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Abstract

The thesis is focused on developing spectral selective coatings (SSC) composed of mul-
tilayer cermets and periodic array of resonating omega structures, turning them to behave
like metamaterials, while showing high thermal stability up to1000°C. The developed SSC
is intended to be used for the concentrated solar power (CSP) applications. With the aim
of achieving highest possible absorbance in the visible region of the spectrum and highest
reflectance in the infrared region of the spectrum. The thesis highlights the numerical
design, the synthesis and optical characterization of the SSC of approximately 500 nm
thickness. A bottom-up approach was adopted for the preparation of a stack with altern-
ate layers, consisting of a distribution of Titanium Nitride (TiN) nanoparticles with a layer
of Aluminum Nitride (AIN) on top. The TiN nanoparticles, laid on a Silicon substrate
by wet chemical method, are coated with conforming layer of AIN, via Plasma-enhanced
Atomic Layer Deposition (PE-ALD). The control of the morphology at the nanoscale
is fundamental for tuning the optical behaviour of the material. For this reason, two
composites were prepared. One starting with TiN dispersion made with dry TiN powder
and deionized water, and the other with ready-made TiN dispersion. Nano-structured
metamaterial based absorbers have many benefits over conventional absorbers, such as
miniaturisation, adaptability and frequency tuning. Dealing with the current challenges of
producing the new metamaterial based absorber with optimal nanostructure design along
with its synthesis within current nano-technological limits, we were capable of turning the
cermets into metamaterial. A periodic array of metallic omega structures was patterned
on top of both the composites I and II, by using e-beam lithography technique.
Parameters, such as the size of TiN nanoparticles, the thickness of AIN thin film and
the dimensions of the omega structure were all revealed by the numerical simulations,
performed using Wave-Optics module in COMSOL Multiphysics. The work showcased
clearly compares the two kinds of composites, using scanning electron microscope, X-ray
photoelectron spectroscopy (XPS) and electrical conductivity measurement. The improve-
ment in the optical performance of the SSC after the inclusion of metallic omega structures
in the uppermost layer of the two composites has been thoroughly investigated for light
absorption boosting. In addition, the optical performance of the two prepared composites

and the metamaterial is used as a means of validating the computational model.
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Chapter 1

Introduction

1.1 Current trends in the field of Solar Concentrated Power

The connection between energy and mankind is running for over centuries now, where the
availability of energy has changed the path of humanity in every possible way. Not only
have advanced sources of energy been unfastened, first fossil fuel, then diversification to
nuclear and hydro-power, and now renewable technologies- but also in the capacity we
can supply and demand. Here in section 1.1 of the introduction, we concentrate on the
total consumption and production of the global energy, and its share from the renewable
energy. Also focusing in brief the proportion of energy from a sector of renewable sources
especially Concentrated Solar Power (CSP). Whereas, later in this section of introduction
we talk about understanding CSPs - the global use of CSPs, the installed and production
capacity of energy from CSP systems, their advantages in the field of renewables, and the
fields of operation they are currently lacking in.

Renewable energies comes from the sources that are constantly replenished. These
sources of energy are wind energy, solar energy, geothermal energy, hydroelectric power
and biomass. The declination on the dependence of fossil fuels for energy has made
renewable energy an important topic of discussion. World’s power needs in 1990 was
about 1 billion gigawatts, which now has approached 10 billion gigawatts|5|. Talking of
global energy consumption by fuel type, the demand of petroleum rose from 38% in 1950
to 45% in 1975, and then dropping to about 40% during energy crisis in 1970s. About 40%
of the consumed energy in the United States is supplied by petroleum, and this proportion
has been consistent since 1950. The global consumption of coal was 35% in 1950, a decade
later it was declined to about 20%, and this proportion has remained constant since then.
Considering natural gas, its consumption increased to almost 4 times in 2007 as it was
in 1950. Nuclear power that became popular in the late 1960s supplied 9% of the total
electricity generation, in the midst of the oil crisis. The nuclear share of power generation
increased to 20% in 1990. Currently, the global energy consumption produced by the
nuclear energy is around 8.5%, and is estimated to be the same for the next 20 years [6].

To date, renewable energy is an actively growing source in electricity generation. There

17



18 CHAPTER 1. INTRODUCTION

is an annual increase of 2.8% in the total generation from renewable resources, and the
share of global electricity generation from renewables has been estimated to increase from
21% in 2010 to 25% in 2040. An important point to note is, about 80 percent of this
increase is from hydroelectric and wind power, together, followed by biowaste and biomass
energy (7%), geothermal energy (2%), and solar, tidal, and wave energy (less than 1%)[7].
By comparison, solar energy, currently, is much less significant, accounting for around
less than 1% of global electricity generation. According to several scenarios modelled by
International Energy Agency (IEA), one of the scenarios stated that the global demand
for electricity rises by 79% between 2011 and 2050, with wind, hydro, and solar supplying
66% of global generation in 2050, where solar alone would be supplying 27%. This makes
the solar electricity generation increase to more than 50 times its 2013 level by 2050]8].
Out of less than 1% production of electricity by solar energy, by the end of 2013, more
than 97% of global solar generation capacity was photovoltaics (PV), producing 131,434
GW h of electricity, making solar PV the leading solar electric technology, and less than
3% was CSP producing 6,186 GWh of electricity|9].

Understanding CSPs, to begin with, CSP also refers to as solar thermal power that
generates electricity by using the steam produced by heating the fluid. CSP systems
utilizes mirrors to direct and focus solar radiations on the heat transfer fluid. This fluid
that can be a synthetic oil, steam or molten salt, generates electricity either by direct
expansion through the turbine or via heat that transfers a separate fluid in the turbine.
CSP is a technologically feasible solar power option in locations with high energy density
of sunlight, nonetheless, CSP is currently not cost-competitive, and cannot be without
government assistance and regulatory mandates. CSP has a variety of characteristics that
opens a pleasant and agreeable pathway for power generation in the field of renewables.
First, CSP proposes a confident way to exploit the world’s vast and broadly distributed
solar resource. Second, during this process of utilization of solar energy, waste water,
waste gas and noise, none are produced. More importantly, it does not disturb the ecolo-
gical balance. Third, solar power is economical source of energy. The initial installation
cost is compensated by savings on energy bills. Along with these inherently fascinating
features, CSPs also have some serious drawbacks as well. Considering from the industrial
perspective, first, CSP systems can only utilize direct solar radiation. This simply means
that occasional sunlight and hazy skies can affect the generation from CSP plants a lot.
Second, CSP systems are highly sensitive to scale. Particularly, CSP systems need to
be large enough (more than tens of megawatts) to reach their techno-economic optimum
in terms of minimizing cost and maximizing efficiency. This leads to a requirement of
investing enormous capital that only limited investors are capable of taking on. The third
challenge is for the deployment of CSP plants with large land and water requirements.
Based on the reports with recently commissioned CSP plants, Abengoa’s Solana plant
and NRG’s California Valley Ranch plant, exploit seven to eight acres of land for per
megawatt (MW) of capacity. An optimum CSP plant of hundreds of megawatts in size,
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would need several thousands of acres of land. This land-use constraint for large-scale
implementation is mostly due to the less availability of land with high levels of direct sun-
light. Fourth and one of the biggest shortcomings of CSP system is its low efficiency. CSP
systems lose huge amount of energy as radiative losses from the incident solar radiations.
Considering the efficiency of a typical CSP plant, only 16% of the total incident energy
is converted to net electricity energy output, and rest 84% is lost in the environment via

convection and radiations.

In 1950s, Israel physicist Tabor[10] introduced the concept of solar selective absorber
coatings. This is a significant innovation in the field of solar thermal utilization for it
unlocked an advanced generation of high performance of solar absorber coatings. In the
recent years, substantial attempts are being made by researchers all over the world, for
the development and preparation of novel and outstanding weather resistant coatings.
CSP power plants are experiencing rapid growth over the past decades. The first com-
mercialized 11 MW CSP power plant was installed in Spain, designed to generate 23 GW
h of electricity per year. Until 2005, the installed global solar thermal utilization power
amounted to 120GW with 600 TW h electricity generated|11]. Typically for solar water
heating (SWH) systems, the global consumption grew from 160 GW in 2010 to 185 GW
in 2011[12, 13|.

Although CSPs have the potential to play a powerful role in meeting a reasonable
amount of global electricity demand, with a low-carbon future, however, beyond modest
efforts and significant government policies, supporting renewables, CSPs would continue
to be expensive for large-scale deployment. Therefore, to realize CSPs decent potential,
large cost reductions are needed. In addition to this, as the market of solar absorbers is
increasing swiftly, a rational and reliable qualification test is still lacking. Not only this,
high temperature solar absorber coatings are also deprived of service life predict standard.
The exposure of coatings to highly concentrated solar flux makes them undergo high
thermal shocks due to the temperature differences during the day and night. Therefore,
service life and thermal stability becomes two crucial parameters for high temperature

solar absorber coatings.

1.2 Understanding CSPs and thermal power plants

Concentrating solar power (CSP) is established on the fundamental principle of concen-
trating photons that are straight coming from the sun, without being scattered by the
Earth’s atmosphere. It utilizes concentrating collectors to supply heat with high temper-
ature to a conventional power cycle. Efficient and cost-effective thermal energy storage
technologies can be combined with CSP systems, allowing outcomes according to the
demand.

The working principle of CSP is similar to that of a magnifying glass [14] i.e., light

is concentrated on a heat absorber that carries a heat transfer fluid which is heated to
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high temperatures between 600°C and 1200°C, depending on the technology. As a result
of such high temperatures, thermodynamic energy conversion efficiency is high. The heat
transfer fluid moves in a closed circuit through the solar receiver tubes and transfers the
heat to the power block. Synthetic oils and molten salts are usually used as heat transfer
fluids as they have low melting point and very high boiling point. The three main types
of CSP systems are: Linear concentrator, dish/engine, and power tower systems. Linear
concentrator systems collects sun’s energy using long rectangular and curved (U-shaped
mirrors). Dish/engine systems use mirrored dish like a large satellite dish. And power
tower systems use large flat areas with heliostats to focus and concentrate light on the top

of the tower onto a receiver. The figure shown below show three types of CSP systems.

s b Receiver 5 .Z‘
Engine 4 <

Reflector

Pipe with thermal fluid

(a) Linear system (b) Dish system (c) Power tower system

Figure 1.1: Three types of CSP systems used in thermal power plants[i].

CSP with thermal energy storage is able to store energy in the form of heat for a
long period of time (typically days) with minimal losses. The heat stored can then be
converted into electricity and dispatched according to the demand, even during night or
during cloudy days. The amount of thermal power generation in a CSP depends on a lot
of factors like the area of the collector, intensity of the light falling on the collector, The
angle at which the light falls, etc. Amongst these one important factor is also the type of
absorber layer used in the collector.

1.3 Overview of composites and metamaterials

For almost a few decades now, composites play a crucial part in the sectors of engineer-
ing and technology. Composites have been more than successful in replacing metals and
alloys that we use in our lives. In a progressing society like ours, we are highly dependent
on composite materials in our daily lives. In industries, composites are the materials fab-
ricated by combining two or more natural and artificial elements together, with distinct
physical and chemical properties, and turn out stronger together compared with its indi-
vidual components|[15]. The component materials when blend together do not lose their
original identity. They combine and assign their most effective trait to the composite for

an improved outcome. The composites are usually designed with a selective use in mind,
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Figure 1.2: A cross-section view of a typical flat-plate solar thermal collector [2].

like improved strength, stiffness, efficiency or durability.

Besides composites, a trending class, called metamaterials have attracted research-
ers due to plentiful achievable applications like cloaking materials[16, 17, 18], antenna
radomes [19, 20|, polarization transformers|21], waveguides[22, 23, 24| and many more.
Metamaterials are classified as a class of materials that is made of artificial media, that
do not exist naturally, possessing amazing properties|25]. Thus, a metamaterial is con-
sidered as an artificial material where the electromagnetic properties are represented by
permittivity and permeability that can be tuned according to the requirement of the user.
Metamaterials are made up of periodic arrays of unit cells, and are metallic resonant ele-
ments, where both the element size and the unit cell size are relatively small compared to
the wavelength. Electromagnetic materials of such kind were theoretically predicted by
H. Lamb [26] in 1904 and then by Russian physicist G. Veselagoin 1968 where he thought
about the effects on refraction and reflection of in materials with negative permittivity
and permeability [27]. Then in 1999 Sir J. Pendry [28] suggested a theoretical method of
creating a lens based on a metamaterial with perfect focus. D. R. Smith in 2000 built the

first metamaterial with negative refractive index over the microwave range [29].

1.4 Aim of the study

The main purpose of this study is to introduce and demonstrate solar selective coatings
(SSCs) from a three dimensional (3D) structured metal metamaterial on the Silicon (Si)
substrate, along with the concept of strong solar absorptance and low infrared (IR) emit-
tance, wavelength selectivity and thermal stability at elevated operating temperatures
(close to 1000° C). For high-temperature CSP applications, one strategy is to analyse new
materials, including metal inclusions and the dielectric matrix, that have high melting
points, high nitriding and high oxidation resistance. Furthermore, the materials for the
coatings should be chosen in such a way that another issue of diffusion is avoided. The
materials that are compatible and do not diffuse with one another at high temperatures,

are to be selected. In order to have the best absorptance, the multilayer cermet absorber
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would be converted to a metamaterial by adding an array of metal resonator that behave
as plasmonic nanostructures. This study also provides an overview of the behaviour and
interaction of electromagnetic field with cermets and metamaterials, both analytically and
numerically. Although various solar absorbers with varying materials and designs have
been developed and demonstrated, but it is challenging to achieve the above mentioned
conditions simultaneously altogether in a single stack of absorber.

In addition, deep knowledge is gained about superior solar selective absorption, flexible
tunability of wavelength selective absorption, tunable optical properties, preparation of
the multilayer coatings experimentally, and excellent photo-thermal performance, from the
computational studies of the wave-optics module by COMSOL Multiphysics. This helps
in predicting the optimal design of the absorber coatings, beginning with the interaction
of light with the nanostructures, to the achieved solar to thermal conversion efficiency
of the system. This work focuses on the demonstration of solar-thermal performance of
SSCs by adopting a hybrid strategy (structure-based, material-based, and shape-based)
in developing plasmonic metamaterials.

The ultimate aim of this project is to produce and to experimentally validate a nu-
merical procedure that will enable the investigation of operational characteristics of solar
selective absorber layers of unconventional design with the intention of boosting light
absorption efficiency, over a wide solar spectrum. Although the majority of the work
is dedicated to numerical modelling, experimental validation will enable us to demon-
strate that the technique can be utilised for the design of general micro—scale composite
absorbers.

We would now focus on the methodology that was adopted to carry out this work.

1. At Swansea University (SU), an original multi-scale numerical model including the

inclusion at the nano-scale and the absorbing layer at the micro-scale, is developed.

2. At LIST, the nano-scale model developed in SU was employed for developing a new
homogenization technique. This technique is used to retrieve the effective material
parameters corresponding to the given geometry of the inclusion at the nano-scale.
These parameters are used for the simulating the composite dielectric/absorber layer

at the micro-scale.

3. At SU, a novel reduced order model technique based on proper orthogonal decom-
position (POD) and machine learning algorithm based on neural network (NN) is
proposed for solving the problem at nano-scale which enables the exploration of new
inclusion designs. In such cases the trail and error approach is not feasible, as the

geometric design space for the nano-structure inclusion is vast.

4. At LIST, utilizing this multi-scale numerical model developed at SU, the combin-
ation of materials to be used for nano-scale models is studied. This includes the

appropriate selection of the materials for the composite and the metallic strip. The
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materials chosen should offer a stable unit cell when exposed to elevated temperat-

ures, atmospheric oxygen and moisture.

5. At SU and LIST, linking the models at the nano and the micro scales, an attempt to
maximize the optical absorption over the visible light of the spectrum is made. The
ultimate aim is the determination of the geometric design, parameters, orientation

and periodicity of the inclusions for the absorber layer and the resonator.

6. At LIST, this approach is validated by comparing the optical performance predicted

from micro-scale simulations with the experiments performed using facilities at LIST.

7. At SU, the entire modelling system , including the background software , will be made
available in open source to allow researchers to treat and mitigate the efficiency of

the designs.

1.5 Outline of the thesis

The entire thesis talks about the numerical simulations and the experimental work, al-
together. Starting by introducing the current trend of CSPs followed by the physical
fundamentals that explains the basics of the work carried out, the thesis proceeds with

the outcomes of the numerical simulations simultaneously with the experiments.
e Chapter 2, Physical fundamentals

This chapter assembles a complete set of basics that are essential for understanding the
thesis. This chapter presents Maxwell’s equations, the corresponding boundary conditions
and the basic fundamentals of light matter interaction. Characterization of a material by
electric permittivity and permeability is well explained along with the details of the optical
constants of refractive index and extinction coefficient. These characteristic quantities are
well explained in this chapter together with their physical origin. Light matter interaction
is described by the macroscopic description of Lorentz and Drude model. In the rest of
the chapter the optical behaviour of metamaterials as well as the terminologies related to
the metamaterials are defined.

Finally, I present the types of composites and metamaterials that have been a part of
SSCs since decades. The chapter is concluded by a summary of literature survey presented
through tables highlighting the materials, structures, thickness etc. for the composite and

the metamaterials used.

e Chapter 3, Design, Working and Selection of materials for Spectral Se-

lective Coatings

This chapter is devoted to design, working and the materials chosen for the SSCs in
this work. With the aim of achieving spectral selective coatings with high efficiency and

the ones that are thermally and chemically stable at elevated temperatures, we begin
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this chapter by explaining the type of SSC chosen for this work along with its design.
We then demonstrate the working of the picked design involving the role of individual
components of the coating. At the end of the chapter we describe the reasons for choosing

the materials for the individual components of SSCs.
e Chapter 4, Numerical solutions for Maxwell’s equations

Chapter 4 defines the various methods of solving Maxwell’s equations in computational
electromagnetics (CEM). All the methods defined in this chapter have their own advant-
ages and disadvantage, where one method is a benefit over the other. Since numerical
simulations contributes a major part of the thesis, it is worth discussing about the best

method suitable for solving the Maxwell’s equations.
e Chapter 5, Solar Selective Coatings: A Methodology for a complete design

This chapter begins with a brief introduction of the numerical study and the interface used
for it-COMSOL Multiphysics. This chapter also concentrates on the terminologies used
in the modelling of the micro models(single unit cells) in COMSOL Multiphysics. The
chapter overall is dedicated towards the detailed methodology acquired for the synthesis
of the SSCs, starting from obeying the outcomes of the numerical simulations to imple-
menting those in the experiments. For the numerical simulations, a multiscale approach
was adopted where micro and macro models were prepared corresponding to the outcomes
of the experiments to predict the behaviour of entire SSCs. After having achieved the
required parameters from the numerical simulations, they are then utilized for performing

the experiments.
e Chapter 6, Results and Discussions

This chapter is divided into two main sections. The first section talks about the overall
structure of the SSCs including the parameters retrieved from the numerical simulations
for the experimental synthesis of the SSCs, and the experimental synthesis of the SSCs.
It also discusses about the morphological and elemental characterizations performed to
better understand the structure of SSCs. The second section concentrates on the optical

performance of the SSCs that covers the optical characterizations and thermal stability
tests of the SSCs.

e Chapter 7, Conclusion and Outlook

This chapter is divided into two sections, the summary and the future scope. The first
section summarizes all the results of the former chapters, and the second section outlines
the possibles perspectives and applications. A clear comparison of the optical performance
is provided for the experimental and numerical work. Along side a validation of the

numerical study is also presented.



Chapter 2

Physical Fundamentals

This chapter presents Maxwell’s equations, the corresponding boundary conditions and
the basic fundamentals of light matter interaction. Other than this, the simulation of elec-
tromagnetics in dielectric materials and metamaterial would also be explained. A classic
dielectric is characterized majorly by its electric permittivity and magnetic permeability,
and equally by its electric and magnetic conductivities. These characteristic quantities

are are well explained in this chapter along with their physical origin.

2.1 Maxwell’s Equations- Interaction of radiation with matter

In the first section of the chapter we have an outline of the important laws that con-
trol the interaction of light with matter, and the approach in which these laws can be
adapted to different mechanisms that arise from light matter interaction. According to
elementary physics, a charge is enclosed by an electric field, and the moving charge that
is an electric current, develops magnetic field. In addition to this, the accelerated charges
emit electromagnetic radiations, while radiations accelerate the charged particles. Max-
well’s equation summarizes all these phenomena explaining the dynamics free charges,
currents, electric and magnetic fields, indicating the basics of classical electromagnetic
theory, that deeply explains interaction of light and matter. These theoritical concepts
were formulated primarily through experiments conducted by many scientists-Faraday,
Ampere, Volta, Lenz, Coulomb, Gauss and others, in the nineteenth century. These
equations were condensed into a set of vector equations by Maxwell, widely acclaimed
Maxwell’s equations. These equations broadly explains the nature of the charges in an
electric and magnetic field, both in vaccum and in material. When the electromagnetic
radiation crosses one medium to reach another in metals or dielectrics, the boundary con-
ditions are considered. A touch of boundary conditions and its outcomes on the electric
and magnetic fields is also represented. Next, TE “transverse electric” and TM “transverse
magnetic” modes of the electromagnetic wave are described.

Beginning with Maxwell equations, four coupled equations explaining interactions of

electric and magnetic fields with matter [30] are the principle of classical optics and

25
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electrodynamics.

Maxwell’s Equations in Differential form

oD
H= - 2.1
V x Jet 5 (2.1)

0B

FE=—— - 2.2
V x 5t Jm ( )
V.B =0 (2.3)
V.D=p (2.4)

Where E is the electric field, H is the magnetic field of the electromagnetic radiation. D
is the electric flux density and B is the magnetic flux density. J; repesents the total current
density which is the sum of J. the electric current density and J the current density rising
from the sources other than the conductivity. J,, = o,,H where o,, is a non real physical
quantity needed at space boundaries for artificial absorption, called magnetic conductivity,
and p is the charge density. For ease and clarity, we ignore writing the time and spatial
dependence, E = E(r, t). If we permit materials with isotropic and non-dispersive, where
e and p are independent of the frequency of the incoming electromagnetic wave, electric
losses attenuating electric fields by conversion to heat energy then the electric current
density turns J, = oE, where ¢ is the conductivity.

For a simple case, a linear, isotropic and non-dispersive material would have the fol-

lowing constitutive relations

D =¢E (2.5)

B = puH (2.6)

These are the relations of flux densities to the fields with the magnetic permeability pu
and electric permittivity e. Here € = €,¢p and 1 = p, 1o where €, is the relative electric per-
mittivity and g, is the relative magnetic permeability . ¢y = 8.854187817.107*?As/Vm is
the electric permittivity of free space and py = 4m107"N/A? is the magnetic permeability

of free space.

2.1.1 Electromagnetic Boundary Conditions at material interface

The behaviour of the field at different interfaces are explained by the boundary condi-
tions. The combinations of interfaces can be air-metal or metal-dielectric. The boundary
conditions for two finite conductivity media is not infinite, and is defined by ey, €, 11, pio.

They are

i % <E2 - 1?:1) ~0 (2.7)
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i % (}”12 . ﬁl) ~0 (2.8)
fi.(Dy —Dy) = 0 (2.9)
fi.(Bs—By) =0 (2.10)

These boundary conditions can also be displayed in a different form

Ea = En (2.11)
Ha, = Hiy, (2.12)
Esner = Binér (2.13)
Houpto = Hinpy (2.14)

where 'n’ refers to “normal” and 't’ refers to “tangential”. 1 and 2 mentioned in subscript
are the two different media that the light crosses. For more information on this, refer to
[31] . Figure 2.1 shows the graphical representation of the boundary condition for the
electric field.

Figure 2.1: Electric field vector for boundary conditions with €; < es.

2.1.2 Transverse Electric (TE) and Transverse Magnetic (TM) modes

The boundary conditions are different for the normal and tangential components of the
electromagnetic radiation. Therefore, the incoming wave is split into two parts by defin-
ing a plane connected by the incident and reflected wavevector k; and k,. The incoming
electric field vector is divided into a part that is perpendicular to the plane of incidence

called the s-polarised wave (TE mode) and parallel to the plane of incidence called the
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p-polarised wave (TM mode). The total electric field E = Ep + E, is represented graph-
ically in Figure 2.2 For the TE mode, the electric field component is perpendicular to
the direction of propagation of the wave and magnetic field component is parallel to the
direction of propagation of the wave. Whereas for the TM mode , the electric field com-
ponent is parallel to the direction of wave propagation and the magnetic field component

is perpendicular the direction of wave propagation.

Figure 2.2: TE and TM mode of an electric field.

2.1.3 Constitutive equations

Based upon the book Advanced Engineering Electromagnetics|[31] this section of the
chapter describes the origin of the electric permittivity e and magnetic permeability u
in dielectrics. The charges in atoms and molecules for a dielectric are held together in
a place by their atomic and molecular forces. On applying an external electric field,
the centroid of these confined positive and negative charges is moved slightly in position
relative to each other, forming an electric dipole moment. In case of a polar material
even when no electric field is applied, local dipole moments dp; are still present amid the
charges. As a result of random orientation of the dipole moments, the electric polariz-
ation vector is nil, and the local polarization vectors eliminate each other. The applied
electric field results in the alignment of all the charges along the field lines. Nonetheless,
all the charges between the top and the bottom surface of a dielectric omit each other.
+qsp and —qg, are the only charges that remain on the surface. These remaining charges
forms the polarization density vector P. This polarization do not alter the value of the
applied electric field E but alters the value of the electric flux density D in the material.
For a dielectric in free space Dyeespace = EOE for same applied field and in case of the
presence of P, Dpiclectric = eoer]:] = ¢E or Dpjeectric = EOE + P. On assuming a relation
of linear proportionality between E and P, results in P = ¢yy.E where . is the electric

susceptibility which is a dimensionless quantity. This results in
Dpiclectric = 60E +P = 6OE + EOXeE = €0<1 + X6>E = EOETE (215>

A similar relation is obtained in magnetic dipoles in a dielectric under the influence

of a magnetic field for the magnetic polarization vector M where M = f19xmH where Y.,
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is the magnetic susceptibility. Generally, susceptibilities are tensors and the relationship
between the corresponding fields and the polarization is linear when the applied field is
not very strong. To sum up, the permittivity (permeability) is the ability of a medium to

store electric (magnetic) energy when exposed to an electric (magnetic) field.

2.1.4 Electric and Magnetic Conductivities

The amount of these free charges present in the metals is large and are free to move.
Whereas, in dielectrics these charges are confined and do not move freely around. For
this reason the conductivity in metals is much higher than in dielectrics. The permittiv-
ity and permeability are complex numbers and are expressed as € = € + i’ = € + io/w,
p=p +ip” = +io/w where €, i/ and €', y” are the real and the imaginary parts of
permittivity and permeability respectively and w is the angular frequency. It is noted
from these formulas, that conductivity depends on the imaginary parts of € and p that
represents the power loss. The materials for which ¢ =~ 0 are called lossless materials
with conductivity ~ 1072*S/m e.g. air or vacuum. The materials for which o > 0, they
are called lossy materials , e.g. carbon, germanium and sea water. The materials with
o ~ oo are characterized as metals eg, iron, silver, gold with conductivity 6.3 x 107S/m

for silver. Ohm'’s law relates E with J via o,
J=oF = 1F (2.16)

p

In a conductor, the electric field exists for a very short duration of time. If a positive
charge is brought closer to a conductor, E would be created for a very short time due
to charge separation. The created E will displace the electrons that are free to move
around until the E is cancelled. For this reason, the metals are also called perfect electric
conductors (PEC). Constitutive equations for isotropic linear materials are written as in
equation 2.5 and 2.6These material parameters are simple scalars for frequency dependent

and independent cases. For anisotropic cases they become matrices €, p.

2.2 Solar thermal radiation

As discussed in above in section 2.1 electromagnetic radiation can be stated as a wave
phenomenon with a combination of electric (E) and magnetic (H) fields, which oscillate in
a phase orthogonal to each other and orthogonal to the direction of propagation, as shown
in the figure 2.3. James Clerk Maxwell in 1865, made one of the most significant contri-
bution on the electromagnetic phenomenon, where he proved theoretically that electric
and magnetic field combines into a wave equations, which supports the fact that light is
an electromagnetic phenomenon classified to its wave frequency. Electromagnetic wave is
a transverse wave, which is combined of the oscillating E with the magnetic field 1§, and
is grouped according to the wavelength (\) of its wave. Light spectrum is classified into

Electromagnetic radiations according to increasing A in the order: gamma rays, X-rays,
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ultraviolet (UV) radiation, visible light (Vis), infrared (IR) radiation, microwaves and
radio waves. Thus, the range of electromagnetic spectrum starts from 10~2ym(gamma
rays) until 10*°um(long radio waves).

But, if restrictions are imposed to oscillation planes of the waves, a polarized wave is
obtained. Now, for a plane-polarized (linearly polarized) wave travelling in z-direction,

its electric and magnetic field are given by

E:ﬂ%anpw(§—vg} (2.17)
ﬁzﬂ%ﬁnpﬂ<§—v0] (2.18)

that are always in the same two orthogonal planes. Here Ey and Hpare the amplitudes
of the electric and magnetic field respectively, A is the radiation wavelength and v is the

frequency.

B

Figure 2.3: Electric and magnetic field components of the incoming electromagnetic radiation.

Now, the relation between frequency and wavelength is:

v=1 (2.19)

where c is the velocity of propagation of the wave. In vacuum, c is equal to the speed
of light (c), but in general ¢ = ¢o/n, where, n is the refractive index of the medium the
light is propagating through.

The inverse of wavelength is known as a wavenumber and given in units of cm™!, as:

b== (2.20)

Planck and Einstein showed that the electromagnetic wave properties of a particle,

and corpuscular theory states that em radiation can be described as photons (quantum
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energy packets) possessing an energy given by:
E =hv (2.21)

where, v is the radiation frequency and h is the Planck’s constant.
Then de Broglie stated that if an electromagnetic wave can possess the properties of
a particle, then a particle can also showcase the wavelike properties. The wavelength of

the particle acting as a wave depends on its momentum p, as:

A=—=— (2.22)

where, m is the mass of the particle and v is its velocity.

Bohr established that absorption or emission of em radiation happens as a result of
quantization of atomic and molecular energy levels. For a transition between state 1 and
state 2 in a system, the energy of the em absorbed is equal to the difference of energy

between the two states:

A E1_>2 = E2 — E1 = hv (223)

On the other hand, the emission of a radiation occurs when the atomic or a molecular
system comes to a lower energy state from an excited higher state. As a result, the differ-
ence in energies, of different molecular levels in the system, corresponds to em radiation
of different frequency.

It has been confirmed above that when an em radiation passes through the matter, it
is absorbed if the energy of the incoming radiation corresponds to the energy difference
between two stationary states of atoms or molecules in the matter. If this is not the
case, then the em radiations passes through the matter unaffected, and a small part
of the light is scattered in all the directions in the matter. This scattering can be of
two types: elastic and inelastic. Elastic scattering occurs when the wavelength of the
incident beam is equal to the wavelength of the light scattered. This can be explained
classically, when the oscillating incoming em wave excite the electron cloud of the atoms
or the molecules in the matter, they vibrate at the same frequency as the as that of
the incident beam. The system formed by the oscillating electron cloud and the positive
nuclei comprise of an oscillating dipole that instantly radiates at the same frequency in
all random directions|32].

Elastic scattering depends on the size of the particles that scatter radiation. If the
wavelength of the incoming em radiation is larger than the size of the particle in the matter
it reacts to, the intensity of scattered light, Ig, is proportion to the wavelength of the
incident beam as Ig oc 1/x%. This relation is called Reyleigh scattering and indicates that
light with shorter wavelengths are scattered more when they interact with the particles in
the matter. The blue color of the sky justifies Rayleigh scattering. When the wavelength

of the incident em radiation equals the size of the particle in the matter it interacts with,
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then Mie scattering is observed. The intensity of Mie scattering depends partially on
the incoming wavelength and becomes independent of wavelength when the size of the
particles surpasses the wavelength. Clouds in the sky holding larger droplets of watter
scatters white light|32][33], this is a typical example of Mie scattering.

If the incident radiation excites the atoms or molecules of the matter it falls on, to a
state higher or lower than the initial state, then there is a shift in frequency of the scattered
light. This process is known as inelastic scattering. Raman Spectroscopy[34][35] is the
most popular technique among inelastic scattering.

All materials emit electromagnetic radiation, with an intensity and wavelength de-
pendent on its temperature (T) and optical characteristics. For example, a black-body
is a perfect absorber absorbing all incoming radiations, whose wavelength distribution of

radiation emitted is given by Plank’s radiation law [36, 37]:

Epx(A\,T) = (2.24)

N5 | ehe/XkpT _

where, h is Planck’s constant, kg is Boltzman’s constant, and c is the speed of light in

27he? [ 1 }

vacuum. Eypy represents the emissive power of the black-body (W /m?um), i.e. energy per
unit area per unit time per unit wavelength interval.

Black-body being an ideal physical body absorbs all the incident radiation and emits
maximum amount of energy for a given temperature, is used as a reference for the compar-
ison of real surfaces. The wavelength corresponding to the maximum of the distribution
in the black-body radiation, decreases with temperature as stated by Wien’s displacement

law:

A(Ep max)T = 2897.8 x 10~ *um.K (2.25)
The total emissive power Epyof a black-body, by Stefan-Boltzmann law, is given by:

Eb>\ = /Eb)\(/\, T)d)\ = O‘T4 (226)
0
where, o is the Stefan-Boltzmann constant, with the magnitude of 5.6696x 10 W /m?K*.

Thus, for any real object, the emissive power E is expressed as:

E(T) = e(T)oT* (2.27)

where, e(T) is the emissivity of the object.
The black-body is a perfect diffuse emitter, such that the intensity of radiation I, is
constant in all directions:

Eb == 7TIb (228)

Sunlight is an electromagnetic radiation in the spectral range 0.3 — 4 pm with the

maximum intensity of about 0.5 — 0.7 pum, corresponding to an effective black-body tem-
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perature of around 5800K|38]. For solar applications, the most important wavelength
ranges from UV /Vis/NIR (A = 0.3 — 2.5um) to far infrared (A=2.5—50 pm). This range
covers the solar spectral range and the spectral range of thermal radiation emitted from
a surface holding an ambient temperature of up to 100°C . As defined in the American
Society for Testing and Materials (ASTM) G173-03, the solar spectra irradiance distribu-
tion that reaches the surface of the Earth, for an air mass 1.5 (AM1.5), at 37° sun facing
tilted surface[39], is shown in the figure 2.4. Low-intensity, terrestrial solar radiation is a
variable energy of about 1367W /m? reaching the earth’s surface. Outside the atmosphere,
the spectrum denoted is AM 0, while the radiation that travels through the atmosphere
is AM X, where X is given by 1/cosf,for 6, less than 70°. 6, is the angle of incidence with
respect to zenith|[37].
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Figure 2.4: The graph depicts the normalized solar spectral irradiance for AM1.5, as well as spectral
reflectance of an idealized solar selective coating and the normalised Blackbody radiation spectrum at
various temperatures[3].

2.2.1 Ideal solar spectral selectivity

As the sunlight reaches a surface, a part of this incident light is reflected from the surface,
and a part is of it enters the surface to be absorbed by the medium and transmitted
through the medium. For solar-thermal energy conversion systems; it is advantageous
to have all the incident light being absorbed by the medium, to transfer high fraction of
captured energy for the application through the working fluid. Some amount of energy
is inevitably lost from the heated absorber due to conduction, convection and radiation,
however, this loss can be minimized by numerous methods. For instance, a thermal insu-
lation and a glass cover used by a flat plate collector, and the vacuum in tube collector,
reduces the loss due to conduction and convection[40]. The radiation loss in these two
mentioned collectors can be suppressed by spectrally selective absorber surface, i.e. de-

pending on the materials used[41].
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The interaction of electromagnetic radiation with the matter can be determined by
intrinsic parameters of the material. The amount of light that is reflected from the
surface of the matter is quantified by coefficient of reflectance (R), and is defined as the
ratio of intensities of light reflected (Ig) to the incident light (Iy). Similarly, the amount
of light transmitted through the material is quantified by coefficient of transmission (T),
defined by the ratio of intensities of light transmitted (Ir) to the incident light. A clear

schematic for this is shown below in the figure 2.5.

Figure 2.5: Reflection, absorption and transmission of a beam of light incident on a medium.

According to the law of conservation of energy, sum of T, R and absorption A of the

incident flux, for each wavelength is equal to unity:
RA)+ TN +AN) =1 (2.29)

Where the above equation comes from the incident electromagnetic radiation (Iy) which
is given by:
Ip=Ig +1Ir+1a (2.30)

The definition of emissivity, e(A), is the ratio between infrared light emitted from
the surface to that emitted perfect black-body at same wavelength and temperature.

According to the Kirchoff’s law, the emissivity is equal to absorption:

e(\) = A(\) =1 - R(\) — T(\) (2.31)

e(\) =1 —R()\) (2.32)

An ideal absorber should have zero reflectance in the solar spectral range
to seize maximum solar energy, and reflectance equal to unity in the infrared
wavelength range to minimize the radiation losses. Thus, an ideal spectrally
selective surface should have a sharp transition from low to high reflectance

at a transition wavelength. This behaviour is known as crossover behaviour, step
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function or reflectance transition behaviour, etc. by different authors. A curve with
this behaviour is shown in blue in the figure 2.4. Thus, solar absorptance and thermal
emittance are the two key parameters for characterizing the nature of selective solar
absorbing coatings. Below equation 2.33 calculates the total solar absorptance, ag, with
normal angle of incidence, is a weighted average, weighted by solar spectral radiation,
Is(A), between A\ = 0.3um to Ay = 4.1um.The following calculation has been done under
AM 1.5 solar spectrum, defined by the ISO standard 9845-1 (1992) [42].

J22(1 = R(A)Is(A)dA

R (2.33)

ag =

Similarly, equation 2.34 shows total thermal emittance, ¢;, at normal incidence, is a
weighted average, weighted by the blackbody radiation, I,,(A,T), at a given temperature,
T, where A\3depends on the temperature and Ay = 100um [43]. For T = 373K, Azis 2um.

= RODIL(A, T)dA
ML\ T

3

(2.34)

2.3 Optical properties and optical constants of materials

The absorption of light falling on the surface is related to the attenuation of light intensity
I when the light travels through the material, following Beer-Lambert law 2.35:

[ =TIpe ™ (2.35)

where, a is the attenuation coefficient (also referred as absorption coefficient) and
x is the thickness of the film (also referred as propagation distance). This attenuation
coefficient, a, is directly proportional to the extinction coefficient, k, of the material, which
measures how fast the light disappears in a material. If the material is transparent then
k becomes 0,and thus a, this means all the radiations would pass through the material.

The light intensity I is related to electric field amplitude through:

Io|E | (2.36)
It can be concluded:
2wk  4rk
o FR 2.37
a=— S (2.37)
and I .
In(—) = —ax = —4r= (2.38)
Io A

If the material is too thin i.e. A> kx, then it becomes transparent|44|[45][46].
The relation between the speed of light in the material (v) and the speed of light

in vacuum (c = 3.00 x 10%m/s), is expressed in terms of refractive index (n) by Snell’s
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law|[47] as:

n= S (2.39)

v
Thus, reflection happens at the interface of the two materials having different refractive
indices, the absorption of light takes place during the propagation of light through the
material, and the transmittance entirely depends on the absorption, as unabsorbed beams
are the ones that are transmitted. There are other phenomenons that take place while
the light propagates through the material, such as, scattering, polarization, luminescence
and diffraction[48].

Air Medium 1 Medium 2
n=4 n=2
n H k>0 k=0

—-—

5
]
=

A

Figure 2.6: The incident light wave travels from air (n = 1; £ = 0) into an absorbing medium
1 (n =4;k > 0), and then into a transparent medium 2 (n = 2; k = 0). The phase velocity
and the wavelength of the wave is different in each medium depending on the index of
refraction.

Both n and k are intrinsic values for a material that depends on the wavelength of
the incident light. These two quantities can be incorporated into a single quantity called
complex refractive index (1), where n’ becomes the real part and &, the imaginary part.
The relation between the complex refractive index and the dielectric function (€) is derived

from Maxwell’s equation|[49|, written as :

0 =n'+ik = \/é(w) (2.40)

where, 0 describes how an electromagnetic wave propagates through the medium, the
real part n’ describes how fast the wave travels in the medium, the imaginary part k
is responsible for wave loss or decay; describes how the wave decays as the function of
position and é(w)is the dielectric function of the material. The dielectric function and
the complex index of refraction are called optical constants. The real and the imaginary
part of the optical constants are not independent and they are mathematically connected
through Kramers-Kronig relationship[50]. The complex dielectric function é(w) describes
the electrical and optical properties versus wavelength, frequency or energy. It also de-

—

scribes electric polarizability (P) and absorption properties of the material which is given
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P = exE(x,t) (2.41)

with the relative dielectric function €, and the susceptibility x relation, at high fre-
quency limit:
& =14+x (2.42)

The complex relative dielectric function €.can be expressed as real and imaginary parts
as €, = €1 + ies. From the relation between the complex refractive index, equation 2.40,
and complex relative dielectric function, it is possible to write nand & from in terms of

erand e, and vice versa as following|51]:
€, =n*—k* ey = 20'k (2.43)

with

n' = (e, + (€5 + 6%)1/2)1/2, k= (—e + (e + 6%)1/2)1/2 (2.44)

The refractive index n for the absorbing layers of selective solar thermal absorbers
should be an increasing function of wavelength in the visible range (300—1000nm) because

it contributes to the solar absorption enhancing through the interference effect.

2.4 Solid State Optics

2.4.1 Macroscopic description

In the above sections, we learned the relation of the optical effects such as absorption,
reflection and transmission related to the refractive index. In this section we will throw
light on the optical response of the material with a strong absorption at one or more
frequencies. We will first obtain the response of a simplified atom using a Lorentz model
and then the Drude model assuming the electrons that surround atoms as being bound to
the atom core with a phenomenological spring constant. This gives reasonably realistic
projection of dispersion of the refractive index in regions of low absorption and a close
understanding of n and k trends near these regions of strong absorption.

The nucleus of the atom much more massive than the electron, so that we can treat
this as spring mass system. If we let go the mass, the spring will move back and forth

and would be resonant.

2.4.1.1 Optical properties of dielectric material and the Lorentz Model

To predict the optical response of valence electrons in the presence of an oscillating em
field, the electronic response follows the equation of motion F = ma taking into account

the electric driving force, the friction force (damping rate), and the restoring force. The
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equation of motion thus becomes:
mi(t) + mli(t) + mwor(t) = —qE (2.45)

where, going from left to right, the first term is the acceleration force, second is the
frictional force, third is the restoring force with wy = \/k/_m and term on the right of the
equation is the electric/driving force.

The fourier transform of the equation 2.45 gives an expression for the (complex) har-
monic motion amplitude r(w) in response to a harmonic driving field with amplitude

E(w) :
me wp — w? — iwl

r(w) = E(w) (2.46)

The expression for dipole moment y, which is defined as charge times separation dis-
tance. Since the core of the atom is assumed to be stationary at position zero, the dipole

moment becomes:
2 1
9
me wi — w? — iwl’

uw) = E(w) (2.47)

Describing the dipole moment with a quantity known as polarizability «, the dipole
moment and the driving field according to 1 = aF, results in an expression for the Lorentz

polarizability a:

(DR (2.48)
alw) = — .
m, wi — w? — iwl
With N atoms per unit volume , the net dipole moment per unit volume is
P = Nji(w) = Na(w)E(w) (2.49)

With the Lorentz expression for polarization Na(w)E(w) with the relation P(w) =¢px(w)E(w)
we obtain an expression for the frequency dependent susceptibility:
Nq? 1

= 2.50
X(w) meeo wg — w? — iwl (2.50)

Note that y is dimensionless, so that the term ET‘i) has dimensions of w?. So, we set

Ng?
2 — 2.51
Y= e (2.51)
or equivalently
Ng?
= 2.52
Wp Meeg ( )

where, w,, is the plasma frequency.

The real and the imaginary parts of the dielectric function becomes
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(2.53)

mp=.4 0)0:4 I'=0.1
100 . : : : . 100
] g
&
€1 0 - 50 €5
] r
-100 T T T T T 0
0 1 2 3 4 5 6
8 T T T I I 8
6 —_F6
—k
n 41 4 K
2 -2
O T T I I I O
0 1 2 3 4 5 6
10 T T T T T
0.5+ .
00 T T T T T
0 1 2 3 4 5 6
(0]

Figure 2.7: Typical Lorentz response for dielectrics.

In the above graphs shown in Figure 2.7 that show a typical Lorentz response for the
dielectrics, it is clearly seen that the resonance occurs when the frequency is 2 and the
plasma frequency is at around 4.5. Below the resonance, we have flat looking permittivity
and the refractive index which shows that the materials in this region are transmissive.
At the resonance, the properties of the materials become very extreme, and the refractive
index and the dielectric constant goes way up i.e, the loss goes up and the material be-
comes absorbing at the resonance peak. Above the resonance, the materials becomes very
reflective, and above the plasma frequency is a switch between reflected and transmissive
region. Also, at the resonance, we get a sharp drop in the real part of the e which is
called anomalous or negative dispersion, and over most of the frequency range it is slowly
increasing which is called positive dispersion.

From the above graphs, in the one on the top, the damping rate (r) determines the
width of the resonance. The bigger the r, the wider is the resonance. Smaller the r, the
narrower is the resonance. The material has no response at frequencies far above the
resonance. In this region, the material becomes transparent whereas on the opposite side

of the spectrum there is low loss but there is DC offset in the dielectric constant. This
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is the region we work in when we design a device. It is worth noting that the dielectric
constant can be negative and/or less than one around the resonance. From the graph
in the middle, far from resonance, the loss is very low, and that n can be less than one

around the resonance.

2.4.1.2 Optical properties of metals and the Drude Model

In metals, most of the electrons are free and not bound to the nucleus. This makes the
restoring force negligible and there is no natural frequency. So, the Drude model for
metals is derived by assuming wy = 0. Thus, the real part of the dielectric function

becomes:

w2

6=1——=2 _ 2.54

' w? 4+ jwl’ (2:54)

When the charges are free to move, they collide against one another and cause loss.
Thus, it is often more meaningful to put equation2.54 in terms of 'mean collision rate, 7,

also called momentum scattering time, when describing metals.

w2

- 1-—2r 2.55
‘1 w? 4+ jwr ! ( )

where 7 = %

Dielectric contstant for metals in terms of real and imaginary components, according

to Drude’s model, can be written as:

€= {1 — i} +7 {ﬂ} (2.56)

1+ w?r?
In practice, metals are described in terms of real-valued permittivity and conductivity.
Then

2.2
pr 0'0

I o=
14+ w272’ 1+ w272’

(2.57)

€1 —

where gp=€gw?’7, called the DC conductivity.

From the typical Drude response in the figure 2.8, it is observed that below wy, , the
permittivity is negative and above w,, it becomes positive. Whereas, the imaginary part of
the permittivity is high below the wy,, so the material is incredibly lossy, and above the wy,,
the material is not lossy at all. This is consistent when we discussed about Lorentz Model
that above w,materials tend to be transparent. From Graph b, below w,, absorption is
really high and so is the real part of the refractive index. The material gets very lossy
as we go down to DC, so much that no loss is experienced. The material parameters are
so extreme, that when the wave encounters this material it actually reflects before it gets
absorbed, so no absorption is experienced at all.

The following observations can be made from the above graph, above w,, materials are

transparent, however, below the w, they act as metals, with no sharp cut-off. Around
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wpmetals are very lossy. Usually metals are very lossy near the optical frequencies and
the wy, for typical metals lies in the UV region. Below the w,, the dielectric constant is
mostly imaginary and the metals behave like good conductors. Near the w,, both the
real and imaginary part of the permittivity are significant and the metals are very lossy.

This has been the biggest problem for optics and currently the first limitation for optical

metamaterials.
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Figure 2.8: Typical Drude response for metals.

2.4.2 Anisotropic material

For anisotropic materials, the parameters such as permittivity, permeability and con-
ductivity are directionally dependent. Because they vary in different crystal directions,
they are treated as tensors. Anisotropic materials offer new and fascinating approach
in engineering and technology. A few examples that show a significant improvement
by using anisotropic materials are; a thin coating of anisotropic material would notably
change the radar cross section of an aircraft, anisotropic composites have made their use
in space shuttles and satellites, energy and opto-electronic devices also employ a vast
range of anisotropic materials. Other applications include design with antenna patches
where anisotropy is a employed as a major design parameter [52|. In electromagnetics,
analytical solutions of wave propagation problems are confined to ordinary geometrical
shapes [53, 54]. Material parameters (e, u, o) for anisotropic materials like composites
and crystals, are a function of vectors of electric and magnetic field direction. They are

represented by 3 x 3 matrices for 3 dimensional structures.

Qg Oy  Ogz

(2.58)

Ayy Ay

Az Qzy Qzy
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where a =€, u, 0.

For anisotropic materials the constitutive equations now become

E (2.59)

ol

D=

B =puH (2.60)

This means the electric and the magnetic fields are no more parallel to the electric
and magnetic fluxes. The only exception being a;; = a for i = j and a;; = 0 for i # j. This
also means that the refractive index depends on the field vectors, and the components aj;
are also frequency dependent functions with a; — a;;(w) that follows Drude and Lorentz
model.

This becomes of utmost importance for metamaterials introduced in the next section.

2.5 Understanding Metamaterials

The term metamaterial was first introduced in 2000 in the paper[29]. Here, we focus
only on the materials that have phenomenal electromagnetic properties where the unit
cell is relatively smaller to the wavelength[55]. It is worth knowing that the fundamental
principle of metamaterials was discovered by the Russian physicist V. G. Veselago. He
was the first person known to have noticed that Maxwell’s equations do not eliminate the
materials that have negative permittivity and permeability. The outcomes of reflection
and refraction of electromagnetic waves with negative € and p materials were published
published in 1968|56].

Before we begin to understand this, lets have a quick reminder on the physical relations

that we studied previously in this chapter
e n = /e[, refractive index
o c=1/\/n€ = 1/\/loftr€o€r = Co//Eflx = Co/1, speed of light in a medium
e = /i) = non /e, impedance

Proposing a plane wave in equations 2.1 and 2.2 accounts for

k x E=wB = wuH (2.61)

—k x H=wD = wek (2.62)

The above two waves provides information on the relative position of the vectors with
each other. Here, E,H,k are perpendicular to one another, however, their orientation
relies on the sign of € and p. When € > 0 and p > 0 then the field vectors create a right
handed system (RHS) where B becomes parallel to H and D becomes parallel to E. Such
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a material is called right handed material (RHM). When € < 0 and p < 0 then the field
vectors create a left handed system (LHS) where B becomes anti parallel to H and D
becomes anti parallel to E. Such a material is called left handed material (LHM). When
¢ < 0 and p < 0 the materials are referred as ’double negative’ (DNG), and when ¢ > 0
and g > 0 the materials are referred as 'double positive’ (DPS). Also, when either one
of the parameter is negative, the material is 'single negative’ (SNG) or ’epsilon negative’
(ENG) or mu negative (MNG). For a DPS or DNG, the Poynting vector is defined as
S = (E x H) = 1/(en)(D x B), which represents that the energy flux constantly points in
the same direction. Waves that have wave vector pointing in the opposite direction to

Poynting vector are called the backward waves. Figure 2.9 represents a clear difference
between RHM and LHM.

(@) (b)

Figure 2.9: A clear illustration of (a) Left Hand Material (LHM); (b) Right Hand Material (RHM)

2.5.1 Negative index of refraction

Using boundary conditions and the definitions for the TE and TM modes, we can derive
the continuity condition for the wavevector. In case of a TM mode, H, is zero for the wave
propagating in z direction, this leads to H, = H,, H,, = H,+ H, = 0, 't’ is tangential and
'n’ is normal. For ease, the interface is defined at z = 0. Inside the material, the magnetic
field is referred as Hy and H = H,elsewhere. H, is considered a plane wave and is the
sum of the incident and the reflected wave while Hs, has the transmitted wave traveling

in the z direction.

Hy _ Aefi(kzz+kxx) + Bei(kzszxx) (263)
Hy, = Cei(koztke) (2.64)
where A, B, C are the amplitudes. Using the boundary conditions in 2.12 and that the

boundary has an origin at z = 0

Ht - H2,t (265)

(A + B)e ™ = Cehexx (2.66)

This condition can be achieved only if ky = ko x and A + B = C. The same logic exists
for a TE mode with a tangential electric field. When the second material is is LHM,
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the wavevector in this material ksois antiparallel to the wavevector in the RHM with k.
k¢ = ko condition is still valid so k has to be negative for a wave with k3 wavevector that
is refracted above the perpendicular as seen in figure 2.10. This is know as the negative

refraction.

Figure 2.10: A clear illustration of (a) p-polarised wave; (b) s-polarised wave.

For deriving Snell’s Law, ky = ko condition with ky = ksin(f) and ko y = kosin(fs)
requires to be satisfied. The dispersion relation w = k/,/en leads to

Vepsin(f) = \/expizsin(6s) (2.67)

< nsin(f) = nysin(6s) (2.68)

In case of negative refraction 6’ becomes negative. Using the condition sin(—6y) = —sin(fs)

and substituting it in equation 2.68 and rearranging leads to

sin(6)
= —_— 2‘
"2 M G0 (6,) (269
But here equation 2.68 is disobeyed as nsin(f) = —ngsin(f,) and hence n, has to be

negative.
Further investigating the index of refraction, defined as n = ,/eu. In this definition
for the index of refraction to be negative € and p have to be complex numbers for LHM.

Same as describe in section 2.3, n’ features the classical index of refraction and n” the

absorption.
n® = eu (2.70)
& (0 + il<:2)2 = (¢ +1i€") (i +in") (2.71)
en? k2 +i20'k? =y — ! il +ie'y) (2.72)

Everything derived until now is valid for the real parts of the quantities considered

€ <0, <0,n <0. Now, by taking only the imginary part of the equation 2.72 we get,
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!, ",/

S
=<
2k

k corresponding to absorption is > 0. Hence the condition remaining is

0 (2.73)

eu’ + €'y <0 (2.74)

2.6 Evanescent Waves

Let us consider a plane wave propagating in the x-direction in a medium with n as the

index of refraction.
E(x,t) = Ege it (2.75)

where E is the electric field vector, Eg is the constant electric field vector amplitude, k
is the propagation coefficient, and x is the position vector.

Using the dispersion relation

k=" = (0 +ik) = (2.76)
Co Co
substituting equation 2.76 in equation 2.75 gives
E(t, x) = oo (&) =ik (2.77)

where k will lead to an exponential decay of the incident wave. Now, linking the
imaginary part of the refractive index to equation 2.35 Beer Lambert’s Law, the intensity

of the electric field that is proportional to the square of the field leads to

I O(l E |2: E(Q)efiQ(%n’xfwt) e—2%kx _ 106—2%km (278)
where the term Ege_Q(%nlx_m)

equation 2.35 with equation 2.78 leads to

gets absorbed in Iy. On comparing the coefficients of

2wk
€0
Till here, investigation of wave propagation in RHM (e, u > 0) and LHM (e, u < 0) is
done. Now let us see in case of € < 0,0 > 0 or € > 0,4 < 0. Again using the dispersion

relation here, leads to

k = wc = wn = w\/eoLlo\/ € (2.80)

In case of e < 0,4 > 0 or e > 0, u < 0, k has to be a complex number k = k'+ik”. Then

for the plane wave propagating in  direction, the electric field is

E(t, X) _ Eoe—i(kx—wt) _ Eoe—i(k/x—wt)ek”x (281)
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Here the term e
depth becomes limited. Such kind of a wave is called an evanescent wave. A sketch of

reflection and transmission properties of distinctive material parameters is illustrated in

figure 2.11.

k‘”

Air £<0,p>0
No transmission

Plasma and wire structures
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* causes an exponential decay in the x direction, hence the penetration

Air e>0,u>0
n=+./ie

Conventional materials

LHM

Air £€<0,u>0
h- i

Split rings/microstructured
magnets

Air £€>0,u>0

No transmission

Figure 2.11: Depiction of different material parameters show casing reflection and transmission properties.

2.7 Resonators

2.7.1 Electric wire grid resonator

So far no DNG materials have been discovered naturally. However, in 1999 Sir J. Pendry
[ref101] built a LHM by combining two different structures. By assembling wires with
split rings, a structure would be created where one component would lead ¢ < 0 and the
other would lead ¢ < 0. These inclusions would be chosen on a mesoscopic scale where
dimensions of the structure are smaller compared to the wavelength but larger than the

atoms.
e Wire Grid Resonator

In accordance with the Lorentz model e(w) < 0 near the resonance frequency. There
is not dielectric material known with the similar property. However, many metals have
this property as metals are depicted using Drude model where the conducting electrons
are unbound and free to move. As shown in figure 2.8 negative € exists for angular
frequencies smaller than w,. Because of the absorption a small band is used for forming
a negative index of refraction that can be manipulated by tuning the w, by altering the
charge density. But it is not simple to generate the plasma and tune the position of the

charges. For this Sir J. Pendry planned to combine the long wires of metal that seems as
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an effective electron plasma to an incoming electromagnetic wave. The electric field would
be polarised along the wires, and allows the materials with negative € in the frequency

range below 2GHz.
e Cut wire grid Resonator

To expand the bandwidth of the short wires their resonant behaviour can be used. In
this case, the Drude model is not worthy because the ideal plasma assumptions do not
hold true for short wires. In short wires the electrons are accumulated on the edges of the
creating an opposing field that generates force proportional to the deflection. This force
is dependent on the length of the wire. To boost the efficiency of such wire grid resonator,
the cut wire grid method is proposed.

Here, the wires behave as inductors and the edges as capacitors. In the figure 2.12 a
clear comparison between wire and cut wire is shown for p and T. In case of cut wire,
the frequency band is widened from wy to w, due to the resonance, whereas, T for wire
decreases exponentially. Such cut wire materials have many fascinating applications for

DNG materials and also for horn antennas|57].

WIRE:

T

|
|
|
Wo Wp w'(]i ﬂp

Figure 2.12: Transmission and permittivity of a wire and a cut wire[4].

2.7.2 Magnetic resonator

On a microscopic scale, unpaired electron spins are a result of magnetism, whereas on a
macroscopic scale the way to have the magnetic moment is to bend the metal wire in the
form of a circle and apply current to it. The generated magnetic moment perpendicular

to the plane of the wire is

m = %/(r « J)dV (2.82)

%
where J is the current density and r is the radius.
According to Ampere’s law, the time varying current induces the magnetic field leading

to magnetic moment m.This magnetic moment is too weak so as for the electric case, m
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may increase by making use of resonance, creating a design called the split-ring resonator.
The split ring is not completely closed and causes capacitance C connected in series with

the inductance L of the ring. The split ring resonators leads to p of [58]

2 2

=1— 2.83
Hw) w? — wd +iaw (2:83)

where wy,is the magnetic plasma frequency that is equal to the plasma frequency. Split

ring resonators have sharp resonance and is a suitable choice p < 0.

2.8 Effective Medium Theory-Deriving optical constants for a composite

For the modelling of an object, numerical methods need to create a mesh to represent
the object. In order to capture all the events of interest, the mesh needs to be very fine
and coarse to reduce the cost of computation. For finite difference time domain (FDTD)
algorithm, the size of the mesh should be at least A/10. It is not possible to model the
entire room of interest, thus single unit cells correspond to the big structure are modelled.
Modelling of every single unit cell separately is not possible, thus multiscale techniques
are used to prevent the typical requirement of fine meshes and to minimize the enormous
computational cost. The objective following these methods is to foresee the nature of any
given material at a large scale by performing calculations on a small scale, as single unit
cell for example. Multiscale techniques can be roughly be classified into two categories,
analytical and numerical homogenisation techniques. The analytical technique are usually
used for composites with two component but have their constraints for metamaterials. The
numerical homogenisation technique can be divided into direct and indirect techniques.
For a direct technique, the material parameters can be straight-away calculated from
the electric and the magnetic fields by field averaging. This usually requires inverting
the constitutive equations as suggested by Wu or Pendry [59, 28|. The indirect method
generally involves the scattering parameters that are explained in annex6.1 in and an
algorithm to retrieve the material parameters from the S-parameters also explained in
annex 6.1.

In this section, I have explained shortly the analytical methods of homogenization.

2.8.1 Effective Medium Approximation (EMA)

EMA is a method of solving a macroscopic inhomogeneous medium, where quantities
such as conductivity o, dielectric function ¢, or elastic modulus vary in space. The optical
constants of two-phase nanocomposites can be resolved by significantly mixing the optical
constants of the individual components of the composite by EMA theories. This work
would be focused on metal-dielectric, consisting of combination of metallic and dielectric
particles in ordered or random manner. If the average size of the inhomogeneities is much
smaller compared to the wavelength of the incident light, then electric and magnetic field

are regarded consistent over this length|60]. This is called quasi-static approximation, and
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the condition for the use of EMA for the determining the optical constants of a composite.
To use these theories for determining the effective dielectric function, e.¢ , of the composite
material, it is essential to know the optical constants of the embedded particles, €,, and
the host matrix, ey;. The most commonly used EMA theories are; Mawell-Garnett|61]| and
Bruggeman|62], that are used to model dielectric functions based on their corresponding

constituents, volume fraction and shape of the particles.

2.8.2 Optical constants from Maxwell-Garnett (MG) Model

To begin with the simplest EMA theory is the Maxwell-Garnett (MG) theory. This
theory considers the metal to be dispersed inside the dielectric matrix with separate grain
structure|61], without particle interaction, of the two components. Maxwell-Garnett is
relevant to combinations where the volume fraction of embedded particles is low (f;70.3).

The equation for Maxwell-Garnett model is[61]:

€eAMG — €D €M — €D
—_— =y — 2.84
€cffMG+ 2€D Meu + 26 (2.84)

where, e.miq is the dielectric function of the metal-dielectric composite from the
Maxwell-Garnett model, fy; is the volume fraction of the metallic component of the com-

posite, indexed by M for the metal and D for the dielectric.

2.8.3 Optical constants from Bruggeman Model

The Bruggeman model assumes an aggregate structure of randomly intermixed particles
of metals and dielectric. It is applicable to microstructures where the distributed particles
are barely distinguishable from the host matrix. This theory has proven to be appropriate

in the cases for percolated systems. The equation for the Bruggeman’s model is|62]:

EM — €effBR

£ €D — €effBR
M ) ————
M + 2EeffBR

+ (1 =1
( M €D + 2€cABR

=0 (2.85)
where, €.4pR is the dielectric function of the metal-dielectric composite from the Brugge-

man model.

The Bruggeman theory aims to predict broader absorption curves compared to MG
theory. For very low volume fraction (fy;"0.3) Bruggeman theory is same as MG theory,
where no percolation is considered. For determining the effective dielectric function of a
composite, MG and Bruggeman theories does not explicitly depend on the size of these in-
homogeneities. This is due to the fact that the electric dipole term, which is proportional
to particle volume, is maintained in the series expansion of the amplitude of the electric
field scattered by a single particle. Although, significant inconsistencies between experi-
mental and simulation results are discovered when only volume fraction is considered to

describe the micro-topology of a nanocomposite material[45].
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(a) Separated-grain structure (b) Aggregate structure

(c) Maxwell Garnett theory (d) Bruggeman theory

EafiMG EeffBR

Figure 2.13: (a) and (b) illustrates the microstructures for heterogeneous two phase media;
(c) and (d) indicates the corresponding random unit cells used to acquire the effective
dielectric permeability within the Maxwell Garnett and Bruggeman theories.

2.9 Theory of thin film Optics

2.9.1 Single thin film and multilayer films

For the optical behaviour of a single homogeneous thin films, two boundaries are con-
sidered to understand its optical behaviour. The numbering of boundaries obeys the
conventional rule i.e, counting from top to the substrate. As introduced in the previous
sections, reflection and refraction of light occur when the light travels through differ-
ent media. When two media are involved, at the interface, according to Snell’s law of

refraction:

nlsinﬁl = HgSiDQQ (286)

The amplitudes of reflected, r,and transmitted, t, vectors are described by the Fresnel-
coefficients|63, 64, 65| after applying the continuity interfaces conditions of Maxwell’s
equations:

n;cosf; — nycosd,

_ 2.87
+ njcosf; + npcostsy ( )

n;cosf, — nycosdy

(2.88)

I =
I 1 COSy + Nocost

6, = 2n;cosb (2.89)

n;cosf; + nycosds
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Figure 2.14: Schematics for the propagation of incident light beam through (a) two mediums
(b) q multi thin layers deposited on a substrate (where the reflectance vector emerges from
the jgninterface).

21, cosf,

t) = (2.90)

n;cosfy + nycosby

where L, || are the perpendicular and the parallel interface vectors, respectively. For
the normal incidence, 6, 0, 03 all are equal to 0, the above equations can be simplified as:
o — 117 ’2 (Ilg - 1’11)2 + k2

= 2.91
n2+n1 (H2+H1)2+k2 ( )

Ry =] rur] [=] g |= |

% % 2H1 2
I (2.92)

n; —ny

where, Ryand Ty is the reflectance and the transmittance at normal incidence. These
results can be generalized for gthin multilayers, using the matrix form. The terminology
thin is significant for assumptions and calculations according to the interference theorems.
If q are the number of thin films, then the total electric field for the q layers and the

substrate in the matrix form is[66:

Ef a4 E*
=||1..,L sub 2.93
( Eo_ > jll Joj+H1Hj+1 ( 0 ( )

where, Ef and E; are the complex amplitudes of the forward and the backward traveling
wave, respectively. I; i, 1being the scattering matrix of the interface from j"layer to j™ + 1
layer, and L ;is the propagation matrix through the layer j + 1.

Then the characteristic matrix for the whole system becomes|65]:

B cosd;  (ising)/n, 1
— ijl: o J / (2.94)
C injsind;  coso; n

where, § = 2mndcos(6)/Ais the phase shift of the wave travelling a distance d normal
to the boundary. n;is the refractive index of the j™layer and n,; is the refractive index

of the substrate. If the operator matrix is demonstrated as a product of operator matrices
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of each of the layer, equation 2.94can be expressed as:

C Ngup

[ ° ] = [My] [M] ... [My] .. [Mq1] [M] [ : ] (2.95)

where C/B is the refractive index of the whole system i.e, the layers and the substrates.

The total reflectance, transmittance and absorption of the entire system are given by:

- HQB —C H()B —C :
4ngRe (ny,)
(noB + C) (H0+BC)

Ty = (2.97)

o~ — 4dngRe (BC* —nyy)
Y7 (B + C) (ny, BC)

The numerical calculations for the optical constants n and &k are governed by this

(2.98)

system of matrices in the COMSOL Multiphyics software.



Chapter 3

Design, Working and Selection of materials for Spectral Selective Coatings

The part of this chapter written in ttalics has been taken from my manuscript

[67] and [the paper under submission].

3.1 Different Designs for Spectral Selective Coatings for Solar Thermal Ab-

sorption

Selective solar absorbers have been classified into six types depending on their different
designs: intrinsic, semiconductor-metal tandems, multilayer absorbers, multi-dielectric
composite coatings, textured surfaces, and selectively solar-transmitting coating on black-
body like absorber. The schematics of these constructions are shown in the figure 3.1,

and are discussed in greater detail below.

a) Intrinsic absorber d) Metal dielectric composite (cermet)
L = -
Intrinsic absorber . “ .f* n b= metal
= 7 b dielectric

Substrate

b) Semiconductor- metal tandem e) Surface texturing

Antireflective coating |
i Semiconductor
) Solar transmitting coating/

¢) Multilayer absorber 1
blackbody like absorber

Dielectric
Zn0:Al

Dielectric

Black enamel

Substrate

Substrate

Figure 3.1: Schematics for different spectral selective coatings for solar thermal absorption.

(a) Intrinsic absorbers (mass absorbers): this is considered as one of the most
simplest and easy ways of selective coating production, where selectivity is the intrinsic
property of the material i.e. absorptive in the solar spectrum and reflective in the far-

infrared region. These types of absorbers are structurally stable but optically less effective

53
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and hence, have lower efficiency compared to multilayer stacks that include, metallic
WI41], MoO3 — doped Mol68], Si doped B, CaF,, HfC, SnOs, In,O3[41, 69].

Materials occurring naturally exhibit some roughly approximate selective properties,
that need to be greatly modified to serve as an intrinsic absorbers. Transition metals
and semiconductors fall in this category. Classically, research in intrinsic absorbers has
not been very dynamic because there are no ideal intrinsic materials, hence these kind of

absorbers are not ideal for solar applications.

(b) Semiconductor-metal tandems: semiconductors with bandgaps from 0.5 —
1.26eV absorb light with short wavelength. These types of absorbers also indicate low
emittance due to the underlying metal. so, these absorbers mainly constitute of semi-
conductors and an underlying metal layer, designed to minimize the thermal emission
from heated substrates. Semiconductors that are usually used in these types of absorbers
are Si(1.1eV),Ge(0.7eV) and PbS(0.4eV)[41]. The semiconductors used in here have high
refractive indices, which results in high reflectance losses. Hence, antireflection coating
are used for their better efficiency[46]. Si-based absorbers produced by chemical-vapor
deposition (CVD) are well known in this category|68].

(c) Multilayer absorbers: these absorbers use the concept of optical interference
to enhance absorption by alternating dielectric and metal layers. The thickness of the
individual films in the coating are selected in such a way that, the light is transmitted
through the coating and reflected from the dielectric/metal interface, to cause destruct-
ive interference with light reflected from the front surface of the film, increasing solar

absorptance.

This interference effect may be optimized by several thin films to increase the number of
reflections and maximize a. One example of these types of coatings is Al,O3/Mo/Al,Ostriple
layer absorber that was developed for US space project|70, 71]. The metals like Cr, W, Ti, Mo, Ag, Cu
are usually sandwiched between the dielectric layers like Alo,Osand AIN.

(d) Metal-dielectric composite coating (Cermets): the word cermet comes from
ceramic-metal composite. Composites are used extensively in various fields of application,
occurring naturally or among engineered materials. Composites get their effectiveness
from the combination of the properties of their constituent materials.

This type of coating constitutes of metal nanoparticles embedded in a dielectric or
ceramic matrix, with ceramic characteristics in the visible spectrum and metallic in the
IR. That means the cermet layer is transparent in the thermal IR region and strongly
absorbs in the solar region. This happens due to the inter-band transition in the metal
and the resonance of small particles in the cermet due to the plasmonic effect. The optical
properties of the cermets can be intermediate between those of a dielectric and metal, with
effective medium theory (EMT) predicting their optical performance. Cermet absorber
coatings offer high degree of flexibility in terms of coating thickness, concentration of the
particles, their position, shape, size and orientation|[72, 73]. Other than alumina, which

is a stable ceramic used at high temperature, SiOy and AIN are also used|74].
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(e) Textured surfaces: surface texturing is one of the most common technique used
to obtain the best spectral selectivity. The textured surfaces are rough, used for high
solar absorbance by multiple reflections. The textured surfaces work like highly reflect-
ive surface in the IR region, and the emittance of such coatings can be administered
by re-designing the microstructure of coatings. Well known textures include dendrite,
needle-like and porous microstructures, with textured copper, nickel and stainless steel
surfaces|75, 76] and dendritic tungsten|77] extensively used in practice.

(f) Selectively Solar-transmitting coating on black-body like absorber: these
kinds of absorbers can have highly doped semiconductor over an absorber with long term
longevity, like SnOs : F,InSO3 : Sn and ZnO : Al . Typical example of these kind of
absorbers are low-temperature flat-plate collectors with black enamel as the absorber
material|78§].

3.2 Literature Survey

3.2.1 Cermets

There are two major classifications of spectrally selective solar thermal absorber coatings
for high temperature applications (> 400°C'). The first group is based on a multilayer
structure absorber based on transition metal nitrides and oxynitrides. The second is based
on cermets-based spectrally selective solar absorbers, the available tandems in the market.
CSP technology use these absorbers for electricity generation.

Most of the designs available for the two kinds of optical stack undergo poor thermal
stability from elemental diffusion between the different layers, when exposed to high tem-
perature. A few examples of the studies stating this are; Liang et al. reported the
occurrence of the element diffusion near the interface region, in interfaces SiOy/CrO, and
CrOy/CrNy, and copper diffusion from substrate all over all the stacked layers|79]. Coa
et al. confirmed the diffusion of atoms of iron from stainless-steel within the cermet layer
forming a new phase of FeWQO,[80]. Kotilainen et al. studied the impact of temperature-
induced copper diffusion on the deterioration of chromium oxynitride selective solar ab-
sorber coating. They reported the diffusion of copper starting from the substrate then
reaching the coating and from the coating to the uppermost surface[81]. Wang et al.
reported that their work improved the thermal stability of W — Al,O3 cermet absorber
by adding Ti nanoparticles making it WTi — AlyO3. Doing this disclosed that partial
oxidation of Ti atoms forms a protective layer that prevents diffusion of W element|82].
Zhang et al. through his work commented about the diffusion of Cr,Nand O between
the absorbing layer and Al substrate. They also observed defects in micro-structure in
amorphous chromium nitride deposited on an aluminium substrate[46].

The list of host and inclusion materials used since decades along with their preparation
method and thermal stability are mentioned in the table 3.1below. Materials like CryOs5,
Al;O3, AIN and SiO, have been mostly used as the host matrix. Metals like Cr, Ni,
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Co, Ag, Mo, Cu, W, Pt,SS have been mostly used as inclusions. Stable oxide and nitride
materials like Y203, HfN, ZrO5 and TiN are yet to be widely investigated.

| Matrix | Metal Inclusion | Preparation \ Thermal Stability [ Reference |

Cry03 Cr Electroplating - 83
Cr Electroplating 350°C 84

Cr Electroplating 300°C 85

Cr Sputtering 300°C 86

Cr Sputtering - 87

Cr Sputtering - 88

Cr Sputtering - 89

Al;O3 Ni Anodization 250°C in air 90
Ni Evaporation 500°C in air 91

Ni Sputtering 500°C in air 92

Ni Solution-based method 300°C in air 93

Co Evaporation - 94

Ag Sputtering 400°C in vacuum 95

Mo Sputtering 2hr at 800°C in vacuum 96

W Sputtering 580°C in vacuum 97

Pt Evaporation - 98

AIN W Sputtering 500°C in vacuum 99
W Sputtering - 100

SS Sputtering 500°C in vacuum 101

SS Sputtering - 102

Al Sputtering - 103

Si0, Cu Evaporation 277°C 104
Cu Evaporation - 105

Ni Evaporation 500°C in a vacuum 106

Ni Sputtering - 107

Mo Sputtering 580°C in a vacuum 108

Mo Sputtering 2hr at 800°C in vacuum 109

MoOs; Mo Solution-based method | 300hr at 250°C in air 110
Zr0s VA% Sputtering - 111
SS—N SS Sputtering - 112

Table 3.1: Tables listing the materials used for cermets along with their preparation meth-
ods and thermal stability.

3.2.2 Metamaterials

Metamaterials have been extensively explored for enhancing sunlight in Photovoltaives|113,
114] and solar-thermal conversion[115, 116, 117]. Various structure-based, material-based
and shape-based PMAs have been used sunlight harvesting at high-temperatures. Metals
like Ti and W are used as noble metal PMAs to solve the problem of narrow absorption
band and poor thermal stability at the same time. Due to the large impedance mis-
match and high-loss PMAs suffer absorptance drop of around 30% in the visible range
[118, 119|. Even after using anti-reflection coatings the absorptance of these PMAs drops
significantly[80, 120]. Unconventional material-based approach utilizing amorphous car-
bon have been utilized as mid spacer but in this case aig is below 80% [121]. The IR emis-

sion of noble metal PMAs increases drastically after introducing high-loss meta-atoms
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and IR reflectors.

The table 3.2 shows a list of materials along with their shapes that are commonly used
as PMAs.

] Material | Structure | Thickness (nm) | Reference |
TiN/SiO,/TIN | Ring like 210 122
W/Si05 /W /SiOo /W | Circular 450 119
Ti/Si0,/W Square 120 118
Au/C/Au Square 435 121
Ni/Si Pyramids 500 123
W/Si0y/W Cuboid 60 124

Table 3.2: Tables listing the materials commonly used for MMs along with the most pre-
ferred shapes and thickness.

In the direction of design of MMs, the existing MMs are mostly 2D. To expand the
practical applications, it is important to move from 2D to 3D. However, this transforma-
tion is not easy. In the direction of fabrication, MM suffer a major setback. Out of many
techniques used lithography is the technique best and mostly used for the fabrication of
MMs. With complicated structures, the labour and the cost of the machine increases to
a large extent.

With the aim of achieving spectral selective coating (SSC) with best efficiency and the
one that is thermally and chemically stable at elevated temperatures, we will begin this
chapter by explaining the kind of the spectral selective coating that we have chosen for
this work, as well as the design selected for the coatings. We will then demonstrate the
working of the picked design involving the role of individual components of the coating.
At the end of the chapter we would describe the reasons for preferring the materials of

the individual components of SSC.

3.3 Design and structure for SSC

In this work, an unconventional design methodology for solar selective absorber layers,
with the intention of boosting light absorption efficiency, over a wide solar spectrum,
beyond the current status will be investigated. We would demonstrate solar-thermal
performance of a cermet based Plasmonic Metamaterial Absorber (PMA) by adopting a
hybrid strategy where a new structure, material and shape would be explored.

Cermet coatings have been broadly investigated and are still being extensively re-
searched for the past two decades, due to their applications in CSP systems affirming
high solar absorptance, low IR emittance|78, 94] and good thermal stability at low-and-
medium-temperatures|[125, 80, 126, 120]. The details for cermet SSC has been already
explained in section 3.1 of Chapter 2. Preparation of a cermet composite was chosen
for this work so that it have ceramic characteristics in the visible spectrum and metallic
properties in the IR. The constituents of the cermet, their size and shape, the thickness

of the coating, and volume fraction of metal in the dielectric matrix, strongly affect the
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ceramic and metallic characteristics across the solar and IR spectra. Similarly, PMA de-
velop a new class of selective absorbers for high-temperature function where absorption is
enhanced through strong localized surface plasmonic resonances (LSPRs) in the metallic
nanoparticles[127, 128|. The detailed effects of all the above mentioned parameters will
be explained in the section 4.4 of Chapter 5.

To meet the required characteristics of a SSC, preparation of several layers of metallic
NPs embedded in a dielectric matrix, one on top of the other, making it a composite
of a thickness of few hundred nanometers, was adapted. It is unachievable to have all
the desired properties in a single material, this being the case, a composite is needed
with a blend of properties of two or more materials. This composite would represent a
fundamental element of a more complex structure, the emergence of the metamaterial.
Producing an ideal metamaterial based selective absorber structure by placing an array
of resonators, (which would be a combination of a loop and a dipole, omega shaped struc-
ture), on top this composite dielectric, would make this new nano-structured absorber
(PMA) that have many benefits over conventional absorbers, including adaptability and
frequency tuning. Figure 3.2(a, b) shows schematic illustration of the components present
in SSA and the design of the unconventional metal-insulator based plasmonic metama-
terial absorber adopted for this study, respectively.

In practical, absorbers do not make use of just one but several absorption mechanisms
to achieve better selectivity, such as multilayer cermet-based absorbers comprising of
multilayer stacks of metal-dielectric composite, and introducing plasmonic nano-structures

to make metamaterials, in this study.

3.4 Working of the individual components

3.4.1 Metallic particles

The requirement of the metallic particles in the cermet, is high k. As the electromagnetic
wave enters the composite and strikes the metallic particle, it absorbs some of the incident
light because of high k and the rest of the light is reflected and reaches the other metallic
particle. This particle also absorbs some of the light and reflects the rest of the light to
the other, and this process goes on.

The appropriate volume fraction (vf) of metallic particles in the composite is of ut-
most importance for tuning the optical properties of the solar absorber layers. The nan-
oparticles scattered all over the composite will give more extinction cross-section to the
entire structure of the absorbing layers. The extinction cross—section, sometimes called
the attenuation cross—section, [129], is the area which, when multiplied with the irradiance
of electromagnetic waves incident on the unit cell, gives the total radiant flux absorbed
by the unit cell. We define

Oext = Osca T Oabs (31)
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where, 0., is the measure of the dissipation of light in a medium, 0., is the amount of
light scattered inside the material by particles and o4 is the amount of light absorbed,

as Joule loss, in the material.

More nanoparticles present in the absorbing layers would connect to each other form-
ing a large structure close to the wavelength, causing more reflection. Sub-wavelength
inclusions of \/10 provide substitutes to conventional approaches based on bulky optical
components. Artificial structures made of sub-wavelength inclusions and metasurfaces
carry remarkable optical and electromagnetic properties that are not attainable in nat-
urally occurring materials. Below is the most fundamental aspects described in brief, of
sub-wavelength structures based techniques, i.e., the localization of electromagnetic waves

by artificially designed sub-wavelength structures constructed with metals and dielectrics.

In principle, wave behaviour between light and material can be interpreted using Max-

well’s wave equation, which in most generalized case can be written as

V x e 'V xE=kIuE (3.2)

V x e 'V x H=1ul (3.3)

where His the magnetic field and €, ;1 and kgare the relative permittivity, permeability,
free space wavenumber, respectively. With some mathematical manipulation equation 3.3

becomes

VxVxE+eVe ! xVxE =kl (3.4)

When both permittivity and permeability are constant, equation 3.4is reduced to the

wave equation
VZE + K2epE = 0 (3.5)

For sub-wavelength structures with substantial difference of permittivity, permeability,
and refractive index, waves in the adjoining domains interact dynamically with each other
, hence the second term in equation 3.4could not be neglected. This term directed to many
fascinating solutions of wave equations such as surface plasmons, strongly localized waves,

and negatively refracted waves.

We know that collective excitation of free electrons at the metal-dielectric interface, i.e.,

surface plasmons polaritons (SPP) with a propagation constant of v = kg \/ €méa/ (€m + €4),
play a key role in the light-matter interaction|130] with €, the permittivity of a metal
and €4 the permittivity of a dielectric. The effective wavelength of even (or symmetric)

surface plasmon polaritons mode for a thin metal film with thickness d is described by

Aefy =27/ (3.6)
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If the thickness of the film is much smaller than the wavelength, the optical performance
can be conveniently explained using effective impedance and effective wavelength and can
be relatively as[131]

2
Aeft = 27 /y = 27r/\/edk(2) + (ﬁ) (3.8)

Definitely, the effective wavelength can be largely reduced by either decreasing the film
thickness or by increasing the permi<w<ttivity of the dielectric. This is different from the
odd (antisymmetric) surface plasmons polaritons mode, where the propagation constant
decreases with film thickness.

Besides metal film, a metal-insulator-metal waveguide is also used to transport and loc-
alize light wave with a horizontal dimension considerably smaller than the wavelength[132,
133]. The antisymmetric mode has a larger propagation constant compared to the sym-

metric mode, which is calculated using a slight change of equation 3.7

/~n2 kQ
tanh (\/72 - edkgd/2> = VT~ no (3.9)
em\/ 2 — €qk?

3.4.2 Dielectric thin films

The dielectric thin films would be the matrix for the absorbing metallic particles. The
most fundamental requirement for the matrix is to be non-conducting, i.e, a host with
zero electrical conductivity ¢ and high thermal conductivity .

When the metallic particle absorbs the incident light, its temperature is increased and
the heat is generated. The dielectric matrix helps in transferring the generated heat down

to the sink for the concerned application.

3.4.3 Metallic structure omega (Emergence of a metamaterial)

A layer of periodic metallic nano-structures is added on top of a cermet in order to achieve
a near unit absorption by manipulating local magnetic and electric pole resonances of
the meta-structure, transforming the cermet into a metamaterial absorber (PMA). To
develop this metamaterial, both the individual unit cell that contains the included periodic
resonator and the full-scale system needs to be considered. These absorbers uses localized
surface plasmons polaritons (LSPPs) with a concept of metamaterial to achieve sufficient
performance with smaller absorber volumes and design flexibility along with the materials
used. Localised surface plasmon resonance (LSPR) are collective electronic excitation in
metallic nanostructures|[134, 135|. The properties like LSPR spectral peak position and
resonance strength of plasmonic metamaterial strongly depends on the size, material

and shape of the meta-atoms. Plasmonic nanoparticles with sharp corners, compared to
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square or circular nanoparticles, show larger bandwidths in absorption cross-section|[136,
137, 138].

(1) Metallic nanoparticles \

(11) Dielectric thin film

a (ii)

-+

(111) Metallic omega inclusions

n / Si/Glass Substrate

(2) (b)

Figure 3.2: (a) The individual components of the structure of SSC. (b) Schematic of the
complete design and structure of SSC showing its horizontal section with all the compon-
ents included in it.

In this work, we decided to build our metamaterial based on metallic omega inclusions
for the following two reasons. First, it is a moderately simple structure because the split
ring and the wire are integrated into one structure and are not structurally separated
like the metamaterial designed by Smith[29]. Second, the existence of the band gap of
a single unit call is due to electric and magnetic resonance since omega structures have
bi-anisotropic properties. This shape also leads to the coupling of electric and magnetic
field the unit cells are arranged properly. The work on this shape was carried out by [139].
The effects of different kinds of omega inclusions concerning the size and orientation on
the transmission and reflection is mentioned in the publication by Aydin|[140, 141] and
Li[11, 93]. The equivalent circuit diagram in the figure 3.3(b) has been analysed to
understand the working and the physical mechanism of the proposed omega structure.
This structure is divided into three parts with a ring, horizontal arms and a gap between
the arms illustrated in the figure 3.3(a). To better understand, the ring and the horizontal
arms create inductive effects defined as Lgiyg and L,mrespectively. The gap demonstrated
as Cgapcreates a capacitive effect. Hence, an equivalent circuit diagram for the omega

structure has been obtained as an LCR circuit shown in figure 3.3(b).

Expecting the best properties from the proposed structure and design of the above
explained SSC, it is important to understand the working of the individual components
of the SSC, described above. To summarize, it is predicted to have the conductivity of
the composite between the conductivity of the fill particles and the dielectric matrix i.e,

high k, low ¢ and high  in the same composite.
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Figure 3.3: (a) Different parts of the omega structure. (b) Equivalent LCR circuit diagram
of the omega structure.

3.5 Need for a composite

When designing an ideal selective solar absorber we choose material such that the refractive
index, n, is close to that for air, over the wisible range spectrum to reduce reflection
and higher in the infra-red region to cause more reflection at the interface. Figure 3.4
shows the refractive index functions of composite phases. AIN curve shows no dispersion
over the VIS-IR spectrum e.g., n is constant and no loss with k null. This makes these
materials very transparent to light. TiN 1is, however, conductive with high loss, dispersive
and the refraction index is close to unity is VIS while increasing high for IR region. When
designing the composite dielectric TiN /AIN, we ensure that the TiN nanoparticles do not
reach the percolation limit, so that any agglomeration will not cause large reflection in the

VIS region, while smaller particles increase the scattering extinction, Striebel et al. [142].
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Figure 3.4: Refractive index n and extinction coefficient k& for TiNand AIN.

The ideal selectivity of the SSCs cannot be achieved only with the composite there-
fore metamaterials (addition of omega structure on top of the composite) improves the

selectivity of the SSCs. The addition of omega structures to the metamaterial do not
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add an additional feature to the SSCs but enhance the filter property and thus improves

selectivity.

3.6 Selection of materials

For high operating-temperature of CSP applications, achieving a SSC with good thermal
stability and high efficiency remains a primary challenge. One strategy is to explore new
materials for metallic inclusions, dielectric and plasmonic metallic structure (the array of
which creates a metamaterial). Table 3.1 and 3.2 in Chapter 2 shows various materials
that are in trend for cermets as well as PMA respectively, and our reasons for choosing

the materials of our interest are clearly mentioned below.

3.6.1 Important properties of the materials

There are various properties of interest that are expected from the materials for the best
performance of the SSC, and considering all those properties the following materials were

chosen.

3.6.1.1 Metallic particles

Considering all the above mentioned properties required in a SSC, Titanium Nitride nan-
oparticles (TiN) NPs were preferred as metallic inclusions in the matrix. TiN possesses
all the properties of a metal, and is an extremely hard ceramic material. Its hardness is
a benefit for the durability of the coatings at high temperatures. TiN has gained much
attention in the context of materials for CSP, due to its peculiar properties, particularly
its high chemical and thermal stability, together with its low electrical resistivity. In ad-
dition, its high melting point (2930°C) and high hardness of TiN also make it an ideal
material to be embedded into a dielectric matrix for CSP applications|143, 144, 145, 122].
Moreover, it has been reported that TiN is an excellent candidate for high—temperature
plasmonic applications, while conventional plasmonic materials like gold and silver are

not suitable because of their relatively low melting point and softness[143, 145, 146].

3.6.1.2 Dielectric thin films

For the dielectric matrix, Aluminum Nitride (AIN) is preferred over all the other insu-
lators. This is because AIN is known to provide hard coatings, that are chemically and
thermally stable at elevated temperatures. It has a wide band gap (6.0 — 6.2eV)[147,
148]and is transparent in the visible region of the spectrum. It has high thermal con-
ductivity, 70 — 210Wm 'K~ for polycrystalline material, and as high as 285Wm 'K ~!for
single crystals)[149] and a high melting point (2200°C). In air, the oxidation of AIN is
known to occur at (700°C). At room temperature, surface oxide layers of 5 — 10nm have
been reported, that protects the AIN material up to 1370°C. Thus, it is suitable as a
dielectric matrix for CSP applications|150, 151].



64CHAPTER 3. DESIGN, WORKING AND SELECTION OF MATERIALS FOR SPECTRAL SELECT

3.6.1.3 Plasmonic Metamaterials

Like Gold (Au) and Silver (Ag), Platinum (Pt) also exhibits superior plasmonic properties[152,
153], and hence are utilized in improving the performance of the devices with suitable op-
tical, electric, magnetic and catalytic properties. The aim of this study includes dynamic
LSPR characteristics from the omega structures creating a metamaterial, for better per-
formance of the SSC. For this reason Pt was chosen for creating the metallic omega
structures on top of the composite.

Other than this, this study also concentrates on the working of the SSC at elevated
temperatures, thus it became of extreme importance to look for a metal that show both,
outstanding plasmonic properties and high melting point. Compared to other plasmonic
metals like Au and Ag, Pt has comparatively higher melting point of 1768°C and this
would definitely be advantageous while concentrating on the working of SSC at temper-
atures of 1000°C.

3.6.2 Thermal and chemical stability of the materials

Apart from the properties of interest that are mentioned above, thermal and chemical
stability play a vital role in the performance of SSCs. Interface stability becomes cru-
cially important when the focus of the work is towards the multilayer composites and its
performance at elevated temperatures. A thorough literature survey was done for this

purpose.

3.6.2.1 Metallic (TiN) nanoparticles

In a work proposed by Nikhil P. et al in the year 2014 on post deposition annealing
of TiN thin films, it has been clearly stated that TiN thin films possess good thermal,
electrical and morphological stability when heated at 500°C, 700°C and 900°C. They also
stated that XPS results of the films annealed at such high temperatures, had all TiN
phases, clearly indicating the stability of the films|[154]. In 2014 Wei L. et al investigated
the thermal stability of the TiN metamaterial absorber and made a comparison with Au
metamaterial absorber. It was seen that when TiN metamaterial absorber was heated at
400°C, 600°C and 800°C for 8 hours, neither the shape, the size nor the absorbance of
the structure changed. The Au metamaterial absorber was treated in a similar manner
and it was observed that the Au structure melted into NPs just after 15 min of annealing.
This can be described by the fact that bulk TiN has a melting point of 2930°C which
is much higher that that for Au, 1063°C. It was also seen that the absorber made of
Au can only withstand a temperature as high as 600°C[122]. In a recent work by Tobias
K. et al an investigation on the oxidation behaviour at 1000°C under medium vacuum
conditions and thermal stability at 1400°C under high vacuum condition was done. An
exceptional structural stability and thermal stability was seen when TiN films were heated
for 2hours and 8hours, respectively, without any protective coating layer. The author
also revealed that to his knowledge it is the first time that TiN film structure exhibited
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remarkable thermal stability at such high temperature[155]. Now, talking about the
stability of TiN powder Chunhong G. et al reported a method for synthesizing TiN NPs
in flowing ammonia at 900°C for 4hours. This confirms that TiN NPs can withstand this
temperature|156].

Current research suggests that the prime properties, such as conductivity and permit-
tivity, of TiN changes narrowly with temperature[157, 158]. These findings unlatch the
fundamental understanding of the TiN at extreme temperatures and presents a possibility

of a promising candidate for high temperature applications in harsh environments.

3.6.2.2 Dielectric (AIN) thin films

V. Moraes in 2016 confirmed that AIN thin films were grown by varying the substrate
temperature from 250°C to 800°C with a step of every 100°C, could sustain texture and
thermal stability at all the temperatures[159]. In a work by Keltouma A., it was observed
that AIN thin films could tolerate temperature up to 1000°C. Though the upper surface
was oxidized, but was protected with ZnO against surface oxidation[160]. The oxidation
of AINthin films plays a crucial role in the determining the stability of the films, and
thus affects the overall performance of the device. A lot of work has been carried out
on thermal stability and oxidation of AIN films since past few decades. In a work by
F. Ansart in 1994, a detailed report on the oxidation of AIN thin films was published,
where the deposited films had excellent thermal stability until 850°C and did not undergo
any kind of chemical and physical alteration. The author explained in this work the
existence of oxygen at 1000°C, and above 1100°C the oxidation of the films progresses
rapidly[161]. In a similar work by C. Labatut, the oxidation behaviour of AIN films were
studied between the temperature range 1000°C to 1400°C. Oxidation was only detected
above 1000°C, where compounds like AION; and Al,O,were formed. Apart from this
the films were structurally and thermally stable[162].

The additional excellent thermal, chemical stability and high mechanical properties of
AIN thin films is an extraordinarily attractive combination for highly sophisticated applic-
ations, like thin films for solar-thermal absorption, that can withstand rough temperature

conditions.

3.6.2.3 Metallic (Pt) Metamaterial

In a work by M Rauber in 2012, an insight into the thermal stability of Pt nanowires was
presented. The Pt nanowires of 74nm did not decay until 900°C and assured adequate
durability of the Pt nanowire-based devices[163]. Beck in 2014 compared the thermal
stability of Pt thin films with Ag thin films and Pd thin films. She reported that at
temperatures of up to 750°Cthe Pd thin films were most stable and hence widely used
in metal electrodes[164]. In another work, thermal stability for Pt NPs was checked by
Ying where Pt NPs on the surface of pristine GO were found to be thermally stable at
700°C[165]. In a recent work by Samadi in 2018, Pt NPs were proved capable of reaching
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the thermal stability at 700°C while maintaining its structural integrity . Pt NPs were
also proved better thermally compared to other metallic nanoparticles|166].
Though none of the above works concentrated on Pt MM, but they were good enough

to prove the thermal stability of Pt nanostructures at high temperatures.



Chapter 4

Solar Selective Coatings: A Methodology for a complete design

The part of this chapter written in ttalics has been taken from my manuscript

[67] and [the paper under submission].

4.1 Numerical Solution of Maxwell’s Equations

In computational electromagnetics (CEM) there are various methods of solving Maxwell’s
equations. All these methods have their own advantages and disadvantages depending on
various cases where one method is a benefit over the other. Here is a review of various

numerical techniques for the solution of Maxwell’s equations.

e Time Domain vs Frequency Domain

CEM can be divided in two categories: Time domain (TD) and Frequency domain meth-
ods. Time domain methods are mostly used if a broadband analysis is needed. An example
would be an electromagnetic pulse in time domain, interacting with a dielectric material,
with their transmission and reflection coefficients indicated in the frequency domain. On
this account, a pulse is explained in the time domain and after it interaction with the
dielectric, the Fourier transform is applied to change the response from the time to fre-
quency domain. The outcome is a very broadband response in the frequency domain by
running the algorithm only once in time domain. If on the contrary, we are only focused
on a time-harmonic steady state solution at only one frequency, the frequency domain
method is much more effective because no time stepping is required and the result is
obtained by a process of matrix inversion. An additional profit of a frequency domain
method is its clarity to implement frequency dependent (dispersive) material parameters
(€, , o) as the scalar values can be used directly. This is complicated to be achieved
in time domain because the fundamental equations, which is a multiplication in the fre-
quency domain, grows intricated in the time domain. Obtaining a broadband response in
a frequency domain method can also be done by running numerous simulations, one at

each frequency.

e Boundary Element Method (BEM) or Method of Moments (MoM)

67
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The boundary element method or the method of moments are the methods used to solve
partial differential equations that are defined as integral equations. The practice of this
method ranges from electromagnetics to acoustics and fracture mechanics. This method
became popular in late 1970s but its implementation started in the 60s. The major
difference between this method and the presented finite difference and finite element
methods is that BEM/MoM is the boundary method whereas others are the domain
methods. In the case of BEM/MoM, for a three dimensional case, the discretisation is
applied only to the boundary surface, whereas in domain methods, it is applied to the
entire space. This leads to lower dimensions and further lower computational requirement
due to smaller systems. Therefore, this method is applicable to the problems with small
surface to volume ratio and when the geometry includes large metallic surface or resonant
length wires. If the size of the obstruction is much bigger than the incoming wavelength
then this method is typically used. In this work, we are interested in objects with a size
in the order of magnitude of the exciting wavelength, making this method not applicable
for our applications. Usually BEM method results in completely populated matrices,
needing a lot of storage requirement, and the computational time proportional to the
square of the problem size whereas, for Finite Element Methods the storage requirement
grows linearly with the problem size [167]. BEM method is more sorted for problems in
linear homogeneous media where Green’s function can be calculated, which is considered
a non-negligible restriction for our application and thus, we concentrate on methods with

volume discretisation.

e Finite Difference Time Domain Method (FDTD)

The publication from Courant, Firedrichs and Lewy from the year 1928 can be considered
as the beginning of Finite Difference Method [168]. They explored the solution of prob-
lems by a process of finite different methods. They also explained a finite difference
approximation for the wave equation, and the defined the CFL stability condition that
is necessary for the convergence of a solution. This condition is an important parameter
in the FDTD formulation as it couples the time step with the spatial step of the mesh.
Gerschgorin, in 1930 [169] derived the error bounds for the different approximation of
elliptic problems. Many years later with the betterment of computers came the practical
applications pushing the development of FDTD method. O’Brian, Hyman, Kaplan [170],
John [171] during the 1950s and 1960s were among the many other key protagonists that
further lead to the development and generalisation of the method. The most accepted
FDTD method in electromagnetics is the Yee algorithm [172] that is named after the
inventor Kane S. Yee. Some of the major advantages of this methods are[30]|[173] : easy
discretisation process that permits a 3D problem to model with short lines of code that
makes it easy to comprehend; no inherent limit required for the size of simulation due
to its explicit nature, no linear algebra or matrix inversions are required; the scheme
holds the energy and amplitude of the wave; being a time domain method, simulation

with a single run allows the entire representation of frequency domain by using Fourier
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transform; precise and powerful method that can be effortlessly be parallelized on CPU’s
and GPU’s. The major drawbacks of this method are: it becomes complicated for the
method to work with large scale applications as the stability condition connects the time
step with the spatial size of the smallest mesh element; being a method with low order,

the precision of the outcome may undergo numerical dispersion.

e Finite Volume Time Domain (FVTD)

In the beginning, finite-volume method was used for solving the equations only in fluid
dynamics. In the 90’s, Madsen [174], and Shankar [175] altered this technique for the
solution of Maxwell’s equations. Like the Yee algorithm, Madsen also proposed an inter-
leaving of the fields and in such cases the method may be mentioned as a hybrid FDTD -
FVTD method. Here the electric and magnetic field components are put on the edges of
the primal and dual cell respectively. Another FVTD method was suggested by Yee and
Chen [176, 177|. In contrast to the method proposed by Madsen, they stored the fields
on the vertices of the cells that lead to the simplification of the derivation of the updated
equations. In FVTD formulation, Maxwell’s equations in the integral form are used to
conserve the field quantities, whereas in the standard FDTD method, the electric and
magnetic field vectors are stored on the nodes of grid cells, and in FVTD the fields are
described in minor volumes n space. The main advantage of the FVTD method over the
FDTD method is the generality of the unstructured mesh, allowing the conformal estim-
ation of the curved surfaces. Besides, this method can be used for non-uniform meshes
also. The spatial discretization for linear and non-dispersive materials has to be smaller
than Agiclectric/ 10, where Agiclectric 1S the wavelength inside the dielectric. Materials having
large electric permittivity can be discretised into smaller cells compared with materials
with low electric permittivity. The unstructured mesh allows an uninterrupted transition
between materials with high and low permittivity, and this typically reduces the number
of cells in the entire mesh. Globally the FVTD method is a combination of an explicit
time domain method along with an unstructured mesh. The shortcomings of this method
is the requirement of a dual grid, which may be difficult to generate the larger stencils,
needed for greater precision, pulling down the locality of the technique. Moreover, this

method is not divergence free.

e Finite Element Method (FEM)

The FEM was originally developed in the 1940’s for the application in structural mech-
anics. Until 1990s FDTD was popularly used due to its directness and capability with
respect to the computational resources. By further developing the FEM in Time Do-
main, and by utilizing refined algorithms, higher efficiency and accuracy could be ac-
complished. Contrary to the standard FDTD method, Finite Element Time Domain
(FETD) can be worked on unstructured meshes. FETD can also be used to deal with

higher-order polynomial functions. A clear conceptual difference exists between the finite
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difference and finite element methods. FD method approximates the operators (derivat-
ives) 9t/ogu mz (u(tir1)—u(t))/A+ and FE method approximates the solution of the differential
equation u(t) ~ Zi\l w;i(t), where ¢;(t) is a local basis of expansion function defined over
a local finite element, and then adjust the solution to reduce the variation between the
numerical and exact solution. A downside of this method is that a big albeit often sparse
matrix, have to be defined in implicit schemes, to accomplish continuity at element bound-
aries, often restricting the applications of the method. This technique is explicit in second
order central finite difference method. Limiting this method to low orders accepts an iter-

ative scheme. Nevertheless, this method is not divergence free and introduces dissipation

[178].

4.2 Numerical Study

In the past few years, complications of process focus in materials science and experimental
physics are constantly expanding, so much that an analytical route towards theoretical
modelling is leaving the field approaching its numerical counterpart. This inclination to-
wards numerical modelling in research thus elevated the development of comprehensive
numerical packages providing an extensively precise description for physical processes.
Impressive detailed insight can be attained for design and performance of specific sys-
tems, providing a validation of the expected functionalities or beneficial suggestions for
improvement. At such stages, to achieve the targeted results several attempts are made
where countless trials-and-errors are not possible. Considering a vast range of applicab-
ility, the possibility of implementing this technique as a genuine numerical method, able
to predict the results of an experiment before performing it, results exceedingly favour-
able. This becomes much more convenient when the focus of the study is a complicated

nanostructured system where fabrication can be mainly time consuming and exorbitant.

4.2.1 Introduction to COMSOL Multiphysics

COMSOL Multiphysics is a versatile simulation software used in the fields of engineering,
manufacturing, and scientific research. The software carries single-physics modelling cap-
abilities, fully-coupled multiphysics, simulation data management, and convenient tools
for constructing simulation applications. The software allows physics-based user interfaces
and coupled systems of partial differential equations (PDEs) together.

The finite element method (FEM) is a general numerical method used for solving PDEs
in two or three space variables. For the solution of a problem, FEM subdivides a larger
system into smaller and simpler parts, called finite elements. This is accomplished by
space discretization, that is carried out by the construction of a mesh of the object. The
easy and manageable equations that represents these finite elements are then assembled
into a larger system of equations that models the complete problem. The FEM then

approximates a solution by minimizing an associated error function via the calculus of
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variations.

COMSOL Multiphysics includes the Model Builder that contains all the features and
operations for constructing, solving and post processing the models, the Application
Builder provides the tools to build a self simulation app, and the Model Manager is a
simulation data management tool.

There are several add-on modules providing specialized functionality, categorized ac-
cording to the application areas for electromagnetics, acoustics, fluid flow, structural

mechanics, heat transfer, and chemical engineering.

4.2.2 Wave Optics Module

The Wave Optics Module is one of the several modules offered by COMSOL Multiphysics.
This module is used by engineers and scientists worldwide to comprehend, speculate and
study electromagnetic wave propagation and resonance effects for optical applications.
By evaluating em field distributions, transmission and reflection coefficients, and power
dissipation in a planned design, simulations would open a way for powerful and efficient
products with superior engineering methods.

The Wave Optics Module allows to easily set a model in 2D, 2D axisymmetric, and
3D domains. The workflow is simple and direct, and is described in various steps: im-
port or creation of a geometry, selection of materials, selection of suitable Wave Optics
Interface, defining the boundary and the mesh, selection of a solver, and visualization of
the results. Em modelling needs highly appropriate boundary conditions, including the
ability of modelling unbounded domains as well as periodic structures like metamateri-
als. The functionality of this Module includes simulation of electromagnetic fields and
waves based on Maxwell’s equations along with material laws for propagation in several
media. The modelling abilities are acquired via built-in user interfaces, which permits the
analysis of wave phenomenon in optics and photonic devices. For data visualization and
extraction, the results are presented using plots of electric and magnetic fields, reflectance,

transmittance, S-parameters, power flow, and dissipation.

General Introduction to the terms used for numerical study The wave—optics
module in COMSOL Multiphysics is used to predict the optimal design of the absorber
coatings, starting with the interaction of light with the nanoparticles. The technique
used in this study is based on multi-scale modelling of the absorber layer. The geometry
will be parametrized and a reduced order modelling technique, based on a method called
Proper Generalized Decomposition (PGD), is appointed within a co-volume time domain
electromagnetic algorithm. This will be used to establish the solution as a function
of the shape parameters. To determine the optimum shape that brings about a near
unity absorption, optimisation at the upper scale micro-level will be used to model the
composite absorber layer as chiral and anisotropic with dispersive layers. The material

properties of these layers will be computed from the solution obtained at the nano—scale
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level, using a homogenisation technique. A gradient free optimisation scheme, based on
the modified cuckoo search, will be used to determine the optimum shape, its orientation
and the number of layers to be used. Verification of the findings will be executed by
comparing the computationally predicted optical properties with those that are observed
experimentally.

In COMSOL Multiphysics, there are two ways to retrieve parameters, first by creating
a nano-scale numerical model and obtaining the parameters directly. Second, by utilizing
the nano-scale numerical model, a new homogenization technique that is developed and
implemented in the macro-scale numerical model to obtain the effective material para-
meters corresponding to a given geometry of the inclusion at nano-scale. In our study, we
have utilized both direct and indirect method for the retrieval of parameters for the given
geometry. Before we understand the implementation of the two methods in our work, it

is important to know the following terminologies:

1. Port: The ports are essential in any numerical model created, for computing the
scattering parameters, and are usually placed at the interface between the free space
and perfectly matched layer (PML). The Port is used as a node where incident
electromagnetic wave is excited. A port assumes that the geometry cross-section
and material is constant in the normal direction. Moreover, the port boundary is

assumed to be flat, that results in a constant normal throughout the boundary.

2. Perfectly matched layer (PML): The PML domain functionality indicates sta-
tionary governing equations that have wave-like behaviour in nature, where the fields
represent a radiation of energy. One such case of this is the electromagnetic waves,
frequency domain interface. The PML acts as a domain which is as good as an ideal
absorber. Not only with plane waves, PML remains valid with all types of waves.
It is also very efficient at oblique angles of incidence. In the frequency domain the
PML takes advantage of a complex-valued coordinate transformation to the selected
domain that successfully makes it absorbing at a maintained wave impedance, and

thus excluding reflections at the interface.

3. Mesh: The mesh used for the modelled geometry plays an important role in making
us understand the way the model is solved. It determines the factors like the way
geometry is divided, kind of shape or element the geometry is divided into, the size,
density and the number of elements present in the geometry, and the quality of the
element. These factors affect the computation of a problem , directly, including
the time and the mount if memory required to solve the model, the way solution
is interpolated between the nodes, and the precision of the solution. In COMSOL
Multiphysics, meshing employs different element types, they are tetrahedra (tets),
hexahedra (bricks), triangular prisms (prisms), and pyramids. Apart from this, there
are nine element size settings present, which runs from Extremely fine to Extremely

coarse.
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4. Floquet Periodic boundary condition: Floquet boundary condition is a periodic
condition used to establish the displacements and rotations on two different sets of
edges considering the same geometrical shape, as in a periodic structure. Utilizing
the floquet boundary condition, the modeled structure becomes typically a unit cell

of a repetitive structure.

5. Perfect electric conductor (PEC): The perfect electric conductor is a specific
case of a boundary condition that makes the tangential component of the electric
field to zero. n x E = 0. It is applied in the case of modelling of a lossless metallic
surface, example, a ground plane, or as a type of symmetry boundary condition. It
applies symmetry for magnetic fields and magnetic currents and antisymmetry for
electric fields and electric currents. A perfect electric conductor has zero electrical
resistance, so a steady current in a perfect conductor will flow without losing its
energy to resistance. The heating in conductors is caused due to resistance and thus

a perfect conductor will not generate any heat.

6. Scattering Parameters: The scattering or S parameters are essential quantities
to determine the electromagnetic properties of the material, the theory for which is
based on linearity assumption. The S parameters describes the input-output rela-
tionship between the ports in an electrical system. The S-parameters are complex
numbers corresponding to the magnitude and phase of a signal. They are demon-

strated in a matrix form with rows and columns equal to the number of ports. For

P (4.1)
521 522

For a matrix element S;;, subscript j corresponds to excited input port and subscript i

two ports, the matrix is:

corresponds to output port. Si; is the ratio of the signal that reflects from first port to the
amplitude of the signal incident on the first port. So; refers to the response at the second
port due to an incident signal at first port. Parameters along the diagonal elements
of S correspond to the reflection coefficients because the S-parameters only considers
what happens at one port. On the other hand, off-diagonal elements correspond to the
transmission coefficients because they refer to what happens at one port when it is excited
by an incident signal at the other port. The process for the extraction of optical constants

n and k from the S parameters is explained in detail in annex 6.1.

4.3 Defining geometric parameters for the design of the dielectric composite

Computational electromagnetics is nowadays regularly used to instruct selections dur-
ing the initial designing phase of many components and devices. In some growing areas
(e.g. mano—optics and nano—photonics), the utilization of computational methods goes

ahead of its classical use to accelerate the designing process. Computational methods are
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nowadays used for the revelation of advanced solutions and for comprehending the fun-
damental physics. Structured meshes based on multi-block decomposition are employed,
but the mesh generation process often proved to be time consuming and inappropriate for
general three dimensional geometries. These problems were reduced by the introduction
of fully automatic unstructured tetrahedral mesh generators[179] and the execution of
finite element based electromagnetic solvers on these meshes|180]. Yee’s scheme for the
solution of the Maxwell equations is a co—volume method that was initially implemented
on a pair of mutually orthogonal structured meshes|[172]. This algorithm shows a high
degree of computational efficiency, in terms of both CPU and memory requirements when

compared to, for example, a finite element (FEM) solution method.

To meet the required characteristics for CSP applications, the optimisation of the
shape of an inclusion, its orientation and its periodicity within the absorber layer is to be
carried out. The technique used for this purpose will be based on multi—scale modelling
of the absorber layer. The aim of the optimization process is to predict the shape and
orientation of the nano-structure and the thickness of the absorber, that includes the
number of unit cells in the normal direction. It is to note that the geometry of the
nanostructures, their shape and size play a major role in the extensive investigation of
absorption of light. By appropriately modifying the structural parameters of the selective
solar absorbers (SSA), the spectral absorption range can be tactfully tuned with regard to
the centre wavelength and bandwidth concerning highest absorptance to build the solar
absorber devices in varying colours[181, 114, 182]. In the past a lot of work[183, 184| has
been carried out where design and structure were studied numerically and experimentally,
showing high solar absorptance with low thermal emittance and good thermal stability.
Nevertheless, there is always room to further investigate the geometry and design of the
nanostructures in developing a SSA, to broaden the absorption spectrum of the device
into longer wavelength region to gain additional energy from solar radiation with greater

efficiency in the solar-to-thermal conversion mechanism.

(i) TiN NPs (i1) AIN thin film (111) Pt omega inclusions ) a, :
$d _
A
ﬂl ﬂ_L

(@) (b)

Figure 4.1: (a) Geometric parameters required to be defined for each of the component of
SSC by numerical method, later for experimental validation. (b) Schematic of periodicity
of array of Omega cells.
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4.4 Methodology adopted for the prediction of geometric parameters, op-

tical constants n and k, and reflectance of SSCs, numerically

In this section, we would understand in detail the methodology that was adopted to
construct the SSCs numerically. Here, we focus on an ideal scenario of numerical simu-
lations alongside retrieving the parameters of the (SSCs) numerically that would help in

synthesizing the composite experimentally.

Retrieval of diameter (D) for the TiN NPs In this case, we study the approach
acquired to retrieve the parameters that would be used to synthesize only one component
of the SSCs, i.e, the composite of the SSCs. It is worth noting that the unit cell shown in
the figure 4.2 is constructed before the experimental preparation of the SSCs. The main
aim of modelling this unit cell is to know the diameter of the TiN NPs that leads to the
most extinction of light in the visible region of the spectrum. This unit cell would also

provide us with the retrieval of optical constants n and k through S parameters.

To begin with, a nanoscale model was created, where we included a TiN NP inside the
matrix of AIN. Instead of modelling an array of TiN NPs with AIN thin film over the bulk
silicon, we used a single unit cell along with a Floquet periodic boundary condition on the
sides [185, 186]. This approach significantly reduces the computation time of the model,
without compromising the accuracy of the results. Figure 4.2(a) shows the constructed
nanoscale-model, where a single TiN NP is buried in a AIN matrix, forming a single unit
cell. The perfectly matched layer (PML), indicated in yellow, is a domain/layer that is
included to mimic a non-reflecting infinite domain. The top and bottom surface, between
the PML and the air, is considered as the port from which the excitation of the incident
wave is activated. The mesh generated for the model is fine enough to capture all the
phenomenon of absorbance and at the same time is as coarse as possible to lower the
computational costs. The maximum mesh element size used in the electromagnetic simu-
lations s Snm. This is much smaller compared to the minimum wavelength \ simulated.
The refractive indexes of AIN and TiN are dispersive over the frequency spectrum, for
our simulations we used the data available from database https://refractiveindex.info. In
order to ensure sufficient accuracy and mesh convergence while doing parametric sweep
calculations over the spectrum 250nm-2.5um, the PML is always maintained to be \/2
and eight prismatic elements, the air space between PML and unit cell is three prismatic
elements. Tetrahedral elements are used to mesh unit cell including the NP and the ele-
ment size is chosen to be fine enough (5nm) to resolve the particle curvature and also
kept below \/8. Quadratic elements are used with direct solver which counts for 54000
dof which have shown good convergence rate for all frequencies. In the figure 4.2(a), we
considered a linearly polarised plane wave with angular frequency w which is normally
incident on a planar sample (in this case, on the unit cell with AIN matrix with TiN

inclusion) of infinite lateral extension and finite thickness d situated in free space. The
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performance of the proposed design will be validated experimentally by a comparison
with the prediction of the numerical model. The aim of the numerical optimization is
to determine the size of the NPs, so that the material maximizes the absorption in the
visible fraction of the solar spectrum, as well as the reflection in the IR region of the
spectrum. We investigated, on the unit—cell, the extinction cross—section relative to the
particle volume, ranging from 20nm—60nm TiN particle diameter. The extinction cross—
section, sometimes called the attenuation cross—section, [129], is the area which, when
multiplied with the irradiance of electromagnetic waves incident on the unit cell, gives
the total radiant flux absorbed by the unit cell formed with the TiN particle buried in
the AIN matrix. We define

Oeaxt = Osca T Oabs (42)

where, 0., is the measure of the dissipation of light in a medium, o, is the amount of
light scattered inside the material by particles and o4, is the amount of light absorbed,

as Joule loss, in the material.
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Figure 4.2: (a) Single unit cell modelled with TiN NP inclusion in AIN host. (b) Extinction
cross section for various particle sizes showing that small particle diameter (20nm) gives
better performance. (c) The reflectance results showing that 20% volume fraction of
TiNperforms the least reflectance over the visible and the most in IR fraction of the
spectrum.

On investigating on the unit—cell, the extinction cross—section relative to the particle
volume, ranging from 20nm — 60nm TiN particle diameter with a step of every 10nm, it

is seen in Figure 4.2(b) clearly that TiN particle diameter of 20nm demonstrates the best
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curve in terms of relative extinction of the incident wave with wavelength. The bigger the
TiN particle, the more was the reflectance in the wvisible region. One reason for more
reflectance in case of bigger particle could be more scattering. Thereafter, in all the
experiments carried out for the synthesis of the composite dielectric, we used TiN NPs
with the diameter of around 20nm. After having achieved the D for the TiN NP, we
now calculated the vf of TiN NPs in AIN matrix to achieve reflectance curve close to the
reflectance curve of an ideal absorber (shown in black in figure 2.4). Four different volume
concentrations 20%, 256%, 50%, 75% were investigated while the diameter of TiNwas fixed
in each case. The vf of TiN with best reflectance and absorbance would be considered
hereafter in all the experiments. Figure 4.2(c ) shows the computed reflection coefficient
(T') for 20%, 25%, 50%,75 different volume fraction of TiN NPs in the AIN matriz. For
the composite with vf of 75% of TiN NPs inside the AIN matriz, a high reflectance in
the visible and IR region is seen, which is not what we are seeking. The composite with
of of 20% of TiN gives the best absorbance (least reflectance) in the visible region and
high reflectance in the IR. The 20% volume fraction also has a peculiar characteristic of a
sharp filter between the reflectance in the visible and the IR region of the spectrum. Also,
the uf of 75% of TiN NPs would form a connecting conducting network of TiN NPs in
the AIN matrix disregarding the rule of sub-wavelength inclusion as explained in Chapter
3 in the section 3.4 for metallic particles 3.4.1, giving rise to high reflectance in the visible
region of the spectrum obstructing the optical performance of the composite dielectric
and thus the SSC. Thus, in all our subsequent experiments carried out for the preparation
of the composite, we used 20nm diameter TiN NPs and tried to control the concentration
of TiN NPs close to 20%.

Retrieval of volume fraction v fof TiN NPs inside AIN matrix The retrieval of
the optical parameters (n, k) is not direct but is based on the calculation of S-parameters
that are associated with complex reflection and transmission coefficients, that is described
in annex 6.1 in detail. Once the S-parameters are obtained, they are placed in the python
script that calculates the effective n and k. The formulas used the retrieve the dielec-
tric properties (described by n, k) by the python script, from S-parameters are discussed
in annex in detail. Once the n and k are obtained from the micro-model (homogenisa-
tion) described by the above method, they are now fed into the macro-model that would
provide us with results of interest, the reflectance of the 20%TiN — AIN composite and
the filter characteristic of the composite at different angle of incidence of the incident
electromagnetic beam. For the preparation of a numerical macro-model, the thickness of
the composite (mix of TiN and AIN) was taken as 1pum. The bottom surface, between the
PML and the air, is considered as the port from which the excitation of the incident wave
is activated. The constructed macro-model is shown in the Figure 4.3(a). The behaviour
of the computed reflectance, for 20% vf of TiN NPs in the AIN matrix, was studied

in the visible and IR region. The same macro-model is also used to examine the filter
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characteristic of the composite. The incident light was projected at the composite from
different angles of incidence (0°, 30°, 45°, 60°) to check the performance of the composite
by studying its reflectance with wavelength. Figure 4.3(b) shows the computed reflectance
spectrum from the same macro—model at different angles of incidence. It is clear from the
figure 4.3(b) that, at 60° angle of incidence of the incident wave, the composite gains about
20% more reflectance in the visible spectrum and loses about the same in the IR spectrum,
compared to 0° angle of incidence. An important feature to note here is the same trend
of reflectance for all angle of incidences throughout the spectrum. This signifies that the
optical performance of the composite does not change much even at the grazing incidence
which 1s a privilege.

In the entire work carried out in the thesis for both numerical and experi-

mental study, transmittance is considered 0 i.e; A =1—R.
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Figure 4.3: (a) Macro-model modelled numerically with homogeneous distribution of TiN
NPs distributed all over in AIN matrix. (b) Reflectance curves achieved at different angles
of incidence for the prepared macro-model.

Dimensions of parameters for omega structure After having studied the re-
flectance behaviour of the 20%TiN in AIN matrix, forming a composite for SSC, it is
now time to study the reflectance behaviour of the composite with the omega structures
on the top which makes the complete SSC. We refer this as a metamaterial. For this
investigation, it is important to know the dimensions of omega structure which included
the loop radius (R), the arm length (L), width of the metal strip (W), gap between the
arms (G), thickness of the metal strip (T) and the size of the unit cell (D). For the
reflectance curve that we aim to achieve, omega structure with particular dimensions for
the parameters mentioned, was optimized for the 20%TiN — AIN composite. The essence
of the calculations of parameters of the omega structures is shown in annex 6.1. The
parameters achieved for the construction of omega on top of the composites, are shown

below in figure 4.4.
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Parameter | Description Values (nm)
R Loop radius 500

L Arm length 480

w Width of the metal strip 218

G Gap between the arms 39

T Thickness of the metal strip | 98

D Size of the unit cell 1250

Figure 4.4: Parameters obtained for the omega structure.

We begin with constructing a model for the composite with omega inclusion on top to
build complete SSC. After having achieved all the parameters of the Pt omega structure,
yet another structure was modelled where a single structure of omega(with the dimensions
mentioned in figure 4.4) was placed on top of the dielectric composite with 250nm thickness
as shown in figure 4.5(a) . Floquet periodic boundary condition was used on the sides
of the modelled structure. [185, 186]. This approach notably minimizes the computation
time of the model, without compromising the precision of the outcome. The perfectly
matched layer (PML), indicated in yellow, is a domain/layer that is included to mimic a
non-reflecting infinite domain. The thickness of the PML in this case is taken as 250nm.
The top and bottom surface, between the PML and the air, is considered as the port from
which the excitation of the incident wave is activated. The mesh generated for the model is
fine enough to capture all the phenomenon of reflectance and at the same time is as coarse
as possible to lower the computational costs. The performance of the proposed design will
be validated experimentally by a comparison with the prediction of the numerical model.
The aim of the numerical optimization is to determine the curve for reflectance after the
addition of omega resonator to the composite.

Figure 4.5(b) shows the reflectance curve achieved for the structure shown in figure
4.5(a). The purple dotted curve shows below 20% reflectance in the visible region of the
spectrum, a filter near 1um and reflectance of 60% and higher in the infrared spectrum.
Whereas the dotted green curve shows the reflectance for only the composite, substi-
tuting omega structure as air. It is understood from the graph that addition of omega
to the composite did show improvement, and enhanced the filter characteristic and the

reflectance in the infrared spectrum. The omega structure did work as a resonator here.

Inter spacing between TiN NPs After achieving all of the above parameters, we
made a calculation to know about the distance d the size of the unit cell of AINwith TiN
inside.

d=D=x vf% ~ 34nm (4.3)

This makes the distance between the two consecutive TiN particles ~ 14nm.

It is simple to control the horizontal distance of 14nm between the TiN nanoparticles
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Figure 4.5: (a) Structure modelled with Pt omega structure on top of the dielectric com-
posite. (b) Comparison of reflectance between 20%TiN-AIN composite and metamaterial
20%TiN-AIN(omega on top of the composite), obtained numerically.

when they are distributed manually with a certain volume fraction in the AIN matrix.
Therefore, a distance of 20nm (rounding off to nearest 10) was tried to maintained between
the particles vertically. Hence, 20nm of AIN layer was deposited conformally over the TiN
particles.

4.5 Experimental Section-Process for the synthesis of AIN — TiN dielectric

composite

In this study a considerable portion is dedicated to numerical modelling, experimental
validation will allow us to demonstrate that the technique that the technique can be
practised for the design of micro-scale composite absorber.

For the synthesis of the composite, a two—step approach was chosen that included a wet—
chemical method for the distribution of TiN NPs and a thin film deposition technique for
AIN thin films. It was not possible to achieve both the phases of the TiN /AIN composite
simultaneously, using a deposition process such as atomic layer deposition (ALD), physical
vapour deposition (PVD) or chemical vapour deposition (CVD), in a controlled manner
Khanna et al.[67]. The approach proposed by Bilokur et al.[187] and Du et al.[188], a
single method of DC' magnetron sputtering provided deposition of Titanium Aluminum
Nitride (TiAIN) crystals. In such cases, depending upon the composition of Ti and Al,
the layer was tuned for sought optical properties. Whereas, in our work, we expect to have
individual properties of TiN and AIN, in a single composite.

Several layers of TiN NPs embedded in a AIN matrix were synthesized, one on top of the
other, making it a single composite of a thickness of few hundred nanometers. FEach single
layer of TiN NPs embedded in a AIN matrix was obtained first by dispersing TiN NPs onto
the previous layer. A conformal film of AIN is then deposited on to the TiN dispersion.
Two approaches were adopted to obtain the TiN NPs dispersion: the first starting from
dry powders of TiN (Goodfellow) followed by suspension in deionized water; the second

by directly adopting a ready-made suspension (US Research Nanomaterials Inc.). In
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Chapter 5 we will analyse the two kind of composites, one where TiN NPs dispersion
comes from the preparation based on dry powder and the other where the dispersion
comes from the ready—-made suspension. This will be accomplished by making a clear
comparison with the differences in the SEM images, XPS analysis, electrical conductivity

measurement and optical measurements.

4.5.1 TiN nanoparticles suspension from dry powder

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

methods were adopted to disaggregate the chunks of TiN NPs.

e A bath ultrasonic cleaner (VWR, 45kHz, 80W ) was used at first for the proper dis-
persion of nanoparticles by making use of capable amount of energy. After subjecting
the TiN NPs solution to sonication for hours, there were no noticeable differences in

the size of NP agglomerates before and after the sonication.

e Probe sonicator (500, 110V, 20k H z, 500W ) was then used to sonicate the NPs solu-
tion as it provides more energy to the solution being in immediate contact with it.
The probe sonicators have high localized intensity compared to a bath sonicator.
Generally, ultrasonic probe sonicator exceeds an ultrasonic bath by a factor of 1000
i.e. higher energy input by three orders of magnitude, per volume. The use of
probe with suitable size can greatly reduce the processing time and ensure the entire
volume of the solution is processed properly. The volume of the solution is directly
linked to the probe diameter which meant that, for sonicating small volumes of liquid
(20 —250ml), a probe with 12.7mm diameter ideal for such volume, was used. It is
clear, from the graph in Figure3, that probe sonication greatly reduced the size of
the agglomerates, resulting in the range 100 — 500nm with very few chunks close to

1pm.

e With the objective of further reducing the size of TiN agglomerates, the probe son-
icated solution was filtered, using a paper of pore size 0.4um. This reduced the size
of the TiN chunks to nearly 200nm.

e For better dispersibility of TiN NPs solution, chemical functionalization was carried
out by adding surfactants. In the literature, we could not find any conclusive work

specifically dealing with TiN NPs. In addition, it has been observed that none
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of the common surfactants (e.g. Ficoll 400, Tween 80, Chitosan and PEG-400),
is able to stabilize the TiN dispersions[189]. We chose , Polyvinylpyrrolidone —
PVPand Polyethyleneimine — PEI as stabilizers that are well suited for particles
that have a metallic behaviour, but neither worked well for the stabilization of the

TiN dispersions.

Figure 4.6 summarizes the results of the various strategies adopted in order to disag-
gregate/remove TiN NPs aggregates into the solution obtained from dry powders. For

comparison, it also includes the ready—made solution by US Research Nanomaterials Inc.
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Figure 4.6: Graph showing the comparison between the agglomerates achieved after using
different methods.

4.5.2 TiN nanoparticles dispersion onto underlying surfaces

TiN NPs from liquid solution (either obtained from dry powder or ready-made one) were
laid on an Si wafer by wet incubation method. They were then conformally coated with
thin film of AIN, via plasma—enhanced atomic layer deposition PE — ALD [190, 191, 192],
as shown in figure 4.7. The steps (a) and (b) of figure 4.7 were repeated several times,
to obtain a composite with thickness of several hundred of nanometers, as illustrated in
step (c) of figure 4.7. Among wet—chemistry synthesis routes for nanostructure fabric-
ation [193], incubation proves to be a simple, cost— effective process, with rather easy
control over the distribution of particles. In this process, the Si substrate is submerged
into the nanoparticles solution and incubated for a controlled time, during which nano-

particles progressively undergo physisorption adhesion onto substrate surface. Parameters
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like solvent, particle concentrations, type of nanoparticles to be deposited and time of in-
cubation, play an important role in nanoparticles deposition. All these parameters were
fine—tuned in several experiments to obtain the desired distribution of TiN NPs. To
improve the interaction of TiN NPs with the underlying surface (i.e. Si wafer at the be-
ginning, AIN conformal layers by PE — ALD for the subsequent steps), a method called
surface functionalization was adopted [194], in which we functionalized the underlying
surface with APTES ((3 — Aminopropyl)triethoxysilane) (99%) Sigma Aldrich). APTES
is used as a special linking molecule that activates the Si surface by creating stable amino—
terminations suitable for nanoparticle capture. The presence of hydroxyl groups on the
surface is an essential requirement for the process of silanization [195, 196, 197]. Silaniz-
ation refers to the process of functionalizing the surface with silane solution that results
in the formation of a silane monolayer. For this purpose, the surfaces receiving TiN NPs
were functionalized where they were treated using oxygen plasma by a reactive ion etch-
ing equipment (Plasmatherm 790 RIE) for 3 minutes. Oxygen plasma promotes —OH
groups on the surface of the substrate, which covalently bind with the positively charged
silane head groups from APTES. At the end of plasma treatment, the substrates are
immediately submerged in an air-tight glass container with 20mM solution of APTES in
ethanol, for 2 hours. Substrates are successively taken from the APTES solution, washed
with ethanol so that the loosely attached silanes are removed and dried under nitro-
gen flux. The substrates are then dipped in the solution of TiN NPs (concentration 0.5
mg/ml) for 3 hours. In this step, the negatively charged TiN NPs stick to the positively
charged Silane head groups of APTES on the surface. Finally, the substrates are washed
thoroughly with water, for the removal of loosely or unbound TiN NPs, and dried with
nitrogen. A detailed experimental process for the distribution of TiN NPs on the Si and
glass substrate is described in figure 4.8(a).

4.5.3 AIN conformal coating by (PE-ALD)

The AIN layer over the distribution of TiN NPs, was grown by the PE — ALD reactor
(Beneq TFS 200). Precursor Trimethylaluminum Aly(CHs)g (TMA) and a proper mix-
ture of Ny : Hy : Ar gases with a flow ratio of 100ppm/80ppm/30ppm, were used
(ALPHAGAZ,> 99.9999 less than 0.5ppm of HyOmol impurity)[198]. The AIN films
were grown by employing a sequence of four steps: TMA (0.1s), Ny purge (5s), : Hy :
Ar plasma (20s), and N, purge (5s). The deposition temperature was set to 250°C. The
plasma power was set at 100W. The above sequence was repeated through 275cycles, to
deposit a AIN layer of about 20nm thickness. The process, of using a thin film of AIN to
cover the TiN NPs laid over the substrate, by PE — ALD, is illustrated in figure 4.7(b).
For the second distribution of TiN NPs onto the AIN film, which constitutes the 3rd layer
of the composite, the process was repeated for silanization, but now the AIN layers were
functionalized with 20mM solution of APTES with toluene as solvent[199]. This second
distribution of TiN NPs was again coated with 20nm of AIN, which constitutes the fourth
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layer in the composite. A total of eight layers were created to prepare the composite of
the desired thickness, staring with the distribution of TiN NPs (1st layer) and ending
with the AIN film (8th layer), distinctly seen in the figure 4.7(c).

(@ O ©
fin (R @00 .8 o
@ g e (Ltfrr s ( ?5?@?% &C0
»ocoo doo o seo'sBS o
Siswbsrate L e
-09...0 ((f &
(\ 4 S N B o -
& (b) 2 s F N 36 F 1-8 laye
00866y o0¢s V2" @l .
(‘@((:yr b O o Lo er((f g
ID (\ (\ F AIN layer d't(\ - . p F (\
AIN Matrix $a' o Si Substrate

All are AIN thin films with d' thickness

Figure 4.7: Schematic of the steps included in the synthesis of a composite; (a) Step 1:
Distribution of TiN NPs on Si/Glass substrate. (b): Step 2: Covering TiN NPs with a
thin film of AIN. (c) Step 3: Repeating Steps 1 and 2 several times to get a composite of
the desired thickness.
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Figure 4.8: Detailed experimental process for the preparation of the composite.

4.5.4 Pt Omega Structures patterning by e-beam lithography

The standard process flow fabrication of a binary optics structure is sketched in figure 4.9.
The exposure was performed with e-beam exposure tool by Raith eLINE Plus. A series
of different base doses were done to find the correct dose. Before the beginning of the
process, the Si substrates covered with ~ 160 — 350nm thick composite I and composite
I1, were cleaned with acetone/isopropanol/de-ionized water and then dried with nitrogen.
The samples were spin-coated by Solarsemi QS200 with a 350nm thick e-beam resist
layer of PMMA with 1500 rpm (see figure 4.9(ii)). It was soft baked using te hotplate,
Solarsemi QS200 for 90sec at 180°C. The omega patterns are transferred to the resist by
e-beam exposure with the dose of 182um/cm?. For the patterning of 5mm x 5mm area,
it took 5 days to expose the whole matrix with the applied dose. Successful development
of the exposed area (see figure 4.9(iv)) was done by washing the samples for 20sec in
Methyl isobutyl ketone (MIBK) and Isopropyl (IPA) solvents mixed together in the ratio
1 : 3. For the process of metalization, metal deposition was done using e-beam evaporator

DONTON VACUUM EXPLORER. For this process Ti/Pt (10nm/95nm) was deposited.
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The last step included the process of a lift off in acetone, cleaned in IPA and distilled
water, and dried in Nitrogen.

\A
—--

Solvent cleamng Spincoating PMMA 950K A4 E-beam exposure
d at 1500rpm/45sec (t=350nm) (Dose=182uC/cm?2for 4Db.i)
water) + Soft bake at 180°C/90sec

+ N, drying + Dehydration at 115°C

Lift-off in Acetone + IPA/DIW Metal deposition by e-beam Development: 20sec in MIBK/IPA
cleaning + N, drying evaporation: Ti/Pt (10nm/95nm)
Rinse: 4()sec inIPA

Figure 4.9: Schematic of the fabrication process flow followed for the development of omega
on top of both the composites.

4.6 Retrieval of optical constants and reflectance, experimentally

4.6.1 Spectroscopic Ellipsometer

Spectroscopic Ellipsometer (SE) is primarily a technique for exploring the optical prop-
erties of film/composite materials with polarized electromagnetic radiation [200]. The
universal goal of the ellipsometry measurements is fixed on the analysis of the polariza-
tion of the light beam reflected from the sample to be investigated. A linearly polarized
light is directed towards the sample at a given angle. After the reflection of the incident
light beam, the beam changes into elliptically polarized light [200]. This change in polar-
wzation is completely dependent on the angle of incidence, the wavelength, the thickness
of the layers in the sample and their optical properties. These changes in the polarization
is described by ellipsometric parameters, i.e. phase difference (A), the difference between
the p-wave and s-wave components of the wave after reflection, and tanV is related to
the amplitude change. This is shown clearly in Figure 4.10 The angle of incidence at
which the incident beam and the sample interacts should have the values close to Brew-
ster’s angle for which this method is the most tactful. A mathematical model reflecting the
characteristics of the sample is generated using the ellipsometry software. This generated
model is based on the parameters A and VU that were formulated during the measurements.
The model uses mathematical relations called dispersion formulae that assist to evaluate
the thickness, surface roughness and other optical properties of the material by modifying
specific fit parameters. The degree of fitting the model value with the measured values is
defined as mean squared error (MSE). The created model defines the layers individually
through their thicknesses and the values of their optical parameters. These values might

be taken from the ellipsometry material database or are created by the user. According to
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the fundamental equation of ellipsometry[201]:
R .
ﬁz = tanV.e' (4.4)

where Ryand Rgare the intensities of the p-wave and s-wave of the reflected light, re-

spectively.
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Figure 4.10: Basic principle of acquisition of n(A) and k(\) by SE.

4.6.2 UV-Visible Spectroscopy

UV-Vis Spectroscopy is an analytical method that calculates the proportion of discrete
wavelengths of UV or visible light that is absorbed by or transmitted through the sample
compared to a reference sample. The property of absorption and transmission is influenced
by sample composition. This spectroscopy technique depends on the use of light, therefore
its important to first understand the properties of light.

The energy associated with light is inversely proportional to its wavelength. Light
associated with shorter wavelengths carry more energy compared to lights with longer
wavelengths. Certain amount of energy is required to promote the electrons to a higher
energy state which can be detected as absorption. Electrons with different bonding envir-
onment in different substances requires different specific energy to promote electrons to
the higher energy state. For this reason absorption of light occurs at different wavelengths
in different substances.

In the spectrometer, a steady light source capable of emitting light across a broad
range of wavelengths is essential. For this function two different sources are employed. A
tungsten or halogen lamp to scan the visible wavelength and a deuterium lamp to scan the
UV wavelength[202]. A reference sample is measured, often referred to as ’blank sample’
for calibration. This is done for making a comparison with the actual measurement. After

the light passes through the sample to be measured, the detector converts the light into
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a readable electronic signal.
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Figure 4.11: A simplified schematic of the main components in a UV-Vis spectrophotometer.

For the measurement of a clear liquid sample, the instrument measures direct trans-
mittance as a percentage (%7T) which is the measure of the percentage of the incident
beam transmitted through the sample. This value is then used to calculate absorbance,
where A = log(1/T). For the measurement of reflectance for a solid sample (in our case),
there are two kinds of reflectance, specular and diffuse. Specular reflectance is the one
where the incident beam is reflected at the same angle as the angle of incidence. Diffuse
reflectance is the one where incident beam is all reflected in all the directions. Depending
on the equipment used, it is possible to take separate measurements for specular, diffuse
and overall reflectance. Reflectance measurements are either relative or absolute meas-
urements. In this work we would measure total absolute reflectance which measures the
proportional amount of reflected light relative to the amount of light measured directly

from a light source.

Total reflected light

A
4 A\
Specular reflected  Diffuse reflected Incident light
light

Figure 4.12: Illustration of total reflected light from the surface of the sample.

4.7 Thermal Stability Test of the composites and the metamaterial

Along with suitable optical properties, the adequate SSCs that are used in CSP plants
needs to be thermally and mechanically stable in air and in vacuum at high temperatures.
Various standards explaining the durability and aging tests of solar thermal collectors
have been mentioned in the publications [203, 204, 205, 206|. In Europe, the EN 12975
-1:2066-+A1:2001[207| is being followed. In order to predict the service life time of the
SSCs of 25 years, the International Energy Agency (IEA) of the Solar Heating and Cooling



88CHAPTER 4. SOLAR SELECTIVE COATINGS: A METHODOLOGY FOR A COMPLETE DESIGN

(SHC) program in Task X [208] established a plan of action to guess the lifetime of these

coatings. For this process, the performance criterion (PC) is defined by:

PC < 5PASS
PC=—-Aas+0.25 A er (4.5)

PC > b5FAIL

where A ag is the change in solar absorptance, A et is the change in the thermal
emittance before and after the test.

Asymmetric thermal stability test

The asymmetric thermal stability test were carried out for the composite I and II, and
for the metamaterial I and II, by exposing the samples at 800°C and 1000°C for constant
12hours in the furnace (Furnaturaex) by Aexor. The samples were exposed to Ar air flow
under vacuum conditions with a programmable heating ramp of 5°C/min for reaching the
needed temperature. After 12hours of heating, the samples were allowed to cool down to
the room temperature inside the furnace.

After the thermal treatment of each of the sample mentioned above, a visual check is
carried out to assess the condition of the coating’s surface, where, the loss of homogeneity,
change in colour and the presence of cracks in the composites and the metamaterials can be
directly observed. The samples that passed the visual inspection were analysed by optical
characterization, where all the samples are subjected to UV-Visible Spectrophotometer
for examining their optical performance after long hours of heating.

All these results have been discussed in Chapter 5.



Chapter 5

Results and Discussions

The part of this chapter written in italics has been taken from my manuscript

[67] and [the paper under submission].

5.1 Experimental synthesis of the composite

After having achieved all the parameters required to achieve maximum absorption in the
visible region and maximum reflection in the infrared region, providing us with a clear
idea regarding the performance of the solar selective coatings, we started with synthesizing
the composite. Below are all the results of the steps that are used in the synthesis of the

composite.

5.1.1 SEM analysis of the composite starting with the distribution of TiN

NPs over the Si wafer

Knowing the diameter D that gave the required results in terms of absorption and reflec-
tion, D with 20nm were used in the entire experiments. For this purpose dry powder of
TiN was purchased from Goodfellow suppliers with nominal diameter of 20nm and ready-
made TiN dispersions from US Research Nanomaterials Inc. also with nominal diameter
of 20nm. The process adopted for laying TiN NPs on the Si wafer is described in detail
i subsection4.5.2 of chapter 4. After distributing the TiN NPs over the Si substrate that
made the very first layer of the composite, the morphology and the vf of the TiN NPs
were analysed by Scanning Electron Microscopy (SEM).

To estimate the volume fraction of TiN NPs, we considered the area covered by in—
plane SEM images, in sub— monolayer deposition conditions. We assumed that the fraction
of area covered by TiN NPs corresponds to the volume fraction in the AIN matriz. For
this purpose, SEM images were analyzed by ImagelJ software. Figures 5.1(a), (b) show
nearly 20 surface coverage fraction of TIN NPs distributed over the Si substrate (indicated
by red the zone, with colour threshold for area calculation). Despite the manual approach,
this result is well in line with the targeted value. The comparison of the vi with the area

coverage is good as, according to the calculations, the vf is 0.94 times the area coverage.

89
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Assuming the configuration where the surface coverage is the projection on the surface,
we can write Vo = Sc(4/3)(r/a), where Vi is the volume coverage of TiN NPs on the
substrate, Sc is the surface coverage (projection) of the TiIN NPs over the substrate, r
is the radius of the TiN NP and a is the side of the single unit cell. Figure 5.1(a), (b)
makes the very first layer of the composite and describes the distribution of TiN NPs on

a surface with a few single particles and many agglomerates lying all over the surface.

19.96 % 8 e set | 2285 %

Figure 5.1: SEM images showing approximately 20 vf of distributed TiN NPs over the
substrate. (a) 19.96 distribution of TiN NPs powder solution over Si substrate. (b) 22.85
distribution of TiN dispersions over Si substrate.

After the first layer of the composite, AIN thin film of ~ 20nmwere conformally coated
over TiN NPs, making it the layer 2 of the composite. The detailed process for this is
explained in subsection 4.5.3 in chapter 4. Figure 5.2(a), (b) shows the TiN NPs from
dry powder and TiN NPs from ready-made suspension conformally coated with AIN,

completing the first two layers for composite 1 and composite II respectively.

¥ 2 s

Figure 5.2: SEM images showing TiN NPs conformally coated with AINthin film making
layer 2 of the composite. (a) TiN NPs from dry powder conformally coated with AINthin
film, for composite 1. (b) TiN NPs from ready-made suspensions conformally coated with
AlNthin film, for composite 2.

Layer 3 of the composite constituted the distribution of TiN NPs with again 20vf, on
top of layer 2 i.e. AIN thin film. Except layer 1, which was TiN NPs on the Si wafer,
every alternate layer starting from layer 3 until layer 7, was the distribution of TiN NPs
over AIN films. Figure 5.3(a), (b) shows the TiN NPs from dry powder and ready-made

suspensions forming the 7th layer for both composite 1 and composite II. It is worth
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noting in these SEM images that the distribution of TiN nanoparticles over AIN thin film
is less as compared to the distribution shown in the figure 5.2. This happened because
of the underlying rough surface that the previous TiN distribution provides for the upper
one. This will reduce the vf of the TiN NPs in the composites which is expected to be
20% according to the outcomes of the numerical modelling. A study with the estimate
vf of TiN is made in the subsection 5.1.2 below.

Figure 5.3: SEM images showing layer 7 of the composite with TiN NPs laid on top of
AlINfilm. (a) TiN NPs from dry powder laid on AINfilm from composite 1. (b) TiN NPs
from ready-made suspensions laid on AIN film from composite 2.

Figure 5.4 shows a schematic with different steps involved in the synthesis of a compos-
ite. First one being the distribution of TiN NPs over the Si substrate, second is covering
the TiN NPs conformally with AIN thin films via ALD, and third one shows the repeti-
tion of step a and b several times to attain the entire composite. The schematic below
provides a better and a clearer understanding of the composite that was synthesized ex-
perimentally. The schematic of the composite drawn at the bottom in figure 5.4(c) shows
four different bilayers in different colors, to better understand the structure. To not get
confused with different colors, it is worth mentioning that the TiN NPs present in the
entire composite are all the same (only difference being the different suppliers for TiN dry
powder and TiN ready made dispersions) laid with the same method, and the AIN thin
films are also the same formed with the same method. The top schematic of figure 5.4(c)
shows the entire structure of the composite with eight layers of TiN and AIN in total.
A single schematic was drawn for both composite 1 and 2 assuming that the structure
and the morphology would be same with thickness being the only difference in the two
composites. Justification of different thickness of the two composites would be shown
next.

Figure 5.5(a), (b) show the cross—section, as well as the top view, of the final com-
posites, at the end of the layering process, which includes four distributions of TiN nan-
oparticles and four AIN films depositions by ALD alternating each other. Images clearly
show that TiN NPs were conformally coated with AIN. Repeated layers of TiN NPs dis-
tribution and AIN thin film leads to a high surface roughness of the final composite. Cross
sectional views reveal non—constant thickness, ranging from 150nm to 560nm, because of
the piling—up of TiN NPs in the various positions of the substrate at the end of the pro-
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Figure 5.4: Schematic of the steps included in the synthesis of a composite; (a) Step 1:
Distribution of TiN NPs on Si/Glass substrate. (b) Step 2: Covering TiN NPs with a
thin film of AIN. (¢) Step 3: Repeating Steps 1 and 2 several times to get a composite of
the desired thickness.

duction process. Figure 5.5(a), (b) also discloses the different thickness of the composite
I and II. Tt is inevitable from the vf of TiN NPs laid over the Si wafer in figure 5.1(a), (b)
that the thickness of composite II would be more than that of composite I. The average
height can be seen in figures (a) and (b) from the green marks where the average height

in case of composite I is much less than the composite II.
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Figure 5.5: SEM images with cross-sectional and top view of the prepared composites. (a)
Composite I prepared with TiN powder. (b) Composite II prepared with TiN dispersions.

The complete stack of multilayers after the integration of omega looks like as shown in
the figure 5.6 . The entire process of development of omega on top of the composites was
carried out in Institute Lafayette, France. work was carried out in The entire metamaterial
IT after the development and integration of the periodic array of omega added to the top
layer of the composite II is shown in the figure below. The developments of omegas was
done in 5mm x Hmm area. A 5mm X 5mm matrix layout was too dense and heavy that the
e-beam exposure software could not handle it. Hence, four 1.25mm x 1.25mm submatrices
along the x and the y axis were used to pattern a 5 x 5 matrix. This makes a total of
16 submatrices in 5 X 5 matrix. Each submatrix had around 1000 omegas along the x-
axis and 1000 omegas along the y-axis which makes a total of 1000000 omegas in each
submatrix. In this work the quality of omega depends on the presence of opening between
the two arms, that we expected to be 39nm. According to the SEM analysis done, /3 of
the 5mm x 5mm matrix is good (classified by the presence of opening between the arms),

1/3 is bad (classified by the absence of opening between the arms) and the remaining
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1/shad both good and bad omegas. Hence, it could be concluded that only around 50% of
bmm x 5mm area has good omegas. The figure 5.6(a) and (b) shows bad omegas, 5.6(c)
and (d) shows good omegas, and 5.6(e) shows zoomed omega with dimensions very close

to the ones achieved numerically. Missing omega patterns in the areas of large chunks of
TiN NPs can be seen in figure 5.6(a), (b), (¢) and (d).

It was possible to pattern these sub-wavelength range omegas on top of such rough
surface (composite II) however, it is very challenging to control the gap between the
omega patterns. The two possible reasons for the absence of gap between the omegas are;
first, long exposure times (it takes 5 days to expose the whole 5hmm x 5Smmmatrix) which
means the risk of beam current variation and temperature change after a certain time,
and this changes the exposure conditions. Second, is the amount of applied dose. Though
several iterations of dose tests were carried out covering a wide range (from 704C/cm? to
1821C/em?) but the dose depends on surface state of the underlying surface (composite 11
in this case). Many a times the resist was underexposed or overexposed with the given

dose leading to no openeing between the arms in omega.

Note that omega patterning was done only on top of composite 1I, making it metama-
terial II.

T

I @) # et 6\ ‘..; e .flx

h < ¥ (u'/&} E-. (\:} [hr’
A g S r,v* ‘)\*’ ) )L
eleololotele

y

100 nm

Figure 5.6: SEM Images of the developed metamaterial 1T on top of composite II. (a) An
array of bad (closed) omegas. (b) Closer view of an array with bad omegas. (c) An array
of good (open) omegas. (d) Closer view of an array with good omegas. (e) Omega marked
with dimensions required.
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5.1.2 XPS analysis of the AIN — TiN composite dielectric

To wverify the elemental composition of our samples, particularly in respect to the pres-
ence of contaminants and to the in-depth distribution of the main constituents (namely
Al, N and Ti), XPS was carried out with a Kratos Azis Ultra DLD instrument using
Al(1486.6eV ) X-ray source at normal incidence angle with respect to the surface and a
argon ion gun (4keV) for etching. Figure 5.8(a) shows the results of the XPS survey
scans for both types of composite before the Ar+ etching. Aluminum and nitrogen are
dominant at the surface, as expected. Prominent oxygen peaks indicate that the surfaces
of the topmost AIN layer of both composites is strongly oxidized. In fact, the surface
of AIN films is prone to oxidation, and the emergence of different forms of oxides and
hydrozides, on its surface, has been reported [209, 210, 211, 212]. In addition, carbon,
fluorine and chlorine are also observed and assigned to surface contamination, the last
two with intensities close to instrument sensitivity limit. Figure 5.8 (b), (c) shows the
elemental composition profile of the two composites over a total etching time of 15min.
The Si signal and the oxygen linked to Si, appearing and becoming dominant at larger
etching times, has not been considered in the calculation of the percentages, aiming at
emphasizing the trends of the element of interest. With respect to surface composition,
three main differences in both composites are highlighted by in—depth profiles. Firstly, the
carbon intensity drops to a very low value, indicating the substantial absence of carbon
impurities inside the composites. This in turn suggests that, despite the low temperature
of deposition, there was no noticeable fusion of carbon containing ligands from TMA and
the precursors used were completely decomposed[213]. In fact, if methyl groups from the
Al precursors were trapped in the film, this would have given rise to a substantial amount
of carbon. In summary, the absence of a carbon signal signifies that neither the deposition
of TiN NPs (four repetitions in both composites) nor the deposition of AIN thin films (four
repetitions in both composites) introduced carbon impurities.

Secondly, the amount of oxygen shows a significant drop after the first steps of etch-
g in both composites, suggesting that a considerable portion of it was the result of at-
mospheric oxidation. Yet, after the initial drop, the two curves show an increase up
to remarkable level of oxygen, which remains rather constant throughout the composites
volume. This is ascribable to oxidation taking place during composites preparation steps,
where samples are exposed to the air after each AIN thin film deposition as well as to post-
deposition oxygen plasma treatment of AIN, the last aiming to promote TiN nanoparticles
adhesion as explained in section 4.5.2 of chapter 4. It can also be ascribable to oxygen
contamination affecting the deposition process of AIN itself. Aiming to investigate this
last point, AIN films having thickness around 400nm were deposited and subjected to XPS
in-depth profile analysis. An amount of approximately 15 at. of oxygen was observed in
the volume. This suggests the presence of oxygen contamination sources (e.g. moisture) in

the reactor chamber and/or in the precursor or gas lines and, consequently, the presence

of AlyO3 or aluminum oxynitride (AION) within the AIN film. Favourably, AIN, AlyOj
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and AION, all three are optically transparent materials in the near-ultraviolet, visible, and
midwave - infrared regions of the electromagnetic spectrum, which would not have a major
impact on the optical properties of the composites. The graph in figure 5.7 below shows
similar optical properties for AIN and AlyOg3. It is worth noting that both AIN and Al,O3
curves show no dispersion over the VIS — IR spectrum e.g., n is constant and no loss with
k null. This makes both AIN and Al,O3 transparent to light.

The third difference in the depth profile with respect to surface composition is the ap-
pearance of a titanium signal after a certain etching time. This grows until a fairly
constant value is attained throughout the composite volume. This is clearly related to the
presence of TiN NPs, which are completely embedded inside the AIN matriz, as expected.
It is worth notice that, because the X—ray spot dimension (700 x 300)um is much lar-
ger than the dimension of TiN nanoparticles and the spacing between them, the profiles
represent the average composition over the spot size. Moreover, due to the high rough-
ness of both samples, resulting from random distribution as well as agglomeration of TiN
nanoparticles (as unveiled by SEM cross—sections in figures 5.5(a),(b)), composition av-
eraging should be considered also in the vertical direction. In this respect, the etching of
the thinnest regions, where no TiN particles are present, quickly reaches the Si substrate,
introducing an oxygen contribution related to SiOy on the substrate surface. On the other
hand, the appearance of the Ti signal only after a certain etching time confirms that the
TiN particles are all completely covered by AIN, in the area averaged by the XPS beam
spot. To further investigate the chemical state and the nature of bonding of aluminum,
nitrogen and oxygen, high resolution XPS scans were acquired for Ti2p, Ols, Al2p and
N1s orbitals, for both prepared composites, as shown in figure 5.9. The high—resolution
scans are collected after an etching time of 900sec, so that the information provided is

ascribable to the volume fraction in the bulk of the composite.
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Figure 5.7: Refractive index n and extinction coefficient k& for AlNand Al;Os.
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Figure 5.8: XPS results of the two composite dielectrics. (a) Survey scans of composite dielectric I and
II. (b) Elements present during XPS scan of composite dielectric I, until reaching the Si interface. (c)
Elements present during XPS scan of composite dielectric II, until reaching the Si interface.

The complex combination of peaks and satellite features of Ti2p peak, as shown in
figure 5.9(a), is ascribable to TiN , TiOy and TiOxNy [214, 215]. The high resolution
scan of Ti2p for composite dielectric II shows the analysis with fitting of the background,
TiN, TiOxNy, TiOq along with a perfect fitting of the experimental data. Similar gen-
eral features were obtained for the Ti2p of composite dielectric 1, which is not detailed
further here. The first Ti2p3/2 peak and the third Ti2pl/2 peak at 454.7eV and 460.6eV
respectively, are signature of TiN. The shaded yellow region in the figure 5.9(a) shows the
analysis for the TiN reference that was created by physical vapour deposition (PVD) in
our laboratory. The binding energy of our experimental data compares well with that of
the internal reference. The satellite features shown in cyan may be attributed to TiOxNy
and TiOs, which also supports the presence of oxygen in the composite. This could have
happened due to the exposure of TiN NPs with atmospheric oxygen over a long time.

The peak of Al12p appears at 75.6eV for both the composites. Due to the closeness of the
Al2p energies from Al — O and Al — N /216, 217] the observed peak cannot unambiguously
be associated to one of the species. On the other hand, the presence of both oxygen and
nitrogen in our composites suggests that the observed Al2p peak includes the contribution
of both species. The N1s peak is observed at 397.9eV for both composites. As with the Al2p
peak, the measured binding energy value of N1s is compatible with the cases of N bonded
to Al and N bonded to Ti [218], which are nevertheless both present in the composites.
Moreover, aluminium ozxynitride AION shows Al2p energy of similar values preventing
a clear assessment of the possible oxidized species. A single Ols peak was observed at
532.5eV. According to the literature, the binding energy of Ols peak for metal oxides
appears at 529 —530eV [219]. This makes it clear that no TiO2 is present. The energy of
observed Ols peak matches pretty well the case of O bonded to Si [220] from the substrate.
The observed enerqy is also very close to the energy of O linked to Al (531.1eV) which
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justifies that a fraction Al,Og3 is also present in the composites. It is also possible to have
a fraction of oxygen from Ti— O —N and O —Ti— O, the energy which was observed
i the high resolution scan of Ti2p. There is also a high probability that the oxygen is
chemisorbed on the surface of the TiN nanoparticles, as the naked particles were in contact

with the air for a long time after deposition.
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Figure 5.9: The comparison of narrow scans acquired after 900sec of Ar+ sputtering, of
composite-1 and composite-2: (a) Ti2p, (b) Al2p, (c¢) Nls, (d) Ols.

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

After a clear idea revealed from the XPS analysis, it was fair to divide each composite
into two layers. The upper layer called layer 1 that is a mixture of AIN and Al,O3, and
the core of the composite with layer 2 that was a mix of AIN, Al;Ozand TiN. The decision
of dividing the entire composite into two layers was done after a deep analysis on the high
resolution scan for the composite II. It was proved with the cross-sectional SEM images
that average thickness of the composite II was 300nm. The figure below shows the table
as received after XPS analysis with the elemental presence from Osec to 9000sec of etching
for composite II.

For better understanding of the prepared composites, we made our own calculations

and made some useful conclusions from them that helped us in preparing the numerical
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Etching time Al 2p% C1s% N 1s% 01s% Si 2p% Ti 2p%
(sec)

0 30.8901 24.0605 19.326 25.7234
60 43.7429 1.87303 31.7781 22.606
120 45.6366 0 33.0454 21318
180 459186 33.2582 20.8232
240 45.6893 33.2464 21.0643 aver 1 —
300 45.861 32.7461 213928 Layer 1 - ALO; + AIN
600 441231 25.6646 30.2123

uf- 0.645 0355
900 41.3641 13.4222 452138 0 0 . . .
1200 36.1158 11.0536 44.0148 6.80809 2.00778 } Dielectric COI’IlpOSltC 1I

Ignored- presence of Carbon

ocoooooo
ocoooooo

1800 23.8523 10.2591 30.3234 31.136 4.42922
2400 14.9929 7.10337 18.6599 55.6114 3.63247
3000 8.27284
3600 4.47512
4200 2.00341
4800 1.2947

5400 0.772069

Layer 2 — ALO, + AIN + TiN
of- 0.61 0224 0.165

3.78356 10.3083 75.1361 2.49917
2.94371 5.3637 85.9855 1.23195
1.28912 2.55892 93.4769 0.671639
0.304104 0.832692 97.5685 0

0 0.495349 98.7326
0.199836 99.8002
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Figure 5.10: The table with complete elemental presence from Osec to 9000sec of etching
done for composite II.

models and further the experimental ellipsometric models. The important things that we

considered in the calculations made by us were the following:

1. We completely ignored the information at Osec and 60sec (marked in red) etching

timing because it had high content of impurities as shown in C1s%.

2. Information from 120sec until 900sec (marked in light blue) was considered as the
upper layer 1 where there is no presence of C, Si and Ti . Layer 1 only had the

presence of AIN and Al,O3 as discussed above.

3. Information from 1200sec until 4200sec (marked in purple) was considered as the
bottom layer 2 with the presence of Si and Ti along with Al, N, O. This is considered

as the core of the two composites.

4. Information from 4800sec until 6000sec (marked in yellow), the Si and SiO, content

was subtracted from the calculations.

5. Information from 6600sec until 9000sec (marked in red) were completely eliminated
from the calculations because of the absence of all other elements except a major
presence of Si and minor presence of O and Al which also disappears completely from
6600sec of etching.

Estimations of the volume fractions of AIN, AlyO3 and TiN present in layer 1 and layer 2
are shown here. For layer 1 it proceeds as follows; from 120sec until 900sec of etching the
average percentage of Al2p present is 44.76, N1s is 28.56 and Ols is 26.67. Now assuming
that these 28 atoms of N are linked to 28 atoms of Al, making altogether 28 molecule of
AIN. This means that only 16 atoms of Al out of the total 44 are left to link with 26
atoms of O. Therefore, for Al;O3, 8 atoms of Al combines with 24 atoms of O. According
to the counting, there were 26 atoms of O in total, but we let go the remaining 2 atoms

assuming these calculations are just approximative.

__ atomicmassofAIN __ 3
VAIN = densityofAIN 13.4cm (51)
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__ atomicmassofAloO3 __ 3
VAl,03 = densityofAloO3 25.7cm (52)

Here, vaiy is the molar volume of AIN, vay,0, is the molar volume of Al,O3. Thus, the
total volume of AIN is Van = 28 x 13.4 = 375.2cm?® and the total volume of Al,Oj is
VLo, = 8 X 25.7 = 206.1cm?®. Thus we deduce the volume fractions in layer 1 to be

VAN = AN — ().645 (5.3)

VaiNn+Val,o04

Uf ALOy = 2208 — ().355 (5.4)

Vain+Val,04

In a similar way calculations for layer 2 proceeds; from 1200sec until 4200sec of etching
the average percentage of Al2p present is 35, N1s is 17.44, Ols is 38.54 and Ti2p is 8.10.
Now assuming that these 8 atoms of Ti are linked to 8 atoms of N, making altogether 8
molecules of TiN. This means that only 9 atoms of N out of the total 17 are left to link
with 9 atoms of Al making altogether 9 molecules of AIN. The remaining 26 atoms of Al
are bonded to 13 atoms of O making 13 atoms of Al;O3. The molar volume of the atom
of TiN is

__ atomicmassofTiN __ 3
UTIN = densityof TiN 11.5cm (55)

Thus, the total volume of AIN is Van = 9 x 13.4 = 120.6cm?, for AlyO3 is Va0, =
13 x 25.7 = 334.1cm3and for TiN is Vpiny = 8 x 11.4 = 91.2cm?. Thus we deduce the

volume fractions in layer 2 to be

v
vfan = VAIN“FVAJIZISS-‘FVTH\] =0.224 (56)
U faL,0s = VA10; = 0.610 (5.7)
Al03 ™ VA N+VAL, 05 +VTiN : :
vfrin = VN =0.165 (5.8)

Vain+Vai,o053+VTin

For calculating the thickness of the two layers of the composite II we made a calculation

as shown below:

(1050 — 120)]
! {(4200 “ g0y | L= Oonm (5.9)
(4200 — 1050)]
B N N IS D2 5.10
2 { (4200 — 120) | 1= 292 (5.10)

where, L is 300nm, the total average thickness considered for the composite, 4200sec is
the time of etching when TiN completely disappears and high Si signal appears, 1050sec
is the time during etching when the AIN and Al;Oj3 signal from the upper oxidized layer

disappears and TiN signal begins to appear, 120sec is the time when the etching starts,



100 CHAPTER 5. RESULTS AND DISCUSSIONS

Etching time (s) Al 2p % Cls% N1s% 01s% Si2p% Ti2p%

45.6366 0 33.0454
180 459186 0 33.2582

240 45.6893 0 33.2464

300 45.861 0 32.7461

600  44.1231 0 25.6646

900  41.3641 0 13.4222

Total”  268.5927 "171.38297160.0244
%  44.76545 0 28.56382 26.67073

14.9218167

Etchingtime (s) Al2p% C1s% N1s% O1s% Si2p% Ti2p% SubtractSi  (6.8*2)% of O 0-Si02  Si-Si02  Total of Rows
1200 41.4144 12.67529 43.60805 6.80809 2.302344 93.19191 5.9860128 38.02879 87.2059  100.0000803
1800 36.84321 15.84661 40.46866 31.136 6.841549 68.864 4.1239824 26.19942 64.74002  100.0000309
2400 35.8246 16.97306 38.52288 55.6114 8.67956 44.3886 2.5377464 16.12215 41.85085  100.0000956
3000 35.26063 16.12635 37.96088 75.1361 10.652 24.8639 1.4019288 8.906371 23.46197  99.99987213
3600 33.68542 22.15809 34.88313 85.9855 9.273215 14.0145 0.7294632 4.634237 13.28504  99.99984945
4200 32.44343 20.87614 35.80366 93.4769 10.87659 6.5231 0.34801312 2.210907 6.175087  99.99982186

215.4717 104.6555 231.2473 48.62526 236.7189  599.9997502

35.91195 17.44259 38.54121 8.104211 99.99995837

xR

Figure 5.11: Calculations made to retrieve the vf of the compounds present in the composite
II.

ty is the thickness of the upper layer 1 of the composite and t5 is the thickness of the core
layer 2 of the composite. We considered that the interface between layer 1 and layer 2 is
at midway between 900sec and 1200sec which is 1050sec. It was hypothesized that having
an average approximation of thickness for the two layers t, to would be a reference in the

subsequent calculations.

Etching time (sec) Al2p%  C1s% N1s% 01s% Si2p% Ti2p%
0 293 186 7.9 442 00 00
60 40.8 14 555 423 0.0 0.0
120 23 11 2138 349 00 00 Ignored- presence of Carbon
180 434 08 259 299 00 00
240 450 00 284 265 00 00 Layer 1—ALO, + AIN ™~
300 446 00 299 256 00 00 ’ 2
600 448 0.0 277 275 0.0 0.0 of - 0.645  0.355
900 435 00 289 267 0.0 10
1200 431 00 262 296 00 11
1800 45 00 27 337 0.0 21
2400 393 00 215 345 18 28
3000 368 00 199 335 66 32 > Dielectric Composite I
3600 330 00 187 30.0 15.1 33 > Layer 2 - Al,O; + AIN + TiN
4200 284 00 16.1 257 269 29 of - 0474 0462  0.095
4800 234 00 127 209 404 26
5400 184 00 96 165 535 21
6000 135 00 79 121 653 12
6600 99 00 5.1 84 756 09
7200 75 00 39 60 82.0 06 Y, _/
7800 44 0.0 21 45 89.0 0.0
8400 3.2 0.0 21 26 92.0 0.0
9000 25 0.0 1.6 23) 93.9 0.0
9600 14 0.0 15 1.6 95.5 0.0
10200 0.7 0.0 0.0 0.7 98.6 0.0
10800 00 00 00 00 100.0 00
11400 0.0 0.0 0.0 0.0 100.0 0.0 Ignored- presence of Silicon
12000 00 00 00 00 100.0 00

Figure 5.12: The table with complete elemental presence from Osec to 12000sec of etching
done for composite 1.

A similar XPS study was made for composite I. The table in figure 5.12 shows the

presence of elemental composition for composite II.

Here, vay is the molar volume of AIN, v4y,0, is the molar volume of Al,O3. Thus, the
total volume of AIN is Vainy = 28 x 13.4 = 375.2cm?® and the total volume of Al,Oj is
Va0, = 8 X 25.7 = 206.1cm®. Thus we deduce the volume fractions in layer 1 to be

VAN = AN — (.645 (5.11)

Vain+Val, o4
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= —AkOs () 355 (5.12)

vfano; = VAIN+Val,04

In a similar way calculations for layer 2 proceeds; from 900sec until 7200sec of etching
the average percentage of Al2p present is 42.4, N1s is 23.8, Ols is 30.5 and Ti2p is 3.29.

Thus we deduce the volume fractions in layer 2 to be

\
UfAlN - VA1N+VA/:2123+VTiN = 0.462 (5‘13)
Vao
UfA1203 - VA1N+VA120§+VTiN = 0.474 (5'14)
_ Vi _
vftiN = Sy Vo = 0095 (5.15)

‘Etchingtime (s) Al2p% C 1% N1s% 015% Si2p% Ti2p%

240 28.4 26.5

300 44.6 0.0 29.9 25.6
600 44.8 0.0 27.7 27.5

Total 134.4 86.0 79.6

% 44.7888 28.67393 26.53723

Etching time (s) |Al2p% [C1s% N1s% 01s% Si2p% Ti2p% Subtract Si (6.8*2)% of O 0-Si02 Si-Si02 Total of rows
900 45.1 30.0 23.9 0.0 1.0 100.0 3.6275552 23.0456448 96.4 100.0
1200 44.9 27.3 26.7 0.0 1.1 100.0 4.0270008 25.5832992 96.0 100.0
1800 43.5 23.8 30.5 0.0 2.2 100.0 4.584628 29.1258720 95.4 100.0
2400 42.1 23.0 31.9 1.8 3.0 98.2 4.69744 29.8425600 93.5 100.0
3000 41.4 22.4 32.5 6.6 3.6 93.4 4.5498256 28.9047744 88.8 100.0
3600 40.8 23.2 32.0 15.1 4.1 84.9 4.0783544 25.9095456 80.9 100.1
4200 40.8 23.1 31.9 26.9 4.2 73.1 3.4920176 22.1845824 69.7 99.9
4800 41.2 22.4 31.7 40.4 4.6 59.6 2.8371368 18.0241632 56.8 99.9
5400 41.5 21.8 32.1 53.5 4.7 46.5 2.2380432 14.2181568 44.3 100.1
6000 40.8 23.8 31.7 65.3 3.6 34.7 1.6469192 10.4627808 33.0 100.0
6600 42.7 22.0 313 75.6 3.9 24.4 1.145732 7.2787680 233 99.9
7200 43.9 22.9 29.9 82.0 3.5 18.0 0.80967056 5.1437894 17.2 100.2

508.7 285.8 366.2 39.5
% 424 23.81585 30.51614 3.29507

Figure 5.13: Calculations made to retrieve the vf of the compounds present in the composite
L.

For calculating the thickness of the two layers of the composite I we made a calculation

as shown below:

(750 — 240)
t= [T~ 90 1
! {(7200 “20)] " H (5.16)
(7200 — 750)
S iy VS WD 1

where, L is 300nm, the total average thickness considered for the composite, 7200sec
is the time of etching when TiN completely disappears and high Si signal appears, 750sec
is the time during etching when the AIN and Al,Oj3 signal from the upper oxidized layer
disappears and TiN signal begins to appear, 240sec is the time when the etching starts,
t1 is the thickness of the upper layer 1 of the composite and t5 is the thickness of the core
layer 2 of the composite. We considered that the interface between layer 1 and layer 2 is
at midway between 600sec and 900sec which is 750sec. It was hypothesized that having
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an average approximation of thickness for the two layers t1, to would be a reference in the
subsequent calculations.

A few things worth summarizing here are:

e These calculations were done both for composite I and II to have an average approx-

imation for the presence of AIN, Al,O3 and TiN in the composites.

e The presence of lot of Al;Oscould be justified by the following; first, the exposure of
the composites with the air. The two composites was in contact with the atmospheric
oxygen for a lot of time during their deposition process that led the AIN thin film to
oxidize. Second, the presence of oxygen contamination sources (e.g. moisture) in the
reactor chamber and/or in the precursor or gas lines caused the presence of Al,O3
within the AIN thin films.

o After getting an idea for the presence of AIN, Al,O3 and TiN in the two composites,
they were divided into layer 1 and layer 2 to better understand their structure ex-
perimentally and numerically. The optical study of composite I and II on the basis

of layer 1 and layer 2 is done in detail later in the chapter.

e In the figure 5.5 SEM images clearly indicate that composite II is thicker than com-
posite I, however it is not feasible to exactly mention the difference in the thickness
of the two composites because of their rough surface. Despite of the difference in
thickness, in the calculations done above, the average thickness for both composite I
and IT was taken as 300nm. This was done because in case of composite I, the etching
time was much longer than in case of composite II. This could be easily concluded
by the fact that the etching area in case composite I was thicker (due to the presence

of the agglomerates) than in composite II.

e The presence of AIN and Al;O3 present in layer 1 of the two composites is identical,
that makes a good sign and consistency in the two composites. However, there
is a lot of difference in the presence of AIN, Al,O3 and TiN in the layer 2 of the
two composites despite identical synthesis methods. This can be explained by the
following; first, in case of composite II the deposition of AIN thin films is on a larger
surface area (due to the presence of more TiN NPs and larger chunks of TiN) than
in composite I. This becomes the source for the presence of Al;O3. Second, starting
with vf of 19TiN NPs in the layer 1, the vf reduces to 9.5% in the layer 7 for
composite [. However, in case of composite 1I, the v f reduces to 16.5 starting from
22. This happened due to the rough surface for TiNdistribution that the previous

layer provided for the next one.

The above calculations were done for both composites I and II to have an average approx-
imation, benefiting to have more structural idea for composite I and II. These calculations
are just approximative and depends largely on the area of the composite being etched,

and the thickness of the composite in that region.
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5.1.3 Electrical Conductivity Measurement

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

The high roughness of the composite made it necessary to cover both sample faces with
a metallic layer (Platinum, Pt) to create a constant electric potential across the surfaces.
This was done by coating both sides of the sample with a 10nm film of Pt, by sputtering
technique using Leica EM bottom surfaces of the sample, hence the silicon substrate itself is
part of the measured materials sandwich. In order to distinguish the impedance behaviour
of the composite from that of the silicon substrate, a reference sample was prepared in
which the Pt was deposited on the two surfaces of a silicon substrate only. The samples
were then placed between the two parallel plates of the sample holder of the spectrometer.
The platinum Pt layer ensured a good electrical connection between the entire (rough)
surface of the composite and the (flat) top electrode of the sample holder. Due to the
non—reqular thickness of the composites, the impedance results have been referred to the
average thickness within the electrode area. Figure 5.14 shows the results of impedance
spectroscopy measurements, in terms of impedance module |Z| as function of frequency.
Although bare St has a resistive behaviour throughout the frequency range investigated, at
high frequencies, the samples including the composite multilayer behave as capacitors (one
order of magnitude decrease in |Z|) per one order of magnitude increase in frequency),
as expected. At low frequencies, composite samples basically behave as resistors, as |Z|
does not depend on frequency. In this region, we observe a difference of about one order
of magnitude in the resistive component of the composite. However, considering both the
resistive part at low frequencies and the capacitive part at high frequencies, we observe
that the cut—off frequencies of the two composites 1/RC are separated by one order of
magnitude, in good agreement with resistance difference. This suggests that the capacitive

behaviour of the two composites is basically the same.

5.2 Results related to the optical performance of the composite

5.2.1 Retrieval of optical constants n, k£ for composite I and II, prepared nu-

merically.

XPS analysis has been explained in 5.1.2 with all the details for two experimentally syn-
thesized composite. Through the analysis, we became aware of the presence of additional
compounds in the composite, than expected. The vf of the compounds present in the com-
posite, and the thickness of the two layers that the composite dielectric was divided into,

helped us in constructing the numerical micro and macro model similar to the composite
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Figure 5.14: Electrical conductivity measurement of dielectric composite 1, 2 and bare Si
substrate.

that was achieved experimentally.

PML { I’ML{ ML { f
Unit cell for layer 1 Unit cell for layer 2
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loquet boundary
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] Floquet boundary
condition
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Figure 5.15: Numerical construction of a unit cell for layer 1 and layer 2 for the retrieval of
n and k. (a) For composite I (b) For composite II.

Figure 5.15shows the modelled unit cells for layer 1 and layer 2 according to the
outcomes of the XPS calculations made above. The left unit cell of the figure 5.15(a)
and (b) shows the computational domain, with an AlyOg buried in a AIN matriz for layer
1. The unit cell on the right of the figure 5.15(a) and (b) shows TiN and AIN buried in

Aly O3 matriz for layer 2. The equation 3.2 is solved by considering the following boundary
conditions:

e Perfectly matched layer (PML), at extremities of computational domain to mimic an

infinite space. The thickness of PML and air was taken to be half the wavelength \/2
for each.

e The interface surfaces between the PML and the air, are set as ports from which the
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excitation of the incident wave is activated and also where the scattering coefficients

Sij are computed.

e The Floquet periodic boundary condition is applied to the two by two transversal sides

of the computational domain to simulate infinity large surface.

The S-parameters are calculated for two unit cells corresponding to layers 1 and 2 as
explained in annex 6.1, and then optical constants n and k are retrieved from the S-
parameters as explained in annex 6.1 . The results for optical constants n and k from
these numerical models will be compared to optical constants obtained experimentally from
SE, in the following section. Note that the process explained above for the con-
struction of the nanoscale model corresponding to the experimentally prepared
composite was done separately for composite I and composite II, according
to the separate calculations done for composite I and II in the XPS section
5.1.2.

5.2.2 Retrieval of optical constants n, k, experimentally, for composite I and

IT from the Spectroscopic Ellipsometer (SE)

In order to validate the effectiveness of numerical modelling the same measurements were
made experimentally. Considering an extensive range of susceptibility of ellipsometry,
the potential of implementing the technique as a reliable and a decent numerical method,
qualified for the prediction of the result for real experimental analysis before implementing
it, clearly results exceptionally convenient. This is particularly true when the target of
the study is the system with complex nano-structures. Here, we present a reliable and
straightforward method, providing a comprehensive SE analysis for a complex multi-layer
systems with nanoparticles integrated inside the layers, with flexibility of design in terms
of composition, thickness and number of layers. For each composite, the SE allows the
calculation of the main optical quantities of interest which includes n and k for each of the
layers along with their thickness and total surface roughness. SE analysis was performed
over the spectrum of apparatus bulb, from 370nm to 1600nm. To better investigate the
optical performance of the two composites, two angle of incidences were taken for the
measurements 50" and 75° . Identical values from both n and k were received at 50° and
75" . Hence only the values obtained at 50° have been highlighted in the work. A standard
model for the analysis of both composite I and II was created reflecting the characteristics
of the real sample. We began with creating a model on Si wafer with a thickness of 300um
with a thin layer of 10nm of SiOy on top of Si wafer. A Cauchy model for Layer 2
was built that was treated as the core of the composite with the AIN, AlyOszand TiN.
Conducting TiN nano fillers were present between a mix of AIN and Al,O3 transparent
film, this is why Cauchy absorbent was considered as a dispersion law for layer 2. Usually
"Cauchy Absorbent’ is suitable to describe the optical properties when the material is weakly

absorbing. The percentage of TiN in the composite is just 20 which makes it weakly
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absorbing. The formulation for Cauchy absorbent is:

104B  10°.C

n(\) = A+ T+t (5.18)
10*E  10°F

k(\) =107°.D + 5+t (5.19)

A total of six parameters are used in the equation of Cauchy absorbent model, where A is
a dimensionless parameter. B (nm?) affects the curvature and amplitude of the refractive
index for medium wavelengths in the visible region. C (nm?*) affects the curvature and

amplitude for shorter wavelengths in the UV. Generally,
0<|CI<|Bl<l< A (5.20)

The three fit parameters that describe the extinction coefficient are, D which is a di-
mensionless parameter similar to A, E (nm?) is analogous to B, and F (nm*) behaves like
C. Then on top of absorbent layer 2, layer 1 with ’Cauchy Transparent’ dispersion law
was considered. This layer is a mixture of AIN and AlsOs which are transparent in the
visible region of the spectrum, which makes k(X\) = 0 for this equation, i.e. the terms D,
E and F' do not exist.

100.B  10°.C
_l’_

n(A) =A+ 2 Y

(5.21)

k(\) =0 (5.22)

The Cauchy transparent dispersion equation works best when the material has no optical
absorption in the visible spectral range and therefore generally has a mormal dispersion
which means decreasing n with increasing wavelength.

Surface roughness was something that could not be ignored in our case where the two
kind of composites showed intense roughness. Therefore an additional layer was added on
top of the model with the characteristics of real surface roughness considering a gradient.
To create the model, for the two layers above, t1,ts were at first kept fixed to 68nm and
232nm respectively (the values calculated by XPS data). This way the values for both
layers for parameters A, B, C, D, E and F were obtained. Upon generating a standard
model, after achieving the values for the siz parameters, the thickness tq ts and roughness
were fitted each time while analysing three different samples each for composite I and I1I.

Figure 5.16 shows a table with the the fitting parameters of the model that was used for
the retrieval of the optical constants from SE measurements. The thickness t1,ts and Sy
obtained for three different samples of Composite I and II have been clearly mentioned in
the table along with the value of Cauchy parameters for each layer of each sample. The

following 1s worth summarizing here;

e There is uniformity in optical properties of all the samples of composite I and II
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e Roughn )
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Layer | (1) ) — - T |
: > T . B T T AN 2550 T 78,38
. Si0, (10 nm) & P S51.2 52 25599 nm 8.38 nm

&%mm)
Spectroscopic Ellip
Model Sample i Sample ii Sample iii Sample i Sample ii Sample iii
Surface Roughness (Sg) 68.5 80 64.5 115.5 79.2 71.5
Layer 1- Cauchy Transparent (t,) 48.3 55 55 44 84.8 91.4
Layer 2- Cauchy Absorbent (t,)

Si0, (10 nm)

Si Substrate (300 pm)

Layer 2 Layer 2 Layer 2 Layer 2 Layer 2

2.973 2.973 2.973 . 2.973 296.43

-0.732 - -0.783 -0.732 -0.732 -0.732

0.097 X X 0.095 . 0.097 . 0.097 (X0

0.0003 X X 0.376 . 0.686 . 0.704 X (X )

0.092 -0. -0.167 -0.314 -0.316 -0.400

-0.002 0.027 0.057 0.064 0.095

Figure 5.16: A detailed table highlighting the thickness of layer 1 (t;), layer 2 (t3) and
surface roughness (Sg) for three samples individually of composite I and composite II.
Along, are also mentioned the Cauchy parameters for layer 1 and 2 for each of the sample.

which also show good reproducibility among the samples hence approving the synthesis

technique used for the composites;

o the values ty1, to are consistent with the average values shown in the SEM images
proving correct the decision made earlier of average coating thickness L (sum of t1+
to+ Sr) being greater for composite II. Sy is also in range with what was achieved
through SEM images;

o All the above conclusions favour the concept for a common successful model for such

complicated structure of the two composites;

e There is difference in the thickness t; and t; for both composite I and
II, obtained from XPS calculations in section 5.1.2 and from spectro-
scopic ellipsometer in section 5.2.2. This could be because the area on
the composite I from where the XPS information was received had more
agglomerates of TiN NPs, giving a higher average thickness for composite
I. The area on the composite where the beam spot fell in case of XPS and

ellipsometer, were not the same.
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5.2.3 Comparison of n and £ of layer 1 and 2 for composite I and II prepared
experimentally, along with the numerical macro model of the composite
II

The above explanation created a clear base for the steps followed for retrieving n and k for
the complicated structure of the composite from 370nm to 1600nm. For better apprehension
and precision of the working of the two composites in terms of absorptance and reflectance
of light, it is better to have optical constants for both layer 1 and 2 for both composites I
and I1. In this section, a clear representation is made highlighting thorough differences and
logical reasoning between the optical properties obtained experimentally and numerically.
n and k were all retrieved at an incident angle of 50° from numerical simulations and
ellipsometer. In this part of the thesis, comparison of n and k of composite 1
and II is only done with numerical macromodel of the composite II. This was
done for the sake of simplicity and for a collective understanding of composite
I and II. However, in the annex, there is a comparison of n and k of composite
I and II is only done with numerical macromodel of the composite I.

In the section 5.2.1, the structure composition used for numerical calculation was based
on XPS data, however the surface roughness was not taken into account in the model.
In the wave optics module in COMSOL software do not allow for adding the roughness
feature, but our samples show high degree of roughness and therefore it is worth accounting
forin the calculations of n and k. The approach we adopted to account for roughness is by
adding a air phase inside the unit cell of AIN and Al,Os, as an alternative way to model
the roughness. Considering the calculations made in section 5.1.2, the ratio of Al,O3 to
AIN was kept constant and 25% of air was added along with the miz for layer 1. The
figures. 17 shows the comparison of n and k of layer 1 of composite I and I1. Three different
samples of composite I and II marked as (i, i, i), along with the prediction from
numerical model, for a direct comparison. The solid line curves represents the refraction
mdex n and the dotted curves represents the extinction coefficient k throughout in the
graphs. The green curves represents the numerical prediction reflecting the upper layer 1
of the composite. The black curves (i) are for composite I and the red (ii) for composite
II. The numerical model considers a homogeneous mixture for AIN, AlsOsz and air in
the layer 1, for which n s quasi constant and k null over the spectrum as seen in 5.7,
therefore the prediction looks consistent throughout the spectral range. For a mix of AIN,
Aly O3 and air the values of n and k are quite justified and go well with the XPS analysis
as shown in figure 5.10 for the initial few seconds of etching until reaching the core of the
composite. Being a combination of three dielectrics, the value of k obtained experimentally
from the different samples of the two different composites, remains almost zero making
layer 1 completely transparent allowing the incident light to pass through, reaching the
core of the composite. It is worth noting that the values of n and k for layer 1 of the three
samples of composite I and II each are identical and thus overlap one another.

The figure 5.18 shows the comparison of n and k for the three samples each of composite
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Figure 5.17: Comparison of optical contants obtained experimentally and numerically for layer 1 (i)
Comparison of n and k of three samples of composite I with numerical model. (ii) Comparison of n and
k of three samples of composite IT with numerical model.
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I and II along with the numerical prediction echoing layer 2. In the figure 5.18(i) the n
for sample i and i are matching each other, whereas the n for sample i is slightly lower
i the VIS range. The k for the three samples of composite I is between 0.1 to 0.35 and is
more or less consistent throughout the spectrum. The value of k for the numerical model
shown in dotted green curve is much higher, particularly in VIS range. This is because the
numerical simulations assumes an ideal case with a uniform periodic distribution of TiN
inclusions throughout the dielectric in AIN + AlyO3 matriz which explain the destructive
interference. The solid line curves highlighting n are all converging for IR region showing
the same trend and moderate difference between them. The slight disparity between the
different samples is due to the manual distribution of TiN inclusions in the composites.
Since the TiN nanoparticles weren’t distributed mechanically but manually throughout the
layers in the composite, there were unavoidable chances of TiIN NPs not being distributed
homogeneously. This inhomogeneity caused formations of agglomerates and chunks laid
in certain places causing light to behave differently. Higher k in figure 5.18(ii) clearly
due to the presence of more TiN particles in case of composite II. The same can be seen
through SEM images in the figure 5.5where the distribution of TiN NPs is 22% in case of
composite 11 and 19% in case of composite 1.

The presence of conducting TiN particles in the core of the composite described as layer
2, make its k much higher in the two composites compared to layer 1. Figure 5.19(i and
ii) compares the refractive index between composites I and II. For both layer 1 and 2 along
with the numerical prediction. Figure 5.19(i) compares the values of both n and k for the
layer 1, the values corresponding to refractive index of composites I and II are lower than
the numerical prediction in VIS range this is clearly an inaccuracy in SE fitting software,
the dip around 500nm is characteristic to TiN refractive index as seen in 3.4 in chapter 3.
The figure 5.19(1i) shows a comparison of optical constants of layer 2 for composite I, 11
and the numerical model. Despite of the manual control of distribution of TiN NPs, it can
be appreciated that the values for optical constants for three samples each for composite I,
11 and numerical prediction were quite consistent and in a comparable range. This is also

a very clear indication that all experimentally prepared samples were reproducible.

5.2.4 Comparison of reflectance of the composites I, II prepared experiment-

ally, along with the numerical macro model of the composite

Given the parameters, the diameter D of TiN NPs, the vf of TiN NPs inside AIN matrix
and the interspacing d between the TiN NPs, explained in section 4.4, for achieving the
maximum absorption in the visible spectrum and the maximum reflectance in the IR
spectrum, we retrieved the effective parameters of the homogenized composite dielectric
in terms of refractive index (n) and extinction coefficient (k) as explained in section 5.2.1
To numerically examine the performance of the composite synthesized experimentally,
the nanoscale model for both composite I and II was successfully refined according to

the outcomes of the experimentally prepared composite. The values of n and k obtained
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Figure 5.18: Comparison of optical contants obtained experimentally and numerically for layer 2 (i)
Comparison of n and k of three samples of composite I with numerical model. (ii) Comparison of n and
k of three samples of composite IT with numerical model.
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from these nanomodels now help us in obtaining the reflectance of the macro—model that

corresponds to the experimentally prepared composite.
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Figure 5.20: (a) Figure showing the constructed macromodel with n and & for different unit
cells fed in the macromodel. (b) Reflectance obtained from the numerical macromodel I
and II, corresponding to the experimentally synthesized model.

The macro-model describing the complete structure of the composite was successively
refined according the outcomes of the experimental work. These regarded in particular the
total thickness and the presence of a certain fraction of alumina (AlO3) in layers (see XPS
results in subsection 5.1.2). Figure 5.20(a) shows a common computational model of the
homogenized media with a thinner layer 1 on top of a much thicker layer 2 for composite
I and I1. The effective parameters retrieved from the nanoscale model (unit cell) as shown
in figure 5.15(a) and (b) were placed in the homogenized macro-model shown in 5.20(a)
for evaluating the optical performance of the composites, in terms of reflectance over the
frequency range of the wvisible light. The width of TiN phase is 20nm and the width of
the unit cell is 26nm, determined according to volume fraction of phases. The mazimum
mesh element size allowed here in the electromagnetic simulations is A/15.To study the
behaviour of reflectance of the dielectric composite numerically, we tried to make the
numerical model identical to the experimental one. For this purpose, the composite was
divided into layers, layer 1 and layer 2. The n, k£ obtained from the unit cell prepared
with AIN matrix with a certain vf of AlyOjz inside, were placed in layer 1, along with
the thickness determined by XPS analysis 5.1.20f the layer 1. The n, £ from the unit
cell prepared with AlyO3 matrix with a certain vf of AlNand TiN inside, were placed in
layer 2, along with the thickness determined by XPS analysis 5.1.2 of layer 2 . Note
that the process explained above for the construction of the macro model
corresponding to the experimentally prepared composite was done separately
for composite I and composite II, according to the separate calculations done
for composite I and II in the XPS section 5.1.2. Figure 5.20(b) shows the two
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curves with reflectance of the numerical models for composite I and II that were refined

according to the outcomes of the composites prepared experimentally.

To experimentally validate the numerical procedure for having achieved reflectance,
UV-Visible Spectrophotometer was used for the measurement of the reflectance experi-
mentally. Before measuring the reflectance of the final SSCs that are developed in this
work, it is important to show and understand the reflectance of the two composites I and
I1. This would provide a clear understanding of the optical performance of an important
component of the SSCs and would give an insight for later, on the improvement of the

composites after having added the metallic structure omega.

The optical reflectance in the visible and IR range was measured experimentally using
the Perkin Elmer Lambda 750 Spectrophotometer. The SEM images in the figure 5.5(a),
(b) for composite dielectric I shows partial coverage of the Si substrate with agglomerates
ranging from about 50 to 360nm, while the image corresponding to that of the composite
dielectric II also shows partial coverage, but with slightly more surface coverage, and ag-
glomerates ranging from about 80 to 550nm. In the numerical simulation, shown in figure
5.20(a), we modelled two cases by considering the XPS results; where the bottom layer is
made of composite (AIN — TiN — Aly,O3) of thickness 278nm and 232nm the top layer is
made of composite AIN — Al,O3 with 22nm and 68nm thickness, respectively for compos-
ite I and II. Figure 5.21 shows the comparison between the measured (experimentally)
and the computed (numerically) reflectance at normal incidence of both composites. The
different black curves in the figure represents different positions in composite I whereas,
the different red curves in the figure represents different positions in composite II. The
three black curves are close to each other, with a difference of around 10% reflectance
in the entire spectral range. This occurs due to the difference in TiN distribution in
the composite I, which was quite challenging to control manually. Nevertheless, it also
confirms the good reproducibility in composite I. The black and the red curves show a
considerable difference in magnitude in the IR region. This happens because first, com-
posite II has more absorbing material than composite I and much bigger agglomerates,
and second, the presence of less AIN(higher n) in composite I than in II. The dotted green
curve corresponds to numerical macromodel for composite II while the bold green corres-
ponds to numerical macromodel for composite I. The black reflectance curves are close
to the numerical model curve for composite I because TiN distribution achieved in case
of composite I was better in terms of homogeneity and the size of the TiN agglomerates.
Whereas, the red reflectance curves are seen to have a large difference compared with the
numerical model curve for composite II. This happens because the model considers a uni-
form and a homogeneous distribution of TiN NPs throughout the composite, which is not
achieved experimentally, and the model surfaces are uniform, while the composites have
very rough surfaces. The important thing to note here is that all curves show a peculiar

filter behaviour at 1um, as predicted.

In the entire work carried out in the thesis for both numerical and experi-



5.2. RESULTS RELATED TO THE OPTICAL PERFORMANCE OF THE COMPOSITE115

mental study, transmittance is considered 0 i.e; A =1—R.
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Figure 5.21: Comparison of reflectance (experimental) of composite I and II each at three different
positions along with the numerical macro-models corresponding composite I and II.

5.2.5 Comparison of reflectance of the metamaterial (final SSCs) prepared
experimentally and numerical macro model corresponding to the metama-

terial.

For computing the reflectance of the entire SSCs, an omega structure was added on top
of the numerically prepared composite model. For this purpose two layer composite was
modelled by placing it on top of a Si wafer, with penetration of the wave only upto one
A. The thickness for layer 1 and 2 is taken from the XPS calculations 5.1.2 for both
composite I and II. The omega structure with calculated dimensions (as shown in figure
4.4) is laid on top of the composite. The maximum element size for meshing the omega
structure and the composite was taken as A/5. The figure 5.22(a) shows a numerically
constructed model for a metamaterial. Figure 5.22(b) shows the computed reflectance for
metamaterial I and II corresponding to the model shown in figure 5.22(a).

After the composite II was converted into the metamaterial II experimentally, the
reflectance of the metamaterial II was measured with UV-Visible spectrometer. It is
seen clearly in the graph in the figure 5.23 that after the conversion of composite II to
metamaterial 11, the trend of reflectance throughout the spectrum is still the same. It
was hypothesized that the addition of omega structure on the composite would enhance

the filter at 1um leading to the curve close to an ideal selective reflectance as depicted by
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Figure 5.22: (a) Figure showing the constructed metamaterial (by addition of mega struc-
ture on top of the composite). (b) Reflectance obtained from the numerical macromodel
I and II, corresponding to the experimentally synthesized model.

the blue curve in the figure 2.4.

Figure 5.23 shows a comparison of reflectance of composite II at three different positions
along with reflectance of metamaterial II. The reflectance of the metamaterial II is same
as the reflectance of composite II. It is explained in the section 5.1.1 of the this chapter,
that only 8,000,000 omegas were good out of total 16,000,000 omegas, which makes only
50% good omegas in the patterned 5mm * 5mm area. Due to such low number of good
omegas in the matrix, the resonance created is not sufficient to enhance the filter present
at 1pm. The large number of bad omegas present had no gap between their arms that led
to the LCR circuit with the absence of capacitance. Also, from the graph in the figure
5.21, it is understood well that composite IT (red curves) under-performed compared to
composite I (black curves). And hence addition of omega patterns on top of composite
IT did not work well. Note that the experimental study of reflectance was only
done for metamaterial II.

The graph in the figure 5.24 below shows a comparison of reflectance between nu-
merically and experimentally developed metamaterials, along with numerically obtained
reflectance of the composites. The purple bold curve in the graph below shows the reflect-
ance for metamaterial I obtained numerically, and the purple dashed curve in the graph
below shows the reflectance for metamaterial 11 obtained numerically. The blue curve
depicts the reflectance of the metamaterial II obtained experimentally. According to the
hypothesis made, both the purple curves should have reflectance close to the reflectance
of the two green curves in the visible region of the spectrum, a sharp filter at 1um, and
reflectance more than the reflectance of the green curves in the IR region of the spectrum.
This way we could achieve a trend close to that of an ideal selective reflectance. It was
proved numerically in chapter 4 in figure 4.5(b) that the addition of omega to the com-
posite does improve its filter and thus reflectance in the IR spectrum, but the addition of
omega to the composites achieved experimentally as ineffective. It is clear from the graph
5.24 that the metamaterial II (blue curve, experimentally obtained) under-performed due

to the reasons mentioned above. But the reflectance from the purple curves (numerically
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Figure 5.23: Comparison of reflectance of composite II at three different positions along
with reflectance of metamaterial II.

obtained) is also underachieved, though their function was to enhance the local field via
plasmonic resonance which would have direct effect on the reflectance. The reflectance in
the visible region rose considerably high, suppressing the filter at 1um, and then in the
IR spectrum there are two valleys, one near 1750nm and the other deeper one at around
2150nm, reducing its performance.

According to the investigation done the performance for the metamaterial I numerical
model and metamaterial II numerical model is such because the dimensions of the omega
used as a resonator were only optimized for the composite dielectric with 20% TiN — AIN
matrix. The composite used for this study had a presence of 47% Al,O3 and 9.5% TiN
in composite I, and 61% Al,O3 and 16.5% TiN in composite II, which is very different
than the composition of the optimized composite. When we considered an ideal scenario
of 20%TiN — AIN composite and metamaterial in the figure 4.5(b), it was observed that
the addition of omega did enhance the filter of the 20%TiN — AlNcomposite.

5.2.6 Thermal Stability test of the composites

An investigation on the thermal stability of the prepared composites I and II was carried
out. The thermal stability test of the two types of designed composite was investigated
by exposing the composite I and II in the furnace for constant 12hours with a symmetric
test.

Visual check can be very important to inspect sample degradation. It is possible to
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Figure 5.24: Comparison of reflectance between numerically and experimentally developed

metamaterials I and II, along with numerically obtained reflectance of the composites I
and II.

identify surface cracks, delamination of coatings and extreme color change of the coatings
via visual inspection. Thus, after each heating step, it became useful to validate the
integrity of the sample. Samples of composite I and II after annealing at 800°C and
1000°C for 12hours constantly were visually same like as-prepared samples. The surface
cracks were not visible, delamination of the coating did not occur and the change of color
did not take place.

After the samples had passed the visual check, the stability of the films was further
tested through their performance by reflectance through UV-Visible Spectrophotometer.
For this purpose Perkin Elmer Lambda 750 Spectrophotometer was used. Figure 5.25(i)
shows the comparison of reflectance of composite I (as prepared), annealed at 800°C for
12hours, and annealed at 1000°C for 12hours. Figure 5.25 (ii) shows the comparison of
reflectance of composite II (as prepared), annealed at 800°C for 12hours, and annealed at
1000°C for 12hours.

In both the graphs of figure 5.25, we see that the samples annealed at 800°C and
1000°C lost about 10 of reflectance in the visible region of the spectrum, whereas the
same samples gain about 10 reflectance in IR spectrum, with respect to the ideal curve
for solar absorber. It is hard to comment here, if the samples for composite I and II
annealed at 800°C and at 1000°C show better or poor performance, because considering

figure 5.21 we see that there is change in reflectance at two different positions for the
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composite I and composite II.
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same composite. This difference in reflectance at different positions in composite I and 11
is due to the inhomogeneous distribution of TiN NPs in the composite. This is explained
in the subsection 5.2.4 above. Talking about the thermal stability, it is worth noting that
even after annealing composite I and II at 800°C and 1000°C, both the composites I and
IT are stable. The reflectance for composite I and II did not change significantly after
heat treatment up to 1000°C.

The high thermal stability of the of both the composites comprising of multilayer
cermet is attributed to several factors. The interdiffusion between AIN/TiN and TiN/AIN
is expected to be very low up to 1000°C because of high melting points of AIN and TiN,

high activation energies and their stable microstructures.



Chapter 6

Conclusion and Outlook

The present thesis addresses an unconventional design of new solar selective coatings
(SSCs) for application at elevated temperature aiming to enhance the performance of the
concentrating solar power (CSP) plants. In particular three new materials were proved
as promising materials for SSCs. A systemized methodology to design, synthesize and

characterize was adopted, and thus proposed in this work.

The first approach is based on designing the SSCs which included the designing of
different components present in the SSCs. The different components in the SSCs includes
the dielectric matrix that would contain nanoparticle inclusions with a specific diameter,
and were distributed in the matrix in a controlled volume fraction. For better performance
of the composite, the distribution of TiN NPs and deposition of AIN thin film was done
several times to make it a multilayer composite. An array of omega shaped resonator is
integrated on top of the multilayer composite that comprises of the nanoparticles embed-
ded in the dielectric matrix, making the composite a metamaterial. These nanocomposite
materials were selected as their blend of optical and thermo-mechanical properties. These
materials proved to have adjustable solar selective properties along with high-temperature
resistance that makes them captivating candidates for SSCs. Based on the literature sur-
vey the best selected materials for nanoparticles inclusions is TiN, dielectric matrix is AIN
and resonator is Pt. Optical simulation with wave optics module of COMSOL Multiphys-
ics resulted in an appropriate approach to expedite the selection of materials for each
component of the SSCs. With the purpose of achieving a sharp filter, the vf of the TiN
nanoparticles in the nanocomposite and the diameter (D) of the (TiN) nanoparticles were
optimized for a stack of composed nanocomposite with an average thickness of 300nm
with AIN(20nm thickness of each layer)/ TiN(20nm diameter)/ vf of TiNin the compos-
ite (20%), and for the metamaterial with specific dimensions of omega. These parameters
were retrieved by simulating the designs of the nanoscale model and the macro model.
The dimensions of omega were retrieved by a method called Proper Orthogonal Decom-
position (POD) and Machine learning (ML) algorithm based on neural network (NN). It
was proved numerically that the addition of omega structure to the composite enhances

the filter characteristics and improves the reflectance in the IR spectrum. Throughout
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the work presented in the thesis, the composite and the metamaterial were optimized sep-
arately for a clear difference and understanding in their optical properties. All through
the thesis, optimization of optical performance was done for two types of composites,
one prepared with commercial prepared TiN powders, and the other with commercially
prepared TiN dispersions. The synthesis of the nanocomposites was done in two phases
combining a wet-chemical and thin film deposition method. The entire synthesis process
for the two composites was the same, except the different types of TiN (TiN powder and
TiN dispersions) used in the composite. The composite prepared with dry TiN powders is
referred to as composite I and the composite prepared with TiN dispersions is referred as
composite II. Later (Pt) omega structures were added on top of the composite via e-beam
lithography (This part of the experimental section was done in Institute Lafayette, Metz,
France). Note that the addition of omega structures was only possible on composite 11,
as a consequence of time constraint. Being a challenging technology, dose optimization
for such complicated rough structures with e-beam lithography took more than expected

time. Thus, the thesis presents only the experimental synthesis of metamaterial II.

The two experimentally prepared composites was investigated using characterization
techniques including the morphological, compositional analysis, and optical characteriza-
tions for composites and metamaterial separately. At first the morphological character-
ization was done by FIB-SEM demonstrating the nanostructure of the two composites,
including the arrangement of nanoparticles in the matrix and their thicknesses. To begin
with the investigation, the very first layer of deposition of TiN NPs was analysed with
SEM and the software ImageJ, and despite manual control, we were able to achieve nearly
20of the TiN distribution. The second, third and fourth layer of TiN distribution, that
actually makes the third, fifth and seventh layer in the composite did not include nearly 20
TiNdistribution but less. It was observed that the two composites had very rough struc-
ture with thickness of composite I (average thickness ~250nm) less than the thickness of
composite II (average thickness ~350nm). For the metamaterial II, it was observed that
only half the omegas had an opening present between the two arms. For the rest of the
omegas, the arms were connected to each other forming closed omegas. For the compos-
ition analysis, XPS is utilized. The XPS analysis is done only for composite I and II. It
was observed that other than TiN and AIN, Al;O3was also present in the two composites.
Thus, for the simplification and better understanding of the two composites, the compos-
ites were divided into two layers, The upper layer 1 and the lower layer 2. In composite
I, layer 1 had 64.5%AIN and 35.5%Al;03 with thickness 22nm, and layer 2 had 9.5%TiN,
46.2%AlNand 47.4%Al,03with thickness 278nm. In composite II, layer 1 had 64.5%AIN
and 35.5%Al,0swith thickness 68nm, and layer 2 had 16.5%TiN, 22.4%AlNand 61%Al,05
with thickness 232nm. Later an impedance spectroscopy measurement was made to test

the conducting behaviour of composite I and II.

After dividing the two composites into two layers, the same was done for a numer-

ical model, in order to achieve a numerical model imitating the experimentally prepared
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model. Doing so gave us a clear and reliable opportunity for comparing the optical con-
stants n and k£ of numerically constructed composite models with the experimentally
prepared composites. The optical constants n and k were retrieved via S-parameters
numerically and via spectroscopic ellipsometer experimentally. The optical constants n
and k for the numerically constructed composites were in close proximity with the ex-
perimentally prepared composites. This gave us a clear indication for similar optical
performance (reflectance) for the numerically and experimentally prepared composites.
For the comparison of reflectance, different positions were tested for both composites I
and II via UV-Vis spectrophotometer. The curves were in close comparison to each other
for composite I with a presence of a clear filter near 1pym. This highlights that composite
I samples were reproducible in terms of synthesis and reflectance curves. Comparing the
optical performance of experimentally synthesized composite I and II, composite I was
proved superior. It is also worth noting that we were able to achieve similar performance
of composite I numerically and experimentally, despite such challenging tasks of controlled
distribution of 20%TiN NPs distribution and such complicated structure of the composite.

A numerical model was prepared mimicking the experimentally prepared metamaterial.
The reflectance for both experimentally prepared and numerically constructed metamater-
ial model was compared. The reflectance achieved for numerically prepared metamaterial
I and II was not as hypothesized. The only reason we could envisage was that the omega
structure with the dimensions that we currently used was not optimized for these compos-
ites that we achieved experimentally. The reflectance for metamaterial II was the same
as the reflectance for composite II. The addition of added Pt omega structures refrained
from enhancing the filter of the composite I1 due to the presence of huge number of bad
omegas in the metamaterial.

The thermal stability test for composite I and II was made at 800°C and 1000°C. The
composites were subjected to high temperature in the furnace for 12hours in Ar air flow.
Even after 12hours of continuous heating, composite I and II neither show any change in

their appearance nor in their optical performance. They were proved stable at 1000°C.

6.1 Future Scope

Here T present a list of recommendations for future actions for further optimization of
SSCs described in this thesis:

e In order to improve the quality of SSCs (after the addition of omega structures) ,
further experimental studies should be carried out to achieve composite with 20 v f
of TiN in AIN.

e To reduce the amount of Al;O3 in the composite, a trial should be made to synthesize
the composite in one phase i.e., preparation of TiN NPs in the ALD reactor followed
by AIN deposition.
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e A numerical optimization should be done for the integration of omega structures on

top of composites that were achieved experimentally in this work.

e More experimental work is needed to be carried out for the optimization of quality
of omega structures by e-beam lithography, where the correct dose is to be optimized

according to the surface properties on which the omega is to be patterned.

e After improving the quality of omega a similar metamaterial I (integration of omega
structures on top of the composite I) should be prepared experimentally for the

measurement of reflectance in order to enhance the filter characteristic of the SSCs.

e Thermal stability test for both metamaterials I and II should be carried out at to

check their effectiveness for SSCs.
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Retrieval of optical constants from S-Parameters The equations used for the retrieval

of optical parameters from [Si] are described below. We assume a reverse media where
[Sij] =[S11, Sa1]-

ng ng n,
Ef {E; Ef | EL=0
Pe | | Pr

d

Figure 6.1: Sketch showing the electric fields components of wave propagating from left to right passing
through the dielectric slab of thickness d.

The Figure 6.1 shows field components propagating from left to right through the dielec-
tric slab . Subscript “0” denotes left, while “r” denotes right superscript i, s, t,” denotes
respectively incident, scattered and transmitted, while “+, -7 are respectively the forward
propagating and backward propagating components inside the dielectric. pp and p, are the
elementary reflection coefficients respectively at the left and right interfaces. by consider-

g ngy = n, = n we have.

n —1ng

n -+ ng

pe=—pr = (6.1)

The relationship between field component through the interfaces is handled in a straight-

forward way using the matching matrices in equations 6.2 6.4 and the propagation matriz

E| _ 1 |1 p
E; p[‘i_l pe 1
Ef] [ek o ] [EF
E;| |0 e M| |ES

B 1
E;| p+1

Et
] 6.4
From the previous equations we workout the relationship between left and right com-

m equation 6.5.

B,

b/ ] 62

(6.3)

1 pr_
pr 1

0

ponents as:
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. 1 - -
B — (eJkd " reﬂkd) o 6.5
eV A o
Es = 1 (pgejf(d + p e—jf{d) Et (66)
C (pe+ D(pe+ 1) ' !

This leads to determine the scattering parameters as:

Er . —j2kd
Si=—f = W—e.~ (6.7)
L
B (1+p0) (1+p)e
S = o = LI C LA ©8)
¢ L+ prpee™
if we set the media on left is the same as the right:
p=e p=—p =p (6.9)
we derive quantities 'and p as:
o S =S5 +1
p=C+ C2—1,C:TH (6.10)
Si1+S21 —p
I'= 6.11
1 — (S11 + Sa1)p ( )
finally we derive the complex refractive index of the slab:
2mm — In|T
o m=¢ il (6.12)

kod ) kod
the coefficient “m” in equation 6.12 is the branch order to unwrap the inverse tangent

function.

Calculation of optical properties from S parameters using the python script Nicolson
and Ross[221] in 1970 and Weir[222] in 1974 developed a method used for the extraction
of dielectric properties for the material from S-parameters, called Nicholson-Ross-Weir
(NRW) algorithm. Currently, a lot of varied methods are used to extract these material
parameters, and an agreeable overview along with their examples and limitations is found
in Rohde and Schwarz application note|223].

The phase shift function T and the interface reflection coefficient I' are given by

I — (n —no) _ Zin — 1 (6.13)

(77 + 770) Zin + 1

T=e¢ (6.14)

where z;, = % is the normalized characteristic impedance, n = / /€ is the impedance
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of the sample, 19 = \/0/€o is the free space impedance and + is the propagation constant

of the sample.

Y =Y0Vep =a+ip (6.15)

P (6.16)
€

where, vy =i2m/\g = iw/cy is the propagation constant of the free space, \g is the
wavelength of the free space, w is the angular frequency and cyis the speed of light in free
space. Also, « is the attenuation factor and S is the phase factor.

From equations 6.7 and 6.8, I' is derived as

=K+ VKZ—1 (6.17)

where

St -85, +1

K = 1

 Si1 =S +T
1— (SH + 821) r

Equation 6.17 chooses the plus or the minus sign such that | I' |[< 1.

T (6.19)

Rewriting equation 6.14 generates

v=1n (%) /d (6.20)

Bear in mind that T is a complex number, that leads to multiple values of v , and can
be written as
T=|T|e? (6.21)

where ¢ is the phase that leads to

o (2) s () 6

_ _w v (W) (6.23)
=a+1if (6.24)

where m =0, +1,£2,.....
This shows that in comparison to the real part of v, the imaginary part does not have

a single value.
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Equations 6.13 and 6.16, leads to

/:_: _ 8 - R (6.25)

From equation 6.15 and 6.25 the following is obtained:

er:l(l_r>— 7 (6.26)

14T ) iwzg

70

v (1+T YZin
= —= ] =L 6.27
. Yo (1—F) W (6:27)

Due to numerous values of the imaginary parts of v, e,and p,which are not unique, this
becomes a problem for the thick samples.

Now, the phase constant S corresponds to the imaginary part of v and

2T

where \is the wavelength of the sample material. From equation 6.22 and 6.28, we get

; =m— % (6.29)

When m = 0 and —27 <¢ < 0,d/\is between 0 to 1. If the thickness of the sample

is smaller than A, then the values of € and p are unique and correspond to m = 0. The
vagueness for this method occurs if d > A. To determine m in such cases, the solution

can be obtained by applying Kramer-Kronig relations to the wavenumber|224].

Retrieval of the dimensions of Omega structure

e 360 snapshots also called training files are well dispersed in 5-dimentional space
design. These snapshots were generated based on a method called Halton sequence|[225]

that occupies the whole design space.

e Second, a COMSOL simulation was run with unit cell of omega for each of the

snapshot, completing a total of 360 snapshots.

e 5 values from each snapshot are calculated. These 5 values are not included in the
360 snapshots.

e Then scattering parameters S1; and So; were calculated for all 360 snapshots.

e Proper Orthogonal Decomposition (POD) and Machine learning (ML) algorithm
based on neural network (NN) was used to get the i.e, reduce order solution f, the
error difference | f — f* |is calculated to check the convergence. f* is the full order

numerical solution (xy,z9,23,24, 5). The error for the each case is computed as

err = 02'.255(16()\) — ) (6.30)
025 (7 (1)) 2 |
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where f denotes the reduced order approximation of the real and the imaginary part of

BIBLIOGRAPHY

one of the components of the S-parameters and f*denoted the full order solution.

POD results and influence of the number of training cases

[ nTr [ err(R(S11)) | err(T(S11)) | err(R(S2)) | err(T(S1)) |

45 0.1243 0.4587 0.1267 0.1697
90 0.1045 0.3087 0.1452 0.1195
180 0.0501 0.1672 0.0854 0.0867
360 0.0345 0.1068 0.0240 0.0247

Table 6.1: Maximum error of the POD predictions as a function of the number of training cases.
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Figure 6.2: Comparison of the test and predicted results of one of the points chosen by POD.

NN results and influence of the number of training cases

| nTr [ err(R(S11)) | err(T(S11)) | err(R(S21)) | err(T(Sa1)) |

45 0.0630 0.3146 0.0597 0.0963
90 0.0805 0.2992 0.0466 0.0509
180 0.0272 0.0984 0.0504 0.0393
360 0.0221 0.0531 0.0276 0.0187

Table 6.2: Maximum error of the NN predictions as a function of the number of training cases.

Predictions
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Figure 6.3: Comparison of the test and predicted results of one of the points chosen by NN.

0.8

0.7+

—~ 0.6+

§R(S11

0.4+

——Test
—— Prediction

0.5+

0.3
0

-0.3
0

——Test
—— Prediction

05 1 15 2 25
Ao (pm)

149



150

1
0.8+ ,\/\/\/\—/
— 0.6+ 1
i)
— 04
= Ideal
= Optimum
0.2 ——Best training| |
All training

0 ‘ ‘ ‘ ‘
0.25 0.5 0.75 1 1.25 1.5 1.75 2 225 2.5

Ao
(a) nTr=45
1

0.8+
— 0.6+
o)
— 04

| = Ideal
= Optimum
0.2 ——Best training| |
All training

0 ‘ ‘ I I
0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
Ao

(c) nTr=180

|51 ]

BIBLIOGRAPHY
1
0.8+
0.6 -
0.4
= Ideal
= Optimum
0.2 ——Best training| |
All training
0 ‘ ‘ ‘ ‘ ‘
0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
Ao
(b) nTr=90
1
0.8
0.6
0.4
= Ideal
= Optimum
0.2 ——Best training| |
} All training

0l —— ‘
0.25 0.5 0.75 1 1.25 1.5 1.75 2 2.25 2.5
Ao

(d) nTr=360

Figure 6.4: Results of the optimisation study with a single objective function using different number of

training cases.
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