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Abstract

Abstract

Water, together with energy and food, has been addressed as one
of the main urgent problem of humanity. The reduction of fresh clean
water sources will definitely lead to huge issues in the next future,
especially in developing countries. The conventional wastewater
treatments suffer some limitations related to the effectiveness in
decontamination (mechanical filtration), in the heavy use of chemicals
(chlorination), or in elevate operational costs and energy requirements
(desalination and reverse osmosis). In this sense, new materials such as
nanocomposites may overcome these issues taking advantage of the
peculiar properties of materials at nanoscale. Research on novel
nanotechnologies must bring advances in order to contrast and prevent
water scarcity and pollution. In order to be effective, these
nanotechnologies should run at low operational cost, even in places
unequipped by strong infrastructures and in concert with conventional
cheap methodologies.

Among the alternative water purification methods, TiO,-based
photocatalysis has attracted great attention due to material stability,
abundance, non-toxicity and high decontamination efficiency. In this
material, electron-hole pairs, generated by light absorption, separate from
each other and migrate to catalytically active sites at the surface of the
photocatalyst. Photogenerated carriers are able to induce the water
splitting reaction and, consequently, to decompose organic pollutants. The
main deficiency of this material, related to its large band gap, is that only
the UV fraction of the solar spectrum is effective to this purpose. Several
approaches have been proposed to overpass this issue and, among them,
the use of metal-TiO, nanocomposites with proper nanostructurarion
seems very promising for water purification strategies.

Aim of this work is to investigate the possibility to develop efficient
solar-driven TiO, photocatalyst taking advantage of metallic nanostructures
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to efficiently couple the incident light to the photoactive semiconductor.

Two approaches have been followed: TiO, nanoparticles obtained via

pulsed laser ablation in liquid and optical engineering of multilayered

metal-TiO, thin films. The first approach maximizes the exposed surface,

thus enhancing the photocatalytic efficiency. However, in this case

nanomaterials is dispersed in the surrounding environment, and in order to

avoid this drawback we have investigated, as second approach, the use of
metal-TiO, thin films.
The outline of the thesis is the following:

Chapter 1 is devoted to the description of the fundamental
processes involved in TiO, photocatalysis and to the most recent
development in metal-TiO, nanocomposites. Particular attention is
given to plasmonic metal nanostructures, giving the principles of
Localized Surface Plasmon Resonances (LSPR).

Chapter 2 reports on TiO, nanoparticles obtained via laser ablation
in liquid.. The structure and morphology of the nanoparticles as
well as the photocatalytic activity are accurately described, also in
Ag-TiO, mixtures. Arguments will be presented to identify the
processes responsible for the activity enhancement.

Chapter 3, Chapter 4 and Chapter 5 describe the studies on metal-
TiO, nanocomposite films. In these chapters, nanocomposite film of
plasmonic metal (Au or Ag) nanoparticles and TiO, are structurally,
morphologically and optically characterized. More in detail, in
Chapter 3 the thermal dewetting is employed as nanostructuration
strategy. Then, in Chapter 4 a proper optical engineering of the
nanocomposite films has been demonstrated the key factor in
order to obtain an enhanced optical response of the film and, in
Chapter 5, in order to observe a high photocatalytic activity under
visible irradiation.



Chapter 1

Chapter 1: Metal-TiO, nanocomposites

The conventional wastewater treatments suffer some limitations
related to the effectiveness in decontamination, in the heavy use of
chemicals, or in elevate operational costs and energy requirements. In this
sense, specific nanomaterials and nanocomposites may overcome these
issues taking advantage of the peculiar properties of materials at nanoscale.
Among the water purification methods, TiO,-based photocatalysis has
attracted great attention due to material stability, abundance, non-toxicity
and high activity.

In this chapter we will present the principles of titanium dioxide
photocatalysis, followed by a brief review of the recent promising results
regarding metal-TiO, nanostructures and nanocomposite and the strategies
to adopt for environmental remediation applications. Particular attention
will be given to the properties and effects of plasmonic metal
nanostructures, especially for solar-driven photocatalysis.

Water, together with energy and food, has been addressed as one
of the main urgent problem of humanity. The reduction of fresh clean
water sources will definitely lead to huge issues in the next future [Win08]
[Sua08][Mal09]. The conventional wastewater treatments suffer some
limitations related to the effectiveness in decontamination (mechanical
filtration), in the heavy use of chemicals (chlorination), or in elevate
operational costs and energy requirements (desalination and reverse
osmosis)[Sha08]. In this sense, new materials such as nanocomposites may
overcome these issues taking advantage of the peculiar properties of
materials at nanoscale. Research on novel nanotechnologies must bring
advances in order to contrast and prevent water scarcity and pollution. In
order to be effective, these nanotechnologies should run at low operational
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cost, even in places unequipped by strong infrastructures and in concert
with conventional cheap methodologies. In Fig. 1.1 is ideally suggested such
a picture, where the advances from nanotechnology can insert at the
reverse osmosis step and in the disinfection treatment.

MBR
Using microfiltration or Disinfection
ultrafiltration (or nancfiltration?) RO (UV or visible?)

Sy 4 [
o o
o

o <o
0 © o %0g

o

=
y <] Potable
water
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Figure 1.1: Membrane bioreactor (MBR) treatment system for direct conversion
to potable water. Depiction of a next generation MBR-based treatment method
that can potentially take wastewater from municipal, agricultural, livestock or
other high-organic-content sources and convert it to potable water. Future
methods may be able to omit the RO step with a nanofiltration membrane, and
follow with a visible light disinfection step to ensure that all pathogens,
including viruses, are inactivated. From ref. [Sha08].

Among the alternative water purification methods, TiO,-based
photocatalysis has attracted great attention due to material stability,
abundance, non-toxicity and high activity [HasO5][FujO08][Cho10]. In this
material, electron-hole pairs, generated by a flux of photons, separate from
each other and migrate to catalytically active sites at the surface of the
photocatalyst. Photogenerated carriers are able to induce the water
splitting reaction and to decompose organic pollutants. Depending on the
reaction path, highly reactive species (OH-,05, H,0,) can be created in
solution. These reactants are able to decompose and mineralize most of the
organic pollutants in solution as well as destroy bacteria [Fuj08]. The main
deficiency of titanium dioxide relies on its wide band gap (~3.2 eV) that
makes it inefficient for solar-driven applications. However, proper
nanostructuration of titanium dioxide and metal-TiO, nanocomposites have
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been demonstrated able to improve its efficiency, thus making this material
an ideal candidate for water purification strategies.

1.2 TiO,-based photocatalysis

Whatever the application, such as water or air purification, solar
energy conversion, water splitting etc., photocatalytic reactions are always
the result of complex and concurring processes occurring on the surface at
the nanoscale. These processes are [Hof95][Fuj08]: (i) the absorption of
light creating electron—hole excitations in a thin layer of a semiconducting
compound, (ii) the separation followed by (iii) the transfer of these charges
to the surface in contact with water or air, (iv) their interaction with organic
or inorganic molecules located on this surface through oxidation and
reduction reactions, leading finally (v) the electronic system to recover its
ground state.

Surface
Recombination

Volume
Recombination

o+Q

A

Figure 1.2: Schematic representation of the phenomena taking place in a
semiconductor photocatalyst. The photogenerated carriers can recom-bine at a
surface trap (A) or in the bulk (B) otherwise they can interact with acceptor (C)
or donor (D) species. Adapted from [Lin95].
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These processes are sketched in Fig. 1.2. In this figure an energetic photon
generates a e/h" pair. The carriers can recombine at a surface trap (A) or in
the bulk (B) otherwise they can interact with acceptor (C) or donor (D)
species adsorbed on the surface.

In Fig. 1.3 are reported the valence band (VB) and the conduction
band (CB) positions (at pH = 0) for a range of semiconductors on a potential
scale (V) versus the normal hydrogen electrode (NHE). Dashed red lines
represent the energy levels for the water-splitting half-reactions redox
potentials. For the water-splitting reaction to be thermodynamically
favorable, the bandgap of the semiconductor photocatalyst should straddle
these redox potentials, that is, the CB should have higher energy (more
negative potential) than the hydrogen-evolution potential and the VB
should be lower in energy (more positive potential) than the oxygen-
evolution potential.

Energy (V vs NHE)

SITiO; wo,| 02 KTa0;

Sn0O,

Figure 1.3: VB and CB for a range of semiconductors on a potential scale (V)
versus the normal hydrogen electrode (NHE) at pH = 0. Redox potentials for the
water-splitting half-reactions versus the NHE are also indicated by dashed red
lines. From [Lin11].

Prior to the Honda-Fujishima effect in titanium dioxide [Fuj72],
interest in photocatalysis was centered on ZnO, which has similar CB and VB

12
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to TiO,. The material is, however, limited by intrinsic photocorrosion upon
excitation in agueous media by the photoinduced hole weakening of
Zn**-0% bonds to produce O, and soluble Zn** [Ger66]. Hematite (a-Fe,05)
is another material that was originally thought to be an ideal photocatalyst
due to its low cost, abundance, and narrow bandgap for harnessing solar
energy (bandgap = 2.0-2.2 eV, excitation wavelength up to 620 nm)
[Teol12]. However, the material suffers from rapid charge recombination
(lifetime <10 ps) and a short charge carrier diffusion length (2-4 nm)
[Teol2]. Tungsten trioxide (WOs) is another narrow bandgap material (band
gap = 2.7 eV) that has received fresh interest. The primary disadvantage of
WO; lies in its low CB, which is below that required for the single-electron
reduction of molecular oxygen [Teol2]. Despite the narrow band gap and
the ideal position of VB and CB energy levels with respect to water splitting
semi-reactions potentials, CdSe (either in bulk or in quantum dot) is known
to be toxic [Der04], thus is not suitable for pollution remediation.

The interest in titanium dioxide as the most studied photocatalytic
material remains indisputable. This material has the advantage of being
stable, abundant, non-toxic and highly active [Has05][Fuj08][Cho10]. TiO,
has three main polymorphs [Han11]: rutile (stable), anatase (metastable)
and brookite (metastable). These have different activities for photocatalytic
reactions, but the precise reasons for differing activities is a matter of
debate and have not still been elucidated in detail. The most common
studied phases are anatase and rutile. Rutile has three main crystal faces,
two that are quite low in energy and are thus considered to be important
for practical polycrystalline or powder materials [Ram94]. These are: (110)
and (100) (Fig. 1.4 (a) and (b)). The most thermally stable is (110), and
therefore it has been the most studied. It has rows of bridging oxygens
(connected to just two Ti atoms). The corresponding Ti atoms are 6-
coordinate. In contrast, there are rows of 5-coordinate Ti atoms running
parallel to the rows of bridging oxygens and alternating with these. The
(100) (Fig. 1.4 (b)) surface also has alternating rows of bridging oxygens and
5-coordinate Ti atoms, but these exist in a different geometric relationship
with each other.

13
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Anatase has two low energy surfaces, (101) and (001) (Fig. 1.5 (a) and (b)),
which are common for natural crystals [Hen00]. The (101) surface, which is
the most prevalent face for anatase nanocrystals, is corrugated, also with
alternating rows of 5-coordinate Ti atoms and bridging oxygen, which are at
the edges of the corrugations. The (001) (Fig. 1.4 (b)) surface is rather flat
[Hen0O].

Figure 1.4: Schematic representations of selected low-index faces of rutile: (a)
(110) and (b) (100). From [Fuj08].

The commercial standard is the Aeroxide P25® (formerly Degussa
P25). The P25 is a powder composed by a mixture of anatase (75%) and
rutile (25%) [Ohn01]. There is a large debate in literature claiming whether
rutile or anatase is the best phase for photocatalytic reaction [Lut14].
Anatase seems to be more active than rutile [Lut14], even if some studies

14
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suggest that the mixture of the two phases is the best compromise [Sca13].
Moreover, one has to consider that, in view of decontamination strategies,
the use of a photocatalyst fixed onto a substrate instead of a powder
dispersed in solution may represent a clear advantage. In the work
presented in this thesis, we will adopt both strategies: on one hand, we will
synthetize and characterize TiO, nanoparticles obtained via pulsed laser
ablation in liquid; on the other hand, we will elaborate nanostructured TiO,
thin films. In the first approach we aim to maximize the exposed surface,
while in the second we prefer to obtain a photocatalytic film that does not
disperse nanomaterial in agueous solution.

Figure 1.5: Schematic representations of selected low-index faces of anatase:
(a) (101) and (b) (100). From [Fuj08].
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Photocatalysis is generally thought of as the catalysis of a
photochemical reaction at a solid surface, usually a semiconductor. This
simple definition, while correct and useful, however, conceals the fact that
there must be at least two reactions occurring simultaneously, the first
involving oxidation, from photogenerated holes, and the second involving
reduction, from photogenerated electrons. Both processes must be
balanced precisely in order to conserve the charge neutrality and for the
photocatalyst itself not to undergo change (which is, after all, one of the
basic requirements for a catalyst). In other words, photocatalysis is based
on “back-to-back” or short-circuited photoelectrochemical and electro-
chemical reactions, balancing electrons and holes [Fuj08]:

hv » e~ +h? (1.1)
2H,0 + 4h* - 0, + 4H™ (1.2)
0, + 4H* + 4e~ > 2H,0 (1.3)

Because reduction or oxidation by the photoinduced charges of the
reacting species involves electron transfer, these redox processes usually
occur with species adsorbed to the surface. In competition with the charge
carriers transfer processes, recombination takes place, either in bulk or at
the surface. Retarding the recombination processes could effectively
enhance the photocatalytic activity. Thereby, the presence of trap centers
at the surface could extend the life mean time of e/h* pairs. The typical
time scale in photocatalytic reactions is reported in Fig. 1.6.

Even in a perfect crystal one observes the occurrence of a certain
number of defects, especially at the surface [Kit08]. In correspondence of
these particular locations there will be a trap center for carriers, whose
position in the band diagram will depend on the type of defect. Since h* are
attracted by oxygen atoms in the lattice, while e are attracted by Ti, one

16
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can state that defects which influence oxygen or titanium in the lattice
correspond to level close to the valence band or close to the conduction
band, respectively. Actually, one of the most common defects in TiO,
surface is represented by an oxygen vacancy [Fuj08]. The Ti*" site left from
this vacancy can attract an €', thus becoming a Ti*" site. Ti** on the surface is
an ideal site for adsorption of oxygen [Fuj08]. Moreover, when two oxygen
vacancies are close to the same Ti site on the surface, then the Ti atom can
translate from its position thus becoming an interstitial defect. Interstitial
Ti, interacting with the oxygen of the TiO, lattice, is a trap for
photogenerated holes [Gop10].

e-h*pair formation

— «—— trapping of electrons and holes

relaxation of trapped holes

o relaxation of trapped electrons
/ oxidation reaction

by trapped holes

ps

ns

O, reaction with
trapped electrons

\_churgc recombination

us

Figure 1.6: Time scale in photocatalysis [Fuj08].

In TiO, photocatalysis, surface adsorbed O, acts as the primary
electron acceptor and no photocatalytic organic degradation is observed to
occur in the absence of O, [Hof95]. The reduction of O, has been
demonstrated to be the rate-limiting step in semiconductor photocatalysis
[Hof95]. O, plays a critical role in enhancing photocatalysis by acting as an
electron scavenger, thus reducing e /h* pair recombination, and forming

17
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highly oxidative species such as H,0,. These reactive oxygen species
contribute to the oxidation of organic compounds by either directly
attacking the organic or by producing hydrogen peroxide, which is a source
of hydroxyl radicals that act as a strong oxidizer as shown in:

0, + 2e~ + 2H* > H,0, - 2HO - (1.4)

In aqueous solutions, several different pathways have been
suggested for O, reduction. For example, Hoffman suggested that O, first
adsorbs to the TiO, surface before gaining an electron and then combines
with two protons to form H,0,, which subsequently converts to hydroxyl
species that degrade organic compounds [Hof95][Fuj08]. Nakamura
suggested two mechanisms for this process; one where an O™ on the TiO,
surface transfers an electron to an O, in solution that then reacts with H*
to form HO; and eventually H,0,; and a second mechanism involving an
0, in solution that adsorbs to a surface Ti*" site by sequentially accepting
two electrons and subsequently reacting with two protons to form H,0,,
which is released into solution upon addition of the secondH*[Nak03].
Mattioli et al. and Filippone et al. both suggested that O, accepts two
electrons as it adsorbs on the TiO, surface and subsequently accepts two
protons to form adsorbed H,0,, which then desorbs [Mat06][Fil07].

Surface adsorbed water or hydroxide anions act as the main hole
acceptors in TiO, photocatalysis, although it has been suggested that
certain organic materials may be directly oxidized by holes from TiO,
[Hof95][Fujo8]. Indeed, holes are primarly oxidizing species in photo-
catalytic reactions.

Most organic pollutant in water can be decomposed and
mineralized on the surface of TiO, under UV irradiation. There are,
obviously, several factors affecting the mineralization processes: light
intensity, pH, ions dispersed in solution, etc. [FujO8]. TiO, Photocatalytic
reaction reasonably follow first-order kinetics with respect to the
concentration of the organic compound adsorbed, and a order with respect
to light intensity [Hof95]:

18
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r = klI¢ (1.5)

where r is the reaction rate, k the first-order constant, I the concentration
for surface unity and I the light intensity. At high intensity 0 < a < 1, while
at low intensity a = 1.

There are a large and growing number of research groups and
industries associated with semiconductor photocatalysis. Thus, it appears
obvious the necessity of a methodology that allows at the same time to
evaluate the photocatalytic performance of a material and to compare it
with the results obtained elsewhere. In this sense, standards help
researchers as well as manufacturers to develop and deliver products which
have the defined characteristics. However, how the activity of a given
photocatalyst sample can be represented by a single test method is not an
easy task. Indeed, it is known the fact that the activity of a photocatalyst
depends on how it is measured limits the general applicability of a specific
test method [Ryu08].

Nonetheless, methylene blue (MB) discoloration test has become
one of the most popular method for assessing photocatalytic activity of
titania films and powders [Mil07][Mil12]. This methodology has been
developed for the determination of photocatalytic activity of surfaces in an
aqueous medium by degradation of methylene blue (ISO 10678:2010
[1ISO10]), by International Organization for Standardization (1SO) [ISO15].
Using this method it is possible to extract the reaction constant rate for a
certain material. To do so, a sample is immersed in a MB-water solution and
irradiated by UV (or visible) light. By measuring the dye concentration as a
function of time one can evaluate the photocatalytic activity relative to the
sample. In Fig. 1.7 is sketched the experimental set up for the test. Usually
the sample is placed at the bottom of a cylindrical vessel filled with MB-
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water solution. The solutions is left for a certain time in dark to allow the
adsorption of MB onto sample and vessel surfaces and then illuminated.
During light irradiation the vessel is covered with quartz in order to avoid
evaporation during irradiation. Two important indications of the standard
refer to the ideal concentration of the MB solution (about 10~°M, showing
an absorbance value of about 1.0-1.2) and to the intensity of the external
irradiation (1 mW/cm?). In fact, both these parameters can strongly affect
the activity evaluation.

% S

Figure 1.7: Irradiation set up for the methylene blue standard, com-prising: (1)
UV light source, (2) cover glass, (3) testing cylinder, (4) testing area and (5)
sample under test. From [Mil12].

Actually, during the test, one measures the absorbance of the MB

solution at the wavelength of 664 nm and relates it to the concentration
according to the Lambert-Beer law:

A = Cex (1.6)
where A is the absorbance, C is the dye concentration, € is the molar

extinction coefficient (for MB at 664 nm ef5 = 7.4+ 10*M~tcm™1) and x
is the optical path length. Since in the experimental set up all the

20
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parameters stay constant apart from the MB concentration, it is possible to
extract the discoloration rate measuring the absorbance of the solution

that is undergoing to photocatalytic reactions. As a matter of fact, one

o . . ... C _ A
refers to the initial concentration C, thus measuring the variation =

0 0
Moreover, it is assumed that the reaction occurs according to a first order
exponential law:

C
C = Coe™*D = 1n (—) = —kt (1.7)
Co

being k the reaction rate constant and t the time.
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Figure 1.8: Absorbance spectra of a MB (dark blue dash-dot line, left y scale)

and emission spectra of the UV lamp used for the photocatalytic test (light blue
line, right y scale).

The reason why the wavelength of 664 nm is chosen is easily

understandable looking at the typical absorption spectra of MB. In Fig. 1.8 is
reported the MB absorption spectra together with the irradiance spectra of
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the UV lamp used for photocatalytic tests (TL 8 W BLB 1FM, Philips). The
absorption spectrum of MB has two peaks, one at 664 nm and the other
one at about 610 nm. While the first one is related to monomer absorption,
the second one is related to the dimer [Liul2]. Thus, one records the
absorption at the wavelength corresponding to the monomer
concentration, i.e. 664 nm. In Fig. 1.9 are reported the absorbance
measurements related to a test on Degussa P25 titania powder. It is clear
that the concentration of MB decreases under illumination. This results
evident from Fig. 1.10 where are reported the absorbance value of MB
solution at 664 nm versus time, for different concentration of TiO, powder.

—— 0 min
—— 30 min
60 min
—— 90 min
120 min
—— 180 min
240 min

Abs

500 550 600 650 700 750

Wavelength (nm)

Figure 1.9: Absorbance spectra of a MB solution irradiated with UV light versus
time. The solution contains Degussa P25 titania powder.

In our following experimental consideration we will adopt this

methodology in order to evaluate the photoactivity of the elaborated
samples.
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Figure 1.10: Absorbance value of MB solution at 664 nm versus time, for
different concentration of TiO, powder.

Due to its wide band-gap, TiO, (either rutile or anatase) absorbs
only in the UV range of the electromagnetic spectrum. However, sunlight
contains a small amount of UV photons (~5%). Thus, in the last 20 years
have been developed several strategies devoted to increase the efficiency
of titanium dioxide under visible (solar) irradiation. Among the most
extensively studied methods we cite the doping with N [Asa01], transition
metals [Lit99] and C [Kha02], the coupling with a narrow band-gap
semiconductor quantum dots [Rob06], the preparation of oxygen-deficient
and/or hydrogen-rich TiO, [Chel1][Chel5] and the use of plasmonic metal
nanostructures [Lin11][Hou13].

We are interested, in particular, in this last approach. Plasmonics
exploits the physics of collective oscillations of free electrons in metals,
induced by the interactions with electromagnetic radiation. Incident light
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can be either coupled to the metal-dielectric interface in a form of
propagating Surface Plasmon Polariton (SPP) waves, or confined in the
nanoscale metallic structures at Localized Surface Plasmon Resonance
(LSPR) [Mai07][Nov06]. While SPPs are partially propagative (2D or 1D)
plasmonic modes, LSPRs are completely localized modes (0D). When an
electromagnetic wave hits a metal nanoparticle, one observes a scattered
field whose composition can be split into two components: the far-field and
the near-field. The first regards the propagation of the scattered wave,
while the second regards an evanescent field localized few nm close to the
metal nanostructure surface [Nov06]. In the following we will discuss LSPR
and the effects of coupling plasmonic metal nanostructures with TiO,.

LSPRs are non-propagating excitations of the conduction electrons
of metallic nanoparticles in an oscillating electromagnetic field. As
schematically shown in Fig. 1.11 the interactions with a fixed background of
positively charged ion cores gives a restoring force on the driven electrons
so that a resonance can arise, leading to field amplification both inside and
in the near-field zone outside the particle. The model is similar to that of a
damped harmonic oscillator.

Since the conduction electrons in metals have nearly a continuum
of available states, the optical properties of metals can be explained by a
classical Drude model of free-electron gas moving against crystal lattice of
positive ions [Gre98]. In the model, the details of lattice potential are
approximated by an effective mass of electrons m, while the electron-
electron and electron-phonon interactions, as well as scattering on lattice
defects or grain boundaries, are described by damping occurring with a
characteristic frequency y with typical values on the order of 10™ s™ at
room temperature. Within the Drude-Lorentz model, the dielectric function
of a metal can be approximated as:
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2
where w, = % is the plasma frequency of the electron gas, depending on
0

the electron density n.

E-Field

u METAL SPHERE e CLOUD

Figure 1.11: Schematic of plasmon oscillation for a sphere, showing the
displacement of the conduction electron charge cloud relative to the nuclei.

If we assume that the dimension of the metallic nanoparticle is
much smaller than the wavelength of the exciting radiation, i.e. d < 4, than
the phase of harmonic electromagnetic field is nearly constant over the
particle volume. Under this hypothesis, the charges in the nanoparticle will
feel a static electromagnetic field. Therefore, the scattering problem can be
simplified to a particle in an electrostatic field, known as quasi-static
approximation [Mai07].

Consider a homogeneous spherical particle having radius a and
complex dielectric function € = ¢(w), embedded in an isotropic and non-
absorbing medium having dielectric constant ¢,,. Assume that the particle
is immersed in an electrostatic field E = EyZ. These hypothesis are
sketched in Fig. 1.12. The light scattering problem is addressed by solving
the Laplace equation for potential ¢:
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Vip =0 (1.9)
from which one can calculate the electric field:

E=-V¢ (1.10)

Eo

e(m)

€m

Figure 1.12: Sketch of a homogeneous sphere placed into an electrostatic field.

Due to the azimuthal symmetry of the problem, the general solution is of
the form:

o(r,0) = 2[1417"1 + Blr_(”l)] P;(cos 8) (1.112)
1=0

where P;(cos 8) are the Legendre Polynomials of order [, and 6 is the angle
between the position vector r at the z-axis. The coefficients A; and B; are
determined from the boundary conditions: (i) at r — coand (ii) from
equality of potentials, tangential components of the electric field, and
normal components of the displacement field at r = a (sphere surface).
Without presenting the detailed calculations [Jac99], the potentials inside
¢in and outside ¢,,,; the sphere can be written as:
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3em
e+ 2ey

Gin = Eqrcos 6 (1.12)

pr

Gout = —Egrcos 0 + ————
ou Amegg,, T3

(1.13)

being &, the dielectric constant in vacuum and p the dipole moment,

defined as:
P = emaEg (1.14)
introducing the polarizability a:
e—¢
a = 4mad m ,
T T 2e, (1.15)

Fig. 1.13 shows the absolute value and phase of a with respect to
frequency w (in energy units) for a dielectric constant varying as &(w) of
the Drude form (equation 1.8), in this case fitted to the dielectric response
of silver [Mai07]. It is apparent that the polarizability experiences a
resonant enhancement under the condition that |e + 2¢,,| is a minimum,
which for the case of small or slowly-varying Im{e} around the resonance
simplifies to:

Re{e(w)} = —2¢, (1.16)

This relationship is called the Frohlich condition and the associated mode
(in an oscillating field) the dipole surface plasmon of the metal nanoparticle.
For a sphere consisting of a Drude metal with a dielectric function (1.8)
located in air, the Fréhlich criterion is met at the frequency wy = wp/\/g.
Condition (1.16) further expresses the strong dependence of the resonance
frequency on the dielectric environment: the resonance redshifts as ¢, is
increased.
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Figure 1.13: Absolute value and phase of the polarizability & (1.15) of a sub-
wavelength metal nanoparticle with respect to the frequency of the driving field
(expressed in eV units). Here, €(w) is taken as a Drude fit (equation 1.8) to the
dielectric function of silver from [Joh72]. Taken from ref. [Mai07].

From the potential (1.12) and (1.13) it is possible to calculate the electric
field:

3¢
in=———E, (1.17)
£+ 2¢ey,
3n(p-n)—p
Eout = EO + W (118)

where n is the unit vector in the direction of the point of interest. As
expected, the resonance in a also implies a resonant enhancement of both
the internal and dipolar fields. It is this field-enhancement at the plasmon
resonance the peculiar characteristic of metal nanoparticle.

The above considerations demonstrate that in the quasi-static
approximation (a << A1) a metal nanoparticle can be represented as an ideal
dipole. Thus, we can extend the model in the case of time-varying fields,
neglecting spatial retardation effects over the particle volume. From the
viewpoint of optics, it is worth noting that another consequence of the
resonantly enhanced polarization a is a concomitant enhancement in the
efficiency with which a metal nanoparticle scatters and absorbs light. The
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corresponding scattering and absorption cross sections, calculated via the
Poynting vector, are given by [Mai07][Boh83]:

k* 8m 2

E—¢
_ 2 _ 4.6 m
Oceq = — |la|* = —k*a® |———— 1.19
sca 67rI | 3 £+ 2¢g, (1.29)
kim{a} = 4mka3] {E_Sm} 1.20
O, = kIm{a} = 4mka°Im]——— .
abs e+ ng ( )
27,
where k = - is the wavenumber.
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Figure 1.14: Simulated normalized extinction spectra of spherical Ag (38 nm
diameter), Au (25 nm), Cu (133 nm); in black the intensity of solar spectrum.
From ref. [Lin11].

For noble metals, silver and gold, in air the resonance is observed in

the visible region of the electromagnetic spectrum. Indeed, the wavelength
(energy) at which plasmon resonance occurs strongly depends on the
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metal. At a fixed electron density (i.e. for a certain metal), the plasmon
resonance peak depends on the shape and on the dimension of the
nanostructure [Kel03][Moc02][Nog07]. In fig 1.14 are reported the
simulated extinction spectra (Geyxt = Oscq + aps) for nanoparticles
composed by Ag (blue), Au (red) and Cu (green). Note that the peak
position changes for each metal. Moreover, one observes, especially for Au
and Cu, a high value of the extinction for lower wavelengths (dashed lines)
due to intraband transitions.
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Figure 1.15: Experimental optical spectroscopy measurements of individual
silver nanoparticles having different shapes. From ref. [Moc02].

In Fig. 1.15 are shown the experimental data for Ag nanostructures

having different shapes. In general, it is not obvious to predict how a certain
shape will influence the position of the resonance peak.
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Increasing the dimensions
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Figure 1.16: UV-Vis spectra of different Ag nanoplatelet solutions. The
nanoplatelets have a transversal size of 20 nm and a longitudinal length in the
range 65-92 nm (growing from sample #1 to sample #4). In the inset, a
photographs of the corresponding solutions are shown. From ref. [Zim15].

However, asymmetric and complex shapes can reveal several
resonances, depending on the polarization of incident light [Kel03][Zim15].
In Fig. 1.16 are reported the UV-Vis spectra of Ag nanoplatelets whose
transversal size is fixed (20 nm) while the longitudinal length varies in the
range between 65 nm and 92 nm [Zim15]. This data are interesting since it
is possible to observe two resonance peaks. The first one, located at about
400 nm, is fixed for all the samples and is related to the transversal size of
the nanostructures. The second one redshifts from about 500 nm to about
650 nm and, at the same time, broadens as the longitudinal dimension
increases.
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Two mechanisms occur as the nanostructure size increases: a
redshift and a broadening of the resonance peak [Cat08]. The first one is
due to the dynamic depolarization: increasing particle dimensions,
conduction electrons no longer move in phase, reducing the depolarization
field and thus the restoring force, causing a redshift of the resonance. The
second one is due the radiative damping: as scattering becomes significant,
this re-radiation leads to a radiative damping correction to the quasi-static
polarizability, the effect of which is to significantly broaden the plasmon
resonance. Taking into account these effects, the polarizability will take the
form [Mei83]:

1
1-g5(+ Em)x?

a =

1 {3 1 ,
(—+ m )—%(8+108m)x2—l

3 e—¢y, 3 A

with x = % is a size parameter. Comparing this equation with (1.15), one

notes several new terms. In particular, the term x? in the numerator
accounts for retardation effects of the exciting field on the volume of the
particle, causing a shift of the resonance. The same effect has the term x?
in the denominator, this time due to retardation in the depolarized field.
For noble metals (and also for Drude metals) the total shift occurs towards
lower energies (longer wavelengths). This is qualitatively explainable since
in bigger particles there will be a greater distance among the charges at the
opposite sides of the particles. This translates in a smaller resting force and
thereby to lower resonance energy. The term in i in the denominator of
equation (1.21) takes into account the radiative damping coming from
electrons oscillations [Kok72]. This phenomena is the main responsible for
the broadening of the plasmon peak with the increase of particles size.
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Figure 1.17: Simulation of the extinction spectra versus wavelength of a silver
sphere having diameter of 3 nm immersed in air (red), glass (blue) or TiO,
(green). The refractive index at the resonance peak wavelength of each medium
is also reported.

The red-shift and broadening of the resonance with increased
nanoparticle size would generally be expected to be an advantage for solar-
driven applications, since it translates in an enlarged absorption of the
visible spectrum.

As already pointed out, the dielectric constant of the embedding
medium also dramatically influences the plasmon resonance and its quality
factor [KelO3]. In Fig. 1.17 are reported the simulations of the extinction
spectra of a silver sphere having diameter of 3 nm immersed in air
(refractive index n=1), glass (n=14) or TiO, (n=27). The
simulations clearly show how the plasmon peak shifts to higher
wavelengths (lower energies) as the refractive index increases. At the same
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time, one observes an increasing of the quality factor of the resonance, due
to a higher confinement of the electric field.

1.3.2 Field enhancement in metal gaps

As previously mentioned, in the neighboring of the plasmonic metal
nanoparticle one observes a high enhancement of the electromagnetic
field, in particular during the occurrence of a LSPR. Such a high rise in the
intensity of the field can, in principle, lead to non-linear effects both in the
metal particle and in the embedding matrix. In Fig. 1.18 is reported the
simulated magnitude of the electromagnetic field in the vicinity of a silver
nanocube of diameter 75 nm, at a wavelength of A = 420 nm matching the
plasmon resonance [Lin11]. The field intensity is redistributed leading to a
region where the field enhancement reaches a factor up to 10° times the
incident intensity.
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Figure 1.18: a) Spatial distribution of the SPR-induced enhancement of electric
field intensity at the SPR peak wavelength (420 nm), from a FDTD simulation of
a 75 nm Ag nanocube. b) Enhancement in the electric field intensity at the SPR
peak wavelength as a function of distance d along the dashed line indicated in
a). Taken from ref. [Lin11].
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The field enhancement is particularly strong inside metal gaps, i.e.
in the space between two metal nanostructures close (few nm) each other
[Pav13]. As an example, in fig 1.19 is shown the calculated maximum
enhancement in the electric field intensity as function of distance between
two Ag cubic particles [Lin11]. Remarkably, in this case the enhancement
reaches a factor up to 10” for very close nanostructures.
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Figure 1.19: Maximum enhancement in the electric field intensity as function of
distance between two Ag particles, calculated from a series of finite-difference
time-domain (FDTD) simulations. Data taken from ref. [Lin11].

As previously mentioned, one of the main deficiency of TiO, relies
on its wide band-gap. In order to enhance the material efficiency in the
visible range of the electromagnetic spectrum, surface-plasmon mediated
photocatalytic activity of TiO, has become a hot research topic [Awa08]
[Sta09][Lin11][Chel2][Houl3][Zhal3][Dah14][Liul4].
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As depicted in Fig. 1.20, metal nanostructures in presence of an

external exciting electromagnetic field can interact with a photoactive
substrate at least in three different ways [Nov06][Bha09]:

A.

the far-field component of the scattered field will induce a
prolonged optical path for photons and thereby will increase the
probability of absorption within the semiconductor substrate;

the near-field component of the field can cause locally
enhancement of the field intensity in the vicinity of the
nanostructure, thus leading to non-linear effects as well as local
heating effects;

as a consequence of the metal-semiconductor junction, a direct
injection of photoexcited carriers into the substrate can occur as
well as a charge separation process due to the Schottky barrier
[Sze07].

S B e
e 1Ll

Figure 1.20: Schematic of different interactions between a metal nanoparticle
and a photoactive substrate: (A) far-field scattering, (B) near-field scattering,
and (C) direct injection of photoexcited carriers into the semiconductor. From
ref. [Bha09].

For photocatalysis, the last two effects are particularly important.

The advantage of the formation of e’/h" pairs, close to the semiconductor
surface, is that these charge carriers are readily separated from each other

and easily migrate to the surface, where they can perform photocatalytic
transformations.

36



Chapter 1

Experimental evidences of the improvement in the photocatalytic
activity under visible irradiation have been recently reported [Awa08]
[Ing11][Lin11][Liul1][Houl3]. In Fig. 1.21 is reported the comparison
between oxygen and hydrogen evolution from solution of Ag-TiO, and bare
TiO, nanocomposites upon illumination with a broadband visible source
(400-900 nm, ~500 mW/cm?, spectral peak at 580 nm) [Ing11]. The solution
was prepared mixing a colloidal solution of Ag nanocubes with nitrogen-
doped TiO, (N-TiO,) solution. The composite was 5% metal by weight. The
presence of silver nanostructures is responsible for the enhancement in the
activity of the photocatalyst through charge injection. According to this
model, electrons near the metal Fermi level E; are excited to surface
plasmon (SP) states; then, after the relaxation of the plasmon oscillations,
some electron can transfer to the nearby semiconductor and, at this point,
activate electron-driven processes such as the hydrogen-evolution half-
reaction [Lin11] [Gov14](Fig.1.22).
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Figure 1.21: H, (squares) and O, (circles) production upon visible illumination of
N-TiO, (black symbols) and Ag/N-TiO, (blue symbols) photocatalysts, as
measured by mass spectrometry. From ref. [Ing11].

37



Chapter 1

In another experiment conducted by Liu et al. [Liull], the
enhancement in the photoactivity of an Au-TiO, nanocomposite film is
explained in terms of the local electric field enhancement near the TiO,
surface, rather than by the direct transfer of charge between the two
materials. According to the authors, in this case the near-field optical
enhancement increases the electron-hole pair generation rate at the
surface of the TiO,. In Fig. 1.23 (a)-(d) are reported the FDTD simulations on
the 5 nm thick Au film onto TiO, substrate, showing the presence and
distribution of region of high electromagnetic field intensity (hot spots)
within metal gaps. In Fig. 1.23 (e)-(f) are reported the experimental
photocurrent measurements emphasizing the better performance of the
Au-TiO, composite film in the spectral range of interest for LSPR in gold (red
region of the visible spectra).

Plasmon-induced charge transfer
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Figure 1.22: Mechanism of SPR-induced charge transfer with approximate
energy levels on the NHE scale. Dashed red lines refer to the water-splitting
redox potentials (see Fig. 1.3). From ref. [Lin11].
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Figure 1.23: On the left, (a) SEM image of a 5 nm thick Au island film on TiO,;
FDTD simulated electric field intensity, in the plane xy (b,c) and in a vertical
section (d). On the right, (e) photocurrent of anodic TiO, with and without Au
nanoparticles irradiated with A = 633 nm light for 22 s; (f) photocurrent
enhancement ratio spectrum; the dashed line refers to the bare TiO, (value 1).
From ref. [Liul1l].

However, it has been also proposed a photocatalytic reaction

directly on the surface of the plasmon excited metal nanoparticle
[Chr11][Zhal3][Gov14].In this picture, excited NPs inject hot electrons to
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the states (orbitals) of the adsorbed species (reactants). It is a process
similar to charge injection but without the mediation of the semiconductor
material.

Whatever the process involved, it seems clear that the presence of
metal nanostructures can effectively improve the efficiency under visible
(solar) irradiation.

TiO,-based photocatalysis appears to be a promising technology for
a number of applications such as air purification, hazardous waste
remediation and water treatment and disinfection. Indeed, in the
framework of environmental friendly and sustainable technologies, solar-
driven photocatalysis rises as ideal candidate for such a purpose. Towards
the development of green photocatalysts, metal-TiO, nanocomposites
appear as the ideal candidates for green remediation technology.
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Chapter 2: TiO, nanoparticles obtained by laser ablation in
water

In this section we report about TiO, nanoparticles (NPs) obtained by
a novel, industrially scalable and eco-friendly technique such as laser
ablation in liquid. In particular, we observed that the photocatalytic
performance of the synthetized nanomaterials is close to that of the
commercial TiO, powder (P25). Remarkably, the antibacterial performance
of the nanomaterial resulted higher than that of the commercial standard.
The latter is in the crystalline state, while nanoparticles obtained via laser
ablation are in amorphous phase. In order to describe the unexpected high
photocatalytic activity, we suggest an explanation based on the high
hydrogen content, as showed by FT-IR measurements. In  addition, we
studied the influence of metal nanoparticles by mixing TiO, NPs with Ag
NPs.

In the past two decades, with the rise of nanoscience, laser ablation
has been broadly applied and developed for the synthesis of nanostructures
[Zen12]. Nanoparticles are of great interest for a variety of application,
including photocatalysis, due to the extremely high surface to volume ratio
[Bey99][Lan13]. Pulsed Laser Ablation in Liquids (PLAL) has been proposed
as a green, alternative nanoparticles synthesis method, addressing some of
the drawbacks of the common chemical processes [Bar13]. By this method,
laser radiation is used to ablate a solid target in a liquid environment,
resulting in the formation of a nanoparticle colloid. A huge advantage of
this synthesis route is its independence from chemical precursors (such as
metal-organic substances), avoiding the use of toxic substances or by-
products that possibly adsorb onto the nanoparticle surface. At the same

45



Chapter 2

time, the post laser irradiation of suspended nanomaterials can be applied

to further modify their size, shape, and composition [Zen12].

Laser ablation is a physical process that is fundamentally different

from chemical nanoparticle synthesis routes. In the past, this process has

been widely performed in a vacuum chamber (UHV or moderate gas

pressure) and only recently systematic studies of laser ablation in liquids

have been conducted [Yan12]. Such laser-generated colloidal nanoparticles

are characterized by several potential advantages:

versatility: compared to common chemical reduction or
precipitation routes which rely on the availability of the respective
precursors, this physico-chemical laser ablation method allows for
the production of nanoparticles from any base material (metal,
alloy, semiconductor, ceramic) and in numerous liquids, including
polymer dissolving organic liquids or even ionic liquids.

availability of precursors: the solid raw material for laser-based
nanoparticle production is easily available and often 5 to 10 times
cheaper than commonly used metal-organic precursor compounds.
purity: the synthesis method gives access to highly pure colloids,
without residual chemical precursors and without necessity of
expensive cleaning treatments; this may also result in a high
nanoparticle surface activity because the particle surface is not
blocked by the chemical ligands or residues of the reducing agents.
defects: under controlled conditions, defect-rich materials and
suboxides can be synthesized [Gol06][Zen05][Sem10], potentially
broadening the range of optical, semiconducting, or catalytic
properties.

The main disadvantage of this technique relies on the size

polydispersity (20-40%).
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The laser-target interaction can be designed in different
environments (vacuum, gas, or liquid) in order to fabricate various
materials. The ablation of the target material upon laser irradiation is a very
complex process. The incident laser pulse penetrates into the surface of the
material within a certain penetration depth. This dimension is dependent
on the laser wavelength and the refraction index of the target and is
typically in the range of 1000 - 10 nm. At a laser fluence of some J/cm?, the
material is typically converted to a plasma, which contains various energetic
species including atoms, molecules, electrons, ions, clusters, particulates,
and molten globules, and therefore possesses some unique characteristics
such as high temperature, high pressure, and high density [Zen12].
Subsequently, the large pressure difference between the laser produced
initial seed plasma and ambient conditions of the external environment
causes a rapid expansion of the plasma plume that then cools down. This
process is nearly adiabatic and transonic [Cha07]. Under suitable
condensation conditions (temperature and pressure), the plasma species
will nucleate and grow into desirable nanostructures, either on a substrate
or in a cool liquid medium.

In the case of laser ablation in liquid, when the laser beam heats the
metal target, plasma, vapor, and metal micro- or nanosized droplets can be
generated as possible initial products, which further react with the liquid
medium to form nanoparticles [Yan12]. So far, the main formation
mechanisms of laser ablated nanostructures were based on: i) the thermal
evaporation (and thus formation of the vapor or plasma phase) with the
subsequent interactions with the liquid and ii) the explosive ejection of
nanodroplets [Zen07][Liu08b][Niu10][NiulOb].

In Fig. 2.1 the laser ablation process in liquid ambient is sketched.
First, a laser beam is focused onto a target substrate immersed in a liquid
(Fig. 2.1(a)). As the beam energy is suddenly absorbed by the target surface,
the temperature rises. The target material starts to vaporize and, as a
consequence of the rise in the temperature, the liquid undergoes to phase
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transition and reach the vapor phase. These phenomena induce a rapid
increase in the pressure, thus a shock wave propagates, leaving behind a
cavitation bubble (Fig. 2.1(b)). The cavitation bubble contains the plasma
with a mixture of electrons, atoms and molecules coming from the target
and the liquid. The cavitation bubble expands (Fig. 2.1(c)) till when the
energy is relaxed and the material inside the bubble collapses in clusters
and, subsequently, in nanoparticles (Fig. 2.1(d)).

Laser

beam

- Shock

Liquid wave

Target Cavitation
bubble
Plume

m . e

Figure 2.1: Schematic representation of the laser ablation process.(a) A laser

beam is focused onto a target substrate immersed in a liquid. (b) As the beam
energy is suddenly absorbed by the target surface, the sudden rise in
temperature and pressure translates in a shock wave and a cavitation bubble.
(c) The cavitation bubble contains a hot plasma with a mixture of electrons and
atoms coming from the target and the liquid. The cavitation bubble expands
and shrinks several times before (d) the formation of nanoparticles.

The ablation mechanisms is greatly determined by the laser
parameters [Zen07][Niul0][Yan07]: the incident energy per unit area
(fluence, F), the wavelength A;, the pulse duration t; and the optical and
mechanical properties of the target and the liquid. Incoming photons are
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absorbed by the electrons of the target, leading to the formation of a gas of
hot carriers which eventually transfer their energy to the ions through
repeated emission of phonons; the ions and electrons gas eventually reach
equilibrium (the temperature of the electrons gas, T,, equals that of the
lattice, T), and this occurs on a timescale 7z = 10712 — 1071 5 [Sie95].
This timescale is crucially important for a proper description of the
phenomenon, as it sets the boundary between strictly thermal and possible
non-thermal routes to ablation, as well as between “long” and “short”
pulses [vdL97]: if T, > 1, equilibrium between electrons and phonons
prevails throughout the heating stage and phase changes can be regarded
as slow thermal processes involving quasi-equilibrium thermodynamics. In
contrast, for ultrashort pulses (7, < 10712 s), the material is driven into a
highly non-equilibrium state and T, > T [Yan12]: in this case, the time with
which structural changes take place, Ty, determines whether thermal
mechanisms are involved (T, > tg) or not (ty < 75 ). In the case of ns
pulses, the processes take place in the thermal regime. The hot electrons
gas relaxes via electrons-phonons interaction and thermal effects are
dominant. A portion of the target of the order of the temperature diffusion
length melts and vaporizes. The fluence threshold is set by the minimum
energy required the expulsion of the material:

F > Fy, = pQy D7y, (2.1)

being p the material density, ) the evaporation enthalpy, D the thermal
diffusion coefficient and t;, previously mentioned, the laser pulse. For
titanium F,~ 3 ]/cm?.

The literature concerning Ti ablation in water is controversial since
some authors claim that the ablation of a titanium target in water results in
the formation of metallic titanium nanoparticles [Sem10], while others have
obtained TiO, particles [DeB13][HualO][Nik09] or a mixture of amorphous
and crystalline phases [Boul3]. Reasonably, the details of laser ablation
process have a strong impact on the properties of nanoparticles.
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The synthesis of laser ablated TiO, nanoparticles (LA-NPs) was
performed by the PLAL method. A Nd:YAG (Giant G790-30) 1064 nm laser
(10 ns pulse duration, 10 Hz repetition rate) was employed to irradiate a
titanium metal plate (Goodfellow, purity 99.9%, as rolled). The laser was
focused using a lens (focal length of 20 cm) on the bottom of a teflon vessel
filled with 5 ml of deionised Milli-Qwater (resistivity 18 MQ:cm). The
sample was irradiated at a fluence of 5 J/cm® and the spot size was
approximately 3.5 mm in diameter. The mass of the ablated material was
estimated by weighting the target before and after the ablation with a
microanalytical balance (Sartorius M5) with a sensitivity of 100 pg. The
titanium concentration in solution was calculated assuming that ablated
material has been totally converted in nanoparticle.

Commercial standard TiO, nanoparticles (C-NPs) by Sigma-Aldrich
were used as a reference for the discoloration experiments. Batch solution
is obtained by dissolving 8 mg of powder in 8 ml of Milli-Q water (final
concentration of 1 mg/ml) and stirring for 30 min.

The UV-Vis spectra were collected using a Perkin-Elmer Lambda40
spectrometer in the wavelength range 350-900 nm with an integrating
sphere (Labsphere 20). DLS measurements were performed by a
homemade apparatus [Zim12]: briefly, the illumination source was a 660
nm diode laser whose power ranged between 15 and 150 mW, and the light
scattered at 90° with respect the forward direction was recorded. The
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intensity auto-correlation function is obtained by a BI-9100 (Brookhaven
Instruments Corporation) correlator working in photon counting regime.
The field autocorrelation function, g4, is computed from the intensity
autocorrelation function, g,, using the Segret relation (g, = |g;|?) [Ber76]
and is analyzed with second cumulant analysis method.

Infrared spectra were measured by a Fourier transform infrared
Perkin-Elmer Spectrum 1000 spectrophotometer operating in the range
400-4000 cm™ with a resolution of 4 cm™. To determine the absorbance, a
reference spectrum of a uncoated silicon wafer was subtracted.

SEM images were acquired by using a Field Emission SEM (Gemini
Zeiss SUPRATM25) at working distance of 5-6 mm, using an electron beam
of 5 keV and an in-lens detector. Imagel software was used to estimate the
nanoparticles size.

High resolution TEM (HR-TEM) images were acquired using a JEOL
2010F microscope operating at an acceleration voltage of 200 kV.

Crystal structure of the reference and synthesized nanoparticles
was determined by X-ray diffraction (XRD, Bruker D-9000, Cu Ka, 40 kV, 40
mA, at 0.01°s'1) and Bruker diffraction suite software for the diffraction
analysis. The Scherrer equation was applied to estimate the crystallite size.

The samples for SEM, TEM and XRD measurements were prepared
drying a solution drop on copper foil substrates, on copper grid (covered
with a holey carbon film) and glass respectively. Although some spurious
effects can arise during and after drying (aggregation), the phase, shape,
dimension and structure of the nanoparticles are expected to be not
influenced by these effects.

The nanoparticles stoichiometry was checked by RBS using a 2 MeV
He" beam with a scattering angle of 165° in normal incidence. Solid samples
for this measurement were produced drying off a 100 ul drop of the LA-NPs
solution on a suitable substrate resulting in a film of several hundreds of
nm; deposited amount was estimated to be 42 ug of TiO,.

For comparison purposes, commercial polycrystalline TiO, powder
was amorphized by ion implantation. Gold ions (Au®) at 250 keV at fluence
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up to 4.7-10" at/cm’ were used to induce a controlled damage and to
obtain amorphous layers on a crystalline substrate.

Raman spectroscopy has been used to analyse and compare the
guantitative crystalline composition of the samples i.e. amount of
crystalline phases versus amorphous. We collected Raman spectra using a
HR800 integrated system (Horiba Jobin Yvon) in a back-scattering
configuration. The excitation wavelength is supplied by a He-Cd laser at 325
nm and the penetration depth for UV laser is about 16 nm so only part of
the nanoparticles is probed.

In order to evaluate the photocatalytic activity of nanoparticles
dispersed in water, UV-photo-degradation test with methylene blue (MB)
dye was carried out [Mil12]. For these tests 20 pl of MB solutions (0.05 wt
%) was added to the titanium oxide dispersion. Appropriate volumes of
water were added up to 2 ml. The MB concentrations were measured
applying the Lambert-bear law at 664 nm (extinction coefficient 7.4
-10*°M™cm™) after subtraction of background due to the scattering of the
nanoparticles. Moreover, the scattering intensity resulted in an indirect
indicator of nanoparticles concentration. The solutions were left for one
hour in dark in order to allow the absorption of MB onto nanoparticles and
vessels surfaces and then were irradiated with UV light. During the UV light
illumination the solutions were placed in a circular vessel of 2 cm? and
covered with a quartz slide in order to prevent evaporation during
irradiation. The wavelength of the UV light source was centred at 368 nm
(FWHM lower than 10 nm) and UV irradiance was 1.1 mW/cm?.

Raman and FTIR has been performed on samples deposited on a
double-polished silicon substrate.

Escherichia coli is a well-known Gram-negative bacteria; it is a
representative of coliforms and it is considered to be an indicator of faecal
contamination. International regulations on wastewater treatment fix an
upper limit of E. coli concentration in drinkable water. Hence, E. coli has
been chosen as a model organism. Antibacterial activity of both C-NPs and
LA-NPs was tested on Escherichia coli ATCC25922. A single colony was
inoculated in 50 ml of Luria-Bertani (LB) broth and grown overnight at 37°C
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by constant agitation at 180 rpm under aerobic conditions. The following
day, the bacterial growth was measured by optical density at 600 nm.

CFU count. Bacteria were diluted up to 10® CFU/ml and exposed
either to C-NPs or LA-NPs at different concentrations in a volume of 2 ml. In
order to test antibacterial activity, photocatalysis was induced by exposition
to the same UV light as for the MB photodegradation. Untreated and
exposed to UV only bacteria were treated in parallel as controls.
Experiments were made in triplicates. Different final concentrations of C-
NPs and LA-NPs were tested, ranging from 25 to 100 pg/ml. Aliquots were
collected at 15, 30 and 60 min respectively, conveniently diluted by serial
dilutions 1:10 and plated in LB Agar Petri dishes. Plates were incubated
overnight at 37°C. CFU were counted the following day.

MTT assay. Bacteria were diluted up to 10® CFU/ml and exposed
either to C-NPs or LA-NPs at different concentrations in a volume of 200 pl.
Different final concentrations of C-NPs and LA-NPs were tested, ranging
from 25 to 100 pg/ml. Untreated and exposed to UV only samples were run
in parallel as controls. After 60 min exposition under the UV light, 100 ul
was collected from each sample. MTT (10 pl) was added to each collected
sample. Samples were incubated at 37°C for 2 h in a thermostatic bath.
After incubation, they were centrifuged at 8000 rpm for 3 min and the
supernatant discarded. Precipitated formazan crystals were resuspended in
200 ul SDS 10%, HCI 0.01 N. After addition of 800 pl of NaCl 0.9%, samples
absorbance was measured at 575 nm.

We performed SEM and HR-TEM analysis on solid samples obtained
by drying the NPs solution onto a proper substrate. As already mentioned in
the previous section, despite the aggregation of nanoparticles has occurred,
the phase, shape, dimensions and structure of the nanoparticles are
expected to be not influenced. In Fig. 2.1 are shown the NPs diameters
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distribution and a high magnification SEM (inset). The distribution has been
fitted with a log-normal distribution [Gra76]:

1 _(Ind-In(d))? 2.1)
d) = e 202 2.1
/@) V2mod

with a mean diameter (d) =34+ 1nm and o = 0.5. As previously
mentioned, PLAL typically is characterized by a high polydispersity.
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Figure 2.1: Size distribution of LA-NPs together with a log-normal distribution
fit. In the inset, a typical SEM image of the laser ablated nanoparticles.

Fig. 2.2(a) reports a HR-TEM image of laser ablated nanoparticles
(LA-NPs). The nanoparticles appear amorphous and spherical with well-
defined contour. In the case of commercial nanoparticles (C-NPs) compact
aggregates of some microns in diameter are observed (Fig. 2.2 (b)). These
aggregates are constituted by smaller nanoparticles with mean size of 50
nm.
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Figure 2.2: (a) High resolution TEM image of a LA-NP and (b) SEM image of
aggregate commercial nanoparticles (C-NPs). From ref. [Zim15].
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Figure 2.3: RBS spectrum of LA-NPs. The position of the signal of W, Ti, Si and O

are marked.

The stoichiometry of the laser ablated nanoparticles was checked
via RBS. The measurement was performed on a solid sample obtained
drying several drops on nanoparticles solution onto a Si substrate. The RBS
spectrum, reported in Fig. 2.3, shows signals from Ti, O, and Si. Actually, a
small contamination of tungsten is observable. A similar contamination was
found on the Ti target, and is probably due to the process (rolling) for the
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production of the foil. From the ratio of the Ti peak area to that of O, the
ratio [O]/[Ti] = 2.0 = 0.1 has been evaluated. This stoichiometry is an
averaged value since the film is composed by a random distribution of
aggregated nanoparticles and it is not possible to evaluate the eventual
oxidation profile over the particle structure.

XRD patterns obtained from LA-NPs and C-NPs are presented in Fig.
2.4. The diffraction pattern of the LA-NPs presents a very low intensity and
broad peak (in the range 20°-30°) indicating the existence of a weak
crystalline (highly disordered) structure. However, the position of the peak
close to the anatase phase signal, though the presence of small amount of
rutile cannot be excluded.
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Figure 2.4: XRD pattern of LA-NPs and C-NPs. The anatase and rutile peaks are
represent by circles and triangles, respectively. From ref. [Zim15].

Not taking into account lattice imperfections, possible inhomogeneous
strains of the crystalline lattice, and assuming a unique anatase phase
crystal, the average grain size of 2 nm can be estimated from the spectra by
using the Debye-Scherrer approximation [Cul78]. This value is not contrast
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with SEM and TEM observation because the used approximation refers to
the crystal grain size and not to the particle dimension. C-NPs have well
defined crystal structure composed by anatase and rutile, with a mixture of
about 86% of anatase and 14% of rutile. We extracted the relative amounts
of the crystalline structure from XRD according to [Spu57]:

WRu =~ an
I (2.2)
(101)
1+ 087y
(110)

where wg,, is the weight fraction of rutile in the powders, I(‘%l) is the X-ray
intensity of the anatase peak for the orientation (101) (29 = 25.5°), and
I{ﬁo) is the X-ray intensity of the rutile peak for the orientation (110)
(29 = 27.5°).
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Figure 2.5: Raman response of LA-NPs compared with that of amorphous, rutile
and anatase TiO, samples. From [Zim15].

The presence of amorphous phase cannot be excluded on the basis
of the XRD results. Indeed, a broad peak compatible with an amorphous
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phase has been observed by Raman spectroscopy measurements (Fig. 2.5).
For comparison purposes, commercial polycrystalline TiO, powder was
amorphized by ion implantation. Gold ions (Au’) at 250 keV at fluence up to
4.7-10" at/cm?® were used to induce a controlled damage and to obtain
amorphous layers on a crystalline substrate. According to Raman analysis,
LA-NPs show a response composed by broad peaks, similar to amorphous
TiO, sample. The typical response of crystalline (rutile or anatase) TiO, is
also reported.
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Figure 2.6: UV-Vis spectra of laser abated titanium oxide nanoparticles and
commercial TiO, nanoparticles in water.

In general, the crystalline phases of TiO, are the most stable. In
particular, anatase is preferred in crystallites smaller than about 14 nm
[Zha98]. The formation of the amorphous phase in LA-NPs could be
ascribed to the fast, non-equilibrium quenching process and to the high
temperature and pressure that are peculiar of the laser ablation process.
During the laser ablation in liquid, high temperature and high pressure are
exercised on the target surface, thus leading to the formation of a hot
plasma plume over the laser spot [DeG13]. High pressure (similar to those
obtained during confinement of the plume inside the cavitation bubble) has
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been reported to cause the anatase-amorphous transition [Swa05][Yan07].
Moreover, since the process take place in water, the mixing with hydrogen,
oxygen and water molecules can likely occur, enhancing the temperature
guenching and realizing the Ti-O alloy [Iti11][Sem10].

Fig. 2.6 shows the UV-Vis spectra of laser ablated and commercial
TiO, nanoparticles in distilled water. A strong absorption occurs below 400
nm in both samples; at longer wavelength the extinction of LA-NPs is
definitely lower than that of C-NPs because of the scattering contribution.
In order to extract the absorption coefficient a from the extinction spectra,
the contributions of the scattered light, fitted with an exponential law, has
been subtracted.
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Figure 2.7: Tauc plot of laser ablated (LA-NPs) and commercial (C-NPs)
nanoparticles. In the inset, a detail of LA-NPs spectra in low photon energy
range, evidencing the presence of intragap states. Taken from [Zim15].

It is well known that in direct bandgap or amorphous
semiconductors the quantity (ahv)” depends linearly on hv being r = 2 or
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r = 1/2 respectively [Sch06]. In indirect bandgap semiconductors al/? s
linear with hv and the band gap value is the intercept of the fit of the
experimental curve with hv axis. In Fig. 2.7 a/2 versus hv is reported for
both LA-NPs and C-NPs. From the linear fit of the two curves we extracted a
bandgap value of 3.13 eV and 3.18 eV for laser ablated and commercial
nanoparticles, respectively. This result is in agreement with generally
accepted values [Barl0]. Moreover, in the inset of Fig. 2.7 LA-NPs spectra
evidences a linear behavior at photons energy lower than 3 eV, thereby
suggesting either the presence of a large amount of states inside the band-
gap or a fraction of amorphous phase.
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Figure 2.8: FTIR spectra of crystalline TiO, (C-NPs), and laser ablated

nanoparticles (LA-NPs). Ti-O-Ti vibration and O-H stretching bands are referred
in the figure. Adapted from [Zim15b].

It is worth noting that the presence of hydroxyl groups, in dried LA-
NPs, has been evidenced by FTIR spectroscopy measurements, reported in
Fig. 2.8. Hydrogen is identified by OH stretching at about 3400 cm™ in FTIR
spectra, as previously reported by Johnson et al. [Joh73]. In the spectral
range sampled in Fig. 2.8, we clearly observe the typical absorption of TiO,
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in the 500-1000 cm™ range and a strong absorption at 3000-3500 cm™ due
to the hydroxyl vibration. The amount of hydroxyl groups is directly related
to the amount of hydrogen in or on the nanoparticles surface [Joh73]. In
order to compare the amount of OH in LA-NPs and C-NPs, we can normalize
the spectra to the TiO, signal in both samples. The number of hydroxyl
groups in LA-NPs is found to be about one order of magnitude greater than
the crystalline samples. We can state that pulsed laser ablation in liquid, in
this particular experimental set-up, results in the formation nm-sized
hydrogenated TiO, nanoparticles. The phase of LA-NPs can be either a
highly-disordered small-sized anatase phase or a mixture of anatase and
amorphous TiO..

The hydrodynamic diameter and the mass of LA-NPs as a function
of irradiation time are shown in Fig. 2.9a and Fig. 2.9b, respectively. In the
initial stage (t < 10 min), large nanoparticles are formed at a rate of 30
pg/min, while at longer times both nanoparticles diameter and the ablation
rate saturate at 180 nm and 70 g/min, respectively. In the inset of Fig. 2.9a
the comparison between the intensity autocorrelation function of LA-NPs
and C-NPs is shown. Cumulant analysis gives a decay time of 1.4-10s and
8.5-10s corresponding to a hydrodynamic diameter of about 181 nm for
LA-NPs and 1.1 um for C-NPs. Note that, even though DLS is a fast, non-
destructive technique, it overestimates the particle size in polydisperse
systems since the scattered light depends on the sixth power of the
diameter. As a consequence, the hydrodynamic diameter does not
correspond to the diameter of the nanoparticles as obtained via SEM and
TEM analysis. The hydrodynamic diameter reduces abruptly during the first
ten minutes of irradiation (6-10° pulses) from 250 nm to the final steady
state value of 180 nm. This can be caused by a variation of the
nanoparticles morphology because of the re-irradiation of the nanoparticles
dispersed in water. It has been shown that the absorption of the laser
energy and the consequent melting or vaporization of the nanoparticles
induce the reshaping or resizing, respectively [Eval2].
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Figure 2.9: (a) Hydrodynamic diameter and (b) ablated mass as a function of
ablation time. In the inset, DLS autocorrelation functions for LA-NPs and C-NPs
in semi-log scale. From ref. [Zim15].

The photocatalytic activity of LA-NPs was measured by means of
the discoloration of methylene blue dye. We performed test using colloidal
solution of LA-NPs and C-NPs.

In Fig. 2.10 we report the relative MB absorption at 664 nm as a
function of UV irradiation time, for concentration of LA-NPs ranging from 5
pg/ml to 100 pg/ml. The small decrease of pure MB-water solution under
illumination is also shown for comparison. The MB-NPs solutions were left
in dark prior to the UV irradiation in order to allow the adsorption of the
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MB onto the surface of the NPs and also of the vessel containing the
solution. Thus the reduction of MB concentration under UV exposure can
be ascribed solely to the photocatalytic activity of TiO,. The decrease of MB
concentration under UV exposition follows a first-order kinetic law:

lnC£ = —kt, where k is the discoloration rate constant.
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Figure 2.10: Relative MB absorption at 664 nm as a function of UV irradiation
time, for concentration of LA-NPs ranging from 5 ug/ml to 100 ug/ml.

The results for several TiO, concentrations are summarized in Fig.
2.11, where the k values for both LA-NPs and C-NPs are reported as full dots
and open circles, respectively. Interestingly, the data points from LA-NPs
and C-NPs lie on the same curve. The observed discoloration rate presents a
linear trend with the concentration of LA-NPs in solution. LA-NPs show a
steady state photoactivity similar to that of C-NPs, demonstrating a high
catalytic efficiency, despite the low degree of crystallinity and the presence
of a highly disorder or amorphous phase.
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Different concentrations of C-NPs and LA-NPs were tested for CFU
counts and MTT assay, ranging from 25 ug/ml to 100 pg/ml. The best
activity was obtained at the highest TiO, concentration (100 pg/ml). In Fig.
2.12a untreated and exposed to UV only bacteria, run as controls, are
shown in the same figure. The reduction induced by the UV irradiation after
60 min is about 20%. After 60 min exposure to C-NPs, E. coli survival rate is
around 25%. However, after 60 min exposure to LA-NPs, bacterial survival
rate was around 15%. Thus, LA-NPs display a slightly enhanced antibacterial
activity if compared to that showed by C-NPs.
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Figure 2.11: Discoloration rate constant of LA-NPs and C-NPs as a function of
the amount of titanium. From ref. [Zim15].

In order to evaluate the effect on the vitality of the survived
bacteria colonies, we used MTT assay test. MTT assay is based on the
conversion of  tetrazolium dye  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) into purple formazan crystals, by
succinate dehydrogenase, a Krebs cycle’s enzyme. Most respiring
microorganisms are able to reduce tetrazolium dyes in their electron
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transport chain, generating results within hours [Ber05]. Since in aerobic
conditions, the respiratory activity is proportional to the number of viable
cells, this assay is broadly used to measure in vitro cytotoxic effects. MTT
assay confirms the results obtained by CFU count. After 60 min exposure to
C-NPs at the final concentration of 100 pg/ml, metabolism rate is reduced
up to 22% whereas after 60 min exposure to LA-NPs, metabolism rate is
reduced up to 14%. This result is shown in Fig. 2.12b. Again, LA-NPs show a
higher activity with respect to C-NPs. In both assays, the experimental error
is 5%. Therefore, differences in the antibacterial activity of LA-NPs and C-
NPs, albeit small, are statistically significant.

The high photocatalytic and antibacterial activity of LA-NPs maybe
ascribed to the presence of a disordered phase, to the high concentration
of defects and to the high content of hydrogen. In fact, the presence of
defects such as Ti interstitials, O vacancies, H inclusions can enhance the
photoactivity of titanium dioxide [Fuj08]. While the first introduce intragap
trap states for photogenerated holes, the last two trap electrons and
mediate the scavenging mediated by O,. According to the most accepted
mechanism of photocatalysis [Fuj08], holes are trapped at surface defects
and electrons localize into small hydrogen-rich surface regions. This charge
separation reduces the recombination probability and increases the
photocatalytic effect. A highly disorder TiO, with a large amount of
hydrogen inclusion (the so-called “black hydrogenated TiO,”) has been
recently synthesized [Chel5]. The enhancement of the photocatalytic
activity is ascribed to a superficial disordered layer induced by the
incorporation of H onto the surface of the nanoparticles [Chell]. In our
case, nanoparticles have both a relatively high amount of defects or
disordered layer, and hydrogen content, as detected by FTIR. These
characteristic are probably due to the synthesis mechanism. These features
could make LA-NPs similar to black hydrogenated TiO, and this could be the
reason of the high photocatalytic and antibacterial activity. Moreover,
although the presence of mixed phase anatase-rutile has been ascribed
responsible of an enhanced photoactivity due to charge separation [Scal3],
also an amorphous component appears to be relevant.
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Figure 2.12: Antibacterial activity test. Relative E. coli survival rate for CFU
count (a) and relative values of absorbance measured at 575 nm for MTT assay
(b) after 60 min exposure to LA-NPs and C-NPs. Untreated control and UV
control were run in parallel. From ref. [Zim15].
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2.3 Ag-TiO, mixture

2.3.1 Ag nanoparticles obtained via pulsed laser ablation in liquid

The synthesis of laser ablated silver nanoparticles (Ag-NPs) was
performed by the PLAL method. A Nd:YAG (Giant G790-30) 1064 nm laser
(10 ns pulse duration, 10 Hz repetition rate) was employed to irradiate a
silver metal target (purity 99.9%). The laser was focused using a lens (focal
length of 20 cm) on the bottom of a teflon vessel filled with 5 ml of
deionised Milli-Qwater (resistivity 18 MQ-cm). The sample was irradiated at
a fluence of 5 J/cm? and the spot size was approximately 3.5 mm in
diameter.

Figure 2.13: High magnification SEM image of laser ablated Ag nanoparticles.

In Fig. 2.13 is shown an SEM image of the Ag-NPs. In order to
perform the measurement, a drop of nanoparticles solution was dried onto
silicon substrate. The particles appear spherical and have an average
diameter of 25 + 1 nm nm.

From XRD the presence of metallic Ag is confirmed, as enlightened
by the detail in Fig. 2.14. Once again the measurement has been performed
drying a drop of Ag-NPs solution onto a solid substrate (quartz).The Debye-
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Scherrer approximation [Cul78] provides a crystal size of about 29 + 3 nm,
in accordance with SEM observation.
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Figure 2.14: XRD spectra of the laser ablated Ag nanoparticles showing a detail
of the Ag peak.

2.3.2 Effect of the Ag on the photocatalytic performance of the laser ablated
TiO, NPs

In order to evaluate the effect of the Ag nanoparticles on the
photoactivity of LA-NPs, we performed MB test with a mixture of Ag-NPs
and TiO, nanoparticles obtained via laser ablation. We compared the
resulting photocatalytic behavior with LA-NPs without silver. In Fig. 2.15 are
shown the absorbance spectra of MB solution in contact with LA-NPs (Fig.
2.15 left) and Ag-TiO, mixture (Fig. 2.15 right) versus time of irradiation.
Note that in presence of the Ag-NPs the concentration of MB has decreased
more than in the case of bare TiO,.

68



Chapter 2

Abs
Abs

50‘0I ‘ 5;0 - IG(;O‘ - Iﬁ;OI - '(;0 ’ I‘:“\O‘ ‘ ‘SIUO
Wavelength [nm] Wavelength [nm]

Figure 2.15: Absorbance of the MB solution in contact with LA-NPs (left) or a

mixture of Ag and TiO, nanoparticles obtained by laser ablation (right) versus

time.
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Figure 2.16: Normalized absorbance of the MB solution at the wavelength of
664nm in the case of LA-NPs (black circles) and Ag-TiO, mixture (blue triangles)

versus time.

The difference in the efficiency results more evident from Fig. 2.16,
where the normalized absorbance at 664 nm versus time for the two
samples is reported. Note that this normalized value correspond to the

concentration of MB in solution according to c£ = Ai. The Ag-TiO, mixture
0 0
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shows clearly a better photocatalytic performance. Since silver itself is not a
photocatalytic material, such enhancement is ascribable to the effect of the
contact between Ag-NPs and TiO, LA-NPs. Indeed, the presence of a metal-
TiO, contact can effectively enhance the charge separation at the surface of
nanoparticles thus increasing the carrier lifetime and the photocatalytic
efficiency [Lin11][Zha13].

TiO, nanoparticles have been synthetized via pulsed laser ablation
in liquid. Laser ablated nanoparticles (LA-NPs) have been found in highly
disordered phase and with a high hydrogen content. Despite the
amorphous phase, LA-NPs showed a photocatalytic activity similar to
crystalline commercial powder (P25, C-NPs) and a higher antibacterial
activity. This unexpected result has been explained taking into account the
effects of disorder and hydrogen inclusion in the structure of TiO,
nanoparticles. The mixture of LA-NPs with Ag nanoparticles obtained via
laser ablation has been demonstrated to further improve the photocatalytic
efficiency of TiO,, thanks to an enhanced charge separation.
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Chapter 3: Metal nanostructures on top of TiO, thin films

In this section we report about on the photocatalytic efficiency of
both anatase and rutile thin films partially covered by Au nanoislands. The
Au nanoparticles (NPs) film has been obtained by dewetting of a thin Au
layer. Despite the reduction in the photocatalytic efficiency under UV
illumination, ascribed to a shadowing effect, we can argue that the
presence of metal nanostructures is not affecting the photocatalytic process
of TiO, itself, i.e. the nanostructures do not seem to introduce defects
and/or detrimental surface states that interfere with the process. Thus,
these substrates are eligible as ideal candidate for visible-driven
photocatalysis.

Metal nanostructures have a key role in the actual nanotechnology
revolution: they can be properly engineered in order to fit a specific
application such as nanoelectronics, plasmonics or sensing [Joh12][Fel02]
[Saul2][Lin12]. As already discussed in Chapter 1, TiO, titania large bang
gap (3.2 eV) makes it unsuitable for efficient photocatalysis under solar
illumination since only the UV component of the spectrum (~5%) activates
the process. However, it has been proved that metal nanoparticles (NPs)
can improve light absorption in the visible range by means of their localized
surface plasmon resonances (LSRP) [Lin11][Hou13].

Several nanofabrication techniques have been developed, based on
top-down as well as bottom-up approaches [Cui08]. In general top-down
nanofabrication is an expensive method that allows obtaining
nanostructures larger than 10 nm with a high control on spatial regularity
and size. In contrast, the low-cost bottom-up approaches allow obtaining
nanostructures smaller than 10 nm with poor spatial and size control. In

75



Chapter 3

this sense, the controlled dewetting process of thin metal films arises as
promising and powerful patterning strategy for metal nanostructures on
surfaces because it can combine the strengths of both approaches [Ruf15].

The dewetting process is driven by the minimization of the total
surface free energy of the system. In the case of a film, this minimum is
reached when the film breaks to form droplets. The wettability of the film
on the substrate is defined by the spreading coefficient S [Bon09][deG85]
[Geo03][Lég92]:

S=Ys—Vr—Vs/F (3.1)

being ys the substrate surface free energy, yr the film surface free energy
Ys/r the substrate-film interface energy. When S >0 (yp + vs/r < ¥s),
the film is thermodynamically stable on the surface and it wets the
substrate. When S <0 (yp + vs/r > ¥s), the film is thermodynamically
unstable on the surface and it does not wet the substrate.

Film retreating

(a)

(b)

Figure 3.1: (a) Schematic representation of the thin film retreating process on a
substrate as start step of the dewetting phenomenon if § < 0. (b) Schematic
picture (cross-view) summary of a dewetting process leading to the production
of droplets from a continuous film. From ref. [Ruf15].

In the latter case, the film tends to form droplets (Fig. 3.1), with a

characteristic contact angle that is expressed, in first approximation, by the
Young-Dupree equation [Bon09][deG85] [Geo03][Lég92]:
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(VS _VS/F) (32)

cosf, =
Yr

In general, the dewetting process can be summarized as follow
[M0103] [Her08][Tho12]: first the nucleation of holes occurs in the film;
then, the holes reach the film surface and start to grow; as a consequence
of mass conservation and also a curvature gradient at their edges, the holes
develop a thickened rim (Fig 3.2(a)). At this point, the corners of the holes
become unstable and, as the rims break, one observes the retraction of the
film and the formation of material lines (Fig 3.2(b)) and, subsequently, the

formation of droplets (Fig 3.2(c)).
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Figure 3.2: SEM images of a Mo film on SiO,. In this case the dewetting occurs

through laser annealing (a) before, (b) close and (c) above the threshold fluence
for nanostructuring. From ref. [Hen05].

In the case of a metal film, S is commonly negative for solid non-
metal substrates. In fact, the typical metal-metal interaction is much
stronger than metal-non-metal one. Thus, metallic thin films deposited in
non-metal substrates (e.g. oxides) are thermodynamically and dewetting
could occur at temperatures well below the metal melting point (so that
the entire transformation occurs in the solid state). The thermal budget
required for dewetting, i.e. to start atomic diffusion, can be obtained by
standard thermal annealing as well as laser, ion or electron beam
irradiations [Ruf15].

The mean droplets (nanoparticles) radius (r) and spacing (surface
to surface distance) (s) depends on the thickness of the film with a power-
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law relation. For a given thickness, the final dimension and spacing of the
nanoclusters will be mostly determined by the annealing temperature

1
(«x e k) and, more weakly, by the annealing time (< Vt).

Titanium dioxide exists in three polymorphs: rutile, anatase (both
tetragonal) and brookite (orthorhombic) [Han11]. While rutile is the stable
phase, both anatase and brookite are metastable. The latter is difficult to
synthesize and so TiO, is commonly studied in rutile or anatase phase
[Bel06]. Only anatase and rutile have been observed in thin films [Tin02]
[Che06][Che09][Zha09][Han11]. Amorphous TiO, films are formed if the
substrate temperature during deposition is low [L6b94] [Han11]. Whether
one finds anatase, rutile, or amorphous phase in evaporated or sputtered
films, depends on the details of the deposition. It has been demonstrated
that the main parameters that determine the phase formed are the energy
of the impinging atoms and the substrate temperature [Sch81][L6b94]; in
Fig. 3.3 the occurrence of amorphous, anatase or rutile phase is shown. The
nucleation of rutile is favored by energetic particles impinging on the
substrate.

According to our experimental observation, only amorphous phase
is observed from both sputtering and evaporation at room temperature.
After thermal annealing of the deposited films it is possible to observe
rutile or anatase. The growth of anatase in an amorphous matrix is strongly
favored with respect to rutile. This can be understood from the difference
in the density of the involved phases. In fact, the density of the amorphous
film (3.20-3.65 g cm™[Han11][ L6b94]) is much lower than the density of
rutile (4.25 g cm®[Han11]). Therefore, the formation of rutile from an
amorphous matrix requires a stronger densification meaning more elastic
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energy than the formation of anatase which has a density of 3.20 —
3.65 gcm™3 [Han11].
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Figure 3.3: The diagram shows qualitatively the conditions for the occurrence of
amorphous (‘a’), anatase (‘an’) or rutile (‘r) TiO, films. Substrate
temperature and energy of the particle impinging on the substrate are
relevant parameters. Taken from ref. [L6b94].

Moreover, it has been demonstrated, by thermodynamic
arguments that the phase stability of TiO, also depends on the crystallite
size [Zha98]. Indeed, when both the bulk and surface energy are taken into
account it comes out that anatase is more stable than rutile in fine grained
TiO,, as long as the crystallite size is smaller than 14 nm [Zha98].

Thus, in general, one can control the phase formed in a TiO, film by
a proper choice of the growth procedure.
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In this paragraph we describe the procedure followed to form
anatase and rutile TiO, films. The stoichiometry and the thickness of the
films were checked by Rutherford Backscattering Spectrometry (RBS), using
a 2 MeV He' beam with a scattering angle of 165°. We performed two
different processes:

1) Sample #1: Ti film was grown by DC sputtering (P = 3 kW, Ar flow =

48 sccm, low pressure 10° mbar, t = 28 s) on 85 nm thick thermal

SiO, on Si wafer. In these conditions a 100 nm thick film of pure Ti

was formed as detected by RBS.

2) Sample #2: Ti based film was deposited by reactive evaporation of

Ti in O, atmosphere (510 mbar) on quartz. According to RBS

analysis, a 260 nm thick TiO, films was obtained.

Both samples were subsequently annealed at 600°C, 30 min in 2.5 Ipm of O,
flow using a standard Carbolite horizontal furnace.

Crystal structure of TiO, was determined by X-ray diffraction (XRD,
Bruker D-9000, Cu Ka, 40 kV, 40 mA, at 0.01° s'l) and Bruker diffraction
suite software was used for the diffraction analysis.

SEM analyses were performed with a Zeiss FEG-SEM Supra 25
Microscope operating at 5 kV at a working distance of 4 mm. SEM images
were analyzed by Gatan Digital Micrograph software.

AFM analyses were performed with a Veeco-Innova microscope
operating in high amplitude mode, and ultra-sharpened Si tips were used
(MSNL-10 from BRUKER). AFM images were analyzed by SPM LabAnalyses
V.7.1 software.

Optical properties were measured in the wavelength range of 200-
1000 nm using a Perkin-Elmer UV-Vis Lambda 40 spectrophotometer.

For the discoloration tests we referred to the guidelines of the 1SO
10678:2010 [Mil12]. According to the standard, 10 ul of methylene blue
(MB) solution (0.05 wt.%) were added to each 1 ml volume of deionized
Milli-Q water (resistivity 18 MQ-cm). The MB concentrations were
measured according to the Lambert-Beer law at 664 nm (extinction

80



Chapter 3

coefficient 7.4x10* M cm™). During the tests, each sample was placed at
the bottom of a cylindrical vessel having a base area of 2 cm? filled with 2
ml of the MB-water solution. The solutions were left for one hour in dark to
allow the adsorption of MB onto films and vessels surfaces and then
illuminated with UV light. During light irradiation the vessels were covered
with quartz in order to avoid evaporation during irradiation. The
wavelength of the UV light source was centered at 368 nm (FWHM lower
than 10nm) and UV irradiance was 1.1 mW/cm?.
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Figure 3.4: (Left) XRD spectra of the two TiO, substrates clearly evidenced the
presence of a single phase film of anatase, starting from evaporation of TiO, on
quartz, or a single phase film of rutile, starting from sputtered Ti on SiO,/Si,
after the annealing treatment at 600 °C in oxygen atmosphere. (Rigth) RBS
spectra of the sample of TiO,(anatase)/quartz. From ref. [Cac15].

After the annealing treatment at 600 °C, the film grown by
evaporation showed the characteristic XRD peaks of anatase, while the film
grown by sputtering the peaks of rutile (Fig. 3.4 left). No mixed phase was
observed. An RBS spectra of the anatase film on quartz is shown in Fig. 3.4
(right), together with the simulation of a TiO, film of 2500 - 10" at/cm?” onto
quartz (Si0,). The accordance between data and simulation confirmed that
the film had the expected stoichiometry. Similar results have been
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extracted from RBS spectra of the rutile film on SiO,/Si. It is worth noting
that we obtained two different titanium dioxide crystal phases following
the same annealing treatment. This is possible even if rutile is the most
stable phase, depending on the elaboration conditions [L6b94][Han11].

The thicknesses of the two titanium dioxide films have been
evaluated both by means of RBS and optical measurements, resulting in 260
+ 5 nm for anatase and 165 + 5 nm for rutile film.

Au depositions were carried out on the polycrystalline TiO, using a
RF (60Hz) Emitech K550x Sputter coater apparatus, clamping the substrates
against the cathode located straight in front of the source (99.999% purity
target). The electrodes were laid at a distance of 40 mm under Ar flow,
keeping a pressure of 0.02 mbar in the chamber. After 120 s of deposition,
at an emission current of 10 mA, a nominal thickness (checked by RBS) of
d = 3 nm of Au was deposited. After Au depositions, the samples were
annealed in vacuum (pressure 6-10 mbar), at 400°C for 60 min.

TiO, and Au/TiO, SEM and AFM images are shown for both anatase
and rutile substrates (Fig.3.5). Note that the morphology of the original TiO,
substrates was different, essentially due to the diverse deposition
techniques. However, as we discuss in the following, a similar Au NPs film
has been obtained on both substrates. We extracted the percentage of
covered surface, the mean NPs radius and NPs density by SEM images
analysis. The parameters were obtained from a statistical population of
about 2500 NPs.

The generic distribution of radii, R, was fitted using the log-normal
function [Gra76]. The particles density was obtained counting the number
of particles sampled on a certain area. We estimated the inter-particle

mean surface to surface distance (s) by means of these parameters as
1

(s)= N

results are summarized in Table 3.1.

— 2(R), being N the particles density and (R) the mean radius. The
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Anatase

Figure 3.5: Comparison of the SEM and AFM images of the bare TiO, and
Au/TiO, films for anatase and rutile phase. Adapted from ref. [Cac15].
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Figure 3.6: Size distributions of Au nanoislands on TiO, substrates. The width of
the distributions is typical of the dewetting of a metal film. From ref. [Cac15].

Table 3.1
Surface . Density Mean
Auon Mean radius 2 .
coverage [NPs/cm?] distance
Anatase 311 % 9+4 nm 9.94 £ 0.08 E+10 134 nm
Rutile 301 % 6+3nm 16.2 £+ 0.1 E+10 12+3 nm

Despite the difference in the roughness of the two TiO, substrates
(mainly due to the deposition techniques), and in surface free energy
[Zha98], we obtained a gold nanoislands film with the same surface

covertures and particle-to-particle average distances.
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In Fig.3.6 the size distribution of the two nanocomposite films are
reported. It is worth noting that the breadth of these distributions may turn
advantageous from an optical point of view. Indeed, since the surface
plasmon resonance of metal nanostructures strongly depends on the shape
and size of nanoparticles [Kel03][Nog07], such a broad range of diameters
means that the resonance will occur in a wider range of visible spectrum, as
confirmed by optical response.

The transmittance of the quartz substrate, anatase, Au-as deposited
and Au NPs-anatase films is shown Fig.3.7 (a). The oscillations of the spectra
are due to the interference at TiO,—substrate interface. We can observe a
reduction in the transmittance of the Au-as deposited film, while we do not
observe shift in the position of the maxima and minima. In the range
between 350 nm and 550 nm similar behavior is shown by the Au NPs-
anatase film. Instead, in the range between 550 nm and 750 nm we can see
a decrease in the transmittance of the nanostructured film due to the
plasmonic absorption of metal nanostructures. Indeed, the plasmon
resonance of such gold nanoparticles film lies in this spectral range.

The reflectance of the rutile, Au-as deposited and Au NPs-rutile

films is shown in Fig. 3.7 (b). The differences in reflectivity spectra are
evident in the range between 600 nm and 900 nm. Once again, we address
the shape of Au NPs composite film spectra to a plasmonic resonance of
metal nanostructures on the surface of the film.
Thus optical measurements on the TiO, substrates, Au-as deposited and Au
NPs- TiO, films clearly evidence the presence of a plasmon resonance in the
range between 550 nm and 750 nm, as already reported by Liu et al.
[Liu11].
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Figure 3.7: (a) Transmittance spectra of anatase/quartz, Au-as
deposited/anatase/quartz and Au-NPs/anatase/quartz films. (b) Reflectivity
spectra of rutile/SiO,/Si, Au-as deposited/rutile/SiO,/Si and Au-NPs/rutile
/Si0,/Si films. The arrows evidence the region of plasmon resonance. From ref.
[Cac15].

The main effect of the wide distribution of the nanoislands radius is
the broadening of the plasmon resonance peak. Relevantly, the influence of

the substrate refractive index (nr;p,~2.7) at the plasmon resonance has a
twofold effect, inducing at the same time a redshift of the Au NPs expected

plasmon resonance peak position (that is expected at about 500 nm in air
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for the specific size) and an enhancement in the quality factor of resonance
[Mie08].

3.2.5 Photoactivity evaluation and effect of the Au nanostructures under UV
illumination

In order to check the activity of our samples, we performed tests
following the ISO 10678:2010 [Mil12]. The results of the discoloration
experiments are summarized in Fig. 3.8, where the MB discoloration rate
constant normalized to the macroscopic surface area is shown. The results
in Fig. 3.8 show, apparently, a decrease in the UV efficiency of TiO, films in
presence of the Au NPs.

In agreement with literature data indicating that anatase is a better
photocatalyst, at least for the family of compounds similar to MB
[Ryu08][Lut14], we found a higher discoloration rate in anatase TiO, film.
The photocatalytic activity of the Au/TiO, composite films decreased for
both anatase and rutile with respect to the bare TiO, substrate.
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Figure 3.8: The value of the discoloration rate extracted by the measure of MB
absorption versus time under UV illumination. The MB reference is reported for
comparison. From ref. [Cac15].
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However, if we report (Fig. 3.9) the discoloration rate normalized to
the percentage of area not covered by NPs (about 70%) it comes out that
the reaction rate is rather equal to the one of the original TiO, film.

More in detail, the discoloration rate k has been normalized according to

knorm -

, Where fexposea is the fraction of the substrate surface
fexposed

area not covered by Au nanostructures (i.e. exposed). Being the Au surface
coverage 30%, this fraction is the 70% of the total surface of the sample
(fexposea = 0.7). This means that the sputtering and the annealing of the
gold film and the presence of metal islands, at the given density and
particles dimension, are not affecting the TiO, substrate, even though are
not giving an enhancement under UV.
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Figure 3.9: The reaction rate corrected for the real exposed surface area, that is
the 70% of the physical surface of the sample, since the Au nanoislands film
coverture reaches the 30% for both anatase and rutile substrates. From ref.
[Cac15].

3.3 Conclusions

Two different phases (anatase and rutile) TiO, films were prepared.
Gold nanostructures with similar average radius, surface coverage and
particle-to-particle distance have been obtained by dewetting on both
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anatase and rutile films. The optical response of the Au nanoislands films
clearly showed the fingerprint of gold plasmon resonance. In the UV range
the overall photocatalytic efficiency decreases in presence of the Au
nanoparticles because of the consequent reduction of the exposed TiO,
area. However, when looking at the reaction rate corrected for the real
exposed surface area illustrates that the presence of gold nanostructures
does not affect the properties of the active substrate, i.e. it does not seem
to introduce defects and/or detrimental surface states. Therefore these
substrates are eligible as ideal candidate for visible driven photocatalysis.
Further enhancement in UV range photoactivity could be reached provided
the encapsulation of the nanostructures into the TiO, matrix, as will be
discussed in the next chapters. This strategy will combine the effect of the
presence of metal NPs and the exposure of the active surface to the
environment.
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Chapter 4 TiO, subsurface embedded Ag nanoparticles via
low energy ion beam synthesis

Low Energy lon Beam Synthesis (LE-IBS) is an original technique that
allows obtaining metallic nanoparticles (NPs) assemblies, with controlled
size and density, few nm close to the free surface of a hosting oxide matrix.
Engineering the optical response, film thickness and size of the
nanoparticles embedded in this matrix we are able to take simultaneously
advantage of spectrally and spatially localized surface plasmon resonance
(LSPR) and optical amplification.

We present, in this section, the results on a novel Ag/TiO,
nanocomposite films produced by LE-IBS. Combining TiO,, characterized by
a high refractive index, with Ag, known for its excellent plasmonic
properties, we obtained a highly enhanced optical response in the visible
range. Indeed, in comparison with bare TiO, the Ag/TiO, composite film
shows up to 20 times higher optical signal when the exciting wavelength is
close to LSPR and the matrix thickness matches the antireflective condition.
The nanocomposite films have been deeply investigated by means of Raman
spectroscopy, enlightening the signature of an efficient free carriers transfer
into the TiO, matrix from Ag NPs.

Photocatalytic reactions are always the result of complex and
concurring processes occurring at the nanoscale. These processes are: (i)
the absorption of light creating electron—hole excitations in a thin film of a
semiconducting compound, (ii) the separation followed by (iii) the transfer
of these charges to the free surface in contact with water or air, (iv) their
interaction with organic or inorganic molecules located on this surface
through oxidation and reduction reactions, leading finally (v) the electronic
system to recover its ground state. Plasmonic metal nanoparticles can
improve light absorption in the visible range by means of their localized
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surface plasmon resonances (LSRP) and thus enhance the photocatalytic
efficiency [Lin11][Houl3]. In order to enhance the efficiency of the
preceding processes (from i to iv), devices need to be designed with
plasmonic substrates that can effectively absorb the entire solar spectrum,
thus harvesting energy from sunlight.

During the 1990s ion implantation became an important and widely
used technique for synthesizing nanocomposite materials, especially in the
field of semiconductor devices. The popularity of ion implantation was due,
in part, to its versatility and flexibility. In this technique, a selected host
material is injected with energetic ions that are accelerated from a few tens
to a few thousand kilovolts. High-dose implantation can create a solid state
supersaturation of the implanted ions in a layer extending from the
specimen surface to a depth of several tens to hundreds of nanometers.
Subsequent thermal processing or further ion (or electron) irradiation can,
depending on the specific host/nanoparticle solid state chemistry, induce
the implanted material to precipitate as discrete nanoparticles. The
versatility of the implantation technique arises from the fact that essentially
any element in the periodic table can be implanted into virtually any
selected host material. Moreover, the average precipitate size, depth and
density can be tuned selecting the appropriate dose, dose rate, energy and
annealing temperature. This versatility and the various possible
combinations of implanted ions allow, in principle, for an extremely large
range of potential nanoparticle-host combinations [Mel01].

In particular, low-energy (Epeam < 50 keV) ion implantation offers
potential for control of nanocrystal size in layered structures. At low energy
and high beam current density, deposition time and range straggling are
minimized, while depth uniformity is simultaneously maximized. Recently,
this methodology has successfully been optimized for the synthesis of Ag
NCs delta layers for large-scale plasmonic structures [Car09][Far10][Ben13].
In Fig. 4.1 is shown an example of a delta layer of silver nanoclusters
embedded in a silica matrix by means of Low Energy lon Beam Synthesis
(LE-IBS).
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Figure 4.1: (a) 3D montage coupling the cross-section view (z axis) and the plan-
view (x, y) of an Ag/SiO, composite system obtained via LE-IBS; (b) cross-
sectional TEM image (defocused bright field) of the sample implanted at 3 keV
with 4.7 - 10" ions/cm” and (c) at 20 keV with 3.1 - 10" ions/cm”. In inset of
panel b, HREM image of an isolated Ag nanocrystal; (d and e) associated plan-
view observations. From ref. [Car11].

Photocatalytic reactions are always the result of complex processes
that require the generation of carriers within the photoactive substrate,
their subsequent separation and transfer to the free surface in contact with
air or water and their interaction with molecules in solution. As a matter of
fact, grafting TiO, with small Ag NPs can enhance its photocatalytic activity
under UV light due to intrinsic intraband electronic transitions in silver, as
well as promote the optical response of TiO, in the visible range due to
Localized Surface Plasmon Resonances (LSPR). Furthermore, Ag
nanoparticles are buried just beneath the surface of the oxide matrix, so
that:

1. NPs will have a plasmon resonance, in the visible range, close to the
interface;

2. the free surface of the catalytic material would maintain the
exposure of the chemically active substrate to the environment;
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3. this encapsulation can effectively protect silver nanoparticles
against oxidation.

In order to introduce the concept of optical amplification, let's
consider a perfect mirror with a film of refractive index n grown on its
surface. Let's consider a monochromatic wave in normal incidence on this
film. It is well known that an electromagnetic wave, passing through a film
and being reflected backward, will undergo to a phase shift §:

§=— (4.2)

where t is the film thickness and 4,, the wavelength in the medium. When
measuring the reflectivity of a thin film on substrate, we obtain constructive
interference for 26 = 2mm, destructive interference for 26 = (2m + 1),
being m an integer. Thus, the thicknesses at which destructive or
constructive interference occur are given by:

t = > (4.2a)

It is worth noting that in destructive interference conditions, the
electromagnetic field intensity at the air-film interface is at maximum.
Indeed, in stationary state, thus considering the incident and reflected
beam, we observe a node at the (perfect) mirror-dielectric interface; if we
look at the intensity of the electromagnetic field (< £2) versus the distance
from the mirror, we can observe a maximum of the intensity of field at:
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g 2m+ 1A,

2 (4.3)

Note how this distance equals the condition 4.2b, stating the antireflectivity
conditions (i.e. destructive interference).

-300 -200 -100 0 100 200 300
Depth z (nm)

Figure 4.2: Variation vs depth of the amplitude of the total (incident j +
reflected r) electric field |E;,:| = |E; + &,]: (a) without Ag NCs, (b) with a plane
of Ag NCs located at a node of the electric field into the dielectric layer, and (c)
with this plane located at an antinode of the electric field near the dielectric/air
interface. From ref. [Bay14].

In Fig. 4.2 are shown the calculation made by Bayle et al. [Bay14] in
the case of a SiO,/Si substrate. In this case, the wavelength in vacuum is
chosen at 413 nm (in coincidence with the plasmon frequency of Ag NPs in
Si0,), the thickness of the layer is 210 nm (antireflectivity condition for the
chosen wavelength), the incidence is normal. Firstly, one observes that,
under these antireflectivity conditions, the intensity of the total
electromagnetic field is maximum at the air/SiO, interface. Indeed, in Fig.
4.2a the total electromagnetic field (resulting from incident and reflected
electromagnetic waves) shows a maximum at the free surface of the matrix:
the film thickness matches the condition (4.2b), that is equal to condition
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(4.3). This means that the film is in antireflective conditions. In Fig. 4.2b and
4.2c, a layer of Ag NCs (the particles diameter 5 nm and the amount of
silver equals 5-10™ atoms/cm?) is placed into the oxide matrix. As it is
possible to observe from the total electromagnetic field intensity, the same
layer of Ag nanoparticles can show or not an enhanced optical response
depending on the position, respectively at a minimum (Fig.4.2b) or at a
maximum (Fig.4.2c) of the field.

Therefore, engineering the architecture of the stacking layers is the
key to take simultaneously advantage of spectrally and spatially LSPR but
also of optical amplification. This has been recently proposed for enhanced
spectroscopy and imaging [Car11].
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Figure 4.3: Theoretical simulation illustrating the tuning of anti-reflectivity
condition in a SiO, (or TiO,)/Si heterostructure and LSPR in a silver nanoparticle
of diameter D = 3 nm. From ref. [Cac15].

By choosing an appropriate thickness of a TiO, layer deposited on a
silicon substrate, one can easily tune the spectral position of one of the
antireflective minima in such a way it can match the LSPR. In particular, in
Fig. 4.3b is shown the extinction efficiency of a silver nanosphere (3 nm in
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diameter) embedded in air (n = 1), SiO, (n = 1.4) or TiO, (n = 2.7). We
can observe how the LSPR redshifts and, at the same time, increases its
quality factor as the refractive index of the embedding medium increases.
This is due to the higher confinement of the electromagnetic field in high
refractive index materials [Boh83][Kel03]. In Fig. 4.3a is shown the
reflectance of a SiO, (or TiO,)/Si heterostructure with embedded a Ag NPs
layer. By choosing the proper film thickness, i.e. matching the
antireflectivity conditions for the wavelength at which plasmon resonance
occurs, it is possible to obtain an enhanced optical response from the NPs
layer.

The aim of the work presented in this section is to take benefit of
this phenomenon in multilayer stacking containing TiO, and embedding Ag
NPs. They will be adapted to manage amplifying processes in the visible
range by exploiting simultaneously the resulting optical interference
phenomenon and LSPR.

TiO, has been obtained by thermal oxidation (600°C, 30 min in 2.5
Ipm of O, flow using a standard Carbolite horizontal furnace) of Ti films
grown by DC sputtering (P = 3 kW, Ar flow = 48 sccm, low pressure
10~3mbar) on thermally oxidized Si wafers. The SiO, layer thickness was 85
nm and two Ti film thicknesses (50 and 100 nm) were chosen so that, after
oxidation, we obtained correspondingly around 90 nm and 165 nm TiO,
films, referred as sample A and B, respectively.

Crystal structure of TiO, was determined by X-ray diffraction (XRD,
Bruker D-9000, Cu Ka, 40 kV, 40 mA, at 0.01° s'l) and Bruker diffraction
suite software was used for the diffraction analysis.

Silver ions (Ag’) have been implanted in the TiO, layer with low
energy (20 keV) and a fluence of 3 x 10 jons/cm” by means of a Varian
200A2 implanter. According to SRIM simulations [Bie80] the implanted
profile is expected to reach its maximum at a depth of 10 nm with a
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straggle of 2.5 nm. A part of the free surface has been masked during
implantation to get a reference signal in order to check the plasmon
resonance effect on vibrations and carriers in the TiO, layer.

The composition and thickness of the films, before and after
implantation, were checked by Rutherford Backscattering Spectrometry
(RBS), with a 3.5 meV HVEE Singletron accelerator, using a 2 meV He+ beam
with a scattering angle of 165° in normal incidence.

Microscopy imaging was performed using a field emission
Transmission Electron Microscope, FEI Tecnai™ F20 microscope operating
at 200 kV, equipped with a spherical aberration corrector dedicated for
high quality High Resolution Electron Microscopy (HREM) images with an
increased signal/noise ratio and nearly no delocalization effect at surfaces
and interfaces. Energy Filtered TEM (EFTEM) imaging was conducted with a
TRIDIEM Gatan imaging filter attached to the microscope and coupled to a
scanning stage for the STEM-EELS analyses. TEM lamellae transparent to
electrons were prepared in cross-section by mechanical grinding and Ar” ion
milling.

The UV-VIS optical characterization was obtained by extracting 6°
reflectance spectra in the 200-800 nm wavelength range, by using a Varian
Cary 500 double beam scanning UV/VIS/NIR spectrophotometer. Raman
spectra were recorded over a wide frequency range using an XploRA Horiba
Jobin Yvon spectrometer. The laser illumination at 532 or 638 nm was lower
than 1 mW to avoid any heating of the sample. Some very low frequency
Raman-Brillouin spectra were recorded using a specifically modified version
of a T64000 Horiba Jobin Yvon spectrometer and a Krypton laser tuned at
the 530 nm line.

For the discoloration tests we referred to the guidelines of the 1SO
10678:2010 [Mil12]. According to the standard, 10 pl of methylene blue
(MB) solution (0.05 wt.%) were added to each 1 ml volume of deionized
Milli-Q water (resistivity 18 MQ:cm). The MB concentrations were
measured according to the Lambert-Beer law at 664 nm (extinction
coefficient 7.4 - 10* M cm™). During the tests, each sample was placed on
the bottom of a circular vessel of 2 cm” filled with 2 ml of the MB-water
solution. The solutions were left for one hour in dark to allow the
absorption of MB onto film and vessels surfaces and then illuminated with

100



Chapter 4

UV or visible (blue) light. During light irradiation the vessels were covered
with quartz in order to avoid evaporation during irradiation. The
wavelength of the UV light source was centered at 368 nm (FWHM lower
than 10nm) and UV irradiance was 1.1 mW/cm? The wavelength of the
visible light source was centered at 453 nm (FWHM 40nm) and irradiance
was 1.5 mW/cm?. In this latter experimental condition, a UV filter was used
in order to cut the wavelengths below 420 nm. The degradation rate was
measured along time.

TiO, rutile phase was observed in XRD measurements. The
thicknesses (90 + 4 nm and 165 + 4 nm for sample A and B, respectively)
and the stoichiometry ([0]/[Ti] = 2 + 0.1) of the bare TiO, substrates
before implantation were extracted by RBS. Moreover, since RBS is
sensitive to Ag dissolved in the matrix, even if not clustered, it was possible
to evaluate the amount of Ag after implantation. Thus the analysis of the Ag
peak resulted in 1.1 + 0.1 at/cm2 dispersed in 18 + 2 nm of TiO, matrix.
The measured thicknesses of titania layers after implantation were
respectively 83 +4nm and 161 + 4 nm. This result, together with a
reduced dose of Ag in the matrix, can be explained by some sputtering
occurred during implantation.

A cross-section Bright Field TEM image of sample A at low
maghnification (Fig. 4.4) shows the stacking of two layers on top of a Si
substrate: TiO, with thickness trio, =91+ 4 nm deposited on SiO,
(tsio, = 84 = 3 nm). In the region close to the surface the presence of a
band of nanoparticles is detected, with average diameter D ~ 3 nm (see
Figs 4.4 and 4.5a). The Ag NPs have nucleated during the implantation
process and no annealing procedure was necessary for the phase
separation. The Ag NPs are located in a 14 + 1 nm thick band near the free
surface. This is in good agreement with the SRIM simulations of the
implanted profile, which peaks at a depth of 10 nm with a straggle of 2.5
nm. The region damaged by the implantation process, referred in what
follows as “amorphous-like” TiO, (a-TiO,), is around 20 nm thick.
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Figure 4.4: TEM cross-section image of sample A, observed in Bright Field,
showing the different stacked layers. Adapted from ref. [Cac15].

These nanoparticles are made of pure silver, as confirmed by the
mapping performed in the surface region by EFTEM (shown in Fig. 4.5¢)
when filtering at the Ag M45 core loss edge (467 eV). The associated HREM
zero-loss image (Fig. 4.5a) indicates that these Ag NPs are crystalline. The
interatomic distances measured using the Fast Fourier Transform (FFT, see
Fig. 4.5b) of an individual Ag nanocrystal are the ones expected for metallic
silver. The nanocrystal imaged in Fig. 4.5b is oriented following the (110)
zone axis.
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Figure 4.5: (a) HRTEM image of the implanted region, close to the free surface,
showing the presence of crystalline Ag-NPs (see zoom); (b) associated FFT of the
individual Ag-NP shown in the zoom. The NP is oriented following (110) zone
axis and the measured interplane distances dy fit well with the theoretical
values (all in nm); (c) EFTEM image (filtering at the 467 eV edge of Ag) in the
same region. Ag-rich regions are coloured in orange. From ref. [Cac15].

4.2.3 Optical response: plasmonic optical enhancement

The reflectance spectrum of a non-implanted zone of sample A is
reported in Fig. 4.6a. The two minima around 500 nm and 350 nm
correspond to anti-reflective conditions. As a matter of fact, the anti-
reflective condition is given by the following equation:

Z(Tlhvztﬁo2 + Ngo, tsioz) =(m+1/2)Ap (4.4)

Using the thicknesses determined by TEM, one gets A4; , = 496 nm with
Nrio,wis = 2,7 and A, 4 = 371 nm with nr;o, yy = 3,7 for the destructive
interference order m =1 and 2, respectively, in good agreement with
experiment shown in Fig. 4.6. One has to take in mind that the latter
wavelength is located in the UV range where TiO, is strongly absorbing
below its gap, i.e. 407 nm for rutile [Ben99].
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To account more quantitatively of the optical response, we
performed calculations of the reflectance. The theoretical spectra were
obtained by describing the propagation of electromagnetic waves in the
stratified medium using a matrix formulation [Car11][Bay14] and using the
refractive and extinction indexes of amorphous SiO, and crystalline TiO, as
input data. The best fit reported in Fig. 4.6a was obtained with tr;p, =
89nm and tg;p, =84 nm, in perfect agreement with TEM data. The
experimental record of the reflectance is very well accounted for, in
particular in the UV range (200 — 400 nm) where the absorption effect
dominates.

The reflectance spectrum recorded from an implanted zone of
sample A is reported in Fig. 4.6b. The presence of silver induces a spectral
widening and blue shift (50 nm), and a reinforcing (up to 60 %) of the anti-
reflective effect in the visible range. The LSPR should occur around 590 nm
for Ag NPs embedded in a crystalline TiO, matrix (see Fig. 4.3), but its
location is not obvious to determine from experimental data, because the
resonance effect strongly interferes with the signature of electromagnetic
confinement in the dielectric layer, as expected (Fig. 4.3).

The presence of silver also induces supplementary absorption
corresponding to electronic interband transitions at wavelengths lower
than the corresponding threshold near 320 nm (3.9 eV). This is brought out
clearly in the differential reflectance spectrum (Fig. 4.6c) obtained by
subtracting the experiment spectrum of a non-implanted zone from that of
an implanted zone (Figs 4.6a and 4.6b, respectively). In Fig. 4.6c, besides
the LSPR effect in the visible range, one also observes that the reflectance is
reduced in the UV range (250-350 nm). This is a signature of intrinsic
absorption by silver but also by defects generated in titania owing to the
implantation process [Imp14].

104



Chapter 4

Reflectance [%] Reflectance [%]

Differential Reflectance [%)]

100

200

100

80

60

40

20

[=a}
o

B
o

]
o

o
’
.

N
o

B
o

)
<)

&
S

N
o
o

TR | Figure 4.6: Reflect f
Y o imp mod igure 4.6: Reflectance o
1

1

L

"»‘ sample A (experiment in
black dotted lines, theory
in continuous red curves).
a) non-implanted zone; b)
implanted; c) differential
reflectance. Adapted from
[Cac15].

300 400 500 600 700 800
Wavelength [nm]

===-imp exp
,-'1‘ ——imp mod

300 400 500 600 700 800
Wavelength [nm]

300 400 500 600 700 800
Wavelength [nm]

105



Chapter 4

To account more precisely of these effects, simulations have been
performed. The dielectric response of the composite layer with Ag NPs
embedded in TiO, (TiO,:Ag), has been described by using the quasi-static
approximation of the classical Maxwell-Garnet theory (for more details, see
[Car11][Bay14]). The energy relaxation of the plasmon occurs via
generation of electron-hole excitations, and the corresponding energetic
damping parameter is well known to be given by [Boh83]:

v
[ =h—"t

4.5
Lorr (4.5)

where vg is the Fermi velocity and L.y the effective mean free path for
electron collisions. In nm-sized NPs, surface collisions dominate and
according to various models 0.43 D < L,sr <0.82D for a sphere of
diameter D [Cor03]. Thus, the electronic confinement effect in the NPs with
a mean size D is accounted for by introducing in the imaginary part of the
metal dielectric function a plasmon damping term varying as D~1. The best
fit reported in Fig. 4.6b has been obtained by considering the following
stacking: Si/Si0,(84 nm)/c-TiO,(68 nm)/a-TiO,(10 nm)/a-TiO,:Ag(10 nm) in
agreement with TEM observations (Fig. 4.4). The theoretical curve
corresponds to Ag NPs mean diameter D = 3 nm, in good agreement with
TEM observations. The general trends of the experimental spectra are
accounted for, namely the blue shift and deepening of the reflectance
minima and the absorption enhancement in the UV mid-range.
Nevertheless, some discrepancies are observed in the UV deep-range
(below 300 nm) and in the visible mid-range. They are certainly due to the
fact that disorder and defects into the TiO, matrix are not taken into
account in our model. Indeed recent works on Fe®* or C* implanted TiO,
films [Imp14] have demonstrated an absorption enhancement in the UV
range, and also new absorbing bands in the visible range because the
implantation process generates energetically-deep levels into the gap of
titania.

The main conclusion of this optical analysis is that embedded Ag
NPs can considerably increase the absorption in a titania layer. When the
size of these NPs remains in the nanometer range (< 5nm), their
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interaction with light is indeed dominated by absorption [Boh83] and the
LSPR covers a wide spectral range in the visible. Moreover one can take
simultaneously advantage of optical amplification because these Ag NPs are
located in the vicinity of the free surface where the electric field is at
maximum (under anti-reflective conditions) [Car11][Bay14]. More precisely,
from data reported in Fig. 4.5c, one can estimate that a thin layer of 3 nm-
sized Ag NPs into the composite layer leads to an average absorption
increase of around 20% in the UV-VIS wavelength range.

Raman spectroscopic measurements have been performed in order
to analyze vibrational modes of the Ag NPs, TiO, matrix and Si substrate,
but more particularly electron-hole excitations [Bayl4]. Moreover,
plasmon-resonant Raman spectroscopy has been used to get information
on electron-phonon interactions in the Ag NPs and in TiO,. A representative
set of Raman spectra recorded on non-implanted zones and implanted
zones of samples A and B, under plasmonic-optical resonance conditions
(532 nm laser line) or out of resonance (638 nm laser line), are reported in
Fig. 4.7. At first glance, one observes that the lowest signal is obtained with
the 638 nm line whatever the zone or sample (similar records on sample B
are not reported). This signal consists in the well-known first-order peak
and acoustical or optical second-order Raman bands of the Si substrate
(referred as 10, 2A or 20 in Fig. 4.7, respectively). This signal will be used as
a reference for evaluating absorption and resonance effects into the
Si0,/TiO,:Ag multilayer film deposited on this substrate.

In Fig. 4.7, the Raman spectra recorded with the 532 nm laser line
on non-implanted zones of samples A and B, show the appearance of two
well-defined peaks located at 440 and 608 cm™ characteristic of E; and A,
modes of a crystalline rutile phase of TiO, [Tra71]. These peaks are
superimposed to a broad band with a cut-off around 700 cm™ that can be
attributed to an amorphous-like TiO, phase [War04]. Thus the Raman
assignments comfort the TEM observation revealing a highly disordered
polycrystalline film near the surface. One also notes that the signal of Si is
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rather unchanged due to the transparency preservation of the deposited
dielectric film. The most striking point is the fact that the TiO, signal drops
by about 2 from sample A to B whereas the thickness of TiO, is almost
doubled (from 85 to 165 nm). This is well accounted for by the optical
confinement effect in the dielectric film: only in sample A, the exciting
wavelength (532 nm) rather well fulfils the anti-reflectivity condition
(414 = 500 nm, Fig. 4.6a). The electromagnetic energy is thus essentially
confined in the TiO, layer because of its high refractive index value and
position near the free surface. In sample B, the optical amplification is very
low because the photon wavelength is far from the antireflective condition
(A4 = 760 nm).
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Figure 4.7: Raman spectra recorded on non-implanted zones and implanted
zones of samples A and B under plasmon-resonant excitation (532 nm) or out of
resonance (638 nm). The laser power was the same for all the spectra and
limited to ~1 mW to avoid any heating of the samples. From ref. [Cac15].
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This Raman analysis shows how engineering the optical properties

of a photocatalytic film can be useful to increase the photon capture in a
given spectral range.
The Raman spectra recorded with the 532 nm line on implanted zones of
samples A and B are displayed in Fig. 4.7. The spectra are very similar taking
into account the optical amplification effect: here the gain is 3.4. The
incorporation of Ag in TiO, (which is exactly the same in both samples)
considerably affects the Raman signal in three main points. First, the signal
of the Si substrate is reduced testifying the absorption increase into the
metal-dielectric composite film. Second, the peaks characteristic of
crystalline rutile have weakened and widened because of disorder-induced
effects of the matrix (amorphous-like layer in Fig. 4.4). Third, new and
intense bands appear at low (below 200 cm™) and at high frequencies
(between 650 and 900 cm™). At low frequency they are attributed to Ag
vibrational modes, and at high frequency to TiO, vibrational modes,
respectively. They are superimposed on a continuous background spanning
a very large frequency range well beyond the vibrational response cut-off of
the composite film near 1000 cm™.

All these observations are characteristic of a plasmonic-resonant
effect, in which the Raman scattering by vibrations is considerably
enhanced if the corresponding bonds are located in the vicinity of metallic
particles supporting a LSPR. Moreover, such a SERS signal is systematically
accompanied by the so-called “background” which origin is generally largely
ignored and arbitrary subtracted. However, when photoluminescence
processes can be discarded, this background is now recognized as
originating in inelastic scattering by electron-hole excitations [Mon87]
[Ake94][Por01][Bay14][Carl5]. In fact it can be used as a sensitive probe to
directly inform on the presence of free carriers. Single-particle excitations
consist in intraband transitions for electrons in the vicinity of the Fermi
level to the continuum of free states above this level: their spectrum begins
at zero frequency and displays a monotonous shape that culminates at a
frequency directly linked to the characteristic scale of the electronic
confinement [Mon87][Bayl4]. For confinement at the nanoscale, the
spectral energetic range of electronic excitations coincides with that of
many molecular vibrations, ensuring easy tuning for efficient coupling. In
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sample A, the background ends at a frequency near 2000 cm™ in good
agreement with previous observations in nm-sized Ag NPs [Bayl14]. Thus
any vibrational mode with a lower frequency may couple with the
continuum of electron-hole excitations of the Ag NPs and thus display a
SERS enhancement. Two types of modes are indeed implied, the “bulk”
phonons of the Ag NPs themselves and the TiO, phonons of the matrix in
the vicinity of these Ag NPs. It has been recently shown [Bayl4][Bayl4b]
that Raman scattering by bulk phonons of Ag and Au nanocrystals can be
activated due to the lack of translational invariance during the light-matter
interaction. The signal mimics rather well the vibrational density of states
(VDOS) of crystalline nanocrystals and is a powerful tool for structure
determination of metal nanoparticles with few nanometers in size [Saul5].
In Fig. 4.7, one clearly observes two Van Hove singularities of this VDOS
corresponding to transverse and longitudinal acoustical modes (TA and LA
respectively) at high symmetry points of the Brillouin zone in bulk silver
[Bay14]. The strong decrease upon frequency shift is simply due to the Bose
population factor effect. The very high intensity of this Raman signal is
directly linked to the plasmon-resonant SERS and the high quality factor of
the LSPR in titania; it is unobservable out of resonant condition, as shown in
Fig. 4.7.

In Fig. 4.7 we attribute the structures emerging from the
background between 650 and 900 cm™ to enhanced Raman scattering by
coupled “LO-phonon-plasmon modes” of TiO,. This signal is absent out of
resonance and without Ag NPs. The coupling of electronic excitations with
the longitudinal optical (LO) polar phonons has been widely studied in n- or
p-doped semiconductors [Moo66][MIa91] and high-Tc superconductors
[Rez93]. These modes have been also observed with IR reflectance
spectroscopy in non-stoichiometric rutile [Bau77] and anatase [Gon97]
[Gru06]. LO- and surface optic (SO-) plasmon modes have also been invoked
as sensitive to water absorption at the surface of photocatalytic TiO,
particle films [War04]. In rutile, the four polar LO modes (1 A,, + 3 E,) are
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not Raman active due to their odd symmetry [Tra71]. However these
modes can strongly interact with free carriers present in the dielectric
matrix. The resulting “LO-phonon-plasmon” modes lead to Raman
scattering related to mechanisms (electro-optic or Frohlich) normally
forbidden out of resonance. The presence of disorder may favor these
mechanisms owing to breakdown of the wave-vector selection rule.

In IR spectra, similar modes have been accounted for theoretically
[Gon97] [Gru06] by using a dielectric function e(w) containing two terms, a
first one relative to optical phonons and the second to free carriers. One
can write this dielectric function, according to notations used in ref. [Mla91]
and [Gro98], as follows:

E :4 Wp,j W
g(w) =€ |1+ 5 Tt ——=—— (4.6)
jE1WF j — W+ IYjo  —w+1Ypw

where €, is the high frequency dielectric constant, g, = n,%l-s = 8 for rutile.
For each j-th oscillator of TiO,, the ionic plasmon frequency w,, ; is defined

from the corresponding LO and TO frequencies, w; ; and wr ;:

_ 2
(1)723'] = (IJL’]'— (1)%] (47)
The damping of each oscillator is taken into account through the
parameters y; and y,. The presence of charge carriers is described by the

last (Drude-like) term in Eq. (4.6) in which w,, is the plasmon frequency.

Obviously w; = 0 for free carriers. It should be made clear here that this
“plasmon” component invoked in the so-called “LO-phonon-plasmon
modes” refers to carriers injected in the TiO, matrix and not to the free
electron gas of the metallic NPs. For TiO, polar modes, large TO-LO
splittings have to be considered due to the ionic character of the bonds. At
high doping level, the coupling with the resulting over damped electronic
oscillation is expected to get broad Raman features in the optical-phonon
frequency range [Mla91][Koz94]. The frequencies of LO polar modes in
rutile have been estimated at 366, 445, 830 cm™ (Ewz modes) and 796 cm?
(A;,) [Sch13] and thus one expect LO-phonon-plasmon modes in this

111



Chapter 4

frequency range, as already observed experimentally in IR spectra
[Gon97][Gru06]. Of particular relevance is the fact that Warren et al.
[War04] have observed the appearance of three modes at 685, 745 and 828
cm™ in IR spectra of TiO, photocatalytic particle films. The absorption
spectrum is deduced from the imaginary part of the dielectric function,
Im{e(w)} whereas the Raman spectrum is linked to Im{—e (w)}.
However, in both spectra the frequencies of the LO-phonon-plasmon
modes are expected near the poles of £(w) (Eq. (4.6)). Indeed, an intense
and broad Raman band is observed in Fig. 5 near 700 cm™ with a shoulder
near 820 cm™. When several polar modes are simultaneously present in a
given material, it has been shown that the higher the frequency is, the
stronger the ionic plasmon coupling is [Gro98][Har11]. In TiO,, one thus
expect that the LO-plasmon coupling will mainly concern the highest
frequency and intense E,, mode which TO-LO splitting is 500-830 cm™
[Sch13].

The presence of broad Raman bands in disordered TiO, materials
has been observed but attributed to an amorphous-like phase [Harl1].
Here we have discarded such interpretation because the Raman bands lie at
higher frequencies than in amorphous titania. Moreover we found a very
low scattering efficiency within the same experimental conditions.
Moreover the Raman lineshape in figure 4.7 does not reflect the rutile
VDOS expected from lattice dynamics simulations [Sik05][Sch13]: only the
highest frequency and polar modes are selectively activated. In particular,
one notes in Fig. 4.7 that the E; and A; modes are not at all affected by this
SERS effect.

Of importance is to note that the enhancement of the polar modes
gets a proof of the presence of free carriers into the TiO, matrix in the
vicinity of Ag NPs. This should offer a very interesting opportunity to
analyze in-situ electron transfer from metallic NPs to a polar semiconductor
which is known as the crucial step for plasmon-assisted photocatalytic
processes.
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Finally, we have used plasmon-enhanced Raman scattering to get
information on the Ag NPs sizes, in a nondestructive way. Very low
frequency Raman (or Brillouin) spectra have been recorded in plasmon
resonant conditions using the 530 nm laser line of a Krypton laser and a
specific spectrometric set-up developed at CEMES-CNRS [Bay14] (Fig. 4.8).
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Fig. 4.8: Schematic view of the experimental setup. A specific double objective
geometry is used at the entrance of the spectrometer. The p-polarized laser
light is focused under the Brewster incidence. From ref. [Bay14].

Both Stokes and anti-Stokes parts of the spectra recorded on
implanted and non-implanted zones of sample A are reported in Fig. 4.9. On
silver-free TiO, layer, one only observes the Brillouin peak of the Si
substrate, whereas on TiO, doped with Ag NPs, a very intense Raman band
is observed. We interpret this band as due to Lamb modes of the Ag NPs
which are strongly enhanced in plasmon-resonant conditions. The intensity
of the electron-phonon coupling is at maximum for these vibrational modes
because they imply the NP as an ensemble: they are thus spatially coherent
with the plasmon mode [Bay14].
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These collective oscillations have been already widely studied,
either experimentally or theoretically, in Ag or Au NPs embedded in various
matrices (Al,O; or SiO,) [Pal99][Bay14]. It has been shown that only even
modes are Raman active, and that the spectrum is dominated by the
fundamental (n = 1) quadrupolar (£ = 2) mode. The unusual huge signal
observed here in TiO, (for the first time to our knowledge) demonstrates
once more the high quality factor of LSPR for Ag NPs embedded in a high
index matrix.

500 ‘
~——Ag:TiO; (90 nm)
400 : —TiO2 (90 nm)
»
~
£ 300
c
3
[*]
&,
> 200
-
‘G
= {
2 100
= L ;
0 ‘

-100 -80 -60 -40 -20 0 20 40 60 80 100
Raman shift [cm™]

Figure 4.9: Raman-Brillouin scattering (Stokes and anti-Stokes parts) of an
implanted zone of sample A. From ref. [Cac15].

To get a more precise information from this low-frequency Raman
signal, it has been corrected from the set-up response, Bose statistics factor
and electron-hole contribution using a procedure already reported [Bay14].
The resulting corrected spectrum is reported in Fig. 4.10 where the signal
has been decomposed in 4 components. A fitting procedure has been
performed using Gaussians in order to take into account the
inhomogeneous broadening due to statistical size distribution of the Ag
NPs. The lowest frequency components, at 17 + 2,26 + 4 and 42 + 8 cm?,
are attributed to the lowest harmonics (n = 1, 2 and 3, respectively) of
the quadrupolar Lamb mode (£ = 2) [Bay14]. The higher mode (around 70
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cm™) is the contribution of the TA band of the silver VDOS, as shown in Fig.
4.7. The frequencies of these quasi-confined collective modes vary as D~ 1:
Ay (4.8)
w = — .
nt nt D
where vy is the transverse sound velocity and A, , a numerical coefficient
depending on the degree of confinement. For the fundamental quadrupolar

mode and using previous calculations [Pal99], one gets wq, (cm'l) =

47/D(nm). That leads to an average size of the Ag NPs D = 2.8 + 0.3 nm,
in good agreement with TEM observations (See Fig. 4.5) and reflectance
simulations.

25

20

15

10 TA band

Corrected intensity [a.u.]

0 20 40 60 80 100
Raman shift [cm™]

Figure 4.10: Deconvolution of the corrected Stokes Raman spectrum into the
different Lamb modes. From ref. [Cac15].

Low-frequency Raman spectroscopy can thus be used as a non-

destructive probe to analyze metallic particles, whose size and location are
crucial parameters to define spectrally and spatially the LSPR.
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4.2.7 Electron-hole generation and transfer: photocatalytic activity

From discoloration tests of MB solutions, the photocatalytic activity
of implanted samples has been compared with that of non-implanted ones.
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Figure 4.11: Discoloration rate of the TiO, and Ag:TiO, samples under UV or
visible illumination. The rates have been normalized to the macroscopic area of
each sample.

The results in Fig. 4.11 do not show an activity enhancement induced by the
implantation process and the presence of Ag NPs. On the contrary, a strong
reduction (~80 %) is observed under UV illumination, probably due to
charge carrier recombination on defects generated by the implantation
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process: the superficial and active layer became a highly disordered TiO,
phase, as revealed by TEM (Fig. 4.4) and optical absorption analysis (Fig.
4.6b). The ion bombardment affects the free surface and thus may alter the
MB molecule adsorption efficiency. However the photocatalytic activity
under visible illumination is less reduced (~ 20%). One may argue that
disorder effect (traps and surface alteration) is partly compensated in this
optical range by Ag NPs plasmonic enhancement effect. Moreover, we
observe neither recovery nor enhancement of the photocatalytic activity
after annealing of the implanted samples.

In this section we have shown how a specific optical engineering of
composite substrates containing Ag NPs embedded in a thin TiO, layer may
be fruitful for plasmon-enhanced photocatalytic applications. For that
purpose, we have simultaneously taken benefit of the (i) very high quality
factor of the corresponding localized surface plasmon polariton resonance
that guaranties the best electromagnetic field enhancement, (ii) downshift
versus the middle range of the visible spectrum of this resonance.

Using low-energy ion beam synthesis, Ag NPs have been formed, in a single
step procedure, at few nanometers from the free surface, i.e. in the region
where all the photocatalytic processes take place.

Moreover, the plasmonic effect is amplified using an antireflective
multilayer. This allows to (i) increase the photon capture in a desired
spectral range and (ii) enhance this capture in a very thin layer near the
surface.

Using simultaneously small Ag NPs (few nanometers in size) in
doped titania and the lowest optical interference order in controlled
stacking architectures can considerably improve photocatalytic
performance under visible light irradiation. These composite substrates
which design is optimized so as to maximize the electromagnetic energy
and carriers generation also appear promising for sensitive SERS probes or
other plasmo-electronics based devices.
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Unfortunately, however, the synthesis technique seems to damage
irremediably the upper layer of the hosting TiO, matrix. Therefore, the
logically consequent step should be to use a properly optically engineered
substrate with embedded metal nanoparticle through a technique that
preserves the photoactive material. This will be the content of next section.
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Chapter 5 TiO,/Ag/TiO, nanocomposite film obtained via
sequential sputtering

In the previous two sections, we demonstrated how the presence of
metal nanoparticles can enhance the optical absorption of a nanocomposite
metal-TiO, thin film, especially with proper film thickness engineering.
However, despite the correct optical tuning, we observed two main
deficiencies: one is related to the maximization of the area of the
photocatalytic substrate (TiO,) exposed to water; the second one is related
to the preservation against damage of the first few nm of the surface.

In this section, we finally reached the goal of having a
TiO,/AgNPs/TiO, nanocomposite film showing photocatalytic activity under
visible illumination.

5.1 Optical engineering of TiO,/Ag/TiO, nanocomposite films for
visible driven photocatalysis

The exposure of a photocatalytically active surface has been
demonstrated, through the previous two chapters, of primary importance
for the goal of efficient substrates for water purification. At the same time,
the optical engineering of the substrate can highly improve the response of
the nanocomposite in the visible range. Therefore, the logical step towards
solar-driven photocatalysis is to fabricate a TiO,/AgNPs/TiO, multilayer
using a technique that allows fine tuning of several parameters (particle
size and position, thickness of each layer) while preserving the quality of
the photoactive surface. For these reasons, we proposed sequential
sputtering and annealing as methodology to elaborate a TiO,/Ag/TiO,
nanocomposite film. In Fig. 5.1 is shown a schematic representation of the
steps followed to realize of the nanocomposite film: (a) deposition of the
TiO, “matrix” layer (realized for the antireflective propose), (b) deposition
of the Ag film, (c) thermal annealing in order to realize the silver
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nanoparticles through dewetting and (d) deposition of the TiO, protective
layer.

(a) (b) (c) (d)

Figure 5.1: From left to right, schematic representation of the
elaboration process: (a) TiO, substrate deposition, (b) Ag deposition and
(c) nanostructuration via thermal annealing, and (d) deposition of a TiO,
capping layer.

5.1.1 Optical engineering

As widely discussed in the previous chapter, in order to obtain an
enhanced optical response of the nanocomposite film, we must tune the
film thickness in order to match the antireflectivity conditions in
correspondence to the plasmon resonance wavelength. The plasmon
resonance wavelength depends on the size and shape of metal
nanoparticles and on the refractive index of the surrounding medium. So
we performed several simulations in order to have more insight into the
position of the plasmon resonance of a Ag NP embedded in a TiO, matrix
[Kel03][Mai07] [Nog07]. Firstly, we performed simulations of the extinction
spectra of a silver (refractive index from [Joh72]) nanosphere embedded in
TiO, (rutile, refractive index from [Lan12]) using SCATMECH library by T. A.
Germer [Gerl5]. There is a clear limitation in this approach since it is
supposed that nanoparticles are immersed in a isotropic medium (not close
to the surface) and that they are far apart so to neglect mutual interactions.
Nevertheless, it has been proved to be a quite good qualitative
approximation of our experimental case. In Fig. 5.2 are shown the results
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for three different diameters (20 nm, 40 nm, and 60 nm). According to the
simulations, the wavelength range of interest for the plasmon resonance of
Ag nanoparticles in TiO, matrix lies between 550 nm and 750 nm. It is worth
noting that the position of the plasmon resonance is red-shifted respect to
the case of nanoparticles of the same size but embedded in air, for which
the resonance appears approximately in the range of 400-500 nm. In the
simulated spectra we observe that, as expected, the resonance peak
redshifts and broadens as the diameter size increases. We also observe the
appearance of the quadrupolar mode at lower wavelengths for bigger
diameters [Boh83].

The thickness of the oxide layer necessary to match the
antireflectivity condition was calculated using Eq. 4.3, already discussed in
the previous chapter:

- 2m+ 1),

. (4.3)

where m (integer) is the order of reflection and 4,, is the wavelength in the
medium of refractive index n. Assuming m =1 and nr;o, = 2.7 (in the
visible spectral range), we obtain a matrix thickness between 167 nm and
191 nm. By using this information, we have to realize a sample having a
final thickness (including the 10 nm capping layer) of about 190 nm.
Experimentally, we prepared a 180 nm TiO, “matrix” layer on silicon; then
we deposited a 5 nm Ag film and performed thermal annealing (400 °C, 1 h,
in vacuum) in order to induce the dewetting-driven nanostructuration;
finally we deposited a 10 nm TiO, “capping” layer.

Moreover, a TiO,/Ag/TiO, nanocomposite sample whose oxide
thickness was out of the antireflectivity conditions (150 nm) was grown, in
order to demonstrate the role of the optical amplification.

The details of the experimental procedure followed in order to
realize both the samples will be presented in the next two paragraphs.
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Figure 5.2: Extinction coefficient versus wavelength for a Ag sphere
embedded in TiO, (rutile) varying the diameter: 20 nm (black continuous
line), 40 nm (red dashed line) and 60 nm (blue dotted line).

A Ti (99.999% purity target) film was grown by sputtering (using a
Dual Sputter Quorum Q350T D system, at 100 mA at base pressure of 1.0e-
02 mbar, using Ar as sputtering gas) on Si <100> substrates. Polycrystalline
TiO, was obtained, starting from these substrates, by thermal oxidation at
600°C, 30 min in 2.5 Ipm of O, flow using a standard Carbolite horizontal
furnace.

Ag (99.999% purity target) depositions on the polycrystalline TiO,
were carried out using a Emitech K550x Sputter coater apparatus. The
thickness of the Ag layer after 150 s of deposition, at an emission current of
10 mA, a nominal thickness (checked by RBS) of d = 5 nm of Ag was
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deposited. After Ag depositions, samples were annealed in vacuum
(pressure 6-10° mbar), at 400°C for 60 min.

The final 10 nm TiO, capping layer has been obtained via deposition
of a thin Ti film (Dual Sputter Quorum Q350T D system, at 50 mA), followed
by a thermal annealing at 400 °C for 30 min in vacuum. Due to the low
deposition rate, the deposited layer is already oxidized, so that the thermal
annealing was required just to ensure the crystallinity of the capping layer.
Anyway, this step has not influenced the underlying Ag nanostructured film.
The thickness of 10 nm for the capping layer was chosen according to the
maximum diffusion length of carriers in TiO,, as recently reported by
Luttrell et al. [Lut14].

Crystal structure was determined by X-ray diffraction (XRD, Bruker
D-9000, Cu Ka, 40 kV, 40 mA, at 0.01° s'l) and Bruker diffraction suite
software was used for the diffraction analysis.

The stoichiometry and the thickness of the films were checked by
Rutherford Backscattering Spectrometry (RBS), using a 2 MeV He" beam
with a scattering angle of 165°.

SEM analyses were performed with a Zeiss FEG-SEM Supra 25
Microscope operating at 5 kV at a working distance of 4 mm. SEM images
were analyzed by Gatan Digital Micrograph software.

AFM analyses were performed with a Veeco-Innova microscope
operating in high amplitude mode, and ultra-sharpened Si tips were used
(MSNL-10 from BRUKER). AFM images were analyzed by Gwyddion
software.

Optical properties were measured in the wavelength range of 200-
1000 nm using a Perkin-Elmer UV-Vis Lambda 40 spectrophotometer.

For the photocatalytic activity tests we referred to the guidelines of
the ISO 10678:2010 [Mills, 2012]. According to the standard, 10 pl of
methylene blue (MB) solution (0.05 wt.%) were added to each 1 ml volume
of deionized Milli-Q water (resistivity 18 MQ-cm). The MB concentrations
were measured according to the Lambert-Beer law at 664 nm (extinction
coefficient 7.4x10* M™ cm™). During the tests, each sample was placed at
the bottom of a cylindrical vessel having a base area of 2 cm? filled with 2
ml of the MB-water solution. The solutions were left for one hour in dark to
allow the adsorption of MB onto films and vessels surfaces and then
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illuminated with visible light (Osram DULUX S BL 9 W/71 lamp). During light
irradiation the vessels were covered with quartz in order to avoid
evaporation during irradiation. The wavelength of the visible light source
was centered at 453 nm (FWHM 40 nm) and irradiance was 1.5 mW/cm?. A
UV filter was used in order to cut the wavelengths below 420 nm.
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Figure 5.3: XRD spectra of the TiO, substrate showing the main peak of
rutile phase. In the inset, RBS spectra of the same sample (black) with
RUMP simulation (red).

The phase formed after the 600°C annealing in O, was checked via
XRD. In Fig. 5.3 we report the resulting spectrum. Only the peaks of rutile
phase have been detected. In the inset the RBS spectrum of the same
sample is reported. The spectrum simulation performed with RUMP,
reported by the red line, confirmed that the stoichiometry was that of TiO,
([0]/[Ti] = 2.0 £ 0.1) and resulted in a thickness of 172 + 8 nm and of
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156 + 8 nm (using the density of rutile 4.25 gcm™[Han11]) for the two
samples in or out the antireflectivity conditions. Note that the discrepancy
of the simulation with respect to the experimental data is limited to the
region concerning the Si signal. This is simply due to a channeling effect that
causes a reduction of the yield of the signal.
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Figure 5.4: RBS spectra of the Ag/TiO, sample as-deposited (black) and
after annealing treatment at 400 °C (red).

In Fig. 5.4 the RBS spectra of the Ag/TiO, samples before and after
the annealing treatment are reported. The integral of the Ag signal
(between channels 540 and 610) indicates that the thickness of the as
deposited Ag layer is 4.01 - 10'® atoms/cm?, corresponding to about 5 nm
if we assume a uniform layer having the bulk Ag density (5.85-102%2
atoms/cm®). The area of the Ag peak does not change after the annealing,
indicating that there is no Ag loss. However, the Ag peak after annealing is
broadened and the change in the shape is the signature of the
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nanostructuration of the metal film. Indeed, in the latter case the beam
sees a high surface roughness and the Ag nanoparticles have a diameter
that is greater than the original Ag film thickness. This means that part of
the beam undergoes to higher energy loss, translating in a higher number
of counts at lower energy range with respect to that of Ag.

The morphology of the sample at different stage of the preparation
was observed via AFM and SEM. The images of (a) the TiO, substrate, (b)
the Ag as deposited film, (c) the Ag/TiO, after annealing and, finally, (d) the
TiO, capping layer are shown in Fig. 5.5 (AFM) and Fig. 5.6 (SEM).

93 nm

Figure 5.5: AFM images (1 pm X 1 um) of (a) the TiO, substrate, to (b)
the Ag as deposited film, (c) the Ag/TiO, after annealing and, finally, (d)
the TiO, capping layer.

According to AFM images analysis, we observe an increase of the
roughness of the film from (a) 1.6 nm, to (b) 5.7 nm, (c) 8.1 nm and (d) 15.1
nm. The nanoparticles in Fig. 5.5 (c) have an average height of 15.1 nm.

SEM images in Fig. 5.6 clearly show the nanostructuration of the
metal film (from Fig. 5.6(b) to Fig. 5.6(c)) and then the conformal coverture
of the final 10 nm thick TiO, layer (from Fig. 5.6(c) to Fig. 5.6(d)).
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Figure 5.6: SEM images of (a) the TiO, substrate, to (b) the Ag as
deposited film, (c) the Ag/TiO, after annealing and, finally, (d) the TiO,

capping layer.
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Figure 5.7: Size distribution of the Ag/TiO, nanocomposite film (a) before

and (b) after the deposition of 10 nm of TiO, as capping layer.
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This is further highlighted by the comparison of the nanostructures
size distribution reported in Fig. 5.7. Indeed, we observe a shift in the
distribution to higher diameters. One notes also that the size distribution is
quite broad, spanning from 5 nm to 50 nm. This is peculiar of the dewetting
nanostructuration, as already observed in Chapter 3 (see Fig. 3.5), and may
turns out as an advantage in terms of a broadened plasmonic response,
meaning an enlarged optical absorption in the visible range.

5.1.4 Optical characterization

The reflectivity measurements of the nanocomposite films
noticeably enlighten the effect of optical amplification. Indeed, comparing
the response of the Ag/TiO, composite with that of the bare TiO, one
clearly observes the fingerprint of plasmonic excitations. As already
mentioned, we prepared two substrates: one matched the antireflectivity
conditions, while the other one was out of these conditions.

60 - ,
——  TiO,AgITiO,

===+ TiO,

TiO, capping
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Figure 5.8: Reflectivity spectra of TiO,/Si films, with (black continuous
line) and without (red dashed line) Ag NPs. The measured matrix
thickness is 176 nm. In this case we are out of antireflectivity conditions.
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In Fig. 5.8 are reported the reflectivity spectra of the TiO,/Si films, with and
without Ag NPs, out of antireflectivity conditions. Note that the main
differences introduced by the presence of Ag NPs consist of an increased
absorption in the UV range (200 nm - 400 nm), due to intraband transitions
in silver, and of a higher reflectance in the visible range. The plasmonic
response of such Ag NPs is expected in the wavelength range between 700
nm and 800 nm. In this specific sample (bare TiO,, red dashed line) we

observe a minimum at about 600 nm.
TiO, capping
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|
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Figure 5.9: Reflectivity spectra of TiO,/Si films, with (black continuous
line) and without (red dashed line) Ag NPs. The measured matrix
thickness is 193 nm. In this case we match the condition for optical
amplification.

In Fig. 5.9 are reported the reflectivity spectra of the TiO,/Si films,
with and without Ag NPs, matching the antireflectivity conditions. First of
all, we note that in this case the minima in reflectivity shifted, as expected,
since the film thickness is different with respect the sample out of
antireflectivity conditions (Fig. 5.8). Furthermore, in this case the presence
of the Ag NPs gives the expected increased absorption in the UV range and
an enhancement in the range between 700 nm and 800 nm. Note that the
new bump in the spectra (grey arrow) is not due to a variation in the
thickness of the matrix, but to the plasmonic response of the
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nanostructured metal film. Although the simulations presented in the first
part of this chapter (Fig. 5.2) suggest that Ag NPs having diameter between
20 nm and 40 nm should resonate in the wavelength range between 600
nm and 700 nm, one needs to consider some differences with respect to
the simulation conditions. First of all, we have a broad distribution of sizes
(see Fig. 5.7). Secondly, the simulation does not take into account the
interactions among particles. In fact, looking at SEM caption in Fig. 5.6(c)
one observes that the Ag NPs are quite close. Actually, the so-called
“plasmon rule” states that two plasmonic particles do interact if the
interparticle distance is lower than their diameter [Tab09]. This interaction
causes a redshift in the plasmon resonance peak position [Mai07]. Lastly, in
reflectivity measurements we detect the diffused component of the total
plasmonic scattering fraction coming from metal nanoparticles. Thus, it is
important to remind that the scattering cross section scales as the sixth
power of diameter (C,., & D®), while the absorption cross section scales as
the third power of diameter (Cgps o D3) [Boh83][Mai07]. This implies that
bigger particles give a higher contribution to scattering. It is known from
theory (and from simulations) that bigger particles show redshifted
resonances.

To qualitatively prove that this peak is due to plasmon resonances,
we simulated the reflectance spectra of a TiO,/AgNPs/TiO,/Si hetero-
structure by means of the effective medium approximation theory (EMA)
[Bho83]. According to this approximation, it is possible to calculate the
dielectric constant of a film constituted by small particles uniformly
distributed in a matrix. The refractive index of the effective medium is given
by:

EEMa ® Em |1+ (5.1)

being € and g,,the dielectric constant of the embedding medium (TiO,) and
of the metal particles (Ag) respectively, and f the volume fraction of
particles in the matrix. The dielectric constant egy 4 is thus calculated by
averaging the polarizability of the Ag and TiO, phases. However, this
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approximation is reasonably verified for those medium composed by point-
like nanoparticles embedded in isotropic matrix. Nonetheless, we can
extract useful qualitative information on the optical behavior of the film. In
fact, the finite NPs dimension and size distributions influence mainly the
width and spectral position of the plasmon peak.
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Figure 5.10: Simulated reflectance spectra of a 10 nm TiO,/EMA Ag-
TiO,/170 nm TiO,/Si multilayer varying the EMA layer thickness from 1
nm to 10 nm.

In Fig. 5.10 we report the reflectance spectra of a 10 nm TiO,/EMA
Ag-TiO,/170 nm TiO,/Si multilayer, varying the thickness of EMA layer, for a
volume fraction f = 0.1. We have chosen a proper TiO, thickness so that
the effect of the EMA layer is easily understandable, as we will show in the
following. The peak at about 650 nm is due to the scattering of silver NPs
within the EMA layer. Note how, as the Ag-TiO, layer thickness increases,
the plasmon resonance peak increases its intensity. In fact a thicker layer
corresponds to a higher number of scattering centers (particles). It is worth
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noting how this peak, related to plasmon resonances of small silver NPs, is
superimposed onto the TiO, reflectance spectra only in the region where
plasmon resonance occurs. Furthermore, the position of this peak remains
almost unchanged, taking into account a minor redshift due to the increase
in the total thickness of the multilayer film.

5.1.5 Photocatalytic response under visible irradiation

In order to have more insight on the photocatalysis process we
tested the photoactivity of our samples trough the discoloration of MB.
The results of the photocatalytic test are summarized in Fig. 5.11.
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Figure 5.11: Discoloration test results under visible irradiation.
We compared the two TiO,/Ag/TiO, nanocomposite films in and out the
optical amplification conditions. We also measured the activity of a bare

TiO, film whose 10 nm-thick superficial layer was prepared following the
same procedure of the capping layer of Ag NPs. Methylene blue dye (MB)
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degradation occurs under irradiation; therefore we report also the
degradation of a vessel not containing photocatalytic material as reference.
We observe that, as expected, TiO, is not active under visible illumination.
The fundamental result of the test is that, despite having the same
composition and superficial morphology, the two TiO,/Ag/TiO,
nanocomposite film show completely different behavior. In particular, the
film matching the antireflectivity conditions is able to decompose the MB
dye, showing a good photocatalytic activity in the visible range, while the
film outside these conditions appears to be not active. These results
underline the importance of a proper optical engineering of the supporting
matrix for plasmon enhanced applications.

We obtained an Ag/TiO, nanocomposite activated by visible
irradiation. Such an activity, occurring at irradiation energies below the
absorption threshold of titania (gap) and thus not observable in the bare
TiO, film, has been ascribed to the presence of plasmonic metal
nanoparticles. Moreover, we observed a strong correlation between
photocatalytic activity and optical amplification conditions. Therefore, we
demonstrated the importance of proper film thickness engineering in order
to take simultaneously advantage of plasmon resonances and optical
interference. Actually, this result had been already demonstrated in
Chapter 4 [Cacl5], at least from the optical point of view. Such substrates
are ideal candidates for solar-driven photocatalytic reactions. This result, in
this last section, demonstrated also for photocatalysis, is actually more
general, and could be potentially employed in other plasmo-electronic
applications (e.g. SERS,...).
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Conclusions

In the work presented in this thesis, two approaches have been
followed: TiO, nanoparticles obtained via laser ablation and optical
engineering of multilayered metal-TiO, thin films.

In the first approach, TiO, nanoparticles are synthetized by pulsed
laser ablation in liquid, a novel, industrially scalable and eco-friendly
technique. The laser ablated nanoparticles (LA-NPs) were found to be in
amorphous phase. Nevertheless, they showed a photocatalytic activity
comparable to that of crystalline commercial powder and a higher
antibacterial activity. This unexpected result has been explained taking into
account the effects of disorder and hydrogen inclusion in the structure of
TiO, nanoparticles. In fact, these characteristics are reported to be
responsible for the presence of superficial charge traps, that help the
scavenging of electrons and, thereby, improve photocatalytic reactions.
Mixing TiO, LA-NPs with Ag nanoparticles has been demonstrated to further
increase the photocatalytic efficiency of TiO,, thanks to an enhanced charge
separation. In this approach nanoparticles are dispersed in solution. In view
of water remediation technologies this may results as a disadvantage,
introducing more step in the purification process. Therefore we proposed a
second approach based in the use of thin films.

In the thin film approach, we studied composite films of metal (Au
or Ag) nanoparticles (NPs) and TiO, for plasmon-enhanced photocatalysis.
Using thermal dewetting or low-energy ion beam synthesis, metal NPs have
been formed on top, or located at well-defined depth below the surface of
a TiO, layer. We demonstrated that the plasmonic effect can be effectively
amplified using an antireflective multilayer. This allows increasing the
photon capture in a desired spectral range and enhancing this capture in a
very thin layer near the surface.

Photocatalytic activity has been observed under visible irradiation
in multilayer Ag/TiO, nanocomposite samples in which the preparation
procedure and stacking sequence were accurately selected. Such an
activity, occurring at irradiation energies below the absorption threshold of
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titania (gap) and thus not observable in the bare TiO, film, has been
ascribed to the presence of plasmonic metal nanoparticles in optical
amplification conditions. Therefore, the importance of proper film thickness
engineering in order to take simultaneously advantage of plasmon
resonances and optical interference has been evidenced.
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