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Abstract

Plasmonics is a fascinating �eld which o�ers the attractive potential of manipulat-
ing light at nanoscale. Plasmonic response occurs when an electromagnetic wave
interacts with a metal and, as a consequence, the conduction electrons resonate
with the incident electric �eld, giving rise to collective oscillations. Interesting phe-
nomena involve surface plasmon polaritons (SPP) at metal-dielectric interfaces,
and localized surface plasmon resonance (LSPR) in assemblies of metal nanopar-
ticles (NPs), which lead to a strong intensi�cation of the electric �eld close to
the metal surface and the sub-wavelength con�nement of light. These peculiar
features make plasmonics appealing for several application �elds, such as waveg-
uides, sensing, surface enhanced Raman scattering (SERS) and photoconversion
(e.g. photocatalysis and photovoltaics), in which plasmonic NPs can enhance the
photoresponse of the employed photoanode. However, noble metals are not the
best choice for any plasmonic application. Indeed they exhibit high optical losses
in the infrared, di�culty in �nely tuning their optical properties, poor hardness,
low chemical stability and resistance to high temperature, di�culty in the realiza-
tion of metallic ultrathin �lms (i.e. <10 nm) and non-compatibility with standard
silicon manufacturing process. In response to these limitations, alternative plas-
monic materials have been searched. Among them, transparent conductive oxides
(TCOs) have demonstrated a tunable plasmonic response in near-IR and mid-IR
range depending on carrier density, while transition metal nitrides are refractory,
stable and hard materials which provide a tailored plasmonic response in the vis-
ible and near-IR range, in principle controlled by stoichiometry and crystalline
quality.

This PhD thesis project concerns an experimental investigation for the devel-
opment of nanostructured thin �lms based on titanium oxides and nitrides, aimed
to achieve a �ne control of their physical properties (i.e. morphology, structure,
composition) and the understanding of their relation with the material optical and
electrical behavior. The speci�c systems investigated were Au NPs integrated with
TiO2 hierarchical nanostructured thin �lms (aimed to enhance light harvesting of
the oxide for photoanode applications); thin/ultrathin �lms based on Ta-doped
TiO2 (Ta:TiO2, a high performance TCO); thin �lms and NPs assemblies based
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on TiN. These systems were grown mainly via pulsed laser deposition, followed
by post-deposition thermal treatments to crystallize the materials in the desired
phase. Au NPs were uniformly distributed in nanostructured TiO2 and their
LSPR was modulated by means of synthesis conditions and Au content. Con-
ductive Ta:TiO2 thin �lms were obtained down to a thickness of 10 nm, while
the optical response demonstrated to be controlled by doping content, and a �rst
exploration of the optical behavior in IR was performed. For TiN, the tuning of
optical response was performed for both compact �lms and NPs assemblies, and
a peculiar condition of broadband absorption was observed for speci�c synthesis
conditions. Finally, the Au-TiO2 system properties were optimized in view of se-
lected plasmonic applications (e.g. SERS and photoconversion), while the resulted
tunable optical and electrical behavior of Ta:TiO2 and TiN thin �lms paves the
way to applications usually una�ordable for noble metals (e.g in the IR range or
at high temperature/power conditions); moreover they can be employed as build-
ing blocks for sub-wavelength optical structures (metameterials) with engineered
plasmonic behavior and for nanoelectronics.
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Sommario

L'interesse nello studio della plasmonica è dovuto all'attraente possibilità di ma-
nipolare la luce alla nanoscala. Quando un'onda elettromagnetica interagisce con
un metallo, gli elettroni di conduzione possono entrare in risonanza con il campo
elettrico incidente, generando oscillazioni collettive di elettroni chiamati plas-
moni. I polaritoni plasmonici di super�cie (SPP), che si presentano all'interfaccia
metallo-dielettrico, e la risonanza plasmonica di super�cie localizzata (LSPR), che
si veri�ca in gruppi di nanoparticelle metalliche, sono due fenomeni interessanti
che portano ad una forte intensi�cazione del campo elettrico vicino alla super�cie
del metallo e al con�namento della luce al di sotto della sua lunghezza d'onda.
Queste caratteristiche rendono la plasmonica accattivante per certe applicazioni,
ad esempio per le guide d'onda, i sensori, la spettroscopia Raman ampli�cata
da super�ci (SERS) e per la fotoconversione (in fotocatalisi e fotovoltaico), nella
quale le nanoparticelle plasmoniche possono contribuire all'aumento dell'e�cienza
dei fotoanodi.

Nonostante la loro elevata risposta plasmonica nel visibile, i metalli nobili non
emergono come i migliori candidati in certe applicazioni. Infatti, risulta di�cile
regolarne �nemente le proprietà ottiche, inoltre presentano perdite ottiche elevate
nell'IR, hanno scarsa durezza, stabilità chimica e resistenza alle alte tempera-
ture; la realizzazione di �lm metallici ultra-sottili (cioè <10 nm) non è banale e
non sono compatibili con il processo standard per la produzione del silicio. In
risposta a questi limiti, sono stati cercati materiali plasmonici alternativi, come
gli ossidi conduttivi trasparenti (TCO) e i nitruri di metalli di transizione. I primi
hanno dimostrato un comportamento plasmonico nel vicino e medio IR, regolabile
attraverso la densità di carica del materiale; i secondi sono materiali refrattari,
stabili ad elevata durezza che permettono una risposta plasmonica nel visibile e nel
vicino IR controllata dalla stechiometria e della qualità cristallina del materiale.

Questo progetto di dottorato consiste in una ricerca sperimentale per lo sviluppo
di �lm sottili e nanostrutturati basati su ossidi e nitruri di titanio, con l'obiettivo
di controllare le loro proprietà (morfologia, struttura e composizione) e di capire
la loro relazione con il comportamento elettrico e ottico di questi �lm. Nello
speci�co, i sistemi studiati sono: nanoparticelle di oro integrate con �lm sottili di

III



ossido di titanio nanostrutturato (Au-TiO2), per aumentare l'assorbimento della
luce da parte dell'ossido come fotoanodo; �lm sottili e ultra-sottili di ossido di
titanio drogato con tantalio (Ta:TiO2) e, in�ne, �lm sottili compatti o formati
da nanoparticelle assemblate di nitruro di titanio (TiN). Questi sistemi sono stati
sintetizzati principalmente con la tecnica di deposizione a laser pulsato, seguita da
trattamenti termici speci�ci per cristallizzare i materiali nella fase desiderata. Per
i sistemi Au-TiO2 è stato possibile ottenere nanoparticelle di oro uniformemente
distribuite lungo tutto lo spessore del �lm di TiO2, in aggiunta la loro risonanza
plasmonica è stata modulata attraverso le condizioni di sintesi e la quantità di oro
utilizzata. I �lm sottili di Ta:TiO2 sono stati ottimizzati dal punto di vista delle
proprietà elettriche e sono risultati conduttivi �no a spessori ultra-sottili di 10
nm, inoltre la risposta ottica di questi �lm si è dimostrata controllabile attraverso
il contenuto di drogante ed, in�ne, si è iniziato ad esplorare il comportamento
ottico di questo materiale nell'IR. Per quanto riguarda i �lm di TiN, è stato pos-
sibile modularne la risposta ottica sia per i �lm compatti sia per le nanoparticelle
assemblate, inoltre, per una particolare condizione di sintesi, sono stati ottenuto
�lm nanostrutturati capaci di assorbire più del 90% della luce incidente su un
ampio intervallo (dall'UV al vicino IR).

In�ne, le proprietà dei sistemi Au-TiO2 sono state ottimizzate in prospettiva
di applicazioni plasmoniche di fotoconversione e SERS. Inoltre, i �lm sottili di
Ta:TiO2 e TiN hanno dimostrato di avere proprietà elettriche e ottiche control-
labili in un certo intervallo, estendendo il campo delle possibili applicazioni plas-
moniche, ad esempio nell'IR o ad alta temperatura/potenza (applicazioni non
accessibili ai metalli nobili). In conclusione, i �lm sottili di questi materiali pos-
sono essere impiegati in nanoelettronica e per lo sviluppo di nanostrutture ottiche
con dimensioni minori della lunghezza d'onda della luce (i metamateriali), il cui
comportamento plasmonico può essere ingegnerizzato.
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Introduction

Nowadays, the explosive spreading of nanotechnology has brought researchers' at-
tention to plasmonics, a fascinating �eld which o�ers the attractive potential of
manipulating light at the nanoscale. Plasmonic response occurs when an electro-
magnetic wave (e.g. solar radiation) interacts with a metal and, as a consequence,
the conduction electrons resonate with the incident electric �eld, giving rise to
collective oscillations. Interesting possibilities arise when considering plasmonic
phenomena at metal-dielectric interfaces, in which surface plasmon polaritons
(SPP) are originated, or in assemblies of metal nanoparticles, resulting in local-
ized surface plasmon resonance (LSPR). These phenomena involve the strong in-
tensi�cation of the electric �eld close to the metal surface and the sub-wavelength
con�nement of light. These peculiar features make plasmonics appealing for sev-
eral application �elds, such as for imaging below di�raction limit by near-�eld
spectroscopy, sensing and nano-sensing up to single molecule recognition, sur-
face enhanced Raman scattering (SERS), waveguides and photoconversion. For
the latter, the device e�ciency could be improved by incorporating plasmonic
functionalities into the photoanode; this is usually made of semiconducting ox-
ide materials (e.g. TiO2) which are responsible for the light absorption aimed
at charge carrier separation, that can be employed for electricity production (i.e.
photovoltaic cells) or chemical reactions (i.e. photocatalysis). A possible im-
provement approach includes the integration of noble metal nanoparticles (NPs)
(e.g. Au and Ag), whose plasmonic properties are known to be tunable through
their size distribution, density, shape as well as surrounding dielectric medium.
In particular, LSPR excitation and subsequent decay enable peculiar mechanisms
exploitable for this purpose. Namely, plasmonic NPs can induce an antenna-like
e�ect (also known as plasmon-induced resonant energy transfer, PIRET) when
the extinction wavelength of plasmonic NPs overlaps with the intrinsic absorption
range of the semiconductor material and the spectrum range of the illuminating
source. Moreover, the plasmon resonance can dissipate either radiatively, imply-
ing photons re-emission (scattering), or non-radiatively, generating electron-hole
pairs in the metal that can be injected in the semiconductor band (hot electron/-
hole injection). The latter e�ect gives rise to the possibility for the semiconductor
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Introduction

to absorb photons with energy lower than its band gap, usually limited to the
light absorption in the UV range of the solar spectrum.

However, noble metals are not the best choice for any plasmonic application.
Indeed, metals exhibit high optical losses in the infrared, restricting possible ap-
plications in this range, together with the di�culty of �nely tuning their optical
properties, limiting the development of devices such as optical modulators (i.e.
active devices in which the optical response is controlled by the application of an
external stimulus, e.g. bias or light). In addition, some technological challenges
arise for the industry application of metallic materials due to poor hardness, low
chemical stability and resistance to high temperature, as well as the di�culty
in the realization of ultrathin metallic �lms (i.e. �lm thickness of few nanome-
ters, appealing for sub-wavelength optical structures and nanoelectronics) and
non-compatibility with standard silicon manufacturing process (i.e. complemen-
tary metal-oxide semiconductor, CMOS). In response to such limitations, di�erent
classes of materials have been proposed as an alternative. Semiconductors have
been considered since they can achieve metal-like optical properties through dop-
ing. Among them, transparent conductive oxides (TCOs) have gained increasing
attention. They are a well-known class of materials, widely employed as trans-
parent electrodes for many optoelectronic applications. TCOs have been recently
studied in the plasmonic �eld because they have demonstrated a tunable plas-
monic response in near-IR and mid-IR range depending on carrier density, which
is controlled in turn by adding dopants or by engineering oxygen defects. More-
over, TCOs can be grown into thin �lms and in other di�erent nanostructures,
polycrystalline and crystalline structures, patterned by standard fabrication pro-
cedures and integrated with many other standard technologies.

Among TCOs, Ta doped TiO2 (Ta:TiO2) has been already demonstrated to
be a performing oxide with low resistivity and high mobility, while ensuring the
advantages of TiO2, i.e. low-cost, non-toxicity and chemical stability. Another
alternative to noble metals involves transition metal nitrides. Among them, tita-
nium nitride (TiN) is a unique material which goes beyond the aforementioned
limitations, providing a tailored plasmonic response in the visible and near-IR
range which in principle can be controlled through stoichiometry and crystalline
quality. Metal nitrides are refractory, stable and hard materials and have the
technological advantage to be currently used in CMOS technology. As a �nal
consideration, the study of alternative plasmonic materials, which provide similar
or, in some cases, enhanced properties, paves the way to other applications, e.g.
in the �eld of IR vibrational spectroscopy, waste heat management, sensors and
telecommunications.

In such context, this PhD thesis project concerns an experimental investigation
for the development of nanostructured thin �lms based on titanium oxides and
nitrides, aimed to achieve a �ne control of their physical properties as well as the
understanding of the material's optical and electrical behavior and their potential
applications, with particular attention to the plasmonic �eld. The investigated
systems are grown via physical vapor deposition techniques, in particular pulsed
laser deposition (PLD), followed by post-deposition thermal treatments in order
to crystallize the materials in the desired phase, or to modify their functional prop-
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erties. The reasearch activities and the speci�c investigated system are reported
in the present doctoral dissertation as follows:

Chapter 1 - Fundamentals of plasmonics and applications: a brief description of the
electrical and optical properties of metals is presented, followed by an introduction
of the main ingredients of plasmonics excitations. Finally, an overview on potential
applications in this �eld is discussed, with a focus on the �eld involving plasmonic
nanostructures (e.g. Au NPs) coupled with semiconductors (e.g. TiO2) in order
to improve their photoresponse.

Chapter 2 - Alternative materials for plasmonics: the limitations of traditional
plasmonic materials are discussed and the alternative materials proposed in liter-
ature as a solution are presented, i.e. transparent conductive oxides (TCOs) and
metal nitrides. Particular attention is given to tantalum doped titania (Ta:TiO2)
and titanium nitride (TiN), objects of this work. Electrical and optical properties
of thin �lms of these materials are discussed as well as their state-of-the-art in
plasmonic �eld and applications.

Chapter 3 - Thesis goal and methods: after the overview on the scienti�c frame-
work of this work, the speci�c objectives are explained, followed by the description
of the employed experimental methods. In particular, a brief description of the
synthesis technique, i.e. pulsed laser deposition (PLD), is presented.

The following three chapters include my original researches with the related
experimental results:

Chapter 4 - Integration of Au nanoparticles in TiO2 hierarchical �lms: a PLD
co-deposition approach for the synthesis of integrated Au NPs-TiO2 hierarchical
�lms is presented, while tuning the �lm porosity and Au content. The morphol-
ogy, structure and optical properties of the systems were controlled by synthesis
parameters. Finally selected samples were tested for photocatalytic applications
and as a substrate for SERS.

Chapter 5 - Tantalum-doped TiO2 thin �lms: after the �rst step of optimization
of the synthesis parameters to �nd the conditions for maximizing the electrical
conductivity of Ta:TiO2 thin �lms, �lm properties were studied as a function of
Ta content and thickness (down to ultrathin �lms, i.e. 10 nm, interesting for
sub-wavelength optical structures and nanoelectronics), with a particular focus
on electrical and optical behavior. Finally, more complex Ta:TiO2-based systems
are investigated, namely Au NPs integrated with Ta:TiO2 and Ta:TiO2 NPs as-
semblies.

Chapter 6 - Titanium nitride thin �lms: the correlation between synthesis pro-
cess parameters and TiN thin �lms morphology (i.e. from compact to NPs assem-
blies) and stoichiometry/composition is established, while handling the non-trivial
oxidation-issue of nanoporous TiN thin �lms. In addition, the investigation of the
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Introduction

in�uence of composition and structure on the optical response is presented with
the aim of tuning and understanding the plasmonic behavior.

Chapter 7 - Conclusions and perspectives: the main achievements of this PhD
thesis are summarized and some possible future developments are highlighted.

The original contents of this Ph.D. thesis have actively contributed to the
publication of the following peer-reviewed papers, ordered by year:

� B. R. Bricchi et al., �Integration of plasmonic Au nanoparticles in TiO2 hi-
erarchical structures in a single-step pulsed laser codeposition� Materials &
Design, 156, 311-319, (2018).

� R. Matarrese, B. R. Bricchi et al., �Integrated Au/TiO2 nanostructured pho-
toanodes for photoelectrochemical organics degradation� Catalysts, 9, 340
(2019).

� A. Brognara, B. R. Bricchi et al. �Highly sensitive detection of estradiol by
a SERS sensor based on TiO2 covered with gold nanoparticles� Beilstein J.
Nanotechnol., 11, 1026-1035 (2020).

� B. R. Bricchi et al., �E�ect of doping and thickness on optical and electronic
properties of Ta:TiO2 thin and ultra-thin �lms�, in preparation.

In addition, I presented the results achieved in this work in several in several
international conferences:

� 6th workshop Plasmonica (4-6 July 2018, Florence, Italy), Poster presentation
�Synthesis of Au NPs with tuned plasmonic properties and integration in
TiO2 hierarchical structures via single-step pulsed laser co-deposition�.

� International Conference on Nanoscience + Technology (ICN+T) 2018 (22-
27 July 2018, Brno, Czech Republic), Oral presentation �Integration of plas-
monic Au nanoparticles in hierarchically-organized TiO2 �lms for advanced
light harvesting and photocatalytic applications�.

� European Materials Research Society (E-MRS) Fall meeting 2019 (16-19
September 2019, Warsaw, Poland), Oral presentation �Tuning of electrical
and optical properties of ultrathin Ta:TiO2-based plasmonic �lms�.
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CHAPTER 1

Fundamentals of plasmonics and applications

Plasmonics is known as a fascinating �eld of nanophotonics, based on the inter-
action processes between electromagnetic radiation and conduction electrons of
metals. In the past, people started to use plasmonics before knowing the actual
plasmonic mechanisms and related physics. A famous example involves the Lycur-
gus cup of the Roman age, 4th century AD, which exhibits a di�erent color if it is
illuminated from the front (i.e. red light is re�ected) or from the back (i.e. green
light is transmitted). The mystery of Lycurgus cup was then explained by the
plasmonic properties exhibited by noble metal nanoparticles (i.e. Au-Ag alloy of
30-70 nm) embedded in the glass matrix. Another example consists in the stained
glass which adorn medieval cathedrals, whose vibrant colors were obtained from
interaction between light and metal nanoparticles with precise size embedded in
the glass matrix; the Sainte-Chapelle in Paris (France) is a gorgeous example.
At the beginning of 20th century, plasmonics and its main elements were clearly
described, but it took the century to appreciate the interlinked nature of di�erent
phenomena and applications of this �eld.

Nowadays, with the explosive spreading of nanotechnolgy, plasmonic �eld has
gained much attention because of its potentiality to manipulate light at the
nanoscale. In order to understand this peculiar �eld, it is fundamental �rst to
discuss how electrons behave in a metallic structure and how they react to an
external perturbation such as an electromagnetic wave. In this chapter a brief
description of electrical and optical properties of metal is presented, followed by
a presentation of main ingredients of plasmonics excitations. Finally, an overview
on potential application in this �eld is given.

1.1 Electrostatic properties of metals

According to solid state physics, the bright and re�ective surface of metals, as well
as their electrical conductivity, are properties related to the motion of electrons
in a crystal lattice. Under proper assumptions, it is possible to describe electrons'
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Chapter 1. Fundamentals of plasmonics and applications

behavior by means of classical motion equations, avoiding complex quantum me-
chanics details. This treatment is known as semiclassical dynamics and allows
to describe electron motion in a periodic potential (related to the presence of
positive ions in the crystal lattice) by classic Newton's law. Anyway, the e�ect
of the periodic potential is taken into account by introducing the e�ective mass
(m*), a simple parameter which strongly depends on band structure E(k) of solid
media [1, 2]. In a one dimensional crystal, m* is de�ned as

m∗ =
~

d2E(k)
dk2

(1.1)

Semiclassical dynamics can describe electrons at the bottom of the conduction
band, whose dispersion relation can be approximated as parabolic. Mathemati-
cally, m∗ is the parabolic approximation applied to the real band structure E(k).
In the framework of semiclassical approach, electrical conduction of metals can
be well described by a very simple model, i.e. Drude model [3]. Here, conduction
electrons are considered as a cloud of independent particles (i.e. electron-electron
scattering is neglected), where the e�ect of periodic potential of crystal lattice is
taken into account with the implementation of the e�ective mass. However, elec-
trons can collide with static (e.g. impurities) or dynamics defects (e.g. phonons)
with a characteristic frequency γ = 1/τ , where τ is the average scattering time
between collisions. After each scattering event, electrons are scattered in a ran-
dom direction, therefore their overall contribution to current �ow is zero. On
the other hand, when an electric �eld is applied, the average velocity of electrons
becomes [3]

v = −eEτ
m∗

(1.2)

and the current density j with n electrons per unit volume (carrier density) be-
comes

j = −nev =
ne2τ

m∗
E (1.3)

Considering the Ohm law j = σE, conductivity can be written as

σ =
ne2τ

m∗
= enµ (1.4)

where µ = eτ
m∗ is the carrier mobility, which indicates how easily a particle moves

inside a material. Drude model is very convenient since these results are the same
as those obtained by using a more complete treatment such as the Boltzmann
equation (still in relaxation time approximation) [2, 3].

1.2 Optical properties of metals

The interaction of a metal with electromagnetic �eld can be described within clas-
sical theory based on Maxwell's equations, even in case of metallic nanostructures
because of high density of free carriers [4]. The plasma model (i.e the counter-
part of Drude model in an oscillating electric �eld with a certain frequency) is
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1.2. Optical properties of metals

employed to describe optical properties of metals over a wide frequency range, in-
volving a gas of free electrons which moves against a �xed background of positive
ions cores. Even in this context, the relaxation time approximation is employed,
and the lattice potential e�ect on electrons is again considered through m* [5].
The electrons oscillate in response to the applied electromagnetic �eld and their
motion can be described with the equation:

mẍ +mγẋ = −eE (1.5)

where E is the external electric �eld and γ is the dumping term related to the
collision frequency of electrons, as already de�ned. If we assume a harmonic
time dependence E (t) = E0e

−iωt of the driving �eld, a particular solution of the
equation describing the oscillation of the electron is x (t) = x0e

−iωt. The overall
computation gives the dielectric function (or complex relative permettivity ε (ω))

ε (ω) = 1−
ω2
p

ω2 + iγω
(1.6)

ωP =

√
ne2

ε0m∗
(1.7)

where ωP is the plasma frequency of the free electron gas. From a physical point
of view, ωP corresponds to the frequency of a collective longitudinal oscillation
of conduction electrons versus the �xed positive background of ions, moving all
together with the same phase (assuming small damping, ε (ωP ) = 0). The quanta
of these charge oscillations are called plasmons or volume plasmons (to distin-
guish them from surface and localized plasmons, which will be discussed in the
next sections). Due to the longitudinal nature of the excitation, volume plasmons
do not couple with transverse electromagnetic waves. Moreover, ωP has another
important physical role. When ω < ωP , no electromagnetic wave can propagate
inside the material (i.e. re�ection occurs), while for ω > ωP the transverse elec-
tromagnetic wave can be sustained (i.e. transmission occurs) and the dispersion
relation of traveling waves is ω2 = ω2

P + k2c2.
For practical reasons, it can be convenient to rewrite Eq.1.6 by isolating the

real and imaginary parts of dielectric function according to ε (ω) = ε1 (ω)+iε2 (ω),
since these two quantities are related to the ability of a material to store and lose
incident electric �eld, respectively. We then obtain

ε1 (ω) = 1−
ω2
pτ

2

1 + ω2τ 2
(1.8)

ε2 (ω) =
ω2
pτ

ω (1 + ω2τ 2)
(1.9)

In some cases, optical properties of a material are described through complex
refractive index (N), de�ned as the square root of dielectric function [6]. In
particular, N (ω) = n (ω) + iκ (ω), where n in known as index of refraction and
κ is the extinction coe�cient. Both real and imaginary parts of refractive index
have a physical meaning, namely n is given by the ratio of the speed of light in
vacuum and the phase velocity of light in a medium, while κ is related to the
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Chapter 1. Fundamentals of plasmonics and applications

Figure 1.1: Dielectric function of the free electron gas (solid line) �tted to the literature values
of dielectric data for gold (red dots) [5, 7].

exponential decay of an electromagnetic wave propagating in a medium due to
optical absorption. Finally, real and imaginary parts of complex dielectric function
and refractive index are related to each other according to

ε1 = n2 − κ2 (1.10)
ε2 = 2nκ (1.11)

Back to the plasma model, for noble metals (e.g. Au, Ag, Cu) an extension to
this approach is needed in the region ω > ωP , where the response is dominated by
free s electrons, but the additional polarization due to bound electrons of d band
should be taken into account through the use of a dielectric constant ε∞

ε (ω) = ε∞ −
ω2
p

ω2 + iγω
(1.12)

Nonetheless, real metals experience interband transitions that should be consid-
ered in order to well describe their optical behavior. However, Drude model ade-
quately describes the optical response of metals only for photon energies below the
threshold of transition between electronic bands. As an example, Fig.1.1 shows
the real and imaginary part of dielectric function of Au and the Drude model �ts
to the data. Clearly, a more general approach is required for describing both ε1
and ε2 at high frequency. Therefore, Eq.1.5 should be corrected with a resonant
term at frequency ω0 associated to characteristic oscillation of bound electrons,
where interband electron excitations occur

mẍ +mγẋ +mω2
0x = −eE (1.13)

this equation leads to a number of equations which describe ε (ω) and correspond
to each separated contribution of the total polarization. Each resonance leads
to a Lorentz-oscillator Ai

ω2
0−ω2−iγω term to be added to free-electron result (i.e.

Eq.1.6). The overall model is called Drude-Lorentz model and a resonant response
is expected in the perturbed material at ω0 due to the presence of an external
driving force (e.g. electromagnetic radiation) [5, 8].
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1.3. Plasmonic excitation

1.3 Plasmonic excitation

As previously mentioned, volume plasmons cannot be excited by electromag-
netic waves. However, under particular conditions, free electrons can couple with
electromagnetic �eld, leading to particular optical phenomena which allow light
con�nement below the di�raction limit and strong intensi�cation of the electro-
magnetic �elds. These plasmonic excitations involve surface plasmon polaritons
(SPPs) and localized surface plasmon resonance (LSPR).

1.3.1 Surface plasmon polaritons

Surface plasmon polaritons are electromagnetic excitations propagating at the
interface between a conductor and a dielectric, while wave con�nement occurs in
the perpendicular direction (see Fig.1.2 for a schematic illustration). SPP takes
place when an electromagnetic �eld couples to the oscillation of the conductor's
free electrons [10]. The requirement for SPP propagation is

εm + εd < 0 (1.14)

where εm and εd are the dielectric functions of metal and dielectric, respectively.
This condition implies that the dielectric functions to have opposite signs, and
it happens when εm < 0, i.e. for ω > ωP . Moreover, boundary conditions re-
quire incident radiation with transverse-magnetic (TM) polarization. However,
SPP excitation cannot occur directly from an electromagnetic radiation because
of the momentum di�erence with respect to the incident photon, therefore phase-
matching techniques are required, e.g. grating or prism coupling. When all con-
ditions are satis�ed, the resonance frequency of SPP excitation is given by

ωSPP =
ωP√
1 + εd

(1.15)

In real metals, the imaginary part of dielectric function is not zero and interband
transitions cannot be neglected. Therefore, the traveling SPPs are damped with
a propagation length, typically between 10 and 100 µm in the visible regime,
depending on metal/dielectric coupling and frequency involved. Moreover, con-
�nement at the interface is not perfect, as shown schematically in Fig.1.2 (right).

Figure 1.2: On left, schematic illustration of surface plasmon polariton propagating along
metal-dielectric interface, electromagnetic wave and surface charges are highlighted; on right,
electric �eld component perpendicular to interface which decays exponentially with distance
[9].
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Chapter 1. Fundamentals of plasmonics and applications

Figure 1.3: Schematic illustration of conduction electrons oscillations of plasmonic
nanospheres caused by external oscillating electric �eld [11].

In the dielectric, the �eld falls o� over distances from hundreds nanometers to
micrometers, while in the metal propagation is on the order of 20 nm. How-
ever, the better the con�nement, the lower the propagation length. Therefore,
there is a trade-o� between localization and loss and, typically, con�nement be-
low di�raction limit of half the wavelength can be achieved close to ωSPP in the
dielectric [5, 10].

1.3.2 Localized surface plasmons

The second fundamental plasmonic excitation consists in localized surface plas-
mons, which are non-propagating excitations of the conduction electrons of a
metallic nanostructure coupled to the electromagnatic �eld [12]. For example,
in the case of sub-wavelength nanoparticles (NPs) exposed to an oscillating elec-
tromagnetic �eld, the curved surface excerts an e�ective restoring force on the
conductive electrons and a resonance (localized surface plasmon resonance) arises,
leading to a �eld ampli�cation next to the particle surface. A schematic illus-
tration of the mechanism is shown in Fig.1.3. This type of plasmonic excitation
can be triggered by direct light illumination, in contrast to propagating SPP. The
interaction of a particle with an electromagnetic �eld can be analyzed using the
quasi-static approximation if the particle is much smaller than the wavelength
of light in the surrounding medium (i.e. d << λ) [12]. This means that over
the particle volume, the harmonically oscillating electromagnetic �eld exhibits
a practically constant phase, therefore the spatial �eld distribution can be cal-
culated considering the particle subjected to an electrostatic �eld. Then, the
harmonic time dependence can be added to the solution. For the sake of simplic-
ity, we consider a homogeneous, isotropic sphere with radius a in a uniform static
electric �eld. The surrounding medium is isotropic and non-absorbing, with di-
electric constant εd. In these conditions, nanoparticles act as electric dipole whose
polarization induced by the electrostatic �eld is given by

α = 4πa3 ε− εd
ε+ 2εd

(1.16)

which means that polarizability α experiences a resonant enhancement when de-
nominator goes to zero [5]. A consequence of the resonant condition is a concomi-
tant enhancement in the e�ciency with which a metal nanoparticle scatters or
absorbs light. Here, the results for the scattering and absorption cross sections in
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1.3. Plasmonic excitation

the quasi-static approximation are presented

σsca =
8π

3
k4a6

[
ε− εd
ε+ 2εd

]2

(1.17)

σabs = 4πka3Im

[
ε− εd
ε+ 2εd

]
(1.18)

Notably, scattering and absorption cross sections scale with a6 and a3, respectively,
suggesting big particles prefer to scatter, while small ones favor absorption. While
this theory is strictly valid only for sub-wavelength particles, such calculations pro-
vide a reasonably good approximation for spherical or ellipsoidal particles with
dimensions below 100 nm, illuminated with a visible or near-infrared radiation.
On the other hand, for particles of larger dimensions, the quasi-static approxima-
tion is not applicable due to signi�cant phase-changes of the �eld over the particle
volume, therefore an electrodynamic approach is required. The Mie theory allows
to expand the internal and scattered �elds into a set of normal modes described
by vector harmonics; then, the quasi-static results are recovered by a power series
expansion of the absorption and scattering coe�cients and considering only the
�rst term. Besides, when the two contributions cannot be distinguishable in the
plasmonic response, it is convenient to consider extinction, which consists in the
sum of both scattering and absorption sections (i.e. σext = σsca + σabs). If extinc-
tion cross-section is plotted as a function of frequency, a peak will occur at the
resonance frequency ωLSPR, which is de�ned as

ωLSPR =
ωP√

1 + 2εd
(1.19)

As a consequence, LSPR frequency is a�ected by surrounding medium via εd, while
the e�ect of the metal involved is included in its plasma frequency ωP . In Fig.1.4
the extinction spectra of Au, Ag and Cu NPs are shown and the variation of
the resonance frequency with metal involved is visible. Besides, the quasi-static
approximation is not suitable for particles larger than 100 nm and an electro-
dynamic approach is required due to the phase change of the driving �eld over
particle volume. Moreover, NPs smaller than 10 nm required a di�erent analysis
too, since particle size is appreciably smaller than the mean free path of oscillating
electrons [5, 12]. Finally, this simpli�ed picture does not take into account other
important parameters which a�ect ωLSPR, i.e. NPs size, shape and coupling e�ect
(in the case of metallic NPs close enough to interact with each other) [14,15]. To
properly describe these factors, it is necessary to relax the quasi-static approxima-
tion, leading to higher order terms whose mathematical derivation and physical
discussion will not be discussed in this work. However, the general e�ect of these
parameters on ωLSPR are here summarized:

� the increase of NPs size leads to a red-shift of resonance frequency. For
example, this trend is evident in Fig1.5a, where the experimental absorption
spectra of Au nanosphere as a function of size are shown. Intuitively, this
is justi�ed considering that the distance between the charges at opposite
interface of the particle increases with its size, thus leading to a smaller
restoring force and therefore a lowering of resonance frequency [14,16].
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Figure 1.4: (a) Extinction spectra of Ag, Au and Cu NPs showing their respective plasmonic
resonance peaks plotted with the solar spectrum; (b) extinction spectra of Ag NPs as a function
of NP shape [13].

Figure 1.5: Experimental absorption spectra of (a) Au nanospheres as a function of size,
(b) Au nanorods as a function of the aspect ratio between lateral and transverse size and
(c) multilayer �lms of glass-coated Au nanospheres as a function of interparticle distance;
reproduced from [16].

� shape a�ects the direction of oscillation of electrons under incident electric
�eld and in general the e�ect of anisotropic shape of NP consists in a red-
shift of plasma frequency with respect to the corresponding spherical one. In
Fig.1.4b the extinction spectra of Ag NPs with di�erent shape are reported.
Notably, an interesting behavior occurs for rod-like structure. In this case,
two kinds of oscillations are expected, one longitudinal and one transverse
with respect to incident electric �eld. Polarizability along principal axes
are di�erent, therefore multiple LSPRs can occur. Fig.1.5b shows absorption
spectra of Au nanorods as a function of aspect ratio between main sizes which
a�ect main resonant peak's position and secondary peak's intensity [13,16].

� in NPs ensembles, shifts in resonance frequency are expected due to electro-
magnetic interactions between localized modes and, in �rst approximation,
an ensemble can be treated as interacting dipoles. Depending on polarization
direction of the exciting light, this leads to a blue- or red-shift of resonance
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1.3. Plasmonic excitation

Figure 1.6: (a) SEM image of a gold bowtie nanoantenna and (b) related result of FDTD
calculation of local intensity enhancement. In both pictures, scale bar corresponds to 100 nm.
In [17] this system is exploited to enhance single-molecule �uorescence.

Figure 1.7: On left, decay of LSPR excitation radiatively via re-emitted photons or non-
radiatively via excitation of hot electrons within the conduction band or through interband
transitions, e.g. from d band to conduction band [18]. On right, schematic illustration of the
band-bending e�ect of the Schottky junction between Au NP and the TiO2 layer surrounding
it. The mechanism of injection of a hot electron from conduction band of Au NPs to TiO2

is shown [19].

frequency for the excitation of transfer and longitudinal modes, respectively.
In Fig.1.5, glass-coated Au nanospheres present a blue-shift of the resonance
peak by incrasing interpaticle distance [16]. Moreover, technological interest
is attributed to the interparticle junctions where an hot-spot for �eld en-
hancement takes place [17]. Fig.1.6 shows the scanning electron microscopy
image (SEM) of gold bowtie nanoaltenna and the related �nite-di�erence-
time-domain (FTDT) calculation of a local intensity enhancement.

Finally, in addition to the resonant frequency, another important parameter which
characterizes the plasmonic response of a particle consists in the peak line-width
(i.e. the region around which the resonance peak extends, often indicated as
full-width half-maximum, FWHM or Γ). This element takes into account both
technological factors, e.g. a broad NP size distribution results in a overall broad
response, and physical parameters, summarized by plasmon life time. This is as-
sociated to the radiation damping caused by two competing processes: a radiative
decay process into photons, dominating for large particles, and a non-radiative
process due to absorption, favored in small particles and induced by the creation
of electron-hole pairs via either intraband excitations within the conduction band
or interband transitions, as schematically represented in Fig.1.7. Therefore, the
linewidth of plasma resonance can be related to damping processes via the intro-
duction of a dephasing time T

Γ =
2~
T

(1.20)
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T takes into account both radiative and non-radiative energy loss processes, but
also scattering events that do not change electron energy but its momentum [5,20,
21]. The dominant contribution to T depends on the NPs material, size and shape.
For very small particles (i.e. radius smaller than 10 nm) there is an additional
damping process due to elastic scattering at the particle surface, since particle
size is smaller than electron mean free path [12]. Finally, NPs with radius smaller
than 1 nm cannot be analyzed with a classical treatment because quantum e�ects
begin to set in, however this condition is not considered because beyond the goal
of this work.

Beyond SSP and LSPR, the last peculiar condition that is worth discussing
for the aim of this work is the change of behavior of the electron free gas when
it is con�ned in two-dimensions, namely when the free motion of electrons in one
direction is hindered by the small size of the system [22]. For very low thickness
(few nanometers), plasma frequency dispersion becomes

ω2D =
ωP

εkd/(ε1 + ε2)
(1.21)

where ε1 and ε2 are dielectric constant of the substrate and surrounding medium,
respectively, k is the in-plane wavevector and d the �lm thickness.

1.4 Applications

The implementation of plasmonic functionalities in several devices has attracted
interest because of the possibility of con�ning light below the di�raction limit and
of the intensi�cation of electric �eld close to metal's surface [23]. Studies of this
kind involve devices for imaging below di�raction limit by near-�eld spectroscopy
[24�26], sensing and nano-sensing up to single molecule recognition [17, 27, 28],
surface enhanced Raman scattering (SERS) [29, 30], waveguides [10, 31], photo-
conversion systems [11,32] and more.

In this framework, it is useful to de�ne a quality factor (Q), or �gure-of-merit,
to compare the performance of various materials employed in di�erent applications
over a wide frequency band [33]. Since the �eld distribution and losses in a
material depend on ε1 and ε2 respectively, quality factors of a plasmonic material
are generally function of them. Considering that di�erent applications can have
di�erent de�nition for Q, this discussion is focused on devices based on LSPR and
SPP e�ects (QLSPR and QSPP ). Both phenomena involve local-�eld enhancement
at metallic surface, therefore the quality factor can be de�ned as the ratio of
enhanced local �eld and incident �eld. In case of LSPR, the enhancement depends
on the NP shape, e.g. for a sphere is given by

QLSPR (ω) =
−ε1 (ω)

ε2 (ω)
(1.22)

For SPP, the quality factor can be de�ned as the ratio of real part of the propa-
gation wavevector and the imaginary part and, considering the absolute value of
the real part of dielectric function of metal being much higher than dielectric one
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Figure 1.8: (a) Real ε1 and (b) imaginary ε2 parts of the dielectric constant of Ag, Au and
Si [34]. ε2 of Au increases below 500 nm due to interband transitions, while Ag curve remains
zero.

(i.e. |ε1m| � εd), QSPP can be simpli�ed as

QSPP (ω) =
ε1m (ω)2

ε2m (ω)
(1.23)

It may be noted that QSPP has the same form as QLSPR for spheroid NPs [33].
Typically, gold and silver are the most employed metals for plasmonic appli-

cations because of their plasmonic resonance in the visible and near-IR range.
In particular Ag is characterized by a stronger plasmonic response and higher
quality factor, prompted by interband transitions occurring at much higher fre-
quencies [34]. Conversely, Au plasmonic excitations in visible are limited by in-
terband transitions below a wavelength of 500 nm, as shown in Fig.1.8 where ε2
of Au presents an increment in this range. However, in several cases the choice
of Au can be convenient due to its high chemical and physical stabilty (e.g. in
aqueous environment, which implies limited corrosion under photocatalytic con-
ditions), biocompatibility and the ease of surface functionalization with organic
and biological molecules [15, 35].

Besides, a fascinating application �eld involves plasmonic nanostructures cou-
pled with semiconductors in order to improve their photoresponse. This coupling
has a technological interest in devices where the semiconductor constitutes the
photoanode, i.e. the material which enables the generation of charge carrier by
absorbing light. These photogenerated carriers can be employed for electricity
production (i.e.photovoltaic cells [32, 36, 37]) or chemical energy (i.e. photoelec-
trochemical cell, in solar water splitting or photocatalysis [38,39]). In particular,
LSPR excitation and subsequent decay enable peculiar mechanisms exploitable
for this purpose. As previously discussed, LSPR excitation is associated to a
large dipole moment which can be coupled with the semiconductor absorption
band for electron-hole pair generation. This e�ect is called plasmon-induced res-
onant energy transfer (PIRET) and it is useful when the extinction wavelength
of plasmonic NPs overlaps with the intrinsic absorption range of the semicon-
ductor material and the spectrum range of the illuminating source, leading to
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Figure 1.9: Schematic illustration summarizing LSPR-excitation-induced processes occurring
in a plasmonic nanostructure/semiconductor coupling with relative time evolution [9].

an antenna-like e�ect [9, 40]. Subsequently, the plasmon resonance can dissipate
either radiatively or non-radiatively. The �rst case implies photons re-emission
and this process is known as scattering [41]. If the plasmon energy is higher than
semiconductor band gap, scattering provides light absorption enhancement, aimed
to free carriers generation in photoconversion applications. On the other hand,
non-radiative decay (known also as Landau damping) generates electron-hole pairs
(with a non-thermal distribution) in the metal. Then, two situations can happen.
First, hot carriers rapidly relax to a thermal distribution via electron-electron and
electron-phonon scattering, resulting in the heating of plasmonic material, which
�nally cools through heat transfer into the surrounding medium. Alternatively,
in the case of plasmonic nanostructures coupled with semiconductors, a Shottky
barrier forms among work functions of the two materials and, if the work func-
tion of plasmonic metal is higher, hot carriers can be extracted before thermal
relaxation and injected into the semiconductor bands [15, 42]. A schematic illus-
tration of this mechanism is shown in Fig.1.7. This process is called hot electron
(or hole) injection and its interest lies in the possibility for the photoanode to ab-
sorb photons with energy lower than the semiconductor band gap. An important
role of this mechanism is played by the interface between NPs and the semicon-
ductor, which can induce recombination centers. Fig.1.9 summarizes the possible
LSPR-excitation-induced mechanisms discussed and their time evolution [9].

Thimsen et al. and Thomann et al. integrated Au NPs in hematite (α− Fe2O3)
in order to improve its performance as a possible photoanode material for pho-
toelectrochemical cell aimed to solar-to-fuel conversion [43, 44]. The limit of a
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Figure 1.10: Device design for (a,b) solar cell and (c,d) photoelectrochemical cell with plas-
monic NPs integrated to promote (a,c) near �eld carrier generation by PIRET or (b,d) light
trapping by scattering. In these �gures, transparent conducting oxide electrodes are light grey,
metal electrodes are dark grey, plasmonic metal nanoparticles are yellow, water is blue, and
the semiconductor is red [54].

α− Fe2O3 based photoanode is the mismatch between the length scales over which
photons are absorbed and the holes di�usion length. If the Au NPs resonance over-
laps the absorption range of hematite (and this is possible by selecting a proper
NP size and shape which tune plasmonic resonance), PIRET e�ect occurs, al-
lowing an antenna-like e�ect which can be exploited to locate the charge carrier
generation in the semiconductor nearby the surface. In principle, the PIRET
e�ect is exploitable between many metallic NPs/semiconductors couples, thank
to the tuneability of metallic NPs plasmonic responce, as reported in di�erent
works [45�53].

As explained before, a scattering mechanism is expected in the case of metallic
particles larger than 100 nm. In practice, scattering can be exploited by photoan-
odes through waveguiding modes or re�ection mode [32, 54]. When a plasmonic
particle is placed at the interface of two dielectrics, e.g. a photoanode and an
electrolyte, the light will scatter preferentially into the dielectric with larger per-
mittivity. For this reason, metal NPs at the surface of the photoanode can act
as an antire�ection layer and, if the cell has a re�ecting metal back contact, the
incident light can pass several times through the semiconductor �lm, increasing
the e�ective path length. However, particular attention should be given to such
a design because deconstructive interference of scattered light should be avoided.
Fig. 1.10 shows possible device design for solar and photoelectrochemical cells
exploiting antenna-like e�ect and light scattering for overall performance enhance-
ment [54].

Among all semiconductors, titanium dioxide (TiO2) has gained particular at-
tention for photoanode application because of its chemical stability, its availabil-
ity and lack of toxicity. However, the high recombination rate of photogenerated
charge carriers constitute signi�cant limitations for its successful employment,
while the wide band gap (3.2 eV for the anatase phase) allows the absorption of
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the solar light in the UV range, limiting its activity under the visible light irradia-
tion which is crucial for example in photocatalysis. [55,56]. A strategy to improve
the photoresponse is the integration of NPs in order to exploit potential hot elec-
tron injection, since the TiO2 band gap limits the possibility of other plasmonic
enhancement mechanisms (except for TiO2-based dye-sensitized solar cell where
scattering can be employed to improve dye absorption). This hypothesis was ver-
i�ed by Tian and Tatsuma in a photoelectrochemical cell (PEC) which involves a
photoanode of Au NPs-TiO2 and Ag NPs-TiO2 by soaking mesoporous TiO2 in a
solution containing NPs of Au or Ag with size of 5-20 nm [57, 58]. They found a
higher value of incident photon to current conversion e�ciency (IPCE, i.e. �ux of
collected electron per �ux of incident photons) in the visible range with respect
to bare TiO2, in particular at the resonant wavelength of the two materials. They
ascribed this behavior to hot electron injection. Moreover, they observed that
the photocurrent of the Au-TiO2 photoanode was stable in time, while it was
less stable in the Ag-TiO2 photoanode, presumably because Ag rapidly oxidized
under anodic conditions used for PEC characterization. The mechanism of hot
electron injection when coupling metallic NPs and TiO2 was studied by many
other authors [19,59,60].

So far, the applications based on LSPR and SPP mechanisms have been dis-
cussed. Besides, other possible phenomena can take place and be exploited for
peculiar applications, such as in the �eld of transformation optics. This fascinat-
ing �eld involves metamaterials, i.e. materials arranged in repeating patterns at a
scale smaller than the wavelength of the interacting electromagnetic �eld, which
present unique properties (e.g. negative index of refraction), exploitable for the
development of peculiar applications, e.g. superlenses, hyperlenses, optical invis-
ibility cloaks and light concentrations [61, 62]. Finally, plasmonic excitations can
boost nonlinear optical e�ects when the electronic motion in a strong electromag-
netic �eld cannot be considered as harmonic and instead a power series expansion
is needed and, with regard to possible applications, the most important e�ects
occur at second and third order. The role of plasmonics in nonlinear optics is
threefold: enhancement of e�ective nonlinearity of conventional photonics by al-
lowing the use of reduced optical power; scaling down nonlinear components in
size, which is of interest for developing fully functional nanophotonic circuitry;
and since the response time of plasmonic excitations is ultrafast, the possibility to
manipulate optical signals on femtosecond timescales [63, 64]. However, a deeper
discussion of these �elds is beyond the goal of this work.

This chapter presented the main ingredients of plasmonics as well as the po-
tential applications, mainly in the framework of traditional plasmonic materials,
namely noble metals (i.e. Au, Ag, Cu and so on). In the next chapter, limitations
of these materials will be outlined, then alternative materials will be proposed
as a solution to overcome these limits, aiming to the access to applications not
feasible in traditional conditions.
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CHAPTER 2

Alternative materials for plasmonics

In Chapter 1, an overview on fundamentals of plasmonics has been presented,
considering electrical and optical properties of metals as well as main aspects of
plasmonic excitation, concluding with potential applications. In particular, no-
ble metals have been taken into account so far. However, some technological
challenges arise for metal industry application, combined with high optical losses
in the frequency range of applicability, therefore research e�orts have focused to
�nd a better plasmonic candidate, depending on considered application. In this
chapter, limitations of traditional plasmonic materials will be presented and alter-
native materials will be proposed as a solution, i.e. transparent conductive oxides
(TCOs) and metal nitrides. Particular attention will be given to one material
for each considered class, namely tantalum doped titania (Ta:TiO2) and titanium
nitride (TiN), because this thesis work is focused on the development of nanos-
tructured thin �lms based on titanium oxides and nitrides. First, electrical and
optical properties of TCOs will be discussed as well as their state-of-the-art in
plasmonic �eld and applications. Then, an overview on properties of TiO2-based
TCOs will be presented, focusing on Ta-doped TiO2. Since Ta:TiO2 has been
already studied in our research group as transparent electrode for phovoltaics,
a brief resume of previous achievements on its synthesis and properties will be
presented. Second, discussion will switch to metal nitrides and TiN. Since TiN is
a well-established material in various industrial sectors, its electrical and optical
properties have been investigated in several works, therefore the state-of-the-art
of these TiN properties as well as the achievements of TiN �lms and NPs in plas-
monics will be presented. Finally, we will deal with the synthesis of TiN thin
�lms and nanostructures, which has proven to be a critical issue in the de�nition
of material properties, and particular attention will be given to oxidation problem.
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2.1 Limitations of convetional plasmonic materials

Metals (e.g. Au and Ag) are commonly used for plasmonic applications because
of their small ohmic losses or high DC conductivity. Optical losses (represented
by imaginary part of dielectric function ε2, see section 1.2) depend on interband
transition, intraband transition and scattering due to defects. The last two contri-
butions decrease with a smaller charge carrier concentration n. As an example, in-
traband losses (or Drude losses) in gold are very high in the near-IR range, because
of its high charge carrier density (∼ 1023 cm−3), and are lower for shorter wave-
length where, however, interband losses occur from d band to sp band [7, 33, 65].
Furthermore, the reduction of n could be convenient for the development of trans-
formation optics (TO) devices, because the real part of dielectric function (ε1) of
both metal and dielectric should be of the same order of magnitude and from
Eq.1.8 we know that ε1 decreases with n [66]. However, metal optical properties
cannot be tuned so easily. Carrier concentration of metals cannot be changed
much with the application of moderate electric or optical �elds. Therefore, met-
als are not the convenient choice in applications where switching or modulation
of optical properties is required (e.g. in optical modulators, consisting in ac-
tive devices in which the optical response is controlled by the application of an
external stimulus, such as bias or light). In addition to optical losses and not
adjustable dielectric permittivity, metals su�er also technological problems for
synthesis and integration in several devices. Indeed, metals have a percolation
threshold when deposited on common substrates such as silicon, quartz, sapphire
or glass, making the realization of ultra-thin �lms (i.e. �lms thick few nanome-
ters) extremely challenging [66, 67]. However, ultra-thin �lms result particular
attractive for sub-wavelength optical structures and in nanoelectronics. Another
technological challenge for their integration in nanoelectronics consists in non-
compatibility with standard silicon manufacturing process (i.e. complementary
metal-oxide semiconductor, CMOS), since nobel metals can di�use into silicon
to form deep traps which severely a�ect the performance of device [68]. Finally,
other issues to consider in the context of realistic devices include poor hardness,
low chemical stability and resistance to high temperature [69].

In response to the mentioned limitations, di�erent class of materials have been
proposed as an alternative. Semiconductors have been considered since they can
achieve metal-like optical properties through doping [70]. Among them, trans-
parent conductive oxides (TCOs) have gained increasing attention. They are a
well-known class of materials, widely employed as transparent electrodes for many
optoelectronic applications [71�74]. TCOs have been recently studied in the plas-
monic �eld because they have demonstrated a tunable plasmonic response in near-
IR and mid-IR range (i.e. frequency range where metals su�er high optical losses)
depending on carrier density, which is controlled in turn by adding dopants or
by engineering oxygen defects [66, 70, 75, 76]. Moreover, TCOs can be grown into
thin �lms and many di�erent nanostructures, polycrystalline and crystalline struc-
tures, patterned by standard fabrication procedures and integrated with many
other standard technology.

Another promising alternative to metals consists in transition metal nitrides
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and, among them, titanium nitride (TiN) is a unique material which goes beyond
the aforementioned limitations, providing a tailored plasmonic response in the
visible and near-IR range which in principle can be controlled by stoichiometry and
crystalline quality. Metal nitrides are refractory, stable and hard materials and
have the technological advantage to be currently used in silicon CMOS technology
[77].

As a �nal consideration, the study of alternative plasmonic materials (i.e. TiN
and TCOs), which provide similar or, in some cases, enhanced properties, paves
the way to other applications, e.g. in the �eld of IR vibrational spectroscopy,
waste heat management, sensors and telecommunications [66,78].

2.2 Transparent conductive oxides

Transparent conducting oxides (TCOs) are fascinating materials because of their
unique properties which allow good conductivity and transparency in the visible
region. These peculiar properties allow to employ TCOs as electrodes in opto-
electronic devices, including photodetectors [72], solar cells [71], light-emitting
diodes [74], and �exible displays [73]. The most employed TCO for consumer
products is Sn-doped indium oxide (ITO) because of its high optical transparency
in the visible range and very low resistivity (1−2 ·10−4 Ωcm), however the limited
availability of In has been driving the research toward alternative materials, e.g.
Al-doped ZnO (AZO) and TiO2 based TCO [75, 79�81]. TCOs consist in highly
doped oxides, but in this work only n-type materials will be considered since most
of them belong to this category. There are two main strategies to n-dope an oxide
to obtain a wide band gap conductor: introducing intrinsic defects (e.g. oxygen
vacancies) or substitutional element with more valence electrons than the metal in
the compound, in this case higher carrier concentration is obtained [75]. Consid-
ering the dependence of plasma frequency on charge carrier density explained in
section 1.2, n should not be too high, because a plasma resonance close to visible
range is not appreciated in case of TCOs. Moreover, the excessive doping can lead
to pass the limit of solid-solubility, resulting in phase separation or compound of
dopants. On the other hand, there is a lower limit of n too, because it is necessary
to provide enough free carriers in order to conduct electrical current in a similar
way to metals [66].

Thin �lms of TCOs can be deposited by many physical-vapor and chemical-
vapor deposition techniques, in particular highly conductive TCO �lms can be
produced by techniques such as pulsed laser deposition (PLD) and sputtering.
Usually, an optimization of synthesis parameters is required to achieve highest
possible carrier concentration and lowest possible losses. Among them, substrate
temperature and oxygen partial pressure during deposition play a key role for this
purpose [69].

2.2.1 Optical and electrical properties of TCOs

The optical response of a TCO di�ers from the corresponding pristine oxide be-
cause the introduction of high carrier density leads to an increase in the optical
band gap and a decrease in the plasma frequency. The �rst e�ect is known as
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Figure 2.1: Schematic band gap structure of (a) a direct gap semiconductor with parabolic
bands separated by E0

g ; (b) increase of optical gap by amount ∆EMB
g due to heavy doping

and consequent Moss-Burstein e�ect; (c) perturbed band structure due to many-body a�ect,
resulting in optical gap Eg. Occupied states are represented by shaded area.

Moss-Burstein (MB) and it occurs when a metal is doped over the degeneracy
limit, leading to the occupation of the bottom of the conduction band [82]. As
a consequence, only photons with higher energy can be absorbed and the optical
band gap increases, as schematically represented in Fig. 2.1a,b for a direct gap
semiconductor. Considering a simple free electron approximation, the MB shift
can be calculated by

∆Eg =
~2k2

F

2m∗
(2.1)

where kF is the Fermi wavevector and m∗ is the e�ective mass. However, for very
high carrier concentration, other e�ects such as many-body interactions came into
play, introducing distortion of the dispersion relation and shrinkage of the band
gap (see Fig.2.1c), as a consequence this simple calculation of MB shift is no longer
valid [83].

Fig.2.2 reports modeled real and imaginary part of refractive index as well as
modeled transmittance, re�ectance and absorbance of a TCO with carrier con-
centration of 5 ·1020 cm−3, e�ective mass of 0.4me, high-frequency permittivity of
4, mobility of 50 cm2/V s and �lm thickness of 500 nm, taken from [84]. Notably,
in real materials there is not a sharp decrease of re�ectance in favor of transmit-
tance increment above the plasma frequency, but rather a slow increase, spanning
even over hundreds of nanometers. Since the transmittance decrease does not
perfectly match the re�ectance increase, an absorption peak occurs around the
plasma wavelength (see Fig.2.2b). However, absoption peak cannot be confused
as an excitation of volume or surface plasmons, because it is not possible under
simple light irradiation (as explained in section 1.3). Indeed, this peak is often
called free carrier absoption, because absoption in this region is given by the par-
ticular dispersion acquired by the dielectric constant due to the presence of free
electrons and related relaxation time. In Fig.2.2a, the plasma wavelength λPW
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2.2. Transparent conductive oxides

Figure 2.2: (a) Modeled real and imaginary parts of refractive index and phase change on
re�ection. (b) Modeled transmittance, re�ectance and absorbance. Carrier concentration
was 5 · 1020 cm−3, e�ective mass was 0.4me, high-frequency permittivity was 4, mobility was
50 cm2/V s and �lm thickness was 500 nm. Reproduced from [84].

corresponds to N = k (i.e. ε = 0), which does not correspond exactly to min-
imum in re�ectance or maximum in absorbance, because their position depends
on relaxation time speci�c for each material, however they can be an indication
of λPW , as widely employed in experimental studies of TCOs [85,86].

Charge transport in TCOs is similar to metals, consequently the Drude model
presented in section 1.1 is appropriate to describe their conductivity. The main
di�erences lie in charge carrier density (already discussed) and in the scattering
mechanisms which limit carrier mobility. The last ones involve electron-phonon
scattering, ionized impurity scattering, grain boundary scattering and surface
scattering [84]. The �rst one is always present at room temperature, while the
last one is relevant for �lms thinner than 100 nm. Moreover, ionized impurity
scattering is unavoidable in TCOs because their doping requires the introduction
of aliovalent element in the materials, for example this mechanism becomes the
dominant one in doped ZnO for n > 5·1021 cm−3 [87]. Also charged oxygen vacan-
cies (when acting as double electron donors) can be virtually considered as ionized
scattering centers [84]. Notably, higher carrier concentration requires higher dop-
ing, which leads to a lower mobility, and the optimal condition is searched in the
middle. Finally, grain boundary scattering becomes relevant in polycrystalline
�lms. Here, di�erent orientation of neighboring crystal grains give rise to dislo-
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Figure 2.3: Comparison of optical properties of pulsed laser deposited ITO, AZO and GZO
�lms on glass substrate [69].

cations, misplaced atoms, vacancies, distorted bond angles and bond distance at
the interfaces [88]. The various types of defect introduce extra electronic states
spatially localized, which may have energy in the band gap and trap carriers.
Their behavior depends on their energy position relative to the bands of the bulk
crystal: shallow defects close to the conduction band tend to act as electron traps,
defects close to the valence band act as hole traps, while deep defects levels near
the center of the band gap may trap either type of carrier, acting as recombination
centers. These traps states in�uence the potential distribution close to the grain
boundary. In case of n-type material, the defect levels within the band gap are
usually distributed so that the local neutrality level (i.e. the level up to which the
states are �lled when the interface is neutral) lies closed to the center of the band
gap than the Fermi level of the doped semiconductor. These states trap electrons,
giving rise to a plane of �xed negative charge at the interface, and a layer of posi-
tive space charge on either side where the n-type material had been depleted. The
electrostatic force sets up a potential barrier which opposes further migration of
electrons. For p-type material the situation is analogous and a barrier opposing
hole �ow is established [88].

2.2.2 TCOs for plasmonics

The investigation on TCOs for plasmonic application is an emerging �eld, which
has attracted attention because of the possibility to supply some limitations of
traditional plasmonic materials, under speci�c doping conditions as already ex-
plained. Fig.2.3 reports the real and imaginary parts of dielectric function ex-
tracted from elipsometric measurements of three di�erent TCOs, namely indium-
tin-oxide (ITO), Ga:ZnO (GZO) and Al:ZnO (AZO). All the �lms were deposited
by pulsed laser deposition and ellipsometric data were �tted by a Drude-Lorentz
model, showing a metal-like optical behavior in near-IR. For a better comparison
between optical properties of these materials, Fig. 2.4 shows the cross-over fre-
quency (i.e. when ε1 = 0) and the Drude damping rate (γ) as a function of dopant
concentration [69]. Notably, AZO �lms showed lower losses with higher doping
because of good crystallinity of highly doped �lms, while the highest cross-over
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2.2. Transparent conductive oxides

Figure 2.4: Cross-over frequency (i.e. ε1 = 0) and Drude damping coe�cient (γ) of pulsed laser
deposited ITO, AZO and GZO �lms as a function of respective doping concentration [69].

Figure 2.5: (a) Schematic representation of the experimental setup for SPP excitation in
attenuated total re�ection; (b) re�ectance curve as a function of the angle of incident light
(at λ = 1548nm) for ITO, AZO and GZO �lms [93].

frequency reached is smaller with respect to GZO and ITO because of lower car-
rier density available. This di�erence was related to the di�erent dopant solubility
limit among materials as well as the e�ectiveness of doping itself. Moreover, TCOs
demonstrated to support SPP excitation at the interface with dielectric materials
in many research works [89�93]. Fig.2.5 reports the re�ectivity measurements at
di�erent incident light angle at �xed wavelength (i.e. at λ = 1548 nm) for �lms
of ITO, GZO and AZO by exploiting Kretschmann geometry to set the excitation
(schematically reported in Fig.2.5a). The dips in the curves correspond to the
SPP excitation which occurs in the near-IR range.

Besides, LSPR excitation of doped metal oxide nanocrystal is an expanding
research area. Indeed, in case of TCOs, LSPR is tuned not only by size and
shape like in traditional plasmonic materials, but also charge carrier density and
doping level can play a role. Della Gaspera et al. synthesized ZnO nanocrystals
doped by three di�erent metal cations, namely Al, Ga and Ir [94]. They found
a blue-shift of LSPR from about 7.5, to 5, to 3 µm for AZO, GZO and IZO
nanocrystals respectively. This blue-shift was correlated to the increase in carrier
density, because each doping element has a di�erent doping e�ciency.

25



Chapter 2. Alternative materials for plasmonics

Optical metamaterials and optical modulators are emergent �elds which can
include TCOs in the form of either compact thin �lms or nanoparticles. In the
�rst �eld, very thin �lms can be involved, therefore the study of optical properties
of TCO thin �lms should consider the dependence on thickness, especially for
�lms thinner than 50 nm [66]. In the second �eld, TCOs are convenient choice
because they have demonstrated the ability to switch from dielectric to plasmonic
behavior by the application of a moderate electric �eld. For example, Feigenbaum
et al. showed that refractive index of ITO and In-doped ZnO (IZO) changes on the
order of one in the visible range when subjected to an external electric �eld [95].
For this experiment, they built a capacitor by sandwiching 300 nm of a TCO �lm
and 100 nm of silicon oxide between two gold layers. The application of a voltage
produced an accumulation of carriers at the TCO/silicon oxide interface. A 5
nm-thick layer accumulates electrons at the interface, which exhibits a refractive
index change on the order of one at visible frequencies. This active modulation
of material properties is an interesting feature of TCOs, and besides electric �eld
applications, it is possible with other external stimuli such as light or solvents.
Instead, the tuning of plasmonic response as well as other properties by means
of varying morphology, dopant (what and how much) and defect stoichiometry is
known as passive modulation.

Other important characteristics of TCOs useful for the application in plasmonic
�eld are the possibility of their deposition on many di�erent substrates, including
�exible polymers as well as patterning on the micro- and nanoscale using stan-
dard fabrication techniques [93, 96�98]. In particular nanostructured TCOs can
be made by means of electron-beam lithography followed by reactive-ion etching,
wet chemical etching or lift-o�. This would be an advantage in applications where
features of nanosize can determine the material's behavior. For example, Fig.2.6
reports nanodisk array of GZO obtained by etching, which sustains LSPR excita-
tion, while distance between nanodisk play a role in the tuning of resonance peak
width.

Finally, another fascinating perspective is the integration of nanostructures
of traditional plasmonic materials in TCO thin �lms. The aim is the possibil-
ity to tune the LSPR frequency of embodied nanostructures (e.g. Au NPs) by
changing the dielectric constant of the surrounding TCO matrix, which can be
modulated in turn in the active way or passive way, as already explained [99,100].
On this basis, plasmonic nanostructured sensor can be developed by exploiting
LSPR dependency on dielectric constant of the surrounding, which depends in
turn on change in environment in case of TCOs [101]. Moreover, the embedding
of plasmonic metallic nanostructures in TCOs would be interesting also to im-
plement plasmonic functionalities in the visible range as well as improve TCO's
electrical conductivity, keeping high transparency, in devices where these materi-
als have already a key role [102�104]. However, the employment of a TCO matrix
as a mean to further tailor the LSPR of embedded plasmonic nanostructures is
scarcely studied so far, but the knowledge already acquired about these materials
can be combined in perspective of multifunctional devices.
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Figure 2.6: (a,b) Tilted and top view SEM images of an array of GZO nanodisks with a mean
diameter of 500nm and height of 270nm and (c) AFM scan of the same system [93].

2.2.3 Titanium dioxide based TCOs

Titanium dioxide has been widely investigated for energy conversion and photo-
catalytic applications because of its activity, low-cost, non-toxicity and chemical
stability [55]. In addition, TiO2 is commonly employed as photoanode in dye sensi-
tized solar cells thanks to its electronic band alignment with the active component
of the cell, and it is a promising photo-absorbing material for photovoltaics and
photocatalysis [105�107]. TiO2 can be synthesized by both chemical and physical
processes: sol-gel methods, spry pyrolysis, molecular beam epitaxy (MBE), chemi-
cal vapour deposition (CVD), sputtering, and pulsed laser deposition (PLD) [108].
However, TiO2 based TCOs have been predominantly produced only through the
latter two techniques [109�112].

The most common crystalline phases of TiO2 are rutile, anatase and brookite.
Rutile is the stable form and has a cubic cell, while anatase and brookite are
metastable with thetragonal cell [113], as represented in Fig.2.7. Among TiO2

allotropes, anatase is the most attractive because of its band gap equal to 3.2
eV and low conduction-band e�ective mass, around 1me (even if the actual value
depends on direction since the anisotropy of structure, as discussed below) while
rutile presents 3.0 eV and 20me, respectively [55, 114]. TiO2 conductivity can
be improved by n-type doping, which consists in substitutional dopant atoms
whose excess electrons are transferred to the conduction band of the matrix [116].
Nb- and Ta-doped anatase are the most studied TiO2-based TCO. Experimen-
tally both �lms epitaxially grown via pulsed laser deposition (PLD) showed very
similar resistivity, around 2− 3 · 10−4 Ωcm, suggesting almost identical electrical
conduction mechanism, with a resistivity comparable to commercial polycrys-
talline ITO [109,110]. However, the resistivity of Nb and Ta:TiO2 polycrystalline
�lms resulted higher than corresponding epitaxial �lms and strongly dependent
on dopant content and �lm structural properties, which implies a correlation on
synthesis conditions. Moreover, electrical properties demonstrated to be depen-
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Figure 2.7: Unit cells of TiO2 allotropes: anatase (left), rutile (middle) and brookite (right).
Reproduced from [115].

dent on oxygen stoichiometry and, in particular, the optimal values occurred for a
certain amount of oxygen de�ciency. Indeed, the formation energy of Nb:TiO2 and
Ta:TiO2 was calculated very low under Ti-rich-O-poor condition, while oxygen-
rich conditions promote electron acceptor defects, namely cationic vacancies and
oxygen interstitials, which reduce conductivity [116�119].

Nb:TiO2 has gained greater attention because computational studies reported
lower distortion of the crystal lattice than Ta:TiO2, which means potentially bet-
ter charge carrier mobility and crystal growth. On the other hand, Ta is reported
to have both higher solubility in anatase and lower e�ective mass in band struc-
ture than Nb, which favors the mobility [120,121]. Even if this can be moderately
relevant for transparent electrode applications, because optimum electrical prop-
erties are often associated to a rather low doping density, it would be crucial in
plasmonic �eld, where high doping density is often required, in fact increasing the
carrier density is the only practical way to increase the plasma frequency of the
material. However, an increase of the e�ective mass works in the opposite direction
(see Eq.1.7), for this reason Ta:TiO2 is a more promising material for plasmonics.
In addition, as already mentioned, the e�ective mass (m∗) of electrons in the con-
duction band of anatase single crystals is expected to show anisotropy, because
of the anisotropy of the anatase tetragonal crystal structure. In literature, the-
oretical calculations of m∗ for both Nb- and Ta-doped anatase and experimental
work on Nb-doped TiO2 con�rmed anisotropy [121�123]. In particular, theoretical
calculation for Ta:TiO2 �lms reported an orthogonal e�ective mass (m∗x) and a
parallel one (m∗z) with respect to tetragonal axis (also called ~c), which resulted
equal to 0.4-0.6 me and higher than 3.5 me, respectively. Moreover, calculations
predict an increase of m∗z with charge carrier concentration [121].

The e�ects of e�ective mass anisotropy on the plasmonic responce have been
discussed by Dahlman et al. for the LSPR of Nb-doped anatase nanocrystals [124].
Here, the high mobility along x-axis scatters more the incident �eld than the
z-axis, indeed the IR absorption of a dilute solution of Nb:TiO2 nanocrystals
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in tetrachloroethylene demonstrated to depend on the averaged projection on
the incident �eld in the anatase unit cell orientation for each particle. In fact,
nanocrystals oriented with the maximal projection of the incident �eld along x-
axis ( ~E ⊥ ~c) have signi�cantly higher amplitude and energy LSPR absorption
than nanocrystals oriented with a minimal projection along the x-axis ( ~E ‖ ~c).
Furthermore, the simulated isotropic averaged spectrum have a similar peak en-
ergy and broadness to the ~E ⊥ ~c projection spectrum, but with only about 70%
of amplitude. This study indicates that the observed broadness and low peak
energy of LSPR absorption in n-doped TiO2 nanocrystals can be attributed pri-
marily to crystalline anisotropy and intrinsic scattering. As a consequence, the
particle orientation presents an additional source of IR modulation for birifringent
semiconductor nanocrystals.

Sine in this work polycrystalline Ta-doped anatase thin �lms are considered,
the e�ect of anisotropic e�ective mass is expected mediated by di�erent crystallites
orientations, however it was taken into account when considering optical properties
in Chapter 5.

2.2.3.1 Polycrystalline Ta:TiO2 thin �lms and previous works

A previous study of Ta-doped TiO2 thin �lms was performed by P. Mazzolini in our
research group as transparent electrode for solar cell application [112, 125�127].
Here, we report main achievements of this work, that would be functional for
the purpose of this thesis. Ta:TiO2 thin �lms were deposited via PLD on soda-
lime glass and Si (100) substrates, followed by an ad hoc annealing treatment
in vacuum in order to obtain polycrystalline �lms in anatase phase. Films thick
∼ 200 nm with a nominal content of Ta equal to 5% at. were studied in order
to �nd the optimal condition of electrical properties and transparency. A strong
dependence of electrical and optical properties on background pressure of oxygen
during deposition was found (see Fig.2.8), indeed oxygen stoichiometry of the
�lms was a�ected by such synthesis parameter as well as post-deposition thermal
treatment atmosphere. In particular, oxygen sub-stoichiometry demonstrated to
favor Ta:TiO2 �lms conductivity, therefore annealing in vacuum was necessary,
while annealing in atmosphere where oxygen is present turned out detrimental
for electrical properties. The lower resistivity corresponded to 5 · 10−4 Ωcm and
it raised at 1.25 Pa, while it increases gradually with pressure (up to 2.25 Pa)
as well as it falls down at lower pressure (i.e. 1 Pa). The resistivity trend could
be explained by measured charge carried density and mobility behavior (Fig.2.8).
For pressures lower than 1.50 Pa, the carrier density is almost constant, with a
value of ∼ 1021 cm−3. Above such threshold, the number of carriers monotonically
decreases with increasing pressure. Even mobility decreases with pressure above
optimal value (∼ 10 cm2/Vs), and the falling down of electrical properties at 1
Pa was related to the appearance of macroscopic cracks which break down carrier
mobility. To the best of our knowledge, the optimal value of resistivity found in
this work is still the state of the art value for polycrystalline Ta:TiO2 �lms. Then,
the possibility of depositing �lms with increasing carrier density was exploited to
evaluate the e�ect of Moss-Burstein on material properties. Optical band gap was
calculated by means of Tauc plot and a shift from bare anatase gap was found as a
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Figure 2.8: Electrical properties (i.e. resistivity ρ, charge carrier density n and Hall mobility
µ) of Ta:TiO2 thin �lm as function of oxygen partial pressure during deposition. Electrical
measurements were performed after thermal treatment in vacuum [125].

function of carrier density, as expected from Moss-Burstein e�ect. This shift was
exploited to estimate e�ective mass according to the Eq.2.1, �nding m∗ = 2.9me,
which in turn was employed to estimate plasma wavelength (see Eq.1.7), resulting
equal to 4160 nm. These preliminary results of optical properties will be take into
account and further investigated in this work in Chapter 5. Finally, another result
that cannot be ignored consists in the modi�cation of anatase Raman spectrum as
a function of carrier density. The typical anatase spectrum presents six well known
Raman peaks: Eg(1) at 144 cm−1, Eg(2) at 197 cm−1, B1g(1) at 399 cm−1, B1g(2)
at 519 cm−1, A1g at 513 cm−1, and Eg(3) at 638 cm−1. Since the A1g and the
B1g(2) peak are very close, they cannot be distinguished at room temperature.
Fig. 2.9a reports the typical Raman spectrum of Ta:TiO2, both as deposited
(i.e. amorphous), and after annealing, where anatase peaks are clearly visible.
Mazzolini P. et al. noticed that the most intense peak of anatase Raman spectrum
(i.e. Eg(1)) acquired a non-negligible shift to higher wavenumber as the carrier
density was increased. An almost linear dependence of the peak position on the
carrier density was reported, and it turned out to be essentially independent on the
doping concentration and on the type of dopant (see Fig.2.9b). In this framework,
Raman spectroscopy can be employed not only for structural investigation (since
anatase has spectrum which di�ers clearly from other allotropies of TiO2) but also
to have a qualitative evaluation of doping e�ciency in doped TiO2 �lms.

2.3 Titanium nitride

In section 2.1 transition metal nitrides have been presented as a class of material
studied to supply limitations of traditional metals used in plasmonic �eld. Among
them TiN is the most interesting candidate because its unique properties that are
potentially advantageous in plasmonic applications.

The most stable and durable phase of TiN is B1-TiN (also known as δ-TiN,
with Fm3m symmetry) characterized by a cubic rocksalt structure and bright yel-
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Figure 2.9: (a) Raman spectra of Ta:TiO2 as deposited (grey) and after vacuum annealing
(red), anatase's Raman active peak positions are indicated as well (dash lines); (b) Eg(1)
peak position as a function of measured charge carrier density. Both pictures are reproduced
from [126].

low color. This material is a well-established in various industrial sector because
it is characterized by very high hardness, strong resistance towards abrasion and
corrosion, relative inertness, low friction coe�cient and high chemical and thermal
stability (i.e. melting point is equal to ∼ 3000◦C) [128, 129]. Therefore, TiN has
already found application as protective coatings and cutting tools as well as it is
an appealing material for decorative applications due to its gold-like bright yellow
appearance and color tunability by simply varying stoichiometry [130, 131]. An-
other important application involves semiconductor industry, where TiN is widely
employed as di�usion barrier in CMOS manufacturing process [132]. In addition,
TiN presents metal-like electron conductivity and mobility that, combined with
refractority, make it a valid candidate for Ohmic and Schottky contacts in mi-
croelectronic devices [133, 134]. Finally, TiN can be used to protect underlying
materials in orthopedic prosthesis thanks to its non-cytotoxical nature [135]. The
study of TiN for plasmonic applications is more recent, but promising results
have been already reported in literature. For example, TiN was found an active
and stable plasmonic material with LSPR ranging from UV to IR and, combined
with its refractory character, it results suitable for high temperature/high power
plasmonics, photothermal applications and, considering TiN low work function
(∼ 3.75 eV), plasmon-enhanced electron emitters [136�140].

Such application are not a�ordable by noble metals due to their lower melting
point as well as higher work function [141].

Before moving forward, we need to highlight the most stable phase of TiN will
be considered for this work, i.e. B1-TiN (also known as δ-TiN), which is a cubic
rocksalt crystalline structure. Other crystalline phases, such as Ti2N and Ti3N4,
will not be taken into consideration because they are less stable and present very
di�erent material properties [78].
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Figure 2.10: (a) Band structure and (b) energy density of state (EDOS) of B1-TiN, where the
zero energy corresponds to Fermi level. Reproduced from [143] and [77], respectively.

2.3.1 Optical and electrical properties of TiN

TiN and other transition metal nitrides exhibit electronic conductivity due to
the partially �lled valence d orbitals that are not completely hybridized with
N-2p electrons [142, 143]. Moreover, under favorable synthesis conditions, TiN
emerges as a good optical conductor too, which means that interband transitions
are distant from the region where optical plasmonic performance are desired (i.e.
valence electrons are strongly bound and have quite deep energy with respect to
Fermi energy, EF ), implying ε1 negative with a clear steep crossing positive values,
while ε2 smallest as possible in the entire spectrum in order to minimize optical
losses. The overlap between intraband and interband absorption leads to a �atter
slope of ε1 and higher values of ε2 in the visible range [78]. This behavior can
be understood by considering B1-TiN electronic structure. Fig.2.10 reports TiN
band structure and the calculated electron density of states (EDOS). Notably, two
main energy regions of occupied states are distinguishable. The �rst one occurs
from -8 eV to -3 eV (zero energy corresponds to EF ). Here the hybridization
between Ti-3d and N-2p is strong and, as a consequence, EDOS shows a shoulder
and a peak around -3.5 eV and -5.5 eV, marked with E01 and E02 respectively
in Fig.2.10b. They are responsible for two absorption bands in TiN absorption
spectra, mainly due to N-p electrons going to the unoccupied metal-d states above
Fermi level. In particular, EDOS is non-zero starting from about -2.5 eV (below
EF ) and this represents the threshold at which the dielectric losses contribute to
the optical response of TiN, called cut-o� energy. The second region is from -3
eV to EF , in which d-electrons of Ti are present in greater number and, those not
involved in the bond with N, are responsible for electronic conductivity of TiN,
because of this interception of d-electron valence band with Fermi level.

A fascinating feature of TiN consists in the signi�cant variation of optical prop-
erties as a function of �lms stoichiometry and composition because of their role
over electron losses and density, as showed in Fig.2.11, where some examples of
ε1 reported by several groups in literature are collected. This scattering of the ε1
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Figure 2.11: Real part of dielectric constant (ε1) of TiN reported by several groups. For
citations in the picture, refer to [77].

experimental values and the high tailoring potential of TiN are two of the main
reasons why this material is the most studied transition metal nitride for plasmon-
ics. However, in addition to stoichiometry, TiN electrical and optical properties
are a�ected by other properties such as crystallinity and surface oxidation, which
strictly depend in turn on synthesis conditions, as explained later. All these con-
tributions make challenging the understanding and the �ne tuning of electrical
and optical properties of TiN, which consists in a open issue of this work.

According to the important role of interband transition on optical behaviour,
the energy where ε1 = 0 is called screened plasma energy (Eps), which coincides
with unscreened plasma energy considered in Eq.1.7 only in case of ideal conduc-
tors (i.e. without any bound electrons). As explained in section 1.2, for energy
higher than Eps (where ε1 > 0) light can propagate in the material, while for en-
ergy lower than Eps (where ε1 < 0) re�ection occurs due to the interaction between
light and conduction electrons. TiN stoichiometry a�ects directly Eps value, that
has been reported ranging from 2 to 2.95 eV, a�ecting the color. At stoichiometric
conditions (i.e. TiNx with x=1), Eps was found equal to 2.65 eV and TiN sur-
face shows bright-yellow appearance, while overstoichiometric TiN (x>1) appears
reddish-brown and more opaque as well as substoichiometric one (x<1) tends to
a more grey aspect [78,144]. Indeed, the increase of nitrogen content means that
the number of free electrons decreases, reducing the light re�ected by the �lm as
well as its brightness. Moreover, since the unscreened plasma frequency is pro-
portionally depending on the carrier density, a higher nitrogen content leads to
a lower free electrons density and, as follows, to a red-shifted plasma re�ectance
edge [145].

Braic et al. studied the e�ect of composition on TiN �lm optical proper-
ties, focusing on how oxygen content of titanium oxynitride TiOxNY �lms a�ects
epsilon-near-zero behavior (i.e. around ε1 = 0, ENZ) [146]. In particular, they
grew �lms via reactive magnetron sputtering at di�erent levels of residual oxy-
gen in the background vacuum. They found that for oxygen partial pressure

33



Chapter 2. Alternative materials for plasmonics

Figure 2.12: (a) Real and (b) imaginary parts of the dielectric constant of TiOxNy �lms
deposited at di�erent nitrogen partial pressure [146].

(PO2) above 2.67 · 10−6 Pa, the �lms exhibit nonmetallic behaviour; for PO2 below
6.67·10−7, �lms show a metallic behavior, while between these two ranges, authors
discovered an unusual double-ENZ in visible near-IR range, whose positions were
tunable by the level of residual oxygen and partial pressure of nitrogen during
deposition, as shown in Fig.2.12. This peculiar behavior could be exploited for
designing the enhanced nonlinear optical response and metasurfaces.

Naturally, electrical properties of TiN show a dependence on stoichiometry as
well, due to the way they rule on free electrons, as already discussed. Moreover,
even crystallinity and microstructure play an important role in the de�nition of
the overall �lm resistivity. Meng et al. deposited TiN �lms via DC reactive mag-
netron sputtering and they investigated the e�ect of nitrogen partial pressure on
�lm properties [147]. X-ray di�raction analysis found that by increasing the nitro-
gen pressure, the (111) TiN peak intensity decreases, while the (200) di�raction
peak intensity increases, suggesting a modi�cation of the �lm crystallographic
orientation, as well as an improved stoichiometry. The preferred orientation may
a�ect resistivity because electronic bands may be varied with crystal orientation.
Moreover, they found that even grain size enlarged as the nitrogen partial pres-
sure increases. Indeed, the lowest resistivity was measured for higher pressure of
N, which exhibit quite stoichiometry and larger crystal domains (see Fig.2.13a).
Re�ectivity measurements agreed with these results (see Fig.2.13b), re�ectance in-
tensity increases with nitrogen partial pressure as well as minimum red-shift. The
e�ect of microstructure and stoichiometry on electrical and optical properties was
studied by several other authors, testing also di�erent synthesis techniques or in-
volving other synthesis parameters (e.g. temperature) [148�151]. Composition
plays a key role too. Mihailescu et al. deposited TiN �lms via laser reactive
ablation and studied the e�ect of N background pressure [152]. In the range of
0.7-7 Pa, N atoms resulted enough to nitride all ablated Ti, while oxygen contam-
ination was limited to �lm surface. Conversely, for higher pressure TiN presence
gradually vanishes because oxygen progressively accommodate in the crystal lat-
tice, leading to the formation of oxynitride compound TiNxO1−x. From electrical
measurements, they found a conductivity of 2-5·104 Ω−1cm−1 for �lm deposited
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Figure 2.13: TiN �lms (a) resistivity and (b) optical re�ectance (b) as a function of nitrogen
partial pressure. In (b) TN1, TN2, TN3 and TN4 correspond to N pressure of 0.3, 0.2, 0.1,
0.08 Pa, respectively [147].

at low N pressure, while it decrease of one order of magnitude at 10s of Pa, up
to non-measurable �lms at 100s Pa. This study highlights the extremely high
chemical activity of Ti in presence of oxygen contamination and the subsequent
strong impact on material properties, which is crucial point in the choice of syn-
thesis parameters in order to obtain a good TiN �lms. This important item will
be discussed deeply in section 2.3.3.2.

2.3.2 TiN for plasmonics

TiN has been studied as a possible candidate to substitute noble metals in visible
and near-IR, as a matter of fact TiN �lms and NPs showed the ability to sustain
SPP and LSPR excitations. As a �rst comparison, optical properties of TiN
�lms deposited with three di�erent methods (i.e. PLD, DC magnetron sputtering
and non-reactive sputtering) are reported in Fig.2.14 against Au, W and Mo.
First, it is clear how TiN o�ers an additional degree of freedom in the tuning
of plasmonic responce due to its non-stoichiometric nature. Then, TiN shows
smaller absolute value of negative real permittivity ε1 than Au, but TiN presents
also higher ε2 explained with its larger relaxation rates than most noble metals,
which increases the losses due to scattering (Ohmic losses) [153]. Naik et al.
demonstrated 30 nm-thick TiN �lm sustains SPP in the near-IR [154]. Angular
re�ectance was taken at two wavelength, i.e. 900 and 1000 nm, and dips in
re�ectance was found at 30◦ and 25◦, respectively. Moreover, authors compared
the SPP performance in terms of propagation length and con�nement width of
TiN and Au �lms interfacing with air (see Fig. 2.15a,b). In particular, two type of
Au were considered, ideal one and with loss factor of 3.5 (commonly observed in
nanopatterned gold structures). TiN showed a slightly better con�ned than lossy
Au, but propagation length for TiN resulted smaller. In the same way, Fig. 2.15c
compares the �gure of merit M1D

1 , de�ned as the ratio of propagation length to
con�nement width for one dimensional SPP waveguides, of TiN against Au and
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Figure 2.14: (a) Real and (b) imaginary parts of the dielectric constant of three TiN �lms
deposited via di�erent synthesis methods and Au,W and MO �lms [153].

Figure 2.15: Comparison of the performance of SPP waveguides based on TiN with respect to
other materials, in terms of (a) propagation length, (b) mode size, and (c) speci�c �gure-of-
merit M1D

1 calculated for 1D-waveguides. Reproduced from [66,154].

Ag [66]. From Fig.2.15a-c, it is clear how noble metals outperform nitrides for
waveguiding applications. Despite worse performance than conventional materials
(i.e. Au and Ag), TiN remains a valid alternative where these materials cannot be
employed for technological issue, as well as TiN o�ers more tunability of plasmonic
responce.

Naik et al. calculated the enhancement at surface of TiN NPs due to LSPR
by using quasistatic dipole approximation and compared results with Au NPs
[154]. The resonant wavelength obtained for TiN NPs was red-shifted compared
to Au, as expected from smaller absolute real permittivity (see Fig.2.14), while the
magnitude of �eld enhancement was slightly smaller than that of Au. However,
the overall performance of each material was comparable, making TiN NPs a
realistic alternative for LSPR plasmonic applications. Guler et al. compared the
optical transmittance of disk-shaped NPs (30 nm-thick) of TiN and Au in the
visible and near-IR [136]. Fig 2.16 shows the results for two Ti NPs array grown
at two di�erent temperature (i.e. 400 and 800◦C), clearly showing the tunability of
TiN nanostructures by varying growth parameters. In these graphs, the biological
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Figure 2.16: Transmittance spectra of 30 nm-thick disk array of TiN grown at (a) 400◦C, (b)
800◦C and (c) Au. Disk's diameters are indicated in nm on curves with di�erent colors;
green regions indicate the biological transparency; inset in (a) shows nanodisk pattern [136].

transparency window is indicated in green, because authors intended to evaluate
TiN NPs as alternative local heat plasmonic sources in this speci�c region of the
electromagnetic spectrum. It is evident that LSPR peak of TiN can cover better
this region with respect to gold, playing with NPs size and growth condition.

For far �eld applications, it could be convenient to measure the performance
of TiN NPs with respect to gold in terms of scattering e�ciency; on the other
hand, in case of devices based on local heating, the quality factor considered is
the absortion e�ciency [145]. Fig.2.17 shows that in both cases, Au and TiN
NPs peak intensities are rather similar, but TiN NPs have a much broader peak
whose resonance elongates towards the near-IR, emerging as a better candidate
for this range. Moreover, the very high melting point of TiN should be taken
into account for high temperature and power applications. For example, Li et al.
fabricated a braodband absorber (i.e. 95% light absorption in the range 400-800
nm) using three layer TiN metamaterial schematically represented in Fig. 2.18a.
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Figure 2.17: Near �eld intensity e�ciencies, showing the �eld enhancement at NP surface,
and absorption e�ciency calculated for (a,c) spherical Au and (b,d) TiN NPs, varying radius
[145].

The top layer is composited by 30 nm-thick TiN square ring-like unit cells, with
outer and inner side length of 250 and 150 nm, respectively, and periodically
distributed along x and y-directions with a pitch of 300 nm. Second layer consist
in 60 nm-thick SiO2 �lm and the back layer consist in a TiN �lm thicks 150 nm.
In contrast with noble metals which utilize only plasmonic resonance to achieve
high absorption, the TiN broad absorption is due to the combination of both
intrinsic losses of the material and the plasmonic resonances due to a plasma
frequency (here in the visible range). Furthermore, due to its high melting point
and the combined absorption mechanisms, the TiN absorber can work at high
temperatures and under strong light illumination not a�ordable to noble metals,
as shown in Fig. 2.18b-e.

2.3.3 Synthesis of TiN thin �lms and nanostructures

Titanium nitride demonstrated to be a very tunable material in terms of mi-
crostructure as well as electrical and optical properties, due to its non-stoichiometric
nature strongly dependent on the employed synthesis technique. For this reason
a deeper discussion on fabrication of TiN thin �lms, NPs and nanostructers is
important for the purpose of this work. Besides synthesis methods, in this section
another critical issue of TiN synthesis will be treated, the oxidation.

2.3.3.1 Deposition of TiN thin �lms

TiN �lms can be grown by a wide variety of techniques, that could be both physical
and chemical, including magnetron sputtering (MS), cathodic vacuum arc, ion

38



2.3. Titanium nitride

Figure 2.18: (a) Schematic representation of unit cell of TiN-based metamaterial absorber with
dimension a=250 nm, w=50 nm, p =300 nm, h1=30 nm, h2=60 nm and h3=150 nm; SEM
images of (b,d) TiN- and (c,e) Au-based absorber after annealing at 800◦ or shot by a laser
with intensity of 6.67W/cm2. Scale bars correspond to 400 nm. Adapted from [155].

beam assisted deposition, atomic layer deposition and pulsed laser deposition
(PLD) [151, 156�159]. Since in this work the main synthesis method is PLD, in
the following, we will focus on the main features of TiN �lms deposited by this
technique. However, some MS results will be taken into account as an indication of
conditions and deposition mechanisms involved, being a physical vapor deposition
too.

MS is the most used deposition method for TiN �lms, thanks to its capa-
bility to form uniform and high quality �lms with rather high deposition rate.
Moreover, MS gives a certain degree of tunability of TiN properties by varying
deposition parameters, i.e. power and pressure. However, their variability is quite
limited, since too high �ux of nitrogen or oxygen may contaminate the target
surface, loosing its conductivity. As a consequence, MS presents some limitations
such as the impossibility to deposit highly porous or nanostructured thin �lms,
and the di�culty to obtain the desired stoichiometry. On the other hand, PLD
can overcome these issues thanks to its feature of reproducing easily target stoi-
chiometry/composition and its possibility to obtain nanostructured �lms built up
with NPs assemblies by playing with deposition pressure and laser energy density.
More details of PLD working principle are presented in section 3.2.

In literature there are several works that discuss the pulsed laser deposition
of TiN �lms, either from TiN or metallic Ti target, and in this last case we talk
about reactive laser ablation, necessarily in nitrogen atmosphere [152, 160�162].
Then, the properties of the obtained TiN �lms were investigated as function of
synthesis parameters, e.g. laser �uence at target surface, N2 background pres-
sure and substrate heating. Summarizing, the optimal values of laser �uence
and N2 pressure were found in the range of 5-7 J/cm2 and 1-7 Pa, respectively.
Moreover, the substrate was found to present a key role to determine TiN �lms
crystallinity. If lattice matching is provided (e.g. in case of Al2O3 and MgO), epi-
taxial �lm growth can be achieved, otherwise polycrystalline or amorphous �lms
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are obtained [163, 164]. In addition, substrates heating during deposition can
favor high crystallinity and stoichiometry due to the higher ad-atoms di�usion,
while limiting oxygen incorporation during �lm growth. However, oxidation could
be a trickier issues related to many variables, e.g. poor vacuum environment or
low �lm compactness, as discuss later [165, 166]. As an alternative to substrate
heating, post-deposition thermal treatments can be performed to promote TiN
�lm crystallization [167, 168]. Annealing atmosphere should avoid the presence
of any oxygen compound or contamination, therefore thermal treatments in vac-
uum, pure nitrogen, or a reducing atmosphere with a partial pressure of H2 are
privileged [169�172]. However, even in vacuum conditions, TiN �lms can su�er
nitrogen depletion, probably because nitrogen atoms di�use from the bulk to sur-
face and desorb, then residual oxygen atom present in the chamber may replace
them [172]. It was found that for already crystalline TiN �lms, vacuum annealing
leads to a slight oxidation without any improvement of material properties; on the
other hand, thermal treatment represents a way to improve electrical and optical
properties of amorphous �lms. As a consequence, the choice of the optimal tem-
perature for annealing may be challenging, because a good compromise between
good crystallization and little oxidation extent has to be found.

However, these synthesis parameters should be taken in consideration just as a
starting point, because PLD setups can vary signi�cantly one from the other. For
example di�erent laser wavelength can be employed as well as distances among
components (e.g. target-to-substrate distance or angle, optics positions).

2.3.3.2 Oxidation issue

An extremely crucial issue when depositing TiN consists in the di�culty to obtain
a purely stoichiometric compound, due to titanium higher reactivity with oxygen
rather than with nitrogen [169]. Therefore, it is important to know the e�ect
of partial oxidation on structure, electrical and optical properties as well as the
identi�cation of synthesis parameters which cause this variation in composition. In
this section, oxidation e�ects on Raman spectra, electrical and optical properties
of TiN thin �lms will be presented, being functional for the characterization and
discussion of results of TiN �lms and nanostructures synthesized in this work.

Trenczek-Zajac et al. studied the e�ect of oxygen doping on TiN �lm structure
and optical properties [173]. TiON �lms were obtained by reactive magnetron
sputtering and oxygen �ow rate ηO2 varied from 0 to 1.65 sccm. X-ray photoelec-
tron spectroscopy (XPS) analysis showed that at highest oxygen �ow rate (i.e.
1.65 sccm) the excess of oxygen cannot be accommodated anymore in TiNxOy,
therefore precipitation of crystalline anatase TiO2 occurred. This work has a
signi�cant role showing the modi�cation of Raman spectra with the gradually in-
crease of oxidation, showed in Fig. 2.19a. Before continuing, a speci�cation about
Raman characterization of TiN �lms is needed, even if more details are presented
in Chapter 6. In principle, �rst-order Raman scattering is not allowed in an ideal
crystal with rock-salt cubic structure like TiN. However, �lms deposited by MS
or PLD present defects that may be generated from energetic ions or species in
deposition mechanism, leading to a reduction of crystal symmetry which induces
�rst-order Raman modes [174]. As a consequence, Raman spectroscopy would be
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Figure 2.19: (a) Raman spectra, (b) optical re�ectance and (c) transmittance of TiN and
oxygen-doped TiNxOy deposited by reactive magnetron sputtering at di�erent oxygenn �ow
rate, i.e. ηO2

=0-1.65 sccm [173].

a useful technique to check qualitatively the composition of deposited �lms, con-
sidering the relative intensity of acoustic and optical bands as an indication of �lm
stoichiometry. Indeed, acoustic bands occur at ∼ 200-215 cm−1 and ∼ 300-330
cm−1 due to transverse acoustic (TA) and longitudinal acoustic (LA) phonons, re-
spectively, and are associated to vibrations of Ti4+ ions due to nitrogen vacancies,
while optical mode (TO) at 500−600 cm−1 is associated to Ti vacancies and vibra-
tion of N3− ions. In addition, another peak can be observed at ∼ 440− 450 cm−1

corresponding to second order scattering of the TA mode [175�177]. However,
TiN Raman peaks consist in large bands, lacking sensitivity to the di�erence be-
tween crystalline, defective or amorphous TiN �lms, therefore also a qualitative
interpretation is not straightforward (see section 6.1).

Back to Fig. 2.19a, at ηO2=0-0.46 sccm an increase in the relative intensity of
the acoustic bands over the optical band and a shift towards higher frequencies of
the transversal and longitudinal acoustic modes indicated a deviation from TiN
stoichiometry. In fact, according to many literature papers, a higher Iacoustic/Ioptical

ratio is related to a higher number of nitrogen vacancies (i.e. lower N3− ions
vibrating) and therefore to a less stoichiometric titanium nitride. At ηO2=0.66-
1.32 sccm, Raman bands broad signi�cantly due to the increase of N vacancies,
which are easily �lled by O, and progressive amorphisation of the �lm. According
to XPS measurements, N/Ti ration was estimated from 0.8 down to 0.35 in these
increasing oxygen �ow rate conditions. Finally, at ηO2=1.65 sccm, the shape of
Raman spectrum changes, indicating the appearance of TiO2 largely in amorphous
phase. On the other hand, when the deposition atmosphere is highly oxidizing,
Raman peaks of anatase, rutile or a mixture of the two may appear [178,179].

Optical properties were studied as a function of ηO2 too (see Fig.2.19b,c). At
ηO2=0-0.46 sccm, re�ectivity spectrum of TiN �lms did not change, remaining sim-
ilar to pure TiN. At ηO2=0.66-1.32 sccm, re�ectance minimum red-shifted as well
as a less steep re�ectance edge at long wavelength were observed, up to ηO2=1.65
sccm, where the re�ectance dip was lost due to amorphous TiO2 formation. On
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the other hand, stoichiometric TiN is almost opaque with a transmission coe�-
cient of ∼ 0.3 − 0.4%, which does not depend on wavelength. While, in case of
oxidation a maximum in transmittance appears, which rises and red-shifts upon
increasing ηO2 (see Fig.2.19c).

Radecka et al. studied the variation structural and electrical properties of TiN
�lms deposited by DC-pulsed reactive magnetron sputtering in Ar:N2:O2 atmo-
sphere, as a function of ηO2 too [180]. They used impedance spectroscopy analysis
to measure electrical properties and they found a transition from metallic to semi-
conducting behavior between the range ηO2=0.46-0.66 sccm, due to TiNxOy for-
mation and �lm amorphisation. At ηO2 > 1.5 sccm insulating electrical behavior
was found due to formation of amorphous TiO2 precipitates.

By the way, it has to be underlined that a very thin �lm of native oxide is
unavoidable on TiN surface upon air exposure [181,182]. In case of compact TiN
�lms, limited surface oxidation does not a�ect material properties, while it starts
to play an important role in case of porous structure and NPs where the ratio
between surface and volume increases, leading to a higher oxidation extent.

TiN nanoparticles

TiN NPs can be synthesized with many di�erent techniques, including direct
nitridation of metal powder or metal hydrides, microwaves and thermal plasma
techniques and laser ablation in solution [183�186]. Several authors studied the
e�ect of NPs size and stoichiometry on LSPR position and intensity [187, 188].
However, few studies treat the oxidation issue related to TiN NPs. Barragan et
al. investigated the oxidation of TiN NPs prepared via plasma-enhanced chemical
vapor deposition looking at extinction peaks [189]. In particular, he found an
unexpected blue-shift of extinction peak by increasing TiN NPs size, contrary to
what is expected from Mie theory. This unusual behavior was explained with a
di�erent degree of oxidation of NPs surface. Indeed, XPS measurements after
air-exposure showed that smaller NPs were nitrogen-de�cient and oxygen-rich,
while bigger ones were almost stoichiometric and had a lower O content, mostly
on surface. In support of this, FTDT simulation of absorption e�ciency of TiN
NPs with diameter of 10 nm were performed as a function of di�erent degree
of oxidation (0-60%). These simulations highlighted the detrimental e�ect of
oxidation on LSPR excitation, showing how plasmonic peak red-shifts, broadens
and decreases in intensity. A method proposed to prevent oxidation consisted
in a capping layer of silicon-oxynitride, which led to blue-shift, narrowing and
enhancement of plasmonic peak with respect to uncoated TiN NPs, combined to
a increased thermal stability of optical properties upon air-annealing.

2.3.3.3 Nanostructured and nanoporous TiN thin �lms

In this section, nanostructured �lms refers to assemblies of NPs with various size,
shape and architectures. Their high surface area combined with nanoporosity
make them extremely interesting for several applications. However, nanostruc-
tured (or nanoporous) �lms are very prone to external agents and, in case of TiN,
the exposure to air could be detrimental for material properties.
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Figure 2.20: Top view SEM images of (a) wrinkly, (b) hierarchical TiN �lms, (c) TiN nan-
otubes and cross-section of (d) tree-like nanostructures, taken from [190,192,193] and [194],
respectively. Insets show magni�cation of images taken from another point of view.

In literature there are some examples of nanostructured TiN �lms for SERS
applications. Kaisar et al. deposited TiN �lms via reactive sputtering onto a
silicone oil coated Si substrate, followed by silicone oil evaporation, obtaining a
wrinkled morphology (see Fig.2.20a) [190]. SERS measurements were performed
on a probe molecule (i.e. R6G) and a signal enhancement of ∼ 1.3 · 104 was
achieved. This result is due to both high porosity and large surface area of this
peculiar morphology, which provides a large number of absorption sites, combined
with local electric �eld enhancement at high curvature regions. A very similar
result was obtained by Dong et al., that synthesized nanostructured TiN �lms
via nitridation of sol-gel derived TiO2, focusing to SERS application [191]. A
nanoporous structure was obtained thanks to the decomposition of the residual
polyvinylpyrrolidone, employed in sol-gel process, during nitridation. Here, the
Raman intensity enhancement reached ∼ 4.1·103. Xu et al. synthesized three TiN
thin �lms with di�erent morphology for biosensing applications, i.e. �at (f-TiN),
roughened (R-TiN) and perforated with nanoholes (NH-TiN) [195]. In particular,
TiN was chosen for its biocompatibility and its capability to be directly antibody
�ctionalized, which is an interesting feature in application of immuno-detection.
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R-TiN and NH-TiN were deposited on glass substrate via RF magneto-sputtering,
combined with a peculiar procedure which involves sacri�cial Au NPs. In both
cases, an Au �lm was deposited on glass substrate followed by thermal treatment,
leading to NPs formation because of thermal meral dewetting. Moreover, Au NPs
resulted partially sunk into glass substrate because temperatures reached during
annealing allowed glass transition from glassy to rubbery state. For R-TiN, Au
NPs were removed leaving a glass rough surface which implied deposition of rough
TiN �lms; for NH-TiN, Au NPs were removed after TiN �lm deposition, leaving
nanoholes. Biosensing tests showed that both roughness and localized plasmon
�elds due to the presence of nanoholes improve sensing performance of TiN, but
the plasmonic enhancement was proven to be superior with the capability to detect
to detect smaller molecules.

In these examples, TiN nanostructured �lms were obtained by using a template
which should be removed at the end. However, template removal could be haz-
ardous, time and energy consuming as well as di�cult to be achieved completely.
In literature there are other examples of TiN nanostructured �lms which employ
di�erent methods, although not for plasmonic applications. Liu et al. developed
a 3D hierarchical TiN �lms by means of a solvothermal process and subsequent
high temperature nitriding process of TiO2 precursor [192]. They obtained plen-
tiful and highly interconnected nanowires, exhibiting both high surface area and
e�ective charge transfer in catalytic process (see Fig. 2.20b). Gbordzoe et al. syn-
thesized TiN nanowires by using PLD on Si substrates with Au nanodots serving
as catalyst (see Fig. 2.20c) [193]. They studied the e�ect of substrate temperature
(i.e. 600,700 and 800◦C) on nanowire diameter and length, showing an increase of
both sizes with temperature. Moreover, they found that nanowires grew with no
preferred orientation due to lattice mismatching between TiN and Si substrate.
Finally, they performed destructive and non-destructive corrosion tests in compar-
ison with TiN thin �lms, showing TiN nanowires corrode faster and, consequently,
this kind of system turned out as a potential choice for biodegradable implants.
Perego et al. used PLD to synthesize hierarchical nanostructured TiN-based elec-
trode for electrochemical application [194]. Tree-like nanostructures with tunable
posity were obtained by varing N2 − H2 background gas pressure during deposition
from 15 to 100 Pa (see Fig. 2.20d). High-angle annular dark �eld STEM found
a content of oxygen higher than 35% at., probably due to large oxidized surface
of this particular architecture. Moreover, Raman spectra suggested a slight sub-
stoichiometry, while high resolution transmission electron microscopy (HR-TEM)
and XRD measurements showed the presence of nanocrystalline domains of TiN
(i.e. TiN cubic crystals of 7-8 nm) immersed into an amorphous matrix.

In conclusion, this chapter presented typical limitations of traditional plas-
monic material as well as suggestions to overcome them by employing alternative
materials, i.e. transparent conductive oxides and transition metal nitrides. In par-
ticular, we focused on two Ti-based materials, namely Ta-doped titanium dioxide
and titanium nitride, that will play a main role in this thesis work. The discus-
sion developed about their electrical and optical properties, plasmonic behavior
and applications as well as synthesis conditions underlie objectives and choices
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presented in the next chapters.
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CHAPTER 3

Thesis goal and methods

This chapter contains the objectives of this thesis as well as the research method-
ology followed to achieve them. Speci�cally, section 3.1 includes the precise goals
of this work, keeping in mind the motivations exposed in previous chapters, and
the collaborations established for these purposes. The sample synthesis approach
is illustrated in section 3.2. In particular, pulsed laser deposition is described
from the point of view of mechanism and speci�c apparatus, with a focus on the
critical parameters that play a role in the deposition of nanostructures (see sub-
section 3.2.1). Then, the di�erent annealing treatments employed for this work
are described in detail (see subsection3.2.2). Finally, section 3.3 is devoted to the
description of the characterization techniques employed, with a focus on optical
and electrical characterizations that play a major role in this work.

3.1 Objectives of this work

This PhD thesis project concerns an experimental investigation for the develop-
ment of nanostructured thin �lms based on titanium oxides and nitrides, aimed
to achieve a �ne control of their physical properties as well as the understanding
of the material optical and electrical behavior and their potential applications,
with particular attention to the plasmonic �eld. Keeping in mind the motivations
explained in previous chapters, the speci�c tasks of this thesis involve:

1. The integration of plasmonic Au NPs in semiconducting oxide (i.e. TiO2)
nanostructured thin �lms, featured by a peculiar hierarchical morphology,
which o�ers the possibility of tuning the system's structure and nanoporosity
as well as its optical properties by varying process parameters. The interest
in this kind of system lies in the extent of light harvesting up to the visible
range, for example in a photoanode application (as extensively discussed in
section 1.4).

2. The synthesis and characterization of thin �lms based on alternative plas-
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monic materials, namely Ta:TiO2 and TiN. In particular, the main purpose
consists in the tuning of electrical, optical and plasmonic properties of the
�lms as a function of speci�c material properties, namely composition/sto-
ichiometry, morphology (i.e. from compact thin �lms to nanoparticles as-
semblies), structure (i.e. crystalline phase and crystalline domain size) and
thickness.

The investigated systems are grown via physical vapor deposition techniques, in
particular pulsed laser deposition (PLD); this is an e�ective and versatile method
for the production of nanostructured �lms (both compact and nanoporous) of sev-
eral materials with controllable morphological, structural and functional proper-
ties by means of process parameters (e.g. laser �uence, background gas pressure).
Post-deposition thermal treatments are employed to crystallize the materials in
the desired phase, or to modify their functional properties. The e�ects of di�erent
annealing atmosphere, temperature and duration are investigated. The developed
systems have been characterized from the point of view of morphology, structure,
electrical and optical properties with techniques available at the laboratory (i.e.
the Micro and Nanostructured Materials Laboratory, NanoLab, of the Department
of Energy at Politecnico di Milano) or by establishing collaborations, especially
for the exploration of possible applications and functional properties.

Task (1) represents the �rst part of the project and related results are reported
in Chapter 4. Speci�cally, TiO2 nanostructured �lms with quasi-1D morphology
(having been previously studied at NanoLab [196, 197]) were employed for Au
NPs integration via an original single-step pulsed laser co-deposition procedure.
This approach allows to obtain TiO2 hierarchical �lms with a porosity which is
tuned by varying the oxygen background pressure during deposition, while en-
suring a �ne dispersion of Au NPs through the whole thickness of the TiO2 �lm.
In particular, the e�ect of Au content (i.e. from 0.5 up to 5 % at.) was studied
for di�erent TiO2 porosities, obtained by depositing at 5 and 8 Pa of O2. Then,
the e�ect of post-deposition air thermal treatments has been investigated in order
to control TiO2 crystallization and the nucleation/growth of Au NPs. Finally,
selected samples were tested for the photodegradation of pollutants and as sub-
strates for surface enhanced Raman scattering (SERS) in collaborations with the
Department of Information Engineering, Chemistry for Technologies Laboratory
of the University of Brescia and the Laboratory CSPBAT of Université Paris 13,
respectively. Speci�cally, SERS measurements and related development of Au-
TiO2 samples were performed by a master student, who I supervised for his thesis
project [198].

Task (2) can be divided in two main parts according to the material under in-
vestigation, Ta:TiO2 and TiN, whose results will be presented in Chapters 5 and
6, respectively. First, considering Ta:TiO2, we need to remind that Ta:TiO2 thin
�lms were previously studied at our laboratory by Mazzolini as transparent elec-
trode for solar cell application, whose main achievements of our interest have been
reported in section 2.2.3.1. However, since the laser wavelength employed in PLD
changed from 266 to 532 nm, the optimization procedure of PLD parameters (i.e.
O2 background pressure and laser �uence at target surface) was repeated for the
goals of this thesis, in order to obtain Ta:TiO2 thin �lms as conductive as those in
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Mazzolini's work. Once optimal deposition conditions were accessed, the electrical
and optical properties of synthesized �lms were investigated as a function of �lm
thickness (i.e. from 200 down to 10 nm) and Ta content (i.e. 5, 10 % at.). Such a
systematic study is presently lacking, despite being essential for a better compre-
hension of the material behavior in view of possible applications, as well as for the
achievement of the thinnest �lms without degradation of TCO properties. The re-
lation between electrical and optical properties has been analyzed with a focus on
the plasmonic response. Ellipsometric measurements have been performed (from
UV to near-IR range) in collaboration with CNR-SPIN of Genova, in order to in-
vestigate dielectric function (real and imaginary) as a function of doping content
and thickness and to evaluate material's properties, such as electronic e�ective
mass and plasma frequency. Moreover, since plasmonic response of Ta:TiO2 �lms
was expected in near- and mid-IR range, Fourier-transform infrared spectroscopy
(FTIR) measurements were performed in order to study �lm transmittance in this
speci�c range. Finally, more complex Ta:TiO2-based systems were developed, in
collaboration with two master thesis students [199,200], (i) Au NPs integrated in
compact Ta:TiO2 thin �lms, aimed to tune the visible plasmonic frequency of Au
NPs by changing the dielectric constant of the surrounding TCO matrix, and (ii)
Ta:TiO2 NPs assemblies in thin �lms.

The second part of task (2) involves TiN thin �lms, whose optical and electrical
properties are extremely sensitive to stoichiometry/composition and the under-
standing of their relation is still an open issue, especially in the case of thin �lms
grown by pulsed laser deposition. In addition, di�erent morphologies were stud-
ied, from compact to NPs assemblies, which is a quite new and promising system
in the plasmonic framework. In particular, the oxidation issue during synthesis
represents a non-trivial problem (see section 2.3.3.2), as been addressed in the
thesis of another master student which I supervised [201]. In parallel, I spent
three months at the Oak Ridge National Laboratory (ORNL, Tennessee, USA) in
the framework of a user project aimed to the development of novel TiN �lms for
advanced plasmonic applications, in cooperation with the Center for Nanophase
Materials Sciences (CNMS). Here, I focused on PLD dynamics for TiN synthesis,
which resulted in the development of TiN NPs systems. Speci�cally, the mech-
anism of plasma plume expansion, which occurs when the laser pulses hit the
material target (i.e. TiN) during PLD process, was investigated with speci�c in-
situ characterization techniques available at CNMS as a function of background
atmosphere and laser �uence. Once the synthesis process was understood, ma-
terial properties such as composition, morphology and structure were monitored
with several characterization techniques down to nanometer resolution. Then, I
continued the study of TiN NPs assemblies back at Nanolab, focusing on oxida-
tion control. For this purpose two strategies were employed: (i) covering the TiN
NPs assemblies with a capping layer, in order to reduce surface oxidation due to
air exposure; (ii) deposition at high laser �uence, leading to higher nitrogen radi-
cals reactivity in the plasma plume and reduction of oxygen incorporation during
deposition.

This PhD thesis project was performed at the Micro and Nanostructured Ma-
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terials Laboratory (NanoLab) of the Department of Energy, in the framework
of the research �eld Micro and Nanostructured Materials of the STEN doctoral
program. In addition to those already mentioned, external collaborations for spe-
ci�c characterizations not available at Nanolab involve: optical characterizations
through UV/Vis/near-IR spectrophotometer at the Center for Nano-Science and
Technology of Italian Institute of Technology (IIT), ellipsometric measurements
at CNR-SPIN of Genova for Ta:TiO2 thin �lms and at Regional Centre of Ad-
vanced Technologies and Materials (Palacký University) of Olomouc for TiN thin
�lms, Fourier-transform infrared spectroscopy (FTIR) measurements at Depart-
ment of Physics of Politecnico di Milano, X-ray di�raction (XRD) at Department
of Chemistry, Materials, and Chemical Engineering Giulio Natta of Politecnico di
Milano and transmission electron microscopy (TEM) analysis at Department of
Materials Science & Metallurgy of University of Cambridge.

3.2 Material synthesis

3.2.1 Pulsed laser deposition

Pulsed laser deposition (PLD) is a physical vapor deposition technique, in which
the material to be deposited is brought at the vapor phase by means of a physical
process. Brie�y, the fundamental process of a nanosecond PLD involves a high-
energy pulsed nanosecond laser that hits a solid target leading to laser ablation.
Here, a small part of target surface is vaporized and expands in the form of
a supersonic plasma with a characteristic plume shape. Laser ablation can be
performed either in vacuum or in presence of a background gas, which could be
inert or reactive (this last case is known as Reactive PLD). The ablated species,
constituting the plasma plume, include atoms, ions, molecules, electrons as well
as small aggregates; they are collected by the substrate, where �lm growth takes
place. For a more complete treatment of the physical processes involved in PLD,
the reader can refer to [202,203].

Fig. 3.1 shows a schematic picture of typical PLD apparatus. The laser is
placed closed to the vacuum chamber, which hosts the target and the substrate.
Laser pulses are focused onto target surface by an optical system. The chamber
is evacuated to high vacuum condition by a pumping system and, subsequently,
it can be �lled with a background gas at controlled pressure and �ow. Target
and substrate move and rotate thanks to remote-controlled motors. Target-to-
substrate distance (dTS) can be varied. The target follows a roto-translation
motion ensuring uniform ablation from laser, while the substrate is positioned
with an o�-set with respect to plasma plume and rotates in order to deposit
uniform and homogeneous �lms over several cm2.

Two critical PLD parameters play a key role in the deposition of nanostruc-
tured thin �lms, due to their e�ect on plume expansion dynamics, namely laser
�uence and background atmosphere. The laser �uence (or energy density at
target surface) consists in the ratio between the pulse energy and the size of fo-
cused spot. Typically for nanosecond PLD, the laser power at the target is of
the order of 10-100 MW, the size of the spot is of the order of millimeters, as
a consequence the corresponding �uence values of several J/cm2. At �xed laser
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Figure 3.1: Schematic picture of PLD apparatus. The laser path is indicated with a red line.

Figure 3.2: Schematic picture of PLD conditions for (a) low and (b) high pressure regime.
dTS is the target-to-substrate distance and lP is time-integrated visible plume length.

�uence, the background atmosphere (i.e. gas type and pressure) controls the
plume shape as well as its length and ionization degree, allowing to chose between
di�erent deposition regimes. Fig.3.2 illustrates deposition regimes schematically,
while Fig.3.3 and 3.4 show pictures of plasma plume taken at di�erent PLD setup.
By introducing a non-dimensional parameter L, de�ned as the ratio between dTS
and time-integrated visible plume length (lP ) at each laser pulse, PLD deposition
regimes are de�ned as follow

� Low pressure regime (L < 1). Ablated species proceed from target to
substrate with a forward directed �ow, almost without collisions and reach
the substrate with high kinetic energy (tens of eV/atom [204]). In this con-
dition, substrate is placed in plume, leading to atom-by-atom deposition of
compact and bulk-like �lms (see Fig.3.2a and3.3a).

� Transition regime. A strong momentum is transferred to the background
gas, forming a shock wave at the front of the expanding plume. Speci�cally,
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Figure 3.3: Pictures of PLD plasma plume during depositions performed by means of (a) IR
(1064 nm) laser at low pressure condition L < 1 and (b) green laser (532 nm) at intermediate
condition L ' 1. Pictures taken at NanoLab.

when pressure is increased, the background gas molecules and the ablated
species undergo collisions which can lead to the spatial con�nement of the
ablation plume (see Fig.3.4 . The plume edge corresponds to the traveling
shock wave front, which slows down until it reaches the so-called stopping
distance. Upon collisions, clusters are formed and reach the substrate with
lower kinetic energy.

� High pressure regime (L > 1), characterized by di�usion of the ablated
particles (i.e. clusters) and further decrease of kinetic energy (fraction of
eV/atom [204]). Substrate is placed out of plume, while plume con�nement,
induced by collisions, favors cluster nucleation and leads to the deposition of
cluster-assembled nanostructured materials (see Fig.3.2b).

A peculiar condition occurs at the intermediate situation, when L ' 1, namely
substrate is at the plume edge (see Fig.3.3b). This condition can favor the growth
of �lm with hierarchical morphology (or tree-like) extensively investigated at
NanoLab [196, 204]. Another important role of background atmosphere occurs
in case of reactive deposition, in particular, in this work it is exploited for the
deposition of oxides and nitrides. For example, when an oxide target is ablated
in O2, oxygen atoms can interact with ablated species a�ecting the stoichiometry
of �nal deposited �lm. This has been exploited for the deposition of TiO2 and
Ta:TiO2 thin �lms, that need a certain degree of oxygen substoichiometry to favor
conductivity (this topic is treated in detail in section 5.1).

In conclusion, PLD is a synthesis methods which allows a �ne control of stoi-
chiometry, composition, morphology (i.e. from compact thin �lms to NPs assem-
blies) and structure (i.e. crystalline phase and crystalline domain size). However,
PLD has some drawbacks, including the limitation in producing large area uni-
form thin �lms, due to inhomogeneous �ux and angular energy distribution within
the ablation plume, as well as the ejection of molten particles (i.e. droplets, from
hundreds of nm to several µm) from the target during ablation process, that are
detrimental in case low surface roughness is required.

Fig.3.5 shows the PLD apparatus employed in this work. The laser is a
Continuum-Quantronix Powerlite 8010 pulsed Q-switched Nd:YAG laser, which
generates ns pulses (7 ns) at the fundamental wavelength λ = 1064 nm (IR), with
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Figure 3.4: Pictures of PLD plasma plume during depositions performed by means of UV
(248 nm) laser by varying background pressure from vacuum to 100 Pa (N2). It is clear
how pressure a�ects plasma plume con�nement and, as a consequence, deposition regime.
Pictures taken at CNMS.
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Figure 3.5: Photo of PLD apparatus at NanoLab, adapted from [115].

a maximum repetition rate of 10 Hz. Pulse energy ranges between 350 mJ and
1800 mJ by modifying the delay time between pulse generation and the maximum
e�ciency of the ampli�cation module. A non-linear crystal is employed to double
the fundamental wavelength, obtaining λ = 532 nm (i.e. green), which is the one
employed in this work. The laser beam impinges on the target at an angle of
45◦, so its projection is elliptical. The beam is focused by a plano-convex lens
with focal length of 50 mm. The pumping system is made up of a primary scroll
pump and a turbomolecular pump (TMP), which allow to reach a base pressure
of the order of 10−3 Pa before gas injection (in the range of 4-6·10−3 Pa for all
deposition performed in this work and, in particular, for TiN �lm deposition the
base pressure was always set between 4-5 ·10−3 Pa). All samples were deposited
at dTS=5cm. In addition, during my stay at CNMS of ORNL, the employed PLD
apparatus was very similar, but with a pulsed KrF laser (λ = 248 nm); pictures
of the related plasma plume are reported in Fig.3.4.

3.2.2 Annealing treatments

In this work, annealing treatments were employed to tune thin �lm composition,
stoichiometry and crystalline structure. In particular, TiO2-based �lms deposited
via PLD resulted amorphous, therefore thermal treatments at temperature higher
than 400◦C are needed to obtain TiO2 in anatase phase. In addition, the choice of
annealing atmosphere a�ects �lm composition and stoichiometry. In this project
di�erent systems were developed, therefore di�erent annealing atmospheres, tem-
perature and duration were employed

� For Au-TiO2 hierarchical �lms, annealing were performed in air at temper-
ature ranges between 250− 700◦C, 2-6 hours dwell, heating ramp 4◦C/min.
Air-annealing provides crystalline and stoichiometric TiO2. Di�erent temper-
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Figure 3.6: Pictures of (a) home-made furnace for thermal treatments in vacuum and controlled
atmosphere and (b) its internal heater stage.

ature and duration were tested to study and control nucleation and growth
of Au NPs embodied in TiO2 tree-like �lms.

� For Ta:TiO2 �lms, annealing treatment was performed in vacuum, at 550◦C
for 1 hour dwell, ramp 10◦C/min. This condition was set by Mazzolini in
previous works and, here, it is considered the standard annealing for Ta:TiO2

compact �lms [112, 125, 127]. Vacuum-annealing crystallizes anatase phase
while ensuring sub-stoichiometric TiO2−x. Indeed, oxygen-poor conditions,
leading to oxygen vacancies, (needed to obtain conductive TiO2 and Ta:TiO2

�lms) are tuned by the combination of PLD synthesis in a oxygen-poor at-
mosphere and subsequent vacuum annealing.

� For TiN �lms, annealing treatments were performed both in vacuum and
over-pressure (1050 mbar) of N2/H2 (95− 5%). A reducing atmosphere was
chosen according to literature that reports how easily TiN thin �lms oxidize
in presence of few oxygen contaminations, as discussed in section 2.3.3.2.
Annealing temperatures chosen were equal to 300 and 550◦C, 1hour dwell
and heating ramp 10◦C/min.

A Lenton Mu�e furnace (ECF type, maximum operating temperature of 1200◦C)
was employed for air annealing. The temperature uniformity is provided by two
side wall-heating elements manufactured from high temperature resistance wire
spirals embedded into cast refractory slabs. An exhaust chimney is also present,
while the annealing chamber is insulated from the outside environment with an
insulating door. The annealing temperature, dwell and heating ramp were set up
with a PID controller (Lenton type 3216). Thermal treatments in vacuum or con-
trolled atmosphere were performed in a home-made furnace which includes a high
vacuum chamber connected to a pumping system and a heater stage connected
to a PID controller (see Fig.3.6a). The heater stage, its power supply and its
controller are provided by Tectra (see Fig.3.6b). The heating element is made of
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pyrolitic boron nitride and pyrolitic graphite, that are a dielectric ceramic mate-
rial and electrical conductor, respectively. By �owing an electrical current through
the graphite contacts and exploiting the Joule e�ect, it is possible to bring the
system to the desired temperature, measured by a C thermocouple. A standard
PID controller (Yudian AI-518P) is employed for system regulation. A molybde-
num shield, covering the heating element, can be installed to reduce the irradiated
power, keeping the other components safe and to ensure a more uniform temper-
ature distribution. This system can reach very high temperatures (i.e. maximum
operating temperature is 1200◦C) with heating ramps up to 100◦C/min. The
vacuum chamber equipped with a gas inlet ensures the possibility to introduce a
gas �ow during annealing treatments to perform them in a desired atmosphere
(e.g. N2/H2) or, also, to speed up the cooling process. The base pressure used for
vacuum annealing or reached before gas injection is of the order of 10−5 Pa (in
the range of of 4-5·10−5 Pa for all thermal treatment performed with this set up
in this work).

3.3 Materials characterization techniques

The synthesized materials have been characterized from the morphological, struc-
tural, compositional/stoichiometric, electrical and optical point of view by exploit-
ing di�erent techniques. For this purpose, I personally carried out systematically
measurements by means of scanning electron microscope (SEM), energy disper-
sive X-ray (EDX) spectroscopy, Raman spectroscopy, four-point probe resistivity
and Hall e�ect measurements, and UV-vis-NIR spectroscopy (at the Center for
Nano-Science and Technology of the Italian Institute of Technology, IIT).

Speci�cally, the employed SEM is a high resolution Field Emission-SEM Zeiss
Supra 40 based on the Gemini column, equipped with an Oxford EDX spectrom-
eter. The accelerating voltage ranges from 1 kV up to 30 kV (in this work, the
used voltages are 5-10 kV to acquire SEM images and 10-20 kV for EDX measure-
ments). The sample holder is connected with �ve software-controlled motors (x,
y, z, rotation and tilt). The EDX detector is a solid-state silicon lithium detector
protected by a beryllium window with an energy resolution of about 10 eV. The
SEM images were obtained acquiring secondary electrons with an In-Lens detec-
tor. For Raman spectra, a Renishaw InVia Raman spectrometer has been used.
The exciting radiation is the 514.5 nm line produced by a Ar+ laser. Spectra
have been acquired by a 1800 greeds/mm grating, a super-notch �lter (cuto� at
100 cm−1) and a Peltier-cooled CCD camera, allowing a spectral resolution of
about 3 cm−1. Laser power on samples was kept below 1 mW to avoid thermal
modi�cation of samples.

In the following sections, details about the employed electrical and optical
characterizations of sample will be given.

3.3.1 UV-Vis-NIR spectroscopy

Optical characterization is of paramount importance for this project. Indeed,
it allows to detect the transition from transmittance to re�ectance when prob-
ing metal-like �lms (which is an indication of plasma frequency), or it enables
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Figure 3.7: (a) Schematic representation of the Perkin Elmer Lambda 1050 spectrophotometer
with integrated sphere, (b) in trasmittance and (c) re�ectance measurements con�guration.
Reproduced from [115].

to identify the LSPR excitation when probing plasmonic NPs (associated to a
minumun in trasmittance in visible range), or even to evaluate the optical band
gap of semiconducting �lms in the UV range. Ultraviolet-visible-near infrared
(UV-Vis-NIR) spectroscopy is a non-destructive technique which allows to probe
optical transitions of molecules and solids. UV-Vis-NIR spectroscopy employs a
spectrophotometer, which measures the intensity of light passing through (or re-
�ected from) the sample (I) and compares it to the intensity of a reference beam,
not interacting with the sample (I0). The ratio I/I0 is called (total) transmittance
(T) or (total) re�ectance (R), depending on type of I measured. The fraction of
light absorbed by the sample, called absorbance, can be estimated as

A = 1− (T +R) (3.1)

Speci�cally, some samples can induce light scattering, therefore Ttot = Tdiff + TS
as well as Rtot = Rdiff + RS, where TS and RS are the specular components (i.e.
the one transmitted or re�ected with the same angle as the incident one). For
scattering samples, the fraction of scattered light can be evaluated by means of
Haze Factor, which can be de�ned both from transmittance and re�ectance as

H =
Tdiff
Ttot

(3.2)

H =
Rdiff

Rtot

(3.3)

Moreove, in semiconductors it is possible to estimate the optical band gap of the
material from transmittance and re�ectance measured in its proximity. First, the
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absorption coe�cient α is determined from Lambert-Beer's law

α = −1

d
ln

(
T

1−R

)
(3.4)

where d is the thickness of the �lms. Then, the theoretical value of α for photons
of energies hν just above the optical bandgap Eg is given by

α = C (hν − Eg)1/r (3.5)

where C a constant dependent on the optical transition matrix element and r
indicates the type of transition in the considered material, namely r=2 for direct
bandgap transition, while r=1/2 for indirected transitions. Since from Eq. 3.5, αr

should have a linear behavior as a function of hν, the optical bandgap of measured
material correspond to the intercept of its linear �t with energy axis (i.e. α=0
for hν=Eg). This calculation method is known as Tauc plot [205]. In some case,
(αhν)r is plotted instead of αr, this depends on properties of the constant C (Eq.
3.5) which, in the case of a heavily �lled and energy dispersed conduction band
needs to be multiplied by hν for a more accurate realization of the Tauc plot [206].
In this work, a Perkin Elmer Lambda 1050 spectrophotometer with a 150 mm
diameter Spectralon®-coated integrating sphere (R > 95% in the range 250-2000
nm, R > 99% in the range 400-1500 nm) was employed. The total and di�use
transmittance as well as total re�ectance spectra were measured in the wavelength
range between 250 and 2000 nm. A schematic illustration of the instrumentation
and of the transmittance and re�ectance measurement con�gurations is shown
in Fig. 3.7. For re�ectance measurements, the sample was mounted with a 8◦

inclination to let RS light to be detected. Finally, all measurements presented in
this work were normalized to the substrate according to

Tnorm =
Tmeasured
Tglass

(3.6)

Rnorm = Rmeasured −
(
Rglass · T 2

norm

)
(3.7)

3.3.2 Van der Pauw method for resistivity and Hall e�ect measurements

Resistivity is an intrinsic property of a material, which does not depend on the
size or shape of a sample. The related extrinsic property measured is the resis-
tance (R) and there are a variety of methods to calculate resistivity (ρ) from R
measurements. In 1958 van der Pauw published a work showing his method to
determine ρ of 2D-samples from R without knowing sample physical size [207].
The 4-point probe van der Pauw con�guration is the most di�use electrical char-
acterization approach for thin �lms. The requirement is that 4 contacts are on
the edge of the sample and are mathematically point contact, moreover �lm must
have uniform thickness and no holes within it. This method consists in measuring
the voltage drop between electrodes when a known current is �owing through the
other two, as shown in Fig 3.8. 8 measurements are performed, corresponding to
4 con�gurations available, each one measured at two current directions. Consid-
ering symmetry and reciprocity constrains, the resistance values extracted from
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Figure 3.8: Schematic illustration of 4-point probe van der Pauw con�guration showing con-
nections for resistivity measurements. Reproduced from [208].

measurements must satisfy the following conditions

R21,34 = R12,43

R32,41 = R23,14

R43,12 = R34,21

R14,23 = R41,32

R21,34 +R12,43 = R43,12 +R34,21

R32,41 +R23,14 = R14,23 +R41,32

(3.8)

De�ning Ra and Rb as the average resistances measured on each side of the sample,
it is possible to calculate the sheet resistance RS, which is the resistance of a
sample of unitary area (i.e. resistivity multiplied by the thickness d), according
to the equation

e
−π Ra

RS + e
−π Rb

RS = 1 (3.9)

Then, resistivity ρ can be calculated as

ρ = RSd (3.10)

Hall e�ect measurements can be performed by using the same con�guration. Fig.
3.9a shows the fundamental aspects of Hall e�ect in, for example, a conductor slab.
In a current I is �owing in a material in x direction and an external magnetic
�eld B is applied in (positive) z direction, then an electric �eld is induced in y
direction. This electric �eld is proportional to the current and magnetic �eld. The
force on the current by the electric �eld is balanced by a force (i.e. the Lorentz
force). The integral of the electrical �eld across the width of the sample is the
Hall voltage VH , that can be either positive or negative.

VH =
IB

qdn
(3.11)

where n is the carrier density and q is the charge of the carrier. Since q is positive
in case of hole conduction, while it is negative for electron conduction, the sign of
VH gives information also on type of carriers in the material. The Hall mobility
µH can be calculated too according to Eq. 1.4. For Hall measurements, a current
is applied to two contacts in cross con�guration, as shown in Fig. 3.9b and a
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Figure 3.9: (a) Scheme of Hall e�ect in a conductor slab; (b) 4-point probe con�gurations for
Hall e�ect measurements. Reproduced from [208].

voltage is measured at other two. Since two contact connection con�gurations
are possible, 4 values of voltage are measured considering two current directions.
Actually, measurements are repeated by inverting the direction of magnetic �eld
too, with a total of 8 measurements. The inversion of magnetic �eld aims to
isolate Hall voltage contribution from the one due to the current �ow by a simple
subtraction. Indeed, Hall voltage changes in sign as B is inverted, while voltage
due to current �ow stays the same.

The apparatus used in this work consists in a Keythley 2400 SourceMeter,
used as a current source (from 100 nA to 10 mA), an Agilent 34970A voltage
meter and a 0.57 T Ecopia permanent magnet, coupled with a Keysight 34972A
LXI Data acquisition unit controlled remotely with a computer to record the
voltage measurements. The di�erent con�gurations required in the measurement
were selected using an home-made switch. Five data were collected for each
con�guration and then averaged before proceeding with the calculations described
above. The raw data was analyzed with an ad-hoc Matlab code. In order to
obtain an error bar, each sample was measured three times. Notice that in the
case of polycrystalline or nanostuctured thin �lms, the value of carrier density and
mobility obtained with this method are to be taken as e�ective values, rather than
real material properties. In case of ultra-thin �lms (i.e. thickness about 10 nm),
porous thin �lms or partially oxidized TiN thin �lms, results of Hall measurements
could be unreliable. Therefore, a Figure-of-Merit (FoM) was de�ned, providing
an indication of error on the measured carrier density and Hall mobility

FoM =
ZeroCheck

VH
(3.12)

where ZeroCheck is the reference potential measured with no applied magnetic
�eld, averaged over the four possible con�gurations. Ideally, ZeroCheck should
be zero, but for non-ideal systems this term must be as small as possible, at least
smaller than VH . Therefore, obtained data are considered reliable when FoM<1.
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CHAPTER 4

Integration of Au nanoparticles in TiO2

hierarchical �lms

As discussed in section 1.4, a strategy to improve the photoresponse of oxide pho-
toanodes involves the integration of metal nanoparticles (NPs). Among semicon-
ducting oxides, TiO2 is largely investigated for this purpose due to its chemical
stability, availability and lack of toxicity [56, 107]. Nevertheless, TiO2 provides
wide band gap (3.2 eV for the anatase phase [55]), limiting light absorption in UV
range, as well as high recombination rate of the photogenerated charge carriers,
however both these limitations can be overcome via the integration of plasmonic
metal NPs in TiO2. In literature, there are examples of integration of Au NPs
in TiO2 �lms using either chemical or physical methods. However, chemical ap-
proaches have some drawbacks including the use of aggressive solvents and the
presence of remaining contaminants [209], while requiring a two steps procedure,
namely the synthesis of Au NPs and subsequent in�ltration in the TiO2 �lms, and
a proper dispersion of NPs within TiO2 structures is di�cultly achieved, especially
in case of nanoporous TiO2 [210, 211]. On the other hand, a physical method of
synthesis allows the production of highly pure NPs without the presence of con-
taminants, keeping a good control of size distribution [19,60].

In this chapter, a PLD co-deposition approach for the synthesis of integrated
Au NP-TiO2 �lms has been successfully performed with a single-step procedure
involving the ablation of a composite TiO2-Au target. Speci�cally, we managed to
�nely disperse Au NPs through the whole thickness of TiO2 �lm, while tuning its
porosity as well as the Au content. In particular, the integration was performed
with peculiar TiO2 nanostructured �lms with a so-called hierarchical morphology
previously studied at our research group, obtained via PLD in the condition where
plasma plume edge tangets to substrate (i.e. L ' 1, see section 3.2.1). Therefore,
the porosity and density of TiO2 hierarchical �lms can be controlled by PLD
process parameters, obtaining large surface area (from tens to hundreds m2/g)
[197, 212, 213] and a peculiar vertically-oriented morphology that can facilitate
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Figure 4.1: Pictures of targets employed for Au-TiO2 co-depositions. The number of Au plates
varies from 1/4 to 5.

the transport of photogenerated charge carriers as well as produce an e�ective
visible light scattering [214]. Because of these features, these structures have been
studied as photoanodes for photocatalysis [197, 215], photovoltaics [196, 212, 216]
and photoelectrochemical water splitting [213,217].

Section 4.1 reports in detail the synthesis strategy adopted for this peculiar
integrated Au-TiO2 system, then sections 4.2, 4.3 deal with morphological, struc-
tural and optical characterization of the �lms obtained. Section 4.4 summarizes
preliminary tests for the application of these systems for photodegradation of
pollutants, photoanode for water splitting and as substrate for surface enhanced
Raman scattering (SERS). For this last, further investigation on thermal treat-
ment, testing other temperatures and duration, as well as higher porosity e�ect
were performed aimed to the speci�c application. Finally, section 4.5 sums up
overall conclusions and perspectives of these systems. The main results of this
chapter are published in [218].

4.1 Synthesis strategy

Co-deposited �lms of TiO2 and Au have been synthesized by ablating a 2 inch
TiO2 target (99.9% pure, provider Kurt J. Lesker) partially covered with Au
plates (99.99% pure, provider MaTeck) attached on the target surface. Au plates
have been placed in order to have some subsequent laser shots on gold only,
during the target motion (see Fig.4.1). The laser pulse energy was set at 170
mJ, corresponding to a laser �uence on the target of 3.5 J/cm2. The employed
substrates were Si (100) and soda-lime glass mounted on a rotating sample holder
at a �xed target-to-substrate distance of 50 mm. Depositions were performed
at room temperature with a pure O2 background gas at two di�erent pressures,
5 and 8 Pa (referred to as 5Pa-�lms and 8Pa-�lms, respectively), in order to
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4.2. Morphology and structure

# Au plates Au target area (%) Au % at. - 5 Pa Au % at. - 8 Pa

5 6.6 5 3.9
3 4.0 3.5 2.9
2 2.7 2.5 2.4
1 1.3 1.1 1.0
1/2 0.7 0.8 0.7
1/4 0.3 0.6 0.5

Table 4.1: Atomic percentage of Au measured by EDX in Au-TiO2 �lms deposited at di�erent
pressures. Corresponding number of Au plates and target area are reported.

study two di�erent �lm porosities, keeping a nominal �lm thickness of 1 µm. The
Au content of the co-deposited �lms was controlled by varying the number of Au
plates on target, as shown in Fig. 4.1, and the Au atomic percentage (%at.) in the
deposited �lms was estimated by EDX with accelerating voltage of 15 kV. Table
4.1 lists the Au amounts at the two deposition pressures and the corresponding
target area covered by Au plates. Notably, by varying the deposition pressure,
the same Au target area corresponds to a di�erent Au atomic percentage in the
�lms because the deposition rate of species changes with background pressure
and, therefore, the same thickness (1 µm) is achieved with di�erent deposition
times and so di�erent shot numbers. However, these EDX results of Au atomic
percentage are semiquantitative measurements and they can be used to obtain
relative information among di�erent samples. The order of magnitude is reliable
(the reliability limit of Au detection with EDX is of the order of tenths of percent)
and, for samples deposited at the same pressure but with di�erent Au target area,
the ratio of the Au contents is trustworthy, likewise the higher amount of Au in
sample deposited at 5 Pa than 8 Pa at the same Au target area.

Post-deposition annealing treatments were performed in air at 500◦C for 2 hours
(as described in detail in section 3.2.2), in order to obtain anatase crystallization.

4.2 Morphology and structure

First, as-deposited Au-TiO2 �lms are considered, i.e. �lms before thermal treat-
ment. Fig.4.2 a-d show the SEM cross-section images of bare TiO2 and Au-TiO2

�lms deposited at 5 and 8 Pa. The e�ect of O2 background pressure on TiO2

deposition has been already studied in previous works [196, 197, 219], the higher
the pressure, the higher the porosity and the lower the density (Fig.4.2a,b).
The e�ect of Au addition in the �lm induces a slightly more compact structure
(Fig.4.2c,d), indeed, if the deposition time is kept constant, the obtained thick-
ness decreases with increasing Au content. Furthermore, Au plays a role on the
morphological organization as well. Speci�cally, 5Pa-�lms (Fig.4.2c) show a lay-
ered structure in which TiO2 is separated by Au-rich layers which are originated
by the target geometry (with alternated ablation of Au and TiO2 target regions),
combined with the fact that in these deposition conditions the pressure is not
enough to induce signi�cant Au NP nucleation and growth, as it was found in the
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Figure 4.2: (a-d) SEM and (e, f) TEM images of Au-TiO2 �lms deposited at 5 and 8 Pa with
di�erent Au contents. Bare TiO2 �lm and with 3.5 % at. Au, deposited at 5 Pa, are reported
in (a) and (c, e), respectively; while (b) and (d, f) report bare 8 Pa TiO2 �lm and with 2.9
% at. Au, respectively. Adapted from [218].

previous work on PLD of Au NPs [220]. In addition, TEM analysis1 has been
carried to study the nanoscale organization of Au NPs and TiO2 �lms. TEM
image in Fig.4.2e shows that the Au layer is not continuous, but is formed by very
small Au NPs (<3 nm) very close to each other. On the other hand, 8Pa-�lms
show Au organized in the form of NPs with an average diameter smaller than 10
nm and homogeneously distributed in the porous TiO2 nanostructures (Fig.4.2d),
which indicates that the cluster-assembled growth promoted at 8 Pa leads to the
formation of dispersed Au NPs. From TEM analysis (Fig.4.2f) also smaller NPs
are visible and so the average diameter was estimated around 5 nm. The results

1Transmission electron microscopy (TEM) analysis was performed thanks to the collaboration with C. Ducati
at the Department of Materials Science & Metallurgy, University of Cambridge, using a FEI Tecnai F20 FEG-
TEM with acceleration voltage of 200 kV. The microscope is equipped with a Gatan OneView camera for image
acquisition. Specimens of Au-TiO2 �lms were removed from the Si substrates and deposited on TEM Cu grids.
The average diameter of Au NPs has been estimated by a statistical analysis on many TEM images with the
open source software ImageJ.
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4.2. Morphology and structure

Figure 4.3: (a,b,e,f) SEM and (c,d,g,h) TEM images of 5Pa- and 8Pa-�lms with di�erent Au
contents: 5Pa-�lms with 0.8 and 3.5%at. Au are reported in (a, c) and (b, d), respectively;
8Pa-�lms with 0.7 and 2.9%at. Au are shown in (e, g) and (f, h), respectively. Adapted
from [218].

of statistical analysis of Au NPs size are reported in Table 4.2.
Fig.4.3 shows SEM and TEM images of selected samples after air-annealing
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Pressure
(Pa)

Au content
(% at.)

Themal treatment
Mean Au NPs size

(nm)
SD
(nm)

# Au NPs

5 3.5 No 2.4 2.3 111
3.5 Yes 4.7 3.5 79
0.8 Yes 2.4 1.3 51

8 2.9 No 5.0 1.9 27
2.9 Yes 3.0 1.4 102
0.7 Yes 3.4 2.3 66

Table 4.2: Results of statistical analysis of Au NPs size on TEM images, including the mean
size, the standard deviation and the number of particles on which statics has been performed.

treatment. The e�ect on TiO2 involves the formation of TiO2 nanocrystals with
an average size of few tens nm partially merged with each other due to sintering
e�ects [213,217]. In addition, the thermal treatment a�ects the Au morphological
organization as well, providing the energy for the di�usion of Au atoms. The mech-
anisms governing the NPs formation and coarsening during a thermal treatment
are Ostwald ripening and NPs di�usion and subsequent coalescence [221�223].
From the statistical analysis of di�erent TEM images, it was possible to estimate
the size of the observed Au NPs, reported in Table 4.2. The annealed 5Pa-�lms
with 3.5%at. Au (Fig.4.3d) shows larger Au NPs than the corresponding as-
deposited �lm (Fig.4.2e), indeed the average diameter increases from <3 nm to
around 5 nm after thermal treatment. Conversely, an apparent decrease in the
average Au NP diameter, from 5 nm down to 3 nm, is observed in 8Pa-�lms with
2.9%at. Au after thermal treatment. As an hypotesis, Au atoms or very small
Au atomic clusters, probably already present before annealing but not visible by
TEM, aggregate and grow upon thermal treatment thus becoming detectable.
Furthermore, the e�ect of Au content on NP size in annealed �lms was investi-
gated, 5Pa-�lms show a slight increase in Au NPs size vs. Au content: �lms with
0.8%at. (Fig.4.3c) and 3.5%at. Au (Fig.4.3) exhibit NPs with average diameter of
3 and 5 nm, respectively. Instead, 8Pa-�lms with Au content of 0.7%at. (Fig.4.3g)
and 2.9%at. (Fig.4.3h) reveal Au NPs with almost constant average size, around
3 nm. As expected, at both deposition pressures, the Au NPs number density
increases with the amount of Au (Fig.4.3a-b, e-f). In addition, it was possible
to analyze the spacing of the characteristic lattice plane fringes of Au NPs and
TiO2 domains of the annealed �lms. The spacing for Au NPs is equal to 0.236
nm, compatible with Au [111] face centered cubic (FCC) structure, while TiO2

was con�rmed in anatase phase.
Further structural analysis of Au-TiO2 �lms has been performed by means of

XRD2 and Raman spectroscopy. Fig.4.4a,b reports the XRD analysis of 5Pa- and
8Pa-�lms respectively, with di�erent amounts of Au as well as before and after the
annealing treatment. The characteristic Au peaks, located at 38.19 and 44.39◦

(corresponding to Au (111) and (200) re�ections, respectively), were detectable

2X-ray di�raction patterns have been acquired by G. Terraneo at the Laboratory of Nanostructured Flu-
orinated Materials, Department of Chemistry, Materials and Chemical Engineering G. Natta (Politecnico di
Milano), using a Bruker D8 Advance X-ray di�ractometer at 293 K (CuKα1 radiation - 1.5406Å). The measure-
ments were carried out in Bragg-Brentano geometry with a step-scan technique in 2θ range of 10-75◦. Data were
acquired by Lynx Eye detector in continuous scanning mode with a step size of 0.038◦ and time/step of 0.15 s.
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4.2. Morphology and structure

Figure 4.4: XRD di�ractograms of (a) 5Pa- and (b) 8Pa-�lms with di�erent Au content as
deposited (AD) and after air-annealing. The characteristic peaks of TiO2 (anatase) and Au
are highlighted; (c) TiO2 average crystalline domain sizes for di�erent deposition pressures
and Au content calculated with Scherrer's equation. Raman spectra of air-annealed (d) 5Pa-
and (e) 8Pa-�lms with di�erent Au content. Adapted from [218].

only for the highest Au contents, pointing out the presence of crystalline Au [224].
Speci�cally, the Au (111) peak of as-deposited �lms has a very low intensity,
corresponding to very small Au crystalline domains (smaller than 3 nm), while
the anatase peaks are not detected, suggesting an amorphous TiO2 structure, as
expected [197,217]. The Au crystalline domain size after annealing was estimated
equal to 8 and 12 nm for 5Pa- and 8Pa-�lms, respectively, through Pawley �tting3.
The di�erence between Au size evaluated by XRD and TEM is not unexpected,
indeed TEM allows a direct observation of selected NPs, while XRD provides
the mean scattering domain size. Furthermore, these techniques are sensitive to
di�erent orders of magnitude of investigated material volume and, �nally, XRD
is sensitive to larger NPs whereas the smallest ones are simply not detected.

At both pressures, annealed �lms show the characteristic TiO2 anatase peaks

3Pawley method was carried out using the program-suite TOPAS from Bruker.
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(Fig.4.4a,b); no shift is detected despite the presence of Au, which rules out a
possible doping e�ect [225]. On the other hand, a slight variation of the full width
at half maximum (FWHM) occurs, which means that the Au content a�ects the
TiO2 crystalline domain size. Fig.4.4c shows the average TiO2 domain size (τ)
evaluated through Scherrer's equation based on the analysis of anatase (101) peak.

τ =
Kλ

βcosθ
(4.1)

where K is the shape factor (equal to 0.9), λ is the x-ray wavelength, β is the
FWHM in radians and θ is the Bragg angle. Notably, the average size is strongly
dependent on deposition pressure, being equal to about 40 and 25 nm for TiO2

�lms deposited at 5 and 8 Pa, respectively, in agreement with a stronger sintering
e�ect in more compact �lms [197]. Then, the average crystalline domain size
decreases with the increase of Au content at both deposition pressures, namely
from 45 to 35 nm for 5Pa-�lms with 3.5%at. Au; from 26 to 22 nm for 8Pa-�lms
with 2.9%at. Au. In addition, the Raman analysis of the annealed Au-TiO2 �lms
con�rms XRD results (see Fig.4.4d,e). Indeed, the characteristic anatase Raman
peaks are detected, but a slight increase (2 cm−1) in the Eg(1) peak FWHM is
observed when moving from bare nanoporous TiO2 to Au-TiO2 �lms with 3.5%at.
Au (at 5 Pa) and 2.9%at. Au (at 8 Pa), suggesting more disordered structure.

4.3 Optical properties

Figs.4.5a,b,d,e show the transmittance spectra in the UV-Vis.NIR range (300-2000
nm) of 5Pa- and 8Pa-�lms as a function of Au content, before and after the thermal
treatment. The decrease of transmittance in the UV range is related with TiO2

absorption [55]; conversely, in the visible-IR range there is a high-transparency
region showing fringes as a consequence of interference phenomena, which depend
on sample morphology, thickness and optical properties [226]. Before annealing
(4.5a,b), the addition of Au to TiO2 �lm leads to a transmittance decrease in the
visible range at both deposition pressures. Speci�cally, 8Pa-�lms (Fif.4.5b) show
a clear LSPR peak around 540 nm for the highest Au contents, for which Au NPs
are observed in the as-deposited �lms (Fig.4.2d). On the other hand, at lower Au
contents, Au cluster size and density are too small to produce LSPR and a clear
plasmonic e�ect. The 5Pa-�lms (Fig.4.5a) do not show a characteristic plasmonic
absorption for any Au content, which also can be related to the Au morphological
organization in layers composed by very small clusters and limited crystallinity,
as discussed above. Notably, for the highest Au content (i.e. 5%at.) the transmit-
tance decreases strongly and this phenomenon is associated with the large amount
of Au which absorbs signi�cantly in the analyzed range [220]. In addition, since
the optical re�ectance of Au-TiO2 �lms is almost constant (around 20% and 10%
for 5Pa- and 8Pa-�lms, respectively, see Fig.4.5c) for all the wavelengths, the ob-
served decrease in transmittance can be associated to optical absorption of the
system.

The thermal treatment leads to a slight decrease in the �lm transmittance, as
already observed for bare TiO2 �lms [212,217]. For Au-TiO2, annealed 5Pa-�lms

68



4.3. Optical properties

Figure 4.5: Optical transmittance of 5Pa- and 8Pa- Au-TiO2 with di�erent Au contents (a,b)
before and (d,e) after thermal treatment. (c) Re�ectance of selected annealed Au-TiO2 �lms;
the inset reports re�ectance, transmittance and absorbance of a 8Pa-�lm with 1.0%at. Au.
(f) Average transmittance of annealed samples in the visible range (390-750 nm) as a function
of Au content at both deposition pressures. Adapted from [218].

(Fig. 5a) exhibit a plasmonic peak around 575 nm, while annealing on 8Pa-�lms
(Fig. 5b) induces a more intense and well-de�ned plasmonic peak with respect
to the corresponding as-deposited �lms, red-shifted to 560-570 nm. These e�ects
can be related to the plasmonic behavior of Au NPs which aggregate and grow
upon thermal treatment. Moreover, the crystallization of TiO2 leading to an
increase of refractive index of the matrix (from 2.0-2.2 for amorphous TiO2 up
to 2.5 for anatase [227]), which may contribute to the red-shift [228]. Notably,
the LSPR position (i.e. the transmission minimum) of annealed Au-TiO2 �lms
is similar at both deposition pressures as a consequence of comparable Au NP
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Chapter 4. Integration of Au nanoparticles in TiO2 hierarchical �lms

Figure 4.6: A/A0 as a function of time for bare TiO2 and Au-TiO2 �lms with 0.7 and 2.9%at.
Au deposited at 8 Pa. The error bars are included within the point size. Adapted from [218].

size,while the Au content mainly a�ects the absorption intensity. Fig.4.5f shows
that the average transmittance of annealed samples in the visible range (390-
750 nm) decreases with Au content at both deposition pressures. For 8Pa-�lms,
transmittance decreases from 96%, for bare TiO2, to 17% for �lms with 2.9%at.
Au, while for 5 Pa �lms it drops from 85% to almost zero with 3.5%at. Au.

4.4 Application of Au NPs-TiO2 hierarchical �lms

4.4.1 Photodegradation activity

TiO2 nanostructures are widely exploited for assisting the photodegradation of
environmental pollutants, therefore the photocatalytic properties of both TiO2

and Au-TiO2 nanostructured developed in this project were tested in photodegra-
dation tests of organic dyes, in particular methyl orange (MO) was selected as
degradation target, because of its mutagenic nature and high persistency [229].
For this test, annealed 8Pa-�lms were employed because of their high porosity,
which makes them suitable in view of photocatalytic applications; Au contents
were chosen equal to 0.7 and 2.9%at. because of their de�ned plasmonic peak (see
Fig.4.5e). The experiments were performed in collaboration with I. Alessandri
at the Department of Information Engineering, Chemistry for Technologies Lab-
oratory of the University of Brescia, and carried out with a solar simulator, in
order to study the behavior of the samples under natural sunlight and the pho-
tocatalytic activity was evaluated by monitoring the decrease in intensity of the
MO main absorbance band in the visible (λ=460 nm) [230]. Fig.4.6 shows the
progress of MO photodegradation, expressed in terms of the A/A0 ratio, where A0

is the absorbance of the initial MO solution (concentration of 10−5 M, pH=4.2)
and A is the absorbance at a given irradiation time. The MO self-degradation
in the absence of any catalytic support was also considered as a reference. Be-
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fore starting irradiation, the three samples were kept under dark for 60 min to
take the adsorption e�ect into account. Importantly, all the MO samples were
simultaneously irradiated under the same conditions, in order to ensure a reliable
comparison among absorbance data from di�erent samples. Moreover, the tem-
perature of the MO solution during irradiation was around 33◦C,which excludes
thermal e�ects as a primary cause of degradation. Notably, the bare nanostruc-
tured TiO2 �lms exhibit already good photocatalytic e�ciency, allowing to reduce
the concentration of the MO solution to about 60% of its initial value in the �rst
60 min of irradiation and to about 20% in 240 min. These data are relevant
with respect to literature [231�233], due to the very small amount of TiO2 that
is loaded on the thin �lm support, in the order of 10−1 mg [219]. Moreover, these
results were compared to a reference planar TiO2 thin �lm with the same geo-
metric area synthesized with atomic layer deposition, resulting in a signi�cantly
higher photocatalytic activity of PLD tree-like samples. Since the fraction of UV
light in the solar lamp output is around 4% of the total irradiation, this activ-
ity may be associated to the presence of surface defects (oxygen vacancies, Ti3+

sites), as well as to the hierarchical tree-like TiO2 structures which favours pho-
toconversion by combining nano/mesoscale porosity bene�cial for the penetration
of the organic molecules, a very large surface area and strong light scattering ef-
fects [197, 234]. The integration of 0.7%at. Au in the TiO2 nanostructures leads
to a further improvement of the photocatalytic activity of the �lms, reducing the
concentration of MO to <50% of its initial value after 60min and to about 10%
in 240 min. Although the study of the catalytic mechanisms is beyond the scope
of this work, these results suggest that the presence of Au NPs can improve the
catalytic activity of bare TiO2 or favor the production of superoxide radicals [235].
Indeed, the presence of Au NPs is expected to make the e−/h+ separation more ef-
�cient, moreover plasmonic-related e�ects such as increased light scattering or hot
electron generation can contribute to the enhanced photocatalytic activity [236].
8Pa-�lms with 2.9%at. Au were also tested, leading to a decrease of the photocat-
alytic activity with respect to the one with 0.7%at. Au, which may be related to
excessive light absorption by Au or reduction of the active TiO2 surface. Further
tests are necessary to elucidate the photocatalytic mechanisms and �nd the opti-
mal conditions (i.e. Au content and porosity) to develop thin-�lm photocatalytic
supports with superior e�ciency.

4.4.2 Surface enhanced Raman scattering of MBA

Further investigations on thermal treatment on 8Pa-�lms, testing other temper-
atures (250 − 700◦C) and duration (2-6 hours), as well as higher porosity (i.e.
Au-TiO2 �lms deposited at 10 and 12 Pa) were performed in collaboration with
a Master student for his thesis project [198]. The e�ect of TiO2 crystallization,
the increase of Au NPs size upon annealing, which a�ects LSPR resonance, and
the increased porosity were studied in perspective to develop substrates for sur-
face enhanced Raman scattering (SERS) application. Indeed, the obtained sam-
ples were tested at the Laboratory CSPBAT of Université Paris 13 for SERS of
4-Mercaptobenzoic acid (MBA), a molecule used in literature to analyze SERS
performance.
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Figure 4.7: SEM cross-section images of 8Pa-�lms annealed at 700◦C for 2 hours with Au
content of (a) 1.0%at. and (b) 2.9%at. (c) Optical trasmittance and (d) SERS measurements
of MBA of 8Pa-�lms with 2.9%at. Au after di�erent thermal treatment. Adapted from [198].

For the e�ect of annealing parameters, two Au contents were considered, namely
1.0 and 2.9%at. (see Fig.4.7a,b). Au NPs size and distribution (i.e. number of
particles) increased with temperature, while the e�ect of annealing duration re-
sulted negligible. TiO2 crystalline structure exhibited a dependence on annealing
temperature, since �lms annealed at 250◦C remained amorphous, while at 500◦C
and 700◦C �lms crystallize in anatase phase. Optical properties were a�ected by
thermal treatment parameters, indeed Au NPs resonance peak became more well-
de�ned with temperature, while a red-shift occurs moving from 250 to 500◦C (see
Fig.4.7c). In conclusion, thermal treatments showed to be an e�ective strategy to
tune Au NPs morphology and �lm crystal structure, tuning in turn the optical
properties and LSPR resonance of the whole system. These results were inter-
esting toward the application of these systems as high surface area (nanoporous)
substrate for SERS, where hierarchical TiO2 could provide scattering e�ect, in-
creasing optical path of incident light, as well as its porous surface could favor
molecules attachment. For this purpose, �lms with higher porosity were studied
as well, aiming to increase also the analyte molecules penetration within the �lms.

Au-TiO2 �lms were deposited at 10 and 12 Pa of O2 and the target with three
Au plates was employed (corresponding to 4% Au target area, i.e. 2.9%at. Au for
8Pa-�lms, see Table 4.1), and air-annealing at 500◦C for 2 hours were performed.
Considering morphology, besides the e�ect of depositing TiO2 �lms with higher
porosity, Au NPs size and distribution seemed to be a�ected by higher deposition
pressure too. Indeed, for both as deposited 10Pa- and 12Pa-�lms, no NPs were
observable by SEM (see Fig.4.8a), while after thermal treatments, Au NPs form
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Figure 4.8: SEM cross-section images of 12Pa-�lms (a) before and (b) after thermal treatment;
(c) optical trasmittance of 10Pa- and 12Pa-�lms with before and after thermal treatment.
Adapted from [198].

(see Fig.4.8b). Optical transmittance spectra showed that the higher the depo-
sition pressure, the higher the transmittance of the whole �lms (see Fig.4.8c).
This behavior was associated both to higher sample porosity and to a di�erence
in Au content, since the sample thickness was kept constant and equal to 1µm,
meaning a shorted deposition time for more porous samples (i.e. lower Au con-
tent deposited). After thermal treatment, resonance peaks of Au NPs became
well-de�ned for all samples, the intensity and FWHM decreases by increasing de-
position pressure, and peak position slightly di�er in all three cases. This behavior
suggests Au NPs with similar size, but smaller size dispersion with pressure, which
led to sharper peaks.

Then, SERS measurements on MBA were performed. Au-TiO2 samples were
soaked in a solution of MBA powder dissolved in pure ethanol for a whole night, to
ensure bonds formation between MBA and Au NPs, while allowing MBA organi-
zation in self-assembled monolayers [237]. After sample preparation, SERS mea-
surements were carried out with a Horiba LabRAM 300 spectrometer, equipped
with a laser of wavelength equal to 632 nm and power of 1.3 mW.

First, 8Pa-�lms annealed with di�erent thermal treatment parameters were
tested. For �lms with 2.9%at. Au, both MBA peaks at 1080 and 1590 cm−1

(for which the enhancement e�ect was expected) were clearly detectable for each
sample (see Fig.4.7d). As a main result, peak intensities increased with sample
annealing temperature and this was associated to the combination of two e�ects:
�rst, annealing temperature promote Au NPs formation and size growth, therefore
larger content of MBAmolecules can stick on them; second, the NPs size increment
leads to red-shift of plasmonic resonance, closer to laser excitation wavelength 632
nm. Then, SERS measurements were repeated also for �lms at 8 Pa with 1.0%at.
of Au. Unfortunately, it was not possible to measure any MBA peak with these
samples, likely because of too low content of Au NPs where MBA can attach.
Finally, SERS measurements on 10Pa- and 12Pa-�lms were performed as well,
and peak intensities showed an increment with porosity, even though they have
the same order of magnitude found for 8Pa-�lms.

Lastly, co-deposited Au NPs-TiO2 hierarchical �lms were tested as photoanodes
for water splitting and bisphenol A (BPA) oxidation, in collaboration with De-
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partement of Mechanical, Chemical and Materials Engineering of Universitá degli
studi of Cagliari and Laboratory of Catalysis and Catalytic Processes of Politec-
nico di Milano. In particular, 8Pa-�lm with 3.9%at. Au was compared with other
Au NPs-TiO2 architectures (i.e. Au NPs on top, on bottom, or both together,
of hierarchical TiO2) obtained by di�erent synthesis strategies (i.e. hierarchical
TiO2 by PLD, while Au NPs by PLD or thermal evaporation, depending on the
architecture). I personally contributed to the fabrication of these samples, how-
ever I did not participate to the performing of the functional tests, whose results
are reported in [238]. In particular, the advantage of co-deposited Au NPs-TiO2

resulted in a lower corrosion e�ect on the Au NPs, because of the protection e�ect
of the embedding in TiO2.

4.5 Conclusions

In this chapter, the development and investigation of integrated Au NP-TiO2 hi-
erarchical �lms, aimed to enhance the oxide photoresponse, was presented. The
integration was successfully achieved with an original single-step synthesis proce-
dure by means of pulsed lases co-deposition approach, which ensure homogeneous
Au NPs distribution through the whole TiO2 thickness. Speci�cally, the e�ect of
the Au content (0.5-5%at.) was studied for di�erent TiO2 porosities by depositing
at di�erent oxygen background pressures, namely at 5 and 8 Pa. From SEM and
TEM analyses, it was observed that the deposition pressure a�ects the morpho-
logical organization of both TiO2 and Au, i.e. 5Pa-�lms show a layered structure
in which TiO2 is separated by Au-rich layers (composed by Au NPs smaller than
3 nm and very close to each other), while 8Pa-�lms show Au in form of NPs
(average diameter of 5 nm) homogeneously distributed in a more porous TiO2.
This result is particularly relevant since it is di�cult to obtain with other physical
vapor deposition techniques without any thermal treatments. Then the e�ect of
post-deposition air-annealing was studied on the point of view of morphology and
structure. At temperatures higher than 500◦C, TiO2 crystallizes in anatase phase,
while Au species start to di�use, leading to Au NPs formation and growth. The
combination of Au content, deposition pressure and thermal treatments demon-
strated to o�er the opportunity for tuning Au NPs size and distribution, which
a�ect in turn optical properties of the whole system.

Optical analysis showed that for as deposited 5Pa-�lms, the absorption in the
visible range increases with Au content, but a well-de�ned plasmonic resonance is
not observed; while, after annealing, absorption further increases and a plasmonic
peak clearly appears around 575 nm, associated to Au NPs formation and growth.
For as deposited 8Pa-�lms, a plasmonic peak at about 540 nm is visible for high
Au amount, while annealing induces an increase in the plasmonic absorption for
all Au contents and a red-shift of about 20 nm with respect to as deposited �lms.

Finally, preliminary tests were performed for the application of these sys-
tems for photodegradation of pollutants, photoanode for water splitting and as
substrate for surface enhanced Raman scattering (SERS). For this last, further
investigations on thermal treatment on 8Pa-�lms, testing other temperatures
(250− 700◦C) and duration (2-6 hours), as well as higher porosity (i.e. Au-TiO2
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�lms deposited at 10 and 12 Pa) were performed. These results showed the limited
tunability of Au NPs size distributions and, as a consequence, of LSPR position
by these process parameters. On the other hand, the role of Au content resulted
more e�ective. Indeed, while for SERS applications a high content is favorable
(e.g. good results were achieved for 8Pa-�lms with 2.9%at. Au), for the photocat-
alytic activity this can be detrimental for overall system e�ectiveness and lower
Au amounts are preferred (e.g. 8Pa-�lms with 0.7%at. Au. for photodegradation
of MO). However, more studies are needed to understand physical and chemical
mechanism involved, such as quantum e�ciency tests.

In conclusion, the overall results of this chapter demonstrate the feasibility of
one-step synthesis of Au NPs-TiO2 integrated nanostructures via PLD and suggest
the potentiality of this approach to be extended to other NP/oxide systems with
controlled properties thanks to the versatility of the laser ablation process. In
particular, the fascinating possibility of tunable plasmonic response paves the way
toward novel plasmonic-based devices. Moreover, these systems can be exploited
for other plasmonic applications, especially those requiring nanoscale porosity and
light scattering, such as chemical sensors and light management. In addition, Au
NPs-TiO2 hierarchical nanostructures are a promising SERS substrate to detect
molecules that cannot bind directly to Au NPs, but with TiO2, such as silane
molecules, as a way to provide SERS enhancement also to a this kind of molecules
[239].
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CHAPTER 5

Tantalum-doped TiO2 thin �lms

As discussed in section 2.2.2, transparent conductive oxides (TCOs) are a well-
known class of materials already employed as transparent electrodes in several op-
toelectronic devices. More recently, TCOs have demonstrated plasmonic response
in near- and mid-IR by tuning charge carrier density. This feature is particular
attractive since traditional plasmonic metals su�er from high optical losses in this
range and di�cult tunability, as well as other limitations that TCOs can supply
(see section 2.1). Among them, Ta-doped TiO2 has already demonstrated good
conductivity while ensuring advantages typical of TiO2, namely chemical stability,
availability and lack of toxicity. Previous studies of Ta:TiO2 �lms were performed
at our research group by P. Mazzolini as transparent electrode for solar cell ap-
plications [112, 125�127]. However, a systematic investigation on electrical and
optical properties, their relation as well as a study focused on plasmonic response,
currently lacks. In particular, the e�ect of Ta content and �lm thickness, down to
ultrathin �lms (i.e. 10 nm), is essential for a better comprehension of material be-
havior in view of possible applications. Indeed, thin and ultrathin TCOs �lms have
been proposed for implementation in sub-wavelength nano-optics structures [23],
replacing metals which present a percolation threshold.

In this chapter, the development of Ta:TiO2 thin �lms and the study of their
properties is presented. In section 5.1, the optimization of synthesis parameters
to obtain uniform and conductive Ta:TiO2 �lms is discussed, with a focus on
the e�ect of PLD background pressure of oxygen, which a�ects the presence of
oxygen vacancies in the �lms favoring conductivity. As optimal synthesis con-
ditions have been achieved, section 5.2 deals with Ta:TiO2 �lms properties as a
function of Ta content and thickness (down to ultrathin �lms), with a particular
attention on the understanding of electrical and optical properties. Then, more
complex Ta:TiO2-based systems have been developed in collaboration with two
Master thesis students, namely Au NPs integrated with compact Ta:TiO2 �lms
and Ta:TiO2 NPs assemblies, whose results are reported in sections 5.3 and 5.4,
respectively. Finally, conclusions and perspectives are summarized in section 5.5.

77



Chapter 5. Tantalum-doped TiO2 thin �lms

Figure 5.1: SEM cross-section images of Ta:TiO2 with Ta 5% at. deposited at 0.5-4 Pa of O2,
as deposited.

5.1 Optimization of synthesis conditions

In this section, the optimal conditions for the deposition of Ta:TiO2 with nominal
content of Ta=5% at. are investigated. A targets of Ta2O5:TiO2 with molar
ration equal to 0.025:0.975 was employed (99.99% pure, provider Testbourne Ltd).
Films were deposited on Si [100] and soda-lime glass substrates mounted on a
rotating sample holder at a �xed target-to-substrate distance of 50 mm. For the
investigation, two PLD parameters were considered, the background pressure of
oxygen and the laser �uence on target. This last was chosen equal to 2.27 J/cm2

because of an investigation in collaboration with a Master thesis student for his
thesis [240]. In particular, a higher �uence was found to induce high defectivity
while a lower one led to higher amount of surface droplets, both detrimental for
functional properties of Ta:TiO2 �lms.

The e�ect of oxygen deposition pressure presented interesting results, here
reported. Indeed, as explained in section 2.2.3.1, the conductivity of Ta:TiO2 thin
�lms is favored by oxygen-poor conditions leading to oxygen vacancies, controlled
in turn by oxygen background pressure during deposition and post-deposition
thermal treatment in vacuum. In particular, the defect chemistry activated from
oxygen-poor condition is a complex topic and, on the other hand, oxygen-rich
conditions provide crystalline defects which act as electron traps [116, 118, 119].
The vacuum thermal treatment was set by Mazzolini on the basis his results and
previous works [112, 117, 241]: the chosen annealing condition was in vacuum
at 550◦C for 1 hour, since it ensures both polycrystalline Ta:TiO2 thin �lms in
anatase phase and oxygen sub-stoichiometry. On the other hand, previous studies
employed a laser wavelength equal to 266 nm for PLD synthesis, while in this work
it is equal to 532 nm. This di�erence in PLD set up does not allow to reach either
the low laser frequency employed by Mazzolini (i.e. 0.9 J/cm2) or ensuring the
lowest resistivity by depositing at 1.25 Pa [112]. Therefore, the investigation of the
optimal background pressure (from 0.5 to 4 Pa) was repeated with the new laser
wavelength, at laser �uence equal to 2.27 J/cm2, while keeping the same post-
deposition thermal treatment. In particular, the exact pressure tested are: 0.5,
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Figure 5.2: SEM cross-section images of vacuum-annealed Ta:TiO2 with Ta 5% at. deposited
at 0.5-4 Pa of O2.

0.75, 1, 1.25, 1.5, 1.75, 2 and 4 Pa; the characterized �lms were all 200 nm thick.
In Fig.5.1, cross-section SEM images show that before the thermal treatment, the
deposits are compact and homogeneous up to 2 Pa, while at 4 Pa the �lm shows
some structuring, although it is still compact and planar. After thermal treatment
(see Fig.5.2), no signi�cant variations of �lm morphology occur, except for 4 Pa-
�lm which presents a less clear columnar structure, due to the sintering of the
columns during the annealing. The e�ect of the thermal treatment on crystallinity
was evaluated from Raman spectroscopy. Before annealing, no clear peak can be
distinguished, and the spectrum only shows broad bands typical of amorphous
titania materials. Raman spectra of vacuum-annealed �lms deposited at di�erent
pressures are reported in Fig.5.3a. The typical anatase spectrum present six well
known Raman peaks: Eg(1) at 144 cm−1, Eg(2) at 197 cm−1, B1g(1) at 399 cm−1,
B1g(2) at 519 cm−1, A1g at 513 cm−1, and Eg(3) at 638 cm−1. Since the A1g and the
B1g(2) peak are very close, they cannot be distinguished at room temperature.
For �lms deposited at 1 Pa or higher, the spectrum shows the typical anatase
Raman peaks, indicating a complete crystallization. On the other hand, below
1 Pa, the Raman spectra showed signi�cant amorphous features. Indeed, from
optical microscope images, macroscopic cracks are observable in these �lms after
thermal treatment, likely due to the excessive sub-stoichiometry of the �lm. An
analogous phenomenon occurs for �lms deposited at too high laser �uence: at low
pressure (or high laser �uence) the kinetic energy of atoms in the plasma plume
increases, inducing both more crystallographic defects in the deposit and higher
stresses in the �lms. The cracks are the result of unrelieved stresses in the as
deposited �lm, that lead to fracture when the thermal stresses of the treatment
are added.

The e�ect of oxygen pressure is evident from the measured electrical properties.
Fig 5.3b reports resistivity (ρ), charge carried density (n) and Hall mobility (µ)
of the annealed �lms. Particularly interesting is the drop in resistivity at 1 Pa
(ρ = 8 · 10−4 Ωcm), combined with the highest Hall mobility (µ = 8.4 cm2/V s)
and a charge carrier density among the highest measured (n = 9.3 ·1020 cm−3). At
lower pressure, resistivity sharply increases due to drastic drop in Hall mobility,
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Figure 5.3: (a) Raman spectra and (b) electrical measurements of vacuum-annealed Ta:TiO2

with Ta 5% at. deposited at 0.5-4 Pa of O2. Electrical measurements involve resistivity (ρ),
charge carrier density (n) and Hall mobility (µ).

Figure 5.4: (a) Optical transmittance (T%) of vacuum-annealed Ta:TiO2 with Ta 5% at.
deposited at 0.5-4 Pa of O2; (b) transmittance (T%), re�ectance (R%) and absorbance (A%)
of selected sample deposited at di�erent pressure to highlight di�erent optical behavior.

likely related to the onset of cracking and low crystallinity degree. On the other
hand, from 1 to 1.75 Pa, the resistivity increases monothonically due to a decrease
in both carrier density and Hall mobility, while above 2 Pa small changes occurs
for all electrical properties. This behavior is associated to the increase of oxygen
content in the �lms with the oxygen deposition pressure, leading to a reduction
of the e�ectiveness of doping in accordance with theoretical calculations and the
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increment of electron traps states due to oxygen-reach conditions [112, 116, 118,
119].

Optical behavior was considered as well. In particular, optical transmittance
in visible and near-IR range increases with pressure (see Fig. 5.4a). The 0.5
Pa- and 0.75 Pa-�lms showed higher absorption due to their amorphous character
and high quantity of defects, while if the pressure increases less deep defects are
available for inter-bandgap absorption (e.g. oxygen vacancy, both neutral V2−

O

and ionized V−O/VO, and Ti3+ [242]), combined with a lower density, leading to
higher transparency (see Fig. 5.4b).

In conclusion, for Ta:TiO2 with Ta=5% at., the optimal pressure condition was
found at 1 Pa due to the best electrical properties measured, associated to a good
anatase crystallization and oxygen sub-stoichiometry. Then the optimization of
process parameters was repeated for Ta:TiO2 thin �lms with nominal content of
Ta = 10% at. A target of Ta2O5:TiO2 with molar ratio equal to 0.05:0.95 was
employed. The optimal condition was found again at 1 Pa of oxygen, but at
a di�erent laser �uence, namely F=2.73 J/cm2, in order to avoid delamination
of the �lms after vacuum thermal treatments. The e�ect of Ta content on �lm
properties is presented in detail in the next section, compared to bare TiO2 �lms
and combined with the e�ect of thickness decrease (down to 10 nm).

5.2 E�ect of thickness and Ta content

In this section, Ta:TiO2 thin �lms with nominal content of Ta=5, 10% at. are
investigated (referred to as Ta(5%):TiO2 and Ta(10%):TiO2, respectively) with a
focus on the e�ect of Ta content together with the e�ect of thickness from 200
nm down to 10 nm. Results were compared with bare TiO2 thin �lms deposited
from a 99.9% pure TiO2 target (provider Kurt J. Lesker) at 1 Pa and F=2.27
J/cm2. Comparisons were performed both with vacuum-annealed TiO2 (i.e. ther-
mal treatment in the same condition of Ta:TiO2 �lms) and air-annealed TiO2 (i.e.
at 500◦ for 2 hours), in order to take into account both sub-stoichiometric and
stoichiometric TiO2 �lms.

The di�erent thicknesses, from 10 to 200 nm, were obtained by varying the
deposition duration and the precise values were evaluated by means of a SEM
on samples grown on silicon. The deposition rate was estimated and related to
the laser �uence, resulting around 11 nm/min for TiO2 and Ta(5%):TiO2, and
18 nm/min for Ta(10%):TiO2. Results of the investigation on the point of view
of morphology, structure electrical and optical properties will be presented in the
next sections.

5.2.1 Morphology and structure

Fig.5.5 shows the SEM cross-section images of vacuum-annealed Ta(5%):TiO2

thin �lms with di�erent thickness, i.e. from 200 nm down to 20 nm, obtained
in the same deposition conditions, while tuning the deposition time. As for
Ta(10%):TiO2 and bare TiO2 �lms, both as deposited and vacuum annealed �lms
resulted compact and the observed morphology does not change signi�cantly after
thermal treatment. The estimation of amount of tantalum in Ta:TiO2 �lms was
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Figure 5.5: SEM cross-section micrographs of vacuum-annealed Ta(5%):TiO2 �lms deposited
on Si substrate with di�erent thickness, i.e. 200, 100, 50, 20 nm.

performed by means of EDX, resulting in 4.5 and 9% at. for �lm with nominal
content of Ta of 5 and 10% respectively. This result con�rms the ability of PLD
synthesis to preserve the cationic ratio of ablated material.

Fig.5.6 shows surface images captured by optical microscope of annealed 200nm-
thick Ta:TiO2 �lms at di�erent Ta content and vacuum- and air-annealed TiO2,
deposited on glass substrate. After thermal treatment, macro-domains are ob-
servable as expected from a TiO2-based �lm crystallized through a post-annealing
[112, 243]. Optical microscopy allowed the surface investigation of �lms thick in
the range of 50-200 nm, while thinnest �lms were simply not observable. Lateral
domain size was measured by means of Image J software resulting on average
15-20 µm for Ta(5%):TiO2 and 25-30 µm for Ta(10%):TiO2 �lms. This di�erence
in domain size is probably not ascribable to the di�erent content of Ta, but rather
to the di�erent laser �uence employed during �lm depositions. As a con�rmation
of this, optical microscope images of bare vacuum-annealed TiO2 �lms' surface
presented domain size comparable to Ta(5%):TiO2 (see Fig.5.6a,c), indeed the
same laser �uence was utilized. On the other hand, air-annealed TiO2 showed the
same domain size, but domains are more well-de�ned and more easier detectable
(see Fig.5.6d).

Further surface characterization was performed by SEM at high voltage (15-
20 kV), distance (6-7 mm) and contrast on �lms deposited on Si substrate (see
Fig.5.7). For �lms with thickness between 50-200 nm, cross-shape domains are
observable, separated by smaller domains (see Fig.5.7a,b), and this feature is
in accordance with previous investigation of TiO2 surfaces after annealing [243].
Average domain size measured from SEM resulted smaller with respect to the
�lms grown on glass substrates, i.e. about 5 and 9 µm for Ta(5%):TiO2 and
Ta(10%):TiO2, respectively. Films thick 20 and 10 nm were observed as well, and
a sort of uncompleted domains were found (see Fig.5.7c,d).

Structural characterization was performed via XRD, whose measurements and
analysis were carried out thanks to the collaboration of G. Terraneo (experimental
details of XRD measurements have been already reported in section 4.2). Fig.5.8
shows resulting di�ractograms as a function of Ta content for vacuum-annealed
�lms with nominal thickness equal to 200 nm, compared to vacuum- and air-
annealed TiO2. The XRD patterns highlighted that all analyzed �lms show only
the presence of crystalline anatase phase while no rutile phase was observed. In
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Figure 5.6: Optical microscope images of surfaces of 200 nm-thick vacuum-annealed (a)
Ta(5%):TiO2, (b) Ta(10%):TiO2 and (c) TiO2, as well as (d) air-annealed TiO2. All sam-
ples were deposited on glass substrate.

addition, in both the tantalum-doped �lms neither the presence of tantalum oxide
(Ta2O5) phases nor metallic tantalum aggregates were detected suggesting the
formation of homogeneous solid solutions [224]. In all the analyzed �lms the more
intense peak was the (101). This behavior can be explained since it is known
that anatase thin �lms grown on amorphous substrates can form [101] preferred-
oriented polycrystalline systems [244, 245]. Interestingly in both the Ta-doped
�lms the relative intensity of the (101) peak was higher than in the TiO2 samples
suggesting that in these samples the e�ect of the doping could induce a preferential
direction towards the lowest surface energy, namely the [101] (see inset of Fig.5.8).

In addition, since the atomic radius of Ta is slightly larger than the atomic
radius of Ti (145 and 140 pm respectively) and, although the percentage of Ta is
relative low, this could introduce some lattice modi�cations in the samples, which
lead to a shift of the measured XRD re�ections, as shown for (101) peak in the
inset of Fig.5.8. A whole pro�le �tting performed by means of Pawley method1

allowed to calculate the lattice parameters a and c of the tetragonal cell of the
TiO2 anatase phase according to

qhkl =
1

d(h,k,l)

=

√
h

a

2

+
k

a

2

+
l

c

2

(5.1)

1The mean crystallite size domain and the lattice parameters were determined by using the full pro�le �tting
Pawley method [246]. The Pawley method was carried out using the program-suite TOPAS from Bruker.
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Figure 5.7: SEM top-view images of 200 nm-thick vacuum-annealed (a) Ta(5%):TiO2, (b)
Ta(10%):TiO2 and 20 nm-thick (c) Ta(5%):TiO2, (d) Ta(10%):TiO2. Cross-shape of crys-
talline domains of the thickest �lms are indicated.

where qhkl is the scattering vector (as a function of scattering angle 2θ, since
qhkl = 2

λ
sinθhkl) and d(h,k,l) is the spacing of the (h, k, l) lattice planes. As a result,

the lattice parameters showed a variation of the length in relation of the presence
and percentage of Ta. Speci�cally in the Ta-doped �lms both the a and c axis
were longer than the vacuum-annealed TiO2 �lms, while the Ta(10%):TiO2 �lm
possessed larger cell parameters compared to the Ta(5%):TiO2 sample (see Table
5.1), con�rming the hypothesis of lattice expansion due to Ta incorporation in Ti
substitutional sites. The presence of the doping also a�ected the crystallite size
along �lm growth direction, calculated again with Pawley method. In fact both
the Ta-doped �lms showed a slightly larger mean domain size than the undoped
TiO2 �lms. In particular, Ta(5%):TiO2 �lms display the largest domain equal
to 76 nm, while Ta(10%):TiO2 resulted equal to 68 nm. Interesting the di�erent
annealing procedure, namely in vacuum or air, on the undoped TiO2 �lms did
not produce a marked in�uence on the mean crystallite domain that remained
almost unchanged (i.e. 53 nm and 56 nm for air- and vacuum annealed TiO2

respectively, see Table 5.1), while lattice parameters and cell volume show more
notable di�erences, as already observed [112].

Structural characterization was supported by Raman analysis and extended
down to thinnest �lms (i.e. 10 nm). Fig.5.9 shows the Raman spectra of Ta(5%):TiO2

and Ta(10%):TiO2 �lms after the vacuum annealing process, as a function of thick-
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Figure 5.8: XRD di�ractograms of air- and vacuum-annealed TiO2, Ta(5%):TiO2 and
Ta(10%):TiO2 �lms thick 200 nm; the characteristic peaks of anatase are highlighted. The
inset shows a magni�cation of the (101) peak.

ness. All spectra display the Raman peaks of anatase, while no presence of Ta2O5

or other TiO2 polymorphs is detected, con�rming XRD results. In particular,
Eg(1), B1g(1), B1g(2) superimposed on A1g and Eg(3) peaks of anatase are evi-
dent around their nominal values, i.e. 144, 399, 519, 513 and 638 cm−1 [247, 248]
for the thickest �lms (i.e. 75-200 nm). On the other hand, �lms with thickness
in the range 10-50 nm exhibit only Eg(1) and Eg(3) peaks, likely because of the
worse signal-to-noise ratio. As shown in Fig.5.10a, Ta content a�ects the position
of the Eg(1) peak. For �lms about 200 nm thick, Eg(1) peak shifts from nominal
position of 144 cm−1 to 152 and 155 cm−1 for Ta(5%):TiO2 and Ta(10%):TiO2

respectively, while peak FWHM broadens from 10 to 13-14 cm−1. This trend has
been already observed by Mazzolini (see section 2.2.3.1) and it was associated to a

Sample
a
Å

c
Å

Volume
Å3

Mean crystalline domain size
nm

TiO2-air 3.63444 9.59028 126.680 53
TiO2 3.78336 9.48282 135.735 56

Ta(5%):TiO2 3.79291 9.49844 136.646 76
Ta(10%):TiO2 3.79329 9.54190 137.299 68

Table 5.1: Lattice parameters (a and c), cell volume and mean crystalline domain size of
200 nm-thick �lms of air- and vacuum-annealed TiO2, Ta(5%):TiO2 and Ta(10%):TiO2,
calculated by Pawley method.
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Figure 5.9: Raman spectra of (a) Ta(5%):TiO2 and (b) Ta(10%):TiO2 �lms at di�erent thick-
nesses, i.e. from 10 up to 200 nm.

correlation between Eg(1) peak position and the measured charge carrier density,
independent on type and amount of extrinsic doping, or speci�c deposition and
annealing conditions [126]. Considering these results, Raman analysis allows a
qualitative estimate of charge carrier density of Ta:TiO2 thin �lms. Fig.5.10b,c
shows the Eg(1) peak position and FWHM obtained by �tting with Lorentz func-
tion: the shift is larger for Ta(10%):TiO2 for every thickness, while at �xed Ta
content Eg(1) does not depend signi�cantly on thickness, at least down to 20 nm,
in agreement with charge carrier density values (see next section). On the other
hand, for 10nm-thick �lms the Eg(1) position has a smaller shift for both Ta con-
tents, namely to 147 and 150 cm−1 respectively, while the peak width increases
to 17-18 cm−1. This behavior can be associated to a larger �lm defectivity, size
con�nement [248] as well as a smaller charge carrier density (see next section).

5.2.2 Electrical properties

Fig.5.11 reports resistivity (ρ), charge carrier density (n) and Hall mobility (µ)
measured for Ta:TiO2 �lms as a function of thickness (from 10 to 200 nm) and Ta
content. Measurements on bare vacuum-annealed TiO2 �lms (thickness 50 and
200 nm) are reported as reference (blue triangles). Notably, stoichiometric (i.e air-
annealed) TiO2 is expected to be insulating (indeed, resistivity was too high for the
range of available experimental setup), however, sub-stoichiometric (i.e. vacuum-
annealed) TiO2 �lms display a resistivity of the order of 10−2 Ωcm and charge
carrier density of 5-7·1019 cm−3. This behavior is associated to anatase TiO2 with
oxygen vacancies, which represent an e�ective doubly negative charged donor state
[112,249]. For Ta:TiO2 �lms the resistivity is up to one order of magnitude lower
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Figure 5.10: (a) Magni�cation on Eg(1) peak of Raman spectra of �lms thick 200 nm with
di�erent Ta content (5, 10 %at. and bare TiO2); (b) position and (c) FWHM of the �tted
Eg(1) peak as a function of Ta content and �lm thickness.

than bare TiO2 for both Ta contents, i.e. from 10−2 Ωcm to 10−3 Ωcm, because
of conduction electrons from the Ta active dopant (see Fig.5.11a). Focusing on
Ta(5%):TiO2 �lms, the resistivity is almost constant for �lms thick from 200
down to 50 nm, with a slight increment from 8 · 10−4 up to 1 · 10−3 Ωcm, while a
more evident increment occurs for 20nm-thick �lm, where the resistivity reaches
3 · 10−3 Ωcm. The same trend occurs for Ta(10%):TiO2 �lms, where resistivity
is around 1 · 10−3 Ωcm for �lms 50-200 nm thick, while it increases to about
2 · 10−3 Ωcm for 20nm-thick �lm.

For both doping contents, charge carrier density does not signi�cantly vary
with thickness down to 50 nm (see Fig.5.11b). Moreover, n of Ta(10%):TiO2 �lms
is almost the double of Ta(5%):TiO2, indeed the average values over thickness of
50-200 nm are 1.65 · 1021 and 9.95 · 1020 cm−3, respectively. For 20 nm-thick �lms
the charge carrier density is a bit smaller than thicker �lms for both Ta contents,
but Ta(10%):TiO2 �lm still show a higher value than Ta(5%):TiO2. These results
indicate that the charge carrier density increases proportionally with Ta content
in a condition of high dopant activation e�ciency as observed for thickest �lms
as well [110]. Precisely, by considering EDX results and measured charge carrier
density, dopant activation e�ciency results equal to 74% and 68% for Ta(5%):TiO2

and Ta(10%):TiO2, respectively.
For 200 nm-thick �lms, Ta content evidently a�ects the Hall mobility (see

Fig.5.11c). Indeed, while µ measured for Ta(5%):TiO2 is almost equal to bare
TiO2 (i.e. around 8 cm2/V s), mobility of Ta(10%):TiO2 is about half. This be-
havior is related to the higher concentration of ionized impurities in crystal lattice,
which a�ects electron scattering, as well as the probability of carrier-carrier and
carrier-defect interaction at higher value of n [80, 126]. Moreover, Hall mobility
clearly decreases with thickness. For Ta(5%):TiO2, µ decreases gradually from
about 8 to 5 cm2/V s by reducing thickness from 200 to 50 nm, while Hall mobil-
ity falls down to 1.5 cm2/V s for 20 nm-thick �lm. On the other hand, mobility
remains almost constant and around 4 cm2/V s for Ta(10%):TiO2 �lms down to 50
nm, and drops to about 2 cm2/V s for 20 nm-thick �lm. This trend as a function
of thickness can be related to the grain size reduction, because µ is a�ected by
scattering at imperfections like grain boundaries or dislocation, as well as scatter-
ing at the interfaces [250]. Indeed, in section 5.2.1 the mean crystalline domain
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Figure 5.11: (a) Resistivity ρ, (b) charge carrier density n and (c) Hall mobility µ as a function
of �lm thickness (from 10 to 200 nm) and Ta content: 5% at. (black squares), 10% at. (red
circles) and bare TiO2 (blue triangles).

size was calculated from XRD measurements on 200 nm thick-�lms and resulted
76 nm and 68 nm for Ta(5%):TiO2 and Ta(10%):TiO2 respectively. Therefore,
the higher Hall mobility of Ta(5%):TiO2 can be favored also by larger grains,
moreover a signi�cant decrease of µ with thickness reduction is expected for sizes
much lower than the calculated mean domain, such as 20 nm-thick �lms, because
crystalline grains could not grow up completely.

On the other hand, 10nm-thick �lms display a completely di�erent electrical
behavior, almost independent on Ta content. Indeed, for both Ta(5%):TiO2 and
Ta(10%):TiO2 10 nm-thick �lms, the resistivity measured is about 0.5 Ωcm, there-
fore more than two orders of magnitude higher than thicker Ta:TiO2 �lms (see
Fig.5.11a). Hall e�ect measurements on these �lms were less reliable and repeat-
able, likely because of the higher resistance of the �lm as well as the di�culty to
measure such a thin �lm with our setup. The measured charge carrier density was
2.3 and 3.5·1019 cm−3 for Ta of 5 and 10 % at., respectively, namely around 2 orders
of magnitude smaller than thicker �lms (see Fig.5.11b). At the same time, Hall
mobility drops by one order of magnitude with µ=0.56 cm2/V s for Ta(5%):TiO2
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and µ=0.31 cm2/V s for Ta(10%):TiO2 (see Fig.5.11c). This behavior can be ex-
plained with the presence of defects at the �lm surface and at the interface with
the substrate, causing electron trapping and scattering, and such defects become
dominant in ultrathin �lms with a thickness of 10 nm, combined with the fact
that crystal domains cannot grow up completely [250�252]. Moreover, the chosen
annealing temperature for Ta:TiO2 thin �lms is around the annealing point of the
soda-lime glass substrate, therefore there could be a non-negligible exchange of
species between the �lm and the substrate at the interface, whose e�ects could be
signi�cant on the properties of 10 nm-thick �lms.

5.2.3 Optical properties

Ellipsometric measurements2 were performed on Ta:TiO2 �lms with 200 nm nom-
inal thickness, grown on Si substrates, in collaboration with M. Sygletou and
F. Bisio at CNR-SPIN of Genova. Speci�cally, spectroscopic ellipsometry (SE)
measures the change of the polarization state of light re�ected at non-normal in-
cidence o� the sample surface. The result consist in the ellipsometric angles Ψ(λ)
and ∆(λ), de�ned as rp

rs
= tanΨ ·ei∆, where rp and rs are the Fresnel re�ection co-

e�cients for p- and s-polarized radiation. The measured �lms were modeled as a
stack of dielectric layers, each characterized by its thickness and complex dielectric
function, representing the physical layers of the samples. The optical response of
the system was calculated assuming Fresnel boundary conditions at the interface
between the layers. Bottom to top, the model included: i) a semi-in�nite Si sub-
strate, ii) a native oxide layer, iii) the Ta:TiO2 (or TiO2) �lm and iv) a roughness
layer (the latter modelled as a Bruggemann e�ective-medium layer [253] composed
at 50% by Ta:TiO2 and 50% by voids). For the modelling of the optical properties
of Ta:TiO2 �lms, a combination of Lorentz, Lorentz-gaussian and Parametrized
SEMIconductor oscillator model (called PSEMI oscillators) were employed, to-
gether with a Drude-type contribution for representing the doping-induced free
carriers. PSEMI oscillators are parameterized functions widely employed for mod-
elling the optical response of crystalline semiconductors [254]. The oscillator pa-
rameters of the bare TiO2, and the Ta:TiO2, layer, as well as the thickness of
all the optical layers were carefully �tted in order to achieve the best agreement
between the experimental data and the simulated SE spectra. The thickness of
the SiO2 native oxide on a bare substrate was measured about 2 nm. Here, only
measurements on �lms thick 200 nm are discussed, since for the thickest �lms
(100-200 nm) the results change within the variability of the measurement, while
for thinner �lms (lower than 50 nm) the measurements are not reliable.

Fig.5.12 reports the real (ε1) and the imaginary (ε2) part of the dielectric
functions extracted from SE measurements by means of the described optical
model. The results for Ta:TiO2 �lms with Ta content of 5 and 10% at. are
compared to bare TiO2 with the same nominal thickness (i.e. 200 nm), both
air-annealed and vacuum-annealed. For the real part (ε1, Fig.5.12a), air-annealed
TiO2 shows two humps in the high-energy region (3.5-4.5 eV), while vacuum-
annealed TiO2 shows a unique band in the same range. In the visible range, ε1
decreases for both air- and vacuum-annealed TiO2 with almost the same slope.

2J.A. Woollam V-VASE ellipsometer, 0.5-5.05 eV range, incidence angle of 60◦.
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Figure 5.12: (a) Real and (b) imaginary parts of the dielectric function of Ta:TiO2 �lms
with di�erent doping contents (5, 10% at.) compared with bare vacuum-annealed (TiO2) and
air-annealed TiO2 (TiO2-air).

For both samples, ε1 values are in accordance with values reported in literature
for anatase along the entire range, with a maximum at 3.8-3.9 eV around 12.5
and between 6 and 9 in visible range (1.7-3.3 eV) [255�258]. In the IR range, ε1
is �at for air-annealed TiO2, while its value increases for vacuum-annealed TiO2.
On the other hand, Ta doping leads to blue-shifted and narrowed bands in the
UV range, while the maximum values of ε1 are close to bare TiO2. In the visible
range, ε1 curves for Ta:TiO2 �lms almost overlap and decrease as bare TiO2 but
at lower values (this behavior has been already reported by Manole et al. for Nb-
doped anatase [259]), while in the IR range ε1 decreases and shows a small peak
for both Ta-doped �lms (at 0.65 and 0.76 eV for Ta(5%):TiO2 and Ta(10%)TiO2,
respectively).

In Fig.5.12b, ε2 of air-annealed TiO2 exhibits a band in the UV range associated
to optical band gap absorption with a peak around 4.5 eV and a shoulder at 3.8
eV. This shape is associated to anisotropy of the crystal structure of anatase which
results in optical properties strongly dependent on the polarization direction of
the incident light beam. Indeed, the shoulder and the peak are associated to
perpendicular and parallel component of dielectric tensor to c-axis [255,256,260].
Similar to ε1, also ε2 of vacuum-annealed TiO2 shows a unique band in the UV
range at the same energy of air-annealed TiO2, but with a slightly smaller value.
The e�ect of Ta doping is the shift of absorption band in UV at higher energy
values, suggesting a higher optical band gap with respect to bare TiO2 �lm, due to
Moss-Burstein e�ect [82,261] (see section 2.2.1). In the visible range, all ε2 curves
go to zero, suggesting no absorption as expected for TiO2 and TiO2-based TCO.
In the lower-energy region of the visible range (below 2 eV) and in the IR range,
ε2 of air-annealed TiO2 curve is close to zero, while for vacuum-annealed TiO2

it increases to a maximum at about 0.84 eV. The di�erent behaviour of vacuum-
annealed TiO2 with respect to air-annealed TiO2 in this range can be associated
to oxygen vacancy concentration in anatase structure (as already discussed in
the previous section) [262, 263]. On the other hand, Ta:TiO2 �lms show a larger
increase of ε2 in this range (occurring at lower energy for Ta(5%):TiO2). Notably,
as for ε1 curves, both Ta:TiO2 �lms show a peak in this range at 0.68 and 0.82 eV
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Figure 5.13: Transmission spectra of vacuum-annealed (a) TiO2, (b) Ta(5%):TiO2, (c)
Ta(10%):TiO2 and (d) air-annealed TiO2 �lms of 200 nm thickness, grown on soda-lime
glass substrates. Squares represent the experimental data while lines the theoretical �t, as
extracted from ellipsometry measurements.

for Ta content of 5 and 10% at., respectively.
Optical properties in the IR range of both Ta:TiO2 �lms show a behavior

associated with free carrier absorption related to plasma resonance which occurs
for large concentration of conduction electrons [250] and is expected to blue-shift
with charge carrier density [76], as observed for Ta(10%):TiO2. The explanation
of the small peaks in IR range both in ε1 and ε2 curves is less straightforward. A
hypothesis is the establishment of a strong interaction between plasma oscillation
of free carriers and phonons, with a formation of longitudinal optical phonon-
plasmon coupled mode. This phenomenon is typical of polar semiconductor [264,
265] and it occurs in the IR dielectric response, which can be described by a
harmonic oscillator function with Lorentzian line shape [266]. However, Ta:TiO2

is not a polar material, but the large carrier density due to Ta doping as well
as a large degree of lattice defects could induce increasing ionic character of Ti-
O covalent bond; even so, further investigations are needed to understand these
phenomena.

The optical constants extracted from ellipsometry were applied for the mod-
elling of transmission measurements. The system was modelled replacing the
Si/SiO2 substrate with a soda-lime glass. In Fig.5.13 experimental data from the
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transmission measurements are shown (squares) along with the �t data (contin-
uous lines) which are the outcome of the modelling. The experimental data are
in a good agreement with the �t, that requires only small adjustments of the os-
cillator parameters with respect to the Si substrate case. Indeed, transmittance
spectra con�rm the optical behavior observed with dielectric function analysis.
For all spectra, transmittance goes to zero in the UV range due to interband ab-
sorption at the band gap, while it increases in the visible and near-IR range. The
oscillations in that range are due to thin-�lm interference and related to the �lm
optical path length, namely �lm thickness times the refraction index [80,267]. In
accordance with ellipsometry measurements, vacuum-annealed TiO2 shows lower
transmittance intensity than air-annealed TiO2 in the range from high-energy vis-
ible to IR associated to absorption of oxygen vacancies, while both Ta:TiO2 �lms
show a stronger decrease in transmittance in near-IR due to free carrier absorp-
tion related to plasma resonance. Furthermore, the e�ect of increasing Ta content
is observable in a blue-shift in energy where transmittance starts to decrease in
near-IR and a blue-shift of absorption edge in UV range because of free carriers
absorption and Moss-Burstein e�ect, respectively, as previously explained.

Fig.5.14a,c show optical transmittance as a function of �lm thickness, from
10 up to 200 nm, of Ta(5%):TiO2 and Ta(10%):TiO2 �lms. Thickness reduction
leads to an increase of transmittance intensity in visible and IR range because
of absorption reduction, according to Lambert-Beer law (see Eq.3.4), while in-
terference fringes change according to the optical path length. This modulation
of fringe position is a fascinating feature which can be exploited in applications
in which TCO �lms are employed as transparent electrodes and a �ne tuning of
�lm transparency at speci�c wavelengths is required. The e�ect of thickness in
UV range is more appreciable looking at the absorption coe�cient (α), reported
in Fig.5.147b,d as a function of energy, evaluated from measured transmittance
and re�ectance spectra via Lambert-Beer law Eq.3.4. Examples of re�ectance
measurements are reported in inset of Fig.5.14b which shows spectra of 10, 50
and 200 nm Ta(5%):TiO2 �lms and again the e�ect of thickness is observable on
re�ectance intensity and interference fringes. The absorption coe�cient shows the
onset of the absorption band, which does not depend on thickness down to 50 nm,
while for 10 and 20 nm-thick �lms it is redshifted.

As discussed in the section 2.2.3, Ta-doped TiO2 is a promising TCO, therefore
optical band gap of Ta:TiO2 �lms is an important property which we investigated
as a function of Ta content and thickness. The optical gap (Eg) was calculated
by means of Tauc plot of the absorption coe�cient (see Eq.3.5) and results are
reported in Fig.5.15a as a function of Ta content and thickness. The (αhν)n

versus hν was plotted in the proximity of the absorption onset of the �lms in
the UV and the exponent n was chosen equal to 0.5 because of the indirect band
gap of anatase; Eg was extrapolated with the intercept in the energy axis using
a linear �t (see Fig.5.15b). In Fig.5.15a, the results of 20, 50 and 200 nm-thick
vacuum-annealed TiO2 �lms are reported as reference and the calculated band
gap is about 3.29 eV, in line with band gap of anatase reported in literature (3.2-
3.4 eV) [55, 258]. A very similar value of Eg was obtained for air-annealed TiO2

�lms.
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Figure 5.14: Optical transmittance and absorption coe�cient (α) as a function of thickness
(10-200 nm) of (a,b) Ta(5%):TiO2 and (c,d) Ta(10%):TiO2 �lms; the legend of all images
is in �gure (a). Inset in �gure (b) shows re�ectance spectra of Ta(5%):TiO2 �lm thick 10,
50 and 200 nm.

For the thickest Ta:TiO2 �lms, i.e. 50-200 nm, Eg increases with Ta content
as a consequence of Moss-Burstein e�ect, where free carriers partially �ll the con-
duction band forcing higher energy optical transitions [82]. Indeed, the measured
charge carrier density of Ta(10%):TiO2 almost doubles that of Ta(5%):TiO2. Con-
gruently, the average band gap calculated for 50-200 nm TiO2 �lms doped with 5
and 10% at. of Ta was 3.48 and 3.56 eV, respectively. On the other hand, Eg cal-
culated for �lms thick 10-20 nm decreases with thickness down to a value expected
for an undoped �lm, in agreement with the measured charge carried density which
starts to decrease for 20 nm �lms, down to a value typical of undoped TiO2 for
10nm-thick �lms.

In support of this, optical band gap was calculated from ellipsometric mea-
surements too. Indeed, refractive index (n) and extinction coe�cient (k) were
estimated from real (ε1) and imaginary part (ε2) of dielectric function according
to Eq.1.10 and 1.11 (see section 1.2), then absorption coe�cient is obtained ac-
cording to the equation α = 4πk

λ
. Tauc plot with α extracted from ellipsometry of

200 nm-thick �lms gives results in agreement with previous calculation, i.e. 3.28
eV for bare TiO2, as well as 3.46 and 3.53 eV for Ta(5%):TiO2 and Ta(10%):TiO2,
respectively.
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Figure 5.15: (a) Optical band gap (Eg) as a function of thickness (10-200 nm) and Ta content
(bare TiO2, 5 and 10% at.) calculated via Tauc plot. (b) Tauc plot of a vacuum-annealed
Ta(10%):TiO2 thick 200 nm; the red dotted line is the linear �t exploited in the range of the
linear region in correspondence of the band gap absorption.

Optical band gap results combined with electrical properties highlight the po-
tentiality of Ta:TiO2 thin �lms for TCO applications, indeed we found that their
optoelectronic properties remain almost unchanged down to a thickness of 50 nm
and good values are obtained for 20 nm thick �lms too, even if electrical perfor-
mance is worse and optical band gap decreases. Finally, 10nm-thick �lms show
an optical gap comparable to bare anatase and their measured electrical proper-
ties show a further deterioration, nonetheless such ultra-thin �lms demonstrated
still acceptable conductivity while their optical gap allows transparency in visible
range.

The e�ective mass (m∗) of electrons in the conduction band was considered as
well, being a relevant property for TCOs. For the calculation of m∗ we used the
Drude model (Eq.1.6) and the de�nition of plasma frequency (Eq.1.7). Therefore,
by knowing charge carrier density measured electrically and by �tting the ellipso-
metric measurements with Drude model, the e�ective mass can be calculated. For
Ta(5%):TiO2, the result is that m∗ varies between 2.19 and 3.6 me in the photon
energy range 0.5-3 eV (in particular, at 0.5 eV m∗=2.41 me, and at 3 eV m∗=2.19
me); while for Ta(10%):TiO2 in the same photon energy range, m∗ results in the
range 3.18-4.5 me (in particular, at 0.5 eV m∗=3.92 me and at 3 eV m∗=4.5 me).
These results meet the expectations. Indeed, because of the anisotropy of the
e�ective mass of anatase single crystals (as explained in section 2.2.3), theoretical
calculations of m∗ of both Nb- and Ta-doped anatase and experimental work on
Nb-doped TiO2 report m∗x= 0.4-0.6 me and m∗z>3.5 me (where m∗x and m∗z are
the orthogonal and parallel components of m∗ with respect to tetragonal axis, re-
spectively). Moreover, calculations predict an increase of m∗z with charge carrier
concentration [121�124]. Here, taking into account that Ta:TiO2 �lms are poly-
crystalline, the m∗ results seem to be consistent with values reported in literature
and the anisotropicity appears mediated by the di�erent crystallites orientations,
in addition m∗ shows an increment with Ta content.
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Furthermore, a rough estimate of m∗ can also be obtained from the optical
bandgap shift due to Moss-Burstein e�ect, under simpli�ed hypothesis (see Eq.2.1
in section 2.2.1), by knowing charge carrier density from electrical measurements,
while ∆Eg is calculated by subtracting the optical gap of bare TiO2 (3.29 eV) to
that of Ta:TiO2 �lms evaluated by Tauc plot and reported in Fig.5.15a. Since
electrical measurements and optical band gap calculations do not show signi�-
cant dependence on thickness in the range 50-200 nm, also e�ective mass varies
marginally with thickness; indeed, m∗ values of 1.7-2.2 me and 1.8-2.1 me are
obtained for Ta(5%):TiO2 �lms and Ta(10%):TiO2 �lms, respectively, notably
almost the same for both Ta contents. These results are smaller than the e�ec-
tive mass reported in literature in Mazzolini's previous work on Ta:TiO2 �lms
which employed the same calculation method (i.e. 2.9 me) [112]. Anyhow, this
calculation procedure should be considered as a qualitative description, since the
e�ect of nonparabolicity of the bands, which could be introduced by many-body
type interactions, is not considered in the model (Eq.2.1) [83, 268, 269]. For 20
nm-thick �lms larger values of m∗ are obtained, but the result is a�ected by the
fact that the evaluation of ∆Eg is unreliabale due to the transparency of the �lm,
while for 10 nm �lms m∗ cannot be estimated at all. Nonetheless, these values
are underestimated with respect to m∗ obtained from Drude modeling of ellipso-
metric measurements, especially for Ta(10%):TiO2. This is not surprising, given
the approximations involved in such an estimate.

Finally, according to the low frequency region of the dielectric constant and
by taking into account only the free carriers due to the dopant, we calculated the
plasma energy (EP ) by using Eq.1.7 of plasma frequency and by knowing EP =
~ωP . The contribution of bound electrons of the semiconductor was considered by
introducing ε∞ (reported equal to 5.9 for anatase [270]) [271]. First, we consider
the e�ective mass extracted from optical gap shift (Eq.2.1). As expected, the
e�ect of thickness in the range of 50-200 nm is slight; EP values between 0.32-
0.36 eV and 0.43-0.45 eV are obtained in this thickness range for Ta(5%):TiO2

and Ta(10%):TiO2, respectively. In support of these results, the same calculation
was performed by using m∗ obtained from Drude model applied to ellipsometry,
resulting EP= 0.25-0.32 eV and 0.32-0.35 eV for Ta(5%):TiO2 and Ta(10%):TiO2,
respectively. The EP values in the near- and mid-IR range are expected for a
TCO with charge carrier density of the order of 1021cm−3, such as Ta:TiO2.

Because of these results, FTIR3 measurements were performed thanks to the
collaboration of F. Rusconi and P. Biagioni, at the Department of Physics of
Politecnico di Milano, in order to further investigate Ta:TiO2 optical behavior
in this range (i.e. 0.1-1.49 eV). The measured samples are vacuum-annealed
Ta:TiO2 �lms with di�erent Ta content (5, 10%at.) compared with vacuum-
and air-annealed TiO2. For these measurements, �lms were deposited on CaF2

substrates, which is transparent along the considered range, and the chosen thick-
ness was around 700 nm, to detect enough signal. Specular transmittance spec-
tra were measured; the curves are reported in Fig.5.16 (continuous lines) and
compared with specular transmittance on the same samples measured with the

3FTIR spectrophotometer INVENIO-R (Bruker). Sources involve halogen lamp for near-IR (0.37-1.49 eV)
and globar for mid-IR (0.1-0.62 eV); the employed detector is mercury cadmium telluride (MCT). The beam
incidence on samples is almost normal and the employed aperture is equal to 1 mm.

95



Chapter 5. Tantalum-doped TiO2 thin �lms

Figure 5.16: FTIR measurements of specular transmittance of Ta:TiO2 �lms with di�erent Ta
content (5, 10%at.) compared with vacuum- and air-annealed TiO2. Dash lines represents
measurements on the same sample taken by a spectrophotometer.

spectrophotometer available at IIT (i.e. range in 0.41-4.96 eV, see section 3.3.1),
corresponding to the dashed lines in the �gure. Notably, the measurements taken
by di�erent instruments match and overlap for a wide range (i.e. 0.41-1.49 eV).
In particular, a decrease in optical transmittance was detected for both Ta:TiO2

�lms, and the value of energy where it occurs is considered an indication of plasma
energy trend (although they do not coincide, as discussed in section 2.2.1). The
transmittance dip blue-shifts with Ta content (i.e. around 0.45 and 0.66 eV for
Ta(5%):TiO2 and Ta(10%):TiO2, respectively), however the drop resulted less
sharp for Ta(10%):TiO2 �lms with respect to Ta(5%):TiO2, suggesting more free
carrier absorption. Perspectives of this study includes the development of a model
for �tting of the measurements, in order to estimate �lms optical properties in
this range and compare with other kind of measurements above discussed.

5.3 Integration of Au nanoparticles with Ta:TiO2 thin �lms

Au NPs were integrated in compact Ta:TiO2 thin �lms with the aim to tune the
plasmonic resonance of Au NPs by changing the dielectric constant of the sur-
rounding matrix (as explained in section 2.2.2), that in this case can be done by
varying Ta-doping content (as discussed in section 5.2.3). This kind of systems can
be interesting for di�erent applications, for example for sensing, optical modula-
tors and for the integration of plasmonic functionalities in electrodes [101,103,104].
Speci�cally, di�erent con�gurations of integration have been studied, namely Au
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Figure 5.17: Schematic representation of di�erent integration con�gurations of Au NPs in
Ta:TiO2 �lms and respective SEM top-view or cross-section pictures: (a,b) Au-top, (c,d)
Au-bottom and (e,f) Au-sandwich.

NPs on top and on bottom of Ta:TiO2 �lms, as well as embodied like a sandwich
(see schematic representations in Fig.5.17), referred to as Au-top, Au-bottom and
Au-sandwich, respectively. Moreover, the e�ect of Ta content (i.e. 5, 10% at., or
bare TiO2) and Au NPs size (diameter from 20-40 nm) were investigated.

The optimal Ta:TiO2 and TiO2 �lms were employed, deposited by PLD, ac-
cording to synthesis condition presented in section 5.1. Au NPs were obtained by
thermal evaporation of an Au thin �lm (i.e. equivalent thickness of 2-3 nm mea-
sured by means of a quartz microbalance; the chosen value depends on Au NPs
size desired) and subsequent thermal treatment to allow de-wetting and Au NPs
formation. This thermal treatment coincided with vacuum-annealing of Ta:TiO2

and TiO2 �lms, therefore �lm crystallization and Au NPs formation can be ob-
tained in one step. However, the order of synthesis steps depends on type of
integration con�guration considered.

First, the e�ect of type of integration con�guration was investigated, with Au
NPs with average diameter of 20 nm integrated in Ta(5%):TiO2 �lms thick 50
nm. The choice of TCO thickness is due to limit the presence of interference
fringes in the optical spectra that can be hide the Au NPs resonance peak (see
Fig.5.14a,c). SEM images of di�erent con�gurations after thermal treatments are
reported in Fig.5.17, in particular top-view of Au-top and cross-sections of both
Au-bottom and Au-sandwich. For these last two con�gurations, it is observable
that the addition of Au NPs provides nucleation sites for Ta:TiO2 growth over
them, by orienting the crystalline domains and increasing the defectivity. On the
contrary, when gold is deposited on top, the morphology seems not to be a�ected
and the �lm is compact, similar to the reference without gold. From Raman anal-
ysis, the presence of Au NPs do not prevent the Ta(5%):TiO2 crystallization in
anatase phase upon thermal treatment. From electrical measurements, the Au
NPs integration leads to a drop in electrical performance for all con�gurations,
associated mainly to additional scattering mechanisms for free electrons motion.
From optical transmittance (see Fig.5.18a), the Au NPs resonance peak is observ-
able (i.e. minimum in trasmittance in the visible range) and results red-shifted
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Figure 5.18: Optical transmittance of (a) di�erent integration con�gurations and (b) at di�er-
ent Ta content for the Au-sandwich con�guration.

and broadened with respect to bare Au NPs for all con�guration types, in partic-
ular this e�ect increases from Au NPs on top to Au NPs on bottom con�guration,
while the highest e�ectiveness occurred for sandwich-like system.

Then, the e�ect of Ta content of the Ta:TiO2 �lm on the Au NPs resonance
peak position was studied, keeping constant the con�guration type. As a main re-
sult, Au NPs LSPR peak is blue-shifted with increasing Ta content. For example,
Fig.5.18b shows the optical transmittance spectra for sandwich-like con�guration
at di�erent Ta contents. The transmittance minimum moves from 548 nm of
bare Au NPs to 624 nm, 641 nm and 712 nm for Ta(5%):TiO2, Ta(10%):TiO2

and TiO2 matrix, respectively. This behavior is expected since dielectric func-
tion decreases in visible range with Ta content (as discussed in previous section,
Fig.5.12), as a consequence the resonance frequency of the embedded Au NPs
blue-shift according to Eq.1.19.

Finally, the e�ect of Au NPs size (i.e. diameter from 20 to 40 nm) was con-
sidered as well (not shown). From electrical measurements, a higher amount of
evaporated gold slightly improves the electrical performance of �lms. Optical
characterization reveals that LSPR excitation of NPs is red-shifted and broad-
ened by increasing Au NPs size, together with a reduction of transmittance, in
accordance with literature (see section 1.3.2 and [14,16]).

5.4 Towards Ta:TiO2 NPs assemblies

A �rst exploration of the development of Ta:TiO2 NPs assemblies in thin �lms
has been performed, by exploiting the advantage of PLD in which the in-plume
clusters formation can be triggered by an increase in the background pressure of
deposition (as explained in detail in section 3.2.1). By exploring the 4-15 Pa pres-
sure range of pure O2 or mixture Ar:O2 (5:1), �lms having di�erent porosity were
deposited and assemblies of NPs of tens nm were obtained at higher pressures (see
Fig.5.19a,b). The choice of depositing in Ar:O2 (5:1) is due to the goal of obtain-
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Figure 5.19: SEM cross-section images of Ta:TiO2 (a) deposited at 4 Pa of O2 and mixture
Ar:O2, and (b) deposited at di�erent pressure of mixture Ar:O2, i.e. 6-15 Pa. Adapted
from [200].

ing hierarchical �lms while ensuring oxygen-poor condition which is necessary to
allow successful Ta-doping (see section 2.2.3.1). By comparing �lms deposited at
the same pressure of pure O2 and Ar:O2 mixture on the morphological point of
view, the main di�erence consists in a more compact structure for �lm deposited
in the mixture (see Fig.5.19a). The e�ect of an increase in the deposition pressure
can also be seen in the optical properties of the samples, leading to an increase in
transmittance (see Fig.5.20a). The main issue to obtain Ta:TiO2 NPs assemblies
e�ectively doped involves the di�culty to obtain a crystalline structure upon ther-
mal treatment. After standard Ta:TiO2 vacuum thermal treatment (i.e. at 550◦C
for 1 hour, ramp 10◦C/min), Raman signal of the nanoporous �lms were tem-
pered by photoluminescence e�ects, and showed high levels of noise, attributed to
a strong amorphous fraction.

For this reason, di�erent annealing parameters were explored; the ultrafast an-
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Figure 5.20: (a) Optical transmittance and (b) Raman spectra after ultrafast annealing of
Ta:TiO2 �lms deposited at di�erent pressures of mixture Ar:O2. Adapted from [200].

nealing in vacuum (i.e. at 550◦C for 30 seconds, ramp equal to approximately
one minute) was found to promote a slightly better crystallization from Raman
analysis. However, while the 6 Pa spectrum is that of anatase, the same cannot be
said in the case of the 8 and 10 Pa spectra. As shown in Fig.5.20b, the intensity
of anatase main peak (i.e. Eg(1) at 144 cm−1) decreases with deposition pres-
sure, while signal-to-noise ratio worsens, suggesting only partial crystallization.
In addition, two broad peaks around 450 cm−1 and 600 cm−1 appear, related to
the joint presence of anatase and rutile. The presence of rutile at high deposition
pressure is not unexpected [197], indeed rutile formation was attested at an an-
nealing temperature below the anatase-to-rutile transition temperature, because
rutile nanocrystal seeds might have been already present in the as deposited �lm,
suggesting that higher deposition pressures favor in-plume nucleation of rutile
clusters that act in turn as crystallization seeds for rutile.

In conclusion, either in Raman or optical analysis of Ta:TiO2 �lms deposited
at high pressure did not show signs of successful doping. This could be either
due to the deposition process or the post-annealing treatment, leading to an in-
complete crystallization or issues with amount of oxygen. On the other hand,
the nanoporous systems can be the intrinsic problem, since the large surface area
provides many surface defects which trap free electrons, preventing a good dop-
ing activation e�ciency. In order to assess this, more investigation is necessary.
Depositions at di�erent gas compositions should be performed, and the e�ects
of di�erent annealing cycles should be explored. Another possibility involves the
employment of a capping layer which prevent oxygen excessive desorption upon
thermal treatment that could be excessively reducing.

5.5 Conclusions

In this chapter the development of Ta:TiO2 thin �lms was presented together with
the characterization and understanding of their properties. After the �rst step of
optimization of synthesis parameters to �nd the conditions for most conductive
�lms, the �lm properties were studied as a function of Ta content (i.e. 5 and
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10%at., compared with bare TiO2) and thickness (from 200 down to 10 nm), with
a particular focus on electrical and optical behavior.

Homogeneous and compact Ta:TiO2 �lms were deposited on glass and silicon
substrates, then vacuum annealing was performed to obtain sub-stoichiometric
poly-crystalline �lms in anatase phase, con�rmed by structural characterization.
Electrical measurements show �lm resistivity between 8 · 10−4-1 · 10−3 Ωcm for
both Ta contents in a thickness range of 50-200 nm, while charge carrier density
increases proportionally with Ta content (i.e. average values of 9.95 · 1020 cm−3

and 1.65 · 1021 cm−3 for 5 and 10% at., respectively) suggesting a condition of
high dopant activation e�ciency. On the other hand, for 200 nm-thick �lms, Hall
mobility decreases with Ta content, indeed for Ta(5%):TiO2 it is almost equal to
bare TiO2 (i.e. around 8 cm2/V s), while mobility of Ta(10%):TiO2 is about half,
due to the higher concentration of ionized impurities in the crystal lattice, which
a�ects electron scattering, as well as carrier-carrier and carrier-defect interaction
at higher density of carriers. Finally, electrical properties deteriorate for �lms
thinner than 20 nm almost independently from Ta content, because of the pres-
ence of defects at the �lm surface and at the interface with the substrate, that
become dominant in ultrathin �lms, combined with the fact that crystal domains
cannot grow up completely, however 10 nm-thick �lms resulted still conductive.
This result highlights the possibility to design devices with ultrathin conductive
�lms, which is a thickness di�cult to achieve for metals due to their percolation
threshold.

Optical characterizations showed that the Ta addition changes optical response
due to the increase of charge carrier density. Indeed, optical absorption in UV
range blue-shifts with Ta content, according to Moss-Burstein e�ect, while ab-
sorption in IR range increases because of free carriers. Optical band gaps of
Ta:TiO2 �lms were calculated by means of Tauc plot, showing an increase with
Ta content (from 3.29 eV for bare TiO2 to 3.48 and 3.56 for Ta(5%):TiO2 and
Ta(10%):TiO2, respectively). In agreement with the measured charge carrier den-
sity, optical bang gap does not change in the thickness range of 50-200 nm, while
it starts to decrease for 20 nm �lms, down to a value typical of undoped TiO2

for 10nm-thick �lms. E�ective mass was estimated both from Drude model pa-
rameters extracted from �tting of SE results and Moss-Burstein shift of optical
gap. In the �rst case m∗ varies in the range of 2.19-3.6 me and 3.18-4.5 me for
Ta(5%):TiO2 and Ta(10%):TiO2, respectively (in the photon energy range 0.5-
3eV). These results are in accordance with literature theoretical calculations for
Ta-doped anatase, moreover, the predicted increment of m∗ with Ta content was
con�rmed. On the other hand, e�ective mass calculated from optical gap shift is
slightly underestimated and does not show a dependence on Ta content, however,
it should be noticed that very similar results were obtained from two di�erent
approximated approaches of the systems. Finally, plasma energy was calculated
to be in the near/mid-IR range (i.e. around 0.34 and 0.44 eV for Ta(5%):TiO2 and
Ta(10%):TiO2, respectively) as expected for a TCO with charge carrier density of
the order of 1021 cm−3.

These results make Ta:TiO2 a potential candidate for plasmonic applications
in IR. In comparison with other more studied TCOs in this �eld (e.g. ITO and
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n-doped ZnO), this material ensures the fascinating advantages of TiO2 (e.g. well-
known material already employed for energy conversion and photocatalytic appli-
cations, low cost, non-toxic, high chemical and thermal stability), moreover in
this work Ta:TiO2 thin �lms demonstrated high doping e�ciency, which leads to
a easily tuning of charge carrier density by Ta content, allowing to adjust the
electrical and optical properties as desired. In addition, the study of the thickness
demonstrated constant electrical and optical properties down to 50 nm, which is
a required size for building blocks in nanoplasmonic devices and metamaterials,
e.g layered structures or metasurfaces (for example nanoantenna array, that can
be obtained by exploiting lithography techniques on thin �lms). On the other
hand, an evaluation of the plasmonic quality factors of these �lms for di�erent
applications should be done, while the nanocrystalline Ta:TiO2 could be not the
ideal choice, therefore more investigations in this direction are needed. Finally,
the electrical properties of ultrathin �lms can be further investigated by deposit-
ing on other substrates, for example a bu�er layer of insulating TiO2 over the
glass substrate can improve electrical response as well as allow deposition of even
thinner �lms (i.e. <10 nm) [252].

Then, complex Ta:TiO2-based systems were developed. One system involves
the integration of Au NPs with compact Ta:TiO2 thin �lms with the aim to
tune the plasmonic response of Au NPs by changing the dielectric constant of
the surrounding matrix. Speci�cally, di�erent con�gurations of integration have
been studied, namely Au NPs on top and on bottom of Ta:TiO2 �lms, as well
as embodied like a sandwich, together with the e�ect of Ta content (i.e. 5, 10%
at., or bare TiO2. As main results, the e�ect of integration on Au NPs resonance
peak resulted red-shifted and broadened with respect to bare Au NPs for all
con�guration types, in particular this e�ect increases from Au NPs on top to
Au NPs on bottom con�guration, while the highest e�ectiveness occurred for
sandwich-like system; moreover, keeping constant the con�guration, LSPR peak
blue-shifted with increasing Ta content. Perspectives of these systems include the
understanding of the in�uence of the Ta:TiO2 dielectric media on the plasmonic
properties of Au NPs by employing e�ective medium theories as well as pump
probe measurements. In addition, these systems enable the possibility of tuning
of Au NPs plasmonic resonance modulating in active way the dielectric constant
of the surrounding TCO by means of external stimuli such as the application of
an electric �eld, as discussed in section 2.2.2.

Finally, a �rst exploration of the development of Ta:TiO2 NPs assemblies in
thin �lms has been performed. By exploring the 4-15 Pa pressure range of pure O2

or mixture Ar:O2, �lms having di�erent porosity were deposited and assemblies
of NPs of tens nm size were obtained at higher pressures. However, some issues
occurred for the crystallization of more porous �lms upon thermal treatments (as
indicated by Raman analysis). Therefore, di�erent annealing parameters were
explored and the ultrafast thermal treatment in vacuum was found to promote a
slightly better crystallization; however, they did not show signs of successful dop-
ing. In order to assess this, appropriate optical and structural characterizations
should be performed on samples deposited at di�erent gas compositions, as well
as the e�ects of di�erent annealing cycles should be explored. Finally, a capping
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layer can be employed in order to protect Ta:TiO2 NPs assemblies from the highly
reducing environment which could experience during the annealing treatment.

103





CHAPTER 6

Titanium nitride thin �lms

As discussed in section 2.3, transition metal nitrides are promising alternatives to
metals in the plasmonic application �eld. Among them, titanium nitride (TiN)
provides a tailored plasmonic response in the visible and near-IR range which
in principle can be controlled by stoichiometry and crystalline quality. TiN is
stable, hard and has the technological advantage to be currently used in silicon
CMOS technology, moreover its very high melting point paves the way for high
temperature and power plasmonic applications [77].

Even if TiN is one of the most studied metal nitrides for plasmonics, the un-
derstanding and the �ne tuning of its electrical and optical properties have proven
challenging so far, since these properties are not only a�ected by stoichiometry,
but also by crystallinity and surface oxidation, which strictly depend on synthesis
conditions. Moreover, nanostructured TiN �lms (i.e. assemblies of NPs with var-
ious size, shape and architectures) are fascinating systems for several plasmonic
applications. However, in literature there are some examples of nanostructured
TiN �lms and only few are investigated for plasmonics, just for SERS applica-
tions [190,191,195].

In this chapter, the development of TiN thin �lms as well as the investigation of
the in�uences of composition and structure on their optical response is presented
with the aim of tuning and understanding, while controlling the �lm morphol-
ogy from compact to nanostructured, up to achieve the non-trivial synthesis of
TiN NPs systems. In particular, the synthesis of TiN thin �lms was studied as
a function of PLD process parameters and post-deposition thermal treatments,
with a focus on background atmosphere (i.e. type of gas and pressure), in or-
der to understand their impact on stoichiometry, structure, morphology and, as
a consequence, optical and electrical properties. Since the oxidation issue during
the synthesis represents a non-trivial problem (as discussed in section 2.3.3.2),
particular focus was given to this topic, especially in case of porous structures
and NPs assemblies with large surface area.

In section 6.1, a brief overview on the speci�c characterizations of TiN thin
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�lms is introduced. In section 6.2, the morphology evolution from compact TiN
thin �lms to porous NPs assemblies is shown as well as its e�ect on �lm com-
position, structure and optical response; moreover, the involved mechanisms in
PLD synthesis to deposit NPs assemblies, as well as the employed strategies to
overcome the oxidation-issue of nanoporous TiN �lms are explained. In section
6.3, the e�ect of di�erent thermal treatments on both compact and nanoporous
TiN �lms are reported, together with a preliminary study of the e�ect of sub-
strate heating during �lms deposition. Finally, conclusions and perspectives are
summarized in section 6.4.

It should be remembered that the research on TiN thin �lms at Nanolab was
carried out in collaboration with two Master thesis student which I supervised
for their thesis work [201, 272]. Moreover, PLD dynamics of TiN synthesis and
the e�ect of substrate heating during deposition were studied at the Oak Ridge
National Laboratory (ORNL, Tennessee, USA) in the framework of a user project,
in cooperation with the Center for Nanophase Materials Sciences (CNMS), where
I spent three months.

6.1 Chatacterization of TiN thin �lms

In order to understand characterization results of TiN thin �lms presented in this
chapter, a discussion on TiN Raman analysis needs to be made. As introduced in
section 2.3.3.2, Raman spectroscopy of TiN would be a useful technique to check
qualitatively the stoichiometry and composition of deposited �lms. In principle,
�rst-order Raman scattering is not allowed in an ideal crystal with rock-salt cubic
structure like TiN (i.e. Oh symmetry). However, �lms deposited by means of
magnetron sputtering or PLD present defects that may be generated from ener-
getic ions or species in deposition mechanism, leading to a reduction of crystal
symmetry which induces �rst-order Raman modes [174]. These Raman modes ac-
tivated by defects and disorder make the TiN spectrum composed by broad bands
instead of sharp peaks. Therefore a precise characterization of material structure
is more di�cult than in case of a material with active Raman modes (e.g. TiO2),
since the e�ects of crystallinity and stoichiometry are more indirect and tricky to
be analyzed.

TiN Raman spectra have been studied by many authors [151,163,166,172,175�
177,273], who recognized three main spectral regions (refer to Fig.6.1a)

� Below 400 cm−1, two bands are observed, associated to transverse acoustic
(TA) and longitudinal acoustic (LA) phonons at ∼ 200 − 215 cm−1 and ∼
300− 330 cm−1, respectively. These bands indicate the presence of nitrogen
vacancies, since they are mainly due to vibration of Ti4+ ions.

� At ∼ 400 − 450 cm−1, the observed peak is associated to second order scat-
tering of TA mode.

� In the range of 500−600 cm−1, the observed band is associated to the optical
mode (TO) due to Ti vacancies and vibration of N3− ions.

Therefore, the relative intensities of acoustic bands below 400 cm−1 and optical
mode in the range of 500 − 600 cm−1 are an indication of �lm stoichiometry. If
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Figure 6.1: Raman spectra of TiN thin �lms grown (a) at di�erent temperatures and (b) power
by means of DC reactive magnetron sputtering. Adapted from [163] and [274], respectively.

they show the same intensity, stoichiometric TiN �lms are expected; on the other
hand, higher acoustic bands imply nitrogen sub-stoichiometry (see red curve in
Fig.6.1a), while higher TO means nitrogen over-stoichiometry (see curves of T1,T2
and T3 samples in Fig.6.1b).

In addition, Raman analysis allows to recognize partial oxidation. As discussed
in section 2.3.3.2, Raman bands broad signi�cantly with the increase of bounds of
titanium atoms with oxygen, as a consequence of high content of nitrogen vacan-
cies, but also due to a progressive amorphisation of the �lm [173, 275]. Another
oxidation signature on Raman spectra involves the appearance of two peaks at
∼ 150 and 520 cm−1 (see curve of T4 in Fig.6.1b), attributed to vibrational modes
of titanium-oxynitride (TiOxNy).

Moreover, the �lm oxidation can be recognized also from changes in optical re-
�ectance and transmittance spectra, as discussed in section 2.3.3.2. By increasing
the degree of oxidation of TiN �lms, the re�ectance dip red-shifts and re�ectance
edge becomes less steep, as consequence of a reduction of free-carriers in the
�lms [146, 147, 276]; morevoer a maximum in transmittance appears, which rises
and red-shifts with oxygen content [173] (see Fig.2.19b,c).

Finally, in this work, the structural investigation of compact TiN thin �lms,
before and after thermal treatment, was performed by means of XRD. For a rock
salt structure (or face centered cubic structure, FCC) such as TiN, the plain with
the lowest surface energy is (200); however, for physical vapor deposited TiN �lms,
some research groups had reported that a crossover of the growth orientation from
the (002) direction to the (111) direction occurs as the �lm thickness is increased to
∼ 150 nm [277�279]. Initially, the (200) direction has the lowest crystallographic
perpendicular growth rate, because this plane o�ers the highest mobility to the
Ti atoms, meaning that the (200)-oriented grains will have the largest lateral
growth rate [280]. Consequently, due to the anisotropy in lateral growth rate, a
random out-of-plane nucleated �lm will evolve. Then, proceeding the thin �lm
deposition, the (111)-oriented grains (having the largest geometric growth rate)
will slowly envelop the other ones, and, at the end, their volume fraction will
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become dominant.

6.2 TiN thin �lms morphology evolution: from compact to NPs assem-

blies

In this section, the morphology evolution of TiN thin �lms from compact to NPs
assemblies is presented as a function of PLD process parameters. Di�erent com-
binations of laser �uence and background atmosphere were studied in order to
determine the optimum conditions to deposit adherent TiN thin �lms both on
silicon and glass substrate, with the widest possible uniform thickness. Given
the poor adhesion of TiN �lms on glass substrates, a pre-deposition cleaning of
substrates was needed before each deposition. For this purpose, ionic bombard-
ment was performed by using a RF Ar ion source1, which removed moisture and
contaminants from the substrate surface. Moreover, in order to limit oxidation
during synthesis, a reducing atmosphere was employed for both deposition and
thermal treatment in gas, namely N2/H2 (95 − 5%). The base pressure for all
depositions was set 4-5 ·10−3 Pa (i.e. the pressure reached before starting deposi-
tions in vacuum or before gas injection), while for thermal treatment was 4-5·10−5

Pa. The base pressure was kept constant for all samples in order to neglect the
e�ect of this synthesis parameter since its variation to higher values can have a
role in the oxidation of the �lms [169].

In Table 6.1, the employed combinations of laser �uences and background at-
mospheres during deposition are reported together with the corresponding ob-
served morphology and stoichiometry/composition; moreover, the samples that
have undergone thermal treatments or have been protected by a capping layer are
indicated (which will be discussed in the next sections, as reported in the table).

6.2.1 Compact TiN thin �lms

PLD process parameters were chosen on the basis of previous works (summarized
in section 2.3.3.1), with the aim to deposit compact and uniform TiN thin �lms.
Laser �uence (F) on the target was set equal to 2, 3.5, and 6.5 J/cm2. From higher
�uence, a higher atomic mobility is expected during the growth process, and there-
fore better crystallinity, but also larger thickness gradient across the substrate,
which can lead to greater growth stresses. Fig.6.2a reports cross-section SEM im-
ages of TiN �lms deposited in vacuum at F=2, 3.5 and 6.5 J/cm2, showing that
the �lm structure is columnar and rather compact and dense at all �uences, and
the same was observed for TiN �lms deposited at 1 Pa of N2/H2 (see Fig.6.2b).
From SEM top-view images of vacuum-deposited �lms (Fig.6.2c), the surface ap-
pears quite smooth, while the white dots correspond to droplets of few hundreds
of nm, whose amount do not change signi�cantly with laser �uence. All samples
reported in Fig.6.2 have the thickness in the range of 200-250 nm. In general, by
keeping constant background pressure during deposition, the e�ect of increasing
�uence involves faster deposition rate as well as a more compact structure.

1Ar ions are accelerated towards the substrate by means of a RF ion gun at voltage set equal to 435 V, power
330 W and Ar gas �ow �xed at 10 sccm, producing a current of ∼ 40mA. The substrates undergo pre-cleaning
ionic bombardment for 75 minutes.
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Figure 6.2: (a,b) SEM cross-section and (c) top view images of samples deposited (a,c) in
vacuum and (b) at 1 Pa of N2/H2 and at di�erent laser �uence, i.e. 2, 3.5 and 6.5 J/cm2.

The Raman spectra of the deposited compact �lms are very similar and overlap.
For example, Fig.6.3 shows Raman curves of the �lms deposited on glass substrate
in vacuum with F=2, 6.5 J/cm2 and at 1 Pa with F=2 J/cm2. A unique broad
band is observed below 400 cm−1, which includes both LA and TA modes, while
the signal around 500− 600 cm−1 (associated to the TO modes) is very low. The
overall behavior suggests nitrogen sub-stoichiometry for all conditions. The same
measurements were performed on samples deposited on Si substrates, displaying
no di�erences (not shown).

The results of EDX measurements are reported in the Table 6.2. However, the
quantitative reliability of these measurements is low because of the small atomic
number of nitrogen and oxygen and the vicinity in energy of their x-ray transitions
with the lower one of titanium (i.e. Kα=0392 keV and 0.525 keV for N and O
atoms, respectively; Kα=4.512 keV and Lα=0.452 keV for Ti atom). Even so,
EDX results can be e�ective to identify a trend of the atomic specie contents in
the �lms. To have more reliable values, the nitrogen-titanium ratio (N/Ti) of the
target was measured, resulting equal to 0.8 and, since the target is known to be
stoichiometric (i.e. the measured number should be 1), the N/Ti ratio reported
in Table 6.2 for the samples is normalized to 0.8.

Notably, by keeping constant the background pressure, the N/Ti ratio meanly
increases with �uence. On the other hand, there is not a clear trend of which
atmosphere promotes higher nitrogen incorporation in TiN thin �lms, therefore
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Figure 6.3: Raman spectra of TiN thin �lms deposited in vacuum at F=2 and 6 J/cm2, and
at 1 Pa of N2/H2 and F=2 J/cm2.

Atmosphere
Fluence
J/cm2

Thickness
nm

Ti
at.%

N
at.%

O
at.%

Si
at.%

N/Ti
normalized

Vacuum 2 495 46.82 11.09 39.36 2.73 0.30
3.5 460 49.27 11.89 34.26 4.58 0.30
6.5 250 34.94 23.60 23.11 18.35 0.85

1 Pa N2/H2 2 490 43.18 16.84 38.56 1.41 0.49
3.5 520 42,65 19.36 37.35 0.64 0.56
6.5 515 44.16 24.08 30.62 1.14 0.69

Table 6.2: Atomic percentage of titanium, nitrogen, oxygen and silicon detected by EDX on
TiN thin �lms deposited at di�erent �uences (i.e. 2, 3.5 and 6.5 J/cm2) and atmospheres
(i.e. vacuum and 1 Pa of N2/H2). The indicated N/Ti ratio is normalized to the value
measured on stoichiometric TiN target (i.e. 0.8). The thicknesses of the measured samples
are reported.

more statistics is needed. Moreover, for all samples the substrate (i.e. silicon)
is detected, especially for thinner �lms, therefore the high content of oxygen de-
tected can partially be due to native oxide on the substrate surface. For a bet-
ter compositional investigation, more accurate techniques are needed, e.g. x-ray
photoelectron spectroscopy (XPS). In addition, it is important to know if the
oxygen present in the �lms is bounded to Ti or adsorbed on �lm surface, for this
purpose measurements with secondary-ion mass spectrometry (SIMS) should be
performed.

Finally, the optical properties of TiN �lms deposited at F=2 J/cm2 were mea-
sured in terms of re�ectance (R) and transmittance (T ) and relative spectra are
reported in Fig.6.4. As expected for opaque TiN thin �lms, transmittance turned
out to be zero (or very close to zero) all over the UV/Vis/NIR range. The re-
�ectance of both TiN �lms deposited in vacuum and in 1 Pa N2/H2 show the
typical TiN �lm curve, with the re�ectance deep centered at about 330 nm and
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Figure 6.4: Optical re�ectance (R) and transmittance (T) spectra of TiN thin �lms deposited
at F=2J/cm2 in vacuum and at 1 Pa of N2/H2.

350 nm, respectively. In addition, the re�ectance intensity in the near-IR range
(i.e. 800-2000 nm) is a bit higher for the vacuum-deposited sample.

6.2.2 Nanoporous TiN thin �lms

In order to obtain TiN NPs assembies system, the e�ect of the increase of back-
ground pressure was studied. Indeed, the morphological transition from compact
to tree-like nanostructured thin �lms by increasing pressure during PLD process
has been already observed for other materials (e.g. TiO2 [197], as showed in sec-
tion 4.2). By the way, it should be said that the synthesis conditions for the
development of nanoporous �lms of this section were chosen on the basis of the
investigation of the mechanisms of PLD synthesis of TiN thin �lms as a function of
laser �uence and background atmosphere, that will be discussed in section 6.2.3.

Here, the employed background pressures are 5, 10, 20, 50 and 100 Pa of N2/H2,
at two di�erent �uences, i.e. 2 and 3.5 J/cm2. The corresponding SEM cross-
section images are reported in Fig.6.5. For all these samples, deposition time was
set at 30 minutes, and thickness was found to increase with pressure because of
porosity increment. For �lms deposited at F=2 J/cm2 the morphology goes from
compact (i.e. at 5-10 Pa) to porous tree-like (i.e. at 20-50 Pa) and to foam-
like (i.e. at 100 Pa); while the �lms deposited at F=3.5 J/cm2 follow the same
morphological transition, but shifted towards higher pressure, since higher laser
�uence favors the deposition of more compact structures.

Fig.6.6a shows Raman spectra of samples deposited at F=2 J/cm2. The spec-
trum of the �lm deposited at 5 Pa shows features close to sub-stoichiometric TiN,
while the �lm deposited at 10 Pa displays a spectrum typical of amorphous TiO2,
and the same signal was observed for �lms deposited at higher pressure (not re-
ported). This behavior can be explained by considering that a higher pressure
leads to �lms with higher porosity, implying a more disordered structure whose
TiN Raman scattering is too weak and completely overcome by the stronger TiO2

signal. In addition, the more porous �lms are expected to be characterized by a
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Figure 6.5: SEM cross-section images of samples deposited at (left column) F=2 J/cm2 and
(right column) 3.5 J/cm2, at di�erent pressures (i.e. from 5 to 100 Pa, labeled in the left
column) for 30 minutes. The measured thickness of each �lm is reported.

higher oxidation extent, considering their greater speci�c surface area. Fig.6.6b
shows the Raman spectra of �lms deposited at F=3.5 J/cm2 and at a pressure
of 5, 10 and 20 Pa. It can be seen that the increase of deposition pressure of
N2/H2 from 5 to 20 Pa leads to a blue-shift of the acoustic band in the range
200− 300 cm−1, and the increase of the signal in the range 500− 600 cm−1. This
last region corresponds to LO band that occurs in case of higher nitrogen content,
however it is most likely the signal coming from an oxynitride phase. The higher
pressures at F=3.5 J/cm2 are not reported since their spectra show amorphous
TiO2 signal.

The change of morphology and composition with deposition pressure is re�ected
on the optical behavior. Fig.6.7a shows transmittance, re�ectance and absorbance
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Figure 6.6: Raman spectra of TiN �lms deposited at (a) F=2 J/cm2, at 5 and 10 Pa of N2/H2;
and (b) F=3.5 J/cm2 at 5, 10 and 20 Pa of N2/H2.

(i.e. A = 100 − T − R) of samples deposited at 2 J/cm2, at 5 and 10 Pa. In
accordance with Raman analysis, these samples show a transition from an optical
behavior typical of TiN thin �lms at 5 Pa (i.e. high re�ectance in the near-IR
and a dip around 400-600 nm, while transmittance is almost zero) to a spectrum
typical of amorphous TiO2 for the sample deposited at 10 Pa (i.e. very high
transparency and low re�ectance and absorbance for wavelength above the band
gap). The optical spectra of samples deposited at F=3.5 J/cm2, at 5-50 Pa are
reported in Fig.6.7b. By increasing the background pressure of deposition, the
following observation can be made:

� The increase from 5 to 10 Pa leads to the appearance of a transmittance
peak around 480 nm (see 6.7b, T%). At 20 Pa, such transmittance peak
rises in intensity and red-shifts to about 550 nm. This behavior is associated
to an increase of oxygen incorporation within the TiN crystal lattice, forming
TiOxNy (as introduced in section 2.3.3.2, [173]).

� The re�ectance decreases with pressure increment (see Fig.6.7b, R%). In
particular, the re�ectance edge typical of compact TiN thin �lms becomes
less steep, and �nally disappears at 20 Pa.

� The absorbance increases with pressure, while the qualitative behavior of
the spectra changes (see 6.7b, A%). At 5 Pa, there is a well-de�ned narrow
peak (i.e. maximum at λ = 472nm). At 10 Pa two peaks are visible, one
narrower at shorter wavelength and the other broader and red-shifted (i.e.
maximum at λ = 612nm). At 20 Pa, the two peaks are more separated,
and the maximum of the broader peak is around 719 nm. An hypothesis for
this absorption band splitting consists in the separation of two contributions,
namely the inter-band (at shorter wavelength) and the intra-band (at longer
wavelength) transitions. Indeed, for compact TiN thin �lms, the two con-
tributions are expected in the same wavelength interval, giving one stronger
peak (i.e. the theoretical cut-o� energy for inter-band transitions occurs at
2.48 eV, corresponding to λ=500 nm, while the screened plasma wavelength

114



6.2. TiN thin �lms morphology evolution: from compact to NPs assemblies

Figure 6.7: Optical transmittance (T), re�ectance (R) and absorbance (A) of �lms deposited
at (a) F=2 J/cm2, at 5 and 10 Pa of N2/H2; and (b) F=3.5 J/cm2 at 5, 10, 20 and 50 Pa
of N2/H2.

depends on TiN stoichiometry and typically it varies between 420-620 nm,
as discussed in section 2.3.1) [78, 281, 282]. On the other hand, in the case
of TiN NPs the contribution of inter-band transitions can be observed at
shorter wavelengths, exhibiting a higher intensity with respect to the LSPR
peak located at longer wavelength, whose weaker intensity decreases with
oxidation [189]. In the present case, nanostructured TiN �lms are consti-
tuted by NPs or clusters assemblies, therefore the observed behavior can be
associated qualitative to an intermediate situation, where the intra-band and
inter-band contributions have similar intensity, and are located in a nearby
spectral region. The more porous is the �lm, the more the intra-band ab-
sorbance peak red-shifts and the contribution given by inter-band transitions
starts to appear. However, it should be stressed that this explanation is only
hypothetical and other optical investigations are needed to verify the nature
of the two absorption peaks, e.g ellipsometry and pump probe measurements.

Finally, the spectra of samples deposited at F=3.5 J/cm2 and 50-100 Pa showed
optical behavior typical of amorphous TiO2 (like the �lm deposited at F=2 J/cm2

and 10 Pa), analogously to Raman results.

6.2.2.1 Strategies to reduce oxidation of nanoporous TiN �lms

Up to this point, the most porous samples resulted amorphous TiO2 (i.e. de-
posited above 10 Pa for F=2 J/cm2, and above 50 Pa for F=3.5 J/cm2), while
the most compact �lms showed sub-stoichiometric TiN behavior (i.e. �lms de-
posited below 5 Pa), �nally also an intermediate situation was found, depositing
titanium oxynitride �lms (i.e. at 10-20 Pa for F=3.5 J/cm2). Two strategies have
been explored in order to reduce the oxygen incorporation, especially for more
porous �lms, by considering that oxidation can occur mainly in two ways
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1. During the deposition, due to poor vacuum environment or impurities in
background pressure

2. After deposition, since oxygen atoms can bond to uncoordinated Ti atoms
upon air exposure

Oxidation reduction during deposition. For this case, the strategy involves the
exploitation of a higher laser �uence during deposition. Even in case of compact
TiN �lms, an increment of N/Ti ratio with �uence was observed by qualitative
EDX measurements (see section 6.2.1). Moreover, by comparing samples with
similar morphology and density (measured by means of a quartz crystal microbal-
ance, QCM2, in PLD apparatus), for which a similar surface-to-volume ratio and,
as a consequence, comparable surface oxidation upon air exposure are expected
(as discussed in section 2.3.3.2), features more close to TiN rather than amor-
phous TiO2 occur for higher �uences. For example, the �lm deposited at F=3.5
J/cm2 and 20 Pa of N2/H2 showed Raman and optical signals typical of TiOxNy,
while sample deposited at F=2 J/cm2 and 10 Pa (similar in morphology and
density) displayed amorphous TiO2 behavior for the same characterization tech-
niques. The hypothesis might be that the increase in laser �uence enhances the
nitrogen spiecies reactivity in the plasma plume, and as a consequence nitrogen
incorporation is more favored with respect to oxygen coming from either gas im-
purities or residual contamination in the chamber [161,162,188]. In addition, the
higher nitrogen incorporation during deposition may also contribute to the reduc-
tion of air-exposure oxidation. However, to better understand what occurs during
deposition by raising the laser energy density, other measurements such as in-situ
Raman spectroscopy should be performed.

The laser �uence was set equal to 6.5 J/cm2 and the explored background
pressures were 50 and 100 Pa N2/H2, considered to have similar morphology and
density as some samples deposited at F=3.5 J/cm2. Namely, comparisons were
performed between samples deposited at 6.5 J/cm2-50 Pa with 3.5 J/cm2-20 Pa,
whose estimated density was about 2 g/cm3 and similar morphology is observable
in Fig.6.8a,c and Fig.6.5 (right column, 3rd line); and 6.5 J/cm2-100 Pa with 3.5
J/cm2-50 Pa, whose estimated density was about 1g/cm3 and similar morphology
is observable in Fig.6.8b,d and Fig.6.5 (right column 4th line).

Fig.6.9 reports Raman spectra of the selected samples. The �lm deposited
at 6.5 J/cm2-50 Pa shows a very similar signal to �lms at 3.5 J/cm2-20 Pa (see
Fig.6.9a). On the other hand, the increase in laser �uence resulted more e�ective in
reducing oxidation for more porous �lms (see Fig.6.9b). Indeed, while the sample
obtained at 3.5 J/cm2-50 Pa shows amorphous TiO2 signal, the �lm deposited at
6.5 J/cm2-100 Pa displays spectra more similar to TiOxNy.

The optical characterization revealed some unexpected but interesting results.
Both �lms deposited at F=6.5 J/cm2 reported a very low transmittance and re-
�ectance (see Fig.6.10a,b) and, as a consequence, a very high and broad-band
absorbance (i.e.∼ 85 − 96%) all over the UV/Vis/NIR range (i.e. 270-2000

2QCM device consists in a vibrating quartz piece placed in a region considered to undergo the same level of
covering as the actual �lm. The increase in �lm thickness results in a change in the vibration frequency, as the
crystal gets covered. In this work, the measured densities should be not considered as the actual density value
of the �lms, but a qualitative means to compare density of �lms deposited in di�erent conditions.
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Figure 6.8: (a,b) SEM cross-section and (c,d) top-view images of �lms deposited at F=6.5
J/cm2, at (a,c) 50 Pa and (b,d) 100 Pa of N2/H2.

nm), as shown in Fig.6.10c. Yan et al. obtained similar results for highly sub-
stoichiometric TiO2 NPs random assemblies [283] and the broadband absorption
was associated to the plasmon hybridization (i.e. interaction of elementary plas-
mons supported by nanostructures of elementary geometries [284]) and hot spot
generation arising from near-touching [283,285]. Moreover, the porous nanostruc-
ture promotes light trapping due to multiple re�ections and scattering of light
as well as the reduced re�ectance at the air-solid interface due to an e�ective
graded refractive index layer [283, 286]. In the present case, this fascinating re-
sult is comparable to broadband absorbers made of complex TiN metamaterial
structures, discussed in section 2.3.2 [155, 287]. Typically, a complex structure is
needed since the existing absorber usually su�er from limited wavelength-range
where absorption is high (i.e. >90%). Here, titanium oxynitride nanoporous �lms
could represent a promising alternative in terms of rather simple structure, in
particular the tree-like �lm deposited at 100 Pa shows an absorbance higher than
90% in the wide range 270-2000 nm and an average absorbance of 94.8%. Such
high broadband absorber can �nd application in solar cells, thermal photovoltaics
and hot electron devices [288].

Oxidation reduction upon air exposure. For this issue, the strategy involves a
capping layer. In particular, a compact layer of aluminum nitride (AlN) was
chosen since it is known as an e�cient oxygen di�usion layer that forms a very
stable AlOxNy in contact with air, which is a passivating protective layer [289].
Here, a uniform and compact capping layer thick 200 nm was obtained by ablating
an Al target (purity 99.9%) with laser �uence equal to 2 J/cm2, at 1 Pa of N2/H2.
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Figure 6.9: Raman of �lms deposited at F=6.5 J/cm2 at (a) 50 Pa and (b) 100 Pa of N2/H2,
compared with �lms deposited at F=3.5 J/cm2 at 20 and 50 Pa, respectively.

The bare capping layer deposited on glass substrate showed very high transparency
and low re�ectivity and absorbance all over the UV/Vis/NIR range, as shown on
Fig.6.11a; moreover no Raman signal was detected in the range of interest (not
shown). Therefore, even if the exact composition of this capping layer is unknown,
such layer is functional for the purpose and, in addition, it is not expected to a�ect
neither Raman nor optical spectra of the underlying TiN. The capping layer was
deposited on top of the �lms, without opening the vacuum chamber, by employing
a composite target made of TiN target (diameter of 1 inch) attached on the Al
target (diameter of 2 inch), as shown in the Fig.6.11b. In this way, �rst the TiN
target is ablated at the wanted laser �uence and pressure, then the Al target is
ablated without opening vacuum chamber at the pressure and �uence condition
described above.

The investigated capped samples are the �lms deposited at F=3.5 J/cm2 and
at 10-50 Pa of N2/H2, and they were compared to corresponding uncapped �lms.
Fig.6.11c shows SEM cross-section image of the capped �lm deposited at 50 Pa.
For all pressure conditions, the morphology of the underlying nanoporous �lm does
not change by adding the capping, while this last resulted compact and uniform
all over the �lm surface. From Raman spectra (see Fig.6.12a,b), it is observed
that the presence of the capping layer does not a�ect the signal of the two more
compact �lms (i.e. deposited at 10 and 20 Pa), while optical absorbance shows
some di�erences, as shown in Fig.6.13a,b. By comparing with uncapped �lms,
the contributions of the two absoption peaks (already observed, as discussed in
previous section) are more separated, since the peak at larger wavelength results
red-shifted. However, a blue-shift for this peak was expected with respect to the
uncapped one, because a lower oxygen incorporation would lead to a higher charge
carrier concentration. The observed red-shift could be explained by considering
that the presence of a high refractive index (∼ 2.01 for AlN) cap layer may a�ect
the underlying �lm's optical behavior.

On the other hand, for the most porous sample (i.e. deposited at 50 Pa), the
cap layer resulted to be highly e�ective in reducing air-exposure oxidation, likely
because it is the more porous �lm and, therefore, more subjected to this kind of
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Figure 6.10: (a) Optical transmittance, (b) re�ectance and (c) absorbance of �lms deposited
at F=6.5 J/cm2, at 50 Pa and 100 Pa of N2/H2, compared with �lms deposited at F=3.5
J/cm2 and 20 and 50 Pa, respectively.

oxidation mechanism. Indeed, while corresponding uncapped �lm shows a Raman
signal typical of amorphous TiO2, the capped one displays a spectrum associated
to TiOxNy (see Fig.6.12c). Moreover, while uncapped �lm has very low absorbance
and very high transmittance in Vis-NIR (as expected for amorphous TiO2), the
capped one shows an optical behavior typical of a partially oxidized TiN �lm (see
Fig.6.13c,d); in particular, a transmittance peak occurs at λ = 685nm, while
two absorption peaks occur at ∼ 450nm and ∼ 925nm. It should be speci�ed
that all peak positions can be in�uenced by the capping layer refractive index.
Notably, considering all the capped �lms, the absorption peak located at shorter
wavelength raises in intensity and red-shifts by increasing deposition pressure;
at the same time, the absorption peak located at longer wavelength decreases in
intensity and red-shifts.

In conclusion, the two adopted strategies resulted to be e�ective in reducing
oxygen incorporation within the nanoporos �lms. Speci�cally, by employing a
�uence equal to 6.5 J/cm2 and depositing at 50 and 100 Pa, TiOxNy �lms with
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Figure 6.11: (a) Optical transmittance (T), re�ectance (R) and absorbance (A) of bare capping
layer of AlN deposited on glass substrate; (b) picture of assembled target of TiN and Al; (c)
SEM cross-section image of capped �lm deposited at F=3.5 J/cm2 and 50 Pa of N2/H2.

Figure 6.12: Raman spectra of capped and corresponding uncapped �lms deposited at (a) 10
Pa, (b) 20 Pa and (c) 50 Pa of N2/H2.

tree-like structure were obtained, showing a very high and broad-band absorption
all over the UV/Vis/NIR interval. On the other hand, by capping �lms deposited
at F=3.5 J/cm2 with a AlN 200 nm-thick compact layer, an e�ective oxidation
reduction was achieved for the more porous �lm (i.e. deposited at 50 Pa), which
presents again TiOxNy signals as well as the tree-like structure.

6.2.3 Mechanisms in TiN pulsed laser deposition

During my period at CNMS, I focused on the mechanisms occurring during depo-
sition of TiN by means of PLD, aimed to the development of TiN NPs assemblies
systems. Indeed, the corresponding results were employed as a foundation for the
development and the study of TiN nanoporous �lms (i.e. deposited at pressure
above 5 Pa) performed at NanoLab and discussed in section 6.2.2.

The mechanism of plasma plume expansion, which occurs when the laser pulses
hit the material target (i.e. TiN), was investigated with speci�c in-situ charac-
terization techniques available at CNMS as a function of background atmosphere
and laser �uence. In-situ diagnostics involves ion probe time-of-�ight current
measurement3 and gated intensi�ed charge coupled device (ICCD) imaging4, that

3A �oating wire ion probe (detector area 1mm2) was biased at -40 V by a battery and 1 mF capacitor which
was terminated at a digital oscilloscope (typically 50 W, but up to 500 W for smaller currents) to record the ion
�ux current as a voltage for each laser shot.

4Princeton Instruments, PI-MAX, with variable gating (minimum 5 ns). A Nikon camera lens was positioned
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Figure 6.13: Optical absoption of capped and corresponding uncapped �lms deposited at (a)
10 Pa and (b) 20 Pa of N2/H2; (c) optical transmittance and (d) absorption of capped and
uncapped �lm deposited at 50 Pa of N2/H2.

were carried out in a PLD apparatus with a KrF-laser (λ=248 nm , as described
in section 3.2.1). In particular, the ion probe time-of-�ight current measurement
is time-resolved and it allows to record the temporal pro�le of the ion �ux of the
plasma, coming from the ablated target, by means of a probe placed at the same
position and distance of the target; on the other hand, ICCD imaging captures the
emitting radiation stimulated by electron impact collisions in the weakly ionized
plasma. For these measurements, two laser �uences where considered (i.e. 2 and
3 J/cm2) and the employed background atmospheres were N2 and N2/H2 (4% of
H2), while the repetition rate of the pulsed laser was set equal to 1Hz. For better
understanding the mechanisms described below, refer to the brief description of
the fundamental PLD process in section 3.2.1.

Fig.6.14 shows the ion probe measurements at 2 and 3 J/cm2 as a function of
N2 pressure. The peaks or bands in ion probe plots are associated to the arrival
time of ions to the detector placed at the same position and distance of the sub-
strate (i.e. 5 cm). At vacuum and 1 Pa, only a single peak is visible, known as
fast component [290], whose intensity decreases by increasing background pressure
during deposition. Notably, the position of this component does not shift signif-
icantly with pressure, suggesting that these ions can reach the substrate without

outside the deposition chamber, at a distance of 46 cm from the plume center, focusing on the plasma plume
through a 5.08 cm x 20.32 cm Suprasil window. The exposure time and lens aperture (f-stop) were varied
according to the plume conditions, from 100 ns to 100 µs and from f4.5 to f32, respectively.
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Figure 6.14: Ion probe measurements at laser �uence equal to (a) 2 J/cm2 and (b) 3 J/cm2,
as a function of background pressure of N2.

being slowed down by collisions with background gas molecules. Indeed, at F=2
J/cm2 the maximum was found at 3.1 µs in vacuum and 3.5 µs at 1Pa, while
at F=3 J/cm2 it was found at 3.1 µs in vacuum and 4.0 µs at 1Pa. By further
increasing the pressure, the intensity of the fast component decreases, while a
second component appears at longer time, according to the plume splitting colli-
sional model [291,292]. The second component is associated to ions slowed down
by collision upon pressure increase and, in addition, it shifts to longer times with
pressure. Finally, at higher pressure (e.g. at 20 Pa for F=3 J/cm2 and above 13 Pa
for F=2 J/cm2) the fast component is not more observable, while the second one
is still present. This is the desired condition to deposited NPs assemblies [290],
which is needed to achieve the development of TiN NPs systems (aim of this
work).

Then, ICCD pictures were taken at successive delays (setting zero the time
when the laser hits the target) for selected conditions, namely at 20 and 50 Pa of
N2 at F=3 J/cm2 (see Fig.6.15a,b), to better understand the involved processes.
From these images, it is observable that the laser ablation of TiN target results
in a rapidly expanding, forward-directed plasma plume containing atoms, ions,
and molecules ejected from the target. By increasing pressure from 20 to 50 Pa, a
slight delay is observable in the plasma plume expansion, moreover a larger spatial
con�nement occurs at the higher pressure. In Fig.6.15, the shock front of plasma
plume is recognized due to the bright �uorescence [290,293]. At 20 Pa, the shock
front hits the substrate at a delay of 35-40 µs, while the plume edge at 50 Pa
never reaches the substrate. However, the clusters and NPs that are formed in
the expanding plume can propagate well beyond the shock front, indeed NPs can
be deposited just past the edge of the visible plume, up to several centimeters
further away from the target (as already observed for other materials [290]). In
this condition, if the ablated species can be collected on a substrate, mesoporous
and nanoporous �lms can be obtained. In this case, the samples deposited in the
two selected conditions showed a morphology and structure very similar to �lms
deposited at NanoLab at F=3.5 and at 20 and 50 Pa (whose SEM cross-section
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Figure 6.15: ICCD pictures taken at (a) 20 Pa and (b) 50 Pa of N2 at F=3 J/cm2, and (c)
at 27 Pa and F=2 J/cm2.

images are reported in Fig.6.5), showing a more porous tree-like structure for
the �lm deposited at the higher pressure. Finally, a correlation between ICCD
pictures and ion probe measurements can be done, indeed the time when plume
edge reaches the substrate corresponds to the onset of the second component, as
can be seen at 20 Pa (see inset Fig.6.14b).

In addition, the intermediate condition L ' 1, corresponding to the plume edge
tangent to the substrate (as discussed in section 3.2.1), was searched with the aim
to deposit �lms with hierarchical morphology (tree-like structure). This condition
was found at 27 Pa and F=2 J/cm2, and the corresponding ICCD images and ion
probe measurement are reported in Fig.6.15c and 6.16a, respectively. From ICCD,

123



Chapter 6. Titanium nitride thin �lms

Figure 6.16: (a) Ion probe measurement in the condition of 27 Pa and F=2 J/cm2; (b) SEM
cross-section and (c) TEM images of the �lms deposited in the same condition.

the plasma edge achieves the condition of tangency to the substrate at around 50
µs, corresponding to the onset of the second component in the ion probe graph.
In addition, while the fast component is not visible, a third component appears at
longer time. This is associated to the fact that not all the ablated material sticks
to the substrate, therefore incoming ablated species can collide with rebounded
materials, slowing down furtherly and splitting the ion probe signal in another
component [291]. Moreover, in case of 20 Pa and F=3 J/cm2, which is a condition
where the plasma edge hits the substrate (i.e. L < 1), the third component is not
clearly observable as a separated band from the ion probe measurement, but it is
still present and visible from ICCD at 45 µs as a bright zone of emission near the
substrate.

Finally, the L ' 1 condition (i.e. 27 Pa and F= 2J/cm2) was employed to de-
posit �lms thick 150 nm, whose SEM and TEM images are shown in Fig.6.16b,c.
It should be speci�ed that for depositions of these samples, the background atmo-
sphere was changed from N2 to N2/H2; however, no changes in deposition mecha-
nisms were found by checking with ion probe measurements and ICCD imaging.
In Fig.6.16b,c, the deposited �lm shows a �u�y tree-like morphology and struc-
ture composed by NPs with average diameter around 3 nm. More details about
this sample will be discuss in section 6.3.3, in comparison to the corresponding an-
nealed �lm and to the �lm deposited at the same condition but with the substrate
heated at 500◦C.

6.3 E�ects of thermal treatment

In this section, the e�ect of thermal treatments on the properties of both compact
and nanoporous TiN �lms is studied. The e�ects of two di�erent annealing atmo-
spheres are considered, namely vacuum and N2/H2. In both cases, an increase of
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�lm crystallinity is expected, moreover in case of N2/H2-annealing, an enrichment
in nitrogen content is desired. For compact TiN thin �lms the annealing temper-
ature was chosen equal to 550◦C in order to promote crystal domain enlargement
while keeping low thermal oxidation, according to [167]. For nanoporous TiN �lms
two temperatures were employed, namely 300 and 550◦C. Indeed, since these �lms
are expected to be constituted by very small crystallites (i.e. size of few nm) im-
mersed in an amorphous matrix [194], the thermal budget for oxidation would
be lower than for compact TiN �lms. For this reason, temperatures lower than
400◦C may be used [167,170], namely 300◦C for this work.

6.3.1 Thermal treatment of compact TiN thin �lms

The e�ect of post-deposition thermal treatments in vacuum or over-pressure of
N2/H2 (at 550◦C for 1 hour; for more details refer to section 3.2.2) was studied
on compact TiN thin �lms deposited at 1 Pa of N2/H2 or vacuum at laser �uence
equal to 2J/cm2, with the aim to improve crystallinity.

However, during thermal treatment, the TiN �lms grown on silicon substrates
developed circular hollows on the surface (see Fig.6.17), that were ascribed to pos-
sible strains due to the thermal expansion mismatch between �lm and substrate,
while this problem does not occur on glass substrate. Indeed, TiN and Si have
quite dissimilar coe�cient of thermal expansion (i.e. 9.35·10−6K−1 for TiN and
2.6 ·10−6K−1 for Si, at room temperature) [163, 294]. Therefore, trying to avoid
this phenomenon, thermal SiO2 �lm 350 nm-thick was grown on silicon substrate
via air-thermal treatment before TiN deposition. Indeed, the coe�cient of ther-
mal expansion of SiO2 is equal to 8-14 ·10−6K−1, therefore more similar to TiN.
This strategy was e�ective, in fact the annealing process did not cause TiN �lm
dewetting from the SiO2 substrates. This result is relevant because it means that
silicon substrate can be replaced by thermal SiO2/Si while allowing characteri-
zations which need a semiconducting substrate (e.g. SEM, EDX). Moreover, the
thermal stability of SiO2 gives the opportunity to perform thermal treatments at
much higher temperatures than 550◦C, which is the highest temperature feasible
for glass substrates.

Structural analysis was performed via XRD (see section 4.2 for XRD exper-
imental details) on as deposited and annealed TiN �lms (about 500 nm thick),
whose di�ractograms are reported in Fig.6.18. All XRD patterns reveal crys-
talline face-centered cubic (FCC) structures typical of TiN �lms, while the ab-
sence of titanium and oxide-related peaks suggests that if oxygen is present, it is
in non-crystalline super�cial oxynitride (or low degree of crystalline phase), not
detectable by XRD.

First, the e�ect of substrate on as deposited TiN �lms (at 1Pa of N2/H2) was
studied, in particular glass and thermal SiO2/Si were considered (see Fig.6.18a).
Both curves have a preferred (111) orientation, as expected from TiN �lms much
thicker than ∼ 150 nm and deposited via physical vapor deposition (see section
6.1), and �lms deposited on SiO2 shows a more intense and sharp (111) peak,
suggesting a more crystalline structure with respect to the corresponding TiN
�lms on glass. The Scherrer's equation (see Eq.4.1) was applied to (111) peaks
in order to evaluate the average crystalline domain size, equal to 10.1 and 4.2
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Figure 6.17: (a) Optical microscope, (b) SEM top-view and (c) SEM cross-section images of
a compact TiN �lm deposited on silicon substrate after annealing.

nm for the �lms deposited on SiO2 and glass substrate, respectively. In addition,
the position of the (111) peak for both �lms is slightly left-side shift with respect
to the reference value (i.e. 36.302◦ and 36.256◦ for �lms deposited on SiO2 and
glass, respectively, which means a shift of 0.424-0.470◦ from reference position
of 36.726◦). This shift implies a variation of lattice parameter, which can be
calculated with Bragg's law for cubic crystal system as follows

a =
λ
√
h2 + k2 + l2

2sinθ
(6.1)

where λ is the X-ray wavelength, θ is the di�raction angle and h,k and l are the
Miller indices. The lattice constant results equal to 4.283Åand 4.288Åfor �lm
deposited on SiO2 and glass respectively, therefore a bit larger than the reference
of 4.235 Å. This variation of a leads to a macro-strain which gives an indication
on the intrinsic stress in the �lms, that is typically due to the lattice mismatch
between TiN and substrate material and it is associated to a compressive stress
(in-plane compression, which is commonly observed in TiNx �lms produced by
physical vapor deposition techniques) as well as to variation in �lm stoichiometry
[282,295�297].

Then, the e�ect of di�erent annealings (i.e. vacuum- and N2/H2-annealings at
550◦C) on TiN thin �lms deposited deposited at 1Pa of N2/H2 on glass substrate
is considered, and the corresponding di�ractograms are shown in Fig.6.18b. Both
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Figure 6.18: XRD di�ractograms of compact TiN �lms deposited at 1Pa of N2/H2 as a function
of (a) di�erent substrates (i.e. glass and SiO2) and (b) di�erent thermal treatments (i.e.
vacuum- and N2/H2-annealings). The characteristic XRD peaks of TiN are reported in (a).
In (b) As dep. means as deposited, i.e. before thermal treatment.

the annealings did not modify the preferred orientation of the �lms, while smaller
grains with other orientations grew up since the heat treatment provides thermal
energy to facilitate the atom rearrangement by di�usion in the thin �lm [168,298].
By using Scherrer's equation on (111) peak, the average crystalline domain size
was estimated equal to 9.0 and 9.2 nm for vacuum- and N2/H2-annealed �lm,
respectively. Therefore, both annealings lead to a slight enhancement of �lm
crystallinity as well as to an increase of the domain size. Indeed, in literature
thermal treatments have shown more e�ectiveness when the as deposited �lms
are quite amorphous and thinner than 200 nm [167,171], while here as deposited
500 nm thick-�lms show already FCC structure, therefore a more slight e�ect of
the annealing is expected. Finally, another e�ect of the annealing involve the
right-side shift of the (111) peak to 36.692◦ and 36.826◦ for N2/H2- and vacuum-
annealed �lms, respectively, meaning a lattice constant of 4.239 Åand 4.224 Å.
This shift can be associated to a relaxation of the compressive stress or to a partial
oxidation of the �lm, since a solid solution of TiN-TiO crystallize in the same cubic
structure as TiN with a slightly smaller lattice constant aT iO=4.1766 Å [180].

Fig.6.19 shows Raman spectra before and after thermal treatment of TiN thin
�lms deposited at 1 Pa of N2/H2. The Raman analysis resulted not dependent
on the employed substrate, therefore only results of �lms deposited on glass are
reported. In section 6.2, it was shown that the Raman spectrum of as deposited
compact TiN �lms suggests nitrogen sub-stoichiometry, moreover no di�erences
were found in Raman signals of �lms deposited in vacuum or at 1 Pa of N2/H2.
Both the annealings lead to a blue-shift of the acoustic band (i.e. the band below
400 cm−1). This behavior is more pronounced for N2/H2-annealed �lms and in
literature this has been associated to a partial oxidation of the �lm [173,275], since
a blue-shift can be due to a decrease in the lattice parameter, which is con�rmed
by XRD. In addition, a slight intensity increase in the range of 500-600 cm−1

is observed, which can be associated again to a partial oxidation rather than to
an increment of nitrogen content. Finally, both annealings resulted in a better
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Figure 6.19: Raman spectra of compact TiN �lms deposited at 1 Pa N2/H2 before (As dep.)
and after vacuum- and N2/H2-annealings.

signal-to-noise ratio and in a narrower acoustic band, suggesting a more ordered
structure (con�rmed by XRD analysis), especially for the vacuum-annealed �lm.
The combination of XRD and Raman results indicate that thermal treatment is
a way to improve crystallinity, while a certain degree of (surface) oxidation is
unavoidable, therefore a compromise needs to be made depending on the speci�c
goal.

For electrical and optical characterizations a total of three di�erent synthesis
conditions were investigated: (i) deposition and annealing in N2/H2, (ii) deposition
in N2/H2 and vacuum-annealing and (iii) deposition in vacuum followed by N2/H2-
annealing.

The electrical measurements were performed on compact 200 nm-thick TiN
thin �lms grown on glass substrates. Here, preliminary results are presented in
terms of resistivity (ρ), charge carrier density (n) and mobility (µ) and are shown
in Fig6.20. The main faced issue involves the reliability of Hall measurements, in-
deed, only few measurements reported a Figure-of-Merit (FoM, de�ned in section
3.3.2) smaller than 1. In particular, in case of vacuum-annealed TiN �lm de-
posited at 1 Pa of N2/H2 only one measurement was reliable, indeed no error bars
are shown for this sample in Fig.6.20. For other samples, even if Hall measure-
ments with FoM<1 are reported, both charge carrier density and mobility present
very large error bars, especially for vacuum-deposited �lms, suggesting bad re-
peatibility and reliability of these measurements. On the other hand, resistivity
measurements demonstrated good repeatability for all samples.

As deposited �lms show similar resistivity, while the e�ect of annealing is
di�erent for each condition. For TiN �lm deposited at 1 Pa the resistivity in-
crease upon both vacuum and N2/H2-annealings, moving from 2.7 · 10−4 Ωcm to
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Figure 6.20: Resistivity (ρ), charge carrier density (n) and Hall mobility of compact TiN �lms
deposited at 1 Pa of N2/H2, before and after vacuum- and N2/H2-annealings, and vacuum-
deposited, before and after N2/H2-annealing.

2.96 · 10−4 Ωcm for vacuum-annealing and to 3.1 · 10−4 Ωcm for N2/H2-annealing.
On the other hand, vacuum-deposited TiN �lm shows a slight decrease of resis-
tivity upon N2/H2-annealing, namely from 2.4 · 10−4 Ωcm to 2.3 · 10−4 Ωcm. In
literature, resistivity is expected to decrease upon thermal treatment as a conse-
quence of a signi�cant enhancement of the crystalline structure [172], however for
slight crystalline changes, resistivity varies moderately [171]. Here, a deterioration
of resistivity with thermal treatment is observed and it can be associated to the
increase of surface oxidation (as observed from Raman spectroscopy), while the
slight enhancement of crystallinity (as observed from XRD) has a side e�ect. No-
tably, the lowest resistivity values found in this work (∼ 200µΩcm) is one order
of magnitude higher than the epitaxial or good quality polycrystalline TiN �lms
deposited through physical vapor depositions [148,150].

As regard Hall measurements, the charge carrier density of the as deposited
samples was a bit higher than the high quality and almost stoichiometric TiN �lms
deposited by physical vapor deposition techniques reported in literature [299,300],
however the very large error bars should be taken into consideration. For TiN �lm
deposited at 1 Pa, the vacuum-annealing leads to an increase of carrier density, i.e.
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from 8.2·1022 cm−3 to 9.3·1022 cm−3, while the N2/H2-annealing leads to a decrease
down to 6.1·1022 cm−3. Moreover, the N2/H2-annealing leads to a decrease of
carrier density of the vacuum-deposited �lm too, moving from 1.3 ·1023 cm−3 down
to 4.6 ·1022 cm−3.

The measured Hall mobility was very similar for both as deposited TiN �lms,
around 0.3 cm2/V s. The e�ect of vacuum-annealing leads to a decrease of Hall
mobility (i.e. from 0.31 cm2/V s to 0.22 cm2/V s), while N2/H2-annealing leads to
an increase (i.e. from 0.31 cm2/V s to 0.36 cm2/V s for TiN �lm deposited at 1Pa,
and from 0.29 cm2/V s to 0.83 cm2/V s for vacuum-deposited TiN �lm), however
error bars are very large, especially for vacuum-deposited TiN �lms before and
after annealing (where the lower end of the error bar goes even to zero). How-
ever, since XRD analysis suggests a slight improvement of crystallinity structure
upon both vacuum- and N2/H2-annealings as well as an increase of the estimated
average domain size, an improvement of Hall mobility was expected. Even if the
highest Hall mobility achieved is much lower than the µ of an epitaxial crystalline
TiN thin �lm (e.g. µ=6.7 cm2/V s [134]), the measured µ are in accordance with
Hall mobility reported in literature for polycrystalline TiN �lms with (111) pre-
ferred orientation, e.g Yang et al. measured 0.15 cm2/V s for 300 nm-thick �lms
deposited by reactive sputtering [301], and Yu et al. found 0.15-0.4 cm2/V s for
40-60 nm-thick �lms deposited by RF magnetron sputtering [302].

Finally, by considering that Raman spectroscopy showed an increment of sur-
face oxidation, and since the 4-point probe van der Pauw con�guration implies
that contacts are placed on the edge on the surface of the samples (see section
3.3.2), the surface oxidation can prevent a reliable Hall measurement. Therefore,
to better understand the electrical behavior of these compact TiN thin �lms, be-
fore and after annealing, an optimization of apparatus of measurement is needed
(e.g. growing TiN thin �lms on electrical contacts) as well as more statistics.

The optical spectra were measured on compact TiN thin �lms about 200 nm-
thick and grown on both glass and SiO2/Si substrates. The re�ectance spectra
of all synthesis condition are reported in Fig.6.21. The vacuum-annealing left the
re�ectivity of the TiN �lm deposited at 1 Pa of N2/H2 basically unchanged, the
re�ectance dip moderately red-shifts from 350 to 359 nm as well as re�ectance
intensity slightly decreases all over the spectrum (see Fig.6.21a). On the other
hand, N2/H2-annealing causes a strong shift of the dip position towards longer
wavelengths, i.e. from 330 nm to 390 nm for the TiN �lm deposited in vacuum and
from 350 nm to 473 nm for the TiN �lm deposited at 1 Pa of N2/H2, as well as lower
re�ectance intensity in near-IR range. This behavior is associated to a reduction
of free-carriers in TiN �lms [146, 147], that can be due to a partial oxidation
of the �lm upon N2/H2-annealing rather than an increment in nitrogen content,
in agreement with other characterizations. In particular, a comparison between
re�ectance dip position and the measured charge carried density can be made by
considering that re�ectance minimum is an indication of the �lm plasma frequency,
which is a�ected in turn by carrier density (see section 1.2). This correlation is
observable already from as deposited �lms. Indeed, re�ectance minima of vacuum-
deposited �lms is slightly blue-shifted with respect the �lm deposited at 1 Pa, in
agreement the higher charge carrier density measured for the vacuum-deposited
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Figure 6.21: Optical re�ectance spectra of compact TiN �lms grown on glass and SiO2/Si
substrates, before and after thermal treatments. In (a) the e�ect of vacuum- and N2/H2-
annealings on samples deposited on glass is shown; in (b) the e�ect of di�erent substrates is
shown before and after annealings.

sample. Moreover, N2/H2-annealing leads to a red-shift of both as deposited
samples, as well as a decrease of the measured charge carried density in both
cases. However, even if the highest red-shift was found for N2/H2-annealed �lm
deposited at 1 Pa, the smaller n was measured for the N2/H2-annealed vacuum-
deposited �lms, nevertheless the large error bar of the Hall measurements should
be taken into account. For the same reason, it is not surprising the contradiction
between the slight increase of carrier density measured after vacuum-annealing
of the �lm deposited at 1 Pa and the moderate red-shift of re�ectance minimum
upon this thermal treatment.

Finally, changing the substrate from glass to SiO2/Si does not a�ect optical
re�ectance spectra, as clearly observable in Fig.6.21b. The e�ect of thermal treat-
ments remains the same and the re�ectance curves almost overlap with spectra
taken on the corresponding samples deposited on glass, both before and after
annealing. This means that optical features are more a�ected by changes in sto-
ichiometry and composition rather than crystal structure (observed from XRD),
that in this case is just a moderate modi�cation.

Ellipsometric measurements were performed on the same set of samples, de-
posited on silicon substrate.5 The pseudo-dielectric permittivity was retrieved by
direct inversion of the ellipsometric quantities as

〈ε̃〉 = sin2φ[1 + tan2φ(
1− ρ
1 + ρ

)] (6.2)

where 〈ε̃〉 = 〈ε1〉 + i〈ε2〉, ρ = tanΨei∆ = rp
rs

(Fresnel re�ection coe�cients for
p- and s- polarized radiation) and φ is the incident angle [303]. The measured

5The ellipsometric measurements were performed in collaboration with L. Mascaretti at Regional Centre
of Advanced Technologies and Materials, Faculty of Science, Palacký University of Olomouc. The data were
collected with a J. A. Woollam variable-angle spectroscopic ellipsometer (VASE), range 0.5-6.5 eV, at the angle
of incidence 65◦ and 75◦. Data analysis and �tting were performed by WVASE32 (J. A. Woollam Co.) software.
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Pressure
(Pa)

Thermal
treatment

TiO2 thickness
(nm)

λps
(nm)

Eps

(eV)
QSPP

at 1550 nm
QLSPR

Max
ρD

(µΩcm)
nD

(cm−3)
µD

(cm2/Vs)
MFP
(nm)

1 No 3 461 2.70 6.16 0.59 (827 nm) 197.72 4.08·1022 0.71 3.23
1 N2/H2 10 475 2.61
1 Vacuum 1.3 463 2.68 8.08 0.71 (827 nm) 205.07 4.43·1022 0.83 3.52

Vacuum No 1.5 410 3.02 10.75 0.78 (729 nm) 160.95 3.69·1022 0.80 3.74
Vacuum N2/H2 24 541 2.50 1.52 0.19 (954 nm)

Table 6.3: The TiN thin �lms properties extracted from the modeling and the �tting of el-
lipsometric measurements before and after thermal treatment: the estimated thickness of the
TiO2 super�cial layer, the screened plasma wavelength (λps) and energy (Eps), the plasmonic
quality factors (QSPP, QLSPR) and the electrical properties calculated from the parameters of
Drude oscillator, i.e. the resistivity (ρD), charge carrirer density (nD), mobility (µD) and
the mean free path (MFP).

�lms were modeled with a two-layer model consists in a TiN �lm covered by a
TiO2 layer. The optical properties of the TiN layer were modeled by Drude-
Lorentz model with only one Lorentz oscillator [78], while for the oxide layer
the Tauc-Lorentz model was employed, in which the light is absorbed above the
band gap (�xed at 3.2 eV) and is transmitted below [304]. The oxide thickness
was estimated from the modeling and the results are reported in Table6.3. The
oxide layer was found equal to 1.5 nm and 3 nm for the �lm deposited in vacuum
and at 1 Pa of N2/H2, respectively. After vacuum-annealing, the oxide does not
thicken, while after the N2/H2-annealing it was calculated signi�cantly thicker
and equal to 10 and 24 nm. In particular, the �tting of both N2/H2-annealed
�lms was very di�cult, and results do not appear completely reliable. Likely,
the two layer model is not e�ective for these �lms, since the oxidation can be so
high that the �lm is an oxynitride for the whole thickness. For a better �tting,
more complex model can be used (e.g. Maxwell-Garnett formalism, which is an
e�ective medium model where the oxynitride �lms can be treated as a composite
of di�erent phases such as TiN inclusion in TiO2 �lms or vice versa [146]) or a
composition analysis through the thickness may be necessary by means of depth
pro�ling XPS, SIMS or Rutherford backscattering spectrometry. The calculated
real and imaginary parts of the pseudo-dielectric permittivity of the TiN layer are
reported in Fig.6.22a,b. The as deposited and the vacuum-annealed �lms show a
metallic behavior typical of TiN �lms, indeed the real part changes from positive
to negative values in the visible region as a consequence of free-carrier absorption
(Fig.6.22a). The vacuum-deposited sample exhibits the lowest 〈ε1〉. The e�ect
of vacuum annealing on the �lm deposited at 1 Pa leads to a lowering of 〈ε1〉
for wavelength longer than about 1000 nm. The N2/H2-annealed �lms show the
higher 〈ε1〉, but it should be taken in account that the curve of the N2/H2-annealed
�lm deposited at 1 Pa is not reliable, especially in the visible range. In Fig.6.22b,
the imaginary part increases monotonically with the wavelength after showing
a minimum around 320 nm (except for the N2/H2-annealed �lms). The highest
〈ε2〉 is showed by the N2/H2-annealed �lm deposited in vacuum, followed by the
vacuum-deposited �lm and the �lms deposited at 1 Pa; in this case the e�ect of
vacuum-annealing is not signi�cant. The value at which 〈ε1〉 = 0 is the crossover
wavelength (λps, corresponding to the screened plasma energy Eps, see section
2.3.1), which are shown in the inset of Fig.6.22a and reported in the Table6.3.
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Figure 6.22: (a) Real and (b) imaginary parts of the pseudo-dielectric permittivity of compact
TiN �lms deposited at 1 Pa of N2/H2, before and after vacuum- and N2/H2-annealings, and
vacuum-deposited, before and after N2/H2-annealing; the inset in (a) is a magni�cation of
the crossover wavelength λps. (c,d) Quality factors for localized surface plasmons (QLSPR)
and surface plasmon polaritons (QSPP ) calculated from ε1 and ε2.

As discussed in section 2.3.1, the value of λps for a stoichiometric TiN �lm is
known to be equal to 478 nm (i.e. Eps=2.65 eV), while smaller values imply a
substoichiometric TiN and larger values mean overstoichiometry. In this case, the
as deposited and vacuum-annealed �lms show substoichiometry, in accordance
with Raman measurements, on the other hand, the N2/H2-annealed �lms show
almost stoichiometric and overstoichiometric behavior, but this result is probably
unreliable for the reasons explained before. The relative position of λps is in
agreement with the re�ectance minimum measured with the spectrophotometer:
the lowest values was found for the vacuum-deposited �lm, the vacuum-annealing
leads to a slight red-shif, while the N2/H2-annealing leads to a substantial red-
shift.

The real and imaginary parts of the pseudo-dielectric permittivity were em-
ployed to calculate the plasmonic properties of the �lms in terms of the quality
factor for LSPRs (QLSPR) and SPP (QSPP ) introduced in section 1.4, and re-
suts are reported in Fig.6.22c,d. In both cases, the best plasmonic behavior was
found for the vacuum-deposited �lm, whose maximum QLSPR is equal to 0.78 at
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729 nm and the QSPP at 1550 nm (i.e. communication wavelength) is equal to
10.75 (the results for the other samples are reported in Table 6.3). As expected,
these values are much smaller than those reported for epitaxial TiN thin �lms
deposited at high temperature on MgO (QLSPR=3.4 at 1200 nm and QSPP=213
at 1550 nm) [305], however they are also much smaller than the best achieved by
TiN �lms deposited by PLD at room temperature (QLSPR=1.9 at 855 nm and
QSPP=113 at 1550 nm) [153]. Instead, these results are similar to those obtained
for TiN thin �ms with a resistivity of the same order of magnitude (around 100-500
µΩcm) obtained by ion beam assisted deposition [306], whose results were justi�ed
with a low content of crystalline phase and high defects and oxygen concentration
(around 25%at.) in the samples, and by atomic layer deposition [307]. Moreover,
the vacuum-annealing of the �lm deposited at 1 Pa leads to a better plasmonic
behavior for both LSPR and SPP, while N2/H2-annealing shows a worsening.

In order to compare ellipsometric results with electrical properties previously
analyzed, the parameters of Drude oscillator are employed, since they account the
metallic character of the TiN �lms. Indeed, the unscreened plasma frequency is
directly correlated to conduction electron density (nD) according to Eq.1.7. In
addition resistivity (ρD), optical mobility (µD) and mean free path (MFP) can be
calculated from Drude parameters according to

ρD =
~γD
E2
puε0
· 108 (6.3)

MFP = (
2π2ε0~4

e2m∗2
)1/3E

2/3
pu

γD
· 109 (6.4)

µD =
e

m∗γD
(6.5)

where the e�ective mass was approximated from stroichiometric TiN, i.e. m∗ =
1.15me [282,307].

The results are reported in Table 6.3 (except for N2/H2-annealed samples since
not reliable). As for optical properties, the best electrical behavior was found for
the vacuum-deposited sample, i.e. the lowest resistivity and highest MFP. The
�lm deposited at 1 Pa shows a bit worsening of these properties, but a slight
higher charge carrier density. The vacuum-annealing of this sample leads to an
increase in resistivity, but also in charge carrier density and MFP. These data are
consistent with electrical properties measured by Van der Pauw method in d.c.
current. The two types of resistivity show the same order of magnitude, and an
increase after vacuum-annealing occurs in both cases. However, the underestima-
tion of resistivity from Drude parameters can be ascribed to the electron scattering
e�ects at grain boundary and interfaces that are not taken into account, or for
the presence of macroscopic defects which increases the d.c.-resistivity, but having
much less in�uence on the polarizibility at optical frequencies [306,308]. Even the
nD is underestimated, especially for the vacuum-deposited sample, but the order
of magnitude is the same of d.c.-charge carrier density and the trend with the
vacuum-annealing is con�rmed. Finally the µD and MFP are very similar in all
conditions and this in accordance with the trend of the Hall mobility. Comparing
the MFP, which is around 3.5 nm for all samples, with the average crystalline do-
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main size calculated by Scherrer equation from (111) peaks of XRD di�ractograms
(i.e. 4.2 nm for the �lm deposited at 1 Pa and 9 nm after vacuum-annealing), it
can suggest that for as deposited sample the scattering sites occur at the grain
boundary and point defects, while for vacuum-annealed sample scattering centers
may be dispersed within the grains. However, it should be taken into account
that two di�erent substrates were employed (i.e. glass for XRD and silicon for
ellipsometry) which can a�ect the crystalline structure of the �lms.

6.3.2 Thermal treatment of nanoporous TiN thin �lms

The e�ect of thermal treatment at di�erent temperatures (300 and 550◦C) in
vacuum and over-pressure of N2/H2 was studied on nanoporous �lms deposited
at 10, 20 and 50 Pa, F=3.5J/cm2, with the aim to favor desorption of surface
oxygen, to improve the crystallization and, in the case of annealing in N2/H2

overpressure, enrich the �lms with nitrogen. Fig.6.23 shows the Raman spectra of
annealed samples with the di�erent thermal treatments (i.e. in vacuum at 550◦C
and in N2/H2 at both 300 and 550◦C), compared with as deposited �lms. The
following considerations can be made:

� For samples deposited at 10 and 20 Pa the annealing in N2/H2 at 300◦C
leads to a higher relative intensity of the acoustic band at 250-350 cm−1 (see
Fig.6.23a,b). This could be related to a greater concentration of nitrogen
vacancies or to a decrease of oxygen content within the �lm. Indeed, the
broad band at 450-650 cm−1, which can be associated to the presence of an
underlying amorphous TiO2 Raman signal, decreases in intensity. Moreover,
the acoustic band of sample deposited at 10 Pa gets narrower and this may
be due to the higher crystallinity of the annealed �lm. Finally, for the �lm
deposited at 20 Pa, the appearance of the transverse acoustic mode contribu-
tion around 250 cm−1 may indicate a slightly improved crystallization [173].

� For samples deposited at 10 Pa, both annealing treatments at 550◦C (i.e.
in vacuum and in N2/H2 overpressure) do not give any evident di�erence
in terms of Raman spectrum (Fig.6.23a). On the other hand, for �lms de-
posited at 20 Pa, the two treatments a�ect Raman signal in a di�erent way
(Fig.6.23b). Precisely, the annealing in vacuum gives an amorphous TiO2

spectrum, while the one in N2/H2 gives broader and more unde�ned bands.

� For samples deposited at 50 Pa, all the thermal treatments lead to the crystal-
lization of the amorphous TiO2 already present and none of three annealings
seem to have been successful in reducing oxidation (see Fig.6.23c).

In summary, from Raman analysis, the annealing in N2/H2 at 300◦C seems to have
improved the crystallinity of the �lms deposited at 10 and 20 Pa. However, this
hypothesis should be further veri�ed with other techniques, e.g. XRD. In addition,
no evidences of nitrogen content increase was observed after the annealing in
N2/H2 overpressure, instead a suggestion of oxidation reduction was observed for
the less porous samples after annealing in N2/H2 at 300◦C.

Fig.6.24 shows the transmittance, re�ectance and absorbance curves for the
considered samples before and after the three di�erent thermal treatments. The
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Figure 6.23: Raman spectra of �lms deposited at (a) 10, (b) 20 and (c) 50 Pa, before
(black lines) and after di�erent annealings: vacuum-annealing at 550◦C (blue lines), N2/H2-
annealings at 550◦C (green lines) and 300◦C (red lines).

optical measurements con�rm the observations made for Raman analysis:

� For samples deposited at 10 and 20 Pa (Fig.6.24a,b), the N2/H2-annealing at
300◦C is the thermal treatment that most reduces the transmittance peak,
and it is the only one to blue-shift this peak (i.e. from λ ≈ 500nm to
λ ≈ 380nm and from λ ≈ 550nm to λ ≈ 480nm for �lms deposited at 10
and 20 Pa, respectively). As discussed in section 2.3.3.2, this behavior can
be associated to a decrease of oxygen content in the �lms. Moreover, the
transmittance tail at longer wavelengths reduces. In accordance with Raman
spectra analysis, the lower temperature adopted for the thermal treatment
in N2/H2 seems to have reduced the oxidation within these �lms.

� The re�ectance of the sample deposited at 10 Pa signi�cantly changes after
N2/H2-annealing at 300◦C (Fig.6.24a). A well-de�ned re�ectance dip appears
next to a more steep plasma re�ectance edge, while re�ectance intensity in-
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Figure 6.24: Optical transmittance (T%), re�ectance (R%) and absorbance (A%) of �lms
deposited at (a) 10, (b) 20 and (c) 50 Pa, before (black lines) and after di�erent annealings:
vacuum-annealing at 550◦C (blue lines), N2/H2-annealings at 550◦C (green lines) and 300◦C
(red lines).

creases at longer wavelengths, reaching values around 65%. This behavior
can be associated to an increase of the carrier density of the �lm, therefore
the annealing may have reduced either oxidation or nitrogen incorporation,
or both. However, because of Raman analysis previously discussed, the oxi-
dation reduction is more probable.

The absorbance peak of the sample deposited at 10 Pa becomes narrower
and blue-shifted after the same annealing. Furthermore, instead of the two
absorbance maxima of the as deposited TiN �lm, a single peak is observable
upon this annealing. It can be assumed that the contributions to absorption
given by inter and intra-band transitions overlap in the same wavelength
range.

� For sample deposited at 20 Pa the re�ectance does not change upon any
annealings, and it stays low and constant along the whole wavelength range
(Fig.6.24b). On the other hand, considering that the transmittance peak
decreases, the two absorbance maxima of the as deposited �lm almost com-
pletely overlap into one single-peak after after N2/H2-annealing at 300◦C.
Moreover, this single-peak is broad and with an intensity around 80% for
almost the whole analyzed wavelength interval.

� For sample deposited at 10 Pa (Fig.6.24a), both annealings at 550◦C do
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Figure 6.25: XRD di�ractograms of compact TiN deposited on silicon substrate heated at 400,
500 and 600◦C. The substrate spectrum and TiN characteristic XRD peaks are reported.

not evidently a�ect the optical curves, in accordance with Raman spectra,
which suggests no clear structural modi�cation. On the other hand, for sam-
ples deposited at 20 Pa (Fig.6.24b), these thermal treatments lead to higher
transmittance peaks and lower intra-band absorption intensities, indicating
a great oxidation extent. This is in accordance with Raman analysis, where
a typical signal of amorphous TiO2 was measured for that samples.

� For sample deposited at 50 Pa, all the three thermal treatments do not lead
to any optical feature that can be associated to TiN (Fig.6.24c). This is in
accordance with Raman analysis, where the spectra of either amorphous or
crystalline TiO2 were obtained.

In conclusion, in the case of nanoporous thin �lms, lowering the annealing tem-
perature (i.e. 300◦C instead of 550◦C) gave more substantial di�erences in terms
of Raman and optical spectra with respect to changing the annealing atmosphere;
in fact, for �lms deposited at 10 Pa and 20 Pa, a reduction of oxidation and an
increment of crystallinity were observed. However, this hypothesis should be fur-
ther veri�ed with other characterizations, e.g. XPS and XRD. Finally, for sample
deposited at 50 Pa, all the three thermal treatments do not show any optical fea-
ture that can be associated to TiN, therefore the adopted thermal annealings are
not e�ective in reducing the high oxidation extent.

6.3.3 E�ects of substrate heating

At CNMS, it was possible to study the e�ect of substrate heating during deposition
both for compact and nanoporous TiN thin �lms.
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In literature, heating the substrate during PLD synthesis was found as an e�ec-
tive way to improve microstucture, stoichiometry and, as a consequence, to better
electrical properties of TiN thin �lms. Xiang et al. [134] studied the e�ect of sub-
strate temperature (Tsub) from 500 to 800◦C on 200 nm-thick TiN �lms deposited
on silicon substrate. They found an optimal condition at 700◦C, in which XRD
analysis showed the highest and narrower (200) peak, as well as the best electri-
cal properties (i.e. ρ=25.7 µΩcm and n=6.7 · 1020 cm−3). The enhancement in
crystalline structure with Tsub was explained by considering its direct in�uence on
the di�usion and aggregation of adatoms (coming from the ablated target) on the
substrate during deposition. At low temperatures, the adatoms have di�cultly to
�nd the suitable surface sites due to their low di�usion. Therefore, islands nucle-
ate leading to many structural defects in the �nal �lm. On the other hand, the
crystalline structure and surface roughness of TiN �lms is improved by increasing
Tsub. Similar results were found by Lee et al. [150], which deposited 150-200 nm-
thick TiN �lms and studied the e�ect of Tsub from room temperature to 650◦C.
They found the lowest resistivity for �lms deposited at 650◦C; in addition, they
found that the (200) orientation of the TiN �lm is promoted with respect to the
(111) direction by increasing Tsub, since (200) is the thermodynamically most fa-
vored and the increase of Tsub facilitate the growth of �lms with structure closer
to thermodynamic equilibrium. Moreover, Chowdhury et al. [151] showed that
substrate heating a�ect the oxygen incorporation during the deposition. The oxy-
gen content was found to decrease by increasing Tsub, up to oxygen-free TiN �lms
at Tsub>600◦C. In this case, the decrease of resistivity with Tsub was associated
both to an enhanced structure as well as to a more stoichiometric �lm. Finally,
Rasic et al. [163] detected a decrease of residual strain in the deposited TiN �lms
when the Tsub was increased from room temperature to 450◦C and 650◦C. This
residual stress was explained by a lower defect mobility and by the reduced energy
budget available to drive the relaxation of the lattice, leading to the promotion of
defects and vacancies that are dentrimental for electrical properties of the �lms.

Here, the e�ect of Tsub on the structure of compact �lm is discussed. The
�lms were deposited at 1 Pa of N2, F=3 J/cm2 and 500 shots, with substrate
heated at three di�erent temperatures, namely 400, 500 e 600◦C. In all cases,
very compact �lms around 130 nm thick were obtained. Fig.6.25 shows the XRD
di�ractograms of these samples. Since �lms were grown on silicon oriented (100),
the peaks at 32.9◦ and 69.1◦ are associated to its (200) and (400) peaks of the
substrate, while other sharp peaks have a not clear origin, that can be due to some
substrate inclusions, to the sample holder or to a non-perfectly monochromatic
incident radiation (e.g. Kα1-2 Kβ lines). However, the (200) peak of TiN is
clearly recognized at 42.67◦. This preferred orientation of growth was expected
because of �lm thickness (i.e. below 150 nm). Moreover, the intensity of (200)
peak increases with substrate temperature, while becoming sharper, suggesting
an increase in crystallinity.

Then, the e�ect of substrate heating was studied on the �u�y tree-like structure
deposited in the conditions identi�ed in section 6.2.3 (i.e. at 27 Pa of N2/H2 and
F=2 J/cm2). In particular, three synthesis conditions were compared:

1. Tree-like �lm deposited at room temperature (Flu�y-Troom)
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Figure 6.26: (a) SEM and (b) TEM images of Flu�y-Troom (Troom), Flu�y-A500 (A500) and
Flu�y-T500 (T500) samples. Insets in (b) show the corresponding SAED patterns.

2. Tree-like �lm deposited at room temperature and post-annealed in N2/H2 at
500◦C for 1 hour, without opening vacuum chamber (Flu�y-A500)

3. Tree-like �lm deposited with substrate heated at 500◦C (Flu�y-T500)

The samples were deposited by keeping �xed laser shot number at 10000 and
thickness was measured by SEM cross-section images, resulting equal to 150 nm,
140 nm and 115 nm for Flu�y-Troom, Flu�y-A500 and Flu�y-T500, respectively.
Fig.6.26 shows SEM and TEM images as well as selected area electron di�raction
(SAED)6 pattern of all considered samples. For the Flu�y-Troom sample, tree-
like structure is composed by NPs with average size of about 3 nm. The SAED
pattern shows blurry di�raction rings associated to poorly crystalline and defective
nanostructures. For Flu�y-A500, the overall structure remains the same, while a
slight sintering of NPs is observed from TEM images, as a consequence of post-
deposition annealing e�ect. In addition, SAED pattern shows more distinct rings,
but not assignable to a FCC structure as found for the TiN compact �lms. Finally,
the Flu�y-T500 shows a more compact structure, where the single building NPs
are di�cult to be distinguished, and SAED rings are more clear, but still not
a FCC structure was observed. The electron energy loss spectroscopy (EELS)
was employed to qualitative check the atomic species present in the �lms. In
all cases, Ti, N and O atoms were found; moreover, the intensity of the N peak
decreases in favor of the O peak moving from Flu�y-Troom, to Flu�y-A500 and
to Flu�y-T500. However, a EELS quantitative analysis is needed to estimate the
�lm stoichiometry. In Fig.6.27, Raman analysis7 shows a spectrum similar to the
characteristic TiN curve for Flu�y-T500, while other �lms are slighlty detectable,
by taking into account that the more sharp peaks are associated to the silicon

6HR-TEM micrographs, SAED patterns and EELS characterization were obtained with a Carl Zeiss LIBRA
200MC TEM operated at 200 kV. The samples were deposited directly on lacey carbon TEM grid. The mea-
surements were performed thanks to the collaboration of Chenze Liu and Gerd Duscher.

7Exciting radiation with λ=785 nm and spectra acquired by a 1200 greeds/mm grating.
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Figure 6.27: Raman spectra of Flu�y-Troom (Troom), Flu�y-A500 (A500) and Flu�y-T500

(T500) samples.

substrate. Even if Flu�y-T500 is the thinner �lm, the higher Raman signal can be
due to the more compact and ordered structure.

In conclusion, this preliminary study of the substrate heating e�ect resulted
promising to �nely tune the crystalline structure of both compact and nanoporous
TiN �lms, suggesting to be more e�ective than post-deposition thermal treat-
ments.

6.4 Conclusions

In this chapter, TiN thin �lms were developed and investigated with the aim
of tuning and understanding the in�uences of composition and structure on the
optical response, while controlling the �lm morphology from compact to nanos-
tructured, up to achieve the non-trivial synthesis of TiN NPs systems. The syn-
thesis of TiN thin �lms was studied as a function of PLD process parameters and
post-deposition thermal treatments, with a focus on the e�ect of background at-
mosphere (i.e. type of gas and pressure). Even if TiN is a very stable material, the
oxidation issue during the synthesis represented a non-trivial problem, especially
in case of porous structure and NPs assemblies with large surface area.

The main achievements of this chapter are summarized as follows:

� The optimum conditions to deposit adherent and compact �lms both on
silicon and glass substrate, with uniform thickness on the widest possible
area, were found by studying di�erent combinations of laser �uences (i.e.
F=2, 3.5, 6.5 J/cm2) and background atmosphere (i.e. vacuum and 1Pa of
N2/H2).

� The morphology evolution from compact-columnar to nanoporous tree-like
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and to foam-like �lms was found as a function of background pressure (i.e.
from 5 to 100 Pa of N2/H2, at F=2 and 3.5 J/cm2). In particular, the
development of TiN NPs assemblies systems was possible thanks to a speci�c
investigation on PLD mechanisms in TiN synthesis performed at CNMS, with
speci�c in-situ characterization techniques.

� The oxidation control/reduction of nanoporous TiN �lms was performed by
means of two strategies:

� Deposition at high laser �uence (F=6.5 J/cm2 at 50 and 100 Pa), with
the aim to lead to higher nitrogen radicals reactivity in the plasma plume
and reduction of oxygen incorporation during deposition. TiOxNy �lms
with tree-like structure were obtained, with a peculiar high and broad-
band absorption spectra all over the UV-Vis-NIR spectrum (i.e. higher
than 90% in the wide range 270-2000 nm and an average absorbance
of 94.8%). This is a fascinating result which is comparable to broad-
band absorbers made of TiN complex metamaterial structure, with a
complex fabrication procedure [155,287], for applications in solar energy
harvesting and hot electron devices.

� Protection of the TiN NPs assemblies with a capping layer, in order to
reduce surface oxidation due to air exposure. Such strategy was e�ective
in reduce oxidation in the more porous �lms, by employing a 200 nm-
thick aluminum nitride di�usion barrier deposited on top.

For a better understanding of oxidation process, in-situ Raman spectroscopy
during deposition should be performed, as well as more precise compositional
characterizations after deposition, e.g. x-ray photoelectron spectroscopy
(XPS), secondary-ion mass spectrometry (SIMS) and quantitative electron
energy loss spectroscopy (EELS).

� The e�ect of thermal treatments (at 550◦C in vacuum and N2/H2) was stud-
ied on compact �lms deposited at 1 Pa or in vacuum and at laser �uence
equal to 2 J/cm2.

� XRD analysis revealed TiN �lms with FCC structure and a slight im-
provement in crystalline order upon annealing was observed; on the other
hand, Raman spectroscopy suggests an increase of surface oxidation. As
a consequence, electrical properties did not improve signi�cantly with
thermal treatment and the lowest resistivity achieved (∼ 200µΩcm) was
one order of magnitude higher than good crystalline quality TiN thin
�lms in literature.

� Thermal treatment resulted a good way to tune optical response of the
�lms, tuning �lm re�ectivity (i.e. re�ectance dip and intensity) by acting
on free carriers, which depend in turn on oxygen and nitrogen content
of the �lm.

� The properties extracted from ellipsometric measurements imply that
the best metallic behavior is attributed to the vacuum-deposited TiN
thin �lm. The e�ect of the vacuum thermal treatment consists in an
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improvement of plasmonic quality factors, while N2/H2-annealing leads
to a worsening. In addition, the �tting of N2/H2-annealed �lms do not
lead to completely reliable results, suggesting that these �lms cannot be
modeled as a two-layer (i.e. TiN �lm covered by a TiO2 layer), but more
likely a titanium oxynitride phase is present for the whole thickness.

� The e�ect of thermal treatments (i.e. in N2/H2 at 300 and 550◦C, in vacuum
at 550◦C) was studied on nanoporous �lms, and the annealing at 300◦C
resulted e�ective for �lms deposited at 10 and 20 Pa, implying higher TiN
crystallization and a reduced oxidation.

� Preliminary results of the e�ect of substrate heating during deposition of
both compact and nanoporous �lms were shown, resulting a more promising
approach in �nely tuning the crystalline structure than post-deposition ther-
mal treatments. For compact thin �lms, degree of crystallinity was found to
increase with substrate temperature; for nanoporous �lms, the morphology
of TiN NP assemblies becomes less �u�y, promoting strong NPs sintering.

Finally, perspectives of this study involve:

� Further studies on stoichiometry/composition of both compact and nanoporous
TiN thin �lms by di�erent techniques (e.g. depth pro�ling XPS, SIMS or
Rutherford backscattering spectrometry) in order to better understanding
the optical and electrical measurements of the �lms.

� Thermal treatments of compact TiN thin �lms at higher temperature in
vacuum (which demonstrated to be more promising in the plasmonic response
while bringing less oxidation than N2/H2-annealing) to achieve more e�ective
tuning of crystalline structure.

� Synthesis of compact TiN thin �lms via nitrogen ion assisted pulsed laser
deposition (or ion beam assisted deposition, IBAD), which has been already
employed coupled with magnetron sputtering [309�311], while it is totally
new in PLD synthesis. The aim is to tune the composition, structure and
crystalline properties of the samples by controlling ion species, current (i.e.
the number of ions colliding with the sample per unit time) and the kinetic
energy of the ions. In addition, the employment of N ions can allow their
implantation in the TiN �lms, leading to further stoichiometric control.

� Systematic investigation about the e�ect of thickness on TiN �lms, down to
ultra-thin �lms (i.e. <10 nm), which is of great interest in plasmonic appli-
cations. In particular, compact TiN thin �lms have already demonstrated
to have plasmonic properties tunable by thickness at few nanometers [312],
and this fascinating property can be attractive for sub-wavelength optical
structures (i.e. metamaterials) and nanoelectronics.
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CHAPTER 7

Conclusions and perspectives

This PhD project was aimed to the development and investigation of nanostruc-
tured thin �lms based on titanium oxides and nitrides, focused to achieve a �ne
control of their physical properties (i.e. morphology, structure, composition) as
well as the understanding of the material optical and electrical behavior and their
potential application in the plasmonic �eld. The speci�c systems investigated
were: Au NPs integrated with TiO2 nanostructured thin �lms (aimed to enhance
light harvesting of the oxide for photoanode applications) and thin �lms and NPs
assemblies based on alternative plasmonic materials, namely Ta:TiO2 and TiN.
These systems were grown via physical vapor deposition techniques, in particular
pulsed laser deposition (PLD), followed by post-deposition thermal treatments
to crystallize the materials in the desired phase, or to modify their functional
properties. The properties of the obtained systems were studied with a focus on
the optical and electrical response and their relation with the system structure,
from atomic to nano/masoscale, aimed to understand and to optimize the system
behavior in view of possible plasmonic applications, such as sensing, surface en-
hanced Raman scattering (SERS) and photoconversion. The main achievements
for each system are here listed:

1. Au NPs integrated with TiO2 hierarchical �lms

� The integration was successfully realized with an original single-step pulsed
lased co-deposition procedure, leading to Au NPs homogeneously dispersed
through the whole thickness of the TiO2 �lm.

� The control of process parameters allowed a �ne tuning of �lm properties in
terms of porosity, crystalline structure as well as Au NP size and number
density, which in turn a�ect the optical response of the entire Au-TiO2 sys-
tem, giving the possibility of controlling Au NP plasmonic resonance over a
certain wavelength range.
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� The high porosity was interesting for several applications, indeed prelimi-
nary tests of photocatalysis and SERS experiments have been performed in
collaboration with external research groups, leading to promising results.

2. Ta:TiO2 thin �lms

After the �rst step of optimization of the synthesis parameters to �nd the condi-
tions for the most conductive Ta:TiO2 thin �lms (for Ta content of 5% at., the
lowest resistivity was found equal to 8·10−4 Ωcm), the �lm properties were studied
as a function of Ta content and thickness (down to ultrathin �lms), with a focus
on the understanding of electrical and optical behavior.

� Conductive �lms were obtained down to 10 nm-thickness (i.e. resistivity
of 0.5 Ωcm), usually una�ordable for metals, but particularly attractive for
sub-wavelength optical structures and nanoelectronics.

� The high dopant activation e�ciency demonstrated by Ta-doping o�ers the
possibility of �ne tuning both electrical and optical properties by handling
Ta content. Indeed, the charge carrier density was measured equal to 9.95 ·
1020 cm−3 and 1.65 · 1021 cm−3 for 5 and 10% at. respectively, while a�ecting
optical band gap (from 3.29 eV for bare TiO2 to 3.48 and 3.56 for Ta 5 and
10% at. respectively) and e�ective mass (calculated in the range of 2.19-3.6
me and 3.18-4.5 me for Ta 5 and 10% at. respectively).

� The plasma frequency of Ta:TiO2 �lms was estimated to be in the near/mid-
IR range, paving the way to IR plasmonic applications, di�cult to reach for
metals.

Then, complex Ta:TiO2-based systems were developed:

� Au NPs were integrated with compact Ta:TiO2 thin �lms, with the aim to
tune the plasmonic response of Au NPs by changing the dielectric constant of
the surrounding matrix. As main results, the Au NPs resonance peak resulted
tunable in the range of 550-800 nm by the type of integration con�guration
and by the doping content of the surrounding matrix.

� A �rst exploration of the development of Ta:TiO2 NPs assemblies in thin
�lms was performed, by exploiting the advantage of PLD in which the in-
plume clusters formation can be triggered by an increase in the background
pressure of deposition. NPs with a size of tens nm were obtained, however
some issues occurred for the crystallization and no evidence of successful
doping was observed.

3. TiN thin �lms

� The correlation between synthesis process parameters with morphology (from
compact-columnar to nanoporous tree-like and to foam-like) and stoichiome-
try/composition was established, while the oxidation-issue was handled with
di�erent strategies depending on �lm morphology.
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� Nanoporous hierarchical �lms formed by titanium nitride (or titanium oxyni-
tride, TiOxNy) NPs assemblies were successfully obtained thanks to a speci�c
investigation on PLD mechanisms in TiN synthesis with in-situ characteri-
zation techniques (available at CNMS), and this kind of morphology is quite
new in the plasmonic framework.

� For particular synthesis conditions, the obtained TiOxNy NPs assemblies
exhibit an excellent broadband absorption along a wide optical range (i.e.
absorbance >90% in the range 270-2000 nm), currently achieved only by
very complex TiN-based systems and promising for application such as solar
energy harvesting and hot electron devices.

� The employed post-deposition thermal treatments promoted a slight crys-
tallization of the �lms, while substrate heating during deposition showed
to be more e�ective on the crystal structure. On the other hand, the post-
annealing resulted a good way to tune optical response of the �lms, by acting
on free carriers, which depend in turn on oxygen and nitrogen content. From
the properties extracted from ellipsometric measurements, the vacuum ther-
mal treatment appears to improve the plasmonic response of the �lm, while
N2/H2-annealing leads to a worsening (likely because of partial oxidation and
TiOxNy phase formation).

Finally, perspectives of this work are listed according to the type of system:

1. Au NPs integrated with TiO2 hierarchical �lms

� The potentiality of the employed integration approach can be extended to
other NP/oxide systems with controlled properties thanks to the versatility
of the laser ablation process.

� Au-TiO2 systems can be exploited for other plasmonic applications, especially
those requiring nanoscale porosity and light scattering, such as chemical sen-
sors and photovoltaics. In addition, these systems are a promising SERS
substrate to detect molecules that cannot bind directly to Au NPs, but to
TiO2 (e.g. silane molecules).

2. Ta:TiO2 thin �lms

� The plasmonic quality factors need to be evaluated in the range of the plas-
monic response (near- and mid-IR) in view of possible applications. In addi-
tion, the estimated quality factors can be a guideline to a further optimization
of �lm synthesis conditions and properties.

� The electrical properties of ultrathin �lms can be further explored by deposit-
ing on di�erent substrates. For example a bu�er layer of insulating TiO2 over
the glass substrate can improve electrical response and allow the deposition
of even thinner �lms (i.e. <10 nm).

� The in�uence of the Ta:TiO2 matrix on the plasmonic properties of Au NPs
in Au NPs-compact Ta:TiO2 systems needs to be clari�ed, for example by

147



Chapter 7. Conclusions and perspectives

employing e�ective medium theories and pump probe measurements, which
probe the dynamics of a possible charge transfer between the two materials.
Indeed, the increase of chemical potential of Ta:TiO2 due to doping may pro-
mote a charge carrier accumulation on the Au NPs, leading to the observed
blue-shift of the plasmonic resonance. In addition, these systems enable the
possibility of tuning of Au NPs plasmonic resonance by active modulation of
the dielectric constant of the surrounding TCO by means of external stimuli
such as the application of an electric �eld.

� To obtain plasmonic Ta:TiO2 NPs with controlled localized surface plasmon
resonance (LSPR), the crystalline structure needs to be improved and the
doping activation needs to be veri�ed. For these purposes, di�erent back-
ground gasses and mixtures during deposition and di�erent annealing cycles
can be performed. Finally, a capping layer can be employed in order to pro-
tect Ta:TiO2 NPs assemblies from the highly reducing environment during
the annealing treatment.

3. TiN thin �lms

� Deeper study of stoichiometry/composition in nanoporous �lms are needed,
aimed to a better understanding of the role of oxygen (i.e. bonded or ad-
sorbed) as well as the oxidation process (both during deposition and upon air
exposure), by means of precise techniques such as x-ray photoelectron spec-
troscopy (XPS), secondary-ion mass spectrometry (SIMS), electron energy
loss spectroscopy (EELS) and in-situ Raman spectroscopy.

� Exploring of other synthesis conditions for compact TiN thin �lms, such
as thermal treatments at higher temperature and ion assisted pulsed laser
deposition (employing nitrogen ions), which allows an additional control on
composition and structure of the deposited �lms.

� Systematic study of the e�ect of �lm thickness on optical and electrical prop-
erties down to ultrathin �lms.

Finally, thin and ultrathin �lms of both Ta:TiO2 and TiN would be employed
for the development of sub-wavelength optical structures, i.e. metameterials and
metasurfaces, and nanoelectronics. In addition, in a long-term view, being both
these materials a good alternative to metals in several plasmonic applications (e.g.
in IR and high temperature/power plasmonics), it will be necessary to design
devices which incorporate them by means of scalable synthesis techniques and
common microfabrication processes.

This PhD project �t into the context of the research of new materials and
new combinations of materials for applications in the plasmonic �eld, aimed to
enhance the plasmonic response of already existing devices and to pave the way
to other applications that are una�ordable by traditional plasmonic systems. As
a continuation of this line of research, other materials can be explored, both
TCOs (e.g. CdO-based and Ga2FeO4, a p-type semiconductor which in principle
can excite surface plasmon polaritons in near-IR) and metal nitrides (e.g ZrN,
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HfN and ternary conductive nitrides, composed by nitrides of the group IVb, Vb
and VIb metals, which result in some cases more stable and with less structural
defects than binary nitrides). Moreover, the thin �lms studied in this work can
be employed to develop multilayer systems when combined with thin layers of
dielectric materials that provide lattice matching, for example TiO2 for Ta:TiO2

and AlN for TiN, aimed to develop hyperbolic metameterials with engineered
optical response.
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