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Abstract

Over the past two decades, the attention of reseesds focusing more and more wetal oxides
thanks to their huge potential for application ifiestent fields spanning from physics, to chemistry
to medicine and engineering. Their physical anénubal properties make them appealing
materials in particular for application based onmfete-environment interactions, such gas
sensing, in which they are frequently used to detect makacspecies and volatile compounds.

As sensitive elements, metal oxides are widely eygad as chemiresistors, whose working
principle is based on resistance changes inducedebgdsorption of gaseous species present in the
surrounding environment. These devices mainly ekghe semiconductor nature of metal oxides
(Barsan 1994). Resistivity modulation, in fact, gomates from the band bending induced by
adsorbed gas molecules: the screening effect otophkawyers of the material and the related barrier
potential influence electron mobility and, thusg thverall conductivity of the metal oxide. In this
scenario, the metal oxide intrinsic presence oédefnd surface defects is of primary importance,
both for the providing of charge carriers and fdfeng specific sites active from the gas
adsorption point of view.

Many structural and electronic properties of meteides (such as wide bandgap and variety of
defect states) confers them several optical prgseramong which we can cite the transparency in
the visible range and the efficient absorption of domponent of the sunlight. Transparent

conductive oxide (TCO) are for example used fortioga, in fabrication of optoelectronic devices

such as transparent thin film transistor and phaltaic cells (Ozgir et al. 2005a). Several other
applications can also be mentioned, from the usehiotocatalysis, in biomedical devices and

supports, as photodiode or light emitting diode so@n.

It is, thus, clear the role assumed by the basgeawh on metal oxides, focused on the
characterization of their physical and chemicalpprties. In particular, the knowledge of defect
composition and electronic distribution is one tdrgng point for the characterization of the
material in view of possible application in dailifel devices. Among the technique existing,
photoluminescence (PL) spectroscopy represents an important tool for studying eneiggridution-
dependent properties and defect-related propeMescover, recently attention has focused on the
possibility to employ this investigation technigas a tool for opto-chemical sensing, where the
presence of adsorbed gases can be monitored throadblation of photoluminescence emission.
This route may present some advantages with regpéoe common chemoresistive device, such as
the multi-parameters detection (emitted light clange wavelength, phase, polarization, etc.),



absence of electric contact, the possibility of eleping integrated hybrid devices and low
sensitivity to electromagnetic noise.

For its optical properties, a good candidate fdoaghemical sensing is zinc oxide (ZnO), an n-type
wide bandgap semiconductor, well known, among #s¢, for being a blue-UV light emitter. The
good characterization of ZnO properties (used frdetades in different field) and its high
efficiency as light emitter, of course, representsappealing property for optics-based application.

Another material with interesting intrinsic featsres the titanium dioxide (Ti€), on which the
interest in particularly increased since the ‘70 ite photocatalysis properties. After a milestone
study on the photolysis of water (Fujishima and #A972), a huge number of application found
fertile source in the use of TiOmainly exploiting its photocatalysis propertieslats high reactive
surface. (Linsebigler, Lu, and Yates 1995a): pholtaic field, photo-biodegradation, as pigment in
cosmetic and paints, self-cleaning surfaces, seirémating, TCO-based electrical element can be
just few example of the possible applications ab tmetal oxide. The reactivity to external
molecules due to the surface intrinsic defects i@, Tincreased to its optical and photocatalysis
properties, potentially may play a leading rolenavel PL-based application, such as the mentioned
optical gas sensing.

In this general picture is inserted my Ph.D. carlBrresearch, in fact, pointed on the synthests an
investigation of optical properties of nanostruetiTiO, and ZnO for applications as in optical
sensing. My attention was particularly focused ¢we {TiO, being this material still less
characterized, with respect to the ZnO, both ingpecal gas sensing studies and for the structural
and morphological point of view, considering thgastion technique adopted. The synthesis of
nanostructured thin film was obtained by meansw$exl laser deposition (PLD), an innovative,
versatile technique allowing the growth of differ@morphology nanostructures from a wide variety
of materials. Among the main advantages of thibrigie, we can count experimental simplicity
and the versatility of deposition conditions, aliog/the growth in a controlled way structure with
different and specific properties. Moreover, PLRa@nsidered a “clean” technique, since it is based
only on interaction between a target and laser beerarring in a controlled atmosphere: during
the growth process, there it is therefore posgibleontrol and limit contaminations due to residual
unwanted species.

The deposition of Tipwas achieved with the collaboration of Laser Ablatgroup of the Physics
Department in Naples (Prof. S. Amoruso, Prof. RuZBese and Dr. X. Wang), adopting the
ultrafast laser ablation technique, based basesepuh the fs regime. Moreover, | also spent a
period at Institute of Electronics, Bulgarian Acadge of Science in Sofia (Bulgaria) in the
framework of a bilateral CNR/BAS project, workingn @eposition of ZnO nanostructured thin
films with ns-PLD technique, under the supervismnProf. N. Nedyalkov. For both materials,
depositions with different initial conditions weperformed in order to investigate on the influence

on morphological, structural and optical properbéthe metal oxides.
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The second part of my work consisted in the charation of physical properties of interest of
TiO, and ZnO, mostly concentrating on photoluminescemsission, on with the supervision of Dr.
S. Lettieri and Prof. P. Maddalena, in the OpticMé&terials group (Physics Department, Naples).

During this period, | worked on realization of angaete experimental setup, allowing to perform
PL analysis in samples kept in controlled environtheexposed to gas flows of variable
concentrations. To this aim, | set up the optieahdh and the realization of home-made control
system written in LabView for interfacing the inved instruments (including mass flow
controllers, CCD camera, spectrometers, power sated mechanical shutters) and controlling the
whole experiment.

After the completion of the experimental setugarted working on an accurate photoluminescence
characterization of the ZnO and Titin films. Most part of my work dealt with thetter material
and, in particular, with the effect of interactiaith gaseous oxygen on its PL properties. In fact,
this topic is relatively unexplored and interestiegtures were found during my work, involving
multiple PL responses and opposite effect exerteddygen on the two polymorphs (anatase and
rutile) of TiO..

The present thesis work is organized as follow: pidva 1l is dedicated to an introductory
dissertation on the fundamental properties andiegimn of nanostructured metal oxides of my
interest and the processes at the base of pulseddalation techniques. In the second chaptey, it
presented an overview on PL process in semiconduetod on phenomenological modelling for
gas-induced PL modulation and applications. Chaptés dedicated to a general description of
instrumental setup used for both deposition andcalptcharacterization. Morphological and
structural characterization of Ti@s described in Chapter 4, followed by the PL gsialon TiQ
and ZnO thin films, in Chapter 5, with a comple&scription of the origin of their PL emission and
mechanisms at the base of gas adsorption-depeRtlenbdulations.

Chapter 1



Fundamental and application-oriented

properties of titanium and zinc oxide

In the present chapter, | will discuss briefly absome of the most relevant properties of two metal
oxide materials that have been studied in my Pi@rk, namely zinc oxide (ZnO) and titanium
oxide (TiOy).

The research work in which | have been involvetlas relevant connections with chemical sensing
applications, in which practical purposes dictateathieve an enhanced interaction between the
sensitive material (i.e. the metal oxide) and thenaical species to be revealed. For this reasen, th
current trend in the field of oxide-based chemgmhsing moves toward the usenahostructured
oxide systems, as high sensitivity toward chemycatisorbed species can be achieved thanks to
their large specific surface (i.e. surface-to-voturatio).

Therefore, in the first section (1.1) I will brigfintroduce the topic of nano-scaling, while also
mentioning the so-called “quantum-size effects’islivorth mentioning that proper quantum-size
effects (i.e. the modification of band structured aenergy level position due to the reduced
dimensionality) are unlikely to occur in nanopddscsuch as the ones studied in my PhD work
(typical diameters of about 70-100 nm). Neverthelege will see in the case of ZnO nano- vs.
micro-scale structures that the oxide topology amafphology indeed plays a role in optically

based chemical sensors.

In the field of material science and engineeringag attention is focuses on metal oxides, veesatil
materials suitable for a variety of applicationscluding for example catalysis, gas sensing,
electronics, microelectronics and so on. Secti@nsldedicated to an overview of main application
of metal oxides. As the intrinsic electronic prdper of metal oxide semiconductors often reside on
the presence and on the chemical nature of stalctlefects, a description of their general
structural properties and related parameter (i@clsometry, defects, ions coordination numbers)
will be also depicted, summarizing the intrinsidests that can be typically found in metal oxide
structures.

Among metal oxide materials, in these last yeagatgnterest grew up around titanium dioxide and

zinc oxide: their semiconductor nature, biocomphtband possibility of nanostructuring them in

various morphologies without huge efforts make tlggrod candidates for several applications. The

versatility deriving by the variety of attribute$ these metal oxides, in fact, gives fertile sperk

nanostructure engineering and for daily life apdiiee purposes, such as in microelectronics area,

for piezoelectric or sensing devices, fuel celtstongs and catalysts field, as extensively exposed
8



in sections 1.3.1 and 1.3.2. A fruitful comprehensof the potentiality of a material is almost
impossible without a deep understanding of its nstifoctural and electronic properties: for this
reason, a summarization of actual knowledge fon Ba®, and ZnO is depicted in section 1.3.

Last section (1.4) focuses on material depositemhiiques, whose variety and versatility allow
obtaining thin films with the desiderated featunemking them suitable for application in a huge
fan of fields. Among the deposition techniquesspdllaser deposition (PLD) plays a key role. PLD
is based on the ablation of a material by meare lofgh energetic pulsed laser beam and can be
used for deposition of different materials (semaactors, metals, dielectric and organic products),
and the synthesis of several structures, such itexigph films, nanostructured or nanoparticulated
films, and 2D or quasi-1D films, with different npdrology. The strict control on the ambient
atmosphere in which deposition takes place anéxbiation due to only laser source, make PLD a
“clean” technique, in which a good control of th@rgosition of the final product is achievable.
Section 1.4.1 and 1.4.2 will be in detail dedicatedhis technique and to the theoretical model on
which it is based.

1.1 - Nanostructured crystalline systems: motivatins

Nanotechnology is a branch of applied science,imgalith manipulation of matter on an atomic,
molecular and supramolecular scale and with syrghefs materials and/or composited systems
characterized by physical sizes of the order of femths of nanometers or even less (i.e. few
nanometers). A generalized and commonly acceptedrigéon of “nanotechnology” has been
established by the National Nanotechnology Ini&i{jU.S. federal progranhttp://nano.gov/about-
nni) defines nanotechnology as “the manipulation oftenavith at least one dimension sized from
1 to 100 nanometers”. Such a definition refled¢te tnterest in quantum mechanical effects
(“guantum-size effects”), while also including sealefeatures of solid-state functional systems
such as ultra-thin films and nanoparticles, charamtd by surface-related properties and/or by low-
dimensional charge carrier transport.

The term “size effects” usually refers to physipabperties modifications caused by the reduction
of material sizes up to the nanometer scale (“nzadogy”). Nano-scaling can indeed affect the
several physical and chemical properties, evenrgad features that are from the ones observed in
their bulk (three-dimensional) counterpart. For hsueason, development of novel synthesis
processes and discovering of novel materials antkwaf phenomena occurring at nanometer scale
triggered both speculative and applied resear@slin

Another characteristic deriving from nanometer-ssaeicturing is the gain in surface-to-volume
ratio, highly increased with respect to the eq@malbulk systems. An increased specific surface



leads enhanced performances in applications baséteqhysical and/or chemical interaction with
the environment, such as for example gas sensing.

While the quantum size effects and the increasepegific surface are solely related to the physica
size of the system, it is worth underlining that tlegree of crystal order and the overaldlefectivity

in semiconductor nanostructures play a decisive molalmost all application. Some important
examples can be done in the case of metal oxidecseductors used as gas-sensing active
elements. For example, surface oxidation and/@vémrsible adsorption of gas species represent
“ageing” effects that may give operation instal@hktof the devices on long-term usages (Diéguez et
al. 1999). Moreover, structural modifications isalidered systems may occur, due for example to
morphological modifications of inter-grain boundariand/or grain coalescence after prolonged
operation (metal oxide-based gas sensor devicessaly operated at temperatures of about 150-
300 °C in order to speed up the adsorption-desorinetics). Beyond the instability of a single
system, the need of a high degree of repeatalfityin other words, equivalent responses to a
given stimulus) is also a fundamental issue indaggale device production. Such a requirement is
not guaranteed for amorphous systems, which aebgition unstable. The above considerations
explain why the research interest in the field oktah oxide focuses orsingle-crystal
nanostructures, as they ensure time stability and more contrédlahitial characteristics of the
devices, facilitating the realization of stable amtlable devices. Moreover, ageing and thermal
instability problems related to incomplete stoich&iry and defects presence are limited in
crystalline structures.

An advantage deriving by the drastic improvemerdegosition techniques lies in the possibility of
easily obtaining quasi-one dimensional single-alystructures, starting from commercial powders
of many of the most commonly used oxides (Pan, &ad, Wang 2001; Dai et al. 2002; Wen et al.
2003; Yuan, Colomer, and Su 2002; Vayssieres 20B%amples of quasi-one dimensional
structures are nanobelts (Pan, Dai, and Wang 20@towires (Vayssieres 2003; Huang et al.
2001) or nanoribbons (Dai et al. 2002; Yuan, Colgnaad Su 2002). The increased stability
deriving by the use of these crystalline structyskss the high sensitivity due to the increased
specific surface area justify the great interestgyn the use of reduced-dimensionality metal exid

systems as gas sensors (Sysoev et al. 2009; Cet@ahi2002; Wan et al. 2004; Modi et al. 2003).

1.2 — Metal oxides technological importance and besphysical properties: an
overview

As mentioned previously, several metal oxides plagle in various technological areas, spanning
from chemistry to physics to material science (Zhéefreo, et al. 2010; Zheng, Liu, et al. 2010; Liu
et al. 2010; Dongjiang Yang et al. 2009).
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One of the most important roles of metal oxides FjAs played in catalysis applications.
Commonly, commercially catalysts consist in metatroscopic particles supported on a high-
surface area and non-reducible oxides. Their ojpergtrinciple is based both on interactive
processes between the metal and oxide supportcacdntplementary interactions between metal
and oxide (Henrich and Cox 1994). Beyond this comjpee used, MOX themselves are often
adopted as active catalyst components for sevenabritant commercial reactions, both in a pure
form that with the support of other oxides. All thatalysis activities are based on complicated
mechanisms involving different chemical reactiosisch as acid/base reactions or oxidation and
reduction steps, with transferring of oxygen frattite to the substrate. A landmark study on MOX
is represented by the Fujishima and Honda workigkimpa and Honda 1972), that reported the use
of transition metal oxide as a catalytic electrad@ photoelectrolysis cell to water decomposition
into H, and Q. The deep influence this research had on the sorgial transition metal oxides is
highlighted by the increase of the number of puaians on this topic since the middle of '70

(Fig.1).
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Fig. 1. Number of publications per year on well-charazesti metal-oxide surfaces. (Courtesy of M.A. Henolers
Pacific Northwest National Laboratory) (Diebold 200

Great interest also accompanies the gas sensingenies of MOXs. Mostly, gas sensing
applications are based on zinc oxide (ZnO) anadxide (SnQ), thanks to their n-type conductivity
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(presence of intrinsic defects makes them behave-tgpe semiconductors) and to their chemo-
resistive response. This latter consists in theé tlaat molecules adsorption on the surface causes
band bending in their sub-surface region, produaigmificant changes in surface conductivity.
Thus, modulation in sample conductance can be tsanonitor adsorbed surface molecules.
Finally, we also cite other effects and discove(rex involved in the present dissertation) thatega

a relevant impetus to the study of oxide matersald of oxide surface science, such as high-T
superconductivity, ferro-electricity, multiferrotgj diluted magnetic semiconductors and so on.

Commonly, MOX catalytic properties and other phgbkiand chemical properties are strictly
dependent on their structural properties and orpthsence of defect surface states. Thus, one of
the starting points for the understanding of MOXparties is represented on the knowledge of
their geometric structure, well described by th@danodel (Atkins 2010; West 1987). This model
is based on the statement that the most importaet is played by forces bonding positively
charged metal cations and negative oxidé&)(@nions: metal oxide structures mainly result in a
arrangement of metal ions surrounded by oxygenviarel versa. Even the existence of Qnot
stable in free space, is ensured just by the peesehan ionic lattice structures and its Madelung
potential.

Fundamental (intrinsic) structural parameters dgvihe electronic properties of metal oxides are
the stoichiometric ratio between oxygen anions and metallic catiansl theionic coordination,
involving the geometrical arrangement of ions ameirtspace neighbourhood characterization. An
example of metal coordination is shown in Fig.2e@fhthe common lattice geometry of metal ions
is represented by the six-fold octahedral coordbmatoccurring in several metal oxides, from
rocksalt structures to other binary structures@sir@dum (MO;) and rutile (MQ). In the lower-
coordination structures, the most common is the-fewiahedral, as in ZnO (wurtzite structure). Of
course, several arrangements are also found, elewirgy irregularity, as in the distorted
octahedral geometry of Mn@nd LaCnQ..

From thermodynamic considerations, it is possible tatestthat all crystal necessary contains a
certain proportion of defects in equilibrium comaglit at non-zero temperature. Referring to the
energy used to create a defect\&sand the associated increase of entdythe free energhG =

AE - TAS decreases for small defects density since thremnterm outweighs the internal energy
term (Hayes and Stoneham 2004). Defects charaatienzand their properties study is of great
importance, as surface metal-oxide properties taictlg dependent on their presence (their density
is higher on the surface with respect of bulk aysie being for example responsible of the catalytic
activity (Linsebigler, Lu, and Yates 1995a; Cox @Q1llt is worth to mentioning, anyway, the
possibility for many transition-metal oxides to kaan unusual high defects concentration even in
the bulk solids; they are associated with possibleable valence and oxidation states, and strictly

12
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Fig. 2. Example of metal coordination in some importantexstructures and their crystallographic cells ¢pxdor
b)). a) Rocksalt, MO; b) corundum,f&%; c) rutile, MGQ; d) ReQ; e) wurtzite, MO; and f) fluorite, MO

influence the physical properties of solid compaui@ox 2010). Bulk defects may be classified
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either asextended defects, such as line (dislocations) or planaecisf aspoint defects, such as
lattice vacancies, interstitials or impurities atapants occupying either substitutional or int&edti
states. Elementary theory of defects in ionic so$ithtes that the occurrence of point defectsds su
that there is a preservation of the overall chargatrality of the solid. Thus we may haveenkel
(vacancy plus interstitial of the same type) &@umtiottky (balancing pair of vacancies) types of
defects. Moreover, impurities may be associatett waétcancies or interstitial sp as to balance the
overall charge: e.g., in Li-doped MgO, the subsittu of M¢?* by Li* is compensated by an
appropriate number of*Ovacancies.

Electronic structure alteration at sites neighbayitio defects represents another important way by
with the charge balance is obtained. For exambgeetectrons remaining at art @acancy may be
trapped at the vacancy sites to giver F* centres (Henrich and Cox 1994). Moreover, elestron
and holes may contribute to the oxidation states ¢fansition-metal ion. For example, oxygen
deficiency in TiQ can be associated with electrons trapped ‘atsiies to give T, and oxygen
excess can increase the oxidation state of sonmsatas in F&°0, which may be considered to
have a proportion of Beions in addition to F&

The strong influence of these defects on the @euirstructure and properties of metal oxide, at th
base of thesis work dissertation, will be moreeataed reported in the next chapters.

1.3 - Titanium oxide (TiO,) and zinc oxide (ZnO)

1.3.1 TiO; research: motivations and applications

In these last years, research on titanium dioxid®4) underwent to a great expansion process,
making this material one of the most studied ammagal oxides. The interest in this wide band-
gap semiconductor is in principle due to the hugmlmer of application it is suitable for, related
both to the development of novel devices and toptioperties improvement of existing materials.
Worth mentioning is even the possibility of uséoit several experimental techniques, starting from
its deposition, easily leading to well-defined ¢ays, to a focused modification of some of its basi
features (e.g. oxidation, surface reduction, etéeveral tests performed in the years and a good
characterization of its general properties makegitanium dioxide a good candidate for the study
of new physical or chemical phenomena.

As mentioned, Ti@finds application in a huge range of fields, spagrfrom photocatalysis to
solar cells for the production of hydrogen and teiecenergy, from gas sensing to electronic
devices production. It is used very often as wpigment in paints and as corrosive-protection
coating, for bone implantations, as optical coatimgn ceramics products. For a comprehensive
review of TiQ surface science, applications and related topwesyefer to the excellent review
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paper by U. Diebold (Diebold 2003), and brieflyaliss here just a few among the most important
applications of this material.

Photocatalysis and photochemistry: Photocatalyst properties of Ti@nd its strong reactivity to
visible and ultraviolet (UV) light make it a perfecandidate for sunlight-based daily life
applications. Since the first studies carried oytHujishima and Honda (Fujishima and Honda
1972) on the water photolysis on Ei@lectrodes, there have been major advances ifiefldeof
TiO,-based photochemical decomposition (Henrich, Dibass, and Zeiger 1976; Wei Jen Lo, Yip
Wah Chung, and Somorjai 1978; Lewerenz 1989). i|m shme framework we can also cite
applications of TiQin photo-assisted bio-degradation: interaction xfgen or water with photo-
excited electrons and holes lead to the formatiaractive free radicals on the Ti8urface of the
material: further interactions with organic specm® thus easy to happen, resulting in their
decomposition into COor H0O. These feature finds applications for purificatin wastewaters
(Mills, Davies, and Worsley 1993), for bactericiglrpose (Maness et al. 1999), for the creation of
self-cleaning surfaces, as coating for car winddhieaz et al. 1995) or even as coating of marbles
for preservation of statues and of manufacturdsisibrical interest (Poulios et al. 1999). Another
important photochemistry application involves thedical photo-therapy, namely the cito-toxic
effects exerted on cancer cells by UV-activatedrgltitanium dioxide injected under skin (Cai et
al. 1991; Fujishima et al. 1993; Sakai et al. 198%) an extensive review on Ti@hotocatalysis
and photochemistry properties we recall to the woykLinsebigler et al. (Linsebigler, Lu, and
Yates 1995a).

Gas sensing applications: As previously mentioned (see previous sectiorgnynmetal oxides are
used as active elements in common conductometsiGegasing devices, based on the measurement
of change in the conductivity of the system indubgdgas adsorption. To this aim, most used
materials are ZnO and Sp(but in recent years titanium dioxide is affirmiagrole as oxygen
sensor, e.g. in the control of air/fuel in car ergi (Dutta et al. 1999; Xu et al. 1993; Kirnerlet a
1990; GRANT 1959; Phillips and Barbano 1997; Canfipbeal. 1999; Matsumoto et al. 2001,
Chambers et al. 2001; Garfunkel, Gusev, and Vu98)9At high temperature, a large range of
oxygen partial pressures can be indeed be detdtiedigh chemoresistive transduction in
controlled bulk defects Ti&based devices; addition of Pt, leading to the &drom of Schottky
diode, is used to increase performances at loweestyre (Kirner et al. 1990).

Electronics: Other motivations lying behind the interest ireud TiO, regard the issue of novel
oxide gate materials (high-k oxides) substitutthg SiQ in MOSFETs (Garfunkel, Gusev, and
Vul’ 1998). Titanium dioxide represents an appeapliandidate as gate dielectric, thanks to its high
dielectric constant and good possibility of conbits surface states and stoichiometry, reprasent
an appealing candidate for a new MOSFET generafdarfunkel, Gusev, and Vul' 1998).
Furthermore, has also some possible applicatiorspintronics (even if titanium dioxide is not
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magnetic, it can exhibit ferromagnetic propertiesedoped with cobalt) (Matsumoto et al. 2001;
Chambers et al. 2001).

Biomedical applications: Finally, we mention the pigment and biomedicadlustry as another
application field of TiQ. Each year, there is a huge production of ;Tpi@ments (almost 4-tons
(Kronos International 1996)) used for almost appdpgy of paints, thanks to its high refractive
index (Diebold 2003). Its atoxicity makes it ofteeing found in pharmaceuticals and cosmetic
products (Hewitt 1999) and as food additive (Ppdlliand Barbano 1997). Biocompatibility of
titanium dioxide finds a fertile application souroethe biomaterial and biomedical fields (Ratner e
al. 2004). Commonly used biomaterials, whose efficy mostly depends on oxide layer chemical
and physical properties, are titanium dioxide-bagsittig et al. 1999). An example on the oxide
contribution in bioimplants is given with in the vkoof Branemark, Kasemo and co-workers
(Lausmaa et al. 1987), in which corrosion resistaand support for Ti performance at tissue or
molecular levels, on osseointegrated oral and maédial implants is ensured by the oxide layer.

1.3.2 ZnO research: motivations and applications

Thin films and nanostructures based on zinc oxideQ) have been receiving a significant
attention, due to several intriguing physical aherical properties exploitable for applications.
ZnO is a wide-bandgap non-centrosymmetric and pieztric n-type semiconductor, having a
direct bandgap of about 3.3 eV (room temperatureanks to the fact that direct gap structure
allows efficient electron-hole radiative recombinatand thanks to its large exciton binding energy
(60 meV) exceeding the thermal energysTk ZnO exhibits a stable and efficient
photoluminescence emission in the UV range evemain temperature (Ozgiir et al. 2005b).
Concerning its electrical properties, unintentibnaoped ZnO behaves as n-type semiconductor
because of oxygen vacancies acting as electromiordevels, similarly to the case of TiO

Apart from gas sensors (discussed more extensnety), many potential application of ZnO find

room at the intersection between electronics artd-efectronics, relying on both its conductive
properties, its piezoelectric properties and oreffgcient room-temperature near-band-edge light
emission. For example, its properties make it bletdor realization of photodiodes (PD), metal-
insulator-semiconductor diodes (MIS), transparamtdeictive electrodes, piezoelectric devices for
energy harvesting.

In reference with the field of electronics and eptectronics, ZnO is a promising material for
heterostructures realization and applications siscbhotodetectors (Jeong, Kim, and Im 2003; Ohta
et al. 2000; H. Ohta et al. 2003) and ultravioight emitting diodes (LEDs) (Alivov et al. 2003;
Ohta et al. 2000; Alivov et al. 2003, Drapak 196B)oreover, ZnO has the advantage of being low
cost, non-toxic and easily grown on other p-typdemals such as Si (Xiong et al. 2002; Jeong,
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Kim, and Im 2003; Nikitin et al. 2003), GaN (Alivaat al. 2003; Yu et al. 2003), CdTe (Aranovich
et al. 2008), diamond (Cheng-Xin Wang et al. 20841 NiO (Hiromichi Ohta et al. 2003).
Electroluminescence properties of ZnO are suitdble the development of metal-insulator-
semiconductor (MIS) diodes (Shimizu et al. 1978nani et al. 1974; Alivov et al. 2004).

Application of ZnO as transparent conductive etattis also important. Due to its wide bandgap,
ZnO is unreactive to visible light even under hedoping conditions. As discussed by Ozgur and
coauthors (Ozgur et al. 2005b), 2*16nT° charge carriers can indeed be added without astyiro
its optical transparency in the visible range, mgkit a good candidate for applications in which
visible-light transparency is necessary (e.g. arent electrodes in flat-panel displays, transssto
and solar cells).

Finally, applications based on piezoelectric prapsrof ZnO are of great importance to exploit
harvesting of mechanical energy from the envirorinf@éfang and Song 2006). This characteristic,
integrated with the microelectronic or nanostrucimiifabrication, can be employed in fields where
miniaturization coupled with smart powering conaliis represents a promising way for the
development of non-invasive, environment-integraded self-powered devices. Other examples
include wireless structures as biosensors, pramasining devices, etc power up simply exploiting
natural mechanical stress induced by blood flow,sectes stretching, mechanical vibration
generated by sonic or hydraulic waves and all sindhily life actions can be just few examples of
self-powered devices (Rusen Yang et al. 2009)hitppurpose, different works were carried on the
use of nanostructured crystalline ZnO, thanks soappealing piezoelectric and semiconductor
nature, biocompatibility and possibility of nanastiuring in various morphologies with really high
efforts (Xu et al. 2010).

1.3.3 Structural and electronic properties of TiQ and ZnO

Titanium dioxide is a wide band-gap semiconductaiurally found in nature in three crystalline
phases: the most thermodynamically stable rutitttaro polymorph metastable states, anatase and
brookite (Fig. 3). Phase transition are of coursssible by heating the material: over 500°C,
anatase crystalline properties are obtained sgaftom amorphous titanium dioxide; slow and fast
brookite to anatase phase transformation are rdaehb respectively temperature below 780° and
between 780°C and 850°C; above this temperatuig@septransformation to rutile occurs for both
anatase and brookite. Melting point and boiling gemature are respectively 1870°C and 2972°C.
In the following, a summary of the main charactesssof the titanium dioxide phases is discussed.
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Fig. 3. Crystal structures of TiO2 a) rutile, b) anatageyrookite.

Anatase and brookite They are polymorph metastable phases of titanidioxide with
respectively tetragonal (Cromer and Herrington }9&&d orthorombic (Baur 1961) symmetry,
whose lattice parameter of their cell structureaareb = 3.78-A and ¢ = 9.51'A for anatase and a

= 9.184A, b = 5.447A, ¢ = 5.145A for brookite (Cromer and Herrington 1955; Bau61® The
crystal structure consists in a chain of Ji@tahedra in which each“Tion is 6-fold coordinate to

O* ions and each oxygen ion is surrounded by thraenB. Generally, in anatase each octahedron
is in contact with eight octahedra (four sharingedige and four sharing a corner) and presents a
high degree of deformation. Ti-O distances in as@mtae 1.93A and 1.98(A, while Ti-Ti are 3.79

A and 3.04A (Linsebigler, Lu, and Yates 1995b; Baur 1961)rriration of brookite occurs in
particular extreme conditions.

Rutile: As mentioned, among the titanium dioxide phades,rttile is the most stable present in
nature. Its unit cells parameter are a = b = 4A and ¢ = 2.959A (Cromer and Herrington 1955)
.In rutile, each Ti atom appears to be in the eeotrthe unit cells, surrounded by six oxygen atoms
positioned at the corner of a slightly deformetabedron. The octahedron unit is in contact with
ten other octahedra. Ti-O distances are 1A #hd 1.98 A; Ti-Ti distances, shorter with respect to
the one found in anatase, are 2A5@nd 2.9€A (Linsebigler, Lu, and Yates 1995b).

A review of electronic properties of Ti@s reported in a work of S. D. Mo S.D and W. Y.it@h
(Mo and Ching 1995), whose calculation for rutitelanatase band structures is show in Fig. 4.
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It is important to mention that calculated elecicoenergy distribution usually refer to ideal
structures. As mentioned in Sec. 1.2, real metatlesx exhibit intrinsic defects (vacancies,
interstitial atoms, dislocation, etc.) whose presestrongly affects the electronic levels and their
physical properties. An investigation on the enedistribution can be performed by means of
optical properties. PL spectroscopy, in particuiara fruitful tool for studying the charge carrier
recombination and electronic spectrum, even thosghmetimes PL results are not of easy
interpretation. In Ti@ PL spectrum, for example, different emission baads observed and a
univocal explanation for the chemical nature ofrggydevel involved is still under construction.
The recurrent visible green emission in TiO2 NPstays, is commonly attributed to both self-
trapped excitons (STE) recombination and defectestand surface radiative recombination
(Cavigli et al. 2009; Zhang, Zhang, and Yin 2000rd5 and Schubnell 1993; Bieber et al. 2007).
Defect states are moreover associated to intrd-tevels leading to radiative recombination with
emitted wavelengths in the red region (Knorr, Zhaagd McHale 2007; Mercado et al. 2012)
Emission bands lying in the blue region (LIU et 2009; Maurya et al. 2011) of electromagnetic
spectrum and in the NIR (Montoncello et al. 2003)oK, Mercado, and McHale 2008) are
observed as well: even though different hypothleaige been proposed, the overall picture seems to
be not yet clarified. On this topic, a more detaitssertation it will be reported in Ch. 5.
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Fig. 4. Band. Band structures aj rutile andb) anatase (adapted from (Mo and Ching 1995))
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Zinc oxide is a wide band-gap semiconductor, whiosgc properties reside at the borderline
between ionic and covalent semiconductor, as fatrabthe to the 1I-VI group binary compounds.
It presents three crystal structures: wurtzite¢ alend and rocksalt, schematically depicted in Fig
5. At ambient conditions, wurtzite appears to be tirermodynamically stable phase, while it is
found that specific conditions are needed to obtaoksalt and zinc blende phases.

Two comprenetrating hexagonal-close packed (hcblattices compose the structure, showing a
displacement u = 0.375 between atoms of the same KEach sublattice is constituted by four
atoms per unit cell, in which each atom of one groesults 4-fold coordinate, i.e. surrounded by
four atoms of the other group. Real ZnO crystalsvimtzite phase usually deviates from the ideal
form, showing different c/a ratio or u parameteluea(Ozgiir et al. 2005b). Applying an external
hydrostatic pressure (starting with 9.1 GPa (Desgre 1998)) results in the phase change to
rocksalt (NaCl), thanks to the fact the reducetickatdimensions favors ionicity over the covalent
nature thanks to interionic Coulomb interactionrriation of the zinc blend structure is instead
obtained only growing the crystal by heteroepitegrawth on cubic substrates as ZnS (Kogure and
Bando 1993), GaAs/ZnS (Ashrafi et al. 2000) andliFgiO2/Si (Kim, Jeong, and Cho 2003)
reflecting topological compatibility to overcomeetimtrinsic tendency of forming a wurtzite phase.
Lattice parameters are summarized in Table 1.

Fig. 5. ZnO crystal structuresa) Hexagonal wurtzite structur®) cubic zinc blende; and) cubic rock salt. Biggest
spheres represent oxygen atoms, while Zn atomshangn as smaller dark spheres.
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Crystal structure Lattice constant Value Ref.

Wourtzite (hexagonal) a(R) 3.2475-3.2501 (Noel et al. 2001; Catti,
A 5 2042-5.2075 Noel, and Dovesi 2003;
¢ i - Karzel et al. 1996; Kis
u 0.383-0.3856 and Elcombe 1989;
Gerward and Olsep
1995)
Zinc Blende (cubic) a(h) 4.60-4.619 (Ashrafi et al. 2000;
Ozgiir et al. 2005b)
Rocksalt (cubic) a(h) 4.271-4.294 (Recio et al. 1998; Bates,

White, and Roy 1962;
Recio, Pandey, and
Luafia 1993)

Table 1 Measured and calculated lattice constants aratanpeter in ZnO.

A compendium of electronic band structure propertieZnO is presented yzgiiret al. (Ozgur et

al. 2005b), in which are reported several experialestudies and theoretical calculation of energy
level distribution for the three phases. A représtere example of band structure calculation is
illustrated in Fig. 6, from a work of Vogel and conkers (Vogel, Kruger, and Pollmann 1995),
where is clearly shown the direct band gap semigctod nature of ZnO. This feature strongly
influences optical properties of ZnO, leading te phossibility of having excitonic recombination
(more details about interband recombination praeessill be reported in Chapter 2). The
calculated band gap value is 3.77 eV, in agreerflagadish and Pearton 2006) with experimental
values. In real systems, intraband levels confen® an n-type nature. The nature of such shallow
states is usually attributed to zinc substitutigrgboup-IV atoms (Al, Ga, In), while deep states ar
usually attributed to intrinsic point defects, sashzinc interstitials and oxygen vacancies (Diéiris
et al. 2007a; Studenikin, Golego, and Cocivera a998A vast amount of literature deals with
identifying the chemical nature of interband enelgyels and for further detail one can refer to
(Ozgur et al. 2005a).

1.4 - Techniques for MOX thin films deposition

In the recent years, interests towards thin filngeased more and more thanks to their versatility
and to the possibilities of controlling their protes, strictly depended on the growth conditions,
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Fig. 6. a) LDA-calculated band structure of bulk wurtzite Zrf@ogel, Kruger, and Pollmann 199%) Schematic
diagram representing the crystal-field and spintaplitting of the valence band of ZnO into 3 dhdnd states A, B
and C at 4.2 K. (Gun Hee Kim 2006)

that make them suitable active elements for apjpbica in various and different fields (Martin
2010). The environment in which deposition takeacel strongly effects on the structural and
morphological properties of thin films. Thus, a kele is played by all the controllable and tunable
growth parameters such as substrate temperatmek akid pressure of buffer gas, substrate nature,
time deposition and so on, and on their cause{efidation on the properties of the deposited
product. For this reason, several deposition tieclas have been developed, each of them able to
reach deposition of material with specific chardaste. Thin films deposition techniques can be
mainly divided in two groups: chemical and physitadhniques. As the names suggests, on the
chemical category we can include all the techniqoeshich the deposition is based on chemical
processes. It is in turn divided in two subgroups, so calledyas-phase chemical deposition, such

as chemical and photochemical vapor depositiontla@emal oxidation, and liquighase chemical
deposition, such as electrolytic deposition, electrolyiticodizing, spray pyrolysis, solgel method,
hydrothermal and solvothermal methods.

In physical methods instead (e.g. sputtering oumatevaporation), the deposition takes place after
the material reaches the gaseous phase. This cabthmed in several ways: heating or local

energy absorption, causing material evaporatiory, neadone by means of particle collisions, as in
ionic beam deposition or sputtering, or by meanguws$ed laser radiation, as in the pulsed laser
deposition technique (PLD). On this last metho@dus this work, we will focus our attention with

a more detailed description of the technique andpplications.

1.4.1 Pulsed Laser Deposition
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In the panorama of the depositions techniquedasd recent years laser ablation is becoming more
and more established thanks to its versatilithagroduction of nanostructures of a huge variéty o
materials that find application in different fieldd both fundamental research and technology
(Chrisey and Hubler 1994a; Miller and Haglund 199Iaser ablation can be used for the
deposition of different materials as semiconductongtals, dielectrics, organic and polymeric
products (some example are reported in Table 2) valative references). Moreover, it can be
employed for the synthesis of structures, spanfiomg epitaxial to nanostructured or nanoparticles
films to lower-dimensional films, with several mphiology, according to the deposition condition
chosen (Ashfold et al. 2004; Willmott and Huber @0Bason 2006; Chrisey and Hubler 1994b) .

Materials

Metals Al (Andrei¢, Aschke, and Kunze 2000), Cu (Mourzina et al,.
2001), Fe (White and Scalapino 2000)

Semiconductors | ZnO (Sun and Kwok 1999), TigYamaki et al. 2002; Walczak
et al. 2008), nitrides (Z. M. Ren 1999; Sz6rényale000)

Superconductors Yttrium barium copper oxide (YBCO) (Jackson andnial
1994), MgB (Mijatovic et al. 2004:2)

Biomaterials Glucose oxidase (GOD) enzyme (Phadke and Agarva8)19

silk fibroin (Tsuboi, Goto, and Itaya 20(

Polymers Poly(methyl methacrylate) (PMMA), (Rebollar et 2006;

Blanchet and Fincher 1994), Poly(tetrafluorethy)éR€FE)
(Inayoshi et al. 199

Table 2 Example of materials growth by PLD.

This process is based on the focusing of an energelsed laser beam on a target in order local
heating causes evaporation of the material. tlwagbdated, flights towards the substrate on which
the material is supposed to be deposited. All tloegss takes place in vacuum or in a controlled
atmosphere, in order to avoid contamination byragtiemolecules and control stoichiometry of the
final product. That is why it can be considered adslean” technique, in which there is no extra
residual substance deposition, as can occur in iclaéeposition techniques. The whole ablation
process can be divided in three stages:

- target interaction with laser and energy absorpton:
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According to the laser energy source, differenhades are possible for this step.

Using a continuous wave laser leads to a “slowogtison process involving both superficial
and bulk areas and generating an equilibrium thestse for each of the component of the
material that will evaporate each of them accordiogheir own melting point and vapor
pressure. The deposited material will thus redudingly under-stoichiometric. In case of pulsed
laser, the interaction time with the material isluees and heating transport is limited to
superficial states: different target componentschieghermal condition for evaporation
simultaneously. Not worth noticing the existenceaothreshold limit for laser source above
which the ablation process can have place, depératetaser characteristics and chemical-
physical properties of the material. When pulsexkiaare used, it should be considered the
impulses rate: pulsed laser beam shorter thanalypiaterial response time (in the order of ns)
interacts both with the target and with the ejecteaterial, while in the ultra-short pulsed laser
case (ps, fs regime), the interaction laser-materianited to the target. Differences among this
two pulse regime will be shortly reported in thexingection.

- plume formation and propagation:

Laser energy absorption induces very quick thermadyc transformation in the material that
lead to its evaporation, with the creation of plasmomposed by electrons, ions, atoms,
nanometric clusters and molecules. Once the mhtsrggected, it propagates preferentially in
the direction orthogonal to the target surfaceumssg a characteristic plume-like shape, from
which it takes its name. The dynamic of propagatbrthe plume in the vacuum chamber is
strongly effected by the environment atmospherdidh vacuum condition, the plume keeps its
kinetic energy during the flight, while the preseraf a buffer gas has a slow down of, with a
confinement of the material (the overall effectegsure-dependent will be analyzed in detail in
Chapter 4). Buffer gas role is, moreover, the pxed®n of stoichiometry of the material
deposited on the substrate or the addition of dispan

- deposition on the substrate :

The last step is characterized by the depositiomldated material on a substrate properly
chosen. Of course, the choice is first of all bagedhe purpose for which the nanostrucured
thin film is. Measurements of photoluminescencedneeg., a substrate whose emission in the
range of excitation wavelengths of the materialnein@d is negligible; for transmittance, a
transparent substrate for the region of electrom@grspectrum of interest and so on. The
choice of substrate is, anyway, a more subtle tepice the growth of the films is effected by
the structural properties of the surface: an eftagrowth of a thin film requires that the
substrate has a crystalline structure and simdtiicé constants to the one of the deposited
material.
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Thus, the ablation process and the resulting deposcan be effected by several parameters,
starting from the material and substrate chose¢ha@nergy source adopted. Commonly, material is
ablated by means of pulsed laser with nanosecolse pupulses (ns-PLD), (Eason 2006) used for
the controlled deposition of crystalline films siag from different materials. The temporal length
of the pulses, higher than typical responses oérnadt leads to interaction between laser beam and
formed plume during its propagation in near-targetas. Ejected material absorbs in turn laser
energy and the consequent temperature increasingesaan high degree of ionization and
atomization (Cremers and Radziemski 2006).

Nanosecondo

B Solido B Liquido Gas B Plasma

1is2

Tempo

Fig. 6: Ns-PLD and laser interference with ejected plasma

Ns-PLD allow the growth of nanoparticles and nambpalated thin films ((Di Fonzo et al. 2009;
Aruta et al. 2010; Di Fonzo et al. 2008), in diffiet morphologies, as showed in fig. 7 (Di Fonzo et
al. 2009). In this work, different dry air pressimedeposition chamber were used for the deposition
of titanium dioxide with 10-15 ns pulses generdbgdan eccimer laser (KrF, 248 nm) at 4 J/cm2
fluence: films, deposited at room temperature ditasi or titanium, show great variety of
morphologies, from compact to forrest-like.
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Fig. 7. Different structures obtained with ns-PLD depab#é different pressure) 10 Pajp) 20 Pa;
andc) 40 Pa.(Di Fonzo et al. 2009)

Recently, research is focusing on the use of shtaser pulses and particularly interesting is the

regime of the femtoseconds. In this case, thankiseshort temporal duration of the pulses, energy
is transferred to the material in temporal scaks [than the usual material time responses, thus
avoiding the extra interaction between ejected rredtend laser source occurring in the ns regime.

The high excavating state on which the materiakogoles is characterized by high temperature and
inner pressure. In these physical conditions, e¢lar processes out of equilibrium occurs for the

material, still under examination of researchers.

The fs-PLD allows the deposition of nanoparticlesrein high vacuum conditions (Eliezer et al.
2004; Amoruso et al. 2004; Amoruso et al. 2005), aidto now, this technique is mostly used for
the production of nanoparticles and nanoparticdlatiein films from elementary (metals or
semiconductors) to simple compounds (metal allgig)ite et al. 1997). Adoption of oxides as
target for fs ablation is instead still few investied (Orgiani et al. 2010; Sambri et al. 2007hbot
from theoretical and experimental point of view.

1.4.2 Pulsed laser ablation: theoretical model

Ultra-short pulsed laser ablation is a quite rec¢enhnique and up to now, a complete theoretical
support is still not been developed, in particufar complex systems as oxides. For the
femtosecond pulse regime, basic model commonly tredescribing the transfer of energy from
pulsed laser radiation and material is the-temperature model (TTM), for which the system is
approximated as composed by only two subsystencrijstal lattice and the electron cluster, each
of them characterized by its own temperature, @spdy indicated as ;Tand E. The electronic
subsystem acts as a bridge in the energy transfetsetween laser source and the material:
electrons, in fact, by means of vibrational lattgtates (phonons) that transfer energy to crystal
lattice, according to the following expressions:
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where C represents the thermal capacity dnds the thermic conductivity (subscripesand |
respectively are referred to electrons and latti¢@ey represents diffusion equations for the two
subgroups and the coupling term is given by.g{(T), in which the constarg gives the “strength”

of the electron-phonons interaction, coupled with @assumed in this model, linear temperature-
dependent therm. Laser effect and heating prodpeesgiolume unit its stored in the term S(z,t):

S(z,t) = Al (t)a [expaz)

where A = (1-R) , with R reflectivity of irradiatedaterial, alpha is the absorption coefficienthd t
material and I(t) is the laser intensity. With tlmsodeling, it is possible to calculate threshold
fluence for ablation process, though the coupldfmdintial Eqns. makes the analytical solution
and analysis of the TTM not straightforward. In eéegence on the ablated material, we have
different approach and consideration that havestddne.

1.4.2.1 Nanosecond laser ablation

The use of nanosecond pulses allows the couplingphafton energies with electronic and
vibrational modes of the material, with consequeetdominance of thermal processes (Wellershoff
et al. 1999)In this regime, thermal equilibrium between elestemd lattice is reached {F T) is
reached and the Eqgs. and reduce to the classatkquation:

oT 07T

C—-k—=9(zt
ot or? (z)

Describing pulse temporal profile with the functi®rtemperature variatioAT =T =T, is given by:

AT (zt) = Fave ex ~Z
27 cJpbt 4Dt
where D is the thermal diffusivity@y =k/C) and Fsis absorbed fluence. Thermal diffusion in the

material reaches a depth, =+ 7Dt .

Considering that ablation process occurs wikgg/L,, overcomes the energy value required for

phase transition, one can express the thresha@ddi) k&, as follows:
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In this expressiof)T,, is the difference between initial temperature aredting temperature of the

target, A represents the superficial absorbancepatiet density of the material. From an energy
balance analysis, the material is melted and tlagonzed up to a deptke, given by:

A(F_ Fth)
Nz, ~ ——2
“ PL,

where L, represents the latent vaporization heat for maits Tinis diffusive process generates the

formation of a high pressure and temperature plashhé strongly out-of-equilibrium system
evolves with the material from the target and themfation of an atomic and ions plasma plume.
Thermodynamic transformations occurring at targetase may lead to the formation and ejection
of nanometric or micrometrics (droplets) clustdratt may induce irregularity in the deposition
products. The ablation process occurs in a nanoseaaler temporal scale, when the laser pulse is
still impinging on the surface. Ablated materialridg the formation and early propagation of the
plum, absorbs laser energy, inducing an additiptedma ionization or, for high fluences, a shield
effect with respect to the target surface (Amorii889; Ihlemann et al. 1995)

Plume atoms and ions disexcitation occurs via tagiaprocesses, too, thus giving the possibility
of carrying on spectrographic analysis on the pldarethe determination of its components and
their distribution in it, a part that, of coursbetpossibility of visualizing it, for example by ares
of an ICCD (intensified charged coupled deviceuni®® has propagation direction preferentially
orthogonal to target surface, an ellipsoidal peo{inisimov, Luk’'yanchuk, and Luches 1996) and
is formed by about Bparticles per laser pulse, with a Maxwell disttibo of velocity:
3 -m(v-v)?
P(v) ~v exp{T} ,

whereV andV are, respectively, velocity (orthogonally orienteith respect to target surface) of a

particle and of the plume mass centre; average meaaity in vacuum is, generally; 10° cny ¢
(Walczak 2010).

1.4.2.2 Femtosecond laser ablation

This regime is characterized by pulses whose durat shorter than energy transfer time from

electron to the lattice. For this reason, in theadigns and is not possible to neglect the aleetr
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phonon interaction term: laser energy is transfefiest to the electrons and from them to the
lattice, as an inner heating source. The analykithe process is easier for the case of metals,
described in the following and adapted to the sendactor case of our interest.

Basically, the idea is to, separately, analyzedieetronic and the lattice equations, since the two
systems are characterized by different charadterisnes (Amoruso et al. 2005). One can
demonstrate that ablation takes place when lagenée overcomes limit fluence of vaporization
Fw, Whose expression is (Wellershoff et al. 1999):

_P

where p is the material density, ,Lvaporization latent heat per mass unit,the absorption
coefficient and A is the superficial absorbancelt®et al. (Nolte et al. 1997) proposed for the
TTM equations a solution that links the laser fliceemvith the ablation depthl due to the laser:

AL = 5T~
I:th

where F F andF,] are respectively absorbed and optical limit fle@is the optical penetration

length). IfF > F;) | the thermal regime is established for the systehose electron transfer energy

overcomes characteristic optical penetrabolm such regimeAL becomes:

ALzmhg

th

in which F. indicate limit fluence for thermal regime andslthe electrons thermal penetration
length (Nolte et al. 1997).

In semiconductor and dielectric materials, absorpis due to two phenomena: avalance ionization
and multiphotonic ionization. The first is a stegess consisting in the subsequent ionization of
atoms by means of high energy electrons: laserrptiso can transfer an amount of energy to
electrons enough to cause an avalanche procedsch Wwee electrons can transfer energy to bound
state carriers that in turn will induce ionizatiprocesses. This mechanism it is assumed to be
dependent to the free electrons density and beopiopal to laser intensity (Grigoropoulos 2009).
The multiphoton ionization occurs when the matdvehd gap is higher then the energy of incident
photons: in this circumstance, in fact, a singletph is not able to transfer enough energy to ereat
an electron in the conduction band. In multiphdtransition, N photon of energwlare “view” and
absorbed by the material as a single photon widrggnNhy: in this way, it can ensure the initial
creation of carriers necessary for the verifyinglolation process. In large band gap semiconductor,
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for high laser intensity (>20W/cnv), as for typical fs pulsed laser, ablation ocaumlyy by means

of multiphoton ionization. For higher band gap mials, other phenomena occurs, as coulombian
explosion, negligible for metals and semiconduct@sschematic representation of both the
processes is shown in Fig. 8.
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Fig. 8. Absorption due to avalanche ionization and mbliton ionization.

In the TTM for semiconductors and dielectric, hawebe introduced a differentiation for the
coupling between electron and phonons: latticetela interaction promote the increasing of
optical phonons, thus preserving the validity of thTM as described before, with a thermal
equilibrium reached for times in the order of 10 lpsthe parameter S Eg. , a non-linear photon
absorption contribution and a time dependencyHerdoefficient A since absorption varies by time
as electrons are created in the conduction bandhgumnization processes at the base of ablation
(Grigoropoulos 2009; Bulgakova et al. 2004). Howevke strong localization of interaction with
laser in ultra-short time and the high efficiennythe generation of the carrier makes scale time of
thermal relaxation for semiconductors and metaétcomparable.

Irradiation and heating by laser energy absorggpnof course, only the very initial part of the rao
complicate ablation process. Only considering thieashort material thermalization time (in the
order of ps) is not enough for explaining the exgiam of the material, that occurs when a proper
pressure gradient is established in the irradiataterial with respect to the external environment.
Irradiation absorption causes the formation of gescritic fluid (with density of the order of solid
density) at a temperature radiation-dependent.zPard Lewis (Perez andLewis 2002) proposed a
model for the description of the whole ablation hredcs, starting from the supercritic fluid and
following its dynamic that leads to the formatiomdaexpansion of the plume. For this latter, by
means of a Lennard-Jones bidimensional potentied,dbtained the phase diagram of temperature
in function of material density (Fig. 9) and itfeund plasma forms and evolves according to a
four-steps mechanism: spallation, phase exploiagmentation and vaporization.

The spallation occurs when absorbed energy is near to thresmayg: heating the material over
the critical point (CP) at constant pressure ldadss relaxation towards the solid state following

the phase-coexistence areas but, increasing thigyeakthe systems, this relaxation cab bring the
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material to the liquid-gas phase passing to theotahcurve that links the critical point with the
triple point. In this condition, fusion of the sgat takes place with formation of vapor bubble: if
this transition phase is fast, it can end with phase explosion. Fragmentation occurs when elastic
energy stored by the material is equal superfielargy of the ideal isolated system: in this
situation, a fragmentation of the material occurththe formation of little conglomerates. When
laser energy is enough high to make superficidesteeach atomization, thaporization process
starts, being the correspondent thermodynamic suiarefrom the liquid-gas coexistence curve. In
the fs ablation regime, a little amount of the matas in micrometric clusters (Amoruso, Vitiello,
and Wang 2005).

(pos Tg) values line

Temperature T, (arbitrary units)

S+ V TP1

Density p,, (arbitrary units)

Fig. 9. Phase diagram (p). S represent solid phase, L is the liquid phase\aride gas phase. CP
and TP are respectively the critical point andérjpoint. Lines 1-3 indicate adiabatich path given
certain initial condition for temperature and dén$To,po)

Chapter 2
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Opto-chemical approach to gas sensing
based on photoluminescence transduction

In metal oxide systems

The original research work discussed in the presissertation regards the study of the
photoluminescence (PL) response to adsorption afizarg molecules in some specific metal
oxides. Aim of the present chapter is to provide liasic knowledge necessary to motivate and
discuss such approach to gas sensing. Therefangptiuce here the topic of photoluminescence
phenomena in semiconductors, also depicting sorsie bad phenomenological modeling capable
to approach the issue of photoluminescence quega@ainsed by adsorption of oxidizing molecules
on surfaces of light-emitting oxides.

To be more precise, in the first section | will ggat an introduction to the photoluminescence
phenomenon in semiconductors i.e. a radiative @dation process occurring in a material excited
by means of light stimulus. An overview of the mahmysical origin of photoluminescence process
is also reported (interband transitions, excitorangitions, defect states transitions).
Photoluminescence process plays an important mj@abing of quantum-mechanical electronic
states of a material, since the photon emissiostristly material-specific, and can even give a
general sight on its main structural and morphaalgoroperties.

In presence of adsorbed gas molecules, PL emissaynundergo to modulation, caused by change
in the density of excited states and/or by a chandbe radiative recombination probability. The
second section is devoted to a phenomenologicakhog of the gas- induced PL modulation. In
particular, it will be shown the difference relyingthe two processes at the base of PL variation,
presenting the concept sthtic anddynamic quenching. With the support of the Langmuir thedry
will be found an explicit correlation between PLdatation and ambient gas pressure.

Experimental literature studies supporting the desd modelling will be reported in section 2.3.

2.1 — Photoluminescence: an overview

32



When interaction between a material and an exteznatgy source occurs, different excitation
processes can take place, leading to the creatierciied, unstable states. Restoring of the ground
state condition can be reached through severalydelsannels: when aadiative disexcitation
process occurs, i.e. the energy is released viasemni of photons, we are in presence of the so
calledluminescence phenomena. According to the typology of the exdkeaxciting source, we can
define several kind of luminescence: for instanvee,can distinguish between thermoluminescence
(excitation obtained heating the system), chemihgwscence (in which chemical reaction is the
active exciting source), electroluminescence (dtecurrent-induced) or photoluminescence (with
excitation process obtained irradiating the malleri@enerally speaking, this kind of processes
plays an important role in probing of quantum-mexta electronic states of a material, since the
photon emission is strictly material-specific, aad, it will be explained in the next chapters, can
even give a general sight on its main structural sorphological properties. An emitted photon
with wavelengthA, in fact, has an energy E (given by the formula= Ehc/A) whose value
correspond to the energy gap between the excited Evel and the ground state level: it is thus
clear that analyzing the luminescence spectra dae grecise information on the energy
distribution levels in the material. Moreover, ®nihie luminescence can occur until the external
source is active and/or the excited state existdating the system immediately after excitation
allow the examination of decay kinetics and excgtde lifetime.

From now on, the attention will be focus only or thhotoluminescence process, with a more
detailed overview on basic theoretical statements @n its importance as probing means in the
analysis of optical properties of materials. Intjgatar, this process includes the fluorescencé) wi
its photon emission within 100 ms from excitatiaand the phosphorescence, for which the
emission occurs after £G.

In the photoluminescence (PL), as previously meeiip the excitation of a material due to
absorption of electromagnetic radiation leads ® ¢theation of excited stated, whose radiative
decay gives place to emission of light. For a semductor, this process is actuated with the
recombination of photoexcited electron-hole paiigh a release of energy dependent on the energy
level position of the two carriers involved in ghcess and can be supposed as compound by three
main steps:

excitation :consists in the electromagnetic radiation adsampt and electron-hole couples
generation. In first approximation, it can be cdesed as an instantaneous process;

thermalization: the system reaches thermodynamic equilibrium byiera-carriers and phonon-
carriers interaction: n this step, carriers redwh @édge of the respective band. Its duration is fro
some tenths of femtoseconds to some picosecongendig on the carrier density;

recombination: radiative process due to ground state relaxatiaraofers.
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Since the photoluminescence emission is strictlyretated to the energy distribution of the
material, it is clear the extreme importance ofihgvknowledge about the contributors to PL
spectrum, both for an optical characterization tté tnaterial and for eventual applications in
macroscopic mechanical devices. Briefly in the ety will be reported the typical main active
PL center.

2.1.1 Interband transitions

In a semiconductor single crystal, the describeotglexcitation process with creation of electron-
hole in the respective band by irradiation is pgassonly by absorption of “over-band gap energy”
photons, since, by definition, in the band-gap oegno available state for the carrier exists.
Moreover, simple considerations on lifetimes allagsuming as active elements for the
recombination mostly thermalized charged carridistributed along the edges of their respective
band giving a radiative emission with near the bgay energy. In real systems, additional levels in
the energy distribution, as effect of the presentedefect states, just introduce extra decay
channels, but is reasonable to expect that interti@msitions are the main contributors to the PL
emission. It is worth noting how the conversatidrciystalline momentum plays a crucial role in

this process. In particular, very strong radiatemission is usually observed in direct gap
semiconductors, while much smaller light emissidficiency are observed in indirect gap

semiconductors. Such difference lies in the monrartanservation principle, that leads to fact that
only “vertical” inter-band optical transition (i.preserving the crystalline momentum) are allowed
due to electron-phonon interactions. In indiregb g@miconductor, the inter-band transition it is
necessary the assistance of a phonon providingther crystalline momentum difference of

thermalized charge carriers. Generally, the graatdre number of involved particles in a process,
the less is the probability it happens: this expldie difference between direct and indirect gap
semiconductor emission, with the further PL intewdb@mission weaker then for the direct one.

Few considerations easily allow obtaining an appnaexe expression of PL intensity emission for
direct gap (the indirect gap PL expression is aditbeing just a generalization of the simplest
direct gap case). For each photon enenrgyPb line is proportional to the number of states gnit
volume with energy differenc&E equal to k, i.e. the joint density of states (DOS) for thsteyn,
and to a temperature-dependent factor taking adoount the effect of temperature in the
occupation number of states. These simple congidesathus obtaining in total:

—E  (Fg—
(hw—-E,)"?exp[-(iw—E, ) Ik, T  forhw=E,
0 otherwise

o (h0) D{
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where a Boltzmann factor is used to take into actdle temperature influence on the electrons
and holes populations.

The temperature parameter appearing in the abgmession is related on the statistical thermal
distribution of charge carriers and not has to befused with the lattice temperature, describing
instead the vibrational state of the crystal argl phonon distribution. Electrons and holes
temperature can reach higher values than that efctiistal lattice when high intensity source
excites the system. Photoluminescence is indeed obnthe few methods allowing a direct

determination of carrier temperature (Yu and Well§#8).

2.1.2 Exciton transitions

An effect that should be taken into account in @neg of real crystal is the possibility of Coulomb
interaction between electrons and holes, that bringthe formation of bond states, the so called
excitons, a bosonic quasiparticle that, in turn, can exsst free or localized state, generating from
the interaction with atoms in the periodic struetuFormation and lifetime of excitonic states is
strongly dependent on the temperature of the sydteammal motion of electrons and holes, in fact,
affects the binding that results to be broken # #xcitonic binding energy is less than the
Boltzmann thermal energysKk. The presence of excitons influence in the PLcsperesults in
shifted emission lines, that differs from near- dbadge emission for a value equal to exciton
binding energy, where the “missing” energy amouwntesponds to the energy necessary to break
the electron-hole binding. Once the charge carr@eesdecoupled, they recombine as previously
described. Thus, this temperature dependent emissionore evident at low temperature, when
thermal vibration is less effective even if in somaterial, as ZnO, it is strongly evident even at
room temperature, being binding energy very high.

2.1.3 Defect states transitions

In this last category can be grouped all that defeates causing the loss of the periodicity in the
atomic configuration of a real crystal such as atmanancies or substitutions, interstitial atoms,
dislocations, extrinsic doping, etcetera. Crystafledts, in fact, can act as traps for electrons and
holes causing, in terms of energy distribution, dkailability of extra energy levels, situated e t
“forbidden” intergap region found starting with tBéock theorem for a perfect crystal. PL emission
generated from these occupied states results pedlegbrgy values well below the band gap.

Defect states radiative emission are observed igpg&ictra of many transparent conductive oxides
in which, moreover, these deep states very oftenassociated with surface sites, thus making
encouraging studies on the possible use of themctage element in PL-based gas sensor devices.

2.2 - Phenomenological modeling for gas-induced Riuenching
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Under a given and constant stimulus (i.e. laseita&ian), the total intensity (i.e. number of eradt
photons) of photoluminescence emission spectrunerddgp on the number of excited states (i.e.
photoexcited electrons and holes) provided by Kogtagion source times the probability associated
to a radiative recombination. Therefore, it is quibtuitive that any eventual modulation of
photoluminescence intensity caused by gas adsarptay arise mainly due to two reasons: a) an
increase/decrease of the density of excited statelpr: b) a change in the radiative recombination
probability.

In the present section, | will illustrate a phenowlegical modeling capable to describe these two
latter effects, also introducing some useful coteapich as the “dynamic” vs. “static” quenching

mechanism. The modeling relies on the use of alsitwo-level system to approach the issue of
the correlation between the PL intensity modulatowl the external partial pressure of the gas to
which the material surface is exposed.

One of the advantages of the following approadh 3ot requiring to specify the actual chemical
nature of states contributing to PL emission, #ratsimply referred as light-emitting centers (LEC)
and existing only in two states (i.e. two-level mbhd namely the fundamental state X and an
excited state X*. In such a scheme, PL intensityemg by the total number of radiative transitions
taking place after excitation, depends on the gbbathat such emitting processes occur and on
the density of involved states (indicated as [XJl &*]). As already mentioned, when the material
is inserted in a non-inert atmosphere, gas adsorman affect both the probability of radiative
recombination and the number of available emitsteges. The two cases characterize the dynamic
and the static quenching, respectively.

2.2.1 Dynamic quenching of PL intensity

We consider here a two-level system interactindnilie environment only by photon absorption
and assume that both radiative and non-radiaticennbination pathways are available for the
decay of the excited state (X*) toward the fundatakstate (X).

Here we assume that the presence of gas molealdesbad at material surface and acting as a PL
guencher induces the occurrence of an additionadradiative recombination path, thus reducing
the probability for radiative emission and, in tufme PL intensity.

Under such hypotheses, the possible processevingd and X* states are shown below:

al

Excitation: X + hw o X *

Radiative recombination: X * : X + o
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knr
Non-radiative recombination: X* 5 X +0E,

Quenching: X * + EX +Q*

ads

The above expressions indicate that the absorptidaser photons (whose energy is endrgy

see EqQ., creates excited states X*, which can godeo different transitions towards the
fundamental state X. Recombination processesepresented by: emission of photoluminescence
photons (whose energy fiww, see Eq. ); non-radiative processes (with exchahgecertain energy
OE. with the crystal lattice, EQ.) or though energglenge with adsorbed gas molecules (Eg. ). To
each of the four processes is associated a recatiunirate W, defined as the number of processes
having place per unit volume and time. It depenushe density of states [X] and [X*] by means of
coupling constants (kkn, ka9, and their expression is:

Excitation rate: W, =a,l[X]
Radiative recombination rate: Wo, =k [X*]
Non-radiative recombination rate: W, =k, [X*]
Quenching rate: W, =k [XM[Q .o

Here, |, and & ,represent the intensity of light source (laser) abdorption coefficient at laser
photon energyhw' (respectively); [Q4 is the density of quenchedsorbed on the material (in
principle this density differs from the one of emmvimental gas), and [X] ([X*]) is the density of
fundamental (excited) states.

To obtain the expression for the PL intensity aiedi under continuous-wave (CW) excitation (i.e.
“continuous wave photoluminescence” or CWPL), itgeful tocalculate the recombination rates

for [X] and [X*]. In fact, the emitted radiation t@nsity is proportional to the number of radiative

transition per unit-time which, for CWPL, dependstbe value of the recombination rate at steady
state. Assuming that no other processes are indoinethe transition processes except those
reported in Eqgs. to, we obtain

%([X] +[ X*]) =0 and %[X]SS :%[ X*] =0 ), valid for excitation provided by a stationary

source (as for a continuous-laser in CWPL), stgrtuith a manipulation of expressions - leading
to:
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% :WPL +WNR +WQ —Wexc = (kr + knr + kq[Qads])[ x*] —O'u )q

diX* T __dX _
dt - dt - _(WPL +WNR +WQ) +Wexc )
Imposing now the steady-state conditions by thétipasd[ X]/dt =d X] & /dt =0 and considering
firstly the case in which the quencher is abse®i.J[=0), we obtain:

%:O e =k +k, )X +al [ X] =0 <[ X] $=%, ko =k *k,
D

Recalling that the photoluminescence intensity {eaiphoton flux®) is proportional (apart from
unessential geometrical factors) to the radiate@mbination rate Wi.e. the number of photons
emitted per unit time and volume), the followingpeassion is obtained:

@, =k [x], = Lels
kD
where @9, represents the PL emission intensity when no gaguéb inert gas) interacts with the
material ([Qsd=0). The previous expression indicates that tb&al yield of emitted photons
depends on the excitation intensity adsorbed byntheerial @1,), on the density of available
LECs ([X]s9 and on the probability associated to radiativeomebination, represented by the

internal radiative quantum efficienky/(k, +K.,) .

Adding an additional recombination channel reldatedas adsorption ([Qadg]0) we obtain:

diX* s _n _ _p rys kI __al [X]s
T_OQ kD[x]$+a|oJ:X]ss kc[x] LQas 8 ¢[ )q SS_kD"'kq[QadS] )

and thus:

D, :kr[x]ss:ala,[x]$%

The role played by the gas adsorption in modifyimg PL intensity is now clarified. In fact, in the

developing of all the previous expressions, we asslithat the steady-state density of emitting
centers [X3sis not changed by presence of a quencher, whiddtier affects the PL process only

by adding as additional recombination term assediét a coupling constang. k

The ratio between PL emission intensity in inerbant and in presence of the quencher is given

by:-
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D, .. Ky
3 =1+ kD [Qads]

Thus, we see that in order to obtain a functioaal linking the PL quenching and the external
(partial) pressure of the gas analyte we needntothis latter to the surface density of adsorbed
molecules [Q4d. To this aim, a quite general expression canrogiged by the Langmuir formula
that will be treated in the next sections. The lrang model assumes a maximum possible density
of adsorbed molecules, or in other words a finitdaxe density of available adsorption sites. We
indicate this latter by § Introducing the coverage as the fraction of occupied quenchable sites

(i.e. 0 = [Qad/[Qq]), we have:

&:1+&0
o K

where k, =k, JQ,]. This expression shows that variations of photihescence emission can be

expressed by determining the surface coverage ®mmtdterial when a gas is introduced in the
ambient atmosphere. The issue of determining tinkacl coverage vs. external gas pressure is
discussed in section 2.3.

2.2.2 Static quenching of PL intensity

Adsorption of gas molecules acting as PL quencharlead to a different scenery with respect to
the simple introduction of extra recombination ame@n(that was the subject of the previous
section). In fact, modifications on electronic egyespectrum and on properties of electronic states
can be introduced by chemical interactions betwaaterial and adsorbed species. In this case, we
are in presence of the so-callestitic quenching” mechanism, whose differentiation with respect to
the dynamic quenching is the changing in the derditLEC due to gas-material interaction. A
simple modeling is obtained starting from the Eqssince all possible recombination paths for
excited carriers are exactly the same as in the chthe dynamic quenching process in absence of
gas interaction. From calculation previously repdstwe have:

w0 IX]e Lo _ K
(X =825 O =k[X o =alf N oq?

In the above expression we namiroduce the dependence between LEC and adsoumettler
densities. In first approximation, one can assurtirear proportionality between them, obtaining,
despite to the simplicity of the expression, resulbmparable with real material behaviour (see
section 3 for some literature examples). We cas thadine:

[X]1(Q =[ X1 -LlQ.) I X {1 -5
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where [X]sis LEC density in absence of quenchersq{@ the concentration of adsorbed species
and B = B'[Qo ] is a proportionality constant. In this expressi@gain the total coverage is

considered a fixed, material-dependent parameter.b@lance, ratio of PL emissions is now
expressed by:

1
1-a6

P, _
o)

Some considerations are how needed for a bettepratransion of the whole mechanism.

First, we underline that unless a link is givenwssn the coverage and the external gas pressure
(which the controllable experimental parametery| experimental results can hardly be handled.
For this aim, in the next section (2.3) it will beported the adsorption process model proposed by
Irving Langmuir.

Secondly, we consider the expression reported inlEig clear that its validity is ensured only fo
values of[30 less than unity (an “over-coverage” surface is oomhsidered as possible in the

development of this basic theory). Thus, from seeiepansiof,/® :
% =Y (af)" =1+ab+ @by +..+ @O + ...
n=1

we can see that for small values o (af <« 1) it reduces to the following expression:

& O1+a8
[0)

A comparison between and shows that they sharsdime functional form, that can be referred as
“proportional quenching” (due to the direct propamality with the coverage). In other words,
static PL experiments alone may not allow distisgiig between static and dynamic quenching
mechanisms. To obtain further insight, we should oa additional analyses. In particular, we will
discuss in section 2.4 about the importance of -tieselved PL experiments to obtain a clear
insight in the physical processes underlying thegB&nching phenomena.

2.2.3 Surface coverage in Langmuir theory

Langmuir theory allows obtaining an explicit linletaveen the surface coverage and the external
(partial) gas pressure. The statements on whishntloidel is based are the following ones:
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» adsorption of molecules takes place on specifiedignal fixed sites,, indistinguishable to
each other from energy point of view;

* on each site only one molecule at a time can becaded;
« the same desorption enthalpy is associated tosts;h

* atoms and adatoms translation on the surface othet material is not allowed (monolayer-
adsorption).

With these assumptions, it is possible to obtairegoression (Boer 1953; Hudson 1998) linking
surface coveragd) and partial pressure (P) of ambient gas molecules:

bP
0(P)=——
) 1+bP

where b is a temperature dependent parameter gixen

Q, (27mmk,T)¥? ke T

In which 15 is the mean lifetime of adatom in the limit of higemperatures anflHqes is the
desorption enthalpy (Hudson 1998).

With these findings, we can thus obtain an expoesthat quantifies dynamic and static quenching
in function of external partial pressure P of gueng gas molecules:

[bP
@ _ 1+kQ— ("dynamic quenching’
P k, (1+bP)
®, _  1+bP g o
—0=_- = ("static quenching
® 1+1-a)P

We have thus obtained a desired expression forctwerage, linking it to the experimental
parameter (i.e. the external gas pressure) thgpically measured and controlled.

Again, we can see that in the low pressure limthlexpressions reduce to a linear “proportional
qguenching” regime. In the limit &P <1 (i.e.&=bP ), Eq. leads the Stern-Volmer equation:

%:1+(kQ[bjP:1+i ,

D Peff

where Py acts as an “equivalent pressure” parameter thantiies the effect of gas molecules at
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given pressure P. In case of low pressite< Py we have for the Stern-Volmer equation

®=0,L-(P/P)], in which is evident alinearly proportional dependence of the

photoluminescence emissiomth respect to the external gas pressure. The same trend can be
obtained for the static quenching case, for whiam the Ilimit bP<«1 we have

® =, [l-a6) O, (1-abP).

Results obtained up to now on the influence of dmsb quenching species are summarized in
Table 3.

Type “Dynamic” “Static”

Quenching mechanism | Quencher introduces additional ngnQuencher modifies the number [of

radiative recombination channels available emitting centers
PL intensity ratio vs (0} 1
' Se1n2e ® 1-a8
guencher coverage @ ko
PL intensity using 1+bP abP
d(P) = d(P)=d, [1-
(P)=®, 1+ (atb)P (P) 0[ 1+bP}

Langmuir model

Table 3: Summary of statigs dynamic quenching results.

2.2.4 Importance of time-resolved photoluminescenamnalysis

As demonstrated previously, static and dynamic doieig mechanisms can lead to the same
functional law of quenching ratio vs. external gaessure in cases where the modulation is not
large. In order to distinguish between these twaesdime-resolved photoluminescence technique
is of great help. In fact, the real difference bedw the two is the presence or not of an additional
non radiative decay channel, resulting in the cbamgrecombination lifetimes. From equation -,
we have in fact for the total rate equation:

_d[X*]/dt :\NPL +Wnr +WQ :(k D+ k‘{ QadJ) [x* ]

Considering that total PL emission is proportiot@lthe radiative rate integrated over time, one
obtains for the PL vyield:
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® 0 [k [ X oexp(~t/7)dt =k 7 X g

and, consequently?,/T=®,/® | wheretand ® are respectively the effective recombination
lifetime and PL yield (the subscript differentiapgesence and absence of quencher cases).
Moreover, remembering Eq. , one can write the foilhg Stern-Volmer expression (Stern and
Volmer, 1919)

To/r =1+ quO[Qads]

Adatoms density affecting on the probability of iedive decay thusesults in changing the
recombination lifetime. Clearly, such a result does occur in case of a mere reduction of LEC
density, characterizing the static quenching. Tlamglysis of TRPL can be of crucial importance
for distinguishing the dominant process at the ledgdhotoluminescence quenching.

2.3 - Some literature examples of gas-induced PL molation in oxide systems

Among metal oxides, tin dioxide (SpQs probably the most employed material for gasssg
applications. Sn@is a wide-bandgap n-type semiconductor that gelyefamds application in
several fields, such as catalyst support, dye-baskt cells and transparent electrodes. Moreover,
its chemoresistive responses strongly encouragagsé in conductometric gas sensors, up to being
nowadays one of the most exploited materials is #rea. The possibility of growing quasi-1D
SnQ structures, with well-defined single crystal sugd®ai et al. 2002; Liu, Dong, and Liu 2004;
C. F. Wang et al. 2004; Ramgir, Mulla, and Vijaydraoan 2004) boosted the interest in testing
and studying such single-crystal structures as@gas-sensitive elements.

Quasi-1D single-crystal Snanostructures exhibit a PL spectrum extendedhenvisible range.
More precisely, structures having different latesagte dimensions and morphologies (such as
nanoribbons (Hu et al. 2003) nanotubes (Zhou.e2G96), nanobelts and nanowires (He et al.
2006; D. Calestani 2005; Zhou et al. 2006; Cal.2@05) typical exhibit similar PL spectra peaked
around 1.7-2.1 eV. Such a PL activity essentidigpends on the defect composition and on
stoichiometric ratio of the oxide, as it can beeméd from PL studies on samples undergoing
annealing and/or reduction treatments (Jeong, kimd, Im 2003; He et al. 2006; Chang and Park
2002; Luo et al. 2006; D. Calestani 2005; MaesIremades, and Piqueras 2005; Zhou et al. 2006).
Based on this fact, the possibility to employ Plsdrhsensing has been investigated in recent years:
the results reported in literature (here reviewadylenced how the somehow unconventional opto-
chemical approach allows developing basic studiegit emission mechanisms, in parallel with
dealing with applicative issues.
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In a work by Faglia et al. (Faglia et al. 2005) ripa of PL emission intensity of Sa@anobelts
prepared by thermal deposition is reported. Gad faethe sensing test are N(®.3-10 ppm), NH
(50ppm) and CO (10-1000 ppm) in dry and humid sgti¢hair and normal ambient pressure and
temperature conditions. In Fig. 10, it evidenceel blehaviour in presence of 1 ppm of N@ dry

air and at different percent of humidity, while th@mple temperature is keeped at 120°C. A fast
response to changing of gas concentration is rehtge@ing to 90% of steady state level in just 30 s.
Authors evidenced that such a dynamic is fastem the@ one observed in usual conductometric
sensors, whose response time is usually of ther afieninutes. Interestingly, no influence of
vapour water is instead observed: presence of htymigually affects the performances of common
metal oxide electrical gas sensors since wateraatien leads to formation of hydroxilated surface
layer, acting as electron donor and modifying eleak properties (107).
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Fig. 10.A. NO2 effects on PL emission in dry air (left)dadifferent humidity concentration (right). B. Peese of CO
and NH3 does not induce any modification in PL &ipis intensity.

Moreover, it is found that NHand CO presence does not affect the photoluminescefficiency

of tin oxide. In contrast, the electrical activ{igonductance) is usually affected by the preseifice o
these two gas species. These considerations adrapbtal dynamics and relatively low activity of

interfering species such as humidity and ammoniggested to authors that gas-induced PL
response is somehow driven by mechanisms diffdrem these controlling the chemoresistive

response.

Successive works carried on by Lettieri and co-wmskS. Lettieri, Setaro, et al. 2008) examined
such effects in more detail employing both CWPL afmPL analysis. Some experimental results
are shown in Fig. 11. It is demonstrated that feamn f gas induced quenching of PL emission,
whose trend in function of NOconcentration is strongly nonlinear, showing sation as gas
pressure increases. Such behavior is typical ofyiramr proportional quenching regime. TRPL
spectrometry allows evidencing no influence of ¢fas species on the temporal decay dynamics,
suggesting a static dynamic. These findings, wih support of the mentioned literature results,
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allowed authors to formulate a hypothesis aboutphgsical origin of light emission in SpQO
attributing the role of green-PL emitting centens SnQ to surface oxygen vacancies. In this
picture, NQ molecules act by suppressing the energy levelsoressble for PL emission, as
suggested by the observation of gas-insensitiv@mbmation lifetimes. Confirms on these
statements are found in theoretical work on abeirgélculation (Ishiguro et al. 1958; Prades et al.
2007; Prades, Cirera, and Morante 2007; Trani.&tC4l8; Becke 1988; Parr and Yang 1989)
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Fig. 11 SnQ optical response to different concentration of ,NCeft panel: CWPL spectra. Right panel. TRPL
spectra.

Another interesting example supporting the validify Langmuir model in the gas-dependent
photoluminescence modulation is offered by amorghsilica. In this case we are in presence with
a dielectric semiconductor, whose insulator charatics rule out the use of such a material for
conductometric sensors. Nevertheless, interestienrtaterial for sensing applications indeed exist,
encouraged by the possibility to prepare highlyepsrSiQ (mesoporous silica).

Use of SiQ for sensing applications is already settled in sam&ses, e.g. as coating material in

optical fibers for absorbance-based gas sensitgrestingly, natural luminescence porous silica is
naturally available in high amounts as shells (fales) of diatoms, unicellular algae consisting in

two valves connected by a series of silica bandeed along the margins. Their surface is porous-
rich, covered by micropores and mesopores, whass sange from few hundred nanometers up to
few microns. Porosity and the intense photolumieese activity (Butcher et al. 2005) showed by

frustrales, make them good candidate for PL-basesgasing applications.

Studies conducted on the PL modulation in differdi@toms frustrale induced by gas species
(Bismuto et al. 2008; Setaro et al. 2007) demotesfragain a PL quenching in NO2 atmosphere
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and, on the other hand, PL enhancements when cdtitegawith electron-donor species. Further
studies performed with the introduction of infrarmad TRPL spectrometry suggested, in this case
too, a stoichiometric-dependent PL activity origing from under-stoichiometric surfaces on a-
SiO2 exhibiting —OH termination (Stefano Lettieti &. 2008). An example of PL quenching
saturation under increasing B@oncentration is shown in fig- AlgaLangmuir, as antypical
Langmuir-like trend. A static quenching mechaniseswproved by means of TRPL measurement
and CWPL analysis performed ad different tempeestur

As predicted by Eq. it is expected a decreasééndynamic range of PL ratio®/®, with the
increase of temperature. In Fig.13, experimenash @f measurement at different temperature are
reported, with the respective fit, evidencing adjagreement with the expectations from Langmuir
model.
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Fig. 12. PL quenching (left) and enhancing (right) undes gxposure observed in different diatoms frustrules
Saturation in the emission with the increasing &g gholecules concentration is evident and in a g@vdement with
Langmuir model expectations.
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Fig. 13. Photoluminescence quenching rat® NO2 concentration for Thalassiosira rotuldatam

frustules obtained at different sample temperatasles: T = 20°C; Squares: T = 70 °C; Trianglds=

100 °C. The dashed lines represent the best-fitesunbtained using the Langmuir model. (Stefandidrét
et al. 2008)

Chapter 3

Experimental details

This chapter is devoted to the description of tetrumental setups used for both structural and
optical experimental part of my work, which dealtmdeposition and photoluminescence analysis
of TiO, and ZnO nanostructured thin films. In the firsttgan | describe the pulsed laser deposition

apparatus, followed by a brief summarization oftégehnique used for the growth of ZnO samples.

In the second section, technical details aboufigaratus for photoluminescence spectroscopy in
controlled environment are reported.
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3.1 - Pulsed laser deposition: methods and technigdetails

Pulsed laser deposition apparatus mainly consistaslaser source for the ablation, a series otopti

systems providing the proper laser beam focusirdy @ath, a vacuum chamber with controlled

ambient pressure and some mechanical systemsnassfiaf target and substrate. A schematic view
is shown in Fig. 14.

The laser source used for our set of depositionfs iregime is a solid statBld:Glass, mod.
TWINKLE, produced by Light Conversion. Active elemen this laser is an amorphous glass
matrix presenting substitution of yttrium atoms mgodymium atoms in the yttrium-aluminium
structure. The amorphous nature of the system gigesto an enlarging of the emission bands,
allowing thus the oscillation of a huge number pedral modes. This properties makes the
Nd:Glass laser suitable for thade locking technique, allowing the generation of output psilse
~1 ps, 3 mJ energy and 1055 nm wavelength at aitiepetrequency of 33 Hz- Frequency can be
furthermore controlled by means of a shutter pmséd in the laser path before reaching the target.

Femtosecond pulses are produced by a system aigé&eomonic generator constituted by a beam
splitter, that allows almost 70% of the inciderftamed pulse reachesh2 lamina for polarization
rotation, and two KDP crystals (potassium dihydrogdosphate) that collect the beam from the
lamina. Due to birefringence properties of the madr KDP crystal, the laser beam exists from it
as a superposition of two waves (ordinary and extliaary) having different polarization and
propagation velocities (phase velocities). Theserare collected in the second KDP crystal: in
this stage, it is reached the overlap of the twisgaiin the central part of the crystal, generaéing
second harmonic pulse, with reduced time duratih mespect to the initial IR incident beam. The
overall scheme is shown in Fig. 15. The so obtailasér pulse has wavelength= 527 nm,
durationt, = 250-300 fs and peak energy E 1 mJ, which is sufficiently high for the occurcen

of the ablation process in TiO
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SHG
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Fig. 14.Schematic view of the fs-PLD apparatus

N2

o-pulse

e-pulse

Fig. 15.SHG. Second harmonic generation scheme.

The laser beam is focused on a commercial, Tidile target (SurfaceNet GmBH). During the
ablation process, a rotation is induced on it tawaan external engine in order to avoid local
drilling due to the high energy laser beam impiggam it and plum instability. Deposition occurs
on a Si(100) substrate mounted on a proper suggmsitioned orthogonally with respect to the
plume propagation direction. Substrate-target destas tunable varying Z and T length (see Fig.
16): the distance chosen for our deposition iscftDfrom the target. The substrate cleaning is

obtained with ultrasonic bath in acetone.

49



Optimal condition for the occurrence of ablationgass and nanostructure growth is represented by
the possibility of control of ambient atmospherenihich the ablation and deposition takes place.
This allows, for example, avoiding impurities oikaewn components in the resulting deposited or
possible irregularities in the plume formation aravel direction due local turbulences or other
ambient atmosphere effects, with consequent ladkoofogeneity in the deposited sample and not
reproducibility. For this reason, target ablatiord durther deposition on the substrate occurs in a
vacuum chamber whose internal pressure desiredtmns obtained by means of a rotative and a
turbomolecular vacuum pump in series. The infdrmoit pressure reached for our depositions is 10
" mbar (high vacuum). Moreover, the chamber is gupdpwith a system for gas introduction,
whose flow is manually regulated at the proper sues controlled by two vacuum-meters (one
near the turbomolecular pump and one near the gé#erbentrance valve)Quartz windows
complete the vacuum chamber, allowing the lasembeassing by for ablation of the target,
electrical supports and systems for the positioruhghe substrate and the target. Moreover, the
mechanical support for the substrate was usedsmibrk for the analysis of the deposition rate by
means of a quartz balance.

Lens.
\ Window

\W}Tﬁ/ N . \

S /( A Vacuum
7 N chamber
Laser ,"
beam Focal plane
: (target)

.

Substrate

Fig. 16. Typical scheme of a vacuum chamber for PLD.

3.2 - PL apparatus and measurements protocol

Photoluminescence analyses incluaedtinuous wave photoluminescence spectroscopy (CWPL),
where excitation source is at fixed wavelength, ahdtoluminescence excitation spectroscopy
(PLE), where tunable wavelength source is useddwigle optical excitation.

In the first setup, excitation is provided by a @d-laser, emitting at 325 (3.8 eV) nm and 442 nm
(2.8 eV), corresponding to photon energies abovkbmiow the bandgap transition in many metal
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oxides (and, in particular, for ZnO and TE)OLaser intensity is monitored by means of a power
meter mounted in the optical bench, in order to pemsate for excitation fluctuation during
prolonged experiments.

For the PLE, it is used a white-light broadband Dgenp (450 power) coupled with a computer
controlled double-grating monochromator. In botle tbetups, photoluminescence spectra are
acquired by a cooled CCD camera coupled with arB20focal length spectrometer.

Samples are positioned in a PL chamber provideda lyyuartz optical window, towards with
excitation source is focalized through an systemsiiaors and lenses directing the light with an
incident angle of 45°. PL emission is collectedottyh an achromatic confocal lens system and
delivered to the monochromator by means of an alpftiber. All the measurements for PL optical
characterization are performed at room temperatédreschematic representation of CWPL
apparatus is shown in Fig. 17.
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controller
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Fig. 17. Pictorial representation of CWPL experimental petiin opportune substitution of excitation souroe she
relative optical system for the redirectioning o€ fight on the samples, gives the setup for the &halysis.

Further analysis on gas-dependent photoluminescemigsion makes it necessary the addition of
flow meters for the control of gas pressure injeédte the PL chamber, coupled with respective
cylinders, and a flow meter programmer. It is poigsito introduce in the chamber up to four
different gas species. In our analysis, PL changerésence of dry air, humid air and nitrogen is
investigated. Air with a percent of humidity is aioted introducing dry air in a bubbler filled with
bi-distilled water. A total gas flow of 250 sccmr feach acquisition is established, being a good
compromise between an amount of gas reasonablicisuoff to lead absorption processes in a
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proper temporal scale and the creation of a “statmmosphere in the PL chamber, without
turbolences or local pressure gradients.

Measurements in controlled gas are performed ideast two step, with an alternated gas
introduction in the PL chamber. The choice of gas¢ alternated and temporal condition are
dependent on the aim of the measurement:

- oxygen effect on the PL emission of titanium daexis investigated alternating the introduction of
N. gas molecules, commonly non reactive gas for,,T¥dth an injection of dry air (80% Nand
20% Q) Each gas step has a duration of one hour, witbcaency of one spectrum acquired each
minute. An external mechanical shutter controls éxposition of the sample to laser beam.
Alternation of N gas step with dry air at different concentratiatisws checking the sensitivity
limit of TiO2 thin films to oxygen and testing tleerall stability of the system.

- humidity and UV-radiation effect are instead e¢elstlternating a step of dry air with a step of
humid air. During the exposition to dry air, theamgde is maintained at equilibrium condition

reducing drastically the light exposition. Humid #ow effect in dark (except during acquisition)

and under continuous light exposure is investigated

All the system for gas sensing acquisition is calldgd by external software specifically developed
in LabVIEW platform: it controls separately the extal shutter, the flow meter programmer and
the CCD. On the front panel, partially showed img.Fi8, it is possible to chose the initial
experimental conditions, such as all the paranmretated to the acquisitions, the number of gas step
and their properties, as duration and number oluiaitegpns. Moreover, one can specify the
characteristic of gas flow introduced in PL chambeme specie or mixture with the desired
proportions.

For each acquisition, PL spectrum is shown, asissdjby the CCD, and the excitation-resolved
map spectrum, obtained integrating the PL spectuer all the wavelengths. In each moment is
moreover visualized the amount of gas introduceklaser intensity. At the end of the acquisitions,
data are recorder in file, containing informatiomoat time, integrated spectrum intensity, gas
species and laser intensity. Analysis on the saiobtl data are, then, performed again by means of
another specifically developed LabVIEW softwarethwihe possibility of choosing the PL
integration range, correction spectra taking iatxount error source such as laser intensity
modulation, cosmic ray spurious peak, responsspgctrum.
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Fig. 18. Software specifically developed for the controlredftrument during analysis of PL dependence tcagals
analysis of acquired data.

Chapter 4
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Metal oxide nanoparticles: PLD deposition
and characterization

The first part of this chapter is devoted to thalgsis of the ablation process, focused on theystud
of fluence and oxygen pressure in the ablation demmnfluences on deposition rate for the
femtosecond laser ablation of titanium dioxide. t&@ base of the obtained information, deposition
condition will be chosen. Morphological and struaetuanalysis performed on as-grown and
annealed nanostructured thin films it will be repdrin the last paragraphs.

4.1 -Analysis of thepulsed laser deposition (PLD) process

As already mentioned in the previous chapter, seveaahmeters influence the structural and
morphological properties of nanoparticle films abéal by PLD, namely: laser wavelength, laser
fluence and pulse duration, deposition chamber itond A basic parameter to be determined is
the laser beam fluence, defined as the energy tgeremiried by the laser beam impinging on unit
surface. The fluence can be obtained as the ratiwden the laser pulse energy and the laser beam
spot. In the next paragraph is reported the experial procedure used for the measuring of laser
fluence for later discuss about its effecting om dleposition rate.

4.1.1 Measurements of the laser spot and of depaesit rate vs. laser fluence

Different techniques are available for the measafréaser beam spot, very often based on the
analysis of trace left by laser on a properly chaseget by means of optical or scanning electron
microscopy. For our work, we followed a method megd by Liu et al (Liu et al. 2010), generally

applied in the determination the laser spot, treg m particular the great advantage of being
independent on the material used as target. Abaise of this technique is the relation between the
surface of the area damaged by interaction withnaident laser beam and its energy. If one
considers, in first approximation, a gaussian ilistron for the laser beam intensity, fluence spati

distribution is given by:
2r

F(r) =F, exp(—FzJ

where k is the peak value, r the distance from the ceuftithe beam and sthe spot laser radius.

The relation expressing the damaged surface Afascion of threshold fluencewfFfrom Eqg. is
given by the following expression:
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where g, = MW, is the parameter to be calculated representingutée of the beam laser spot on

the target while E and Eth respectively, are thisgand threshold energy (F #okis the fluence
mean value) (Uteza et al. 2007).

For our analysis we used a photosensitive paptargst for the laser beam € 527 nm , t = 300
fs). The trend of damages on the target is studieging of 1 Hz in the repetition frequency of the
pulses (by means of a mechanical shutter) andatiolge10 hits per point at fixed energy, measured
with a joulemeter (Ophir). All the values of eneif§yare a posteriori corrected taking into account
the loss due to optical elements present alongaber path, equal to circa 20%, as found by
previous measurements. Laser traces on the phsibgerpaper are then analyzed with an optical
microscope (Zeiss Axioscope), provided with caliedaCCD and analysis software, for obtaining
an estimation of the area of the trace producednbigdent laser. The damaged area shows an
elliptical shape for all the energy conditions. Exmental results are illustrated in Fig. 19, inieth

it is reported the value of the spmf sO obtained fitting data with equation . From ourdiimys we

have that 0, =(4.4+ 0.4 10°cm® and target thresholdE, =(126+ 13)ud; the good fitting

between experimental data and theoretical distohudllows to consider the spatial profile of laser
as Gaussian (as stated in Eq. .

Laser fluence is a critical parameter in the ddpmosiprocess and a preliminary study of laser
fluence effect on the growth of the material isessary for choosing proper deposition conditions.
For this purpose, we have used a quartz microbalé@€M) for measuring the deposited mass
variation in function of laser fluence. The micrtdrece in positioned perpendicularly with respect
to the ablation plume, in the same position reskneethe substrate, in order to “simulate” the
deposition process and be able to apply the olttaimult for the real thin film growth

Fluence variation analysis is performed in highwan (1.3*1G mbar residual pressure) in the
deposition chamber, with 33 Hz laser frequency @eplosition time t = 100 s, modifying fluence
value by means of filters. Experimental resultssdrewn in Fig. 20.
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Fig. 20 Dependence of deposited material rate on QCfdrintion of fluence

As mentioned in the description of theoretical lsas¢ ablation process, fs laser ablation is
characterized by two logarithm trends of the lag#ation rate in function of the laser fluence: low
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fluence regimes, related to optical penetratiorpdess, and a high fluence regime, dependent on
the electronic thermal conductivity. The two trenaie clearly depicted in our experimental
findings. The overall amount of ablated material, s proportional to the target ablation
“deepness’AL, and for the two regimes it is expected the folloy dependence:

E
Oln| —
m 0|

Fitting with Eq. our experimental data, threshibletnce is estimated for both optical (120£10 mJ/
cny) ad thermal (200 +10 mJ/ épregimes. The good agreement with experimentalltesllows
adopting two-logarithm theory described for metaigl elementary semiconductors to titanium
dioxide. Optical regime limit fluence is, moreovegmparable wit the value 123+2 mJ/cfaund

in previous work analyzing damages induced by lasam A = 527nm, t = 300 fs) on TiQarget
(Sanz et al. 2009).

Few supports are present up to now on femtosecaset lablation of Ti@for below band-gap
photon energy (Walczak 2010), E 142 + 30 mJ/ chifor A = 400 and k= 124 + 25 mJ/ cAtfor A

= 800 nm. For the low fluence regime (optical) boee band-gap incident photon energy, a value
slightly lower (R, = 70 + 10 mJ/c) A = 266 nm) is found, probably due to a deeper abisorn

the first interaction phase in linear regime (Walkc2010). Literature agreement is obtained for
high fluence regime in the same incident energ\ditam.

4.1.2 Deposition rate as a function of oxygen padi pressure

Another deposition condition that can drasticalhacge the properties of deposited film is the
pressure in the deposition chamber. Different sidh literature demonstrates the influence of low
pressure ambient gas on the propagation of abhatgdrial, both in ns and fs regime (Amoruso et
al. 2008; Amoruso et al. 2011). While ns-PLD ofdexis commonly usually in buffer gas (typically
oxygen), still few studies exist on fs-PLD on oxgd@.iu et al. 2008; Millon et al. 2003) and on
TiO, (Sanz et al. 2009): for the ns-PLD on 7j@ is found a strong influence of buffer gas on
morphology of deposited films. Our aim, thus, ustiEnds how the structural properties of titanium
dioxide thin film are affected in fs regime varyiaghbient gas for choosing the proper deposition
condition for the deposition of samples to be usedaptical characterization. For this purposes it
analyzed deposition rate in function of oxygen pues in deposition chamber.

Pressure-induced variation of deposition rate istrotled by means of QMC, calculating the
variation of deposited mass on the microbalancefuimction of vacuum chamber pressure.
Repetition laser frequency is 33 Hz and deposivas performed at a at laser fluency of 1.1+0.1 J
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cm?for a total process time dft = 100 s. Oxygen pressure was varied in a raraya #*102 mbar
to 10 mbar.

Experimental results are show in Fig. 21 and cjestibbw the presence of two main regime: for low
pressure values, deposition rate has a constard tméh respect to pressure variation, while for
high pressure values the amount of deposited mesply decrease with respect to even low
changes in the pressure. For higher pressuresnwestigated, it is expected a third region not
strongly dependent on pressure variation. This \aehas due to the different propagation of
ablated material changing ambient gas conditioth tie increasing of the pressure, in fact, there i
a progressive confinement of ablated material, whppagation for high values can even be
totally hast. Direct propagation motion in low Bese regime change to diffusive motion for higher
pressure, that reduces the probability of reackivegsubstrate for the deposition and increase the
time deposition needed for obtaining film with gfgrant thickness (Amoruso, Toftmann, and
Schou 2004))
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Fig. 21 Rate deposition in function of pressure in vacwlmamber

Similar dependence of deposition to the ambient grassure is found in ns-PLD deposition of
oxide (Amoruso et al. 2011) and metals (Amorusdtrfiann, and Schou 2004) but with different
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characteristic value pressure characterizing thgegll region and the high pressure regime region,
with strong decreasing of deposition rate. In faatues reported in literature for the startinghod
high pressure region are around® tibar, two orders of magnitude lower than for oyregimental
finding in fs-PLD (Amoruso et al. 2011; Amoruso, fiimann, and Schou 2004). The difference
between ns-PLD and fs-PLD can be attributed taltfierent constituents of the plume in these two
regimes: fs-PLD ablated material is characterizgdhe presence of nanopatrticles, absent for ns-
PLD plume, for which of course higher pressure éeded to observe braking effect on the
propagation in the chamber (Amoruso, Toftmann, &clgou 2004).

The plume confinement with the pressure is confitrbg some results, shown in Fig. 22, where
images acquired by means of an intensified CCDuS8@fter the laser beam interaction with TiO
target are reported. (Tuzi 2012). High vacuum ufh tobar plume shows a similar expansion, thus
meaning the absence of pressure effect on thgragation and justifying the plateau region in the
deposition rate; 10 mbar plume is significantly thasits propagation and results more confined
with respect to the plume in low pressure regimergasing time needed to reach the substrate.

Studies performed thus evidence, in agreement priglvious work (Amoruso et al. 2008), how
deposition efficiency is strongly influenced by gsare above a critical value, dependent on
experimental conditions (target-substrate distalas®r fluence, buffer gas, etc.), that in our gase
found to be around 0.5 mbar.

P=10 “*mbar P=1 mbar P=10 mbar

Fig. 22. Expansion of plume in titanium dioxide ablatioropess at different ambient pressure condition. Xequ
after 30us from laser impact. (Tuzi 2011)

Presence of gas pressure in the deposition chanalserepercussion on film morphology, too. For
example, plume velocity is strongly affected by theéfer gas and consequently impact velocity on
the substrate. Moreover, gas interaction and tbeeased time needed to reach the substrate, can
effect plume impact temperature, that is show wekese during plume expansion in fs-PLD when

it undergoes to a radiative cooling (Amoruso, Basg, Spinelli, Velotta, Vitiello, and Wang 2004),
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that can be induced by gas interaction and hadbiffigrences in impact values can, obviously lead
to different aggregation and growth of the material

4.2 Titanium dioxide thin films

The analysis reported in the previous sections \weréormed for obtaining the proper deposition
conditions to be used for the fs-PLD of titaniunoxdde thin films for the further study on the
dependence of morphological and structural progerdif TiQ nanostructured film with respect to
pressure in deposition chamber. Three regimesr&sspre were chosen (high vacuum, 1 mbar and
3 mbar oxygen pressure), to each of which is aategtia deposition time according to the found
deposition rate trend in function of pressure, ineorder to obtain the same thickness for the thin
films deposited at different ambient gas conditidDace target and substrate are positioned on the
proper holder, parameters of PLD systems are de#ifethe desired condition. Vacuum in the
chamber is obtain with the cooperative work of tigeaand turbomolecular pumps and the eventual
oxygen gas flow and pressure is controlled by alleeealve for the introduction of the buffer gas,
and a gate valve, for the pump velocity checking.

For avoiding damages on the target due to the eémtidaser high energy absorption, with
consequent instability of the plume, to the tatgdter is induced a constant rotation by an externa
motor. Moreover, the last mirror reflecting lasealn towards the deposition chamber is equipped
by a motion system, software-controlled, that impan oscillation of the incident point of laser on
the target between to two predefined positionstéramy), thus avoiding the formation of a deep
circular trace on the target due to high energpadi®n for the prolonged deposition times needed.

Starting and ending of the deposition is determimgdn external mechanical shutter, controlled by
computer software. In figure SAMPLE is reported iarage of the three samples deposited on
silicon and on glass substrate: the high-pressampke differentiated itself with respect to the
others in the colour, that appears to be lighted i the adherence of material deposited on the
substrate, that results to be less compact. Furthere detailed, analysis with the assistance of
scanning electron microscopy and x-ray diffractagedire reported in the next sections, both for
as-grown and annealed samples

From the next, samples growth in high vacuum, ttemscondition and high oxygen pressure will
be respectively indicated as A. B and C.

4.3 — PL characterization of as-grown and anneale®@iO , nanopatrticle films

4.3.1 SEM morphological evidences

60



SEM apparatus used for the morphological analysishe samples is a field emission (FESEM)
Carl Zeiss Sigma, (“MUSA” CNR-SPIN Laboratory, Uargity of Salerno) using In-Lens detector
with different possible scanning enlargement. Moipgical homogeneity of each thin film is
investigated scanning the sample in three spatasa and with enlargements ranging from 10 KX
to 250 KX. During microscopy analysis, with an élen beam scanning rectangular areas moving
from the top to the bottom, images are sent to mpeter connected by mean of an electronic
system to the secondary electrons detector andrshoveal time. SEM images are performed both
for the surface of the samples, for acquisitionmadrphology information, and on their lateral
section, in order to verify their effective thiclese estimated to be around 100 nm from deposition
rate analysis.

In Fig. 23 are reported the SEM images obtainedhferthree samples. dEach sample appears to be
compound by nanoparticle agglomerates with diffestre range. In particular, for sample A and
B, corresponding to high vacuum and intermediatalitmns, large globular nanostructures appear
to be assembled in a slightly porous structuresgéhgdusters appear to be decorated with smaller
NPs, with size up to 10-20 nm. The overall morpbgloappearance is of a colloidal-like
nanostrucured system, with a sort of coalescen@m@rthe various nanostructured components.

The origin of the observed coalescence can be lsgérim the initial condition chosen for the
deposition. In fact, plume in a high vacuum chanfirepagates at almost constant kinetic energy
from the target to the substrate, with nanopadicéaching a velocity of about%00®* m/s. Due to

the high kinetic energy, during collision on thdédsuate or with other deposited structures, there i
a modification in the shape of the nanoparticlesing roundness and regularity (Cebollada et al.
2009; Ausanio et al. 2004). Not to be forgettingven the high temperature of the plume that cause
melting for in-flight particles, whose soon coolimghen in contact with the substrate cans co-
participate to the observed shapes and structures.

Morphological characteristics of films growth by ams of physical deposition techniques is usually
described in the structural zone model (SZM) (J&0k1). The model correlates the morphological
evolution of the film with two deposition parametenamely substrate temperature and kinetic
energy of particles. This latter in turn dependgtanbuffer gas pressure that affects the mean free
path of propagating particles. The probability eidargoing to collisions during the flight path
between ablated material and gas particles of eadepends on the environmental pressure, i.e. on
the density of gas molecules present in the dapnsthamber. This allows predicting an increase
in the overall density of the deposited film wittetincreasing flux and plume kinetic energy.
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Fig. 23: Upper representative SEM images of TiO2 NPs-asssinblms for samples growteft: in intermediate
conditions andight: 3 mbar oxygen pressure in deposition chambewektganels report the relative cross sections
images.

The morphological experimental results obtainedtfier sample A and B are indeed in agreement
with such expectation. Moreover, similar morpholdggtures were found in previous works on
high-vacuum fs-PLD of titanium dioxide (Sanz et2010) and other materials (Sanz et al. 2011).
for which the analysis was performed with the emwmental scanning electron microscopy
technique (ESEM), characterized by having lessluésa with respect to the SEM used by our
analysis. Granularity, cauliflower-like structurasd high density of the deposited material are
visible in both works, with great degree of coatese between the nanoparticles aggregates,
probably linked to ablation of oxide materials. Harstrative purpose of the previous statements, a
SEM image of a iron nanoparticles thin film is reged in comparison with our structural analysis
on A, at the same magnification (Fig. 24): for then thin films, the structure appears more
compact, with fewer interstices and with clearlgntlfiable single nanoparticles.

In the high-pressure regime, a total different scen appears, showing a highly porous

nanostructured composed of individual NPs, whié semging form 10 nm to 200 nm. NPs show a
spherical shape and the overall morphology can dsxribed as a porous packed-ball system
without glue-like structures (differently from tipeevious case). Another difference consists in the
presence of a web-like structure appearing in aagho way on the samples. Similar structures are
observed for fs-PLD silicon nanostructures at lggh pressure condition. The formation of this
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Fig 24.Comparison between SEM images of sample A (left)ieon nanoparticles film (Ausanio et al. 2012)

structure is supposed to be cause by NPs aggraegdiifusing in the background gas during
ablation process (Millon et al. 2000).

The morphology observed again can be attributetié¢agas pressure condition during deposition:
material ejected from the target during ablationcpss, in fact, before reaching the deposition
substrate, undergoes to a series of collision aittbient gas particles, with a significant lose of
kinetic energy. The lower velocity and possibilidl cooling during the flight path, results in NPs
“softly” depositing on each other without out-ofuiibrium process, as in the other regimes in
which melting due to high impact speed was observed

All the samples were undergo to annealing proaessribient air (500°C, 30 min). The annealing
does not seem to produce any significant changbammorphology of the titanium dioxide thin
films.

4.3.2 Structural analysis of as-grown and annealeithin films by XRD

The experimental apparatus used for the XRD arglysithe samples is a Rigaku D/Max. The
crystallographic characteristic is investigatedha 6/26 configuration, where the angular velocity
of the X-ray beam detector is the double with respethe angular velocity of the samples.

For the alignment necessary for the X-ray diffravttry, referring crystal planes of Si(400) are
used, with B=69.19°. The alignment is done fixing 2nd varyingd in a short range. Once the
offset with respect to thef22 is measured, it is considered as zero of dajaiedl. Slits choice is

another important parameter to be considered beftading the X-ray analysis. From them it
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depends, in fact, the signal to noise ratio. Fas¢h measurement slits 0.5/0.3/0.15 are used,
scanning speed of .04 degree per minute and samptn0.006°. For reducing the background
noise, three acquisitions are summed to each other.

The choice of the scanning angle is done afterlinpreary study of JCPDS database sheets for
titanium dioxide powders (JCPDS 88-.1175 for rutllease and JCPDS 84-1286 for anatase),
checking for with angles the tabulated spectragmehighest intensity XRD peaks. The scanning
range chosen iA(20) = (24.5°-28.5°), for which Anatase(101) and R1i@0) peaks, respectively
at g = 25.3° and 2q =27.5° should be present asuwpitd JCPDS datasheets. From a preliminary
analysis, no peak is revealed with exception oflRj¥or sample C: the samples, thus, prevalently
do not present an ordered crystalline structuréigl25 is shown the experimental XRD spectra for
the three samples: the only sample showing a drystacture related to rutile phase is s3, whike th
other two they present an amorphous phase.

XRD analysis in the same experimental conditiorpesformed on the samples post-annealing
treatment to verify the expected change in thimdilcrystal structure. Experimental results are
reported in Fig. 25.An increase in the crystaliaatis observed for all the samples, with particula
favoring for anatase phase: in sample A and B, hdile and anatase phase appear, while for the

A(101)  regime (c) R(110)

ahnealed

. - - - - s - - - I : : : r :

regimes (a}-(b
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Fig. 25 Comparison between XRD patterns of as-grown aneélaed XRD.

sample C, that, we remind presented a crystalfe&wen in the as-grown condition, not significant
change in the rutile peak is observed while theameapeak is also observed.

A further analysis can be performed on the nanagarstructures, obtaining information about the
average size of crystal components. According éoShherrer equation (Chen and Mao 2007) for
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samples A and B, it is found an average size oD+i@ for R(110) and ~40 nm for A(101); C
samples instead, both as-grown and post-anneal{h§OR crystallites are ~ 40-50 nm, while the
A(101) nanoparticles size is around 70 nm. Fronsehiindings, one can observe that annealing
process for high-vacuum and intermediate conditiomsstly involve the smaller decorative
nanoparticles observed on the main agglomeratese Wdr high-pressure regime it affects more
generally the individual building blocks of the N&ssembled films.

In conclusion, structural characterization Ti@in films shows that PLD-deposition techniquexis
versatile process allowing the growth of differemérphology NPs assembled thin film, from more
compact structure to high porous one, accordinghéo gas ambient pressure in the deposition
chamber. Crystal structures are possibly obtainetth bor as-grown material, in high oxygen
pressure conditions, that with a simple annealinggss.

As stated in previous chapters, main propertiesired for a material for gas sensing application
are high specific surface and an ordered, crystalitructure: in this sense, the analysis performed
on fs-PLD TiO2 thin films elects the sample growvithhigh-pressure condition as an appealing
candidate for optical gas sensor studies. Next tehawill be dedicated to an overview of
photoluminescence properties of all the samplesyhith it will be illustrated main characteristic
of PL emission of titanium dioxide and discusseduwbphysical origin, and to the optical
characterization on different ambient gas spedificbocused on the high-pressure condition
sample.
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Chapter 5

PL characterization of TiO, and ZnO and

gas-induced PL modulations

First section of this chapter is dedicated to ctter&zation of PL properties of NPs Ti@hin films
growth by means of fs-PLD, at different partial gey pressures. PL spectroscopy is performed
using above band-gap and below band-gap excitédsm®r lines, in order to investigate both inter-
band and interband energy levels distribution. Aafing process on the samples allowed
investigating on the influence of crystal phasesRinefficiency. Different emission peaks are
found, spanning from the NIR to the blue/near-UVhga of electromagnetic spectrum.
Experimental findings are followed by a discussoonthe mechanism at the base of each emission
band.

Variation of PL emission may not depend only omimsic properties of Ti@ Different factors can

in fact influence optical properties of a materglch as specific ambient gas species. Band-bending
induced by adsorbed gas molecules, charge cao@erging, modification in the chemical bond
of metal oxide atoms are just some examples ofilplesgrocesses that can induce modulation of
PL emission. In section 5.2 there will be introdliceome experimental findings on oxygen
influence on PL properties of TiGre reported in section 5.2. In particular, greand and NIR
emissions exhibit modulation in the intensity amdirsteresting trend is found for the NIR band, to
which is dedicated section 5.3. A crossing studymegiween PL analysis, PLE spectroscopy and
literature findings allowed me reaching an explemmafor the adsorption oxygen mechanisms and
influences on radiative recombination processes.

In the last section, 5.4, is reported the invesibgaon PL-based sensing by ZnO thin films in NO
Efficiency in detecting N@gas molecules is found to be dependent on nambstes morphology:
and depletion layer modulation induced by INO

5.1 - Multi-band photoluminescence in TiQ nanoparticles-assembled films
produced by fs-laser deposition

The photoluminescence properties of titanium diexitiereby also indicated as “Titania” for
brevity reason) samples prepared by fs-PLD at mdiffe partial oxygen pressures have been

66



investigated, using as excitation source the twesliof HeCd laserA€325 nm and\=442 nm,
corresponding respectively to above and below lgaplexcitation) for as-grown samples. At a
later stage, samples have been annealed in amdoienvith the purpose of finding a suitable
temperature allowing the presence of both Titawigmorph within the same sample. To this aim,
a useful temperature was found to be 500°C, adlatva stabilizing the anatase crystal phase
(Nakaruk, Ragazzon, and Sorrell 2010) and also tiegmrtial formation of rutile phase (Lockman
2009; Nolan, Seery, and Pillai 2009; Hasan et @D82. As it will shown along the discussion, the
presence of both polymorphs leads to some intagesfifects that can be useful for optical sensing
applications.

5.1.1 PL emission properties of as-prepared vs. asaled samples: factual evidences

In Fig. 26 are reported the experimental PL spealrtained for three representative as-deposited
samples (indicated as samples A, B and C), pregmrdiferent partial oxygen pressure. Sample A
was prepared at in high-vacuum condition, samphkt Bitermediate oxygen pressure {i@bar),
while sample C was grown at 3 mbar oxygen pressameesponding to the three different growth
condition depicted in the previous chapter.

Considering the PL spectra obtained for above-bamdgcitation, three main emission band are
evident. The first one lies in the blue-violet @giand is centred at 2.9 eV (427 nm). The second
one is peaked in the green region (peak at ab8u2.2. eV, corresponding to 540-515 nm) but is
quite brad, covering a large extent of the visggectrum. Finally, a sharper resonance is found fo
the C sample at about 1.5 eV (827 nm). Based anehergetic positions, the mentioned emission
bands will be indicated here as “near band-edgessaon (NBE, due to its energy position close to
the optical bandgap of the crystalline phases t#nla), “visible” (VIS) and “near infra-red” (NIR)
emission.

Phenomenological evidence can be summarized ineTabporting the best-fitting values of the
spectra obtained by multi-Gaussian fitting:

W ®=31 (= rexp[ ( 2'?)

In Table it is also reported the relative weight egfch different emission band to PL signal
W = A/Zi A , as percentage of the overall emission intensity.

Interestingly, the PL spectra obtained at belowegap excitation reveal an additional emission
band, centred in the red region (peak at aboue¥,7as evidenced by in Figure by vertical dashed
line). Such additional emission band is named dS“\t”, while spectra still exhibits some residual
contribution in the green region (“VIS_2"). Theseotcontributions have been included as
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Fig. 26.PL spectra of as-grown samples A, B and C refetwestbove-band gap excitation (upper panel) andwselo
bandgap excitation (lower panel, in which is intikchthe excitation energy.Epositionby an arrow). Peak positions
for both excitation wavelengths are evidenced: ddsafotted lines emphasizes the position of theetlie emission
bands observed with above-bandgap excitation 8.@& eV and for sample C at 1.5 eV); dashedilinewer panel
stresses the red band PL emission obtained witwbkeandgpap excitation.

separated emission bands in the Gaussian fittirgyses best-fitting parameters are reported in
Table 4.

Even if the exact nature of the additional “VIS erhission band is still not completely clear to us
and not very investigated in literature, it is vonioting that a “red emission” recombination
channel has indeed been identified also by othidoast This point will be discussed later.

Photoluminescence properties of samples undergorenmealing process were investigated by
using the same experimental apparatus. For botitageo wavelengths, the acquired spectra are
reported in Fig. 27 in which, for comparative puses, for each sample is shown the corresponding
as-grown PL emission as well.
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The above-bandgap excitation spectra of all the pgssnstill exhibit the NBE and VIS
contributions. An overall improvement of the PLi@lncy is observed when the crystal quality is
increased, suggesting that the PL efficiency isitécth by disorder-related non-radiative
recombination traps. This is particularly evidemt the case of sample C, where both the NIR and
the VIS activity are increased. Moreover, a cotretacan be recognized between VIS contribution
and anatase content. A more accurate dissertatitinese feature follow.

Above-bandgap excitation
Sample
NBE VIS NIR
E;=2.93eV E.=25eV
A 01=0.41 eV 0,=0.7 eV Absent
w; = 65% w, =35 %
E;=2.93eV E,=2.34eV
B o.=0.eV o,= 0.26 eV Absent
W1 =12% W, = 88%
E;=2.89 eV E,=2.38 eV Es=1.51eV
C 0:=0.14 eV 0,=0.25eV 03:=0.10eV
W1=8% W2=86% W3:6%

Table 4. Quantities E, ai , Wi , represent peak position, spectral width andtspleseight of the i-th Gaussian

function,

Below-bandgap excitation

according to Eq. .
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Fig. 27.PL spectra of Titania samples obtained udind42 nm (left panel) andl =325 nm (right panel) laser lines.

5.1.2 PL emission properties of as-grown vs. anned samples: discussion
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The experimental results reported in the previacsien evidence the presence of several emission
bands, corresponding to radiative transitions sjpgnfrom blue/violet to near-infrared regions of
the electromagnetic spectrum. The nature of th@amy mechanisms at the origin of each of the
resonances is discussed here, based on both myregptal findings and literature support.

Generally speaking, photoluminescence activity ideagap semiconductors involves excitonic
states and defective states (as discussed in ChaptdHowever, excitonic properties are not
univocally defined in Ti@ In fact, since early studies on optical transsion TiQ, carried out in
the ‘90s (Tang et al. 1995; Tang et al. 1993; Chaaval. 1995) it has established that the exigton
properties of the two polymorphs (rutile and amne}atkiffers sensibly. A discussion on this issue is
helpful here for discussing our experimental firg$in

lonic crystals such as alkali halides or oxides @raracterized by large exciton-phonon coupling
(Bosio and Czaja 1991; Liebler and Haug 1991). His fsituation, the spectral properties of
excitonic states (and, in turn, the PL emissiomesdr band-edge energies) are influenced by the
action of phonon fields on the centre-of-mass nmotd (otherwise “free”) excitons. In practice,
free charge carriers interacting with ionic lattga localize at lattice sites, building up a stech

Sample Crystal phase Consequences of annealing on PL
before annealing After annealing emission
- Both NBE and VIS still present
A Amorphous Rutile formation - No red emission

- NIR emission (1.5 eV) slightly
evident

- VIS/NBE ratio increases
Anatase formation (main

effect) - Red band appearance (overcomes
B Amorphous NIR)
Lesser content of rutile phase
also evidenced - NIR emission no or slightly
evident

- VIS/NBE ratio increases
Rutile phase already
Cc present in as-prepared
samples

Anatase and Rutile formatio

B
(at comparable content) - Red appearance

- NIR increases

Table 5.PL features observed before and after formatiofi©f crystal phases by samples annealing
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“self-trapped exciton” (STE). The theory for STarrhation has been developed mainly by
Toyozawa and co-workers (Sumi and Toyozawa 197hrefwer and Toyozawa 1982) who
demonstrated that the self-rapping process is ntigedy to occur in crystals where ionic
coordination is less compact. In the particularcaksanatase, the TiO6 octahedra are coordinated
only with eight neighbouring ones, while in rutdach octahedron is connected to ten neighbouring
ones. Thus, STE formation is favoured for anatagie i@spect to rutile.

In an important work by H. Tang and coworkers angerature-dependent steepness of the Urbach
absorption tail in anatase (Tang et al. 1995) asthaleed demonstrated that the less coordinated
structure of anatase allows formation of STE sjatdsle excitonic self-trapping does not occur in
rutile. In other words, excitons in anatase arétsgbped while those in rutile are free.

As the self-trapping of the charge carriers (etecttand hole) is accompanied by a reduction of
excitonic energy (i.e. a finite binding energy ¢xXisthe STE emission is expected to occur at
photon energies lower than the Ti®andgap. For this reason, it is natural to attebihe VIS
activity and NBE activity to radiative recombinatiof STEs in anatase phase and rutile phase,
respectively. However, our findings suggest thatdkierall framework is somehow more complex,
as we discuss now.

5.1.2.1 NBE emission

We start by discussing the NBE emission, whichliseoved by when exciting the samples with
above-bandgap radiation. In such an excitation itiomg all samples exhibit an emission band in
the blue-violet region of electromagnetic regioraked at about 2.9 eV, both in as-prepared and
annealed conditions (see Fig. 26 and Fig. 27). @lked such emission band as NBE, due to the
proximity of its energy value to the bandgap vabfierystalline phases of TiOlt is interesting to
note that such NBE contribution was not observelelow-bandgap excitation conditions: thus, it
specifically originates from interband transiticared cannot involve transitions whose initial siate
an occupied intra-gap level.

After annealing process, in no case the NBE emssgias found to be dominant. Nevertheless, it
was always recognizable, i.e. well-resolved andusgpd from the VIS band.

Experimental findings suggest that NBE emissioaris-correlated with morphological order and
crystal phase of the Tikhanostructures. NBE band is, in fact, particulaydent in the case of
sample A (relative weight of about 65%), charaetsti by the highest degree of morphological
disorder, while its relative weight monotonicallgecreased in samples with more ordered
morphology and larger surface area (12% ab@ f®8r samples B and C respectively, see
Table 4).

71



Considering also our previous discussion on exmt@noperties of TiQ, it would be natural to
assign such NBE signal to free exciton recombimaitiorutile. In confirming this, we also note that
Sample A (where the NBE signal is the dominant as@)so the one where the relative fraction of
rutile phase on the overall crystalline phasengdg according to XRD analysis (see section 4.2).

However, it is important to also notice that, adiog to XRD results, sample A was mostly
constituted of amorphous TiOMoreover, once the annealing conditions favouhedformation of
ordered rutile phase (see Sample C, comparing@grgand post-annealed PL results), the most
relevant PL change was observed in the near-irtfnagion (NIR) and not in the NBE signal.

Therefore, we propose that the latter signal hdmetattributed to the radiative recombination &f th
free (i.e. not self-trapped) exciton in rutile pdand/or in amorphous TiOHowever, a different
recombination channel is dominant in rutile, whistthe one in the NIR band. We anticipate that
this latter emission band is likely to be relatedatspecific process that occurs only at flat eutil
terraces, involving three-fold coordinated (normaygen atoms on rutile (110) or (100) planes.
This can explain why the increase of the absoliute thassive) amount rutile phase reflects on the
steep enhancement of the NIR (instead of NBE) si@ge® sample C after annealing), while instead
the NIR signal is unobserved in the disordered $aip

5.1.2.2: VIS emission

The VIS-PL emission manifests itself as a broadssimon band peaked at about 2.4 eV and with a
full width at half maximum of approximately 550-60@ieV. As mentioned previously, this
emission can be accounted different origins, indgdn particular radiative recombination of self-
trapped excitons in anatase and radiative recoribmf&iom surface states (Zhang, Zhang, and Yin
2000; Cavigli et al. 2009; Forss and Schubnell 12@8 et al. 2001; Suisalu et al. 1998). The here
reported experimental findings suggest the existemica correlation between GBE vyield, NPs
surface area and anatase crystal phase, as weslisow.

The VIS emission in as-grown samples shows aniefifty increase passing from the more
compact structure represented by sample A (maioippound by low-porosity assembly of
globular structures) to NPs structured sample @ iRdicates a direct involving of surface states i

the mechanism leading to the GBE. The observati@an@nhancement in VIS emission efficiency
is observed after annealing process. As the eféécour thermal treatment was to partially
crystallize the samples with no particular modifica in the surface-to-volume ratio (Amoruso et
al. 2013), we can recognize a roleanftase surfaces (and surface states) in the VIS-PL emission.

For further discussion about this point, some aersition needs to be pointed out regarding the

surface and the oxygen vacancy states on Titamahi§ aim, we can refer to the Figure 28, that

represent in the left panel an (110)-oriented Tataorystal, where titanium atoms six-fold
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coordinated to O. The (110) plane included betws@nts A and B consists in the same number of
Ti and O atoms, while the overall “unit” delimitég the dashed lines has no dipole moment and is
electrically neutral. Therefore, an ideal surfaice. (heglecting reconstructions) can be obtained by
truncating the lattice as indicated in the righbhgda The result is a corrugated surface, containing
two different kinds of titanium atoms. Along theO[J direction, we can find rows of normally-
coordinated Ti atoms (i.e. with coordination numbgr alternated with five-fold coordinated Ti
atoms at the surface, with one dangling bond (pefigelar to the surface). As well, two kind of
oxygen atoms exist. One is 3-fold coordinated asenbulk (“normal” O atoms), while the other is
called “bridging oxygen” atom and miss one bondhe Ti atom (that belongs to the removed
layer). Therefore, bridging oxygen atoms is twadfobordinated.

Surface bridging O atoms are extremely importast,tleeir under-saturation and exposure to
external environment makes it relative easy to r@bem by thermal annealing. Once removed,
the O atom leaves behind two extra electronsndjliempty states of Ti ions (and observable by
photoelectron spectroscopy (Henrich, Dresselhaus, Zziger 1976; Henderson et al. 2003; Nolan
et al. 2008), accompanied by a change of the tgiatate of three undercoordinated (five-fold)
titanium ions from Ti* to Ti#*. These latter can be think as “electron traps’,reactive sites where
an occupied electron state (or, equivalently, agiped electron”) is localized.

As the absorption of light creates free holes ethlence band, electron-hole transition in reduced
Titania can be therefore expected under laser pugnps recombination of electrons trapped &t Ti
and valence band holes. In order to find out ih1duansition can be invoked as origin of the VIS
band in anatase, an important suggestion comestirernomputational analysis on energy position
of various defect levels in bulk anatase carriet lmuDi Valentin and coworkers (Di Valentin,
Pacchioni, and Selloni 2009). In this work, authoisained that electron levels associated & Ti
ions coordinated witkurface bridging oxygen vacancies in anatase are positioned about 2.3-2.5 eV
above the top of valence band. Moreover, experiai@miestigations also identifies occupied states
compatible with this energy value(Hardman et aB4)9 Such values for energy levels are in a
reasonable agreement with all of our PL results.

For the above reason, our hypothesis is that ti& activity is mainly ascribable to the following
transition:

ea3+ + h:B - hVGB

indicating the radiative recombination between lacteon trapped at (anatase) surfac¥ Jite and

a hole in the valence band. Such hypothesis matohesobservation of stronger VIS signal
enhancement associated to an increase in spaaiface (compare sample A with sample C) and to
an increase in anatase amount (in particular, coengiee as-growth and the post-annealing PL
spectrum for samples B and C).
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Finally, the above hypothesis also allows interpgeour findings concerning the PL-based sensing
of oxygen, as will be discussed in next sectionwekler, specific studies correlating the PL
emission, the surface oxygen deficiency and thitstmmetric ratio are still missing, in our case
due to the difficulties in performing O-sensitiveatysis in nanoparticle films that grown on silicon
substrates. For future prospect on this pointidremce to the conclusions section.

I will spend just few words on the red-centered nd observed at below-bandgap excitation.
Some recent studies on red emission in Titaniatpwward radiative recombination between
photo-excited holes in valence band absorptibi,)(and electron traps whore origin is not
completely understood (Knorr, Zhang, and McHale 72(&norr, Mercado, and McHale 2008),

(Mercado et al. 2012). The process can be schesdadiz follows:

— +
eI'rap + I‘l/B - thed

This picture is mostly supported by evidences byiKrand coworkers, showing that the red
component of anatase PL is quenched by hole-scagesglvents (such as ethanol), as shown in
Fig. 29.

Our phenomenological findings suggest that anadapendent traps might be involved in the “red”
emission. For example, the latter is well evidamtannealed samples B and C that are also
characterized a larger amount of anatase. Howeher,correlation is not completely clear; an
evident signal is also obtained for annealed samylevhich is less relatively rich in anatase.
However, the fact that the absolute amount of aflise phase over the residual amorphous phase
is unknown complicates the discussion. Furthermibris, still not completely clear why the red
emission is more evident for below-bandgap exatatOne possible hypothesis is thatk traps
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can be involved, due to the fact that penetratiptiu of 442 nm radiation is larger than the 325 nm
one and that, in addition, reabsorption of backtesoad PL light leads to red-shift of the PL
spectrum. However, further studies need to be padd before to achieve a reliable interpretation.

intensity
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&
T L
2 |
+

Fig. 29. a)Red band photoluminescence quenching in presentel®@scavenging. such as ethanol (Etah)Pictorial
representation of EtOH-induced quenching process.

5.1.2.3: NIR emission

As | stated, near-infrared emission in my experitakimdings was a peculiar emission in as-grown
sample C, slightly arising in the spectra of theeottwo samples as well, once undergone to thermal
process. Moreover, it is interesting to notice timtsample C NIR radiative recombination
efficiency is enhanced to the detriment of the N&ke, suggesting the present of competitive
recombination pathways for a same entity involvedath emission.

Titania literature on the NIR PL is somehow limitéal fact, as we discus now, such emission band
is related to rutile Titania, while most part oteat studies deals with anatase nanoparticlesaue t
their enhanced photocatalytic properties. Concerriime NIR-PL, a well-established a well-
established framework of investigations has beaermeded by Nakato and co-workers group at
University of Osaka (Nakamura and Nakato 2004; Naka, Okamura, et al. 2005b; Nakamura,
Ohashi, et al. 2005; Michael A Henderson 1999), esi@blished that this emission band is related
to rutile Titania. Precisely, they assigned NIR ®Lradiative transitions between mobile photo-
excited electrons in the conduction band eaudface-trapped holes (STH) formed at triply
coordinated oxygen atoms at the surface lattice. Arocess of STH formation will be discussed in
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next section, as it is quite important for the sakexplaining the oxygen-sensitive properties bf P
in our Titania nanoparticle films and of considgriasues related to humidity sensing.

Our findings fully confirm the mechanism statedthg Osaka group. Firstly, we evidenced a NIR
emission in the only as-grown sample presentingitédersignal in XRD scans. Moreover, we
alsoperformed additional analysis by PLE techniglegermining the excitation spectrum of NIR
emission for annealed samples in inert ambientynder nitrogen flow).

The PLE analysis consists in extracting the intgnsiap of excitation vs. emission (Figure XX, left
panel). Excitation energy range from 2.1 eV to &/3was chosen for investigate both above- and
below- bandgap regions. In the right panel of Feg8@, | report the excitation spectrum of the NIR
emission, obtained through numerical integratiorNt&R-PL in the energy interval 1.48-1.52 eV
(delimited by the dashed line) spectral emissiofuastion of the excitation energy.

Assuming slowly-varying quantum efficiency \excitation wavelength in the blue range, the PLE
signal can be considered as proportional to thieapbsorbance.

The results display an onset of excitation at aRo8H2.9 eV photon energy, i.e. at about the optica
absorption edge of rutile. In other words, no NIR#® rutile occurs unless above-bandgap photons
optically promote electrons to the conduction bahis evidence confirms that conduction band
electrons indeed initiate the optical transiticas stated above.

To further support this assignment, we have alsoethout PL measurements (not shown here) on
a (100)-terminated TiOrutile single crystal, detecting a very strong €s1@n exactly at the same
spectral position of the NIR region. In conclusidiR emission has to be attributed to transitions
activated by conduction band electrons.

The occurrence of two separated PL bands in VIS Nt region, related to different forms of
Titania, lead to interesting consequences for Pdetlasensing of oxygen, as discussed in next
section.
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Fig. 30. Left: Excitation-resolved photoluminescence maNtR emission (sample C). Right: excitation spettrof
the NIR emission integrated from 1.48 eV to 1.52(d&limited by vertical black dashed lines in kgure).

5.2 - Ambient gas influence on photoluminescence guerties of TiO, thin film
growth at high pressure condition

The work reported in previous chapter and in presisection indicated that Titania nanostructure
films growth with fs-PLD technique at backgroundygen pressure of few mbars favours the
deposition samples with larger surface areas, wdide allowing formation of rutile crystal phase.
These features result in Ti@hin films exhibiting both a NIR emission bandn@erprint of rutile
phase) and a visible emission band, centred irgteen region (tentatively attributed to electrons
trapped at surface Tisites coordinated to O vacancies at bridging joos).

The combination of these features, namely highaserto-volume ratio, presence of both Titania
polymorphs and multiple emission bands, makes sssnpitepared at higher background oxygen
pressure as best candidates for exploring the enfla of gas adsorption on PL properties.
Therefore, a set of samples has been preparedBlyOsunder the same conditions used to grow
the sample C (P = 3 mbar) previously described.

The next step of my work was thus to start the stigation on PL-based response to specific gas
analytes. The choice engaged to study the effecoxyfgen (Q), based on the following
considerations.

Ordinary solid-state chemical sensors based onumaonhetric response have to be heated in order
to speed up the adsorption-desorption kinetics a@sslire reversibility of the device. Moreover,
redox reactions involved in the sensing of reduaimgecules (e.g. CO oxidation when reacting
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with ionosorbed @) often require thermal activation energy). In @gproach, PL is basically

employed as a room-temperature technique, as thelsds not intentionally heated (intentional
temperature increase usually lead also to less fitieacy, due to activation of non-radiative

recombination channels (Bismuto et al. 2008). Tioeeg a first natural candidate for investigating
PL-based detection of molecules aradizing gases, such asdD;, NO,, etc.

Nitrogen dioxide (NQ) constitutes a good choice for testing the seuitsitto oxidizing gases. NO

is an environmental pollutant (produced, for exampih internal combustion engines), so
applicative interest demands to test it dilutecambient air environment. However, preliminary
investigation (not reported here) demonstratedtti@response to air + N@ixtures (with NQ at
about 20 ppm concentration, similarly to the ca&mO studies that will be shown next) was
compatible with the response to air alone.

Successive test could confirm that the PL respbasto be attributed to oxygen alone. Indeed, this
was not surprising, as Titania finds room as cheesistive oxygen sensor (Francioso et al. 2005;
Francioso et al. 2008; Dutta et al. 1999).

Therefore, | focused the rest of my work on PL rfiodtions induced by @adsorption, which is
the subject of the present section.

5.2.1 Effect of Q adsorption on PL emission in Titania: factual eviénces

The experimental setup used for the evaluationxg§en influence on optical properties of sample
C is described in Ch. 3, allowing detecting gastesl effects on PL emission of samples kept in
controlled atmosphere. In particular, for analyzoxygen influence at varying concentrations, we
used controlled flows of nitrogen §Nmixed with certified dry air. In such a configtiom, inert N
thus behave as gas carrier ance® analyte. The data reported here are repréisenfiar a number

of experiments performed on a series of three sssrgeposited by PLD at the same conditions.

Variable Q concentration steps were performed at room tertyrerawhile monitoring the PL,
measured with an integration time of 20 secondsadrah acquisition rate of 75 data point / hour
(approximately, one acquisition each 50 secon@gpresentative experimental findings are show
in Fig. 31, where it is reported PL spectra of saenple irradiated with 325 nm laser line in two
different ambient gas condition, 100% nitrogen a00% dry air (i.e. 20% oxygen) in stabilized
conditions (i.e. after 1 h exposure to dry air)isltevident a quenching of VIS-PL induced by
oxygen adsorption, shown in the left panel. Intémgb/, NIR emission results instead enhanced
when dry air replaces Nn the PL chamber.

For further clarity, we calculated the spectrala®(E) = ®(E) / ®o(E), whered andd, represent
the PL intensity at photon energymeasured in dry air (i.e. 20%)&nd N atmosphere,
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Fig. 31 Oxygen influence on PL properties of TiPs thin film.Left panel: two opposite effects are generated by the
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respectively. The calculated spectral ratio is ldiggpd in the right panel. Despite the noisiness of
the data (due to the weak experimental NIR-PL d)grithe data unambiguously evidence an
enhancement of the NIR-PL emission in oxygen emarent, while on the contrary the VIS-PL
intensity is quenched.

The dynamical response of VIS-PL and NIR-PL emissimder flowing oxygen has been
investigated by exposing the Ti@ms to alternating steps of dry air mixed with &hd N alone,
exploring Qconcentrations varying from 0.25 % to 20 %. Theiltesare reported in Fig. 32, where
the PL intensity in the NIR and VIS band are repadras function of time. Variation of PL signal
for both emissions bands saturates vs. d@ncentration, as in a Langmuir-like trend, as

demonstrated by Fig. 33, where the measured relagisponsé = |®, - ®|/ @, is reported.

In conclusion, we clearly evidence that opposifea$ are exerted by of oxygen on the radiative
efficiencies of the two PL bands.

It is important to stress again this point: we obed thatmultiple responses to the same species

(O,) is obtained by monitoring the PL intensity of mikanatase-rutile Titania systems. This point
has to be stressed, becauseepresents a good example of the possible advantages of optical
approaches to chemical sensing. In fact, conductometric sensing relies on a singansduction
parameter (electrical conductance): thus, a giangpecies can induce only one specific effect in
ordinary chemiresistors (i.e. electrical conductancrease of decrease). Instead, opto-chemical
routes to gas sensing can take advantage of thehat optical properties intrinsically involve
several degrees of freedom (e.g. the continuoustrspe of PL emission wavelengths), thus
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allowing multi-parametric responses. For thosearakfocused the rest of my studies on Titania to
propose possible interpretations of this effecticlare discussed now.
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Fig. 32.Intensity of the PL emission in the visible anédmnmfrared range (top and bottom panel, respeglivander
exposure to different concentrations of dry air.
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5.2.2 Effect of Q adsorption on PL emission in Titania: supplementay investigations and
possible interpretations

As discussed in the previous section, it is nattwahttribute the VIS-PL activity of anatase to

radiative recombination of electrons in gap staieginated by O vacancies with photo-excited

holes in the valence band. It is worth mentioningt an analogous correlation between oxygen
deficiency and visible PL efficiency has also bestidenced in other oxides (such as SnO2 (S.
Lettieri, Causa, et al. 2008; S. Lettieri, Setatoal. 2008) and Sik{Stefano Lettieri et al. 2008).

Within this framework, a likely interpretation ftine observed quenching of VIS-PL in @rises by
invoking the suppression of surface light-emittiif* centers. Such an interpretation can be
understood in a better way by observing the rasufig. 34, evidencing that the occupied electron
states positioned at about 0.7 eV below the comtutand in reduced Titania (indicated as “defect
state”) vanishes after exposure to ambient oxyd@ether literature works also evidences how
gaseous @dissociates on titania reduce surface, filling\wheancies and destroying the defect state
(J. -M. Pan 1992; Kisumi et al. 2003). Attributing thdSYPL emission to recombination of the
decay of (trapped) electron at the defect states, thus natural that its neutralization by ambient
oxygen leads to quenching of the VIS-PL (as obgBrve

Nevertheless, the observed NIR-&ihancement under Q flow may seem surprising at a first sight.
In fact, we previously mentioned that NIR-PL is daeadiative recombination of conduction band
electrons with STH states. According to a standpoiht of view, the electron-scavenging
behaviour of adsorbed .Cat rutile surface would imply a capture of mobékectrons. Once
captured, electrons would become unavailable fdratewe recombination, finally leading to a
quenching of NIR-PL under Qlow (instead of the observed enhancement).

The PLE analysis previously reported indeed ineégdhat free electrons are necessarily involved
in the NIR-PL. Thus, the results suggest that oryge not act as electron scavenger or as
ionosorbed species.

The issue is moreover complicated by our obsemation Q effect of a single-crystal
(commercial) rutile substrate that we performedwggplementary analysis. In fact, as shown in Fig.
35, we indeed observed the expected “standard”aipilegp of the PL by @when exposing a (100)
oriented and a (110) oriented rutile Titania sudistrto oxygen flow (after initial exposure to
nitrogen). The introduction of oxygen leads to atfdecrease of the rutile PL of our crystals,
followed by a slow increase. The experiment wagaggl several times, in all cases showing the
same trend.

In practice, two opposite effects on rutile PL depicted in Fig. 34 and Fig. 35.
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defect state in the band gap region. (Hardman 49814)
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Fig 35. Left: dynamic response toward oxygen exposureeaf+nfrared PL emission of single-crystal (100y #b10)
rutile substrates. Right: PL spectra measured 2it@énafter dry air exposure
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To clarify this puzzling situation, two hypothedesve been formulated. The first one involves the
interplay between NIR-PL of residual water adsorbed at Titania surface and was tested by
performing PL analysis under prolonged UV illumionat in dry vs humid air. A second
interpretation involves molecular vs. dissociati@dsorption of oxygen on rutile surface and
requires analysing in detail the mechanism of Sathhtion.

We anticipate that a decisive proof for choosing@ @m another model is still missing, but the
second interpretation seems more likely at thegmtestate.

5.3 - On “anomalous” effect of Q on rutile Titania PL: proposed interpretations

5.3.1 First interpretation: role of residual water

The first interpretation arises from observing tehaviour of NIR-PL intensity of pure rutile
Titania reported in Fig. 35. At a first sight, tfest decrease of the PL intensity can be intergrete
according to the standard mechanism that driveghieeno-resistive effect in n-type metal oxides
(also discussed in Chapter 1), namely adsorptiamalécular oxygen and capture of a conduction
band electron with formation of chemisorbed spe€@esAccording to this picture, the decrease in
PL intensity reflects the partial depletion of cantion band electrons during the formation of
adsorbed layer. However, it is also noticeable igure Fig. 35 that the NIR-PL signal also
experience a slow increase, that is observed Ioothitiogen and air atmosphere and was verified
for all single-crystal rutile samples, regardldss surface orientation. Moreover, the increase was
evident at continuous UV illumination, as it wadliwe experiment reported in figure where the laser
was impinging on the sample throughout the anatysiation.

This finding can be explained by considering thie ydayed by the STH states in both the NIR
emission and the UV-induced photo-oxidation of waterutile. In their first studies about this
issue, Nakano and coworkers observed that the NUReRvities of rutile Titania and the efficiency
of water photo-oxidation (or water splitting) presewere anti-correlated. Thus, they hypothesized
that some precursor (or intermediate) of the wspditting reaction was also a state participatmg t
the radiative recombination of NIR-PL. Successiyétgy identified such a precursor in STH (self-
trapped holes) states. These latter are photo-geaeholes that self-localize on surface sites at
close to oxygen bridging atoms. Using the Nakanmewxclature, the water oxidation can be
represented as the following process (NakamuranDka, et al. 2005a; Kisumi et al. 2003):

STH+[Ti -O~Ti], +H,0 - [Ti,=O-Ti] +[Ti~-O'HO-Ti | +H"
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that indicates a nucleophilic attack of@Hat STH, with evolution of hydrogen. The trappexdeh
can also recombine with conduction band electrons:

STH+ e(;B - hVNIR

and, therefore, the two processes in Eqs andaangetitive in rutile.

It is thus possible to suppose that the slow iregeaf NIR-PL during prolonged UV illumination
shown in Fig. 35 reflects the consumption of realduater adsorbed at rutile surface, which in turn
increases the yield of the competitive reactionisThypothesis allows to explain the behaviour
observed in bulk rutile, but it is still to be eapled why the behaviour observed when both anatase
and rutile are present (as in out PLD-prepared panicles) is different.

To this aim, | performed two additional experimemiwnitoring the effect ofiry air vs. humid air

on the NIR PL of our samples, under prolonged Udhiination (i.e. in the same conditions used
when analyzing the single-crystal rutile substiatébe excepted result is that the rise of NIR-PL
when illuminating in dry air should be larger thdre one in humid air, as in the first case the
(eventual) residual ¥ is consumed, while in the second it is externsiigplied.

The experimental results are shown in Figs. 363ahd

TiO2 NPs in static dry air
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Fig 36: Behaviour of green PL (integrated from 400 to B5@) and NIR PL (integrated from 700 to 850 nmyiy air
in absence (UV off) and presence (UV on) of lademination at 325 nm wavelength. The values amnadized to the
value measured when UV is switched on continuously.
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Fig. 37. Behavior of green PL (integrated from 400 to 55 and NIR PL (integrated from 700 to 850 nmjvigt air
in absence (UV off) and presence (UV on) of lademination at 325 nm wavelength. The values amnadized to the
value measured when UV is switched on continuously.

The above results were obtained by monitoring ffieiency of both VIS-PL and NIR-PL of our
titania NPs films under Oflow of constant concentration (dry air flow, 26€cm) first in absence
(“UV-off”) and then in presence (“UV-on”) of contious UV illumination. As illumination source,
we used the He-Cd laser line at 325 nm (that alewigies the excitation for PL emission). In the
case of “UV-off” PL measures, the sample was illnatéd only for 5 seconds (integration time for
PL spectra acquisitions) and was kept in the darkHe rest of the time. In the case of “UV-on”
measures, the sample was kept under laser illuedrfat the entire duration of the experiment. In
both cases, before the experiment the sample waddweseveral hours (14 h) under dry air flow in
order to stabilize it and rule out PL modificatiomed by variation in the gaseous environment
inside the test chamber. Measurements in wet anre vebtained by flowing air in a bubbler
containing bi-distilled water.

As expectable, no significant modification of thé Efficiencies was observed in the case of
occasional and short illumination (“UV-off”), whilagain an opposite trend for NIR-PL and VIS-
PL efficiency was observed in all cases under eféédJV light, thus confirming the previously
shown results.

The quenching of visible emission is found in bexiperiments, while the finding to be noted is that
the enhancing effect of oxygen on NIR emissionttisrauated in presence of humidity, even if still
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present. In particular, an enhancement slightlgdarthan 40% is obtained in dry air, while the
presence of kD reduces it to less than 20%. This is indeed xipeaed result, if assuming that the
eventual residual water is replaced by other wataecules supplied by the external flow.

To point to be explained is now why this findingnist observed in pure rutile samples. Regarding
this point, we speculate that a possible causeimvayve the oxygen-assisted diffusion of adsorbed
water molecules, described by Wendt and cowork&ken(t et al. 2006).

In fact, from the relative weight of PL spectra winoin Fig. 31, it is reasonable to guess that the
overall rutile amount is much less than the anabtase Moreover, photocatalytic activity of anatase
Titania is usually more efficient than the rutil@ahia one (Diebold 2003). Thus, water molecules
are expected to have a shorter mean free pathatase) before being consumed by UV-activated
photosplitting in oxygen environment. A pictoriapresentation of the proposed mechanism is
shown in Fig. 38.

The concomitant occurrence of larger amount ofas®tnd of shorted diffusion length in anatase
lead to the fact that water adsorbed at rutiletatlyges dispersed in a more abundant anatasexmatri
is consumed more efficiently than respect to theeaaf bulk rutile. This can result in the fact that
the (slow) enhancement effect in mixed PLD-prepa&ohples is the dominant one, while it is a
minor effect in bulk rutile.

Fig. 38.Pictorial representation of water migration in it
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To reinforce this point, it is worth noting thatetlgjuenching effect of £on NIR-PL observed in
bulk rutile is quite fast and much faster than ¢éinéancing effect shown in Figs. 36 and 37, while
the characteristic time of this latter is compagabl the enhancing effect.

Even if the mechanism proposed here fits with tkeeemental findings and with literature results,

some major issues remain. For example, it reliesemeral ad-hoc hypothesis, in particular: 1) the
actual presence of residual water adsorbed at aamdp surfaces, and: 2) the validity of the

interpretations given in Ref. (Wendt et al. 200@preover, it is suspicious that two apparently

uncorrelated effects such as neutralization éfsfates (attributed to oxygen adsorption) and inter-
phase diffusion of water lead to two effects (dasesof VIS-PL and increase of NIR-PL) that

exhibiting similar characteristic times, as one saa in Figs. 36 and 37.

Therefore, | propose also a second interpretat@suming thatlissociative adsorption is the
preferred route for oxygen adsorption in reduceieru

5.3.2 Second interpretation: dissociative adsorptio

Here we remark that a different interpretation cengiven to explain the apparently opposite
effects of oxygen on rutile PL. The interpretatiassumes that adsorption of oxygen on rutile
surface can proceed along two possible differeatess one as “standard” ionosorption (leading to
PL quenching), and another as dissociative adsorpivhere oxygen does not capture a conduction
band electron, but instead simply dissociates dlsdtlie oxygen vacancy. This second process is
expected te@nhance the rutile PL. To show why, we need to review phecess of STH formation.

Surface trapped holes involved in water photo4spdjitconsists in consists in the trapping of photo-
generated holes on surface sites3dbld coordinated (normal) oxygen atoms. Following Nakano
and co-workers, STH formation can be representddilasvs:

[Ti, =O-Ti]_+hj, — [Ti, =0eTi]

whereh®yg is a valence band hole that self-traps on theasarD-sites residing in (100) and (110)
rutile surfaces.

It is important to underline that the process oisalized at three-fold surface oxygen atoms: thus,
the oxidation of rutile surfaces is expected tmofavthe STH formation and, in turn, to increase the
NIR-PL efficiency. We notice that this behaviouradgposite to the anatase one, where surface
oxidation is expected to decrease the VIS-PL efficy instead.

Therefore, we hypothesize that the results we @bsefor NIR-PL efficiency can be explained by

invoking the fact that molecular oxygen dissociat@md surface oxidation under UV illumination is
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the dominant process when, @teracts with more defective (oxygen deficientjile surfaces,
while instead the formation of ionosorbed specigs(i@ducing PL quenching) can take place on
less defective surfaces.

Even if we do not have a direct proof for the vigdiabf this interpretation, it relies on less adeho
hypothesis than the previous one. Moreover, it kegothe same process at the basis of VIS
qguenching and NIR enhancing, thus explaining ndyunahy the time behavior of is similar.
Indeed, performing an exponential fit of the dat&igure 36 (dashed lines) as follows:

D (t) = (DNIR(O)[E]-_ exd_t/TNm):I
®D,5(t) =D,5(0) Baxd_t/z-NlR)

compatible (within error bars) values ofz = (1.9 * 0.3 0 19s and
Tys = (2.0+ 0.) O1®s have been obtained. This further reinforces therjmetation.

Finally, we wish to point out that our experimentabults are quite close to the ones recently
reported by Knorr and coworkers (Knorr, Mercadaj dcHale 2008). These authors showed that
when exposing anatase-rutile mixed systems of aeatad rutile to air and.B,, a different NIR-

PL behavior is observed with respect to the onemiasl in pure rutile. In particular, a quenching of
anatase VIS-PL and an increase of the rutile NIRHRENSity occurred in the case of mixed

systems, while on the contrary a only a moderagndping of the NIR-PL intensity was observed

in pure rutile samples.

Authors interpreted these results by suggestingttigapresence of oxidizing species may trigger an
interphasial electron transfer, i.e. transfer afiduction band electrons from anatase to rutile. Our
interpretation is different and, in particular, Wiad it quite difficult to explain why electrons
scavenged from anatase by oxygen should be nexisféraed to rutile. However, the
phenomenological evidences we show here are ireagget with the observations by Knorr and
coworkers. This fact strengthens the reliabilityoaf experiments.

5.4 — An investigation on PL-based sensing of nitggn dioxide by ZnO thin films

Another material studied in my PhD work was zinadex(ZnO). As discussed in the introduction,
ZnO exhibits a stable and efficient photolumineseeemission in the UV range even at room
temperature, making it a material of interest gistiemitter.

My studies on ZnO were conducted in the framewdrkadlaboration with University of Ferrara,
where nanostructures and microstructures exhibdiffgrent topologies have been prepared by sol-
gel method.
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Previous investigations demonstrated that reversPlL modification in ZnO occur once the
samples are exposed to nitrogen dioxide {NBaratto et al. 2009; Creti et al. 2012; PadRiaeda,
Vadillo, and Laserna 2012a; Valerini, Creti, A.RariCato, et al. 2010). In particular, N®&ensing
properties exploited by PL modulation have beerestigated in ZnO nanowires (Baratto et al.
2009; Creti et al. 2012), thin films (Padilla-Rug¥adillo, and Laserna 2012a) and nanostructured
surfaces (Valerini, Creti, A.P. Caricato, et all@Dproving that ZnO exhibits an efficient and fast
guenching of UV PL at room temperature when,d@round the oxide.

Unfortunately, the above mentioned works reliedstatic PL measurements only. As discussed in
Chapter 2 (see the discussion about the statidywemic quenching mechanisms), this fact limited
the conclusions that can be expunged about the besthanisms driving the sensing phenomenon.
In particular, we recall the importance of timealeed photoluminescence analysis (which in this
particular case translates in exciton lifetime nieasments) in samples subject to the same external
conditions that give rise to the PL modulation ((odiscussion on this issue we refer to Ref. (S.
Lettieri, Setaro, et al. 2008). In the course of wiyrk, | focused on the role played bsmple
topology in the ultraviolet (UV) PL quenching induced by timteraction with N@ To this aim, we
carried out experiments based on both static ane-tesolved photoluminescence (TRPL) on ZnO
samples exhibiting different topologic charactécsst Comparing and correlating the results
obtained for the different samples under exposurartand to N@ basic consideration about the
origin of ultraviolet photoluminescence quenchiogld be outlined.

In Fig. 39 it is depicted the schematic proceduseduto synthesize ZnO nanopatrticles, while
different structures could be obtained by additmi proper surfactants at in the sol and/or
modifying the calcination temperatures (M. Carotti@published results). Up to four type of
structures have been prepared by University ofdf@rand analysed during my work, but only two
of them are reported here, as they exhibit somelpyosite” topologies.

SEM images of the structures investigated are tegan Figs.40 and 41, and are named as ZNP
(i.e. ZnO nanoparticles) and ZFL (i.e. ZnO “flowgrdVhile ZNP consists of a porous assembly of
nanoparticles with typical sizes of about 60 nm,ZifL samples we observe the formation of
hexagonal rods assembled in flower-like structuB3sthe SEM images it is evident that ZFL is
composed by interconnected structures that supgledtronic transport, while instead in ZNP
sample charge motion occurs trough grain boundaf@s in most of chemoresistive
semiconductors).

Therefore, we might say that ZNP can be used ataadard” sample for chemical sensing analysis
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Fig. 39. Schematic procedure for sol-gel synthesis of Za@ostructures

while we chose to characterize ZFL due to its digmwith respect to nanoparticle ensembles.

The photoluminescence analysis was conducted g ube same apparatus previously described
and employed for Titania studies. The analyzed $sngxhibited the typical ZnO PL spectrum,
with a near band edge emission at 380 nm (UV) dueadiative excitonic recombination, and a
broad band visible, peaked at 675 nm (orange),llysadduced to zinc vacancy or interstitial
oxygen atoms (Studenikin, Golego, and Cocivera h98gurisi¢ et al. 2007b). An example of PL
spectrum is shown in Fig. 42, where the excitomession is evidenced by the colored rectangle. In
my work only this latter emission was investigatad,the presence of the various kind of defects
leading to the visible emission is neither necelysaror clearly correlated with the sample
topology.

Measurements of UV emission in N@iluted in dry air were performed, exposing samsfta 15
minutes to 10, 30, 50 and 90 ppm of N@ air, alternating N@exposures with dry air steps. The
dynamic response is reported in Fig. 43, wher@asve the PL intensity integrated in the range 370
nm to 410 nm) as function of time.

The PL variation induced by gas exposure is quedtify the integrated PL as the total intensity of
the spectrum (or spectral emission) over the eongsiterval:
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Fig. 40. ZNP sample, consisting in an homogeneous enseaitd®O nanoparticles of about 60 nm average
diameter
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Fig. 41 ZFL sample, consisting in agglomerated floweeléructures composed of micrometer-scale singistadr
ZnO (please notice the exagonal facets of eachostieicture)
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o(t) = j #(A,t)dA

where ¢(4,1) is the PL spectrum acquired at titne

As expected from previous works (Comini et al. 20B&ratto et al. 2009; Creti et al. 2012; Padilla-
Rueda, Vadillo, and Laserna 2012b; Valerini, CitiP. Caricato, et al. 2010; Caricato et al. 2011)
UV emission is quenched by the presence of NO2waecules. Although the PL signal recovery

in air is almost complete, a partial irreversililis evident after some cycle.

In Fig. 43 the relative respongs®/®, =(<Dajr —¢N02)/¢ajr is reported, evidencing a Langmuir-

like behaviour and quantifying the fact that ZNifhpée has the most efficient response.

As discussed in Chapter 2, a quenching of PL sigaalderive by different mechanism, involving a
change in the decay rates (dynamic quenching) déaease in the density of emitting centres
(static quenching). A clear discrimination betwekese two situations is impossible with the only
CWPL, while time-resolved PL technique allows adirmeasure of recombination lifetime (whose
eventual changes are the signature of dynamic mestha).

Therefore, TRPL measurements were also performade keeping the samples in dry air and in
100 ppm NQ (diluted in dry air).

=
o

|

— ZNP

PL intensity (a.u)
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Fig. 42 Typical PL spectrum of ZnO (ZNP sample). The shveell area evidences the excitonic emission, whash h
been the subject of the present dissertation.
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Fig. 43.a) UV-PL intensity vs. time under exposure to 10, 30, 70 and 90 ppm of NQOn air. b) UV-PL response
versus NQ@ concentration

The results are shown in Fig. 44. It is easy toteaeno modification of the exciton lifetime occur
when NQ is introduced, indicating the occurrence of aistatechanism. Moreover, the exciton
lifetime in ZFL is about 4 times longer than theean ZNP. Such a difference was repeatedly
observed by performing several TRPL measurementdiff@rent point of each sample and on
different samples of the same typology. Thus, tifeerént exciton lifetime cannot be simply
attributed to sample-to-sample variability. Indetids difference plus the observation of lifetime
constancy when samples are exposed to the PL geleattbws to sketch an interpretation of the
PL quenching phenomenon, based on the inhibitioexoiton formation (or “excitonic depletion”,
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as we name it in the following subsection). Thécedhicy of such mechanism is expected to depend
relevantly on the sample topology, as we discuss no

5.4.1 Interpretation: excitonic depletion and roleof the topology

It is well known that all excitons in ZnO are bouaidcryogenic temperatures, i.e. are localized to
point defect sites (such as group-IV dopants). A temperature is raised, the thermal energy
becomes larger than the binding energy of exciefieat complex and become mobile. At room
temperature, the ZnO excitons are all free andetbee, their recombination lifetime also becomes
dependent of its motion. As a matter of fact, mguwexcitons typically dissociate when bump at an
interface or at a boundary of a semiconductor grairerefore, while in structures whose typical
size far exceeds the exciton mean free path teé@niié is not size-dependent, the situation is
different for confined structures. In this latt@rse, the volume available for exciton motion shsink
and a surface recombination lifetime has to beduced, limiting the total recombination lifetime.

The correlation between exciton lifetimes and némioture sizes and topology have been reported
in literature (Kwok et al. 2005; Xiong, Pal, andri@@o 2007), evidencing that the decay times of
ZnO nanorods increase as the size increases (Hag2903). On this basis, it is natural to aserib
the longer ZFL exciton lifetime to the fact thaettopology of such structures favours the free
motion of excitons, without limitations due to inigrain boundaries. Indeed, the “base units” of
ZFL samples are micro-rods whose size is in therometer scale. Moreover, such rods are
internally connected. On the contrary, exciton moin ZNP is limited by grain boundaries.
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Fig. 44. Peak-normalized time-resolved decay of UV-PL fdtLZ(blue curve) and ZNP (red curve)
samples measured in air (full curves) and in 100 PO, (dashed lines).
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Fig. 45 Representation of the NOnduced enlargement of depletion region at gramnary. Apart
corrections dependent on the grain diameter, th@tiShbarrier (i.e. energy barrier separating tlogec
undepleted region and the grain boundary) scal&s, aghere L is the width of depleted region.

Considering also the N&ndependent lifetimes measured by TRPL, a naiatatpretation for the
PL quenching arises, starting from the assumpti@t tstandard” chemoresistive modulation of
Schottky barrier and of space charge depletionrscathen NQ is adsorbed at surfaces. We show
schematically this in Fig. 45, where the chargeletep sub-surface (white) region is represented.

Assuming that adsorption of N@nhances the Schottky barrier (or, equivalenthjarges the
depleted region), we obtain the situation reprexkm Fig. 46 where, electrons and holes formed
by photon absorption within the sub-surface regis .the exciton formation is not instantaneous
but typically requires about 50-80 ps in bulk Znf@sglts obtained on single-crystal ZnO, not
reported here for brevity reasons), the built-iactic field can lead to separation of electrond an
holes even before the exciton formation. The residual e-h pair, gagsformed far from the
Schottky barrier, can then undergo to formatiofreé excitons moving in the ZnO structure with a
lifetime depending on the sample topology (as fnesly discussed) but not on the presence of
adsorbed N@
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Fig. 46. Representation of the exciton depletion process in ZnO nanoparticle due to the presence of adsorbed NO,. As
the built-in electric field is already present when free electron and hole are formed (upper panel), the a fraction of
formed charges separate before the exciton formation (lower panel). This justifies why the PL signal is decreased
without modification in lifetimes.
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Conclusions

Over the course of my Ph.D. career, | devoted mgkvom the analysis of phenomena linking the
photoluminescence activity of some specific metaides to oxidant chemical species. The
materials | have been involved in were titanium amt oxides (TiQ and ZnO), prepared as

nanostructured thin films and whose optical prapsrtwere investigated by means of
photoluminescence spectroscopy. My activities imedl various phases of the project, including:
sample deposition, structural and basic opticatattarization, set-up of the experimental system
allowing PL-based opto-chemical analysis and, fnaéxperiments on oxygen and nitrogen
dioxide-related effects on the photoluminescenopgrties of the investigated materials.

Photoluminescence spectroscopy is an important ¢f@n used for the characterization of
semiconducting metal oxides, based on wavelengibired (and, possibly, time-resolved)
detection of radiative recombination processes éetwcharge carriers in a material. Analysis of PL
spectrum allows the reconstruction of energy distion levels in a material, strictly correlated
with its structural and morphological charactecsticrystallinity, defects states, surface stdtes,

or trapped excitons and free charge carriers, ast $ome examples of possible elements
influencing and characterizing the PL emission ofmaterial. The knowledge on energy level
distribution, physical nature and participant obqgesses at the base of PL emission is of course
particularly useful in view of studies of metal dgiapplications.

A relatively unexplored approach in the field of taleoxide-based gas sensing approaches is
represented by the opto-chemical sensing basedLomdriulations. In such an approach, PL
emission of a material is used to probe the presesfcambient gas molecules: variation in
environmental atmosphere components and adsornptaoesses may lead, in fact, to a modulation
of PL emission of a material. Several factors iefloge adsorption of gas molecules on a material,
including the mutual reactivity between gas andemal components, the existence of available
adsorption states, external pressure (or equivg/eanalyte concentration) and temperature.
Moreover, sample topology, surface-to-volume ratd overall defect concentrations (e.g. oxygen
deficiency) all play a fundamental role.

In the course of my work, Tiand ZnO were grown with different deposition coiuais, leading

to structures with different morphology. SEM and X®ols allowed having a clear picture on the
morphological and structural properties of the dasipand a crossed analysis with room
temperature PL spectra lead to a satisfactory kexgd on the physical origins of the different
mechanisms at the base of PL properties of the Ieamffter a preliminary structural and optical

characterization, an investigation on the propenygas sensing for both material has been
performed.
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A particular attention has been devoted on the, idhostructures for several reason. In particular,
PL properties of Ti@ are less well-characterized with respect to th® Zmes (ZnO is very
important as UV light-emitting material) and its Bmission is far less efficient than the ZnO one
(TiO; is an indirect gap material, while ZnO has dirgap). Furthermore, a clear consensus on the
chemical nature of various defects involved in shb-bandgap PL emission of Li@as not been
established already. Different states emittinghm same range of wavelength (such as self-trapped
exciton in anatase and oxygen vacancies-relateds¥tahe possibility of having different stable
crystal phases, surface and reactive state defegisesents some of the variable influencing PL
emission and a careful analysis should be necisgari for having a good interpretation of the
optical properties of Ti®

TiO, nanostructured thin films deposition was perforraéth the ultrafast pulsed laser ablation,
using laser pulses in femtosecond regime, a relgtitecent and appealing deposition technique
still less exploited for Ti@ Great interest, thus, grew up around the anabfsghysical properties

of the so growth Ti® samples. Three different oxygen pressure regimee wising for the
deposition (16 mbar, 1 mbar and 3 mbar) leading to nanostructwitis different morphologies:
for high vacuum, a low-porosity NPs agglomeratezeatbly to high specific surface samples, with
more isolated NPs (size from 20 nm to 100 nm) Hiertiighest pressure condition.

As-grown samples showed a degree of crystallimiisteased after an annealing process (500°C for
30 min in ambient air). The specific structural andrphological features (crystal phase and high
surface-to-volume ratio), made me have propensity the sample growth in high pressure
condition for further analysis on gas probing. Rhigsion modulation in alternate gas condition
was monitored.

In the successive stage of my work, | mainly cotregad on oxygen effect on Ti@L properties.
The attention was focused on two bands emissiothenvisible region and in the near-infrared
region (respectively VIS-PL and NIR-PL). The twgarated bands are found to be fingerprints of
the two TiO2 polymorphs, namely anatase (VIS-Plg artile (NIR-PL).

Very interestingly, the behaviour of such emissiands in oxygen ambient gas resulted to be
anticorrelated: a quenching in VIS band correspdnde fact, to an enhancing in the NIR band
upon exposure to oxygen.

Such a result triggered considerable attentionndgating thatmultiple responses to the same
species (O;) can indeed be obtained by monitoring the PL isitgrof mixed anatase-rutile titania
systems. This fact deserved further investigatias, being a good example of the possible
advantages of optical approaches to chemical sgnkinfact, conductometric sensing relies on a
single transduction parameter (electrical condwsgnthus, a given gas species can induce only
one specific effect in ordinary chemiresistors. (e¢ectrical conductance increase of decrease).
Instead, opto-chemical routes to gas sensing danddvantage of the fact that optical properties
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intrinsically involve several degrees of freedomg(ethe continuous spectrum of PL emission
wavelengths), thus allowing multi-parametric resge® Moreover, it is worth underlining that the
trend for the NIR emission was somehow unexpectefitsd sight, considering the well-known
activity of molecular oxygen as electron scaverganifested indeed in our experiments on rutile
single crystals).

This peculiar effect of oxygen on rutile PL was jsgbed to additional study, and two
interpretations are given here, one based on tharenaof adsorption process of oxygen
(ionosorption vs dissociative adsorption) and aeotbn diffusion of residual water molecules
adsorbed at TiOnanoparticle surfaces.

In the discussion reported in Chapter 5 | finalhgue why | am more inclined to the first
interpretation. According to this latter, Ti@anostructured thin film should present an high
concentration of oxygen vacancies. In such a camgiambient oxygen undergoes to a preferential
dissociative adsorption, supplying an O atom at surface brglgiositions that saturates the oxygen
vacancies. This, in turn, lead to both the decreds€lS-PL and to the increase of NIR-PL, as
explained along Chapter 5. On the contrary, incéee of well-oxidated surfaces and/or in the case
of non-porous morphologies (i.e. low surface-touwé ratios) such process is negligible, and the
dominant oxygen effect can become the ionosorgtienchemorption of oxygen in ionic state 02
with scavenging of electrons from conduction baaui$ quenching of rutile PL).

Even though further analysis should be performedéving propensity for one interpretation with
respect to the other, it is clear the high effickenxygen sensing properties of tianostructures:
the anticorrelated trend of the two emissionsaut,fcan be consider as a fingerprint of oxygen gas
molecules adsorption since the modulation of the ®wmission is strictly oxygen-dependent.
Moreover, the opposite effect produced by one spanalyte (oxygen) on two different PL band, is
helpful for an easy detection of gas mixture, repnting a great advantage with respect to the
common conductometric gas sensors. However, worgmtioning is the double-edge sword
represented by photocatalytic properties of ,Ti@ this material, photocatalytic effects are ke
occur, thus leading to lacking repeatability anabgity of the system. Further investigations are
definitely to be made in this topic.

ZnO material has instead been demonstrated todbdyhefficient in detecting Ng with a larger
response for nanoparticle thin films with respectiower-like structure, by means of CWPL and
TRPL spectroscopy. The analysis of PL decay timariand NQ atmosphere is an evidence of the
static quencher nature of gas molecules. Differernineexciton lifetimes for the two structures
investigated (smaller in nanoparticle thin filmearbserved, reflecting in “topological” properties
and on the excitonic mean free path. Energy bamedulation induced by adsorption of NO
(likely to be ionosorption as NOspecies) affects the formation of excitons, thuplan the
observed results and giving a coherent frame f®sthtic quenching mechanism observed.
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