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Chapter 1 Introduction

Abstract

In this study we utilize the optical properties of metallic nanoparticles to improve the
performance of nano-composite metal-dielectric solar selective coatings for high
temperature applications in Concentrated Solar Collectors. Also, we explore the light-
induced resonant plasmonic traits of metallic nanoparticles (enhanced fields,
scattering etc) on a substrate for enhanced spectroscopy applications. Furthermore, we
introduce a modeling process for the design and development of functional plasmonic
templates with pre-determined properties. Specifically, we illustrate how metal-
dielectric nano-composites consisting of embedded nanoparticles inside a dielectric
matrix can be fabricated by using laser annealing to induce reconstructions in an
alternating metal-dielectric multilayer film. Also, pre-determined nanoparticle
arrangements on a substrate can be fabricated by laser annealing of thin metal film on
the substrate, by using specific sequences of laser radiation. For both cases, by tuning
the laser annealing and structural parameters once can arrive in surface and subsurface
nano-structuring with pre-determined optical response.

1.1 Introduction

The object of this thesis is the computational study and utilization of metallic
nanoparticles (MNPs) in solar harvesting and enhanced spectroscopy applications.
When MNPs are irradiated by electromagnetic waves, their free electrons oscillate as
a response to the external electric field. At the appropriate frequency this oscillation
becomes resonant. This optical phenomenon is known as Local Surface Plasmon
Resonance (LSPR), with huge polarization fields on the MNPs’ surface [1-10]. These
fields induce strong scattering of light and promote photo-electric processes (such as
fluorescence, Raman scattering and absorption) [11-13]. Also, these fields are very
sensitive to the type of metal, shape, size and dielectric environment [14-19], allowing
great flexibility in designing applications. MNPs are in the heart of nanotechnology
with many applications including biochemical sensing [20-23], surface enhanced
spectroscopes [11, 24-26], information and communication technologies [35-38],
solar energy harvesting [27-29], optical encoding [30-33], surface decoration [34],
lighting [35] and many others.

In this study we use these properties of MNPs firstly, to improve the
performance of Concentrated Solar Collectors through the design of nano-composite
metal-dielectric solar selective coatings, which maximize the absorption in the solar
spectrum and minimize the energy losses from thermal emission. Next, we explore the
LSPR traits of MNPs (enhanced fields, scattering etc) on a substrate, relevant to



enhanced spectroscopy applications. Finally, we introduce a way to model and design
the development of functional plasmonic templates with pre-determined properties.
Specifically, we illustrate how metal-dielectric nano-composites consisting of
embedded MNPs in a dielectric matrix can be fabricated by laser annealing (LA) of an
alternating metal-dielectric multilayer film [36]. Also, surface MNPs on a substrate
can be fabricated by LA of thin metal film on the substrate [30]. For both the above
cases, by tuning the LA and structural parameters one can arrive in surface and
subsurface nanostructures with pre-determined optical response. These results are
presented and compared to accompanying experiments and show good agreement.

The structure of the dissertation is as follows. In Chapter 2 we present the
general theoretical background of the thesis: we make a short introduction to
electromagnetic theory [37] and the main numerical technique (Finite Differences
Time Domain Method [38]) used for modeling the wave propagation in this work.
Also, we make a short introduction to the optical properties of LSPR in MNPs.
Furthermore, we describe two “tools” used in this work, the first one is the effective
medium theory utilized to calculate the effective medium optical response of a nano-
composite coating, and the second one is the opto-thermal modeling utilized to
simulate the LA process.

In Chapter 3 we present our modeling, design and performance evaluation of
nano-composite metal-dielectric absorbers, for high temperature applications to CSC.
The CSCs use mirrors or lens to redirect and concentrate the solar flux on a receiver
(absorber) and get collected as heat, which is in turn used to power up a turbine or a
heat engine to generate electricity [39-43]. Improving the properties of the selective
coating on the receiver represents one good opportunity for improving the efficiency
of parabolic trough collectors and reducing the cost of solar electricity. Additionally,
increasing the operating temperature above the current limits of 400 °C can improve
the power cycle efficiency and reduce the cost of thermal energy storage [44, 45],
resulting in reductions in the cost of solar electricity [46].

The objective of this effort is to design a new more-efficient selective coating,
with both maximum absorption in the solar spectrum and highest reflection in the
infrared spectrum. These optical characteristics, are required for maximum energy
collection and lowest thermal emission, resulting into more efficient conversion of
solar energy to electricity [47]. Using an in-house software (in which Maxwell’s
equations are explicitly solved utilizing the FDTD method), we successfully modeled
different nano-composite metal-dielectric coatings (MNPs in various dielectric
matrixes), composed of materials stable at high temperatures, and calculated the solar
absorption and thermal emission coefficients. Afterwards, taking into account these
coefficients, the optical parameters of the collectors’ structure (sunlight concentration
factor and optical losses) and the theoretically predicted Carnot’s efficiency, we
calculate the total conversion efficiency (7 ) of the CSC for various coatings in a wide

temperature range from 400 °C up to 1000 °C, resulting into design rules for getting
the maximum efficiency at the optimal operating temperature.
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In Chapter 4 we explore the LSPR traits (enhanced electric fields, scattering
etc) of MNPs arrays on a substrate relevant to enhanced spectroscopy applications.
Surface Enhanced Raman Scattering (SERS) is a fascinating process by which the
normally weak Raman signals used for the identification of molecular species can be
amplified by many orders of magnitude [11, 24-26]. This impressive enhancement is
mainly caused by the enhanced, light-induced electric fields (E-fields) on the surface
of a MNP due to LSPR phenomenon [3, 48]. MNP arrays on a substrate can be
developed by either top-down (e.g. nanolithography [49]) or bottom-up (e.g. self
assembly by thermal [50] or laser annealing [51-54] of a thin metal film) processes,
each case resulting into different particle shapes, sizes and arrangements. In this part
of the thesis we explore how the LSPR traits (electric field enhancement, scattering
etc) are modulated depending on the actual final MNP configuration. To better
facilitate our study, we examine two “extreme” shapes: nano-columns as a
representative NP shape of top-down methods and spherical nano-domes as a
representative NP shape of bottom-up methods.

We produce detailed electric field enchantment maps showing that depending
on the MNP shape, the frequency at which the maximum field enhancement occurs
varies depending on the location on the MNP’s surface. This points towards
modulated LSPR oscillations across the MNP. Furthermore, for tuning the LSPR
wavelength and in relevance to enhanced spectroscopy applications, we examine the
effect of thin dielectric coatings (AIN) on the nanoparticles. The response is again
found to dependent on the MNP shape, with results comparing well to recent
experiments.

In Chapter 5 we introduce a modeling process for the design and development
of functional plasmonic templates with pre-determined properties, relevant to the
aforementioned applications and many others. Functional plasmonic templates
consisting of MNPs embedded in a dielectric matrix or on a substrate can be
fabricated by sub-surface and surface laser nano-structuring respectively. So far,
nano-materials and nano-devices have traditional followed two distinct routes, the
top-down process that starts from a uniform piece of material and subsequently uses
finer and finer tools for creating correspondingly smaller structures (nano-lithography,
ion beam nanofabrication), and the bottom-up process, where smaller components of
atomic or molecular dimensions self-assemble together, according to a natural
physical principle or an externally applied driving force, to give rise to larger and
more organized systems (atomic layer deposition, flash thermal annealing etc). In
practice, the top-down route offers unparallel control and reproducibility down to a
few nanometers in feature size but at high cost for a large area processing, while the
bottom-up approach naturally applies to macroscopic scale nano-patterning albeit
without the fine feature and reproducibility control.
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Laser radiation might be viewed as the means to a third, intermediate route for
nanotechnology. Light matter interactions offer precise energy delivery and control
over the physico-chemical processes in the nanoworld. Amongst the methodologies
followed for creating nanoparticle arrangements and/or nano-composite thin films,
LA has been proven to be simple and versatile, providing freedom of design, fast
processing, compatibility with large scale manufacturing and allows for the use of
inexpensive flexible substrates [30, 32, 36]. For example, LA of a thin metal film
results into MNPs arrangements on top of the substrate [36, 51-54], while embedded
MNPs in a dielectric matrix can be fabricated by the LA of a stack of alternating
layers of metal and dielectric [30].

In this part of the thesis we investigate mainly theoretically, and in comparison
with experiments, the photo-thermal processes involved in surface and sub-surface
plasmonic nano-structuring. Thus, we present a way to design and develop functional
plasmonic nano-structures with pre-determined morphology. Specifically, by tuning
the annealing parameters like the laser fluence and wavelength and/or the structure
parameters like thickness of the metallic film and the volume ratio of the ceramic
metal composite, one can arrive at nano-structures with pre-designed morphology. For
the surface plasmonic nano-structuring we utilize the ability to tune the laser’s
wavelength to either mach the absorption spectral profile of the metal or to be
resonant with the plasmon oscillation frequency (LSPR). These different optical
absorption mechanisms are size-selective, and a careful design of the irradiation
sequence enables the fabrication of pre-determined patterns of metal nanostructures.
Thus, we overcome one challenge of Laser Induced Self Assembly, and combine
simultaneously large-scale character with atomic scale precision. On the other hand,
for subsurface plasmonic nano-structuring, we utilize the temperature gradients that
develop spatially across the metal/dielectric nano-composite structure during the laser
treatment. In both cases the developed theory and the employed experiments are in
good agreement.
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Chapter 2 Theoretical Background

2.1 Electromagnetic Theory

The propagation of electromagnetic fields in materials depends mainly on the
interaction of the electric and magnetic fields of the wave with the charged particles
(negative electrons and positive cores) of the material. This interaction appears at
different scales depending on the wavelength of the light. For wavelengths large
compared to individual distances (radio waves, microwaves, infrared, visible and
ultraviolet) the material appears as a continuous medium, and hence the interaction
with light can be described with appropriate macroscopic equations. For wavelengths
compared to the atomic distances (x-rays) the interaction takes in account the multiple
reflections from the periodic crystal. For even lower wavelengths (y-rays), only in the
frame of the quantum theory of light can the interaction be described.

Here, we are only concerned with the first category. We will investigate the
interactions and the propagation of light in matter considering that the fields in the
material can be taken as an average of the real fields around every atom. Thus, we
ignore the deviation of the fields in the atomic scale and we consider that the motion
of the electrons under the fields’ effect can be described from the macroscopic
Maxwell equations [1-4].

2.1.1 Maxwell equations

The macroscopic Maxwell equations in cgs units are:

V-E=4rp (1.1)
V-B=0 (1.2)
10B
VxE=-=—
X ca (1.3)
10E 4r
VxB==—+—7J
ca e (1.4)

where E(r,t) , B(r,t) are the vectors (as a function of space r and time t ) of the
electric field and the magnetic induction respectively, ,o(r,t) is the charge density,

J(r,t) the current density and c is the velocity of light in vacuum. These values are

considered to be averages of the corresponding microscopic quantities in a unit cell,
which is very small compared to the wavelength but large enough to include many
atoms. For example the electric field is:
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E(r):<e(r)>=vij'e(r+§)d§ (15)

cV,

4

where € is the microscopic local field of the electrons the atomic cores and the
electromagnetic wave, V. the volume in which the average electric field is calculated

and §is a vector indicating the displacement of the vector T in the volume V..

2.1.2 Polarization charge and current

F=0,P=-0,VP=0 FE+0,P20,VP=0 F+0,P+0,VP£0

@@ a2aaa®e Dhoooaeo® () coame®

® @fe DGO GN\ED L o) ) GN\ED

Figure 1. Polarization of atoms in an insulator: a) absence of external electric field, b) uniform external
electric field ¢) non-uniform external electric field.

Here we explore the charge density and current density in a material under the
influence of electromagnetic fields. The charge density can be non zero from two
contributions. The one is from external charges (e.g. an external source) and the other
is from local changes of the charge density due to its polarization from
electromagnetic field.

p:ppol +pext (16)

The most interesting quantity is o, . In order to understand its physical meaning we

have to see what happens to a neutral, unpolarized atom or molecule in the presence
of an external electric field (fig.1). In the case of no electric field the atoms are
unperturbed and are depicted in figl.a. Integrating in a sphere within the bulk of the
material enclosing many atoms we find that the total charge in the sphere is zero. At
the presence of a constant electric field the atoms get polarized (fig.1.b), but the total
charge in the sphere in the bulk of the material remains zero. This changes when the
electric field polarizes the atoms is not uniform. In this case (fig.1.1.c) there is a net
charge in the sphere. The actual polarization charge density destrtibution can be
calculated from the divergence of a polarization vector.

ppol =-V-P (17)
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When the external electric field is changing in time then we have a temporal
fluctuation of the polarization charge density, which corresponds to a polarization
current.

_oP

J pol 6t

(1.8)

The equation of the continuity of charge is satisfied from the combination of
equations of 1.7 and 1.8. In the case of a magnetic material, there will be and another
contribution to the current, which can be taken in account as the contribution of a
macroscopic magnetization M defined as the magnetic dipolar moment per unit
volume which contributes to the current.

Jiag =CVxM (1.9)

The Maxwell equations 1.1 and 1.4 can be written:

V-E=—42V-P+4np,, (1.10)
10E 4rx oP 4
VxB==E 1 aw M+ 2E g
BT c at * c ™ (1.11)

We define now two new vectors the dielectric displacement (D) and the magnetic
field (H):

D=E+4~P (1.12)

H=B-47M (1.13)

Utilizing the two last equations the Maxwell’s equations can be rewritten:

V-D=4np,, (1.14)
V-B=0 (1.15)
16B
VxE=-=2=
x < (1.16)
10D 4rn
VxH==2"=+22]
N (1.17)
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2.1.3 Constitutive Relations

We need now a relation which connects the polarization and the magnetization
with the electric and the magnetic field respectively. In the general case, the electric
polarization and the magnetization can be written as an expansion in the electric field
and the magnetic field respectively:

P :ZZUEJ' +Z Vi E;Ex +Z:05ijk,EjEk Fuea
j jk jkl
(1.18)
M= xH D yuH H + ) oo H H +e
j jk

ikl

The first term is the linear term and is dominant for low intensities of radiation. The
rest of terms are the non-linear terms which can be contribute only at high intensities
of light, for example when a material is irradiated by a high energy laser. In the
general case of non-isotropic material the coefficients of the above equation are
tensors. Here however, we ignore all these cases and we consider a linear isotropic
response:

P=yEM=yH (1.19)

where the constants of y, and y,, are the electric and the magnetic susceptibility

respectively. The constitutive relations which connect the D with the E and the B
with the H are the dielectric function ¢ and the magnetic permeability s :

D=¢E,B=uH (1.20)
Which have been defined as:
e=1+4ny,, u=1+4rny, (1.21)

The dielectric function and the magnetic permeability are functions of frequency. For
the visible light all the materials have no magnetic response and their magnetic
permeability is one.

The physical meaning of the correlation between E and D in a material can
be understood considering the interaction with an external electric field. This incident
field induces additional electric fields, as we discuss before, due to the material
polarization E , . The field entering Maxwell’s equations is the total field
E=E
find:

=Eg +E - Combining the equations 1.7 and 1.10 with E , =—47P, we

tot

D=E,, (1.22)



The dielectric displacement is the external electric field (1.14). Usually for
dielectric materials the induced polarization is opponent to its cause, so the electric
field in the material is lower than the external thus the dielectric function (eq. 1.20) is
greater than one. The same relations are applying between B and H, with the
difference that usually at the optical frequencies the materials are non-magnetic and
w1 =1. In terms of relating cause and effect, the B is similarly to E the total field and

H is similarly to D the external field-

2.1.4 Plane waves

Here, we consider that there are no external charges or currents so
Poit =Joq =0 . The physical meaning of equations 1.3 and 1.4 and of equations 1.16

and 1.17 is that the temporal change of one field results into the generation of the
other field. For example if an electric field starts to fluctuate in time, this change will
generate a magnetic field and vice versa. That sequence between these two fields is
self-sustaining, and the fields can be described by a wave equation.

The wave equation is extracted by combining equations 1.16, 1.17 and 1.20
and eliminating one of the two fields. Thus we can write two different, but equivalent
wave equations, one for the electric field and one for the magnetic field:

1 1 FEY
WVX(VXE(”))— R (1.23)
1 _ 18HEY

In a homogeneous material the dielectric function doesn’t change in space and the
above equations can be simplified using the vector identity:

Vx(VxE)=V(V-E)-V’E (1.25)

which is valid for every vector field. For an isotropic material &(r)= ¢ =const and
utilizing equation 1.14 we find that VE = ¢'VD =0 resulting to the wave equation
for the electric field:

eu O°E
sz—C—é’?=o (1.26)

20



The same can be extracted for the magnetic field. Equation 1.26 is applied
separately for every Cartesian component of E(r,t) and H(r,t). The solution is the
known plane waves:

E — élEoei(kr—wt)

Where E, and H, the amplitudes of the oscillation are generally complex numbers,

é, and &, the unit vectors showing the direction of propagation for electric and

magnetic field respectively and « is the angular frequency which is connected to the
circular frequency v according to the relation:

w=2nv=2ncl A, (1.28)

k is the wave vector and it expresses the “spatial frequency”, i.e. how the field
oscilates in space at fixed time, 4, is the wavelength of the wave in vacuum, and c is

the light velocity in vacuum. It is common convention that we use complex solutions,
but in order to find the real fields we need to extract the real part at the end of the
solution. If we insert equation 1.27 in the wave equation 1.26 we find:

2

2
[0 (0]
K[ =k? =5ﬂc—z=”2—z

; (1.29)

which is the well known dispersion relation of light in vacuum and connects the
temporal and spatial variations of the wave oscillations, n is the refractive index

n= J UE = «/E , Where the latter relation is valid for optical frequencies because there
all the materials have magnetic permeability one.

The wavelength (4 ) in a material is n times smaller than the wavelength in
vacuum (4,), A=4,/n and the wave vector is connected with the wavelength in the

material:

k= ez _zm (1.30)

A A '
The velocity v =w/k (fix equation) is the phase velocity of the amplitude (fig
1.2). In our case of a homogenous material with refractive index n, the phace velocity
is v=c/n which means that the E/M wave is propagating n times slower than in
vaccum. The group velocity, is the energy transfer velocity of a wave packet
containing many different frequencies is defined as v, =dw/dk . In our case of a

monochromatic wave motion the two velocities are the same. They are different when
there coexist a continuous distribution of frequencies (wave packet) and the refractive
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index depends on the frequency. In that case the group velocity describes the transfer
velocity of the center of the wave packet.

/

/

A=A/n =t+At

0

Amplitude

00 05 1.0 1.5 2.0
Distance (x/Ay)

Figure 2. The real part of the first term of the wave motion equation 1.31 for E, =1 [COS(kX - a)t) ]

and N=2.

We explore now for simplicity the case of propagation in one dimension,
specifically the wave is propagating in the x direction and the electric field is
polarized along the y direction. In this case the solution is:

E(X,t) _ y|:E+ei(kx—(ot) + Eiei(kx+(ot)j| (131)

The first term corresponds to a plane wave propagating along the positive direction of
the x axis, while the second term corresponds to a plane wave propagating along the
negative direction of the x axis. We take the case of a wave propagating according to
the positive direction of the axis x as it is depicted to figure 2 for a homogeneous
material with refractive index n=2. The temporal period of the fluctuation is T, i.e.
the time period within which an oscillation is repeated, and is defined as:

T=2rlw=Jlc (1.32)

If we go back to the solutions 1.27 and replace them to the equations of 1.14 and 1.15
we find:

D>

k=0
k=0 (1.33)

D>

These equations state that the waves are transverse, i.e. the electric and magnetic field
is perpendicular to the direction of the propagation. By replacing to the eq. 1.16

(kx€)Ey=—&,H, (1.34)
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This has a solution:

&, :RXél (1.35)
and

Ho = nEo (136)

where K =K /K| . Equations 1.33 and 1.35-1.36 indicate that the vectors of the electric

and magnetic fields and the wavevector (which is alnong the propagation direction)
constitute a clockwise ortho-normal system, with the electric and magnetic fields
being in phase and with their amplitudes at a fixed ratio.

2.1.5 Energy and momentum

The average energy density of the electromagnetic wave taking into account
only the real parts of the fields averaged within one oscilation period is:

1 2 2 1 2
=—(¢|E HI )=—¢|E
U= (elEf vl )= —<lE (137)

For the last derivation we use the eq.1.36 and the average energy flux is:

C *
S=§(EXH ) (1.38)

The vector S is the Poynting vector, His the complex conjugate of the magnetic
field. For plane waves in a homogenous medium it is equal to the energy density
multiplied by the velocity of the propagation. Dividing equation 1.38 with 1.37 and
utilizing equation 1.36, results into [S|/u=c/n which is the velocity of the

propagation in an isotropic medium with refractive index n. The energy conservation
equation at its differential form is:

du
—+V-P=0
o (1.39)

which states that the rate of change of energy in a unit volume is equal and opposite to
the energy flux out of this volume.
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2.1.6 Dielectric Function

The classical theory of absorption and dispersion is due mainly to Lorentz and
Drude [2]. The Lorentz model is applicable mainly to insulators; its quantum
mechanical analog includes all direct interband transitions, i.e. all transitions of bound
electrons for which the final state of an electron lies in a different band. The Drude
model is applicable to free electron metals; it's quantum mechanical analog includes
intraband transitions, i.e all transitions of free electrons at the conduction band. We
shall see that many features of these classical models have quantum mechanical
counterparts which are easily understood as generalizations of their classical analogs.

It is known that the bound electrons in an atom are organized in orbitals
around the positive nucleus. At the absence of an external electric field this cloud of
electrons has a spherical symmetry with the center of nucleus. Under an external
electric field the electrons cloud is displaced at the opposite direction of the electric
field and the atom seems like a dipole. This dipole is oscilating as a response to the
external electric field. This oscilation can be described as the forced oscillation of
electrons bound to the nucleus, in much the same way as a small mass be bound to a
large mass by a spring. This is the Lorentz model. In order to present the Lorentz
model we firsly assume one atom with one electron bound to the nucleus. We start by
showing the validity of Hooke’s law which is applied to describe the forced
oscillation in Lorentz model. Then, putting the different forces to the Newton’s law
we arrive at the equation of motion, the polarization and the dielectric function.

The Lorentz oscillator model assumes a force (F, ) applied to an orbital by the

nucleus according to the Hooke’s law, F, =—Kr where k is the constant of the spring
and r is the displacement of the orbital. While the forces between charges obey
Coulombs low F, ~1/r?, we take Hooke’s law because it is a valid approximation

for small perturbations around the equilibrium where the force is zero (in the non-
distorted state). If we want to describe this in terms of potential energy:

F=-0V/or=—0V/ox at X=X, , which when Xo is the energy minimum, we get
F =0. We can write the potential energy V as a Taylor expansion around X, :

1 l n l m
V=V (x)+V | (x—x0)+iv x. (x—x0)2+av lex, (X=%)°  (1.40)
If we are close to the minimum, the force will be:

dv .
F :_&:V +V "(X—X,) (1.41)

But the first term V'=0 (because it’s an extremum), thus F =V "(X=X,), which is
just the Hooke’s law where K=V ", As a matter of fact, any general system, can be
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described well by Hooke’s law when it is weakly perturbed around equilibrium. So,
the force is linear to the displacement, F = —kX assuming %, =0.

We can use this model to describe in a classical way how matter reacts to
light. As we mentioned before, given an electric field the electrons in an atom will
oscillate as a response to the external field. The restoring force of the forced

oscillation according to Hooke’s law is defined as F, =-ma’r, where m is the

effective mass of the electron and @, = Jk/m is the eigen frequency of the oscilator.
Also there is a friction force (F.), which in the simpliest approximation is propotional
to the velocity (v) and is defined asF. =—mIl"v =—-mI'(dr/dt), where I"is a friction

constant, it has units of inverse time (sec™) and it describes the energy loss rate from
the oscilator. The actual loss mechanism is radiation damping for a free atom, but it
also arises from various scattering mechanisms in a solid, such as electron-phonon
scattering. Finally, there is the external force (F.) from the applied electric field (E)
is defined as F. =—eE. Putting all the forces to the Newton’s law, we write the
equation of motion:

d’r

dr
ma+mra+ma)§r:—eE (1.42)

In the context of a classical model, there are two approximations in equation
(1.42). The nucleus has been assumed to have infinite mass compared to the electron
mass, thus it stays stationary during the motion of electron. We have also neglected
the force (F,, ) from the magnetic field (B) on the electron which is defined as
Fu. =—evxB/c. It is negligible because the collective velocity of the electron under

the influence of the external perturbing field is small compared with c.

We consider that the electric field has a temporal harmonic dependence
E=Ee ™, thus the displacement r of the electron cloud for the specific orbital will
be r =re™. By substituting to equation (1.42) and solving to r we find:

eE 1

r= 22 -
m oy —o" —1l'w

(1.43)

The induced dipole moment as the effect of the displacement I' of the electron cloud
for the specific orbital is P =—€r

_e’E 1

m @) -’ -iCw (1.44)

We suppose that the electric field and the displacement are small, thus @, and I are
independed from the intensity of the electric field. In this case there is a linear
dependence of the dipole moment and the electric field, P = a(®)E where
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e 1
a(w)=——;

m @} -’ -iTCw (1.49)

is the atomic polarizability for an atom with one electron. The atomic polarizability is
a function of frequency and is a complex number because we inserted the friction
term. This means that there is a phase diference between the electric field and the
dipole moment.

At the real case of many atoms in a material, all the dipole moments together
consist the macroscopic polarization:

P=NaE=yE (1.46)

where N is the number of atoms per unit volume, and %. is the electric susceptibility.
We can now define the dielectric function (¢),

D=¢E=E+47P = (1+41y,)E=

£() =1+ 47z, () (147)
which is a complex function of the frequency.
ArNe? 1
e(@) =1+-2 (1.48)

m o -o-iCw

This is the Lorentz model and gives the response of a material. If we consider
classical atoms with more than one electron per atom, we can extend the previous

results for M types of electrons with its corresponding orbitals. Let N; be the density
of electrons bound with resonant frequency @ , then :

4dre® & N;

e(w) =1+ !

(@) - ;ng_wz_irjw (1.49)
D> N, =N (1.50)

Now, we introduce the partial contribution of each type of electron f;, called the

oscillator strength, defined as N;=Nf;  which is a measure of the relative
probability of a quantum mechanical transition and for free atoms it satisfies a sum

m

rule Z f; =1. The quantum mechanical equation can be written:
j=1

Are? & Nf.
e(w) =1+ 7;1 ) — (1.51)

2 -
i@y —o —I1o

There is a formal similarity between eqg. 1.49 and 1.51, but the meanings of
corresponding terms are quite different. In eq. 1.49, @y, is the resonance frequency of
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a bound electron, whereas in eq.1.51, it is the transition frequency of an electron
between two atomic states separated in energy by 7w, .

For free-elactron metals the conduction electrons are not bound. In this case
we don’t have a restoring force and we should let @, =0 in eq. 1.51. Also, N is not

anymore the number of bound electrons, it is the number of free electrons. The result
Is just the Drude model for metals.

Combining now, the contribution of free-electrons (intraband transitions which
is described by Drude-model) and the contribution of bound-electrons (interband
transitions which is described by Lorentz-model) we result to the Drude-Lorentz
model for the dielectric function:

47e*N 2 m f.
8(60) —1— free 1 + Are Nbound Z i : (152)

2 % 2 2
m o +yw m iy —o 10

where 7 corresponds to the friction (relaxation) of free electrons due to the scattering
with phonons and inpurities. The different transition energies are described by the
third term of €(®), i.e. the contribution of the bound electrons. In reality there are too
many different orbitals and transitions, but we don’t have to take explicity into
account all of them. We can do a fit and consider a small group of characteristic
Lorentzians. A common form of the dielectric function is thus:

a)ﬁ N Ag jQ?
+

2

o’ +iwlt 5 Q-0 —iarl

e(w)=¢, - (1.53)

Where ¢, the infinite dielectric function, the plasma frequency ), :J47ze2N /m |

free

the free electrons relaxation time z=1/y , the oscillation strength and the transition

frequency Ae, Q) =47e’N,,,, f;/m and T, the decay rate of the Lorentz term. All

bound " j

these parameters are treated as fitted parameters to experimental refractive index (n)
obtained from ellipsometry measurements. For non magnetic materials the dielectric

function is £ =n® thus, e =¢ +ig, = (7 +ix)* = (n° —x°) +i2nx where ¢, and ¢, are
the real and imaginary part of the refractive index, n and x are the real and

imaginary part of the dielectric function. The procedure of calculations will be
presented in the next section.
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2.1.7 Finite Difference Time Domain Method

Finite Difference Time Domain (FDTD) is a numerical analysis technique
used for modeling computational electrodynamics (finding approximate solutions to
the associated system of differential equations). Since it is a time domain method,
FDTD solutions can cover a wide frequency range with a single simulation run.

The FDTD method belongs in the general class of grid-based differential
numerical modeling methods (finite difference methods). The time-dependent
Maxwell's equations (in partial differential form) are discretized using central-
difference approximations to the space and time partial derivatives [5]. The resulting
finite-difference equations are solved in software, in a leapfrog manner: the electric
field vector components in a volume of space are solved at a given instant in time;
then the magnetic field vector components in the same spatial volume are solved at
the next instant in time; and the process is repeated over and over again until the
desired transient or steady-state electromagnetic field behavior is fully evolved.

In 1966, Kane Yee originated a set of finite-difference equations for the time-
dependent Maxwell’s curl equation system [6]. The Yee algorithm solves for both
electric and magnetic fields in time and space using the coupled Maxwell’s curl-
equations for each computational grid. Firstly, we explain how the optical response of
the materials are putted in the Maxwell equations and then how they are explicitly
solved utilizing the FDTD method.

Maxwell’s equations are:

VxE=—uoH (1.54)
N
VxH=¢,6,0,E+0,Py+ X 0P, (1.55)
jN:l N

where the polarization of the material is taken into account trough the polarization of
free electrons P, according to Drude-model and the sum of the N polarizations P;

of the bound electrons according to Lorentz model, both follow their own differential
equation:

at2Po +90,F, = wigoE (1.56)
;P +T; 0P, + P, =Ag Q] &F (1.57)

Equations 1.56 and 1.57 imply a Drude-Lorentz model as it is discussed in the
previous section for the dielectric function:
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2 N Ae. QF
[0 &
e(a))=ew— p +§: N TN

o’ +iwy jN:]'Q?N —a’ —ial’;

(1.58)

where the first term is the Drude free-electron contribution (intraband transitions) and
the second contains Lorentz oscillators corresponding to interband transitions, «, and

N,Ae

are transition frequency, oscillator strength, and decay rate for the Lorentz terms
respectively. To accurately reproduce the experimental dielectric functions we treat
these as fit parameters. We use different measurements from the literature to obtain
the bulk optical properties (n=+/e =n-+ i) for the used materials at the wavelength
range of interest. Then, we apply a Drude-Lorentz fit to the bulk dielectric function
and we obtain the fit parameters. Thus, we have the polarization of free (eg. 1.56) and
bound (eq. 1.57) electrons, applying the polarization to equation 1.55 we calculate the
magnetic field H and through this the electric field E from equation 1.54, utilizing
the FDTD method.

1/7 are the free electron plasma frequency and relaxation time, Q, and T';

in?

For the display of the Yee process we first present the one dimensional case
which is much simpler. The equations are more accurate when they are central
differences, thus at each grid point we put the electric field and between the grid
points we put the magnetic field. So we put the electric field at the points i, i+1,
i1+2,.... and the magnetic field at the points of i-1/2, 1+1/2, 1+3/2.... as it is depicted to
the figure 3.

H H H H
i-3/2 -1/2 i+1/2 i+3/2

IE@ ]E® IE@ I%@

>
.

k

Figure 3. The distribution of fields in space in one dimension, are positioned to solve the equations as
central differences.

The same is applied for the time discretization as well, setting the electric field
at time steps n, n+1, n+2,... while the magnetic at time steps n+1/2, n+3/2... as it is
depicted to the figure 4.
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Figure 4. The distribution of fields in time in one dimension.

We consider that the electric field is oscillating at z direction, and the
magnetic at y direction. The Maxwell equations for one dimension then become:

oP; OE, &, OP,

£.E £+i N _(VxH), = ¢ge —Z+Z—J” ——aHy 1.59
Oooat jN=06t z Oooat jN=Oat 8X ( )
oH oH oE
Y —(VxE), =>— 2
p (VxE), =>-u % ox (1.60)

Knowing the electric field everywhere in space (i) at the time n, the magnetic field
everywhere in space at time n-1/2 and the polarization moments everywhere in space
at times n and n-1, we arrive at the following difference equations:

Firstly, we find the polarization at the time n+1 from eq. 1.56:

F)irH—l _ 2P|n + F)in—l Pin+1 _ P_n—l
Ty

At? 2At

+@fP" = fe,E
(1.61)
4P" + 2P + Aty P + 2At (6,02E! — ¢ P"))
2+ y,At

n+l _
|:>i =

The same is applied for all the other N polarizations (eq. 1.57) taken from the
Lorentz term of the dielectric function (eqg. 1.58). Then we find the electric field at the
time n+1:

At

En+1 En - Z (Pur:rl ”r; ) ~ — &€, ( H-legz HI”;}IZZ) (162)

gO in=0

At the same way we find the magnetic field at the time n+3/2:

i+1

H |Tjé2 H |Ti}/22 - E (E i Ein+1) (163)
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The numerical algorithms for Maxwell’s curl equations defined by the finite-
difference systems require that the time increment At have a specific bound relative
to the lattice space increments AX | Ay Az | This bound is necessary to avoid
numerical instability, an undesirable possibility with explicit differential equation
solvers that can cause the computed results to spuriously increase without limit as
time-marching continues. In our case of the three-dimensional Yee algorithm which
will be presented below, this problem of numerical instability is avoided by setting the

upper bound on At follows the equation [5]:

1

- (1.64)

At <
1 1
+ +
\/(AX)2 (Ay)* * (Az)°

Denormalizing to a nonunity value of light velocity ¢, it can be shown that equation
1.64 is slightly modified:

1

- (1.65)

At <
1 1
c + +
\/(AX)2 (Ay)*  (Az)°

For a cubic lattice case Ax = Ay = Az = A , we can see that the upper bound reduces to:

At < 1 1 _A (1.66)
-1 1 1 3 cf3 '
S aztaztar Cyu2

The spatial and temporal resolution must be taken with case so that the
algorithm is stable and reproduces correctly all physical phenomena. The latter
condition is more stringent for the case of plasmonics, where rapid variations of
strong fields occur close to metallic nanoparticles, in which case we typically choose
a fine spatial grid of 1 nm.

In the three-dimensional case the space is discretized in unit cells and the field
placement is illustrated at figure 5. In addition to the electric and magnetic fields
being displaced from each other, in the Yee scheme each component of a field is also
displaced from the others. Specifically, the electric field components are placed on the
edges of the cell, while the magnetic field components are placed along the normal to
the faces of the cube.
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Figure 5. lllustration of a standard Cartesian Yee cell used for FDTD, about which el
magnetic field vector components are distributed.
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Similarly to the 1D case, the fields are alternating in time and space. The update

equations for the polarization are written:

P N+l 4Px,y,z in,j,k +2Px,y,z i, k +At7/OPx y,z |i, j k +2At (goa) Ex Y,z |n _a)OZPx,y,z in,j,k)
Xy ik 2+ y,At
(1.67)

The electric fields for each direction:

n+1/2 n+1/2 n+1/2 n+1/2
Eln = E i( nel n-1 At Hz i, j+1/2,k _Hz U2k Hy i,j,k+1/2_Hy i,jk-1/2
x|i,j,k — Ijk XJN Ijk XJN i,jk
€€ ik in=0 gaogi,j,k Ay Az
N n+1/2 _ n+1/2 n+1/2 _ n+1/2
E i _p | _ 1 Z(P i _p o [n At H, i jk+12 H, kw2 H, i+1/2,].k Hy i-1/2,] .k
y|ijk y ik Yin |i.J.k Yin 1.k
E4Ei ik ins0 gwgiyj’k Az AX
N n+1/2 _ n+1/2 n+1/2 _ n+1/2
E ™ _g | _ 1 Z(P i _p o [0 At Hy i+1/2, ).k Hy i-U2,jk H, i, j+1/2,k Hy i,j-1/2,k
z|i ik = Ez|ijk Ziw |1k ™ Ty |iLjk
€€k in=0 8w€i,j,k AX Ay

(1.68)

And finally, the magnetic fields at each direction:

n+l n+1 n+1 n+1
g [y v _ At Ey i,j,k+1/2_Ey ijk-v2 E, i,j+1/2,k_Ez i, j-1/2.k
xliik = Mxlijk
Hi ik Az Ay
n+1 n+1 n+1 n+1
g2y [z _ At | B |iazix — B |ituz i« B Exli iz — Exlijk-w2
yliik =My lijk
Lk AX Az
n+l n+l n+1 n+l
g |m¥2_py vz _ At | E, i, j+U2.k -E, j-v2k Sy lisvzjk _Ey i-1/2, ]k
2|ijk =Tz ijk
Hijx Ay AX
(1.69)
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We solve the wave propagation in time domain and then by applying Furier
transforms we extract the fields and the polarizations in frequency domain at each grid
point in the computational volume.

H(w) = j: e "' H(t)d

E(w) = j: e 'E(t)d (1.70)
J(w) = jf:e-iwt Z %Et)dt

And the energy flux F integrating the Poynting vector on a chosen flux plane with
area A:

F = [sda=| é(E(a))xH*(w))dA (L.71)

a typical simulation example will be presented in detail in a next section.

2.2 Plasmons

2.2.1 Introduction in Surface and Localized Plasmons

The physical phenomenon of plasmons has helped to enhance methods of
chemical analysis in recent decades, even to the point where it is possible to detect a
single molecule. Though many of these methods have not yet found their way into
traditional chemistry classes and labs, it is likely that many of today’s chemistry and
biochemistry majors will encounter plasmon-based techniques in their future. Some
techniques, such as surface plasmon resonance, staining for microscopy, and
colorimetry have already been commercialized. Other applications for plasmons are
still being explored, for example, plasmon-based alternatives to traditional electronic
circuits.

Strictly speaking, plasmons are quantized waves in a collection of mobile
electrons that are produced when large numbers of these electrons are disturbed from
their equilibrium positions [8, 9]. Electrons present in classic gaseous plasmas can
support plasmons, hence the name of these waves. The collection of mobile electrons
in metals is referred to as quantum plasma [9]. This is composed of delocalized
electrons that bathe the metal nuclei and their localized core electrons, as described by
the free-electron theory of metals [8]. This description of metallic bonding has been
used to explain many metallic properties.
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Metals that best exhibit this mobile-electron or free-electron plasma behavior
include the alkali metals, Mg, Al, and noble metals such as Cu, Ag, and Au [8].
Plasmons can exist within the bulk of metals, and their existence was used to explain
energy losses associated with electrons beamed into bulk metals [10]. For a bulk
metal of infinite size, the frequency of oscillation @, can be described by the

following equation:
Ne?

. =
S (1.72)

where N is the number density of mobile electrons, ¢, is the dielectric constant of a
vacuum, e is the charge of an electron and m, is the effective mass of an electron.

Surface plasmons (SPs) are a type of plasmon associated with the surfaces of
metals. They are significantly lower in frequency (and energy) than bulk plasmons
and can interact, under certain conditions, with visible light in a phenomenon called
Surface Plasmon Resonance (SPR). SPs have been the most useful to chemists. For
example, the electric fields of SPs amplify optical phenomena such as Raman
scattering [8, 11], which will be discussed in next chapter. There are at least two types
of SPs: a) Propagating SPs, which occur on extended metal surfaces and b) Localized
SPs, which occur in small volumes such as metal particles.

YeYerzva

Electric field

Metal sphere - - -

(e
¥\

Figure 6. Schematic diagram illustrating the difference between: a) a Surface Plasmon Polariton (or
Propagating Plasmon) b) a Localize Surface Plasmon.
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Figure 6 illustrates the difference between propagating and localized surface
plasmons. In the case of Surface Plasmon Polaritons (Fig 6.a) , plasmons propagate in
the x- and y- directions along the metal-dielectric interface, for distances on the order
of tens to hundreds of microns, and decay evanescently in the z - direction with 1/e
decay lengths on the order of 200 nm. The interaction between the metal surface-
confined EM wave and a molecular surface layer of interest leads to shifts in the
plasmon resonance condition, which can be observed in three modes: a) angle
resolved, b) wavelength shift, and c) imaging. In the first two modes, one measures
the reflectivity of light from the metal surface as a function of either angle of
incidence (at constant wavelength) or wavelength (at constant angle of incidence).
The third method uses light of both constant wavelength and incident angle to
interrogate a two-dimensional region of the sample, mapping the reflectivity of the
surface as a function of position.

Localized Surface Plasmons (LSPs), are the collective electron oscillations in
small volumes, Figure 6b. LSPs also have lower frequencies and energies than bulk
plasmons, metal particles in contact with a vacuum have LSPs with a theoretical

frequency of w, /3, this will be derived in the next section. LSP resonances are

produced in a somewhat different fashion from SPPs. An example of this interaction
between light and the electrons of a metal particle is illustrated in figure 1b [8]. For
this phenomenon to occur, the particle must be much smaller than the wavelength of
incident light. The electric field of the incident light can induce an electric dipole in
the metal particle by displacing many of the delocalized electrons in one direction
away from the rest of the metal particle and thus producing a net negative charge on
one side. Since the rest of the metal particle is effectively a cationic lattice of nuclei
and localized core electrons, the side opposite the negative charge has a net positive
charge. LSPs have also been referred to as dipole plasmons, but the oscillating field of
the incident light can induce quadrupole as well as dipole resonances, especially for
particles greater than 30 nm in diameter [12, 13]. If a particle with a dipole can be
considered to have a positively charged pole and a negatively charged pole, then a
particle with a quadrupole can be considered to have two positively charged poles and
two negatively charged poles.

The energy of light required to produce LSP resonance depends on a number
of factors, including the kind of metal, the size of the particles, as well as the
composition of the surrounding dielectric media. The interactions of light with
spherical metal particles can be described by Mie theory, which is based upon an
exact solution to Maxwell’s equations [4]. This theory also predicts what fraction of
light impinging upon colloidal metal particles will be absorbed and what fraction will
be scattered. The sum of absorption and scattering is the extinction of light due to the
particles. This is actually what is measured when one places a colloidal metal
suspension into a UV-vis spectrometer. In the following section we explore the
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physics of Localized Surface Plasmons by considering the interaction of metal
nanoparticles with the electromagnetic wave in order to arrive at the resonance
condition.

2.2.2 Optical Properties of LSPR of MNPs

The interaction of a particle of size d with the electromagnetic field can be
analyzed using the simple quasi-static approximation provided that d << A i.e. the
particle is much smaller than the wavelength of light in the surrounding medium. In
this case, the phase of the harmonically oscillating electromagnetic field is practically
constant over the particle volume, so that one can calculate the spatial field
distribution by assuming the simplified problem of a particle in an electrostatic field.
The harmonic time dependence can then be added to the solution once the field
distributions are known. As we will show below, this lowest-order approximation of
the full scattering problem describes the optical properties of nanoparticles of
dimensions below 100 nm adequately for many purposes.

We start with the most convenient geometry for an analytical treatment: a
homogeneous, isotropic sphere of radius a located at the origin in a uniform, static
electric field E=E,2 (Fig.7). The surrounding medium is isotropic and non-

absorbing with dielectric constant ¢, and the field lines are parallel to the z-direction
at sufficient distance from the sphere. The dielectric response of the sphere is further
described by the dielectric function &(®) , which we take for the moment as a simple

complex number .

Eo .
/ P

£(m)
€m
Figure 7. Illustration of a homogeneous placed into an electrostatic field.

In the electrostatic approach, we are interested in a solution of the Laplace

equation for the potential, V’® =0 , from which we will be able to calculate the
electric field E=—-V®. Due to the azimuthal symmetry of the problem the general
solution is [1]:
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Z[Ar' + B,r‘('”)]PI (cos®) (1.73)

1=0

o(r,0)

where, B (COS@) are the Legendre Polynomials of order |, and @ the angle between

the position vector r at point P and the z axis (Fig. 7). Due to the requirement that
the potential remains finite at the origin and applying the equality of the tangerial
compoments of the electric field and the normal components of the displacement
field, the solution for the potentials @, inside and ®_, outside the sphere can be

in

written as [1]:

3¢
b =-— m_E rcoséd
12e O (1.74)

m

E—&n o cos@

o, =-E cos¢9+€+2€ 2 (1.75)

0

The physically interpretation of eq. 1.75 is interesting. The ®_, describes the

superposition of the applied field and that of a dipole located at the particle center. We
can rewrite ®_, by introducing the dipole moment p as:

p-r
®,, =—E,rcosd+ P (1.76)
0“m
E—&
p =4re,e,a° s 2; E, (1.77)

m

We therefore see that the applied field induces a dipole moment inside the sphere of

magnitude proportional to |Eo| .
If we introduce the polarizability & , defined via P = &,¢,2E,, we arrive at:

E—&,
E+2¢,

a=4ra’ (1.78)

The last equation is the central result of this section, the complex polarizability of a
small sphere of sub-wavelength diameter in the electrostatic approximation.
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Figure 8. Absolute value and phase of the polarizability a of a sub-wavelength metal nanoparticle
with respect to the frequency of the driving field (expressed in eV units). Here, 8(0)) is taken as a

Drude fit to the dielectric function of silver [14].

Figure 8 shows the absolute value and phase of a with respect to frequency ®
(in eV) for a dielectric constant varying as g(®) of the Drude form (two first terms of
1.52), in this case fitted to the dielectric response of silver [14]. It is apparent that the

polarizability experiences a resonant enhancement under the condition that |5+ 28m| IS
a minimum, which for the case of small or slowly-varying Im[e&] around the
resonance simplifies to:

Re[g(a))] =-2¢, (1.79)

This relationship is called the Frohlich condition and the associated mode (in
an oscillating field) the dipole surface plasmon of the metal nanoparticle. For a sphere
consisting of a Drude metal with a dielectric function (two first terms of eq.1.58)

located in air, the Frohlich criterion is met at the frequency o, = @, /3 (1.79) further

expresses the strong dependence of the resonance frequency on the dielectric
environment: The resonance red-shifts as ¢, is increased. Metal nanoparticles are

thus ideal platforms for optical sensing of changes in refractive index.

The distribution of the electric field E=-V® can be evaluated from the
potentials (1.74, 1.75) to:

3e,
E, = e E, (1.80)

3n(n-p)-p 1
E =E +>F/"F -
e P (1.81)

Where n is the unit vector in the direction of the point P of interest. As

expected, the resonance in « also implies a resonant enhancement of both the internal
and dipolar fields. It is this field-enhancement at the plasmon resonance on which
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many of the prominent applications of metal nanoparticles in optical devices and
sensors rely.

Up to this point, we have been on the firm ground of electrostatics, which we
will now leave when turning our attention to the electromagnetic fields radiated by a
small particle excited at its plasmon resonance. For a small sphere with a << A4 , its
representation as an ideal dipole is valid in the quasi-static regime, i.e. allowing for
time-varying fields but neglecting spatial retardation effects over the particle volume.

Under plane-wave illumination with E(r,t)one‘i‘”t the fields induce an oscillating
dipole moment p(t) = &,6,aE ™ with « given by the electrostatic result (1.78).
The radiation of this dipole leads to scattering of the plane wave by the sphere, which
can be represented as radiation by a point dipole.

It is useful to briefly review the basics of the electromagnetic fields associated
with an oscillating electric dipole. The total fields H(t)=He ™ and E(r,t)=E;e ™
in the near, intermediate and radiation zones of a dipole can be written as [1]:

Ck2 elkl’ 1
H=— 1-—
4ﬁ(nxp) r ( ikrj (1.82)
e 1 k) 4
R SE LRI Co L S

Where k =27/ A4 and n the unit vector in the direction of the point P of interest.
The near fields (kr<<1) that are responsible for spectroscopy application, the
electrostatic result is recovered:

ann-p)-p 1
E=E,+——— — —
0 dreye, 1P (1.84)

And the accompanying magnetic field present for oscillating field amount to

iw 1
H="% Tl
4ﬁ(nxp) = (1.85)

In the opposite limit the radiated far fields are:

E= iH xN
\J Eoém
(1.86)

Ckz eikr
H=—
4 (nxp) .

/A
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From the viewpoint of optics, it is much more interesting to note that another
consequence of the resonantly enhanced polarization o is a concomitant
enhancement in the efficiency with which a metal nanoparticle scatters and absorbs
light. The corresponding cross sections for scattering and absorption C_, and C,

can be calculated the Poynting-vector determined [14]:

k4

87 E—¢
C. =—I|a =—k*a®|—m
. 67z|a| 3 E+2¢g, (1.87)
E—¢
Cys =k Im[a]=4rka’ Im[—g+2: } (1.88)

For small particles with o << A the efficiency of absorption, scaling with o*

dominates over the scattering efficiency, which scales with a®. We point out that no
explicit assumptions were made in our derivations so far that the sphere is indeed
metallic. The expressions for the cross sections (1.87 and 1.88) are thus valid also for
dielectric scatterers, and demonstrate a very important problem for practical purposes.
Due to the rapid scaling of C_, o«ca®, it is very difficult to pick out small objects

from a background of larger scatterers. Imaging of nanoparticles with dimensions
below 40 nm immersed in a background of larger scatterers can thus usually only be
achieved using photothermal techniques relying on the slower scaling of the
absorption cross section with size [16]. Equations (1.87 and 1.88) also shows that
indeed for metal nanoparticles both absorption and scattering (and thus extinction) are
resonantly enhanced at the dipole particle Plasmon resonance, i.e. when the Frolich
condition (1.79) is met [17]. For a sphere of volume V and dielectric function
& =g +ig, In the quasi-static limit, the explicit expression for the extinction cross

section C,, =C,, +C,, is:

&

w
Cou =9 &n 'V (1.89)

[6,+2¢, ]2 +&)

40



2.3 Effective Medium Theories (EMT5)

In this section we present the analytical (Maxwell-Garnet and Bruggeman) and
the arithmetical (FDTD) Effective Medium Theories (EMTs) which is used to
calculate the optical response of the nano-composite solar selective coating of
Concentrated Solar Collectors.

2.3.1 Analytical EMTs

The particles in the composites are orders of magnitude smaller than the
wavelengths of the radiation, which implies that their optical properties can be treated
in terms of an effective medium whose dielectric function can be obtained by a
suitable averaging over the dielectric functions of the two constituents. For generality,
we regard two materials “A” and “B” with dielectric functions &, and ¢, and filling

factors f, and f, =1— f,. Firstly, we present a framework for obtaining effective
medium dielectric function of & of &, and &,. Rest on classical scattering theory

applied to Random Unit Cells (RUCs) defined so as to properly represent the basic
micro-geometry. Then in the limit of small particles we apply this general formalism
of RUCs [18, 20] and obtain the well known constitutive equations of Maxwell
Garnet (MG) [20] and Bruggeman (Br) [21] depending on the choice of the RUCs.

MICROSTRUCTURES

[ Material "B”; filling factor 1-f,

RANDOM UNIT CELLS

Maxwell Garnett theory Bruggeman theory

Ratio of volumes Probability f, of being "A”
determines f, Ergbablg,ty 1-f, of
m npg{}n

Figure 9. Parts (a) and (b) depict two microstructures of two-phase composite materials. Parts (c) and
(d) show the corresponding RUCs used to derive the Maxwell Garnett and Bruggeman EMTs. The
RUCs are embedded in the effective media [19]
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We consider a two-phase inhomogeneous system whose components are
sufficiently large that each point in the material can be associated with a certain
macroscopic dielectric function. We start by representing the microstructure with
models which are simple enough to permit a theoretical treatment and yet do not leave
out the essential physics. Figures 9.a and 9.b show two cases which are regarded as
typical: a separated grain structure, with particles of “A” embedded in a continuous
host of “B”, and an aggregate structure in which “A” and “B” enter on an equal
footing to form a space-filling random mixture.

The RUC is taken to be embedded in an effective medium, whose properties
are as yet undefined. For the separated grain structure, the RUC is a core of “A”
surrounded by a concentric shell of “B”, as depicted in Fig. 9.c. The ratio of the core
volume to the shell volume is equal to f,. For the aggregate structure, the inherent

structural equivalence of the components is ensured by letting the RUC have a
probability f, of being “A” and a probability f, of being “B” as shown in Fig. 9.d.

The RUC is spherical or non-spherical depending on the shape of a "typical” particle.

The basic definition of an effective medium is that the RUC, when embedded
in the effective medium, should not be detectable in an experiment using
electromagnetic radiation confined to a specific wavelength range. In other words, the
extinction of the RUC should be the same as if it were replaced with a material
characterized by ¢ . This criterion makes it fruitful to use the "optical theorem™ for
absorbing media [22] it relates the extinction of the spherical cell compared to that of
the surrounding medium C,_, with the scattering amplitude in the direction of the

impinging beam S(0) by:

C,. =47Re[S(0)/k | (1.90)
where
k=271 (1.92)

denotes the wave vector amplitude in the effective medium. From the definition of an
effective medium it now follows that C,, =0=>5(0)=0 , which express the

fundamental property of an effective medium. This indicates that a plane wave
entering the inhomogeneous material will propagate with an undeformed plane wave
front. Fresnel equations then apply at the boundaries of the effective medium, which
is clearly an important point for any EMT to be practically useful.

We move now on the derivation of the effective medium dielectric function
for the spherical random unit cells. The scattering properties of uniform and coated
spheres [ i.e. , of the RUCs of figure 9.c and 9.d] are well known. The Lorentz-Mie

[15, 23, 23] gives S (O) as a series expansion according to:
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$(0)=3 > (2n+1)(a, + ) 1.92)

n=1

where «, and B are complicated expressions containing Bessel functions and

derivatives of them. Equation (1.92) can be rewritten as a series in (kb ), where b is
the sphere radius.

In order to derive the Maxwell Garnett theory we use the series appropriate to
a coated sphere (cs) and obtain:

(£5—&)(en+265)+ fo(265 +&)(n—55)
(65 +28)(e4+265)+ To (265 —28) (64— €5) +0[(kb) } (1.93)

$*(0)=i(kb)’
The filling factor is :

fa=3 (1.94)

where a ,b is the radius of the inner and outer sphere (fig. 9.c) respectively. In the
small sphere limit, the effective medium condition can be satisfied by setting the

leading term in eq. (1.93). This yields (with &=2&"° ):

~MG
ET —& Ep—&g

C "% _f A"
M 412s, Mg, 42, (1.95)

or, rewritten:

~ Et+2e,+2F,(e,—¢
Ve =g, A B 2(Ea = 55) (1.96)

ext2e5—fo(ey—53)
The last equation is the constitutive formula for the Maxwell Garnett EMT. By
making the replacements A— B and B — A one obtains analogous relations for the
inverted structure. Our derivation does not require that f, is small. However, it is

clear that for a sufficiently large filling factor one reaches a point where the detailed
particle-particle interactions (or multiple scattering) must be considered explicitly.
Obviously, such structural multipole features cannot be encompassed by the EMT
approach, but supplementary information on inter-particle separations, etc., is
demanded.

The Bruggeman theory is derived from the series expansion for a sphere (s)
according to:

$*(0)=i(kb)’ ;‘2‘2 +o[(kb)5] (1.97)
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where b is the radius of the RUC in Fig. 9.d and ¢ denotes &, or ¢,. Considering

again the small sphere limit, it is found that (with & =&®"):

~Br ~Br

EN— €& En — &
f,LA —~—_+(1-f,)2——=0
Mo, +28% ( A)gB+2§Bf (1.98)

where we have invoked the probability f, for the RUC of having ¢ =¢, and the
probability f, of having &=¢&,. Equation 1.98 is the constitutive formula for the
Bruggeman theory.

The two analytical EMT’s discussed here are conceptually quite different, and
the validity regimes of the two theories are still subject to discussion and
investigations. In general terms, the Maxwell-Garnett EMT is expected to be valid at
low volume fractions f since it is assumed that the conductive domains are spatially

separated. In contrast, the Bruggeman EMT makes no assumptions about the volume
fraction. Many factors, such as the size and shape of the conductive domains,
influence the predictions of both models. The Bruggeman EMT predicts percolation
behavior when the volume fraction of the conductive domains is large enough to form
a continuous conducting path throughout the sample [25].

2.3.2 Arithmetical FDTD EMT

In this section we present the arithmetical Finite Differences Time Domain
Method EMT [26] which is used to extract the effective medium optical constants of
the nano-composite solar selective coating. In order to illustrate the method we
present a typical case of extracting the effective medium response of cubic arrays of
silver NPs with a diameter of about 10 nm. Furthermore we explore their behavior in
the full range of filling fractions and find excellent agreement with the analytical
Maxwell Garnett EMT presented above. In this size, quantum confinement effects are
infinitesimal and the particle dielectric function is sufficiently well approximated by
the bulk metallic dielectric function. Also, this is the size and shape for which the MG
effective medium theory is the most accurate, thus we will have a good vehicle for
comparison.

We use the FDTD method to study electromagnetic wave propagation in
highly dispersive metallic nanoparticle arrays. Material dispersion is naturally
incorporated in the FDTD scheme by conveniently introducing electronic polarization
terms. By performing a Drude-Lorentz fit to the experimentally bulk dielectric
function of Ag [27] at the frequency range of interest we obtain the polarization of the
metal. The polarization differential equations are solved in the same Yee lattice and
are time marched in lockstep with the electric field using the same leap frog algorithm
as we present at the section of the FDTD method.
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Figure 10. The simulation cell. Periodic boundary conditions are applied on the direction perpendicular
to the wave front and perfectly matched layer conditions along it. The effective-slab boundaries are the
two dotted lines, on which the complex reflection and transmitted amplitudes are calculated [26].

We calculate the reflection and transmission spectra of plane waves under
normal incidence onto square arrays of the metallic nanoparticles. A two dimensional
2D projection of the three dimensional 3D simulation cell is shown in Fig. 10.
Perfectly matched layer (PML) [28] and absorbing boundary conditions are applied
along the propagation direction, while periodic boundary conditions PBC are applied
in the directions normal to propagation. A typical simulation cell has a width along
the periodic direction of a=20nm and a length along the propagating direction of
200 nm, while the metallic sphere diameter is 9.5 nm. The system is discretized to 0.5
nm/grid. The input field has a narrow Gaussian temporal profile. To get the complex
reflection and transmission amplitudes in frequency domain, one typically needs to
Fourier transform the fields on suitably chosen planes of monitor points and take the
appropriate ratios with and without the particle array. However, since we are below
the diffraction limit for the frequencies of interest, we can avoid the use of planes and
simply use two monitor points, before and after the particle. In our scheme we place
these monitor points just before the PML regions, centered in the cell. At the end we
multiply by the appropriate phases to get the amplitudes at the effective-slab
boundaries, the dotted lines in Figure 10. By repeating with different settings we
verified that our results are invariant to the cell size, the position of the monitor
points, and the use of full plane or single monitor points.

To illustrate the method we assume an idealized metallic dielectric constant
with only the free electron contribution:

2
s\ :1_—p
( ) o’ +iolt (1.99)
where @, =1.37x10°s™ and r=4x10"s are the Drude plasma frequency and

relaxation time for Ag, respectively. We omit the interband absorption and the surface
scattering [29] contributions in order to simplify the system and amplify all resonant
effects. From Mie theory, such a system is expected to exhibit surface plasmon

resonances when &(w)=—¢, (1+1)/1, where &, is the host dielectric matrix and | is
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a positive integer. Solving for a):\fa);/[1+gm(l+1)/I]—1/r2 we find the first
three resonances at 4 =238 , 217 and 210nm.
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Figure 11. Optical response of a single square array layer of the idealized metallic nanoparticles. The
particle diameter is 9.5 nm, and the lattice constant is 20 nm [26].

In Figure 11 we plot the reflection, transmission, and absorption coefficients
for a single array layer. The LSPRs manifest themselves as strong modulations in the
transmission and reflection spectra. Far from resonance the transmission is practically
unity, indicating the small absorption cross section that these nanoparticles have. We
also note the higher order resonances at smaller wavelengths. The reasons for the
small discrepancies between these frequencies and the Mie results are interparticle
interactions due to the relatively high filling ratio in our system (~5.6%) and FDTD
discretization errors.

Having the complex spectral transmission and reflection amplitudes t(a)) and

r(w) from the FDTD simulation, it is easy to calculate the effective response of the
nanoparticle array, i.e., the effective refractive index A and impedance Z , or
equivalently the effective dielectric constant ¢ and magnetic permeability /. From a

single array layer which is assumed equivalent to an effective material of thickness d
equal to the lattice spacing d =« =20nm (Figure 11). We first calculate the transfer

matrix M =M (®):

M < t—r-r/t ri/t
et 1t (1.100)

From here we calculate the transfer matrix M of a hypothetical semi-infinite system
M”=limM" (an efficient way is to perform successive doublings e.g. for

n—oo

n=1024 = 2" we only need ten operators). If there is no intrinsic absorption (in our
case there is), we need to add an infinitesimal amount in order to suppress the Fabry-
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Perot oscillations of the infinite system and obtain a converged solution for M~ | i.e.,
we set:

e’ 0
M—>M 0 & ,0<o<1 (1.101)
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Figure 12. Semi-infinite reflection coefficient and reflection phase. The reflection coefficient becomes
resonant close to the Mie frequency, while the reflection phase changes between 0 and —7z marking
the transition between an effective “magnetic wall” behavior to an effective “electric wall” behavior,
respectively [26].

In practice we take n large enough so that the transmission coefficient

T =1/‘M§2 * becomes infinitesimally small (typical order n~10* ). The semi infinite

reflection amplitude is then r, =M/, /M,,. The semi infinite reflection coefficient

along with the semi infinite reflection phase, is plotted in Figure 12. Note that the
reflection phase is changing at the resonance point from 0 to —~ . One can argue that
this semi infinite system transitions from an effective “magnetic wall” behavior at 0 to
an “electric behavior wall” at —z. At resonance the reflection is maximized, while
away from the resonance all incident light is absorbed.

Now, r_ is in turn defined through the impedance mismatch between the

ambient and the effective medium, thus providing an unambiguous solution for the
effective impedance.

—Z_Zm:z—z r.+1 1107
ToI+z, "1-r, (1.102)

where Z=7(w)=,/it(w)! &(w) is the complex effective material impedance,

z_ =1/ .[¢_ is the host impedance, and & and j are the effective dielectric constant
and the magnetic permeability respectively. In order to individually determine ¢ and
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it we need the complex effective refractive index fi(w)=./é(w)f(®) , which we

gate from the trace of the transfer matrix,

Tr[M]=2cos(fwe / c) (1.103)

We can now unambiguously determine &(@)="(w)/Z() and fi(w)=1f(w)Z(®).
All effective response functions are plotted in Figures 13.a-13.d. We note that besides
the expected resonant of &(w) , we also find a resonant form for the effective

magnetic permeability /z(®) , which is inaccessible to standard effective medium

theories.
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Figure 13. Effective medium constants: a) impedance, b) refractive index, c) dielectric constant, and d)
magnetic permeability [26].

To verify our process, we break the periodicity in one direction and use i and
Z to calculate the reflection coefficient from a system with four layers of spheres
separated by distance d , and compare them in Fig. 14 with the result obtained from
explicit FDTD. The agreement is exact within numerical precision, same for all
amplitudes and phases. We get the same agreement even in cases where the four
layers are laterally misaligned with respect to each other this should be expected,
however, because we are way below the diffraction limit and we are not really
breaking any periodicity by misaligning the layers. Same agreement was also found in

every other case studied. The extracted Z(®), fi(w) and /(@) represent an accurate

effective description of the metallic sphere lattice, which can thus be accurately
described as an effective bulk medium at least for such simple one dimensional 1D
arrangements.
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Figure 14. Comparison between the reflection coefficient of a four-layer system obtained by using the
effective medium constants obtained from a single layer FDTD calculation and a full four-layer FDTD
calculation. The agreement is exact within numerical precision, validating our effective medium
scheme [26].

The effective dielectric constant at the fundamental LSPR (Figure 13.c)
exhibits the characteristic resonant Lorentzian shape expected at an interband
transition frequency, or for a polar material at the transverse phonon-polariton
excitation frequency. We can understand this by looking at the metallic nanoparticle
array system as it is described by the Maxwell-Garnett effective medium theory:

E—¢ E—&,

m :f
E+2¢g, E+e,

(1.104)

where ¢ and ¢, are the metallic sphere and the host dielectric constant, respectively,
and f is the sphere filling ratio. Solving equation 1.104 for & , with equation 1.99
for the metallic dielectric constant and the particularly of & =1 we find:

N fa)f)
wé[(l—f)/S]—a)z—ia)/r

§=1 (1.105)

Which is a Lorentzian response with an effective resonance frequency

cbozcopaf(l— f)/3, an effective coupling strength 5:wpﬁ , and an effective
linewidth 7=1/7z . In Figure 15 we contrast this MG resonant wavelength

Jy=2nC/ @, with one obtained by numerical FDTD computations for different
filling ratios f at fixed particle size. We find an excellent agreement. Effective

oscillation strength and linewidth are also in good agreement. This verifies that we are
working within the validity space of the MG theory. The upside of the FDTD
approach, however, is that it will still be valid in any space, i.e for any size, shape and
configuration.
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Figure 15. Comparison between the FDTD and Maxwell-Garnett effective medium resonance
frequencies. Excellent agreement is also found for all other effective response parameters [26].

We now continue by illustrating the method with the actual optical properties
of silver, gold, and copper. We obtain the experimentally determined values for Ag,
Au and Cu [27] and perform Drude-Lorentz fits (eq. 1.58) to the bulk dielectric
function using the optimization package MERLIN [30] for each metal. In order to
have the appropriate dielectric constant for the nano-particle we make a correction,
including the surface scattering contribution to the free electrons relaxation time [29].

The reduced relaxation time 7~ is defined as:
—=—+— (1.106)

where r is the particle radius (4.75 nm) and o. is the Fermi velocity. The bulk
metallic refractive index n=n, +in, along with the corresponding fitted one is shown
in Figure 16 for the three selected metals. For the particle refractive index we use
n"=n, +in , which includes the surface scattering contribution.

300 500 VOO0 90D 400 600 800 500 700 apo
wavelength (nm) wavelength {nm) wavelength (nm)

Figure 16. The bulk metallic refractive index (symbols) along with the corresponding one from the
fitted model of Eq. 1.44 (lines) for a) Ag b) Au and c) Cu. Surface scattering results into a strong

modification of n, but into an insignificant change for n,, thus we only plot n_ for clarity of

presentation.
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We assume that the particle array is embedded inside a transparent dielectric
with index of refraction 2. Such a value is appropriate for a variety of dielectrics such
as Zn0O, ZrO,, SnO,, HfO,, SizN4, and diamond-like carbon DLC. We repeat the same
procedure described above for the host dielectric matrix ¢, =4 and calculate the

effective dielectric constants and magnetic permeability for a wide range of filling
ratios. We calculate the SPR frequency as a function of filling ratio and plot it in Fig.
17. The characteristic redshift with increasing filling ratio is well reproduced. For
increasing filing ratio we also find the expected broadening (due to the interband
coupling) and increase in resonance strength (due to increased cross section). In
Fig.17 we also plot the LSPR frequency as calculated by the MG theory (Eq. 1.87)
with the materials obtained from the Drude-Lorentz fit. The agreement is excellent
showing once again that we are working in the validity space of the MG theory.

700 -
E. ;%?
o 850 | e
g [ RS P
g [ o---'O"',ﬂ"ﬁ‘
2600 |9 o
e} ¥emel
E [
5 550 | 0O Ag(FDTD)
2 O Au(FDTD)
5 3 & Cu(FDTD)
% 500 | — Ag (M-G)
8 : Al (M-G)

B C' M.G
? 450 M5
0.0 0.1 0.2 03 04
filling ratio

Figure 17. The SPR frequency as a function of filling ratio for fixed particle size. We find excellent
agreement between the FDTD and the MG effective medium results.
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2.4 Opto-thermal modeling

Laser annealing of a thin metal film on a substrate, or of a stratified
ceramic/metal composite on a substrate can result into the formation of nanoparticles
on the substrate surface or of nanoparticles embedded inside the dielectric matrix,
respectively. This is a promising procedure for large scale fabrication of plasmonic
templates with many applications in plasmonics. We have made an extensive
theoretical and experimental exploration on surface and sub-surface plasmonic nano-
structuring which will be extensively discussed in chapter 5. From the point of view
of theory and modeling, in order to get an insight into the heating dynamics involved
in these processes, we developed an opto-thermal modeling technique which is used
to calculate the full transient temperatures at every point on the nano-structured
template and of the substrate during laser annealing. In our model, the laser light is
absorbed by the metallic film or the stratified multilayer structure and the substrate.
This absorption profile is calculated by the optical modeling described in previous
sections. This absorbed energy we assume is instantaneously converted in local
heating, which is then diffused by thermal conduction.

The thermal transport effects induced by laser can be then described by the
usual heat equation [31] with a source term to include light absorption [32, 33]. If the
pulse profile is uniform at the cross plane [33] and the laser spot is extended (~
millimeters) compared to the heating depth (~microns), 1D suffices for the thermal
calculations:

el ()T E - 2 A TED e awe(ey o

Where A(z) is a variable area which is assumed as a function of z in order to take

into account the actual shape of the nanoparticles in the case of surface laser nano-
structuring. In contrast in the case of stratified multilayer annealing the variable area

remains constant across z . The material parameters heat capacityc(z), mass density

p(z) and thermal conductivity k(z) , all three having a spatial dependence due to

the interchange of different materials, with their values are obtained from literature
[33].

An extended laser heating source term Q(z,t)=a/(z)¢(t) is used, defined by
the product of the absorption spatial profile a(z) (obtained from FDTD calculations)

and the experimental laser pulse temporal profile ¢5(t), where the total laser fluence

@ is taken by time integrating the temporal profile ® = jqo(t)dt. Thus we have the

—00
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exact absorbed energy at each point in the structure and its time dependence. The heat
diffusion equation is time-integrated numerically utilizing the 4th-order Runge-Kutta
scheme. Thus, we obtain the explicit temperature transient profile at every point in the
structure. In doing so, we assume that (i) electronic and lattice temperatures are in
equilibrium (valid for slow heating times in the ns regime [32]), (ii) material
properties (absorption, heat capacity, mass density and thermal conductivity) remain
constant during heating, (iii) radiation and convection losses are insignificant (we’ll
qualify this afterwards presenting the laser structuring). Thus, we obtain the transient
temperature at each point in the multilayer volume normalized to the total laser
fluence f, i.e. in degrees per mJ/cm>.

We continue now by presenting the 4™ Order Runge-Kutta Method which is a
numerical method used to solve ordinary differential equations. The thermal transfer
equation can be rewritten in terms of the calculated spatial and time depended
temperature:

oT (z,t) 1 8(A(z)k(z))c’)T(z,t)+ k(O T (2
a  A(z)c(z2)p(2) oz oz A(2)k(2) 0’z

(1.108)

+A(z)Q(z.1)

To solve numerically this equation we discretize the computational space, in space
and time domains. The structure is described by the different materials with their

individual thicknesses and materials parameters (A(z),c(z),k(z)). Also, the spatial

and time depended thermal load Q(z,t)is known as we mentioned above. By time

integrating the thermal transfer equation we calculate the time depended temperature
at each point in the structure. Specifically, we suppose a starting point at time t,

(practically,t =0 ) with no external thermal load, so the temperature at each point z
in the structure is zero, T, =0. At the next time step t,,, we apply the thermal load, so

the temperature at each point Z in the structure has the value T, . All the spatial
derivatives at the right part of equation 1.08 are known thus, T, can be calculated at

i+1

each point in the structure treating equation as central differences. Then, we move to
the next time step t._, and calculate the next temperature T, , at each point Z in the

i+2 i+2

structure e.t.c.

We utilize the 4™ order Runke-Kutta method to calculate the time depended
temperature at each point in the structure. In order to clearly present the method we
rewrite the equation 1.91 as a function of the unknown time depended temperature.

(jj—: =f(tT) (1.109)

The Runge-Kutta 4th order method is based on the following:
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Tu=T +(a1k1+a2k2 +ask3+a4k4)h (1.110)
where knowing the value of T, at t; we can find the value of T, at t,,, and h=t,, —t;

Equation 1.110 is equated to the first five terms of Taylor series:

3

dT 1d°T 1d°T
T =T, +E‘ti,1’i (ti+l_ti)+EF‘ti,Ti (ta=t)’ EF‘“ (ta—t)
1d*T
+m dt4 ‘ti,Ti (ti+l_ti )4

(1.111)

Knowing that ((jj—-[: f(t,T) and t,,, —t, =h equation 1.94 is rewritten:

1 .. 1,. 1,.
T =T FE T+ (TN + 5 (6T + 0 f (6T (1.112)

Based on equations 1.111 and equation 1.110, the solutions is:

1
T,.=T +E(k1+2k2+2k3+k4)h (1.113)
with
k,=f(t.T) (1.114)
1 1
k,=f|t+=hT +=kh
) (|+2 |+21] (1.115)
1 1
k.,=f|t+=hT +=kh
. (|+2 I+2 5 ] (1.116)
k,=f (t +hT, +k;h) (1.117)
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Chapter 3 Design of high-temperature solar-selective
coatings for application in solar collectors

Abstract

In this work we present a way to design and evaluate the performance of nano-
composite metal-dielectric absorbers and selective filters for high temperature
applications in high concentration solar energy harvesting, e.g. in parabolic trough
collectors. Improving the properties of the receiver’s selective coating and optimizing
operating temperature above the current limits of 400 °C represent a good
opportunities for improving the efficiency of parabolic trough collectors and thus
reducing the cost of solar electricity. The objective of our effort is to study the design
rules for a new more-efficient selective coating, with both maximum absorption in the
solar spectrum and highest reflection (minimum emissivity) in the infrared spectrum.
These optical characteristics are required for maximum energy collection and
minimum thermal emission and result to more efficiently conversion of the solar
energy to electricity. Using finite-difference time-domain (FDTD) simulations we
modeled different nano-composite metal-dielectric coatings composed of materials
that are stable at high temperatures as well as selective filters, and calculate the solar
absorption and thermal emission coefficients. Afterwards, and taking into account the
optical parameters of the collectors’ structure (sunlight concentration factor and
optical losses) and the theoretical predicted Carnot’s efficiency, we calculate the total
conversion efficiency (77) of a solar collector for the different coatings. By evaluating

the performance of each designed coating for a wide temperature range from 400 °C
up to 1000 °C, we obtain the maximum efficiency at the optimal operating
temperature. We find for one of the best candidate for solar selective coating (Cu
nanoparticles in a low index dielectric matrix, e.g. SiOy), increasing the operating
temperature from 400 °C to 850 °C we take an increase of the efficiency from 0.405
to 0.52 respectively, which means 28.4 % better performance.
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3.1 Introduction

As the world’s supply of fossil fuels shrinks, there is a great need for clean and
affordable renewable energy sources in order to meet growing energy demands.
Achieving sufficient supplies of clean energy for the future is a great societal
challenge. Sunlight, the largest available carbon-neutral energy source, provides the
Earth with more energy in 1 hour than what is consumed on the planet within an
entire year. Despite this, solar electricity currently provides only a percent of the
word’s power consumption. A great deal of research is put into the harvest and
storage of solar energy for power generation. There are two mainstream categories of
devices utilized for this purpose, photovoltaics (PV) and Concentrated Solar Power
(CSP). The first involves the use of solar cells to generate electricity directly via the
photoelectric effect. The latter employs different methods of capturing solar thermal
energy. The CSP systems use mirrors or lenses to redirect and concentrate the solar
flux on a receiver to be collected as heat, which can in turn be used to power up a
turbine or a heat engine to generate electricity.

A lot of research works have been reported in the literature on solar thermal
systems. A few important review articles [1-5] highlight these research works. In
these articles solar collectors are broadly classified as non-tracking and tracking
collectors. The non-tracking, low or non-concentrating collectors, are kept at rest and
are also known as fixed or stationary collectors. In these, the same area is used for
interception and absorption of the incident radiation. Sun-tracking concentrating
collectors, on the other hand, utilize optical elements to focus large amounts of
radiation onto a small receiving area and follow the sun throughout its daily course to
maintain the maximum solar flux at their focus. Non-tracking collectors are
categorized as flat plate, evacuated tube and compound parabolic collectors. On the
other hand the tracking collectors are further classified by their focus geometry as
either line focus concentrators which need one axis tracking movement to concentrate
the solar flux onto the receiver, or point focus concentrators which need two axes
tracking movement to concentrate the solar flux onto the receiver. The single axis
tracking systems consist of parabolic trough collectors, cylindrical trough collectors
and linear Fresnel reflectors. Whereas, the two axis tracking systems consist of central
tower receiver, parabolic dish reflector and circular Fresnel lens.

In CSP systems the receiver is located at the focal line or focal point of the
reflectors, and consists of an absorbing medium which is designed to absorb and
convert the sun’s rays to heat. Specifically, parabolic trough collectors focus direct
solar radiation on to a focal line on the collector axis. Concentrated sunlight falls at
normal incidence on the tube receiver, gets absorbed and turns into heat. A special
heat transfer fluid which is pumped through the absorber tube gets heated to about
400 °C [2, 3]. The hot heat transfer fluid is then used to do work such as generate
steam which is used to generate electricity. The receiver tube is sealed inside a bigger
glass tube which is in vacuum so to minimize thermal loses. The absorbing receiver is
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coated with solar selective coatings which are designed to have high values for solar
absorbance (ideally > 0.95 between wavelengths of 300 nm and 2.5 pum) and low
values of thermal emissivity in the infra-red (ideally < 0.2, the wavelength range
depending on the operating temperature). Clearly the absorber and its coatings must
be chemically and structurally stable over the entire operating temperature range of
the concentrating solar system.

An efficient way to maximize the harnessing of solar radiation is to optimize the
functionality of solar selective coatings [1]. The design of solar selective coatings is
complicated because absorbance and emittance are temperature and wavelength
depended and strongly affected by the micro-structure [6, 7]. The energy emitted from
a body is proportional to the fourth power of its temperature (Stefan-Boltzman law).
Also, the photonic energy of radiation is inversely proportional to its wavelength
(Planck law). This means a body at higher temperature will emit thermal radiation at
shorter wavelengths and vice-versa. Given that the sun’s surface temperature is of the
order of 6000 °C, the incoming solar radiation is in shorter wavelengths while the
thermal radiation emitted by the absorber surface will obviously be at longer
wavelengths. The solar selective coatings allow the incoming solar radiation to pass
through it while blocking the emittance of the longer wavelength thermal radiation.
Thus, they help in better capturing and keeping the radiative energy, achieving high
temperatures. There are many types of solar selective coatings based on different
absorption mechanisms, which have been fabricated and categorized into a number of
different types [8-10] including: i) intrinsic [11], ii) semiconductor-metal [12, 13], iii)
multi-layer [14,15] vi) cermets or metallic composite materials [16-22], and finally v)
textured surfaces [6, 23-26]. However, because all the categories of materials are
based on chemical compounds and elements and their surfaces will all have textures,
there is rarely a clear and absolute distinction between the categories.

Here, we focus on the computational design and optical optimization of a
nono-composite metal-dielectric coating for high temperature application in parabolic
trough collectors. These composites consist of metallic nano-particles (NPs) or nano-
wires (NWSs) in a dielectric matrix. We explore different dielectric matrixes and
metals, various metal to dielectric volume ratios’ and different kinds of nano-textured
surface roughness, in order to maximize the total efficiency in parabolic trough
collectors. The investigated nano-composites, it’s a combination of the two last
categories (vi, v). The metal-dielectric composites known as cermets are of special
theoretical [27-31] and experimental [32] interest among the solar selective materials
because of their high stability, which makes them particularly suitable for high-
temperature applications in photo-thermal solar energy conversion. Increasing the
operating temperature above the current limits of 400 °C for parabolic trough
collectors [33] and 600 °C for central tower receiver [34] can improve power cycle
efficiency and reduce the cost of solar electricity [35].
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In previous theoretical works many materials had been studied and optimized
as candidates for spectral selective coatings. Chester et al. [27] reported a thermal
efficiency of 84.3% for a four layer silica-tungsten cermet (W NPs in a SiO2 matrix)
at 400K with unconcentrated sunlight, and an efficiency of 75.59% for 1000K at 100
suns concentrator. Similar thermal efficiencies have been reported from Sakurai et al.
[28] for a three layer silica-tungsten cermet, 82.7% (400 K), 85.91% (700 K), 76.63%
(1000 K) for solar concentrators 1, 50, 100 suns respectively. Tungsten had also been
studied from Zhang et al. [29] but in a different aluminum oxinitride (AION) matrix,
they report a maximum 85% thermal-conversion efficiency at 350 °C under a
concentration of 30 suns (different antireflection coatings and IR reflector metal
substrates had been examinated). Nejati et al. [30] had investigated the novel case of
two-layer composite structure, with a metallic of Au, Cu, SS, and a ceramic
component of either Al,O3 or SiO,. The calculated results are with the range of 0.91-
0.97 for solar absorbance and 0.02-0.07 for thermal emittance at room temperature.
Finally, Faroog and Hutchins [31] had studied the performance of various materials
such Ni, W, V, Co, Cr inclusions in a SiO, and Al,O; matrix. Solar absorbance of
0.98 and 0.96 was achieved by simulation and experimental findings with less than
0.07 thermal emittance at 300 K for a four-layer system of V:Al,O3. Other designs
showed lower optical performance for all the materials combinations. Common
evidence from all the above theoretical works is that gradually changing the
concentration of the metal particles from a low metal particle density at the air/cermet
interface to high metal particle density at the cermet/substrate interface improves the
spectral selectivity of the coatings.

(b)

Dielectric matrix

e=deg AIN, DL.C
Dielectric matrix
g2eg Si0,

transmittance

1,04 e 10
f="1

08 - e e - - =7 08
o =y
=
o B
[e] a
o4 204

O

< <

02 Bulk Ni 02

Bulk Cu
0,0 R 00 . . : : ‘
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Wavelength (nm) Wavelength (nm)

Figure 1. a) Transmittance of various representative matrices with a dielectric function ¢=7 (e.g. SiC),
¢=4 (e.g. AIN) and £=2 (e.g. SiO,). Also plotted is the absorption of flat-surface bulk Cu and Ni metals
which will be used as inclusions in this study. b) Absorption of nano-textured rough Cu, alongside with
the absorption of flat and rough nano-composites of Cu NPs inside a SiC dielectric matrix.
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In this manuscript we consider the design of the best possible nano-composite
solar selective coating for the tube receiver of parabolic trough collectors. Thus we
examine different transparent matrices, starting from a high dielectric constant of ~7,
e.g. SiC, down to low dielectric constant of ~2, e.g. SiO,. And, for the inclusions we
consider many different metals like Cu, Ag, Cr, W, V and Ni. We choose two metals
which have high melting point, a characteristic transition metal like Ni (1455 °C),
which is known for high absorption, and a characteristic noble metal like Cu (1085
°C) which is known for high reflectance (fig 1.a) when it is in the form of a flat film
(in Fig. 1.b the dramatic change of the absorption properties of the composite material
nanostructure is shown compared to the pristine unstructured materials). Specifically,
we evaluate how each component of the nano-composite coating affects its spectral
selective performance. That is, we explore various nano-composites for different: a)
metal to dielectric volume ratios, b) nano — inclusions, i.e. nanoparticles (NPs) or
nanowires (NWs) c) kinds of surface roughness (shape and height) d) thicknesses of
un-roughed film e) kind of substrate (flat or rough). This evaluation has been made
not only in terms of photo-thermal efficiency as previous theoretical works [27-29]
had done, but also in terms of heat to work efficiency which is predicted from the
Carnot efficiency [36] resulting into the final energy conversion efficiency. We
examine a wide range of operating temperatures (400 °C - 1000 °C) and concentration
ratios (80-500 suns). In doing so, we find the maximum efficiency at the optimum
operating temperature. Furthermore, we work on the external glass envelope and we
study how special coatings on the glass like transparent conductive oxides (e.g ITO)
can improve the overall efficiency.

The rest of this manuscript is structured as follows. We first, start from the
experimental optical constants of the metallic inclusions and introduce their
temperature dependence. Then, we calculate the effective medium optical properties
of the nano-composites. And finally, we build our model for evaluating the
performance of the spectrally selective nano-composites. It is then followed by results
and discussion, where the computational and the optimization process and results are
presented.
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3.2 Methodology

3.2.1 Optical Properties

Utilizing the Finite Difference Time Domain (FDTD) method, Maxwell’s
equations are time-integrated on a computational grid and solved for the light
propagation [37-39]:

VxE=-uoH (2.1)
VxH =gogw8tE+8tPo+%atPj (2.2)
where materials polarization is taken into account through polarizabilities P:
0;Py +T40,Py = 036, E (2.3)
OfP; +T;0,P, + QP = Ag, Q¢ E (2.4)
This yields a Drude-Lorentz model for the dielectric function [5]:

2 N 2
on +z Ag Q)
o +ioly S - - ol

e(w)=¢, - (2.5)

where the first term is the Drude free-electron contribution (intraband transitions) and
the second contains Lorentz oscillators corresponding to interband transitions. @, and

1/T, are the free electron plasma frequency and relaxation time, Q;, Ag;, and I,

are transition frequency, oscillator strength, and decay rate for the Lorentz terms. To
accurately reproduce the experimental dielectric functions we treat these as fit
parameters. We use different measurements from the literature to obtain the bulk
metallic optical properties (n=+ =n+xi) for the wavelength ranges of interest
between 300 nm to 40000 nm, which is needed to calculate the solar absorption and
thermal emission at high temperatures. The optical properties for Cu have been
extracted from Ref [40-42] and for Ni from Ref [40, 43]. For Cu we use N =4, and
€,=1.02 eV, how, =7.934 eV, I’y =0.066 eV, Ag; =(0.947, 1.357, 0.726, 1.308)

hQ; =(2.618, 3.764, 4.383, 4.383) eV, nl'; = (0.719, 1.703, 0.123, 20) eV. Finally
for Ni we use N =4, and ¢, =2.297 eV, how, =4.92 eV, hl'; =0.042 eV, A¢, =

(18.767, 1.501, 0.538, 2.54), 7Q); =(0.444, 1.551, 4.212, 7.534) eV, al'; = (1.834,

0.89, 0.813, 20) eV. In Fig.2 we plot the Drude-Lorentz fit (solid lines) on/and the
experimental data (open shapes) showing an excellent agreement.
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Figure 2. The refractive indices used in the calculations for a) Cu and b) Ni. Open shapes indicate the
corresponding bulk metallic refractive index extracted from experimental data [40-43]. Solid lines
indicate the Drude-Lorentz fit from Eq. (5). Dashed lines indicate the NP size correction to the fitted
bulk dielectric function Eq (5 and 6).

We now continue with the actual optical constants of copper and nickel. As
pointed out earlier, the bulk dielectric constant of a metal is approximated by the free
electrons’ contribution plus four interband transmissions [Eq. 5]. In order to have the
appropriate dielectric constant for the NP, we need to include the surface scattering

contribution to the free electron relaxation timez, (7 =1/I",). The reduced relaxation

time 7" is defined [38] as:

1_1u .
A o (2.6)

where r is the particle radius (10 nm in our study) and v is the Fermi velocity,

which is 1.57x10° and 1.40x10° m/s for Cu and Ni respectively. In Fig. 2 we plot
the particle’s surface corrected refractive index (dashed lines).The correction affects
mostly the real part of the refractive index, which generally makes the particle more
absorptive: the difference between real and imaginary parts becomes smaller, and thus
the real part of the dielectric function less negative, which means more light can
penetrate into the nanoparticle and get absorbed.

It is also an important goal to accurately model the optical properties of metal
over a wide range of temperatures. The free electron collision frequency I', is also

dependent on the temperature through the temperature dependence of the phonon
population. The phonon population increases with increasing temperature, and as a
result the electron-phonon collision frequency is increased [44]. We use a semi-
empirical model for modifying the Drude-Lorentz model [45] over a range of
temperatures which also had been used in previous theoretical works [27, 28]:

r(T)zrom(le @)

0
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where T, =300K, T is the operating temperature and «"' had been treated as fitting

parameter to predict the experimental spectral emissivity for tungsten [27, 28] at
specific temperatures and wavelengths. Due to the lack of measured data at high
temperatures for Ni and Cu, we follow a different approach in order to obtain an exact
value for «' at a wide range of temperatures. Firstly, eq. (2.7) can be rewritten in
terms of free electrons relaxation time at the optical AC conductivity, in the first order
approximation:

1 _ 1 1+ a,T -T, 2.8)
Tac(T)  7oac(To) T .

where z,,.(T,) is same as r which have been obtained from the above Drude-

Lorentz fit to the bulk dielectric function. Then, we obtain the experimental electrical
resistivity as a function of temperature ( o(T)) [46], from which we can extract the

temperature evolution of the free electrons’ relaxation time at DC conductivity (

Tbc (T)) [47]:

m

7o (T) = H(T)en

(2.9)

where m,e,n is the mass, charge and the density of the free electrons respectively. It
is known that the electrical resistivity of most materials changes with temperature. If
the temperature T does not vary too much, a linear approximation is typically used:

p(T) = po[l+a(T -Ty)] (2.10)

where a is called the temperature coefficient of resistivity, T, is a fixed reference
temperature (usually the room temperature), and p, is the resistivity at temperature
T, . The parameter ais an empirical parameter fitted from literature data. We found

0.004 and 0.0058 for Cu and Ni respectively. Combining now equations (2.9) and
(2.10) we find the temperature dependence of the free electrons relaxation time at DC
conductivity:

1 =
Toc (M) 7o (To)

Furthermore, we suppose that the temperature evolution of the free electrons’
relaxation time at DC conductivity is the same as at AC conductivity and combining
equations (2.8) and (2.11) we conclude at the determination of the coefficienta"'.

(1+a(T-T))) 2.11)

a'=aT, (2.12)

In figure 3 we test our procedure comparing copper’s experimental free
electrons’ relaxation time with its temperature dependence according to equation (2.7)
taking into account a' from equation (2.12) for T, (T,), i.e. with Eq. 13. It shows
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an excellent agreement for temperatures less than 1000K and a good agreement above
it:

7Y
e (T) =Topc (TO)[T_J (2.13)
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Figure 3. The temperature dependence of Cu’s experimental free electrons relaxation time obtained
from ref. [47] and its temperature dependence according to eq. (13).

From the Drude-Lorentz fit to the bulk dielectric-function we have obtained
the value of I';(T, =300K) for the AC conductivity. Assuming that the temperature
evolution of the free electrons collision frequency at AC it’s the same as that for DC
and utilizing the calculated a' from eq. 2.12, we produce from eq. 2.7 the free
electron collision frequency as a function of temperature. The total correction to the
dielectric function (eg. 2.5) is written now as the sum of electron — phonon collision
frequency (eq. 2.7) and surface scattering correction (eq. 2.6):

0 r

() =ro(To)(le +oE (2.14)

The effect of temperature on the Fermi velocity is small, because the thermal
energy k;T (where k; is the Boltzmann constant) is small compared to the Fermi
energy for most metals even at their melting point [44].

Finally, by utilizing the modeled dielectric functions, we are able to extract
from the FDTD solutions of Maxwell’s equations the electromagnetic fields, fluxes
and material absorptions at every point in the structure in time domain, and by
applying Fourier transform we get the corresponding quantities in frequency domain
[48].
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3.2.2 Effective medium optical properties

Multiple length scales appear in this problem because of the various sizes of
metal NPs (20 nm diameter) or metal NWs (16 nm diameter), surface roughness (100-
1200 nm height) and the total thickness ( > 4 um). We employ a multi-scale approach
to solve this, utilizing the Finite Difference Time Domain Effective Medium Theory
(FDTD-EMT) [38]. In order to calculate the optical response of the NC coating, we
isolate one or more NPs, or a cross connection of three NWs, in a transparent matrix
at a specified metal volume ratio, and we extract the optical response (Reflection,
Absorption, Transmission) of this system. Then we calculate the effective medium
optical constants of fictitious uniform material that produces the same optical
response as that of the composite material. Utilizing the effective medium optical
constants we are then able to efficiently calculate and design the optical response of
the whole nanocomposite (NC) coating.

To choose the appropriate effective medium approach, we compare the FDTD-
EMT which is an exact computational method with the Bruggeman (BR) EMT and
Maxwell-Garnet (MG) EMT which are analytical approximate methods that have
been used in the previous theoretical works [27-31]. The effective dielectric functions

& for the two analytical EMT’s are [49, 50]:

1
gBR =

i —Z{ei<2—3f)+em(3f—1)iJ[ei(2—3f)+em(3f—1)]2+8«9i8m} (215)

wo _ . En+2f)—5(2f -2)
T @+ f)re (- 1)

(2.16)

where &; and &, are the dielectric functions of the insulating and metallic regions
respectively and f is the volume fraction of conductive regions. The MG-EMT is

expected to be valid at low volume fractions where it is assumed that the conductive
domains are spatially separated, and so we use that expression for spherical metallic
nanoparticles. The BR-EMT is expected to be valid at high volume fractions where it
IS assumed that the conductive domains are large enough to form a continue
conducting path throughout the dielectric matrix, and so we use that expression for
nano-wires metallic inclusions. On the other hand the computational FDTD-EMT is
valid for any shape and morphology of metallic inclusions.
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Figure 4. Comparison of the NC’s effective medium dielectric function obtained by the exact
computational FDTD method and by approximate analytical effective medium theories (Maxwell-
Garnett and Bruggeman) for four different systems: a) Cu NPs in a SiC matrix at volume ratio ~20%,
b) Cu NPs in a SiC matrix at volume ratio ~45%, ¢) Cu NWSs in a SiC matrix at volume ratio ~20%, d)
Cu NWs in a SiC matrix at volume ratio ~45%.

We find that the FDTD-EMT and MG-EMT indeed have a good agreement at
low volume ratio (~20%) Cu NPs in a SiC matrix (Fig.4.a), but at high volume ratio
(~45%) the MG-EMT cannot accurately produce the effective dielectric function
(Fig.4.b). Comparing the FDTD-EMT and the BR-EMT for Cu NWs in a SiC matrix,
on the other hand, we find that the BR-EMT is not able to produce the effective
dielectric function at low volume ratio (~20%) (Fig.4.c) but at high volume ratio
(~45%) FDTD and BR EMT’s have a better agreement (Fig.4.d).
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Figure 5. The temperature dependence of the effective medium dielectric function extracted from
FDTD-EMT for Cu NPs at volume ratio 45% inside a SiC matrix, the real ( &, ) and the imaginary part

(&,).

In our calculations thus we use only the exact arithmetical FDTD-EMT to
extract the effective medium optical constants. By modifying the temperature
dependence of the metals’ dielectric function at each temperature (eq. 2.14) we
calculate the effective medium dielectric function for each temperature (400°C-
1000°C) at the wavelength range of 300nm - 40000nm (fig. 5). Then we perform a
Drude-Lorentz fit to the effective medium dielectric function, and then we are able to
calculate the optical response of the nano-composite coating at each temperature.
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3.2.3 Characterization of Selective Surfaces

Concentrated Solar Flux

W
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Figure 6. Cross section of an absorber tube with the glass protection tube showing how light is reflected
and transmitted from the different interfaces.

Parabolic trough collectors concentrate the solar flux on the receiver tube
(Fig.6). We assume a perfect antireflection coating (AR), i.e. all the concentrated solar
flux is getting inside the glass without losses from the external air-glass interface.
Here, we consider the internal glass-air interface and air-coating interface to calculate
the solar absorbance and thermal emittance of the solar selective coating. The
concentrated flux is transmitted through the glass-air interface (t,_,) and falls on the

internal absorber tube. A portion of the transmitted flux is reflected (r ) and the rest is

absorbed by the solar selective coating. The temperature of the coating is increased
and it starts to emit according to its temperature, a portion of the emitted flux is
reflected from the air-glass interface (r,_,) and reabsorbed by the coating.

The performance of a candidate solar selective coating can be characterized by
its solar absorbance a and thermal emittance ¢ [8]. Using Kirchoff’s law, spectral

absorbance can be expressed in terms of the coating’s reflectance I, and the thermal
emittance is equal to the absorbance for each temperature.

a(A,T,0)=1-r.(1,T,0) (2.17)
e(A,T,0)=a(A,T,o) (2.18)

where 4 is the wavelength, 6 is the incident angle of light, T is the operating
temperature. As we mentioned before at parabolic trough collectors sunlight falls at
normal incidence on the receiver, so the solar absorption calculations were performed
at normal incidence #=0. Also for the thermal emittance we find that normal
incidence is a good approximation of incidence at different angles.
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Taking into account the energy transmitted through the glass-air interface (t,_,) and
the energy lost in the environment due to the unreflected thermal flux (1-r,_;), we
calculate the solar absorption efficiency n.(T) and the thermal emission efficiency

n,(T) respectively:

j t,a(A)a(2,T)S(A)dA
[s(2)da

n,(T)= (2.19)

n,(T)= I(l_ .o (A)e(4,T)B(1,T)dA

j B(1,T)dA (2:20)

where S(A4) is the Direct Solar Spectrum AML.5, as defined for solar concentrator

work [3], and it includes the direct beam from the sun plus the circumsolar component
in a disk 2.5 degrees around the sun. And B(A4,T) is the spectral irradiance of the

black body curve from:

G

— (2.21)
28 {e(“] —1}

wherec, , c, are the Planck’s first and second radiation constants respectively. The

B(4,T)=

wavelength range of the black body spectrum is depended on the temperature, as the
temperature increases the wavelength of maximum emission shifts to smaller
wavelengths (fig.7). The key of high efficiency at high operating temperatures is the
fine optical design of the solar selective coating. The coating must have maximum
possible absorption in the solar spectrum (0.3-2.5 um) and highest reflection in the
infrared spectrum (2.5-50 um), in order to maximize the solar energy collection and
minimize the thermal loses.
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Figure 7. The Direct Solar Spectrum and the Blackbody Spectrum at different temperatures.
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For thermodynamic solar systems the maximum solar to work (electricity)
efficiency » can be deduced by considering both thermal radiation properties and

Carnot’s principle [36]. For parabolic trough collectors the solar irradiation must first
be converted into heat via a solar receiver with efficiencyr, .. , and then this heat is

converted into work via the Carnot efficiency r . Hence a solar receiver providing a
heat source at temperature T and a heat sink at temperature T, = 300K :

77 = nRechar

T
1-0
nCar T (222)

Qabsorbed — Qlost

77 =
Qsolar

Where Qsolar = IglObaIC:A ’ Qabsorbed = Bmirrna(T)IdirectCA ’ Qlost = Ang(T)o-(T4 _TO4) are
the incoming solar flux and the fluxes absorbed and lost by the solar receiver
respectively. For the direct solar flux 1 =900W /m?, is concentrated C times on a

direct

solar receiver, with a collecting area A, and with a solar absorption efficiency n_(T)

from eq. 2.19. The parameter B . is related to the reflection of the mirrors, typically

mirr
0.94 for markets’ products. The thermal losses are specified applying the Stefan-
Boltzmann law, where A is the reradiating area which is the same with the collecting

area, n_(T) is the thermal emission efficiency from eq. 220 and
o =5.67x10°°Wm2K ™ is the Stefan-Boltzmann constant.

The following thermal to work energy conversion efficiency is used as the
figure of merit:

U(T)ZURGC%MZ(Bmmna(T)ldm_ng(T)a(r —R)J(l_T_Oj 223

I global I global C T

From the above equation it is cleare that the absorber’s total energy efficiency
depends on the optical properties of the solar selective coating, the geometrical
concentration ratio and the operating temperature. The optical response of the nano-
composite coating is affected from: a) kind of metallic inclusions, b) metal to
dielectric volume ratios, ¢) nano-inclusion type (NPs or NWs), d) kind of surface
roughness (shape and height), e) thicknesses of un-roughed film and f) texturing of
the substrate (flat or rough). In the next section we will extensively study all these
parameters for a wide range of operating temperatures (400°C-1000°C) and
concentration ratios (80-500 suns) and find a recipe to optimize the overall energy
efficiency.
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3.3 Results and Discussion

3.3.1 Computational setting
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Figure 8. a) The simulation cell. Periodic boundary conditions are applied on the direction
perpendicular to the wave front and perfectly matched layer conditions along it. b) The characteristic
parameters of our simulated roughness c¢) The different shapes that have been explored for roughness
design (up and reverse shapes).

We simulate rough or flat nano-composite (NC) absorbers on a rough or flat
bulk Cu substrate. The reflection spectra of plane waves have been calculated under
normal incidence. A 2D projection of the 3D computational cell is shown in Fig.8a.
Perfectly matched layer (PML) absorbing boundary conditions are applied along the
propagation direction, while periodic boundary conditions are applied in the direction
normal to propagation. A typical simulation cell has a width along the periodic
direction of a=320nm and the length along the propagation direction is depended from
the nano-composite’s thickness and the height of the roughness. The system is
discretized to 4nm/grid. The input field has a narrow Gaussian temporal profile. In
order to calculate the absorption of the NC coating we get the energy losses from the
reflection. To get that in frequency space, one needs to Fourier transform the fields on
suitably chosen planes and take the appropriate ratios with and without the nano-
composite coating and the substrate.

The computational experiments to study the effect of film roughness were
performed by normalizing the height and the width of square-based pyramids,
assuming both upwards and downwards shapes. The height was normalized as the
ratio of the height to the base (h/b) (or aspect ratio) and the width was normalized as
the ratio of the base to the period (b/p), as it is shown at figure 8b. We have
explored many different shapes of roughness for upwards and downwards pyramids in
order to minimize the energy losses from reflection, as shown in figure 8c, which
were produced from two functionals for different coefficients (n). The three first
shapes for upwards and downwards pyramids of figure 8c are the most representative
which we are going to present here.
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As we mentioned before, the tested materials are Cu and Ni nano-inclusions in
different non-absorbing dielectric matrixes, in particular, a low index dielectric matrix
(e=2,e.g. Si0,), a middle index dielectric matrix (& =4, e.g. AIN) and a high index
dielectric matrix (¢ =7, e.g. SiC). We test two volume ratios of metallic inclusions, a
low volume ratio ( f =20%) and a high volume ratio ( f =45%) at each dielectric
matrix. We find that both “limits” of the designed nano-composites are representative
in terms of optical response, thus we present only the low index and low volume ratio
NCs (=2, f =20% ) and the high index and high volume ratio NCs (=7,

f =45% ) for Cu and Ni nano-inclusions. We also test and present for comparison the
pure metals nano-textured Cu (black-Cu) and nano-textured Ni (black-Ni).

3.3.2 Surface texturing

Here, we start by evaluating the first three representative kinds of surface
roughness depicted in figure 8.c, which we parameterize as a function of the base to
period ratio. The evaluation is made with the criterion to maximize the solar
absorption efficiency (eg. 2.19) assuming no glass envelope and ambient temperature
(T, ). We test the different shapes of roughness under the same aspect ratio (1 or 2)

and NC’s thickness (1.5 um). To do so, we calculate the absorption of each NC
coating under normal incidence, then convolute the absorbance with the solar
spectrum, and divide with the integrated solar flux, which yields the solar absorption
efficiency of eq. 2.19.
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Figure 9. Solar absorption efficiency as a function of base-to-period ratio for NC coatings of aspect
ratio 2 and bulk thickness (total thickness-texturing thickness) 1.5 um: a) Black Cu (textured Cu) b)
high index NC with Cu NPs c¢) Black Ni (textured Ni) d) high index NC with Cu NPs.
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The solar absorption efficiency is increased as a function of the base-to-period
ratio for all the types of roughness, except of the up-blocks (because the interface
becomes flatter when increasing the base to period ratio) as it is depicted from the
figure 9. That trend is same for the different materials, which is because the light
scattering on the surface is maximized when the bases of the pyramids are coming
closer. The best performance is observed with the “upward” quadratic pyramid (n=2
) with base-to-period ratio equal to one, when the pyramid bases are touching each
other. For the reverse shapes the best performance appears for the block, which comes
from the grid that is created on the surface, within which the light is “smoothly”
trapped and absorbed. The same trend is observed at low index NCs, but at smaller
variations compared to the high index NCs. This will be presented in the next graph
comparing different aspect ratios.

Specifically, the maximum achieved solar absorbance efficiencies for each
system are: a) 99.3% and 98% for high index Ni and Cu NC respectively, b) 97% and
93% for low index Ni and Cu NC respectively ¢) 97% and 63% for black-Ni and
black-Cu respectively. The high index has better solar performance compared to the
low index NC. Generally, Ni as an absorbent metal shows higher yields compared to
Cu, which is generally characterized by high reflectance. However, the Cu NC
produce high absorption compared to pure metal because of the localized surface
plasmon resonance (LSPR), wherein the generated plasmons are eventually absorbed
by the metal.
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Figure 10. The effect of the aspect ratio on solar absorption efficiency for high and low index with Ni
and Cu NCs, presented for “upward” quadratic pyramid, which is the optimal for high solar absorption
efficiency. The big pyramids are for aspect ratio 2 and the small for aspect ratio 1.

Furthermore, we investigate the influence of the roughness height on to the
solar absorption efficiency of low and high index NCs, for the best case scenario of
“upward” quadratic pyramid (fig. 10). We observe that the aspect ratio is more critical
for the higher index than for the low index NC coatings. That’s because the high
index materials are generally more reflective, and the surface texturing becomes
critical in order to avoid energy losses from reflectance and thus maximize the solar
absorption efficiency. On the other hand, for the low index NC the surface texturing is
not critical for maximizing the solar absorption (less reflective), but the thickness of
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the NC is, where because of the small absorption coefficient, we need an increased
film thickness to maximize solar absorption.

3.3.3 Energy conversion efficiency

We focus now on the evaluation of the energy conversion efficiency (7(T))

for the different NC coatings assuming the realistic case of the external glass envelop.
The optical properties of the SiO, glass envelope will be shown in the next section. As
it is shown in Eq. 2.23, to optimize the performance of a candidate solar selective
coating, one have to consider many parameters such as the optical response of the NC,
the operating temperature and the geometrical concentration ratio of the collecting
mirror. As the optical response is a temperature depended parameter, so will be the

solar absorption efficiency (Nn,(T)). Thermal emission losses are also temperature

dependent, increased according to the fourth power of the operating temperature.
Furhtermore, the optical response depends on the microstructure, the roughness, and
the thickness of the NC coating. Overall, the maximum efficiency will be achieved at
a specific optimum operating temperature which will be strongly depended on the
concentration ratio [36].

Our goal is to explore all of the above parameters to get a physical
understanding and therefore optimizate the NC coating performance. Up to now we
maximized the solar absorption efficiency which is critical for solar collector
applications. We use this result for the next set of calculations, i.e. we utilize the
optimum “upward” quadratic pyramid at base-to-period ratio of one. We first explore
the conversion efficiency as a function of NC’s roughness (aspect ratio) and thickness,
at a specific concentration ratio and temperature. We then present the evolution of the
maximum efficiency as a function of the optimum temperature and concentration
ratio. Finally, utilizing the maximum performance we present comparative graphs for
both “families” (Cu and Ni) of the NC coating.
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Figure 11. Energy conversion efficiency at 400 °C and 800 °C as a function of the NC’s roughness
aspect ratio, for Cu nano-inclusions (NPs and NWSs) and Black Cu at fixed concentration ratio (C=100)
and NC’s thickness (1500nm).
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Figure 12. Energy conversion efficiency at 400 °C and 800 °C as a function of the NC’s roughness
aspect ratio for Ni nano-inclusions (NPs and NWs) and Black Ni at fixed concentration ratio (C=100)
and NC’s thickness (1500nm).

In figures 11 and 12 we present comparative graphs for both “families” of NCs
based on Cu and Ni, on flat or rough Cu substrate, as well as of their nano-textured
metals. We first explore the effect of aspect ratio on the total energy conversion
efficiency for a specific concentration ratio (C =100) and for two temperatures, a low
temperature of 400 °C which is the current operating temperature of parabolic trough
collectors and a high temperature of 800 °C which is a "target" temperature. The
efficiency evolution is almost identical for both “families” of metals. At low
temperature the efficiency increases for small increments of aspect ratio, which is
because the solar absorption efficiency increases as we move from a flat (O aspect
ratio) to a rough surface. A further increment to the aspect ratio does not have
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significant effects on the efficiency, which stabilizes for aspect ratios 2-4. This trend
is almost identical for all the materials except black Cu. That’s because Cu as a
reflective metal has small solar absorption efficiency and thus surface texturing is
highly critical in order to increase the efficiency.

At high temperatures and small increments of aspect ratio the trend is the same
for most of the materials, except the low index NC with metallic NPs on rough and
flat Cu substrate, for which maximum efficiency is achieved with on a flat Cu
substrate. Specifically, for high index NCs (NPs and NWs), low index NCs with NWs
and textured metals, the efficiency initially increases for small increments of
roughness, because of the absorption increase, but it maximizes at an aspect ratio 0.5-
1 and then it drops due to the energy loses by thermal emission, which becomes
dominant at high temperatures. We also notice that the Cu substrate roughness does
not affect the performance of high index NCs (NPs and NWs) or the low index NCs
with NWs. This is due to the high absorbance of NCs, as the light gets absorbed
before it reaches the substrate. In contrast, the effect of substrate roughness is critical
to the low index NCs with NPs, where higher efficiency is achieved from the flat Cu
substrate. This is because the high reflectance of the flat Cu to the thermal IR
radiation also causes a reduction in thermal lose.
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Figure 13. Total energy efficiency at 400 °C and 800 °C as a function of thickness for a Cu NC, at
fixed concentration ratio (C=100) and roughness aspect ratio 2 (640nm height, 320nm width).

We explore now the effect of bulk film thickness (i.e. the film thickness
excluding the rough surface) on the overall efficiency at two temperatures (400 °C and
800 °C) for fixed concentration ratio (c =100) and NC’s aspect ratio (2) for Cu NCs
with NPs at low and high index. At low temperature the efficiency increases for low
index NCs on both flat and rough Cu substrates because the solar absorption
efficiency increases while the thermal emission remains low for these low absorbing
materials. In contrast, for high-index NCs for which the thermal emission is high,
increasing the NCs thickness causes a monotonic decrease on the efficiency. We
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observe a crossing point at a thickness of 1.5 um, at which the spectral response
contributions changes, i.e. for smaller thicknesses solar absorbance dominates and the
high index NC yields a larger efficiency, while above that crossing point the thermal
emittance becomes dominant and the low index NCs now yield the larger efficiency.
The effect of thermal emission is even more dramatic at high temperatures, where the
efficiency is generally decreasing for increasing the film thickness. We finally
observe that the global trend is that the low index NC on an infrared reflective flat Cu
substrate yields the best efficiencies.
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Figure 14. Total energy efficiency as a function of temperature for different concentration ratios, for
low index Cu NC with NPs, thickness 1.5 um and aspect ratio 2, on a flat Cu substrate. The maximum
efficiency for each concentration ratio is marked by the red line.

Exploring the potential for high efficiencies in solar collectors we examine a
wide range of operating temperatures (400 °C - 1000 °C) and concentration ratios (80-
500). We note here that there is a theoretical limit for maximum concentration at 213
suns for 2D concentrators [51], however this limit could be overcame by (a) setting
the absorbing tube within a dielectric medium for more efficiently focusing the solar
flux on the absorber by a factor equal to the medium refractive index, and (b) better
optical designing of the reflectors moving from a strictly 2D to 3D designs (for the
fully 3D concentrator focusing onto a point the theoretical limit is 45.000 suns). Here,
we relax that limit to 500 concentration suns to examine with energy and efficiency
terms the necessity for a better optic design.

Based on the previous discussions we choose the optimum microstructure, i.e.
low index NCs with NPs on a flat Cu substrate, to present the evolution of the energy
conversion efficiency as a function of temperature and concentration ratio (fig.14).
The thickness of the NC is chosen to be 1.5 um and the aspect ratio is chosen to be 2
(640 nm height and 320nm width). Specifically, in figure 14 we plot the temperature
dependence of energy conversion efficiency for different concentration ratios. For a
specific concentration ratio, increasing the temperature will cause the overall
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efficiency to increase, which mainly comes from the Carnot efficiency increase [36].
By further increasing the temperature, the efficiency maximizes at some optimal
temperature, and then decreases because of mounting energy lose from thermal
emission. At this point, however, one can increase the concentration ratio and enhance
the maximum efficiency (;max), as the energy losses scale with the absorber area

and are thus divided by the concentration ratio (eq. 2.23).

It is obvious that, maximum efficiencies are achieved at higher concentration
ratios and at higher operating temperatures, which are defined at specific optimal
values. The current parabolic trough collectors are typically working between 300 °C
to 400 °C operating temperatures and the concentration ratios are 20-80 suns [3]. For
the case of 400 °C operating temperature and 80 suns concentration we find an energy
conversion efficiency in our materials example of 0.405. Moving now to higher
concentration ratio 200 we have an optimal operating temperature 713 °C and a
maximum efficiency 0.483, which results into a 19.3% increase in performance
compared to the current values. Furthermore, moving to an even higher concentration
ratio of 500 we find an optimal operating temperature at 866 °C and a maximum
efficiency of 0.52 which results into a 28.4% performance increase. We note however,
that only a 7.7% performance increase is obtained as we go from a 200 sun to a 500
concentration ratio.
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Figure 15. Comparative graphs of the maximum conversion efficiency and the optimal operating
temperature as a function of concentration ratio: a) both “families” of Cu and Ni NCs with NPs b) high
index Ni and Cu NCs c) low index Ni and Cu NCs on a rough Cu substrate d) high index Ni and Cu
NCs on a flat Cu substrate. The thickness of the NC is 1.5 pm and the aspect ratio is 2 (640nm height,
320nm width).
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In figure 15 we present comparative graphs of both “families” of NC coatings
with Cu and Ni NPs as a function of optimal temperature and concentration ratio.
These graphs could be the guiding maps for the design of parabolic trough collectors
because one can easily extract the maximum efficiency at a specific operating
temperature and concentration ratio, and vice versa. Comparing the different NCs for
the same metal we observe that the low index NCs have higher efficiencies compared
to the high index NCs, especially on flat Cu substrate, with the trend being the same
for both metals Cu and Ni (fig 15.a). Specifically, the low index Cu NC on flat Cu
substrate has 3-9% better performance than the high index Cu NC depending on the
concentration ratio. Also, the low index Ni NC on flat Cu substrate has 4-11% better
performance than the high index Ni NC depending on the concentration ratio.
Furthermore, comparing the two metals with respect to their microstructure and Cu
substrate we don’t find any significant differences. Specifically, for high index NCs
we have exactly the same efficiencies (fig. 15.b), for low index NCs on rough Cu
substrate Ni NCs are 1% more efficient compared to Cu NCs (fig. 15.c) and finally for
low index NCs on flat Cu substrate Ni NCs are 2% more efficient compared to Cu
NCs. The slightly better performance of low index Ni NCs is mainly observed at
lower temperatures.

3.3.4 Glass envelope optimization

In this section we focus on the optimization of a spectrally selective external
glass envelop. The optical properties of the glass envelope are described by the
refractive index of SiO, obtained from combined experimental data [52, 53] within
the wavelength range of 0.3-4 um (fig.16.a). As we mentioned in the previous section
(fig.6), at the external air-glass interface we assume that we have a perfect
antireflection coating, so that all the concentrated flux is getting into the glass with no
losses. Here, we focus on the internal glass-air interface and try to engineer it so to
minimize the thermal loses to the environment. In doing so, we modify the interface
by introducing an indium tin oxide layer (glass-1TO-air), a low electron density
transparent conductor which is generally characterized by high transparency in the
solar spectrum and high reflectance in the infra-red spectrum. ITO is a representative
material of the family of Transparent Conductor Oxides (TCOs), which are widely
used in solar energy applications as transparent contacts [54], and their optical
properties can be controlled by the concentration of charge carrier [55]. We develop a
Drude model to explore the optical properties of ITO, i.e. its spectral selectivity, as a
function of doping level and thickness.
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Figure 16. a) Refractive index of SiO, obtained from experiments [52, 53] b) Refractive index of ITO
for different doping levels obtained from the developed Drude model ¢) Optical response of ITO layer
(100 nm) on a semi-infinite SiO, substrate, for the different doping levels in (b). Target is the coating to
be transparent in the solar spectrum for maximum solar absorption and reflective in the Black Body
(BB) spectrum for minimum thermal radiation loss and thus maximum efficiency of the NC coating.

Specifically, the dielectric function of ITO can be characterized by the free
electron gas model:

2

@y

(@) =g, ———>—
o (@) =€, o +iwy (2.24)

where, the plasma frequency , :W, the damping frequency y =e/ m*,u
and the mobility x=22(cm?/V sec) , N, is the doping concentration, e is the free
electron charge, &, is the dielectric constant of vacuum, m" the effective mass
m" =0.4m where m is the free electrons mass. We fit the only free parameter to

experimental results from [56]: ¢, =4 . From these we observe that the plasma

frequency is strongly depended on the doping level. The damping frequency on the
other hand is fixed at131.55meV . Thus, we end up with the refractive index of ITO

for different doping concentration (N,).
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In figure 16.b we plot the refractive index of ITO for various doping
concentrations 0.3—4x10*cm™2, where we observe that indeed the optical properties
are strongly depended on the doping level. Increasing the doping concentration the
plasma frequency increases making ITO more reflective at lower wavelengths. The
idea is, by tuning the dielectric function and the thickness of ITO, to create spectral
windows of transparency and reflectance and achieve the desirable spectral
selectivity, i.e. high transparency in the optical and strong reflectance in the infrared.
This effort becomes clear in figure 16.c in which we plot the reflectance of a 100nm
ITO film on semi-infinite SiO, for the doping levels denoted in figure 16.b, along
with the reflection from the bare SiO,. For better physical understanding of the
desirable spectral selectivity we also plot the normalized solar spectrum and the
normalized black body spectrum at different temperatures. Also, we plot the
absorption spectrum of a low index NC on flat Cu substrate with Cu NPs at 800 °C,
which is characterized by 0.92 solar absorption efficiency and 0.26 solar emission
efficiency.

Specifically, in figure 16.c we show how to minimize the thermal radiation
losses of the NC coating by adjusting the ITO thickness and doping. We observe that
by increasing the doping level, the surface becomes more reflective in the IR but at
the same time the transparency in the solar spectrum is decreased. The high IR
reflectance has a positive contribution to the efficiency; in contrast the lowered solar
transmittance has a negative contribution to the efficiency (eq. 2.23). Except of the
optical constants the thickness plays a significant role to the optical response of the
glass/ITO system. We solve this problem by developing an optimization prosses in
which we investigate all the possible optical properties and thickness of ITO in order
to maximize the energy conversion efficiency at each concentration ratio.
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Figure 17. The maximum energy conversion efficiency and the optimal temperature as a function to the
concentration ratio for: a) a low index NC with NPs on flat Cu substrate and b) a high index NC with
NPs. The thickness of the NC is 1.5 um and the aspect ratio is 2. For different assumptions of the
internal glass envelop interface: 1) a flat SiO, interface, 2) an ideal AR coating, practically assuming no
glass envelop 3) putting a film of 100nm ITO with doping concentration 0.3x10%°cm>4) a perfect
AR coating putting a non-absorbing dielectric film of 122 nm and & =1.5 5) an ideal low absorptive
TCO film with optimized dielectric function.
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In figure 17 we illustrate our optimization process for a low and high index
NC with Cu NPs, the same findings is derived for Ni NPs which for economy are not
presented here. We plot the maximum efficiency (dashed lines) and the optimal
temperature (solid lines) as a function of concentration ratio for the different cases of
the internal glass-air interface treating. We set as reference cases the efficiency of a
flat SiO; interface as well as the theoretical efficiency of an ideal AR coating, which
Is obtained by assuming there are no reflections at the glass-air interface. We also plot
the typical case of 100nm ITO on SiO, with a doping concentration of 0.3x10°cm™
which showes lower efficiency compared to the two first. That’s because with the
addition of the ITO we decreased the transparency in the solar spectrum, and thus of
the overall efficiency.

Trying to explore the spectral selectivity of ITO we start with an optimization
for different doping levels ( N, =0-10x10°cm™) and thicknesses (0-1.5 pm)
keeping constant the typical properties of the dielectric constant at infinity and the
damping frequency (&, =4 and y =131.55meV ). In doing so, we maximize equation

2.23 for each concentration ratio from 80-500 suns at the temperature range of 400-
1000 OC, for each combination of the ITO’s refractive index and thickness we
calculate its optical response via a transfer matrix method, and get the resulting total
maximum efficiency and the optimum temperature. Among all these combinations we
find that the maximum efficiency is actually achieved at the absence of ITO, i.e. at the
flat SiO; interface. As a result, we conclude that ITO cannot provide the desirable
spectral selectivity even when we consider a wide range of doping levels and
thicknesses.

Not to give up on the idea of the selective IR mirror, we relax the assumption
of the dielectric constant at infinity putting in the calculations a wide range (

g, =1-4), and keeping the same range of doping levels and thicknesses as before.
We now find that a new optimum efficiency can now be found for a 122 nm layer
with €, =15 and zero doping concentration. Practically, this is a non-absorbing

dielectric layer, which is used as perfect antireflection for light to pass with no losses
from glass to air. Actually, this maximum efficiency is identical to the ideal AR and is
3% more efficient compared to the flat SiO,, for both high index and low index NCs
(fig.17). Note also that in all these cases the optimum temperature remains practically
the same.

Now, we continue our optimization process relaxing also the absorption of the
Drude model by assuming a ten times lower damping frequency ( =13.155meV )

and keeping the other parameters at the same range (&, =1-4, N, =0-10x10”cm™

and the thickness 0-1500 wm). This could be a generic dielectric function model to a
hypothetical low absorptive TCO material. In this case we do manage to achieve a
spectral selectivity of the glass/TCO interface and obtain higher efficiencies for both
low and high index NCs (fig.17). The doping concentration which provides this
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spectral selectivity is independent from the concentration ratio and the optimum
temperature and is found to be N, =0.2x10cm™ . The other parameters are strongly

depended from the concentration ratio and the optimum temperature, the optimal &,

varies between 1.7 and 1.9 while the thickness of the film varriers between 770 nm
and 960 nm. Comparing the spectral selective interface efficiencies with the flat SiO,
interface efficiency we see that we can achieve a gain between 5-11% for low index
NCs (fig. 17.a) and 9.5-21% for high index NCs (fig. 17.b) depending on the

concentration ratio.

The gain due to the spectral selectivity is greater in low concentration ratios
when comparing with the flat SiO, interface. That’s because the emissivity term in the
energy conversion efficiency (eq. 2.23) is divided by the concentration ratio, and so
descreasing the thermal emission efficiency is more critical at low concentration
ratios. Also, this effect is more dramatic for high index NCs (fig.17b), which are
characterized by high thermal emission. Comparing now, the low index NC with high,
we observe that at homogeneously transparent interfaces the low index has higher
efficiencies (2-6%) due the lower thermal emission. In contrast, at the spectral
selective interface of the optimized TCO layer, the high index has slightly higher

efficiencies (1-2%).
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Figure 18. The spectral selectivity of the generic dielectric functions for a low damping frequency and
a zero damping frequency.

In figure 18 we plot the reflection of a 866 nm thick dielectric optimized TCO
material showing an excellent spectral selectivity. We also plot the unrealistic case of
zero damping frequency showing greater reflection yields at IR spectrum. These
materials could work to enhance the solar spectrum transparency achieving higher
transparency than flat glass, and very high reflections in the IR spectrum. And this
spectral selectivity could be adjusted according to the working temperature.
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Figure 19. Maximum efficiency as a function of optimum temperature for the different interfaces for a
low index Cu NC presented above. The maximum achieved efficiency is compared with the upper
theoretical limit of the Carnot efficiency assuming no thermal radiation losses. The Carnot efficiency is
presented for two cases; at the first case we assume only the inevitable losses from the mirrors and
100% solar absorption efficiency (black line). At the second case we assume the mirror losses and the
actual solar absorption efficiency (red line).

Finally, we make a comparison of the maximum energy conversion efficiency
we have achieved to the theoretical upper limit of the Carnot efficiency, assuming
only the optical losses while ignoring the thermal emission loses (eq. 2.23). The

optical losses are the losses from parabolic trough mirrors (B, =0.94) and the solar

absorption efficiency loses. In the case of low index NC with NPs (fig.19) the solar
absorption loses are ranging from 9% to 7% depending on the temperature. In
contrast, in the case of high index NC the solar absorption losses are very small and
ranging between 1% to 2%. Comparing this efficiency to our worst case scenario of a
perfect antireflection coating, we find that our coating is only 10% less efficient from
the maximum possible physically achievable (fig.19) at the specific optimum
temperature.
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3.4 Conclusions

In this work we designed and evaluated the optical performance of various NC
metal-dielectric absorbers, as candidates for solar selective coatings in high
temperature applications of parabolic trough collectors. Improving the optical
properties of solar selective coatings and increasing the operating temperature above
the current limits of 400 °C can improve the power cycle efficiency, resulting in
reductions in the cost of solar electricity.

We explored different transparent dielectric matrixes (low index such as SiO,
and high index such as SiC) with metallic inclusions (noble metal such as Cu or
transition metal such Ni). By successfully modeling the temperature dependence of
the optical properties of the metallic inclusions we calculated the effective medium
optical properties of the NC coating utilizing an accurate FDTD-based effective
medium theory. We extensively studied the optical performance of a low index
ceramic matrix with low metallic volume ratio NC, and of a high index ceramic
matrix with high metallic volume ratio NC, which are the two “limits” in terms of
optical response. We evaluated how each component of the NC (shape of inclusions,
surface roughness and thickness) affects its optical response. In doing so, we
developed a model to characterize the spectral selectivity of the NC coating and
extracted the maximum energy conversion efficiency and the optimum operating
temperature. Thus, we examined a wide range of operating temperatures (400 °C -
1000 °C) and concentration ratios (80-500 suns).

Firstly, we started by trying to maximize the solar absorption efficiency. Thus,
we simulated various kinds of surface texturings for upwards and reverse pyramids.
We found that the solar absorption efficiency is maximized with the “upward”
quadratic pyramid at a base-to-period ratio equal to one. This was a universal trend for
the entire tested NCs and the textured metals (black Ni and black Cu), achieving the
highest value of 99.3% for the high index NC. Then, we calculated the energy
conversion efficiency, at two operating temperatures (400 °C and 800 °C) for a
specific concentration ratio (C =100 suns), as a function of NCs’ aspect ratio and
thickness. At low temperature the efficiency increases for small increments of the
aspect ratio, however, further increments to the aspect ratio do not have any
significant effects on the efficiency, a trend that is pretty much the same for all the
materials. At high temperatures we found that the efficiency of the low index NCs
with NPs is almost independent from the aspect ratio, which is in contrast to all the
other tested NCs and textured metals, whose efficiency is found to be strongly
depended on the aspect ratio. The highest efficiency at high temperatures is achieved
by the low index NC with NPs on flat Cu substrate.
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Furthermore, we extracted the maximum energy conversion efficiency at the
optimum temperature from a wide range of operating temperatures (400 °C - 1000 °C)
and concentration ratios (80-500 suns). Comparing the maximum efficiency for both
“families” of NCs with Cu and Ni NPs, we found that the low index NCs presents
higher efficiencies compared to the high index NCs, especially when the film is on a
flat Cu substrate. Further comparisons between the two “families” of NCs with
respect to the microstructure and Cu substrate don’t show significant differences. We
found that for our best candidate for a solar selective coating (low index Cu NPs),
increasing the operating conditions from the recent limits of 400 °C and 80 suns
concentration to 870 °C and 500 suns concentration we get an increase in efficiency
from 0.405 to 0.52, which means an ~30 % better performance.

Finally, we developed an optimization process to investigate and design the
spectral selectivity of the external glass envelop. This optimization was facilitated by
exploring the general case of a TCO layer at the internal glass-air interface, whose
desired function is to minimize the thermal radiation losses while maximizing the
solar absorption efficiency. We found that the maximum efficiency could be increased
by utilizing an optimized low-absorbing TCO layer which produces an excellent
spectral selectivity of transparency in the solar spectrum and reflectance in the IR.
Specifically, in this our work we achieved a gain between 5-11% for low index NCs
and 9.5-21% for high index NCs, depending on the concentration ratio.
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Chapter 4 Shape effects of Ag plasmonic
nanoparticles on a substrate in relation to enhanced
spectroscopy applications

Abstract

Metallic nanoparticles are of great interest for a number of technological and
biomedical applications. They exhibit strong absorption and field enhancement at
their Localized Surface Plasmon Resonance (LSPR) frequency, leading to important
applications in enhanced spectroscopy, enhanced fluorescence, chemical and
biological sensing and catalysis. Nanoparticle arrays on a substrate can be developed
by either top-down (e.g. nanolithography) or bottom-up (e.g. self assembly by thermal
or laser annealing of a thin metal film) processes, each case resulting into different
particle shapes, sizes and arrangements. Here we examine theoretically how the LSPR
traits (enhanced fields, scattering, etc) are modulated depending on the different final
shape configurations. We present detailed spectral field enhancement analysis
showing that depending on its shape, the frequency at which maximum field
enhancement occurs varies depending on which location on the nanoparticle’s surface
we are probing, pointing towards modulated SPR oscillations across the nanoparticle
volume. This effect stems from the different nanoparticle-substrate and nanoparticle-
environment interactions. Furthermore, and in relevance to enhanced spectroscopy
applications, we examine the effect of thin dielectric coatings (AIN) on the
nanoparticles. The response is again found to be dependent on the nanoparticle shape,
with the theoretical results comparing well to recent experiments.

4.1 Introduction

The mirror-like quality of smooth noble metal films changes markedly when
the metal is separated into particles that are much smaller than the wavelength of the
light [1, 2]. Light incident on the nanoparticles (NPs) induces their conduction
electrons to oscillate collectively, with the oscillation maximized at a specific
resonant frequency; this optical phenomenon is known as Localized Surface Plasmon
Resonance (LSPR). This strong light/electron coupling forces the confinement of light
into small volumes, resulting into extreme local fields, light scattering and absorption
[3, 4], with the LSPR frequency strongly depended from the NPs’ size, shape,
composition and the refractive index of the employed dielectric environment [5-10].
Specifically, the NPs absorb and scatter light so intensely that single NP are easily
observed by eye using dark-field (optical scattering) microscopy as a result of LSPR
modes [3,4,11]. For example, a single 80 nm silver NP scatters 445 nm blue light with
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a scattering cross section of 3x107 zm? , a million-fold greater than the fluorescence

cross section of a fluorescein molecule, and a thousand-fold greater than the cross
section of a similarly sized nanosphere filled with fluorescein [11]. This phenomenon
enables noble metal NPs to serve as extremely intense labels for immunoassays [11-
13], biological sensors [2, 14 -19] and surface enhanced spectroscopies [20-26].

In the Raman effect, incident light is inelastically scattered from a molecular
sample, with the scattered radiation shifted in frequency by an amount equal to the
energy of the characteristic molecular vibrations. Since its discovery in 1927, the
effect has attracted attention from a basic research point of view as well as a powerful
spectroscopic technique with many practical applications. Specifically, Raman
scattering is a spectroscopic technique of great utility for identifying molecular
species because the signature of re-emitted Raman photons is unique to each
molecular species and corresponds to the particular set of its vibrational modes.
Unfortunately, only about one in every 10'? photons incident on a molecule undergoes
Raman scattering, making this technique, while powerful as a diagnosis technique,
applicable only in situations where large numbers of molecules are present. Forty
years ago it was discovered that Raman signals could be enhanced enormously by
placing molecules close to a textured metal surface, raising the prospect of immediate
broad applications. This phenomenon is known as Surface Enhanced Raman
Scattering (SERS) [27].

SERS is a fascinating process by which the typically weak Raman signal can
be amplified by many orders of magnitude [20-25]. This impressive enhancement is
mainly caused by the enhanced, light-induced electric fields (E-fields) on the surface
of a metallic NP due to LSPR phenomenon [2, 28]. The LSPR is responsible for the
strong scattering and absorption of light from a metallic NP, it is also responsible for
generating enhanced local E-fields on the surface of a NP, at sites known as “hot
spots”. Molecules within these hot spots experience an enormous enhancement in the
local photon density of states, and thus a corresponding enhancement in terms of their
Raman scattering cross section. This enhancement can be so strong, so that single
molecule detection is possible [23, 25]. This superb sensitivity has been a catalyst for
the resurgence of SERS studies in recent years. These studies have focused on
understanding the mechanisms of SERS and, equally, how to implement this
technique as a reliable method for trace detection [29, 30]. Both thrusts have resulted
in evolution of SERS experiments to studies characterized by a high level of scrutiny
and control at the nanometer level [31-33]. In this way, controlling LSPR properties is
a key to optimizing SERS, as plasmon resonances are responsible of generating the
strong local E-fields necessary for SERS, and in terms of controlling the LSPR, shape
engineering of NPs has provident an efficient handle [34].

Plasmonic templates for SERS applications composed of metallic NPs arrays
on a substrate can be developed by either top-down (e.g. nanolithography [35]) or
bottom-up (e.g. self-assembly by laser [36-39] or thermal [40] annealing of a thin
metal film) processes, each case resulting into different particle shapes, sizes and
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arrangements. In this work we explore theoretically how the LSPR traits (electric field
enhancement, scattering etc) are modulated depending on the different final
configuration. Thus, we examine two “extreme” shapes: nano-columns, as a
representative NPs’ shape of top-down methods and nano-hemispheres, as a
representative NPs’ shape of bottom-up methods on a Si substrate.

We produce detailed electrics field enchantment maps showing that,
depending on their shape, the frequency at which maximum field enhancement occurs
varies at different locations on the NP’s surface, pointing towards differently
modulated LSPR oscillations across the NP’s volume. Furthermore, and in relevance
to enhanced spectroscopy applications, we examine the effect of thin dielectric
coatings (AIN) on the nanoparticles. The response is again found to be dependent on
the NP’s shape, with our results comparing well to recent experiments.

4.2 Theoretical Approach

Figure 1. Schematic illustration of the two studied representative NPs: a) nano-columns and b)
spherical nano-domes. The two shapes are evaluated under same volume and cross section conditions.

We explore theoretically how the LSPR traits (enhanced E-fields and
scattering) of Ag NPs on a Si substrate are modulated depending on their shape. It has
been proven that micro-wave thermal annealing of a thin Ag film on a Si substrate
results into hemispherical Ag NPs on the substrate, with application on SERS [40].
On the other hand, well defined nano-columns are only expected to be formed within
a lithographic process. However, it is expected that different types of bottom-up
methods, e.g. like different types of thermal annealing such as the slow thermal
produced by a hot plate, could produce intermediate shapes. Thus, and as we
mentioned above, we will examine here two shape “extremes”, nano-spherical domes
(portions of a sphere cut-off by a plane) as a representative shape of bottom-up
methods and nano-columns, as a representative shape of top-down methods (fig.1).
Assuming no metal loses during thermal annealing, we evaluate the periodic
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arrangement (square lattice symmetry) of two different shapes with the same particle
volume:

vV, =V, =t (3.1)

em

and v

hem

where V

ol is the volume of columns and hemi-spheres respectively, t is the
initial nominal thickness of the Ag thin film (which is initially covering the whole
area and is afterwards reshaped into the nanoparticle) and s is the periodicity, as

shown in fig. 1.

The LSPR traits is very sensitive to the size, shape and surface coverage [6,
10]. In order to extract only the shape effects and avoid other complications coming
from different proximities or different volumes between nanoparticles etc, we
evaluate the two kinds of NPs under the same volume and the same cross section for
the same surface coverage. The surface coverage ( f ) is the ratio of NPs cross section

to the periodic cell area:
3 7d?

f="o (3.2)

where d is the diameter of the NPs, which we assume to be the same for the two
shapes (fig. 1). Regarding their arrangement, we assume that after threatment the two
kinds of NPs could be either arranged at a large periodicity, i.e. far from each other,
with a small surface coverage of f, =44%, or close each other, with a big surface

coverage of f,=67% . From the surface coverage in eg. 3.2 and the nominal

thickness in Eq. 3.1 we can extract the height h of the nano-column h=t/f .
Regarding the spherical domes, we need to calculate the radius () the hypothetical
sphere and the specific position X (starting from the top), at which if we cut the
sphere we get a spherical dome with the same cross section and volume as the nano-
column (fig.1). Applying simple geometry we find that the radius of the position
depended “cut-sphere” in order to have the same cross section with the nano-column
will be:
2 2
rg = 4% (3.3)
8x

Integrating the X depended cross sections of the “cut-sphere” in order to have the
same volume of the nano-column we result at the second equation:

~ 3d*h+4x°

r(x
(9 12x>

(3.4)

Solving the two above equations we can find the radius I and the position X of the
“cut-sphere”™: the equation for the cut x is X®+3d°x—6d°h=0, with solution
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x=?§/3d2h+\/9d“h2+d6 +?§/C’>d2h—\/9d4h2+d6 . When substituted in eg. 3.3 we

also get the sphere radius.

We examine three different volumes for both shapes at the two
aforementioned surfaces’ coverage. Specifically, we suppose three volumes for the
nano-columns: a large one (d,=48nm, h =16nm ), a middle one (d,=24nm,

h, =8nm) and a small one (d, =12nm, h, =4nm ). Each case corresponds also to
nano-domes with dimensions: (d, =48nm, x, = 24nm) for the large one, (d, =24nm,
X, =12nm) for the middle one and (d, =12nm, x, =6nm ) for the small one.

A

«Q

Index of refractlon

Wavelength (nm)

Figure 2. The experimental bulk refractive index of silver taken from ref. 41 (open squares) and the
performed Drude-Lorentz fit (solid lines).

In order to have the actual optical properties of the Ag NPs we use the
experimental bulk metallic optical properties of Ag [41], and then we apply a Drude-
Lorentz fit to the bulk dielectric function. In figure 2 we plot experimental and fitted
values showing an excellent agreement. In order to have the appropriate dielectric
constant for the NP we make the correction involving the surface scattering
contribution to the free electron relaxation time, as it was discussed in section 3.2.1.
Here, we apply the same correction for both shapes, assuming the effective radius of a
sphere having the same volume as the two NPs. For the Si substrate we start for
simplicity by assuming no absorption, utilizing the real part of the dielectric function
of Si in the infrared spectrum (n=3.4), which we assume as constant for the whole
calculated spectrum (300-1300nm). We assume this simplified non-absorbing Si in
order to clearly elucidate the resonant LSPR traits of the two different NPs shapes
without any extra complications arising from the substrate’s dispersion (i.e. different
optical constant at different frequencies).
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Figure 3. The reflection spectrum for the two studied shapes (nano-domes and nano-columns)
for three sizes (d;,d,,d,) of Ag NPs at two surface coverages: a) f, =44% and b)

f,=67%.

In figure 3 we plot the reflection spectrum of the nano-domes and nano-
columns on the Si substrate, at the aforementioned sizes and surface coverages. We
observe that the two different shapes have similar optical response for the same size
and surface coverage. The main intense LSPR wavelength is noticed at 793 nm at low
surface coverage (fig.3.a), and is red shifted when the NPs come closer at the high
volume ratio, specifically to 875 nm (fig.3.b), due to the stronger hybridization
between the plasmons. Furthermore, we notice that the spectral position of the LSPR
wavelength is not significantly affected when we decrease the NP’s size, but the
intensity of the reflection is decreased due to lower metal’s volume ratio. This trend is
similar for both surface coverages. The higher-order resonances, most visible for high
volume ratio, at the wavelengths ~630 nm and 340-400 nm (fig.3.b), will be in detail
presented and identified below.

We move now to electric field (E) enhancement calculations for these NPs. In
these calculations we choose to present the big NPs (d,,t, ) because the light-induced

E-enhancement at the resonant LSPR wavelengths is more intense compared to the
smaller sizes. However, similar results and conclusions were extracted for the other
sizes. Understanding the E-enhancement spatial distribution around the NP’s volume
is of high importance because it plays the dominant role at SERS applications as we
mentioned before.

In the frame of a classical SERS approach we assume that the presence of
nanoparticles affects only the local photon density of states, and through this the
absorption and emission rates of nearby molecules, as inferred by Fermi’s golden rule.
Thus, the absorption ( A) of a chemical molecule which is adsorbed on the NP’s

surface is proportional to the square of the modulus of electric field A~ |E|2 [3, 42].
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We calculate the enhanced absorption (gf\d (r,w) ) at each point (') around the NP’s
volume at each frequency o :

_ |E(r, a))|2

e (r,0) F
0

(3.5)

where E(r,w) is the electric in that point and E, is the electric field associated with

the incident plane wave. The enhanced Raman scattering (sgd (r,)) is proportional

to the product of the absorption rate and of the emission rate at a Stokes-shifted lower
frequency ( w—Aw ), due to the energy losses incurred by the excitation of a
vibrational mode (Stokes scattering) [3, 43]. Thus, the enhancement to the Raman
scattering signal is proportional to the fourth power of the modulus of the electric

field R ~|E[*:

_ E(r, ) |E(r,0—A0)|’

£ (r, w) |E |4 (3.6)
0
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Figure 4. a) Schematic illustration of the electric field enhancement calculations on a specified ring of
finite width around the NP’s volume. The inset shows the electric field enhancement spatial
distribution at the resonance wavelength. b) The total enhancement is calculated integrating all the ring
enhancements from the bottom of the NP up to the top, for different ring widths (2-10nm), resulting
into the volume enhancement in a shell surounding the NP.

In a practical case, adsorbed molecules can form thin coatings around the NP.
To get the cumulative effect of all molecules, we first calculate the E-enhancement on
the absorption in a specific ring area (S") around the NP, integrating all the point E-
enhancements in this area (fig. 4.a):

X(z,0) = j &% (r, w)dS (3.7)
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Furthermore, the total enhancement in a shell volume around the NP is
calculated integrating all the ring enhancements from the bottom of the NP up to the
top:

£ (w) = j £2(z,w)dz (3.8)

In the same way we calculate the enhancement of the Raman scattering, by
substituting equation 3.6 instead of 3.5 into the two last equations. In figure 4.b we
plot the total enhancement for different integrating widths (2-10 nm) around the nano-
dome NP. We observe that increasing the integrating width the total enhancement is
decreased, because the local fields are strong only close to the NP’s surface and they
diminish away as r® from the surface. This is depicted well in the inset of figure 4.a,
where we plot the E-enhancement spatial distribution at the LSPR wavelength,
showing the enhanced E-fields close to the NPs surface. From now on, we choose an
integration width of 2 nm as the appropriate thickness of a typical molecular layer
adsorbed on the nanoparticle surface, to perform our analysis for SERS applications.
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Figure 5. The normalized Reflection, Absorption and Raman response for the two studied shapes on a
Si substrate: a) nano-domes and b) nano-columns, for two surface coverages f;=44% and f,=67%. The
total absorption and Raman enhancements are calculated integrating within a 2 nm shell around the
NPs as it is depicted with the red colored cross sectional area in the two insets.

In figure 5 we present combined graphs of the reflection and of the normalized
total enhancements of the absorption and Raman scattering, for the two shapes and
surface coverage. We observe that the spectral position of the peak Raman scattering
is shifted from the peak of enhanced absorption, due to the Raman emission occurring
at a different frequency. Also the enhanced absorption peak is shifted compared to the
reflection peak: this is because the E-fields maximize at a different frequency (red-
shifted) than where the NP’s absorption maximizes, is the latter having a similar
spectral response as the reflectance. The same trend is observed for both shapes and
is more intense at the higher surface coverage due to the higher hybridization of the
Plasmon modes. The higher-order resonances also appeare, for the high surface
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coverage are very intense, are spectral positioned at the wavelengths ~630 nm and
340-410 nm, and will be in detail presented and identified in the next graph.

Dipole Resonance A—416 nm
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Figure 6. The planar spectral absorption enhancement integrated within a 2 nm distance from the NP’s
surface at different positions on the nano-column, as depicted in the insets: (i) at the top of the NP
(orange line), (ii) at the middle of the NP (green line) and (iii) at the bottom of the NP (red line). The
red arrows show the E-field enhancement and field line spatial distribution, plotted at the specified
resonant wavelengths at the top and the bottom of the NP.

To get a better view of these resonances, we plot the planar absorption spectral
enhancement (3 (z, @) ) at different positions (Z ) on the NP (figure 6), at the top (i),

at the middle (ii) and at the bottom (iii) of the nano-column. For the top plane (orange
line) we observe an intense resonance at 416 nm: it has the same spectral position
moving down to the middle of the NP (green line) but at much lower intensity and it
disappeares at the bottom of the NP (red line). This is a dipole resonance, as it is
depicted to the E-field’s enhancement and electric field lines spatial distribution, and
it is related to the NP’s free electrons oscillations in the dielectric environment of air.
For the bottom plane (red line) we observe two resonances, one at 960 nm and the
other at 631 nm. The first one at 960 nm is a dipole resonance, as it is depicted by the
E-field’s enhancement and field lines spatial distribution, it becomes less intense
moving to the top of the NP, and is related to the NP’s free electron oscillations
screened mostly by the substrate. The final resonance at 631 nm is a quadrupole
resonance as depicted by the E-field’s enhancement and especially by the field line
spatial distribution, it is intense close to the substrate, is related to the NP’s free
electron oscillations screened mostly by the substrate and it appears only at the bigger
surface coverage ( f, =67% ) where the Plasmon hybridization is stronger.
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From the above discussion it is clear that we have two main LSPRs across the
NP, one that is related to the NP’s interaction with air (air-LSPR) and one that is
related to the NP’s interaction with the Si substrate (Si-LSPR). In terms of SERS
applications, we are interested in the maximum enhancement spatial distribution

. . od
across the NP’s surface. In doing so, we extract the maximum enhancement (&, )

from a ring area with 2 nm thickness around the NP, and plot it from the bottom up to
the top of the nanoparticle (figure 7.a). To get insight, we present these calculations
starting from the maximum E-field enhancement of free standing NPs in air (fig. 7),
and elucidate the different physical enhancement mechanisms at each NP. Then we
continue with the enhancement calculations of our NPs (nono-columns and nano-
domes) on Si substrate (fig. 8). In the latter case we extract the maximum E-field’s
enhancement spatial distribution separately for the two different LSPRs, mapping the
different spatial evolution of the two resonances from the top of the NP down to the
bottom. The enhancement calculations are presented for the lower surface coverage (
f, =44% ) in order to avoid the complexity of the higher order resonances.
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Figure 7. a) A schematic illustrating the calculation for the maximum absorption enhancement in a 2
nm wide ring area around the NP. The NPs are illuminated from the top. At each point between the top
and the bottom of free standing NPs in air, the maximum absorption enhancement is plotted for: b)
spheres, ¢) nano-columns and d) nano-domes. The insets depict the various spatial positions at each
case. The NPs are evaluated under the same cross section.

We extract the maximum absorption enhancement in a 2 nm-width ring area
around the NP, starting from the top of the NP down to the bottom, while it is free-
standing in air. In the case of a free-standing sphere in air (fig. 7.b) the enhancement
is maximized at the middle of the NP and diminishes away from the middle. That’s
because at the middle of the NP the E-field is perpendicular to the NP’s surface and
this satisfy the continuity of the perpendicular component of the displacement vector
[3]. Specifically, the perpendicular component of the displacement vector at the air-
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particle interface must be continues, D} =D, , where D; is the displacement vector

component in air and DZl is the displacement vector component in the metallic NP.
The dielectric displacement is proportional to the electric field and the dielectric
function, &, E," = &,E; , the dielectric function of the metal is much bigger from the air

(g <<¢&,) , allowing for large E-fields out of the metal (E;” >> E, ).

In the case of the nano-columns the above condition is geometrically satisfied
at all of the NP’s positions, but we do not observe a maximum enhancement spatial
evolution (fig. 7.c) similar to that of the sphere. The enhancement factors are much
larger at the edges of the nano-column compared to the middle of the sphere, and we
obtain comparable values only at the middle of the nano-column. The enhancement is
maximized at the edges of the nano-column because of the contribution of a second
enhancement mechanism, the lighting rob effect. The lighting rob effect is a purely
geometric phenomenon in which the E-field lines get crowded near to sharp metallic
features with accompanying E-field enhancement in those “hot-spots” [3,44]. The
cooperation of the two enhancement mechanisms is also clearly observed in the last
case of a free standing nano-dome, in which case we obtain the highest enhancement
at the edges of the NP (figure 7. b).
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Figure 8. a) The spectral absorption enhancement on different cross planes along a nano-column (as
depicted in the insets), showing two plasmon resonances, one at ~380 nm being more intense at the top
of the NP (air-LSPR) and one red-shifted at ~830 nm that is more intense at the bottom of the NP (Si-
LSPR). We extract separately for each resonance the maximum enhancement from the top of the NP
down to the bottom: b) for the Si-LSPR in nano-columns and nano-domes, c) for the air-LSPR at nano-
columns (the inset graph depicts the maximum enhancement of the free-standing nano-column in air)
and d) for the air-LSPR in nano-dome (the inset graph depicts the maximum enhancement of the free-
standing sphere in air).
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We perform the same calculations of maximum enhancement for our two NPs
on a Si substrate, but in a different way from the free stand NPs. As we mentioned
before, in this case we have two plasmon resonances, the one is screened mostly by
the air (air-LSPR) and is more intense at the top of the NP and the other one is
screened mostly by the substrate (Si-LSPR) and is more intense at the bottom of the
NP (fig. 8.a). We thus extract separately the maximum enhancement spatial
distribution for each resonance. For the Si-LSPR the maximum enhancement is
increased moving from the top down to the bottom, with the trend being the same for
both shapes (fig. 8.b). This spatial evolution of Si-LSPR indicates its substrate origin.
In contrast, in the case of the air-LSPR in the nano-column (fig. 8.c), the maximum
enhancement decreases as we move from the top to the bottom: this spatial evolution
is similar to the first “half” graph of the free-standing nano-column in air, shown in
the inset. Finally, the spatial evolution of the air-LSPR at the nano-dome (fig. 8.d) is
the same with the free-standing sphere in the air showing in the inset, indicating its
origin from the environment of air. To resume, the LSPR is modulated across the
NP’s volume with different resonances at different distances from the substrate. Thus,
the fluorescence and Raman enhancement will strongly depend on where on the NP’s
surface the molecules are adsorbed.

4.3 Tuning the NP LSPR by a dielectric coating
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Figure 9. The reflection spectrum of nano-domes (a) and nano-columns (b) for un-coated NPs (blue
line) and coated NPs with an AIN cap layer at various thicknesses (2-16 nm). The NPs diameter is
d;=48 nm and the surface coverage is f;=44%. The inset schematics depict the coating geometry for
nano-domes and nano-columns, simulating a realistic experimental coating deposition.

An efficient way to tune the LSPR wavelength at a pre-determined spectral
position is by coating the NPs with a dielectric layer, as it is known that the resonance
wavelength is sensitive to the dielectric environment. This is very important in terms
of SERS applications, because once can design all the aforementioned resonant
effects of a plasmonic template to be excited by the experimental laser of the Raman
Spectroscopy. In this way we theoretically design and experimentally verify the
optical response of our two plasmonic templates (nano-domes, nano-columns), coated
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with an AIN dielectric layer at various thicknesses. Thus, in figure 9 we present the
simulated reflection spectrum for our two shapes with and without AIN coating. We
observe that increasing the thickness of the AIN cap layer the LSPR wavelength is red
shifted for both shapes. The way the coating covers the NP is differentiated for the
two shapes, as is depicted at the insets of fig.9: for simplicity we assume a purely
vertical coating deposition method ( e.g. by a sputtering methods). Specifically, in the
case of nano-domes, we assume that the AIN is homogeneously deposited around the
NP, and in the case of nano-columns we assume the AIN is coated only at the top and
at the bottom of the NP. This way, we can hope to have a straightly comparison
between theory and experiments.
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Figure 10. The simulated percentage LSPR red-shift from the un-coated NP LSPR, as a function of
AIN relative thickness, for the two studied shapes and three sizes (d,, d,, ds), at the surface coverages:
a) fy= 44% and b) f, = 67%. c) The experimental red-shift (nm) compared to the uncoated NPs as a
function of AIN thickness for two plasmonic templates is shown. The initial un-coated plasmonic
templates, where produced by two thermal annealing methods of a thin silver film on a Si substrate: a
thermal annealing produced by a Hot Plate (HP), and a thermal annealing produced by a Micro Wave
(MW) commercial oven. It appears that the two kinds of thermal annealing produce NPs with different
shapes, nano-columns with HP annealing and nano-domes with MW annealing, as inferred by
comparing theoretical and experimental results.

We simulate NPs arrays of our two characteristic shapes and three sizes (d,,

d,,d,), without and with an AIN coating layer at various thicknesses, and extract the

shape effects of the LSPR response under the dielectric layer. We obtain for each case
the LSPR wavelength and calculate the percentage modulation of the LSPR red-shift
compared to the un-coated NP arrays. We plot the percentage change of the LSPR
red-shift as a function of the relative AIN thickness for the two NP arrangements at
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surface coverage 44% (fig.10.a) and surface coverage 67% (fig.10.b). To have a
direct, normalized comparison between different NP sizes, the relative AIN thickness
is obtained from normalizing the AIN thickness with the height of the nano-column.
In figure 10.a we observe that increasing the AIN thickness, the LSPR modulation for
the two shapes is different, this difference being more dramatic for the big surface
coverage, shown in figure 10.b. Specifically, for the nano-domes, the LSPR is red-
shifting rapidly for small variations of AIN thickness, but then quickly it saturates. In
contrast, for nano-columns, the LSPR redshifts slowly for small variations of AIN
thickness, but saturates at larger AIN thickness. Clearly, these trends are only shape-
depended, they do not depend on the NP size, as they appear identical for the three
different NP volumes.

This shape-depended trend appears to be reproduced in the experimental
results presented in figure 10.c, in which we plot the experimental spectral red shift
(nm) of the LSPR from that of the uncoated NPs, as determined by reflectivity
spectra, as a function of AIN thickness for two plasmonic templates. The initial pre-
coated plasmonic templates where produced by two different thermal annealing
methods of a thin silver film on a Si substrate, the first was a thermal annealing
produced by a Hot Plate (HP) and the second was a thermal annealing produced by a
Micro Wave (MW) commercial oven. We don’t know yet the exact shape of the
produced NPs, which is the subject of on-going experimental work. It appears that the
two kinds of thermal annealing produce NPs with different shapes, closer to nano-
columns with the HP annealing processes and closer to nano-domes with MW
annealing process, as can be inferred by comparing the theoretical and experimental
results.
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Figure 11. The simulated percentage LSPR red-shift from the un-coated NPs LSPR as a function of
AIN relative thickness, for the large NPs (d,) at the big surface coverage (f,). The NP arrays are
assumed to be on a 2 nm SiO, native oxide on top of a non-absorbing Si substrate (open shapes) or an
absorbing (realistic dielectric function) Si substrate (solid shapes). The inset schematics depict 3
different forms of coating, the two studied above for the nano-domes (red shapes) and nano-columns
(blue shapes), and a third one involving a uniform coating coverage of the nano-columns.
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Now, we focus on the effect of the substrate and on the way coating material
actually coats the nanoparticle. In doing so, we simulate and calculate the optical
response of the NPs arrays on different substrates and different deposition geometries
of the AIN coating. Thus, we present in figure 11 the simulated percentage LSPR red-
shift from the un-coated NPs as a function of AIN relative thickness, for the large NPs
(d,) at the high surface coverage ( f,). Same results were obtained for the other sizes

and surface coverages. The NPs arrays are assumed to be on top of a native 2 nm SiO,
thin film (obtained in experiments) which is on top of either a non-absorbing Si
substrate or an absorbing (realistic dielectric function) Si substrate. Also, except of the
aforementioned geometry of coating for the two shapes, for the nano-columns we also
consider  the same coating as nano-spheres (see the figure insets), i.e. uniform
coating thickness everywhere (a rather extreme case experimentally), in order to
understand the shape-depended trend. We observe that the absorption in the Si
substrate does not affect the shape-depended trend, both substrates yield the same
LSPR evolution as a function of AIN relative thickness. Comparing now the different
coating geometries we observe that the nano-domes and nano-columns with the AIN
layer uniformly around their surface yield the same trend, with the latter, however,
saturating to the same values as the nano-column with vertical coating. To summarize,
the evolution of the LSPR spectral position as a function of AIN thickness does not
depend on the substrate, while the NP shape dependence becomes relevant as long as
the deposition method produces uniform coating geometries or not.

4.4 Conclusions

Functional plasmonic templates for SERS applications composed of metallic
NPs arrays on a substrate can be developed by either top-down (e.g. nanolithography)
or bottom-up (e.g. self-assembly by laser or thermal annealing of a thin metal film)
processes, each case resulting into different particle shapes, sizes and arrangements.
In this work we explored theoretically how the LSPR traits (electric field
enhancement, scattering etc) are modulated depending on the different final
configuration. Thus, we examined two “extreme” shapes on a Si substrate: nano-
columns as a representative NP shape by top-down methods and spherical nano-
domes as a representative NP shape by bottom-up methods. Intermediate shapes can
in general be developed by different bottom-up methods. In order to extract only the
shape effects, different NP sizes and arrangements where tested under the condition of
keeping particle volume and cross section the same for the two shapes.

We produced detailed electric field enchantment maps showing that depending
on the shape, the frequency at which maximum field enhancement occurs varies
depending on the location on the NP’s surface, pointing towards modulated LSPR
oscillations across the NP’s surface. Specifically, we find and identify two different
LSPRs across the NP’s surface at different spectral positions, the one being screened
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mostly by the surrounding air and being more intense at the top of the NP (air-LSPR),
while the other one being screened mostly by the Si substrate and being more intense
close to the substrate (Si-LSPR). This results to different maxima of electric field
enhancement across the NP at different spectral positions. Thus, the fluorescence and
Raman enhancement will depend on were on the NP’s surface the analyzed molecules
are adsorbed.

Furthermore, to tune the LSPR frequency in relevance to enhanced
spectroscopy applications, we examined the effect of thin dielectric coatings (AIN) on
the NPs. Assuming that a typically employed sputtering method would produce a
strictly vertical deposition geometry, we find that the changes in LSPR spectral
position as a function of the AIN thickness is strongly depended on the NP shape. The
theoretical results are in good agreement with recent experiments of AIN deposited on
Ag NPs. Finally, the evolution of the LSPR spectral position with increasing
thickness of AIN does not depended on the exact details of the dielectric function of
the substrate, while the relevance of the NP shape actually depends on the deposition
geometry of the coating.
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Chapter 5 Laser Induced Self-Assembly and Nano-
Structuring

Abstract

Nano-structuring of metals is one of the greatest challenges for the future of
plasmonic and photonic devices. Such a technological calls for the development of
ultra-fast, high-throughput and low cost fabrication techniques. Laser processing,
accounts for the aforementioned properties, representing an unrivalled tool towards
the anticipated arrival of modules based in metallic nano-structures, with an extra
advantage: the ease of scalability. Specifically, laser nano-structuring of ultra-thin
metal film or an alternative ceramic/metal film on a substrate results respectively on
surface (MNPs on the surface of the substrate) or subsurface (MNPs embedded in a
dielectric matrix) plasmonic patterns with many applications. In this work we
investigate theoretically and compare to experiments the photo-thermal processes
involved in surface and sub-surface plasmonic nano-structuring. To this end, we
present a design process and develop functional plasmonic nano-structures with pre-
determined morphology. Especially, by tuning the annealing parameters like the
laser’s fluence and wavelength or/and the structure parameters like thickness of the
metallic film and the volume ratio of the ceramic metal composite, one can arrive at
nano-structures with pre-designed morphology. For the surface plasmonic nano-
structuring we utilize the ability to tune the laser’s wavelength to either mach the
absorption spectral profile of the metal or to be resonant with the plasma oscillation
frequency (LSPR), i.e. we utilizate different optical absorption mechanisms that are
size-selective which enables the fabrication of pre-determined patterns of metal
nanostructures. Thus, we overcome a great challenge of Laser Induced Self Assembly
by combining simultaneously large-scale character with atomic scale precision. On
the other hand, for subsurface plasmonic nano-structuring we utilize the temperature
gradients that are developed spatially across the metal/dielectric nano-composite
structure during the laser treatment. We find that the developed temperature gradients
are strongly depended on the nanocrystalline character of the dielectric host which
determines its thermal conductivity, the composition of the ceramic/metal and the
total thickness of the nano-composite film. The aforementioned materials’ parameters
combined with the laser annealing parameters can be used to pre-design the final
morphology of the sub-surface plasmonic structure. In both cases we can develop
templates with desirable optical response which can be used for many technological
applications. Finally, the proposed process can serve as a platform that will stimulate
further progress towards the engineering of plasmonic devices.
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5.1 Introduction

Plasmonic Nanoparticles (PNPs) are metallic nanoparticles with sizes smaller
than the wavelength of visible light. Under the irradiation of light, the free electrons in
a PNP are driven by the alternating electric field and collectively oscillate at a
resonant frequency in a phenomenon known as Localized Surface Plasmon Resonance
(LSPR) [1-10]. This strong light/electron coupling forces the confinement of light into
small volumes, resulting into extreme local fields, light scattering and absorption [11-
13]. The LSPR phenomenon induced in PNPs depends strongly on their composition,
size, shape, distribution and on the refractive index of the employed dielectric
environment [14-19]. In this regard, efforts are undertaken in order to control these
structural parameters depending on the growth conditions [5, 6, 20-23]. Noble metals
gold and silver are considered more suitable for PNPs due to their stability when
formed into nanoparticles and their strong LSPR absorption bands in the visible
region of the spectrum [12, 21].

Plasmonic materials and devices based on PNPs have attracted considerable
attention due to the exploitation of LSPR, an enabling optical phenomenon for a
number of exciting applications including biochemical sensing [24-27], surface
enhanced spectroscopes [11, 28-34], information and communication technologies
[35-38], solar energy harvesting [39-45], optical encoding [46-49], surface decoration
[50], lighting [51] and many others. A critical parameter in delivering the
aforementioned devices is the materials’ preparation methods, which should allow for
the production of nanostructures with tunable plasmonic properties. So far,
nanomaterials and nanodevices manufacturing has traditionally followed two distinct
routes: a) the top-down approach, a process that starts from a uniform material and
subsequently uses finer and finer tools for creating correspondingly smaller structures,
like lithographic processes [52-54] and/or ion beam nanofabrication [55], and b) the
bottom-up approach, where smaller components of atomic or molecular dimensions
self-assemble together, according to a natural physical principle or an externally
applied driving force, to give rise to larger and more organized systems, like atomic
layer deposition [56], cold welting [57], flash thermal annealing [47,58,59 ], pattern
transfer [60] and template stripping [61-63]. In practice, the top-down route offers
unparallel control and reproducibility down to a few nanometers in feature size but at
high cost for a large area processing, while the bottom-up approach naturally applies
for macroscopic scale nano-patterning albeit without the fine feature and
reproducibility control.

Laser radiation might be viewed as the means to a third intermediate, route for
nanotechnology. Light matter interactions offer precise energy delivery and control
over the physico-chemical processes in the nanoworld. Amongst the methodologies
followed for creating nanoparticle arrangements and/or nano-composite thin films,
Laser Annealing (LA) has been proven to be simple and versatile, providing freedom
of design, fast processing, compatibility with large scale manufacturing and allowing
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for the use of inexpensive flexible substrates [46, 48, 64]. For example, LA of a thin
metal film results into nanoparticle arrangements on top of the substrate [31, 34, 64-
76], while embedded nanoparticles in a dielectric matrix can be fabricated by the LA
of a stack of alternating layers of metal and dielectric [46, 47].

Here, we perform a theoretical investigation to extract the underline physical
understanding of the photo-thermal processes involved in surface and sub-surface
laser nano-structuring. In doing so, we propose a way to experimentally develop
plasmonic nano-structures with pre-determined morphology. Thus, we present the
theoretically results associated with the contributed experiments. We illustrate that
theory and experiments are in good agreement and thus prove that theory can assist
and drive the developing of functional plasmonic nano-structures. Especially, by
tuning the annealing parameters like lasers’ fluence and wavelength and/or the
structure parameters like thickness of the metallic film and the volume ratio of the
ceramic metal composite once can arrive at nano-structures with pre-designed
morphology.

Specifically, for the sub-surface nano-structuring we first develop an
analytical model which calculates the light propagation properties and obtain a
detailed spatial absorption distribution in the multilayer and the substrate.
Furthermore we compare the analytical absorption distribution with the numerical one
extracted from Finite Differences Time Domain (FDTD) calculations and we find
excellent agreement. This spatial distribution is then integrated with the experimental
laser temporal profile and solved in a 1D heat transport equation, arriving at the
temperature transients at each point in the multilayer volume. We perform this
analysis for different structures’ parameters like metal/ceramic volume ratios,
thickness of the multilayer and thermal conductivity of the dielectric ceramic matrix.
We find that significant temperature gradients are developed spatially across the nano-
composite structure, which are strongly depended on the aforementioned materials’
parameters. Furthermore, presenting the experimental results we show that these
temperature gradients create different annealing conditions across the nano-composite
structure and can be used to design the final morphology of the plasmonic structure.

On the other hand for the surface plasmonic nanostucturing, we first simulate
the UV and optical light absorption for different silver nanoparticle sizes and
arrangements on top of Si substrate and thus we get the spatial absorption profile. For
the UV and optical calculations a full vector 3D FDTD simulator is used in order to
capture all possible absorption mechanisms. Thus, we find and identify different
absorption mechanisms which are size selective and enable geometric specificity such
as: a) interband absorption, resulting from the excitation of the metal’s internal d-
electrons into the conduction band and b) intraband absorption, resulting from the
metal’s free electrons resonantly excited at the specific spectral position of the LSPR.
Utilizing the absorption spatial profile, we then perform heat diffusion simulations
taking into account the exact laser temporal pulse profile and arrive at the transient
temperature profile in each nanoparticle. From this we map the maximum temperature
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rise as a function of particle size, laser wavelength and laser fluence. In these maps we
distinguish spectral regions of higher and lower temperature which can be used to
provide a recipe for the modification of the plasmonic templates towards a predefined
morphology. In particular, by sequentially tuning the laser wavelength into resonance
with different physical processes such as the LSPR of the metal particles or the
interband transitions of the metal’s d-electrons, we can selectively target the melting
and re-solidification of different particle size groups. This idea is implemented in
experiments, in which repeated laser treatments can target different NPs size groups
with different laser wavelengths, driving the final size distribution towards the
predetermined one. We term this process: “Modification of Nanoparticle Arrays by
Laser Induced Self Assembly” (MONA-LISA).

5.2 Subsurface nano-structuring

5.2.1 Theoretical Approach
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Figure 1. a) Spectral absorption of a stratified metal (Ag) dielectric (AIN) structure illustrated in (b) for
two metal volume ratios 33% and 66%. The high UV absorption can be utilized for the further
modification of the nano-composite. b) Schematic illustration of the laser treatment of the multilayer
structure. Under UV laser radiation, the absorbed energy is converted into heat, which is diffused by
thermal conduction into the Si substrate. The result of the laser treatment is to totally transform the
multilayer structure into a nano-composite of embedded plasmonic metallic NPs inside a dielectric
matrix.

We start our approach by theoretically exploring a stratified multilayer
structure of alternative dielectric (AIN) and metal layers (Ag) on a Si substrate (fig 1).
The optical response of such multilayer shows high UV absorption (fig 1.a) due to
silver’s interband transitions at this spectral range. Absorption is higher at lower Ag
volume ratio because of the lower reflection losses compared to the higher volume
ratio. This UV absorption can be utilized to locally melt the structure and modify the
multilayer, transforming it into a plasmonic nano-composite with metallic NPs
embedded in a dielectric matrix (fig 1.b). The morphology of the nano-composite and
its optical response can be tuned by choosing materials and laser annealing
parameters.
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In recent experiments, multilayers of alternative dielectric (AIN) and metal
(Ag) layers on Si substrate were subjected to a single shot UV (193 nm) laser
annealing, leading to the subsurface formation of plasmonic NPs demonstrating LSPR
[46]. The morphology of the sub-surface nano-structuring depends on the
nanocrystaline character of the dielectric which is strongly related to its thermal
conductivity, the metal volume ratio and the total thickness of the multilayer. These
parameters can be controlled from the conditions of the experiments. In light of these
results, we examine theoretically the opto-thermal processes involved in such
experiments. This way we can physically understand the contribution of each one of
the above parameters to the final structure. Furthermore, by changing the multilayer
components one can arrive at subsurface plasmonic nano-structuring with pre-
designed morphology.

Specifically, starting from the UV optical constants of the metal and dielectric
we develop an analytical model which provides the absorption spatial distribution in
the multilayer. This spatial distribution is then time integrated with the experimental
laser’s temporal profile and solved in 1D heat transport equation, arriving at the
temperature transients at each point in the multilayer’s volume. The spatial
temperature distribution is a crucial parameter determining the final morphology of
the sub-surface nano-structure and we will show that it strongly depends on the
thermal conductivity of the dielectric, the metal’s volume ratio and the total thickness
of the multilayer.
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Figure 2. Schematic of the multilayer structure a) the stratified dielectric (AIN) /metal (Ag) multilayer
structure and b) the effective composite structure illustrating the analytical model

We assume a AIN/Ag bilayer on Si substrate, where 1, , &,y + |y » &5 Q€

the thickness and the complex dielectric function of AIN and Ag respectively, the
thickness of the Si is semi-infinite and & is the dielectric function of Si. The volume

ratio of AIN is f,, =l /(4 +1y) and the volume ratio of Ag is
fag =lag I (lyy +14,) - The optical constants are obtained from optical ellipsometric

measurements for Ag [77] and for AIN [78]. The multilayer structure can be
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fabricated by alternating magnetron sputtering for each one of the individual layers
with exact control to the thickness of each layer (fig. 2.a). We find the effective
medium dielectric function £ = f,\ &4y + fo,€a, and the effective refractive index

Mot =,/.§eff =N, +ix, Where ng, x, is the real and imaginary part of the complex

refractive index respectively. Utilizing the effective medium optical constants we can
now model a uniform film which has the same thickness and optical response with the
multilayer (fig 2.b). This film is used to develop an analytical model based on transfer
matrixes, providing the absorption spatial distribution in the nano-composite and
substrate under UV illumination.

Specifically, as it is shown in fig. 2.b, under illumination a portion of light is
reflected (r is the reflected wave) and the rest undergoes multiple reflections from the
air/film and film/Si interfaces and gets absorbed along the way. The resulting coherent
downward and upward waves are denoted by A(x) and B(X) respectively. The

transmitted wave is denoted by C, with C(X,) the wave at a specific distance X
from the Si-film interface. Practically, C(x,) diminishes in the first 200 nm due to
high absorbance of Si in the UV region.

We first calculate the incident and transmitted waves from the effective film,
through transfer matrixes:

C 1 M M 1
"= Iﬁ-ﬁ Pﬁ I Iﬁ n = . . (4-1)
O Si'lf f ltot flla r M21 M22 r

where |, , is the interface matrix from air to the film ,F,, is the propagation matrix

figny

inthe filmand | ; is the interface matrix from film to Si substrate:

fl

ikl
e f ot O
3 =( | ] (4.2)
™ —ikgl,
O e f ftot

wheren,, fi, ,f; are the refractive indexes of the air ,the effective index of the film

and the refractive index of the Si substrate respectively. From eq. 4.1 and 4.2 we can
derive the complex components of the matrix M :
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A,
M, = ;(1—n—]cos(kflmt)+2(”———Jsm(k ,.)

nSi f nSi

:z|:s
=1

Si

(4.3)

where k, =2zf, / A is the wave vector inside the film. The other two components

are the respective complex conjugates, i.e. M, =M,,”and M,, =M,,”. Combining
Egs. 41 and 43 we get the reflected r=-M,/M,, and transmitted
C, =det(M)/M,, waves.

We focus now on the air-film interface and we associate the waves before the
inter-face with the waves after the interface:

el e
B, falr N,, N,, J{r

where the components of the matrix N and the reflection r are known. The fields
after the air-film interface are:

N11M 22 leM 21
Mzz

A=

(4.5)
N21M22 — N22M21
Mzz

B, =

These waves are counter propagating in the film, and at a distance x from the
interface they are A(x)=A)eikfX and B(x)zBoe_ik’X , both waves decreasing

exponentially with distance along the propagation direction ( x for the forward wave,
—x for the backward wave). Also the wave propagating in the semi-infinite silicon

substrate is described as C(x.)=C, ", where X, is the distance from the film-Si

interface and k, =271,/ A is the wave vector in the Si substrate. We find that this

wave becomes insignificant after the first 100 nm of Si due to high Si absorption in
uv

Now we are able to calculate the Poynting vector flux S at each point in the
film and the Si substrate [79]:

S(x)zRe{ﬁf}(|A(x)|2—|B(x)|) 21m{fi, } Im{ A(X)B"(x)} (4.6)

S(%;) =Re{f, }|C(x;)" (4.7)
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The first term in eq. 4.6 associated to the forward A(x) and backward B(x)

waves, as if each of them were propagating independent of each other. The second
term, which is absent in the case of non absorbing media, appears here because of the
interference between the counter-propagating waves in the absorbing film. Finally, the
absorption spatial distribution per nm vertical distance is calculated from the top of
the film down to the Si substrate:

A(X) =S(X)—S(x-1) (4.8)

where x is measured in nm. Furthermore we perform Finite-Difference Time-
Domain (FDTD) simulations in which Maxwell’s equation are explicitly solved, and
obtain numerically the absorption spatial distribution in order to compare it with the
analytically one extracted from the above model. We assume two multilayer
structures with different volume ratios of silver, one with f,, =33% (20 repetitions

of 4nm AIN/2nm Ag bilayers on Si substrate, with a total multilayer thickness
lx =120nm) and one with f, =66% (20 repetitions of 2nm AIN/4nm Ag bilayers

on Si substrate, total multilayer thickness |, =120nm), described by the thickness

and dielectric functions of the individual layers, and obtain a detailed map of the UV
(A=193 nm) absorption spatial distribution. On the other hand the analytical
absorption profile is calculated by the analytical model, taking only in account the
effective medium dielectric function and the total thickness of the multilayer.
Comparing numerical and analytical absorption spatial profiles for the two silver
volume ratios we find excellent agreement as it is illustrated in fig 3.a and b. From
now on we use the analytical model to obtain the absorption spatial distribution in the
multilayer and Si substrate.
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Figure 3. UV (193 nm) absorption spatial distribution in our multilayer structure (20 AIN/Ag bilayers
on Si, total thickness 120nm) extracted numerically (FDTD) and analytically, from the top of the
multilayer down to the Si substrate, for two volume ratios of Ag a) 33% and b) 66%. c) The temporal
pulse profile of the excimer laser. d) Explicit and effective medium-based normalized temperature
transients at the top of the multilayer for the two Ag’s volume ratios in a w-AIN matrix (280 W/mK).

The obtained absorption spatial distribution a(z) combined with the excimer

laser pulse profile (0(t) (fig. 3.c) are used as the laser induced heating source

Q(z,t)=a(2) - o(t), and solved in the 1D heat transport equation described in section
2.4. By time integrating the heat transport equation we arrive at the transient
temperature at each point in the multilayer volume normalized to the total laser
fluence f, i.e. in degrees per mJ/cm? (fig 3.d). We stress here that in this part we only
study the linear heat transport regime to get insight into the temperature transients and
gradients that can be developed, and do not consider nonlinear effects on the materials
properties, nor the thermodynamics of phase changes, e.g. melting and
resolidification. Regarding radiation and convection losses from the top surface, a
simple estimate suffices to show that they are of no consequence, and will be
presented in the next section after we obtain our first estimates on the temperature
profiles created during the laser treatment.

In the heat transport calculations we follow the effective medium approach
similarly to optics calculation. We first simulate the whole multilayer structure
formed of 20 repetitions of AIN/Ag bilayers which is described by the individual layer

thickness and material parameter. The materials’ paremeters mass density P(Z), heat

capacity C(Z), and thermal conductivity k(Z) are taken from literature [81], their
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values and optical constants are shown in table 1. All of them have a spatial
dependence due to the interchange of different materials. We also simulate the
effective multilayer structure described by the total thickness of the multilayer and the
effective medium materials parameters. The effective thermal conductivity and
capacitance are defined as [81]:

_ I(AIN kAg (IAIN + IAg)

K Kl

Ag'AIN AIN'Ag

(4.9)
(€0)ei = Fan (CanPan) + ng (CAgpAg)

Thus, we obtain the explicit and effective normalized transient temperatures at
each point in the multilayer volume for the two Ag’s volume ratios. Comparing
explicit and effective transient temperatures we find excellent agreement at each point
in the multilayer volume and the substrate for both volume ratios. This agreement is
depicted in fig 2.d in which we compare the transient temperatures at the top of the
multilayer. The effective material description is much more convenient given that it
allows us to use a much larger grid size compared to the one required in the explicit
model (note that the individual layer thicknesses are ~2nm). Given the large gain in
computational speed, from now on we only use the effective parameters to extract the
normalized transient temperatures.

So far we have developed a semi-analytical opto-thermal model which
provides the normalized transient temperatures at each point in the multilayer
structure. Utilizing this model we calculate the peak temperature spatial distribution
for each point from the top of the multilayer down to the Si substrate. Peak
temperature can be a critical parameter for the final distribution of the embedded NP’s
in the dielectric matrix after LA process and is strongly related to the Ag’s volume
ratio, the thermal conductivity of AIN and the total thickness of the multilayer. We
continue now by exploring each one of the above parameters.

Table 1. Material values used in the opto-thermal calculations.

Material n K Mass Density Heat Capacity Thermal Conductivity
(grem™) (J/KgK) (W/mK)
AIN 1.57 0.19[78] 3.26 740 10 - 285
Ag 1.03 1.18[77] 10.49 235 429
Si 0.88 2.76 [77] 2.33 710 149
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Figure 4. a) UV (193 nm) absorption spatial distribution from the top of the multilayer down to the Si
substrate, for five AIN/Ag multilayer thicknesses (50nm, 100nm, 200nm, 500nm, 1000nm) extracted
from the explicit simulation model. Normalized transient temperatures on the top of the multilayer, for
five thicknesses and three AIN thermal conductivities: b) a low value 2 W/mK (a-AIN) c) a middle
value 80 W/mK and d) a high value 280 W/mK (w-AIN).

Utilizing the semi-analytical model for opto-thermal calculations, described
above, we present the absorption spatial distribution (fig 4.a) and the normalized
transient temperatures (fig 4.b, ¢ and d ) of the nano-composite thin film for different
thicknesses and dielectric thermal conductivities of AIN (K, ). The k,,, is sensitive

to the deposition method and conditions, and can show a large variations ranging from
2 W/mK for amorphous AIN (a-AIN) [82] to 285 W/mK high crystalline AIN (w-
AIN) [83]. To explore its effect, we plot the temperature transients for several
different values of k,, . We observe that for low k,, values 2 W/mK (Fig 4.h),

increasing the thickness of the nano-composite results into an increase of the
temperature on the top of the multilayer, because the total thermal insulation is
increased proportionally to the thickness. The laser’s thermal flux is diffused slowly
from the top of the multilayer down to the Si substrate, which has a high thermal
conductivity 149 W/mK, and thus results into higher temperatures. This effect stops

for increasingk ,, , because the thermal flux diffuses faster into Si and any increment
of thickness does not significantly affect the temperature (fig 2.c). Thus, because of
higher effective thermal conductivity of multilayer, we get much lower temperatures
than those with low k,, values. On the other hand, for even higher thermal
conductivity, e.g. 280 W/mK (fig 1.d), increasing the nano-composite thickness
causes the temperature to decrease, because the total effective thermal conductivity is
now larger that of Si, which now becomes the thermal bottleneck. Also in effect is the
fact that the thermal capacitance of the composite is larger than that of Si, and so
increasing its thickness also results into smaller temperatures.
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Figure 5. Peak-temperature spatial distribution at each point in the multilayer from the top down to the
Si substrate, for three AIN thermal conductivities: a) 2 W/mK b) 80 W/mK and c) 280 W/mK.

Furthermore, we plot the peak temperature at each point in the multilayer
volume from the top of the multilayer down to the Si substrate (Fig5 a, b and c) for

three k,, values. We observe the same trend as we explained before for the

normalized transient temperatures. Also, at low K, values (fig 5.a) we observe that

the peak temperature at the first nanometers of the Si substrate is decreased increasing
the thickness of the multilayer thus, because the thermal flux spends more time in the
multilayer and diffuses slowly in the Si substrate (the equivalent of using a wider
pulse with the same total pulse energy).
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Figure 6. Map of the Peak-Temperature absorption spatial distribution from the top of the multilayer
down to the Si substrate (Inm - 8 um) as a function of kAIN (1-400 W/mK) for two multilayer’s
thicknesses a) 100 nm b) 500 nm. ¢) The Peak Temperature on the top of the multilayer as a function of

its thickness for various K, values. The silver volume ratio is 33%.
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At this point we examine the dependence of k,, on to the peak temperature
spatial distribution across the multilayer structure and the Si substrate. Here, we
suppose a wide range of k,,, (1-400 W/mK) above the aforementioned limits (2-285
W/mK) in order to expand our calculations to a wider range of dielectric materials. In
doing so, we plot the peak temperature spatial distribution as a function of k,, for
two multilayer’s thicknesses, 100 nm (fig. 6.a) and 500 nm (fig. 6.b). We observe that
for high of k,, values the temperature gradient is almost constant across the

multilayer. For lowk,,, values on the other hand, a significant temperature gradient is

developed across the multilayer, the same trend is observed for both multilayer
thicknesses. Higher temperatures close to the surface and lower temperatures close to
the substrate will result into different annealed conditions across the nano-composite
thickness. Comparing now the two thicknesses and focused on the Si substrate we
observe that the smaller the thickness, the higher the temperatures at the top of the Si
substrate, as we have explained before. We perform the same calculations for a nano-
composite of 66% of Ag’s volume ratio and we observe the same trend, but with
lower temperatures due the high thermal conductivity of silver, which results into a
higher effective thermal conductivity of the multilayer.

Furthermore, we examine the dependence of the the temperature on the
multilayer thickness. In doing so, we plot the peak temperature on the top of the

multilayer as a function of thickness for various K, values, as plotted in fig 6.c. We

observe that for low k,, values and low increases of the film thickness, the

temperature increases rapidly, but by further increasing the thickness the temperature
becomes constant. That’s because the thermal insulation provided by the resistive film
increases with thickness, and after a point the peak temperature at the top saturates to

a specific value. This effect is less intense for higher Kk, values, because the

effective thermal conductivity is increased. We also observe that for k,, =80W /mK

the temperature is almost constant for all the thicknesses’ values: here the effective
film behaves similarly to silicon, and thus increasing its thickness is of no
consequence. Above this value the effect is reversed, i.e. the temperature decreases as
the film thickness is increasing. That’s because for high Kk,, values the thermal
diffusivity is very high and the thermal capacitance becomes the crucial parameter:
increasing the thickness, thermal capacitance is increased and thus results to lower
temperatures as we mentioned above.
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5.2.2 Combined discussion on theory and experiments

In this section we present relevant recent experiments and apply the above-
described theoretical opto-thermal modeling to understand the light-matter
interactions and heat diffusion mechanisms taking place in these experiments.
Specifically, we present the results of a single ultra-short UV laser annealing (LA)
step on a ceramic/metal (in particular AIN/Ag and Y,0s/Ag) multilayer film. We
demonstrate that this LA step is capable of driving the subsurface modification of the
metallic multilayers resulting into localized surface plasmon resonance (LSPR)
behavior from NPs that are formed and dispersed in a depth of several nm away from
the surface. We present an extensive investigation considering the morphological
(thicknesses of the individual layers) and microstructural (crystallinity of ceramic
layers) features of the multilayers, their thermal conductivity, as well as the fluence of
the laser and the environmental pressure during LA. The experimental results are
complemented by detailed photo-thermal calculations to obtain insights on the basic
mechanisms of morphology change upon LA.

Specifically, multilayers consisting of alternate thin layers of AIN and Ag
were fabricated in an in-house built high vacuum system employing the dual cathode
reactive magnetron sputtering. The AIN crystal structure was varied in the two sets of
AIN/Ag by applying two different power values to the Al target, 100W and 15W. This
variation leads to different categories of sputtered AIN as indicated from XRD
measurements [46]: at 100W we obtain high crystalline wurtzite AIN (w-AIN) while
at 15W we obtain amorphous AIN (a-AIN). The produced samples were subjected to
LA with an excimer ArF source (193 nm, pulse duration of 25 ns). The effect of a
single-pulse LA step onto the structural and optical properties was investigated as a
function of fluence (400-700 mJ/cm?) in an ambient atmosphere or under high
pressure. Figure 7 illustrates cross sectional TEM images showing the morphology of
samples before and after LA at 600 mJ/cm?.
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Figure 7. TEM cross sectional images of: a) the as deposited multilayer structure of w-AIN/Ag, b) the
(a) after ambient LA, c) the (a) after high pressure LA, and (d) the as deposited multilayer structure of
a-AIN/Ag, e) the (d) after ambient LA, f) the (d) after high pressure LA. LA fluence for all relevant
samples in this figure was set at 600 mJ/cm? [46].

TEM observations from the as-deposited samples (fig. 7.a and b) verified their
multilayer character. In both samples Ag was arranged in 21 layers. After LA
treatment the upper part of the multilayer has highly effected. The multilayer structure
is destroyed and the enlarged NPs are rather homogenously distributed inside the AIN
matrix, retaining a high density in the case of a-AIN, while on the contrary, in the case
of w-AlIN the laser treated part of the sample is mostly depleted of Ag indicating a
higher diffusivity of Ag in w-AIN compared to a-AIN.

Considering LA with a single pulse of 600 mJ/ cm? at ambient pressure, the w-
AIN/Ag presents a destruction of periodicity affecting only the top six Ag layers,
while two more layers are partially destroyed. The sample thickness that retains a
stratified arrangement is indicated by a dashed line in the inset of fig 7.b, which
depicts the contrast intensity profile along the film thickness. In the case of a-AIN/Ag,
this structural re-arrangement is more extensive as shown in fig. 7.e, and it affects the
top ten Ag layers, while again two additional layers are partially affected. XRD
profile analysis of the Ag (111) peak of the laser-treated films confirmed the existence
of a bimodal Ag size distribution corresponding to Ag grains located in the higher
treated part and the lower untreated part of the film, confirming the TEM results in
larger scale.

Similar results were obtained for LA experiments performed under high
pressure for the case of w-AIN (fig. 7.c). Typically in LA, a high pressure
environment is employed in order to suppress or even eliminate any ablation of the
sample. Evidently, a high applied pressure leads to a significant extension of the
periodicity destruction depth in the case of a-AlIN (fig. 7.f). The variation in the NP
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size distribution and of the total depth of LA process in the films can be attributed to
the different thermal conductivities, k,, , of AIN, which depending on its

microstructure may span more than an order of magnitude between crystalline and
poorly textured AIN [82, 83]. This majorly affects the thermal energy dissipation in
the surrounding medium and thus the behavior of Ag upon LA.
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Figure 8. (a) UV laser (193 nm) absorption profile in our model structure (21 repetitions of 5 nmAg/10

nm AIN bilayers on Si). (b) Normalized temperature transient at the top of the multilayer for various
values of K, . The inset shows the pulse profile of the excimer laser, (c) the normalized peak
temperature spatial distribution for the corresponding cases of (b). Large gradients across the film are

obtained for low values of Kk, [46].

The above considerations make AIN's thermal conductivity a crucial

parameter in the LA process. k,, Is sensitive to the deposition method and

conditions, and can show large variations ranging from about 10 W/mK for
amorphous AIN [82] to 285W/mK  for single crystal [83]. To explore its effect, we
plot the temperature transient (at the top of the multilayer) for several different values
of the AIN thermal conductivity in figure 8.b. All other parameters are taken at their
crystalline value (see table 1). A significant difference depending on k,,, is found for

the peak temperature rise when the laser pulse is on, but it quickly diminishes

afterwards. The most important effect of k,,, is shown in the spatial distribution of

the peak temperature rise plotted in figure 8.c. In particular, for high values of k,,, the

temperature profile is almost constant across the multilayer, even though most of the
laser fluence is absorbed within the first 100 nm, as shown in figure 8.a, where we
plot the spatial absorption profile within the multilayer. A combinatory look on
figures 7 and 8.a suggests that layers below the 8th layer of Ag do not efficiently
absorb the UV laser light. This provides a recipe for future practical applications in
order to avoid complex structures of 21 repetitions; it seems that 3-4 bilayers would
be enough for an effective LA reconstruction featuring a plasmonic response. By the
same token, however, we should also note that for fewer bilayers, the cooling through
the substrate would be more effective and higher LA fluence could eventually be
required. In any case, thinner films would in general result into relatively smaller

temperature gradients and thus into more uniform reconstructions even for low k,,,

values.
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Going back to our thick, 21-bilayer film, we note that for low values of k,, , a

significant temperature gradient is developed across the multilayer (fig. 8.c). Higher
temperatures close to the surface and lower close to the substrate will result into
differently annealed structures, explaining our experimental results. We also
simulated a multilayer consisting of 10nm Ag/5nm AIN (not shown here). As
expected, due to the higher percentage of Ag the overall thermal conductivity of the
multilayer film is much higher, and the temperature gradients developed are much
smaller, even for low values of k,,, . In this case, a more uniform annealing profile in

the film is expected.

We stress here that up to now we have only studied the linear heat transport
regime to get insight into the temperature transients and gradients that can be
developed, and have not considered the thermodynamics of phase changes, e.g.
melting and re-solidification. Regarding radiation and convection losses from the top
surface, a simple estimate suffices to show that they are of no consequence. For
example, in the extreme case of figure 8(b) and for a laser fluence of 1000 mJ/cm?, a
peak temperature of about 6000 K is achieved. If we further assume the extreme cases
of unit thermal emissivity, surface-to-air heat transfer coefficient 200 W/m?’K
(appropriate for forced air cooling [84]) and that this heat exchange with the
environment occurs for 30 ns (the approximate pulse duration), we get a total energy
loss of about 0.1 mJ/cm?, which is 4 orders of magnitude smaller than the input
fluence, and thus will not have any effect on the temperature transients and profiles.
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Figure 9. a) The experimental temperature dependent thermal conductivities of Ag [80] and w-AIN
[83] assumed in this work. b) The effective non-linear thermal conductivity obtained from (a) for 33%
volume ratio of Ag (red points) on which we perform a fit (black line) to obtain the exact non-linear
thermal conductivity at each temperature. ¢) Peak transient temperature distribution as a function of
distance from the film's top surface, at different incident laser fluence assuming the nonlinear thermal
conductivity for the multilayer structure (w-AIN and Ag from (b)). Broken lines are for nonlinear w-
AIN and Ag for different laser fluence. Solid lines are for the linear case (zero fluence limit) for w-AIN
(k = 285 W/mK) and for an ultra-low conductance a-AIN (k=10W/m K), both for a linear Ag thermal
conductivity of 429 W/m K [46].
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One critical oversimplifying assumption up to now has to do with neglecting
the fact that the thermal parameters of materials are actually temperature dependent.
The most striking nonlinearity is found in the thermal conductivity of w-AIN, whose
relative change with temperature is shown in figure 9.a. Other parameters such as
thermal capacity and mass density also have a thermal dependence, but of a smaller
magnitude. Since the highest temperatures are going to be reached inside the film, and
to keep our discussion simple, we ignore here nonlinearities associated with the Si
substrate. Utilizing the experimental temperature dependent thermal conductivities of
Ag [80] and w-AIN [83] (fig. 9.a) we calculate the non-linear effective thermal
conductivity according to equation 4.9 for specific Ag volume ratio ( f,, =33%),

depicted by the red points of fig. 9.b. In order to extract the exact effective thermal
conductivity at each temperature we fit (black line fig. 9.b) the experimental
temperature depended effective thermal conductivity with:

ke (T) =k (300K) xaT® (4.10)

where k., (300K)=321W /mK and a ,b are fitting parameters with a = 1233 and

b=-1.25. Having parametrized the non-linear thermal conductivity we are able to
calculate the transient temperatures at each point in the multilayer structure from the
heat transfer equation which now becomes:

oT (z,t) _ 0
ot 0z

T (z,1)
0z

(CP)er (2) {keﬁ (T(z.1) }rQ(Z,t) (4.11)

In figure 9.c we plot the peak transient temperature distribution as a function
of distance from the film surface for different laser fluence. For comparison we plot
the linear response of w-AlIN (solid black line) and of a linear a-AIN with k=10W/mK
(solid red line). The nonlinear multilayer lines span the space between the two linear
curves as the incident fluence increases. Thus the nonlinearity in thermal conductivity
increases the temperature gradients developed in the film. Interestingly, the gradients
are generally sharper in the nonlinear w-AIN case (e.g. compare the 800 mJ case with
the linear a-AIN k=10W/mK case, where the peak surface temperatures are the same),
meaning that a composite with a matrix of high thermal conductivity (e.g. w-AIN)
will get restructured only close to the film’s top surface, while a composite with a
matrix of low thermal conductivity (e.g. a-AIN) will get restructured within a wider
length inside film. This perfectly explains the behavior observed in our experiments,
as seen in the TEM images of figures 7(b), (e) and (c), (f).
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Figure 10. (a) ORS of LA processed a-AIN/Ag multilayer under ambient environment (i) and
under high pressure (ii), (b) ORS of LA processed w-AIN/Ag multilayer under ambient
environment (i) and under high pressure (ii). The corresponding spectra from the as-grown
samples are also shown for comparison. Inset digital photos in (a), in white light reflection
and transmission mode, depict sample a-AIN grown on PET subjected to LA at 700 mJ/ cm?
[46].

As expected, the size and distribution of Ag NPs within the amorphous or
nanocrystalline AIN matrix determines their LSPR. In figures 10.a and b we present
the experimental optical reflectance spectroscopy (ORS) data from a-AIN and w-AlIN,
respectively. In addition, the insets of figure 10.a (ii) demonstrate an example of a
multilayer sample deposited on PET subjected to LA at 700 mJ/cm? under high
pressure. These digital photos, in white light reflection and transmission mode, clearly
present the plasmonic response (i.e. different reflection and thus different color) of the
treated areas of the film. The optical response of these samples is in agreement with
the above mentioned experimental results and the outcomes of the photo-thermal
modeling. Indeed, in the case of a-AIN the low k,, values, allows for high

temperatures to be developed inside the film’s volume, and thus to NP enlargement
with a broad plasmonic response and a monotonic increase in reflection intensity. At
the same time the red-shift of the LSPR spectral position with respect to the fluence
can be attributed either to the formation of bigger Ag NPs and/or to the formation of a
more dense environment, possibly by changing the refractive index of the host [46].
On the contrary, for the case of w-AIN (figure 10.b) the narrow reconstruction length,
in relation to its nanocrystalline character, leads to a non-monotonic behavior of the
LSPR characteristics with respect to the fluence. Clearly, higher reflectance values are
observed at high pressure LA, probably as a result of the suppression of Ag
outdiffusion.
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Figure 11. Calculated optical response of Ag NPs inside an a) a-AIN and b) w-AIN matrix for three
particle sizes. The Ag NPs are arranged in an fcc lattice (Ag volume filling ratio of 33%) extending
140nm from the surface, leaving five bilayers of 5nm Ag/10nm w-AIN (i.e. 75nm) unstructured before
the Si substrate. A projection of the simulated structure for NPs of diameter d=24 nm is shown in the
inset. ¢) Same configuration as (a) increasing only the thickness (t) of the structured Ag NPs
arrangement from 146 nm up to 344 nm for the same NPs’ size d=18nm. d) Same configuration as (b)
increasing only the thickness (t) of the structured Ag NPs arrangement from 146 nm up to 344 nm for
the same NPs’ size d=18 nm.

To better understand the optical characterization results, we calculated the
optical reflectance from a distribution of Ag NPs inside an a-AIN matrix and a w-AIN
matrix and compare it with the corresponding experimental ORS of LA processed
samples. For simplicity we assume the Ag NPs to be arranged in an fcc lattice, for a
reconstructed thickness of 140 nm, leaving five bilayers of 5nm Ag/10nm w-AlIN (i.e.
75nm) unstructured before the Si substrate (see inset in fig. 11.a). We consider three
different particle sizes at fixed volume filling ratio of 33%. In fig 11.a we observe two
peaks, the first one is around 450-475 nm, it corresponds to NPs’ LSPR, is red-shifted
increasing the NPs’ size and becomes more intense. The calculated optical response is
in good agreement with experimental ORS of the corresponding annealed structure of
a-AlN (fig. 10.a), in which we observe that increasing the fluence of LA, the LSPR is
red-shifted and becomes more intense at the same wavelength range 450-475 nm. The
second peak at 600-625 nm corresponds to film’s multiple reflections, is verified in
fig. 11.c in which we observe that increasing the thickness of the structured NPs
arrangement with respect to the NPs’ size and volume filing ratio, multiple reflections
are differentiated but the LSPR is not, because it depends only from the NPs’ size and
distribution. The absence of multiple reflections at experimental results could be
attributed to the high absorbance of the a-AIN matrix which is underestimated in our
simulations.
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The same trend is observed in the case of the w-AIN matrix (fig. 11. b), in
which the NPs’ LSPR is slightly red-shifted and becomes less intense as NPs’ size
increased, at the spectral range of 550-575nm. This is in good agreement with the
corresponding experimental results and in particular for the case of laser annealing the
W-AIN structure under high pressure with 600 and 700 mJ (fig 10.b.ii), for NPs’
diameter of 18nm and 24nm respectively. The rest of the resonances in fig.11.b above
700nm, correspond to the film’s multiple reflections, as verified in fig. 11.d in which
we observe that increasing the thickness of the structured NPs arrangement with
respect to the NPs’ size and volume filing ratio, multiple reflections are differentiated
but the LSPR is not as we explained above. Multiple reflections are also observed in
experimental ORS of w-AlIN, which correspond to the dips above 650nm fig.10.b (ii),
and are clear here because of the lower absorption of high crystalline w-AIN
compared with the low crystalline a-AIN. Furthermore, we verify that there is a small
red-shift of the LSPR peak as the Ag NP size increases. This is expected: the LSPR of
NP arrays red-shifts for increasing NP size and blue-shifts for increasing relative (i.e.
distance/radius) NP separation [85]. For a fixed NP volume filling ratio (i.e. assuming
no metal is diffused out of the film), however, the relative separation remains fixed,
and so we only expect to observe a red-shift with NP size increase.

r

Figure 12. Digital photo of a flexible plasmonic demonstrator capable of optical reading. Photo
captured under white light illumination in transmission and reflection (inset) mode. The spots reading
‘NTU’ were fabricated by LA of the sample with 25 pulses at 15 mJ/cm? whereas the surrounding
matrix spots were annealed with 1 pulse of 45 mJ/cm?.[46]

Finally, we present a demonstration of “plasmonic optical encoding and
reading” on an Y,03/Ag thin film on a PET substrate. The Y,03 matrix was chosen
because of its low thermal conductivity [86] which works as an efficient barrier
protecting the underlying PET film from high temperatures. The digital photo of
figure 12 represents the sample’s appearance in transmission mode under white light
illumination (its appearance in reflection mode is also presented in the inset of figure
12). Specifically, ‘NTU’ (Nottingham Trent University, who was the academic
partner performing the laser annealing experiments) spots were fabricated by
delivering 25 pulses of 15 mJ/cm? while the surrounding matrix was fabricated by
delivering a single pulse of 45 mJ/cm? The minimum feature size of this type of
‘plasmonic writing’ is only limited by the LA wavelength and instrumentation, and
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could thus easily reach the sum-micron regime. Thus, we have demonstrated the cold
character of LA by creating plasmonic templates on flexible polymeric substrates.
From the point of view of applications on optical encoding of information, these
examples signify the simplicity, flexibility and versatility of the proposed engineering
approach. An additional feature of the produced encapsulated plasmonic NP patterns
is their capability of providing two views of the same image with complementary
colors in reflection and transmission.

5.3 Surface nano-structuring

5.3.1 Theoretical Aproach
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Figure 13. (a-c) Schematic representation of the main physical mechanisms of absorption we exploit in
the current work and their corresponding thermal effect on metallic nanostructures. d) Calculated
absorption spectrum of a 40 nm diameter Ag nanoparticle (Ag NP) on top of a Si substrate, as shown in
the inset schematic. Interband absorption (mode a) dominates the red shaded region, while intraband
absorpiton (LSPR driven, mode ¢) is dominating the green shaded regions (at ~350 nm the quadrupole
428 and ~580 nm the dipole LSPR contributions respectively).

Plasmonic templates can be fabricated by LA annealing of a thin metal film on
a substrate, resulting into nanoparticle arrangements with many plasmonic
applications (mentioned in Introduction). At the very heart of these applications lie the
light-matter interactions, in the form of coherent surface plasmon oscillations excited
by the incident light at specific frequencies, with high selectivity on the metal
nanostructure's size and shape. But selective plasmon excitation translates into
selective light absorption, and thus into selective heating of the nanostructure. It is
natural thus to allow this core property of the target application to become itself one
of the drivers in a multi-pulse laser induced self-assembly process, i.e. a repeated
heating, melting and resolidification process, driving the NP formation and self-
assembly. Furthermore, besides heating, selective cooling is also an integral part of
restructuring. But as the cooling rate depends on the geometric features of the
nanostructure, a second driver for the self assembly process is introduced.
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The available light absorption mechanisms in the case of nano-structured
noble metals such as Ag, Au and Cu, can be intuitively summarized in the following
modes:

a) interband absorption, probing the metal's internal d-electrons (fig.13.a). This is
typically enabled at UV frequencies and in general is not size-dependent,

b) off-resonance intraband (free electron) absorption (fig.13.b), which however is too
weak to cause substantial temperature rise,

c) resonant intraband absorption (fig.13.c), probing the conduction electrons with
laser wavelengths close to the spectral position of LSPR. This mechanism is strongly
size and shape-selective.

As an example, the overall absorption profile of an Ag nanoparticle (hemispherical
shape) with diameter of 40 nm on top of a Si substrate is plotted in fig. 13.d, showing
the spectral domains of the two absorption mechanisms. Utilization of modes (a) and
(c), combined with the size selectivity of cooling (~nanostructure surface/volume
ratio) provides an exceptional tool for controlling the self-assembly of nanoparticles.
Computer simulations can help us explore the potential of these tools, thus we
examine NPs of different sizes and arrangements at the whole UV and optical
spectrum. The computational procedure is presented above.
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Figure 14. a) Schematic of the simulation system front view and top view respectively, involving a
hexagonal lattice of Ag hemispherical NPs at a period (a) to diameter (d) ratio 1.2. b) Absorption
percentage per nm vertical distance from the top of the NP (diameter 80nm) down to the Si substrate,
for the two main LA wavelengths. ¢) Absorption “density” (%/nm) which is produced from the
absorption spatial distribution (b) normalized by the absorbing cross sectional area of the NP (inset
graph). d) The laser pulse temporal profiles assumed in the theoretical study correspond to that of an
excimer laser (for the 150 - 280nm range) or that of a Nd:YAG (for the 300 - 900 nm range). Both
profiles were experimentally determined. €) Normalized transient temperature rise (in degrees per mJ
laser fluence) at the NP center for the 80 nm Ag dome, for the LA wavelengths.

133



As a starting point, we assume that after some laser treatment of a thin silver
film on a Si substrate, Ag NPs with specific diameters has been formed on the top of
the Si substrate. Our target is then to consider what the effect of a new incoming laser
pulse would be. We assume a hexagonal lattice of Ag-hemispheres on a Si substrate
for different separation aspect ratios (periodicity (a) / diameter (d)). A schematic of
the simulation system is depicted in fig 14.a. We assume three extreme cases, when
NPs are slightly overlapping with each other (separation aspect ratio 0.9), when the
NPs just attach each other (separation aspect ratio 1), and when the NPs are well
isolated (separation aspect ratio 1.2). A cross section of the final case is illustrated in
fig.14.a in order to present the photo-thermal procedure. The NP’s diameter range
from 10nm-120nm, which span the experimentally relevant sizes as obtained from
AFM and SEM images.

For the optical calculations, a full-vector 3D FDTD simulator is used in order
to capture all possible absorption mechanisms. The absorption spatial distribution is
calculated for a wide range of frequencies, in the UV (150nm-280nm) and visible
spectrum (300nm - 900nm). The fraction of light absorbed in the sample, expressed as
the percentage of the incident radiation absorbed per nm of vertical distance, is
calculated (Fig 14.b) for the two primary wavelengths used in experimental study
(A=248 nm from the excimer laser and A=532 nm from the Nd:YAG laser) for Ag
hemispheres of 80 nm diameter. Very efficient UV absorption is obtained for both Ag
and Si due to strong direct interband transitions in both materials, while much weaker
absorption if found in the visible. For demonstration reasons, this absorption spatial
distribution can be normalized by the corresponding cross-sectional absorbing area of
the NP (inset graph of fig. 14.c), to get the phenomenological absorption “density”
(fig. 14.c).

The absorption spatial distribution is time-integrated with the appropriate
laser’s temporal profile for each wavelength, depicted in fig. 14.d (excimer for the
150-180nm range and Nd:YAG for the 300-900 nm range), in a numerical solution of
the numerically 1D heat transport equation presented in section 2.4. Thus, we get the
temperature transient profile at every point in the structure in degrees/mJ laser
fluence. In figure 14.e we present the temperature transients for the two primary
wavelengths used in experimental study. This way we get the mapping of the
maximum temperature rise as a function of particle size, laser wavelength and laser
fluence. As a higher temperature for a particular size group means the melting of this
group and the survival of the others, these maps can provide a recipe that allows the
design of pre-determined plasmonic arrangements.
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Figure 15. a) Color map of the absorption profile (in percent per nm vertical distance) from the top of
the NP down to the Si substrate for three NP diameters (40 nm, 80 nm, 120 nm), at separation aspect
ratio a/d = 1.2, plotted for UV (150 nm — 280 nm) and UV-NIR (300 nm — 900 nm) wavelengths. The
inset arrows show the main absorption mechanisms, the first four (i, ii, iii, iv) are related to Ag
intraband (mode c in fig.13) transitions and the fifth (v) are related to Ag interband transition (mode a
in fig.13). b) Electric field spatial distribution plotted at vertical (at the middle of NP) and horizontal (at
specified positions on NP’s volume shown by the red arrows) cross sectional planes, at resonance
wavelengths, in order to identify the intraband resonances. The color maps are the horizontal cross
sections of electric field’s enhancement Both of them are shown for the corresponding size depicted by

mixed high order (365 nm) and dlpole (345 nm) resonances located throughout the NP’s Volume, (1v)
quadrupole resonance (484 nm) located at the bottom of the NP, but clearly seen only for big NPs’.

First, we explore the different absorption mechanisms which are size selective
and enable geometric specificity. In fig. 15.a we present the absorption spatial
distribution as a function of wavelength from the top of the NP down to the Si
substrate for three NP’s diameters. At the UV zone (150 nm-280 nm) the absorption is
taking place through the interband’s transitions of metals d-electrons. We observe that
by increasing the NP’s size, most of the absorption is taking place in the NP’s volume
and less occurs in the Si substrate. On the other hand, in the optical zone (300 nm-900
nm) most of the absorption is taking place through the intraband transitions of metal’s
free electrons, and we observe different resonances.

To identify these resonances we plot (fig.15.b) a vertical cross section of the
E field distribution taken in the middle of the NP, a horizontal cross section of the E
field distribution taken at specific points on the NP volume, as well as vertical cross

sections of the logarithmic E field enhancement log,, (|E(x)|2 /|Eo(x)|2). In fig 15.b.i

we observe a dipole resonance which is located at the bottom of the NP and related to

135



the NP free electron oscillations near the substrate. We also notice in the absorption
profiles the well known red shift as the NP’s diameter is increased and the reduction
within all of the NP’s volume and involve higher order LSPR modes screened mostly
by the substrate (ii) or a dipole LSPR in the upper part of the NP screened mostly by
the surrounding air (iii). Specifically, for big NPs we observe a quatrupole resonance
which is located to the bottom of the NP and related to NP’s free electron oscillations
near to the substrate (15.b.iv).
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Figure 16. The peak temperature at the middle of the NP as a function of wavelength, plotted in the red
axes, and the reflection, absorption taking place in Ag NPs, absorption taking place in 1 um of Si
substrate and the sum of the two absorptions, plotted in blue axes. The separation aspect ratio of the
hemispheres is 1.2 for NP arrangements of a) 40 nm b) 80 nm and c) 120 nm diameter.

There is a very interesting interplay with the intraband resonances (shown in
fig. 16), where at the exact resonance wavelength we have lower temperature due to
enhanced reflection, while at slightly longer wavelengths the temperature reaches a
peak. The peak temperature is observed when the sum of the absorption in Ag and Si
is increased. The absorption in Ag NPs at resonance wavelengths is red-shifted
compared to the reflection, with the red-shift increasing for large NPs. On the other
hand the absorption in Si substrate is enhanced away from Si interband transitions
(which are below 400 nm) due the electric’s field enhancement at the vicinity of the
Ag NPs, at the resonance wavelength. The contribution of the two different materials’
absorptions results into the wavelength dependence of the peak temperature. This
feature provides an interesting mechanism for size control, whereby the NPs whose
LSPR falls exactly at the same wavelength of the LA, will have enhanced reflection
and less absorption, resulting that into lower temperatures rises.
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Figure 17. The size dependent optical response as a function of wavelength, in the near UV zone (300
nm — 450 nm) and visible zone (450 nm — 900 nm): a) an average of NPs slightly overlaping each other
(a/d=0.9) and of NPs attaching each other (a/d=1), b) NPs fairly isolated (a/d=1.2).

Understanding the maximum temperature rise as a function of particle size and
wavelength is thus of crucial importance. Toward this goal, we plot the optical
response (fig.17) as a function of NPs’ diameter (10 -120nm) and wavelength for two
NPs’ arrangements. The first one is when the NPs are slightly overlapping or just
touching each other (fig.17.a) and the second one when the NPs are fairly isolated
(fig.17.b). In the first spectral range (300 - 450 nm) we observe high reflectance
especially for small NPs of the first case (fig.17.a) where the metallic NPs pose an
almost uniform metallic surface. Increasing the size we observe the aforementioned
resonances which involve a higher order LSPR modes screened mostly by the
substrate (fig.16.ii) or a dipole LSPR in the upper part of the NP screened mostly by
the surrounding air (fig.16.iii), which is depicted in the NPs absorption. Also at this
spectral range Si is characterized by high absorption which is depicted in both cases
(17.a and b). Also notice that the absorption in Si decreases at the spectral ranges of
maximum reflection, as was mentioned before. In the second spectral range (450nm-
900nm) we observe that the reflection increases and red-shifts as the NPs’ size
increases, due to the dipole LSPR mode (fig. 16.i). This resonance enhances also the
absorption in Si away from its absorptive spectral region as was mentioned above.
The contribution of both absorption will result into a temperature spectral dependence
on the NPs size.
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Figure 18. Normalized peak temperature as a function of irradiation wavelength and NP’s size, for two
arrangements: a) an average of NPs slightly overlaping each other (a/d=0.9) and of NPs attaching each
other (a/d=1), b) NPs fairly isolated (a/d=1.2). These are ploted in the three wavelength zones: i) UV
zone (150 nm-280 nm) utilizing the excimer temporal profile, ii) near UV zone (300 nm - 450 nm)
utilizing the Nd:YAG temporal profile and iii) visible zone (450 nm — 900 nm) utilizing the Nd:YAG
temporal profile. Indicated with the two dashed lines are the two primary laser wavelengths used in this
study, at 248 nm excimer laser and 532 nm Nd:YAG laser used at UV and visible zone respectively.
The different heating regimes are attributed to the different absorption modes and different cooling
geometries, and can be utilized to tailor-design the LA process.

Taking into account the absorption spatial profile from the top of the NP down
to the Si substrate, for each NP between 10 nm-120 nm and for both arrangements, we
arrive at the map of the maximum temperature rise as a function of NP’s size,
wavelength and laser’s fluence, utilizing in each spectrum the appropriate lasers
temporal profile (figure 18). In these maps we can distinguish areas of higher and
lower temperature. Thus, by sequentially tuning the LA wavelength to match with
different absorption mechanisms and applying the proper lasers power, we can
selectively target the melting and resolidification of different particle size groups.
Specifically, in the UV zone utilizing the interband transitions (mode a) we can
remove the big NPs and arrive at nanostructures with small size distributions. In near-
UV, utilizing the intraband transitions, especially the higher order resonances (mode
a), we can also remove the big NPs. Finally, small NP’s can be removed in the visible
zone utilizing dipole resonance (mode c). Combining the different absorption
mechanisms we can target at specific NPs’ size groups and arrive at nanostructures
with predesigned morphology. This is the main concept behind our approach:
repeated laser treatments, targeting different nanoparticle size groups with different
laser wavelengths, driving the size distribution to the final predetermined one. We call
this process “Maodification of Nanoparticle Arrays by Laser Induced Self Assembly”
(MONA-LISA).
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5.3.2 Combined discussion on theory and experiments
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Figure 19. a) SEM images of samples processed with LISA (1 pulse, 248 nm LA) and UV MONA-
LISA (10 pulses, 248 nm) under various applied fluences, b, The effect of LISA and UV MONA-LISA
on the optical reflectivity spectra of a 10 nm Ag thin film under various applied fluences. c) Surface
coverage of the nanoparticles in relation to the particle diameter for all the cases of (a). d) Critical
nanoparticle diameter (the diameter value under which every particle remains practically cold during
the UV LA process, hence these particles cannot be further manipulated upon irradiation) as a function
of applied laser fluence. Inset depicts two portraits of Da Vinci’s Mona Lisa: Upper inset is a
macroscopic, large-scale pattern engraved on a full 2” Si wafer coated with 10 nm Ag (purple areas
correspond to a process of one pulse at 500 mJ/cm? whereas the green areas to three pulses of the same
fluence). Lower inset is a microscopic pattern engraved on the same wafer in a single pixel processing
using series of photolithographic masks. e) A digital photo of a grid of LISA / UV MONA-LISA spots
of varying fluence (x-axis) and number of pulses (y-axis) produced on a 10 nm Ag thin film. f) Contour
plot of the dominant LSPR maximum acquired from optical reflectivity spectra from each spot of (e)
(in the case of bimodal responses the maximum reflectivity response has been reported) [64].

We now present the recent experimental demonstration of MONA-LISA. The
first step is a single shot UV LA to initialize nanoparticle formation from a semi-
continuous metal thin film, by Laser Induced Self-Assembly (LISA). This results into
the restructuring of the silver thin film into nanoparticle arrangements in macroscopic
scales (several mm?). The LISA process with a UV laser (248 nm) is strongly fluence-
dependent as demonstrated in the SEM images of fig. 19.a. The Ag NPs size
distributions are generally bimodal, consisting of one set of coarse and one set of fine
NPs. Increasing the laser fluence from 350 mJ/cm? - 800 ml/cm? results into a
decreasing difference between the two NP sets, as shown by the quantified SEM
images (fig. 18.c, purple, cyan, yellow and red lines).
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The modification of NP assemblies by multiple laser pulses (MONA-LISA
process) involves the utilization of the selective optical absorption and the heat
dissipation, as presented in the theoretical approach above. In order to demonstrate
this, we subject the initial assemblies of NPs to a series of UV and/or VIS LA steps.

Firstly, we consider the case of UV MONA-LISA, i.e. processing by multiple
UV (248 nm) laser pulses, and we correlate the effect of interband absorption with the
size-selective heat dissipation. Fig. 19.b shows the optical reflectivity spectra of a 10
nm Ag film recorded after UV MONA-LISA using 10 successive UV laser pulses at
various fluences (magenta, blue, green and orange lines for 350, 500, 650, 800
mJ/cm?, respectively). Comparing these spectra with those from the previous LISA
processing, reveals that the consecutive pulses transform the two reflectivity peaks
into one, indicating a gradual transformation of the bimodal distributions into
unimodal ones. This is also confirmed by the corresponding SEM images and the size
distribution histograms in Figs. 19.a and 19.c (magenta, blue, green and orange bars),
respectively. The reshaping of the particles is predominantly due to the disappearance
of the larger particles.

The physics behind that observation is based on the faster heat dissipation
from the finer nanoparticles due to their higher effective surface (surface to volume
ratio). As a result, the finer nanoparticles remain cold during UV MONA-LISA. This
was quantified correctly by our photothermal calculations, which determined the equi-
temperature contour lines vs nanoparticle diameter, from which the critical size under
which every particle remains practically cold during the UV MONA-LISA process of
Ag on Si can be inferred. Assuming for simplicity the bulk Ag melting temperature
of 960 °C, the calculated values of the critical diameter vs. the fluence of the 248 nm
laser are presented in fig. 19.d. Note that the critical diameter is strongly dependent on
the thermal conductivity of the substrate, as a less thermally conductive substrate
would hinder heat dissipation. The UV MONA-LISA process is thus based on the
larger particles having the ability to raise their temperature above their melting point,
and consequently melting and re-solidifying forming smaller particles with a
stochastic size distribution, while the smaller ones remain below the melting threshold
and therefore remain practically unaffected. Evidently, successive pulses suppress the
population of the coarse particles, gradually transforming them to stable fine particles
via stochastic size redistribution.

The wide range of size distributions achieved by LISA and UV MONA-LISA
results in a vast colour palette of plasmonic responses as those presented in figures 2.e
and 2.f (real colour appearance of the Ag nanoparticle assemblies and quantitative
spectral reflectivity response, respectively). Combining the LISA and MONA-LISA
process with projection masks, enables the production multicolour images of high
spatial resolution and colour contrast as the one presented in the inset of fig. 19.d,
depicting the two portraits of Da-Vinci’s “Mona Lisa”.
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The implementation of MONA-LISA employing exclusively UV pulses has
the inherent limitation of the UV absorption being rather insensitive to nanoparticle
size, and as a result the size selectivity of the process is based exclusively on the size
selectivity of the heat dissipation. This has the severe consequence that only the
coarse particles are affected after successive laser pulses. In order to probe and
manipulate the finer particles we must exploit their selective optical absorption via
LSPR using a visible laser wavelength that would result in stronger optical absorption

and hence higher temperature rise, as predicted by the computational results presented
in the previous section in fig. 18.

The optimum condition of narrowing the bandwidth of the LSPR at 532 nm
was achieved by applying 500 pulses at 125 mJ/cm?® which shows that the VIS
MONA-LISA is slower compared to the UV MONA-LISA that reached at steady
state at 10 pulses. This is well expected considering the computational results of fig.
18, where a lower temperature rise is evident at visible wavelengths compare to UV
processing.
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Figure 20. a) Optical reflectivity spectra of LISA (2 pulse, 248 nm at 350 mJ/cm? - black line), used as
a template for the subsequent Visible MONA-LISA (500 pulses (red line), 2000 pulses (blue line) and
4000 pulses (magenda line), 532 nm at 125 mJ/cm?). The green dashed line sets the 532 nm mark. b)
Surface coverage of the nanoparticles in relation to the particle diameter for each laser treatment of (a).
¢) SEM image of LISA processed sample. d) SEM image of the Visible MONA-LISA (i) sample (500
pulses). e) SEM image of the Visible MONA-LISA (ii) sample (2000 pulses) and f) SEM image of the
Visible MONA-LISA (iii) sample (4000 pulses) [64].

Exploring the VIS-MONALISA we start from a UV LISA process (248 nm, 2
pulses at 350 mJ/cm?) which demonstrates a double reflectance peak, due to its
bimodal nanostructuring, notably with no particular response close to 532 nm, as
shown in fig. 20.a (black line). Applying, VIS MONA-LISA to this area, with 500
pulses (i), 2000 pulses (ii) and 4000 pulses (iii) results in gradually changing the
bimodal distribution to one with a peak very close to the laser processing wavelength
(532 nm). The corresponding SEM images are shown in fig.20.c,d,e,f. Analysis of
these SEM images result in the histograms of fig.20.b. It is noteworthy that the VIS
MONA-LISA probes particularly the finer Ag nanoparticles (<20 nm) confirming the
computational analysis presented in figure 18.b. As seen in the SEM images, our
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theoretical assumption of NPs in a fairly isolated arrangement at separation aspect
ratio (a/d=1.2) is in close agreement with the experimental case.

5.4 Conclusions

5.4.1 Sub-surface nano-structuring

Functional plasmonic templates consisting of embedded NPs in a dielectric
matrix can be fabricated by LA of a stratified metal/dielectric nano-composite. We
performed an extensive theoretical investigation to highlight the underline physics of
laser induced sub-surface plasmonic nano-structuring. First, we developed an accurate
semi-analytical model to estimate the photo-thermal processes involved during the LA
of a stratified Ag/AIN multilayer film. Using this model, we calculated the transient
temperature distribution at each point in the multilayer structure. We found that the
temperature spatial distribution strongly depends on the structure parameters like the
metal volume ratio, the total thickness of the multilayer film and the thermal
conductivity of the dielectric. By properly designing these parameters, combined with
tuning the LA conditions (wavelength and fluence) once can arrive at plasmonic
templates with predetermined morphology and optical response.

The latter was depicted in the experiments in which multilayers of alternative
AIN/Ag layers were subjected UV LA (193 nm), leading to a subsurface formation of
plasmonic NPs inside AIN matrix with a localized surface plasmon resonance
responce. The effect of LA on the structural modification and the resulting optical
properties of the films, was investigated as a function of laser fluence under ambient
atmosphere or under a high pressure. We found that a parameter that majorly affects
the annealing process and determines the resulting reconstruction is the thermal
conductivity of the dielectric medium, which provides an interesting route for
tailoring the optical response of such structures.

The aforementioned photo-thermal modeling was performed to investigate the
laser-matter interactions and heat diffusion in the metal/ceramic multilayers upon LA.
The theoretical results covered an extensive range of values in order to present a
generic study for different dielectrics. They revealed the paramount role of the
thermal conductivity of the dielectric as well as of the relative content of the
metal/dielectric components within the multilayer. In particular, low values (a-AIN
and Y,03) lead to a significant temperature gradient across the multilayer structure
resulting into broadband size distributions for the Ag particles. On the contrary, high k
values (such as in the case of w-AIN) lead to a narrower size distribution of Ag
particles within a shallower depth from the film surface. The developed temperature
gradient is strongly affected by nonlinearities in material properties, and is also
affected by the individual layer thickness and in particular the thickness ratio between
Ag and the dielectric in one bilayer: due to the high thermal conductivity of Ag, the
higher the Ag content is, the smaller the temperature gradients are within the film,
even for low values of the dielectric thermal conductivity.
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Furthermore, the optical response of the produced plasmonic nano-composites
can be tuned by the fluence of LA as it is depicted from experimental ORS and
confirmed from FDTD calculations. Specifically, increasing the fluence of the LA
bigger NPs are produced with higher reflectance values and red-shifted LSPRs.

Finally, we demonstrated the cold character of LA by creating plasmonic
templates on flexible polymeric substrates. From the point of view of applications on
optical encoding of information, these examples signify the simplicity, flexibility and
versatility of the proposed engineering approach. An additional feature of the
produced encapsulated plasmonic NP patterns is their capability of providing two
views of the same image with complementary colors in reflection and transmission.

5.4.2 Surface nano-structuring

Functional plasmonic templates consisting of metallic NPs on a substrate can
be fabricated by LA of a thin metal film on the substrate. We performed an extensive
theoretical investigation to highlight the photo-thermal processes involved in laser
induced surface plasmonic nano-structuring. Specifically, we explored templates
consisting of hemi-spherical Ag NPs on Si substrate, for different NPs arrangements
and sizes, for both UV and optical irradiation. We found and identified different
absorption mechanisms which are size selective and enable geometric specificity such
as: a) interband absorption taking place at the UV zone, probing the metal’s internal
d-electrons and b) intraband absorption taking place at the near-UV, and visible zone,
probing the metal’s free electrons at the specific spectral position of LSPR.

Then, we performed heat diffusion simulations combining the absorption
spatial profile found from the optical calculations with the appropriate experimental
laser temporal profile, and resulted into a mapping of the maximum temperature rise
as a function of particle size, laser wavelength and laser fluence. In these maps we
distinguish spectral regions of higher and lower temperature, which can be used to
provide a recipe that allows the design for the modification of NP configuration
towards a pre-designed one. In particular, by sequentially tuning the laser wavelength
into resonance with different physical absorptions, we can selectively target the
melting and re-solidification of different particle size groups. This idea was
implemented in experiments, in which repeated laser treatments targeted different NPs
size groups with different laser wavelengths, and drove the final size distribution. We
termed this process: “Modification of Nanoparticle Arrays by Laser Induced Self
Assembly” (MONA-LISA). Specifically, in the experiments, successive pulses of UV
LA reduced the volume fraction of larger nanoparticles (>50 nm), while VIS LA
further refined the size distributions by reducing the volume fraction of the smaller
nanoparticles (<20 nm). This combined UV and VIS LA treatment provides
unprecedented control on the size distributions and plasmonic behaviour of
nanoparticle arrays of noble metals.
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Chapter 6 General Conclusions

In this thesis we designed and evaluated the optical performance of various
NC metal-dielectric absorbers, as candidates for solar selective coatings in high
temperature applications of parabolic trough collectors. Improving the optical
properties of solar selective coatings and increasing the operating temperature above
the current limits of 400 °C, one can improve the power cycle efficiency and get
reductions in the cost of solar electricity. To do so, we explored different dielectric
NCs consisting of various transparent matrixes (SiO,, AIN, SiC) and metallic
inclusions (Cu, Ni) a characteristic noble metal and transition metal respectively. We
evaluated their performance in terms of total energy efficiency as a function of metal
volume ratio, shape of inclusions, surface roughness and thickness of the NC, in a
wide range of temperatures (400 °C - 1000 °C) and concentration ratios (80-500 suns),
and devised the rules for obtaining NC coatings with high efficiency. Comparing the
two metals we found similar efficiencies. Also, we found that for one of the best
candidate for solar selective coating (low index matrix with low volume filling of Cu
NPs), increasing the operating temperature from the recent limits of 400 °C and 80
suns concentration to 870 °C and 500 suns concentration we get an increese in
efficiency from 0.405 to 0.52 respectively, which means ~30% better performance.
Furthermore, we extensively investigate the spectral selectivity of a TCO material to
be used as a selective coating on the inner glass envelop surface. Such materials are
characterized by high transmittance in the solar spectrum and high reflectance in the
IR spectrum. By free-designing such a coating, we achieve an extra gain between 5-
11% for low index NCs and 9.5-21% for the high index NCs, depending on the
concentration ratio.

Furthermore, we explored how the LSPR traits (electric-field enhancement,
scattering) are modulated depending on the NP shape, which varies depending on the
final NP configuration achieved in a top-down or bottom-up methods, and in
relevance to SERS applications. For simplicity, we examined two “extreme” shapes:
nano-columns as a representative NP shape of top-down methods and spherical nano-
domes, as a representative NP shape of bottom-up methods. We produced detailed
electric field enchantment maps showing that depending on their shape, the frequency
at which maximum field enhancement occurs, varies depending on the location on the
NP surface, pointing towards modulated LSPR oscillations across the NP’s volume.
This results into different maximum electric field enhancement across the NP
occurring at different spectral positions. Thus, the fluorescence and Raman
enhancement will depend on were on the NP’s surface the molecules are adsorbed.
Also, to tune the NP LSPR, we examined the effect of thin dielectric coatings (AIN)
on the MNPs. The response is again found to be dependent on the NP’s shape, and
results compared well to recent experiments.
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Finally, we introduced a modeling and design process for the development
of functional plasmonic templates with pre-determined properties, relevant to the
aforementioned applications and many others. We extensively explored the photo-
thermal processes involved in laser-induced: a) sub-surface and b) surface nano-
structuring. In the first case, laser annealing of a stratified metal-dielectric multilayer
structure, resulted into nano-composites consisting of embedded MNPs inside a
dielectric matrix. In the second case, laser annealing of a thin metal film on a
substrate, resulted on MNPs on a substrate. By tuning the annealing parameters like
laser fluence and wavelength and/or the structure parameters like the thickness of the
metallic film and the volume ratio of the ceramic metal composite, one can arrive at
nano-structures with pre-designed morphology.

In the case of subsurface plasmonic nano-structuring, we developed an
accurate semi-analytical model to estimate the photo-thermal processes involved
during the LA of a stratified Ag/AIN multilayer film. Using this model, we calculated
the temperature spatial distribution across the multilayer structure. We found that
strong temperature gradients are developed across the multilayer structure, which
depend on structure parameters like the metal volume ratio, the total thickness of the
multilayer film and the thermal conductivity of the dielectric. By properly designing
these parameters, combined with the LA conditions (wavelength and fluence) one can
arrive at plasmonic nano-composites with predetermined morphology and optical
response.

In the case of surface plasmonic nano-structuring, we extensively explored
templates consisting of spherical nano-domes of Ag NPs on Si substrate, for different
NPs arrangements and sizes, and irradiation between the UV and optical spectrum.
We identified and utilized different absorption mechanisms, which are size selective,
and thus enable geometric specificity, such as: a) interband absorption taking place in
the UV zone, probing the metal’s internal d-electrons and b) intraband absorption
taking place in the visible zone, probing the metal’s free electrons at the specific
spectral position of LSPR. Then, we performed heat diffusion simulations, and
mapped the maximum temperature rise as a function of particle size, laser wavelength
and laser fluence. In these maps we distinguish spectral regions of higher and lower
temperature, which can be used to provide a recipe that allows the pre-designed
modification of NP configuration. In particular, by sequentially tuning the laser
wavelength into resonance with different physical absorption mechanisms, we can
selectively target the melting and re-solidification of different particle size groups.
This idea was implemented in experiments, in which repeated laser treatments with
different laser wavelengths targeted different NPs size groups, driving the final size
distribution towards the predetermined one. We termed this process: “Modification of
Nanoparticle Arrays by Laser Induced Self Assembly” (MONA-LISA).
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