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Abstract

Plasmonics hasttracted a great attention over the last few decades due to the enticing
physical mechanism arising from the interaction of light with resonant structures at the
nanometer scale. Such a mechanism enables the confinement of light below the diffraction
limit, allowingstrong field enhancementBherefore, plasmonics has being researched for
many exciting and promising application fields, like electronics, biosensoigy, energy
harvesting, cancertherapy, photocatalysis, photochemistry, telecommunications,
metamaterials and optical storage of information.

Noble metals (especially gold and silver) have been commonly used as plasmonic
materials because of their strong plasmonic response in the visible region of the
electromagnetic spectrum, combined with almohmic losses, high conductivity,
biocompatibility and chemical stability. However, they suffer from many limitatiie

poor spectral tunabilityof the plasmonic response, high losses at optical frequencies
caused by inteband transitions, incomphtlity with standard silicon manufacturing
processes and poor thermal stability. As a consequence, the research of alternative
plasmonic materials that could overcome these shortcomings hassbeatiyrpursued. In
particular,a new class of materials has gained increasing attention: the transition metal
nitrides (TMNb&ds). Among these reéarogusedhieor y ce
biggest interestbecause its nestoichiometric nature allows (in principle) to adjuist
plasmonic response by varying thgnthesis conditiond/Vhile TiN thin films have been
already studied quite widely, a much lower knowledge and control over TiN
nanostructures (e.g. TiN nanoparticles and nanoporous TiN films) have been achieved. In
paticular, TiIN nanoporous systentould find exciting and promising applications in
certain areatike solar energy harvesting, biosensing and photocatalysis, where their high
specific surface may be exploitddowever, the synthesis of such nanoporous flliNs

still presents many challenges, mainly related to the severe oxidation that occurs because
of their high surface area. For this reastwe, dojective of this thesis work is, first of all,

the synthesi®f nanoporous TiN films dharacterized by a nasiouctured morphology
consisting of tredike nanoparticles assemblies) amiden when it is possiblethe
investigation oftheir optical poperties and plasmonic respong&wen if PLD is not the
conventional method for the fabrication of TiN films, it allows in principle to control the
morphology, composition and structure of the deposit by playing with certain parameters.
In this way, the correlation between such featuras$ the optical properties of the films
maybe investigated.

First of all, we explored different combinations of laser energy density (fluence, 2 and 3.5
Jicnf) and backgroundN>-H, gas pressure ffom 5 up to 100 P in order to obtain
adherent and uniform films with nanostructured morphology, and to study the transition



from compact to nanoporous thin films in terms of density, structure and optical properties
We immediately dealt with the problem of oxidation, wheg&ent was so vast in highly
nanoporous films that the titanium nitride characteristic featwauld not be easily
observed. We hypothesized that oxidation was mainly due to oxygen incorporation either
during deposition or after air exposure. Thuse sudied the effects of depositing a
capping layer on top of the films (wiht opening the vacuum chamber) to try limit air
exposure oxidatiorgnd of using a higher laser fluence (i.e. 6.5 3jamtry to enhance the
reactivity of nitrogen species in thdapma plume, hence limiting residual oxygen
contamination during depositioithen, we investigated the effect of heating the samples
for 1 hr in two different atmospheres, vacuum and overpressure-ldf [95-5%), and at

two different temperatures, 300 afsb0°C. Our goal was to reduce oxidation within the
films, and to improve their crystallinity. Moreover, with the annealing in overpressure of
N.-H,we tried to enrich the films in nitrogen.

Deposition of continuous and uniform films with different morglyyl on Si and glass
substrates was successfully achieved from the very beginning of the work. The capping
layer allowed toreduce oxidation within the more porous samples, thus enabling the
fabrication of low density trekke nanostructured TiN films witlabsorption peaks in the
Vis-NIR. The use of a higher laser fluence (i.e. 6.5 Jydnstead led to the formation of
nanoporous TiN films with the peculiar characteristic of being strong Hyaad
absorbers, hence being of potential interest for apptinatiike solar energy harvesting

and solathermophotovoltaics. Moreover, Raman spectroscopy and -Vé-NIR
spectrophotometry suggested a strong influence of the annealing atmosphere and
temperature on the TiN films structure and optical behavior. Howexewere not able to
measure neither the quantitative composition nor the charge carriers density of our
samples, which is strongly related to the parameter characterizing the plasmonic response
of a material (i.e. the plasma frequency). Further studes\@cessary to understand the
correlation between the optical behavior safch nanoporous TiN thin films and their
composition, structure and charge carriers density, in order to achieve a deeper
understanding and control on their plasmonic behavior.

Finally, we performed a first attempt of nitrogen ion besssisted deposition of a compact

TiN thin film. We obtainedvery good results in terms of electrical properties (i.e. carrier
density and stoichiometry of the film. So, this approambuld be furber developed in
future studies.



Sommario

La plasmonica, negli ultimi decenni, ha portato su di sé grandi attenzioni dovute al

particolare fenomeno fisico che | a caratte
luce con una struttundsonante alla scala nanometrica. Grazie a questo meccanismo infatti
|l a luce pu, essere confinata al di sotto de

del campo elettromagnetico locale. Dunque, la plasmonica € oggetto di svariate attivita di
ricerca rivolte a campi di applicazione entusiasmanti e promettenti,lqdale | et t r oni c
biosensing la fotocatalisi, la fotochimica, la produzione di energia solare in pannelli
fotovoltaici, la terapia contro il cancro, le telecomunicazioni,metamateriali e

| 6archiviazione ottmetaaldii innofbarlmaz(i ompr.at:'t
vengono comunemente usati come materiali plasmonici grazie alla loro forte risposta
plasmonica nello spettro visibile combinata a perdite ohmichdeidelevata conduttivita,

bi ocompatibilit”™ e stabilit”™ chi ortadieersi Tut t a
svantaggi, tra cui lamitata regolazione spettrale della risposta plasmonica, elevate perdite

a frequenze ottiche causate da transizinterbandabassa stabilita alle alte temperature e

scarsa compatibilita con i processi standard di produzione del silRicconseguenza,
recentemente sono stati studiati e ricercati materiali plasmonici alternativi che ovviassero a
tali problemi. In particolare, i nitruri dei metalli di transizione hanno attirato maggiore
attenzione In questa nuova classe di ceramiche refrattarie il nitruro di titanio (TiN) € il
materiale che sta riscuotendo maggior interessgccome, data la sua natura fon
stecliometrica, € teoricamente possibile regolarne le prestazioni plasmoniche attraverso le
condizioni di sintesiMentre i film sottili di TiN sono gia abbastanza studiati, sono stati
acquisiti una conoscenza e un coltr molto minori circa le narsirutturedi TiN (come
nanoparticelle ofilm nanoporosi). In particolare, i sistemi nanoporosi di TiN sono
candidati promettenti per determinate applicazioni nelle quali la loro elevata area
superficiale specifica potrebbe essere sfruttata, come ad esempio pgecaaafsi, per il
biosensinge per |l a produzione del |l 6energia sol
nanoporosi di TiN presenta ancora molte sfide perlopiu legate alla loro ossidazione, la cui
entita e particolarmente severa a causa della loro elekedssuperficiale. Pertanto, questo

lavoro di tesi ha comerimo obiettivo la sintesidi film sottili nanoporosi di TiN
(caratterizzati da una morfologrenostrutturata ad albgralunque,quandopossibile,lo

studio delle loro proprieta ottiche e deltad risposta plasmonic&ebbene la PLD non sia

il metodo di deposizione convenzionale per i film di TiN, da la possibilita di controllarne,

in linea di principio, la morfologia, la composizione e la struttura giocando con determinati
parametri. In questanodo e possibile esplorare la correlazione tra le sopra citate
caratteristiche dei film e le loro proprieta ottiche e plasmoniche.

Per prima cosdunque abbiamoanalizzato diverse combinazioni diénsita di energia del

laser (fluenza, 2 e 3.5 J/érepressione del gas,;M. (da 5 al00 Pa). Il nostro intento era

quello di trovare le condizioni di deposizione ottimali per ottenere un film con morfologia
nanostrutturata che fosse aderente ed uniforme su tutto il substrato. Inoltre, volevamo



studiare laransizione morfologica da film sottile compatto a nanoporoso dal punto di vista

dell a variazione in densit" ™, struttura e p
col probl ema dell 6ossidazione, | porosighe ent i
questi perdevano le caratteristiche tipicamente oab#@rin un nitruro di titanio. Abbiamo

i potizzato che | 6ossidazione dei film pot
| 6i ncorporazione di 0Ssi genoo lasua esposigonel a de
all ari abbbDamoquanali zzato da un | amfim | 6ef f ¢
compatto protettivo depositateopra i campionisenza aprire la camera da vuoto, nel

tentativo di i mi tare | &®lols&laartdliaajadbme odguahit e
dall 6 utilizzo di u’h durarttel laudeposizeone pléi éampgohet a (6 .

tentativo di aumentare la reattivita dei radicali di azoto nella piuma e di limitare quindi

| 6i ncor por azi owodn cdmeralo Seguitog ealmb ir@mo dst udi at o
riscaldamento dei campioni per 1 ora a due diverse temperature, 300 e 550°C, e in due
diverse atmosfere, vuoto e sovrappressione dHN(955 %). Il nostro obiettivo era
ridurre | 0adlse auhenainela eristatirgta. Indltre, mediante il trattamento
termico in sovrappressione dpiN, abbiamo cercato di arricchire i film in azoto.

La deposizione su substrati di silicio e vetro di film continui, uniformi, e di diverse
morfologie € st&t conseguita con successo sin dall ¢
protettivo ha ridotto notevolmente | 06o0ossid
questo modo e ato possibile ottenere dei fildi nitruro di titanio con morfologia
nanostrutttataad alberocaratterizzati da picchi di assorbimento nello spettro del visibile

e delvicinoinfrarossd. 6ut i | i zzo i nvece di W’)nha prdddtta e n z a
dei film di TiN nanoporosi contraddistinti da uorte assorbimento su tutio spettro

d e UM-\Gs-NIR, risultando quindi di potenziale interesse per applicazioni che sfruttano la
raccolta dell denergia sol are.

Inoltre, la spettroscopia Raman e la spettrofotometriaMisvNIR hanno suggerito una
forte 1 nfl uen zbatethpgetalurd atitizeate sulleeconaposeiond @ei film di

TiN e sul loro comportamento ottico. Tuttavia, non ci & stato possibile misurare né la
composizione quantitativa né la concentrazione dei portatori di carica dei nostri campioni,

la quale e signifiativamente legata al parametro che caratterizza la risposta plasmonica di

un materiale (cioé la frequenza di plasma). Pertanto, sono necessari ulteriori studi per
approfondire il legame che sussiste tra le proprieta ottiche di questi film nanoporosi di TiN

e la loro composizione, struttura e densita di portatori; solo cosi si potranno raggiungere
una conoscenza e una capacita di controllo maggiori sul loro comportamento plasmonico.
Infine, abbiamo compiuto un primo tentativo di deposizione assistita daadodambento

ionico (con ioni di azoto) per la fabbricazione di un film compatto di nitruro di titanio.
Sono stati ottenuti risultati molto buoni in termini di densita di portatori di carica e di
stechiometria del film; potrebbe dunque essere interessahtppare questo approccio in

studi futuri.
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Introduction

Plasmonics has received significant attention recently, even thougho$asapplications

have been known for ages. For example, the Lycurguso€Ctie ancient Romans and the
glass decorating medieval cathedrals both get their vibrant colors fronoptical
plasmonic resonances induced in the metal nanoparticles embedded in th&Vhass

light interacts with a metal, the cloud of free electrons in the metal can sustain a wave of
charge density oscillations on the nigtsurface known as plasmdbud waveof charge
density fluctuatios can either propagate along a meitalectric interface (and sat is

called surfae plasmon polaritons SPP)@an exist as localized surface plasmesonance
(LSPR), which can be sustained by metallic nanoparticlgsin general, surface plasmons
strongly couplelight to the metal surface, hence greatly enhancing -huitter
interactions. As a consequence, light can be confined in regions smaller than that predicted
by the diffraction limit, and the local electragnetc field is strongly intensified; these

two physical phenomena are of special importance, because they open a horizon to new
applications that could revolutionize our daily lives. For example, SPP can be exploited to
fabricate optoelectronic circuitgith subwavelength components, so that fast and scalable
devices for information processing can be obtaifi#dOn the other hand.SPR carbe
exploited for biosensing solar energy harvesting, heat assisted magnetic recording and
therapeuticapplications, due to the great enhancement of the local electromagnetic field
and the strong optical absorption at the plasmon resonant freqlighcioreover,
metallic nanostructures like hierarchical films or nanoparticles assemblies, thanks to their
plasmonic behavior combined with a high specific surface area, can be implemented for
Surface Enhanced Raman Spectrosddpysolarthermophotovoltaigsphotodetectings]
andphotocatalysi$6].

Noble metals (especially gold and silver) have been cororally used as plasmonic
materials, thanks to their small ohmic losses, combined with their proven biocompatibility
and chemical stability. However, problems from a wide range of disciplines awaiting a
solution from the field of plasmonics cannot be solwaith a limited pool of materials. In
order to provide solutions to problems with different requirements such as operating at
specific windows of the electromagnetic spectrum and at different ambient conditions,
alternative materials are needed. In palécua new class of materials has recently started
gaining attention, the transition metal nitrides (TMNSs), thanks to their high thermal and
chemical stability combined with cesffectiveness and CMOS compatibility. Among
these refractory ceramics, titam nitride (TiN) has been studied more widely because,
being an intrinsically nostoichiometric compound, its plasmonic response caifirbe
principle) spectrallytuned by adjsting the synthesis conditions. Whereas noble metals
(due to their lower Ohmimbkses)putperform TiN for waveguiding applications based on
SPP light confinemenf7], titanium nitride (which shows a nedreld enhancement
comparable to goldis of significant interest fothoseplasmonic applications where the

Xiii



localized surfac@lasmon resonanag eithernanoparticlefNPs)or nanostructured films

is exploited[8].

Neverthelesssuch TiN NPs and nanostructured films have only been studied since a very
short time, and further work is neededcimpe with severe oxidation issuegridg their
synthesis and tehine some light on their optical and plasmonic behaViaus the aim of

this work thesigs first of allthe synthesis afianoporous TiN thin films characterized by a
nanostructured morphology consisting of tli&ke nanopaticles assemblies, artien, if
possiblethe investigation ofheir optical poperties and plasmonic response

TiN thin films weregrown on silicon and glass substrates by Pulsed Laser Deposition
(PLD) technique, a PVD method that allows in principle dontrol morphology,
composition and structure of the deposit by playing with some deposition parameters. PLD
IS not the conventional deposition medhfmr compact TiN films, and has almost never
been used to fabricate nanoporous TiN films or TiN NPs. Towereat the very beginning,

we adopted as guidelines for the choice of the best deposition conditions the results of both
the work on compact TiN thin film previously carried on in our laboraf8jyand of the
research works found in literature. Startifrgm these results, we explored different
combinations of deposition parameters, namely laser energy density (fluence) and
background MH, gas pressure, in order to obtain uniform and adherent films with
morphology ranging from compact to trilee and bamlike. This morphological
transitionwas obtainedjuite easily by increasing the background gas pressure, similarly to
what was already done in our laboratory for other materials (i.e.[Ti@). However, we

had to face a serious oxidation issue fag thore porous films, due to their very high
surface area. Their oxidation extent was so significant that they resembled titanium oxide
instead of titanium nitrideWe hypothesized that oxidation was mainly due to oxygen
incorporation either during depositi or after air exposure. Thugje investigated the
effects of protecting the underlying nanoporous films with a capping tayey limit air
exposure oxidatignand of using a higher fluendee. 6.5 J/crf) to try to enhance the
reactivity of nitrogen species in the plasma plume, hence limiting residual oxygen
contamination during depositioAfterwards,we submitted the obtained TiN films to heat
treatments of 1 hr carried out at different temperature@ @ 550°C) and atmospheres
(vacuum and BHy), in pursuit of further limiting their oxidation and improving their
crystalline quality. The optical properties of the synthesized TiN films were investigated as
well, before and after the annealing procassrder to determine the possibility of tuning
their plasmonic behavior. Finally, we performed a first attempt of compact TiN thin film
ion beam assisted deposition (using a RF ion source integrated in the PLD apparatus) to try
to increase the nitrogen m@nt within the films.

The morphology of the synthesized TiN films watudied by Scanning Electron
Microscopy (SEM) Raman Spectroscopy gave us indications regarding the qualitative
composition of the films; in particular, it was useful in order to ustded if either TiQor

TiN was obtained, and, in the latter case, it could give us an idea of the stoichiometry.
Moreover, UMVVis-NIR spectrophotometry, which wasarried out at the Centre for
Nanoscience and Technology (CNST) of the Italian Instituteeghnology (IIT) in Milan,

was performed for the analysis of the optical behavior. -pount probe measurements

XV



were done to explore the electrical properties of the compact TiN film deposited with the
ion beam assist.

This thesis is divided into five cphters, organized according to the following scheme:

1 Chapter 1. First of all, some general information on the structure and chemical
composition of TiN together with its main properties and applications are
reported. Then, an overview on TiN thin filmspeesented, with a special focus
on the state of art regar di ndgpositionN t hi i
annealing and growth by Pulsed Laser Deposition. The next section is dedicated
to TiN nanoparticles, and it is quite extended. A first part duoes the
plasmonic behavior of metal nanoparticles. Then, the main fabrication techniques,
properties and applications of TiN NPs are described. The focus is on the
possibility of tuning the optical properties of TIN NPs by varying the synthesis
conditiors. Finally, at the end of the section, the state of art regarding
nanostructured TiN thin films is reported, with particular attention to their
morphology and optical properties. The last part of the chapter contains the
detailed exposition of the objectis of this thesis work.

1 Chapter 2. The experimental setup used during this work is described, including
both synthesis and characterization of the films. First, the Pulsed Laser Deposition
(PLD) apparatus is presented focusing on the physical procegbeshaisis of its
operation. Then, a brief presentation of the employed characterization techniques
is reported, in the following ordeBcanning Electron Microscopy (SEM), Raman
Spectroscopy, UWis-NIR spectrophotometry, and-pbint probe electrical
measirements in the van der Pauw geometry.

1 Chapter 3. First of all, it deals with the optimization of deposition parameters for
nanostructured TiN thin films. Then, the morphological transition from compact
to treelike TiN films is explored in terms of stcture and optical properties
variation. A main focus is put on the oxidation issue we had to face during the
fabrication of the nanoporous TiN films. The different strategies adopted to solve
this problem are described, and, finally, the best among tteéneltresults are
reported.

1 Chapter 4. It concerns the effects of post deposition annealing on the obtained
nanostructured TiN films, both before and after the strategies against oxidation
have been adopted. Moreover, different combinations of annealing conditions are
considered. Raman and agati spectra of our samples before and after heat
treatment are compared, in order to discuss the possibility of tuning their
properties.

1 Chapter 5. It is a brief chapter, where a first attempt ioh beam assisted
depositionof a compact TiN thin films presented.
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A short summary of the thesis work follows, highlighting the main achievements reached
and pointing out possible future developments and perspectives.

During this work | personally performed the synthesis of the samples by PLD technique,
and erformed the subsequent heat treatments. Moreover, | carried out SEM, Raman
spectroscopy, UWis-NIR spectrophotometry and electrical measurements, dealing with
the following data elaboration and analysis.
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CHAPTER 1

TIN thin films and nanoparticles.
an overview

1.1 TiN fundamental features

Titanium (electronic configuratiofAr] 3d?4s’) is a well known element belonging tioe
IV group of the periodic tabldts four valence electrons are able to bond with ghe
electrons ofnitrogen (electroric configuration[He] 2s*2p°), constituting titanium itride
(TiN).

This transition metahitride can be pment in different phasesmong which e most
stableone is B-TiN. The latter ischaracterized by aubic rocksaltcrystaline structure
(Fig. 1.1 and a bright goldike color.

Figure 1.1: Crystal structure of BTiN. Taken from{11].

Titanium ntride is intrinsically a non-stoichiometric compound since its lower
thermodynamic stability with respecttitanium oxides makes it highly prone to oxidation
[17]. It is very tough to synthesize stoichiometric TiN, and practically impossible to
completely avoid sdiace oxide formatiorand oxygen incorporatioduring its synthesis

and production, especially in atmosphbesr poor vacuum environments. Whifer bulky

TiN coatingssurface oxidatioms not detrimentalo ther main functionalitiespn the other

side, for nanometric thin films, the surface to volume ratio gets so high that oxidation
becomes a crucial issuBurthermore, for nanostructured thin films and nanoparticles the
role of oxidation becomesven moredominant and hard to contralhese topics will be
deeply discussed in sectiar3.2



1.1. TIN FUNDAMENTAL FEATURES

Titanium ritride has several interesting properties, which make it a-estdiblished
material in various industry sector is characterized by very high hardnessorsgr
resistance towards abrasion and corrosion, relative inertness, low friction coefficient, high
chemical and thermal stabilityth@nks to aigh melting point, £=3000°C)[13]; therefore

it has been used fatecades foprotective coatingand cutting tool§14]. Moreover, its
gold-like bright yellow appearanceand color tunability by simply varying the
stoichiometry makes it an appealing material for decorative applicaticfsAnother
main application of TiN is in the field acfemicondutor industry, where its widely used

as diffusion barrierin CMOS manufacturing process, thanks to its good electron
conductivity and mobilitymixed with a perfect compatibility with silicon technologyd a
good barrier actiomowardscopper difusing from thechip interconnect$16]. In addition,

its electronic properties combined withrefractory character make at good materialor
Ohmic and Schottky contacts in maelectronic devies [L7]. Thanks to its non
cytotoxical nature titanium nitride caralso be used to protect underlying materials in
orthopedic prosthesigLg]. Finally, TiN has beenaking a spot in the upcoming field of
plasmonics, where the resonairiteraction between light and electrons in metal
nanostructuressiexploited for variougpplications. This topic will be discussedeger in

the following sections
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1.2 TiN thin films

1.2.1General properties

B1-TiN films has been studied since the 1930s laane beersystematically grown since
the 1970s. Nowadaystanium nitrideis considered as one of the most tesbgically
important materials thanks to its peculiar features.

In the following paragraphdirst of all a brief overview about TiN main properties is
presented; afterwards an overview of the state of art regarding TiN thin films properties
tuning by the most common deposition techniques is exposed.

TiN optical and electronic properties

Titanium Nitride exhibits a workfunction value WF ~ 3.75 eV, whidincides with the
electron affinity range for most of semiconductors]| Therefore, by selectingppropriate
semiconductors like Gallium Nitride (GaN){] or ntype Silicon R0], respectively Ohmic
contacts or Schottky barriers can be developed. Meretive possibility to achieve a good
lattice match between TiN and such semiconductors may enable the epitaxial growth of
these heterojunctions.

Another fundamental property d@1-titanium nitride is the comparable or even higher
direct current DC) condtctivity than that of titanium, combined with a superior optical
behavior h terms of plasmonic potential. In faat,agood optical conductdntraband and
interband absorptiaare not overlapping (i.e. the valence electrons are strongly bound and
have a quite deep energy with respect to the Fermi level) and therefore the conduction
electrons are interacting with light without much screening. In other wargsod ofical
condwctor should exhibit negative real permittivity (real part of the dielectric function

with a clear and steep crossing to positive values at the wavelength region where the
plasmonic performance is desired, while its imaginary permittivity (imaginaryqgd the
dielectric function- ) should be the smallest possible in the entire spectrum, in wrder
have minimum optical losse$]].

The latter conditions are fully satisfied byl-BiN (as observable ifrig. 1.2), and the
reason lays in its electrongtructure By looking at theelectron density of states (EDOS)

(Fig. 1.3) calculated from the band structurig, is understandable how the spectral
separation of interband and intraband transition#TiBl is directly linked to theenergy

shift of Ti3d states from 08 eV below the Fermi level (fdicpTi) to 3-6 eV below the

Fermi level, which is caused by the hybridization o8d'and N2p valence electrons
during Ti3d-N2p bond formation Besides, thal electrons of titanium which do not take

part in the hybridization between 3d and N2p orbitals give rise to the electronic
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conductivity of TiN.Fig. 1.3 depict theelectrondensity of states of BTiN, showingtwo
distinguishable regions of occupied states:

a) From-8 eV to-3 eV: strong hybridization afl electrons ofTi with p electrons of N
gives the partial covalent bonding of TiN and the experimentabgerved
interband transitiondn particular, theéransitions from thehoulder and the peak of
the EDOS located at arour8l.5 eV and5.5eV (and denoted in Fig..3 as &; and
Eoz, respectively) towards the unoccupied-dTlistates above the Fermi level
generag two absorption bands which mbhg observed in TiN absorption spectra
[21]. Therefore, all the titaniumitnide interband transitionsccurfrom nitrogenp
orbitals to titaniumd orbitals, according to the selection rules for photonic
excitation (oo = 0, N1).

The lowest energy absolute value where the partial EDOS$ttes is different
than zerois also called cubff energy, and represents the threshold at which the
interband losses contribute to the optical response. Theffcehagy value for

TiN is around-2.48 eV. It should be taken into consideration that the energy
position of Np E D O Speeak and shoulder can shift depending ®iN
stoichiometry (N/Ti ratio]22]. Higher N/Ti ratios have been proven to ued the
lattice parameter ofixNy, leading to a modification of the Brillouin Zone and of
the band structure which redshifts theerband transitionsdgzand k [23)].

b) From-3 eV to E: the energy states are mainly filled by titanidrelectrons, and
above the Fer mi l evel t he undaaractpri ed st
Ti N6s el ectronic conductivity comes fro
this partiallyfilled d band.

12345678
Energy (eV)

Figure 1.2 Real and imaginary part of TiN dielectric function calculated by density functional
theory (DFT). Taken fromZ1].
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Figure 1.3: Electron density of states for TiN in the B1 structure. Zero energy stands for the Fermi
level. The vertical dashed purple, magenta and blue lines denote 1b# energy and the energy
positions of the two interband transitiong Bnd E,, respectively. Taken fron2f].

It should be mentioned that the géld ke col or of Ti N is due
spectral position, which lays in correspondence of the so csdiegtned plasma energy

Eps At this energy the real paof the dielectric function goes to zeroWhile at energies
lower than E,s (where- < 0) the reflectivity is high due to the interaction between light
and conduction electrons, anergies highethan E,s (where- > 0) the reflectivity goes
down and light propagation (attenuated by some dielectric losses) is allowed. The
calculatedvalues of Eys rangefrom 2 to 2.95 eV = 620 and 420 nm, respectivebnd
directly dependn TiNy stoichiometry:stoichiometric TiN (X = 1) haB,s = 2.65 eV(aps =

468 nm)and shows a brightellow appearance; overstoichiometric TiN (x > 1) istéad
reddishbrownand more opaque.Z]. In fact, increasing the nitrogen contenthe number

of free electrons decreases, thus reducing the light reflected by thadiwell asits
brightness Moreover, since theunscreenedplasma frequency ¥ps is proportionally
depending on the carrier density an higher nitrogen content x leads tdoaer free
electrongdensityand, as follows, to eed-shifted plasma reflectance edgg.

TiN films as plasmonic materials

The coupling between the electromagnetic radiation and the surface charge density

oscillation results in a |longitudinal wave

direction: the Surface Plasmon. Besa of its metallic character, titaniunitrie can
sustainthese saalled Surface Plasmon Polariton modes (SPPs) at its filrfase. In this
way, light is strongly coupled to the metal surfatteus greatly enhancingght-matter
interaction. This leads to docal electronagnetic fieldintensification and to the possibility

t
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of light confinement below the diffraction limithe surface plasmon resonance frequency
100 I7|:is directly related to the screened plasreguency n.i

A crucial parameter for plasmonicaterial selection and design is the quality factor of the
SPP resonand® ), in fact the most important question is not whether a resonance can
be sustained or not, but whichitis quality. The quality factor for a plasmonic material can

be defined as the ratio between the enhanced local field to the incident local field. In the
case of surface plasmon polaritons propagating along planar interfaces, such ratio can be
expressed in terms of the complex propagation wavev&tdvlore specificallyd  can

be defined as theatio of the real part of the propagation waveve¢tr) to the imaginary

part (Q ):

1
=y

o)
0 0

¢

The higher the imaginary part of dielectric function the bigger the electron losses, the
lower the0

Titanium ntride gives quite good values of quality factothroughoutthe whole
wavelength spectrufd  rangingfrom 1 to 10 in the visible, and up to 100 in the NIR)
however, among the Bk/grow nitrides (TiN, ZrN, HfN) itperformsthe worst, despite
being the most widely studied so {a”]. Sugavaneshwar et akq] showed that TiN has
better potential applicabilityfor energy conversion purposes likghotothermal or
photocatalytic applications ( where largevalues are needed; it wile discussed deeper
in section1.3.7) ratherthan light confinement and waveguiding. bcf, asit can be seen
from Fig. 1.4, TiN has large negative values -of comparable to conventional plasmonic
materials (i.e. gold), bulso larger values andiencealower 0

As Naik et al. P] pointed out, TiN has larger carrier relaxation rates than most of noble
metals, which additionallincreases thissesdue toscatteringlOhmic losses)

Schroeder et al./] showedthat TiN provides better field confinement than gold and silver;
however field propagation length is smalléFhe tradeoff between propagation length and
confinement width isaptured by figure of merit M°, defined as the ratio of propagation
lengthto confinement widtifor 1D SPP waveguides. From Fig5 it is clear how gold
and silver outperform nitridésr waveguiding applications

On the other hand, despite worse performances than conventional plasmonic materials like
noble metals, TiN films m@esents an alternative with various other advantages: cost
effective, CMOS compatible, chemically and mechanically stable and with easily
adjustable optical properties.

Moreover, titanium nitride represents an extremely interesting and promising plasmonic
material for applications others than SPP light confinement. This topic will be widely
discussed in section 3.1
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Figure 14. Comparison of permittivity datmmeasured via spectroscopic ellipsometry with previous reports
on TiN against Au, W, and Mda) Real part; (b) Imaginary part. Permittivity data 984 and TiNR2 were
deposited with different deposition techniques. Taken froh [
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Figure 15: Thefigure of merit M'P is defined as the ratio of propagation length)(to confinement width
(Dy) for SPPs on dielectric/metal interface. This figure of merit is indicative of the trade off offered by each
plasmonic material between confinement anapagation length. Taken frorf][

1.2.2Deposition techniquesand properties tuning (state
of art)

A wide variety of fabrication techniques have been used for the growtiNdilms, such
as Magnetron Sputtering (MS)Chemical Vapor Deposition (CVD)2§], Cathodic

7
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Vacuum Arc (CVA) P7], lon Beam Assisted Deposition (IBAD), Atomic Layer
Deposition (ALD), High Power Impulse Magnetron Sputtering (HIPIMS),[andPulsed

Laser Deposition (PLD)

In the following paragraphs the state of art will be analyzed with particular focus on
properties tuning oand main features of TiN films deposited by physical vapor deposition
(PVD) techniques like Magnetron Sputtering and Pulsed Laser DepositOnly
physically deposited TiN filmswill be considered in pursuance of having indications
regarding conditions and deposition mechanisms useful for this thesis work, where PLD
will be used.

Magnetron Sputtering is by far the most used deposition métnodN films, thanks to

its capability to form uniform, strongly adhesive, high quality films with high deposition
rates and with an excellent control over coating properties by tuning the deposition
parameters. The two mamfrawbacks of this technique are tlmpossibility to deposit
highly porous or nanostructured films and thdfficulty to obtain the desired
stoichiometry. In fact, two are the main parameters with one can play: power and pressure.
However, the range of values where these parameters canidxk igaguite limited, since,

for example, a too high flux of nitrogen or oxygen may contaminate the target Htintstce

can get oxidized hence losing its conductivigllsed Laser Deposition technique almost
completely overcomes these limitations.

The working principle of PLD is synthetically presented in the following. Inside a vacuum
chamber, a pulsed laser beam is focused on the surface of a solid target, which is
evaporated. The ablated species form a plasma plume expanding towards the .substrate
This process can occur in ultra high vacuum or in the presence of a background gas. In the
latter condition the ablated species react with the gas molecules in order to give the desired
film composition: it is the scalledreactivepulsed laser depositi.

More details about PLD apparatus and process parameters will be given in 3€ction

Titanium nitride films have been grown by Pulsed Laser Deposfbormore than 30
years, and in the last few years the research studies above TiN deposited layePLD
gaining more interest. This is due to some great advantage brought by this technique.
First of all, the target stoichiometry and composition, in principle, cambe easily
reproduced in the deposited filnSince titanium nitride is an intrinsicallynon
stoichiometric compound, hence with optical and electrical properties depending
significantly on the N/Ti ratio, being able to tune film composition by varying deposition
conditions is crucially important.

Secondthe morpholgy and structure of thdepositcan betuned by playingvith some
parameterssuch as deposition pressure alader energydensity. The possibility of
obtaining nanoporous films and nanostructured films build up by nanoparticles assemblies
(like nanoforestgor example brings upnew exciting horizons in titanium nitride study
research, especially in the field of plasmorftbss tapic will be treated in section.3.2).

Finally, PLD shows a great versatility: many types of materials can be deposited in a wide
variety of atmospheres and over a broad range of pressures.
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The main drawbackf the technique lay in its limitations producing large area uniform

thin films, due to inhanogeneous flux and angular energy distributions within the ablation
plume. Another disadvantage is the ejection of macroscopic particulate from the target
during the ablation process: these droplets mainly affect film electrical properties.

Oxidation issue

When studying titanium nitride, an extremetyucial issue lays in its difficulty to be
deposited as a purely stoichiometric compound, due to titaniumerhiglactivity with
oxygen rather than witlmitrogen For this rason, it is essential to firsinalyze the
structural, compositional, optical and electrical properties variation as a function of the
oxidation extent. Secondly, the parameters which have been found to influence oxidation
(like postannealing temperatugnd atmospheresubstrate tengyatureand film porosity)
have to be considered.

TrenczekZajacet al. 9] investigatedhe evoldion of structural and electrical properties
of in situoxygenrrdoped TiN films. TheTiON films were obtained bg reactive magnetron
sputteringprocessvnh er e t he 0 x ¢ was gradudllynoreasedaome tod..65
sccm Oxygen is much more reactitban nitrogen, and its excess l@dsupersaturation
effect that putconstraints on TiN crystallizatiorSimilar behavior has been reported]|
andattributed to titanium oxynitride formation.

At t he hi ghegst 1.66 bcomithe romsét ®fspredifation of very weakly
crystallizzd anatase titanium dioxidie the amorphous background was noticed: the excess
of oxygen could not be accommodatnymore iriliNxOy hence the precipitation diO;
started as confirmed by-ray Photoelectron Spectroscop§P(S) analysis

Ramanspectra Fig. 1.6) clearlyc hanged wi t da(see sectioreaferidetags d
about Raman spectroscopy of TiM first (0 s ¢ copx 046 sdcm)an increase in the
relative intensity of the acoustic ban@ssociated to vibrations of*fiions due to nitrogen
vacancies)over the optical bandassociated to vibrations of*Nions due to titanium
vacancies)and a sHt towards higher frequencies of the transversal and longitudinal
acoustic modes indicated aviiion from TiN stoichiometryln fact, according to many
literature papers3[l, 32], a higher keousidlopiicar ratio is related to shigher number of
nitrogen vacancies (i.e. lower*Nions vibrating) and therefore tolass stoichiometric
titanium nitride.

When theoxygen flow ratewas further increase@ . 5 s cog 11.32 scdm) the
number of nitrogen vacancies (which are easily filled by oxygtms)raised thus
leading to asignificant broadening of the Raman bands due to the progressive
amorphisation of the filmOver this ange of oxygen flow rates there waN,Oy with a

N/Ti ratio (estimated from XPS analysigjat wentfrom 0.8 to 0.35.

Final | o = 1.8btsccrg the shapef the Raman spectrum changetew broad
contributions begun to appear around 150'c890 cm and 550600 cm, indicating the

first appearance of titanium dimbe largely in amorphous phase. Regarding films
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optical pr oper toi(Fegsl.7ay at low oxygenrfl@mrates (@ sconi go. &

0.46 sccm) the reflectance spectrum stayed the same as the one of pure TiN.

Neverthelesswi t h  an i ncr e as p20pgto 103R scgry a prahaupcedreyl ( d
shift in the position of the reflectance minimum and a less steep reflectance edge at long
wavelengths werebserved

At o2 ¢ 1.65 sccm the reflectance dip was lost, due to amorphous titanium dioxide
formation.

The most significant differences between oxygdoped and pure TiIN manifest

themselves in the optical transmissi@ig. 1.7b). Stoichiometric TiN was almost opaque

and its transmission coefficient (T ~ @3 %) did not show any dependence on
wavelength. However, even the smallest amountoafygen incorporated in TiN affected

the transmission spectrum in such a way t he
rosein value and redhifted uporincreasing oxygen flow rate.

The reasons for this particulare h a v i o m oxygenddpédsTiN filmswere found to

be in two different mechanisms of light absorptitnree-electron absorption, which was
responsible for the decrease in transmitt
absorption (typical of semimductors such as TH) which gave a substantial decrease in
transmittance for & < 500 n msepafatea ek place o0 me c
almost in the same spectral range, probably because of the oxynitrides formation.

Event uad® M5 scan thedransmittance maximum was lost, due to amorphous
titanium dioxide formation.

Radecka et al.33] studied the variation of structural and electrical properties of TiN films
deposited by Dé€pulsed reactive magnetron sputtering in AfQJ atmosphere, as a

function of oxygen flow rateBased on impendance spectroscopy analjfsestransition

from metallic to semiconductintype electrical behavior was proposed to be over the
rang eo; ©0.460d66 sccm.In this range TiN,O, formation and a general films
amorphisation due to oxygen incorporatimadstarted  A%> 1. sccm the formation of
precipitated amorphous Ti¥Phases letb an insulatingype electrical behavior.

10
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Figure 1.6: Raman spectra of TiN anokygendoped Ti(ON) thin films deposited by reactive magnetron
sputtering onto amor pho wspeakpdsiiionsdor Eianathse fare mdicatedtat f | o w

the top. Taken from2p].
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Figure 1.7: Optical coefficient of (a) reflectand®( &) and (b) transmittance T( &)
for TiN and oxygen doped Ti(ON) thin films deposited onto amorphous silica at different oxygen flow rates.

Taken from P9].

When the deposition atmosphere is highly oxidizihg characteristic Ramgpeaks of
either Rutile,Anatase or a mixture of the two may start to be visible. For examyple, b
analyzing Raman spectra of reactively magnetron sputtered titanium oxynitride (TION) in

11
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Ar:N,:O, (2:1:1)atmospherePadmavathy et a[.34] found (besides the typical modes of

TiN bonds) three peaks at 148 ¢n518 cni', and 398 cii, which indicated the presence

of crystalline Rutile and Anatase TiGtructures coexisting in the film. Also De Sousa et

al. [35] pointed outthat TiN films deposited with an oxygen flow rate of 3 sceasily

show Raman spectra typical of either Rutile, Anatase or a mixture of the two, depending
on thermodynamic conditions induced by deposition parameters.

It has to be underlineldow a very th film of native oxide layer always forms on titanium
nitride surface upon air exposure, as observed by many research dfadiexample
Ernsberger et al.3p] observedhe formation of a very thin (2.1 nm) oxide layer on top

of TiNy coatingsafter one week of exposure at room temperature and 38% relative
humidity. Similarly, Milosev et al. B7] noticed the formation of some few nanometers
thick oxynitride layers on top of TiN coatings upon air exposure for 10 days.

Between the most important paramet s affecting t iokidation um ni
porosity plays aprimary role: a more open structure leads to a higher surface to volume
ratio and therefore to an higher oxidation extent.

On this purposeAchour at al. B8] magnetron sputtered titanium target in a Ar:MN
atmosphere at different power values, in order to obtain TiN films with different
compositionand porositylt was found that above a certain sputtering power (~ §@hé/
films did not differ much neithein compositionnor in prosity. In fact, the three films
deposited at power greater than 80 W (which are callgl, T3 in Fig. 1.8) presentedhe
same typical Raman Spectrum of TiNandrevealed from SEMurfaceimages thesame
porosity On the other hand, the film depositadpower P = 80 W (which is called, ih

Fig. 1.8) showed two Ramameaks at 153.17 cmand 518.5 cil which havebeen
attributed 6 the vibration modes of mixeditile-anatase Ti@ phase and presented a
higher surfacgorosity from SEM imagesThis indicated that the film deposited at lower
sputtering power () had incorporatea higher amount of oxygehecause of their more
open surface structuveith respect to the other, more compact films

(TO)

(TA)  (LA)
. L“I,_W/M*’\‘w‘//r\‘-‘\ T1

Intensity (a.u.)
é
N

(b)

200 400 600 800
Raman shift (cm™?)

Figure 1.8: Raman spectra of TiN films depositaddifferent sputtering power:; 1120 W); T, (150 W); Tz
(200 W); T, (80 W). Taken from38].
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These results were confirmed by Yin et &9][ who deposited TiN films by DC
magnetron sputtering at 2.1 Pa pressure of 40% nitrogen in argon. Undpredsare,
their samples exhibited higher bulk oxygen content (atomic ratio of ~ 26) due to a low film

density.

When porosity further increases (i.e. nanostructured thin films) the oxidation issue gets

even more critical: this will be discussed deepeettienl.3.2.

Postdeposition annealings

Also postdeposition annealingst r ongl y af f e cfeatunesa mgudingts N

oxidationbehavior

Achour et al. §0] reactively sputtered TiN films and afterwards annealed them at T = 400

°C and 550°C in vacuun(P = 3-10° Pa)for 1 hr. From SEM surface images the as
deposited sampl@a pyramidal grains morphology was clearly seeable, while a dense

columnar structure was visible from tlegoss section images. No apparent changes in

morphology were detected after the ealng. However, Raman spectra (see Hi§)
showed a clear change in film composition: the peadurad 550 crit associated to

nitrogen ions vibrations decreased, probably because of nitrogen that, diffusing from the

subsurface to the film surfaceas substitutedby the residualoxygen present in the
chamber.Tarniowy et al. §1] performed thermal treatments in vacuum (P = T-P@)
with temperature rising up #77°C, onamorphousand crystallineTiN films deposited by
reactive magnetron sputtering in Ag:(d:1) atmosphere.

| ()
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T
200
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NN
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—— Annealed at 550 °C

(TO)

400 600 800

Raman Shift (cm'?)

Figure 1.9: Raman spectra of TiN films before and after vacuum annealing. Taken4tgm [
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As observedrom Fig. 1.10, 1.11, the coefficient of transmission of crystalline filmas

found to beequal to zero, while its reflectanaseas high (~6680%) until the plasma
reflection edge (in the wavelengtm a n g e &00=m) 408 @Ghe other hand, the
transmittance of amorphous filmssembld the spectrum of a semiconductor containing a
very high concentration of def &@0tnsywhilevi t h a
their reflection coefficient exhiteda redshifted minimum and kess steep plasma edge

For alreadycrystallinefilms the vacuum annealing led to a slightlgher oxidation of the
material, and in gener al did not bring any
amorphous films that the annealing represented a way to improve electrical and optical
propertes. In Fig. 1.12, 1.13, amorphous films annealed at temperatugg,cshi= 127°C

showed a slight drop of transmission and increase of reflection, due to the development of

a crystalline phase; on the other side, when the annealing temperature was risen up t
Tannea= 477°C a considerable increase of transmissiorsanteoscillations of reflectance
coefficient werecaused by excessive oxidationtbé amorphous phase dng the heating.

In Kavitha et al. {2] study research, a 100°C input thermal enavgg sufficient to induce

in previously mgnetron sputtered films some stallinity, which was further improved at

Tanneal = 300°C.

Correspondingly, Xi et al.4[3] found that after vacuum annealing for 1 hr at 300°C the

films structure wadransformed fom irregular faceted to faeat in the (111) preferred
orientation.
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Figure 1.10: Spectral dependence of the transmission coefficient of TiN thin films (film thickness = 800
nm): (A) amorphous; (C) crystalline. Taken frofi].
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Figure 1.11: Spectral dependence of the reflection coefficient of TiN thin films (film thickness = 800 nm):

(A) amorphous; (C) crystalline. Taken frori].
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Figure 1.12: Spectral dependence of the transmission coefficient of TiN thin films (film thickness = 800
nm): (1) assputtered; (2) after annealing at 127°C; (3) after annealing at 477°C. Takentijom [
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Figure 1.13: Spectral dependence of the reflection coefficient of TiN thin films (film thickness = 800 nm):
(1) assputtered; (2) after annealing at 127¢8);, after annealing at 477°C. Taken frofi]
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In conclusion: first of alla good compromise betweegod crystallizabn and little
oxidation extent of titanium nitridéas to be found when selecting tteenperature for
thermal treatmen then, themore amorphos is tke film, the more usefutan be the
thermal annealindyut alsothe more challengingan be to find the optimum temperature.

In Nx:H, annealing both oxygen and nitrogen partial pressures in the gases would
influence the oxidation chentig. In fact, the oxidation reaction of TiN can be formulated
as:

S - o SR o QU ¢
a “YQu-0 YD —0 oM Q -
q q €

The standard free energy change for the reactiGncan be expressed as:

) 13 L1 3\ f]O -
w0 Y'YO &

o~

T

Where,at equilibrium, 1) 7 n as a function of temperature represents a fixed gas

ratio at which TiN is in thermodynamic equilibrium with' @ .
Therefore, ahigher annealing temperature may favor crystallization but at the same time

implies ahigher 1) 7 n T ratio required in order to have thermodynamic equilibrium

betweenTiN and its oxide phasedf the nitrogen relative partial pressure is not high
enough, the formation of titanium oxides is thermodynamically favdredeality, the
situation is more complex due to the formation of ternary compeume. titanium
oxynitrides [44].

Lu et al. i5] annealed fewiN films at Tannea= 500-700°C for 2 hr in M:H» (9:1) mixture.
From XPS measurements, the relative intensities of TiN and of titaoxynitride
decreased with increasing anneal temperature, while that ofifié@ased. This could
have been due to the transformation of amorphous O fully crystalline TiQ. They

reported that, after an anneal ahqlu= 500°C, a theoretical vadurny © 1/~ > 10°

(with: m=1; n = 2) would have been needed to obtain a purely TiN film, winekindeed
practically impossible. AlsdNVang et al.[46] reported thafTiN films anneatd in N,
atmosphere at zhnea> 500°C were always subjected to oxidation reactioviich gave

rise tooxide phasesnd therefore to color changes from golden yellow to light blue/purple
They also observed that the thinnerswhe film (for tle same deposition conditionshe
lower was the critical Fnneaifor the oxidation reaction® seriouslye nhance t he
electrical resistivity However, together with oxide phases formation, after annealing the
films crystallinity considerably increased.

Huang et al. 47] deposited TiN thinfilms by unbalanced magnetron sputteriagd
implemented postleposition heat treatment at 500°C and 700°C for 1 hr,iAlJN9:1)
atmosphere. From Auger Electron Spectroscopy anabftes annealinghe concentration
profile of oxygen reached evdamghe valuesthan asdeposited samplesgntil a depth of
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~24 nm, and reacheithe sameplateauvalue deeper insideBut, on the other sideliN

crystallization along <111> directiamprovedat Tannea= 500°C and even furthet Tannear
= 700°C.

Substrate heating during deposition

Another importanteposition parameter that influences thin TiN films main properties is
the substrate temperature.

Subramanian et al4§] deposited on mild steel substrates heated at=H00°C some TiN

thin films by reactiveDC magnetron sputteringnd studied their structural and optical
properties. Xray diffraction (XRD) revealed that the films haal lattice parametea =

0.424 nm. This is the value of lattice constant for nearly stoichiometric TiN; therefore only
a little amount of oxidation was present, mainly at the surface. This result was obtained
thanks to thénigher adatoms mobility given bgubstrate heating during deposition. These
films showed a maxi mum ref | ec tlacaleectaral ue
mi ni mum at (Fig. 1), whilDis typical of nearly stoichiometric TiN films.

Reflectance [ %

T T T
500 1000 1500 2000
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Figure 1.14: Reflectance of TiN film deposited while heating the substrate at 400°C. Takeriibm [

In conclusion,heating the substrate during deposite®ems to genergllgive higher
guality stoichiometric filmswith better optical properties (in terms lufyh reflectanceand
bright yellow color appearance) with respect to pdsposition annealind?resumably, the
high temperatuefavoring adatoms diffusion during depositioare more effective in
obtaining stoichiometric TiNather tharthermal treatments performed once the structure
(with some oxygen incorporated inside and scasorbedon the surface)s already
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formed,.In fad, as it can be seen in Fi15, theRaman optical band of TiN films (which

is associated to nitrogen atomibrationg increases as the substrate temperature during
deposition increases. Therefore, nitrogen rich and oxygen poor thin films catabeedb

by heating the substrate, while this was not always the case wheanpestings were
performed(see Fig.1.9). However, by properly selecting th@ostdepositionthemal
treatment temperatur@ot too low nor too high, depending on the cas& possible to
efficiently cope with oxidationto increase the crystallizatioand consequently to
improve the electrical and optical propertxéghe film.

Intensity (arb.)
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Figure 1.15: Raman spectra of samples grown at different temperatyre&D. Taken from49].

Pulsed Laser Deposition

In the following research papers it is showed how the PLD deposition conditions can be
used and tuned to contr@omposition electrical and optical properties, as well as
plasmonic behavior of TiN thin films.

Mihailescu et al[50] deposited TiN films by reactive laser ablation of a titanium target at
room temperature in a background pressure of nitrogen and with a fluence (laser energy
density) of ~ 5 J/cfa In particular, they used a nitrogen presspgeranging from 6 - 18

Pa to 1000 Pa, obtaining puiee TiN for 0.7 Pa oo < 7 Pa. At higher pressures, oxygen
impurities concentration present in the reactivagllk rose and got significantly high. On

the other side, at lower pressures, the lower presence of nitatg®s able to react with
ablated titanium particles led to residuaygen in the chamber which oxidized the film. It

was also underlined how some oxygen impurities could have been desorbed from the
substrate and from the chamber walls.
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Similarly, Gu et & [51] performedreactive PLD of a Ti target in a nitrogen atmosphere at
room temperaturél heyfound that the optimum values of the prodoetweenN, pressure
andtargetsubstratelistanceverewithin 3 - 10% and 4.5 - 18 Pa-cm, using a laser fluence

of 6.7 J/cr.

Krishnan et al. 7] used a reactive PLD where the process parameters were optimized
using Secondary lon Mass SpectroscqyMS). They made multilayers oTiNy by
varying one key processing paramggiposition pressure and fluenckg¢eping all other
parameters constant. In order to facilitate a clear distinction on the composition brought
about by change in the key processing parameter, a niobium interlayer was deposited
between successiviéN layers. Resultant multilayer films were characterized for chemical
composition using SIMS depth profiling mode.maximum N/Ti ratio was achieved at a

N, pressure of 3 PaMoreover, increasing the laser pulse endrgyn 100 mJ to 500 mJ

led to an higher N/Tratio and a lower oxygen impurities level (besides an higher film
thickness). A pssible explanation was given: an higher valueeagergy per pulse
dissociates more Nyas molecules, resulting in a higher availability dfasnd N radicals

for TiN synthess.

Craciun et al. 3], ablated some TiN targets with laser fluence 8 3fender a high purity
atmosphere of N10 Pa.The deposition chamber had been previously evacuated to ultra
high vacuum (P = 1®Pa) in order to avoid as much as possible incorporation of residual
oxygen atoms, and the substrate temperature was risen up to 3b@°@ttice parameter
estimated from XRD measurements veas 0.4252 nm, not so much bigger thenalue

for purely stochiometric TiN @ = 0.4242 nm). Auger Electron Spectroscopy (AES) survey
spectra recorded from the-dsposited surface and after removal of more than 10 nm of
surface material by argon sputtering, indicated oxygen concentrations below 3 at% within
the depsited films.

Guo et al.[54] studiedthe dfect of substrate heating temperature during pulsed laser
ablation of TiN target in ultra high vacuum condition (P = 6 E&). An higher substmat
temperature (which was set%#10°C) enhanced the @tomsmobility through temperature
dependent thermal vibrations, and led to higher crystallization and more pyramidal surface
morphology.

Furthermore Sugavaneshwar et a2 fabricated titanium nitride films by pulsed laser
ablation of a TiN target at roonermperature on SKIBi and organic flexible substrates.
The deposition was performed in vacuum (P = 6.7 Rf) and the laser fluence was set

at 6 J/cri. Four films were made at different deposition rates by adjusting the laser
frequency.Films deposited at higher deposition ratdswed a smaller grain size from
AFM images: this resulted in heavier scatterihglier resistivityvalues) higher losses
(higher- values see Fig.1.16) andlessstoichiometric N/Ti ratip but at the same time
higher metallicity (higher , see Figl1.16), larger values of charge carrier densities (i ~ 7

8 - 10 cm®) and higher mobility values (because of less defective films hence bigger
relaxation time).

Then, theyalso evaluatethe figure of merit (FOM = - /- ) in order to assess their SPP
waveguiding performance. These TiN filsisowed a greater plasmonic performance than
those obtained with sputtering techniques under similar-téoaperature deposition
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conditions. Howewve conventional plasmonic materials like gold still largely overcame
theseTi N6s FoM values by one order of magnit u
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Figure 1.16: Complex permittivities of the TiN films deposited at different deposition rates-{TiNN-2,
TiN-3 and TiN4 deposited at 0.1, 0.07, 0.05, and 0.03 A/s, respec}ijviy real part; (b) imaginary part.
Taken from P5].

Summarizing, we have seen that PLD of TiN can be performed and that high quality thin
films can be obtained. To grow epitaxial and compaict TiN films, the optimum values

of laser fluence and Noressure seem to be75J/cnf and 37 Pa, respectively. It is clear

that a heated substrate facilitates the crystallization process and limits oxygen
incorporation during film growth.

It should bespecified that with pulsed laser deposition it is possible to deposit not only
compact films (as the ones reported in the papers above), but nanostructured thin films as
well. Nanostructured films are constituted by nanoparticles assemblies; thereftbre, wi
respect to compact films, they have significantly different electrical, optical and plasmonic
properties, as well as different synthesis issues to cope with. For this reason, these so
called hierarchical (or nanoporous) films will be treated in theiseabout TiN
nanoparticleg ).

A thorough study of titanium nitride thin filmdeposited by PLDwas performed by
Garattoni in this laboratory.

In the following the main a4 lare schematealyt s of
presented

1) First ofall, the fabrication of continuous and compact thin films by PLD on glass,
Si and SiQ substrates at room temperature was successfully accomplished. In
particular, the issue related to compact film adhesion on glass was overcome by
Acl eani ng ewithh gasmawbAs ibns. a t
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2) Second, the effect of some deposition parameters, in particular pressure and
fluence, was correlated with the morphology and composition of the obtained
samples.

3) Finally, the effects of thermal treatments on the structure, electrical resistivity and
optical properties of the samples were investigated. The annealing was performed
either in vacuunor with Nx:H, (95-5 %) supply at controlled overpressure of 1050
mbar. The process time and temperature were kept consianta = 550°C was
selected amongst the most commonly used dimgetemperatures in literature;
annealing time was chosen to be of 60 min. The main effects of thermal annealing
were:

- From XRD patternsboth the annealings induced an imgd\crystallization of
the films, mostly along <111> direction.

- From Raman spectra somengral trends can be identified (see Eig7). First
of all, because of the exposure te dluring heat treatment, the acoustic peak
below 400 crit blueshifted; this effect was much less evident for vacuum
annealed samples. Additionallthe intensity of the optical band around 600
cm™ generally increaseafter thermal treatment in JMH, atmosphere, thus
appearing strongly related to the film exposure to nitrogen.
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Figure 1.17: Raman spectra of TiN thin film deposited on glags=(3.5 Jicr; P = 1 Pa )
before and after annealing in/N,. Taken from ].

- From electrical resistivity measurements, the resistivity values of the f#ms
2.5 - 10" g ¢ myere one order of magnitude higher than the best results found
in literature Moreover, these resistivity values remained unexpectedly
unchanged after thermal treesnts.Finally, the results of Hall measurements
were not presented since, for all the samples, the figure of merit indicated that
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the obtained data were unreliable. Therefore, no data on the carrier density have

been reported.

From UV-Vis spectrophotometemeasurements, the most evident effect of

thermal treatment was the retift of film reflectivity and the lower reflectivity

minimum, whose intensity dropped almost to zero when annealing was
performed in NH, (seeFig. 1.18). In fact, by increasing the nitrogen content

after annealing, the number of the free electrons in the films was reduced.

Therefore, fewer electrons interacted with the incident radiation, reducing the

reflected light. On the other hand, the explanatiothefredshift resulted more
complicated; the hypothesis made was that, by increasing the nitrogen

concentration, the real permittivity ( whi ¢ h

ficontrol so

ntr

became negative at longer wavelengths. Not surprisingly, the lowest measured

amin (Wavelength value where the reflectance dip occoos)esponded to the
asdeposited films grown in vacuum (and were ~ 330 nm), while the highest

were related to the films deposited and annealed/fidNand were ~ 470 nm).

In conclusion, it was undiéned how it was still essential to understand the
influence of oxidation on the TiN films optical properties and to correlate these

properties to the structure, composition and density of carriers. On this purpose,
most of these open issues haeeitinvestigated in this thesis

100

90 -
80
70 - e

60 ////

50

Reflectivity (%)

404 i

—— TiN-1 as dep.
TiN-1 annealed
TiN/SiO,-1 as dep.

TiN/Si0,-1 annealed

T T T J T U
780 900 1080 1200 1350 1500 1650 1800

Wavelength (nm)

Figure 1.18: Reflectivity of TiN samples deposited on $iénd on glass at 1 Pa,N, and

annealed in the same atmosphere. Taken f&m
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1.3 TiN nanoparticles

1.3.1Plasmonicproperties and applications

Plasmonics has attracted a great attention over the last few decades due to the enticing
physical mechanism arising from the interaction of light with resonant structures at the
nanometer scale. The unique characteristic drptaic materialgonsistsin their ability
to sustain resonant oscillations of free electrons as a response to electromagnetic waves,
known as surface plasmons (SPs). These coupled oscillations can either propagate along an
interface é&nd so they arealled surface plasmon polaritons SPRs,reported in section

), or they can exist as localized surface plasmon resonances (LBRd&R)atter
collective fluctuations of charge density can be sustdiyadetallic nanoparticles (NPs).
In order to analyze the localized surface resonance,cad considey in a first
approximation,an isolated nanoparticle immersed in an electromagnetic Vigldse
wavelength is much longer thahe diameter of the particlguasistatic approximation)
In this casejt is possible to consider that the applied electromagnetic is uniform at each
instant and at any point of the object volume (no delay effect). In such-sjaasi
approximation and if the temporal variation of the applied field is set asidprdbem
returns to that of a sphere subjected to a uniform Egld’he application oEgyinduces a
polarization of the sphere and the appearance of a charge surface distribution. In this way,
the particle is equivalent to an ideal dipole, whose dipole moment directly depends on the
polarizability of the sphete:

Where V is the volume of the sphere, is the dielectric constant of the medium ands

the real part of the metallic NP dielectric functidme theory of scattering and absorption

of radiation by a small sphere predicts a resonant field enhancengeta duesonance of

the polarizability] , which occurs when ¢- . Under these circumstances, the
nanoparticle acts as an electric dipole, resonantly absorbing and scattering electromagnetic
fields..

By expressing the dielectric constants as a function of the plasma frequer{ay the

Drude model, hence neglecting electedactron interactions and considering the charge
density as a free electron gas), tbealized surface plasmon resonance freagy is
obtained:

p ¢

Consequently, both the scattering and absorption spectra of the induced oscillating electric
dipole are greatly enhanced at the resonant wavelength, compared to dielectric
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nanoparticles of similar size. In otheords, the extinction spectrum is maximized in the
resonance condition:

where,  and, are the absorption and scattering cross sections, respectively

This theory of thalipole particle plasmon resonance strictly valid only for vanishingly

small particles; however, in practice this theory provides a reasonably good approximation
for spherical particles with dimensions below 100 nm illuminated with visible or NIR
radiation [L].

By writing the absorptionand scattering cross sections as a functiopatérizability| ,
where - and - dependencies on the wavelengithave been explicated, th&oss
sections as a function efcan be obtained:

|©

|'o||

For the samenanoparticle, the ratio of the scattering and absorption cross section is
proportional to the volume \éo:

e
| <

Thus, in the quasstatic approximation YL _), extinction is largely dominated by
absorption.

For particles oflarger dimensions instead, the quasi static approximation is not justified
due to the significant phastdanges of the driving field over the particle volume. The
approach know as Mie theory gives an exact general calculation of the optical response of
a spherical particle of any diametdvlie developed a theory of the interaction of an
electromagnetic wave with a homogeneous spherical metal nanoparticle based on a
multipolar development of the electromagnetic field. The important final result is that the
absorption and scattering cross sections are simply expressed as series were the
coefficients are functions of the particle sjzé).

The major source of losses in metal nanopatrticles are electrons collisions; for this reason,
one of the most importamarameters is the electron mean free path (MF#at can be
written (in a first approximation) asd 1t w, wheret is the relaxation timeof

conduction electrons ard is the Fermi velocity (the velocity of electrons located on the
Fermi surface)ln order to understand why changing certain process conditions can affect
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the LSPR, it is necessary to correlate the observed optical properties with the material.
From the fdlowing relationships:

(whereN is the density of conduction electrors, the permittivity of free spacé * the
effective mass of the electrofis, T the damping parameter of the nanopartiadeshe
Fermi velocity andO the diameter of NPs), it is clear how the particle morphology and
surface chemistry play a crucial role in determining its optical properties.

From conventional to alternative plasmonic materialsfor LSPR applications

The strong plasmonic response from noble metals in the visible region of the
electromagnetic spectrum has been the main reason for the frequent use of these materials.
In his work, Michael Faraday reported the color changes he observed from metal
nanoparticledike gold and silver dispersed in a dielectric bod§][ Another reason for

the use of metal nanoparticles is certathly welldeveloped colloidal assembly methods,
which have been studied extensively over the years Due to these two important
advantages, the material selection in the field of plasmonics naturally resulted in the
frequent use of Au and Ag in research studies. Moreoweble metals have been
commonly used for plasmonic devices because of their sshalic losses (or high DC
conductivity) and their provebiocompatibility and chemical stabilititowever, problems

from a wide range of disciplines awaiting a solution from the field of plasmonics cannot be
solved with a limited pool of materials. In ord® provide solutions to problems with
different requirements such as operating at specific windows of the electromagnetic
spectrum and different ambient conditions, alternative materials are needed.

Plasmonic resonances of noble metals NPs naturallyr catcthe shorter wavelengths
region of the visible windowAlthough this may be a great advantage in many casgs [
adapting these materials to applications that require operation at longer wavelengths has
been a problem. For example, a big issue Ishnn the integration of Au nanostructures

for biomedical applications, which need resonances in the near infrared window of the
electromagnetic spectrum, due to the lower attenuation of light through biological tissues
at these wavelengthsd]. Hirsch ¢ al. [59] tried to solve this problem by modifying the
geometry ofAu nanoparticles to corghells (also called nanoshéllshereby reeshifting

the resonance peak to the ndarwindow. Engineered shapes of metal NPs for efficient
operation in the biolgical transparency window have been extended to various different
geometries like nanorods, dimers and multisheli§, [61]. Nevertheless, suclbig
structures with shapes different than spheres are much tougher to be processed by the
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human organism. For this reason, plasmonic NPs with smaller sizes and simpler shapes
would be more desirable for biomedical applications.

Moreover, goldbdébs poor thermal stability (a
point observed in nanasttures) limits its utilization for heating applications at elevated
temperature. Although it has been shown that thermal stability of these nanostructures can
be increased by use of a relatively thick encapsulating silica shé]lsspuch geometric
modifications would highly affect the optical properties, which is not desired for many
applications.

Additionally, an important technological challenge associated with noble metals is that
they are not compatible with standard silicon manufacturing procebbes precludes
plasmonic devices from leveraging on standard nanofabrication technologies, and
diminishes the possibility of integrating such devices with nanoelectronic components.
This compatibility issue arises from the fact that noble metals cay ddgilse into silicon

to form deep traps, which severely affect the performance of the electronic devices.
Eventually,a major drawback of noble metals is that their optical properties cannot be
tuned or adjusted easily. For example, the carrier contiemtraf metals cannot be
changed much with the application of moderate electric fields, optical fields, or
temperature. Hence, in applications where switching or modulation of the optical
properties is essential, noble metals are not the convenient choice.

Many alternative materials have been proposed that overcome one or more of the
abovementioned shortcomings: alloy nanoparticles (likeCAU63], GaMg [64], and Ag

Au [65]), doped semiconductor nanocrystaisnsparent conductive oxides (TCOs) and
transition metal nitrides (TMNS), like titanium nitride.

TiN nanoparticles for LSPR applications(state of art)

TiN has become a promising alternative to gold because of its high melting goiat
chemical stability at high temperatures, -bmmpatiblity, CMOS compatibility, and cost
effectiveness. Furthermore, TiN may offer an additional degree o freedom in the tuning of
its optical properties compared to silver and gold, whose plasmonic response is typically
controlled by engineering nanoparticleesiand shape. In fact, as a rsiaichiometric
material titanim nitride has been studied terms of adjustable properties with varying
deposition parameters.

The strength of LSPR resonance is related to the actuahlue at_ . The quality
factor for agenericplasmonic material can be defined as the ratio between the enhanced
local field and the incident field (as already discussed in section). For LSPRthis
factordepends significantly on the shape of the metal nanolegytin the case oh sphere

0 is given by — . By analyzing the quality facterfor Au and TiN (see Fig.

1.19) for LSPR applicationswhere the complex dielectric permittivities used in this
calculations are given in Fig.19, it is seeable how Au outperforms titanium nitri@ad
zirconium nitride) over the visible and near infrared regions of the electromagnetic
spectrum. However, when dealing with very small particles (i.e. nanoparticles), additional
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mechanisms such as reédcelectron mean free path, increased contribution from surface
chemistry and shape of plasmonic material have to be considered. For this reason, Mie
scattering theory is a very valid tool for the performance comparison of alternative
materials for specifi applications. Scatteringabsorption or extinction efficiencies
calculated from Mie coefficients can easily be considered as a figure of merit.
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Figure 1.19: (c) Quality factors in the quastatic regime showing the oscillator quality for Au, TaNd ZrN
nanoparticles; (d) real and (e) imaginary part of dielectric permittivities used in quality factors calculations.
Taken from B].

On one side, scattering efficiency is a useful mean to estimate the performance for far field
enhancement applicatis As visible from Fig.1.20 (f, g), TiN has a smaller maximum
enhancement (which makes gold the material of choice for shorter wavelengths of the
visible window), but at least has a broader peak and redshifted towards the biological
transparency and th&lecommunication windows. Overall, it can be concluded that,
although it is not as a good resonator as Au, TiN provides comparable or even better field
enhancement in the neafrared region where the two very important spectral windows
are present.

On the other side, absorption efficiency can be considered as a quality factor for
applications based on local heating of a confined volume via absorption of electromagnetic
energy. As visible from FiglL.20 (h, i), the peak values for Au and TiN are ratkemilar;

in addition, TiN has a much broader peakjoseresonancedail elongaés towards the
biological transparency window.
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Figure 1.20: (f, g) Near field intensity efficiencies, showing the field enhancement at the surface of
plasmonic particlecalculated for spherical Au and TiN nanoparticles based on Mie coefficients; (h, i)
absorption efficiency, which is an efficient indicator for electromagrtetireat energy conversion, for
spherical Au and TiN nanoparticles with varying radii. Taken ff8n

In the following, the mairL,SPR (potential) applications of TiN nanoparticles based on
absorption of electromagnetic energy will be discussestead, application based on
sattering mechanisms will not lm®nsideredere as new developments astll emerging

in the field.

Therapeuticapplications. RBsonant plasmonic nanoparticles delivered to a
tumor region can be heated via lasight with a wavelength inthe near
infrared (NIR) region,where the attenuation of light through the biological
tissue is low{3]. In this way, the concentrated heating effect generated ablates
the tumor region with minimal damage to the healthy tigsee Figl.21).

Au nanostructures have been successfully used ge @xperiments; however,

the spectral mismatobf the spherical Au NPs and the biological transparency
window resulted in a need for a relatively larger dimensions and more
complicated nanostructures such as nanoshells and multisb&ll§7]. The
problem lays in the fact that larger size NPs haless effective cellular uptake
and clearance from the body after treatment. In order to solve the problem,
Huang et al. §8] used biodegradable gold nawesicues madeof 26 nm Au
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NPs closely packed into vesicular assemblies of total sizes around 200 nm,
which ould be dissociated back into smaller particles after treatment for an
easier clearance. However, problems of instabilities due to fragmentation were
encountered.

TiN NPs, with a simple spherical shape and no size restrictions, have an even
higher teating efficiency than Au NPs within the biological transparency
window, hence represent a promissory research opportunity for photothermal
cancer therapy (PTT).

Guler et al. §] fabricaed 30 nm thick nanodisks arrays (of various disk sizes)
by electronbeam lithography on a TiN film previously deposited by DC
reactive magnetron sputtering atrtperatures 400hd 800°C. As seeftom the
trangnittance spectra (see Fif).22), the spectral position of the transmittance
dips of the TiN nanodisks exhibited agimonic resonances throughout the
biological transparency window. Instead, the plasmonic peaks of Au NPs with
smaller sizes were located at relatively short wavelengths, and larger particles
were required to reach the spectral region of interest.

Seenn,,,,

Individual Subunits .. .

Figure 1.21: Plasmonic photothermal therapy explained in a nutshell. Plasmonic nanopatrticles are injected in
the body where they accumulate in tumor tissue. Then, after irradiation with a NIR laser in the biological
transparency windowthanks to the enhaed absorption cross section given by NPs the tumor is ablated. The
photographs of tumor bearing mice before and after treatment can be seen in the inset. Biodegradable Au
nanovesicles are recently proposed for improved body clearance. Takeffrom [
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Solar/thermophotovoltaics apgditions. me of theproblems in the field of
photovoltaics ariserém the low light conversion efficiencies and the relatively
short term stability of semiconductor devices. Absorption of light with energies
higher than the bandgap of the semiconductor is known to resh#aiting,
which in turn causes efficiency degradation. In addition, long term stability
reduction due to the oweating of semiconductors, and environmental
conditions such as humidity and UV radiation are known to cause degradation
of the device perfornmae. The solar/thermophotovoltaic approach can be a
solution to this mulple problems. In such devices (déig. 1.23), an absorber

designed for broad absorption of solar radiation can be used to heat to elevated

temperatures an intermediate layer. Thatbé@ body is expected to-radiate
tThissbroadp e c t r u
emission of light can be engineered in order to obtain a selective emission of
narrow energy
result of this spectrally matched emission, high conversion efficiencies can be
obtained with longer lifetimels3].
Because of high temperature operation in such devices, a thermally resistant
material like TIN seem® bethe perfect candidafier the absorber component.
However, by now the reported results in this field are mostly theoretical
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For example, Gao et al.69] used a finitedifference timedomain (FDTD)
software for structure modeling and numerical calculation of adbaa
absorber consisting of S)TiIN- SiO,-TiN four layers structurearranged in a
ring-square array. The obtained @ati properties, as shown in Fih24 were
characterized by a very high absorbance spanningvalt the wavelength
spectrum going from 200 nm to 1200 nm. The simultaneous excitation of
different resonances (propagating surface Plasmon, localized surface Plasmon,
and FabryPerot cavity resonance) that interact with each other gave a
br oadbandbsdrgienr f ect 0 a

In addition, the Plasmon enhanced absorption of solar radiation could be
exploited for solar watetheating systems. On this purpose, Ishii et atj [
dispersed in water some TiN NPs (with average size 50 nm) produced by RF
sputtering, and calt¢ated the absorption efficiency of such system. The broad
and intense plasmonic peak around 700 nm (due to highat such
wavelengths) covered most of the normalizeradiance spectrum (see Fig.
1.25), outperforming gold and carbon, that is the typioaterial used for solar
waterheating systems.

SELECTIVE ABSORBER CHEMICAL NUCLEAR WASTE

FOR SOLAR RADIATION HEAT

SELECTIVE EMITTER
ENGINEERED FOR PHOTOVOLTAIC CELL

HRRRNN

PHOTOVOLTAIC CELL

Figure 1.23: Schematic illustration of thermophotovoltaic systems. Heat input can be supplied from a variety
of sources including solar, chemical, nuclear and waste heat, or any combination ofBthekbody
emission of the heated body is spectrally engineered with a selective emitter for an optimized coupling to the
photovoltaic cell. Taken fronS].
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Figure 1.24: Normalized reflection, transmission and absorption spectfaunflayer SiO,-TiN- SiO,-TiN
absorber arranged in a risguare array, under normal incidence. Taken fré#h [
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Figure 1.25: Calculated absorption efficiencies of nanospheres dispersed in water made of TiN, carbon, and
Au. The radii are 50 nm. The area plot in gjor shows the normalized irradiance of AM1.5G. Taken

from [70].

Heat assisted magnetic recordifdAMR). In magnetic recording technology,
achieving higher data storage densities require the reduction of bit sizes, which
brings new challenges such #® loss of data in very small grains due to
thermal instabilities. A promising solution to the problem is to locally heat the
material to high temperatures and thus lower the coercivity for a short amount
of time during the writing process. Plasmonic naarticlebased tiphave the
advantage of sulvavelength focusing of electromagnetic energy with high
field strength and heating efficiencies in a confined volume.

However, long term stability of the optically excited plasmonic {fiest
transducers renvas a problem due to tough operation conditjoasd the
search for alternative plasmonic materials has become inevitable for HAMR
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technology. TiN is known to be corrosion resistant, durable at high
temperatures, with stable optical properties with resgecttemperature
variations, and with a plasmonic performance in the NIR region (where diode
laser technology is well established) comparable to Au nanoparticles. Because
of these reasons, neield transducer designs based on TiN nanostructures are
believed to potentially bring the technology one step closer to real life products
[71].

- Sensing applications. Due to the strong and localized electromagnetic field
amplification created by the LSPR resonance, tRaman scatteringof
molecules (on top of whiclplasmonic TiIN NPs are adsorbed) gseatly
amplified. In this way, these molecules are more easily detected at Raman
spectroscopy.

- Photocatalysis applications. The plasmonic resonance generates hot electrons,
whose subse@nt decay from excited statessw#s in the creation of
electron/hole pairs at high energy levels that would not be available at room
temperature in absence of light excitatidrhe hot electrons transfer from
plasmonic catalyst towards adsorbates manages to drive chemical reactions
with visible light.On this purposeClatworthy et al. 2] investigated the ability
of TiN nanoparticles to enhance the photocatalytic hydrogen evolution activity
of a photocatalyst via MeOH reformation using aqueous colloidal suspensions
of TiO,-TiN nanopaticle composites. Under combined UMAvirradiation, the
composites afford up to afbld improvement in the rate of hydrogen evolution
compared to TiQor TiN NPs alone.

Fabrication of TiN nanoparticles and properties tuning (state of art)

Due to the nosstoichiometric nature dfitanium nitride, the resonance behavior of TiN
nanostructures can be tuneg \marying the growth parameteis addition, the tuning of
plasmonic behavior can be done by varying the nanopatrticles size.

TiN NPs can be obtained by a great variety of techniques. For instance, the direct
nitridation of metal powders or metal hydrides with nitrogen or a mixture of nitrogen and
hydrogen can be usedd. However, it is difficult to precisely control the patés size,
content and morphologyand the process temperatures are very high (800°C)
Alternatively TiN nanoparticles can be produced by microwave and thermal plasma
techniques 14, 75], but broad particles size distributions are obtairkabther way of
obtainirg TiN NPs is the laser ablation in solutiomethod. Using a TiN thin film with
optimized plasmonic properties as a source, one can obtain nanoparticles by ablating such
film target [/6]. Possible problems that may arise with the laser ablationomette the

tough nature of TiN which may push the limits of the method, and the lack of control over
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the nanoparticle dimension with small dispersion. Takada et dlufed a Ti target in a
liquid nitrogen environment in order to avoid the problems tloate from the hard TiN
source. However, the resulting particle sizes were around 800 nm, which were far larger
than dimensions typically used in plasmonic applications. Other alternative fabrication
routes like plasm&nhanced chemical vapor depositi@md laser ablatiornin liquid with

laser fragmentation are beingleveloped, in order to assure a better control over
nanoparticles size and compositior®, 79). In the following papers it will be shown how

the LSPR properties of TiN NPs fabricated by différechniquesave been adjusted in
order to aim specific applications.

Guler et al. 0] studied theoptical properties ofthreeaqueous solutiaprepared with
commercially available TiN powders witlverage nanoparticle sizef 20,50 and 80nm.

By analyzing the absorption cross sections and efficiencies of the three séeplésg.
1.26), it was evident how theSPR resonance rezhifted and raised in intensity the bigger
was the average particles size. Moreover, if compared to Au nanosftéllgnner and
outer dianeters of 110 and 130 nm, respectively, TiN nanap$ showed a greater
feasibility for photothermal applications: the same absorption efficiency was provided with
smaller particles size. Another advantagih respect to Au narshells was that the
broader resonance peak obtained from TiN K#taxed the restriction on particles size
dispersion.

a e 20 MY b — 20 nm
} /\ ~——50 nm 4 — 50 nm
— 80 nm — 80 nNm

{ \ Au Nanoshell

Au Nanoshell

Absorption Efficiency (a. u.)
N

400 600 800 1000 1200

Absorption Cross-Section (m?)

400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

Figure 1.26: (a) Calculated absorption cross section of TiN nanoparticles with sizes 20, 50, and 80 nm
compared to Au nanosheligth inner and outer diameters of 110 and 130 nm, respectively. (b) Absorption
efficiencies of the same nanopatrticles. Taken fréeh [

In another work,Yick et al. B1] produced free standing monocrystalline cubic TiN
nanoparticles by transferred amasma method. They showed that the operating
parameters such as gas composition ang@ament had a significant influence on the TiN
composition and optical properties. In particular (seEah 1.1), as the helium component
of the He:N atmosphere increasedshkght increase of the oxygenated component at the
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expense of TiN was observed. This trend was attribtdetthe fact that the amount of
reactive nitrogen species present in the arc lowered as the relatbamdéntration of the
working gas decreased, and to the fact that higher He percentageskled the arc
reactivity. In fact, modeling has predicted that an increasing inclusion cdNd raise the
temperature profile of the arc and hence its reactivity.

Moreover, the effecof arc current variation was analyzed. As the current incredised,
dissociation of molecular nitrogen and thus the availability of nitrogen radicsds in
addition, the amount of material evaporated got higher because of the plagmesatare
increase. The results can be s@effab. 1.2, where an increasing currendleo greatly

lower oxidized fractions.

Additionally, the optical properties variation as a functiongak composition andrc
currentwere investigatedOn one side, sindde position of the plasmon peak indicates the
metallic nature (concentration of conduction electrih®f the material, varying the gas
composition did not shift thplasmonic peak positignn factthe compositional variation

was notbig enough Tab. 1.1). Insteadthe peak blushifted with increasing curreiisee

Fig. 1.27)f rom & ~ 900 ntmanks to thessubstaniim@réasenofrithe free
electrors-containing TiNwith respect to oxidized phases (Tal). On the otheside, the

peak widths can change as a result of morphological factors. Trhisecaeen in the size
dependencef the damping factar . In fact, higher arc currents led to narrower peaks
(Fig. 1.27), because of the bigger diameters of the so obtained NPs.

It has to be specified that the size of NPs, as described by Mie theory, also affects the
plasmonic peak positionlarger particles have a lower frequency of resonance for
collective charges oséitions. Furthermore, the concentration of conduction electkpns
which is inversely proportional to the Ti@o-TiN ratio of the TiN NP, has also an
impactful influence on the damping factdr : a higher concentration of conduction
electronsinevitably increases the scattering losses hence decreasing the bulk relaxation
time.

All the possible effects generated by the different contributions have to be accounted when
analyzirg TiN optical properties. One or the other contribution will be melevant at a

time, depending on the specific case.

He: Nz Ti-O; Ti-MO, Ti-N
1:1 63.2% 22.7% 14.0%
2:1 62.7% 26.3% 11.1%
31 b6.5% 22.7% 10.8%

Table 1.1 Composition of TiN NPst various gas compositions. Values calculated from XPS measurements.
Taken from B1].
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Current (A) Ti-0, Ti-N,O, Ti-N
100A 54.7% | 30.1% 15.2%
1504 46.7% 33.4% 19.8%
210A 42.6% 27.2% 30.2%

Table 1.2 Composition of TiN NPs at various arc currents. Valoakulated from XPS measurements.
Taken from B1].
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Figure 1.27: Optical extinction measurements of TiN nanoparticles synthesized at different arc currents.
Taken from 81].

Other important parameters affecting TiN NPs plasmonic response anartbparticles
concentration in solution and the dielectric constant of the solvent.

He et al. B7] investigated the dependence of the plasmonic resonance on the
concentration of TiN nanopieles in a colloidal solutiorVith a NPs concentration higher
than 2 0 ™algdadband absorption in the nel® due to plasmonic resonance started

to be visible(see Fig.1.28). Consequently, the temperature elevation of such colloidal
solutions as a function of irradiation time resulted to be greater when the NPs
concentration was increasded. 1.28).

Baturina et al[83] performedUV-Vis spectrophotometeanalysis onaqueous colloidal
solutions with different concentrations of 20 and 50 nm TiN NPs. For 20 nm NPs solutions
a broad plasmonic resonance locammdund 650 nm was observed, with increasing
intensity for greater NPs concentrations (§ég 1.2%). For 50 nm NPs solutions the
LSPR peak was narrower and +&ufted to 665 nm, and showed the same dependence on
NPs concentration as for smaller partic{sed-ig. 1.2%).

36



1.3. TIN NANOPARCLES

Extinction measurements of titanium nitride nanoparticles in solvents with different
refractive index ) show how the frequency of the LSPR resonance decreases if the
surrounding medium has an higher valua @Fig. 1.30).
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Figure 1.28: UV-Vis-NIR absorption of aqueous solutions of TiN NPs diluted at different concentrations.

Il nset: nor mali zed absorbance intensity for & = 808
function of NPs concentrations; (lHmperature elevation of pure water and TiN NPs aqueous solution at
different concentrations as a function of the irradiation time. Taken fs@m [
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Figure 1.29: Experimental UWis spectra recorded in aqueous colloidal solutions of (a) 20 nnfbarzD
nm TiN nanoparticles of different concentrations.. The dashed lines indicate the wavelength associated to the
LSPR peak. Taken fron3§].
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Figure 1.30: Extinction measurements on ~ 8 nm TiN nanoparticles in solvents with different refractive
index (Nmethane= 1.33;Niuene= 1.49). Taken from79).

Recently, Popov et al7§] prepared two colloidal solutions of TiN NPs by laser ablation
of a titanium nitride target placed in a vessel filled once with water and once with acetone.
Nanoparticles with an average diameter of 30 nm and with-saltkcubic structure were
obtained. Ten, in order to reduce the size and to narrow the size distribution, which is
essential to have proper renal filtration in biomedical applications, such colloidal solutions
were exposed to radiation of the same laser in the absence of the targetatedsaser
fragmentation process. In this way, the average diameter was decreased to 5 nm and the
size dispersion was seizetbwn. After fragmentationthe water solution of TiN NPs
presented a fast loss of blue coloratimiated to the disappearancetu plasmonic peak.

The extinction spectra got similar to the one of Ji@dicating the higher oxidation extent
occurrel for the smaller diameters NR3Sn the other sideniacetone the oxidation was
limited, and the plasmonic peak in the NIR (&I nm) survived (Fig1.31).

The oxidation issue related to TiN rogarticles have been treated only by faerstudy
researched-or instance, Barragan et &9 studied the effect of oxidation on TiN NPs
optical propertiesThe particles were prepared \@aplasmaenhanced chemical vapor
deposition method, using a TiGQbrecursor, a Ngireactive gas at different flow rates, an

Ar carrier gas and keeping low temperatures. The NPs produced at lowdloiNHates
appeared bigger (average diameter 8 nm) aitl & neatercubic shapecompared to
smaller NPs (average diameter 4 nm) fabricated at lower/TNE; ratios The oxidation

issue rose when considering that the extinction petkgger particles were blughifted

this seemed in contrast with Mieeory dependere of plasmonic peak with size; in fact,
according to the theoryigger particles show reghifted peaks. The reason for this
behavior was found by a@nnealing theNPs at different temperatureshd extinction
spectra reghifted got broaler, and eventually fade awawhen the akWannealing
temperature was increased. Since oxidation extent is directly related-aanagling
temperaturesuchabsorption spectrum variatiamas not dependent much on particles size
but rather on their oxidain extentonce exposed to air after depositigee Fig.1.32). As
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a confirm, smaller particles appeared from-rXy photoelectron spectroscopy (XPS)
measurements nitrogateficient and oxygemich, while bigger ones were almost
stoichiometric and had a l@wr oxygen content, mostly on surface. In order to prevent the
red-shift of plasmonic peak due to oxidation, which additionally lower the intensity and
can lead to fading of theSPRresonance, a siliceoxynitride diffusive barrier layer was
deposited as eapping for the nanoparticleSuch capping layer was obtained by adding,

in a second moment, Sikprecursor in the chamheks seeable from Figl.33, an overall
blue-shift, narrowing and enhancement of the plasmonic peak was observed for coated TiN
with respect to bare TiN; moreover, an increased thermal stability of optical properties
upon airannealing was achieved.

06+ —— Acetone before fragmentation
= = Acetone after fragmentation
— \Water before fragmeniation
0.5 = = \Water after fragmentation

Extinction

400 5:I:IU EE:O ?;If.‘ !é-j
Wavelength (nm)

Figure 1.31: Extinction spectra o0 nm TiN NPs synthesized byutsed laser ablation in liquidNPs
prepared in wate(black) and in acetone (red) before (solid lines) after (dashed linesfemtosecond laser
fragmentation of initial NPsTaken from [ 8].
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Figure 1.32: FTDT simulation of absorption efficiency of a 10 nm TiN nanopatrticle with different degrees of
oxidation. Taken from79].

39



1.3. TIN NANOPARCLES

14 b 100°C

150°C
13 ) —— 200°C
1.2 —250°C

—300°C

Normalized Extinction

L 1
400 600 800D 1000 1200

Wavelength (nm)

1.0
0aF
08
Q.7
06
0.5
0.4
03
0.2

Normalized Extinction

A T I
400 600 200 1000 1200

Wavelength (nm)

Figure 1.33: (b) normalized extinction of Sidl,-coated TiN nanoparticles after an-ainealing process at
increasingemperatures; (c) normalized extinction of bare TiN nanoparticles after-anregaling process at
increasing temperatures. Taken from][

1.3.2 TIN NPsassemblies: nanostructured thin films

In the middlebetween a compact thin film amgblated nanoparticle morphologies, the so
called nanostructured or hierarchical thin films are present. Such films are characterized by
assemblies of nanoparticlesgth various size, shape and architecsufiégheir nanoporosity

and extremelyhigh surface wea make them not onlhighly interesting for various
applications but alsgporomising for a wide range of possible developments

Obviously, as a direct consequence of their very high porosity and open structure,
nanostructured thin films areery prone toexternal agents action; in particular, if the
material suffers oxidation alrea@yhen itsmorphologyis compactsuch issue will become
critical both during the synthesis procedghe hierarchical filmand afterits exposure to

air.

Already in 2010,Cortie et al. 4] used a nanosphetemplate ¢chnique in order to
fabricateTiN thin films with a nanoscale serahell motif. Their aim was to analyze the
optical phenomena operating in such nanostructures using a combination of experiment
and simulationand to show that sershells of TiN exhibit a tunable localized plasmon
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resonance. Titanium nitride was deposited by magnetron sputtering of a Ti targed in N
.10 Pa atmosphere on top of a layer of spherical polystyrene particles of 200 nm diameter
, previously spurcastonto a glas substrate. Figuré.34a shows a typical senrshell
structure obtained, which is characterized by a rough upper sufagel(340). The
reflectance and transmittance of such array of TiN sdmails were compared to that of a
plain TiN thin film (seeFig. 1.35). Both the array and the plain samples had the same
nominal coverage of TiN, produced by identical chamteposition conditigs. It couldbe

seen that the big differences in optical properties éetwhe two sample geometries ger

- The transmittance ose for w gt a for nanostructured film while it

decreaseébr the plain one.

- The refectivity of compact thin film wa significantly higher than thaof
nanostructured film, because of the much higher concentration of charge
carriers.

Figure 1.34: (a) Scanning electron microscope (SEM) image of an array of TiN-sesfis formed on a

colloidal crystal monolayer opolystyrene nanospheres; (b) Higtagnification view of TiN deposit,
showing surface roughness. Taken fré] [
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Figure 1.35: Optical properties of arrays of TiN sestiells compared to those of a TiN thin film deposited
under the same conditions. (agfismittance; (b) reflectance. Taken fraid][
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Later on Kaisar et al. 4] prepared TiN films by reactive sputter deposition cmtglicone
oil-coated Si substrate and obtained a wrinkled morphology fsge 1.36). After
deposition, the silicone oWas evaporated. The resulting wrinkly TiN film was compared
with flat TiN film deposited on a blank Si substrate for Surface Enhanced Raman
Scattering (SERS) study using R6G as the Raman probe molecule. Raman intensity
enhancement of ~ 1.3 “4@as demonsated for the wrinkly film. In fact, thanks to its
nanoscaled granular morphology, a local electromagnetic field enhancement occurred in
the high curvature regions; moreover, besides the fact that more adsorption sites were
present because of the higherface area, thanks to its hierarchical wrinkles with average
size 80 nm a higher signal was Tlhpiswface a't
plasmonresonance (SPRyavelength, in correspondence of which the extinction cross
section peak had its maximymwvas found to & centered around 550 nm. Such SPR
wavelengthwas similar to those reported by other experimental works. For instance, Dong
et al. B5] found an absorption peak centered around 480 nm for-siaad TiN thin film
fabricated via nitridatiorof solgel derived TiQ film. The obtained structure was porous,

due to the decomposition of the residual polyvinylpyrrolidone PVP (that was used-for sol
gel process) during nitridatiqiseeFig. 1.37). An islandlike particles clustering resulted in

a hidh roughness and open structure, which resembled to be highly suitable for SERS
applications: &aman intensity enhancement of ~ 4.1°\i8s obtained.

Figure 1.36: SEM top view image of wrinkly nanostructured TiN film. Taken frat [
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Figure 1.37: SEM images from the surface and cross section of nanoporous thin TiN film obtained yvia TiO
nitridation at 1000°C for 2 hr. Taken fror&g].

The general synthetic approaches for nanoporous titanium metal nitrides had heavily
depended on templatesethods, and the necessary removal of the templates were usually
incomplete, hazardous, time and energy consumid} [In this regard, the rational
synthesisof highly porous TiNbased nanostructure with a facile and highly efficient
strategyat low costis extremely desirable, but it is still a challenge.

In the beginnig of 2019, Liu et al[6] developed awo step route for the synthesis of 3D,
porous TiN architectures with well defined shape, size and composition. The two steps
consisted of a simple solvothermal procassl a subsequent high temperature nitriding
process of the Ti@precursorsThe obtaine@D urchinrlike TiN nanostructuresHg. 1.38)

were composed of plentiful and highly interconnected thin nanowires (NWSs), which
exhibited a high surface area and effective charge transfer. In addition;hetlassized
materials showed excellent electrochemical stability of structure and compsséial the
existence of enormous sharp corners and edges which hold great potential for the high
performance of various catalytic processes.

500 nm ; 1500 nm

Figure 1.38: SEM images of urchifike TiN architecturesTaken from §].

In the same year, Perego et [&l/] realized a hierarchical TiN nanostructurditfilm
electrode consisting in aarray of quasilD TiN nanostructures grown via pulsed laser
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deposition technique. Thanks to its great versatility, the PLD praoveds it possibléo
fabricate ahin film whose morphologysee Fig.1.39) consistedf treelike nanostructures
(also callednanoforest with outstanding chemical stability, good conductivity, tunable
porosity and high roughness factor. Deposition was perfarafegt previously evacuating

the chamber to a base pressure of 3° B8, in a N-H, (95-5%) atmosphere at different
operation pressures (from 15 to 100 Pa) with the aim of tuning the resulting thin film
morphology. The fluence of the KrF excimer laser (¢ gt d) was set constart the
value 3.4 J/crh The evolution of films mesostructure from columnar (at 15 Pa) tdikee

(at 30 Pa) and to areogéte (at 100 Pa) translated in a relevant increase in the thickness,
total pore volume and mean pore size with pressureaatecease in density (see Fig.
1.40). A high percentage of oxygen ( > 35 % at) was found by-aigfle annular dark
field STEM, probably due to the oxidized surface layer present all over the vast surface
area.Raman spectrayhich wereobtained with a IR diodser (X W& &) with power

0 p mdrw, reported the presence sfightly substoichiometric TiN (Fig. 1.41).
Moreover from highresolution TEM and XRD measurements the presence of
nanocrystalline TiIN domains (composed by TiN cubic crystals®ih size) immersed
inside an amorphous matrix was encountefadconclusion, thanks to PLD versatility,
they managed to fabricate stable electrode, which demonstrated high electrochemically
active surface area and power densities.

Eventually, in the late2019, Podder et al5] tuned the plasmon absorbance band of
nanostructured TiN films from visible to NIR region by varying the stoichiometry of the
samples along with changing of size and distribution of the nanoparticles. TiN
nanostructures having diflemt morphology were synthesized by pulsed DC reactive
magnetron sputtering technique grying the working pressure and the deposition time.
Being a dry plasmbased process, it had the advantage of forming very stable
nanostructures which improve the quality of the fabricated device. These films with finely
tuned LSPR bands were incorporated itd@ IR photodetector®perating in different
wavelength rangesmproving their performances in terms of light harvesting efficiency.
The first sample, named Till in Fig. 1.42, wasproduced at higher pressue< 15 Pa)

and hence was constituted by aneasisly of spherical NPs of average size ~ 6.5 nm (with

a rather narrow size dispersion). The LSPR peak laid in the visibleu( x &t &). On the

other side, the second samfiléN-2 in Fig.1.42) was made at lower pressupE<7.5 Pa);
consequently it washaracterized by a nanostructure formed by spheroidal nanoparticles
with quite heterogeneous sizes with an average value of ~ 12 nm. In this case the LSPR
peak was lower in intensity, much broader,-sbifted towards the NIR and centered at

_ p e In Fig. 1.43, the transmittance spectra of FiNand TiN2 are shown.
Stoichiometry played a very important role in tuning the LSPR of TiN sanfplesn XPS
analysis, the amount of titanium atom in TINand TiN2 was 37.42% and 36.05%
respectively, while the nitrogen atomic percentage was estimated to be 2.07% and 32.64%
respectively. An higher nitrogen concentration led to lower carrier concentiatid the
departure from metallic character. the LSPR resonanceshiéi@éd and decreased in
intensity. Moreoverthe ratio of TiN over TiN-O in sample TiN1 was 0.58, while it was
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0.40 for TiN-2: an higher oxygen incorporation caused an additionaldudistance from
the metallic behavior.

Figure 1.39: Crosssection SEM image of TiN nanostructures grown at 60 R&Nby Pulsed Laser
Deposition. Details and teyiew in the inset. Taken fron87].
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Figure 1.40: Density, pore volume, anthean pore size dependency on the operating pressure of the
hierarchical TiN nanostructured thin films. Taken fro&][
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Figure 1.41: Raman spectrum of the hierarchical TiN nanostructured thin film with indication of the position
of the vibrational modesom the literature. Taken fron8T].
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Figure 1.42: tuning of LSPR of TiN from visible to NIR region by varying the deposipoessure. Taken
from [5].
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Figure 1.43: Transmittance spectra showing the tuning of LSPR from visible to NIR region by changing
deposition pressure. Taken frofj.[
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Conclusions

In conclusion, various groups have demonstrated that TIN NPs are a proafiisingtive
plasmonic material, being able to provide light energy harvesting as well afietebar
enhancement due to their localized surface plasmon resonance. The resonant peaks
naturally fall in the visible and NIR region of the electromagnetic spactwhere TiN
performance is comparable to that of gold. However, there are not enough studies in
literature regarding TiN NPs in order to get a systematic and extensive comprehension
about size and stoichiometry tuning and about their relation to LSPR puesation,
intensity and width. Only some scattered examples are present, from which it is possible to
summarize the following main achievements.

First of all, he peak width is mostly depending on particle size and particle sizes
dispersion, but also othe plasma frequendy . In fact, higher values of condion
electronsN increase the dumping term of the Drude model, hence generating a peak
broadening. In addition, the plasma frequency directly depends on the free electron density
N, and thereforét is inversely proportional to the nitrogeéortitanium (i.e. N/Ti) and to

the oxide phase®-TiN phases (i.e. TigTiN) ratios. Because of this, an higher oxidation
and/or an higher nitrogen incorporation lead to broader peaks. Furthermore, the relation
between peak width and particles size can be understood through the efjuation

I — : bigger particles have smaller damping factor and so narrower LSPR peak.

Besides, lte peak position is mainly affected by the nanoparticle compositid size. The

size depends on the growth conditions (like gas flow rate, deposition rate, temperature,
etc.) and fabrication technique. The typical sizes of the obtaii¢dNPs gofrom 5 nm to

80 nm,giving a redshift of the LSPR peak position from* ¢ méatda to_x Y mara.

Thus, the influence of size on LSPR peak position is rather small. On the other side the
influence of composition on peak position is more relevant. Nevertheless, the control over
stoichiometry (i.e. N/Ti ratio) has not beawmmpletely achieved yet, since the high
presence of oxygen makes the N/Ti ratio very low and in general extremely difficult to
adjust; consequently, by now, the N/O ratio has been the only tunable parameter. N/O
ratios from 0.10 to 0.60 have been obtajnaadd the percentage of oxide phases in TiN
NPs has been found to be typically around680%, hence giving LSPR broad bands
centered around* p 1t TETOWiIth very low intensity. Since oxidation strongly influences
composition, it plays a crucial role idetermining the optical properties of TiN NPs.
However, only few groups have tried to cope with this problem: laser ablation in acetone
resulted to give more intense plasmonic peak due to lower NPs oxidation than in water;
capping layer of SN, on top ofthe NPs seemed to lower the-akposure oxidation; and

high arc currents in arc plasma method produced NPs with lower oxide phases due to
higher reactivity of nitrogen radicals in the plasma.

Furthermore, few researches have focused on the fabrication of TiN nanostructured thin
films with various architectures, considered as promising candidates for various
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applications where an high spicisurface area and porosity aneeded (like substrate

for Surface Enhanced Raman Scattermgelectrodes for fuel cells). From the very few
and scattered works investigatirgetplasmonic respse of nanostructured TiN films, this
seems to consish a locdized surface plasmon resonance occurimg@ vas wavelength

range spanning from* 1 v gt dup to the nealR region(_x p 1 TETH). As for isolated
nanoparticles, the LSPR peak position, width and intensity are expected to be highly
depending on morphological factors (like NPs size, size diswib@nd arrangement in
space), and on film stoichiometry (N/Ti and-NiTi-N-O ratios). However, in literature

only scarce examples of TiN nanostructures can be found, where very different
architectures are examined. Moreover, very few of these papenstalm®nsideration the
plasmonic properties of such films. As a consequence, it is practically impossible, by now,
to find any consistent correlation between optical properties and nanostructures
morphology and compositiofespecially because only very ake and fading intraband
absorption peaks have been observed: Figf). Additionally, oxidation has only lem

stated as an actual issue for nanoporous films, but no strategies to reduce it have been
proposed yet, nor i t s i rnibrlhasebeen envestigated i | mo s
deeper analysis on the optical properties of such TiN films architectures, with a main focus
on the oxidation issue and its influence on the plasmonic behaysiill needed.

On this purposehecause of itgreat versatility (in terms of tunable deposition conditions)
and possibility to control film stoichiometrstructure and morphologyPulsed Laser
Depositioncouldbe usefuin order to investigatsome of the aforesaid open issues.
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1.4 Objectives of this thess

As already discussed in the previous paragraph, nanostructured TiN thin films have only
been studiedisce a relatively short time. Thus, a detailadd systematiandysis on the
optical propertie®f such TiNfilms and on optical propertigsining, with a strondocus

on the oxidation problem and its conseqces on thdéilms plasmonic behavigris still
missing Especially, the fabrication ohanostructuredTiN films using Pulsed Laser
Deposition could shine some lighh the relation between the deposition conditions, the
films morphological and compositional features aheir optical propertiesFor this
purpose,the objective ofthis thesis workis in first instancethe synthesisby PLD of
nanoporousTiN thin films characterizedby a nanostructured morphology consisting of
treelike nangarticles assemblies. Thetleir optical properties and plasmonic response
are investigated Furthermore, atrong stress is put on the possible strategies to reduce
oxidation, and thus to obtain higher quality TiN nanostructured films.

The expemental work was divided ifour main parts:

1. First, we studied the effect of PLD process parameters on the depasitiliN
films. In particular, we investigated the effectf background pressuraf N,-H,
(from 5to 100 Pa) and laser fluence (i.e. energy density) varigdoand 3.5
Jlcnf), in order to find the optimum deposition conditions to obtaiiform and
adherentfilms with nanstructured morphology. Moreover, such conditions were
chosen in order to extend to higher background pressures a previous study carried
on by our group in this laboratory; in this wahe transition from compact to
nanoporous thin films wavestigated irterms of density, morphologgualitative
composition and optical properties.

2. Onceuniform nanostructurechin films were obtainedye dealt with the problem
of oxidation, whose extent resulted to be so vast in higahoporous films ttain
such films,titanium nitride characteristifeaturescould not be easily observed
Hence, twoapproaches to limibxidation wee investigated, ste it was not clear
whether the most afontaminating oxygen came from-aixposureafter deposition
or from residual impurities in the chamber.

a) Cap layer:aluminum nitridediffusion barries were depositedn tg of the
nanoporous films without opening the waen chamber, in order to try to
reducesurfaceoxidationdue to airexposure

b) Higher energy of plumspecies: depositiorat high fluence (6.5 J/cthwere
performed in order totry to reduce oxygen ingporation during deposition. In
fact, a higher energy per pulse may lead to higher nitrogen gas molecules
dissociation, hence tuigher nitrogen radicals reactivity in the plasma plume.
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3. Then we analyzed the effect of thermal treatnsem the structure and optical
properties of our sample§he annealings were performed either in vacuum or with
N2-H2 (955 %) supply at controlled overpressure of 1050 mbar; the process time
was kept constant while two different temperatures were selected (300 and 550°C,
similar to those used in literature). In particuksiter annealingn vacuum a higher
film crystalinity andthe desorption of surface oxygerere expectedwhile after
annealing inNx-H, atmospherethe film compositionwas expected to become
enriched in nitrogen and depleted in oxygend the filmcrystallinity was likely to
improve as well Two different annealing temperatures (i.e. 300 and 550°C) were
investigated in order to find a good compromise betwasrorphous phase
oxidation al crystallization yhich are bottiavored by higher temperatures).

4. Finally, only for compact films,a first attempt ofnitrogen ion bearassisted
deposition was performedhe electrical and optial properties @re investigated,
and very goodresultsin terms of electridaproperties and stoichiometry were
obtainedwhich could be further developedfurture studies.

All samples in this study were synthesized by pulsed laser deposition at room temperature
on silicon and glass substrates, in aHy (955 %) atmosphere. The obtained films were
characterized in terms of structure and morphology usingngug electron microscopy
(SEM) and Raman spectroscofyhe optical properties were investigated by UV/Vis/NIR
spectrophotometry. Finally, the standard fpoint probe method was used for the
electrical masurements of the compact films fabricated witkiteogen ionbeamassisted
deposition.
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CHAPTER 2

Experimental methods

2.1 Pulsed Laser Deposition

Pulsed Laser Deposition (PLD) belongs to the family of Physical Vapor Deposition (PVD)
techniques as it is based on the production of a plasma from a target material irradiated by
intense laser pulsel.is a simple yet versatile deposition method, ablproduce compact

and nanostructured films, either metallic, polymedgide, semiconducting or ceramic.
Along with the possibility to deposit a wide range of materials, another main advantage of
PLD is the capability to produce films with higrcomplexstoichiometry.

The properties of the deposited film strongly depend on the deposition conditions, which
influence the formation of the plasma plume and the generation and propagation of
aggregates such as nanopatrticles, clusters and molecules. Thetsfooosing
appropriate deposition conditions, it is possible to adjust the growth process in order to
produce films with a great variety of morphologies, in a wide range of thicknesses and
densities. Moreover, in the absence of reactions with the backbrgas, the target
stoichiometry can be maintained in the deposited film.

On the other side, this large numbers of parameters affects the reproducibility of the
process, which, in some cases, turns out to be low. In addition to this, another drawback of
the technique ighe difficulty to obtain a uniform substrate coverage for surfaces larger
than few crf, due to thénhomogeneous angular disution of energy in the plumend

due to shadow effecighich only allow deposition on planar substrates. Furtbegnthe
quality of the deposited film is often reduced by thedeposition of drops of molten
material on the target surface, especially for-toeiting target materia (like metals).
Consequently, other techniques (like sputtering) are preferred @idvefor industrial
applications.

In Fig. 2.1 a schematic digram of PLD apparatus is shown, and it is composed by a laser
source and a vacuum chamber containing the target material and the substrate. Laser pulses
hit the target at an angle about45° with respect to the normal, while the substrate is
located in front of the target. In order to ensure a uniform ablation of the target and a
uniform deposition on the substrate, the latter experiences a rotational motion, while the
former undergoes a rotoanslation. As well as a uniformly covered substrate, also a
uniformly ablated target is desirable, in order to have a selfconsistent plasma plume and
consequently an even deposition. The uniform deposition area is of dbe air some
square centimeters.

The apparatus is also equippedhna RF ion source (see sectiori.l.) and with systems

for the control of deposition rate (quartz crystal microbalance, QCM). QCM device
consists in a vibrating quartz piece which must be placed close to the substrate, in a region
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deemed to undergo the same level of covering as the adtalTie increase in film
thickness results in a change in the vibration frequency, as the crystal gets covered. In this
way, film growth can be monitored in real time.

The depositiomprocess takes place inside a vacuum chamber, typically made of stainless
steel.Vacuum is obtained by a pumping system which consists of a primary scroll pump
and a turbomolecular pump, which are connected in series, and a gas inlet system. The
pressure is measured with different methods according to the pressure rangemahe pr
pump typically reaches pressures in the order of 1 Pa, while the turbomolecular pump can
bring the pressure down to 1 @®a.After vacuum is made, the target isaiated with laser

pulses of a certaimtensity and duration (in this work, betwee®0%10 mJ and ~6 ns,
respectively). When the energy density (fluence) exceeds a threshold value, depending on
the target material, a cloud of vaporized (ablated) species (atoms, molecules, ions,
electrons and clusters) is produced, forming a plashha. abresaid ablated species
expand in the deposition chamber, which can be filled with a background gas, forming a
visible Aplumeodo that travel s iH®Eventudiyethedi r ect
ablated species reach the substrate placed in frotfiteofarget producing the deposited

film.

DptiCS Md:YAG pulsed laser £~
I .L.

gas

vacuum system

Figure 2.1 Scheme of a typical PLD systefaken from p].

Many process parameters can be tunearder to control the morphology of the deposited
film; the most important are background pressure, substrate temperaturestcarget
substrate distand® ), and laser fluence.

The presence of a background gas strongly influences the dynamics of plume propagation
and the kinetic energy of the ablated species. Therefore, three different deposition regimes
can be distinguished (see F&32) :
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1) When deposition is performed in vacaythus in abence of a background gas) ,
an atomby-atom (or ion-by-ion) deposition is obtained. Since the propagation of
the ablated species is almost collisless, the expansion of the plume is highly
forward-directed. Moreover, the plume shows a wéaightness and its species
reach the substrate with a high kinetic energy. As a consequence, a compact film is
obtained.

2) When deposition is performed with an inert background gas presbkerdiigh
speed of the propagating species creates a compraggmm at the interface
between gas and plasma that can lead to the creation of a shock wave. Therefore,
the plasma plume is spatially confined by the background gas, favoring cluster
nucleation in the gas phase. These clusters may diffuse in the baakgyasin
hence reducing their kinetic energy. The deposition becomes less directional, and
the fluorescence increases due to the radiativexdiation produced by ablated
species collisions both in the plume and, especially, at the expansion front. The
plasma plume shows an hemispherical shape, where the maximum extension is
greater along the transversal direction with respect to the longitudinal one.
Consequently, the substrate is reachedoly énergy clusters which may partially
maintain their structureand properties upon aggregation. Furthermore, the
deposited film is characterized by a more or less porous and disordered structure,
depending on the deposition pressure and on other process parameters.

3) When deposition is performed in the presence ofaatinee background gas (e.qg.
oxygen or nitrogen) , t he clusterséo
interactions, so that a film withariablestoichiometry can be deposited.

Vacuum
-
Thrget
Inert gas ., Substrate Reactive gas Substrate
9 G L] .
Targe: Target .
3
L ]
‘ i
]
[ _. )

Figure 2.2 Three types of deposition atmosphere exist. Vacuum deposeguits in highly energetic
impinging particles, while a background gas will slow them down. Reactive deposition is preferred for
compounds, while vacuum and inert deposition is used for metals. Taker8fpm [
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In the case of a wellefined shock fran(P > 10 Pa), it igossibleto introduce a non
dimensional characteristic length defined as the ratio between the tatgetubstrate
distanceéQ and the visible plume length. This parametek is a useful tool to control the
deposition mechanisfiad].

According to the. value, three different regimes can be distinguished:

T 0O pp the substrate is fAcontainedo in the
high kinetic energy and are highlgrward-directed towards the substrate. Cluster
growth during expansion is limited. The result is a compact film with smooth
surface.

! 0x p: the substrate position coincides with the plume ethyg is the maximum
position of the shock front. The abldtspecies have a reduced kinetic energy due
to the interaction with the surrounding gas. In this way, the deposition of vertically
oriented porous films is allowed. In the case of oxides and nitrides, peculiar
hierarchical nanostsroucotrl ifkteroeceah hedt finahc
can be obtained. These kind of architectures feature interesting properties like high
porosity, high specific surface areas and light scatt¢fitlg

T 0 p the substrate i s not nuildationis fawed by t
increasing the scattering with the background gas. The kinetic energy of the
deposited species is always lower lasincreases. In this condition, cluster
assembled nanostructured films are expected.

Moreover, it should be pointed out that the mass of the atoms/molecules constituting the
background atmosphere affects the plume leagtivhich decreases as the mass increases.
Another key parameter affecting the deposition rate is the laser fluence: by increasing the
fluence, deposition rate increases as well as the plume l@ngth

Regarding the substrate temperature, when it is sufficiently high, atomic mobility is

favoredand the film tends to reorganize in more stable structures (crystals). Since in this
work all films were deposited at room temperature, we tried to control the TiN films

crystallinity by performing postleposition annealing.

In this work, PLDwas done vth pulses in the nanosecond regime. Nanosecond pulses
make the target ablation a thermal procesge they are longer than the typical time scale
for energy transfer from the electromsthe crystal lattice (phonons)1]. Thus a region
greater than the irradiated one will be thermally affected. This usually results in a high
deposition rate, but also in an intense incidence of droplets.
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The ablation laser used in this work is a solid stamched Nd:YAG laser providing
pulses in the visible (second harmonic, 532 nm wavelength, 10 Hz repetition rate, pulse
duration ~ 6 ns). All films were grown at room temperature on Si(100) andisuzlglass

by ablating a pure (99.9 %) TiN targeith a diameter of 2 incheJhe targeto-substrate
distance was kept constant@t v & ¢ while the fluence was varied between 2 and 6.5
Jient. The films were deposited in vacuum and at background pressure of 5, 10, 20, 50,
and 100 Pa (MH.).

2.1.1RF ion source

Integrated into ourdeposition systemthe RFMAX60 ion sourcegenerates beams of
accelerated ions which can be used to modify and erode surfaces under vacuum conditions
(maximum pressures @f* p 11 0 ¢ By carefully selecting the energy and composition

of the ion beam, #ion source can be used, for example, to improve the characteristics of
a growing film both by increasing the film density and by modifying its chemical
composition. Alternatively, ion beams can be used to erode existing films or sputter target
material © project a plume of material for deposition on a substrate. In our work, RF ion
source was used during compact TiN thin film deposition in order to furnish nitrogen
species to the plasma plume. In other words, an ion {assmted deposition was
performed N,/H; (95-5 %) was chosen as working gas.

Our RF ion source is designed for use in HV or UHV deposition systems. The source can
generate ion beams from 50 eV up to 1000 eV and with beam currents between 10 mA and
150 mA. The relationship between RF power and beam current is close to lineam The io
source containa helical coil wrapped around a ceramic discharge tube; RF power at 13.56
MHz is applied to this coil with a power between 100 and 600 W at the same time as a
compatible gas (in our case, nitrogen) is introduced into the discharge tobghtta mass

flow controller. The RF field generates a plasma within the discharge tube, thus supplying
the charged particles which form the basis of the ion beam. The discharge tube is enclosed
by a pair of gridsthe inner grid has an applied voltage @hiis equal to the selected
energy of the ion beam; the outer grid is heldgatund potential. The field gradient
created by this potential differendeaws ions from the plasma and through the holes in the
outer grid. The mul tmimlore bridl @mbaimewhishtemargesnb i n ¢
into the chamber. Operation at high RF power requires efficient water cooling to prevent
overheating of the source components.

In the ion beanassisted deposition performed in this work the forward power was set at

300 W and the applied voltage at 380 V, giving a current of 45 ke N/H, gas flow
was fixed atlO sccm.
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2.2 Scanning Electron Microscopy

Scanning ElectronMicroscopy (SEM) is one of the mostommon microstructural
characterization techniquedt allows to acquire images of any electrically conducting
sample with a lateral resolution of the ordertlté nanometer, corresponding to btik
diffraction constraints imposed by the scanning elestamd the dimension of the electron
beam The working principle of a SEM apparatus is shown in Fig.

After having placed the samples into a chamber, the system is brought under high vacuum
conditions §* p 1 0 ¢ The high vacuum ensures a smob#ivel of the electron beam
without it getting scattered due to any residual gas molecules.

Electrons are emitted from a fielinission electron gunFirst, the electron beam is
accelerated by a potential difference of -88 kV; then, it passes throughn a
electromagnetic collimator to be deflected, hence generating the scan. Eventually, the
beam is focused on the stage containing the sample to be analyzed. The beam is constantly
guided by deflection coils and it scans the surface according to a raséen.p@nce the

beam hits the material, a variety of signals are generated, but in thisac&seattere@nd
secondary electronare exploitedBackscattered electrorase sensitive to crystal structure

and orientation, and in particular allow to distirgjucompact and a porous structures.
Secondary electronsistead give a strong sense of depth and are used to understand the
surface morphology of the filnmdP].

In this work a Field Emission Zeiss SEM SUPRA 40 based on a GEMINI column was
used to obtaithe top surface and cross section images of the samples.

Electron Source ﬁ
Anode [%
Condenser Lens
/

Scanning Coils —E n—Objcc(ive Lens

Backscattered Electron

Detector —-L\
EDS Detector—/ -

Specimen Stage —

Specimen

Multichannel Analyzer

Secondary Electron

Detector
(A

Scan Generator

Computer Monitor

Figure 2.3 Schematic representation of SEM apparatus. Taken #@]n [
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2.3 Raman Spectroscopy

Ramanspectroscopy is based on inelastattering of light by a molecule or a crystal: this
means that scattered photons have a different energy with respect to the incident ones.
When a photon hits a molecule, the overall system (composed by the photon and the
mol ecul e) g et st ueax oi(ift sa¢denetgy does nofi gorraspond to an
electronic transition, which happens in the case of thealed resonant Ramanthen,

three phenomena can happen, as it is described i.Eig.

1. Rayleigh scatteringThe molecule remains in the sawibrational state as before
the collision meaning that radiation has been elastically scattdéres the most
frequentevent, and gives a Raman intensity peak centered at the frequency of the
laser. This signal is very intense and must be filtered outn t o0 cover t he
Raman effect.

2. Stokes sd#ering. The molecule goes tohggher energy level, while the scattered
radiation has a greater wavelength. The energy difference has been transferred from
the photon tahe moleculeThe energy exchange thaings the system back to the
original state leads to the creationvidfrational energythe Stokes scattering.

3. Anti-Stokes scattering. The molecule goes to a lower energy level, since it has
ceded energy to the photon. Therefore, the frequency of tieesd light is
greater than that of the incident ofide energy exchange that brings the system
back to the original state leads to the annihilation of a phonon, th&takis
scattering. Since the arBitokes process requires that a molecule is already
excited vibrational state before the interactisith light, the intensity of the anti
Stokes peaks is always lower than the Stokes sighherefore, Raman
spectroscopy exploits Stokes transitions.

Only those vibrations modethat pr oduce a <changeori ncrtyhset amd
polarizability are Rean activeThe entirety of this work, however, deals with crystalline

and amorphous solids rather than molecules. Raman is particularly sensitive to the
crystallinity of a sample, since different crystalline structures means different vibrational
modes. hie Raman spectrum of a crystal typically shows narrow peaks, which are
associated to optical phonons at the center of the Brillouin zone, for reasons of
conservation of energy and momentum. If we move to amorphous materials or confined
nanostructures with reduced crystal size, the uncertainty in the momentum (and so in the
wavevector) increases, according to Heisenb

., u
WWwwn-
C
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Wherell is the reduced Planck constant. Due to the shape of the phonon dispersion
relation, the Raman peaks are broadened and shifted, or even substituted by large
bands.

A typical Raman apparatus, as shown in Ei§, is composed of a monochromatic
coherent Ight (laser), an optical system to collect the scattered light, a diffraction
grating (wave selector) and a detector.

In this work,all the Raman spectra were collected using a Renishaw InVia micro
Raman spectrometer, equipped with an optical microscopyargan ion laser

(_ v pa & was used as excitation souared the laser power was set at 1 mW,
in order to avoid laseéinduced modifications. The Raman spectra were collected
in the 1001000 cm wavenumber range.

2.3.1Raman Spectroscopy of TiN

Titanium nitride fcc rocksalt structurehas in principle no first order Ramaactive
vibrations due to it®, crystallographic symmetry. However, a Raman effect of first order

is induced by the presence of defects and vacancies, which reduce the symmetry of the
crystal. In other words, there is a relaxation of the Raman selection rule which imposes that
the phonas involved in the Raman process are thatsthe center of the Brillouin zone

(n e i, wheren is the phonos wavevector).The origin of TiN Raman spectrum is
reflected in the fact that it is characterized by broad bands instead of sharp peaks.
Thereforea precise characterization of the material crystallinity on the basis of its Raman
spectrum it is much more complicated than in the cases of materials with Raman active
modes (e.g. Tig. This represents a big issue when investigating structural and
compodtional properties of TiN nanostructureadin films and nanoparticlesyhere the

lack ofextendectrystalline domains and the great presence of amorphous phase makes the
Raman signal associated to TiN ewvesaker and hard to be detected.

Thedisorderallowed modes and secondler scatteringnodes which can be observed (as
reported in literatur@31; 32]) are(see Figl.45:

- two low-frequency bandsssociated with scattering of acoustic phonons and
positioned at ~ 210 cih (Transverse AcoustidMode) and ~310 cm'
(Longitudinal Acoustic Mode). Thesgre given by heavy tiions vibrations
due to N vacancies;

- one highfrequency broader banalssociated to scattering of optical phonons
andpositioned at ~ 51840 cnmi* (Transverse Optical ModleThis is given by
lighter N* ions vibrations due to Ti vacancies.

- One fAshoul #480rcm? caréspordingttd €econd order scattering of
the Transverse Acoustic Mode.
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Figure 2.4 Stokes process gives scattered lights that are lower in energintident light, and aniStokes
process gives scattered lights higher in energy than incident light. TakerSfthm [
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Figure 2.5 Schematic representation of Raman apparatus. Taken $m [

2.4 UV-Vis-NIR Spectrophotometry

The optical measurements of the deposited TiN thin films have been performed at the
Centre for Nanoscience and Technology (CNST) of the Italian Institute of Technology

(IM) in Milan using a LAMBDA 1050 UV/Vis/NIR spectrophotometer. A

spectrophotometer is an instrument able to measure the intensity of light wavelength by
wavelength A monochromator produces a narrow light beam centered around a selected
wavelength: theatio of the beam intensity as it enters and leaves the sample is recorded

thanks to a CCD detector, and a optical spectrum is obtained.
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The LAMBDA 1050 system features a PMT, InGaAs and Phlb&t8ctor module for
testing across the entire WWis-NIR range.Moreover, it is equipped with a 150 mm
Perkin Elmer snan integrating sphere, which manages to capture diffuse and specular
reflectance.

When a film surface is hit by electromagnetic radiation, a portion of it will be transmitted,
while another portiorwill be reflected. Then, as light travels across the whole thickness,
some of it will be absorbed and some will be scattered. Adding together these contributions
one should get the overall intensity as:

Y Y 0 Y p

To assess these quantities across a selected portion of the electromagnetic spectrum, a
spectrophotometer can be used.

The scattered light is of a certain relevance when porous films are characterized

In this work, the optical reflectance and transmitearftotal and diffused) have been
measured in the wavelength range between 250 and 2000 nm, with data interval of 2 nm.
For this purpose, three different setups have been used, as shown4rt.Rig.order to

obtain the transmittance spectra, the sartgaastituted by the TiN film deposited on glass
substrate) was placed at the entrance of the integrating sphere, with the film facing the
sphere. At the opposite side of the sphere, a hole is present; this can be left open or closed
with a dedicated speeation disk. If the disk is present, all the light passing through the
sample is collected, thus the total transmittance is obtained. If instead the hole is left open,
only the diffused transmittance is measured, since the radiation that passes through the
sample without being diffused gets out of the integrating sphere through the aperture. The
same hole was then closed by the sample itself (with the film facing the light beam) when
the reflectance spectvgere measuredAll the recorded data have been nolireal to the

glass substrate contribution, to extrapolate the information related to the film. This was
done by neglecting the interference phenomena brought by the glass substrate, according to
the following relations:

- Y
v
Y Y Y Y

In addition, for nanoporous films, the haze factor was calculated as:

llo ’ Y
Ty
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Figure 2.6 (a) Total transmittance, (b) diffuseéchnsmittance, and (c) reflectance measurements schemes.
Taken from p5].

2.5 Thermal treatments

Thermal treatments were performed with a custom built furnace, capable of carrying on
annealing treatments in a controlled atmosphere. The apparatus comprises a vacuum
chamber a heating system located inside the chamber and the vacuum system (see Fig.
2.7).

The samples are placed onto an alumina plate, in thermal contact with a Joule effect
heating componentt is possible to flux gases such as argon or nitrogen into the chamber
by manual mass flow control, thus changing the annealing atmosphere. Morepve
controlling the heating ramp, it is possible to perform thermal treatments at different
speeds.The vacuum system relies on an Edwards rotary pump, which acts as a primary
pump, connected in series with a Varian Tuxb@50 MacroTorr turbomoleculgsumo.

The heating system is run by Tectra HC3500 Heater Controller, and the temperature data
are collected by an Impact IGA 120 pyrometer.

In this work, vacuum annealing treatments were performed at 550°C (reached with a
smooth 10°C/min ramp) for 1 hr ,tef having evacuated the chamber to <* Ha.
Furthermore, overpressured annealing treatments were done by fluxihg(86-5%) gas

until a 1050 mbar pressure was reached, after a previous evacuation of the chamber to ~
10“ Pa. Here, the temperaturegested were 550 and 300°C, while the annealing time and
the heating ramp were still set at 1 hr and 10°C/min, respectively. The choice of adopting
also a lowetreatmentemperature (300°C) was done in order to try to reduce oxidation of
the largely amgrhous nanostructured TiN films, whilgromoting at the same time their
crystallization and nitrogen incorporation.
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Figure 2.7. Schematic representation of the thermal treatments apparatus used in this work. Taken from
[96].

2.6 Van der Pauw method (fourpoint probe)

The most widespread method for the electrical characterizafitimn films is the four

point probe method proposed by Van der Pauw in 1958. Supposing to have a continuous
(with no holes) thin film of wuniform thick
possible toobtain and calculate its electrical projpest Four contacts of negligible size

and resistance are placed onto the sample, and an impressed current flows between two of
the four electrodes. The voltage drop between the two other electrodes is measured. This
procedure is carried out for the fournnsaof adjacent contacts, and then repeated inverting

the current direction, for a @t of eight configurations. Since the current is at a fixed
known value, the degrees of freedom in each configuration are limited. Therefore, the
average resistances vatuof two sides of the sample can be evaluated and, using the Van
der Pauwobs sheetesistance and, afterwards (by knowing the film thickness),
the resistivity areeasily obtainedq7]. Using the same setupis also possible to measure

the carrier type, concentration and mobility, by exploiting the Hall effect. The voltage
created by the charge separation induced by an applied magnetic fieldHiglltheltage

This is inversely proportional to the carrier density. The sign of thagm®lteveals if the
carriers are either holes or electrons. Carrier mobility can be calculated from the carrier
density. The measurements are performed the same way as the resistivity ones, except
Acrosso configurations ar esettngaairrentfircbiothad of
directions) across opposite electrodes, four configurations are obtained. Since the magnetic
field can be inverted too, a total of eight configurations can be reached. Besides, in order to
separate the naturally arising voltagentribution of flowing currents from the Lorentz
induced Hall voltage, zermagnetic field measurements are performed as wélé
apparatus used in this work comprises a Keithley 2400 SourceMeter, used as a current
source, and a Keysight 34972A LXI Dagaquisition unit controlled remotely with a
computer, to log the voltage measurements. A custom built switch allowed to progressively
select every required electrical configuration. Five pieces of data were collected for each
configuration and then averayydefore proceeding with the calculations, which were
performed by an atoc made Matlab code. Hall measurements were performed using a
0.57 T permanent magnet. In order to obtain an error bar, each sample was characterized
three times.
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CHAPTER 3

Optimization of deposition
parameters for nanostructured TIN
thin films and strategies for
oxidation reduction

In this chapter, different combinations of laser fluence and background pressure were
testedin order to investigate the different TiN films morphologies obtainable by pulsed
laser deposition. In particular, the transition from compact telikeenanostructured thin
films was analyzed in terms of structural, compositional and optical properties

Our aim was to obtaisampleswvith the best possible TiN film stoichiometry; however, we
found ourselves dealing witbritical problems of oxidation, due to the extremely high
surface area othe fabricatednanostructuredand nanoporoudilms. For this eason,
different strategies were adopted in order to reduce oxidation anantmege tabtain

TiN nanostructured films.

For all the films, optical properties in the UV/Vis/NIR range were investigated, as well as
structural and compositiahfeatures.

3.1 Growth of nanostructured TiN thin films by PLD

All the TiN films in this first part of the work have been produced by PLD using a pure
(99.9%) TiN targetvith diameter of 2 inchedpcated at 5 cm from the substrate stage. The
ablation laser used for all the samples of this work is a solid statgitChed Nd:YAG
laser poviding pulses in the visibles¢cond harmonic, 532 nm wavelength, 10 Hz
repetition rate, pulse duration ~ 6 nwo types of substrates were used: Si(100) and
glass.The deposition atmosphere consisted pHN (95-5 %) gasat different pressures.
The substrate was kept at room temperature during deposition.

At the beginning of this work thesis, different comltioas of laser fluence and
background deposition pressures were examined, as summarized ihTdlhe samples

will be referred to with the denomination indicated in the table. The energy dansity
background pressurealues were chosen on the basis lidrature and of the work
previously carried on by our group in this laborat(sge section ). Besidesthe study
done by our research group in collaboration with ORNL (the Oak Ridge National
Laboratory) was considered a tuet starting point
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3.1. GROWTH OF NANOSTRUCTURED HMWFILMS BY PLD

Background pessures 05, 10, 20, 50 and 100 Pa were chosen in order to investigate the
different thin films morphologies obtainable by PLD. In fact, it is known from researches
made on PLD desition of other materials (e.gjtanium dioxide [L0)) that increasing the
background pressurean leadto a morphological transition from compact teeelike
nanostructured thin fils) and ultimately to foanrtike structure. However, only one group

[87] investigated this effect for TiN thin films; fromithwork, it is clear tha¢considering

a fluence’Q o® UF® &) Na-H, (955 %) backgroundpressures from 5 to 10 Pa are
sufficient todecrease a lot the film densityeFig. 1.40) , while pressure§ o 10 @

inducea treelike nanostrutured morphology with increasing or es 6 vol.lnme and

addition, lased on the previous work carried on in this laborag@herea maximumN,-

H, (955 %) background pressure of 10 Pa wased our intention was to extend the
operatingconditions range by investigating higher deposition pressures. In this way, the
abovementioned transition from compact to drke thin film structure can be
investigated.

Fluence valuesf{) of 2 and 3.5 J/cfrhave been obtainedith a laser pulse energyf 120
and 210mJ (respectively), considering that the ablation spot Sineas approximately
equal to6 mn?. It is important to note that, together witrswerdeposition ratelower
energy densities lead wmallerkinetic energy of the ablated spegig¢husfavoring the
formation of less compact film&o, since the objective was to produce nanoporous,films
we decided to investigate alS® ¢ UF®d &, a lower fluence with respect t0™Q

o® Ufw & (which was taken as a reference value, basepraous works on TiN films

by PLD). It is worth mentioning that the evacuation of the chamberto v p T 0 &
before deposition was needed in order to limit the contamination from residual oxygen

5 Pa 10 Pa 20 Pa 50 Pa 100Pa

> | TIN.P5F2 | TIN.P10_F2| TIN_P20_F2| TiIN_P50 F2 | TiN_P100_F2
Jlcm?

35 | TIN_P5_F3.5 TiN_P10_F3.5 TiIN_P20_F3.5 TiIN_P50 _F3.5 TiN_P100_F3.5
Jlcm?

Table 3.1 Summary of the examined combinations of laser fluenceNyAd, deposition pressure, and
denomination of the grown films.

We decided to set the deposition time at 30 minutes for all the samples reported in Tab.
3.1 This was easier to do rather than adjusting the depositionttinm@avefilms with
comparablahickness In that waythe deposition times for the more compact films would
indeedhave been too long.

All samples listed in TaB.1 and deposited on Si have been cresstioned and analyzed
using the SEM apparatus described in sectichnSEM imagesvere also used in order to
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3.1. GROWTH OF NANOSTRUCTURED HMWFILMS BY PLD

evaluate the thicknesses of the filrRg). 3.1 shows the cross sections of films deposited at
"Q Ul d. Itis clear that, with increasing background pressure, the morphology of the
films goes fromalmostcompact (sampl&iN_P5 2 andTiN_P10 F2) to porous tredike
(sample TiN_P20 F2 and TiN_P50 F2) and, eventually, to foa#ike (sample
TiN_P100_F2), due to in plume clusterization (as described in section Fig. 3.2 shows

the cross sections of films deposited "& o® UF®d . Also in this case higher
background pressures lead to theredaid morphological transitiprhowever, such
transition is shifted towardhigher pressuresith respect to the case 8 ¢ Uf®d,
sincegreaterlaser energyalues favorhe formation of more compact structures. Bg.
and 3.2 also show the topriew images of samples deposited at 2 &8 J/cn,
respectively. It can be observed the transition (with increagjnfjom a smooth and
compact surface to a rough andnostructured one, until an extresnepen surface with
high specific surfacarea starts to appear.
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3.1. GROWTH OF NANOSTRUCTURED HMWFILMS BY PLD

5 Pa

100 nm

10 Pa

20 Pa

50 Pa

100 Pa

Figure 3.1 SEM images of (left) cross sections and (right)vaw surface of sampleEN_P5_F2,
TiN_P10 F2, TiN_P20 F2, TIN_P50 F2, andTiN_P100 F2.
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Figure 3.2 SEM images of (left) cross sections and (right)}¢mw surface obamplesTiN_P5 F3.5,
TiN_P10 F3.5 TiN_P20_F3.5 TiN_P50 F3.5 andTiN_P100 F3.5.

In order to estimate the density values of the obtained films, microbalance measurements
were performedA quartz crystal microbalanog@CM) was manually put in front of the
target, at a distance equal to 5 cm (equal to the distance adopted duringlgibgitons).

This device measusethe density of massa( ) deposited at the various fluence and
pressure conditionsThen, by fixing the density at a value equal to 1 d/sonthaté

p T& X0 & corresponds to an equivalent thickness & the device converts the mass
deposited per unit area () into adeposition rat€Q , expressed as thhicknessthat a
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3.1. GROWTH OF NANOSTRUCTURED HMWFILMS BY PLD

equivalentfilm with density” p"(¥& & would have ifdepositedwith 1000 laser shots
(OBj p T Ti'® 0).iConsequently,He equivaént thicknesso of a film with density’

p (Yoo & but depositedvith a laser shot frequency)(of 10 Hz and for a timed) of 30
min could be calculated as following:

5 0B Q ' 0 QUBjpnint® 0ip mMOG ome T
v e
pPpTTT p TR O i

However, during the effective film depositiotie substrate was not put exactly in front of
the target(like it happenedduring QCM measuremen}sbut it was slightlyoffset with
respect to it. Such offset substrate position was optinfareevery deposition conditions,

in order to obtain the most uniform film thickness possible all over the subshratine
other side, this offset implied a lower quantity of material directly depositing on the
substrateTherefore, in order to considére fact that the QCM measures overestimated the
quantity of material deposited per unit area, the calculatedalues were reduced by a
corrective factord "Oso that the final density value wabtainedfrom the following
formula:

O=| (o}

P
"0 &
where @ is the film thickness measured from SEM cresestion imagesin order to

calculated "Qralues for the various offset configiions, an assumption was madéeT
deposition conditioronsisting ifQ  o® o & andvacuumatmospheréwhere an offset
of 7 mm was adopted in order to obtain an uniform filnds considered tproduce

compactiilms with a density equal to the bulk TiN one (i’e. v& T™Q ® & ). Hence, the
corrective factor related to this case was evaluated from:

60 B
W
where” was set equal to& TQ®a. 6 'O ¢& twas found. Consequently, thie"O
related to the other offsets (i.e. 5 mm and 10 mm) were easily calculated by the use of
simple proportions. All the results obtained at every calculation step are reported in Tab.
3.2and Tab3.3.
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3.1. GROWTH OF NANOSTRUCTURED HMWFILMS BY PLD

Sample |®, Lg v [- [{ .8 |0- HEO |Offset | Fq g+ O |z LigfO
(mm)
TIN_P5 F2 150 27.00 | 270.00 7 | 274 | 300 | 3.29
TIN_P10_F2 115 2074 | 207.36 7 | 274 | 320 | 237
TIN_P20_F2 126 2261 | 22608 | 10 | 310 | 540 | 135
TIN_P50_F2 0.83 1499 | 14994 | 10 | 310 | 1170 | 041
TIN_P100 F2 0.61 1103 | 11034 | 10 | 310 | 3250 | 011

Table 3.2 Summary of calculation steps adopted in order to evaluate the densities of SEMpRS F2,
TiN_P10 F2, TiN_P20 F2, TiN_P50 F2, andTiN_P100 F2 based on QCM measurements.

Sample W Lpi vl- [f,.B|0- Hf4O |Offset | F5 |- 0|z fifrO
(mm)
TIN_P5_F3.5 2.82 50.69 506.88 5 2.38 545 3.91
TIN_P10_F3.5 2.71 48.83 488.34 5 2.38 625 3.29
TiIN_P20_F3.5 2.605 46.89 468.90 5 2.3 950 2.08
TiIN_P50_F3.5 2.12 38.07 380.70 10 3.10 | 1350 0.91
TiN_P100 F3.5 1.59 28.58 285.84 10 3.10 | 2900 0.32

Table 3.3: Summary of calculation steps adopted in order to evaluate the densities of SEMpRS F3.5,

TiN_P10 F3.5 TiN_P20 F3.5 TiN_P50 F3.5andTiN_P100 F3.5based on QCM measurements.

In Fig. 3.3 the estimateddensity values are plotted as a function of th#ferent
background pressurésr the two laser fluenseadopted. It can be sebaw a higher laser
pulse energy leato more compact films, but the density diffiece stays relatively small
and almostonstant for all the investigated background pressileseover, he density
values obtained 40 o® Gfw & are similar to those obtained by Perego efaal] at the
same pessureand fluence conditionsee Figl.40 for comparison)In general, we can say
thathighly porous thin films with significantly low densities have been fabricated.
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Figure 3.3 Density dependency on the operating pressure for floained at laser fluenséred line) 2
Jlent and (green line) 3.5 J/ém

In the following, the results obtained from Raman spscbpy will be illustrated. For all
the measurements, the highest peak hesn normalized to 1so as to make them
comparable to eaatther.Only Raman spectra of films depositedaglass substrate will
be reported. In factthe we& signal given by nanoporous filmesulted to getlways
covered by the strong signal giventhg silicon substrate.

Fig. 3.4 displays the Raman spectra thfe samples deposited witf) ¢ (f® & and
o® UFQ &, at hoseoperating pressurashere a neat change in the spectrum is identified
For instance, Fig3.4ashows that, @Q ¢ UF& &, by increasing the pressure from 5 to 10
Pathe Raman spectrum clearly goes from the typical one of amorphou$se®Fig.3.5)

to one with features associablestastoichiometric TiN (e. very low signal around 500
600 cm', as discussed in sectich”). The Raman spectra of the samplé_P20 F2,
TiN_P50 F2 and TiN_P100 F2 are not reported here, since they are practically identical
to those of sampleliN_P10 F2. The films deposited above a certain pressare
constituted by a considerably lewamount of materia{see Tal8.2 and Tab3.3), hence
giving a much weaker Raman signidloreover,it is likely thatthe moreporous films have
such an amorphous structure that the defeticed first order Raman scattering typical of
B1-TiN is too weak,and gets completely overcome by the stronger,Ts@nal. In
addition, t is reasonable to expect thiae more porous films are characterized by a higher
oxidation extent, considering thegreater specific surface area.

For "Q o® Ufwd& (Fig. 3.4b, only the spectra relative to sampl@N_P5 F3.5
TiN_P10 F3.5 and TiN_P20 F3.5 have been illustrated, considering tiaN_P50 F3.5
and TiN_P100 F3.5 ones were very similar to those of sampi&l_P10 F2. It can be
observed that an increase in-N, background pressure from 5 to 20 Pa leads bdue
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3.1. GROWTH OF NANOSTRUCTURED HMWFILMS BY PLD

shift of the acoustic band, between 200 and 300, @nd to a strong increase of the 500
600 cm® band intensity The latter intensity increase could be associated to a higher
nitrogen content withinhe sampledue to a higher exposure to nitrogen (i.e. higher
background pressure)ut it may be also due to thegher signal coming froroxide and
oxynitride phases

a)
1,04
0,81
S 06
s
>
2 04
C
£ _
< 0'2_ , —20Pa
—10Pa | ——1ora M
00/ ——5Pa 0,0- SPa
200 40 600 800 200 400 600 800
Raman shift (cm™) Raman shift (cm™)

Figure 3.4 Raman spectra of TiN thin films deposited at :f@Q J/crd, P =5, 10 Pa; (bj = 3.5 J/cri, P =
5, 10, 20 Pa.

Raman intensity (arb. units)
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100200 300400500600 700800900
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Figure 3.5 Raman spectra of amorphous Fi@btainedby PLD using different gas atmospheres. Taken
from [10)].
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3.1. GROWTH OF NANOSTRUCTURED HMWFILMS BY PLD

Finally, the optical properties of the samples were analyzed aftesViEMIR
spectrophotometer measurements were performed (as described in seftionFig. 3.6

the absorption, reflectance and transmittance spectra of saripied5 F2 and
TiN_P10_F2 (whose Raman spectra are shown in Bigg are illustrated. Accordingly to
Raman analysis, sampléN_P10 F2 showsoptical properties which areery similar to
those of amorphous titanium oxide: very high transparency and low absorbance and
reflectance for energies below the energy Jdqe energy gap of sampleN_P10 F2 has
been calculatedby Tauc plot analysiso be O 08 TQwi.e._ o @dtd andO

op Qaufi.e._ o wipd), respectively for direct and indirect transitioivs.Fig. 3.7 the
directand indirectband gapginearextrapolation is showrhe'O for indirect transitionss
comparable to thegypical values foranatase@ o®& € ¢ In particular, an energy gap
O 0% Qauhas been associated in literature to an anatase phas@\}i®@ith some
nitrogen incorporated (Y& B ) [98]. Analogously to Raman spectra representation, the
optical spectra of sampléd&dN_P20 F2, TiIN_P50 F2, andTiN_P100 F2 have not been
reported since they were similar to those of saniph P10 F2. Sample TiN_P5 F2
shows a neat absorption peak which corresponds to the minimum of the reflectance, that in
literature is associated with the plasma frequef€y100]. Besides, sampl&N_P5 F26 s
transmittance curve tends to zero for all theasuredvavelength intervalBy polynomial
fitting of the optical curves, a reflectance minimum -6fl5.5 % and an absorbance
maximum of~ 84 %locatedat _ T @ & & were obtained. Moreover, a steep plasma
reflectance edge that brings R tplateauvalue around 60%s observed.

Considering now thesamples deposited 40 o® Ufo &, ther color changesfrom
reddsh-brown (sample TiNP5 F3.5) to darkblue (sampleliN_P10 F3.% to black/dark
green (sampleTiN_P20 F3.% suggesting a completely different structure and
composition(see Fig3.9).

Regardingthese samplesptical propertiesfrom Fig. 3.8 the following observations can
be made:

1 Increasing the NH, background pressuffeom 5 to10 Paleads to the formation
of a transmittance peak around 480 nm.NAtH, 20 Pasuch transmittance peak
raises in intensity and gets retifted to wavelengths around 550 nm (REdgb).
As discussed in section ”, this behavior is found to be due to a higher oxygen
incorporation within the TiN crystal lattice, forming T, [29].

1 The reflectance decreases withcreasing N»-H, background pressureln
particular, at 10 Pa the reflectance edge typical of compact TiN thin films gets less
steep, until it disappears at 20 Pa (Bi&0.

1 The absorbance increases witlcreasingN,-H, background pressurdloreover,
the qualitative behavior of the absorption speckearly changes. At 5 Pa there is a
well defined and narrow peak, whose location can be estimated at X & aby
polynomial fitting of the curve. At 10 Pa the appearance of another, sipad&r
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at shorter wavelengths can be obseyvedile t h e A maiab ongep e a k
wavelengthsgets broader and reshifted to_ @ p € a. Finally, at 20 Pa the
contribution at shorter wavelength becomes much more visible, so that two
absorbancenaxima can bseen at t he same ti me the 0 meé
wide range of wavelengths, and it is centered aty w{ &

The features observed in these absorption spectra could be associateeb@nihtra
(peak at longerde) and interband (peak at shortede) transitions

For compact TiN films the contributiogiven byintra-band tansitions lays in the
same wavangth interval of the other onandit is much stronger. For this reason

in compact TiN filmsthe interband absorption peak it visible (asreported in
literature P1, 22]). On the other hand, for TiN NRke contribuibn of interband
transitions at shorter wavelengtiesn always be observedand hasa higher
intensitywith respecto theLSPR peak located al longer wavelengtrhis is due

to the fact that the LSPR peak in TIN NPs on one side has a weak in{eraitiy
because of oxidation) and on the other side is well separated in wavelength from
the interband contribution(as discussed in section ). Therefore, itmay be
hypothesized that for nanostructured TiN films ctiatdd by NPs assemblies we
observe a qualitative behavior in the middle between the two aforesaid ones: the
intrarband and inteband contributions have similar intensigyd are located in a
nearby spctral region The more porous and nanostructured is the film, the more
the intraband absorbance peak fghifts and the contribute given layter-band
transitions starts to be visible.

This optical behavior as a function ob-N, operating pressure can be associated to the
variation of free electron concentration and to the change in morphology. In particular, by
increasingp, the nitrogen content increases (as Raman spectra i.4ignay suggest)

and thus the number of free el®ns in the film isexpected to reduce. However, without
any data on carrier density and stoichiometing, followingdiscussion is an interpretative
hypothesis that should be verifiells a consequenasf the assumed lower charge carrier
density not orly fewer electrons interact with the incident radiation hence reducing the
reflected light(Fig 3.80), but also the plasma frequency is decreased hendhifidg the
intra-band absorption peak (Fig§.89. Furthermore, the increasing nanoporosity gilign
higher p favors oxygen incorporation within the sample (as Raman spectra ir3.Elg.

may also suggest); also this may indadewer free electron concentration.

It should be specified that, analogously to Raman spectra representation, the optical spectra
of samplesTiN_P50 F3.5 and TiN_P100_F3.5have not been reported since they were
similar to those of samplEN_P10 F2.
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Figure 3.6 (a) Absorbance, (b) tramsttance ad (c) reflectance of samples TiR5 F2 (5 Pa)and

TiN_P10 F2 (10 Pa) deposited at= 2 J/cnd
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Figure 3.7: Directand indirecband gap extrapolation througlauc plot analysis for sample TiR10 F2.
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Figure 3.8: (a) Absorbance, (bfransnittance ad (c) reflectance of samples TiR5 F3.5, TiN_P10 F3.5

andTiN_P20 F3.5, deposited at= 3.5 J/cr.
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5 Pa 10 Pa 20 Pa

Figure 3.9 TiN_P5_F3.5, TiIN_P10_F3.5 and TiN_P20_FS8anples (from left to right, respectively)

This study on the effect of pressure and fluence allowed us to obtain information on the
morphology, qualitative composition and optical properties of the TiN films. In particular,
keeping a constant fluence, it is possible, by increasing the pressur®é tmh®0 Pa, to

move from compaetolumnar totreelike nanostructuredilms, and eventually to foams.

On the other hand, at constant pressure, a higher laser energy density leads to a more
compact structure. Moreover, pressure plays an important rofeotifying the film
composition, sinc@igherp seem to favor nitrogen incorporatioiihe effect of fluence on

film composition needs further investigation; by now, the only thing that can be affirmed is
that a higher fluence allowed us to have thin filsh®wingcharacteristics of TiNor at

least of TiIQNy) rather than of amorphous Ti@ith lower density valuesn fact, the most
porous films deposited & ¢ (F® @ that shows Raman spectrum and optical cutivas

can be relad to TiN (or to TiIQNy) is the sampleTiN_P5_F2, with a density value

o0& Xp o &; while for'Q o® OF® & it is sampleTiN_P20 F3.5 with” ¢St Qo d.

3.2 Strategies for oxidatiorreduction

In general, all the samples analyzed by now seem to be either amorphous titanium oxide
(samples TiN_P10 F2, TiN_P20 F2 TiN_P50 F2 TiN_P100_F2 TiN_P50 F3.5
TiN_P100_F3.5 or substoichiometric titanium nitride (sample§iN_P5 F2 and
TiN_P5_F35) or titanium oxynitride (sample3iN_P10_F3.5and TiN_P20 F3.5). In

order to reduce the ggen incorporation in the abovementioned samples, éktendng

the densityrange in which titanium nitridélms are formed some strategies have been
adoptedThis was done considering thaetoxidation of the deposited films can be mainly
due to two factors:

1) Oxidation during deposition due to the poor vacuum environment or impurities in
the background gas.

2) Oxidation of the film surface after deposition, dae&ir exposure

75



3.2. STRATEGIES FOR OXIDATION REDUCTION

3.2.1 Oxidation during deposition

One possible cause of oxidation during depositiaiéspoor vacuum environment in the
chamber; for this reason, an evacuation to vacuum presgures p T 0 ¢has been

done previous to every sample deposition.

Another possible cause of oxidationtie presence of impurities in the background gas.
Especially forry X 0 Gthe impurities effect can be impactfud(f 101]. In fact, while
sampleTiN_P5 F2 (deposited at 5 Pa) is likely to l@esubstoichiometric TiN with a
absorption peak in the visible, sampli&_P10 F2 (deposited at 10 Pa) is an amorphous,
transparent titanium oxide. However, this could simply be due to the higher porosity of
sampleTiN_P10 F2, which makes it more prone to oxidation with respect to sample
TiN_P5 F2. ConsideringnsteadsampleTiN_P20 F3.5 (deposited at 20 Pand at higher
fluence, it can be observed that, despite its lower density and its higher deposition
pressurghence higher oxygen impuritiegjth respect to sampl€iN_P10_F2 it presents
features of TiN (oiTiOxNy). So, for the same film density and morphology, using higher
laser energy densities seem to be more efficient in reducing oxidation than redecing th
background gas pressure atwhsequently its imyrities. Possiby, higher laser fluences
enhance the nitrogen species reactivity in the plasma plume, sinbk tfes molecules
getsmore excited. In this way, the nitrogen incorporatmay be favorecgbosre oxygen
coming from either gas impurities or residual contamination in the charfSiarlar
hypothesis were made in various literature pagetsis, 81]. It should be pointed out that

the higher nitrogen incorporation promoted by higher laser fluences may also contribute to
the reduction of aiexposure oxidatiorhecausdesssurface Nvacancies would be there to

be filled by oxygenHowever, in order tanderstand more precisely whether during or
postdeposition oxidation is more reduced by raising the laser energy density, other
measurements likia-situ Raman Spectroscopy should be performed.

Since inthe aforesaighapers fluences of-B J/cnf and laser energy pulses of ~ 500 mJ
were adopted, we investigated the effect of using a flu&cep® Gfo &, corresponding

in our casdo a pulse energy of 500J. The backgrounpressure was set at 50 and 100 Pa.
Moreover, the deposition time was feased from 30 minutes to 2 hours, in order to try to
get more Raman signal from the small TiN crystalline phasesentin the nanoporous
films. The deposition conditions are summarized in Tald. The film densities were
estimated on the basis of QCMsults obtainedof the othersamples More specifically,

the mass densitiesa( ) for 'Q @® W& andry v 1T p AW were not directly
measured, but simplyalculatedirom the mass densities previously obtained Tar ¢

o® UFO G andry v T p Tt ((whose values are shown in Tab2 and Tab.3.3) by
assuming a linear increasedf with fluence In Fig.3.10the estimated density values for

"Q @ UIG & are representeith comparison to those obtained for the other fluendes

can be observed thaamples TiINP50 F6.5and TiN_P100_F6.5have similar densityo
samplesTiN_P20 F3.5 (obtained afQ o® (fd & andf ¢ 1™ PpandTiN_P50_F3.5
(obtained atQ o® Gfw & andry v T §) respectivelyMoreover,in SEM cross sction
images(Fig. 3.1J) it is shown that samplésN_P50_F6.5andTiN_P100_F6.5ave rather
similar morphology to sampleEN_P20_F3.5and TiN_P50_F3.5respectively.Thus, by
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confronting samples with similar porosiyd morphologyan evaluation on theffectson
film compositiongiven by the use of a higher laser fluence can be made.

6.5J/cm’ 50 Pa 100 Pa
Sample name | TiN_P50 F6.5| TiN_P100 F6.5
Density (g/cn) 2.31 1.12

Table 3.4 Summary of deposition conditions, denomination and estimated densities for the samples

deposited at= 6.5 J/crifor 2 hours.

=fi=2 J/lcm2 =#=3.5J/cm2 =<%=6.5J/cm2

-5

- 4
} - 3 Density
Qt - 2 (g/cm3)

~ | 1

—u |0

5 10 20 50 100
Background pressure (Pa

Figure 3.1Q0 Density dependencen the operating pressure for films obtained at laser fluences (red line) 2
Jient, (green line) 3.5 J/ctand (purpldine) 6.5 J/cri

Figure 3.11 SEM cross section images of samplesT{&) P20 F3.5, (b)TiN_P50 F6.5, (c) TiN_P50_F3.5

and (d)TiN_P100_F6.5
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By analyzingRaman spectra in Fi§.12 it is possible to observe that the effect of fluence
increase did not change much the structfrhe densefilm (Fig. 3.123. In fact, the only
differences betweeRamanspectraof samplesTiN_P20 F3.5and TiN_P50_F6.5consist

in the latter manifesting more pronounced formation of TiN acoustic band (at3Z5D
cm?) and aslight increase in intensity fahe band at 45600 cni*. On the other hand,
fluence effect resulted to be effective in reducing film oxidation forlése dense film
(Fig. 3.120: while only an amorphous Tisignal was given bgampleTiN_P50 F3.5

the typical titanium oxynitride signal (with band at 3000 cm') was obtained fosample
TiN_P100_F6.5Similar spectra for TitN, have been reported in literatute].

The analysis of optical curves (Fig.133,b) brought some unexpectdult interesting
results.The sample§iN_P50_ F6.5andTiN_P100_F6.%ave a broadband and very high
absorbancé~ 8596 %) all over theUV-Vis-NIR spectrum(wavelengths range 272000
nm). They appeared as dagkayblack (Fig. 3.13c,d). To verify thatthese optical features
were not simplydue to the tgh thickness of such filmswhich ha beendeposited for 2
hours,two sampleqTiN_P20 F3.5 b and TiN_P50 F3.5 b) were fabricated at the same
pressure and fluence conditions TN_P20 F3.5and TiN_P50 F3.5 respectively,but
with a deposition time of 2 hours. The obtained thicknesses and optical spectra in
comparison with those of sampledN_P20 F3.5andTiN_P50_ F3b are illustrated in Tab.
3.5and Fig.3.14 respectively. Tie higher film thickness seems to not influence much the
absorbance spectr&o, this can suggest that the high and broadband absorbance of
samplesTiN_P50_F6.5andTiN_P100_F6.5s not due to their high thickness, but rather to
their different structure with respect to samplabl_P20_ F3.5and TiN_P50 F3.5 In
particular, me possible explanation tbe optical behavioof samplesTiN_P50_ F6.5and
TiN_P100_F6.5may be that th@btained porous nanostragre actsas an efficient light
trap, hencesimultaneously stimulatg different localized surface plasmon resonances
which greatly enhancabsorption.

Broadband fperfecto absorber can brlhappl i ec
electron devices1j02, 103, 104]. The best performances for TiN broadband absorption
have beerachieved in 2019 by Gao et ab9]: thanks to a four layer structure and idNT
ring-square nargisk array, they obtainedfrom _ ¢ mé&td to _ p ¢ TETD an
absorption higher than 90%vith an average valuef 94%) (see Fig.1.24). However,
existing ultraviolet to neanfrared broadband absorbers typically suffer from kit
wavelengthrange where absorption is higihe. higher than than 90¢&and are made by
complex structuredifficult to fabricate Ourtitanium (oxy)nitride nanoporous film=ould
represent a promising alternative in terms rather simple structure androadband
absorbance from the UV_( ¢ x ata) to the NIR (¢ 1t Temd). In particular, sample
TiN_P100_F6.5 with its treelike morphology constituted by compact arrangement of
trees with average sizes around B0 nm (see Fig3.15), shows an absorbance higher
than 90% in the wide range 22000 nm and an average absodzof 94.8%.
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Figure 3.12 Comparison of Raman spectra of TiN thin filmok similar densities deposited at different
fluence (blue line for 3.5 J/cinpurple line for 6.5 J/cfp and pressure. (a) Samples TR0 F3.5 and
TiN_P50 F6.5; (b) samplegiN_P50 F3.5andTiN_P100 F6.5.
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Figure 3.13: Comparison of absorbance spectra of TiN thin films of similar densities deposited at different
fluence (blue line for 3.5 J/cinpurple line for 6.5 J/cfh and pressure. (e&3amples TiNP20 F3.5 and
TiN_P50 F6.5; (b) samples TiNP50 F3.5and TiN_P100 F6.5; pictures of (c) sampleTiN_P50 F6.5and

(d) sampleTiN_P100_F6.5leposited on glass substrates
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3.5J/cm? 20Pa 50 Pa

Deposition time

(hr)

Table 3.5 Thickness values for sample3iN_P20 F3.5 TiN_P20_F3.5b, TiN_P50_F3.5 and
TiN_P50_F3.5b, with related deposition conditions.

a) b)
100 100
80+ ) 804 | % —— 50 Pa; 30 min
1 : Ty e 50 Pa; 2 hr
__ 60+ 604 |
= = '
< 401 “a0f |}
——20 Pa; 30 min 1 1
204 eeeeess 20 Pa; 2 hr 20+
T T T T T T 0 T T T T T T
400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

Wavelength (nm) Wavelength (nm)

Figure 3.14 Absorbance spectra of samples T&)l_P20 F3.5 (solid line), TIN_P20_F3.5b (dashed line);
(b) TIN_P50_F3.5solid line), andliN_P50_F3.5_HKdashed line).

Figure 3.15 SEM crosssection images of sampleéN_P100 F6.5. Zoom out of the nantreesdetails in the
inset.
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3.2.2 Oxidation after air exposure

Another possible source of oxidati@omes from the oxygen that fills nitrogen vacancies

of the fabricatedTiN films after their exposure to airThis phenomenon is known to
always occur for TiN films. In the case of compact films, this leads to the formation of a
thin (~ few nm)oxide surface layer which is not affecting much Ibiodk composition §6,

37, 39]. However, films characterized by highgorosity(like our films constituted by NPs
assemblieshave a much more extended surface area, hence they can severely suffer air
exposure oxidation and their bulk composition can beifeodby a considerable amount.

In order to prevent this, Barrag&m al. [79) covered their TIN NPs with a $, (which
eventually becomes Sifly after air exposure) capping layer. This was done just after NPs
PECVD deposition, without taking the sample out of the vacuum chamber. Such capping
layer reduced postepositin oxidation by acting as a diffusion barrier against molecular
oxygen.

In this work, we decided to cap our films with a compact layer of aluminum nitride (AIN),
which in literatue is found to be used as an efficieniygen diffusion barrierl05, 106].

When in contact with air, AIN forms a Al interlayer, which is a very stable oxide and

acts as a passivating protective layer.

Before starting to fabricate the capped TiN samplesdepositedome filmsof justthe
capping layeiin order to optimize the operation conditions and to sthéyr Raman and
optical spectrakven if we did not deeply study the structure of these films and we are not
sure of what has been obtained (in fact there is no Raman signal, as it digichesd

below), we adopted the same deposition conditions used for compact TiN thin films, by
analogy. In this way, we obtained astharent, uniform and compaletyer by abating an

Al target (purity 99%) with alaser fluence'Q ¢ W& and a N-Hy background
pressure of 1 Pa. The deposition time was set at 9 minutes in order to obtain a thickness of
200 nm. This thickness value was chosen because a lower one could have covered
unevenly and only partially the nanoporous films; while a bigger onehaagy affected

too much the und e rHgy3.l6aghowsithiatrthe dlm pas vepyenight i e s .
transparency and low absorbance and reflectivity all over theVid\NIR spectrum.
From Fig.3.16b it can be seen that the obtainddh gives practicdly no Raman signal,
since its spectrum is very similar to that of the glass subsiratzefore, sucltap layer
will not affect much neither Raman nor optical spectra of the underlying TiN.
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Figure 3.16 (a) Cap laye optical curves; (b)Caplayer Raman spectrum (black) compared to that of the
glass substrate (red).

In order to deposit the capping layess top of the filng without opening the vacuum
chamber,the following procedurewas adopted. A small diameter (1 inch) TiN target
(purity 99.9%)was attached on top of thegger (2 inchesAl target (as shown in Fig.
3.17) using some carbon tape. First, the TiN films were deposited by ablating only the TiN
target Then, the targeholder translation was stoppethd only rotatioal motion was
allowed, in such a wathat only the underlying Al targebuld be hit by the laser spalte
fluence and background pressure were changed the compact AIN layer was
synthesizedThe deposition conditions of capped samples are summarized ir3.6al.
should be underlined that samplefenominated in Tab.3.6 as Cap P10 F3.5
Cap P20 F3.mand Cap_P50 F3.@are the capped versions of samplahsl_P10 F3.5,
TiN_P20_F3.mandTiN_P50_F3.5respectively.

Figure 3.17 Targets configuration used to depdiihs with capping layer. The white/gray underlying target
is Al, the smaller gold/gray target on top is TiN.
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Target | Deposition | Fluence Pressure (Pa)
time (min) | (J/cm?)
TiN 30 3.5 10 20 50
Al 9 2 1 1 1
Sample name Cap P10 F3.5| Cap_P20_F3.§y Cap_P50_F3.!

Table 3.6 Summarization of deposition conditions adopted for the TiN films with AIN capping layer on top

The presence of the capping laydid not affect much thestructureof the two more
compact films; in fact, the Raman spectra of sam@las P10 F3.5 and Cap_P20_F3.5
are rather similar to those of samplEsdl_P10 F3.5and TiN_P20 F3.5 respectivelyIn
particular, the densarappedfiim (i.e. Cap P10 F3.5 presented the smalledifferences
with respect to the uncappeaunterpart(Fig. 3.189. Sample Cap_P20 F3& s
spectruminstead(Fig. 3.180 showed a slightly higher intensity of the optical band at 550
cm® and a slightly blueshifted acoustic bandyhich may indicatea small increase in
nitrogen concentration Wit respect to the respective uncapgih. However, further
analysis on films composition should be performed in order to verify these assumptions.
In Fig. 3.18cit can be seen that the absorption peak of sa@g@pe P10_F3.5 redshifted

to _e X wata with respect to that of samplBN_P10 F3.5(which was locatedat

_e @ p atd). Consequentlythe interband transitions in the lowsvavelengths region

become more visibldesides, sampl€ap P20 F3& s

the same wavelength shmpleTiN_P20_F3.5Fig. 3.189.
Neverthelessthe absorption pealof the capped sam@eavereexpected to be blughifted
with respect to the uncappedes, because a lower oxygémcorporation would lead ta
higher charge carrier conugation. The obtained ressittould be explained bgonsidering
thatthe presence of high refractive index¢ e ¢8t pfor AIN) cap layermay affect the
underlying filmb eptical behavior. In particular, as discussed in sectiGna surrounding
medium with a high refractive index can +ghift the intraband absorption peak of the
film. So, the cap layemay produce two contrasting effecté the absorbance curvem
one side theblue-shift induced by the lower oxidatipron the other side the resthift
generated by the high refractive indébhe latter seem$o be the dominant effedor
sampleCap_P10_F3.,5whose porosityvas probably not high enough to severely suffer
from airexposure oxidationFor sampleCap_P20 F3.5he two effects seem to be
perfectly counterbalanced; the absorption peak position is indeed unchanged.
On the other handor the least dense samplap_P50_ F3.5whose SEM cross section is
shown in Fig 3.199, the cap layeresulted to be highly effectivie reducing akexposure
oxidation In fact, as it is illustrated in Fig3.19h while the uncappedsample
(TIN_P50_F3.% shows the typical Raman spectrum of amorphous,, TtBe capped
sample Cap_ P50 _F3)5shows a spectrum that can be associated testsidhiometric
TiN.
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3.2. STRATEGIES FOR OXIDATION REDUCTION

Moreover, whileTiN_P50_F3.5has a very low absorbance and very high transparency in

the VisNIR (typical of amorphous titanium oxidelap_ P50 F3.Bnanifests a neat intra

band absorption peak located att w ¢ & & and atransmittance peak ate @ Y& &

(Fig. 3.19¢d). In addition,the interband absorption peak is located in the visible, centered

at_e T v dta: this gives the sample a dark bligé color (whileTiN_P50_ F3.5was
transparent with somgellowishshades), as it can be seen in BigQ

The presence of a transmittance peak and of an increasing transmittance at long
wavelengths are features already encountered in other works dealing with TiN
nanostructures (i.e. Fid..35), and can be related to the presence of a certain amount of
oxidation. It should be specified thattheifMfbaa nd absor pt i omprobpbdyak 6 s p
influenced also by the cap | ayerods refractd.i
It can be noticedfom the optical curves of the three capped sam(plesple lines in Fig.

3.18cd and Fig.3.199 that he absorption pedkcated at shorter wavelengths (which may

be associated to intdand transitions) raises in intensity and-sbdts when going from
sampleCap_P10 _F3.%0 Cap_P20_F3.@nd eventualljto Cap_P50 F3.5At the same

time, the absorption peak located at longer wavelengths (which may be indeed associated

to intraband transitions) decreases in intensity anestefis. As discussedn section- .,

this variation in the absorption spectranay be due to the progressitransitionfrom a

more compact TiN filrilike optical behavior to a more TiN NH&e one.
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Figure 3.18 Comparison between TiNP10 F3.5and CapP10 F3.5 (a) Raman spectra and) @bsobance
spectra; comparison betwedrnN_ P20 F3.5and Cap_P20 F3.5§b) Raman spectra and (d) absorbance
spectra.
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Figure 3.19 (a) SEM crossection image of sampl€ap P50 F3.5; (b) Raman spectra of sample
Cap_P50_F3.5n comparison to that of sampléN_P50 F3.5; (c) Transmittance and (d) absorbance curves
of sampleCap_P50_F3.5 comparison to those of samfleN_P50_F3.5
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Figure 3.20 SamplesTiN_P50_F3.5on the left) andCap_P50_F3.%on the right).

85



3.2. STRATEGIES FOR OXIDATION REDUCTION

In conclusion the two adopted strategiessulted to be effective in reducing oxygen
incorporation within the samples characterized byelodensity values. In particular, tree
like nanostructured TiN films with density e T80 g¥ & have been obtainedn this
way, the density range at whid@hN thin films (rather than just amorphous Lims) are
obtainedhas been extended frotne ¢8t Y(¥d & (i.e. sample TiNP20 F3.5 down to

" e TR T & (i.e. sample Cap_P50_F3.5)

First, by using a fluencé&) @& Uf& & and a pressuie  p Tt @t () we obtainedh ~ 6
thick treelike nanostructured Tiy film showing a very high and brodzhnd absorption
all over the U\AVis-NIR spectrum.

Second by capping with a AIN 200 nrthick compact layer a film previously deposited
with "Q o®Wod and | v T O, we obtained a treke nanostructured (sub
stoichiometric) TiN film featuring antra-band absorptiopeak at_ e w¢ & a.
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CHAPTER 4

Effect of post depositionannealing
on TIN nanostructured thin films

In this chapter, we analyzed the effect of thermal treatments on the structure and optical
properties oboth uncappednd cappedamples.

In the first part of the chapter, the effect of different annealing atmospheres and
temperaturesn uncappedsamplesvere investigated. In this sectiohgetannealings were
performed either in vacuum or withyf¥, (955 %) supply at controlled overpressusf

1050 mbar; the process timend the heating ramp welkept constant atl hr and
10°C/min, respectivelywhile two different temperatures were selected (300 and 550°C,
similar to those used in literatyras discussed in sectiaon’). In particularafter annealing

in vacuum a higher film crystallinitgnd thedesorption of surface oxygen wesepected,

while after annealing in NH, atmosphere the film composition was expected to become
enriched in nitrogen and depleted in oxygen, and the film dlipgta was likely to
improve as well. Two different annealing temperatures (i.e. 300 and 550°C) were
investigatedn order to find a good compromise between amorphous phase oxidation and
crystallization (which are both favored by higher temperatures).

In the second part of the chaptee analyzedhe effect ofannealingon samplesvherethe
strategies against oxidation had been adoptegarticular, we examinetthe effect of N-

H, annealing at 300°C ocapped samples deposited at both flusr&B and 6.5 J/cfn

Only the aforesaid h e r ma | treat ment 6s at adosegsheeine and
the first sectiorof the chaptethey seemed to give better results.

In Tab. 4.1 the samplesvhich have been thermally annealack reportedwith their
denomination The structural and optical properties of these filnese studied by SEM

(see section’ ), Raman spectroscopy ) and U\Vis-NIR spectrophotometry- 7).

The apparatus used for the thermal treatments has been illustrated in sectionally,

all the films have been deposited both on glass and silicon substrates.
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Sample Fluence | Pressure | Cap layer | Annealing Annealing
(Jlcm?) (Pa) atmosphere temperature (°C)

AV550 P10 F3.5 3.5 10 - Vacuum 550
AN550 P10 F3.5 3.5 10 - N2-Hz 550
AN300 P10 F3.5 3.5 10 - N2-H» 300
AV550 P20 F3.5 3.5 20 - Vacuum 550
AN550 P20 F3.5 3.5 20 - N2-H> 550
AN300 P20 F3.5 3.5 20 - N2-Hz 300
AV550 P50 F3.5 3.5 50 - Vacuum 550
AN550 P50 F3.5 3.5 50 - N2-H> 550
AN300 P50 F3.5 3.5 50 - N2-H» 300
Cap_AN300 P10 F3.5 3.5 10 Yes N2-H> 300
Cap_AN300 P20 F3.5 3.5 20 Yes N2-H» 300
Cap_AN300 P50 F3.5 3.5 50 Yes N2-H> 300
AN300 P50 F6.5 6.5 50 - N2-H» 300
AN300 P100 F6.5 6.5 100 - N2-H> 300
Cap_AN300 P50 F6.5 6.5 50 Yes N2-H> 300
Cap_AN300 P100 F6.5 6.5 100 Yes N2-H» 300

Table 4.2 Summary of the deposition and annealing conditions adopted for the samples studied in this
chapter.In the upper part of the table, samples analyzed in section are reported. In the bottom part
instead, those of sectiecn”. ~are reported.

4.1 Effect of annealingatmosphere andtemperature

In this first section,the effect of annealing atmosphere and teatpee will be studied.
Only uncappedamples will be considered, as illustrated in Falh. It should be specified
thata deeper investigation usitgo different temperatures hagen adopted only for the
annealing in &H, atmosphere, since, fromprevious workon compact TiN filmsarried

on in our hboratory[9], it resulted to be more efficient than vacuum annealingdicing
oxidation and increasing the nitrogen contsithin TiN films.

For compact TiN films with relatively large crystalline domains . e . sizas of
temperature of 550°C may be effective in enlarging such domains wdelarg a low
thermal oxidation[41]. Moreover, our group has previously merhed thermal annealing

on compactTiN films at 550°C in our laboratory. So, the first annealing temperature we
decided to adopt was T =550°C. HoweMer, poroustreelike nanostructured TiN films
deposited by PLDwhich in literature have been found to benstituted byery small
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crystallites (i.e. sizes of few nm)mmersed in an amorphous matriX7], the thermal
budget for oxidation isexpected to benuch lower. Br this reason, temperatures lower
than 400°C may be udd41, 46]. In this work, we decided to selealso an annealing
temperaturel = 300°Cin order to investigate whether a better compromise between film
crystallization and oxidatiofwhich is possibly due to the oxygewlsorbed orthe film
surface)could be achieved.

Let us first analyze the effect of the different thermal treatmamthe Raman spectra of

the synthesized TiN filmstrying to get information on crystallinitywhich affects the

width of the bands) and nitrogen vacancies (connetetie optical band intensity). In

Fig. 4.1the Raman spectra of all the samples are shown, grouped on the basis of deposition
and annealing conditionSome observations can be made:

1 For samples deposited at 10 and 20 Pa the annealing-kty Blverpressure at
300°C gives a higher relative intensity of the acoustic 250350 cni' . This
could berelated to ayreater concentration of nitrogen vacancies hencestoadler
number ofnitrogenatomsincorporatedvithin the TiN crystal latticeNevertheless,
we suppose thahe main reason for this variation in Raman spectrum is the lower
oxygen content within the filmThis hypothesis may be supported dpnsidering
that after the annealinghe intense broad band at 4680 cm' (which can be
associated to the presence of a underlying amorphous R#&mnman signalas
discussed in section ') hasa lower intensityOn the other side, this behavior is
not observed for the annealings carried out at 550°C.

So, the lower temperatuiie = 300°C adopted for thehermal treatmenin No-H,
seems to have reduced the oxidation withinfilhes deposited at 10 and 20.Pa
However, thishypothesis should be further verified with other techniques like
EDXS or XPS.

1 The acoustic band of sample depositeti(aPa gets narrower after annealimgN,-
H, overpressure at 300°CThis may be due to the higher crystallinity of the
annealed film. On the other hand, annealing in vacuumrahd-H, overpressure
at 59°C performed on the same sample do not give aideavdifference in terms
of Raman spectrum.
Furthermore, for the film deposited at 20 Pa, #ppearance ofhe transverse
acoustic mode contribution around 250 t(indicated by a red arrow in Fig.1)
after annealingn N»-H, at 300°Cmay indicatea slightly improved crystallization
of the TiN film (as reported in literature’y]). On the other side, thennealing in
vacuum give an amorphous Ti®pectrumwhile the annealing in NH; at 550°C
give broader and morendefined bands.
So, annealingin N2-H; overpressure at 300°Geems to have improved the
crystallinity of the films deposited at 10 and 20 Pa.
However, thishypothesis should be further verified with other techniques like
XRD.
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1 Contrary to the hypothesis made in section, according towhich a longer
exposure to nitrogen leads to a bhkeft of the acoustic band below 400 tmone
of the spect of the flms annealed in MH, present this shiftMoreover, the
intensity of the optical band around 600 tuioes not increast®r any film after
annealingin Nx-H,. Probably the nitrogen incorporatioduring such Nx-Hz
annealing was not sufficiently high to briagible changesn the Raman spectrum

1 For samplesleposited at 50 Pa, all the thermal treatments letttktorystallization
of the amorphous Ti@ present. SampleAV550 P50 F3.5 shows the Raman
spectrum of a mixed rutdanatase phase, while sampdN550 P50 F3.5 of
anatase and sampheN300 P50 _F3.5 of amorphous Ti@ So, none of the three
annealings seem tbave been successfulin redugng oxidation within the as

deposited ncappeyl treelike nanostructured TIN film if. sample
TiN_P50 F3.5).
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Figure 4.1: Raman spectra of TiN films depositedgth f = 3.5 J/cr at 10, 20 and 50 Pa and annealed: in

vacuum at 550°C (blue lines), in, 1, overpressure at 550°C (green lines), and jrHd overpressure at
300°C (red lines).
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The color of the sample deposited at 20 Pa slightly changes Wtack/darkgreen to

brown while the color of the sample deposited at 10 Pa goes frombdiaekto bronze

after annealing in NH, overpressure at 300°C (see Fg3). In literature, such color
changetowards bronzdérown tones typically occur for TiN films annealed i Bt
temperatures around 3@@0°C, and they can be relatedth® higher nitrogen content
within the film together wittihe creation oflifferenttitaniumoxynitride phasefA6].

In Fig. 4.2 the transmittance, reflectance and absorbance curves for samples deposited at
10, 20 and 50 Pa witli € 3.5 J/cm) before and after the three different thermal treatments
are illustratedBy analyzingthese optical curvesye can make some observations:

1 For samples deposited at 10 and 20tfa annealing in NH, overpressure at

300°C is the thermal treatment that reduces the most the transmittance peak, and it
is the only one to blushift such a peakffom_ v matato_ o Yauafor
AN300 P10 F3.5andfrom _ v v &atato_ 1 Yarafor AN300 P20 F3.5).

As previously mentioned (in sectianl), this behavior can be associated to a lower
oxygen content incorporated within the fililoreover, the transmittance tail at
longer wavelengths reduces.

So, in accordance with Raman spectra analysis, the lower temperature T = 300°C
adopted for the thermal treatmentNa-H, seems to have reduced the oxidation
within the films deposited at 10 and 20 Pawever, this hypothesis should be
further verifiedwith other techniques like EDXS or XPS.

The reflectance othe sample deposited at 10 Pa significantly changes after
annealing in MH, overpressure at 300°C. It gets highespexially at longer
wavelengthawvhere it reaches values around 65 % after a gilegmna reflectance
edge Moreover, areflectance minimurmappears at. 1 X 3t& A blueshifted
andmoreintense reflectance minimutogether witha steegr reflectance edgare
generally associated in Iregure to a higher carrier density. The latter increases
with bothdecreasing nitrogen and oxygen content within the film. So, the annealing
may have reduceeitheroxidationor nitrogen incorporationor both Nevertheless,
since the r e fedtueesate similareto tioserof nearsgoichiometric
TiN films found in literature 48] and since the Raman spectra analysis did not
show any vacancy concentration variation, we could hypothesize that the nitrogen
content within the film did not changaeuch.Consequentlythe increase in carrier
densitymay be mostly de to oxidation reductiorigain, it should be specified that
this whole discussion is just an hypothesis which should be further verified.

The absorbancpeakof the sampledeposited at 10 Paecome narrower and blue
shifted to_ 1 x gt aafterthe thermahnnealingn N,-H; at 300°C. Furthermore,
instead of the two absorbance maxima of thdegmosited TiN film, after annealing
there isjust asingle peaklIt can be assundethat the contributions to absorption
given byinter and intraband transitions overlap in tisamewavelengthrange

As discussed in section’, this variation in the absorption curve may be due to the
progressive transition from a more TiN Nise optical behavior to a more
compact TiN filmlike one. However, from SEM cross section images clear
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change towards a more compact morphologyy be detectedloreover, sincehis
s i 1p @ la@sorption spectrum cannot be observed for the smTthermby
annealed at 550°Qt is not clear how this hypothetical change nmorphology
could have been achieved only for the film annealed in,-N, overpressure at
300°C and not, for example, for the filnannealed ta 550°C in the same
atmosphere.

So, thisvariationin the absorptiorturve could be due to the lowebxygen content
within the film, thatmayhave becomeonsiderablyenriched in free electroraster
annealing.

1 For sample deposited at 20 Pa reflectance does not changen annealingand
stays low and constant along the whole wavelengths sped@urthe other hand,
considering that the transmittance peak decrediseswo absorbancenaxima of
the as deposited film almost completely overlap into one simegd after thermal
treatmet in Np-H, at 300°C. Moreover, this singjgeak isbroad and with an
intensity around 80% for almost the whole analyzed wavelength interval.

The different color anddifferent absorbance curve after annealing suggest a
modification in the film structurand composition.

1 For sample deposited at 10 Pa, the vacuum annealing at 550°C ang-the N
annealing at 550°C daot give evident variation®f the optical curves. This seems
to be in acordance with the fact that these thermal treatmeidtshot bringany
clear structural modification, as obsenfemm the Raman spectra analysis.
For samples deposited at 20 Pa, the two aforesaid thermal treatments lead to higher
transmittance peaks and lower inbrand absorption intensitiek particular the
sample annealed in vacuyire. AV550 P20 _F3.5) shows veryhigh transmittance
and low absorbance, indicatilaggreatoxidation extent. Thiss in accordancevith
Raman analysjsvhere a typical signal of amorphous Ji@as measuretbr that
sample

1 For sample deposited at 50 Pa, all the three thermal treatments doen@ny
optical feature that can be associated to TiN. This is in accordance with Raman
analysis, where the spectra of either amorphous or crystallinevg@ obtained.

The color ¢ the sample changes from transparn@vith some yellowsh shades) to

a slightly more intense brownish tofas it is shown in Fig4.3 for the case of
thermal treatmenih N,-H;at 300°C).

The transmittance reduces and the absorbance increases dffteraalhealings, but
neither a transmittance nor an absorbance péa¢h can be associated to titanium
nitride are formed. This optical behavior is similar to what can be found in
literature for amorphous Tidilms annealed in air and in Arg-at 500°C[10].

To conclude, this study on the effeaf thermaltreatment on the deposited samples
allowed us to obtain information regarding the | mospBologcal, structual, and optical
properties variatioras a function of different annealing atmospheres and temperatures. In
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particular, the annealing in vacuum seemed to increase the oxidation extent within the
films (especially the more porous ones), thus making their structural and optical properties
more $milar to those of titanium oxide rather than of TiN. Furthermdosvering the
annealing temperature (i.e. 300°C instead of 55@&e more substantial differences in
terms of Raman and optical spectra with respect to changing the annealing atmosphere. |
fact, the annealing iMN,-H, at 300°C may have reduced the oxidation and increased
crystallinity within the films deposited at 10 Pa and 20 Pa, aswpposed by observing

their color, Raman spectra and optical curves. More specifically, the samplétetb@ds

10 Pa and annealedM-H, at 300°Cmaybe a nearlystoichiometric TiNcharacterized by

a high reflectivity and by an intense and narrow absorption peak at x gt a. Instead,

the sample deposited at 20 Ba TiN (with possiblysome oxide andxynitride phases)
characterized by a broad and intense absorbance in the whdi#R/rsinge.

Finally, for sample deposited at 50 Pa, all the three thermal treatments do not give any
optical feature that can be associated to TiN. The annealed sampbsgatept 50 Pa are
indeedTiO, characterized by an either amorphous, anatase or-am@gase mixed phase.

So, the adopted thaal annealings are not effectiire reducing the high oxidatioextent

of the more porous film
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Figure 4.2 Transmittanc€T), reflectanc€R) and absorband@) curves for samples deposited at 10, 20 and
50 Pa and = 3.5 J/cr as deposited (black lines), and after thermal annealing in vacuum at 550°C (blue
lines), in N-H, overpressure at 550°@reen lines) anth N,-H, overpressure at 300°C (red lines).
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(Nt |

Figure 4.3 Samples deposited at 10, 20 and 50 Pa fvitt3.5 J/cr before and after annealing inM,
overpressure at T= 300°C.
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4.2 Effect of annealing after strategies against oxidation

In this section, we analyzed the effect of annealing on samples where the strategies against
oxidation had been adopted. In particular, we examined the effect-idf Bhnealing at

300°C oncapped samples depositedflaence 3.5J/cnf. Then, at the end of the chapter,

the annealing effect on botimcapped and capped samples obtained with flugscé/cn

was briefly analyzed Onl y t he af or es aispher¢ dné temparaturet r e a t
were adopted since in the first section of the chapter they seemed to give bettemresults
terms of structure and optical properties

Moreover, he thermal annealing sempleson which the strategies agatroxidation have
beenadopted wa expected to affect the filmsd pro
baresamplegwhich is discussed in sectiegn’) did, but with some differences due to the
modifications induced by the afm&id strategiesin this way, the influence o$uch

strategies on the behavior of the film during thermal annealing could be investigated.

All the samplesnalyzed in this section are reported in the bottom part of4Tab.

Let us first consider the effect of thermal treatment on the capped sataplested at 10,
20 and 50 Pa using a fluence 3.5 Jicm

From the investigation of their Raman spectra, which are reported if.£Figve can make
the following observations:

1 The effect of the annealing ocappedsamples deposited at 10 and 50 Pa is
comparable in terms of Raman spectra variation. In fact, for both samples the
acoustic band at 25850 cm' gets narrower, while the broad band at higher wave
numbers (4550 cm') gets lessintense. The acoustltand narrowingcan be
associated (as already mentioned in sectiof) to an increase in the films
crystallinity. The lower intensity of the band at higher wave numhkastead(as
already mentioned in secticn!), can be related either to a lower nitrogen content
within the film or to a lower presence of oxide and oxynitride phases. The aeoustic
band narrowing is the more relevant effetthe annealing othe capped sample
deposited at 10 Ravhile on thecapped sampldeposied at 50 Pa it is the lower
intensity ofthe band at high wave numbers
The annealing affects the Raman spectra of capped and uncapped samples
deposited at 10 Pa in the same way (seei. Apparently, the capping layer did
not hinderthe oxidation of theunderlying films during annealing. In fact $a
already observed in section’) the presence of a capping layer is not effective in
reducing the oxygen contamination witlihrese more compact filmbecause they
suffer less from atexposure oxidatiorAs it can be seemiFig. 4.6, the fact that
the colors ofsuchcapped and uncapped samples after annealing are very similar
(i.e. bronze) may confirm this hypothesis.
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On the other hand, while the annealing did not change the structure of the
uncapped film deposited at 50 Pa, which remained amorphous titaniumibgide
change the one of the respective capped safspéeFig4.5). So,the capping layer
protects thanoreporous filmsfrom oxygen contamination during air exposuas (
already supposed in section”), thus preventing their oxidation during thermal
treatment This can also be clearly seen from the different colorsawhples
AN300_P50 F3.5 and CapAN300 P50 F3.5(see Fig4.6).

The effect of annealing on Raman spectrum of sample deposited at 20 Pa consists
in the shift towards higher wave numbers of the peak located around 550 cm
which can be identified as thigst order defectinduced TiN optical mode (as
discussed in section ). However, since this peak is bishifted to ~ 650 cif, it

could also be due to the signal of underlying amorphous; Ti@act, normally the
optical mode peak lays within the wave numbergyea850600 cm' and it does

not shift much. Another possibility is that this is the peak of a crystalline AIN
Raman active modehich is found in literature to Hecated around 655 ch{107,

108], thatmay arise after the thermal treatment.

The Raman spectra obtainak quite different between sampheN300 P20 F3.5

(see Fig.4.5) and Cap AN300 P20 F3.5. Thus, the presence of a capping layer
affected the structure of the filakeposited at 20 P& his hypothesis may find a
further confirm in the different color of capped an uncapped samples after
annealing (see figl.6). Nevertheless, thestructural modificationgannot bevell
understoodecause of the aforementioned various interpretations that may be given
of theRamanspectrunof Cap AN300 P20 _F3.5.
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Figure 44: Raman spectra of capped samples depositedfwitB.5 J/c at 10, 20, and 50 Pa (blue lines)
asdeposited and (light blue lines) after annealing s at 300°C.
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Figure 45: Raman spectra of samples deposited With3.5 J/crfi at 10, 20, and 50 Pa after annealing in
N,-H, at 300°C , both (red lines) uncapped and (light blue lines) capped.

Uncapped Capped

10 Pa

20 Pa

50 Pa

Figure 4.6: Annealed (in N-H, overpressure at 300°C) samples deposited #it!8.5 J/crf at 10, 20, and
50 Pa, both uncapped (left side) and capped (right side).
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From the investigation of the optical spectra (which are reported in4Fy.of the
annealed capped samples (deposited at 10, 20 and 50 Pa using a fluenceé3.&vel/cam
make the following observations:

1 For the capped sample deposited at 10 Pagpiieal behavior after annealing is
very similar to that of the annealed uncapped counterpart (seé.2Figr
comparison). This seems to confirm the previously made hypothesis, according to
which the structure and the optical propertieshaf more compadilm are more
affected by the thermal treatment than by the presence of a capping layer.

1 For the capped sample deposited at 20 Pa, the annsalamys to improvehe
optical propertiesThe transmittance peak around 550 nm decreases andhifise
to ~480 nm. As already discussed in sectior) this can be associated to a lower
oxygen content within the filmMoreover, the reflectance getswer, while the
absorbance gets higher. In particular, a broad and intense absorption peak centered
at_ x Qdu is obtained, with a maximum absorbance value of ~ 93 %.
It is possible to conclude that ttleermal treatment affects the optical properties of
both cappedand uncappedilms deposited at 20 Pa, but in a different way (as it

may be also observedbyoo ki ng at the t®n&): filmsd col c

0 For the uncapped sample (see Eig.) the annealing did not change much
the reflectance, hence the variation in the absorbance curve was entirely due
to the change in the transmittance curve.
On the other hand, for the capped sample (see &iy.the annealing
decreased the reflectance. This may be associataddexreasén carrier
density (as discussed in section), because of either higher nitrogen or
higher oxygen content within thelrfi. In order to have a deeper
understanding of the film composition, other measurements (like XPS or
EDXS) should be performed.

0 For the uncapped samp{see Fig.4.2) the annealing decreased a lot the
transmittance peak and the transmittance tail at longer wavelengths, hence
giving broad absorption band covering the whole iR spectrum.

On the other handior the capped sample (see Fi#&7) the annealing
decreasedhe transmittance peak but did not make the transmittance tail at
longer wavelengths disappear, hence giving a more defined absorption peak

with a maximum located at x @ &t & This could bedue to the fact that

the capping | ayer enmderlyingafimeduriigptheot e c t ¢
annealing In fact, in literature the presence of a cap layer &h NPs wa

found to avoid their absorbance peak to broaden after annedding [

1 For the capped sample deposited at 50 Pa, the reflectance does not change after
annealing. Thus, considering that the transmittance slightly decreases, the
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absorbance slightly increases. The variation in optical behavior before and after
annealing is rathe s mal | . This may indicate that
underlying porous film during annealing, limiting its oxidation (as the Raman
spectrum in Fig4.4 could suggest). As already mentioned in section the
presence of a cap layer on top BN NPs was found to give higher thermal
stability to the optical properties of the nanoparticies. [
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Figure 4.7. Transmittance (T), reflectance (R) and absorbance (A) of capped samples deposited 3u4th

Jicnf at 10, 20 and 50 Pa: (dabkue lines) asleposited; (lighblue lines) after annealing in ;M
overpressure at 300°C.

Finally, in order to have a more complete overview, we will briefly analyze thiso
uncapped and capped samples deposited atb0GhPa withQ @& GO & , both before

and after thermal treatmeris already discussed in sectiGn’, the samples deposited
with "Q @& U & at 50 and 100 Pa are comparable in terms of morphology and density
to the samples deposited witd o® Gfc & at 20 and 50 Pa, respectively.Fig. 4.8 the
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Raman spectra dfoth capped and uncapped samples deposited fnitt6.5 J/cm at 50

and 100 Pa (on glass substrates) are repolefire and after annealing in i
overpressure at 300°n Fig. 4.9 the reflectance and absorbance curves afep®sited
samples deposited withf = 6.5 J/cm at 50 and 100 Pé&with and without the capng

layen are shownlt should be specified that the optical curves of the samples deposited
with f= 6.5 J/cr after thermal annealing are not reported, since they resembled the ones
of the asdeposited counterparts.

From their Raman and optical spectra we can make the following observations:

1 The capping layedoes not affect much neither the Ramspactrasee Fig4.8) nor
the optical curves of thesdepositedsamples. The biggest difference is the slightly
higher absorbance in the visible range (see #ig. This is due to the slightly
lower reflectance in the visible range, which may be cabsedn antireflection
effect generated by the cap lay8o, he broaeband absorption obtainddr the
films with on top thecapping layer is even more intense than that obtained for the
uncapped counterparts
As already discussed in secticr, the obtained nanoporous TiN films deposited
with fluence 6.5 J/care excellent broadband absorbers, which could represent
promising candidates for various exciting applications like solar cells, thermal
photovoltaics and hot electron devices. The presentikeeotapping layer further
i mproves t hese fil mso broadband absor
improvementcan be observedor sample Cap P100 F6.5 where maximum
absorbance values of ~ 97.2 % are reacfwestead of ~ 95.86 reached for
TiN_P100 F6.5). Moreover, the absorbance of fC®100 F6.5 stayshigher than ~
92 % in the analyzed wavelghginterval (i.e. 2762000 nm) and its average value
is ~ 96 % (hile TiN_P100 F6.5 hadabsorbancealues higher than ~ 90 % in the
abovementioned wavelengtiterval, withan averagef ~ 94.8 %).

1 From theRaman spectraf annealed uncapped and capped samples (seé.Big.
we can observe the formation of tyweaks at wave numbers ~150 tand ~520
cm* , whichcan beassociatedo thecrystallizationof someoxynitride phasef34].
The annealing, for both the uncapped and capped samples, does not change much
the optical behavior with respect to thedeposited counterparts. For this reason,
the optical curves of the annealed samples have not been reported.

To conclude, thisstudy on the effects of thermal treatment on the samples atter t
strategies against oxidatigespecially the capping layer) allowed us to obtairther
information regarding the variatioaf structural and optical propertiesith annealing
Moreover, by comparing the annealing effect on uncapped and capped films we could
reach a deeper undanstling of the utility of the capping layer. In particular, we could

investigate i f the filmsé properties were
cappng layer,adwe coul d evaluate the effectiveness
the underlying filmés structure during anne
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The structure and the optical pespes of the more compact filhe. deposited at 10 Pa)

are much more affected by the thermal treatment (whose effects were already discussed in
section’ 1) than by the presence of a capping lagee sectiori ). In fact, the properties

after annealing are the same for thecappd and the capped films. Probably, it is not
necessary to protect the film deposited at 10 Pa from air exposure oxidation because it is
more compact; thus, the ineffectiveness of the capping layer can be explained.

On the other side, theeditures of thenore porous film(i.e. deposited at 50 Pa) are much
more affected by the presence of a capping Ithe by the annealing alone. The capping
layer in fact allows(differently from the thermal treatmemtiong to obtain tredike
nanostrutured TiN films stead of amorphous T}OIn addition, the cap layeseems to
efficiently protectthe underlying film hence limiting its oxidation during thtaermal
annealing.

Eventually the structure and the optical properties of the film deposited at 20 Pa (which
has a density value in the middle between the other two, as shown in sacji@me
affected byboththe thermal treatmerand the capping layeMore specifically, while th
capping layer alone seemed to not affect much the film properties (see sedtignhas

indeed an influence whethe thermal annealing is performed. In fadtetmain effect of

the thermal treatment alomeasto lower the transmittance peak hencergjva broadband
absorption (as already discussed in sectiol); the cap layer instead prevents such

broadening of the absorbance peak by fAprote
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Figure 4.8: Raman spectra of both capped and uncapped samples depositéd\6ith J/cmiat 50 and 100
Pa on glass substrates, before and after annealinght dblverpressure at 300°C.

Figure 49: Reflectance (R) and absorbance (A) curves of samples deposited with5 J/cm at 50 and
100 Pa: (darblue lines) uncapped; (magenta lines) capped.
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