200 W separates two differ-
ent linear regimes: when the power is less than 200 W, the deposition rate increases
linearly with a slope m; = 0.006 (green line in Fig. 4.7). Above 200 W the deposition
rate-power relation is still linear, but has a slope m; = 0.014 (blue line in Fig. 4.7).
The different behaviors can be attributed to different sputtering modes: total target
coverage by nitride atoms is expected at low power (compound sputtering mode) while
limited coverage is expected at high power (elemental sputtering mode) [103]. In repli-
cating the sample series, we observed a lack of reproducibility in the deposition rate
in the region around 200 W, where it varied from 1.1-1.65 A/s (Table 4.1).

The refractive index of each film was investigated using a spectroscopic ellip-
someter (Horiba Jobin-Yvon, UVISEL) equipped with a xenon lamp and a detector
system for analysis of the optical response of the sample from 280-1600 nm. Mea-
surements were conducted at an incident angle of 70°. The complex refractive index
of the silicon nitride film was well-fitted by the Tauc-Lorentz dispersion formula
[106, 107]. Each fit returned negligible thicknesses for the two roughness-equivalent
layers (< 5 nm) and the x? was always < 3 for each sample, proving the goodness
of fit.

Figure 4.8 shows the refractive index and extinction coefficient trends of the sam-
ples deposited at different RF powers. As with the deposition rate, the refractive
index increases sharply with the RF power. Indeed, the plasma confined near the
target determines the release of silicon particles proportionally to the RF power: an
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FIGURE 4.8: (a) Refractive index and (b) extinction coefficient trends for samples pro-

duced at different sputtering powers. The inset shows the extinction coefficient in semi-

logarithmic scale. The overlapping curves at 125W, 300 W, and 400 W were obtained
from different samples, and indicate the reliability of the experiment.

increase in the RF power results in consumption of nitrogen particles and forma-
tion of silicon-rich SiNy films. Thus, it is observed that samples deposited at powers
greater than 300 W have a refractive index greater than that of the stoichiometric
SizNy [108] (black squares in Fig. 4.8 (a)), which is almost perfectly consistent with
the films deposited at 300 W (olive green squares, magenta circles, empty purple
squares, and cyan rhombuses in Fig. 4.8 (a)). Films deposited at powers less than
300 W have refractive indices less than that of SizNy: with low atomic ratio (Si/N)
values, the ionized nitrogen is easily back-scattered from the cathode and trapped in
the growing film, introducing lattice defects and distancing the SiNy films from the
stoichiometric one. This qualitative analysis was confirmed by the EDS measure-
ments (see Appendix A).
The extinction coefficient in Fig. 4.8 (b) has values less than 0.05 for powers up to
300 W, decreasing rapidly to zero before reaching a wavelength of 600 nm. For sput-
tering powers greater than 300 W, the extinction coefficient is no longer negligible,
and decreases to zero when A > 600 nm. Thus, we can conclude that most of the
samples were completely transparent in the near-IR region, and nearly transparent
in the visible region.
The complex refractive index does not depend on the thickness of the sample at the
same power, as indicated by the magenta circles and the cyan rhombuses in Fig.
4.8), representing films deposited at 300 W with thicknesses of 131 nm and 235 nm,
respectively. The overlapping curves at 125W (light blue pentagon and empty red
rhombuses), 300 W (magenta circles, olive green squares, empty purple squares, and
cyan rhombuses), and 400 W (orange stars and empty black circles) in Fig. 4.8 show
that the reproducibility of the deposition rate shown in Fig. 4.7 corresponds to the
reproducibility of the refractive index curves, with a variation of less than 1%. Like-
wise, the missing reproducibility at 200 W of the deposition rate also occurs in the
refractive index analysis, as showed in Fig. 4.9, which compares the refractive in-
dex dispersion curves of SiNy films deposited at 300 W and 200 W: a significantly
different behavior is observed in the refractive index of samples deposited at 200 W;
contrasting the four almost perfectly overlapping curves for samples deposited at
300 W. Thus, the region around 200 W will be no longer taken into account.
Reflectivity measurements of each sample were performed by the integrating
sphere (Ocean Optics ISP-REF) in the spectral range of 350-1750 nm, and the Jasco
FT/IR 6300 spectrometer above 1.4 ym. Both measurements were compared with
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FIGURE 4.9: Refractive index of silicon nitride films deposited at 200 W and 300 W. Sam-
ples deposited at 300 W and samples deposited at 200 W exhibit different reproducibil-

ity.

the simulation results from Open Filters: the good agreement between the two sets
of data over the entire range of investigated wavelengths confirms the effectiveness
of the refractive indices obtained from ellipsometric measurements and the mea-
sured thicknesses. It also represents the first step in appropriately simulating more
complex multilayer optical structures. As an example, in Fig. 4.10 the optical char-
acterization of three different samples deposited at three different sputtering power
is shown.
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FIGURE 4.10: Reflectance measurements (green and blue lines) and simulations per-
formed with Open Filters software (red line) on three samples at different sputtering
powers: (a) 150 W; (b) 300 W; (c) 400 W.

4.4.2 The SiN,-based IR mirror

To build the IR mirror the single layers of SiN, have been arranged according to the
scheme [ABCDCBA]', where each capital letter (A, B, C, and D) indicates a material,
starting from the one with the lowest index (A) to the one with the highest index (D).
The variation in the refractive index was obtained by changing the RF power during
deposition, as mentioned in section 4.4.1, from 100 W (layer A) to 350 W (layer D).
The intermediate layers, B and C, were obtained by depositions made at 125W and

INote that from the second period onwards, the first layer (A) must not be considered, as it is
already present in the previous period. Therefore, the total number of layers in the first period is 7
(ABCDCBA), while it decreases to 6 (BCDCBA) for all the others.
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250 W, respectively. The silicon nitride films presented here are named according
to the RF power used, namely SiN-high, SiN-med, SiN-med:low, SiN-low, which
correspond to 350 W, 250 W, 125 W and 100 W, respectively.

The first period of the SiN-based SIR filter has been deposited by reactive sputter-
ing and analyzed through the integrating sphere and the optical spectrum analyzer.
The measured spectrum has been compared with the one simulated, showing a very
good agreement between the two sets of data (Fig. 4.11 a)).
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FIGURE 4.11: a) Spectral reflectance of a simulated (red line) and measured (black line)

1-period rugate structure. b) Simulated layer number-dependent evolution of spectral

reflectance: 43 layers (7 periods, blue line), 61 layers (10 periods, green line), 73 layers
(12 periods, black line).

Naturally, a single period is not enough to reach a configuration where the main
reflectance peak is prominent in the spectrum. Indeed, more periods and more lay-
ers are needed: in fact, Fig. 4.11 b) presents the layer-dependent evolution of the
reflectance and demonstrates that the more layers involved in the design the higher
the reflectance peak.

Unfortunately, although the single layers involved in the design are character-
ized by a relatively low extinction coefficient, the overall structure presents a non-
negligible absorption (Fig. 4.12). This may be addressed to the layer D (SiN, de-
posited at 350 W) which, when used repeatedly within the periodic structure, in-
creases its absorption. Due both to some difficulties related to the malfunctioning of
the deposition tool, and to the phenomenon of absorption (that contrasts the passage
of solar radiation through the mirror, thus preventing it from reaching the absorber),
we decided to follow another path, presented in the next section.

4.5 Rugate design based on silicon and titanium dioxides

Having established the limitations of the previous design, we focus on a new IR
mirror structure based on the use of two cathodes, SiO, and TiO,, to make distinct
materials through the co-sputtering technique. This structure was developed during
the period spent at Purdue University (IN, USA).
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FIGURE 4.12: Normalized solar spectral irradiance (orange line) and absorption of the
IR mirror made of SiN, (black line).

451 Deposition and characterization of single films of SiO; and TiO,
Deposition

Silicon and titanium dioxides, as well as intermediate-index materials, were pro-
duced at Purdue University.

The vacuum chamber (PVD SD-400) is equipped with four targets and one sample
holder, in addition to a rotating shutter placed between the targets and the sample
holder (Fig. 4.13 a)). The turbo molecular pump (Pfeiffer Vacuum HiPace 700, 685
liters/second) and roughing pump (Edwards XDS10i) lead to a pressure of 10~* Pa
before starting the experiment. A probe arm and a load lock gate valve (in Fig. 4.13
b)) allow to insert and remove the sample without breaking the vacuum.

FIGURE 4.13: a) Sputtering deposition system at Purdue University and b) loadlock
chamber that provide a fast and clean method of introducing samples into high-vacuum
systems.

RF balanced magnetron sputtering of 2-inch SiO, and TiO; cathodes (purities of
99.99% and 99.995%, respectively) in Argon or Argon/Oxygen atmospheres were
used to create five different materials: to avoid involving multiple targets all the ad-
ditional intermediate-index materials were obtained from co-sputtered depositions
by mixing SiO, and TiO; in different ratios to form [SiO,],[TiO2]1—x (ST) [109, 110].
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The targets are warmed up at 5 W/min until desired power is reached. After appro-
priate cleaning in acetone, toluene, isopropyl alcohol, soda lime glass slides were
used as substrates, to perform the deposition on the same glass used in real high
vacuum flat panels. The detailed parameters of the growth process are listed in Ta-
ble 4.2. As for silicon nitrides, no external heating or cooling was provided during
each deposition.

TABLE 4.2: Thin films growth process parameters.

Film Name Dep. Pressure Oxygen Flow Argon Flow TiO, Power SiO, Power

(Pa) (sccm) (scem) (W) (W)
TiO, 1.35 0.3 14.7 125 -
ST - high 1.35 0.3 14.7 125 42
ST - med 1.35 0.3 14.7 125 75
ST - low 1.35 0.3 14.7 125 125
SiO, 0.67 0 15 - 100

Characterization

The thicknesses of thin SiO,, TiO,, and of ST-high, ST-med, ST-low films used for
the characterization, measured by profilometry (KLA-Tencor, P-7 Stylus Profiler),
are listed in table 4.3.

TABLE 4.3: Thin films thickness and deposition rate.

Film Name Thickness (nm) Thickness Deposition
Ellipsometer Profilometer discrepancy (%) Rate (nm/min)
SiO, 125 126 0.8 1.9
ST-low 32 35 94 1.2
ST-med 27 29 7.4 0.7
ST-high 30 32 6.7 0.5
TiO, 23 25 8.7 0.4

Those values were compared with results obtained from the ellipsometric analysis:
the two sets of measurements yielded very similar results (listed in table 4.3). The
deposition rates were estimated from the thickness values measured using profilom-
etry because of its high level of accuracy and reproducibility. For each sample the
peak-to-valley height, measured over a distance of 100 um, was found to be lower
than 6 nm, comparable with that of the substrate. Therefore, this suggest the flatness
of the deposited films, demonstrating the feasibility of multilayer structures.

The ellipsometric measurements were performed using a spectroscopic ellip-
someter (J. A. Woollam V-VASE UV-VIS-NIR), equipped with a detector that allows
to analyze samples in the range of 250 to 2500 nm. Data were collected at an incident
angle of 70° and were well fitted by the Cauchy dispersion formula [111],

B C

(4.4)
where A is the wavelength, while A, B, and C are terms to be adjusted to match the
refractive index for the material. Each fit performed on the single-layers returned
thicknesses for the two roughness-equivalent layers < 5 nm and a x?> < 5 for each
sample.
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FIGURE 4.14: Measured dispersion curves of the sputtered thin films: refractive in-

dex (a) and extinction coefficient (b) of SiO, (black circles), TiO, (olive green squares),

co-sputtered SiO,/TiO, at various SiO; powers (red pentagon, blue rhombuses, and
magenta triangles).

The measured dispersion curves of each deposited material are depicted in Fig. 4.14,
in the range of 300-2500 nm. Fig. 4.14 (a) shows the real component of the refractive
index, n, while Fig. 4.14 (b) shows the extinction coefficient, k, on a semi-logarithmic
scale and in a narrower region, since elsewhere it is equal to zero. It is evident for co-
sputtered materials that the increase in the SiO, power determines the decrease of
the refractive index. The refractive index contrast calculated between the high- and
low-index materials is high: ny/n;, = nrio,/nsio, ~ 1.56 at A=632.8 nm, favoring
the width of the reflection peak.

4.5.2 The SiO;,- and TiO,-based IR mirror

As already mentioned in section 4.4.2, in the IR mirror design the layers have been
arranged according to the scheme [ABCDEDCBAJ?, where the layer A is made of
SiO;y, B of ST-low, C of ST-medium, D of ST-high, and E of TiO,.

Results of measurements and simulation of the SIR filter designed using data
displayed in Fig. 4.14 are shown in Fig. 4.15. Optical transmittance spectra were
recorded over an ultra-broad spectral range, using a spectrophotometer (Lambda 950)
in the range of 200 nm to 2500 nm and an FTIR Spectrometer (Thermo-Nicolet Nexus
670) in the region above 2000 nm. The simulated and measured transmittance spec-
tra resulting from a 3 period SIR design is shown in Fig. 4.15 a). As expected, a dip
in transmittance is observed around A=2 ym. The simulated and experimental data
strongly agree, showing nearly identical shape. In the region between 2 and 2.5 ym
the result from Lambda 950 and FTIR measurements overlap, indicating a variation
between the two data sets of less than 6%. The larger variation between experi-
mental and simulated data in the region above A=2 ym can be attributed to the two
main factors that are responsible for the characteristic spectrum: refractive index
and layer thickness. In fact, on the one hand, a larger error at wavelengths longer
than 2.5 ym is expected because of the lack of a direct measurement of the refrac-
tive index, in addition to the fact that ellipsometric measurements performed on test
samples before and after the three-period multi-layer fabrication showed a change
of 1% in refractive index for all layers. On the other hand, a change in the depo-
sition rates up to +7% on the test samples preceding and following the multilayer

2As explained in the footnote 1, the actual scheme is ABCDEDCBA /BCDEDCBA/../BCDEDCBA.
Therefore, while the fist period consists of 9 layers, all the others have 8 layers.
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FIGURE 4.15: a) Spectral transmittance of a 3 periods rugate structure: simulation (red

line) and measurements (blue and black lines). b) Layer number-dependent evolution

of spectral transmittance: 41 layers (5 periods, blue line), 57 layers (7 periods, green
line), 81 layers (10 periods, black line).

deposition was observed. This may be attributed to possible wear or degradation
of the SiO, and/or TiO, targets during fabrication; in fact, a decrease in deposition
rate after ~20% of a target’s useful life is expected. Although the agreement be-
tween experimental and simulated data remains satisfying, the mitigation of these
uncertainties is possible if a real-time deposition rate monitor, in situ ellipsometry, or
fresher targets are used, which are readily available solutions at an industrial level.
The figure 4.15 b) presents the layer-dependent evolution of the transmittance (T),
similarly to the one showed in Fig. 4.11 b) for the IR mirror entirely made of layers
of silicon nitrides. The analysis shows that 57 layers (corresponding to 7 repeated
periods) are sufficient to reach a transmittance close to zero in a certain region of the
mid-IR range.

Differently from what was observed in the case of the IR mirror made of SiN,, in
the present case the spectral absorption (A(A)) is negligible, as demonstrated in Fig.
4.16. Therefore, the spectral reflectance can be obtained as R(A) =1 — T(A).
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FIGURE 4.16: Normalized solar spectral irradiance (orange line) and absorption of the
IR mirror made of SiO, and TiO, (black line).
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4.6 Final considerations on the IR mirror

The IR mirror presented in the prior section is characterized by a very narrow stop-
band (approximately 0.5 ym wide) centered at 2 um. Still, its average transmittance
in the solar region is not maximum. Therefore, further work can be done to optimize
the IR mirror. For instance, an higher transmittance in the visible region would ben-
efit the amount of solar radiation hitting the SSA, and a broader reflection stopband
would further increase system efficiency by recovering more of the radiative power
lost by the heated absorber.

While the transmittance spectrum could be improved quite easily by using one of
the processes described in section 3.4 (i.e. by introducing one or multiple matching
layers and/or by using some optimization techniques), the filter stopband broad-
ening is achievable by introducing periodic chirping, represented in Fig. 4.17 and

defined as follows [45]:
1+,
Xi = Xi-1- (1 7

where X; is the optical thickness of the i-th period, N, the total number of layer peri-
ods and ¢ denotes the chirp parameter. The different thickness of the layers involved
in the design is crucial, in fact the layers with thickness x will reflect a certain wave-
length, those with thickness x+dx will reflect a slightly longer wavelength, and so
on, resulting in a mirror capable of reflecting a wider range of wavelengths.

The main drawback in the introduction of chirped layers is the need for increasing
the number of periods, which leads to a bigger number of layers in the design.

) (4.5)
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FIGURE 4.17: Refractive-index profile of a chirped mirror.

The designed IR mirror is characterized by a glass substrate (n ~ 1.5) and several
stacked layers ending with SiO,. Such material has a low refractive index, below 1.5,
which is not too far from the refractive index of the external air (n,;,=1.0). Therefore,
the matching and apodization procedures would not lead to appreciable improve-
ments, as illustrated in Fig. 4.18, where the spectrum of a standard SIR filter is com-
pared with that of the same filter processed with the quintic polynomial apodization
[71].
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FIGURE 4.18: IR mirror: simulation of the rugate design with (red curve) and without
(black line) apodization.

The only appreciable improvement is evident in the region around 2 yum, right be-
fore the main reflection peak. However, it also leads to an overall worsening of the
spectrum and a slight reduction of the reflectance in the stopband, as anticipated
in section 3.4.2. Furthermore, the layers considered in the simulation are made up
of hypothesized materials, which have constant refractive indices and which do not
really exist. In fact, it is not easy to find many existing transparent materials with
refractive index values between 1.0 and 1.5. Therefore, the strong contribution in
the optimization of the transmittance/reflectance comes from either the refinement
of the layer thicknesses and the addition of new thin layers in selected positions
along the entire designed structure (refinement and needle methods, respectively,
described in section 3.4.2).

The combination of chirped layers and optimization leads to remarkable results:
in Figure 4.19 is presented the result of simulation performed using the chirped
rugate-like design as a starting point and applying a needle optimization to reach a
target curve describing a filter with properties close to the ideal IR mirror (as defined
in section 1.4.2). The periodic chirping has been realized by choosing { = 0.4 and a
design made of 40 periods, with a total of layers of 240. The spectrum showed in Fig.
4.19 demonstrates an enlargement of the main dip in the spectrum (Ajrym), reaching
as high as Ajry = 2.5 pm. The mirror is characterized by an average reflectance, pgog,
of 0.97 in the range of 1.75 to 4.25 ym and by an average transmittance, Ty, of 0.91
in visible region, up to 1.75 um.

Note that, as mentioned in section 3.4.2, the needle method works by adding new
thin layers at a specific location in the design. Therefore, after the needle optimiza-
tion, the number of total layers increases and passes from the initial value of 240 to
640. Furthermore, to ensure that the added layers were not too thin and impractical
in reality, we limited the thickness of the needles to be at least 5 nm, which is a value
close to the minimum thickness allowed by the most common sputtering tools. Also,
to avoid adding new materials to the design, we set an additional constraint: all the
additional layers must be selected from the materials already existing in the design.

Although it takes a long time to deposit hundreds and hundreds of layers, it

is not impossible to achieve the final configuration if the sputtering tool used is
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FIGURE 4.19: Spectral reflectance of optimized chirped IR mirrors based on SiO; and

TiO; layers (blue line, right axis), compared with the solar spectrum (red filled area, left

axis) and the emission spectrum of a commercial absorber working at 400 °C (black line,
left axis).

automated and equipped with an in situ growth monitoring, both solutions easily
applicable at an industrial level.

On the basis of the results illustrated in the Chapter 2 ( [46]), it is easy to demon-
strate that an IR mirror with such properties could lead to a non-negligible change in
the high-vacuum solar thermal system efficiency, Ay. In fact, while the high-vacuum
solar thermal collector without an IR mirror has a low thermal transfer efficiency at
a working temperature of 400°C (7=0.130), the addition of a mirror with the same
characteristics as the one presented in Fig. 4.19 b) results in an increase in the effi-
ciency of Ay = 0.176 at the same working temperature. This finding indicates that
the optimized IR mirror would represent a net benefit in high-vacuum flat solar
thermal systems working at medium to high operating temperatures and low con-
centration. An ideal mirror (p=1 in the IR while 7=1 in the visible region) with the
same bandwidth Ajryr = 2.5 um would increase the efficiency change value up to
the 30%. Of course, by broadening the bandwidth of the ideal mirror the efficiency
improves even more, reaching values up to the 60% [46]. Note that the efficiency
change values reported in this paragraph refer to peak efficiencies.

Even if it has been developed for a HVFP system, the approach is general enough
that the IR mirror could potentially be extended to any emissive solar device. There-
fore, it is interesting to investigate its performance for oblique incidence [112, 113],
as the spectrum presented in Fig. 4.19 result from simulation performed at a normal
incidence. Therefore, the IR mirror reflectance was studied at different wavelengths
and incident angles, in 0-80°. The results of the analysis, schematically illustrated
in Fig. 4.20, showed that the IR mirror has a very low angular dependence, keep-
ing a high reflectance in the whole range of investigated angles of incidence, while
a high transmittance in the VIS and near-IR regions up to 50°, where the flat panel
considered here produces the considerable amount of energy. Therefore, this study
demonstrates that considering only the normal incidence remains a good approx-
imation when dealing with systems made of flat parallel plates, as schematically
showed in Fig. 2.1.
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FIGURE 4.20: Reflectance spectra of the chirped IR mirror as a function of the incident
angle.
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Chapter 5

Control of thermal emissions via
selective multilayer

This chapter intends to provide a general overview of thermo-photovoltaic (TPV)
systems, highlighting the key role of both high-vacuum insulation and selective
emitters in the control of the thermal emissions and of the systems efficiency.

The chapter is organized as follows: section 5.1 introduces the PhotoVoltaic (PV)
cells operation, as it is the main component of a TPV system. The working principle
of TPVs is described in details in section 5.2. Section 5.3 presents the state of the
art of the development of selective emitters, while section 5.4 introduces the class
of materials which can be involved in their design and presents the results of our
approach in designing selective emitters.

5.1 PV cell operation
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FIGURE 5.1: Working Principle of a PV Device. Image available in [114].

A photovoltaic (PV) cell, whose working principle is schematically shown in Fig.
5.1, is basically configured as a large-area p-n junction, i.e. n-type and p-type semi-
conductors put directly adjacent to each other to create a stronger carrier diffusion
gradient. The mechanism that allows to convert solar energy into electricity is the
photovoltaic effect: when the photons hit the cell, their energy is transferred to the
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electrons of an atom of the semiconducting material in the p-n junction, causing it
to jump to a higher energy state (conduction band) and creating an electron-hole pair.
Hence, these electrons are free to move through the material, and their motion to-
wards the n-side of the juction creates an electric current in the cell, which is the
key point of a working cell [115]. However, only photons with appropriate energy
(equal to the bandgap energy, Ey,, of the semiconductor) participate to the process:
photons with E < Ej, are not able to create the electron-hole pair; photons with
E > Epg can only create one electron-hole pair and their excess energy is dissipated
as heat. Therefore, in both cases there is a loss of energy which limits the conver-
sion efficiency of the PV cell, determined as the fraction of incident power which is
converted to electricity and is defined as:

P,
11pV = 7[ (51)

P
Hence, only a small part of the solar spectrum is useful for the conversion: for ex-
ample, Fig. 5.2 shows that the available portion of the solar spectrum is reduced to
the 33% in the case of a silicon solar cell, with Epe=1.1 eV
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FIGURE 5.2: Spectral analysis of the minimum losses for a silicon solar cell (bandgap
= 1.1 eV): thermalization represents the largest loss in this analysis, and it increases for
the higher energy portions of the solar spectrum [116].

Besides silicon, other semiconductors can be used in solar technologies: the most
diffuse are listed in table 5.1, where their bandgap energy and wavelength (Epg, Apg)
are reported.

PV cells can be classified into four generations, depending on the materials which
are used for their fabrication. They are illustrated in Fig. 5.3 [114]:

¢ first-generation cells, which include single- and multi-crystalline silicon;

¢ second-generation cells, which are based on thin films (the maximum film
thickness was brought down to a few nanometers to tens of micrometers to
reduce the high material usage and cost of the previous generation);

¢ third-generation cells, which include organic solar cells with nano-crystalline
films;
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Material Epq (eV) Apg (um)
GalnAsSb 0.53 2.34
Ge 0.66 1.88
GaSb 0.72 1.72
Si 1.12 1.11
GaAs 1.42 0.87
InGaSb 142t00.36  0.87 to 3.44

CdTe 1.45 855

CIGS 1.01to1.68eV 0.74to01.23
Perovskites 1.3t02.3 0.54 to 0.95
InGaP 1.90 0.65

TABLE 5.1: Band-gap energy and wavelength of the semiconductors most used for PV

cells. Note that the term perovskite indicates a class of compounds which have the same

type of crystal structure as CaTiO3, and the range of bandgap energies indicated in the
table can be further extended. CIGS stands for Copper Indium Gallium Selenide.

* fourth-generation cells, which combine the low cost/flexibility of polymer
thin films with inorganic nanostructures.

PV technology
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FIGURE 5.3: Schematic of the various generations of solar cells [114].

However, the most common solar cells available in the market are the first-generation
solar cells.

Monocrystalline silicon solar cells Monocrystalline cells are made up of crystals
grown along one plane from cylindrical shaped ingots which are sliced into small
wafers. Impurity atoms are added to dope the silicon either to make it p-type or
n-type. The high purity determines high costs but high efficiency (26.7% [117]).

Polycrystalline silicon solar cells Polycrystalline cells are made from raw silicon,
melted and poured into a square mold, further cooled and cut into perfectly square
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wafers. Therefore, the low purity and nonuniformity of the wafers determines a
lower efficiency, which reach its maximum around the 24.4% [117].

5.2 The interest in TPV technologies

The recent growth of photovoltaic solar energy capacity worldwide, as well as the
relatively high collection efficiency of solar thermal collectors, have brought the at-
tention of many on the development of thermo-photovoltaic systems. A TPV system
employs a PV module and a thermal collector and allows the direct conversion from
the thermal radiation emitted from an object heated at temperatures tipically higher
than 1000 K to electricity.

As a result of the PV cell operation (described in the prior section), it is crucial that
the radiation incident on the PV cell matches its bandgap. Hence, the key role of the
thermal emitter, a device which emits thermal radiation and for which selectivity is
required: it must emit only the photons with energy included in the range of interest
to make the PV cell work properly. Alternatively, a filter can be added in front of the
PV cell to transmit only the photons with E = fiw ~ Ej,, while the remaining pho-
tons with energy outside the range of energies admitted by the PV cell are reflected
back and reabsorbed by the emitter. The filters are particularly useful when working
with black body emitters or emitters not perfectly selective, but they mostly reflect a
small percentage of light in the desired wavelengths range. Then, all the light that is
not redirected to the emitter or to the PV cell is lost.

selective emitter PV cell

selective emission

input >
heat P
reflection
optical
filter

electrical output

FIGURE 5.4: Schematic of TVP operation. Image available in [118].

The working principle of a TPV device is schematically illustrated in Fig. 5.4 and
could be summarized as follows [119]: the thermal energy coming from any source
heats up an emitter, which emits photons preferably with energy above the bandgap
of the PV cell. At this point, the radiation emitted hits the PV cell and is converted
into electricity.

Despite their design is complex, TPV systems have several advantages besides di-
rectly converting heat radiation into electricity: they are modular and lightweight,
which means that existing systems can be expanded or adapted to the needs; their
average lifetime is of 25 years; they require little maintenance, are silent and emission-
free [115]. The main advantage of TPV with respect to direct conversion by solar cells
is that their spectral distribution can be tailored according to their sensitivity, thanks
to the either the selectivity of the emitter and the filter. It also has a potentially higher
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efficiency and higher power densities (5-60 W/cm? compared with 0.1 W/cm? for
solar cells), as the heat source and the PV cell are much closer in TPV compared to
the distance from the Sun (1-10 cm Vs ~ 1.5- 10" m).

However, the definition of efficiency in TPV systems is complex and strongly de-
pends on the boundary conditions: the total input can be defined in different ways
depending on the heat source, and the output could be either considered as exclu-
sively electrical or electrical and thermal - in the case of Combined Heat and Power
(CHP) systems. Fig. 5.5 illustrates a schematic of the energy flow of a general TPV
system.

Heat source
losses Cavity heat losses Losses due
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and
technological
. - factors
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FIGURE 5.5: Energy flow of a TPV system (adapted from [119]).

Therefore, the overall efficiency of a TPV system, #rpy, depends on the product
of all partial efficiencies of the various part of the system [119], namely:

* ypy is the PV cell efficiency, defined in Eq. 5.1;

* #source 1S the heat source efficiency, defined as the ratio of emitter net heat trans-
fer to the total input:

Hsource = P_} (5.2)

* 7ecavity is the cavity efficiency, which in steady state is defined as ratio of the
power incident on the PV cell to the net radiative heat flow:

Ppy

ity = ——. 5.3

Wcuvzty Pnet ( )
The current estimate of the capital costs for PVT systems shows that it is approx-

imately 30% higher than the cost of a PV and solar thermal system installed side by

side, and the PVT collectors account for approximately the 60% of the total cost [120,
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121]. But, as the cost of solar thermal systems is decreasing with a learning curve
of 20% in Europe, similar to the decreasing production cost of crystalline silicon
(c-Si) PV modules [122, 123], it would be not too risky to assume that a reduction of
costs will also invest the TPV market. A first step in that direction certainly could
be the development of innovative designs which increase the thermal efficiency and
improve the cost-competitiveness of the system.

About this, a recent work [124] has proposed new high efficiency designs which
reduced the emissivity of the solar cells in flat plate and evacuated TPVs. Those
employs an evacuated glazing cavity combined with a low emissive coating (with
and emissivity of €=0.15). Compared to present commercial TPVs, this collector is
projected to have double the thermal efficiency, and to provide 1.5 and 2 times the
revenue or carbon savings of PV modules and solar thermal collectors, respectively
[124]. Hence, the need to exploit the advantages of high vacuum insulation, already
illustrated in the section 1.4 (Fig. 1.10).

Potentially, TPV systems can convert heat into electricity with Carnot efficiency.
Hovewer, at the current stage of research, the highest estimation of efficiency for TPV
systems working at 1300 K reaches the 70% of the Carnot’s limit [125] if a selective
emitters built from refractory metals is employed. It is therefore obvious that in
such systems the control of thermal radiation through selective emitters becomes
fundamental to reduce the amount of wasted heat.

In the next two sections we present the state of the art and propose new and easier
designs of selective emitters.

5.3 Selective emitters: state of the art

We have learned that the interest in the control of thermal emissions in the IR range
represents a crucial factor in reaching higher efficiency in various energy systems
(as well as in other fields, involving applications like thermography [126], radiative
cooling [127, 128], IR spectroscopy [129, 130], etc.). Emitters and their properties
play a crucial role in that issue.

The ideal thermal emitter is a selective emitter (SE), characterized by a sharp tran-
sition from high- to low-emissivity. Considering the TPV systems operation, the
transition has to happen in the position of the spectrum corresponding to a photon
energy approximately equal to the bandgap energy of the associated PV cell.
Depending on their characteristics, they can be classified in broadband emitters and
narrow-band emitters. Broadband emitters are characterized by an emissivity curve
which is spectrally close to 1, leading to emission of photons across wide range of
wavelengths. Silicon carbide (SiC) is for example one of the most used material for
this application, as it determines an emissivity of approximately 0.9 over a large re-
gion of the spectrum. Their main advantages are the simplicity of fabrication and
high durability [131], however their broad emission spectrum causes existing sys-
tems to have low efficiencies when applied to TPV systems, since the wavelength
range of PV cells conversion is very small compared to the emitter spectral range.
Therefore, to prevent unnecessary absorption of above-band gap photons and avoid
losses, it is crucial to work on the properties of the emitter to obtain narrow-band
emitters. In this case, the emitted photons should have energies slightly above the
PV cell bandgap. Typically, broadband emitters yield higher output electrical power
density while narrow-band emitters can increase the TPV conversion efficiency. The
ideal spectral control of both broadband and narrow-band emitters is shown in Fig.
5.6 a), while Fig. 5.6 b) highlights the fraction of high-energy photons convertible
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into electricity in a GaIlnAsSb cell. Several solutions of SE have been already devel-
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FIGURE 5.6: a) Ideal spectral control of a broadband thermal emitter, where any in-band

photons are preferentially emitted, and of a narrow-band emitter, where only photons

with energy slightly above the bandgap are emitted. b) BB emission at 1273 K, where

the fraction of high-energy photons convertible into electricity in a GalnAsSb cell is
highlighted (cyan area). Adapted from [132, 133].

oped in the past. They are based on different designs, each having advantages and
disadvantages:

¢ bulk emitters, which can be either graybody emitters [134] such as Si, SiC, or
metals with [135] or without AR coatings [136]. Both are tipically inexpensive
and easy to fabricate in large areas.

* naturally selective emitters [137], made from rare earth metals like erbium
and ytterbium. They are easy to fabricate and thermally stable at high-temperatures,
but their emission is not tunable.

e metamaterials [138]. They consists in engineered material made of periodic
patterns that are smaller than the wavelength of interest and can produce or
behave with characteristics that are not found in nature.

* 1D photonic crystals [139-141], which consists of alternating layers of high-
and low-index materials. They can cause high emissions outside the region of
interest.

¢ 2D photonic crystals [142]. They consist of 2D array of features on top of or
in a substrate: whether an emitter can be fabricated inexpensively with large
area depends on the substrate.

Nevertheless, although some have very favorable characteristics, they all have
in common two main disadvantages: high cost and complexity of fabrication, espe-
cially when considering that they need to be industrialized. Therefore, in the next
section we propose simpler structures based on easy-to-fabricate multilayers which
can be definitely extended to an industrial manufacturing.

Multilayers basically consist of alternating metal and dielectric layers of varying
thicknesses. The layer thicknesses can be optimized to enable broadband or tight
emissions. The main advantages are the good performance, the low fabrication cost,
and the ability to fabricate in large scale. The only drawback could be that, in the
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long run, the materials at the interfaces may intermix. Therefore, the materials must
be chosen carefully and the absence of interdiffusion experimentally verified.

5.4 Design of multilayer-based selective emitters

In this section we define the steps towards the complete design of nearly ideal selec-
tive thermal emitters based on multilayer designs.

5.4.1 The choice of materials

Considering the high temperatures to which selective emitters are subject (typically
between 1300 and 2000 K), the thermal stability and durability at high temperatures
of the materials involved in the design must be considered. Therefore, it is essential
to consider refractory materials, i.e. materials that withstand the high temperatures
without contaminating other materials and that retain heat in the area where it is
needed.

In table 5.2 are listed various materials which are easy to process and interesting

for such application, as they have a very high melting point and, some more some
less, are highly lossy in the visible and near-infrared region of the spectrum, which
is useful to increase the emissivity of the SE in that region.
Among the materials listed in the prior table, for our study we have chosen Si, SiO,,
Cry03, SiNy as they are easily available in the laboratory and their refractive index
has been experimentally determined [44, 79]. In addition, we have considered other
materials like Pt, W, Nb,Os, and HfC because they have very interesting proper-
ties. In this case the refractive index data from the literature were considered [145].
However, the refractive index of hafnium carbide is still unknown in the literature,
particularly for HfC in the form of thin films. Thanks to its very high melting point
(3900 °C), it could find a large number of applications and it is surely of great interest
in TPV and solar thermal applications. Therefore, we deposited and characterized
various thin hafnium carbide films, thanks to a collaboration with Prof. Harish C.
Barshilia from Nanomaterials Research Laboratory, Surface Engineering Division, CSIR-
National Aerospace Laboratories and Academy of Scientific and Innovative Research, CSIR-
NAL Campus, Bangalore, India. Results are shown in the next subsection.

5.4.2 HIfC: study of the refractive index

To fill the lack of data on the refractive index of this material, we deposited and
characterized various samples.

Deposition of HfC films Thin films of hafnium carbide were deposited using the
PVD technique. Reactive DC magnetron sputtering of an Hf cathode was carried out
in an argon and acetylene (C,H;) ambient at room temperature and at a pressure of
approximately 10~ Pa. Silicon was used as substrate, after an appropriate cleaning
procedure. During the depositions, the argon flow rate is kept fixed (15 sccm), as
well as the current (at 0.48 A), the pulsed DC power (at 100 W), and the frequency
(at 100 kHz). The acetylene concentration was varied in the range of 2.5 to 5.0 sccm
to investigate its influence on the properties of these films.

Optical characterization of HfC films The thicknesses of the HfC films were mea-
sured using a profilometer (KLA Tencor, P-15) and their values are listed in Table 5.3,
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Material | Melting Point (°C)

Metals Au 1064
Si 1410
Pt 1772
Rh 1966
Nb 2468
Mo 2617
Ta 3017
W 3410
Oxides Nb,Os 1485
Fe203 1565
SiO; 1610
SnO», 1630
SiO 1702
TiO, 1830
Ta205 1872
Al,O3 2072
CI‘203 2266
y4(0)) 2700
HfO, 2758
MgO 2852
Carbides B4C 2350
SiC 2730
TiC 3160

TaC > 3700
HfC 3900
Nitrides GaN 2500
et al. TiN 2930
GaAs 1238
MgF, 1260

TABLE 5.2: Materials useful for application in selective emitters and their melting point
[143, 144].

next to the ones obtained from the ellipsometric analysis. The table also shows the
percentage discrepancy between these two sets of values, as well as the deposition
rate for each film.

The refractive index of the samples was investigated using a spectroscopic el-
lipsometer (Horiba Jobin-Yvon, UVISEL), following the same technique already ex-
plained in section 3.2.3: measurements were conducted in the range of 280 to 1600
nm at an incident angle of 70°.

The schematic of the model used to fit the ellipsometric data is reported in Fig. 5.7:
it includes two thin layers, useful to simulate the roughness at the interface between
the substrate and the film and on the film surface.

Each fit returned negligible thicknesses for the two roughness-equivalent layers (<
5nm) and the x? was always < 1 for each sample. More details are listed in the Table
54.

Fig. 5.8 illustrates the complex refractive index of the HfC films, which was well-
fitted by the Forouhi-Bloomer alias Amorphous dispersion formula [146, 147]. It shows a
decreasing refractive index as the CoH, flow rate increases.
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TABLE 5.3: Deposition rate, thickness of thin HfC films at different CoH, flow rates, and
percentage discrepancy between profilometric and ellipsometric thickness data.

C,H, flow rate Thickness (nm) Thickness Dep. Rate
(sccm) Profilometer Ellipsometer discrepancy (%) (Als)
2.5 95 100 5.0 13.0
3.0 75 86 12.8 11.5
4.0 97 93 43 17.6
5.0 75 86 12.8 18.8
HfC film Air Layer 3
HfC film Layer 2
c-Si (111) substrate \ HfC film Layer 1

c-Si (111) substrate

FIGURE 5.7: Diagram of HfC samples (not to scale), including roughness-equivalent

layers.
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FIGURE 5.8: (a) Refractive index and (b) extinction coefficient (in semi-logarithmic scale)
trends for samples produced at different C;H, concentration.

Reflectivity measurements of each sample were performed by the integrating
sphere (Ocean Optics ISP-REF) in the spectral range of 350-1750 nm, and were com-
pared with the simulation results from Open Filters (Fig. 5.9).

The good agreement between the two sets of data confirms the goodness of the
refractive indices obtained from ellipsometric measurements as well as of the mea-
sured thicknesses. These analyses are useful to deepen the knowledge of all the
parameters (such as refractive index coupling and matching, deposition rate, adhe-
sion) that determine the optical and physical properties of the material, and therefore
are essential to design multilayer structures with the optical properties required for
applications in the thermal energy field.

Experimental data will be presented at the International Conference on Metallurgi-
cal Coatings and Thin Films (ICMCTF) [148] in 2022 in an oral presentation entitled
Characterization of hafnium carbide thin film for thermal energy applications.

5.4.3 Scheme of selective emitters

In this section we propose different types of selective emitters, all designed to lie in
the near-IR ragion (1-2 um wavelength), paving the way for structures compatible
with low-bandgap PV cells [149, 150] with A, below 2 pm (correspondent to Epe ~
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TABLE 5.4: Thickness of the two roughness-equivalent layers (referred to Fig. 5.7) and
X2 values of the ellipsometric fit.

Reflectance

CoH, flow rate  Thickness (nm) )(2
(sccm) Layer1 Layer3
2.5 0.03 0.98 0.24
3.0 0.21 0.79 0.15
4.0 0.08 3.15 0.18
5.0 0.01 0.95 0.16
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FIGURE 5.9: Reflectance measurements (black lines) and simulations performed with
Open Filters software (red lines) on the various HfC samples.

0.60 eV). In this way, the most common and widespread PV cells are included in the
study.

The optical simulations of multilayer structures working as selective emitters
were carried out by means of Open Filters, and a slight optimization of the layer
thicknesses has been performed by defining a target curve describing the specifica-
tions of an ideal emitter (high emissivity around 1 ym and low emissivity elsewhere)
and applying the refinement method described in section 3.4.2.

The simulated absorption spectra obtained at normal incidence from different mul-
tilayer structures are depicted in Fig. 5.10. The emissivity spectrum of a 8-layer
structure based on Si, SiO;, Cr;O3 and W is represented in Fig. 5.10 a). It has a nar-
row emission peak (FWHM = 0.54 um) centered around 1 ym with emissivity close
to 1, while at wavelengths longer than 1.1 ym the emissivity rapidly drops to values
smaller than 0.1. Figure 5.10 b) shows the emissivity spectrum of a 8-layer structure
based on NbyOs, SiO,, Cr,03, Pt and W, with a tight peak centered at 1.07 pum. The
emissivity spectrum in 5.10 ¢) is obtained from a 3-layer structure made of Si, Cr,O3
and W. Its peak, centered at 1.01 ym and with an FWHM of about 0.8 um, is less
narrow than in the previous cases. But it still has good selectivity, as the emissivity
quickly drops to negligible values. Figure 5.10 d) shows the emissivity spectrum of
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FIGURE 5.10: Simulated emissivity of various selective emitters. Inset: schematic, not
in scale, of the multilayer structures. The arrow indicates the layers growth direction.

a 5-layer structure based on SiO,, W and HfC deposited with a CoH; flow rate of 3.0
sccm. The peak has an FWHM of 0.92 ym and is centered at 0.92 um. Figure 5.10
e) shows another example of selective emitter made of 8 layers, chosen among Pt,
Nb,Os, SiO,, W and the SiNy film deposited at 400 W. Its peak is centered at 0.91 yum
and reaches a height of 0.99. Finally, the selective emitter showed in Fig. 5.10 f) has a
more complex structure, as it is made of 5 layers periodically repeated 5 times. The
materials involved in this design are W, SiN, deposited at 100 W, and HfC deposited
with a C;H, flow rate of 3.0 sccm organized as follows: ABCBA/BCBA/.../BCBA.
This recall the rugate design we showed in the previous chapter. The emissivity
spectrum shows a peak centered just below 1 um with an FWHM of 0.97.

Despite the more complex structure, it has the advantage of being made of only 3
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materials, which can be easily deposited in any sputtering tool consisting of 3 or
more targets. The same applies to emitter c. The refractive indices of the materi-
als involved in the design of the selective emitters presented above, as well as the
thicknesses of the various layers are reported in detail in Appendix B.

In table 5.5 are listed the peaks position and height, the FWHM, and the value
of emissivity at 2 um for each spectrum of Fig. 5.10. Despite all the emitters have
a good selectivity, the ones with the narrower band are: emitter a, emitter b, and
emitter e. The latter, in particular, also reaches the highest emissivity (¢ = 0.99) in the
proximity of the silicon bandgap.

TABLE 5.5: Peak position, FWHM, height and emissivity at 2 ym for various emitters.

Selective emitter Peak position (um) FWHM (um) Height @2 um

a 1.05 0.54 0.97 0.05
b 1.07 0.41 0.98 0.12
c 1.01 0.78 0.98 0.14
d 0.92 0.92 0.96 0.24
e 0.91 0.42 0.99 0.11
f 0.98 0.99 0.97 0.27

Note that in all the optical simulations the wavelength dispersive character of the
refractive index has been taken into account. Furthermore, although all the struc-
tures presented herein involve an Si substrate, it can be easily replaced by an ap-
propriately chosen substrate that guarantees negligible transmissivity in the entire
range of wavelengths investigated.

The performance of all the emitters presented above were investigated also at
oblique incidence. The results, illustrated in Fig. 5.11, show a low angular depen-
dence of each structure up to 70°, with the exception of the emitters a and b, which
denote a greater angular dependence already at 60° or 50°, respectively.
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FIGURE 5.11: Emissivity of the various emitters as a function of the incident angle.

The emission of the selective TPV emitters at various temperature have also been
analyzed. Figure 5.12 shows the spectral radiation of the different emitters presented
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in Fig. 5.10, calculated at 1273 K (Fig. 5.12 a)) and at 1773 K (Fig. 5.12 b)). Those
are compared to that of the blackbody at the same temperatures. Each curve in the
figure is normalized to the maximum of the blackbody emission, and both the wave-
length (in pm) and the energy (in eV) have been reported on the x-axis for reference.
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FIGURE 5.12: Normalized spectral radiation emitted by the BB (dash dotted line) and
the various emitters (continuous colored lines) shown in Fig. 5.10, calculated at (a) 1223
Kand (b) 1773 K.

At both temperatures it is evident that the emission spectrum of the selective
objects occurs over a narrower region and is always lower than that of the black-
body at the same temperature. For example, emitter f (magenta lines in the figure)
reaches a maximum spectral radiation of 0.4 at 1273 K (or 0.7 at 1773 K) and assumes
negligible values already before 3 yum. Conversely, the blackbody at 1273 K radiates
non-negligible fraction of radiation up to 10 ym and above (or up to 6 um when
working at 1773 K).

The Fig. 5.12 a) also shows that emitters a, b, and e working at 1273 K suffer from
low selectivity. In general, the comparison of the emission curves at both temper-
atures shows that, while at 1273 K the normalized emission spectra are quite wide
and cover the range from 1 to 3 ym, at higher temperatures the width of the emission
peaks is reduced to approximately 1 um, ensuring a greater selectivity.

Note that Fig. 5.12 b) shows the spectra of only 2 out of 6 emitters. Indeed, except for
emitter d and emitter f of Fig. 5.10, the others are made of materials with a melting
point lower than the temperature of 1773 K (~ 1500 °C). Hence, the importance of
using materials stable at high temperatures.

Figure 5.13 shows the spectral radiation emitted by the selective emitters and by

the BB, integrated over the range of 0 to 5 um. Each curve is normalized to its own
maximum. The analysis has been performed at two temperatures, 1273 K (Fig. 5.13
a)) and 1773 K (Fig. 5.13 b)). As already mentioned in the case of Fig. 5.12 b), Fig.
5.13 shows the spectra of the only 2 (out of 6) emitters which can actually work at
such temperature.
The insets in the same figures show the comparison between the integrated radiation
of the various emitters and of the blackbody at the two investigated temperatures:
the absence of normalization puts in evidence that the radiation emitted by the selec-
tive emitters is much lower than that of the blackbody. As for the previous analysis
on the spectral radiation, also the study of the integrated radiation highlights the
selective behaviour of all the designed emitters, showing that the emitter a and the
emitter c are the least and the most selective, respectively.
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The study conducted for designing novel selective thermal emitters is therefore promis-

ing and allows to choose among different designs that meet the requirements for the
application in TPV technologies. Further studies are in progress to tune the emis-
sion peak at longer wavelength and to obtain an even more ideal emissivity curve,
making use of other refractory materials. Such nearly ideal emitters could further
increase the efficiency of a TPV system compared to what has been demonstrated in
[151], and substantially help in the thermal energy storage [152].
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Summary

In this thesis work the properties of High Vacuum Flat Plate (HVFP) collectors pro-
duced by the company TVP Solar have been analyzed and compared to that of the
main types of solar collectors: unglazed collectors, traditional flat plate collectors,
evacuated tubes and parabolic troughs. The analysis has highlighted the advan-
tages due to both flat structure and vacuum encapsulation (pressure below 10~* Pa)
in HVFPs: no need for solar tracking, harvesting of direct and diffuse component
of solar radiation and large acceptance angle, reduction of convective and conduc-
tive losses to negligible levels. The latter, in particular, brings the solar-to-thermal
conversion efficiency at greater values and extends the temperature range of the
panel operation above 200 °C. This allows the production of heat in the medium-
high range of temperatures (250 °C - 350 °C) and offers great potential to further
improve energy conversion efficiency.

Therefore, in the course of my Ph.D. program I worked on the i) design (using
two optical simulation software, Open Filters and Stanford Stratified Structure Solver),
ii) fabrication (through the reactive and non-reactive magnetron sputtering deposi-
tions) and iii) characterization (through the use of ellipsometry, profilometry, visible
and infrared spectroscopy, etc.) of single layers and multilayers to obtain the de-
sired optical properties for both infrared (IR) mirrors and selective emitters. Below
is a brief analysis of the two approaches.

The IR mirror is conceived for recovering the infrared radiation emitted by the hot
absorber in HVFP system. Therefore, high transmittance in the solar region and
high reflectance in the IR region are required. The analysis conducted on various
optical structures showed that the rugate design allows to achieve the aforemen-
tioned properties. Such design has been already investigated in the past but never
experimentally implemented in solar thermal devices. However, because it consists
of a continuous and sinusoidal variation of the refractive index with the filter thick-
ness, is hardly manufacturable. Then, the IR mirror design has been approximated
by a discrete number of layers with steps in the refractive indices, creating a Stepped
Index Rugate (SIR) filter. To balance the benefits of high IR reflectance associated with
a larger number of refractive indices with the experimental limitation of sputtering
tools that allow for a smaller number of distinct materials, reactive sputtering and
co-sputtering techniques have been considered [52, 80].

The first IR mirror, developed at ISASI in Naples, consists of a rugate filter entirely
based on silicon nitride composites (SiNy), obtained from reactive sputtering of Si
in argon and nitrogen ambient at different RF powers [79]. The layers have been
arranged according to the scheme ABCDCBA/../BCDCBA, where A represents the
lowest index layer (obtained from SiN, deposited at 100 W) and D the highest index
layer (SiN, deposited at 350 W), ranging from a refractive index of 1.5 to one of 2.2.
Unfortunately, its design determined a non-negligible and unwanted absorption of
the solar radiation, which would cause a loss of absorption by the SSA.

The second design of IR mirror, produced at Purdue University, is instead based on
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SiO; (lowest index) and TiO; (highest index) [81]. The layers of the mirror are ar-
ranged as follows: ABCDEDCBA, where the A-layer represents the SiO; and the E-
layer the TiO,. The intermediate-index layers (B, C, D) are obtained by co-sputtering
of TiO; and SiO,, changing the SiO, deposition power.This IR mirror has been opti-
mized through different techniques: addition of single and multiple matching layers
or needles, refinement of the layer thicknesses and periodically chirped layers. The
latter is useful to broaden the filter reflection band: our study demonstrated enlarge-
ments up to 2.5 um, keeping a high average transmittance (7;,¢) in the visible region
and a high average reflectance (04,¢) in the IR region. In particular, the IR mirror
based on TiO; and SiO; has pgye =~ 0.97 in the range of 1.75 to 4.25 yum and T,y¢ 0.91
in the solar region (up to 1.75 um). The analysis of the performance of evacuated
panels equipped with an IR mirror highlighted the key role of the mirror, showing
that the addition of a mirror with the same characteristics mentioned above (0455 >~
0.97, Tavg 0.91, Ajrm =~ 2.5 pm) results in an increase in efficiency of approximately
0.18 at 400 °C [46]. An ideal mirror (p=1 in the IR while 7=1 in the visible region)
with the same bandwidth Ajrp = 2.5 um would increase the efficiency change value
up to the 30%. Of course, by broadening the bandwidth of the ideal mirror the ef-
ficiency improves even more, reaching values up to the 60% at the same working
temperature.

The reader should note that, even if the IR mirror described in this work has been
developed for a HVFP system, the approach is general enough that the IR mirror
could potentially be extended to any emissive solar device.

On the other hand, selective emitters are designed for improving the energy con-
version efficiency in thermo-photovoltaic (TPV) systems. In fact, photovoltaic (PV)
cells are devices that work properly only in the proximity of the bandgap energy
(Epg) of the material they are made of: they do not absorb photons with energy
below Ej, and lose the excess energy of photons with energy higher than E;,. There-
fore, a considerable part of the solar spectrum is not absorbed or lost as heat, limit-
ing the energy conversion efficiency of PV (and TPV) devices. Hence, in the design
of thermal emitters for TPV, a sharp transition from high to low emissivity across
the bandgap energy region is required. Throughout the work different materials
and selective thermal emitters have been analyzed regarding their properties and
emissivity spectrum. The aim was to balance the need for selectivity in thermal
emissions and designs suitable for application in TPV systems and large-scale pro-
duction, as the ones currently diffused include nanofabrication, metamaterials and
complex structures. Therefore, after an insight into the general framework of TPV
techonologies, six different selective emitters based on easy-to-fabricate multilayer
designs involving refractory materials, all characterized by high melting tempera-
tures, are discussed. The resulting spectra show high emissivity values (up to 0.99)
in the range of interest and low emissivity outside, as required, making these emit-
ters a good choice in the fabrication of TPVs.
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Conclusions and perspectives

A large number of optical applications require spectral selectivity, including solar
absorption, high-temperature radiation, hyperspectral sensors, and optical commu-
nications. Although many new materials have been developed, often their proper-
ties and/or production costs do not favor their use. The main purpose of this work is
to increase the flexibility of optical materials by including periodic or more complex
structures to obtain the desired functionality, but also to maintain a low production
cost and a design that is reproducible on a large scale. In this work, we considered
the problem of reducing losses for solar devices to improve their overall efficiencies.
The concept investigated was to introduce selective coatings to improve the solar
conversion efficiency in thermal or thermo-photovoltaic (TPV) devices.

Experimental measurements and simulations of the selective IR mirror indicate that
it is significantly beneficial to add an IR mirror at the currently existing High Vac-
uum Flat Plate (HVFP) collectors with the aim of improving their efficiency in the
mid temperature range (250 °C-350 °C): such temperatures open a path towards
the use of solar energy in a large number of industrial applications requiring heat.
For example, high-pressure steam generation represents a large fraction of current
industrial heat demand that has not yet been addressed by widespread renewable
energy solutions commercially available. Such improvements become more interest-
ing considering that the easy installation of high vacuum flat solar thermal panels
on flat roofs can save land area usage, which is particularly valuable in European
countries and other high population density countries.

In a future study it would also be interesting to investigate the possible presence of
accumulated stress due to the deposition of numerous layers within a single struc-
ture. Furthermore, the properties of the IR mirror (in particular of that made of SiNy)
could be improved by introducing oxygen gas into the process to form SiO,N, or
SiO;. This would provide a further expansion of the current refractive index range,
allowing for a lower or upper limit. In fact, as for SiNy, also the refractive index of
SiOxNy can be modified by varying the partial pressure ratios of oxygen and nitro-
gen.

Simulated emissivity spectra of selective emitters show promising results in terms
of selectivity. Recent works on concentrated hybrid solar systems involves the use
of selective mirrors to obtain a spectral splitting between the photons useful for con-
version in PV cells and those useful for heat production. Therefore, this preliminary
analysis on selective emitters, if confirmed at the experimental level, adds a valu-
able contribution to the growth of this new technology, which is at an earlier stage
of development. Of course, the mechanism of interdiffusion of particles between
each layer of the multilayer structure should be investigated to prevent an eventual
alteration of the optical properties of the performances of the coatings.

The results of the study conducted during this Ph.D. program showed that the use
of IR mirrors in evacuated flat solar thermal panels or selective thermal emitters in
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TPV systems, together with low cost and ease of manufacture of the optical struc-
ture, could certainly play a key role in increasing and expansion of the solar energy
market.Consequently, the mitigation of greenhouse gases in the atmosphere with
the use of these technologies will ultimately benefit our planet and our health.
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Appendix A

Further investigation on SiNy
samples

A deeper investigation on SiN, samples was performed to highlight the many facets
of a material that have been taken into account in numerous applications since the
80s: it has been involved in the fields of metallurgy [153], semiconductors [154],
microelectronics and integrated circuits [155], optics [156], and solar cells [157].

Experimental setup

Atomic Force Microscopy

To investigate the morphology of a thin film, in addition to the profilometer one can
use an Atomic Force Microscope (AFM), which generates a high-resolution three-
dimensional profile of the surface examined. The main component of an atomic
force microscope is a flexible cantilevered, at the end of which is mounted a very
small and sharp tip with a radius of curvature of the order of nanometers. While
passing over the surface of the sample, the tip flexes and its movements are captured
by a system that uses the reflection of a laser point from the top of the micro-lever
towards a matrix of photodiodes or piezoresistive sensors. The sample is positioned
on a piezoelectric tube which moves it around during the scan. The AFM can oper-
ates

* in contact, if the tip of the cantilever and the surface of the sample are "in
contact" with each other (at a distance of a few angstroms);

¢ contactless, if the distance between the tip of the cantilever and the surface of
the sample is of tens of angstroms.

Scanning Electron Microscopy

The Scanning Electron Microscope (SEM) is useful to observe the samples surface
with magnification factors up to 100 KX and high resolution (of the order of a few
nanometers). It mainly allows to obtain information about the surface of a solid
sample and its chemical-physical composition; in addition, measurement of surface
potentials and of potential contaminations are possible.

The working principle is based on the generation of a highly energetic electron
beam in vacuum (10~2 Pa), which is then focused on a lens system and deflected
to scan a certain area of the sample to be analyzed. The interaction between the
electron beam and the sample causes the latter to emit numerous particles, including
secondary electrons, creating signals which are acquired by appropriate detectors
and then processed to form an image in gray scale, characterized by a high depth
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of field. The sample must be made of conductive material, otherwise it produces
electrostatic charges that disturb the detection of secondary electrons.

X-ray diffraction

The x-ray diffraction (XRD) is a non-destructive technique used to analyze the crys-
talline structure of a sample. The technique is based on the constructive interference
of monochromatic x-rays and a crystalline sample: the x-rays generated by a cathode
ray tube are directed toward and hit the sample; a detector record the intensity of
the reflected beam at the same angle of incidence 0. The diffraction peaks generate
when the path difference between the beams reflected from parallel planes is equal
to an integer number of wavelengths, according to Bragg’s law:

nA = 2dsiné, (A1)

where 7 is an integer number that represents the "order" of reflection, A the wave-
length of the incident x-rays, d the interplanar spacing of the crystal. The resulting
diffraction spectrum produces a series of reflections that are indicative of both the
positions and intensities of the diffraction effects, useful for the identification of the
material composition.

Energy Dispersive X-ray Spectrometry

The Energy Dispersive X-ray Spectrometry (EDS or EDX) is an analytical technique
used for the elemental analysis or chemical characterization of a sample.

An electron beam is focused on a sample in order to stimulate the emission of charac-
teristic X-rays from the material under investigation: the beam may excite and eject
an electron of an inner shell creating a hole, which will be filled by an electron from
an outer, higher-energy shell. The difference in energy between the higher-energy
shell and the lower energy shell is then released in the form of an X-ray. The energy
of the X-rays emitted from the sample is characteristic of the atomic structure of the
emitting element, in fact each element has a unique atomic structure allowing the
elemental composition of the sample.

Results of the measurements

Fig. A.1 shows the IR reflectance spectra of the three silicon nitride films taken
into account earlier and deposited at different sputtering powers (150 W, 300 W, and
400 W). A strong absorption band was evident at approximately 830 cm ™! in all sam-
ples, corresponding to the stretching vibration mode of the Si-N bond. The vibra-
tions in the medium frequency range (500-750 cm~!) can be attributed to vibrations
of Si atoms in Si-Ny tetrahedra [158]. The absence of additional peaks in the spectra
suggests the absence of oxygen and hydrogen atoms in the chamber during deposi-
tion, which could have participated in formation of N-H, Si-H, and N-H2 bending
or stretching modes that usually occurs in CVD depositions [159].

Morphological analysis was performed using the AFM (XE-70 Park System) with
a scan rate of 0.8 Hz and a resolution of 1024 x 1024 pixels? over an area of 1 um?.
The AFM analysis showed flat samples, with average roughness values less than
1 nm. Fig. A.2 shows 2-D images of the samples over a sampling area of 1 um x
1 ym. The analysis was performed using Gwyddion [160], a free and open-source
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FIGURE A.1: IR reflectance spectra of silicon nitride films deposited at 150 W (blue line),
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FIGURE A.2: Atomic force micrographs of SiNy films: 2-D topographic images over a
1x1 um? region for samples deposited at a sputtering power of (a) 150 W; (b) 300 W; (c)
400 W.

software for scanning probe microscopy data visualization and analysis. It returned
average roughness values, R, of 0.46 nm for the film deposited at 150 W, 0.37 at
300 W, and 0.30 nm at 400 W. The root mean square (RMS) roughness was 0.75 nm at
150 W, 0.70 nm at 300 W, and 0.50 nm at 400 W. The analysis indicates that the surface
roughness decreases as the sputtering power increases. One reason may be that at
high power, the kinetic energy of the sputtered ions and the substrate temperature
increase, resulting in enhanced ion mobility and diffusion, smoothing the growth
front of the film [161].

The flatness of the samples, in addition to the reproducibility of the deposition
process, demonstrate the feasibility of multilayer structure fabrication.
The samples were also analyzed using the SEM (Raith 150) with an accelerating volt-
age of 2 kV and an objective lens opening of 20 um. The analysis showed homoge-
neous and featureless surfaces for all samples (Fig. A.3), which is critical for the
design of multilayer optical structures.
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FIGURE A.3: SEM top view images of silicon nitride films deposited at 150 W (top row),
300 W (middle row), and 400 W (bottom row).

The films were also studied through x-ray diffraction (XRD) measurements per-
formed with a Cu Ka radiation x-ray source (A = 1.5406 A). The XRD patterns of the
n-type Si (100) wafers used as substrates are shown in Fig. A.4 (a), with an intense
peak at 20 = 69° and two less intense peaks at 37.5° and 44°, enlarged in Fig. A4
(c) and (d), respectively. The figure also shows the XRD spectra of three samples de-
posited at different sputtering powers: 150 W (red line), 300 W (blue line), and 400 W
(magenta line). In addition to the three peaks caused by the substrate, an additional
peak at 26 = 33° (enlarged in Fig. A.4 (b)) was generated by the silicon nitride films.
The films have a preferential growth orientation without a strict dependence on the
deposition power. The absence of other peaks in the XRD spectrum does not allow
establishment of an SiN, crystallographic phase or the orientation of the lattice.

Finally, the elemental composition of the silicon nitride films was analyzed us-
ing the EDS with a Leo EVO 50 SEM equipped with an Oxford INCA Energy 300
EDS system. The EDS analyses were conducted at 20 kV and a microscope working
distance of 8.5 mm, with an aperture size of 30 pym. To avoid strong silicon signal
from the substrate, the SiN, films were deposited on an MgO substrate, and an ad-
ditional 10 nm Ag film was deposited on each sample. The recorded survey scans
indicated variable weight percentages of Si and N in samples deposited at different
powers, as shown in Fig. A.5. With the large signal originating from the substrate,
the relative error in film composition is quite high; only the samples deposited at
150 W and 400 W are discussed. From the tables in the insets of Fig. A.5, the Si/N
ratio increases as the RF power increases, and is 0.50 for the sample deposited at
150 W and 0.85 for the sample deposited at 400 W. These values are less and greater
than the expected Si/N value of 0.75 for stoichiometric Si3Ny films, confirming the
qualitative description reported earlier.
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FIGURE A.4: a) XRD patterns of three thin SiN films deposited on a silicon substrate
at different sputtering powers: 150 W (red line), 300 W (blue line), and 400 W (magenta
line). The XRD diffraction pattern of the Si substrate is also shown as a black line.
Enlarged view of the silicon nitride films peak at (b) 26 = 33° and substrate peaks at (c)
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FIGURE A.5: EDS analysis results for SiN, samples deposited at (a) 150 W and (b) 400 W.
The inset tables show the atomic percentages of elements in the two SiN, samples.
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Additional details on the structure of selective emitters described in Chapter 5 are

given in this paragraph.

Different materials are involved in the design of selective emitters, each having
different thickness, listed in Table B.1. Globally, we can list the materials used as
follows: Si, SiO,, Cr,O3, W, Nb,Os, Pt, HfC, and SiN,. We should also remember
that the latter material has been used in the form of low-index SiN, (when deposited
at 100 W) and high-index SiN, (when deposited at 400 W). In Fig. B.1 the refractive

index of all the materials mentioned are reported for reference.
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FIGURE B.1: Refractive index (a) and extinction coefficient (b) of the materials involved
in the design of selective emitters. SiNy, SiO,, Cr,O3, and HfC curves refer to experi-
mental data, while data of W, Nb,Os, Pt are taken from [145].
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TABLE B.1: Details on the structure of selective emitters: materials and layer thick-
nesses.

Emitter Layer number  Material = Thickness (nm)

a 1 W 35
2 CI‘203 30
3 \4Y% 25
4 CI‘203 80
5 SiO, 240
6 Si 60
7 SiO, 78
8 Si 20
b 1 \4Y% 116
2 Pt 28
3 \4Y% 11
4 Cl‘203 37
5 W 23
6 Cl‘203 82
7 SiO, 312
8 Nb,Os5 44
c 1 \4Y% 177
2 Cr03 25
3 Si 28
d 1 SiO, 100
2 HfC 50
3 \4Y 20
4 HfC 50
5 SiO; 100
e 1 Pt 90
2 SiO, 104
3 SiN, - high 65
4 \4Y% 13
5 Pt 7
6 SiO, 44
7 Nb,Os5 39
8 SiO, 6
f 1 SiNy - low 270
2 HfC 230
3 \4Y 70
4 HfC 46
5 SiNy - low 130
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