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Abstract

Plasmonics is a branch of photonics that deals with the interaction between an
electromagnetic field and metals, focusing on the possibility of overcoming the
problems related to the diffraction limit of light. In the recent years novel plasmonic
material, such as semiconductors and transition metal nitrides, have been investigated
to overcome the limitations related to the use of the traditional plasmonic materials,
such as gold and silver.

These novel plasmonic materials have attracted the attention of the researchers for the
possibility of developing a new class of materials called metamaterials (MMs), which
are structures artificially fabricated modulating, at the mesoscopic scale, specific
features, such as density or composition, to obtain properties that cannot be found in
nature. Among these, there is an interesting sub-class for its peculiar optical and
plasmonic properties called hyperbolic metamaterials (HMMs), which are highly
anisotropic structures with relatively simple geometry. The term “hyperbolic” is
referred to the typical shape of the dispersion relation that can be achieved when a
condition of dielectric anisotropy is satisfied. There are two main structures developed
to obtain a hyperbolic behaviour: alternation of sub-wavelength layers of metal and
dielectric or arrays of nanorod placed in a dielectric matrix.

During this project, several hyperbolic multilayers based on titanium nitride (TiN) and
tantalum doped titanium oxide (Ta:TiOz) have been modelled, deposited through
Pulsed Laser Deposition (PLD) and characterized with the objective of understanding
the effects of the deposition temperature, geometry and materials selected on the
optical, electrical and plasmonic properties of the structures.

To model HMMs, the deposition and characterization of reference samples, made of
single layer of TiN and Ta:TiO2 have been necessary to investigate the electrical, optical
and plasmonic properties of the single components of the multilayered structures.

Then two sets of multilayers have been deposited and characterized focusing the
attention firstly on the effect of the order of the layers and of the deposition
temperature on the optical properties of the multilayers, and secondly on the effect of
the materials selected and the thickness of the layers on the plasmonic and optical
properties of the samples.

The effects of the substrate temperature on the deposition of single layers of TiN and
Ta:TiO: has been explored, highlighting the fact that a deposition temperature of 350°C
is enough to promote the development of a stronger metallic behavior in TiN films and
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to promote the crystallization of Ta:TiO: films without needing a post-deposition
thermal treatment. A positive effect of the deposition temperature has been noticed
also for the multilayered structures; indeed, several detachments of the films have
been noticed, after the annealing, only the samples deposited at room temperature.
The hyperbolic behaviour of the different structures has been predicted by means of
simulations, noticing that structures with metallic layers thicker than the dielectric
ones can show a wider range of hyperbolicity. A geometry dependence of the optical
response of multilayers has been observed through simulations and confirmed by
experimental data. In view of the results obtained, possible future perspectives could
lie in the selection of different materials to enlarge the range of wavelengths in which
a hyperbolic behaviour is shown, and in a deeper analysis of the effects of the geometry
on the plasmonic properties of the multilayered structure. Finally, the use of a
substrate heater should be extended to different materials and structures to exploit the
positive effects highlighted during this work.

Key-words: titanium nitride, metamaterials, multilayers, plasmonics, hyperbolic
behviour
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Abstract in Italiano

La plasmonica e una branca della fotonica che si occupa dell'interazione tra un campo
elettromagnetico e i metalli, concentrandosi sulla possibilita di superare i problemi
legati al limite di diffrazione della luce. Negli ultimi anni sono stati studiati nuovi
materiali plasmonici, come i semiconduttori e i nitruri di metalli di transizione, per
superare i limiti legati all'uso dei materiali plasmonici tradizionali, come l'oro e
l'argento.

Questi nuovi materiali plasmonici hanno attirato l'attenzione dei ricercatori per la
possibilita di sviluppare una nuova classe di materiali chiamati metamateriali (MMs),
le quali sono strutture fabbricate artificialmente modulando, alla scala mesoscopica,
caratteristiche specifiche, come la densita o la composizione, per ottenere proprieta che
non si trovano in natura. Tra questi, esiste una sottoclasse interessante per le sue
peculiari proprieta ottiche e plasmoniche, chiamata metamateriali iperbolici (HMMs),
che sono strutture altamente anisotrope con una geometria relativamente semplice. I
termine "iperbolico" si riferisce alla tipica forma della relazione di dispersione che si
puo ottenere quando e soddisfatta una condizione di anisotropia dielettrica. Esistono
due strutture principali sviluppate per ottenere un comportamento iperbolico:
l'alternanza di strati di metallo e dielettrico di spessore inferiore alla lunghezza d'onda
o un’ordinata disposizione di nanofili posti in una matrice dielettrica.

Nel corso di questo progetto, sono stati modellati diversi multistrati iperbolici basati
su nitruro di titanio (TiN) e ossido di titanio drogato con tantalio (Ta:TiO:), depositati
mediante deposizione laser pulsata (PLD) e caratterizzati con I'obiettivo di
comprendere gli effetti della temperatura di deposizione, della geometria e dei
materiali scelti sulle proprieta ottiche, elettriche e plasmoniche delle strutture.

Per modellare gli HMMSs, la deposizione e la caratterizzazione di campioni di
riferimento, costituiti da singoli strati di TiN e Ta:TiO2, sono state necessarie per
studiare le proprieta elettriche, ottiche e plasmoniche dei singoli componenti delle
strutture multistrato.

Sono stati poi depositati e caratterizzati due set di multistrati, concentrando
l'attenzione in primo luogo sull'effetto dell'ordine degli strati e della temperatura di
deposizione sulle proprieta ottiche dei multistrati, e in secondo luogo sull'effetto dei
materiali selezionati e dello spessore degli strati sulle proprieta plasmoniche e ottiche
dei campioni.

Sono stati esplorati gli effetti della temperatura del substrato sulla deposizione di
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singoli strati di TiN e Ta:TiO2, evidenziando che una temperatura di deposizione di
350°C ¢ sufficiente a promuovere lo sviluppo di un comportamento metallico piu
marcato nei film di TiN e a favorire la cristallizzazione dei film di Ta:TiO: senza
bisogno di un trattamento termico post-deposizione. Un effetto positivo della
temperatura di deposizione e stato notato anche per le strutture multistrato; infatti,
sono stati notati diversi distacchi dei film, dopo la ricottura, solo nei campioni
depositati a temperatura ambiente. Il comportamento iperbolico delle diverse
strutture e stato previsto mediante simulazioni, notando che le strutture con strati
metallici piu spessi di quelli dielettrici possono mostrare una gamma piu ampia di
iperbolicita. Una dipendenza della risposta ottica dei multistrati dalla geometria e
stata osservata attraverso le simulazioni e confermata dai dati sperimentali. Alla luce
dei risultati ottenuti, le possibili prospettive future potrebbero risiedere nella selezione
di materiali diversi per ampliare la gamma di lunghezze d'onda in cui si manifesta un
comportamento iperbolico e in un'analisi pit approfondita degli effetti della geometria
sulle proprieta plasmoniche della struttura multistrato. Infine, I'uso di un riscaldatore
di substrato dovrebbe essere esteso a diversi materiali e strutture per sfruttare gli
effetti positivi evidenziati in questo lavoro.

Parole chiave: nitruro di titanio, metamateriali, strutture multistrato, plasmonica,
comportamento iperbolico.
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Introduction

Plasmonics is a branch of photonics that deals with the interaction between an
electromagnetic field and metals, focusing on the possibility of overcoming the
problems related to the diffraction limit of light [1]. The research in this field started in
the 1950s after the discovery of the surface plasmon polaritons (SPPs). During the
following decades, plasmonics became more and more of interest due to some
discoveries, such as surface-enhanced Raman spectroscopy (SERS). Nowadays, the
research on plasmonics is focused on the overcoming of the typical limitations of
electronics and photonics, such as losses and diffraction limit.

The plasmonic devices that are intended to overcome these limitations are based on
the excitation of sub-wavelengths modes due to the coupling between photons and
free electrons. A peculiar feature of these modes is their dependence on the geometry
of the device. Indeed, in presence of a metal-dielectric interface, the oscillations called
surface plasmon polaritons (SPPs) are confined in a region close to the interface and
exponentially decaying fields are established in both materials. While, in presence of
metal nanoparticles (NPs), the modes, called localized surface plasmon resonances, are
confined only inside the NPs. It is possible to identify two common effects related to
the excitation of plasmon resonances: the intensification of the electromagnetic field in
a region close to the metal-dielectric interface (SPPs) or to the metal nanoparticle
surface (LSPR) and the subwavelength confinement of light[1]. Exploiting these effects
could be of interest for many applications, such as photovoltaic, photocatalysis,
sensing, surface enhanced Raman scattering and in general for application in the
optoelectronics field.

The most common materials used for the development of plasmonic devices are noble
metals, in particular gold and silver, because of their large electrical conductivity and
small ohmic losses. On the other hand, these materials are characterized by several
drawbacks, such as large optical losses (quite large values of the imaginary part of the
dielectric function), low thermal and chemical stability, low compatibility with the
conventional fabrication processes (problems related to the high percolation
threshold) low tunability of optical and electrical properties (the carrier concentration
is already large even without doping). For the reasons, the research on new noble-
metal-free plasmonic materials became fundamental.

One of the most interesting categories of noble-metal-free plasmonic materials is
semiconductors, such as transparent conductive oxides (TCOs). The most important
feature of this type of materials is the versatility. Indeed, their properties can be easily



tuned through doping, obtaining several materials with different characteristics that
can be adapted for various applications [2].

Another important alternative plasmonic material, titanium nitride (TiN), that belongs
to the class of transition metal nitrides, is considered one of the most promising
alternative plasmonic material [3] because of its good optical (relatively small negative
dielectric permittivity and low interband losses) and electrical properties (relatively
high electron conductivity and mobility), good chemical and thermal stability, high
hardness and low friction coefficient and for its good compatibility with standard
silicon manufacturing processes (CMOS).

These novel plasmonic materials have attracted the attention of the researchers for the
possibility of developing a new class of materials called metamaterials (MMs), that are
characterized by structures and properties never found in nature. In the first years of
the 21t century, researchers have been interested in the development of metamaterials
that can exhibit negative refractive index and negative electric permittivity to obtain
the phenomenon of negative refraction. Since the high complexity of the structures
required for this purpose, the research has shifted towards the development of simpler
geometries that are characterized by tuneable optical properties, such as hyperbolic
metamaterials [4]. HMMs are highly anisotropic structures with relatively simple
geometry. The term “hyperbolic” is referred to the typical shape of the dispersion
relation that can be achieved when one of the principal components of the electric or
magnetic effective tensor has opposite sign with respect to the other two components.
As aresult, the material behaves as a metal (¢<0) along one direction and as a dielectric
(e>0) in the other one. An important effect related to this new shape of the dispersion
relation consists in the possibility of having propagation of high-wavevector modes,
that are typically forbidden in isotropic structures, making these materials interesting
for several applications, such as high-resolution imaging and lithography, or thermal
and spontaneous emission engineering [4]. The range of wavelengths in which the
structure assumes a hyperbolic behaviour is strongly affected by the materials selected
for the development of HMMs. Indeed, transition metal nitrides and transparent
conductive oxides can be used as plasmonic building blocks to promote the
development of a hyperbolic behaviour in the near-infrared (NIR) range, while III-V
doped semiconductors, SiC and graphene favour this behaviour in the far-infrared
range.

In the recent years, several structures based on TiN have been developed and studied
proving that the multilayers or the superlattices can be considered more promising for
future applications than the nanorod arrays. Nowadays, a deep understanding of the
tunability of the optical and plasmonic properties of TiN-based multilayered
structures has not been already reached.

Hence, this master thesis project has been carried out with the aim of developing and
characterizing multilayers based on TiN and Ta:TiO: to investigate the effect of the



geometry (varying the number and the order of the layers), of the materials selected
(changing the deposition condition for TiN and the content of tantalum for Ta:TiOz)
and the deposition temperature (using a substrate heater) on the optical, electrical and
plasmonic properties of the multilayered structures. The choice of Ta:TiO: as a
component of multilayered metamaterial structure represents a novelty and could be
interesting for its peculiar plasmonic properties. Indeed, Ta:TiO2 can behave as a metal
in the IR because of its plasma frequency that is around 4100 nm, leading to the
obtainment of a metamaterial multilayer with optical and plasmonic properties never
explored.

The deposition of the samples has been performed by means of Pulsed Laser
Deposition (PLD). The main deposition parameters, such as laser fluence, target-
substrate distance, atmosphere and pressure have been retrieved from previous works
carried out by the Nanolab research group. A thermal treatment has been performed
on all the multilayers produced.

The morphology and the stoichiometry of the films deposited have been investigated
by means of Scanning Electron Microscopy (SEM), Energy Dispersive X-ray
Spectroscopy (EDXS) and Raman spectroscopy. The optical properties of the samples
have been analyzed through UV-Vis-NIR spectroscopy and ellipsometry. Finally,
electrical measurements have been performed by means of the four-probe Van der
Pauw method.

The thesis is divided into five chapters and the principal contents are listed below:

* In Chapter 1, theoretical basis of plasmonics are presented in addition with a
description of the principal phenomena of plasmonic resonances (SPPs and
LSPR). A review on the traditional and alternative plasmonic materials in
proposed, with particular attention to titanium nitride (TiN) and tantalum
doped titanium oxide (Ta:TiO:2). Moreover, metamaterials (MMs) and in
particular hyperbolic metamaterials, with their principal applications, are
described. Finally, the goals of this thesis are declared.

* In Chapter 2, the experimental techniques adopted during this project are
presented starting with the Pulsed Laser Deposition (PLD), adopted for the
deposition of the sample. Then the ones employed for the characterization of
specimens are described.

* In Chapter 3, the deposition parameters of the reference samples, composed by
a single layer of TiN or Ta:TiO, are presented. Then, the experimental results
obtained during the characterization of the specimens are proposed, analysed,
and commented.

* In Chapter 4, the deposition parameters of the multilayered structures, made of
TiN and Ta:TiO, are described. Then the experimental results obtained during
the characterization are presented and commented, focusing on the simulations



performed to assess the hyperbolic behaviour of the structures and the
geometry dependence of the optical response of the multilayers.

* In Chapter 5, a summary of the results obtained during the project is proposed
and some possible future perspectives are introduced.

During this master thesis project, the process of deposition through PLD has been
carried out by me at the Nanolab laboratory in Milan. I performed the
characterization of the morphology and stoichiometry by means of SEM and
Raman spectroscopy, and of the electrical properties through the four-probe Van
der Pauw method, using the apparatus present at the Nanolab laboratory. The
optical properties of the samples have been investigated by Dr. C. Mancarella at
the Center for Nanoscience and Technology (CNST) of the Italian Institute of
Technology (IIT) in Milan.



1 Plasmonics fundamentals, plasmonic
materials and applications

In chapter 1, fundamentals of plasmonics are described, and a review of traditional
and alternative plasmonic materials with their limitations and advantages is
presented, with a focus on the materials studied in this thesis. After that, the possible
applications of these materials are described. Finally, the objectives of this thesis
project are explained.

1.1. Fundamentals of plasmonics

Plasmonics is a branch of photonics that deals with the interaction between an
electromagnetic field and metals, focusing on the possibility of overcoming the
problems related to the diffraction limit of light [1].

Since the high density of free carriers leads to a small spacing of the electron energy
levels compared to the thermal excitation energy (ksT) at room temperature, it is
possible to describe the interaction between metals and electric fields using a classical
approach based on Maxwell’s equations of electromagnetism [1]:

V-D = p,

oB
VXE+—=0,
ot

V-B =0,
VX H 6D_
ot =J

where o represent the charge volume density, J is the current density, E and H
represent the macroscopic electric and magnetic field, D stands for the electric
displacement and B is the magnetic induction and are described by the following
equations:

D = €0E+P
B = po(H+ M)

where P represents the polarization or volume density of electric dipoles, M stands for
the magnetization or volume density of magnetic dipoles, while & and po are
respectively named the electric permittivity and the magnetic permeability of vacuum.

In case of a linear, isotropic, and nonmagnetic media, the two previous equations can
be simplified to [1]:

D = €0£E



B = pouH
where ¢ is the dielectric constant of the medium and p is the relative permeability of

the non-magnetic medium.

It is possible to obtain a different expression for the polarization P rearranging the
previous equations (for a more detailed description see [1]) and introducing a new
quantity, the electric susceptibility ¥.

P = g xE

e=1+y
To proceed with this description, it is fundamental to recall the Ohm’s law, a
constitutive linear relationship that highlights the direct proportionality between the
applied electric field and the current density produced:

J = oF

where o is the conductivity of the medium.

Finally, it is possible to introduce a crucial optical property, the refractive index N, that
can be expressed by the following equation:

N(w) = {&(w)

Since the dielectric permittivity ¢ is a frequency dependent function [1], also N
depends on the frequency w. Seeing that the dielectric permittivity function &(w) is
complex, also the function that describes the refractive index is complex:

N =n+ik
where the real part describes the phenomena of dispersion and propagation, while the

imaginary part describes the phenomenon of absorption.

Adopting two different models, Lorentz and Drude ones respectively, it is possible to
derive an analytical expression for the dielectric function &(w). In case of a dielectric
material, the Lorentz model is more suitable, and it can be used to derive the following
equations:

t(w) = g(w) —ig(w)
Ne?
mey

(w5 — w?) —iyw

e(w)=1+

where w is the frequency of the electric field, N is the electron density, m is the electron
mass, wo represents the natural frequency of the system, that describes the transition
between two subsequent vibrational energy levels, and vy is the coefficient of damping
that is related to the scattering phenomena of the system, and it is expressed as the
inverse of the relaxation time.



Knowing 1 and ¢, it is possible to derive the real and imaginary part of the refractive
index through the following expressions [1]:

g =n? — k?

&, = 2nk
&g 1
n2=7+5 812+€22
&2
k==
2n

where k is also called the extinction coefficient and determines the absorption of an
electromagnetic field that passes through the medium.

Lorentz model

Re(e) ——Imie)

Frequency (PHz)

Figure 1.1 Schematic representation of the trend of complex dielectric function according to
Lorentz model.

If the system is characterized by one Lorentz oscillator, it is possible to represent
graphically (Figure 1.1) the trend of the dielectric function versus the frequency. An
anomalous dispersion region is noticeable, and its width is related to the value of the
damping factor y. The graph of the imaginary part is centred on the natural frequency
wo, representing the value at which the phenomenon of absorption is predominant.

In case of a system characterized by many natural frequencies, it is necessary to
introduce a more general formula:

Ne?
ffmeo
(w)=1+ E >
‘Uo] —w* +iyw

where j are the Lorentz oscillators, characterized by a proper oscillator strength fj, a
damping coefficient yjand natural frequency wj.

Considering a metal, the Drude model can be used to describe its optical properties.
The result is similar to the one discussed before, but now the natural frequency wois
equal to zero, meaning that the electrons are not considered anymore bounded to the



nuclei. In reality, metals and dielectrics are more complex and so these models are not
capable of describing precisely their optical behaviour. To overcome this problem, it is
needed to make some corrections and to combine the two models.

1.1.1. Plasmonic resonances

Before proceeding with the analysis of the optical response of a material, it is necessary
to introduce a new quantity that is present in the previous expressions of the dielectric
function [1]. This quantity is called plasma frequency wp and it is expressed by the
following equation:

Ne?
w, = |[—
me,

It is possible to attribute a physical meaning to this value of frequency because it
corresponds to the characteristic frequency of collective oscillation of conduction
electrons with the respect to the fixed positive ions.

According to the expression of wy, it is possible to state that the optical behaviour of a
material can be tuned modifying the mass m of the electrons or, for example in case of
semiconductors, increasing the carrier concentration through a process of doping.

This expression is valid only for a free electron gas, while if the effect of the potential
related to the presence of the positive ions is considered, a new quantity called
unscreened plasma frequency wpu needs to be introduced, and it is expressed by the
following equation:

Ne?
ggm”*

where m" is the effective mass of the electrons, which takes in account the contribution
of the potential of the lattice.

Depending on the region of the material in which plasmonic excitation and
propagation occurs, it is possible to distinguish two main cases:

* the bulk or volume plasmons
" the surface plasmons

The last class can be further divided in two subclasses depending on the dimensions
of the material considered.

1.1.1.1. Bulk plasmon

It is possible to substitute the value of the frequency of plasma inside the dielectric
function derived using a combination of Drude and Lorentz model, obtaining the
following expression:
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e(w) =1 ———2

2 2
w w
—Lr _=1-—— i 2
w? + iyw w?+y? w(w?+y?)

Since the damping coefficient is inversely proportional to the average collision time (t
= 10U4s), vy is in the order of 10* s and so can be neglected, obtaining the following
expression:

(1)2
slw)y=1 —w—zz’

Analysing this expression, it is possible to notice that when frequency of the incident
electric field is equal to the plasma frequency the dielectric function is equal to zero. If
e =0, also the refractive index N is null.

The refractive index N is related to the phase velocity of the electrons through the
following expression:

Cc
N =

vphase

Hence, if N = 0 so the phase velocity tends to infinity. The phase velocity is linked to
the wavelength of the electron through the wavevector:

w wA
v = == —
phase k 21T

If vphase tends to infinite, also the wavelength A tends to infinite. This implies that the
electrons are oscillating all together collectively with the same phase at a frequency
equal to wp. The quanta of oscillation of free electrons in a metal at the plasma
frequency are called plasmons. It is possible to define it as a bulk plasmon when the
material considered is not dimensionally limited.

The justification of this excitation can be found in the fact that an incident electric field
provokes the displacement of the free charges present in material (Figure 1.2). Between
the charges, a restoring force is created to restore the original unpolarized condition,
leading the establishment of free charges oscillation.

Qg

U +4 4t bd bbbttt trtttibrddrt 3

o=+neu

Figure 1.2 Longitudinal collective oscillations of the conduction electrons of a metal [1].



10

Combining the wave equation for the electric field with the simplified expression of
the dielectric function [1], it is possible to derive the dispersion relation of a free

w = /a)g + c2k?

plasma dispersion

electron gas:

. light line

Frequency o/,

0 : 1
Wavevector Kc/m,
Figure 1.3 The dispersion relation of the free electron gas. Electromagnetic wave propagation
is allowed only when w is larger than wp [1].

1.1.1.2. Surface Plasmon Polaritons (SPPs)

Surface Plasmon Polaritons (SPPs) are electromagnetic excitations propagating at the
interface between a dielectric and a conductor, evanescently confined in the
perpendicular direction [1]. The electromagnetic surface waves are excited by the
coupling between the incident electromagnetic field and the oscillating electrons of the
metal.

As represented in Figure 1.4, the main features of SPPs are: the intensification of the
electric field in the proximity of the metal-dielectric interface; the confinement of the
surface wave along the normal direction with the respect to the interface; the
wavelength dependency of the width of the confinement region. These characteristics
can be relevant for several innovative applications, such as confinement of light below
the diffraction limit [5].

Dielectric
- - »
-

»
Yy
M
-
oI
rt——
|

> > - »

» - »

Metal
(a) (b)

L 2 e a4 R o T T et s i 1

Figure 1.4 Schematic representation of the propagation of SPPs along the metal-dielectric
interface; (b) representation of the increase in the electric field in the proximity of the
interface during the propagation of SPPs[5].
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Applying Maxwell’s equations to the flat metal-dielectric interface, it is possible to
retrieve expressions that link the different components of the wavevectors and the
dielectric functions of the metal and dielectric:

where z and x represent the two different directions of propagation, as shown in
Figure 1.5; d and m stand for dielectric and metal.

Z
Dielectric

Metal

Figure 1.5 Schematic representation of the geometry of propagation of SPPs along the
interface [1].

Since kzm and kza have opposite sign, also the product between &m and &4 is negative.
In general, for frequency below the plasma frequency the metal has a negative
dielectric function (em).

To have propagation along the direction X, the values of wavevectors must be real.
Hence, the argument of the square root must be positive. Since eém - €4 <0, also em + €4
must be negative [1].

Analysing the expression of the wavevector along the x direction, it is noticeable that
when &m = - &4 the values of k tend to infinite. This happens at a specific value of
resonance frequency called surface plasmon frequency ws and it is defined by the
following equation:

Wp

J1+¢e4

The dispersion relation of SPPs and Radiative Plasmon Polaritons (or bulk plasmon)
can be represented graphically, highlighting the presence of three different regions
(Figure 1.6):

" @ <wsp, only SPPs are allowed, and they can propagate in confined region in
proximity to the metal-dielectric interface with an intensity that decays
exponentially.
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" wsp < < wp, nomode is allowed leading to the formation of a forbidden
region.
" > wp, only radiative plasmon polaritons are allowed.
For SPPs, it is possible to define a length, called propagation length, at which the
intensity is decreased by a factor of 1/e through the following equation:

1

b= Simtey

The values of L« are different depending on the type of material: for metals is in the
order of tenths of nanometres, while for dielectrics is in the order of hundreds of
nanometfres.

12 L L L

cm

Frequency (w/c in

0 5 10 15 20 25 30
Wavevector (kin cm™' x10 )

Figure 1.6 Schematic representation of the theoretical dispersion relation of SPPs and
radiative plasmon polaritons [6]

The previous representation (Figure 1.6) is valid for ideal metal described by Drude
model. In a real metal, the contribution of losses must be considered. Hence, the
value of wavevector k cannot tend to infinite for frequencies close to the surface
plasmon frequency, but it reaches a maximum value kmax (Figure 1.7) [1].

10

silica

Frequency m [1015 Hz]

0 2 4 6 8
Wave vector Re{ }[107 m™]

Figure 1.7 Dispersion relation at silver-air and silver-silica interface [1]
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Figure 1.8 Representation of the dispersion relation of SPPs and light line in air [1].

To promote the excitation of SPPs a phase matching condition must be satisfied. In
particular, the projection of the incident exciting photon must be equal to the x-
component of the surface plasmon wavevector (kx= kxspps).

As shown in Figure 1.8, the light line of air does not cross the dispersion relation of
SPPs. Hence, a direct excitation of SPPs using a light beam coming from the air is not
possible [5].

There exist different solutions that can be adopted to satisfy the phase matching
condition, the most used are the following:

*  Prism coupling, in which the light passes through a prism (Figure 1.9) made of a
dielectric material characterized by a refractive index larger than the air one. In

this way, the slope of the light line decreases leading to an interception with the
dispersion relation of SPPs.

Figure 1.9 Schematic representation of the prism coupling technique. It can be perfomed
adopting two different configurations: Kretschmann (left) and Otto (right) [1].

»  Grating coupling, in which a grating of grooves or holes (Figure 1.10), patterned
upon the metal surface, is used to favour the phase matching condition through
diffraction of the imping photon.

Figure 1.10 Schematic representation of the grating coupling method [1].



14

* Near-field excitation, in which, using scanning near-field optical microscopes
probes that emit light from a subwavelength aperture (Figure 1.11), it is
possible to promote a local SPPs exciton instead over a macroscopic area as in
the case of prism coupling.

fiber tip

a

metal

Figure 1.11 Schematic representation of a local SPPs excitation using near-field illumination
with a sub-wavelength aperture [1].

Finally, considering a multilayered structure, the number of metal-dielectric interfaces
increases. The study of this structure could be interesting because, if the thickness of
the layers is lower than the propagation length Ly, it is possible to have coupling
between different SPPs that are excited at different interfaces.

The efficiency of plasmonic resonances can be evaluated introducing a quality factor
Qy, that is defined as the ratio between the enhanced electromagnetic field and the
incident one [7].

Enhanced local field
'™ Incident field
The quality factor for SPPs can be defined as the ratio between the real part of kx (ki(w))

and its imaginary part (kz(w)) [8]

_ki(w)
k2 (w)
If the absolute value of the real part of the dielectric function of the metal is much

larger than the real part of the dielectric function of the dielectric medium (| eim[>> €14),
the previous expression can be simplified to:

0 _ im(w)

,SPPs =

! ’ €2m (w)

As discussed before, the propagation of SPPs is controlled by two main parameters:

propagation length and confinement width. A compromise between these two
concepts is needed because the larger is the propagation length, the lower is the

Qr

confinement width and vice versa [9].
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1.1.1.3. Localized Surface Plasmon Resonance (LSPR)

Localized Surface Plasmon Resonance is a non-propagating excitation caused by the
coupling of the incident electromagnetic field and the conduction electrons of a
nanostructured system [1].

Electromagnetic field

Figure 1.12 Schematic representation of LSPR [2].

The interaction between the light and surface electrons provokes the localized plasmon
excitation (Figure 1.12), characterized by a resonant frequency that is related to the
composition, size and geometry of the nanoparticles [10] Since the dimensions of the
interacting particle are much smaller than the wavelength of the imping photon, the
physics of the interaction can be described through the quasi-static approximation.
According to this theory, the phase of the oscillating incident field is considered
constant over the volume of the particle [1].

@

Eo

z
e(w)

€m

Figure 1.13 Schematic representation of a nanoparticles located at the origin of an external
electric field.

Adopting an electrostatic approach, it is possible to retrieve a solution of the Laplace
equation for the potential (V2¢=0) that can be used to the define the electric field

through the following expression:
E=-Vo¢
Proceeding with the description (for a more detailed analysis see [1]), a relationship
between the dipole moment p and the electric field Eo can be derived:
E— &y,

= 4meye,,a® ——E
p 0Fm® e 4 2g, 0

where a is the radius of the nanoparticle; ¢ is the dielectric permittivity of the particle
that describes its interaction with the electric field; em is the dielectric permittivity of
the medium that contains the nanoparticle, as shown in Figure 1.13.
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The electric field and the dipole moment are linked also through the following
expression:

P = &emaEy
where a is the polarizability and it is equal to:
E— &y

a = 4nad® ———
e+ 2ep,

From this last expression, it is evident that the polarizability experiences a resonant
increase when the denominator is equal to zero (¢ = -2em). This relationship can be
simplified to the Frohlich condition:

Re [e(w)] = —2¢,

The Frohlich condition is satisfied at specific value of frequency, called localized
surface plasmon resonance frequency wtser:

Wy

w = ———
R ¥ 28,

As is noticeable from the last expression, the wisr depends on the material of the
nanoparticle through wp and on the surrounding environment through &m.

From an optical point of view, the resonant increase of the polarizability a is related to
the increase in the scattering and absorption efficiency of the nanoparticle. The
enhancement of the efficiency can be evaluated using the following expressions for the
scattering and absorption cross section:

k* 8m

Csca = alalz = ?k4a6

E—&m |?

e+ 2¢ey,

Caps = kIm|a] = 4nka3Im [ﬂ]

e+ 2¢,
In case of small particles (a << A), the cross section for the scattering is much lower than
the one for the absorption. Analysing the expressions presented is possible to notice
that the Frolich condition is not dependent on the size of the nanoparticles, but
proceeding with a more accurate description, introducing the concepts of scattering
and absorption efficiency, the resonant increase in the polarizability becomes strictly
related to the dimensions of NPs.

The efficiency of LSPR excitation can be assessed in the same way as for SPPs,
introducing the concept of quality factor Q.

The quality factor for LSPR can be expressed as the ratio between the real part and
imaginary part of the complex dielectric function:

QfLspr = &
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Since, in case of nanoparticles, the shape can affect the dielectric function also the
quality factor results to be influenced by the geometry of NPs [7].

In case of too large or too small NPs, the quasi-static approximation described in the
previous section is not valid anymore. Now the Mie theory [1] is used to describe
scattering, absorption, and extinction efficiencies of NPs. The latter is a parameter used
to quantify the ability of a particle to attenuate a radiation [11], while the former is
adopted to evaluate the efficiency for far field enhancement applications.

The characteristic enhancement of the electric field related to the excitation of LSPR
can be used to produce sensors with a resolution that can be in the order of a single
molecule [10], [12], [13]. Other main features of LSPR can be exploited to produce
advanced photovoltaic [14] and photocatalytic [15] systems, Surface Enhanced Raman
Scattering (SERS) [10], [12], [16], and waveguides with a significant reduction of the
losses [10], [12].

1.2. Traditional plasmonic materials

The most common plasmonic materials are noble metals, in particular gold and silver.
They are widely used for plasmonic applications because of their large electrical
conductivity and small ohmic losses. But these materials are also characterized by
some drawbacks that can limit their applications.

The dielectric function describes the optical response of a material in presence of an
electromagnetic field. The imaginary part €2 can be used to describe optical losses that
can be related to the extension of the plasmonic field to wavelengths that do not belong
to the visible regime, and to the presence of defects in the crystalline structure of the
material. It possible to define three different contributions to optical losses: intra-band
transitions occurring in the infrared range; inter-band transitions that occur at UV-Vis
wavelengths and scattering that is related to the presence of defects inside the material.

In case of noble metals, the value of ¢ arises when an electron is excited from the
valence band to the conduction band because of the absorption of a photon. The larger
is &2, the lower is the characteristic enhancement of the electric field exploitable for
specific applications [17].

In addition, noble metals are characterized by large negative values of e1. Hence, it is
more difficult to satisfy the phase matching condition to promote the excitation of
SPPs.

Another limitation lies in the fabrication process because the deposition of thin films
made of noble metals present problems related to the high percolation threshold [17].

Since the carrier concentration of noble metals is already large, the optical properties
cannot be tuned through doping. Moreover, they are characterized by reactivity in
presence of oxygen and humidity leading to a possible depletion of optical properties.
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1.3. Innovative plasmonic materials

For the reasons described above, the research on new noble metal-free plasmonic
materials became fundamental. One of the most interesting categories of materials that
can overcome the problems just mentioned is semiconductors. The most important
feature of this type of materials is the versatility. Indeed, their properties can be easily
tuned through doping, obtaining several materials with different characteristics that
can be adapted for various applications [2].

Because of what have just been described, plasmonic semiconductors can be adopted
for several applications, such as photovoltaics, bioscience, and integrated photonics

[2].
Another advantage of using plasmonic semiconductors lies in their higher chemical

and physical stability. In addition, they can be easily deposited through physical or
chemical techniques without the development of structural e morphological problems.

According to the Drude model described above, it is noticeable that the values of &:
and &2 can be controlled acting on wp. In particular, the plasma frequency increases
with the charge carrier density, that is controllable with doping [18]. Hence, it is
necessary to reach a compromise between the required electrical and optical properties
for the plasmonic applications.

The most common classes of plasmonic semiconductor are: conductive metal oxides
(CMOs); refractory nitrides; III-V semiconductors; 2D materials; transition metal
oxides (TMOs) [2]. In the following sections, a more detailed description of a case of
refractory nitrides (TiN) and conductive metal oxides (Ta:TiOz) is presented because
they have been deposited during this thesis project.

1.3.1. Titanium nitride (TiN)

Titanium nitride (TiN) is a non-stoichiometric refractory material compound.
Titanium belongs to the class of transition metals of the fourth group of the periodic
table of elements [19]. Indeed, it has four valence electrons, its configuration is 3d? 4s?
and can form bonds with nitrogen (with a valence electronic configuration equal to 2s?
2p?). TiN can be present in different phases, such as TisNs or Ti2N, but the most stable
one is the cubic rocksalt B1-TiN structure, named 0-TiN [19].

The main characteristics of this material are: gold-yellow like appearance; high
hardness [20]; good thermal stability with a melting temperature of 2930°C for the o-
phase; good electrical conductivity; good abrasion resistance and low friction
coefficient; it is biocompatible and non-toxic [19].

The several properties of TiN allow its adoption for several applications, such as
protective coatings and cutting tools, or for biomedical purposes. Due to its
compatibility with CMOS technology, TiN can be used also as diffusion barrier layer,
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while, thanks to its good electrical conductivity, it can be used as contacts in the
electronic industry.

The most important application for the objectives of this work is the one related to the
plasmonic field. This compound can offer a good plasmonic response in the visible
and NIR regime, with optical properties easily tuneable controlling its stoichiometry
[3]. In addition, titanium nitride can be deposited in thin films using chemical or
physical vapour deposition techniques without significant problems.

In the following subsections the main properties of TiN, investigated during this work,
are presented.

1.3.1.1. Optical properties and electrical properties of titanium nitride (TiN)

The optical properties of d-TiN, fundamental for its plasmonic applications, can be
investigated through ellipsometry and spectral reflectivity measurements [19]. As
described more precisely in the following chapter, spectroscopic ellipsometry is
performed to retrieve the dielectric function of the material, analysing and modelling
its response to an incident electromagnetic field characterized by a specific angle of
incidence and polarization.

The optical properties of TiN can be analysed studying the electron density of state
(DOS), represented in Figure 1.14, where the zero represents the Fermi energy Er. It is
possible to divide the graph in two different regions:

* -3eV<E<0eV, where Ti-d electrons are present in a large quantity. The onse
that are not responsible for the formation of bonds with N-p electron can
contribute to the electrical conductivity of the material.

* -8eV<E<-3eV, where a strong ibridization between Ti-3d and N-2p
electrons is well established. In the graph, two distinct transitions are
indicated (Eo: and Ew) representing inter-band transitions that can occur in
accordance with the selection rules for photonic excitation.

Shi— Total N-s

spl =" Tf—d (e,) Ti-p
—Tid (t,) Ti-s
25F ——N-p
Eo.

EDOS (states/eV spin)
5 & o

o
o
T

o
3. 8

Energy (eV)

Figure 1.14 Schematic representation of DOS of TiN, in which the peaks representing the
inter-band transition are highlighted by the red circles, and where 0 stands for the Fermi
energy value
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The most important quantity that can describe the optical response of a material is the
complex dielectric function. To produce a good optical conductor in a determined
frequency range, the real part &1 must assume negative values, while &2 must be as low
as possible [19]

Recalling the Drude and Lorentz model described before, it is possible to derive an
expression that describes the complex dielectric function for titanium nitride (TiN) that
considers inter- and intra-band transitions:

m
2 2
_ Wpu fjwa,
g(w)_eoo_wz—il“w-l_ s —w?+iy;
PO Lt i — w? + Yo

where ¢-is a positive background constant that considers all the possible high energy
transition. The second term of the expression represent the contribution of the Drude
model, where wpu stands for the unscreened plasma frequency and I'v for the damping
coefficient. The last term describes the presence of j Lorentz oscillators that contribute
to the total dielectric function of the material. In this term, wo represents the natural
resonance frequency of the single Lorentz oscillator. In the analysis of the dielectric
function of TiN, two different Lorentz oscillators are considered, to consider the two
transitions discussed above.

Since wpu is directly linked to the density of free electrons, it can be used to have
indication about the metallicity of the compound [19]. In the case of TiN, the
unscreened plasma energy Epu (Epu=hawpu) can assume values from 2 eV to 2.95 eV [19].
This parameter can be also used as index for the stoichiometry of the compound and
its value for a perfectly stoichiometric TiN is equal to 2.65 eV. In particular, the
unscreened plasma frequency of titanium decreases when the content of nitrogen
increases. This phenomenon is related to the decrease in the free electron density due
to the lower content of titanium.

As mentioned before, the optical properties of a material can be also investigated by
means of reflectivity measurements. In general, looking at the results of the
measurement it is possible to retrieve information about the unscreened plasma
frequency of the material in the point in which the reflectance reaches its minimum. In
particular, a blue-shift of the position of the minimum of reflectance suggests an
increase in the plasma frequency, while a red-shift suggests a decrease in the plasma
frequency.

For wavelength higher than the unscreened plasma one, TiN is characterized by a large
value of reflectance. This is in accordance with what have been described before,
indeed it assumes a metallic behaviour for frequencies lower than the unscreened
plasma one.
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Figure 1.15 Reflectance curves of TiN films deposited with different oxygen flows, where the
minimum are highlighted by the green circle [21].

Concerning the electrical properties, it is possible to define a relationship between the
damping term and the electron average relaxation time, since I'v is directly related to
the phenomenon of electron scattering [19]:

B h
— Ip(eV)

where h is the reduced Planck constant.

Tp

Both the unscreened plasma frequency and damping coefficient are directly linked to
the resistivity of the material through the following relationships:

A4n I  00m
P=T (U;Zm TpNe?

According to the previous expression, wpu can be used as an index of the metallic
behaviour of TiN through the value of the resistivity o and the value of the damping
coefficient I'v. In case of titanium nitride, 0 can assume values from 10 to 600 uQcm
[8]. The electrical conductivity of TiN is based on the partially filled valence orbitals
(Ti-3d) that are completely hybridized with the orbitals of the nitrogen (N-2p) [22].

Summarizing what have been just described, the optical and electrical properties of
TiN can be tuned controlling the composition of the compound. In addition, the
quality of the material (i.e. impurities and porosity) can affect the mean free path of
the electrons and so also the resistivity.

1.3.1.2. Reflectance of titanium nitride (TiN)

The complex refractive index can be used to evaluate the reflectance of a material in
normal incidence condition through the following expression:
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(=12 +k?
~ (n+1)%+k?

here n and k are the real and imaginary part of the refractive index, respectively.

Several measurements of TiN reflectance have been performed by different authors
[19], [21], obtaining the results shown in Figure 1.16 and 1.17.

Observing the results, it is possible to notice a minimum in the reflectance in
correspondence to a specific value of frequency. This value is the plasma frequency
characteristic of the material. Indeed, below this value the value of reflectance is
significantly high meaning that the material behaves as a metal.

(a) 80 ®) 20 T + T

»Inm s inm

Figure 1.16 Plot of reflectance (a) and transmittance (b) of TiN deposited with different flows
of oxygen [21].

The position of the minimum of reflectance is around 400 nm and it undergoes a
redshift in presence of a reduction in the free charge carrier density, that could be
related to an increase in the nitrogen content, to an oxidation of the surface or to a
lower quality of the film [23].

100

—— Bendavid, Ref. 109
——— Braic, Ref. 124
—— Delin, Ref. 125
Gall, Ref. 111
Karisson, Ref. 114
-~ McKenzie, Ref. 126
___— Mitterer, Ref. 127
Perry, Ref. 128

80 RO

60 |

40 +

Reflectivity (%)

20

15 2l0 25 3‘0 35 40 45 50
Photon Energy (eV)

Figure 1.17 Representation of reflectance curves of different TiN samples measured by
several research groups [19].



23

Theoretically, for very large wavelengths, the value of R(%) should be equal to 100%.
In reality this is not true, and it decreases with an increasing concentration of
impurities. Hence, it can be a quality indicator of the material. In addition, below 500
nm the value of reflectance should tend to zero, but in the real case this does not
happen due to some inter-band transitions.

1.3.1.3. Raman spectroscopy of titanium nitride (TiN)

As mentioned in section 1.3.1, the most stable phase of TiN is characterized by a fcc
rock-salt structure (Figure 1.18) that is part of the On symmetry point group. Hence, in
principle, titanium nitride does not present active modes for Raman spectroscopy [24].
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Figure 1.18 Typical Raman spectrum of TiN and schematic representation of its atomic
structure [25].

However, the process of deposition of TiN causes the formation of several defects and
vacancies in the film. This provokes a reduction in the symmetry of the system leading
to the obtainment of vibrational modes that have non-zero first-order polarizability
derivatives and so detectable with Raman spectroscopy.

In addition, the introduction of defect and vacancies leads to a relaxation of the
selection. Hence, not only the phonons at the centre of the Brillouin zone contribute to
Raman processes, but also other modes are involved. In general, disorder-activated
Raman modes lead to of Raman spectra characterized by broad bands instead of sharp
peaks [24], [26].

The phonons bands of titanium nitride have been studied by several authors [21], [24],
[26], [27], leading to the definition of three principal spectral regions (Figure 1.19):

"  below 400 cm’, it is possible to notice two bands. The first at = 200-215 cm™ is
associated to the transverse acoustic phonons (TA), while the second one at
~300-350 cm™ is related to longitudinal acoustic modes (LA). The formation of
these bands is mainly related to the vibration of Ti* ions and they can be
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observed to investigate the presence of nitrogen vacancies inside the crystalline
lattice [26].
* between 400 cm™ and 450 cm, a peak related to TA phonons is noticeable [26]
* between 500 cm? and 600 cm’, it is possible to observe a band related to
transverse optical modes (TO). The presence of this band is caused by the
vibration N* ions due to Ti vacancies [26].
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Figure 1.19 Raman spectra of TiN deposited at different temperatures [26].

The analysis of Raman spectra can be useful to retrieve qualitative information about
the stoichiometry of titanium nitride. In particular, the bands observed are the ones
present below 400 cm, related to nitrogen vacancies, and the one present in the range
between 500 cm™ and 600 cm’?, related to titanium vacancies.

Analysing these bands, it is possible to define three different cases of stoichiometry:

* if the bands related to nitrogen vacancies are more intense than the one related
to titanium vacancies, the compound is sub-stoichiometric in nitrogen.

* if the bands related to nitrogen vacancies is less intense than the one related to
titanium vacancies, the compound is over-stoichiometric in nitrogen.

* if the intensity of the bands is the same, the compound is stoichiometric.

In addition, observing the Raman spectrum it is possible to retrieve information about
possible phenomenon of oxidation that occurs on the surface of TiN. In particular, it
has been found that the larger is the content of oxygen, the broader are the bands below
400 cm. This is related to the fact that oxygen reacts with titanium leading to an
increase in the nitrogen vacancies. In addition, it is possible to observe two bands at
=520 cm™ and 520 cm! that are characteristics of titanium oxynitride compounds [21].
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1.3.1.4. Plasmonic applications

Since TiN is characterized by good metallic behaviour, it has been proved that films
and nanoparticles can withstand SPPs and LSPR excitation, respectively. In this sense,
TiN can be considered a promising material to substitute noble metals for plasmonic
applications in the visible and NIR range of frequency.

The performances of titanium nitride as plasmonic material can be assessed by means
of the quality factor introduced in Subsection 1.1.1.2.

Thin films of TiN can be used to exploit the excitation of SPPs. This type of plasmon
can be excited at a metal-dielectric interface. Since, the TiN constitutes the metal part
of the system, its electrical and optical properties can affect significantly the SPPs
excitation and propagation at the interface. In addition, the easy tunability of its
properties make titanium nitride a very promising material that can offer a good
tailoring potential for SPPs systems [8]. Titanium nitride is characterized by a lower
propagation length than gold, but by a better confinement [9].

Titanium nitride can be also deposited in forms of nanoparticles to favour the
excitation of LSPR exploiting their main characteristics for specific applications.

Analysing the case of titanium nitride, it is possible to notice that TiN is characterized
by a lower maximum enhancement of field than gold, but by a larger width of the
characteristic peak that is also redshifted with the respect to gold. Hence, making a
compromise, the performances of gold and TiN are comparable [28].

It is noticeable that the quality factor is defined by the same expression both for SPPs
and LSPR.

Analysing the expression of the quality factor Q, presented above, it is noticeable that
higher is the value of imaginary part of TiN dielectric function, higher is the
contribution of optical losses. Hence, the quality factor is lower. In addition, to increase
the performance a material with a large negative value of the real part €1, and so with
a distinct metallic behaviour, is required.

Titanium nitride is characterized by a low absolute value of &1 and by a quite large
value of &, limiting it applicability to photothermal or photocatalysis fields [29], [30],
instead of the optical one (i.e. waveguides) where materials with lower losses and
higher efficiencies are required.

Summarizing what have just been described, TiN can offer plasmonic performances,
in the visible and NIR range, comparable to gold ones. Hence, it could be considered
a valid substitute for noble metals in specific applications, such as for the production
of new generation solar cells [29] or photocatalysis [15].
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Figure 1.20 Schematic representation of the real part (left) and imaginary part (right) of TiN
dielectric function with the respect to traditional plasmonic materials [30].

1.3.2. Tantalum doped titanium oxide (Ta:TiOz)

Another important class of innovative plasmonic materials is that of Transparent
Conductive Oxides (TCOs). The two main features of this type of material are: large
enough band gap to guarantee transparency in visible regime; free charge carriers to
be a conductor comparable to metals, but not too much to obtain a plasma frequency
in the visible range limiting the reflectivity of the material. These characteristics can be
found for example in doped metal oxides. They are characterized by a sufficiently large
bandgap and their conductivity can be easily tuned through doping. The charge carrier
density in a wide bandgap material can be controlled introducing oxygen vacancies or
introducing substitutional atoms with a larger number of valence electrons than the
metal present in the original compound [31].

The most common and studied material that is characterized by the properties just
mentioned is Indium Tin Oxide (ITO). It has very low conductivity (10 Qcm) and very
good transmittance (80-90%) that can guarantee a high efficiency in optical and
electrical applications. The main problem related to the production of this material is
the availability and the high cost of recycling of indium, causing a significant increase
in the price [Sputter deposition and computational study of M-TiO2]. A possible
alternative, that has been studied in the last years is titanium oxide (TiO:), that is
characterized by a good transparency in the visible regime and by a good chemical
stability in a reducing environment [32].

It is possible to obtain titanium oxide in its three different crystalline phases: rutile,
anatase and brookite. The first one, characterize by a cubic cell, is the stable phase,
while the remaining, characterized by a tetragonal cell, are metastable (Figure 1.21)
[33].

Since it is a wide bandgap oxide (Eg= 3.2 eV), it is characterized by a good transparency
in the visible range. TiOz, and in particular its anatase phase, is characterized by good
electron-transport properties. Hence, in the last years, it has been widely used to
produce photoanodes for water splitting [34] and dye sensitized solar cell (DSSCs) [35].
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Figure 1.21 Schematic represation of the crystalline structure of the three different phases:
rutile (left), anatase (middle), brookite (right) [33].
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A process of doping is necessary to enhance its electrical properties. Because Ti belongs
to the fourth group of the periodic table, doping can be performed introducing
elements of the fifth group [36], such as tantalum (Ta) or niobium (Nb). Ta is
characterized by a higher solubility than Nb. In addition, tantalum is characterized by
a lower theoretical electron effective mass, that in principle leads to better electron
mobility. For these reasons it is considered a better doping agent than Nb, although it
is less analysed than niobium [32].

In the following sections are presented only the main properties of tantalum doped
titanium oxide because it is the material analysed during this thesis work.

Thin films of tantalum doped titanium oxide can be obtained through several
deposition techniques (i.e. pulsed laser deposition) in presence of a reducing
atmosphere, that is required to obtain a conductive film. If the deposition takes place
at temperatures below 350-400°C, the film is characterized by an amorphous structure
[37]. Hence, a post-deposition thermal treatment is necessary to obtain a crystalline
structure leading to an increase in the electrical conductivity [32].

In the following sections a description of the principal properties of transparent
conductive oxides is presented, with particular attention to the properties of tantalum
doped titanium oxide.

1.3.2.1. Optical and electrical properties of tantalum doped titanium oxide (Ta:TiO2)

In principle, TCOs are semiconductors so their properties can be described using the
Lorentz model. Increasing the concentration of doping agent, the material tends to
assume a more metallic behaviour, leading to the adoption of a combination of Drude
and Lorentz model. Hence, for doped TCOs, the optical and electrical properties are
strongly correlated.

Since TCOs are characterized by a large bandgap, they are expected to be transparent
in the visible and NIR range. At low wavelengths, and so at high energy, TCOs start
to absorb, while at high wavelengths the reflective behaviour becomes predominant.
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Optical and electrical properties are strongly linked by the carrier density through the
plasma frequency.

Through doping, it is possible to increase the carrier density and so the conductivity.
But, in this way also the plasma frequency raises, causing the narrowing of the
transmission range. The limit in the UV range, at which absorption starts, decreases
with an increase in carrier concentration. This phenomenon is explained by Burnstein-
Moss model, for which the increase in the optical band gap is in some way proportional
to N3~

According to what have just described, a compromise between electrical and optical
properties must be considered.

Another important parameter that can be used to tune the electrical properties of a
material is the mobility p, that is described through the following expression:

et

,u=m*

where m* is the electron effective mass, e is the electron charge and T is the average
relaxation time.

The conductivity of material o is directly proportional to the mobility pu by the
following equation:

o= Neu

The mobility can be used to increase the increase the conductivity of TCOs without
significantly affecting the transmission window.

According to the previous expression of the mobility, its value can be raised increasing
the average relaxation time, reducing the impurities and the degree of disorder of the
system, or reducing the electron effective mass, selecting a proper semiconductor.

The degree of disorder of the crystalline lattice can be controlled adopting the proper
technique for the fabrication of the films and performing thermal treatments after the
deposition to promote the crystallization.

Optical and electrical properties of tantalum doped titanium oxide have been widely
investigated by Mazzolini et al [32], [38] and Bricchi et al. [39], [40] during studies
carried out in Nanolab research group laboratories.

Mazzolini found out, as it is noticeable in Figure 1.22, that the resistivity decreases
from around 10 Qcm to 102 Qcm after thermal treatment in vacuum. In addition, it
seems that the annealing has a stronger effect on the doped semiconductor with the
respect to sub-stoichiometric TiO-.
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Figure 1.22 Schematic representation of the effect of the doping and of the thermal treatment
on the resistivity and mobility of titanium oxide films [32].

In addition, it is possible to notice an influence of the deposition parameters [32] on
the electrical properties of Ta:TiO: films annealed in vacuum (Figure 1.23). In
particular, the resistivity increases with the Oz deposition pressure, while the mobility
and carrier density tend to reduce.
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Figure 1.23 Schematic representation of the effect of the deposition pressure on the resistivity
of Ta:TiO: films annealed at 550°C [32]

Analysing the results, it is noticeable that the resistivity increases with the deposition
pressure, while the mobility and carrier density tend to reduce.

Bricchi found out that the resistivity, the carrier density and the mobility of the film
are influenced by the thickness. (Figure 1.24)

In Figure 1.24, it is possible to notice that the electrical properties can be considered
thickness dependent only for values below 50 nm. Above this threshold, the resistivity,
carrier density and mobility can be considered constant. This phenomenon could be
related to the fact that the crystalline structure of a Ta:TiO:2 film, deposited at room
temperature through PLD and subsequently annealed, is polycrystalline. Increasing
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the content of the doping agent seems to not cause a significative variation of the
resistivity, while, considering carrier density and mobility, the effect is more evident.
As it is expected, an increase in the degree of doping causes a decrease in the mobility
which is compensated by an increase in the carrier density.
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Figure 1.24 Representation of the effect of thickness and doping on the electrical properties of
the films [40].

The dependence between mobility and thickness is in accordance with the model
developed by D. Look, et al. [Model-for-thickness-dependence-of-mobility-and-
concentration-in-highly-conductive-zinc-oxideOptical-Engineering], which states that
the mobility of a very thin film (below 50 nm) is more or less equal to half of the bulk
case.

Concerning the optical properties of Ta:TiO2, Mazzolini measured an average value of
transmission in the visible range that is around 75% and it can increase to 80% after
the thermal treatment [32]

Bricchi performed several ellipsometric measurements to investigate the dielectric
function of Ta:TiO: films, obtaining the following results presented in Figure 1.25.

Analysing the results, it is evident that the introduction of doping agent inside the
crystalline lattice caused a shift of the absorption limit to higher energies (UV). This
phenomenon can be explained by the Burnstein-Moss effect described above.

In Figure 1.25.b, 2 is equal to zero in the visible energy range. Hence, it is assumed
that the samples are characterized by low absorption coefficients.
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Figure 1.25 Representation of the effect of the dopant content on the real and imaginary part
of the complex dielectric function of titanium oxide after annealing[40].

1.3.2.2. Raman spectroscopy of tantalum doped titanium oxide (Ta:TiOx)

Raman spectroscopy can be performed on Ta:TiO: film to investigate its crystallinity
[38]. As mentioned before, the TiO: transition from an amorphous to a crystalline
structure occurs at temperatures equal to 350-400°C. If the deposition temperature is
lower, the film grows in amorphous phase that is not able to produce distinct signal
during Raman spectroscopy.

A crystallization process, leading to the obtainment of the anatase phase, can be
promoted through an annealing process at temperatures higher than the transition
ones. In general, after that, Ta:TiO: films exhibit a different Raman spectrum
characterized by four main peaks, one strong at 140-150 cm™ (Eg) and three weaker at
400 cm™ (Big) , at 520 cm™ (Big (2)-A1g) and at 650 cm? (Eg). The most interesting and
important peak is the strongest one. (Figure 1.27)

Bricchi and Mazzolini investigated the effect of the Ta content on the most intense
signal, noting that the position of the peak changes with different concentrations of
tantalum [38].
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Figure 1.26 Raman spectra of Ta:TiO: films before and after annealing : red (annealed), grey
(as dep).
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Figure 1.27 Raman spectra of the most intense peak of Ta:TiO2 of films with different
concentrations of tantalum [40]

As it is noticeable from Figure 1.27, increasing the concentration of tantalum the peak
is shifted from the characteristic position of titanium oxide at 140 cm! to values of 150-
155 cm!. In addition, Mazzolini et al. founded a monotone relationship between the
position of the peak and the content of tantalum (Figure 1.27)
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Figure 1.28 Raman spectra of Ta:TiO2 films with different thicknesses [32].

In addition, Bricchi studied the effect of the thickness of the film on the signal to noise
ratio of the Raman spectra, noting that increasing the thickness the quality of the
Raman spectra increases. (Figure 1.28)

1.3.2.3. Plasmonic applications

In recent years, TCOs started to be considered for plasmonic applications since they
can guarantee a better control of the light-matter interaction with their tuneable
properties.

It is possible to define three main plasmonic research fields, in which the introduction
of transparent conductive oxide can be considered of interest:

* optical metamaterials [41].
» optical modulators [42] [43]
* TCOs nanocrystals for LSPR [44], [45]

In the first two applications, TCOs can be introduced both as films and nanoparticles.
Considering the films, the thickness represents a crucial parameter for plasmonic
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applications for what has been described in the subsection 1.3.2.1. Indeed, if the
thickness is below 50 nm it is possible to have a significant drop in the mobility of the
material causing a degradation of the electrical properties.

Another important feature of TCOs is their compatibility with other plasmonic
materials, such as gold or silver. In some cases, it has been demonstrated that the
introduction of a thin metallic film in TCOs can cause an increase in the electrical
conductivity without significantly affecting the typical transparency of the conductive
oxide [46].

It is possible also to integrate metals, in general gold and silver, nanoparticles into
conductive oxides film to combine the transparency of the oxide with the plasmonic
properties of metals [39], [47].

1.4. Metamaterials

A metamaterial is structure artificially fabricated modulating, at the mesoscopic scale,
specific features, such as density or composition, to obtain properties that cannot be
found in nature [48]. The prefix “meta” derives from Greek word “peta”, which
means “beyond”, highlighting the will of overcoming the limit of the traditional
materials with the development of this new class of materials.

Metamaterials can be characterized by extraordinary magnetic, electronic, and optical
properties that can be exploited for many applications, such as advanced biosensors
[49], novel devices for nanolithography [4], innovative waveguides and super lenses
[4], [50], [51].

The term metamaterial has been introduced for the first time by a physics professor at
the University of Texas called Walser in 1999 and it has been adopted in literature in
2000. [Composite Medium with Simultaneously Negative Permeability and
Permittivity]. The first appearance of this class of material can date back to the IV
century with the Lycurgus Cup [52].

At the beginning of the 21t century, metamaterials features started to be investigated
more deeply. One of the most important research projects, carried out in these years,
consisted in modelling, and producing metamaterials with negative electric
permittivity and negative refractive index to achieve the phenomenon of negative
refraction [53], [54].

Currently it is possible to gather different classes of materials under the category of
metamaterials. They are characterized by different properties that can be exploited for
various applications.

Since the high complexity of the structure required for this purpose, the research has
shifted towards the development of simpler geometry that are characterized by
tuneable optical properties, called hyperbolic metamaterials (HMMs) [4], [50].
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1.4.1. Hyperbolic metamaterials

Hyperbolic metamaterials constitute an interesting sub-class of metamaterials due to
their anisotropic and tuneable optical and electrical properties. This new class of
materials is called hyperbolic due to the shape of its dispersion relation (Figure 1.29),
defined by the effective electric and/or magnetic tensors [4]. Since the modelling and
realization of novel HMMs is the main objective of this project, it is fundamental to
introduce the main features of these structures.

Figure 1.29 Schematic representation of dispersion relations of different materials: isotropic
(a), HHMs type I (b), HHMs type II (c) [4].

HMMs can be considered as the ultra-anisotropic limit of traditional uniaxial crystals,
in which one the principal components of the permittivity € and permeability u tensors
is different from the two remaining.

If the material is considered uniaxial, these tensors can be represented by the following
expressions:
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where the subscript L and || indicates the components that are perpendicular and
parallel to the anisotropy axis, respectively.

If the non-local effects and electromagnetic coupling can be neglected and supposing
that w11 = p1 =1, it is possible to define the dispersion relation of the material starting
from the Maxwell’s equations, described in the section 1.1, obtaining the following
expression:
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where kyky and k- are the components of the wavevector k, and ko is the wavevector
in free space.
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The terms in brackets of the dispersion relation represent spherical and ellipsoidal
surfaces in the reciprocal space (k-space). The former describes waves polarized in the
xy plane (transverse-electric (TE) waves), while the latter describes waves that exhibit
a magnetic field polarized in xy (transverse-magnetic (TM) waves) [50].

If both e\ and e1 are positive, the material is considered isotropic, and it is
characterized by the dispersion relation described in Figure 1.30.a. If the components
of the dielectric permittivity € have opposite sign, it is necessary to distinguish two
possible cases:

* Jfenw>0and er<0, TE and TM modes can coexist (HMMs type I).
» Jfen<0and er>0, only TM modes are present (HMMs metal-type or type II)

Analysing the various dispersion relations depicted in Figure 1.30, it is evident that for
HMMs a limit for the value of wavevector cannot be found. This means that these
materials can sustain the propagation of high-k waves that are forbidden in the
isotropic case [50]. In addition, it is possible to notice an increase in the optical density
of states (DOS) of the material that leads to a strong improvement of the phenomenon
of spontaneous emission. According to what have been just described, HMMs could
be promising for several applications, such as high-resolution imaging and
lithography, or thermal and spontaneous emission engineering [4].

The structure of HMMs is based on the achievement of dielectric anisotropy. Along
one direction a metal behaviour is wanted (¢ < 0), while along the other direction a
dielectric is needed (¢ > 0). This condition can be satisfied adopting mainly two
configurations (Figure 1.30).

The first configuration is based on the alternation of layers made of a metallic and
dielectric material, while the second consists in the deposition of metal nanorods in a
dielectric matrix.

Figure 1.30 Schematic representation of the two possible configurations of HMMs: (a)
multilayered structure, (b) nanorod array (b) [4].

The multilayered structure can be obtained through different experimental techniques,
such as pulsed laser deposition or molecular beam epitaxy, while nanorods can be
obtained using the dielectric matrix as a template. The geometry and the materials
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adopted can be used to tune the optical response of the final structure enlarging its
application and research fields.

1.4.1.1. Effective medium theory

Both multilayers and nanorod arrays can be considered quite complex structures.
Hence, also the characterization of HMMs properties could present some problems.
Since the dimensions of the components of the multilayers or the nanorod arrays are
subwavelength, it is possible to apply the Bruggeman’s effective medium theory
(EMT) or Maxwell Garnett theory to predict the optical response of the total HMMs
structure. The former is used for system in which the metallic and dielectric
constituents have comparable dimensions (multilayers), while the latter is adopted to
describe structures in which one of the components has larger dimensions with the
respect to the other one (nanorod arrays) [4] Both theories are based on the possibility
of describing the behaviour of the complete structure through the definition of
effective parameters as a function of the properties of the single components.

During this thesis work, only multilayered structures have been studied. Hence, in this
section the attention has been focused on the Bruggeman'’s effective medium theory
(EMT).

According to Bruggeman’s effective medium theory, it is possible to define the
‘effective’ parallel and perpendicular components of the dielectric permittivity tensor
using the following expressions:
Emdm teqdg 1 dp/en +dg/eg
& = ;— =
W odntdy g dm + dg

where em and dm are the dielectric permittivity and thickness of the metal component,
respectively. €1 and da are the dielectric permittivity and thickness of the dielectric

constituent.

These expressions can be rewrote highlighting the dependence of the effective
parameters on the dimensions of the metallic components, obtaining the following
relationships:

Eméd
pea + (1 —plem
where p is called filling ratio, defined by the following equation:
A
P=a +d,
Analysing these results, it is possible to notice that the effective components of the

dielectric permittivity tensor do not depend on the total thickness and number of
layers of the structure.

e\ = pem + (1 —pleg; €, =
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In conclusion, adopting the effective medium theory model it is possible to predict the
optical response of the HMMSs multilayer evaluating the optical properties of the single
components. In addition, the optical behaviour of the total structure can be tuned not
only selecting different materials for the constituents, but also varying their
dimensions.

The most common combination of materials for the fabrication of HMMs is gold or
silver with alumina, obtaining a hyperbolic behaviour in the ultraviolet (UV) range. It
is possible to substitute the dielectric component with titanium oxide (TiO2) or silicon
nitride (SiN) to shift the hyperbolicity range to the visible.

Since the problems, described above, related to the use of noble metals for plasmonic
applications, it could be interesting to substitute the metal component with alternative
plasmonic material, such as titanium nitride (TiN) C.Chen at al. demonstrated that
sandwiching a layer of titanium nitride between two layers of indium tin oxide (ITO)
is possible to obtain a hyperbolic material in the near-infrared range (NIR) [55]. Finally,
the introduction of graphene as metallic component permits to shift the hyperbolic
behaviour at far-infrared wavelengths.

1.4.1.2. Applications

In the high-resolution imaging field, the possibility of having propagation of high-k
modes can be exploited to produce hyperlenses [4]. In general, the information about
the object analysed are provided by scattered electromagnetic fields with different
wavevectors. Since fine details are related to evanescent high-k modes, HMMs can be
used to allow the propagation of these modes overcoming the problem related to the
diffraction limit, leading to the obtainment of images with a higher resolution. For this
type of application, it is possible to adopt the multilayered structure to produce
cylindrical hyperlenses (Figure 1.31.a) or spherical ones (Figure 1.31.b) [56], [57].

a)

Figure 1.31 Schematic representation of a cylindrical (a) or spherical (b) hyperlens [4], [50].

For what concerns nanolithography, a nanorod array (Figure 1.32) can be used to
overcome the diffraction limit reducing the dimensions of the features patterned [50],
[58].
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Figure 1.32 Schematic representation of a HMMs lens adopted for nanolithography [4].

One of the first investigated HMMs effect has been the negative refraction of TM
modes. This phenomenon is related only to transverse-magnetic (TM) waves, hence
the best materials for this type of application are the ones that allow the propagation
only of this type of modes. As mentioned in section 1.4.1, these materials are the
HMMs type 11 [53], [54], [59].

Another interesting application could be related to the energy transfer, since it has
been proved that HMM:s can solve the problem related to the short-range limitation of
near-field coupling, on which dipole-dipole interactions are based. Indeed, the high-k
modes, in which near-field are converted, can propagate for longer distances due to
the properties of HMMs, leading to a great enhancement of energy transfer [60].

HMMs features can be exploited also to produce high-quality sensors, such as
biosensors or refractive index sensors, that are based on the propagation of high-k
modes [61], [62].

Lastly, HMMs can be adopted to produce peculiar waveguides that are not
characterized by a fundamental mode and that can promote the propagation of surface
modes [4].

1.5. Objectives of the thesis

The aim of this master thesis work consists in depositing and characterizing single
layers of titanium nitride and tantalum doped titanium oxide, and multilayers made
of these two materials to investigate their optical, electrical and plasmonic properties.
The optical properties of the multilayers have been investigated to retrieve information
about their dependence on the materials selected and on the geometry of the system.
Indeed, the influence of the material adopted has been studied varying the deposition
conditions of titanium nitride and varying the content of dopant in tantalum doped
titanium oxide. All the samples produced have been obtained through pulsed laser
deposition (PLD), on monocrystalline silicon and glass substrates, and characterized
with the experimental methods described in Chapter 2. A new parameter of deposition
has been introduced for fabrication of this type of material, the substrate temperature.
During the project, the developed samples have been obtained with and without the
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use of the substrate heater with the objective of investigating the effect of the substrate
temperature on the morphology, electrical and optical properties of the system.

First, reference sample, constituted by a single layer of titanium nitride or tantalum
doped titanium oxide, have been obtained and characterized to retrieve information
about the effect of the substrate temperature, the materials selection and to derive the
fundamental optical properties needed for the assessment of the hyperbolicity,
according to the effective medium theory (Subsection 1.4.1.1). Moreover, the effect of
the material selection has been investigated changing the type and the values of the
deposition pressure for titanium nitride, while, for tantalum doped titanium oxide,
two different targets with 5% of Ta and 10% of Ta have been used. The deposition
parameters used have been retrieved from previous works performed by the Nanolab
research group. Then, the first set of multilayered structures have been developed and
characterized to investigate the effect of the substrate temperature and order of the
layers on the morphology and on the optical response of the system.

Finally, the data obtained from the characterization of the reference samples have been
used to determine, according to the effective medium theory, the best filling factors p
(Subsection 1.4.1.1) that allow to obtain the wider range in which the system is
expected to show a hyperbolic behaviour. And, after the definition of the geometry, a
second set of multilayers has been produced with the aim of obtaining system
characterized by the theoretical widest range of hyperbolicity.
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2 Experimental techniques

In this chapter, the experimental techniques used for the production and
characterization of the samples and the theoretical bases on which they are based are
presented.

2.1. Pulsed Laser Deposition (PLD)

Pulsed Laser Deposition (PLD) is a growth technique in which the energy of a pulsed
laser is coupled to a bulk target material via electronic processes [63] to produce
species that are then deposited onto a substrate in the form of a thin film. This
technique is based on the use of an intense laser pulse that passes through an optical
window of a vacuum chamber and collides with the target material. When a threshold
value of power density is overcome, the material starts to be ablated producing a
plasma plume characterized by a shape and a direction of expansion that are related
to the laser-target interaction and, above all, to the deposition pressure. The species
that form the plume are characterized by a certain kinetic energy that allow them to
reach the substrate, onto which they can recondense leading to the growth of a film.

The PLD apparatus, represented in Figure 2.1, is constituted by a laser source and a
vacuum chamber containing the material target and the substrate [64].

OptiCS Nd:YAG pulsed laser £~

drs =1 'ﬁ

vacuum system

Figure 2.1 Schematic representation of the PLD apparatus [65].

In general, intense ns laser pulses are used which are focused on the target using an
optical path made of lenses, mirrors and a viewport. The typical angle of incidence of
the laser is 40-50° with the respect to the normal to the surface of the target. The
vacuum chamber is connected to a vacuum system composed by a primary scroll
pump that can reduce the internal pressure from the atmospheric one to few pascals,



41

and by a turbomolecular pump, able to reduce the pressure to values in the order of
10 Pa. The substrate and target holders are connected to rotational and translational
motion controllers leading to the optimization of the processes of ablation and
deposition. The apparatus is also equipped with pressure gauges to control the
internal pressure during all the phases of the deposition.

The process can be performed in vacuum or in presence of a background gas that is
injected into the chamber using a gas inlet system equipped with mass flow
controllers. The gas used can be inert or reactive, in the last case the technique is called
reactive PLD and it possible to have modifications of the target plume due to chemical
reactions.

Once the material target has been selected, the deposition process can be controlled
modifying mainly five important parameters that are:

- The substrate temperature, fundamental to enhance the mobility of the impinging
atoms promoting the crystallization process of the deposited film. This
parameter can be varied using a substrate heater composed by a resistance that,
according to Joule effect, is able produce heat when a current passes through it.
During this work a substrate heater has been used in some cases to analyse the
effect of the deposition temperature on titanium nitride films, Ta-doped
titanium oxide films and multilayer structures that have been deposited at room
temperature during previous works at Nanolab [66], [67]. The heater has been
set to a nominal value of 500°C, but, since the copper substrate holder is
mounted on the heater, the temperature of the substrate is lower than the
nominal one. This value has been measured using a thermocouple directly
connected to the substrate holder surface, and it is more or less equal to 350°C.

* The laser fluence on the target surface, considered as the energy per unit surface
of the laser pulses that hit the target. It can be evaluated as the ratio between
the energy of the impinging laser, considering the transmittance of the vacuum
chamber window, and the surface of the laser spot on the target. This parameter
can be controlled modifying the energy of the laser or varying the laser spot on
the surface of the target through the use of lenses. During this project, the values
adopted are in the range between 2 J/cm? and 6.5 J/cm?, that have been selected
according to previous studies done by the Nanolab research group [66]-[68].

* The base vacuum reached in the chamber before the start of the ablation process.
This parameter is important to control the degree of contaminations that can
affect the quality of the film deposited (e.g. due to the presence of oxygen). If
gases are not injected into the chamber, the base vacuum also represents the
pressure at which the deposition process takes place. In this case, the base
pressure can affect the shape of the plume generated as shown in Figure 2.2.
During this thesis, the values of this parameter vary from 1*10- Pa to 0.4 Pa to
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assess the effect of the presence of residual air inside the vacuum chamber, also
considering the different deposition temperature.

a Low pressure b High pressure

Figure 2.2 Representation of the effect of the deposition pressure on the morphology of the

plume [65].

The deposition atmosphere and pressure. If a gas is injected into the chamber
during the ablation, its nature can affect the expansion of the plume. In presence
of a reactive gas, it is possible to have chemical reactions depositing a film with
a different composition than the one of the target. If the gas is inert, this can be
used to confine the plume with a degree that is strictly related to the pressure
of the gas. The higher is pressure, the larger is plume confinement induced by
the gas. In addition, the pressure can affect the kinetic energy of the species of
the plasma plume because increasing the pressure inside the chamber the
collisions between them are favoured and so the velocity decreases. Another
effect of pressure consists in the probability to have the formation of cluster or
nanoparticles during the expansion of the plume towards the substrate: higher
is the pressure, higher is the probability to have nucleation of cluster or
nanoparticles. Both of these two last effects can lead to the deposition of a film
with a significant degree of porosity. During my experiments, different
atmospheres and pressures has been used to assess the effect of these
parameters on the properties of the deposited samples. For the deposition of
titanium nitride, a mixture of nitrogen and hydrogen (N2-Hz, 95%-5% volume
percentages) has been used with pressure of 1 Pa and 3 Pa. While, during the
deposition of Ta-doped titanium oxide oxygen, O: has been used with a
pressure of 1 Pa to obtain the best properties required for the objectives of this
project. These values have been retrieved from previous research done by
Nanolab group [66], [67], [69].

The target to substrate distance, which affects, together with the laser fluence and
deposition pressure, the way in which the atoms of the plume reach the
substrate. This parameter can affect the morphology of the film deposited, as
shown in the Figure 2.2. Increasing the distance, the atoms reach the substrate
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with a lower kinetic energy leading to an increase in the porosity of the film
deposited. During this thesis, the distance has been set to a value of 5 cm
because, according to previous studies of the Nanolab research group[66], [67],
[69], it has been found as the best value to obtain films with the optimal
morphology for the purposes of this project.

This growth technique can offer several advantages: almost any condensed matter
material can be ablated; the pulsed nature of PLD can be used to control in a proper
way the growth rates of the films; the ablation of the target occurs only in the spot
where the laser hits the surface; since the deposition occurs only in an isolated
chamber, the stoichiometry of the target material is usually maintained also in the
deposited films if no reactive gas are injected in the chamber; the kinetic energies of
the ablated atoms are in a range of values that favours the surface mobility and avoids
bulk displacement [63].

There are also some drawbacks related to the use of pulsed laser deposition: the
production of droplets that can affect the homogeneity of the surface of the film; if the
kinetic energy of the impinging atoms is too high it is possible to form some
crystallographic defects in the film; the plume could be characterized by an
inhomogeneous flux and energy distribution leading to inhomogeneous film thickness
over large areas [63].

In this project, the PLD apparatus is composed by a Nd:YAG nanosecond pulsed laser,
with second harmonic at wavelength equal to 532 nm, repetition rate equal to 10 Hz
and with duration of the pulses that is around 6 ns. The vacuum system is constituted
by an Agilent TriScroll 600 and a Pfeiffer Vacuum TMU 521 turbomolecular pump.
The gas pressure is monitored by MKS Multi Gas Controller 647C.

A manually activable shutter has been mounted inside the chamber to allow a proper
cleaning of the target before the depositions.

All the samples have been deposited upon silicon substrates (Si(100)) or soda-lime
glass substrates. For the deposition of the reference samples, targets of TiN (2”),
Ta:TiO2 5% of Ta in mass (2”), Ta:TiO2 10% of Ta in mass (2”) have been used. While
for the production of multilayers structures, a TiN target (1”) has been mounted upon
the previous mentioned target of Ta:TiOx.

The substrate heater is not connected to the rotational motion controllers, so it can
move only vertically and horizontally.

Before every deposition, a test sample has been deposited to estimate the growth rate
and so the time required to obtain a specific thickness. The growth rate has been
computed as the ratio between the thickness of the test sample, measured using SEM,
and the time required for the test.
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2.2. Annealing

During the annealing treatment process, the sample is exposed to high temperatures
in vacuum (at pressure in the order of 10° Pa) or in presence of a controlled
atmosphere. With this technique it is possible to modify the crystalline structure and
the composition of the sample.

One of the most important components of the apparatus, shown in Figure 2.3, is the
vacuum chamber that is connected to a pumping system, composed by a rotary and
turbo pump. Inside the vacuum chamber there is the heating system that acts also as
substrate holder. This component is made of pyrolytic boron nitride and pyrolytic
graphite. It is also possible to put a molybdenum shield onto the heater to obtain a
more uniform temperature during the treatment and to protect the components of the
vacuum chamber. The heating system is connected to a PID controller (Yudian Al-
518P), that is connected to a PC to control the treatment parameters. During the
annealing the temperature is monitored using a C thermocouple and a pyrometer
(Figure 2.3).

The vacuum chamber can be also connected to a gas tank if a controlled atmosphere is
required during the treatment.

In this thesis work, the annealing process has been always performed in vacuum (at
pressure in the order of 10° Pa), after the deposition process trough PLD, to promote
the crystallization of the samples produced and not induce oxidation. During all the
treatments the temperature has been set to 500°C, with a dwell time of 1 hour [66], [68],
[69] and a heating rate of 10°C/min.

F |

Figure 2.3 Photo of the apparatus used for the annealing.
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2.3. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is a technique used to derive several information
about the surface and the bulk of a sample, such as the surface and bulk morphology,
the chemical composition, or the crystalline orientation of the specimen [70].

A schematic representation of the SEM system is shown in Figure 2.4. The SEM
apparatus consists of an electron source, an accelaration system for the electron beam,
a vacuum chamber in which a sample holder is placed, a vacuum pumping system, a
deflection system made of scan coils, a control console and several detectors able to
collect and analyse the signals generated. The electrons required can be generated by
field emission or by thermoionic effect. Nowadays, the former is the most common
process adopted for the electron beam generation. The path of the electrons between
the gun and the sample is controlled by a deflection system and by one or two lenses.
The system operates in vacuum to guarantee the largest mean free path and so the
highest energy of the impinging electrons, that is required to have images with a good
resolution [70]. When the electrons reach the surface of the sample they can interact
with it in different ways leading to the formation of different signals as reported in
Figure 2.4. The presence of an array of detectors is necessary to collect and analyze all
the different signals, because they can be used to derive different information about

the sample.
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Figure 2.4 Schematic representation of a typical SEM and possible effects due to the
interaction between the sample and the electron beam [71].

ATLIL d 0 i &
Interaction

volume

The two most common signals are the ones related to the secondary electrons (SE) and
to the backscattered electrons (BSE). The former are related to the morphology and
surface texture of the sample, while the latter are connected to the crystal structure and
grain orientation.

Another important signal is related to the characteristic X-Rays, because it can be used
to obtain some information about the elemental composition of the sample analysed.
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During this thesis project, a Field Emission Zeiss SEM Supra 40 with a GEMINI column
has been used to anlyse the cross section of the different samples produced. The
voltage bias has been set at 5 kV with a typical maximum resolution in the order of
few nanometres.

2.4. Energy Dispersive X-ray Spectroscopy (EDXS)

Energy Dispersive X-Ray Spectroscopy (EDXS) is a non-destructive technique that can
be used to determine the elemental composition of materials. The system employed is
directly embedded in the Scanning Electron Microscopy (SEM) instrument [72]. As a
matter of fact, a detector for EDXS analysis (by Oxford Instruments) is connected to
the SEM used during this thesis project.

This analysis consists in the detection of an X-ray signal that is characteristic of each
element. The signal detected comes from the collision between the analysed sample
and the impinging high energetic electron beam. The latter hit the core electrons of the
material, provoking the emission of them. Other electrons that are present in the outer
shell can replace the ejected electrons, leading to the emission of an X-Ray photon. The
energy of the photon is equal to the difference between the energy levels of the inner
and outer shells, and it is characteristic of the element. For this reason, it is possible to
retrieve information about the elemental composition of a sample using a particular
detector that can collect and measure the energy of the incoming X-rays [72].

The results obtained during the analysis are represented in a spectrum of the peaks
that can be associated with the different elements. Making a comparison between the
intensities of these peaks, it is possible to obtain an estimate of the elemental
composition of the sample.

The accuracy of the elemental composition is limited [73]. Generally, it is of the order
of some percent or even worse in the case of elements with low atomic number, such
as oxygen or nitrogen. Therefore, during this thesis project, the EDXS analysis has been
used to define trends and not precise elemental compositions of the sample. The
targets used for the depositions are characterized by precise compositions that can be
considered as reference values for the analysis.

2.5. Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopy used to characterized molecules,
crystalline structures and chemical reactions. During the analysis, the sample is
irradiated by a monochromatic laser beam with frequency vo[74]. This permits the
excitation of the molecule, or crystal, analysed from the starting electronic energy level
to a virtual one, then it decays instantly to the initial electronic energy level, but at a
vibrational level that can be equal to the initial one or different (Figure 2.5). During the
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decay process, a photon is emitted with an energy equal to the difference between the
energy of the virtual level and the energy of the final vibrational level.

It is possible to define three different possible way in which the radiation interacts with
the molecule (Figure 2.5) [74]:

* if the molecule decays to the initial energy level, elastic scattering occurs with
the emission of a photon that has the same energy of the photon that caused the
excitation. This type of interaction is also known as Rayleigh scattering and it
happens for about 99% of the scattered light.

= [f the molecule decays to a higher vibrational energy level, inelastic scattering
occurs causing the emission of a photon with energy that is lower than the one
of the incident photon. This type of interaction is also called Stokes scattering.

* If the molecule decays to a lower vibrational energy level, inelastic scattering
occurs leading to the emission of a photon with an energy larger than the
photon that caused the excitation. This kind of interaction is also named anti-
Stokes scattering.
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Figure 2.5 Schematic representation of the possible excitation and decay processes that can
occur between virtual energy levels and vibrational ones [75].

If inelastic scattering occurs, the difference between the frequency of the incident
photon and the frequency of the emitted one is equal to the vibrational frequency of
the mode involved during the scattering process.

Since anti-Stokes scattering requires that molecules are in an excited starting
vibrational state, intensity of anti-Stokes scattering is remarkably lower than the Stokes
one because the ground vibrational level is more highly populated than the excited
ones according to Bose-Einstein statistics (Figure 2.6) [74].
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Figure 2.6 Raman spectra in which are presented all the signals related to the interaction
between the molecule and the radiation [75].

The apparatus used for the spectroscopy, represented in Figure 2.7, consists in an
optical microscope that is connected to a light source and to a Raman spectrometer.
The former is responsible for the emission of the photons required for the excitation of
the sample crystal, while the latter is responsible for the detection of the scattered
photons.

Thermo-electrically cooled
CCD detector

- Translation
5 )\ stage

Figure 2.7 7 Schematic representation of a Raman spectroscopy apparatus [76].

The results of the analysis are in general represented in a graph of Raman intensity
over Raman shift. The first one corresponds to the number of photons emitted that are
collected by the detector, while the second one corresponds to the difference between
the wavenumbers of the scattered radiation and the incident one. The values of Raman
shift are independent on the wavelength of the imping photons because they are
related only to the frequency of the vibrational modes and thus to the nature of the
chemical species of the sample.

Since the anti-Stokes lines have a lower intensity the Stokes one, usually only the
Stokes part of a spectrum is acquired.

The normal modes of vibration of a molecule, or a crystal, must satisfy some conditions
to be considered Raman active, hence detectable. A mode can be considered Raman
active if it is characterized by a change in the polarizability a of the molecule during
the oscillation [74]. The property of polarizability describes the dynamical response of
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a molecule to an external field, hence the capability of the material to form
instantaneous dipole and to distort its electronic cloud. Considering the crystalline
solids, the larger is the degree of order of the structure, the sharper and more intense
are the signals detected. Indeed, in presence of defects, such as point defects or grain
boundaries, the propagation of the phonon is hindered causing an uncertainty in the
phonon energy leading to the obtainment of a broader signal. In addition, due to the
fact that photons with any frequency are characterized by a low momentum, the
selection rule related to the wavevector conservation is less strict in case of disordered
material, leading to possible couplings also with phonons with higher wavevector that
cause the broadening of the signals.

To obtain Raman spectra during this project, a Renishaw InVia micro Raman
spectrometer has been used. This instrument is directly connected to an optical
microscope equipped with a 50x objective. The monochromatic light source adopted
is an argon ion laser with a wavelength equal to 514 nm and a power set at 1 mW to
avoid any laser-induced modification of the samples.

All the samples have been analysed in a range of Raman shift between 100 cm™ and
1100 cm with thirty accumulations of ten seconds. For each sample, a measurement
in the full range (100-3200 cm™) has been performed, but it is not reported in the
following chapters.

During this project, Raman spectroscopy has been used to retrieve information about
the stoichiometry of titanium nitride, and to control the crystallinity of doped titanium
oxide after the deposition and after the annealing treatment.

2.6. UV-Vis-NIR spectroscopy

UV-Vis-NIR spectrophotometry is a non-destructive technique performed to define
the optical properties of a material. This technique is based on the interaction between
light and matter [77]. The sample, constituted by the substrate and the film, is
irradiated by light and then different phenomena can occur. A fraction of the light can
be transmitted (T), reflected (R), absorbed (A) or diffused (D). The sum of all these
fractions must be equal to unity. Thanks to this technique, it is possible to quantify the
fraction of reflected and transmitted photons and so the reflection and the
transmission. The results are expressed as a function of the wavelength of the incident
photons over a range typical of the instrument used [77].

The measurement is performed using a spectrophotometer equipped with an
integrating sphere internally covered with a polymer named Spectralon to reach an
internal reflectance close to 100% (Figure 2.9). The sphere is characterized by two
apertures that can be filled with the sample and with a Spectralon tap, depending on
the property measured. The light source is a monochromator, which is able to generate
a narrow light beam characterized by a defined wavelength. Then, the light beam
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interacts with the sample, and it is reflected or transmitted. A detector, placed inside
integrating sphere, is capable of computing the intensity transmitted or reflected.

Depending on the property measured there exist different configurations of the
system, as shown in Figure 2.8:

Spectralon X
— (a) 1 (b)

T T

Detector Detector
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Figure 2.8 Schematic representation of the possible configurations used to derive different
properties: (a) configuration used to compute the total transmission; (b) configuration
adopted to evaluate the diffusive transmission, (c) configuration used to derive the
reflectance [78].

To measure the transmittance, the sample is placed at one of the apertures with the
film pointed to the centre of the sphere. At the second aperture a Spectralon tap is put
in order to evaluate the direct and diffuse contribution to the transmission (Figure
2.8.a). To collect only the second contribution, it is possible to remove the tap
permitting the light to exit from the sphere (Figure 2.8.b). In this way the detector can
detect only the diffuse transmitted light that remains inside the sphere.

To measure the reflectance, the sample is placed in the same way as before, but the
other aperture is open to permit the entrance of the light beam (Figure 2.8.c). In this
way, the radiation directly hits the film.

Figure 2.9 Schematic representation of the spectrophotometer equipped with a Perkin Elmer
integrating sphere [79].
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The analysis has been performed using a LAMBDA 1050 UV-Vis-NIR
spectrophotometer equipped with Perkin Elmer 150 mm integrating sphere. This
apparatus is hosted at the Centre for Nanoscience and Technology (CSNT) of the
Italian Institute of Technology (IIT) in Milan. The measurements have been performed
in a range of wavelengths between 250 nm and 2000nm with a data interval of 2 nm.

2.7. Ellipsometry

Ellipsometry is an optical characterization technique performed to determine an
important property of a material, the dielectric function [80], in particular its real and
imaginary part. Its name is related to the type of light polarization employed during
the measurement.

The process is based on the evaluation of parameters that describe the interaction
between the sample and the incident polarized radiation. Fitting these values with
specific physical o mathematical models, it is possible to retrieve the material dielectric
function.

The apparatus is constituted by a source and a detector that are characterized by their
own polarizing systems. These instruments are employed to calculate the variation of
the electric field after a specular reflection upon the surface of the sample analysed,
varying the angle of incidence in a quite large range of values.

The change in the polarization can be quantified through the values of angles A and ),
that represent the phase difference and the amplitude ratio of the reflection
coefficients, respectively [80].These values are related to the variation of polarization
through the following equation:

where p and s represent two different orientations of polarization (Figure 2.10), while
i stands for incident and r for reflected.

Sample

€= g'+ig"

Figure 2.10 Schematic represenation of the geometry of the apparatus [80].
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It is possible to obtain the dielectric function or refractive index through a direct
interpolation of the raw data only if the material analysed is sufficiently thick,
homogenous, and characterized by a flat surface. While, in the case of thin film, or
rough surface or layered structures it is necessary to use some theoretical models, that
describe properly the system, to retrieve the material properties. In general, these
models are based on different parameters and optical constants of the sample. Typical
models used are the Lorentz or Drude one or other oscillators models that can
physically fit the data.

If it is not possible to derive the material properties, such as the plasma frequency,
required for the interpolation using physical models, it is possible to adopt
mathematical interpolating models. One of these models is based on the
parametrization by B-Splines, able to describe the Kramers-Kronig relations between
the real part and the imaginary one in the dielectric function [81].

The ellipsometric measurements have been performed using a J.A. Woollam Co.
M2000 ellipsometer, hosted at the Centre for Nanoscience and Technology (CSNT) of
the Italian Institute of Technology (IIT) in Milan. Lorentz model and the mathematical
method based on B-splines have been used to fit the data obtaining the dielectric
function of the materials analysed.

2.8. Van der Pauw method for resistivity measurements

The Van der Pauw method is a technique widely used to perform an electrical
characterization of thin films that allows to obtain values of resistivity o and Hall
coefficients (carrier density n and mobility u). During the project, the measurement
has been performed to derive only the values of resistivity o.

This method is applied to two-dimensional samples when specific conditions are
satisfied:

* the sample must be isotropic and homogeneous.
* the sample must be continuous.
* the sample must be characterized by a uniform thickness.

In this specific type of measurement, four contacts (or probes) are used. There are
conditions even on the probes that must be satisfied:

" the contact area must be lower than the area of the sample by at least one
order of magnitude.
* the four probes must be placed at the edges of the sample.

The process consists in the application of a current between two neighbour electrodes
and the consequent evaluation of a potential difference between the remaining
electrodes (Figure 2.11). Since the probes are four, there are four possible
configurations that duplicate just inverting the sign of the current applied.
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Vaz <

Figure 2.11 Schematic representation of a possible configuration adopted during the
measurement[82].

According to symmetry conditions and reciprocity constraints, there are some
equations that must be satisfied:
Rj134 = Ri243
R3541 = Ra314
Ry312 = R3ap1
Ri423 = Ry132
Rj134 + Riz43 = Ruz12 + R3upq
R3241 + R2314 = Risp3 + Raq3

If these conditions are fulfilled, it is possible to introduce the concept of average
resistances Ra,Rs, evaluated at the two edges of the sample, leading to the evaluation
of the value of the sheet resistance Rs using the following equation:
—nBa BB
e Rs+e "R =1
Knowing the sheet resistance, it is possible to derive the value of the resistivity of the
material using the following equation:

p=Rs-d
where d represents the thickness of the sample.

The instrument used to perform the measurements is constituted by a Keythley 2400
SourceMeter, for the generation of the current, and an Agilent 34970A voltage meter.
The system is connected to a Keysight 34972A LXI Data acquisition unit. It is possible
to change the configuration using a home-made switch. All the data acquired have
been analysed later using a suitable Matlab code.
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3 Materials selection and
characterization

As described in Section 1.5, the final goal of this thesis is to model and develop
multilayered structures, composed of TiN and Ta:TiO:, that can show a hyperbolic
behaviour. For this reason, the investigation of the properties of the single layers
became crucial. Hence, before the deposition of the multilayered structures, reference
samples of the different materials adopted have been fabricated and characterized. In
this chapter, the parameters adopted during the deposition and the results of the
characterization are presented.

3.1. Titanium nitride (TiN)

During the thesis, several reference samples of titanium nitride have been produced
to investigate the effect of some deposition parameters on the morphology, optical and
electrical properties of the single layer. The parameters changed during the fabrication
process are the type and the values of the deposition pressure and the substrate
temperature. To simplify the description, the samples have been divided into three
different groups according to the different deposition pressure (high vacuum, low
vacuum and reducing atmosphere).

All the reference samples of titanium nitride are presented below in Table 3.1.

Thom Tsub Fluence
Target | Atmosphere | Pressure

°O °O) (J/cm?)
TiN Vacuum 1.53*103 400 250 3.5
TiN Vacuum 1.29*103 500 350 3.5
TiN Vacuum 1.08%10® 25 25 3.5
TiN Vacuum 0.1 25 25 6.5
TiN Vacuum 0.1 500 350 6.5
TiN Vacuum 0.4 500 350 6.5
TiN N2-H> 1 25 25 3.5
TiN N2-H> 1 400 250 3.5
TiN N2-H> 3 500 350 4

Table 3.1 List of TiN reference sample deposited.

where Trom represents the nominal temperature set on the substrate heater and Tsu is
the effective substrate temperature measured by an additional thermocouple mounted
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on the substrate holder.

The deposition parameters that have not been changed during the fabrication process
are listed below:

» Target: TiN (99% pure with a dimeter of 2 inches).

» Substrate: silicon wafer (110 crystal plane) and glass. The substrates have been
heated through a substrate heater, as described in section 2.1.

* Target to substrate distance: 5 cm.

» Laser: pulsed green laser (532nm) with a frequency of 10 Hz.

* Sample thickness: = 200 nm

Every sample deposited with the substrate heater have been extracted from the
vacuum chamber only when the temperature measured through the thermocouple
mounted on the substrate holder was around 50°C, to avoid oxidation of the film.

The deposition parameters have been retrieved from previous works carried out by
the Nanolab research group except for the substrate temperature since the substrate
heater has been used for the first in the Nanolab laboratories. These parameters have
been selected to investigate the effect of the substrate temperature, atmosphere and
pressure on the optical, electrical and plasmonic properties of titanium nitride.

A thermal treatment in vacuum and at around 500°C has been performed on the
samples highlighted in Table 3.1.

3.1.1. TiN samples deposited in high vacuum

In this section the main features of the deposited samples are presented, focusing on
the effect of the substrate temperature. All the samples have been produced in vacuum
with pressure in the order of 103 Pa.

The titanium nitride reference samples deposited in high vacuum are listed in Table
3.2.

Target | Atmosphere Pressure Thom Tsub Fluence
(Pa) °O) °O) (J/cm?)
TiN Vacuum 1.53*103 400 250 3.5
TiN Vacuum 1.29%103 500 350 3.5
TiN Vacuum 1.08%103 25 25 3.5

Table 3.2 List of TiN samples deposited in high vacuum.

The values of the laser fluence have been selected in accordance with previous works
performed by the Nanolab research group [66], [67].



56

After the deposition, a thermal treatment, in vacuum at 500°C, has been performed on
the samples deposited at 250°C and 25°C to investigate the influence of the substrate
temperature on the effects of the annealing process.

The samples have been analysed using SEM to measure the thickness and verify the

morphology of the sample produced. (Figure 3.1)

Figure 3.1 Cross-section image of TiN deposited in high vacuum at 350°C.

By means of scanning electron microscopy, it has been possible to verify the
obtainment of an adherent and compact titanium nitride film with thickness around
200 nm. After the thermal treatment the sample have been analysed again through
SEM, without noticing any differences with the samples on which the thermal
treatment has not been performed.

Then, an EDXS analysis has been performed to retrieve qualitative information about
the stoichiometry of the titanium nitride thin films. Even if the accuracy of the
measurement is limited by the small atomic number of nitrogen and oxygen and by
the similarity of the energies of their x-ray transitions, the data obtained are enough to
define trends that can describe how the composition changes with the substrate
temperature. The data obtained during the measurement are expressed in atomic
percentage and they have been normalized with the respect to the atomic percentage
of silicon to derive more precise information about the stoichiometry of the films
excluding the contribution of the substrate. The results obtained are listed in Table 3.3.

Target | Pressure (Pa) | Tew (°C) | C (%) | N(%) | O(%) | Ti(%) | N/Ti

TiN 1.53%10° 250 6.49 19.73 | 35.53 | 38.26 | 0.52
TiN 1.29%103 350 535 | 21.20 | 33.53 | 3992 | 0.53
TiN 1.08%10° 25 705 | 2237 | 3295 | 37.62 | 0.59

Table 3.3 List of elemental concentration and atomic ratios of different TiN samples
deposited in high vacuum.

In Table 3.3, the atomic ratio N/Ti is computed, and it can be used as a stoichiometry
index to investigate the intrinsic sub-stoichiometric nature of the titanium nitride that
is described in literature [9]. From Table 3.3, it is possible to confirm that the titanium
nitride deposit is sub-stoichiometric in nitrogen. In addition, the substrate temperature
seems not to have a significant effect on the stoichiometry of the samples produced.
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Pressure Tsub Status C N (@) Ti N/Ti
Target
(Pa) °O) (%) (%) (%) (%)
TiN 1.53*103 250 ann. 6.49 19.73 | 35.53 | 38.26 0.52
TiN 1.29*%103 350 ann. 5.35 21.20 | 33.53 | 39.92 0.53

Table 3.4 List of elemental compositions and atomic ratios of different TiN samples
deposited in high vacuum after the annealing process.

The EDXS analysis on the annealed films provided the results that are listed in table
3.4.

Looking at the results, it is possible to notice that in the sample deposited at 250°C the
content of oxygen decreased after the annealing and the ratio N/Ti increased with the
respect to the as deposited sample.

The atomic ratios computed are larger than the ones obtained by L. Tovaglieri during
her master thesis project [66]. Since there are no evidences of the effect of the substrate
temperature on N/Tij, it is possible to assume that the improvement can be related to
some changes in the pumping system with the respect to the one used by L.Tovaglieri.

The films have been analysed also by means of Raman spectroscopy, providing the
results presented in Figure 3.2.

T T ‘ T
vacuum 10° Pa, T=25°C
vacuum 107 Pa, T=350°C
vacuum 10° Pa, T=250°C
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Figure 3.2 Raman spectra of TiN samples deposited in high vacuum.

In Figure 3.2, it is evident the presence of a broad band below 400 cm™ that indicates
the presence of nitrogen vacancies. Hence, the sub-stoichiometric nature of the
compound is confirmed also by Raman spectroscopy. The Raman spectra of the
samples deposited at 250°C and 350°C presented a better signal-to-noise ratio that the
one deposited at room temperature. Hence, it could be assumed that the deposition at
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350°C and 250°C allowed the achievement of a more ordered structure with the respect
to the case deposited at room temperature.

The effect of the annealing process of the Raman spectra of the samples deposited at
25°C and 250°C is presented in Figure 3.3. Looking at the results obtained, it is
noticeable a blue-shift of the acoustic band present below 400 cm™ in the annealed
samples with the respect to the as deposited ones. This effect is in accordance with the
data obtained from previous work carried out by the Nanolab research group and
could be related to phenomenon of partial oxidation occurred during the annealing.
In addition, the thermal treatment caused a narrowing of the acoustic band and also a
better signal-to-noise ratio. These effects allow to assume that the structure obtained
after the annealing is more ordered with the respect to the as deposited samples. For
what concerns the effect of the substrate temperature, it can be observed that after the
thermal treatment the Raman spectra of the samples deposited at room temperature
and at 400°C are even more similar than immediately after the deposition. Hence, it is
possible to declare that the substrate temperature has not significantly affected the
effects of the annealing on the titanium nitride thin films produced.
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Figure 3.3 Effect of annealing on the Raman spectra of the samples deposited at 25°C and
250°C.

The optical properties of the samples have been investigated through reflectance
measurements, and the results obtained through UV-Vis-NIR spectroscopy are
presented in Figure 3.4
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In Figure 3.4 it is evident that the minimum of reflectance, from which is possible
retrieve information about the plasma frequency, is practically the same for all the
samples deposited at different substrate temperatures, and it is around 320 nm. While,
for large wavelengths, the reflectance of the material tends to increase with the
substrate temperature. Since high reflectance is a typical property of metallic materials,
it is possible to assume that the higher is the substrate temperature, the stronger is the

metallic behaviour of the material deposited.
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Figure 3.4 Plot of reflectance curves of TiN samples deposited in high vacuum at different
substrate temperatures.

The effects of the thermal treatment on the reflectance curves of the samples deposited
at 25°C and 250°C are presented in Figure 3.5.
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Figure 3.5 Effect of annealing on the reflectance curves of samples deposited at 25°C and

250°C.
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Analysing the results, it can be observed that, after the annealing process, the
minimum of reflectance is lower and red-shifted from around 320 nm to 340 nm,
meaning that the plasma frequency could decrease during after the annealing. These
effects are in accordance with what have been found during previous works carried
out at Nanolab research laboratories [66]. Considering the effect of the substrate
temperature, the position of the minimum of reflectance after the thermal treatment is
practically the same for the two samples deposited at different temperatures, while the
value of the minimum of R is lower in the case of the sample deposited at a
temperature of 250°C. Moreover, the trend of the reflectance at high wavelengths with
the respect of the deposition temperature is confirmed also after the thermal treatment.
Indeed, it is evident that, increasing the substrate temperature, the values of
reflectance at large wavelengths rise.

The dielectric complex function of the titanium nitride films has been retrieved
through an ellipsometric measurement, described in Chapter 2, that provided the
results represented in Figure 3.6.
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Figure 3.6 Plot of the real part of the dielectric complex function for different annealed TiN
samples deposited at different substrate temperatures.

In these sections only the real part of the complex dielectric function is presented
because it is the most significant part for the description of the plasmonic properties
of a material. The dielectric function has been computed through the adoption of a
combination of Drude and Lorentz model that was able to satisfactorily interpolate the
date obtained during the measurements. Since the multilayered structure to develop
needs to be thermal treated to improve the crystallinity of Ta:TiO-, the ellipsometric
analysis have been performed only the annealed samples. As described in Chapter 1,
the point in which &1 is null can be associated with the plasma frequency of the
material. The plasma wavelength seems to be independent on the deposition
temperature. Indeed the €1 curves of the samples cross the x-axis practically in the same
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point. The values of wavelengths at which the previous condition is satisfied are
slightly different from the ones evaluated analysing the reflectance curves. Indeed,
they shifted from 338 nm to 410 nm. It is possible to find three different reasons for
this variation:

* The range of the ellipsometric measurement starts at 370 nm that is already
beyond the plasma wavelength evaluated with the reflectance curves.

* Asmentioned in Chapter 2, the derivation of the complex dielectric function
implies the adoption of physical or mathematical models that can interpolate
the values of angles obtained during the measurements. Hence, the variation
could be caused by some approximation made by the model used for the
interpolation.

* From the position of the minimum of reflectance is not possible to directly
derive the value of the plasma frequency but is possible only to retrieve
indication about how it varies changing different parameters.

Analysing the graph in Figure 3.6 at high wavelengths, it is possible to notice that the
real part of the sample deposited at 250°C is lower than the one deposited at room
temperature. This confirms the fact that the material fabricated with a higher substrate
temperature has a stronger metallic behaviour.

Electrical properties of TiN films have been investigated through the four probe Van
der Pauw method, described in Chapter 2, providing the results listed in Table 3.5.

Target | Pressure (Pa) | Tsw (°C) | Resistivity (Qcm)
TiN 1.53*103 250 4.19*10* £ 1.30*10°
TiN 1.29%103 350 3.24*10* £ 2.77*10°
TiN 1.08%103 25 4.91%10+* + 4.38*10°

Table 3.5 List of values of resistivity for TiN samples deposited in high vacuum at different
substrate temperatures.

Analysing the results presented in Table 3.5, it is possible to highlight a trend of the
resistivity with respect to the temperature of the substrate. Indeed, the higher is the
substrate temperature the lower is the value of resistivity. This confirms the effect
noticed in analysis of the optical properties for which an increase in the substrate
temperature can improve the metallic behaviour of the titanium nitride thin films
produced.

Due to the low adhesion of the film on the glass substrate and due to the damages
carried by the pin used for the measurements, the analysis of the electrical properties
of the annealed samples could not have been performed.
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3.1.2. TiN samples deposited in low vacuum

According to a previous work carried out by G.Baiardi [67] at the Nanolab research
group laboratories, the deposition of TiN films in presence of certain quantity of
residual air (low vacuum) causes the development of a double epsilon-near-zero
behaviour, which means that the material is characterized by two distinct plasma
frequencies, as represented in Figure 3.7. This phenomenon could be probably related
to the obtainment of a new compound called titanium oxynitride (TiON).
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Figure 3.7 Example of components of the dielectric function computed by G.Baiardi during
his master thesis project [67].

This peculiar behaviour could lead to two important advantages for the development
of HMMs multilayers:

* Considering the limited positive values of the real part of ¢ of the dielectric
component (Ta:TiOz2), having a less negative real part of ¢ for the metallic
component could favour the achievement of the phase matching condition,
described in Chapter 1, necessary for the excitation of SPPs.

" As described in Figure 3.7, this particular type of titanium nitride shows a
positive €1 in the IR range, meaning that it behaves as a dielectric material.
Hence, since the theoretical plasma frequency of Ta:TiO: is around 4100 nm, in
principle it could be possible to develop a novel infrared HMMs multilayered
structure in which the metallic component is the tantalum doped titanium
oxide and the dielectric one is composed of titanium nitride.

On the other hand, the deposition of titanium nitride in presence of residual air leads
to a partial oxidation of the films causing a depletion of electrical and optical
properties. So, a trade-off between the positive and negative effects of residual air
becomes necessary.
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For the reasons just described, it has been decided to deposit different TiN films in
presence of residual air to investigate their optical and electrical properties that are
fundamental for the development of HMMs.

The reference samples produced, with their relative deposition parameters, are listed
in Table 3.6.

Target | Atmosphere Pressure Thom Tsub Fluence
(Pa) (°C) (°C) (J/ecm?)
TiN Vacuum 0.1 25 25 6.5
TiN Vacuum 0.1 500 350 6.5
TiN Vacuum 0.4 500 350 6.5

Table 3.6 List of TiN samples deposited at low vacuum with their relative deposition
parameters.

The values of fluence have been derived from G. Baiardi’s work because they have
been found to be optimal for the deposition of this type of materials.

According to the study carried out by G.Baiardi, the maximum value of residual air to
avoid the incorporation of oxygen in the structure in form of titanium oxide (TiO2) has

been evaluated around 0.5 Pa. Hence, I decided to adopt values of pressure below this
threshold.

Due to the duration of the cooling process of the substrate holder, I decided to deposit
only one sample at 0.4 Pa to permit the production of other reference samples
fundamental to proceed with the thesis project.

The analysis of the thin films through scanning electron microscopy (SEM) confirmed
the deposition of compact and adherent layers of TiN with thickness around 200 nm,
without noting variations between the samples deposited at different substrate
temperatures and pressures. (Figure 3.8)

Figure 3.8 Cross-section image of TiN samples deposited in vacuum at 0.1 Pa and at 350°C.

Then, the elemental composition of the reference samples has been investigated by
means of EDXS analysis. As mentioned before, this type of measurement can provide
only qualitative information about the stoichiometry. However, they are enough to
retrieve trends useful to understand the effect of the deposition pressure and the
substrate temperature. The results obtained are listed in Table 3.7.
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Target | Pressure (Pa) | Tsw (°C) C (%) | N(%) | O(%) | Ti(%) | N/Ti

TiN 0.1 25 5.41 18.64 | 36.11 | 39.85 0.47
TiN 0.1 350 6.38 | 20.71 | 35.09 | 37.82 | 0.55
TiN 0.4 350 2.81 2098 | 32.84 | 4338 | 048

Table 3.7 List of elemental compositions for different TiN samples deposited in low vacuum.

As expected, the reference samples produced in low vacuum are sub-stoichiometric in
nitrogen. Considering the samples deposited at 0.1 Pa, it is noticeable that the sample
produced at 250°C is less sub-stoichiometric in nitrogen than the one deposited at
room temperature. Hence, the substrate temperature could be used to favor the
incorporation of nitrogen in TiN films.

The stoichiometry of the compounds has been analysed also by means of Raman
spectroscopy, providing the results presented in Figure 3.9.
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Figure 3.9 Raman spectra of TiN samples deposited in low vacuum.

As evident from the graph, the substoichiometric nature of the compounds is
confirmed by the presence of a broad acoustic band below 400 cm™, highlighting the
presence of nitrogen vacancies. In addition, it is noticeable that the variation of
deposition pressure has not caused any changes in the Raman spectra of the samples.
Even the substrate temperature seems non to affect the Raman spectra of the samples
deposited at 0.1 Pa. Hence, the difference in stoichiometry noticed during the EDXS
analysis could be not enough to promote a narrowing of the acoustic band below 400
cml

The optical properties of TiN samples have been investigated by means of UV-Vis-NIR
spectroscopy and ellipsometry.

The reflectance curves retrieved through the UV-Vis-NIR analysis are presented in
Figure 3.10
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Figure 3.10 Reflectance curves of TiN samples deposited in low vacuum.

Observing the results, it is possible to notice that the position of the minimum
reflectance, is around 330 nm. The position and the value of the minimum are not
significantly affected by the change in substrate temperature and pressure. While, for
large wavelengths, it is possible to notice that reflectance increases with the substrate
temperature and decreases with the deposition pressure. Hence, the sample deposited
at 0.1 Pa and with a nominal substrate temperature of 500°C has the strongest metallic
behaviour.

The dielectric function of the samples has been retrieved through the interpolation of
data collected by means of ellipsometric measurements, and the results are presented
in Figure 3.11
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Figure 3.11 Real part of the dielectric function of TiN samples deposited in low vacuum.
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Analysing the results, it is possible to notice that the samples deposited at 0.1 Pa are
characterized by a minimum of &1 around 1650 nm. This probably means that from that
point the real part of the dielectric function starts to increase crossing another time the
x-axis, obtaining a second plasma frequency. Hence, the results of G.Baiardi are
confirmed, but the range of wavelengths in which it occurs is different. This is
probably related to a change in the vacuum pumping system that has shifted the
threshold value of pressure to higher values, meaning that values of residual air
adopted during this thesis are not enough to favour the development of the double
epsilon-near-zero behaviour in a smaller range of frequencies.

As expected from the previous analysis, the material that shows the most intense
metallic behaviour, and so the most negative ¢, is the one deposited at 0.1 Pa and at a
350°C. The plasma wavelength, computed as the point in which e1 is null, is around
410 nm and it seems to not depend on the substrate temperature and on the value of
deposition pressure.

The results related to imaginary part of the dielectric function are presented in Figure
3.12.
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Figure 3.12 Imaginary part of the dielectric function of TiN samples deposited in low
vacuum.

Observing the results, it could be assumed that an increase in the substrate
temperature or an increase in the deposition pressure allow to obtain a material with
a lower imaginary component of the dielectric function, and so a material that, in
principle, is characterized by lower optical losses.

The electrical properties of the samples have been investigated by means of Van der
Pauw method (four probe), providing the data listed in Table 3.8.
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Target | Pressure (Pa) | Tsw (°C) Resistivity (Qcm)
TiN 0.1 25 1.22*%10° + 7.94*10°5
TiN 0.4 350 4.36%104 + 1.23*10°

Table 3.8 List of values of resistivity for TiN samples deposited in low vacuum.

Probably due to problems related to the low adhesion of the film on the glass substrate,
the measurement of resistivity for the remaining sample could not be performed.

Generally, an increase in the pressure of the residual air present in the vacuum
chamber leads to an increase in the degree of oxidation of the film reducing the number
of free charges and so the conductivity. According to this hypothesis, it can be assumed
that the substrate temperature is able to compensate for the increase in pressure
causing a reduction in the resistivity with the respect of the sample deposited at a
lower content of residual air.

3.1.3. TiN samples deposited in a reducing atmosphere

According to the data obtained by G.Baiardi during his master thesis work, also the
deposition of TiN thin films in presence of a reducing atmosphere, such as N2-Hz, can
promote the development of the double epsilon-near-zero behaviour. Hence, because
of the reasons explained in section 3.1.2. I decided to deposit the last set of titanium
nitride reference samples in presence of a mixture of nitrogen and hydrogen N2-H:
(95% in volume of nitrogen). In general, this type of atmosphere is adopted to
compensate for the sub-stoichiometric nature of titanium nitride, promoting the
incorporation of nitrogen in the compound and reducing the oxidation of the film.

The reference samples deposited in presence of a reducing atmosphere, with their
relative deposition parameters, are listed in Table 3.9.

Pressure Tnom Tsub Fluence
Target | Atmosphere
(Pa) (°C) (°C) (J/cm?)
TiN Nz-Ho 1 400 250 3.5
TiN Nz-Hz 1 25 25 3.5
TiN Nz-Hz 3 500 350 4

Table 3.9 List of TiN samples deposited in a reducing atmosphere with their relative
deposition parameters.

For all the samples presented, the background pressure in the chamber at which the
gas mixture started to be injected is around 2*10° Pa to ensure a low level of
contamination in the deposited films.

The values of fluence used have been retrieved from the previous work carried out by
G.Baiardi at Nanolab, because they are considered optimal for the deposition of these
types of material.
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After the deposition, a vacuum thermal treatment at 500°C has been performed on
sample deposited with 1 Pa of N2-H: to investigate the influence of the substrate
temperature on the effects of the annealing process.

The cross-section analysis of the samples, performed by means of SEM, confirmed the
obtainment of compact and adherent films of TiN with thickness around 200 nm.
(Figure 3.13)

Figure 3.13 Cross-section image of a TiN sample deposited in presence of 1 Pa of N2>-H: at
250°C.

After the thermal treatment, several detachments of the films from the substrate have
been detected; however, their number is much larger in the case of the sample
deposited at room temperature. This phenomenon is probably related to the fact that
a higher substrate temperature can partially relax the internal stresses induced during
the growth of the film. (Figure 3.14) But, probably a substrate temperature of 350°C is
not enough to favour the relaxation of the internal stresses induced during the
deposition in presence of N2-Ho.

Figure 3.14 Example of the effect of thermal treatment on TiN samples deposited in presence
of a reducing atmosphere.

An EDXS analysis have been performed to retrieve information about the
stoichiometry of the samples produced, providing the data listed in Table 3.10.

TiN 1 250 3.63 | 21.20 | 3479 | 4038 | 0.52
TiN 1 25 512 | 1892 | 38.58 | 37.38 | 0.51
TiN 3 350 1.50 | 27.39 | 2945 | 41.66 | 0.66

Table 3.10 List of elemental compositions and atomic ratios of different TiN samples
deposited in presence of a reducing atmosphere.
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As expected, increasing the pressure of the mixture N2-H: the quantity of nitrogen
incorporated rises. Looking at the atomic ratio it is possible to notice that the substrate
temperature does not affect the incorporation of nitrogen in titanium nitride thin films.

After the annealing process, another EDXS analysis has been performed to study the
effect of the thermal treatment on the stoichiometry of the compound, providing the
results listed in Table 3.11.

Pressure Tsub Status C N (@) Ti N/Ti
Target
(Pa) °cO) (%) (%) (%) (%)
TiN 1 250 ann. 6.64 21.68 | 36.29 | 35.39 0.61
TiN 1 25 ann. 12.90 13.28 | 44.25 | 29.29 0.45

Table 3.11 List of elemental compositions and atomic ratios of different annealed TiN
samples deposited in presence of a reducing atmosphere.

Analysing the results, it is noticeable a decrease in the content of titanium. Since a
phenomenon of evaporation of Ti at 500°C is practically impossible, the variation of
the contents of the sample can be attributed to the limited accuracy, typical of this type
of measurement.

Then the reference samples have been analysed by means of Raman spectroscopy,
obtaining the spectra represented in Figure 3.15.
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Figure 3.15 Raman spectra of TiN samples deposited at different temperatures in presence of
a reducing atmosphere.

Analysing the graph, it is noticeable that the sub-stoichiometric nature of the
compound is confirmed by the presence of a broad acoustic band below 400 cm™! that
highlights the presence of nitrogen vacancies in the crystalline lattice. As expected, the
width of the band is lower in the case of the sample deposited in presence of 3 Pa of
N:2H2 due to a larger incorporation of nitrogen in the film caused by a larger pressure
of gas mixture present during the deposition. Another evidence of the larger
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concentration of nitrogen, can be found in the slightly visible band around 600 cm™!
that is related to the vibration of N* ions.

In addition, the substrate temperature seems not to affect the results obtained through
Raman spectroscopy. This is accordance with the stoichiometric information retrieved
by means of EDXS analysis.

After the annealing process, the samples have been analysed by means of Raman
spectroscopy to investigate the effects of the thermal treatment, leading to the
obtainment of the results presented in Figure 3.16.
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Figure 3.16 Raman spectra of annealed TiN samples deposited at different temperatures in
presence of a reducing atmosphere.

In the graph, it can be noticed that the acoustic band (below 400 cm™) is blue-shifted,
probably due to a phenomenon of partial oxidation occurred during the annealing,
and narrower, meaning that probably the structure is more ordered, after the thermal
treatment. Even after the annealing, the effect of the substrate temperature is
practically null for what concerns the Raman spectroscopy.

As for the reference samples deposited in vacuum, the optical properties of the films
have been investigated by means of UV-Vis-NIR spectroscopy and ellipsometry.

The data related to the reflectivity of the materials have been obtained through UV-
Vis-NIR spectroscopy, providing the results presented in Figure 3.17.

For the samples deposited at 1 Pa of N2H:, the minimum is around 350 nm, while, in
the case of the sample deposited at 3 Pa of N2Ho>, it can be found around 400 nm. For
larger wavelengths, it is evident that the material with the highest reflectance, and the
strongest metallic behaviour, is the one deposited at a nominal substrate temperature
of 400°C and with 1 Pa of N2H:. Making a comparison between the two samples
deposited with the substrate heater switched on, it is possible to note that lower is the
pressure of the gas mixture and stronger is the metallic behaviour of titanium nitride.
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Figure 3.17 Reflectance curves of TiN samples deposited in presence of a reducing

atmosphere.

The reflectance of the reference samples has been analysed also after the thermal
treatment to examine the effect of annealing on the optical properties. The results
obtained are presented in Figure 3.18.
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Figure 3.18 Reflectance curves of annealed TiN samples deposited in presence of a reducing

atmosphere.

Analysing the results, it has been noticed that the minimum of reflectance has red-
shifted from 350 cm? to 390 cm. Moreover, the annealing has caused a reduction in
reflectance for larger wavelengths. Since these properties are related to the density of
free charges, it could be assumed that during the treatment a partial oxidation has
occurred causing a reduction in the number of free charges.

Analysing the results, it has been noticed that the minimum of reflectance has red-
shifted from 350 cm™ to 400 cm’. Moreover, the annealing has caused a reduction in
reflectance for larger wavelengths. This could be associated with a possible
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phenomenon of oxidation occurred during the annealing that caused a reduction in
the metallicity of TiN films.

As described in Chapter 1, the complex dielectric function has been retrieved to model
the hyperbolic behaviour of a multilayered structure by means of the effective medium
theory. Hence, due to the adhesion problems previously described, that would be
detrimental for the development of a multilayered structure, and due to the
complexity of the ellipsometric measurements, it has been decided to perform the
analysis only on the sample deposited at 3 Pa of NaH: (TiN_9). The final results
obtained are presented in Figure 3.19.
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Figure 3.19 Plot of the real part of complex dielectric function of the sample deposited with 3
Pa of N2-Ho.

The plasma wavelength, that corresponds to the point in which &: is null, is around
500 nm.

Probably due to problems related to the low adhesion of the film on the glass substrate,
it was not possible to retrieve results from the electrical measurements of the samples
deposited in presence of N2-H2.

3.1.4. Comparison between different deposition atmospheres

In the previous sections, the attention was focused on the effects of the substrate
temperature on the properties of several TiN reference samples. Now, in this section,
the effects of the deposition atmosphere, maintaining constant the substrate
temperature, are presented.

The titanium nitride selected for the description of the effects of the deposition
atmosphere are listed in Table 3.12.

Since some samples have been deposited only with the substrate heater switched on, I
decided to select the samples presented in the list to guarantee a more precise
description of the effects of the deposition atmosphere.



73

Pressure Thom Tsub Fluence
Target | Atmosphere
(Pa) °O) (°C) (J/cm?)

TiN Vacuum 1.29*10°3 500 350 3.5
TiN Vacuum 0.1 500 350 6.5
TiN Vacuum 04 500 350 6.5
TiN N:2H> 1 400 250 3.5
TiN N:2H> 3 500 350 4

Table 3.12 List of TiN samples selected to investigate the effect of the deposition pressure
and type of atmosphere.

All the data related to the stoichiometry of the samples, obtained by means of EDXS
analysis, are collected, and presented in Table 3.13.

Target | Pressure (Pa) | Tsw (°C) C (%) | N(%) | O(%) | Ti(%) | N/Ti
TiN 1.29*107 (vac) 350 5.35 21.20 | 33.53 | 39.92 0.53
TiN 0.1 (vac) 350 6.38 20.71 | 35.09 | 37.82 0.55
TiN 0.4 (vac) 350 2.81 2098 | 32.84 | 43.38 0.48
TiN 1 (N2-Hz) 250 3.63 21.20 | 34.79 | 40.38 0.52
TiN 3 (N2-H2) 350 1.50 27.39 | 29.45 | 41.66 0.66

Table 3.13 List of elemental compositions and atomic ratios for different TiN samples.

Analysing the results presented in Table 3.13, it is noticeable that the films deposited
in high and low vacuum are characterized by practically the same elemental
compositions and atomic ratios. This could be related to the vacuum pumping system
that is enough efficient to guarantee the same level of contamination (oxygen) in low
and high vacuum. In addition, it is evident that, only in the case of the sample
deposited in presence of 3 Pa of N2-H>, an increase in the nitrogen content is noticed.
Hence, depositing in an atmosphere of 1 Pa of N2-H: is not enough to promote the
incorporation of nitrogen with the respect to the samples deposited in vacuum.

Stoichiometry is also investigable by means of Raman spectroscopy. All the data
previously described are collected in the graph presented in Figure 3.20

Looking at the graph, it is possible to observe that there is only one sample (TiN_9)
that shows a different Raman spectrum, confirming the results obtained by means of
EDXS. The sample deposited with 3 Pa of N2-H: is characterized by a narrower acoustic
band below 400 cm’, that indicates a lower concentration of nitrogen vacancies.
Another evidence of the larger concentration of nitrogen can be found in more intense
band at around 600 cm™ related to the vibration of nitrogen ions.
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Figure 3.20 Raman spectra of TiN samples deposited with different atmoshperes.

Looking at the graph, it is possible to observe that there is only one sample that shows
a different Raman spectrum, confirming the results obtained by means of EDXS. TiN
deposited with 3 Pa of N2>-H: is characterized by a narrower acoustic band below 400
cm’, that indicates a lower concentration of nitrogen vacancies. Another evidence of
the larger concentration of nitrogen can be found in more intense band at around 600
cm! related to the vibration of nitrogen ions.

The data regarding the reflectance of the different samples are collected in Figure 3.21.
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Figure 3.21 Reflectance curves of TiN samples deposited in different atmospheres.

The position of the minimum in reflectance, that corresponds to the plasma
wavelength, is practically the same (320 nm) for the sample except for the ones
deposited with N2>-Hz (340 nm-370 nm). Hence, even the presence of 1 Pa of N2-H: can
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have an influence on the optical properties of titanium nitride thin films. For larger
wavelengths, it is evident for the first time an effect of the deposition pressure for what
concerns the samples deposited in vacuum. In particular, the higher is the deposition
pressure the lower is the reflectance, and so the weaker is the metallic behaviour of
TiN. In conclusion, due to the lower reflectance at large wavelengths and due to the
lower plasma frequency, it is possible to assert that the deposition of titanium nitride
films in presence of N2-Hz promote the development of a weaker metallic behaviour
with respect of the ones fabricated in vacuum.

All the data available that describe the real part of the dielectric function of the samples
produced are represented in Figure 3.22.

vacuum 0,1 Pa T=350°C (as dep)
vacuum 0,4 Pa T=350°C (as dep)
N, - H, 3 Pa T=350°C (as dep)

vacuum 10™Pa T=250°C (annealed)

el

-20

.30 Lt . 1 . ! . 1 . 1 . ! . 1
400 600 800 1000 1200 1400 1600

Wavelength (nm)

Figure 3.22 Plot of the real component of dielectric function for some TiN samples deposited
in presence of different atmospheres.

The data presented in Figure 3.22 confirm what just described regarding the
reflectance curves. Indeed, for the samples deposited in vacuum, increasing the
pressure also €1 rises, meaning that the material deposited in vacuum at 0.4 Pa is less
metallic than the one deposited at 0.1 Pa. The plasma wavelength, computed as the
point in which &1 is null, is equal to around 410 nm for the samples deposited in
vacuum and around 510 nm for the sample deposited in presence of N2-Hz. In addition,
the effect of the reducing atmosphere is corroborated by the larger real part of ¢ and
by the larger plasma wavelength.

All the results available regarding the electrical properties of titanium nitride thin
films are collected and presented in Table 3.14.

Target | Atmosphere | Pressure (Pa) | Tsw (°C) Resistivity (Qcm)
TiN Vacuum 103 350 3.24*104 + 2.77*10°%
TiN Vacuum 0.4 350 4.36%104 + 1.23*10°

Table 3.14 List of resistivity for different TiN samples.
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It has been possible to perform the electrical analysis on the two samples presented in
Table 3.19. This could be related to problems of adhesion of the film to the glass
substrate that made the measurement unpracticable.

From the data provided by means of electrical measurements based on Van der Pauw
method, it is evident that an increase in the deposition pressure in vacuum causes a
lower metallicity of the film, that is proved by the larger resistivity.

To summarize, stoichiometry seems not to be influenced by the different deposition
atmospheres, except for gas mixture pressures larger than 1 Pa. Regarding optical and
electrical properties, it is possible to assert that the larger is the pressure, the lower is
the metallicity of the film deposited. Finally, it has been found that the materials with
the lowest metallicity are the TiN films deposited in presence of N2-Hz, and the metallic
behaviour is stronger for smaller pressure of the gas mixture.

3.1.5. Final remarks on the effect of the substrate temperature

In conclusion, analysing all the data presented in the previous sections, it is possible
to assert that the substrate temperature is a parameter that can affect the optical and
electrical properties of titanium nitride thin films. In particular, increasing the
substrate temperature the material is characterized by a larger reflectance and by a
lower resistivity. Hence, the temperature of the substrate can be used to control the
metallicity of TiN. Regarding the stoichiometry of the samples, it has been noticed that
a nominal substrate temperature of 500 °C (= 350°C from the thermocouple) is not
enough to promote the incorporation of nitrogen and to promote the oxidation of the
film. Indeed, by means of EDXS analysis and Raman spectroscopy, it has been verified
that the elemental composition of the samples is practically unchanged after an
increase in the substrate temperature. In addition, the sub-stoichiometric nature of the
compound has been confirmed by the data obtained, and the presence of nitrogen
vacancies, detectable by means of Raman spectroscopy, seems not to be affected by the
substrate temperature.

Summarizing, the substrate temperature can be used to tune the metallicity of titanium
nitride thin films, while the stoichiometry probably needs a higher temperature to be
significantly modulated.

3.2. Tantalum doped titanium oxide (Ta:TiOz)

Tantalum doped titanium oxide (Ta:TiO2) has been selected as the dielectric
component for the development of HMMs multilayered structures for its dielectric
behaviour in the visible and NIR range, but also for its peculiar plasmonic behaviour
in the IR range, that could lead to the obtainment of multilayers with unexplored
optical and plasmonic properties. For this reason, it has been necessary to deposit and
characterize different reference samples to investigate the principal properties of
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Ta:TiOz. In the following sections, the data obtained during the characterization are
presented.

The objective of the deposition and of the characterization of Ta:TiO2 mainly consists
in studying the effect of the substrate temperature and dopant content on the
morphology, stoichiometry and optical properties of the samples. Due to the duration
of the cooling process after the deposition, it has not been possible to deposit the
reference samples also at room temperature but only at 350°C. The data used for the
comparison with samples deposited at room temperature have been retrieved from
previous works carried out at the Nanolab research group laboratories [69].

Before starting with the presentation of the samples and the description of their
properties, it may be useful to list the deposition parameters that are in common
between all the reference samples produced:

* Deposition atmosphere: 1 Pa of oxygen

» Substrate: silicon wafer (110 crystal plane) and glass. The substrates have been
heated through a substrate heater, as described in section 2.1.

* Target to substrate distance: 5 cm.

= Laser fluence: = 2 J/cm?.

» Laser: pulsed green laser (532nm) with a frequency of 10 Hz.

*  Sample thickness: = 200 nm and = 20 nm.

The deposition atmosphere and the value of the pressure have been selected according
to previous studies performed by the Nanolab research group, in which these
parameters have been found as optimal for the deposition of a conductive tantalum
doped titanium oxide film. While, I decided to deposit thin films with thicknesses in
the order of the ones typically used for the development of HMMSs multilayers, due to
the characteristic influence of the thickness on the properties of transparent conductive
oxides (TCOs). The value of energy laser has been set in accordance with previous
works carried out at the Nanolab laboratories, to reach a value of fluency around 2
J/cm?, that is considered optimal for the deposition of this kind of material.

To investigate the effect of the tantalum content, different targets have been used
during the depositions:

»  Ta:TiO2, with diameter of 2 inches and with a content of tantalum equal to 5%
in mass.
* Ta:TiO», with diameter of 2 inches and with a content of tantalum equal to 10%

in mass.

To avoid any modifications of the films and too excessive phenomenon of oxidation,
the samples have been extracted from the vacuum chamber only when the substrate
temperature detected by the thermocouple, mounted on the substrate holder, was
below 50°C.
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The reference samples of tantalum doped titanium oxide produced during this master
thesis project are listed in Table 3.15.

Ta:TiO: 5 20 500 350
Ta:TiO2 5 200 500 350
Ta:TiO2 10 20 500 350
Ta:TiO: 10 200 500 350

Table 3.15 List of Ta:TiO2 samples with their relative deposition parameters.

After the deposition, an annealing process, in vacuum at around 500°C, has been
performed to promote the crystallization of the films. This process is considered
necessary for this type of material for the reasons described in Chapter 1.

The cross section of every sample has been analysed by means of scanning electron
microscopy (SEM), confirming the obtainment of compact and adherent films, with
thicknesses around 20 nm and 200 mn. (Figure 3.23)

Figure 3.23 Example of cross-section image of tantalum doped titanium oxide sample (10% of
Ta and 200 nm).

After the thermal treatment, no changes have been observed in the morphology of the
cross-section. In addition, problems of detachment of the films have not been observed
both in the as deposited and annealed samples. (Figure 3.24)

Figure 3.24 Example of cross-section image of Ta:TiO2 sample after the thermal treatment
(10% of Ta and 200 nm).

Information about the stoichiometry of the deposited films have been retrieved by
means of EDXS analysis. The results obtained for the sample with 200nm of thickness
are listed in Table 3.16. The ones of the samples with 20 nm are not presented due to a
too strong contribution of Si and C that is probably related to the small thickness.
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Target | Ta content (%) | Tsw (°C) | C (%) | O (%) | Ti(%) | Ta (%)
Ta:TiO2 5 350 3.23 65.63 | 29.57 1.57
Ta:TiO2 10 350 3.74 65.26 | 28.72 2.29

Table 3.16 List of elemental compositions for different Ta:TiO2 samples.

As for the TiN reference samples, the data presented in Table 3.20 have been
normalized with the respect of the content of silicon to obtain more precise information
about the stoichiometry of the films.

As expected, the content of tantalum is higher in the case of the sample obtained
ablating the target with the largest content of dopant agent.

The elemental composition of the samples has been investigated also after the
annealing process, providing the results listed in Table 3.17.

Status Ta content (%) | Tsw (°C) | C (%) | O (%) | Ti (%) | Ta (%)
annealed 5 350 3.23 65.63 | 29.57 1.57
annealed 10 350 3.74 65.26 | 28.72 2.29

Table 3.17 List of elemental compositions for different annealed Ta:TiO2 samples.

Since an evaporation of tantalum is practically impossible at temperatures around
500°C, it is possible to assume that the variations of the elemental composition could
be related to the normalization with the respect of silicon and to the limited accuracy
of the measurement. In addition, the condition for which the highest content of Ta has
been detected in the sample deposited ablating the target with the largest content of
dopant agent has been verified also after the thermal treatment.

As described in Chapter 1, the crystallinity of tantalum doped titanium oxide can be
investigated by means of Raman spectroscopy (Figure 3.25)

5% Ta 200nm T=350°C
10% Ta 200nm T=350°C

Normalized intensity (a.u.)

1 I i i
200 400 600 800 1000

Raman shift (cm")

Figure 3.25 Raman spectra of different Ta:TiO: reference samples.
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Considering the sample with 10% of Ta in mass, four peaks can be noticed at around
150 cm™ (Eg), at around 300 cm™, at around 400-450 cm™ (B1g) and around 630 cm™ (Eg),
meaning that the film is already crystalline, in the anatase phase, after the deposition
at around 350°C. Considering the sample with 5% of Ta in mass, four peaks can be
noticed at around 150 cm™ (Eg), at around 300 cm™, at around 450 cm™ (Eg) and around
610 cm™ (A1g), meaning that the film is already crystalline, with a probable coexistence
of anatase and rutile phase, after the deposition at around 350°C.

Focusing on the principal peak at around 150 cm, it has been observed that the sample
with 10% of Ta in mass presented a peak slightly blue-shifted with the respect to the
one with 5% of Ta. This is accordance with the experimental results found by
Mazzolini et al. [32], for which an increasing density of free charges, that is directly
related to the content of the dopant agent, causes a progressive blue-shift of the
principal peak at around 150 cm™.

In addition, it is possible to notice that the intensity of the peak is larger for the samples
with 10% of Ta, meaning that this sample has a more ordered and crystalline structure
with the respect to the one with 5% of Ta. Crystallization of Ta:TiO2 never occurred
during the deposition at room temperature, meaning that the use of a substrate heater
could be very important and crucial for the obtainment of crystalline Ta:TiO2 during
the process of deposition.

On the sample with 20 nm of thickness no peaks have been detected and this could be
related to the small thickness of the film that did not permit the development of a more
intense and detectable signal.

During this project, a sample of pure titanium oxide has been deposited with the same
deposition parameters of the Ta:TiO: ones, being characterized by the Raman
spectrum presented in Figure 3.26.

0% Ta 200nm T=350°C
5% Ta 200nm T=350°C
10% Ta 200nm T=350°C
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Figure 3.26 Raman spectra of TiO2 and Ta:TiO:z samples.
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From the graph, it is evident that the titanium oxide sample is practically amorphous
with the respect to the remaining Ta:TiO: samples. This is another evidence of the
effect of the tantalum content on the process of crystallization of thin films.

After the thermal treatment, Raman spectroscopy performed on the reference samples
provided the results presented in Figure 3.27.
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Figure 3.27 Raman spectra of annealed Ta:TiO2 samples with thickness of 200 nm.

Raman spectra of the 20 nm annealed samples are not presented because the signal is
too weak probably due to the limited thickness of the films.

it is noticeable in Figure 3.28 that the thermal treatment favoured a process of
crystallization in the sample with the lowest content of tantalum . Indeed, the
characteristic peak at around 150 cm™ is narrower and more intense. On the contrary,
the Raman spectrum of the sample with 10% of Ta is practically unchanged after the
annealing, meaning that the crystalline structure obtained after the deposition is equal
to the one obtainable after the thermal treatment. Fitting the data, it is possible to
determine approximately the position of the characteristic peak. In particular, for the
sample with 5% of Ta the peak is positioned at 150.4 cm™, while the peak of the sample
with 10% of tantalum is positioned at 154.3 cm™. This is in accordance with what have
been noticed for the samples with lower thickness and with the results obtained by
Bricchi [40] and Mazzolini [32] during their research works.

The dielectric function of the tantalum doped titanium oxide thin films has been
computed through an interpolation of data obtained during ellipsometric
measurements, providing the results presented in Figure 3.28 and 3.29.

Due to the complexity of the measurement, it has been possible to perform the
measurement only on the annealed sample with the largest thickness and content of
tantalum. The data presented in the graphs, that are related to the sample deposited at
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room temperature, have been retrieved from a previous work carried out by C.
Mancarella during her PhD thesis project [69].

——10% Ta; 200nm; T=350°C (annealed)
——10% Ta; 200nm; T=25°C (annealed)
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Figure 3.28 Real part of dielectric function computed for different Ta:TiO2 samples.
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Figure 3.29 Imaginary part of dielectric function computed for different Ta:TiO2 samples.

Analysing the results, it can be observed that the material deposited at room
temperature shows a smaller real part of the dielectric function and a larger imaginary
part. Hence, theoretically, the deposition of tantalum doped titanium oxide, with a
substrate temperature around 350°C, can lead to the obtainment of a film with a
stronger dielectric behaviour and with a lower dispersion coefficient. On the other
hand, there exists a possibility that this variation is mainly related to the model used
for the interpolation of the data obtained during the ellipsometric analysis. This could
be explained by the fact that the model used is a combination of Drude and Lorent
models in which the plasma frequency is considered. Hence, since the plasma
frequency of Ta:TiO:2with 5% or 10% of Ta in mass belongs to the IR range (=4100 nm),
an interpolation of the data related to Ta:TiO:2 in a range of wavelengths between 370
nm and 1700 nm could represent a limitation for the accuracy of the interpolation.
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3.2.1. Final remarks

To summarize, during this master thesis work it has been verified that is possible to
obtain crystalline, or partially crystalline, tantalum doped titanium oxide thin films
directly during deposition, increasing the substrate temperature at values around 350
°C. The possibility of reaching a complete crystalline structure instead of a partial one
seems to be related to the content of the doping agent. Indeed, it has been noticed that,
for a constant substrate temperature, the larger is the content of tantalum the higher is
the crystallinity of the film. In addition, it has been verified that for a content of Ta of
5% in mass, the deposition at around 350 °C promotes the obtainment of a crystalline
structure in which the anatase and rutile phase coexist.

Considering the optical properties of tantalum doped titanium oxide films, it has been
noticed that an increase in the substrate temperature caused an increase in the real part
of the dielectric function and a decrease in the imaginary, obtaining a film with a better
dielectric behaviour. However, this variation could be not the related to the substrate
temperature, but to the model used for the interpolation of the data.

In conclusion, the substrate temperature, the content of doping agent are surely
parameters that can control the process of crystallization of tantalum doped titanium
oxide films. Regarding the optical properties, the substrate temperature seems to affect
positively the dielectric function, but this effect needs to be investigated more precisely
to exclude the errors related to the model adopted for the interpolation of the data.
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4 Ta:TiO»/TiN multilayers

After the deposition and characterization of the reference samples, two sets of
multilayered structures have been developed and analysed to investigate the effect of
the substrate temperature and of the geometry on the morphology and on the optical
properties of the multilayers.

The first set is composed of multilayer structures in which the dielectric part consists
of tantalum doped titanium oxide with a content of Ta equal to 5% in mass, while for
the metallic component, titanium nitride deposited in high vacuum has been selected.
The multilayers have been deposited at different substrate temperatures (at room
temperature and around 350°C) to investigate the effects on the morphology and on
the optical properties of the structures. The thickness of the layers deposited has been
maintained constant and equal to 20 nm, while the number of layers has been set to 10
and 11 also changing the order of deposition of the layers.

For the second set it has been decided to adopt a different approach for the
development of the multilayered structure. Firstly, several simulations based on the
effective medium, described in Chapter 1, have been performed to define the best
configurations in terms of materials and geometry that can guarantee the widest range
of wavelengths in which the multilayered structures assume a hyperbolic behaviour.
The data used for the simulations are the ones obtained through the characterization
of the reference samples. According to the simulations carried out, the materials
selected for the development of the multilayered structures are Ta:TiO2 with 10% of
tantalum in mass for the dielectric, and TiN deposited in low vacuum (0.1 Pa) and high
vacuum (1072 Pa) for the metal part. Ta:TiO: has been selected because it behaves as
dielectric material in the range of wavelengths investigated during this project (visible
and NIR). For what concerns the geometry of the structure, it has been noticed that the
largest range of hyperbolicity is achievable with multilayers that have the metallic part
thicker than the dielectric one. In particular, two different configurations for each
metallic material have been deposited, in which the metallic part is characterized by a
thickness of 30 nm and 20 nm and the dielectric part is characterized by a thickness of
20 nm and 10 nm, respectively. The number of layers deposited has been maintained
constant and equal to 11, in which the dielectric part constitutes the first and the last
layer produced. This type of configuration has been adopted in order to put directly
in contact with the external environment the less reactive component to avoid
modifications of the properties of the multilayered structures. All the structures
belonging to the second set have been deposited with the substrate heater switched on
and set at a nominal temperature of 500°C (the effective temperature is around 350°C)
to focus the attention on the effects of the geometry on the morphology and on the
optical properties of the samples produced.
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Both for the first and second set, the dielectric part has been deposited in presence of
1 Pa of oxygen to guarantee the growth of a more conductive oxide. This choice has
been made in order to guarantee the obtainment of a Ta:TiO: that behaves as a metal
in the infrared range and so, in combination with a double-epsilon-near-zero metal
(titanium oxynitride), could lead to the development of a HMMs that is capable to
show a hyperbolic behaviour also in the infrared range.

After the deposition, an annealing process in vacuum at around 500°C has been
performed on all the samples produced to investigate the effects of the thermal
treatment on the morphology and on the optical properties of the samples.

In conclusion, in this chapter are presented all the samples deposited and the all the
results obtained during the characterization of the structures produced.

4.1. Ta:TiO2/TiN multilayers (Ta:TiO2with 5% of Ta)

In this section, a description of the principal properties of Ta:TiO>/TiN multilayers
(Ta:TiO2 with 5% of Ta in mass) is presented. The multilayered structures have been
obtained by means of pulsed laser deposition, with the targets configuration described
in Section 2.1. The metallic part consists of titanium nitride deposited in high vacuum
(10 Pa), while the dielectric component is tantalum doped titanium oxide with a
content of Ta equal to 5% in mass and deposited in presence of 1 Pa of oxygen.

The deposition parameters that have not been changed during the fabrication process
are listed below:

* Target: TiN (99% pure with a dimeter of 1 inches) mounted on a target of
Ta:TiO:2 (5% of Ta in mass and with a diameter of 2 inches)

* Substrate: silicon wafer (110 crystal plane)

* Target to substrate distance: 5 cm.

* Laser: pulsed green laser (532nm) with a frequency of 10 Hz.

» Laser fluence: 2 J/cm? for Ta:TiO: layers and 3.5 J/cm? for TiN layers.

All the multilayered structures described in this section are listed in Table 4.1 with
their relative geometries and deposition parameters.

Structure Geometry | t Lyer(nm) | tot (nm) Tou (°C)
Ta:TiO2 / TiN 10 layers 20 200 25
TiN / Ta:TiO: 10 layers 20 200 25
Ta:TiO2 / TiN 11 layers 20 220 350
TiN / Ta:TiO: 11 layers 20 220 350

Table 4.1 List of multilayers deposited with their relative deposition parameters.
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The order of the layer is presented in the first column of Table 4.1, starting with the
first layer deposited directly in contact with the silicon substrate. The number of layers
has been changed from 10 to 11 to investigate the effect of having an odd number of
layers instead of an even one.

After the deposition, an annealing process in vacuum at around 500°C has been
performed on all the samples produced.

A visual inspection analysis performed by means of scanning electron microscopy
(SEM) has been necessary to investigate the morphology of the multilayers deposited.

A typical cross-section image of a multilayer is presented in Figure 4.1, where it is
possible to notice the presence of several layers that constitute the final multilayered
structure.

Mag = 400.00KX 100 nm
Doto :16 Jun 202

Figure 4.1 Example of cross-section image of a multilayered structure (11 layers TiN / Ta:TiO2
T=350°C).

Through SEM it has been possible to confirm the deposition of a compact and adherent
multilayered structure with thicknesses around 200 nm and 220 nm. After the
annealing, the samples have been analysed by means of scanning electron microscopy
to investigate the effects of the treatment on their morphology. During this analysis, it
has been possible to notice several detachments of the film from the silicon substrate
only on the samples deposited at room temperature, as presented in Figure 4.2.

Figure 4.2 Example of detachment of the film present in the annealed samples deposited at
room temperature.

It is possible to assume that the absence of detachments in the samples deposited at a
nominal substrate temperature of 500°C could be related to a partial relaxation of the
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internal stresses typically induced during the growth of the film caused by the higher
deposition temperature. Considering the multilayered structure, the problems related
to the development of residual internal stresses is more severe than in the case of a
single layer due to the presence of many interfaces that intensifies the stresses induced
during the deposition.

The influence of the substrate temperature on the crystallinity of the different single
layers that form the multilayers has been analysed by means of Raman spectroscopy,
providing the results presented in Figure 4.3.

11x20nm TiN/Ta:TiO2 T=500"C
— 11x20nm Ta:TiIO2/TIN T=500"C
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Figure 4.3 Raman spectra of different multilayers deposited at different substrate
temperatures.

Analysing the results, it is possible to notice that the sample deposited at higher
temperature and with Ta:TiO: as the last layer shows a slightly different Raman
spectrum. In particular, two bands at around 400 cm™ and 600 cm* are present. These
signals could be related to the anatase phase of titanium oxide, indicating that a
phenomenon of crystallization of the tantalum doped titanium oxide layers has
already started during the deposition. The typical signal of Ta:TiO2 present at around
150 cm! is probably covered by the broad acoustic band of TiN below 400 cm™ that is
related to the presence of nitrogen vacancies in the lattice of the metallic layers. Hence,
it is possible to assume that a substrate temperature of 350°C is enough to promote the
crystallization of the tantalum doped titanium oxide embedded as the dielectric
component of a metal-dielectric multilayer. Due to the similar structure and deposition
temperature, it is possible to assume that also in the case of the sample with titanium
nitride as last layer a crystallization process of Ta:TiO2 has already started during the
deposition, but the signals are probably screened by the presence of 20 nm of titanium
nitride above the last layer of tantalum doped titanium oxide.

After the thermal treatment, a Raman spectroscopy analysis has been performed to
investigate the effect of the annealing the crystallinity and morphology of the samples
deposited, obtaining the data presented in Figure 4.4. and 4.5.
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Figure 4.4 Effect of thermal treatment on multilayers deposited at room temperature.

After the annealing, the samples deposited at room temperature show an acoustic
band below 400 cm™ related to TiN nitrogen vacancies that is slightly blue-shifted with
the respect to the as deposited ones. This is in accordance with the data found during
the characterization of the reference samples and with the results of a previous work
carried out by the Nanolab research group, meaning that a phenomenon of oxidation
could has occurred during the thermal treatment [66]. In addition, it is possible to
notice the beginning of a separation of the acoustic band in two bands (transversal at
around 220 cm! and longitudinal at a 330 cm™) indicating the achievement of a more
ordered structure of titanium nitride.

11x20nm TiN/Ta:TiO2 (annealed)
Y \ —— 11x20nm TiN/Ta:TiO2 (as dep)
—— 11x20nm Ta:TiO2/TiN (annealed)
—— 11x20nm Ta:TIO2/TIN (as dep)
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Figure 4.5 Effect of annealing on the Raman spectra of samples deposited at 350°C.

In Figure 4.5 are presented the Raman spectra of the samples deposited with the
substrate heater switched on at 500°C before and after the thermal treatment. Also in
this case, it is evident that the acoustic band related to the nitrogen vacancies of
titanium nitride is blue shifted after the annealing whit the respect to the as deposited
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samples and this could be related to a phenomenon of oxidation occurred during the
annealing.

All the data related to the Raman analysis of the annealed samples have been collected
and represented in Figure 4.6.
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Figure 4.6 Raman spectra of annealed multilayers deposited at different temperatures.

Analysing all the results, it is evident that the shape of the acoustic band of titanium
nitride below 400 cm™ varies changing the temperature of deposition. In particular, the
annealed samples deposited at room temperature show an acoustic band that is more
similar to the typical one of TiN presented in Chapter 1 with the respect to the annealed
samples deposited at 350°C. Indeed, the separation between the transversal and
longitudinal acoustic band seems to be glimpsed.
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Figure 4.7 Reflectance curves of annealed multilayered structure deposited at different
temperatures.
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The optical properties of the multilayered structures have been investigated by means
of UV-Vis-NIR spectroscopy, retrieving the values of reflectance represented in Figure
4.7.

Since the thermal treatment must be performed on the multilayered structure to
promote the crystallization of tantalum doped titanium oxide, it has been decided to
perform the analysis of the optical properties only on the annealed samples. From the
results obtained, it is noticeable that the samples with the same last layer deposited
(TiN or Ta:TiO2) show similar reflectance curves. In particular, the bands related to
phenomena of interference present below 400 nm are more evident in the case in which
the last layer deposited is the tantalum doped titanium oxide. This is probably related
to the greater contribution of the first metal-dielectric interface that is not screened by
a highly reflecting layer, such as titanium nitride. As expected, the configuration that
shows the highest reflectance is the one in which TiN is the last layer deposited. This
configuration shows reflectance curves that are similar to the ones of the reference
samples described in Chapter 3, but the values of wavelength at which the curves reach
the minimum are different with the respect to the case of the reference sample. Indeed,
for a single layer of TiN deposited in high vacuum (10 Pa) the position of the
minimum is around 330 nm, while in a multilayered structure the position of the
minimum shifts to values around 500 nm and 550 nm. This phenomenon is probably
related to the implementation of TiN in multilayered structure in combination with
Ta:TiO2 that has completely different optical properties.

The hyperbolic behaviour of the multilayered structures deposited has been
investigated by means of a Matlab code, developed by Professor A. De Luca from the
University of Calabria, that is based on the effective medium theory described in
Chapter 1. Through this code it is possible to derive the effective parallel and
perpendicular component of the dielectric function, that can be used to define the
range of wavelengths in which the material assumes a hyperbolic behaviour. Due to
the detrimental problems related to the low adhesion of the multilayers deposited at
room temperature, it has been decided to perform the simulation only for the samples
deposited at 350°C, retrieving the results presented in Figure 4.8.

During the simulation it was not possible to consider the order of deposition of the
layers and an even number of the layers, so it has been possible to perform the
calculation only for the configurations with 10 layers of 20 nm.

Due to the configuration of a metal-dielectric multilayered structure, in principle the
movement of free electrons is favoured on a direction that is parallel to the surface of
the layers inside the metallic layers and forbidden in a perpendicular direction because
they must pass through a dielectric material. For these reasons, it was reasonable to
expect negative values for the real parallel component of the effective dielectric
function and positive for the perpendicular one. As described, in Chapter 1, the
material shows a hyperbolic behaviour when the two components represented in
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Figure 4.8 have opposite sign. Hence, it can be asserted that theoretically a
multilayered structure composed of TiN and Ta:TiO: a can be considered an
hyperbolic metamaterial (HMM) in a range of wavelengths between 650 nm and 1700
nm. The range of validity of the simulation is limited by the range of wavelengths in
which the data used for the calculation have been retrieved through ellipsometric
measurements.

20

220 1 . 1 . 1
500 1000 1500

Wavelength (nm)

Figure 4.8 Representation of the theoretical real parallel and perpendicular components of
the effective dielectric function of a multilayered structure deposited at 350°C after
annealing.

4.1.1. Final remarks

Summarizing what has been just described in the previous section, different
multilayered structures have been developed and characterized to investigate the
effects of the deposition temperature and the order of the layers on the morphology
and on the optical properties of the samples produced.

Starting from the morphology, it has been noticed that the deposition of multilayers at
substrate temperatures around 350°C can favour the partial relaxation of the residual
internal stresses induced during the growth of the structure, avoiding the
development of detachment of the films from the substrate afterwards the necessary
thermal treatment. In addition, it has been found that a substrate temperature of 350°C
is enough to promote the crystallization of the 20 nm layer of tantalum doped titanium
oxide, confirming the results obtained during the characterization of the reference
samples of Ta:TiOx.

Considering the optical properties, the order of the layers can affect the shape of the
reflectance curves of the multilayered structures. In particular, the samples that have
Ta:TiO: as the last layer show more evident band of interference, below 400 nm. While,
in the case of samples that have TiN as the last layer, the reflectance curves are similar
in shape to the ones of the single layers reference samples described in Chapter 3.
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Analysing the position of the minimum of reflectance, it is noticeable that this point
has shifted towards larger wavelengths with the respect to the single layer case. This
effect cannot directly imply a variation of a plasma frequency of the structure because
the multilayers is composed of several layers of different materials that have
completely different optical behaviour in the visible and NIR range.

Finally, a simulation based on the effective medium theory has been performed to
determine the range of wavelengths in which the material assumes a hyperbolic
behaviour, obtaining that a multilayered structure composed of Ta:TiO: and TiN with
11 layers of 20 nm can be considered a hyperbolic metamaterial in the visible and NIR
range, in particular between 650 nm and 1700 nm.

4.2. Ta:TiO2/TiN multilayers (Ta:TiO2with 10% of Ta)

The first set of multilayers has been developed and deposited to explore the feasibility
of depositing multilayered structure composed of Ta:TiOzand TiN. Hence, the strategy
adopted for the deposition of the second set of multilayers has been changed with the
respect to the one described in Section 4.1. Now, the first step for the development of
multilayered structures consists in performing several simulations based on the
effective medium theory, using the data presented in Chapter 3, to determine the
material combinations and geometry of the structure that can guarantee the widest
range of wavelengths in which the multilayer shows a hyperbolic behaviour.
Regarding the possible material combinations, I decided to select for the metallic
component the compounds that during the characterization of the reference samples
have shown the strongest metallic behaviour. The materials selected are listed in Table
4.2.

Pressure Tsub Fluence
Target | Atmosphere
(Pa) Q) (J/cm?)
TiN Vacuum 1.29*10°3 350 3.5
TiN Vacuum 0.1 350 6.5

Table 4.2 List of titanium nitride selected for the simulation of the hyperbolic behaviour.

While the materials selected for the dielectric component of the multilayered structure
are presented in Table 4.3.

Content Ta Pressure Tsub Fluence
Target Atmosphere
(%) (Pa) (°C) (J/cm?)
Ta:TiO2 5 Oz 1 350 2
Ta:TiO:2 10 Oz 1 350 2

Table 4.3 List of tantalum doped titanium oxide selected for the simulation of the hyperbolic
behaviour.
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Considering the geometry of the structures, all the possibilities investigated during the
simulations are listed in Table 4.4.

Content Ta Pressure
Structure Geometry Atmosphere
(%) (Pa)
Ta:TiO2/TiN 5 20nm+20nm | O:2/vacuum 1/10°3
Ta:TiO2/TiN 5 1I0nm+20nm | O2/vacuum 1/10°3
Ta:TiO2/TiN 5 20nm+30nm | O:2/vacuum 1/103
Ta:TiO2/TiN 5 20nm+10nm | O2/vacuum 1/10°3
Ta:TiO2/TiN 5 30nm+20nm | O:2/vacuum 1/103
Ta:TiO2/TiN 5 20nm+20nm | O:2/vacuum 1/0.1
Ta:TiO2/TiN 5 10nm +20nm | O2/vacuum 1/0.1
Ta:TiO2/TiN 5 20nm+30nm | O:2/vacuum 1/0.1
Ta:TiO2/TiN 5 20nm+10nm | O:2/vacuum 1/0.1
Ta:TiO2/TiN 5 30nm+20nm | O:2/vacuum 1/0.1
Ta:TiO2/TiN 10 20nm+20nm | O:2/vacuum 1/103
Ta:TiO2/TiN 10 10nm+20nm | O:2/vacuum 1/103
Ta:TiO2/TiN 10 20nm +30nm | O2/vacuum 1/10°
Ta:TiO2/TiN 10 20nm+10nm | O:2/vacuum 1/103
Ta:TiO2/TiN 10 30nm+20nm | O2/vacuum 1/10°3
Ta:TiO2/TiN 10 20nm+20nm | O:2/vacuum 1/0.1
Ta:TiO2/TiN 10 10nm +20nm | O2/vacuum 1/0.1
Ta:TiO2/TiN 10 20nm +30nm | O:2/vacuum 1/0.1
Ta:TiO2/TiN 10 20nm+10nm | O:2/vacuum 1/0.1
Ta:TiO2/TiN 10 30nm+20nm | O:2/vacuum 1/0.1

Table 4.4 List of all the possible configurations investigated during the simulations.

After the simulations, it has been possible to derive the range of wavelengths in which
the material assumes a hyperbolic behaviour. The best structures are presented in
Table 4.5

The configurations that show a wider range of hyperbolicity are highlighted in Table
4.5. It is evident that these geometries are characterized by a thickness of TiN is larger
than the one of Ta:TiO2. Due to the duration of the cooling process, it was possible to
deposit only 4 multilayered structures. Hence, since it has been proved that the
Ta:TiO:, with 10% in mass of tantalum, crystallizes better that Ta:TiO2 with 5% of Ta
in mass during the deposition process carried out at 350°C, it has been decided to
fabricate four multilayered structures with this type of material for the dielectric
component.
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Content Ta Pressure A
Structure Geometry Atmosphere
(%) (Pa) (nm)
Ta:TiO2/TiN 5 10nm +20nm | O2/vacuum 1/10°3 630-1700
Ta:TiO2/TiN 5 20nm +30nm | O:2/vacuum 1/10°3 580-1700
Ta:TiO2/TiN 5 1I0nm+20nm | O:2/vacuum 1/0.1 540-1700
Ta:TiO2/TiN 5 20nm+30nm | O:2/vacuum 1/0.1 560-1700
Ta:TiO2/TiN 10 10nm +20nm | O2/vacuum 1/10°3 590-1700
Ta:TiO2/TiN 10 20nm+30nm | O:2/vacuum 1/103 570-1700
Ta:TiO2/TiN 10 10nm +20nm | O2/vacuum 1/0.1 550-1700
Ta:TiO2/TiN 10 20nm +30nm | O:2/vacuum 1/0.1 570-1700

Table 4.5 Best structures according to the simulations performed.

The configurations that show a wider range of hyperbolicity are highlighted in Table
4.5. It is evident that these geometries are characterized by a thickness of TiN is larger
than the one of Ta:TiO2. Due to the duration of the cooling process, it was possible to
deposit only 4 multilayered structures. Hence, since it has been proved that the
Ta:TiO2, with 10% in mass of tantalum, crystallizes better than Ta:TiO2 with 5% of Ta
in mass during the deposition process carried out at 350°C, it has been decided to
fabricate four multilayered structures with this type of material for the dielectric

component.

The results obtained during the simulations for the selected geometries are presented
in Figure 4.9 and 4.10.
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Figure 4.9 Representation of the theoretical real part of the effective dielectric function for

multilayered structure in which TiN has been deposited in high vacuum.
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Figure 4.10 Representation of the theoretical real part of the effective dielectric function for
multilayered structure in which TiN has been deposited in low vacuum.

The configurations that have been deposited during this master thesis project are
presented in Table 4.6.

Ta:TiO2/TiN 10 1I0nm+20nm | O:2/vacuum 1/103 11
Ta:TiO2/TiN 10 20nm +30nm | O2/vacuum 1/10° 11
Ta:TiO2/TiN 10 10nm+20nm | O2/vacuum 1/0.1 11
Ta:TiO2/TiN 10 20nm+30nm | O2/vacuum 1/0.1 11

Table 4.6 List of multilayered structures deposited.

After the deposition, a thermal treatment in vacuum at around 500°C has been
performed on all the samples produced to investigate the effect of the annealing on the
morphology and on the optical properties of the multilayered structure.

A visual inspection through scanning electron microscopy (SEM) has been conducted,
confirming the obtainment of compact and adherend multilayered structures with the
desired total thickness. (Figure 4.11)

Figure 4.11 Example of cross-section image of a multilayered structure deposited at 350°C
(Ta:TiO2/TiN (10°Pa) 20nm/30nm).
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In Figure 4.11 it is possible to notice the different layers that form the final multilayered
structure.

After the thermal treatment, no modifications of the film have been detected by means
of scanning electron microscopy (Figure 4.12). In addition, no detachment has been
encountered during the visual inspection analysis, confirming the positive effect of the
substrate heater related to the promotion of the relaxation of the residual internal
stresses induced during the deposition.

Figure 4.12 Example of cross-section image of an annealed multilayered structure deposited
at 350°C. (annealed Ta:TiO2/TiN (10-°Pa) 20nm/30nm)

The crystallinity of the layers that compose the multilayered structure has been
analysed by means of Raman spectroscopy, obtaining the results presented in Figure
4.13
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Figure 13 Raman spectra of different muitiloyers deposited at 350°C

Figure 4.13 Raman spectra of different multilayers deposited at 350°C

Observing the results, it is possible to notice two weak signals around 400 cm-and
around 600 cm™ on the samples characterized by larger thicknesses. The signals could
be associated with the characteristic ones of the anatase phase of titanium oxide ( Big
at 400 cm™ and Eg at around 600 cm™?), indicating that a process of crystallization of the
last layer of Ta:TiO2 has occurred during the deposition. In addition, the acoustic band
below 400 cm of the samples in which titanium nitride has been deposited in low
vacuum (0.1 Pa) is slightly blue-shifted with the respect to the case in which TiN has
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been deposited in high vacuum (10 Pa). This variation has been noticed for the first
time during the characterization of the multilayered structure. Indeed, as presented in
Chapter 3, during the characterization of the reference, no differences have been
detected in these signals changing the deposition pressure. Hence, it is possible to
assume that the implementation of titanium nitride in metal-dielectric multilayered
structure can change the influence that the deposition pressure has on the Raman
spectra of titanium nitride films.

After the annealing, a Raman spectroscopy analysis has been performed to investigate
the effect of the treatment on the morphology and on the crystallinity of the layers that
form the multilayered structures, retrieving the data presented in Figure 4.14 and 4.15.
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Figure 4.14 Raman spectra of samples deposited with different pressures before and after the
annealing.
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Figure 4.15 Raman spectra of samples deposited with different pressures before and after the
annealing.
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Looking at the results, it is observable that the shape of the acoustic band below 400
cm! is practically the same after the annealing, instead of the case of the as deposited
samples in which the shape of this signal has been found to be influenced by the
deposition pressure and by the thicknesses of the layers. After the thermal treatment,
is possible to notice a better signal-to-noise ratio, meaning that layers are characterized
by a more ordered and crystalline structure. In addition, it is possible to notice that a
strong peak at around 520 cm is present in the as deposited samples. This signal could
be associated to the characteristic peak of silicon that composes the substrate of the
multilayers. The measurements have been performed in three different point of the
multilayers and in all the results the peak related to Si is present. After the treatment
the signal disappears, this is probably related to a change in the microstructure of the
layers that modified the contribution of silicon to the Raman spectra.

The optical properties of the multilayered structures have been investigated by means
of UV-Vis-NIR spectroscopy, obtaining the values of reflectance presented in Figure
4.16.
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Figure 4.16 Reflectance curves for different multilayers deposited at 350°C.

Analysing the results, it is possible to notice that the bands of interference are more
evident in the case of the samples with the lowest thicknesses.

Considering the position of the minimum of reflectance, from which is possible to
derive some information about the plasma frequency of the material, it is evident that
in the case of the sample in which TiN has been deposited at 10 Pa the position of the
minimum seems to be influenced by the thickness of the layers. Indeed, increasing the
thickness of the layers the position of the minimum moves towards larger values of
wavelengths, meaning is possible to assert that the optical properties of a multilayered
structure are affected by the thickness of the layers deposited. In addition, for large
wavelengths it is observed that the multilayers in which the TiN has been deposited
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at 0.1 Pa show lower values of reflectance, confirming the results obtained during the
characterisation of the single layer reference samples. The values of reflectance reached
by the multilayers at high wavelengths are smaller than the ones reached by the single
layer samples. This phenomenon can be related to the presence of a thin film of Ta:TiO:
on the surface of TiN reducing its reflectivity.

The effects of the thermal treatment on the values of reflectance

deposited are presented in Figure 4.17 and 4.18.

R (%)

R (%)

of the multilayers

T T T ¥ T ¥ T T T
TaTiO,/TiN(O,1 Pa) 10nm/20nm (as dep)
TaTio,/TiN(0,1 Pa) 10nm/20nm (annealed)

il i L i1 1 . 1 L 1 i
400 600 800 1000 1200
Wavelength (nm)

]

1400

il
1600

1800

2000

—Ta‘T\C)?fTIN(ﬂ]'3 Pa) 10nm/20nm (annealed)

T T
Ta:TiO,/TIN(10 3 Pa) 10nm/20nm (as dep)

1
1000

1200
Wavelength (nm)

400 600 800

1400

|
1600

|
1800

2000

Figure 4.17 Representation of the effect of annealing on the reflectance curves of multilayers

deposited at 350°C.
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Figure 4.18 Representation of the effect of annealing on the reflectance curves of multilayers

deposited at 350°C.

After the annealing, the bands related to phenomena of interference disappeared and
the shape of the reflectance curves became very similar to the ones of the single layer
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of titanium nitride, described in Chapter 3. This effect could be related to a process of
crystallization of the superficial layer of Ta:TiO», that caused a variation of its refractive
index changing the optical response of the multilayers. This effect can be observed for
all the samples deposited independently on the geometry and on the deposition
pressure of TiN. In addition, the values of reflectance for large wavelengths of every
sample increased after the thermal treatment confirming the results obtained during
the characterization of the single layer reference samples of titanium nitride.
Moreover, it can be noticed that the increase in reflectance is larger if TiN has been
deposited at 0.1 Pa than in the case of a deposition in high vacuum at around 10 Pa.

To investigate the effect of the implementation of TiN in a metal-dielectric multilayer
on its optical properties, a comparison between the reflectance curves of the
multilayered structure and the ones of the single layers reference samples has been
performed, providing the results presented in Figure 4.19.
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Figure 4.19 Comparison between reflectance curves of multilayers and a single layer of
titanium nitride.

Since the annealing has been performed only on the reference sample deposited in
high vacuum, the comparison has been executed only using the data retrieved by the
characterization of the samples deposited at pressures around 10 Pa, maintaining
constant the deposition temperature (T=350°C). Observing the results of the
comparison, it is evident that the minimum of reflectance is significantly influenced
by the geometry of the structure and the values of reflectance for large wavelengths
decreases, as expected, increasing the thickness of the superficial layer of Ta:TiO-.

To analyse the effects of the geometry on the optical properties of the multilayers, it
has been necessary to carry out different simulations using a Matlab code, developed
by Professor F. Scotognella from “Politecnico di Torino”, based on the transfer matrix
method, permitting the obtainment of reflectance values starting from the optical
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properties of the single layers (the refractive index n and the absorption coefficient k).
The results retrieved during these simulations are presented in Figure 4.20 and 4.21.
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Figure 4.20 Representation of the theoretical and experimental values of reflectance for
multilayers deposited at 350°C.
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Figure 4.21 Representation of the theoretical and experimental values of reflectance for
multilayers deposited at 350°C.

Studying the results retrieved during the simulations, a trend of the values of
reflectance with the respect to the thickness of the layers can be detected. Indeed,
increasing the thickness of the layers the position of the minimum of reflectance shifts
towards larger values of wavelengths. In addition, for high wavelengths, an increase
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in the thickness of the layers is related to a decrease in the values of reflectance. This
last effect can be simply explained by the presence of a thicker layer of Ta:TiO2 that
reduces the reflectivity of the multilayered structure.

Looking at the results obtained experimentally by means of UV-Vis-NIR spectroscopy,
it is possible to assert that the trend theoretically defined has been respected also by
the experimental results, confirming the possibility to tune the optical response of a
multilayer controlling its geometry. In addition, it is noticeable that the trend has been
respected only qualitatively and not quantitatively, and this could be related to the
approximation made by the model used for the simulation.

4.2.1. Final remarks

Executing several simulations by means of a suitable Matlab code, based on effective
medium theory, it has been possible to identify the materials combinations and the
geometries that can guarantee the widest range of wavelengths in which a
multilayered material assumes a hyperbolic behaviour. The data obtained show that
the best geometries are the ones in which the metallic component is thicker than the
dielectric one, independently on the type of dielectric selected. In this way it has been
possible to select four geometries to deposit during this master thesis project that in
principle can show a hyperbolic behaviour in a range of wavelengths between around
500nm and 1700 nm. The upper limit of this range is limited by the range of validity of
the ellipsometric measurements, used to retrieve the data necessary for the
simulations.

All the samples have been deposited at the same temperature (T=350°C) to focus the
attention on the effects of the geometry on the optical properties of the multilayers.

A visual inspection analysis carried out by means of SEM has confirmed the positive
effect of the substrate heater related to the relaxation of the residual internal stresses
induced during the deposition that can cause the detachment of the film from the
substrate afterwards an annealing process.

By means of Raman spectroscopy, it has been possible to observe that the multilayers
with thicker layers present a superficial layer of Ta:TiO: already crystalline after the
deposition at 350°C, confirming what have been found during the characterization of
the single layers reference samples. After the thermal treatment, the crystalline
structure of the superficial Ta:TiO2 seems to be unchanged, meaning that it is possible
to obtain a structure similar to an annealed one only by depositing the multilayers at
350°C. Due to the complexity of the structure, it is not possible to confirm that all the
tantalum doped titanium oxide are already crystallized after the deposition, so a
thermal treatment could be necessary to be sure that the crystallization occurs in every
dielectric layer.

Considering the optical properties, it has been proved that the geometry of the
structure and the deposition pressure of titanium nitride can influence the values of
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reflectance of the multilayers. In particular, it has been noticed that reducing the
deposition pressure of the metallic layers the values of reflectance for large
wavelengths increase, while increasing the thickness of the layers these values of
reflectance decrease. In addition, it has been found that the reflectivity of the
multilayers is lower with the respect to the single layer reference samples of TiN
probably due to the presence of a dielectric layer of Ta:TiO:2 on top of the multilayers.
Since the metallic behaviour shown by Ta:TiO: in the infrared range, it is reasonable
to expect a change in the optical properties of the multilayers in this range, but new
measurements in the IR range are needed to investigate this possible phenomenon.

Finally, different simulations, by means of a suitable Matlab code based on transfer
matrix theory, have been performed to define a relationship between the thickness of
the layers and the optical properties of the multilayered structure. The results obtained
consist of theoretical reflectance curves showing that increasing the thickness of the
layers the position of the minimum of reflectance shifts towards larger wavelengths
and the values of R at high wavelengths decrease. This theoretical trend has been
confirmed by the experimental data obtained through UV-Vis-NIR spectroscopy
confirming that the optical response of a multilayered structure can be modulated
controlling its geometry.
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5 Conclusions and future perspectives

During this master thesis project, multilayered structures composed of titanium
nitride (TiN) and tantalum doped titanium oxide (Ta:TiO2) have been developed and
characterized with the objective of investigating their applicability in the field of
plasmonics as hyperbolic metamaterials (HMMs) in the visible and near-infrared
(NIR) range of wavelengths.

Titanium nitride (TiN) has been selected for the metal component of the multilayered
structure because of its peculiar plasmonic properties, that allow to consider it as a
promising material capable of substituting traditional plasmonic materials, such as
noble metals. While for the dielectric component, tantalum doped titanium oxide has
been selected because of its good compatibility with the metal part (TiN) without
causing a depletion of the quality and optical properties of the final multilayers.
Another reason of the selection of this type of material lies in the will of studying the
effects related to the implementation of a doped semiconductor as a dielectric
component of a possible hyperbolic metamaterial, that is something never investigated
by the Nanolab research group. In addition, Ta:TiO2 behaves as a metal in the infrared
range, meaning that its combination with a metal that shows double-epsilon-near-zero
behaviour, such as titanium oxynitride, for the development of HMMs could, in
principle, lead to the obtainment of a hyperbolic behaviour in the IR range, where
Ta:TiO2 acts as the metal component.

All the samples produced during this work have been deposited on silicon and glass
substrates by means of Pulsed Laser Deposition (PLD) and characterized using several
experimental techniques, such as Scanning Electron Microscopy (SEM), Raman
spectroscopy, Van der Pauw method (four probe), UV-Vis-NIR spectroscopy and
ellipsometry.

Several geometries (changing the order and the thickness of the layers), different
dielectric (with different content of the dopant agent) and metallic (changing the
pressure of deposition) materials and different substrate temperatures (using a
substrate heater) have been explored to establish their influence on the morphology
and on the electrical, optical properties of the samples fabricated.

For the development of the multilayers, it has been necessary to deposit and
characterize single layers of the different components.

Single layers of titanium nitride have been widely investigated during previous works
carried out in the Nanolab laboratories by B. Bricchi [65], G. Baiardi [67] and S.
Garattoni [83]. They have studied and defined the optimal conditions for the
obtainment of a compact and adherent film of titanium nitride deposited at room
temperature starting from a stochiometric target of TiN in vacuum or in presence of
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background reducing atmosphere composed of nitrogen and hydrogen (N2-Hz 95%-
5% respectively in volume), with laser fluences that belong to the range between 2 and
6.5 J/em?. During this master thesis project, a substrate heater has been used during the
deposition through PLD for the first time in the Nanolab laboratories. Hence, during
this project the deposition parameters have been retrieved from previous work but
changing the temperature of substrate to investigate its influence on the morphology,
optical and electrical properties of TiN single layer films. Nine different reference
samples of titanium nitride have been deposited at different substrate temperatures,
in presence of different kinds of atmosphere (vacuum or N:-H:) and at different
pressures with the aim of analysing the effects of these parameters on the main
properties of the films. By means of scanning electron microscopy the morphology of
the films deposited has been explored, confirming the obtainment of compact,
columnar, and adherent films with thicknesses around 200 nm. On some samples, a
thermal treatment in vacuum at around 500°C has been performed causing the
detachment of the films deposited in presence of a reducing atmosphere,
independently on the substrate temperature. The sub-stoichiometric nature of
titanium nitride has been verified by means of Raman spectroscopy and EDXS
analysis, highlighting the fact that a substrate temperature around 350°C is not enough
to modify the stoichiometry of the compound. Considering the optical properties, it
has been noticed that the position of the minimum of reflectance, that is associated
with the plasma frequency, has not been influenced by the temperature of the
substrate, while for larger wavelengths it has been observed that the values of
reflectance, which are linked to the metallicity of the compound, increase with the
substrate temperature. Hence, it is possible to assert that an increase in the deposition
temperature can cause the obtainment of a titanium nitride film with a stronger
metallic behaviour. In addition, an opposite effect on the metallicity has been found
characteristic of the deposition pressure, in particular increasing the pressure the
values of reflectance drop. Considering only the plasma frequency of the materials
deposited in vacuum, it has been verified by means of reflectance measurements and
ellipsometric measurements that this parameter seems not to be influenced by the
degree of vacuum at which the reference samples have been produced. Indeed, the
sample deposited in vacuum at 10 Pa has shown the same plasma frequency of the
one deposited in vacuum at 0.1 and 0.4 Pa. Moreover, it has been verified that also the
type of deposition atmosphere can influence the optical behaviour of TiN. Indeed,
depositing a titanium nitride film in presence of a mixture of nitrogen and hydrogen
leads to the obtainment of a material with a lower plasma frequency and lower values
of reflectance, and so with a weaker metallic behaviour. This effect has been confirmed
also by ellipsometric measurements performed on samples deposited in different
conditions. Regarding the electrical properties of the reference samples, it is possible
to notice an accordance with what have been discovered during the characterization
of the optical properties, confirming the positive effect related to the adoption of
substrate heater to control the metallicity of the titanium nitride films.
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Thin films of Ta:TiO: have been deeply studied by B.Bricchi [40], [65], P. Mazzolini
[32], C. Mancarella [69] and L. Ornago [68] at the Nanolab laboratories. They studied
and defined the optimal deposition conditions to obtain a compact and adherent
transparent conductive oxide. According to these previous studies, it has been decided
to deposit the single layer films with a laser fluency equal to 2 J/em? in presence of 1
Pa of oxygen to obtain a better conductivity of the oxide. In addition, after the
deposition a thermal treatment in vacuum at around 500°C has been executed to
promote the crystallization of the material. But, as for the titanium nitride, they had
the possibility to deposit the samples only at room temperature, so during this project
the effect of the substate temperature on the fabrication of Ta:TiO:2 has been
investigated for the first time. Four different reference samples have been produced
changing the content of the dopant agent (5% of Ta and 10% of Ta in mass) and the
thickness of the layers deposited. Due to the duration of the cooling process after the
deposition with the substrate heater switched on, it has not been possible to fabricate
reference samples at room temperature. Hence, the data used for the comparison with
the results obtained during this thesis have been retrieved from previous studies [69].
The visual inspection by means of scanning electron microscopy have confirmed the
obtainment of compact and adherent films characterized by the desired thicknesses
(200nm and 20nm). The crystallinity of the samples before and after the thermal
treatment have been investigated through Raman spectroscopy. During this analysis,
it has been observed that on the samples of 200 nm a process of crystallization has
already started during the deposition at 350°C. In particular, it has been noted that the
sample with the larger content of tantalum (10%) was characterized by a more ordered
and crystalline structure with the respect to the sample with the same thickness, but
lower content of Ta (5%). In addition, it has been verified that the crystalline structure
of the sample with 10% of Ta and with a thickness of 200 nm has not been influenced
by the thermal treatment performed after the deposition. This is an important result
because it means that is possible to avoid the performing of an annealing process to
obtain a crystalline film of Ta:TiOz. Considering the sample with 5% of Ta, it has been
observed that after the annealing the crystalline structure is more ordered, meaning
that the treatment promoted the complete crystallization of the materials that was not
able to be fulfilled during the deposition. Considering the optical properties of Ta:TiO,
the dielectric nature of the material has been confirmed by the positive values of the
real part of the dielectric function, obtained interpolating with a combination of Drude
and Lorentz model the data retrieved during the ellipsometric measurements.

After the characterization of the single layer reference samples, two different sets of
multilayered structures have been developed with the objective of studying the effects
of the substrate temperature and of the geometry of the structure on the optical
response of the multilayer.

For the first set, Ta:TiO2 (5% of Ta) and TiN deposited in vacuum at 102 Pa have been
chosen as component of the multilayered structures. Four different multilayers have
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been deposited changing the deposition temperature and maintaining constant the
thickness of the layers. The deposition conditions adopted for the fabrication of the
different layers were the ones used for the deposition of the reference samples. After
the deposition a thermal treatment has been performed on all the samples fabricated
to promote the crystallization of Ta:TiO2. Two multilayers have been deposited at room
temperature and the remaining two at around 350°C changing the order of the layers
on the structure. A visual inspection performed after the annealing by means of SEM,
highlighted the development of detachment of the films from the silicon substrate only
the samples deposited at room temperature, meaning that the deposition at around
350°C could favour the relaxation of the internal residual stresses induced during the
deposition of the different layers. The detachments have been observed independently
on the order of deposition of the layers. By means of Raman spectroscopy, it has been
possible to observe that for the sample that presented Ta:TiO: as final layer signals that
could be related to the anatase phase of TiO: were evident in its Raman spectrum,
meaning that also in the case of a multilayered structure, a deposition temperature of
350°C is enough to promote the crystallization of Ta:TiO2. Considering the optical
properties of the multilayers, it has been possible to notice that the shape of the
reflectance curves was similar to the ones observed for TiN, but with the minimum of
reflectance shifted towards larger wavelengths and with lower values of reflectance
with the respect to the single layer. This means that implementing TiN in a metal-
dielectric multilayered structure can be considered a way to modulate its optical
properties. The hyperbolic behaviour of these kinds of structures has been studied by
means of simulations based on the effective medium theory. Since the problems of
detachment could be detrimental for plasmonic applications, it has been decided to
investigate the hyperbolicity only of the samples deposited at 350°C, obtaining that
these materials can theoretically assume a hyperbolic behaviour for values of
wavelengths larger than 650nm.

The strategy for the deposition of the second set of multilayers has been changed with
the respect to the one described before. Firstly, several simulations based on the
effective medium theory have been executed to compute the geometries and materials
combinations that can guarantee the widest range of wavelengths in which the
multilayers assume a hyperbolic behaviour. The results obtained show that the best
geometries are the ones in which the metal is thicker than the dielectric independently
on the type of metal and dielectric used for the simulation. Since it has been
demonstrated that the crystallization of Ta:TiO: is easier when the content of Ta is
equal to 10%, this material has been selected for the dielectric component. While for
the metal one, the two most metallic TiN according to the characterization of the
reference samples have been chosen (deposited in vacuum at 0.1 Pa and 10 Pa). In
total, four different multilayers have been deposited at 350°C with different materials
and geometries. The two geometries explored are 20 nm of metal with 10 nm of
dielectric and 30 nm of metal with 20nm of dielectric. The number of layers has been
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maintained constant and equal to 11. The even number of layers has been adopted to
encapsulate the metallic layers with the dielectric ones exposing the materials less
reactive with the external environment. Raman spectroscopy has been performed to
analyse the crystallinity of the films, highlighting that the samples with the larger
thicknesses of the layers (20nm/30nm) shew Raman signals that are typical of the
anatase phase of TiO2, meaning that the superficial of Ta:TiO: can be considered
already partially crystalline after the deposition at 350°C. After the thermal treatment
performed on all the samples in vacuum at 500°C, the Raman spectra of the multilayers
became practically equal, meaning that the annealing can compensate the differences
in morphology related to the different geometries. Considering the optical properties,
it has been observed that in the as deposited samples some bands of interference were
present, but they disappeared after the annealing process. This phenomenon could be
related to a complete crystallization of the superficial layer of Ta:TiO: that caused a
change in the refractive index in the material modifying the optical response of the
multilayers. In addition it has been verified the effect of the deposition pressure on the
optical properties of titanium nitride highlighted during the characterization of the
reference samples. Indeed, increasing the pressure of deposition of the metallic layer
the reflectance of the multilayer decreased. The position of the minimum of reflectance
for the annealed sample can be considered dependent on the geometry, but
independent on the materials combinations. In particular, increasing the thickness of
the layers the position of the minimum shifted to larger wavelengths, meaning that the
optical response of a multilayered structure composed of Ta:TiO2 (10% of Ta) and TiN
can be modulated controlling its geometry. Finally, different simulations based on the
transfer matrix theory have been executed to define a theoretical relationship between
the optical response of the multilayer and its geometry. The results obtained shew a
trend, according to which larger are the thicknesses and lower is the plasma frequency
and lower are the values of reflectance at large wavelengths. This trend has been
respected by the experimental data retrieved by means of UV-Vis-NIR spectroscopy.

Considering the results obtained during this project, it is possible to think about
possible future developments that are listed below:

* The possibility of developing a multilayered structure that shows a hyperbolic
behaviour in the far-infrared rang exploiting the double-epsilon-near-zero
behaviour characteristic of titanium nitride deposited in low vacuum and the
metallic behaviour of tantalum doped titanium oxide.

* Ellipsometric measurements should be performed step-by-step after the
deposition of each layer to obtain a more precise description of the hyperbolic
behaviour of the multilayered structure, without the need for executing
simulations based on the effective medium theory.
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* The use of the substrate heater should be extended to other structures and
materials to exploit the positive effects related to the increase in metallicity of
the samples deposited and to the relaxation of the internal stresses induced
during the deposition.

*  Other geometries should be explored to have a more complete vision of its
effects on the optical properties of multilayers.

» Lasty, specific techniques capable of assessing the hyperbolic behaviour of
HMMs experimentally should be developed.
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