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There’s plenty of room at the bottom. 

Richard Feynman 
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Abstract 
 

Titanium dioxide (TiO2), also known as titanium (IV) oxide or titania, is naturally 
available on the Earth as a bright, fine, and white pigment. Thanks to its unique properties, 
such as high refractive index, chemical stability, photocatalytic activity, and self-cleaning 
surface, TiO2 represents one of the most intensively studied compounds. The properties 
of TiO2, which depend on its three crystalline phases (anatase, brookite, and rutile), have 
made this material a valuable candidate for applications in many fields, such as optics 
(Bragg reflectors, meta-surfaces, optical filters), electronic (sensors, phase-change 
memory and metal insulator-semiconductor devices), and photocatalysis (air purification, 
water treatments, self-cleaning coatings, dye-sensitized solar cells). Indeed, its band 
structure, long-term stability, non-toxicity, cost-effectiveness, and strong oxidizing power 
make TiO2 highly suitable for wide environmental and energy applications. Moreover, 
given its impressive optical properties, TiO2 finds room in the context of amorphous 
coatings for the development of dielectric mirrors, characterized by low transmittance 
and thermal noise, to be implemented in the detectors of gravitational waves. Given the 
impact that both structural and morphological properties have on the optical and 
electronic performances of TiO2, a systematic study on the tailoring of TiO2 crystal 
structure and surface properties is of fundamental relevance in many fields.  

One of the aims of this work is thus to study the morphological, structural, and 
photocatalytic properties of amorphous TiO2 thin films and the impact on these properties 
of the structural transitions induced by thermal annealing in different environments. 
Moreover, the tailoring of the morphological and structural properties of TiO2 as a 
function of thickness is also investigated. Additionally, the combination of TiO2, in its 
nanolayered form as well as in the state of co-sputtered mixture, with other metal oxides 
is analyzed to address the extent of their structural and morphological reliability for highly 
performant high-refractive index candidates in new generation Bragg-like reflectors. In 
this scenario, Scanning Probe Microscopy based experiments (Atomic Force Microscopy, 
and Kelvin Probe Force Microscopy), Raman Spectroscopy, and X-Ray Diffractometry 
have been used to study the morphological, photocatalytic and structural properties of the 
investigated materials.  

An overview of the properties of TiO2 and its applications, including the one for 
gravitational wave detectors, i.e., the context where this work arose, is given in Chapter 
1. Here the main properties of some other metal oxides (i.e., ZrO2, Al2O3, Ta2O5, Al2O3) 
encountered in this thesis are additionally discussed. 

Then, Chapter 2 will briefly introduce the fabrication (ion-assisted deposition and ion-
beam sputtering) and characterization (Raman Spectroscopy, X-Ray Diffractometry, 
Scanning Probe and Electron Microscopy) techniques used in this work.  

The experimental results will be presented in Chapters 3,4,5, and 6. In particular, in 
Chapter 3 the effect of thermal treatments in different environments (air, oxygen and 
vacuum) and at different temperatures on the structural, morphological, and 
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photocatalytic properties of TiO2 thin films will be discussed. The influence of the 
annealing environment on the crystallization onset and evolution of both anatase and 
rutile phases, as well as on the thin film morphology and photocatalytic properties will be 
investigated.  

Chapter 4 will be focused on the tailoring of the TiO2 thin film crystallization temperature, 
in the anatase crystalline phase, by modulating its thickness from hundreds to few nm. 
Decreasing the layer thickness, an exponential increase of the crystallization onset 
temperature will be demonstrated. Moreover, the evolution of the crystallization will be 
studied in an annealing temperature range up to 1000 °C and correlated to the evolution 
of the phonon lifetime, studied by Raman spectroscopy.  

The role of interfacing TiO2 nanolayers with other nanolayered oxides (SiO2, Ta2O5, 
Al2O3, or ZrO2), in a similar Bragg-like reflector geometry at the nm scale, on the overall 
structural and morphological properties of the specimen will be discussed in Chapter 5. 
The presence of segmentation, as well as of the interfaces with other oxides, will be shown 
to significantly affect the crystallization onset temperature. 

Then, the effect on structural and morphological properties of combining TiO2, at 
different concentrations, with Ta2O5 in a co-sputtered mixture will be presented in 
Chapter 6. The influence of different substrates will be also showed.   

Finally, results and conclusions are summarized.  

In addition, Appendices are included to i) give an overview on the phonon confinement 
phenomenon, ii) illustrate theoretical nanolayers modeling and recent technical advances 
of the apparatus used for the sample fabrication within the Unisa/Unisannio collaboration, 
iii) describe the results and the knowledge acquired during my periods at the Lancaster 
University (UK) and at the Gestione Silo company (Florence, Italy).  
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Chapter 1 

Introduction 
 

1.1 Structural properties of TiO2 
 

Titanium dioxide (TiO2) can be found in three different crystalline forms [1]: 

1) Anatase, with a tetragonal crystal cell; 
2) Brookite, with an orthorhombic crystal cell. 
3) Rutile, with a tetragonal crystal cell;  

 

The anatase and brookite are considered metastable phases that may convert into the rutile 
as a consequence of thermal processes [2-4]. The primitive unit cell of the TiO2 crystal 
structures is shown in Figure 1, with titanium and oxygen atoms in gray and red, 
respectively. In particular, in the anatase and rutile phases, two types of Ti–O pairs are 
observed. In the first, the Ti-O bond lengths are 0.194 and 0.197 nm with O-Ti-O bond 
angles of 77.7 and 92.6°. In the second, the Ti-O bond lengths are 0.195 and 0.198 nm 
with O-Ti-O bond angles of 81.2 and 90°. Conversely, brookite phase has a single Ti-O 
bond length varying between 0.187-0.204 nm and an O-Ti-O bond angle varying from 77 
to 105° [5,6]. The other physical properties (space group, lattice parameters, density, and 
band gap) of the anatase, rutile, and brookite are summarized in Table 1. 

 

Figure 1: Crystal structures of TiO2 (a) anatase, (b) rutile, and (c) brookite. Adapted from [7]. 
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Table 1: Physical properties of the TiO2 anatase, rutile, and brookite crystalline phase. Adapted 
from [6,8]. 

 

In nature, the anatase occurs in the shape of bipyramidal, pseudo-octahedral crystals and, 
in the “octahedrite” forms, shows color varying from metallic black to sapphire blue to 
honey yellow [Figure 2(a)]. Instead, rutile is black, reddish-brown in the largest crystals 
or it shows various shades of yellow in the finest crystals as a consequence of inclusions. 
It often appears as an elongated prismatic (often in twins) with very streaked faces [Figure 
2(b)]. Finally, the brookite is well-known as a red crystal [Figure 2(c)] or, like rutile, it 
can occur in brown, reddish-brown, sometimes yellowish, or even black [9].  

 

Figure 2: (a) Anatase, (b) rutile, and (c) brookite minerals. Adapted from [9]. 

 

In this work, the exact knowledge of the TiO2 crystalline phases is very useful to study 
the material structural transition (from amorphous to crystalline and from a crystal phase 
to another), as well as to take into account the role of the surface free energy (crystal -
phase dependent) in the crystallization phenomena observed in nanostructured specimens 
that will be encountered in Chapter 5. 

The surface free energy γ, in particular, is a measure of the excess energy present at the 
surface of a material, due to the presence of unsaturated bonds from the surface atoms.  

TiO2 Unit cell Space 
group 

Lattice 
parameters 

Density Band gap 

Anatase Tetragonal I41/amd a = b = 0.3785 
nm 

c = 0.9514 nm 

3.9 g/cm3 3.2 eV 

Rutile Tetragonal P42/mnm a = b = 0.4594 
nm 

c = 0.2958 nm 

4.23 g/cm3 3.0 eV 

Brookite Orthorhombic Pbca a = 0.9184 nm 
b = 0.5447 nm 
c = 0.5145 nm 

4.13 g/cm3 3.3 eV 
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This quantity is defined as half of the bond energy ε multiplied by the number of atoms 
per unit area, 𝑛𝑎, and the number of bonds broken per atom, 𝑛𝑏: 

                                                           γ =
1

2
𝑛𝑎𝑛𝑏 ε.                                                       (1) 

The bond energy ε can be evaluated from the sublimation energy of a solid at 0 K, 
assuming that the cohesive energy of the solid coincide with its sublimation energy at 0 
K and that only the nearest neighbor bonds give a contribution to the cohesive energy, 
see Ref. [10] for more details. 

In all applications of TiO2, the surface energy, and consequentially the surface reactivity, 
and the physicochemical properties depend strongly on the exposed crystallographic 
facet. In particular, surface energies are essential for understanding the phase stability of 
different TiO2 polymorphs. The anatase phase is less stable than rutile, but more efficient 
for several applications (catalysis, photocatalysis). In particular, the (101) surface is the 
thermodynamically most stable one with a small surface energy of 0.44 J/m2, while the 
(100), (001), and (110) surfaces are the more reactive surfaces with a surface energy of 
0.53, 0.9, and 1.09 J/m2, respectively. These values differ because of the different density 
of under coordinated Ti surface atoms on the different surfaces. Then, from the values of 
the surface energy, the sequence of surface stability is, in turn, (101) < (100) < (001) < 
(110). From the knowledge of the surface energy, it is possible to determine the 
equilibrium shape of macroscopic crystals by using the Wulff construction, which 
minimizes the surface energy of a crystal at fixed volume [11]. Figure 3(a) shows the 
Wulff shape for the anatase, consisting of truncated tetragonal bipyramid exposing 
majority (101) and minority (001) facets, so that most stable (101) facets constitute more 
than 94% of the exposed surface [12,13].  

 

 

Figure 3: (a) The equilibrium shape of a TiO2 crystal in the anatase phase. (b) Side view of the 
anatase (101) surface. Adapter from [13]. 
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The structure of the relaxed stoichiometric (101) surface is shown in Figure 3(b). This 
surface is characterized by a sawtooth profile perpendicular to the [010] direction, and it 
exposes both 5-fold- and 6-fold-coordinated Ti atoms and 2-fold and 3-fold oxygens. The 
atoms on the surface undergo substantial displacements from the ideal bulk-like [13]. This 
occurs in particular for the 3-fold O and the 5-fold Ti atoms that relax outward and inward. 
This process induce a small ripple on the sawtooth profile [12]. The bond distances from 
the relaxed surface and their deviations from the ideal value are reported in Ref. [12]. 

The surface energy, as well as equilibrium crystal shape, is calculated assuming perfectly 
clean and defect-free surface, but different kinds of defects can affect the crystalline 
structure. The most common defects on the TiO2 surface are oxygen vacancies, Ti 
interstitial, and steps. For the oxygen vacancies, the formation energy is larger on anatase 
surface than on rutile one, while this energy decreases as Ti interstitial leaves the surface 
towards the bulk [12]. Finally, steps on the surface produced by cutting a crystal, strongly 
influence the reactivity of metal oxide. Indeed, in Ref. [14] steps on the anatase (101) 
surface are studied, showing that the step reactivity is lower than that of the flat terrace.   

The surface energy values given so far are meant for ideally flat surfaces.  However, the 
curvature of the surface affects the surface energy, thus producing effects on various 
phenomena, such as the melting point, the coarsening of particles (i.e, the Ostwald 
ripening), and the sintering process. For more details, see Ref. [10].  

 

1.2 Applications of TiO2 
 

The exciting and rich set of material properties has made TiO2 a valuable candidate for 
applications in many fields. The main property is the efficient photoactivity, discovered 
by Fujishima and Honda in 1972 [15] that plays a highly important role to solve 
environment problems of pollution and also to provide a renewable and sustainable 
energy source. The photocatalytic coatings cover a range of products, from the application 
for urban areas (coating for both indoor and outdoor), to ceramic tiles, and paints and 
pigments. Recently, TiO2 nanostructured systems (nanotubes, nanoparticles, nanopourus 
spheres), characterized by high surface/volume ratio, have been implemented to enhance 
photocatalytic reactions [16-19]. 

The photocatalysis process is a chemical reaction that mimics the chlorophyll 
photosynthesis of trees in absorbing and transforming pollutants into harmless elements. 
The best catalysts used in photocatalysis to oxidize harmful substances are 
semiconductors. Among theme, TiO2 is one of the most widely used photocatalyst 
materials because possesses almost all properties of the ideal photocatalyst. In fact, it is 
cheap, easily activated by sunlight, stable, chemically inert, available in large quantities, 
but do not absorb visible light. 

In particular, TiO2 is a n-type semiconductor (electrons as majority charge carriers) with 
a bandgap (Eg) between 3.3 and 3 eV (corresponding to λ = 375 and 413 nm). Thanks to 
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its semiconducting electronic structure, TiO2 has been widely used as a photocatalyst in 
the ultraviolet (UV) region (λ < 390 nm).  

The photocatalysis process of TiO2 is described by the following reaction: 

TiO2 
hν
→ e- +  h+ 

e- + 𝑂2 → 𝑂2
− (reduction) 

p+ + H2O→  HO∙ + H+  (oxidation). 

 

 

 

 

 

 

 

 

 

Figure 4: (a) Scheme of a typical excitation of electrons from the filled valence bands to the 
unoccupied conduction bands. (b) Processes in TiO2 photocatalysis. Adapted from [20,21]. 

 

Figure 4 shows the basic mechanism of photocatalysis. The electronic band structure of 
semiconductor is given by a valence (VB) and a conduction (CB) bands, completely filled 
and empty at ground state, respectively. When irradiated with photons (hν) with an energy 
higher or equal to Eg, the photons are absorbed, and electrons (e-) in the occupied VB are 
excited to the empty CB, creating holes (h+) in the VB [see Figure 4(a)]. After electron-
hole pair separation, only the holes and the electrons that travel towards the surface give 
rise to two chemical processes: the oxidation and the reduction [process 3 and process 1 
in Figure 4(b), respectively]. All the other charge carriers convert their energy into 
phonons or photons [see processes 2 and 4 in Figure 4(b)] [20].  

Ideally, if the semiconductor, such as the TiO2 film, is infinitely large without defects and 
impurities, the CB and VB are expected to be flat (spatially at the same level), but, in the 
real situation, these bands are bent especially near the surfaces or the interfaces. This 
phenomenon, called band bending [21,22], has been observed for the first time by 
Schottky and Mott in the metal/semiconductor junctions and play a critical role in 
heterogeneous photocatalysis and the photochemical processes at the surface.  
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Figure 5: Mechanism of UV induced band flattening. Photoluminescence (PL) active layer 
represents the region in which the radiative charge recombination occurs. Adapted from [21,22]. 

 

The as-grown TiO2 sample generally shows an upward band-bending. Indeed, given its 
intrinsic n-type nature (due to the presence of oxygen vacancies and interstitial Ti), the 
free electrons in excess have the tendency to move toward the surface where they 
contribute in stabilizing the absorption of molecules from the external environments. 
Indeed, in general, if the acceptor (donor) molecules adsorb on the surface, the electron 
will transfer from the semiconductor (molecule) to the molecule (semiconductor) forming 
a layer on the semiconductor surface, i.e., the Helmholtz layer, and producing the upward 
(downward) band banding. However, when TiO2 is UV-irradiated, electrons and holes 
are excited in the depletion layer, and drifted apart by the potential energy difference 
associated with the band bending. This process moves electrons into the bulk, while 
driving holes on the TiO2 surface. The latter can balance the negative charges present on 
the surface, producing a lowering of the upward band bending and therefore diminishing 
the depletion layer. This process is shown in Figure 5, and the effect of UV irradiation on 
TiO2 band bending is discussed in Chapter 3. 

However TiO2 finds application in many other fields, such as:  

1. water purification processes and self-cleaning,   
2. sensors,  
3. photovoltaics cells,  
4. supercapacitors, 
5. electronics,  
6. optical coatings (among the others, is also studied as reflective coatings for 

gravitational wave interferometers). 

A review on TiO2 – based applications was recently given in Ref. [23]. In the following, 
the excellent TiO2 electronic, photoelectronic and optical properties will be discussed. 
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1.2.1 Electronics  

 

TiO2 has attracted attention in the electronics industry becoming a very promising 
material for 1) spintronic applications, 2) resistive random-access memories (RRAMs), 
3) metal-insulator-metal (MIM) capacitors, and 4) devices based on phase change 
materials (PCMs). 1) TiO2 is a material intensely studied for spintronics applications as 
it exhibits ferromagnetism at room temperature and high Curie temperature [24,25]. 2) 
The RRAMs represent the new generation of nonvolatile memory (characterized by high 
endurance, long data retention, high density of data storage, fast switching speed, and low 
operation voltage) based on resistive switch in metal oxides. Among them, TiO2 is 
extensively used as active layer for this kind of memory device [26,27]. 3) The MIM 
capacitors arise as passive components for microprocessors, high-frequency and 
integrated circuits. These capacitors are characterized by large capacitance density at 
radio frequencies with low leakage current. In order to achieve this purpose, many high 
dielectric materials, in particular TiO2, have been investigated. Despite its lower dielectric 
constant and its lower bandgap compared to other dielectric materials, the optical and 
electrical properties of TiO2 has been improved by combining it with another electric 
material, Al2O3, to became a good candidates for the MIM applications [28]. 4) The PCMs 
are materials that can be switched repeatedly between amorphous and one or more 
crystalline phases. These phases are characterized by diverse physical properties, e.g., 
electrical conductivity, optical reflectivity, mass density, or thermal conductivity. These 
features and the repeatability of the switching process make these materials suitable for 
storing information [29], and the TiO2 polymorphs can represent a good choice to this 
aim [23]. 

 

1.2.2 Photovoltaic cells 
 

The photovoltaic cells are electric devices that exploit the physical and chemical 
phenomenon of photoelectricity converting sunlight into electric energy. The most known 
photovoltaic cells are p-n junction made of semiconductor materials (crystalline or 
amorphous silicon), but in the recently years a new potential photovoltaics technology 
has been studied for the simple preparation method, low toxicity and costs. In 1988, Brian 
O'Regan and Michael Grätzel developed a dye-sensitized solar cell (DSSC), called 
Grätzel cells, in which an illuminated organic dye can generate electricity [30,31]. In 
order to deal with the low efficiency, low scalability, and low stability of these cells, the 
porosity of the electrode is optimized by using a well know TiO2 in different structures, 
i.e., nanoparticles, nanocrystalline film, nanotubes, and others. To date, the challenge is 
to increase the DSSC efficiency, working across the TiO2-dye-electrolyte interface, 
reaching and exceeding the 20-30% efficiency of the Si-based solar cells [32-34]. 
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1.2.3 Optical coatings 
 
Optical properties of TiO2 

 
Recently, research paid much attention to the optical properties of coatings based on TiO2. 
This dielectric oxide, transparent in the visible and near-IR range, is characterized by high 
refractive index that is one of the main features to be used in interference applications. 
The refractive index (𝑛) and the extinction coefficient (𝑘) of the coating can be estimated 
from transmission and reflectance data, and are the real and imaginary part of the complex 
refractive index, i.e. [35],  

 
                                                           𝜂 = 𝑛 + 𝑖𝑘.                                                          (2) 

In theoretical simulation, the refractive index (𝑛) and the extinction coefficient (𝑘) are 
described by the Cauchy and the exponential model, respectively. For transparent 
materials, the extinction coefficient, i.e., the absorption, can be neglected over the 
measured wavelength range and consequently 𝜂 = 𝑛. Then, due to the material 
dispersion, the wavelength-dependent refractive index can be described by the Cauchy 
dispersion relationship [36]: 

                                                   𝑛(𝜆) = 𝐴 +
𝐵

𝜆2 +
𝐶

𝜆4,                                                     (3) 

where A is a dimensionless parameter, 𝐵 (𝑛𝑚2 ) and 𝐶 (𝑛𝑚4) influence both the 
curvature and the amplitude of the refractive index for medium wavelengths in the visible 
and for small wavelengths in the UV, respectively. For wider wavelength ranges, the 
Cauchy model can be substituted by the Sellmeier Model that accurately describes the 
optical constants of the transparent materials across a wider spectral range (valid from 
UV to near-IR region). The formula for the refractive index is [37]:  

                                           𝑛2 (𝜆) = 𝐴 +
𝐵𝜆2

(𝜆2−𝐶 )
+

𝐷𝜆2

(𝜆2−𝐸)
,                                             (4) 

where 𝐴, 𝐵, 𝐶, 𝐷, and 𝐸 are dimensionless parameters called Sellmeier coefficients 
specific of each material. The refractive index of TiO2 depends on many factors, such as 
its polymorphs. In fact, several works have investigated its dependence on the amorphous, 
anatase, and rutile phase, observing that the higher is the film density (as in the rutile), 
the higher is the 𝑛 values [38,39], as shown in Figure 6(a). The refractive index also 
depends on the substrate. In Ref. [40], the authors measured the 𝑛 of TiO2 thin films 
deposited on different kinds of substrate (c-sapphire, r-sapphire, and SiO2) and they 
observed that 𝑛 is lower when TiO2 is deposited on SiO2 than on sapphire, due to the 
crystalline phases formed, whereas the dependence on the thickness is negligible. In 
Figure 6(b), the refractive index curves of TiO2 films with different thicknesses deposited 
on c and r-sapphire, and on SiO2 substrates are reported. The refractive index is also 
strongly affected by the heat treatments [41-43]. As shown in Figure 6(c), 𝑛 increases by 
increasing the annealing temperature due to the increase in packing density and the 
structural transitions occuring as a result of these processes. Finally, a dependence on the 
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deposition technique (DC, RF, Magnetron sputtering, electron-beam evaporation) is 
studied [44,45]. In particular, the ion-assisted deposition (IAD) allows higher packing 
density and then higher refractive index, due to the higher kinetic energy the atoms 
possess in the process when hitting the substrate [46,47], see Figure 6(d).  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Refractive index of TiO2 films for different phases (a), substrates (b), and annealing 
temperatures (c). TiO2 refractive index after IAD for different annealing temperatures (d). 

Adapted from [42-47]. 

 
 
Bragg Reflectors 
  

TiO2 is an excellent material for the realization of dielectric mirrors, also known as Bragg 
reflectors (BRs), working in the visible range since it has almost no absorption (lossless) 
and high refractive index.  

Indeed, TiO2 co-sputtered with Ta2O5, is used for the high-index layer material in the 
multilayer mirrors used in the Gravitation-wave Detector (GWD). A BR is a periodic 
arrangement of alternating high (𝑛𝐻) and low (𝑛𝐿) refractive index materials.  

In these reflectors, optical thicknesses have to satisfy the following condition [35]: 

                                                      𝜆0 

2
= 𝑛𝐻𝑑𝐻 + 𝑛𝐿𝑑𝐿                                                (5) 
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where 𝑑𝐻 , 𝑑𝐿 are the geometrical thicknesses of the materials with high and low refractive 
index, respectively, and 𝜆0 is the reference wavelength. In the special case of equal high- 
and low optical thicknesses, Eq.(5) become:  

                                                        𝜆0 

4
= 𝑛𝐻𝑑𝐻 =  𝑛𝐿𝑑𝐿 .                                              (6) 

 

Unlike the case of metallic mirrors, BRs show small intrinsic absorption and high 
reflectivity, which are very attractive for the GWD. 

A schematic BR is shown in Figure 7(a). An incident light is reflected from every 
interface of the stack and all reflected components interfere constructively. This multiple -
interference effect causes high reflectivity at 𝜆0 that depends on the refractive index 
contrast 𝑛𝐻/𝑛𝐿 and the number N of 𝜆0/4 pairs [48,49]: 

                                                     𝑅 = (
1−(

𝑛𝑆
𝑛𝐴

)(
𝑛𝐻
𝑛𝐿

)
2𝑁

1+(
𝑛𝑆
𝑛𝐴

)(
𝑛𝐻
𝑛𝐿

)
2𝑁)

2

,                                              (7) 

where 𝑛𝐴 and 𝑛𝑆 are the refractive indices of the air and the substrate, respectively. 
Increasing the number of layers and/or the index contrast between them will increase the 
reflectivity of the BR. In Figure 7(b), an example of the calculated reflectivity spectra of 
a dielectric mirror with 4 Bragg layer pairs is shown. In this case, the authors set the lower 
refractive index to 𝑛𝐿 = 1.4 and the high refractive index to 𝑛𝐻 = 2,3,4.  

 

 

Figure 7: (a) BR and (b) reflectivity of a 4 Bragg layer pairs. Adapted from [48,50]. 
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GWDs and mirror sensitivity 

 

BRs are used in the optical components of the giant Terrestrial Laser Interferometers such 
as LIGO, Advanced LIGO (aLIGO) [51,52], GEO [53], VIRGO, Advanced Virgo 
(aVirgo) [54,55], TAMA [56], KAGRA [57], INDIGO [58],  and ET [59],  to detect the 
Gravitational Waves (GWs).  The GWs, ripples in the space-time predicted by Einstein's 
General Theory of Relativity, are generated when matter is accelerated in an asymmetrical 
way (stochastic background, rotating neutron stars, coalescing binary systems, black hole 
interactions, neutron star coalescences, supernova explosions [60]) producing signals 
over a wide range of frequencies, from ~10−17  to ~103 Hz.   

Virgo is Michelson interferometer formed by two Fabry-Perot cavities, 3 km long (Nord 
and West), each composed by two mirrors, called input (IM) and end (EM) mirror, see 
Figure 8(a-b). Then, a laser source (a CW Nd:YAG laser), with a power of 20 W (200 W 
in aVirgo) and a wavelength of 1064 nm, is divided in two beams by a beam splitter (BS), 
characterized by a diameter of 23 cm and a mass of 5 kg and positioned at a 45 degree 
angle. In order to increase the laser power a posteriori, a power recycling mirror is placed 
between the laser source and beam splitter. The two beams are propagated in the two 
cavities and reflected (multiple reflections) by the large mirrors at the end of these arms. 
In order to achieve high reflectivity, the mirrors are made of SiO2, as low index material, 
and Ta2O5  (TiO2 doped Ta2O5 in aVirgo), as the high index material [61], deposited on 
high quality fused silica substrate, with a diameter of 35 cm and a mass of 21 Kg (42 Kg 
in aVirgo), see Figure 8(c). Moreover, they are suspended by a complex system of four 
thin silica fibers attached to a series of attenuators, called Superattenuators. The aim of 
these high-performance passive isolation systems is to reduce the seismic noise, but also 
to correctly align different parts of the instrument and to orient the mirrors, exploiting the 
attenuation properties of simple pendulum. Then, reflected beams are recombined on the 
beam splitter back-face generating interferences measured by using a photodetector that 
converts the laser power in an electric signal. The GW causes a variation of the arm 
lengths, called “Differential Arm" motion, that stretches in one direction and 
simultaneously compresses in the perpendicular one. In fact, as the lengths of the arms 
change, the distance traveled by each laser beam modifies, then light beams no longer 
cause total destructive interference, but a phase shift that is revealed like a flicker on the 
photodetector. The strain deformation arms measured is 𝑑 ~𝛥𝐿/𝐿, where 𝐿 is the 
effective optical path of the light in each arm, and 𝛥𝐿 is the change in the arm length 
caused by the GW, that is very small (10−19 𝑚 ). Then, the role of the Fabry-Perot cavities 
is to increase the optical path length and thus the strain sensitivity. Finally, the residual 
air molecules can disturb the path of the laser beams, as well as its intensity and phase. In 
order to limit this disturbance, the whole interferometer is kept under vacuum at 
~10−7 𝑚𝑏𝑎𝑟 (10−9 𝑚𝑏𝑎𝑟 in aVirgo) [62,63]. 
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Figure 8: (a) Aerial view of Virgo. (b) Optical configuration of Virgo interferometer. (c) aVirgo 
test mass. (d) aVirgo sensitivity curve. Adapted from [62-66]. 

 

Each interferometer has a sensitivity that varies as a function of frequency. The so-called 
figure of merit is thus able to provide information about the smallest signal detectable by 
the instrument. Figure 8(d) shows the expected noise sources, depending on the frequency 
of interest, of aVirgo once it has reached the design sensitivity [66]. In the low frequency 
range (10 - 40 Hz) gravity gradient, seismic, and suspensions thermal noises affect the 
signal. The gravity gradient noise (or Newtonian noise), in the frequency band below 5 
Hz, depends on the fluctuation of the local gravitational field due to the seismic waves 
that alter the mass density distribution. In the frequency band above 10 Hz, the Newtonian 
noise is covered by seismic noise that is due to the ground vibrations (1/𝑓 2) together to 
the interferometer mirrors. This noise spectrum: 

                                                     𝑆𝑁(𝑓) =
3×10−17

𝑓4  ,                                                     (8) 

can be reduced (about 12 orders of magnitude) by using the Superattenuator. The 
suspensions thermal noise, such as the thermal noise due to the mirrors, cannot reduce 
because being mechanical oscillators, their position is affected by thermal vibration. For 
this reason, they represent a fundamental limit to the interferometer sensitivity.  
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Quantum noise dominates the high frequency range (300 - 10 kHz) of the sensitivity 
spectrum. This noise source introduces both i) white and ii) 1/𝑓 2noise spectrum. i) The 
white noise depends on the statistical fluctuation of the detected photons number, in 
particular:  

                                                    𝑆𝑄(𝑓) =
1

𝐿
√

ħ𝑐𝜆

2𝜋𝑃
 ,                                                       (9) 

where 𝐿 and 𝑃 represent the interferometer arm’s length and the input laser power, 
respectively. ii) The 1/𝑓 2noise spectrum depends on the pressure fluctuations on each 
test mass, 𝑀, i.e.: 

                                                 𝑆𝑀(𝑓) =
1

2𝜋𝑓2𝑀𝐿
√

8𝜋ħ𝑃

𝜆𝑐
.                                                (10) 

For this reason, in order to reduce the radiation noise, the weight of the test masses is 
increased from 21 kg (in Virgo) to 42 kg (in aVirgo).  

Finally, the thermal noise dominates the mid-frequency range from 40 to 300 Hz. This is 
due to the Brownian motion, thermo-elastic and thermo-refractive fluctuations of the 
mirror coating. The power spectral density of the thermal noise, in accordance with the 
fluctuation–dissipation theorem [67], is: 

                                                 𝑆𝑇(𝑓) =
2 𝑘𝐵  𝑇

𝜋
3
4 𝑓

(1−𝜎𝑠
2)

𝑤 𝑌𝑠
𝛷𝑐 ,                                             (11) 

where 𝑘𝐵  is Boltzmann’s constant, 𝑇 is the temperature, 𝜎𝑠  and 𝑌𝑠 are the Poisson ratio 
and Young’s elastic modulus of the substrate, respectively, and 𝑤 is the half-width of the 
Gaussian laser beam. Then, 𝛷𝑐 is the effective coating loss angle, given by [68,69]: 

                                                       𝛷𝑐 = 𝜑𝐿𝑑𝐿 + 𝜑𝐻𝑑𝐻,                                             (12) 

where 𝑑𝐿,𝐻 are the total optical thickness, given by the product of the number of layers 
and the optical thickness of the individual layers, and 𝜑𝐿,𝐻 are the specific material loss 
angles. In particular, 𝜑𝐿,𝐻 depend on several factors:  

                                              𝜑𝐿,𝐻 =  
𝜆0 

√𝜋𝑤

𝛷𝐿,𝐻

𝑛𝐿,𝐻
(

𝑌𝐿,𝐻

𝑌𝑠
+

𝑌𝑠

𝑌𝐿,𝐻
),                                       (13) 

where 𝜆0 is the operating wavelength, 𝛷𝐿,𝐻 are the mechanical loss angles of the low and 
high materials, and 𝑌𝐿,𝐻,𝑆 are the Young’s modulus of the low, high materials and the 
substrate, respectively.  

The studies performed in this thesis arose from the need of finding a strategy to improve 
the performance of the coatings, with the aim of producing prototypes of coatings with 
the highest possible reflectivity and the lowest possible thermal noise. In this sense, a 
deep a systematic study of the possible materials candidates (dielectric oxides) from the 
material science point of view, is of fundamental relevance to keep this research on truck. 
While on one side this thesis is grown in the context of gravitational wave detectors, and, 
in particular, in the Virgo community, on the other it affords material-related problems 
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which seem, only apparently, to deviate from the main aim. In practice, the study of the 
morphology as well as of the structural transition of these materials is at the basis of 
understanding their performances. Indeed, any peculiar morphological feature can 
strongly affect the light scattering from the surface and thus the optical performances. 
Similarly, the light scattering is also affected by the presence of different structural 
phases, inside the same coating, i.e., crystallites in amorphous matrix, or phase 1-
crystallites inside a phase-2 crystal. For this reason, the nowadays used mirrors are 
produced in their amorphous form. However, it is worth mentioning that, given the well-
established need of performing post-deposition thermal treatments to the final mirrors 
(below the crystallization of their material components), to improve their performances, 
the study of the behavior of these materials upon annealing, as performed in Chapter 3, is 
of fundamental relevance.  

Besides the investigation of the material, exploring new material combination designs is 
pivotal for future GWD applications. Some of them are discussed in the following:  

I. Nano-layer coating  
The aim of the nano-layers strategy already introduced by Ref. [69-71] is to replace 
the layer with the highest optical losses (TiO2-doped Ta2O5) with a nanostructured 
metamaterials, made of alternating nm-thick layers of, again, low and high refractive 
indexes. While this strategy can barely affect the reflectivity of the final multilayer (as 
its refractive index is overall slightly lower than that of the high-refractive 
counterpart), it’s extremely useful in increasing the crystallization temperature of the 
coating, thus allowing for higher temperature annealing with possibly beneficial 
consequences on the optics and mechanics properties. In this sense, it is very relevant 
to first study the physics occurring in the single material (TiO2 in this thesis) as a 
function of thickness down to the nm regime (Chapter 4), and consequently the 
coupling with other oxides in a nanolayered structure. Chapter 5 thus focuses on the 
combination of TiO2 with SiO2 Ta2O5, ZrO2, and Al2O3. A smaller amount of this work 
is dedicated to the study of a possible candidate for the low refractive index material, 
by following the same strategy and combining SiO2 with Al2O3, in a nanolayered form. 
 

II. Co-sputtered material 
The purpose of making a co-sputtered mixture relies on the discovery that TiO2 doping 
can increase the Ta2O5 refractive index, and, in the right contact, reduce its losses, and, 
consequently, the mirror thermal noise [72-75]. In this framework, Chapter 6 will 
focus on the investigation of several mixtures of TiO2 and Ta2O5, obtained by varying 
the TiO2 content inside the Ta2O5 matrix. Importantly, these materials, are fabricated 
at the Laboratoire des matériaux avancés (LMA) in Lion, which is the actual developer 
and provider of the mirrors for Virgo and LIGO GWDs.  
 

III. Multi-Material 
Preliminary theoretical results on ternary coatings are shown in Appendix C. The aim 
of this work is to reduce the thermal noise by using ternary coatings consisting of 
quarter-wavelength-thick layers, where a third layer is added to the two presently in 
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use, SiO2 and Ta2O5-TiO2 [76]. The realistic candidates for the third material are 
amorphous Silicon (aSi), Silicon Nitrides (SiNx), and Al2O3. 

 

1.3 Other oxide materials  
 

1.3.1 Tantalum Oxide 
 

Tantalum pentoxide, also known as Tantalum oxide or Tantala (Ta2O5), is a metal oxide 
semiconductor like TiO2 that is often used as photocatalysis thanks to its wide optical 
band gap of 4.0 eV [77]. Its properties, such as high transparency in the visible and UV 
range, good chemical and thermal stability, high dielectric constant, and high refractive 
index (n=2.16 at λ=500 nm), make this material a good candidate for different 
applications (proton conductor, high-k gate insulator [78,79]). In the optical field, its 
amorphous form is widely used in applications where minimal optical and mechanical 
scattering losses are required (i.e., GWD mirrors). On the other hand, the crystalline 
phases of Ta2O5 have great importance for the microelectronic industry [80]. Ta2O5, with 
a melting temperature of 1872 °C, is characterized by a local structural arrangement of 
TaO6 octahedron and TaO7 pentagonal bipyramid, and TaO8 hexagonal bipyramid. The 
crystalline phases can be classified in low temperature (LT) and high temperature (HT) 
forms, where amorphous-LT and LT-HT phase transitions occur at 650, and 1360 °C, 
respectively.  The most observed LT crystal phases are hexagonal (δ) and orthorhombic 
(β). The δ-Ta2O5 structure is characterized by the lattice parameters a=b= 3.6240 Å, and 
c=3.888 Å, instead the β-Ta2O5 structure has the following lattice parameters: a= 6.198 
Å, b=40.290 Å, and c=3.888 Å [81,82]. Moreover, despite several deposition techniques 
have been used to fabricate Ta2O5 thin film (electron beam evaporation, sol gel method, 
pulsed laser deposition), ion beam sputtering is best suited to obtain coatings with low 
scattering, good stoichiometry, and high packing density [83,84]. 
 

1.3.2 Zirconium Oxide 
 

Zirconium dioxide or Zirconia (ZrO2) is a ceramic material characterized by high melting 
temperature (2950 K), high dielectric constant, high refractive index (n=2.16 at λ=587 nm), 
low thermal conductivity, hardness, and high band gap (~ 5 eV). Its physical properties are 
influenced by its crystal structures. In fact, ZrO2 exhibits three equilibrium crystal 
structures: i) monoclinic (lattice parameters a=5.146 Å, b=5.213 Å, c=5.311 Å and 
β=99.2°) below 1420 K, ii) tetragonal (a=b= 3.64 Å and c= 5.27Å) from 1440 to 2640 K, 
and iii) cubic (a=c=b=5.27 Å) from 2640 to 2950 K [85]. As for other oxide materials 
discussed previously, ZrO2 can be used as photocatalyst [86], for ceramic engineering [87], 
and for chemical, optical, and mechanical applications [88]. Moreover, thanks also to the 
low optical loss and scatter in IR region and an excellent radiation tolerance, ZrO2 is very 
useful for high-reflectivity mirrors and for nuclear applications, respectively [89,90]. Also 
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for ZrO2 material, a large number of fabrication techniques including sol-gel method, 
chemical vapor deposition (CVD), and RF magnetron sputtering are used, but again a 
plasma assisted deposition [91] is chosen to produce high-quality films. 

 

1.3.3 Silicon Oxide 
 

Silicon oxide, or silica (SiO2), is one of the most plentiful chemical elements on Earth 
and major component of sand. The amorphous SiO2 has a high melting temperature (1750 
°C) and exhibits unique physical-chemical properties, i.e., high resistance to deformation 
on heating, resistance to thermal shock, chemical durability, spectral transmittance from 
the near ultraviolet to the near infrared spectrum regions, and high resistance to 
radioactive radiation [92]. Besides these extraordinary properties, crystalline SiO2 shows 
high chemical and thermal stability exhibiting pronounced piezoelectricity, quite 
important for the micro-electronics industry [93].  In light of this, SiO2 shows many 
crystalline phases: low-temperature β-quartz (trigonal), high-temperature α-quartz 
(hexagonal), low-temperature β-cristobalite (tetragonal), high-temperature α-cristobalite 
(cubic), medium-temperature β-tridymite (hexagonal), and high-temperature α-tridymite 
(hexagonal). For its different properties, the SiO2 has attracted much attention in various 
application fields, such as lighting, semiconductor, electronic and communication 
technology, glass and chemical industry, metallurgy, and also for space applications.  
Finally, in the optical application field, e.g., for GWDs, SiO2 has been chosen as low-
index material in the BRs fabricated by IBS, thanks to its low optical absorption at the 
typical operation wavelength of the detectors [94]. 

 

1.3.4 Aluminum Oxide 
 

Aluminum oxide, or Alumina (Al2O3), is an insulating ceramic material characterized by 
a melting temperature of 2072 °C that can exhibits the amorphous (a-Al2O3) and several 
crystal forms (α, γ, δ, θ, κ, ε, η, and χ). The crystalline phases are harder (21 GPa) than 
amorphous one and then preferred for the hard coating applications. The α-Al2O3, also 
known as sapphire, is the only stable phase (corundum form) characterized by a 
hexagonal structure (a=4.758 Å, c=12.91 Å). The other metastable phases are studied as 
alumina transitions that occurs at different temperatures [95]: the phase γ and η  have cubic 
structures, δ can be tetragonal or orthorhombic, θ  is monoclinic, χ is hexagonal and κ is 
orthorhombic [96]. Al2O3 exhibits high optical transparency, chemical and mechanical 
stability, corrosion resistance, and high hardness, very useful in a large range of 
applications, such as corrosion protective coating, sensors, catalysis and thanks to the 
high bandgap and dielectric constant can replace SiO2 in dielectric applications [97]. 
Finally, Chemical (CVD) and physical (PVD) vapor deposition are used to deposit both 
crystalline and amorphous Al2O3 thin films, but the PVD allows to fabricate at lower 
temperatures (<1000 °C) obtaining hard and dense films [98]. 
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In Table 2, the refractive index at the operation wavelength (@1064) and the thermo -
mechanical and optical parameters of these materials are reported. 
 
 

 

Table 2: Thermo-mechanical and optical parameters. Adapted from [99,100]. 

 

The research presented in this thesis, being an experimental work that deals with 
extremely complicated systems, fabrication techniques, and measurements, has been 

strongly affected by the COVID-19 pandemic since it has slowed down the experimental 
activities. 
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Chapter 2 

Materials and Methods 
 

In this chapter, the experimental methods used to fabricate and study the materials studied 
in this work will be described. The first section will illustrate the thin films deposition 
methods, such as ion-assisted e-beam deposition (IAD) and Ion-Beam Sputtering (IBS). 
The second section will describe the techniques used to study the morphological and 
photocatalytic properties of the studied materials, i.e., Atomic Force Microscopy (AFM) 
and Kelvin Force Probe Microscopy (KFPM). Additionally, Scanning Electron 
Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) are introduced to gain 
further information on the morphological properties and chemical composition of the 
investigated samples, respectively. The third section will illustrate the X-Ray Diffraction 
(XRD) and Raman Spectroscopy (RS) techniques that are employed to study the 
structural properties. The third section will describe the equipment set-up with the specific 
aim of performing thermal treatments in different environments (air, vacuum, or 
controllable atmosphere). The last section will show the XRD and RS spectra of the 
substrates adopted in this work namely Silicon (Si) and Silica (SiO2). Finally, a brief 
description of the experimental facilities used and measurement parameters will be 
presented at the end of each section. 
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2.1 Ion-assisted e-beam deposition (IAD) 
The ion assisted e-beam deposition (IAD) is a physical vapor deposition (PVD) technique 
that combines the electron beam with an ion source (or plasma), directed on the substrate 
to assist the deposition process. By adding the plasma, it is possible to clean (or etch) the 
substrate surface, before the deposition, in order to improve the coating adhesion and 
produce higher molecular packing density during the material evaporation. The 
deposition process is described in Figure 1. In panel (a) electrons are emitted from a 
tungsten filament due to the thermionic effect. The generated electron beam is accelerated 
and permanent magnets bend the trajectory of the beam towards the crucible containing 
the material to be evaporated (metal oxides, in our case). In panel (b), the target is heated 
by means of the electron beam so as to reach the melting temperature of the material to 
be evaporated. In this way, atoms travel toward the substrate thus creating the desired 
layer (or coating) on the substrate surface. During the deposition, the substrate is 
continuously bombarded with an ion flow, see panel (c), which volumetric flow rate is 
measured in "standard cubic centimeters per minute" (sccm). This high-energy beam, i.e., 
a mixture gas of oxygen (O2) and argon (Ar), is focused toward the substrate. The 
assistance with ion bombardment is used to enhance the material uniformity and density 
[1,2] and to improve the material packing density, as well as the mechanical and optical 
properties of the films [3]. Additionally, also the evaporated atoms collide with the ions, 
which transfer them part of their kinetic energy. In this way, the atoms possess enhanced 
energy when they reach the substrate, which allows for their higher mobility with 
consequent formation of denser coating.  

 

 

 

Figure 1: The ion-plasma assisted e-beam deposition (IAD) process. (a) Electrons are emitted 
from a tungsten filament and directed towards the crucible. (b) The target reaches the melting 

temperature and emitted atoms travel toward the substrate. (c) The ion beam (plasma) bombards 
the substrate. 
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The coater machine used is shown in Figure 2. In particular, Figure 2(a) shows the outside 
of the coater, and its pumping system. In general, the pre-vacuum is achieved in the 
system by a two-stage combination of a rotary vane vacuum pump and an upstream roots 
pump. The turbo-molecular pump evacuates the vacuum chamber to achieve the high 
vacuum [4]. Figure 2(b) displays the vacuum chamber of the coater. The chamber is made 
from high-quality stainless steel with the following main components [5]: 

1. Substrate carousel 
2. Ion gun 
3. Material Shutter 
4. E-gun 
5. Material crucibles  
6. Quartz Crystal Monitor 
7. Infrared Heater 

 
In particular, the carousel (1) that accommodate the substrates rotates above the plumes 
of the electron and ion sources, being decentered with respect to it, so that the ion-
bombardment (2) works every time the evaporation adds one or  few new atomic layers. 
A shutter (3), between the evaporation source (4) and the substrates, is open when the 
deposition starts and is closed when the deposited ends. Moreover, the infrared heater (7) 
can be used to warm up the substrates (up to 1000 °C) and ensures a constant temperature 
in the vacuum chamber, when required.  

Figure 2: OptoTech OAC-75F coater (a) outside and (b) inside located at University of Benevento. 
Adapted from [5,6]. 

 
Finally, the thickness of the deposited material is measured using a quartz crystal 
microbalance (QCM) positioned in the center of the chamber (6) close to the substrates 
position. These resonators measure a mass variation per unit area by measuring the 
resonant frequency downshifts of the quartz resonator. According to the Sauerbrey 
equation [4], the added film thickness d is: 
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                                                          𝑑 = 𝑓0
𝜌0 𝛥𝑓

𝐹2𝜌
,                                                         (1) 

where 𝛥𝑓 is the frequency variation coming from the deposition of the material, 𝜌 is the 
density of the evaporated material, 𝑓0 is the quartz crystal frequency constant (~166100 
Hz·cm), 𝜌0  is the density of the uncoated quartz crystal (2.649 g/cm3), and F is the factory 
resonant frequency (5.98 MHz). From this equation, the deposition rate, that is the time 
derivative of the thickness, can be extracted [6]. It is worth mentioning that the measured 
thicknesses are affected by thermal shock of the quartz monitor crystal in the deposition 
process discussed in the Appendix E. Indeed, the crystal sensor is affected by the rapid 
temperature shifts when the hot material starts to evaporate.  

 

 

2.1.1 Experiment 

Most of the samples investigated in this work are fabricated by using the OptoTech OAC-
75F coater located at University of Sannio (Benevento). Before the deposition, the 
vacuum chamber is evacuated down to a base pressure of ~10-6-10-7 mbar. During the 
deposition, the ion flow of O2 , (20 sccm) and Ar (5 sccm) slightly lowers the vacuum up 
to 10-4 mbar.  The electron beam is emitted by a Cu filament under DC current, operating 
at 8 kV, and the plasma assisted is operated with a power of 800 W. The carousel rotates 
with a speed of 50 rpm and the distance between the carousel and the source is ~70 cm. 
Moreover, the chamber is equipped with six pockets for the oxide materials (TiO2, Ta2O5, 
ZrO2, Al2O3, HfO2, SiO2). All depositions are performed at room temperature. Before the 
deposition, double-side polished Si (1” or 2” in diameter and 0.5 mm or 1 mm in 
thickness) and SiO2 (1”in diameter and 0.5 mm in thickness) substrates, are sonicated in 
acetone, isopropyl alcohol (30 min each), deionized (DI) water, and blow-dried with 
ionizing air gun. Table 1 lists the samples under investigation in this work. 
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Table 1: Samples fabricated with the OAC-75F coater at UniSannio [7]. 

Deposition 
Date 

Coating Deposition 
Rate (A/s) 

Substrate 

20180704 200 nm (1x 2000 Å TiO2) 2 1" Si 

20190509 
128.0 nm (20x 32 Å SiO2 20x 32 Å 

TiO2) 
1 

2" Si 
1" fused  SiO2 

20190510 
128.0 nm (10x 64 Å SiO2, 10x 64 Å 

TiO2) 
1 

2" Si 
1" fused  SiO2 

20190510 
128.0 nm (5x 128 Å SiO2, 5x 128 Å 

TiO2) 
1 

2" Si 
1" fused  SiO2 

20190515 
128.0 nm (2x 320 Å SiO2, 2x 320 Å 

TiO2) 
1 

2" Si 
1" fused  SiO2 

20190515 
128.0 nm (1x 640 Å SiO2, 1x 640 Å 

TiO2) 
1 

2" Si 
1" fused  SiO2 

20190517 
127.4 nm (6x 69 Å SiO2, 5x 172 Å 

TiO2) 
1 

1" Si 
1" fused  SiO2 

20190521 
127.5 nm (10x 42 Å SiO2, 9x 95 Å 

TiO2) 
1 

1" Si 
1" fused  SiO2 

20190521 
127.2 nm (23x 18 Å SiO2, 22x 39 Å 

TiO2) 
1 

1" Si 
1" fused SiO2 

20190527 
126.9 nm (43x 9 Å SiO2 ,42x 21 Å 

TiO2) 
1 

1" Si 
1" fused  SiO2 

20200305 
124.5 nm (38x 13 Å SiO2, 38x 20 Å 

TiO2) 
1 

1" Si 
1" fused SiO2 

20190528 64 nm (2x 20 Å SiO2, 1x 640 Å TiO2) 1 
1/2" Si 

 

20190529 32 nm (2x 20 Å SiO2,1x 320 Å TiO2) 1 
1/2" Si 

 

20200206 5.0 nm (1x 50 Å TiO2) 1 
2" Si 

 

20200827 200.0 nm (1x 2000 Å TiO2) 1 
1" Si 

 

20200929 100.0 nm (1x 1000 Å TiO2) 1 
2" Si 

 

20201024 
125 nm (1x 20 Å SiO2, 41x 10 Å 

SiO2, 41x 20 Å  TiO2) 
1 

2" Si 
 

20201026 
129.4 nm (2x 20 Å SiO2, 38x 13 Å 

SiO2, 38x 20 Å  TiO2) 
1 

2" Si 
 

20201122 
244.0 nm (40x 11 Å SiO2, 40x 50 Å 

Al2O3) 
1 

2" Si 
 

20201124 
120.9 nm (2x 20 Å SiO2, 39x 20 Å 

TiO2, 39x 11 Å Al2O3) 
1 

2" Si 
 

20201125 
115.6 nm (2x 20 Å SiO2, 34x 20 Å 

TiO2, 34x 14 Å Ta2O5) 
1 

2" Si 
 

20201127 
114.7 nm (2x 20 Å SiO2, 31x 20 Å 

TiO2, 31x 17 Å ZrO2) 
1 

2" Si 
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2.2 Ion-beam Sputtering (IBS) 
 

The main types of sputtering are: 

 DC sputtering, in which a DC voltage is applied. This kind of sputtering is used 
to deposit conductive and semi-conductive materials;  

 In RF sputtering, a high-frequency alternating field is applied, instead of the DC 
electric field. In this way insulating materials can be deposited;  

 In Magnetron Sputtering, an additional magnetic field is applied to the magnetron 
sputter behind the cathode. In this process, less material dispersion occurs and this 
allows to obtain a more dense film. This method is widely used in 
microelectronics. 

The ion-beam sputtering (IBS) is another PVD technique that involves a monoenergetic 
ion beam (Kaufman gun) to execute the sputtering process. In this case, the target is 
external to the ion source, in order to reduce the level of contamination in the film and 
offer the complete and independent control over ion flux. Thus, it is possible to obtain 
very dense, high quality metals, alloys, oxide thin films, and high performing optical 
coatings [8]. Moreover, it is used to reduce light absorption and scattering compared to 
other PVD methods. 

The sputtering process uses ions with a low reactivity (usually Ar), that bombard the 
target surface under high voltage acceleration. In fact, the plasma of Ar is generated by 
the electric field inside the chamber between the target (cathode) and the substrate holder 
(anode) [9]. During a low-pressure process, ions collide with the target atoms, and 
consecutive interactions between the latter can be treated as a series of binary collisions. 
The incident ion hits the packed atoms that are scattered in all directions (called “collision 
cascade”). The ejected materials, after a cascade of collisions, are projected towards the 
substrate forming a thin film [see Figure 3(a)]. Then, process yield: 

 

                                                𝑌 =
𝐴𝑡𝑜𝑚𝑠 𝑒𝑥𝑐𝑡𝑟𝑎𝑐𝑡𝑒𝑑

𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
.                                                       (2) 

The quantity Y indicates the efficiency of sputtering that depends on both the type and 
the binding energy of target atoms, the relative mass of ions and atoms, and the incident 
ion energy and angle. Typically, Y can assume a value in the range 0.01 to 5. 

 
2.2.1 Experiment 

Some of the samples studied in this work were fabricated by means of an IBS, called 
Grand Coater (CG), at Laboratoire des Matériaux Avancés (LMA) in Lyon [see Figure 
3(b)] [10]. The system is equipped with an Ar ion source, and TiO2 and Ta2O5 targets. 
During the deposition process, Argon is injected into the ion-beam sources; the ion beam 
is characterized by an energy and current of the order of 1 keV and 0.1 A, respectively. 
Moreover, oxygen is injected into the chamber, achieving total residual pressure inside 
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the chamber of the order of 10−4 mbar. It is worth stressing that the presence of the oxygen 
in the vacuum chamber allows to increase the oxidation.  

In particular, these materials are co-sputtered with different TiO2 concentrations on 
different substrates, i.e., single-side polished Si (3” in diameter and 0.5 mm in thickness) 
and SiO2 (1”in diameter and 2 mm in thickness). Table 2 lists the samples under 
investigation in this work. 

 

 

Figure 3: (a) Scheme of the Sputtering process; (b) outside of the IBS in Lyon. Adapted from 
[9,10]. 

 

Deposition 
Code 

Coating Ti/(Ta+Ti) 
nominal 

Ti/(Ta+Ti) 
 (%)* 

Thickness Substrate 

c20014 Ta2O5 0 7.1±0.6 430 nm 3" Si/ 1" SiO2 

c19088 TiO2 -Ta2O5 25 16.1±0.5 502 nm 3" Si/ 1" SiO2 

c16065 TiO2 -Ta2O5 50 38±1 480 nm 3" Si 

c20017 TiO2 -Ta2O5 75 66 514 nm 1" SiO2 

c20015 TiO2 -Ta2O5 80 83±1 848 nm 3" Si/ 1" SiO2 

c19089 TiO2 -Ta2O5 90 97 350 nm 1" SiO2 

c20016 TiO2 100 96±1 542 nm 3" Si/ 1" SiO2 
 

Table 2: Samples fabricated by using the GC at LMA. The thicknesses have been measured by using a 
spectrophotometer at LMA and by means spectroscopic ellipsometry at University of Genova. Ti/(Ta+Ti) 

concentrations are extracted from EDS measurements performed at Unisa and UniPg. 
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2.3 Scanning Probe Microscopy (SPM) 

The Scanning Probe Microscopy (SPM) and other derived techniques have made possible 
to access and control physics at the nanoscale. This branch of microscopy was invented 
by G. Binnig, H. Rohrer, and C. Gerber during the ‘80s. Here, a physical probe scans the 
surface sample without damaging it.  

In the basic SPM setup, a piezoelectric actuator moves the sample (or the probe) with 
high precision in the x, y, and z directions, a feedback circuit maintains the probe-sample 
interation constant by changing their mutual distance, and finally a software interface is 
used to measure and convert data into images. The schematic experimetal setup of an 
SPM system is shown in Figure 4 [11]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Scanning probe microscopy setup. 

 

Chronologically, the Scanning Tunneling Microscopy (STM) was the first to be invented 
in 1982, then atomic force micorscopy (AFM) in 1986 an after the electric force 
microscopy (EFM) in 1988 [12-15]. Over time, it has been clearly understood that STM 
and AFM can provide a high atomic scale resolution and both vertical and lateral scale 
information [16,17]. In general, there are several SPM types that use different interactions 
based on several physical principles. All techniques are summurized in Figure 5. In the 
bottom of this figure, representitive SPM images acquired on different materials (MoS2, 
FeSe, Py, TiO2/ZrO2 multilayers) are shown [18-21]. 
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Figure 5: Scanning probe microscopy techniques [16, 17]. In the bottom, representitive SPM 
images adapted from [18-21]. 

 

In the following, an explanation of the Atomic force microscopy (AFM) theory and the 
setup used to investigate the morphological properties of the samples deposited by means 
of IAD and IBS, is shown. 

 

2.3.1 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is the most well-known SPM technique, where the 
interaction between probe and sample is described by the Lennard-Jones’s potential: 

                                             𝑈(𝑟) =  𝑎𝑟−12 − 𝑏𝑟−6.                                                      (3) 

The interaction force, given by: 

                                     𝐹(𝑟) =  −
𝑑𝑈(𝑟)

𝑑𝑟
= 12𝑎𝑟−13 − 6𝑏𝑟−7,                                      (4) 

is a function of the separation distance (𝑟) between the probe and the sample that can 
assume both positive (repulsive) and negative (attractive) values.  

The plot of interaction force is shown in Figure 6, and it can be separated into three areas: 

 attractive regime  
 repulsive and attractive regime 
 repulsive regime  
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Figure 6:  Interaction force as a function of the distance between the probe and the surface 
sample. 

 

In this way, it is possible to determine three different AFM operation modes: Contact, 
Tapping, and non-contact. The interaction between probe and sample is measured by 
using a laser photodiode system thought the cantilever deflection (upward or downward), 
since the AFM probe is formed by a cantilever with a sharp tip.  

In the contact mode, also known as static mode, the tip is held in stable contact with the 
sample surface, in the repulsive regime of van der Waals forces [22], see Figure 6. The 
contact mode allows to extract information about friction, elasticity, and other mechanical 
properties of the sample at the nanoscale. However, this mode is restricted to flat surface 
to avoid tip damages.   

The non-contact mode is a dynamic operation mode. In this case, the cantilever, 
positioned far from the surface and fixed to a piezo stack, oscillates perpendicularly to 
the surface at a certain frequency, close to its resonance frequency. When the probe-
surface approach occurs, the frequency shifts due to the attractive interaction between 
probe and sample, so that the AFM works into the first part of the Lennard-Jones’s 
potential (see Figure 6). By using this mode, it is also possible to investigate soft samples.  

Also the tapping mode is a dynamic operation mode. The probe repeatedly hits the 
sample switching from repulsive to attractive force regime, see Figure 6. Also in this case, 
the cantilever oscillates, and the system monitors the amplitude of these oscillations, 
which reduces or increases, with respect to a reference amplitude, depending on the  
interaction regimes. By using the tapping mode, biological, hard and soft samples can be 
investigated.   
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2.3.2 Kelvin Probe Force Microscopy (KPFM)  

The Kelvin Probe Microscopy (KPFM) [23], is a variant of the electrostatic force 
microscopy (EFM), capable of giving information on both topography and surface 
potential, by monitoring the electrostatic interaction between a conducting tip and the 
sample [24]. In the KPFM experiments, a second raster scan of surface (or Lift mode) at 
specific constant height is required after the acquisition of the topographic data. This 
method allows calculating the work function, 𝑊, of the sample that depends on several 
factors as the surface properties of the material, oxide layer, electrostatic charges, dopant 
concentration and it may be sensitive to the light exposure. 

The work function of the sample can be calculated starting from the contact potential 
difference (𝑉𝐶𝑃𝐷 ) between a conducting tip and the sample, defined as: 

                                               𝑉𝐶𝑃𝐷 =
𝑊𝑡𝑖𝑝−𝑊𝑠𝑎𝑚𝑝𝑙𝑒

𝑒
 ,                                                      (5) 

with 𝑊𝑡𝑖𝑝, 𝑊𝑠𝑎𝑚𝑝𝑙𝑒 ,  being the tip and sample work functions, respectively, and 𝑒 is the 
elementary charge.  

 

Figure 7:  electronic energy levels when (a) tip and sample are separated of a distance d; (b) tip 
and sample are in contact with a current i to compensate Fermi levels; (c) between tip and 

sample is applied an additional external DC potential to align the vacuum levels. 

 

Figure 7 displays the electronic energy levels in the case of (a) the tip is far from the 
sample surface, (b) the tip is brought close to the sample surface, and (c) an external DC 
voltage, 𝑉𝐷𝐶 , is applied. In the case (a), the Fermi levels are misaligned, but not the 
vacuum levels. In the case (b), the tip and sample are close enough for tunneling current 
to flow, thus a 𝑉𝐶𝑃𝐷  is established and an electric force is exerted. To balance this force, 
𝑉𝐷𝐶  is applied for aligning the vacuum levels (c). This means that 𝑉𝐷𝐶 = 𝑉𝐶𝑃𝐷  , and thus, 
through Eq. (5) and knowing 𝑊𝑡𝑖𝑝, one can estimate 𝑊𝑠𝑎𝑚𝑝𝑙𝑒 .  

If an additional sinusoidal voltage, 𝑉𝐴𝐶 sin(𝜔𝑡) is applied to the tip, it oscillates due to 
the electrostatic force:  

                             𝐹 = −
1

2
 

𝑑𝐶(𝑧)

𝑑𝑧
 [(𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷 ) + 𝑉𝐴𝐶  sin (𝜔𝑡)]2,                             (6) 
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with z being the normal direction to the sample, 𝐶 is the capacitance of the system, and 
sign is + (-) if the bias is applied to the sample (tip).  

Equation (6) can be recast as the sum of three components 𝐹 = 𝐹𝐷𝐶 + 𝐹𝜔 + 𝐹2𝜔  where: 

 

                                                   𝐹𝐷𝐶 = −
𝜕𝐶(𝑧)

𝜕𝑧
 [

1

2
(𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷 )]

2

,                                         (7) 

                                            𝐹𝜔 = −
𝜕𝐶(𝑧)

𝜕𝑧
 (𝑉𝐷𝐶 ± 𝑉𝐶𝑃𝐷 )𝑉𝐴𝐶  sin (𝜔𝑡),                                     (8) 

                                             𝐹2𝜔 =
1

4
 
𝜕𝐶(𝑧)

𝜕𝑧
𝑉𝐴𝐶

2 [cos(2𝜔𝑡) − 1].                                              (9) 

 

In detail, the 𝐹𝐷𝐶  contribution produces a static tip deflection, the 𝐹𝜔 contribution is used 
to measure the 𝑉𝐶𝑃𝐷 , and the 𝐹2𝜔  contribution is employed in the scanning capacitance 
microscopy [25]. Specifically, for KPFM, Eq. (8) serves to measure 𝑉𝐶𝑃𝐷 . In fact, when 
the probe oscillate under 𝐹𝜔  at the frequency 𝜔, a lock-in amplifier allows to measure 
these oscillations; imposing 𝑉𝐷𝐶  through a feedback system, it is possible to cancel the 
oscillations, making the electrostatic force zero. In this case , 𝑉𝐷𝐶 = 𝑉𝐶𝑃𝐷  and 𝑊𝑠𝑎𝑚𝑝𝑙𝑒  can 
be inferred.  

 

2.3.3 Experiment 
 

AFM and KPFM measurements, at room temperature and pressure, are performed by 
using a Nanowizard III, equipped with Vortex electronics from JPK, [Figure 8(a)], and a 
Bruker Multimode AFM [Figure 8(b)] with Nanoscope V controller, located in the  

Scanning Probe Microscopy and Nano Matter (SPnM) Lab in Physics Department at 
University of Salerno.  

Most of the AFM measurements have been acquired in tapping mode, by using a Pt coated 
with a resonance frequency of f0 ≈ 75 kHz and elastic constant of k ≈ 3 N/m (SCM-PIT-
V2 by Bruker), and in contact mode by using a L-TESP-V2 probe (resonance frequency 
of f0 ≈ 190 kHz and and elastic constant of k ≈ 48 N/m). 

A PtIr probe is also used in the case of the KPFM measurements. The second scan height 
was fixed at 50 nm, and 𝑉𝐴𝐶 = 1500 𝑚𝑉 is established between tip and sample to acquire 
KPFM maps and improve signal/noise ratio. The KPFM experiments were performed in 
dark conditions and under UV-lighting.  
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Figure 8:  (a) JPK-Nanowizard III and (b) Bruker AFM installed in SPnM lab at the Physics 
Department. 

 

2.4 Scanning Electron Microscopy (SEM) 
 

The Scanning Electron Microscope (SEM) is an electro-optical system invented during 
the ‘30s, and constructed in the 1937 by von Ardenne [26]. This microscope uses a beam 
of electrons as a probe, and it is one the most functional instruments capable to 
characterize the conductive and insulating (after metallization of the surface) specimens, 
with a high resolution, and with a wide range of magnifications, and to perform analysis 
on chemical composition. 
Schematic representation of a SEM equipment is reported in Figure 9(a). All components 
are collected in a column working in high vacuum conditions, with an extended mean 
free path of electrons. On the top of the column, the electron beam is thermionically 
emitted by a tungsten filament (or by field emission effect from a tip shaped wire in the 
field emission SEM- FESEM). The electrons are accelerated by means of an anode, and  
are focused on the samples by using a series of lenses (condenser and objective) and slit 
placed in the column. The electron beam interacts with the sample generating knocked 
out or backscattered electrons that are collected and the image of the surface is generated 
by the acquisition system.  
Increasing the beam energy, it can be possible to penetrate deeper into the sample, 
obtaining different emissions detected by secondary electrons (SEs), and backscattered 
electrons (BSEs) detectors, and X-ray spectrometers [28,29]. 
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Figure 9: (a) SEM microscope setup. Adapted from [27]. (b) Electron-matter interaction 

volume and types of signals; (c) SEM and FE-SEMs equipment installed in the MUSA lab at 
Physics Department. 

 
The SEs escape from the sample with low energy radiations and determine the topography 
of the sample. The BSEs, produced a few microns deep in the sample, provides 
information about the chemical composition of the material. Then, the X-ray radiation 
allows to obtained accurate chemical information regarding the elements forming the 
material, detected from the energy dispersive spectrometers (EDS). This detector is 
formed by a semiconducting Li-doped Si plate situated between two electrodes under an 
applied voltage of 1 kV. After a photon-semiconductor interaction, hole-electron pairs are 
generated. The ratio between the number of photo-generated charge carriers and the 
energy for creating a single pair, gives an estimation of the incident photon energy. 
Finally, an EDS spectrum is obtained counting the photons as a function of the energy. 
 

2.4.1 Experiment 
 
In our work, FESEM (from ΣIGMA) is used to provide topographical information with 
higher resolution and magnification, producing clearer, less electrostatically distorted, 
high quality images, by using low voltage. The high-resolution SEM micrographs have 
been acquired using an InLENS detector with an voltage of 10 kV, a working distance of 
5 mm and a beam current of 80 µA. The film composition X-ray microanalysis has been 
performed by using an Oxford-Inca Energy 300 system, to check chemical composition 
of the as-grown and annealed films. Both SEMs are located in the MUSA lab, see Figure 
9(b). 
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2.5 X-Ray Diffraction (XRD) 
 
X-Ray Diffraction (XRD), discovered by von Laue in 1912, is a method to determine the 
crystalline structures of the investigated material. Diffraction phenomenon takes place 
due to the regular distribution of atoms in the crystal; a three-dimensional picture of the 
electron density can be obtained from the measure of the angles and intensities of the 
diffracted beams. 
The key elements of a diffractometer are X-ray source, a detector, and a goniometer where 
the specimen is placed. A focused monochromatic X-ray beam irradiates the sample at 
different incident angles During the sample rotation, some reflections disappear and new 
ones appear. The detector records the intensity of each spot at any orientation of the 
crystal.  
According to the Bragg’s model of diffraction, at specific wavelengths (λ) and incident 
angles (θ), crystals generate intense peak of reflected radiation, see Figure 10. The 
condition of constructive interference on λ and θ is given by the Bragg’s law [30]:   
 
                                                            2𝑑 𝑠𝑖𝑛𝜃 = 𝑛𝜆.                                                     (10) 

with 𝑑 being the spacing between diffraction planes, and  𝑛 is a positive integer. 

 

 

 

 

 

 

 

Figure 10: Bragg’s law. 

 
2.5.1 Experiment  
 

In order to check the emergence of crystallinity as a function of annealing temperature of 
the investigated samples, the θ–2θ scans with a time/step 0.2–0.6 s, a 2θ step of 0.02°, 
and a 2θ angle ranging from 20 to 75°, by using a D2 phaser diffractometer from Bruker, 
have been performed. Instead, XRD with a high-resolution and X-ray reflectivity (XRR) 
have been made by using a Philips X-Pert MRD diffractometer with a monochromatic Cu 
Kα1 radiation with wavelength of 1.54056 Å. This diffractometer is equipped with a four-
crystal Ge220 asymmetric monochromator and a graded parabolic mirror positioned on 
the primary arm, which reduces the incident beam divergence to 0.12 arc sec. The θ–2θ 
scans is done with a time/step of 100 s, 2θ step of 0.02°, and 2θ angle in the range from 
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20° to 75°.The Philips and Bruker diffractometers are located in the  Musa Lab in Physics 
[Figure 11(a)] and in Chemistry [Figure 11(b)] Departments at University of Salerno, 
respectively.  

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 11: (a) Philips X-Pert and (b) Bruker diffractometers installed in the MUSA lab at 

Physics Department and in Chemistry Department, respectively. 

 

 

2.6 Raman spectroscopy (RS) 

Raman Spectroscopy (RS) is an analytical technique used to provide both chemical and 
structural information through the specific spectral patterns (fingerprint). The 
phenomenon lying at the base of this spectroscopy was fist observed in 1928 by the Indian 
physicist C.V. Raman for which it is named [31-34].  

The RS studies the interaction of the matter with light that can be absorbed or scattered. 
In the scattering process, the light scattered can have the same frequency of the incident 
light (ν0), or a different frequency (ν0 ± νvib, where νvib is a vibrational frequency). The 
first case is referred to the Rayleigh or elastic scattering, instead the other cases are related 
to the inelastic anti-Stokes and Stokes scattering.  

The classical theory of the Raman effect considers the time-dependent electric field of 
the incident light as: 

                                                     𝐸(𝑡) = 𝐸0cos (2𝜋𝜈0𝑡),                                            (11) 

where 𝐸0 and 𝜈0 are the amplitude and frequency oscillation of the light, respectively.  

This electric field irradiates a diatomic molecule inducing an electric dipole moment 𝑃: 

  

𝑃(𝑡) = 𝛼𝐸(𝑡) = α0𝐸0 cos(2𝜋𝜈0𝑡) + 
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+
1

2
(

𝜕α

𝜕𝑄
)

0

𝑄0𝐸0 cos(2𝜋 (𝜈0 + 𝜈𝑣𝑖𝑏)𝑡) + 

                                           + 1

2
(

𝜕α

𝜕𝑄
)

0
𝑄0𝐸0 cos(2𝜋 (𝜈0 − 𝜈𝑣𝑖𝑏)𝑡)                                        (12) 

 

where 𝛼 is the polarizability, 𝑄 is a variation of the internuclear distance (nuclear 
distortion),  𝑄0 is the amplitude of the vibration, and 𝜈𝑣𝑖𝑏 is the vibration of the molecular 
nuclei. 

From Eq. (12), the oscillating induced dipole moment can emit:  

 at the same frequency of the incident light, 𝜈0 = 𝜈𝑣𝑖𝑏 (the Rayleigh scattering);  
 at a frequency 𝜈0 + 𝜈𝑣𝑖𝑏  (anti-Stokes scattering); 
 at a frequency 𝜈0 − 𝜈𝑣𝑖𝑏  (the Stokes scattering).  

 

From the quantum point of view, the Raman spectroscopy is described involving the 
quantized energy levels of the molecule, as shown in Figure 12(a).  

Considering the molecule as a quantum harmonic oscillator, its energy can be written as:  

                                           𝐸𝑗 = (𝑛 +
1

2
) ℎ𝜈,              𝑛 = 0,1, 2, 3 … ,                          (17) 

where 𝑛 is the quantum number, 𝜈 is the vibration frequency, and ℎ is the Plank’s 
constant.  

The Rayleigh scattering occurs when the molecule in the initial ground state, 𝑛 = 0, can 
be excited to a virtual energy and quickly returned to the initial state. In this process, the 
molecule emits the same energy as the one absorbed from the incident light. On the other 
hand, the Stokes and anti-Stokes Raman scattering, involve virtual energy levels. In the 
first case, a molecule goes from the ground state to the excited state,  𝑛 = 1, and in the 
second case, it moves toward the ground state, starting from the excited state, passing 
through a virtual level. Then, in both cases, the energy after the scattering will be different 
from initial one. 
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Figure 12: (a) Energy levels diagram for Rayleigh scattering, Raman scattering, Raman 
resonance and fluorescence. (b) Outside (left) and inside (right) of the Raman instrument. 

 

 

2.6.1 Experiment 

In our experiments, a Raman Spectrometer (RENISHAW InVia) in the backscattering 
geometry is used to explore the structural and vibrational properties of the investigated 
samples. A near infrared laser, with a wavelength of 785 nm, was used as the excitation 
source. Spectra in the range 100–1200 cm−1 (by using a 50X magnification, 10 s of 
exposure time, 5% of laser power, and 5 accumulations) and in the range 100–200 cm−1 
(with a 50X magnification, 10 s of exposure time, 10% of laser power, and 3 
accumulations) have been acquired. Moreover, multiple ( ≥ 5) Raman measurements have 
been performed on each sample area. The RENISHAW Raman Spectrometer is located 
in Pharmacy Department [Figure 12(b)] at University of Salerno. 
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2.7 Thermal annealing  
 
Thermal annealing is a routine process used in this work to thermally induce structural 
transitions. In this work, the heat treatments are performed in vacuum conditions (up to 
~3x10-4 mbar), in air, or in controllable atmosphere (O2, 1 bar of pressure). All thermal 
processes take place in three steps, i.e., (i) heating ramp with a fixed rate, (ii) plateau at 
the desired temperature setpoint, and (iii) cooling ramp with a fixed rate.  
 

2.7.1 Experiment 
 
In this work, all samples have been heated with a rate of 3 °C/min, to a temperature 
setpoint in the range of 100-1000 °C, and left at the setpoint for 12 h. Finally, they have 
been cooled down to room temperature with a rate of 1 °C/min. For our purposes, two 
kinds of heaters for temperatures lower and higher than 800 °C are used.  The Eurotherm 
(type 815/818) controller with a proportional-integral-derivative (PID) system with a 
stability of 0.05 °C, allows to perform annealing from 100 to 600 °C in air, vacuum and 
controlled atmosphere. The heater is placed in a stainless-steel chamber and it is located 
in the SPnM lab [Figure 13(a)]. Moreover, a muffle furnace (Carbolite Gero) located in 
the MUSA lab is used to perform annealing in air from 800 to 1000 °C [Figure 13(b)].  

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 13: (a) Eurotherm heater and (b) Carbolite Gero muffle furnace installed in the SPnM 
and MUSA lab at University of Salerno, respectively. 
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2.8 Substrates 
 

The substrates adopted in the fabrication process namely Si, and SiO2 are investigated 
from a structural point of view by using XRD and RS.  
In the Figure 14(a), the XRD spectra of Si (black curve), and SiO2 (red curve) are shown.  
The intense broad peak observed in the red curve substrate indicates the amorphous nature 
of SiO2 [35]. On the other hand, the black curve shows (h,0,0) Si substrate reflections 
fixed at 2θ ≈ 33, 61, and 69° as expected indicating that Si wafer is monocrystalline 
orienting (h,0,0) crystalline plane toward at the sample surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14: (a) XRD, and (b) Raman spectroscopy of the Si (black curve), and SiO2 (red curve). 
 
Same situation is observed for the Raman investigation shown in Figure 14(b). The bumps 
and modes at 492.8 cm-1, 605.5 cm cm-1, and 795.4 cm cm-1 in the red curve come from 
the amorphous SiO2 substrate as shown in the Ref. [36]. Basically, the band in the low 
frequency region, between 400  to 700  cm-1 are all associated with the inter-tetrahedral 
Si-O-Si bonding, while the bands in the high frequency region near 1050  cm-1 and at 
1200  cm-1 are due to symmetrical stretching of silicon and oxygen in the silicate 
tetrahedral with non-bridging oxygen atoms [36]. 
In the case of Si substrate, all the Raman modes observed in the black Raman spectrum 
of Figure 14(d) are associated to Si indicating its crystalline state (three highest Raman 
bands at 306, 520, 920 cm-1, and the modes with lower intensity appearing at 460 cm-1 

and from 618 to 675 cm-1). The first stronger peak at 306 cm-1 is related to the second-
order spectrum of transverse (T) acoustical (A) phonons at the critical point X of the 
Brillouin zone for two-phonon combinations - 2TA(X). The highest intensity peak at 520 
cm-1 is due to the optical (O) phonons at the center Γ point of the Brillouin zone (BZ) , 

O(Γ). The latter intensity peak at 920 cm-1 originates from many two-phonon T,O 
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combinations at the critical point Σ of the Brillouin zone- 2TO2(Σ). Instead, the weaker 
intensity peak at 460 cm-1 is due to the 2TA phonons at the critical point Σ, while the 
peaks from 618 to 675 cm-1 are associated to the combination of T(O) and T(A) at the at 
the critical point X and Σ, respectively [37]. 
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Chapter 3 

Structural and morphological characterization of 
TiO2 vs environment 

 
 
This chapter discuss the effect of thermal treatments in different environments (air, 
oxygen and vacuum) and at different temperatures on the structural, morphological and 
photocatalytic properties of TiO2 thin films. The study is carried out by means of AFM, 
SEM, KPFM, XRD, and RS.  
The first part will focus on structural and morphological characterization of as-grown 
samples (amorphous), deposited by electron beam evaporation, by studying the particle 
size and the roughness. The amorphicity of these samples is confirmed by also XRD and 
RS measurements.  
The second part will show that both the amorphous-to-anatase crystallization onset 
temperature and the anatase-to-rutile phase transformation depend on the annealing 
atmosphere.  An analysis by using the Spurr equation is made to extract the amount of 
rutile at any annealing temperature, Ta. The AFM and SEM show morphologies that 
depend on the annealing environment, especially at the highest temperatures explored in 
this work. Then, it will describe the crystallization evolution and possible strain, through 
RS measurements. A monotonic decreases of the Eg Raman mode position as a function 
of Ta is observed for the air, oxygen, and vacuum samples, moving from wavenumbers 
that are blue-shifted compared to the expected Eg value at the lowest Ta values, to a very 
tiny red-shift at the highest temperature. This blue shift of the Eg Raman vibrational mode 
can be explained by the phonon confinement phenomenon. 
Finally, the photocatalytic activity of the TiO2 thin films, obtained from the surface 
photovoltage (SPV) that is measured by KPFM, exhibits a strong dependence on both 
annealing temperatures and environments.  
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3.1 Study of as-grown TiO2  
 

TiO2 amorphous thin films, with a nominal thickness of 200 nm, have been deposited on 
an unheated (100) Si substrate by electron beam deposition at University of Sannio. All 
morphological and structural characterizations are performed in Physics (SPnM and 
MUSA Labs), Pharmacy, and Chemistry Departments at University of Salerno. 

The morphological study of an as-grown sample is shown in Figure 1. In panel (a), a 
representative AFM image is shown on a scan area of 1 μm x 1 μm in lateral size acquired 
in contact mode with a L-TESP tip from Bruker. This panel displays the as-grown surface 
made by uniformly distributed packed particles that is a typical arrangement for the 
depositions at room temperature in which an amorphous growth, without any peculiar 
faceting, occurs [1].  Moreover, surface roughness and features are highlighted by the 
color scale ranging from a minimum value of 0 nm (dark) to a maximum of 6 nm (bright). 
These particles and their randomly packed morphology are further confirmed by FESEM 
measurements shown in panel (b). 

 

 

 

 

 

 

 

 

Figure 1: (a) Contact mode AFM topography, 1μm x 1μm in size, and (b) FESEM image of as-
grown TiO2. FESEM measurements have been acquired by using an InLENS detector with an 

acceleration voltage of 10 kV, a working distance of 5 mm and a beam current of 80 µA. 

 

Moreover, the size of these particles and root-mean-square (RMS) roughness of the 
surface were studied through a statistical analysis of AFM images on a scan area of 1 μm 
x 1 μm in size. The RMS roughness, defined as the root mean square of the height 
distribution of the sampled area, has been chosen to describe the surface morphology. 
This approach is pursued throughout the thesis. By performing this analysis, an average 
RMS roughness of (0.87± 0.06) nm is estimated.  

Concerning to the particle analysis, a manual sampling of profiles (25 particles per image, 
one profile per particle) were analyzed by using the WSxM 5.0 software by NanoTec, 
2015. Given the strongly packed nature of the morphology, the use of automatic 
algorithms, such as the so-called watershed or fixed threshold [2], could not be used to 
this aim. From this statistical analysis, a mean particle size of (88 ± 19) nm is measured.  
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However, the measurement of the particle size with AFM, and their approximation as 
spherical particles, is commonly affected by two factors: i) convolution between particle 
and tip size (that causes a particle size overestimate), and ii) high packing density (that 
causes a particle size underestimate). In light of this, taking into account the finite size of 
the tip with a nominal curvature radius of r = 30 nm, the deconvolved particle size can be 
evaluated as [3]:  

                                                               𝑟 =
(𝑅−ℎ)2

2ℎ
,                                                                           (1) 

where h is the height of the spherical caps as measured with AFM, and R is the particle 
radius and, thus, 2R its size.  In doing so, the deconvolved size particle of the as-grown 
sample is equal to (42 ± 3) nm.  

These particles are characteristic of the amorphous phase. The amorphicity of the TiO2 
as-grown films is demonstrated by performing XRD and RS. Figure 2(a,b) show XRD 
and RS spectra of Si substrate (red curve) and TiO2 thin film (black curve), respectively. 
The black XRD spectra of Figure 2(a), shows a broad bump coming from the contribution 
of the amorphous TiO2 (in the range 25 - 35°), and Si reflections. Similarly, all the Raman 
modes observed in the black Raman spectrum of Figure 2(b) are associated to Si substrate 
(for more details see Chapter 2). The broad Raman spectrum in the range 100 to 200 cm-

1 of the as-grown sample (see black curve) is indicative of its amorphous nature [4]. 
Therefore, both XRD and RS measurements confirm the amorphicity of the as-grown 
sample. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: (a) XRD spectra of as-grown TiO2 in black and Si substrate in red in a 2θ range of 20 
to 75°. (b) RS spectra of as-grown TiO2 in black and Si substrate in red in a wavenumber range 

of 100 to 1200 cm-1. Black and red spectra have been offset along the y-axis for a better 
readability. The XRD patterns were acquired with a time/step 0.2 s, a 2θ step of 0.02°, and a 2θ 

angle ranging from 20 to 75° by using a diffractometer from Bruker. Raman spectra were 
acquired in the range of 100–1200 cm−1, with a 50X magnification, 10 s exposure time, 5% laser 

power, and 5 accumulations, by using a Raman Spectrometer from RENISHAW equipped of 
red laser source (785 nm). Inset in panel (b) highlights the bump in the range 100-200 cm-1.  
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3.2 Study of TiO2 crystallization onset and evolution versus environment 
 

The amorphous-crystalline phase transition, and the crystallization evolution in TiO2 as a 
function of the annealing environment (air, oxygen – PO2 = 1 bar,  and vacuum – 10-4 
mbar), is investigated after performing annealing processes for 12 hours  in the range 100-
800 °C, by using a minimum step of 50 °C, on pristine samples. Here, it is worth to stress 
that each single treatment has been performed on a pristine as-grown sample, to avoid 
any memory effect of multiple subsequent heating/cooling cycles. 

The XRD and Raman spectroscopies allow determining the crystallization onset 
temperature, Tc, of the samples annealed in different environments. Figure 3(a) shows the 
XRD spectra of each sample, just before (light color curves) and after (dark color curves) 
Tc, by following the strongest A (101) anatase reflection at 2θ = 25.2°, of TiO2, which 
appears earlier in temperature than brookite and rutile.  

In particular, the transition from amorphous to crystalline occurs between 100 and 150°C 
in the cases of samples annealed in air (gray and black curves, respectively) and in oxygen 
(cyan and blue curves, respectively). A different situation is observed when the sample is 
annealed in vacuum, as the Tc is between 250 and 300°C (pink and red curves, 
respectively).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: (a) Zoom of XRD spectra and (b) Raman Spectra of TiO2 annealed in air at 100 
(gray) and 150°C (black), in oxygen at 100 (light blue) and 150°C (blue), and in vacuum at 
250 (light red) and 300°C (red). The symbols A in (a) and Eg in (b) indicate (101) anatase 

reflection and anatase Raman mode, respectively. 
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Similarly, RS measurements were performed to highlight the appearance of the strongest 
anatase Raman vibrational band, i.e., the Eg mode at ~144 cm-1, arising because of 
symmetric stretching vibration of O–Ti–O bond in the anatase cell [5], to determine Tc. 

This mode appears upon annealing at 150 °C for the samples treated in air and in oxygen, 
and at 300 °C for the samples annealed in vacuum [Figure 3(b)], confirming the XRD 
results. From these measurements, one can state that Tc depends on the annealing 
environment, i.e., it ranges in between 100-150 °C when the annealing is performed in 
saturated atmosphere (air and oxygen), and it falls in the range 250 – 300 °C when the 
process is done in vacuum. This can be explained because post-deposition annealing 
treatments in vacuum cause the breaking of binding bonds between oxygen and titanium, 
with oxygen release from the material and consequent vacancies formation [6]. On the 
contrary, the formation of oxygen vacancies is limited in oxygen rich-environment, while 
in this condition interstitial Ti is expected to form when the material undergoes heat 
treatments. This process accelerates the amorphous-to-anatase phase transformation [7]. 

Moreover, on the TiO2-sample after annealing process performed in air, the lattice 
parameters and the size of the crystalline grains by performing a Debye-Scherrer analysis 
was estimated. In Figure 4(a), the high resolution XRD patterns of TiO2-200 nm, annealed 
in air at different temperatures are shown, where curves of different colors correspond to 
different Ta, ranging from 150 to 800 °C.  

The occurrence of the anatase phase is monitored through the presence of the (101), (004) 
and (200) reflections at ~25.2°, ~37.8°, and ~50°, respectively, as indicated in panel (a). 
According to this figure, the strongest reflection of anatase is the (004), rather than the 
(101) as expected. This could be related to preferential orientation effects. 

Starting from 450 °C, the emergence of the rutile phase is also observed, with the 
appearance of its (211) and (002) reflections. All other reflections are associated to the Si 
substrate. The observed anatase reflections have been fitted by a Lorentzian function; the 
results, reported in Table 1, have been used to evaluate the lattice parameters at each Ta. 
Given the tetragonal unit cell of the anatase, the lattice parameters a, b and c have been  
calculated as a = b =2𝑑200 and c = 4𝑑004, respectively at each Ta (the interplanar spacing 

𝑑ℎ𝑘𝑙   for a tetragonal unit cell is given by  1

𝑑ℎ𝑘𝑙
2 =

ℎ2+𝑘2

𝑎2 +
𝑙2

𝑐2  , where ℎ, 𝑘, 𝑙 are the Miller 

indexes). The obtained results are shown in Figure 4(b). Within the experimental error, 
there are no annealing-induced variations in any of the lattice parameter. 
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Ta(°) Reflection (101) 
(deg) 

Reflection (004) 
(deg) 

Reflection (200) 
(deg) 

Crystalline 
size (nm) 

150 - 37.767 ± 0.002  - 
175 25.22 ± 0.02 37.684 ±0.006  12 ± 2 
200 25.288 ± 0.009 37.774 ± 0.003 47.98 ± 0.01 29 ± 3 
250 25.283 ±0.006 37.783 ± 0.004 47.97 ± 0.02 45 ±5 
300 25.292 ± 0.003 37.784 ± 0.003 47.99 ± 0.01 48 ± 3 
600 25.311 ± 0.002 37.852 ± 0.004 48.102 ± 0.009 41± 1 
800 25.363 ± 0.002 37.843 ± 0.003 48.15 ± 0.01 42 ± 2 

 

Table 1: peak center of the (101), (004), and (200) reflections as obtained by a Lorentz fit of the 
high resolution XRD spectra for TiO2 thin film (200 nm) annealed in air at different Ta. 

 

 

 

Finally, the Debye-Scherrer analysis of the (101) anatase reflection is performed to 
evaluate the crystallite size. The Debye-Scherer equation [8] is: 

                                                               𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠 𝜃
,                                                          (2) 

where D is the crystallite size in nm, λ= 0.154057 nm is the wavelength of the incident 
radiation (Cu-kα), k = 0.9 is a dimensionless shape factor for a spherical-crystal, θ is the 
Bragg diffraction angle in radiant. β is generally the full width at half maximum height 
(FWHM) of the considered XRD peak, however, in the Gauss peak approximation, 
β=2√2ln2 σ, with σ being the Gaussian standard deviation. The results of the analysis are 
listed in Table 1. In Figure 4(c), the behavior of the crystallite size as a function of Ta is 
reported. The size increases from 12 nm to 48 nm, between 150-300 °C, and it reaches a 
plateau at ~42 nm. 
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Figure 4: (a) XRD spectra of TiO2-200 nm annealed in air at different temperatures; (b) c and 
a=b lattice parameters as function of Ta; (c) crystal size as a function of Ta, as obtained from a 
Debye-Scherrer analysis. The XRD measurements were acquired with a Philips X-Pert MRD 
diffractometer, and θ–2θ scans are done with time/step of 100 s, 2θ step of 0.02°, and 2θ angle 

in the range from 20° to 75°. 

 

All the others XRD spectra of TiO2-200 nm, annealed in oxygen and in vacuum at 
different temperatures were acquired with lower resolution and are shown in Figures 5(a) 
and (b), respectively.  Figure 5(a) displays the XRD spectra of the samples annealed in 
oxygen at different Ta values in the range 100-800 °C. As previously show, the occurrence 
of the anatase phase starts at 150 °C, when the (101) reflection shows up. The (004) and 
(200) reflections appear above 300 °C, together with the rutile (211) reflection, indicated 
by the red dashed line in the figure. Instead, Figure 5(b) displays XRD spectra acquired 
in vacuum at different Ta in the range 250-800 °C. In this case, the occurrence of the 
anatase phase, (101) reflection (~25.2°), is found at 300 °C, as already mentioned. 
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Starting from 350 °C, both the (004) and (200) anatase reflections and the (211) rutile 
phase appear, see the red dashed line. At 800 °C, the (111) rutile reflection is also 
observed. For the sake of completeness, also the XRD spectra of TiO2 annealed in air 
[Figure 5(c)] is reported to determine the percentages of anatase and rutile discussed in 
the following. The spectra in this panel reveal the same information content of Figure 
4(a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5:  XRD spectra of 200 nm TiO2 sample annealed in (a) oxygen, (b) vacuum, and (c) air 
for 12 h at different temperatures. (d) Zoom of XRD spectra annealed in air, at 250 (gray) and 
300 °C (black), and in vacuum, at 350 (pink) and 400 °C (red).  Symbols A and R refer to the 

anatase and rutile phases, respectively. All XRD spectra are acquired with a Bruker 
diffractometer with a time-step of 1 s and a 2θ step of 0.02°, and an offset along the y-axis is 

applied. 
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Finally, panel (d) shows that the rutile phase appears between 250 and 300 °C when the 
annealing is performed in air, with the anatase crystallizing at 150°C, whereas it appears 
between 350 and 400 °C when the annealing is done in vacuum, with the onset of the 
anatase at 300 °C.   

More generally, it has been demonstrated that both the amorphous-to-anatase 
crystallization onset temperature as well as the anatase-to-rutile phase transformation 
depend on the annealing atmosphere, besides other factors such as synthesis method, level 
of impurities, doping, grain and particle size. Here, indeed, the earlier TiO2 crystallization 
in air (150 °C to be compared to 300-350 °C [7]) is attributed to the peculiar particle 
agglomeration and porosity of the deposited TiO2 film, which is affected by low material 
density. In addition to this, the amorphous-to-anatase phase transition of TiO2 powders 
has been shown to anticipate by up to 200 °C if the annealing is performed in a pressurized 
sealed capillary, with respect to the atmospheric air, because of their different activation 
energies estimated in (10 ± 2) kJ/mol and (38 ± 5) kJ/mol, respectively [7]. Our findings 
corroborate these results, by exploring, instead, the difference between vacuum and 
saturated atmosphere (air or oxygen) and confirming the anticorrelation between 
annealing pressure and crystallization onset temperature: lower is the annealing pressure, 
greater is the probability of oxygen vacancy formation, higher is the crystallization onset 
temperature. Then, higher is the annealing pressure, higher is the probability of forming 
interstitial Ti atoms, which inhibit the structural relaxation of the atomic cell, delaying 
the phase transition from the anatase to the rutile [9,10]. In this framework, the rutile 
phase is thus expected to appear at lower temperature when TiO2 is annealed in vacuum, 
compared to air and oxygen. Moreover, to extract quantitative information on XRD, the 
weigh fraction of rutile in thin films annealed in air, oxygen and vacuum, by using the 
Spurr equation, were estimated [11,12]:  

 

                             𝑊𝑟𝑢𝑡𝑖𝑙𝑒% =
1

1+0.8 (𝐼𝑎𝑛𝑎𝑡𝑎𝑠𝑒/𝐼𝑟𝑢𝑡𝑖𝑙𝑒)
𝑥 100%,                                         (3) 

 

where  𝐼𝑎𝑛𝑎𝑡𝑎𝑠𝑒  and 𝐼𝑟𝑢𝑡𝑖𝑙𝑒 are the intensity of the strongest anatase and rutile phases, i.e., 
(101) and (211) reflections, respectively, extracted from XRD spectra shown in Figure 
5(a-c). Fractions of rutile content normalized to the sum of the anatase and rutile for the 
TiO2 thin films are report in Table 2. 

Table 2: percentage content of rutile at different temperatures in air, oxygen, and vacuum. A 
and R refer to the anatase and rutile phases, respectively. 

Air Phase Rutile fraction  
air (%) 

Rutile 
fraction 

vacuum (%) 

Rutile fraction 
oxygen (%) 

300 °C A+R 13.7 - 20 
400 °C A+R 15.9 9.15 13.8 
600 °C A+R 24.3 6.5 17.6 
800 °C A+R 18.1 6.2 18 
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The effects of the heat treatments on the morphology of the TiO2 samples annealed in air, 
oxygen, and vacuum are investigated by using AFM technique.  

Figure 6: Tapping mode AFM topography, 1 μm x 1 μm in size, of TiO2 annealed in air at: (a) 
150, (b) 300, (c) 600, and (d) 800 °C; annealed in oxygen at: (e) 150, (f) 300, (g) 600, and (h) 

800 °C;  annealed in vacuum at: (i) 150, (j) 300, (k) 600, and (l) 800 °C; The color scale ranges 
from 0 to 7 nm in (a), (b), (c), from 0 to 20 nm in (d), from 0 to 7 nm in (e), (f), and (g), from 0 

to 45 nm in (h), from 0 to 6 nm in (i), (j), (l), and from 0 to 9 nm in (k).  

 

Figure 6 shows representative AFM topographies acquired on a scan area of 1 μm x 1 μm  
for TiO2 samples annealed in air at 150 (a), 300 (b), 600 (c), and 800 °C (d), in oxygen at 
150 (e), 300 (f), 600 (g), and 800 °C (h), and in vacuum at 150 (i), 300 (j), 600 (k), and 
800 °C (l). No changes of the granular surface texture have ever been measured, in any 
annealing environment provided that the temperature was kept below 300 °C. By 
increasing the Ta, the material surface starts gradually to manifest a surface reorganization 
that appear to be strongly dependent on the annealing environment, and clearly visible at 
600 °C, and even more evident at 800 °C. Indeed, while the sample annealed in vacuum 
preserves its granular morphology at any Ta up to 800 °C, the heat-treatments in air and 
in oxygen cause the formation of large plates, separated by deep cracks, as shown in 
Figure 6(d) and (h), for air and oxygen, respectively.  

These results are corroborated by the measure of RMS roughness extracted from AFM 
images, plotted in Figure 7 as a function of both annealing temperature and environments 



 

66 

 

(air, oxygen and vacuum). As shown in the figure, the RMS of all samples is almost 
constant up to 600 °C, specifically, the values stay below 1.5 nm for samples annealed in 
air and oxygen, and 1 nm for those annealed in vacuum. The yellow dot indicates the 
roughness of the as-grown sample. After annealing at 800 °C, the RMS significantly 
increase up to 4.5 nm, due to the formation of plates and cracks in the oxygen and air 
environments; instead, it remains lower than 1 nm for the samples annealed in vacuum 
still due to the perseverance of granular surface.   

 

Figure 7: RMS roughness as a function of Ta in three (air, oxygen, and vacuum) annealing 
environments.  

 

Moreover, the morphological features were also confirmed by FESEM images in Figure 
8(a-c). As reported in Ref.[13], the formation of plates, separated by deep cracks, are a 
just simple manifestation of sintering during the crystallization evolution. 

Figure 8: FESEM image of TiO2 sample annealed in air at (a) 800 °C, in oxygen at (b) 600 °C, 
and in vacuum at (c) 600 °C. The scan areas are 1.4 μm x 900 nm. 

 

Indeed, TiO2 is a well-known low-temperature sintering material, and while for the 
majority of materials the sintering temperature is in the range 0.5÷0.9 of the bulk melting 
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temperature [14], in the case of TiO2, the reported values of the sintering temperature 
spread of a much wider range of temperature usually lower than the expected one. Also, 
it has been show that sintering in TiO2 can be induced by a different methodologies such 
as UV, infrared focused laser, high pressure, [15-17] in addition to the thermal process 
[18]. The sintering process is a consequence of the increase of the density of the material, 
thus producing large crystal grains separated by wide fractures. 

The crystallization evolution has been also studied from a structural point of view, 
measuring the vibrational status that allows to investigate the local strain and chemical 
compositions of the samples. Indeed, the presence of strain has been studied by following 
the possible shifts of the Eg anatase Raman mode, as a function of both annealing 
temperatures and environments. In light of this, Figure 9(a-c) shows RS in a focused range 
of 100-200 cm-1 (where Eg is supposed to appear) for air, oxygen, and vacuum annealed 
samples, respectively.  

 

Figure 9: Raman spectra in the range 100-200 cm-1 of TiO2 annealed in (a) air, (b) oxygen, 
and (c) vacuum. (d) Plot of the Raman shift as a function of Ta for samples annealed in air, 

vacuum, and oxygen. The gray region highlights the range where the Eg Raman mode is 
expected [19,20].  
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Figure 10: (a) Raw Raman data for TiO2-200 nm film annealed at 800 °C in air (black curve) 
and Si substrate (red curve), in the range of interest (100–200 cm−1) (b) Raman data of a TiO2-

200 nm film annealed at 800 °C in air (black scatters) after substrate subtraction and 
background normalization, and the correspondent Lorentz fit (red curve). 

 

The behavior of the peak position as a function of Ta is shown in Figure 9(d), where black, 
red, and blue stars indicate the results for samples annealed in air, oxygen, and vacuum, 
respectively, and the gray shaded area indicates the range of expected wavenumbers for 
the Eg anatase Raman band [19,20]. In particular, a monotonic decrease of the Eg mode 
position is observed for all samples moving from wavenumbers that are blue-shifted 
compared to the expected Eg value at Tc, to a very tiny red-shift at the highest temperature 
(Ta = 800 °C).  

Previous published results have pointed toward a relationship between a blue-shift of the 
Eg Raman vibrational mode and the size of anatase TiO2 nanoparticles [21,22]. Those 
results are based on the Heisenberg uncertainty principle, which relates the pheno menon 
of phonon confinement within the nanoparticle with the appearance of a blue-shift of the 
characteristic Raman band, compared to the bulk one.  It has been theoretically 
demonstrated that, in the approximation of spherical particles, the phonon is progressively 
more and more confined within the nanoparticles, as the sphere size decreases from 20 
nm to 2 nm, producing a re-shaping of the correspondent vibrational band, whose peak 
results blue-shifted compared to the bulk value [23]. This effect is expected to be over 
when the characteristic particle size is ≥ 20 nm.  In light of this, the first step was to relate 
the measured blue shift in TiO2-200 nm to the size of the crystallites, as derived for the 
different annealing temperatures by performing a Debye-Scherrer analysis of high 
resolution XRD spectra reported in Figure 4(c). The results, based on the approximation 
of spherical crystalline grains, seem to indicate that, in the sample annealed in air, the 
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crystallites grow from ~12 nm to ~48 nm in size, in a temperature range of 150-300 °C. 
Herein, they reach a plateau and stays at ~42 nm up to 800 °C. The aforementioned 
temperature range of 150-300 °C fully agrees with the one showing a blue-shift of the Eg 
vibrational mode in the RS, even though the crystallites size seems to be compatible with 
the theory of phonon confinement only at the earliest stage of crystallization (150-200 
°C), as shown also in Appendix A.  Nevertheless, Zhang et al. have reported on the 
occurrence of blue-shift in TiO2 nano-sheets with a thickness below 20 nm, but a lateral 
size well above this value (few µms), indicating that one dimension is enough to produce 
a quantum confinement effect [24].  In this case, a decrease of the blue-shift, very similar 
to the one reported in Figure 9(d), is measured as the thickness of TiO2 moves from 3-
layers to the bulk. This result is not surprising, since RS is a very well-known tool used 
to identify the layer number of 2D nanomaterials, such as graphene, MoS2 and black 
phosphorus, based on the position in wavenumber of the corresponding Raman bands 
[25-27]. In addition to this, the comparison between the value of the blue-shift measured 
in TiO2-200 nm and the one measured in few-layers TiO2 nanosheets [28] may shed light 
on the average thickness of the crystals, grew by the thermal treatment: when moving 
from 146 cm-1 (150 °C annealing) to 143 cm-1 (300 °C annealing) the correspondent 
thickness is expected to vary from 4 to 7 layers (~3.8 nm to ~6.7 nm, respectively, well 
inside the size range predicted for the phonon confinement phenomenon to take place). 

It’s worth mentioning that, in general, a blue-shift of the Raman vibrational mode can be 
also representative of a compressive stress inside the material. This effect can be 
neglected in this case, as primary affecting the Eg peak wavenumber. Indeed, since small 
crystallites grow inside an amorphous, at the beginning of crystallization, there is no 
reason for them to get compressed from the surrounding material. In any case, to address 
this point the lattice parameters of the TiO2 atomic cell were evaluated, as extracted from 
high-resolution XRD as a function of Ta [see Figure 4(b)], and no sensitive variations 
representative of any strain were found as a function of the heat treatments. However, in 
the case of a polycrystalline thin film, compressive or tensile strains, being macroscopic 
quantities depending on the deposited film, have to be determined not measuring the 
lattice parameters, but by using different analysis [29].   

On the other hand, a tensile strain sets up at the highest annealing temperatures, which 
causes the vibrational band to be red-shifted with respect to the expected value, as shown 
in Figure 9(d). As the Eg Raman mode is caused by symmetric stretching vibration of the 
O−Ti−O bond, in the in-plane directions [30], a progressive phase transition from anatase 
to rutile, as well as the coexistence of the two phases, as proved by the XRD analysis in 
Figure 5, can lead to the deformation of the TiO2 octahedra, thus affecting the position of 
the Raman bands.  

To get further insights into the crystallization dynamic occurring in the 200 nm sample 
annealed in air, RS as a function of annealing time was performed. Here, multiple heat-
treatments were performed on the same sample, by fixing Ta = 150 °C, and gradually 
increasing the annealing time. The first annealing was performed for 10 minutes, followed 
by 30-minute step annealing until a maximum total annealing time of 12 h (720 minutes) 
was reached, as the one performed in the previous experiment (see Figure 11). RS was 
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performed after each thermal step, and the first sign of crystallization was found after 
160-minute annealing total. Figure 11(a) plots representative Raman spectra as a function 
of annealing time, in the spectral region of interest (100-200 cm-1). Figure 11(b) shows 
the behavior of the Eg peak center vs time. In this plot, different scatters refer to different 
sampled areas, explored with RS after each annealing step. A very well-defined blue-shift 
of the Eg peak, compared to the bulk value, is measured, with a decreasing trend, in time, 
from ~148.5 cm-1 (160-minute annealing) toward ~146 cm-1 (720-minute annealing). In 
the inset, the average value of the Eg peak, per each annealing time, is shown and fitted 
by an exponentially decaying function (black dashed line). The best fit is found by using 
a decay constant t’ = (87 ± 11) min and a saturation value (145.98 ± 0.09) cm-1, at t>>t’. 

The rapid decrease of the Raman shift in the range 160 - 310 min, highlighted by the gray 
shaded area, indicates a rapid and progressive growth of the size of the TiO2 crystallites, 
while remaining under the quantum size approximation. After 310-minute (~5-hour) 
annealing, the crystals almost reached a critical size (typical of the annealing conditions), 
and they seem no longer affected by any longer annealing. The saturation value of the Eg 
peak coincides with the one found after a single step 12-h annealing [Figure 9(d)]. As 
done before, one can estimate in four TiO2 mono-layers, the average thickness of the 
thermal-induced crystals, by comparing the Eg peak wavenumber with the one reported 
by Zhang et al. [28]. 

 

Figure 11: (a) Raman spectroscopy of 200-nm sample at different annealing times, in the 
range 100-200 cm-1. The gray highlighted region indicates the expected range for the Eg 

Raman mode. (b) Raman shift as a function of the annealing time for 200-nm sample occurs at 
150 °C. The colored scatters represent the different areas of the same sample probed with a 

Raman spectroscopy. Inset: Raman shift as a function of the annealing time for 200-nm 
sample at 150 °C. The black spheres refer to average on the different areas investigated. The 

dashed line indicates an exponential fit. 

 

Information on the crystallization dynamic can be derived from the plot of FWHM of the 
Eg anatase mode as function of Ta. Indeed, the trend of FWHM can give general 
information on the degree of crystallization (the broader the peak, the lower is the 
crystallization degree), apart from the degree of disorder [31] (FWHM increases as the 
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disorder increases), non-stoichiometry effects [32], presence of oxygen vacancies [24], 
and phonon confinement [33]. 

The linewidth Г, as well as Eg peak position, is extracted from the Lorentzian fit and 
corrected by the instrumental broadening, estimated as [35]:   

 

                                                  Г = 𝐹𝑊𝐻𝑀TiO2 −
𝐹𝑊𝐻𝑀Si

2

𝐹𝑊𝐻𝑀TiO2
,                                           (4) 

 

where 𝐹𝑊𝐻𝑀TiO2 is the FWHM of the TiO2 measured for each spectrum, and 
𝐹𝑊𝐻𝑀Si = 3.46 𝑐𝑚−1.  

In general, the theory of a spectral line shape of crystal lattice vibrations (or phonons), in 
a dispersive medium, predicts the line shape to be Lorentzian and its linewidth, a 
parameter describing the damping effect, to be inversely proportional to the lifetime of 
the phonons. While in the case of an ideal harmonic crystal, the line shape is expected to 
be infinitesimally narrow, the experimental evidence shows that the Raman linewidth 
always has a finite width, indicative of the presence of decay channels, which shorten the 
phonon lifetimes [30, 36-37]. 

From the energy-time uncertainty relation [34] one obtains a relation including the 
phonon lifetime: 

 

                                                                1

𝜏
=

𝛥𝐸

ħ
= 2𝜋𝑐Г,                                                   (5) 

 

where ΔE is the uncertainty in the energy of the phonon mode, ħ is the reduced Planck 
constant, c is the light speed, and Г is calculated from the Equation (4) in units of cm−1.  

The mechanisms of Phonon lifetime shortening are mainly due to two contributions: i) 
perturbation of the crystal symmetry attributed to impurities and/or defects with a 
characteristic decay time τI; ii) anharmonic decay of a phonon into other Brillouin zone 
phonons, with a characteristic decay time τA. Then, the total phonon lifetime τ can be 
written as [34]:  

                                                                   1

𝜏
=

1

𝜏 𝐼
+

1

𝜏 𝐴
.                                                                  (6) 

 

The separation of the two contributions is generally nontrivial, and can be obtained, for 
example, with a variable-temperature RS. 

Figures 12(a-b) show Г and τ as a function of Ta and environments, respectively. In all 
the investigated cases, an almost monotonic increase of τ is observed with the annealing 
temperature that can be related to the evolution of crystallization, which gradually 
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densifies the material and reduces the number of scattering centers. In particular, the 
phonon lifetime of samples annealed in air and oxygen is the same at any Ta, inside the 
experimental error, and longer than the one of the samples annealed in vacuum. This 
behavior is attributed to the higher density of oxygen vacancies, produced when 
performing the annealing in vacuum. The latter, indeed, interfere with the translational 
symmetry of the atomic lattice, and therefore, disturb the characteristic life of the 
propagating phonon, acting as intrinsic impurities [38].  

 

 

Figure 12: (a) Linewidth Г values and (b) phonon lifetime τ as a function of Ta for the samples annealed 
in air, vacuum and oxygen (black, red, and blue stars, respectively). 

 
 

3.3 Study of TiO2 surface photo voltage versus environment 
 
The photocatalytic properties of TiO2 samples annealed in different environments can be 
measured through the SPV by using KPFM. Photocatalysis depends on both the intrinsic 
properties of the catalysts (photo absorption, charge generation and separation) and 
contact properties with the medium (photo charge transportation or reactions). 
Consequently, the photocatalytic activity results can be directly correlated to the SPV 
[39]. 
The SPV monitors the Contact Potential Difference (VCPD) between two materials during 
dark-light variation [40], i.e., 𝑉𝐶𝑃𝐷 =

𝑊𝑝𝑟𝑜𝑏𝑒−𝑊𝑠𝑎𝑚𝑝𝑙𝑒

𝑒
, where 𝑊𝑝𝑟𝑜𝑏𝑒  and 𝑊𝑠𝑎𝑚𝑝𝑙𝑒  are the 

work functions of the probe (PtIr AFM probe) and the sample, respectively, and e is the 
elementary charge.  



 

73 

 

The estimate of 𝑊𝑠𝑎𝑚𝑝𝑙𝑒  comes from a good calibration of the AFM probe on a well-
known material (usually Au or HOPG), to extract 𝑊𝑝𝑟𝑜𝑏𝑒 . In these measurements, Gold 
(Au) was used, because, being a noble metal, is less prone to oxidation, adsorption, and 
chemical reactions than low-work-function metals. 

The contact potential difference 𝑉𝐶𝑃𝐷  (𝐴𝑢) between the tip and Au is then measured first, 
and the work function of the probe is found as:  

 

                                                   𝑊𝑝𝑟𝑜𝑏𝑒 =  𝑒 𝑉𝐶𝑃𝐷 (𝐴𝑢) + 𝑊𝑎𝑢.                                        (7) 

 

Given 𝑊𝐴𝑢 = 5,3 𝑒𝑉 from literature, and from the Gaussian fit of the VCPD (Au) 
distribution shown in Figure 13, and extracted from a KPFM map, one finds 𝑉𝐶𝑃𝐷  (𝐴𝑢) =

(− 0,067 ± 0,005 ) 𝑉 . 

 

 

 

 

 

 

 

 

 

Figure 13:  VCPD distributions of the Au sample acquired in dark conditions. 

 

Then, the estimated value for the work function of the tip is 𝑊𝑝𝑟𝑜𝑏𝑒 = (5,233 ± 0,005) eV 
that is close to the reference value [41]. This experiment has been carried out in dark but 
the value of 𝑊𝑡𝑖𝑝 is typically assumed to be unchanged before, during, and after 
illumination, i.e., 𝑊𝑝𝑟𝑜𝑏𝑒

𝐷𝑎𝑟𝑘  ≈  𝑊𝑝𝑟𝑜𝑏𝑒
𝑈𝑉  [42].  

Once  𝑊𝑝𝑟𝑜𝑏𝑒   is known, and sample’s 𝑉𝐶𝑃𝐷 is measured, one can estimate the sample work 
function as : 
 
                                    𝑊𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑊𝑝𝑟𝑜𝑏𝑒  − 𝑒 𝑉𝐶𝑃𝐷 (𝑠𝑎𝑚𝑝𝑙𝑒).                                       (8) 

 

Moreover, by measuring the work function of the sample in dark conditions,  𝑊𝑑𝑎𝑟𝑘 ,  and 
under UV-lighting, 𝑊𝑈𝑉 , the SPV can be measured as:  
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                             𝑆𝑃𝑉 =  

𝑊𝑈𝑉−𝑊𝑑𝑎𝑟𝑘

𝑒
= 𝑉𝐶𝑃𝐷 (𝑈𝑉) −  𝑉𝐶𝑃𝐷 (𝑑𝑎𝑟𝑘),                                     (9) 

that is not affected by possible inaccuracies in 𝑊𝑝𝑟𝑜𝑏𝑒  measure.  

Figure 14(a) shows 𝑉𝐶𝑃𝐷  maps, on a scan area of 500 nm x 1μm in lateral size, acquired 
on the as-grown TiO2; here, top and bottom panels represent the 𝑉𝐶𝑃𝐷  as acquired in dark 
conditions and under UV-lighting, respectively. In order to favor the direct comparison 
between 𝑉𝐶𝑃𝐷  maps, the same color scale was used with contrast ranging from 200 to 370 
mV. The correspondent 𝑉𝐶𝑃𝐷  distributions are plotted in Figure 14(b) as dark- and light-
green histograms, for dark and UV-light conditions, respectively. By performing a 
Gaussian fit, such distributions are centered at 241 and 353 mV for dark and UV 
conditions, respectively, with a standard deviation of 6 mV, confirming the spatial 
uniformity of  𝑉𝐶𝑃𝐷  in both samples. Then, this gives a surface photovoltage of SPV= 
(112 ± 12) mV.  

 

 

 

Figure 14: KPFM of as-grown TiO2: (a) VCPD maps in dark conditions (top) and under UV-
lighting (bottom). Scan size is 500 nm x 1μm.  The color scale ranges from 200 to 370 mV, for 
both panels. (b) Correspondent VCPD distributions extracted from a statistic of 256 x 256 pixels 

equally distributed on 1μm x 1μm scan areas and fitted by a Gaussian function. 

 

A positive SPV corresponds to a reduction of work function when the sample is lighted 
by UV radiation, compared to the dark case. This behavior can be attributed to the release 
of adsorbed species from the sample’s surface of intrinsically n-doped semiconductors 
(as TiO2), due to a local surface discharge [43]. Indeed, when a sample is lighted with 
radiation having an energy close, or bigger, than its band gap, the formation of electron-
hole pairs, with the electrons jumping from the valence band to the conductance band and 
the holes moving at the opposite, is induced. Near to the surface, the free holes in the 
valence band move upward along the band bending, which is always present at the 
semiconductor surface, and discharge the negatively charged species adsorbed. Then, the 
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𝑊𝑈𝑉  is the most accurate measurement of the TiO2 intrinsic work function, being 
𝑊𝑑𝑎𝑟𝑘  generally affected by surface pollutants. 

Similarly, KPFM experiments have been performed on all the samples annealed in air, 
oxygen, and vacuum at 300, 600 and 800 °C, in order to identify the effect of thermal 
annealing in different environments on SPV of TiO2. The KPFM measurements of these 
samples are shown in Figure 15, 16, and 17. For all figures, the panels (a) represent the 
𝑉𝐶𝑃𝐷  maps, 500 nm x 1μm in lateral size acquired in dark (top) and under UV-lighting 
(bottom) for the samples annealed in air. The panels (c) are the 𝑉𝐶𝑃𝐷  maps for the samples 
annealed in oxygen, again, dark and UV-lighting cases are shown in the top and bottom 
images, respectively. Panels (e) show the 𝑉𝐶𝑃𝐷  maps acquired in dark (top) and under 
UV-lighting (bottom) for the samples annealed in vacuum. Each color scale refers to a 
specific sample. Then, panels (b,d,f) show Gaussian histograms, extracted from 𝑉𝐶𝑃𝐷  

maps of TiO2 annealed in air, oxygen, and vacuum, respectively.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: TiO2 annealed at 300 °C in air (a,b), oxygen (c,d), and vacuum (e,f). Specifically, 
(a,c,e) KPFM maps, in the dark (top) and under UV-lighting (bottom), and (b,d,f) 𝑉𝐶𝑃𝐷  

distributions, in the dark (left peak) and under UV-lighting (right peak). 
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Figure 16: TiO2 annealed at 600 °C in air (a,b), oxygen (c,d), and vacuum (e,f). Specifically, 
(a,c,e) KPFM maps, in the dark (top) and under UV-lighting (bottom), and (b,d,f) 𝑉𝐶𝑃𝐷  

distributions, in the dark (left peak) and under UV-lighting (right peak). 
 

Figure 17: TiO2 annealed at 800 °C in air (a,b), oxygen (c,d), and vacuum (e,f). Specifically, 
(a,c,e) KPFM maps, in the dark (top) and under UV-lighting (bottom), and (b,d,f) 𝑉𝐶𝑃𝐷  

distributions, in the dark (left peak) and under UV-lighting (right peak). 
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From these results, the values for 𝑊𝑑𝑎𝑟𝑘 , 𝑊𝑈𝑉 , and SPV of all samples annealed in air, 
oxygen, and vacuum at different temperatures, are extracted and listed in Table 3.  

Table 3: 𝑊𝑑𝑎𝑟𝑘 , 𝑊𝑈𝑉 , and SPV for samples annealed in air, oxygen, and vacuum at 300, 600, 
and 800 °C.  

 

These results are reported in Figure 18(a, b) and 19(a) where 𝑊𝑑𝑎𝑟𝑘 , 𝑊𝑈𝑉 , and SPV are 
plotted as a function of the annealing temperature and environment. The black, red, blue, 
and green stars are used to indicate the as-grown sample, and after annealing in air, 
oxygen and vacuum, respectively.  

As shown in Figure 18(a) and (b), the main effect of thermal annealing is a reduction of 
the intrinsic (𝑊𝑈𝑉) work function and that masked by the presence of surface adsorbed 
species (𝑊𝑑𝑎𝑟𝑘 ). Indeed, 𝑊𝑑𝑎𝑟𝑘  is a function of the total exposed surface area and 
porosity, besides the density of n-type dopant defects such as oxygen vacancies, and 
interstitial Ti. Therefore, a proper comparison of the intrinsic material work function is 
done by investigating the behavior of 𝑊𝑈𝑉  [Figure 18(b)].  Generally, the discrepancy of 
work function values measured in different annealing environments can be addressed to: 
(i) formation of oxygen vacancies, (ii) formation of interstitial Ti atoms, (iii) surface 
morphology, and iv) crystallization.  
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Figure 18: Work function as a function of Ta of the samples annealed in air, oxygen, and 
vacuum in the dark (a) and under UV-lighting (b). (c) Work function UV and RMS roughness 

for sample annealed in (c) air, (d) oxygen, and (e) vacuum.  
 

In light of this, after the thermal treatment at 300 °C, the change in work function is 
expected to be dominated by the presence of oxygen vacancies for vacuum annealed 
samples, by the amorphous-to-anatase structural transition for samples annealed in air 
and, finally, by both amorphous-to-anatase transition as well as higher density of 
interstitial Ti (that seems to be favored in oxygen rich environments [44,45]) for oxygen 
annealing. According to this, the  𝑊𝑈𝑉 (300 °C) of the samples annealed in air and in 
oxygen are quite close to each other. A larger difference is observed when they are 
compared to that of the sample annealed in vacuum, where the highest density of oxygen 
vacancies is expected. At 600 °C, the 𝑊𝑈𝑉  of all the samples seems to reconcile. Indeed, 
at this temperature, they have all undergone an amorphous-to-crystalline transition and 
all samples show the coexistence of anatase and rutile phases, even though in different 
percentage.  

The  𝑊𝑈𝑉 at 800 °C shows a more complicated behavior: while  𝑊𝑈𝑉 increases for the 
sample annealed in air, an inverted trend for both TiO2 annealed in oxygen and vacuum 
is shown. Compared to the sample annealed in air, a higher density of oxygen vacancies 
is expected in the vacuum annealed sample, and a higher density of interstitial Ti atoms 
in the oxygen-annealed TiO2. Oxygen vacancies and interstitial Ti may give rise to a 
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similar unsaturated bonding effect with electronic donor nature, with direct consequences 
on the material work function. The presence of n-type dopants introduces additional states 
in the bandgap close to the minimum of the conductance band causing the Fermi level to 
move upward. As the Fermi level increases in energy, the work function decreases, in 
good agreement with the measured trend. Moreover, the obtained results are comparable 
with both anatase and rutile work functions, respectively [46,47]. 

It worth stressing that, as our samples are highly polycrystalline, the measured Wsample 
gives an information that is mediated over all the exposed crystalline faces, without  
crystallographic distinction.  

From literature [48], the work function seems to be correlated to the surface roughness of 
the materials. Indeed, it is known that the surface roughness has an important effect on 
the physical, chemical, electronic as well as mechanical properties [49], and many authors 
have investigated the correlation between surface morphology and work function, 
showing different results for different materials, in which work function 
increased/decreased with the increase of surface roughness [48, 50,51].  

In light of this, Figures 18 (c-e) show both 𝑊𝑈𝑉 , and RMS roughness as a function of the 
annealing temperatures for samples annealed in air, oxygen, and vacuum, respectively. 
The RMS roughness has been analyzed avoiding the empty spaces (cracks) present in the 
morphologies, especially in presence of crystalline plates. In panel (a) and (c), the 𝑊𝑈𝑉 , 
and RMS roughness correlate, both increasing (decreasing) by increasing the annealing 
temperature. Different situation is observed for the sample annealed in oxygen 
environment. In this case,  𝑊𝑈𝑉 , and RMS roughness counter-correlate, with the RMS 
behaving as in the other samples.  Note that the increase in RMS roughness is due to the 
formation of crystalline grains. In Ref. [48] the authors correlate the work function with 
the presence of microstructures (microcracks, holes, grooves, bulges, defects) that 
produce a rough surface. In this case, the bulgy element brings a weak repulsive force, 
resulting in an enhanced accumulation of charges at such spots, which is consistent with 
the Fowler-Nordheim field emission theory [52].  

When the surface is smoother, instead, as in the case of vacuum annealing (see Figure 6) 
the charges are uniformly distributed on the surface, generating evenly-distributed 
electrostatic field [48]. 

Moreover, Figure 19(a) displays the behavior of SPV as a function of annealing 
temperature and environment. It is worth mentioning that all the measured SPVs are 
positive, thus corresponding to a reduced work function when the sample is lighted by 
UV radiation, because of surface adsorbates release. The behavior of SPV can be 
correlated to (i) exposed surface area for projected area, (ii) density of n-type dopants 
(oxygen vacancies and interstitial Ti), and iii) formation of mixed-crystalline phases of 
TiO2. While the first defines the availability of sites on the material’s surface for the 
environmental species to get physisorbed, the second introduces almost-free charge 
carries that stabilize the physiosorbed oxygen species at the sample surface, as reported 
in Ref. [7]. In this framework, the higher the surface area for projected area, the greater 
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is the surface site availability and larger is the number of n-type dopants, so higher is the 
probability of stabilizing an oxygen species at the surface.  

The SPV of the sample annealed in vacuum increases monotonically with the annealing 
temperature, while the surface area for projected area remains almost constant [Figure 
19(b)]. The measured SPV trend is thus only addressable to the increase in n-dopants, due 
to the enhancement of oxygen vacancies. On the contrary, the surface area for projected 
area increases monotonically after the annealing in air and oxygen, anticorrelating with 
the SPV in both cases. Nevertheless, the SPV of the sample annealed in air stays bigger 
than the one annealed in vacuum, indicating in the latter a higher concentration of n-type 
dopants, consistently with the expectation of preferential formation of interstitial Ti atoms 
in oxygen rich environments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19: Surface photovoltage, SPV, (a) and ratio of surface area and projected area (b), as a 
function of Ta of the samples annealed in air, oxygen, and vacuum. The black star indicates the 

as-grown sample. 
 

Finally, the SPV can be correlated to the formation of mixed anatase-rutile phases in TiO2. 
For samples annealed in air and in oxygen, the highest value of SPV is observed at 300 
°C, where both crystalline anatase and rutile phases are measured by XRD (Figure 5). 
Indeed, as shown in Table 2, the percentage of rutile is 13.7 and 20 wt% for samples 
annealed in air and oxygen, respectively. Instead, samples annealed in vacuum exhibits a 
maximum SPV value at 800 °C with 6.2 wt% of rutile crystalline phase. Our results 
support the Refs. [53,54] in which photocatalytic activity is improved by both high 
annealing temperature and a certain amount of anatase and rutile phases. Anyway, the 
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highest value of the SPV and then the photocatalytic activity, is reached from samples 
annealed at 300 °C in oxygen, whereas the amorphous as-grown samples show a low 
value of SPV due to the high density of atomic defects and impurities, confirming the 
results found in literature [55,56]. 

 

Summary  
 
This chapter focuses on the investigation of 200-nm TiO2 thin films deposited on Si 
substrate, annealed at different annealing temperatures and environments (air, oxygen, 
and vacuum). The first section, called Study of as-grown TiO2, studied the amorphicity of 
the as-grown sample, by means of XRD and RS, resumed also by the surface. Indeed, the 
morphology is made by amorphous particles, typical of room temperature deposition, 
with a measured size of (88 ± 19) nm, and an average RMS roughness of (0.87± 0.06) 
nm.  

In the second section, called Study of TiO2 crystallization onset and evolution versus 
environment, the amorphous-anatase and anatase-rutile transitions were investigated, by 
using XRD and RS, in three different environments. In particular, the Tc of the anatase 
phase is found in the range 100-150 °C for the samples annealed in air and in oxygen, and 
250-300 °C for the samples annealed in vacuum. This occurs because the oxygen rich-
environment inhibits the oxygen vacancies formation, and, on the contrary, in vacuum 
this formation is favored by breaking the binding bonds between oxygen and titanium, 
with oxygen release from the material. Instead, the rutile phase appears between 250 and 
300 °C when the annealing is performed in air, whereas it appears between 350 and 400 
°C when the samples are annealed in vacuum due different activation energies of the 
environments that lead a different probability of the oxygen formation. The phase 
transitions are observed also in the morphology, especially at high annealing 
temperatures, and can be related to the amount of anatase and rutile. A granular texture 
in the surface is preserved in any annealing environment at any temperature as high as 
300 °C. Instead, at the highest annealing temperature different material reorganizations 
depending on the environment are observed. In particular, large plates separated by deep 
cracks, due to sintering phenomenon, are observed for samples annealed in oxygen and 
air, whereas a granular morphology is preserved in samples annealed in vacuum.  

The crystallization evolution has been investigated with RS by looking at the peak 
position and the linewidth of the Eg mode. For all samples, at the crystallization onset a 
blue-shift is observed, which is related to the phenomenon of phonon confinement; this 
result is confirmed also by Raman measurements as a function of time. Then, all samples 
show a small red-shift at the highest temperature explored in this work (800 °C). Then, 
the phonon lifetime, which is inversely proportional to the linewidth, increases by 
increasing the annealing temperature according to the evolution of crystallization, which 
gradually densifies the material and reduces the number of scattering sites. In particular, 
the phonon lifetime of samples annealed in air and oxygen is longer than that of samples 
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annealed in vacuum due to the higher density of oxygen vacancies produced in this 
environment. 
In the last section, called Study of TiO2 surface photovoltage versus environment, the 
dependence of both annealing temperatures and environments on the TiO2 photocatalytic 
activity were study. First, the work function of the samples in dark,  𝑊𝑑𝑎𝑟𝑘 , and under 
UV-lighting, 𝑊𝑈𝑉 , conditions, and after SPV are measured. The last is correlated to (i) 
exposed surface area, (ii) density of n-type dopants (oxygen vacancies and interstitial Ti), 
and iii) mixed-crystalline phases of TiO2.  

An increase of SPV as a function of annealing temperatures in vacuum is observed due 
to the increase in n-dopants for the enhancement of oxygen vacancies, while the surface 
area remains almost constant. A different behavior is observed for the samples annealed 
in air and oxygen. Indeed, the SPV decreases by increasing the annealing temperature and 
the surface area increases. Then, a maximum response of SPV is observed at 300 °C, for 
air and oxygen annealing, and at 800 °C, for vacuum annealing, due to probably the 
emergence of the mixed anatase-rutile phases. In conclusion, the photocatalytic 
performances are considerably affected by thermal treatments, annealing environments, 
and formation of both anatase and rutile crystalline phases. 
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Chapter 4 

Structural and morphological characterization of 
TiO2 vs thickness 

 
 
This chapter will be focused on the tailoring of the TiO2 thin film crystallization 
temperature (Tc), in the Anatase crystalline phase, by modulating its thickness from 
hundreds to few nm. Amorphous TiO2 thin films have been fabricated by IAD to this aim, 
subsequently thermally treated in a controlled manner, and investigated by means of 
AFM, SEM, XRD, and RS. The first part of the chapter will be focused on the 
morphological and structural characterization of the as-grown amorphous samples, in 
terms of particle size and roughness, both showing a dependence on the sample thickness. 
XRD and RS are used to confirm their amorphicity. The second part will be dedicated to 
the study of the Tc versus thickness, while the third part will investigate the peculiar TiO2 
crystallization evolution as a function of both thickness and heat treatments. Finally, 
specific aspects of the lattice dynamics, such as the phonon lifetime, will be discussed, as 
a function of both the thickness and the annealing temperature, Ta. 
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4.1 Study of as-grown TiO2 versus thickness 
 

As-grown TiO2 thin films, with nominal thickness of 5, 32, 64, 100, and 200 nm, 
deposited on an unheated (100) Si substrate, were first characterized by means of XRD 
and RS, to check their amorphicity, and by AFM to address the quality of the sample 
surface, in terms of morphology, particle size, and roughness, as a function of their 
thickness. Differently from the case discussed in Chapter 3, all samples were fabricated 
by using an electron-beam evaporator with the assistance of Argon and Oxygen plasma, 
in order to enhance the material uniformity and density, as well as their mechanical and 
optical properties (see Chapter 2 for technical discussions). 

Preliminarily, the reliability in the thickness estimate of the as-grown samples was 
checked by both X-ray reflectivity (XRR) and profilometric measurements. For instance, 
Figure 1 shows an exemplary XRR curve acquired on a 5 nm-sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: XRR curve of an as-grown TiO2-5 nm film (white scatters), fitted by the blue line. 
The experimental parameters used for the XRR measurement were: time step of 60 s, θ step of 

0.01°, and θ range from 0.15 to 3°. Adapted from [1]. 

 

White scatters and blue line are the experimental data and the simulated curve, 
respectively. The latter was obtained by using the X’pert Reflectivity software [2,3]. The 
fit gives a total film thickness of (5.14 ± 0.02) nm and a density of (3.50 ± 0.03) g/cm3. 
Similarly, in the case of the nominal 100 nm-sample, the film thickness found under 
profilometric measurements was (98 ± 5) nm, thus confirming the precision and reliability 
of the fabrication machine used, in two different ranges of film thickness.  
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Figures 2(a,b) show the RS and XRD measurements, respectively, performed on all the 
as-grown samples. In both plots, black, red, green, blue, and cyan curves refer to a TiO2 
thickness of 5, 32, 64, 100, and 200 nm, respectively. All the Raman modes visible in 
Figure 2(a) are associated to the Si [4] substrate (as shown in Chapter 2). Similarly, only 
the reflections relative to the Si, at 2θ = 62° and 69.16°, are shown in the XRD spectra 
reported in the main panel of Figure 2(b), together with a broad bump in the 2θ range 
from 20° to 45° (zoomed in the inset) representative of the amorphous TiO2. 

 

 

Figure 2: (a) RS spectra with wavenumber range from 100 to 1200 cm−1. (b) XRD spectra with 
2θ range from 20 to 75° (main) and from 20 to 55° (inset). Black, red, green, blue, and cyan 

curves refer to 5, 32, 64, 100, and 200 nm, respectively. The curves have been offset along the 
y-axis for better readability. The parameters used for the XRD spectra are: θ–2θ scans with a 

time/step 0.2–0.6 s, a 2θ step of 0.02°, and a 2θ angle ranging from 20 to 75° by using a 
diffractometer from Bruker located in Chemistry Department. Instead, for the Raman spectra a 

50X magnification, 10 s exposure time, 5% laser power, and 5 accumulations are used by means 
a Raman Spectrometer from RENISHAW equipped of red laser source (785 nm), located in 

Pharmacy Department. Adapted from [1]. 

 

Figures 3(a-e) show representative AFM morphologies, acquired in tapping mode with a 
SCM-PIT-V2 tip from Bruker, on a scan area of 1 μm × 1 μm in lateral size, of the as-
grown sample surface, as a function of the TiO2 thickness, from 5 [Figure 3(a)] to 200 
nm [Figure 3(e)]. The surface roughness is highlighted by using a black-to-white color 
scale, from a minimum value of 0 nm to a maximum of 5 nm. As one can see, the surface 
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is always made of particle agglomerations, more and more evident as the thickness 
increases. 

For the sake of completeness, Figures 3(f-j) also show the AFM images acquired on larger 
scan areas (10 μm x 10 μm), for all the investigated samples. Obviously, enlarging the 
lateral size causes a leak in the resolution of the tiniest details (as the amorphous 
particles), with the contrast being dominated by the overall (substrate-imprinted) 
roughness. As before, all the AFM maps were equalized to the same color contrast, from 
a minimum value of 0 nm to a maximum of 13 nm.  

 

 

Figure 3: Tapping-mode AFM topography of as-grown TiO2 sample, (a–e) 1 µm x 1 µm and 
(f–j) 10 µm x 10 µm in lateral size. Adapted from [1]. 

 

 

As done in the previous Chapter, a statistical analysis of 1 μm × 1 μm AFM images was 
performed to analyze the dependence of both the particle size and the RMS roughness as 
a function of the TiO2 thickness. Concerning to the particle analysis, 25 particle profiles 
per sample were analyzed, taking into account both the convolution between particle and 
tip size and the high packing density (as performed also in Chapter 3). The behavior of 
the measured and deconvolved particle size as a function of the sample thickness is shown 
in Figure 4(a) by reddish and bluish symbols, respectively. The plot displays a clear 
monotonic trend: in particular, the measured particle size ranges from (27 ± 5) nm, for 
the 5 nm sample, to (52 ± 8) nm, for the 200 nm one, while the deconvolved size particle 
extends from (22 ± 4) nm to (37 ± 3) nm. Thus, both measured and deconvolved particle 
size disclose an increasing trend as the thickness increases, which is consistent with the 
expected behavior, based on Ostwald ripening [6-8]. According with this theory, in the 
initial stage of thin film deposition on top of a substrate surface, ideally made by a uniform 
distribution of nucleation sites, atoms from the vapor phase condense on the substrate 
surface, entering the so called “adsorbed state”. In this phase, they can both detach again 
from the substrate or diffuse over the surface. During the diffusion they combine with 
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each other, giving rise to clusters of atoms. Each cluster can either grow or decay in size 
depending on the addition or detachment of adatoms. However, when a critical cluster (or 
particle) size is reached, the probability of expanding is greater than the one of decreasing. 
In fact, since the binding energy between surface atoms depends on the particle curvature, 
inversely proportional to its size, the detachment of an atom is more probable in smaller 
grains. Because of this, if two particles of different size are situated near each other there 
will be a gradient in the adatom density, creating a driving force for diffusion from the 
small particle to the large one. This process, results in a net decrease of smaller particles 
for a net gain of the larger ones, whose size growth will accelerate. Particle larger than 
the critical size are referred to as “stable”. From herein, such a stable grain can continue 
to grow, as the deposition proceeds, i) by keeping capturing adatoms from smaller 
particles; ii) by capturing additional atoms coming from the vapor phase; iii) by 
coalescing with each other to form, ultimately, the continuous thin film. Such a 
continuous growth in size, as well as their ultimate coalescence, is of course favored in 
longer depositions (thicker films), thus giving rise to bigger grains in thicker samples, 
justifying the behavior observed in Figure 4(a). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: (a) Measured (reddish scatters) and deconvolved (bluish scatters) particle size, (b) 
average RMS roughness as a function of the TiO2 thickness in the as-grown samples. Dashed 

lines are used both in (a,b) as a guide for the eye. In (b), the dashed grey area corresponds to the 
range of the measured Si substrate roughness. Adapted from [1]. 

 

Finally, Figure 4(b) shows the RMS roughness, calculated on several scan areas of 1 μm 
× 1 μm, as a function of the TiO2 thickness. As shown by the plot, the average measured 
RMS roughness increases by increasing the thickness, from (0.29 ± 0.05) nm for the 5 
nm-sample, approaching in this case that of the substrate (indicated with the grey region 
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in figure), to (0.65 ± 0.04) nm for the 200 nm one. A tiny decrease in the RMS roughness 
is measured between the 100 and 200 nm samples, even if the difference in the 
correspondent RMSs is extremely small (~150 pm).  

The use of the IAD technique has thus guaranteed: i) reliability in the sample thickness, 
as demonstrated by the XRR (see Figure 1); ii) a high coverage uniformity even for an 
ultra-thin deposition, as shown in the AFM image of the 5 nm sample [see Figure 3(a)] 
whose RMS roughness approaches the one of the substrate; ii) high surface flatness, 
because the RMS roughness remains always below 1 nm for all samples. 

 

4.2 Study of TiO2 crystallization onset versus thickness 
 

This section explores the amorphous-crystalline phase transition, and the TiO2 Anatase 
phase, after heat treatments performed in air. The as-grown TiO2 thin films were heated 
with a rate of 3 °C/min, up to a set temperature of 250, 300, 400, 450, 500, 600, 800, 1000 
°C, and left at fixed T for 12 h. Finally, they were cooled down to room temperature with 
a rate of 1 °C/min. Also in this case, each single treatment has been performed on a 
pristine as-grown sample. 

After the annealing process, XRD and Raman measurements were performed to 
investigate the early stage of the crystallization and thus the crystallization onset 
temperature, Tc. Figure 5(a) shows the XRD measurements performed at selected 
temperature in a 2θ range, enclosing the first anatase reflection, A(101), at 2θ = 25.3°. 
Different colors refer to different TiO2 thicknesses as clearly indicated in the plot and all 
curves were offset along the y-axis for a better visualization. 

The A(101) peak, and thus the amorphous-anatase transition, appears between 750 and 
800 °C (gray and black curves) for the 5 nm sample, between 300 and 350 °C (cyan and 
blue curves) for the 32 nm sample, and between 250 (light red, light green, and light pink) 
and 300 °C (red, green, and pink) for the 64, 100, and 200 nm samples.  
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Figure 5: (a) XRD spectra of the 5 nm sample at 750 (grey) and 800 °C (black), the 32 nm 
sample at 300 (light blue) and 350 °C (blue), the 64 nm sample at 250 (light red) and 300 °C 

(red), the 100 nm sample at 250 (light green) and 300 °C (green), and the 200 nm sample at 250 
(light magenta) and 300 °C (magenta). The symbol A indicates the anatase phase; (b) Raman 
Spectra of the 5 (black), 32 (red), 64 (green), 100 (cyan), and 200 (blue) samples annealed at 

different temperatures (250, 300, 350, and 800 °C). (c) high resolution XRD spectra of 200 nm 
TiO2 samples annealed in air for 12 h at different temperatures acquired with time/step of 100 s, 
2θ step of 0.02°, and 2θ angle in the range from 20° to 75°. The symbol A indicates the anatase 

phase. Adapted from [1]. 

 

Similarly, the amorphous-anatase transition was monitored by RS focusing on the 
strongest anatase vibrational band, Eg at ~144 cm−1 [9]. Figure 5(b) shows the spectra of 
5 (black), 32 (red), 64 (green), 100 (cyan), and 200 (blue) samples annealed at different 
temperatures (250, 300, 350, and 800 °C). The appearance of this mode is observed at 
800°C for the 5 nm, at 350 °C for the 32 nm sample, and at 300 °C for the 64, 100, and 
200 nm samples. Moreover, the Raman spectrum of the 200 nm sample shows additional 
modes at 800 °C [indicated by the black arrows in Figure 5(b)]. Among these, the mode 
at 194 cm−1

 is still attributed to the Eg Raman band, whereas the two modes at 394 and 
637 cm−1 could be attributed to either anatase or brookite phases. Indeed, these latter are 
very close to each other (399 and 639 cm−1 for the anatase and 396 and 636 cm−1 for the 
brookite [10]) and a non-negligible convolution effect with the Si substrate bands, in this 
range, can affect a precise determination of the mode centers. However, in order to 
exclude the presence of the brookite phase, high-resolution XRD spectra of the 200 nm 
sample were acquired at 800 °C, as well as 250, 300, 400, and 600 °C, and shown in 
Figure 5(c). Starting from 300 °C, the only visible XRD peaks are related to the (101), 
(004), and (200) anatase reflections, thus ruling out the presence of any brookite.  

Based on these results, one can determine the evolution of the crystallization onset Tc as 
a function of the sample thickness d. Figure 6(a) shows the Tc vs thickness, colored dots 
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referring to samples with different thickness. Note that an asymmetric error bar has been 
used to highlight the uncertainty in the estimate of Tc due to the 50 °C step used in the 
heat treatments. The behavior of Tc is fitted by using [11]: 

                                                 𝑇c = 𝑇ac + (𝑇melt − 𝑇ac)𝑒
−

𝑑

λ𝑑,                                                    (2) 

where Tmelt is the melting temperature of the bulk crystalline TiO2 equal to 1843 °C, Tac 

is the crystallization onset temperature of a thick amorphous film, and λ𝑑 is the 
characteristic decay length of the crystallization onset temperature. Then, Tac = (287 ± 
42) °C and λ𝑑 = (5.9 ± 0.3) nm have been extracted from the fit of the experimental data. 
A strong dependence of Tc on the sample thickness was demonstrated, which increases 
by decreasing the thickness.  

Considering that a layer of native SiO2 is present on Si substrates, these investigated 
TiO2/SiO2 samples can be compared with the Si/SiO2, Si/SiOx, and Ge/SiO2 superlattices 
discussed in [11]. In this work, an exponential decrease of the crystallization temperature 
with increasing the layer thickness is observed, as shown in Figure 6(b).  

 

 

Figure 6: (a) Tc as a function of the TiO2 thickness. The red dashed line is the exponential fit. 
(b) Crystallization temperatures of different superlattice structures as a function of the layer 

thickness. Adapted from [1,11]. 
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4.3 Study of TiO2 crystallization evolution versus thickness 
 

The structural and morphological changes induced by different thermal annealing 
treatments were further investigated by AFM, SEM, XRD and RS, as a function of the 
sample thickness.  

Table 1 reports the thermal evolution of the surface morphology in the 5 nm (second row), 
32 nm (third row), 64 nm (fourth row), 100 nm (fifth row), and 200 nm (sixth row) 
samples. All AFM topographies are acquired in tapping mode on a scan area of 10 μm × 
10 μm in lateral size for samples as-grown, and after annealing performed at 300, 600, 
800, and 1000 °C.  

The 5 nm-sample (second row) shows an unaltered surface after annealing at 300, and 
600 °C. Conversely, randomly distributed holes [depth of (2.9 ± 0.7) nm] and nanorod -
like structures appear on the surface at 800 and at 1000 °C, respectively. The depth of 
these holes indicates a partial de-wetting of TiO2, occurring at 800 °C, whereas the “1D-
like” material reorganization observed after annealing at 1000 °C, is consistent with the 
growth of TiO2 crystalline nanowires, as already observed on a SrTiO3 perovskite surface 
after Ta =1000 °C [12]. The surface of 32 nm-sample (third row) shows the tendency to 
form linear structures first occurring at 300 °C, slightly below its Tc (occurring in between 
300 and 350 °C). These structures evolve in temperature and become clearly evident and 
dense at 800 and 1000 °C. Fourth row reports the thermal evolution of the 64 nm sample. 
The morphology evolves from disordered particles, in the as-grown, to linear structures 
at 300 °C. Again, these features become more evident as Ta increases. In fact, they appear 
very well formed at 600°C and accompanied by the formation of pronounced boundaries 
at 800 °C (as indicated by the black dotted arrows). Finally, at 1000 °C the formation of 
large micrometric slabs characterized by radial ridges, as shown in Ref. [13], and an 
overall densification of the material is evident. In general, the structures, occurring at or 
close to the Tc, are interpreted as crystalline plates, forming grains with different 
crystalline orientations reporting a preferential 2D growth of crystalline TiO2 [14,15]. The 
100 (fifth row) and 200 (sixth row) nm-samples show a very similar evolution, from a 
topography characterized by particle agglomerations (as-grown, and at 300, 600 °C) to 
the formation of blocks separated by deep cracks, at 800 and 1000 °C. In conclusion, the 
evolution of the surface morphology and their peculiar structures are strongly dependent 
on the TiO2 thickness.  Figure 7 highlights the peculiar occurrence of the crystalline 
features observed by AFM at 1000 °C, on a completely different length scale, such as the 
one obtained by optical microscopy. Panels (b,d,f,h) display a 50X magnification of the 
material organization, after crystallization, for the 5, 32, 64, and 100 nm sample, 
respectively, showing a flower-like morphology that becomes more and more compact 
by increasing the sample thickness. Moreover, Figure 7(g) shows a 5X magnification of 
the 100 nm sample, in which the profound cracks are a consequence of the temperature-
driven sintering process. Finally, the optical images of the 200 nm sample [Figures 7(i,l)] 
confirm the presence of much smaller, separated plates or blocks.   
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Table 1: Tapping-mode AFM topography, 10 µm x 10 µm in lateral size of: 5 nm sample as-grown, 
and annealed at 300, 600, 800 and 1000 °C (second row); 32 nm sample as-grown, and annealed at 
300, 600, 800 and 1000 °C (third row); 64 nm sample as-grown, and annealed at 300, 600, 800 and 
1000 °C (fourth row); 100 nm sample as-grown, and annealed at 300, 600, 800 and 1000 °C (fifth 
row); 200 nm sample as-grown, and annealed at 300, 600, 800 and 1000 °C (sixth row). The color 
scale of the samples as-grown, annealed at 300, 600 °C ranges from 0-6 nm. The color scale of the 

samples annealed at 800 °C ranges from: 0 to 5 nm for 5, 64 and 100 nm; 0 to 2 nm for 32 nm; 0 to 15 
nm for 200 nm. The color scale of the samples annealed at 1000 °C ranges from: 0 to 90 nm for 5 nm; 

0 to 60 nm for 32, 64 and 100 nm; 0 to 80 nm for 200 nm. Adapted from [1]. 

Sample As-grown 300 °C 600 °C 800 °C 1000 °C 

5 nm 

      

32 nm 

     

64 nm 

     

100 nm 

     

200 nm 

     

High Low 



 

97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Optical microscope images of TiO2 samples annealed at 1000 °C with different 
magnification: (a,b) 5; (c,d) 32; (e,f) 64; (g,h) 100 and (i,l) 200 nm. Adapted from [1]. 
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While Table 1 shows the thermal evolution of the sample morphology per each thickness, 
Figure 8 compares the morphology evolution as a function of the thickness at the fixed 
temperature of 800 °C. Both AFM and SEM images are shown for the 32 [Figure 8 (a,e)], 
64 [Figure 8(b,f)], 100 [Figure 8(c,g)], and 200 nm [Figure 8(d,h)] samples. All AFM 
images are acquired on a scan area of 1 μm × 1 μm in lateral size in tapping mode. As 
shown in Figure 8(a,b), at 800 °C, 32 and 64 nm samples still exhibit a surface made of 
particles. However, these appear aligned in preferential directions, disclosing a tendency 
toward a higher order in material organization. The morphology of the 100 nm sample, 
instead, [Figure 8(c)] shows crystalline blocks separated by deep cracks, resembling the 
formation of a polycrystal. Indeed, each block seems to exhibit different crystalline 
orientation (as indicated by the white dashed lines). This suggests that TiO2 tends to 
crystallize into plates with the same orientation within each block. Similarly, 200 nm 
sample [Figure 8(d)] shows crystalline blocks larger than those formed in the 100 nm 
samples. Moreover, these blocks show a much flatter topmost average RMS of 0.72 nm, 
demonstrating a higher degree of order by increasing the thickness. Same information are 
extracted from the SEM images: 32 and 64 nm samples [Figures 8(e,f)] show a 
morphology made by particles, and a similar trend towards grain boundaries formation. 
Instead, 100 and 200 nm samples [Figures 8(g,h)] display well-defined blocks, with 
evident “plate like” crystal morphology.  

Figure 8: AFM topography on a scan area of 1 μm × 1 μm in lateral size, of (a) 32, (b) 64, (c) 
100, and (d) 200 nm samples annealed at 800 °C. The color scale ranges from: 0 to 5 nm for the 
32 and 64 nm samples; 0 to 20 nm for the 100 nm, and the 200 nm samples. SEM images of (e) 

32, (f) 64, (g) 100, and (h) 200 nm samples, annealed at 800 °C. Adapted from [1]. 

 

In order to exclude any possible influence of Si substrate on thin films after thermal 
annealing, its morphological and structural behavior upon heat treatments was 
additionally investigated. Figures 9(a,b) show the AFM images, on a scan area of 10 μm 
× 10 μm, of pristine Si substrate and after annealing at 1000 °C, respectively. The RMS 
roughness is 0.53 and 0.4 nm for (a) and (b), respectively and in both cases a very flat 
surface appears, confirming that the Si surface is morphologically unchanged after 
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thermal annealing. On the other hand, Figure 9(c) shows the Raman spectra of the used 
substrate in its pristine form as well as at different Ta (300, 600, 800, and 1000 °C). The 
figure focused on the range 250–350 cm−1, where the Si Raman band occurs (301.65 
cm−1) [4]. No shift is measured in the vibrational mode position, as a function of Ta, thus 
confirming that no structural changes are produced because of the annealing and no stress 
is induced or released in the substrate in the considered heating range. 

 

Figure 9: AFM topography, 10 μm × 10 μm in size, of Si substrate (a) pristine and (b) annealed 
at 1000 °C. All images have been equalized to the same color scale, from a minimum value of 0 
(black) to a maximum of 6 nm (white), to favor their comparison (c) Raman spectroscopy of the 
Si substrate unheated (black) and annealed at different temperatures, in the range 250–350 cm−1. 

Adapted from [1]. 

 

To investigate the crystalline structural phases of TiO2, after thermal annealing, additional 
XRD measurements were acquired, and reported in Figures 10(a–e), at different 
annealing temperatures. While thicker samples (64, 100, 200 nm) are only disclosing the 
XRD reflections of the anathase phase, indexed as A(h,k,l) in Figure 10, the thinnest ones 
(5 and 32 nm) show the coexistence of both the anatase and rutile phases, the latter 
indexed as R(h,k,l), upon annealing at the highest T (1000 °C). Generally, the anatase-
rutile phase transition and its related temperature depends on film growth technique, 
annealing environment, impurities, grain and particle size [16-27]. Fixed the fabrication 
method, our samples are certainly affected by changes in grain and/or particle size as a 
function of thickness [see Figure 4(a)]. On the other hand, one should notice that the 
annealing process breaks the bonds between Ti and O, causing the release of oxygen from 
the material and forming both oxygen vacancies and interstitial Ti atoms. These so-
formed impurities of the crystal lattice influence as well the anatase-rutile transition, and 
might be more relevant as the TiO2 material volume is reduced (for instance in the thinnest 
5 and 32 nm samples).  

Then, Figure 10(f) shows the result of the Debye–Scherrer analysis [28], performed on 
the strongest anatase peak (101), for the XRD spectra acquired at 800 °C, showing an 
increase of the crystallite size, from 10 nm (32 nm-sample) to 63 nm (200 nm-sample), 
upon increasing the film thickness. 
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Figure 10: XRD spectra of (a) 5, (b) 32, (c) 64, (d) 100, and (e) 200 nm TiO2 samples, annealed 
at different temperatures. Symbols A and R refer to the anatase and rutile phase, respectively. 
Inset of Figure 11(a): zoom on the A(101) peak – annealing at 800 °C. The θ–2θ scans were 
acquired with a time-step of 0.6 s and a 2θ step of 0.02° and all curves have been offset along 

the y-axis. (f) Crystallite size of TiO2 32 (red star), 64 (green star), 100 (blue star) and 200 (cyan 
star) nm films after Ta = 800 °C. The dashed line is used as a visual guide. Adapted from [1]. 

 

Finally, the evolution of the vibrational properties of TiO2 as a consequence of 
crystallization process and crystallization evolution was explored by RS and by focusing 
on possible shifts and changes in the linewidth of the strongest Eg Raman anatase mode 
as a function of both thickness and Ta.  

Figures 11 (a-e) show Raman spectra in the range 100–200 cm−1 as acquired for the 200, 
100, 64, 32, and 5 nm samples, respectively. The raw data spectra are treated as discussed 
in Chapter 3.  
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While all samples exhibited a spatially uniform Raman response at any annealing 
temperature, the 5 nm one [Figure 11 (e)] disclosed a more complex Raman behavior at 
its Tc of 800 °C. As shown by Figure 11(e), different behaviors were found, thus showing 
that the Raman response is strongly inhomogeneous and dependent on the position over 
the sample surface. It is worth noticing that, even though the 5 nm sample exhibited a 
uniform crystallization behavior to the XRD, the RS has much higher spatial resolution 
compared to XRD (~1–100 μm2 in RS versus mm2 in XRD) and is thus able to reveal any 
crystallization inhomogeneity. The non-uniformity can be explained by taking into 
account the partial de-wetting of the film observed with AFM (second row of Table 1), 
after Ta = 800 °C, and thus it can be a consequence of a non-uniform coverage across the 
sample surface. On the contrary, upon complete crystallization at 1000 °C, the sample 
discloses a uniform Raman behavior.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Raman spectra of (a) 200; (b) 100; (c) 64; (d) 32 nm, and (e) 5 nm samples at 
different Ta in the range 100–200 cm−1. The gray dashed area indicates the Eg Raman band 

position range as reported in literature [10,30]. For the 5 nm sample Raman spectra of as-grown, 
annealed at 800 °C in different locations, and annealed at 1000 °C are shown. The Raman 

spectra were acquired with a power laser of 10%, an exposure time of 10 s, and 3 
accumulations. Adapted from [1]. 
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Finally, Figure 12(a) shows the behavior of Eg peak as a function of Ta and for different 
TiO2 thicknesses. Blue, cyan, red, black, and violet stars refer to the Raman shift of 200, 
100, 64, 32, and 5 nm samples, respectively, while the gray dashed area indicates the Eg 
Raman band position range as reported in literature [10,30]. As a red laser source, with a 
wavelength of 785 nm, is used in the presented experiments, the position of TiO2-Eg is 
expected at 141.5 cm−1. In a temperature range between 300-500 °C, all samples show a 
Eg Raman mode position that fluctuates around the expected value. At temperatures equal 
or higher than 600 °C, a red shift is observed indicating the setting up of a tensile strain, 
as shown in Refs. [31,32]. In these latter, the development of tensile stress, with a rapid 
increase for a reduced film thickness, has been observed upon crystallization, together 
with the formation of grain boundaries and cracks, as those imaged with AFM and SEM, 
to the aim of releasing the strain. As expected, a different and inhomogeneous behavior 
is observed for the 5 nm sample, at its crystallization temperature, i.e., 800 °C. In fact, 
the Eg Raman mode assumes values from 140.5 to 142.5 cm−1 further demonstrating that 
the peculiarities of the crystallization are location-dependent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: (a) Raman shift as a function of the Ta. The grey region highlights the range where 
the Eg Raman mode is expected [10,30]. (b) phonon lifetime τ as a function of the T a. The blue, 
cyan, red, and black stars indicate the 200, 100, 64, and 32 nm samples, respectively. Adapted 

from [1]. 
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Figure 12(b) shows the behavior of phonon lifetime (τ) as a function of TiO2 thickness 
and Ta. In Chapter 3, the mechanism of the phonon lifetime and the procedure to estimate 
τ were deeply discussed.   

For all samples, τ increases for increasing the annealing temperature. The monotonic 
increase of τ can be exclusively related to the evolution of crystallization, which gradually 
densifies the material and reduces the number of scattering centers. Indeed, Energy-
dispersive X-ray spectroscopy (EDX) measurements were performed to exclude the 
presence of external contaminations. For instance, Figure 13 shows a representative EDX 
spectra of as-grown TiO2-200 nm in which only O = (15.10 ± 0.15) %, Ti = (6.35 ± 0.06) 
%, and Si = (78.5 ± 0.1) % (from substrate) were measured. In light of this, the only 
source of scattering can be associated to the boundaries between amorphous and 
crystalline areas, as well as between crystalline areas with different orientation and/or 
phase.  

 

 

 

 

 

 

 

 

Figure 13: EDS analysis of an as-grown TiO2-200 nm film. Adapted from [1]. 

 

In fact, at any Ta up to 800 °C, the phonon lifetime of the thicker samples (200 and 100 
nm) is longer than the thinner ones. Indeed, the latter are still made by individual particles, 
even at 800 °C, and their boundaries act as scattering centers. Only upon annealing at 
1000 °C, the phonon lifetimes measured for all the TiO2 thickness values studied become 
equal within the error bars. Interestingly, the phonon lifetime of the 200 nm sample keeps 
increasing smoothly within the whole Ta, while stiffer jumps are measured above 800 °C 
as the thickness is reduced. In particular, the phonon lifetimes of the 32 and 64 nm 
samples evolve almost identically, with both samples being characterized by a transition 
from a morphology still made by particles, at 800 °C, to a much higher densification 
degree at 1000 °C. 
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Summary  
 
This chapter focused on the investigation of the crystallization onset and evolution of 
TiO2 films, with thickness varying between 5 and 200 nm. The first section, called Study 
of as-grown TiO2 versus thickness, shows that as-grown thin films, deposited by IAD, are 
uniform in thickness, for both thin (5 nm) and thick (100 nm) films as shown by XRR 
and profilometric measurements, respectively. The as-grown samples are amorphous as 
shown by RS and XRD measurements. Indeed, no anatase Raman mode and X-ray 
reflection are observed in the RS and XRD spectra. Then, the surface of all the as-grown 
samples is made of amorphous particles. This analysis, performed on a scan area of 1 μm 
× 1 μm in lateral size, demonstrates that those particles are more evident as the thickness 
increases. The particle size varies from (22 ± 4) nm for the 5 nm sample to (37 ± 3) nm 
for the 200 nm one, if the tip deconvolution and the high packing density are considered. 
Moreover, also the average measured RMS roughness increases by increasing the 
thickness, from (0.29 ± 0.05) nm for the 5 nm-sample to (0.65 ± 0.04) nm for the 200 nm 
one. 

The second section, called Study of as-grown TiO2 crystallization onset versus thickness, 
showed that the amorphous-to-crystalline transition occurs between 300 and 350 °C for 
the 32 nm sample, between 250 and 300 °C for the thickest samples (64, 100, and 200 
nm), whereas only a tiny feature of crystallization is found in the thinnest one (5 nm) at 
800 °C. This has been observed following the first anatase reflection, (101), at 2θ = 25.2° 
and the anatase Raman vibrational band, Eg, at ~144 cm−1 in the XRD and Raman spectra, 
respectively. Then, an exponential increase of the crystallization temperature with 
decreasing the layer thickness is observed, deriving a crystallization temperature of a 
thick bulk amorphous material of 287 °C.  

The third and final section, called Study of TiO2 crystallization evolution versus thickness, 
displayed that at temperatures higher than Tc, remarkable differences emerge upon 
varying the sample thickness. Indeed, while all as-grown samples have a surface 
characterized by amorphous particles, the evolution of these topographical features, in 
temperature, is very peculiar of each thickness. In particular, for the 5 nm sample a partial 
de-wetting together with a non-uniform crystallization at 800 °C is observed, followed by 
a whisker-like material reorganization at 1000 °C. The 64 and 32 nm samples show 
micrometer size domains with structures characterized by radial ridges. Then, both 100 
and 200 nm samples disclose the progressive formation of crystalline grains, separated 
by deep cracks, of a few hundreds of nm in lateral size. Finally, the behavior of the Raman 
Eg vibrational mode and the phonon lifetime by varying Ta and thickness, was used to 
describe the lattice dynamics. In the temperature range between 300-500 °C, the samples 
with a thickness of 32, 64, 100, and 200 nm show an Eg Raman mode position that 
scattered around the expected value of 141.5 cm−1. At temperatures equal or higher than 
600 °C, a red shift is observed, toward lower value than expected one, indicating a tensile 
strain. For the 5 nm sample annealed at 800 °C, the Eg Raman mode assumes values from 
140.5 to 142.5 cm−1 demonstrating that the crystallization depends on the location and at 
1000 °C a red shift is observed. Then, all samples exhibit almost the same behavior of 
Raman shift versus temperature, with only a small red-shift at the highest Ta. On the 
contrary, the phonon lifetime is peculiar for each thickness, up to 800 °C. In particular, 
the trend of τ, and its higher value in the thickest films, can be correlated with the 
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densification of the material due to the annealing, and a consequent reduction of phonon 
scattering sites. Moreover, all samples revealed the same phonon lifetime upon annealing 
at Ta =1000 °C. 

Finally, this deep, systematic, and extensive study, devoted to both Tc and evolution as a 
function of both material thickness and post-deposition treatments, has established clear 
bases for a detailed TiO2 phase diagram that describes the amorphous-to-crystalline phase 
transition. The strong cross-talking among the complementary techniques used (AFM and 
SEM for surface imaging and XRD and RS for structural spectroscopies) suggests that 
also surface imaging can provide distinctive information on material crystallization. 
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Chapter 5 

Nanolayers 
 
Both the high and low refractive index materials, herein called HI and LI, used for the 
Bragg reflectors adopted in GWDs, present issues that need to be solved. In particular, 
the HI one, especially in its as-grown form, is affected by high mechanical and optical 
losses as a consequence of an insufficient material densification. To reduce these losses, 
and thus improving the optical/mechanical performances, a thermal annealing process is 
routinely performed (to date up to 500 °C). The maximum annealing temperature is 
limited by the threshold of material crystallization, which is strongly detrimental to the 
material’s optical/mechanical properties.   
This Chapter introduces a new strategy for “creating” ad-hoc a material with both HI and 
high crystallization temperature (thus enabling higher temperature annealing). The latter 
is made by a nanometric segmentation of the HI layer into nanolayers (NLs) made of two 
different materials (again with HI and LI).  
With this in mind, nanostructures formed by TiO2 nanolayers (HI) alternating with SiO2, 

Ta2O5, Al2O3, or ZrO2 nanolayers (LI) have been fabricated by IAD, and studied by AFM, 
XRD, and RS. 
Same strategy can be applied to the LI. Indeed, even though SiO2 is considered one of the 
best LI choices for high precision applications, such as the mirrors of GWDs, given its 
high optical performances, low mechanical losses, and high crystallization temperature, 
it suffers of an increase of mechanical losses when cooled down at low temperature. The 
latter is not compatible with the future interferometers design, expected to operate at 
cryogenic temperatures. Nano-structured metamaterials thus deserve to be taken into 
consideration also for possible cryogenic operations. In the following, SiO2 and Al2O3 
will be studied as the binary pair for new LI nanolayered metamaterials. 

 

 

 

 

 

 

 

 

 

 

 



 

108 

 

Figure 1(a) shows the actual design of the Bragg-reflectors used in Virgo, and made of 
SiO2/ Ta2O5 (or TiO2-doped Ta2O5 in aVirgo) doublets capped by a protective topmost 
SiO2 layer and ending with a bottom SiO2 layer, to decouple the mirror from the ultrapure 
fused SiO2 substrate [1].  

 

Figure 1: A sketch of (a) mirror used in the Virgo interferometer (Adapted from [1]), and (b) 
the nanolayeing design. t1 and  t2 (with t1, t2≪𝝀) are the thickness of the high and low refractive 

index material, respectively, N is the number layers. 

 

Figure 1(b) sketches the proposed change to be made to the HI layer, which goes from an 
homogeneous mixture of TiO2 and Ta2O5 to a discrete segmentation in NLs, alternating 
LI and HI, for the same total thickness as the mixture. The advantage of NLs over the 
mixture, relies on the higher optical density, and the inhibition of crystallization (as 
demonstrated in Chapter 4). By doing so, higher thermal processes are allowed, which 
further improve optical coating properties like absorption and densification, induce a 
relaxation of the internal stress [2], reduce optical and mechanical losses [3], and therefore 
the thermal noise [4]. 

The present chapter will mainly discuss the effect of: 

1) Interfacing the TiO2 with the SiO2 in NLs with different degree of segmentation (from 
11 to 85); 

2) Interfacing the TiO2 with other LI oxides (Ta2O5, Al2O3, or ZrO2) in NLs with extreme 
segmentation degree; 

for the HI counterpart, and: 

3)     Interfacing the SiO2 with the Al2O3 
for the LI one.  
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5.1 TiO2/SiO2 NLs vs segmentation degree 
 

TiO2/SiO2 NLs have been deposited on Si substrate by using IAD, and characterized by 
means of AFM, EDS, XRR, RS, and XRD, both in their as-grown and annealed form. 

The number of layers, the average thickness of TiO2 and SiO2, the total thickness of the 
structure, and the effective refractive index are shown in Table 1. It is important to stress 
that the control of thickness is crucial to reach the desired optical properties of the 
prototype. In fact, small variations of thickness may cause remarkable differences in the 
refractive index of the NL. 

These prototypes are designed following different strategies: 

1) setting the effective index at the nominal value of 2.09 that is the one of TiO2 doped 
Ta2O5 currently in use as a HI constituent of LIGO-Virgo coatings; 

2) setting the reflectivity equal to that of the actual LIGO coating, to obtain the maximum 
reduction of thermal noise. 

 

Table 1: Sample list of TiO2/SiO2 NLs.1 

 

5.1.1 Characterization of as-grown TiO2/SiO2 NLs 
 

Morphological and roughness investigations have been performed by tapping AFM on 
scan areas of 1 μm × 1 μm, and 20 μm × 20 μm in lateral size, see Figure 2. All the AFM 
images have been analyzed by using the WSxM 5.0 software by NanoTec, 2015. 
Similarly to the single layer characterization previously showed in Chapters 3 and 4, the 
surface of the as-grown samples, i.e., deposited at room temperature, appears always 

                                                             
1  The measured thicknesses are affected by thermal shock of the quartz monitor crystal in the deposition process 
discussed in the Appendix E. The refractive index are calculated by using the Drude model. 

Sample Average Thickness (nm) Total Thickness 
(nm) 

Refractive 
index 

 TiO2 SiO2   

11-layers 18.0 ± 0.2 (x5) 7.3 ± 0.1 (x6) 133.8 ± 1.6 2.087 

19-layers 10.1 ± 0.1 (x9) 4.6 ± 0.1 (x10) 139.9 ± 1.9 2.084 

45-layers 4.5 ± 0.1 (x22) 2.2 ± 0.1 (x23) 150 ± 5 2.082 

76-layers 3.05 ± 0.06 (x38) 0.75 ± 0.11 (x38) 144 ± 7 2.135 

82-layers 2.01 ± 0.3 (x41) 0.9 ± 0.2 (x41) 119 ± 21 2.189 

85-layers 3.2 ± 0.1 (x42) 1.3 ± 0.1 (x43) 190 ± 9 2.100 
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made of a packing of rounded amorphous particles [5], with sizes that become time by 
time smaller as the thickness of the layers is reduced, because of the increases 
segmentation. Just looking at Figure 2, one can note that these particles are evident on the 
11- and 19-layer [panel (a)-(b)] and become smaller and less pronounced as the layer 
number becomes higher, from 45-[panel (c)] to 85 [panel (f)]-layer. On large scan area, 
Figure 2(g-n), the details of amorphous particles are lost due to the poor resolution of data 
points, and no differences in the surface morphology are appreciated as a function of the 
layer number. 

The roughness of the surface plays an important role along all this research, because of 
its impact on the different physical properties of the fabricated nanostructures, such as  
their mechanical and optical performance. 

 

 

Figure 2: Tapping-mode AFM topography on a scan area of 1 μm x 1 μm in size, of as-grown 
SiO2/TiO2 samples with (a) 11, (b) 19, (c) 45, (d) 76, (e) 82, and (f) 85 layers. The color scale in 
these AFM images ranges from 0 to 8 nm for the 11-layer sample, from 0 to 7 nm for 19-layer 

sample, from 0 to 3 nm for 45-, 76-, 82- and 85-layer samples. Tapping-mode AFM topography, 
20 μm x 20 μm in size, of as-grown samples with (g) 11, (h) 19, (i) 45, (l) 76, (m) 82 and (l) 85 

layers. A color scale ranges from 0 to 7 nm for all samples. 

 

Figure 3(a) shows the RMS roughness dependence on the number of layers. It is 
interesting to note that by increasing the number of layers, the RMS roughness decreases 
from (1.09 ± 0.08) nm for the 11-layer sample to (0.2 ± 0.07) nm for the 82-layer one. 
The shaded grey band in both panels of Figure 3 indicates the RMS roughness of the Si 
substrate surface measured before the deposition. It can be observed that the roughness 
of the NLs stays within the grey band for those samples having a number of layers higher 
than 45, indicating that for these highly segmented NLs the surface roughness is only 
dictated by the substrate one. On a large scan area, the roughness is almost constant 
among the different NLs, varying between (0.74 ± 0.04) nm for the 11- layers, and (0.64 
± 0.04) nm for 82-layers, see Figure 3(b). 
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Figure 3: RMS roughness as a function of the number of layers in the as-grown samples on a 
scan area of (a) 1 μm x 1 μm, and (b) 20 μm x 20 μm and. In both panels, the shaded grey area 
corresponds to the range of the measured Si substrate roughness. Dot-dashed lines are used as a 

guide for the eye. 

 

Raman spectra for the as-grown TiO2/SiO2 NLs are shown in Figure 4. Here, red, green, 
blue, cyan, and magenta colors refer to 11, 19, 45, 76, 82, and 85 layers, respectively.   

Within the range 100-200 cm-1, the absence of any peak for the Eg mode of TiO2 indicates 
that as-grown samples are all amorphous [6]. Moreover, all peaks in the range 300-950 
cm-1 are related to the modes of the crystalline Si (see Chapter 2). No any other 
significative peak is present in the spectra, confirming the absence of other materials.  

 

 

 

 

 

 

 

 

 

 

Figure 4: (a) Raman spectra with wavenumber ranging from 100 to 1200 cm−1 of TiO2/SiO2 
nanostructures with different layer numbers. The parameter used are: 5% of laser power, 5 

accumulations, 50X magnification, and 10 s of exposure time in the range 100-1200 cm−1. For 
clarity of representation, all Raman curves have been shifted along the y-axis. 
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In order to check that the deposition process had been able to correctly form a nanolayered 
structure, with the expected periodicity and layer thicknesses, XRR technique has been 
used, and the acquired data for the (a) 76- and (b) 82-layer samples are plotted in Figure 
5. In this figure, the experimental data and the simulated curves are showed, respectively, 
in black and red, for 76-layer, and in green and blue, for 82-layers.   

In the 76-layer sample, three interference resonances occur at the angles of θ ≈1.2, 2.4, 
3.5° indicating that a nano-stratification satisfying the Bragg condition has been formed. 
From the data analysis, a period of (3.6 ± 0.6) nm, average thicknesses of (2.2 ± 0.4) nm 
for TiO2, and (1.4 ± 0.2) nm for SiO2, are deduced (X’pert Reflectivity software [7,8]). 
Consequently, the total thickness of the NL is 136.8 nm, very close to the expected value 
of 144 nm. Moreover, XRR allows to extract the interfacial roughness of each layer, from 
which an average interfacial roughness of (0.4 ± 0.1) nm can be recovered. 

Similarly, the 82-layer sample discloses a period of (2.87 ± 0.14) nm, average thicknesses 
of (1.94 ± 0.06) nm for the TiO2 and of (0.93± 0.08) nm for the SiO2 layers, giving a total 
thickness of 117.67 nm, and an average interface roughness of (0.7 ± 0.1) nm. Note that 
individual as well as total layer thicknesses deduced by XRR, are very close to the values 
expected and reported in Table 1. 

Moreover, from the analysis of XRR data, also the substrate roughness can be obtained, 
resulting in (0.24 ± 0.07) nm for the 76-layer sample and in (0.5 ± 0.2) nm for the 82-
layer, consistently with the AFM measurements.  

Figure 5: X-ray reflectivity (XRR) curves of (a) 76 and (b) 82 layer samples. All measurements 
have been performed at incident grazing angles in the range (0.15 - 5)°, with a step angle of 

0.005 °, and a step time of 60 s. 

 

To complete the investigation on both samples periodicity and thicknesses, cross sectional 
analyses have been performed by means of a scanning transmission electron microscope 
(STEM). The STEM image acquired on the 76 layers, along a scan area of 396 nm x 396 
nm, is showed in Figure 6(a) both in dark and bright field, see left and right panel, 
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respectively. The bright field image shows a better contrast at the substrate interface 
whereas the dark field image allows a better visualization at the free interface (surface). 
On the right, for appreciating the detail of the single layers a zoom is shown. Clearly, all 
the 76 layers are correctly formed, as they can be counted and numbered. Moreover, the 
analysis of the STEM image can be used to evaluate the periodicity, the thicknesses of 
each single layer, as well as the total one, to be compared with the one measured by XRR. 
One can also note that at the interface with the Si substrate, a brighter contrast thin region 
is present, due to the formation of the 2 nm thick silicon oxide native layer, that should 
not be counted as one of the deposited nanolayers.  

Figure 6(b) shows the depth profile measured along the dashed line traced in panel (a). 
After the first region corresponding to the air, in the range 0-48 nm, the fabricated 
nanostructures become visible counting a number of 38 TiO2/SiO2 doublets with a total 
thickness of 143.16 nm. The average estimate of the periodicity can be extracted by means 
of Fourier analysis showed in Figure 6(c,d). The position of the two sharp peaks in the 
Fast Fourier Transform (FFT) map indicates a periodicity of (3.7 ± 0.1) nm. Moreover, a 
roughness of 0.49 nm from FWHM of the peak has been estimated, in agreement with the 
XRR measurements. These results helped to validate the calibration of the thickness 
monitor apparatus used at University of Sannio during the NLs deposition. 

 

Figure 6: (a) STEM image (courtesy of CNR of Florence) on a scan area of 396 nm x 396 nm 
and a zoom, by using a voltage of 30 kV, a work distance of 5 mm, and a magnification of 

531X. (b) Profile line (c) FFT image, and (d) FFT vs frequency of the 76-layer sample.  
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5.1.2 Characterization of annealed TiO2/SiO2 NLs 
 

In order to explore how the amorphous-to-crystalline phase transition is modified by the 
nanolayer segmentation, the complete set of samples from the 11 to 85-layers was 
annealed at different annealing temperatures for 12 hours in air. As already done for single 
layer samples (see Chapters 2,3), each thermal annealing is done starting from a pristine 
fragment of the as-grown sample. As a first step, the crystallization onset temperature, Tc, 
variation as a consequence of the nano-layering is investigated. To do this, Raman spectra 
for the 11- to 85-layer samples have been measured after annealing in the range 250-1000 
°C, as showed in Figure 7.  

 

Figure 7: RS spectra for (a) 11-, (b) 19-, (c) 45-, (d) 76-, (e) 82-, and (f) 85-layer samples at 
different Ta. The symbols A and Si indicate the TiO2 anatase and Si Raman modes, respectively. 
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As usual, the Eg Anatase mode at ~144 cm-1 represents a fingerprint for the amorphous to 
crystalline transition. RS analysis indicates that the Tc is driven towards higher 
temperatures by segmentation and the results are summarized in Table 2, just like the two 
plots of Figure 8 illustrating how the Tc varies as a function of the number (a) and 
thickness (b) of layers.   

 

 

 

 

 

  

 

 

 

 

Table 2: Crystallization onset temperature for TiO2/SiO2 NLs. 

 

As a general trend, the Tc increases together with the segmentation, starting from a Tc of 
300 °C for the 11-layers and reaching a maximum of 600 °C for the 76-layers. Only the 
82 layers seems to be slightly out-of-trend as demonstrated by Figure 8 (b). The results 
obtained on the NLs are thus consistent with the crystallization trend showed by the 
crystallization of TiO2 single layer vs thickness. In both cases, Tc moves towards higher 
temperatures when reducing the volume.  Figure 8(c) shows the comparison between the 
single layer (SL) and the NLs. Both nano- and single-layers exhibit an increasing trend 
of the crystallization temperature when reducing the thickness. However, the increasing 
rate is much stiffer when the TiO2 is interfaced with the SiO2, rather than with the air. For 
instance, the thickest TiO2 (18 nm), occurring in the least segmented NL (11 layers), 
exhibit a Tc = 300 °C, comparable to the one measured in the single layer case for 
thickness higher than 64 nm. On the other hand, the Tc extrapolated for a single layer 
TiO2, 18 nm thick, is about 360 °C, thus higher than the NL case. Similarly, while the 5-
nm thick single layer TiO2 exhibit a Tc as high as 800 °C,  the thinnest TiO2 occurring in 
the NLs (2-3 nm) stabilize at lower temperature, around 500-600°C. To justify this 
discrepancy, one needs to correlate the reduced dimensionality of the TiO2 inside the NLs 
with the presence of the SiO2/TiO2 interfaces, whose role might be different from the 
pristine case of TiO2/air interface considered in Chapter 4.  

Sample Tc (°C) 

11-layers 250 - 300 

19-layers 300 - 350 

45-layers 350 - 400 

76-layers 550 - 600 

82-layers 500 - 550 

85-layers 450 - 500 
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Figure 8: Tc as a function of (a) the layer number, and (b) TiO2 thickness, in the TiO2/SiO2 
nanolayers. (c) Comparison of Tc for the single layers (colored dotes), and nanolayers (colered 
stars). Dashed black line in (a) is used as a guide for the eye, instead dashed red lines in (b,c) 

represent exponential fit. 
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Ref.[9] addresses the predominant role of the surface energy in the crystallization process 
of materials with reduced dimensionality. Here, one can assume that the nucleation of a 
crystallite occurs within the TiO2 layer, enclosed by two adjacent amorphous SiO2 layers, 
thus forming two SiO2/TiO2 interfaces. A sketch of this model is shown in Figure 9, where 
a TiO2 crystalline cluster of typical size “h” nucleates in the middle of an amorphous TiO2 
layer of thickness “d”. The crystal is separated by a distance “l” from the two TiO2/SiO2 
interfaces. For very thin films, i.e., few lattice constant thick, 𝑙 can be set to 0, resulting 
in ℎ = 𝑑.  

In general, in an amorphous film the nucleation of crystalline clusters occurs in 
correspondence of “discontinuities” such as defects, impurities, and also interfaces.   

 

 

 

 

 

 

 

 

 

Figure 9: Model of nanocrystals embedded in an amorphous film with oxide interfaces. 
Adapted from [9]. 

 

To describe the problem, three interface energies per unit area can be defined as:  

1) 𝛾𝑎𝑇/𝑐𝑇 is the interface energy between the amorphous TiO2 and the embedded TiO2 
crystalline nucleus,  

2) 𝛾𝑎𝑆/𝑎𝑇 is the interface energy between amorphous SiO2 and the amorphous TiO2, 

3) 𝛾𝑎𝑆/𝑐𝑇 is the interface energy that occurs when the TiO2 crystal is big enough to be 
interfaced to the amorphous SiO2.  

A value of 𝛾𝑎𝑇/𝑐𝑇 =0.44 J/m2 is here assumed for the amorphous/crystalline TiO2 
interface energy, as in Ref. [10]. 

In general, the crystallization onset temperature 𝑇c, depends on interface energies as 
follow:  

                               𝑇c = 𝑇ac (1 +
𝛾𝑎𝑆 /𝑐𝑇−𝛾𝑎𝑇/𝑐𝑇−𝛾𝑎𝑆/𝑎𝑇

𝛾𝑎𝑇/𝑐𝑇
𝑒

−
𝑑

λ𝑑),                                     (1) 



 

118 

 

where λ𝑑 is a characteristic length, and Tac is the amorphous to crystalline transition 
temperature for bulk films [9].   

On the other side, the melting temperature Tmelt is proportional to the surface energy of 
pure metals [11]. Indeed, as discussed in details in Ref. [9], it follows that:  

                          𝑇melt_NL = 𝑇ac
𝛾𝑎𝑆/𝑐𝑇−𝛾𝑎𝑆/𝑎𝑇

𝛾𝑎𝑇/𝑐𝑇
= 𝑇ac

𝛤𝑁𝐿 (𝛾𝑎𝑆/𝑐𝑇 ,   𝛾𝑎𝑆 /𝑎𝑇)

𝛾𝑎𝑇/𝑐𝑇
.                         (2) 

By combining eq. (1) and (2), one finds:  

                                       𝑇c = 𝑇ac + (𝑇melt − 𝑇ac)𝑒
−

𝑑

λ𝑑 .                                                (3) 

This translates into Tac = 𝑇c for thick films, and Tac = 𝑇melt  for extremely thin ones. When 
𝑑 = λ𝑑, the discrepancy between the crystallization temperature of the thin film and that 
of the bulk must be about 37% of the discrepancy between the melting temperature and 
crystallization temperature in the bulk.  

In the case of the single TiO2 film, the interfaces are not symmetric, being Si/native SiO2 
on the substrate side and air on the topmost surface. The description of the problem is 
thus more controversial and requires introducing additional surface energies:  

1) 𝛾𝑎𝑇/𝑐𝑇 is the interface energy between the amorphous TiO2 and the embedded TiO2 
crystalline nucleus,  

2) 𝛾𝑎𝑆/𝑎𝑇 is the interface energy between amorphous SiO2 (substrate side) and the 
amorphous TiO2,  

3) 𝛾𝑎𝑖𝑟/𝑎𝑇 is the interface energy between the air (surface side) and the amorphous TiO2, 
4) 𝛾𝑎𝑆/𝑐𝑇 is the interface energy that occurs when the TiO2 crystal is big enough to be 
interfaced to the amorphous SiO2 (on the substrate side), 

5) 𝛾𝑎𝑖𝑟/𝑐𝑇 is the interface energy that occurs when the TiO2 crystal is big enough to be 
interfaced with the air (on the surface side).  

While the relation intercurring among the so defined surface energies might be quite 
complex, the experimental result presented in Chapter 4 on the SL TiO2, demonstrate that 
it follows the trend of Eq. (3), with Tmelt and Tac satisfying the expected melting 
temperature and crystallization temperature for the bulk material. 

In light of this, one could include in the definition of 𝑇melt  for the single TiO2 layer, a 
more complex function of the surface energies as: 

                                 𝑇melt_SL = 𝑇ac
𝛤SL(𝛾𝑎𝑆/𝑐𝑇 , 𝛾𝑎𝑖𝑟/𝑐𝑇 ,   𝛾𝑎𝑆 /𝑎𝑇,  𝛾𝑎𝑖𝑟/𝑎𝑇) 

𝛾𝑎𝑇/𝑐𝑇
                                (4) 

The fitting parameters and results for the behavior of the crystallization temperature vs 
layer thickness [red dashed lines in Figure 8(b)], both in the case of SLs and NLs are 
reported in the following table: 
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 SLs NLs 
𝑇ac (°C) 287 297  

𝑇𝑚𝑒𝑙𝑡 (°C) 1843 756  
𝛤 =

𝑇𝑚𝑒𝑙𝑡

𝑇ac
𝛾𝑎𝑇/𝑐𝑇 (J/m2) 2.83 1.12 

Table 3: 𝑇ac , 𝑇𝑚𝑒𝑙𝑡 , 𝛤  for SLs and NLs. 

 

Accordingly with the expectation, the Tac found for SL and NLs are very close to each 
other, and consistent with the ones found for thin films with thickness equal or higher to 
64 nm. Importantly, the values found for 𝛤SL is higher than the one found for 𝛤NL.  

Since these quantities are related to the discrepancy between i) the surface energies at the 
interfaces between TiO2 crystallites and amorphous SiO2 (or air) and ii) the surface energy 
at the interface between amorphous TiO2 and amorphous SiO2 (or air), one can conclude 
that the surface energies at the interfaces between TiO2 crystallites and amorphous SiO2 
(or air) is much higher (and thus less favorable) in the single layers compared to the NLs, 
thus justifying the earlier occurrence of crystallization in NLs. 

Besides identifying the Tc, the Raman spectra of Figure 7 show the evolution of 
crystallization as a function of annealing temperature up to 1000 °C. Interestingly, the 76- 
and 82-layer result affected by a fluorescence background that starts appearing at 900 °C, 
and further increases at 1000 °C (possibly given by the presence of contaminants, 
specifically Na, as measured by EDS in the next chapter [12]). In this case, the Eg 
intensity at the highest temperature drops down by reducing by 58%, probably due to the 
unwanted and spurious fluorescence, that could partially hinder the mode. Nevertheless, 
once cannot exclude the beginning of the anatase-rutile transition [13], as well as a 
possible effect due to the coexistence of these two phases. Indeed, as shown in the Chapter 
4 for the SL TiO2, the rutile phase is also expected at the highest annealing temperatures 
in very thin films, with thickness similar to the 76- to and 85-layers.  

In order to investigate the presence of strains, Figure 10(a) shows the Eg peak position as 
a function of Ta; the grey shaded region includes the wave number positions for the Eg 
mode, as reported in Refs. [14,15].  

After annealing, samples with few layers, i.e., 11 and 19 layers (corresponding to a TiO2 
thickness of 18 nm and SiO2 of 7.3 nm for the former, and TiO2 thickness of 10.1 nm and 
SiO2 of 4.6 nm for the latter) show that the Eg mode maximum position stays inside, or 
very close to, the shaded gray region and it slightly moves towards smaller wave numbers 
as Ta increases, with a slope of about -0.003 cm-1/°C. The 45-layer sample, corresponding 
to a TiO2 thickness of 4.5 nm and SiO2 of 2.2 nm, stays almost constant in temperature 
just above the grey region, being slightly with respect to the 11- and 19-layer ones. For 
all the other highly segmented samples, 76-, 82-, and 85-layers, the blue shift of the Eg 
mode is much more intense. Indeed, at the beginning of the crystallization, the peak is 
around 148-149 cm-1. By increasing the annealing temperature, the peak position moves 
toward the grey region with a similar rate of about -0.021 cm-1/°C, for the 76- and 82-
layer samples, and eventually cross it by reaching 140.6 cm-1 after annealing at Ta = 900 
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°C. This small red shift indicates that tensile strain is affecting the nanolayers after high 
temperature annealing.  

The blue shift, as already discussed in previous chapters, is expected when a confinement 
effect takes place as a consequence of the quantum size of the very first crystallites that 
are nucleated at beginning of crystallization. One can analyze the early stage of 
crystallization by comparing the blue shift measured for single thin films (Chapter 4) with 
that for the nanolayers, see Figure 10(b). It appears that the phonon confinement effect is 
stronger and more efficient in nano-layers than in single layers of equivalent thickness.  

 

Figure 10: (a) Raman shift of NL, and (b) Comparison of Raman shift for NL and single layers. 
The grey region in (a) highlights the range where the Eg Raman mode is expected [14,15]. 

Legend in panel (a) refers to all panels. 
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Moreover, information on the crystal quality can be quantified by the FWHM of the Eg 
peak, which has to be smaller as the crystalline structure is closer to the ideal one. As 
already pointed out in previous chapters, lower is the concentration of scattering centers, 
longer is the phonon lifetime, 𝜏, smaller is the width of the Eg peak. Figure 11(a) shows 
the temperature dependence of the Eg linewidth Γ (FWHM corrected by the instrumental 
broadening  as done in Chapters 3). 

Among all the samples, three different Γ values can be roughly identified at the earliest 
stage of crystallization, allowing to discretize them in three groups of different crystalline 
quality. The less segmented samples, that are those with a ticker TiO2 layer (11 and 19) 
belongs to the “first group”, i.e., the one with lower Γ. The 45-layer stands by itself in the 
“second group”, with intermediate value of Γ, while the samples with the highest 
segmentation (76, 82, and 85 layers) lie together in the “third group”, with the highest Γ. 
These results bring to the conclusions  that, at the beginning of crystallization, 1) thicker 
is the TiO2 layer, better is the crystalline quality, 2) NL segmentation enhance the 
scattering, as proved by the lower value of phonon lifetime shown in figure 11(b), by the 
NLs with the highest segmentation. Moreover, Figure 11 shows that at higher Ta the 
crystal quality increases. Indeed, a maximum crystalline quality is reached after annealing 
at Ta = 900 °C, with a Γ of 9.33 cm-1, and a correspondent phonon lifetime of about 0.6 
ps (increased by a factor of 3 compared to Ta = 550 °C). 

Figure 11: (a) FWHM corrected (Γ), and (b) Phonon lifetime (τ) for all samples as a function of 
the Ta.  
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Finally, the morphological changes of the surface after the annealing process have been 
further investigated by means of AFM. For instance, Figure 12 (a-i) shows, the results 
obtained on the 76- and 82-layers as acquired on a 10 μm × 10 μm scan area for the as-
grown (a,f) and annealed at 300 °C (b,g), 700 °C (c,h), and 1000 °C (d, i). By increasing 
Ta up to 700 °C the surface preserves its flatness (with an RMS lower than 1 nm), whereas 
it becomes corrugated, as formed by small faceted grains, upon annealing at 1000 °C. 
Thus, the RMS roughness jumps from 1 nm to 4 and 5 nm, for the 76- and 82-layers, 
respectively. 

 

 

Figure 12: Tapping mode AFM topography, 10 μm × 10 μm in size, of 76- and 82-layer sample 
(a,f) as-grown and annealed at (b,g) 500, (c,h) 700, and (d,i) 1000 °C. The color scale ranges 
from 0 to 10 nm in (a–c,f-h) and from 0 to 100 nm in (d,i). RMS roughness on 1 μm x 1 μm 

(black squares), 10 μm x 10 μm (red circles), and 20 μm x 20 μm (blue triangles) scan areas, as 
a function of the T for (e) 76- and (l) 82-layer samples. 
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5.3 TiO2-based nanolayers  
 

In this section, NLs formed by alternating TiO2 with Ta2O5, Al2O3, and ZrO2 are 
considered. These oxides are characterized by a higher refractive index compared to SiO2. 
For example, at the wavelength of 1064 nm, which is the one of the laser used in the 
gravitational wave antennas, the refractive index are: 2.48, 2.12, 2.07, 1.75, and 1.45 for 
TiO2, ZrO2, Ta2O5, Al2O3, and SiO2, respectively. 

As before, the NLs have been fabricated by IAD technique, and characterized  by means 
of RS, XRD, and AFM thereafter. This time, the design adopted for the NLs keeps 
constant the TiO2 thickness at 2 nm, and modulate the number (and thickness) of the other 
oxide to reach a desired refractive index of 2.25-2.3. Moreover, two additional thin SiO2 
layers, with a thickness of 2 nm each, have been added to the NLs design, the first at the 
very bottom as buffer layer with the substrate and the second at the very top of the NLs 
as a surface protective coating. In Table 4, the thickness of the individual layer, the total 
thickness, and the refractive indexes of the NLs are reported. 

 

Sample Average Thickness (nm) Total Thickness 
(nm) 

Refractive 
index 

TiO2/Ta2O5-
68 layers 

TiO2 

1.99 ± 0.20 (x34) 

Ta2O5 

1.39 ± 0.17(x34) 

 

115 ± 13 

 

2.320 

TiO2/Al2O3-
78 layers 

TiO2 

1.98 ± 0.21(x39) 

Al2O3 

1.08  ± 0.18(x39) 

 

119 ± 15 

 

2.249 

TiO2/ZrO2-
62 layers 

TiO2 

1.98 ± 0.26 (x31) 

ZrO2 

1.66 ± 0.35(x31) 

 

113 ± 19 

 

2.320 

 

Table 4: Sample list of TiO2/Ta2O5, TiO2/Al2O3, and TiO2/ZrO2 NL.2 

 

 

 

 

 

                                                             
2 The measured thicknesses are affected by thermal shock of the quartz monitor crystal in the deposition process 
discussed in the Appendix E. The refractive index are calculated by using the Drude model. 



 

124 

 

5.3.1 Morphological and structural characterization of TiO2/Ta2O5, 
TiO2/Al2O3, and TiO2/ZrO2 NLs 
 

By adopting the same strategy as before, RS and XRD have been used to determine the 
structural phase of the NLs, and the results are showed in Figure 13 and 14, respectively. 
As usual, RS and XRD analyses have been performed in the as-grown state as well as 
after annealing at different temperatures. For all the amorphous samples, the Raman peaks 
present in the spectra can be associated only to the Si substrate, see Chapter 2. The 
crystalline Eg anatase Raman mode starts developing after annealing at 550 °C for 
TiO2/Ta2O5, and at 650 °C for TiO2/Al2O3.  

In panel (c-d), the Raman shift of Eg anatase mode as a function of the annealing 
temperature, Ta, for TiO2/Ta2O5, and TiO2/Al2O3 samples, is shown. While TiO2/Al2O3, 
is affected by a monotonic decreasing trend toward a slight red shift, TiO2/Ta2O5 discloses 
a significative red-shift down to 138 cm-1. This latter is even bigger than the one observed 
in SiO2/TiO2 NLs, and specifically in the 76- and 82-layer samples, having a similar TiO2 
thickness of about 2 nm.  

Figure 13: RS spectra for (a) TiO2/Ta2O5, (b) TiO2/Al2O3. For clarity of representation, all RS 
curves have been offset along the y-axis. Raman shift of (c) TiO2/Ta2O5, (d) TiO2/Al2O3 as-

grown and at different T. The symbol A and Si indicate the TiO2 anatase phase and Si substrate, 
respectively. The grey region highlights the range where the Eg Raman mode is expected 

[14,15]. 
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This indicates that the crystallization in TiO2/Ta2O5 NLs is more prone to be affected by 
a tensile strain of the crystal lattice. The contrary happens with respect to the phonon 
confinement in TiO2/Ta2O5, where the blue shift is quite negligible at the early stage of 
crystallization, indicating for the case of TiO2/Ta2O5 a crystalline growth rate vs 
temperature higher than what was observed in SiO2/TiO2.  

The case of TiO2/ZrO2 is more controversial and require a combined analysis of XRD 
and RS. The former is shown in Figure 14 where one can observe that: i) the as-grown 
sample (black curve) is clearly amorphous (indeed, only Si reflections are visible), after 
annealing at 650 °C ii) an evanescent peak is observed around 2θ = 25 ° (see the inset) as 
possibly due to the TiO2 crystallization incipit, iii) two small peaks at 2θ = 29.8 °, and 
30.7 ° appear, very close to the reference value of 2θ =30.07 ° expected for the (111) 
reflection of cubic ZrO2 [16]. The presence of two peaks as well as the angle mismatch 
from the expected value be justified by the presence of a mixture of ZrO2 crystallites of 
different phases if inside the volume irradiated by the X-ray [16]. 

 

 

Figure 14: XRD of TiO2/ZrO2 as-grown and at different Ta. XRD spectra-2θ range from 20 to 
60° (main) and from 20 to 30° (inset). The symbol Si indicates Si reflections, and black dashed 

lines the ZrO2 reflections [17].  

 

The crystallization incipit of both ZrO2 and TiO2 at Ta= 650 °C is further confirmed by 
RS.  The Eg modes for ZrO2 and TiO2 are indeed expected to be centered at ~177 cm-1 

and ~144 cm-1 respectively, however the acquired RS spectra show just the emergence of 
a very broad  peak  from 120 cm-1 to 190 cm-1, especially visible after annealing at 700 
and 800 °C. Figure 15 presents a simple comparison between  the measured spectrum and  
the  algebraic sum of the two reference Raman spectra for ZrO2 and TiO2 [15,18], this 
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simple comparison shows that the wave numbers span in the same range of values, 
supporting the idea that crystallization of both TiO2 and ZrO2 is ongoing. 

 
 
 

Figure 15: (a) Raman spectra in the range 120-200 cm-1 for the TiO2/ZrO2 for different Ta (b) 
Sum of TiO2 and ZrO2 modes with a ratio of 1:1 (black), and 2:1(red). [15,18] 

 

The morphology evolution of TiO2/Ta2O5, TiO2/Al2O3, and TiO2/ZrO2 surfaces after 
annealing at different temperatures is shown in Table 5. The surfaces look flat and stay 
unchanged up to 500 °C. At this temperature, the samples are still amorphous as suggested 
by XRD and RS. Signatures of crystallization start being visible at 700 °C with the 
formation of several morphological features such ripples and holes on the surface of 
TiO2/Ta2O5. On the contrary, the TiO2/Al2O3 and TiO2/ZrO2 surface remains more flat, 
due to the higher crystallization temperature. Only after annealing at  Ta= 1000 °C, the 
TiO2/Al2O3 and TiO2/ZrO2 NLs disclose clear signs of crystallization, with the AFM 
imaging showing profound changes. While ripples are observed in the topography of 
TiO2/ZrO2, a crystallite dense packing is visible in the TiO2/Ta2O5 and TiO2/Al2O3 

morphologies.  
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Table 5: Tapping mode AFM topography, 10 μm × 10 μm in lateral size, of TiO2/Ta2O5 (second 
row), TiO2/Al2O3 (third row), TiO2/ZrO2 (fourth row) as-grown and annealed at different 

temperatures (500, 800, 1000 °C). The color scale ranges from 0 to 10 nm in second, third, and 
fourth column, and from 0 to 100 nm in fifth column. 

 

Finally, the study of the RMS roughness of TiO2/Ta2O5, TiO2/Al2O3, and TiO2/ZrO2 NLs 
as a function of Ta is showed in Figure 16(a-c). The evolution of roughness is very similar 
among all the NLs, staying below 1 nm up to Ta = 500 °C, and increasing soon after, with 
the TiO2/ZrO2 that for Ta=1000 °C shows the smallest RMS roughness value.  

 

 

Figure 16: RMS roughness, on 1 μm x 1 μm (black squares), 10 μm x 10 μm (red circles), and 
20 μm x 20 μm (blue triangles) scan areas, as a function of the T a for (a) TiO2/Ta2O5, (b) 

TiO2/Al2O3, and (c) TiO2/ZrO2 samples. 
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5.4 SiO2-based nanolayers 
 

In this section, the preliminary results obtained on a LI prototype made of SiO2-Al2O3 
doublets, is discussed. The latter have been deposited by using IAD, and have been 
characterized by means XRD, and AFM. This time, the NLs are segmented in 40 doublets 
made of 40 layers of SiO2, with 1.1 nm thick, and 40 layers of Al2O3, 5 nm thick, and 
with a total thickness of 244 nm. The effective refractive index is expected to be 1.704 at 
1064 nm. 

 

Figure 17: XRD spectra of SiO2/Al2O3 NL annealed at 700 (red curve) and 1000 °C (black 
curve). The green and blue curves represent the reference spectra of Al2O3 and SiO2 [19,20], 

respectively. 

 

The XRD analysis shown in Figure 17 indicates the amorphicity of the NL up to 700 °C 
(the red curve only discloses the Si reflections). At 1000 °C (black curve) Al2O3 

crystallization occurs through (102) reflection, setting the Tc for this sample between 700 
and 1000 °C. 

From a morphological point of view, Figures 18 (a-d) display the temperature evolution 
of the topography showing a surface that stays unchanged up to 700 °C, while is 
profoundly modified by the annealing at1000 °C. This result is further confirmed by the 
RMS roughness, see Figure 18 (e), which stays lower than 2 nm up to 700 °C, and then 
increases above 10 nm at 1000 °C.  
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Figure 18: Tapping mode AFM topography, 10 μm × 10 μm in size, of SiO2/Al2O3 sample (a) 
as-grown and annealed at (b) 500, (c) 700, and (d) 1000 °C. The color scale ranges from 0 to 10 
nm in (a–c) and from 0 to 100 nm in (d). (e) RMS roughness as a function of the T a for 1 μm x 1 
μm (black squares), 10 μm x 10 μm (red circles), and 20 μm x 20 μm (blue triangles) scan areas.  

 

 

Summary  
 

This chapter focused on the study of the morphological and structural properties of i) NL 
of SiO2/TiO2, ii) NL formed by alternating TiO2 with different materials (Ta2O5, Al2O3, 
ZrO2), and iii) SiO2/ Al2O3 nanostructures, deposited on Si substrate by using IAD.  

The motivations of the chosen design are given in the introduction and related to the 
context of thermal noise reduction for applications as reflectors in the GWDs. The 
strategy relies on a design able to provide high reflectivity and high crystallization 
temperature, as the annealing has been shown to further improve the materials’ optical 
and mechanical losses.  

The first section, called SiO2/TiO2 nanolayers vs segmentation degree, illustrated the 
properties of SiO2/TiO2 samples, characterized by different layer thickness and therefore 
different number of layers (total thickness is kept constant to preserve the Bragg 
condition). The high resolution morphology of these samples, in the as-grown phase, 
shows particles that become less pronounced as the layer number increase (layer thickness 
is reduced). This behavior is reflected by the RMS roughness, which decreases by 
increasing the number of layers. Moreover, Raman measurements confirm that all the as-
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grown samples are amorphous. Importantly, the estimate of the inner layer thickness has 
pursued by using both XRR and STEM, and confirmed the expected, nominal values. 

A dependence of the crystallization temperature on the number of layers, i.e., on the layer 
thickness, is also observed. While the qualitative trend is similar to the one observed in 
single layer TiO2, the behavior of Tc in the NLs is much stiffer. Consideration on the 
variation in surface energies, between SLs and NLs, are given to explain the observed 
discrepancy. Insights on the presence of crystallization-induced strain are given by 
studying the evaluation of Raman spectra vs annealing temperature. Consistently with the 
expectation, the AFM morphology of the studied samples preserves their flatness up to 
700 °C, to undergo a deep change upon high temperature annealing. 

The second section, called TiO2-based nanolayers, focused on the morphological and 
structural properties of the NL of TiO2 alternated with Ta2O5, Al2O3, and ZrO2. In this 
case, the crystallization temperatures are found to be in between 500-550 °C for the 
TiO2/Ta2O5 sample, and between 600-650 °C for both the TiO2/Al2O3 and the TiO2/ZrO2. 
The latter exhibits a more controversial behavior, probably related to the simultaneous 
crystallization of both TiO2 and ZrO2. Further investigations are needed to address the 
validity of this conclusion. As before, a thermal evolution of the morphology is observed 
by AFM, showing peculiar structures appearing after annealing at Ta = 1000 °C. 

The final section, called SiO2-based nanolayers, introduced a single example of 
nanolayering strategy applied to the LI. This time the crystallization temperature reaches 
even higher temperature, being somewhere in between 700 and 1000 °C. The morphology 
evolves accordingly. 
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Chapter 6 

Co-sputtered TiO2-Ta2O5 
 
 

This chapter will address the extent of combining the TiO2 with another high-refractive 
index dielectric oxide, such as the Ta2O5, in a co-sputtered mixture, to unveil the effect 
of Ta2O5 on the crystallization and crystallization evolution of TiO2, whose 
crystallization-related properties have been systematically studied in previous chapters.  
This study, conducted by using AFM, XRD, RS, and EDS, will focus on a range of 
mixture, TiO2 (0, 25, 75, 80, 90, 100 %), where the percentage indicates the nominal 
amount of TiO2 in the final TiO2-Ta2O5 mixture. In the percentage of 20, co-sputtered 
TiO2-Ta2O5 has direct applications in the nowadays gravitational wave detectors, as the 
high-index mirror’s counterpart. Noteworthy, the samples investigated here are produced 
at LMA in Lyon that develops and delivers all the optical components for the gravitational 
antennas. In this field, further structural, morphological, optical, and mechanical studies 
are very much needed to determine if different percentages can exploit similar/better 
performances compared to the one currently in use. For this reason, the mixture studied 
in this chapter were explored on both Si substrate – more convenient, for technical 
reasons, for some of the employed characterization techniques - and on fused SiO2 – 
necessary to implement the final application.  
The first paragraph of this chapter will thus focus on the state of art of the co-sputtered 
TiO2-Ta2O5 materials used for the mirrors for gravitational wave detectors, and fabricated 
at LMA by using an IBS. The second part will be dedicated to the structural and 
morphological study of the as-grown and annealed TiO2-Ta2O5 thin films, deposited on 
Si substrate, XRD, RS, and AFM analyses allowed determining the crystallization onset 
temperature, Tc, of the compound and the counterpart of TiO2, and Ta2O5, the strain/stress 
inside the materials, and the peculiar morphological structures occurring at the surface, 
respectively. Note that the role of the surface is fundamental in the light scattering for 
optical applications. Additionally, EDS measurements are carried out to determine any 
contamination apart from the expected materials. Finally, the third part of the chapter will 
describe the structural and morphological properties of the as-grown and annealed co-
sputtered TiO2-Ta2O5 deposited on SiO2. Differently from the samples deposited on Si, 
and given the crucial importance of making reliable characterizations of the properly 
treated materials, on their proper substrate for optical applications, this study is not carried 
out in a full range of thermal annealing but just restricted to the 500 °C one. This 
restriction is based on the procedure of optimal post-deposition annealing, developed at 
LMA. Thus, the annealed sample analyzed here were heat-treated at LMA to perform the 
procedure in the most similar way compared to the final mirrors.    
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6.1 State of art of co-sputtered materials 
 

The study, development and delivery of co-sputtered TiO2-Ta2O5 materials was done by 
LMA with the aim of reducing the contribution of mirror’s thermal noise, and increase 
the observational sensitivity of the gravitational wave detectors [1-5]. As discussed in the 
introduction, thermal noise comes from the thermal fluctuations of the massive suspended 
mirrors (Bragg reflectors) [6,7] due to the random motion of particles (atoms and 
molecules) in both coatings and substrates [8,9]. Several works [10-14] demonstrated that 
both post-deposition annealing at 500 °C and TiO2 doping increase the Ta2O5 refractive 
index and reduce absorption and mechanical losses, preserving the amorphous phase.  

Figure 1 shows the coating loss angle of TiO2-Ta2O5 samples, deposited by IBS, 
performed by using an innovative method to study and measure the mechanical 
performances of the coated mirror, without damaging the film, based on a point 
suspension, and thus called gentle nodal suspension (GENS) [15,16]. GENS 
measurements of TiO2-Ta2O5 as a function of TiO2 doping are shown in Figure 1 (a), 
while a comparison with the coating loss angle of Ta2O5 is shown in (b). Panel (a) shows 
that the lowest loss angle is reached at 18% of TiO2. Instead, panel (b) shows the 
comparison of Ta2O5 with TiO2-Ta2O5 (18%), after annealing at 500 °C for 10 h. It is 
evident that the loss angle of TiO2-Ta2O5, is even lower than the one of pure Ta2O5.  

Figure 1: (a) Coating loss of TiO2:Ta2O5 as function of TiO2 doping. (b) Comparison of Ta2O5 
and 18%-doped TiO2:Ta2O5 coating loss. Adapted from [12]. 

 

Moreover, the TiO2 doping potentially increase the crystallization temperature. In fact, it 
has been shown that the Tc of Ta2O5 and TiO2-Ta2O5 (with a cation ratio = 0.27) films is 
650 and 700 °C, respectively [17].  
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6.2 Co-sputtered TiO2-Ta2O5 deposited on Si 
 

The TiO2-Ta2O5 thin films on Si substrate were deposited by using IBS at LMA, and 
studied at University of Salerno by means of AFM, EDS, XRD and RS. All samples have 
been routinely characterized in the as-grown state as well as after in-air thermal annealing, 
in the temperature range of 300 – 1000 °C. Thermal processes have been performed at 
the University of Salerno by employing the following procedure: (1) heating ramp with a 
fixed raising temperature rate (3 °C/min), (2) plateau at the desired temperature setpoint, 
for 12 h, and (3) cooling ramp with a fixed decreasing temperature rate (1 °C/min). A 
minimum temperature step of 50 °C is used among the different thermal treatments. Also 
in this case, each treatment is performed on a pristine fragment of the as-grown sample, 
to avoid any memory effect of multiple subsequent heating/cooling cycles.  Table 1 shows 
the codes and the properties (nominal and measured concentration, and thickness) of the 
investigated samples.  

 

 

 

 

 

 

 

 

 

 

Table 1: Sample list (* values extracted by EDS measurements are discussed in the next 
sections). 

 

 

6.2.1 XRD measurements 
 

In order to study the Tc of the provided coatings, all samples have been routinely analyzed 
by XRD measurements. The notation used in the following refer to the nominal 
concentration values for the measured samples. For the effective values, refer to Table 1.  

                                                             
3The thicknesses have been measured by using a spectrophotometer at LMA and by means spectroscopic ellipsometry 
at University of Genova. 

Code 
Sample 

 

Ti/(Ta+Ti) 
(%) 

nominal 

Ti/(Ta+Ti) 
From EDS 

@UniSa 
(%)* 

Thickness 
(nm)3 

c20014 Ta2O5 0 7.1±0.6 430 

c19088  
TiO2 - Ta2O5 

(25%) 
25 16.1±0.5 502 

c16065  
TiO2 -Ta2O5 

(50%) 
50 38±1 480  

c20015  
TiO2 -Ta2O5 

(80%) 
80 83±1 848 

c20016  TiO2 100 96±1 542 
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Figure 2(a-d) shows the XRD spectra of Ta2O5 and TiO2-Ta2O5 (25%, 50%, 80%). In all 
panels the black dashed lines indicate the Ta2O5 hexagonal reflections [18], instead in 
Figure 2(b-d), the magenta and blue curves represent the reference spectrum of the TiO2 
anatase and rutile phase, respectively [19,20].  

In agreement with the literature [21], the Tc of pure Ta2O5 [Figure 2(a)] occurs at a 
temperature higher than 600°C. Indeed, the XRD spectrum of the as-grown sample 
(black) and that of the one annealed at Ta = 600 °C (red) are still identical, indicating the 
persistence of amorphicity up to that temperature. On the contrary, the Ta2O5 hexagonal 
reflections appear after annealing at Ta = 700 °C (green), and further develop at 800 °C 
(blue).  

On the other hand, the interpretation of the XRD spectra of TiO2-Ta2O5 is more 
complicated since it may require discriminating the Tc of the two TiO2 and Ta2O5 
counterparts. At the lowest doping content (25%) [Figure 2(b)], the first features of Ta2O5 
crystallization appear in a temperature range between 650-700 °C (red and green curves), 
similar to the pristine one, while a tiny peak representative of the TiO2 anatase 
crystallization appears at 2θ~25°only upon Ta = 800 °C (yellow).  

 

Figure 2: XRD spectra of: (a) Ta2O5; (b) TiO2 - Ta2O5 (25%); (c) TiO2 - Ta2O5 (50%); (d) TiO2 
- Ta2O5 (80%). The XRD spectra were acquired with  time/step of 0.6 s, and 2θ step of 

0.02°,The magenta and blue spectra in (b), (c), (d) is the reference for TiO2 anatase and rutile 
phases, as extracted from the RRUFF database [19,20]. The dashed black lines indicate the 

reflections of the Ta2O5 hexagonal phase [18]. 

 



 

136 

 

At the highest doping content (80%) [Figure 2(d)], the Ta2O5 counterpart appears still 
amorphous upon annealing at Ta = 800 °C (red curve), while it develops crystalline 
reflections (green curve) at 1000 °C, thus proving that the Tc of Ta2O5 is in a temperature 
range of 800-1000 °C. One can notice that other peaks besides the expected Ta2O5 
reflections appear, which deserve further investigations. On the other hand, the anatase 
peaks of the TiO2 counterpart are well defined already at 800°C (red curves), as the Tc of 
this sample is in between 450-500 °C (not reported in the XRD here, but shown by the 
Raman measurements in the next section). Moreover, for both samples at 1000 °C, it is 
possible to evince the presence of the TiO2 rutile phase that is more pronounced in the 
TiO2-Ta2O5 (80%) than TiO2-Ta2O5 (25%).    

The crystallization of TiO2-Ta2O5 (50%) is, instead, more controversial. First, it should 
be noticed that the used Si substrate (yellow curve) has a different crystalline orientation, 
i.e., (111), compared to that of the other samples, which is instead (h00) (see Chapter 2) 
[22]. Most importantly, a tiny peak from the substrate appears in between the expected 
position of Ta2O5 (001) and anatase (101) reflection, making the analysis even more 
complicated. However, three additional broad bumps emerge in the XRD spectrum upon 
annealing at Ta = 700 °C (green curve) at 2θ ≈ 23.81, 37.25, and 47.78°, possibly 
resembling the crystallization of the TiO2 anatase phase in a stressed configuration (due 
to the presence of the Ta2O5 counterpart). Many other peaks develop upon annealing at 
Ta = 800 °C (red curve): in particular, the peak at 2θ≈23.41° becomes more pronounced 
but still very broad, as it possibly includes both the Ta2O5 (001) and anatase (101) 
reflection (indeed, it moved toward lower angles). As an additional proof of Ta2O5 
crystallization, the emergence of a broad peak at 2θ ≈ 56.14°, close to the (102) Ta2O5 
reflection is also measured only at 800 °C. In this sense, one could infer that, in TiO2 - 
Ta2O5 (50%), TiO2 crystallizes in between 650-700 °C and Ta2O5 in between 700-800 °C, 
with the peak position in XRD affected by a reciprocal strain. Further analyses are needed 
to confirm these results. In particular, RS will be used to try discriminating between the 
two Tc and to verify the validity of these conclusions.   

Based on the discussed findings, Figure 3 shows the Tc of both the TiO2 and Ta2O5 
counterparts of the TiO2-Ta2O5 coatings, as a function of the TiO2 concentration, 
including the results from both the XRD and RS analyses (discussed below). Red and 
black scatters are used to refer to Ta2O5 and TiO2, respectively. In addition to this, an 
asymmetric error bar has been used to highlight the uncertainty in the determination of 
the exact Tc, due to the discrete steps used in the annealing process. As shown in the 
figure, lower is the Ta2O5 concentration, earlier is the emergence of the TiO2 
crystallization proving the strong influence of the two materials, and of their content, on 
the crystallization properties of the whole coatings.  
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Figure 3: Tc of the TiO2-Ta2O5 compounds, as a function of the TiO2 concentration. 

 

6.2.2 Raman measurements 
 

RS measurements were performed in order to study the Tc, vibrational properties, and 
possible strain/stress of the investigated coatings.  

The Raman spectra of Ta2O5, TiO2-Ta2O5 (25, 50, 80%), and TiO2 annealed at different 
temperatures, in the range 100-1200 cm-1, are shown in Figure 4. All the as-grown 
samples (black curves) disclosed observed Raman only associated to Si substrate, as 
indicated by the labels, confirming their amorphicity. 

Unfortunately, no change in the RS is found at any annealing temperature, when 
measuring pure Ta2O5, possibly addressable to a non-appropriate laser wavelength used. 
Indeed, as reported in [23], a laser wavelength of 535 nm would be more suited to 
investigate the Ta2O5 crystalline structure, and generally all the inorganic oxides with 
very low Raman signal. Then, the 785nm used may not be effective to probe the 
crystallization of Ta2O5 and, only XRD measurements can be used to get consistent 
results on the crystallization of Ta2O5 and its counterpart in TiO2- Ta2O5 mixture. 
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Figure 4: Raman spectra in the range 100-1200 cm-1 of (a) Ta2O5, (b) TiO2-Ta2O5 (25%), (c) 
TiO2-Ta2O5 (50%), (d) TiO2-Ta2O5 (80%), and (e) TiO2 at different Ta. The Raman spectra were 

acquired with 50× of magnification, 10 s of exposure time, 5% of laser power, and 5 
accumulations. The symbol A, B, C and D refer to the observed Raman modes. The labels Si refer 

to the Si substrate. 

 

From herein, RS will be only used to address and study the crystallization of the TiO2 
counterpart, by observing the emergence of the strongest TiO2 anatase mode at ~144 cm-

1. Figures 4(b) and (c) display the Raman spectra of the TiO2-Ta2O5 (25%) and TiO2-
Ta2O5 (50%) at several Ta, respectively. The first evidence of crystallization thus occurs 
at 750 and at 700 °C for TiO2-Ta2O5 (25%) and TiO2-Ta2O5 (50%), respectively.  
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The RS study of TiO2-Ta2O5 (80%) and TiO2 are shown in Figure 4(d) and (e), 
respectively.  Starting from 450 °C  [green curve in Figure 4(d)] and 350 °C [green curve 
in Figure 4(e)] a peak develops in the TiO2-Ta2O5 (80%) and pristine TiO2 pristine, 
respectively, at ~144 cm-1, representative of the Eg anatase Raman band, thus proving the 
occurrence of crystallization. 

By further increasing Ta above Tc, all samples show the enhancement of the Eg peak at 
~144 cm-1 (A) and the appearance of different TiO2 anatase modes (B, C, and D) due to 
the evolution of the crystallization. The B and D refer to Eg mode arising from symmetric 
stretching vibrations of O–Ti–O bond, while C is the B1g mode that describes the 
symmetric bending vibration of O–Ti–O bond [24].   

Moreover, all the samples annealed at 1000 °C, TiO2-Ta2O5 show a raising of the Raman 
background. This could be due to an increased fluorescence, possibly attributable to the 
formation of impurities or metal nanoparticles [25]. Indeed,  EDS measurements acquired 
on the sample annealed at 1000 °C, and reported in the next section, show the presence 
of Na contaminations after annealing, probably coming from the simultaneous annealing 
of the crucible, nominally made by Al2O3 but often retaining some Na. 

However, in order to exclude possible contributions of both the laser power and the Si 
substrate on the enhanced background signal for the samples annealed at 1000 °C, further 
investigations were performed.  Figure 5(a) shows the RS of the pristine TiO2 sample at 
the same Tas of Figure 4(e), but changing the laser power, from 5% to 0.0001%.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 5: Raman spectra in the range 100-1200 cm-1 of TiO2 sample at Ta for power laser of 
0.0001%. (b) Raman spectra of Si substrate after Ta = 1000 °C at different laser powers.  
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As expected, the Raman intensity of each mode decreases, but the raising of the 
background is preserved. Figure 5(b) investigates the contribution from the substrate (if 
any), by measuring the back face of the same pristine TiO2 sample, by using two different 
laser powers of 5 and 0.0001% (black and red curves, respectively). No fluorescence is 
measured what so ever, thus ruling out the influence of the substrate, as well as the one 
of the laser power, in the measured results.   
 
The temperature evolution of the Eg Raman mode, and its linewidth Г (FWHM, corrected 
by the instrumental broadening, as discussed in Chapter 3), are shown in Figure 6(a) and 
(b), respectively. The exact peak position and the FWHM are extracted by removing the 
Si contribution and performed a Lorentzian fit on the as-treated data. 
 
The gray patterned area of Figure 6(a) indicates the range of wavenumbers expected for 
the Eg anatase Raman band [19, 26]. Compared to these values, TiO2 and TiO2-Ta2O5 

(80% and 50%) (black, blue and green dots respectively), show a blue-shift in their initial 
stage of crystallization. This phenomenon can be attributed to a crystallite size under the 
quantum-confinement condition, which is usually true only at the very beginning of the 
crystallization. A monotonic decrease of the Eg peak center as a function of the Ta is then 
observed, moving toward a tiny red-shift. The latter is associated to the tensile strain, 
occurring as a consequence of crystallization or of a partial anatase-rutile transformation 
at 1000 °C [27]. Differently, the Raman shift of TiO2-Ta2O5 (25%) sample (red dots) 
exhibit a red-shift in the entire investigated range.  
Figure 6(b) shows the behavior of Г as a function of Ta, of the TiO2, TiO2-Ta2O5 (25%), 
TiO2-Ta2O5 (50%), and TiO2-Ta2O5 (80%) samples. The FWHM gives information about 
the degree of crystallization, non-stoichiometry effects, and the presence of oxygen 
vacancies [20, 26]. A monotonically decrease of  Г is observed in TiO2 TiO2-Ta2O5 (50%), 
and TiO2-Ta2O5 (80%) samples, consistently with the evolution of crystallization. On the 
contrary, the TiO2-Ta2O5 (25%) sample shows an increasing trend of Г that can be 
associated to an increase of disorder and then, a decrease of crystallization degree.  
Finally, the phonon lifetime τ as a function of both TiO2 concentration and Ta is shown in 
Figure 6(c). The expression of τ has already been shown in the Eq. (5) of Chapter 3. For 
TiO2, TiO2-Ta2O5 (50%), and TiO2-Ta2O5 (80%) samples, the almost monotonic increase 
of the phonon lifetime with increasing the Ta can be related to the evolution of 
crystallization and the reduction of the number of scattering sites. As the temperature rises 
and the crystal size enlarges, also the phonon density increases, and the temperature -
dependent anharmonic phonon coupling grows [28,29]. On the contrary, TiO2-Ta2O5 

(25%) sample shows a decrease of phonon lifetime as function of Ta due to an increase 
of defects, like oxygen ones.  
In particular, at 750 °C, the phonon lifetime TiO2, TiO2-Ta2O5 (50%), and TiO2-Ta2O5 

(80%) samples is shorter than the one of the TiO2-Ta2O5 (25%), indicating high density 
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of defects in the former samples. Moreover, the phonon lifetime can decrease as the 
sample transforms from anatase to rutile [29]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: (a) Raman shift, (b) Γ, and (c) τ as a function of the Ta for TiO2, TiO2-Ta2O5 (25%), 
TiO2-Ta2O5 (50%), and TiO2-Ta2O5 (80%) samples. The gray region in (a) highlights the range 

where the Eg Raman mode is expected. 
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6.2.3 EDS measurements on as-grown samples 
 

The energy-dispersive x-ray spectroscopy (EDS) measurements for all as-grown films, 
listed in Table 1 are shown in Figure 7(a-e). This analysis is carried out to determine the 
material concentration and the presence of contaminates. An Oxford INCA Energy 300 
energy- EDS system attached to a Leo EVO 50 scanning electron microscope (SEM) was 
used to this aim.  

 

 

Figure 7: EDX analysis of the (a) Ta2O5 , (b) TiO2-Ta2O5 (25%), (c) TiO2-Ta2O5 (50%), (d) 
TiO2-Ta2O5 (80%), and (e) TiO2 film, listed in Table 1. The parameter values set for the EDS 

analysis are: 20 kV voltage, 8.5 mm of working distance using an aperture size of 50 μm and a 
probe current of 200 pA. 
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Three different regions were investigated per each sample and three EDS spectra were 
acquired per each area. The measured atomic% are shown in Table 2. Finally, the last row 
reports the TiO2 concentrations with respect to the percentage of the compound. Apart 
from the expected atoms, i.e., Ti, Ta and O, the EDS spectra certify the presence of Si 
(coming from the substrate) and Argon (being the gas used for the ion bombardment in 
the deposition process). 

 

 

Table 2: Atomic% extracted from EDS measurement of Ta2O5 (second column), TiO2-Ta2O5 
(25%) (third column), TiO2-Ta2O5 (50%) (fourth column), TiO2-Ta2O5 (80%) sample (fifth 

column), and TiO2 (sixth column) samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Ta2O5 
TiO2 - Ta2O5  

(25%) 
TiO2 -Ta2O5 

(50%) 
TiO2 -Ta2O5  

(80%) TiO2 

Ta 12.4±0.1 13.84±0.08 9.3±0.1 3.9±0.1 0.47±0.05 

Ti 0.95±0.07 2.65±0.06 5.8±0.1 18.5±0.1 12.12±0.06 

O 39.3±0.3 43.2±0.3 40.9±0.3 49.1±0.4 38.3±0.4 

Ar 1.65±0.09 1.88±0.07 1.56±0.07 2.16±0.07 1.23±0.04 

Ti/(Ti+Ta)  
(%) 7.1±0.6 16.1±0.5 38±1 83±1 96±1 
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6.2.4 EDS measurements on samples annealed at 1000 °C 
 

Moreover, the EDS measurements for all films annealed at 1000 °C, listed in Table 1 are 
performed and shown in Figure 8(a-e). The instrument and the experimental parameters 
are the same used in the previous section. Also in this case, three different regions were 
investigated per each sample and three EDS spectra were acquired per each area. 

 

 

Figure 8: EDX analysis of the (a) Ta2O5 , (b) TiO2-Ta2O5 (25%), (c) TiO2-Ta2O5 (50%), (d) TiO2-Ta2O5 
(80%), and (e) TiO2 films annealed at 1000 °C, listed in Table 1. 
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The measured atomic% are shown in Table 3. As before, EDS the presence of the 
expected atoms, such as Ti, Ta, O, Si and Ar, with an additional contamination of Na. 
The latter is possibly coming from the Al2O3 crucible, used for the annealing. Indeed, as 
reported in Ref.[30], similar crucibles incorporate a small percentage of Na that 
evaporates at temperatures higher than 800 °C. 

 

 

Table 3: Atomic% extracted from EDS measurement of Ta2O5 (second column), TiO2-Ta2O5 
(25%) (third column), TiO2-Ta2O5 (50%) (fourth column), TiO2-Ta2O5 (80%) sample (fifth 

column), and TiO2 (sixth column) samples annealed at 1000 °C. 

 

 

 

 

 

 

 

 

 

 

 

 

 Ta2O5 
TiO2 - Ta2O5  

(25%) 
TiO2 -Ta2O5 

(50%) 
TiO2 -Ta2O5  

(80%) TiO2 

Ta 11.4±0.1 13.5±0.2 9.43±0.08 3.65±0.06 0.50±0.02 

Ti 0.89±0.04 2.59±0.07 6.03±0.04 17.6±0.2 12.57±0.06 

O 42.5±0.4 46.4±0.3 44.5±0.3 52.6±0.2 42.9±0.3 

Ar 1.25±0.08 1.49±0.04 - 0.42±0.02 0.76±0.02 

Na 0.70±0.05 0.30±0.05 0.46±0.05 0.46±0.05 0.07±0.01 

Ti/(Ti+Ta)  
(%) 7.2±0.4 16.1±0.7 39±0.6 82±2 96±1 
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6.2.5 AFM measurements 
 

In order to investigate the effects of the heat treatments on the samples surface a routinely 
study based on AFM measurements was performed to compare the as-grown and 
annealed coating surfaces. AFM images have been acquired with a JPK Nanowizard III, 
equipped with Vortex electronics, in the standard tapping mode technique, using a Bruker 
SCM-PIT-V2 tip.  

 

Table 4: Tapping-mode AFM topography on a large scan area (from a minimum of 10 µm x 10 
µm to a maximum of 50 µm x 50 µm in lateral size) of all samples as-grown (second column) 
and annealed at 500 °C (third column), 800 °C (fourth column), and 1000 °C (fifth column), 

listed in Table 1. 

Sample As-grown 500 °C 800 °C 1000 °C 
Ta2O5 

    
TiO2-
Ta2O5 
(25%) 

    
TiO2-
Ta2O5 
(50%) 

    
TiO2-
Ta2O5 
(80%) 

    
TiO2 
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Sample As-grown 500 °C 800 °C 1000 °C 
Ta2O5 

    
TiO2-
Ta2O5 
(25%) 

    
TiO2-
Ta2O5 
(50%) 

    
TiO2-
Ta2O5 
(80%) 

    
TiO2 

    
 

Table 5: Tapping-mode AFM topography on a medium scan area, 5µm x 5µm in lateral size, of all samples 
as-grown (second column) and annealed at 500 °C (third column), 800 °C (fourth column), and 1000 °C 

(fifth column), listed in Table 1. 
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Sample As-grown 500 °C 800 °C 1000 °C 

Ta2O5 

    
TiO2-
Ta2O5 
(25%) 

    
TiO2-
Ta2O5 
(50%) 

    
TiO2-
Ta2O5 
(80%) 

    
TiO2 

    
 

 

 

Table 6: Tapping-mode AFM topography on a small scan area, 1µm x 1µm in lateral size, of all samples 
as-grown (second column) and annealed at 500 °C (third column), 800 °C (fourth column), and 1000 °C 

(fifth column), listed in Table 1. 

 

Table 4 shows the thermal evolution of the surface morphology of the provided samples, 
as a function of temperature. In particular, the AFM topographies, on large scans area 
(from a minimum of 10 µm x 10 µm to a maximum of 50 µm x 50 µm in lateral size), are 
shown for each sample, as-grown and after annealing treatments at 500, 800, and 1000 
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°C. For all samples, a black-to-white color scale has been used to highlight the surface 
features. 

The temperature evolution of the pure Ta2O5 sample is shown in the second raw. Its  
surface looks flat and almost unchanged up to 500 °C, whereas at 800 °C, the formation 
of plates bounded by taller ridges occurs, consistently with the amorphous-to-crystalline 
transition measured by XRD. Moreover, even taller structures are formed and observed 
upon annealing at Ta =1000 °C. 

Similarly, TiO2-Ta2O5 (25%) and (50%), third and fourth rows, respectively, show flat 
surfaces up to 500 °C, while a material rearrangement is observed at 800 and 1000 °C, 
consistently with the occurrence of crystallization.  

Differently, when the TiO2 concentration is 80% or 100%, (fifth and sixth rows, 
respectively), the surface shows the formation of plates and ripples already at 500 °C, 
demonstrating the TiO2 crystallization. As a result of the amorphous-to-crystalline 
transition, ripples are observed in morphology as a consequence of the contact between 
the as-formed crystalline plates: either both the edges of the touching plates rise (see the 
light-to-light edges in the morphology) or one of the two goes below the other (see the 
light-to-dark edges in the morphology). Similar situation is observed at 800 °C, while at 
1000 °C the surfaces evolve toward more complicated organization. It is worth stressing 
the presence of holes in the as-grown pure TiO2 case (sixth row), with a mean depth of 
(21.9 ± 6.3) nm, that are still evident up to 800 °C.  

Tables 5 and 6 show the temperature evolution of the sample surface on medium and 
small scan areas, respectively, confirming the scenario discussed so far in the case of large 
scan areas (Table 4).   

 

 

 

 

 

 

 

 

 

 

Figure 9: Average RMS roughness calculated on a small scan area, 1 µm x 1 µm, as a function of 
the Ta. Different color scatters represent different samples: Ta2O5 sample (red); TiO2-Ta2O5 (25%) 
sample (yellow); TiO2-Ta2O5 (50%) sample (green); TiO2-Ta2O5 (80%) sample (blue); TiO2 sample 

(magenta). 
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Finally, a statistical analysis of the AFM images, on a scan area of 1 μm x 1 μm, was 
performed to study the RMS surface roughness as a function of the Ta for different TiO2 
concentrations, see Figure 9.  

The RMS roughness of the samples as-grown and annealed at 500 °C is almost the same 
for all the investigated coatings. At the highest temperatures (800 and 1000 °C), the 
roughness value strongly depends on the manifestation of crystallization. A general 
increasing trend in the RMS as a function of the Ta, is observed which is especially 
enhanced for TiO2-Ta2O5 (25% and 50%), whose RMS approach ~21 and ~11 nm, 
respectively. This result could be affected by i) different orientation of the Si substrate 
used for the TiO2-Ta2O5 (25%), ii) aging effect on both TiO2-Ta2O5 (25%) and (50%), 
produced in 2019 and 2016, respectively. 
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6.2.6 Optical measurements of samples annealed at 1000 °C 
 

Sample 5X 50X 100X 
Ta2O5    

TiO2-
Ta2O5 
(25%) 

   

TiO2-
Ta2O5 
(50%) 

   

TiO2-
Ta2O5 
(80%) 

   

TiO2    

 

Table 7: Optical microscope images of Ta2O5 sample (first row), TiO2-Ta2O5 (25%) sample 
(second row), TiO2-Ta2O5 (50%) sample (third row), TiO2-Ta2O5 (80%) sample (fourth row), 

and TiO2 sample (fifth row). 

 

Table 7 shows the optical images of all samples annealed at 1000 °C.  The Ta2O5, and 
TiO2-Ta2O5 (25%) and (50%) samples (second, third and fourth row), show similar 
morphologies at the lowest magnification (5X), with a de-wetting tendency, which is 
more evident in Ta2O5 than in the TiO2-doped compounds [see the highest magnification 

200 μm 20 μm 10 μm 

200 μm 20 μm 10 μm 

20 μm 200 μm 10 μm 

200 μm 20 μm 10 μm 

200 μm 20 μm 10 μm 
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(100X)]. Instead, TiO2-Ta2O5 (80%) (fifth row) and TiO2 (sixth row) clearly show the 
formation of cracks.  

 

6.3 Co-sputtered TiO2-Ta2O5 deposited on SiO2 
 

Table 8 lists the codes and the thickness of the TiO2-Ta2O5 coatings, produced and 
investigated on SiO2 substrate. As mentioned before, these samples were studied in their 
as-grown and annealed form, with the latter being only restricted to a 500 °C thermal 
annealing process for 10h. 

 

 

 

 

 

 

 

 

 

 

 

Table 8: Sample list. (*Ti/(Ta+Ti) concentrations are extracted from EDS measurements 
performed at Unisa and UniPg). 

 

6.3.1 XRD measurements 
 

In order to study the crystallization status of the provided coatings, XRD measurements 
are performed. The notation used in the following refer to the nominal concentration 
values for the measured samples. For the effective values, refer to Table 8.  

As shown in Figure 10(a-f), all the as-grown samples (black spectra) are amorphous, with 
a big bump coming from the amorphous SiO2 substrate. The gray curves in Figures 10(b-
f) represents the reference spectrum of the TiO2 anatase phase [19].  

                                                             
4 The thicknesses have been measured by using a spectrophotometer at LMA and by means spectroscopic  
ellipsometry at University of Genova.  

Code Sample 
Ti/(Ta+Ti) 

(%)* Thickness4 

c20014 Ta2O5 7.1±0.6 430 nm 

c19088 
TiO2 -Ta2O5  

(25%) 16.1±0.5 502 nm 

c20017 TiO2 -Ta2O5  
(75%) 66 514 nm 

c20015 
TiO2 -Ta2O5  

(80%) 83±1 848 nm 

c19089 TiO2 -Ta2O5  
(90%) 97 350 nm 

c20016 TiO2 96±1 542 nm 
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Moreover, no change is measured in the XRD spectra of the samples Ta2O5, TiO2 - Ta2O5 
(25%), and TiO2 - Ta2O5 (75%) annealed at 500 °C [red curves in Figure 10(a-c)], 
confirming that these coatings have a Tc higher than 500 °C.  

On the contrary, the XRD spectra of the samples TiO2 - Ta2O5 (80%), TiO2 - Ta2O5 (90%), 
and TiO2, annealed at 500 °C [red curves in Figure 10(d-f)], show the TiO2 anatase 
reflections (101), (004), and (200), thus suggesting that they crystallize at a temperature 
lower than 500°C.  

 

Figure 10: XRD spectra of all the samples as-grown (black) and annealed (red): (a) Ta2O5, (b) 
TiO2 - Ta2O5 (25%), (c) TiO2 - Ta2O5 (75%), (d) TiO2 - Ta2O5 (80%), (e) TiO2 - Ta2O5 (90%), 

and (f) TiO2. The XRD measurements were performed with a time/step of 0.3 s, and a 2θ step of 
0.02°, The gray spectrum in each plot corresponds to the reference TiO2 anatase diffraction 

pattern [19]. 

 

6.3.2 Raman measurements 
 

Additional structural information were obtained by performing RS. As expected and as 
shown in Figure 11(a-f), all the as-grown samples (black spectra) are amorphous. The 
bumps and modes at 492.8 cm-1, 605.5 cm-1, and 795.4 cm-1 come from the amorphous 
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SiO2 substrate [31,32], as shown also in Chapter 2. The blue spectrum in each plot 
corresponds to the reference TiO2 anatase Raman spectrum, as extracted from the RRUFF 
database [19]. No Raman modes are measured in the Raman spectra of the samples Ta2O5, 
TiO2 - Ta2O5 (25%), and TiO2 - Ta2O5 (75%) annealed at 500 °C, see red curves in Figure 
11(a-c), confirming the XRD results (see Figure 10). 

On the contrary, the Raman spectra of the TiO2 - Ta2O5 (80%), TiO2 - Ta2O5 (90%), and 
TiO2 samples, annealed at 500 °C [red curves in Figure 11(d-f)], show the occurrence of 
the Raman anatase modes. In particular, these modes appear at 144 cm-1 (A-Eg), 197 cm-

1 (B-Eg), 399 cm-1 (C-B1g), and 639 cm-1 (D-Eg) [26,24]. The presence of both Eg and 
B1g modes reveal stretching and bending vibrations of O–Ti–O bond in the anatase cell 
after thermal annealing.  

 

Figure 11: Raman spectra of all the samples as-grown (black) and annealed (red): (a) Ta2O5, (b) 
TiO2 - Ta2O5 (25%), (c) TiO2 - Ta2O5 (75%), (d) TiO2 - Ta2O5 (80%), (e) TiO2 - Ta2O5 (90%), (f) 
TiO2. The Raman spectra were acquired with a 50× of magnification, 10 s of exposure time, 5% 
of laser power, and 5 accumulations.The gray spectrum in each plot corresponds to the reference 

TiO2 anatase Raman spectrum, as extracted from the RRUFF database [19]. 
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6.3.3 AFM measurements 
 

A routinely study based on AFM measurements was then performed to compare the as-
grown and annealed coating’s surface. As before, AFM images have been acquired with 
a JPK Nanowizard III, equipped with Vortex electronics, in the standard tapping mode 
technique, using a Bruker SCM-PIT-V2 tip. Tables 9, 10, and 11 show the AFM 
topographies on a large, medium, and small scan area, respectively; a black-to-white color 
scale has been used to highlight the surface features. 

 

Sample As-grown 500°C 
Ta2O5 

  
TiO2-Ta2O5 

(25%) 

  
TiO2-Ta2O5 

(75%) 

  
TiO2-Ta2O5 

(80%) 

  
TiO2-Ta2O5 

(90%) 

  
TiO2 
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Table 9 Tapping-mode AFM topography on large scan areas (from a minimum of 20 µm x 20 
µm, to a maximum of 60 µm x 60 µm in lateral size) of all the samples listed in Table 8, as-

grown (second column) and annealed at 500 °C (third column). The last row shows the 
morphology of the SiO2 substrate, obtained by imaging the back of the sample. 

Substrate 

 

 

Sample As-grown 500°C 

Ta2O5 

  
TiO2-Ta2O5 

(25%) 

  
TiO2-Ta2O5 

(75%) 

  
TiO2-Ta2O5 

(80%) 

  
TiO2-Ta2O5 

(90%) 

 
 

 



 

157 

 

 

 

 

 

 

Table 10: Tapping-mode AFM topography on a medium scan area (from a minimum of 5 µm x 
5 µm to a maximum of 10 µm x 10 µm in lateral size) of all the samples listed in Table 8 as-

grown (second column) and annealed at 500 °C (third column). 

 

TiO2 

 
 

Sample As-grown 500°C 
Ta2O5 

  
TiO2-Ta2O5 

(25%) 

 
 

 

TiO2-Ta2O5 
(75%) 

  
TiO2-Ta2O5 

(80%) 

  
TiO2-Ta2O5 

(90%) 

  
 

High 

Low 
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Table 11: Tapping-mode AFM topography on a small scan area, 1 µm x 1 µm in lateral size, of 
all the samples listed in Table 8 as-grown (second column) and annealed at 500 °C (third 

column). 

 

Table 9 shows that, on a large scan area, as-grown Ta2O5 and TiO2 - Ta2O5 (25%), (75%), 
and (80%) exhibit a material arrangement in linear structures, possibly reflecting the 
morphology of the SiO2 substrate (see last row of Table 9). Indeed, similar features were 
never observed in the samples deposited on Si. Such a morphology is preserved in Ta2O5 
and TiO2-Ta2O5 (25%) and (75%) also after the annealing at Ta = 500 °C. In fact, as 
shown by XRD, these coatings remain amorphous upon the above mentioned heating 
treatment. On the contrary, the surface of TiO2-Ta2O5 (80%) evolves from a flat 
topography with linear structures, to the formation of plates separated by taller ridges 
upon annealing at Ta = 500°C (fourth row of Table 9), proving that the sample has 
undergone an amorphous-to-crystalline structural transition. Then, both as-grown and 
annealed TiO2 - Ta2O5 (90%) and pristine TiO2 sample’s surfaces (fifth and sixth row, 
respectively) are characterized by deep holes, whose mean depth is (14.8 ± 3.6) nm in 
TiO2 - Ta2O5 (90%) and (27.8 ± 6.7) nm in TiO2, accompanied by the formation of ridges 
upon Ta = 500°C (again proving that the samples are crystalline). 

A deeper investigation has been performed by acquiring AFM morphology on medium 
and small scan areas, as reported in Tables 10 and 11, respectively. The latter confirmed 
the results of the analysis performed on large scan areas and allowed for a better 
visualization of small-scale features.    

Finally, also in the case of samples deposited on SiO2, a statistical analysis of the AFM 
images was performed to study the variation of the RMS roughness as a function of the 
Ta for the different TiO2 concentration. Figure 12 displays the behavior of the RMS 
roughness, calculated on a scan area of 1 μm x 1 μm, vs Ta. In agreement with the 
occurrence of crystallization, an increasing trend of the RMS roughness is observed in 
TiO2-Ta2O5 (80%), TiO2-Ta2O5 (90%), and TiO2 (which undergo a structural transition 
from amorphous to crystalline upon annealing at Ta = 500°C), whereas it remains almost 
constant and below 1 nm in Ta2O5, TiO2-Ta2O5 (25%), and TiO2-Ta2O5 (75%), since the 
samples are amorphous.  

Moreover, a TiO2 concentration higher than 80% produces a rougher surface with bigger 
variation (larger error bars), due to the formation of holes. 

TiO2 
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Figure 12: Average RMS roughness calculated on a small scan area, 1 µm x 1 µm, as a function 
of the Ta (as-grown and at 500°C). Different color scatters represent different samples: Ta2O5 

(red); TiO2 - Ta2O5 (25%) (yellow), TiO2 - Ta2O5 (75%) (green), TiO2 - Ta2O5 (80%) (blue), 
TiO2 - Ta2O5 (80%) (magenta), and TiO2 (black). 

 

Summary 
 

This chapter focused on the study of the morphological and structural properties of co-
sputtered TiO2-Ta2O5 samples with different concentrations of TiO2 (0, 25, 75, 80, 90, 
100 %) deposited at LMA on both Si and SiO2 substrates, by using an IBS.  

The first section, called State of art of co-sputtered materials, explained the importance 
of using these materials, with a proper concentration of TiO2 (18%), combined with the 
thermal annealing at Ta = 500 °C, on the reduction of the absorption and mechanical 
losses in the coatings.  

The second section, called Co-sputtered TiO2-Ta2O5 deposited on Si, demonstrated that: 

1) All as-grown co-sputtered materials are amorphous, as confirmed by both XRD and 
Raman measurements. The Tc, studied by XRD and Raman measurements, of the co-
sputtered materials depends on the TiO2 percentage. Indeed, Ta2O5  crystallizes in the 
range 650-700 °C as well as the compound with 25 and 50% of TiO2. Instead, the film 

with 80% of TiO2 and the pure TiO2 crystallize in the range of 450-500 °C and 300-
350 °C, respectively. Moreover, the Tc of both the TiO2 and Ta2O5 counterparts in the 
TiO2-Ta2O5 coatings is strongly influenced by the content of the two materials. 

2) The Raman measurements confirmed the structural information extracted by the XRD 
spectra, specifically to the case of the TiO2. The first TiO2 anatase modes, Eg, appears 
at the expected Tc and arises from the symmetrical stretching vibration of O-Ti-O 
bond. At higher Ta, another anatase Raman mode, B1g, appears, ascribed to the 
symmetric bending vibration of O–Ti–O bond. Moreover, all samples annealed at 
1000 °C disclose an enhanced background due to a fluorescence phenomenon and 
possibly addressable to Na contaminations. Moreover, Raman shift as a function of 
Ta is studied evidencing a blue-shift at the beginning of crystallization in almost all 
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sample (except for TiO2-Ta2O5 (25%)) addressable to a crystallite size in the 
quantum-confinement regime, and a red-shift in all sample when the crystallization is 
well developed, as a consequence of the buildup of tensile strain. Additional 
information on the crystallization are extracted from the study of the phonon lifetime.  

3) The surface morphology for all as-grown samples, observed by AFM technique, is 
very flat on large, medium, and small scan area, except for the TiO2 sample that shows 
holes with a mean depth of (21.9 ± 6.3) nm. Changes in the morphology are clearly 
visible upon annealing treatments and their evolution strongly correlates with the 
occurrence of crystallization and its evolution.  

4) EDS measurements performed on the as-grown samples certify the presence of Si 
(coming from the substrate) and Argon (being the gas used for the ion bombardment 
in the deposition process), apart from the expected atoms, i.e., Ti, Ta and O., the EDS. 
Instead, EDS on the samples annealed at 1000 °C, show the possibly presence of Na, 
coming from the Al2O3 crucible used in the thermal processes.  

The third and final section, called Co-sputtered TiO2-Ta2O5 deposited on SiO2, has shown 
that: 

1) Also in this case, the Tc, studied by XRD measurements, of the co-sputtered materials 
deposited on SiO2 substrate depends on the TiO2 percentage. The Ta2O5, TiO2 - Ta2O5 
(25%), and TiO2 - Ta2O5 (75%) samples have a Tc higher that 500 °C. Instead, TiO2 
- Ta2O5 (80%), TiO2 - Ta2O5 (90%), and TiO2 samples have a Tc lower that 500 °C. 
These results are also confirmed by the Raman measurements.  

2) The surface morphology of all samples shows an arrangement in linear structures 
resembling the morphology of the SiO2 substrate. The Ta2O5, TiO2 - Ta2O5 (25%), 
and TiO2 - Ta2O5 (75%) display no changes in morphology after Ta = 500 °C. Instead, 
the TiO2 - Ta2O5 (80%), TiO2 - Ta2O5 (90%), and TiO2 samples show the formation 
of plates separated by taller ridges upon Ta = 500°C, according to the crystallization 
process. The RMS roughness is almost constant and below 1 nm in Ta2O5, TiO2-Ta2O5 
(25%), and TiO2-Ta2O5 (75%), since these samples remain amorphous at 500 °C. 
Instead, it increases in the TiO2-Ta2O5 (80%), TiO2-Ta2O5 (90%), and TiO2 samples 
after Ta = 500 °C, according to the crystallization. 

 

Finally, from comparison of samples deposited on Si and SiO2 substrates, one can 
conclude that the TiO2-Ta2O5 samples with a TiO2 percentage lower than 75% have  
crystallization temperatures higher than 500 °C. Then, they show a very flat surface 
morphology at Ta = 500 °C, especially for the samples deposited on Si, as also confirmed 
by the RMS roughness. All this information can be very useful in the context of 
gravitational wave detectors.  
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Conclusions  
 

This work explores the consequences of nano-layering on the physical properties of 
TiO2, specifically correlating the reduction in thickness down to few nm with the 
variations of structural and surface properties. In particular, TiO2 single thin films and 
TiO2 nanolayered heterostructures, formed by alternating TiO2 with other compatible 
oxides, have been considered. The motivations to investigate nano-layered TiO2 rely on 
the recent and growing interest on the large variety of TiO2 electronic and optical 
applications,  and on the possibility to tune and calibrate some of this physical properties 
by reducing the size (the thickness, in this case) to the nanoscale.  In particular, this 
work is focused on the fabrication of TiO2 nanolayers and possible post-deposition 
thermal treatments, to reach a full control of their final crystal phase (amorphous, 
crystalline and/or a mixture of different crystalline phases). Moreover, the ability to 
freeze the crystallization at the early stage can be sometimes also required.  

Sets of both TiO2 single layers and TiO2-based nanolayered heterostructures, formed by 
pairing TiO2 with SiO2, Ta2O5, ZrO2, or Al2O3 have been fabricated, by varying their 
thickness at the nanoscale. All samples have been deposited by IAD e-Beam. In 
addition, co-sputtered TiO2- Ta2O5 thin film samples, fabricated by IBS at LMA, have 
been studied in this work.  

The use of different thickness and post deposition thermal processes (at different 
annealing temperatures and in different environments) is employed to favor different 
crystallization levels and material density.  

This work mainly implied the use of experimental techniques, such as XRD, RS, AFM, 
XRR, and EDS. Besides some routinary control of sample composition and effective 
thickness, the main results are related to the following points:  

1) onset and evolution of  crystallization: 

The crystallization onset temperature has been shown to depend on i) annealing 
environment, ii) film thickness and iii) surface energy. In the first case, the onset of 
crystallization is delayed if the as-grown sample is annealed in vacuum conditions, as a 
consequence of oxygen vacancies formation. In light of this, the differences on the 
structural properties of TiO2 have been discussed as a consequence of annealing in 
oxygen-rich and oxygen-poor environments. Moreover, an exponential increase of the 
crystallization onset temperature has been shown when reducing the TiO2 thickness 
down to few nm. While exhibiting qualitatively the same trend, the absolute values of 
the crystallization onset temperatures have been demonstrated to be affected by the 
presence of interfaces, i.e., they are different when TiO2 is interfaced with air, rather 
than other oxides. 

2) evolution of the crystalline phases: 

The evolution from the earliest anatase phase to the rutile one has been shown to be also 
affected by both the annealing conditions and the layer thickness. In particular, the rutile 
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occurs earlier when the annealing is performed in vacuum and when the film thickness 
is lower.  

3) kinetics of crystallization:  

Quantum phonon confinement effects have been identified and studied, at the earliest 
stage of crystallization, in the most of the investigated samples. Moreover, the observed 
evolution of crystallization has confirmed a gradual growth of the crystals, inside the 
amorphous matrix, with a growing rate that disclosed differences among different 
samples.   

4) strain effects: 

High temperature annealing (up to 1000 °C) has been demonstrated to affect the crystal 
lattice, with the building up of tensile strain. The latter has been often shown to affect 
the high-temperature morphologies, with the formation of cracks, holes, and ripples 
which have never been detected in the as-grown samples as well as at the earliest stage 
of crystallization. This topographic evolution is driven by the sintering process. 

5) quality of the surfaces and interfaces: 

All the as-grown materials disclosed a high-quality of surfaces and interfaces, as their 
typical roughness is of the nm order. The latter is extremely important for optical 
applications where light scattering from the surfaces and the interfaces are largely 
unwanted. 

6) surface potential and photovoltage (i.e work function): 

The surface reactivity of TiO2 has been shown to depend on the post-deposition 
treatments, both as a function of temperature and environment. The results have been 
correlated with the formation of oxygen vacancies and interstitial Ti atoms, which affect 
the semiconducting properties of TiO2, and, as a consequence, its photocatalytic activity.  

The discussed results are of interest of many possible TiO2 application fields. For 
instance, the optical properties of TiO2 in co-sputtered and nanolayered-
heterostructures, are deeply studied for applications requiring high precision Bragg 
mirrors. Among the others, the study of new generation mirrors for GWDs represents 
the context where the topic of this thesis originated. Indeed, the design of the TiO2-based 
nanolayers, studied in this work, has been proposed for new mirror prototypes to be 
implemented in the new generation GWDs. 

On the other hand, while the investigation of some of the electrical properties of TiO2 
after thermal annealing is a key ingredient for its photocatalytic applications, other 
applicative devices, such as phase change materials (PCMs) require a detailed 
knowledge of the TiO2 polymorphs and their evolution.  
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Appendix A 
Phonon confinement 

 
Phonon confinement in nanoparticles with a size smaller than 20 nm can give substantive 
wavenumber shifts and asymmetric line broadening of the bulk crystal Raman bands. 
Acoustic and optical phonons are quanta of atomic vibrations in crystalline solids that 
depend on the number of the atoms in the unit cell, e.g., a compound with N atoms has 3 
acoustic and 3N-3 optical phonons. In an ideal crystal of infinite size, such as a well-
crystallized polycrystalline sample with micrometer-size grains, the one-phonon 
scattering process is due to the optical phonons close to the Brillouin zone center (q ~ 0) 
[1-4].  
In this case, the vibrational wave function of confined phonon 𝑞0 in spherical 
nanoparticles of diameter 𝐿, is describe by a plane wave: 
 
                                       𝜑(𝑞0,𝑟) = 𝑊(𝑟)𝑢(𝑞0, 𝑟) exp(−𝑖𝑞0 ∙ 𝑟),                                        (A1) 
 
where  

                                                     𝑊(𝑟, 𝐿) = 𝑒𝑥𝑝 (
−𝛼𝑟2

𝐿2 )                                            (A2) 

 
is a Gaussian function, which is widely used as confinement function in literature [4], and 
𝛼 describes the decreasing behavior of the wave function at the boundary, assuming a 
value of 8𝜋2 used by the Campbell and Fauchet (CF) model [5].  
 
Equation (A1) can be rewritten as: 
 
                                              𝜑(𝑞0,𝑟) = 𝜑′(𝑞0, 𝑟)𝑢(𝑞0, 𝑟),                                         (A3) 
 
where 𝑢(𝑞0, 𝑟) indicates the lattice periodicity. In order to explore the effect on the Raman 
spectrum, 𝜑′(𝑞0, 𝑟) can expanded in Fourier series: 
 
                                     𝜑′(𝑞0,𝑟) = ∫ 𝐶 (𝑞0, 𝑞)𝑒𝑥𝑝 (𝑖𝑞0 ∙ 𝑟)𝑑3𝑞,                               (A4) 
 
in which  
                               𝐶 (𝑞0, 𝑞) = (2𝜋)−3 ∫ 𝜑′(𝑞0, 𝑟)𝑒𝑥𝑝 (−𝑖𝑞0 ∙ 𝑟)𝑑3𝑟                       (A5) 
 
are the Fourier coefficients.  
Calculating the integral explicating 𝜑′(𝑞0,𝑟), and then 𝑊(𝑟), one obtains: 
 
 

                                             𝐶 (𝑞0, 𝑞) = 𝑒𝑥𝑝 (−
𝐿2(𝑞−𝑞0)2

4𝛼
).                                        (A6) 
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Considering that 𝑞0 = 0 for the zone-center Raman scattering, the Fourier coefficients 
become: 
 

                                               |𝐶 (0, 𝑞)|2 = 𝑒𝑥𝑝 (−
𝐿2𝑞2

16𝜋2 ).                                         (A7) 

These coefficients are used to calculate the first-order Raman spectrum given as: 

                                              𝐼(𝜔) = ∫
|𝐶 (0,𝑞)|2𝑑3𝑞

(𝜔−𝜔(𝑞))2+(𝛤0/2)2,                                            (A8) 

 where 

                                               𝜔(𝑞) = 𝜔0 − 𝛥𝜔𝑠𝑖𝑛2 (
𝑞𝑎

4
)                                          (A9) 

is the optical phonon dispersion curve. 𝛤0 is the linewidth of the zone-center optical 
phonon of the bulk, 𝜔0 is the zone-center optical phonon frequency, 𝛥𝜔 is the width of 
the phonon dispersion curve, and 𝑎 is the lattice parameter. Moreover, the three 
dimensional (Eq.A8) can be reduced to a one-dimensional integration over a spherical 
Brillouin zone using the averaged one-dimensional dispersion curve 𝜔(𝑞), as written in 
Eq.(A9). 

Eq. (A8) has been calculated through Wolfram Mathematica software. The parameters 
used for the TiO2 anatase phase are: a = 0.3785 nm, 𝛥𝜔= 20 cm-1, 𝜔0= 144 cm-1 (for bulk 
value), and 𝛤0= 7 cm-1. Figure A1(a) shows the behavior of 𝐼(𝜔) as a function of 𝜔 at 
fixed 𝐿. The frequency at which 𝐼(𝜔) approaches its maximum value, i.e., 𝜔𝑚𝑎𝑥, can be 
extracted from these curves and plotted as function of the crystalline size  𝐿, see black 
solid line shown in Figure A1(b). The horizontal color dashed lines indicate the 
experimental Raman shift of the TiO2-200 nm sample annealed at different temperatures 
in air. The black dotted line marks the anatase bulk mode at 144 cm-1. From the 
intersection of the black solid curve with the dotted lines, it is possible to extract the 
values for the crystalline size. Then, the values 5.14, 7.46, and 11.32 nm for the samples 
annealed at 150, 175, and 200 °C, respectively, were estimated. At annealing 
temperatures higher than 300 °C, the black curve does not intersect the color dashed lines, 
therefore no information can be extracted on crystallite sizes in this case. Finally, Figure 
A1(c) shows the linear behavior of the extracted crystalline sizes as a function of the 
annealing temperature; only the values in the range temperatures of 150-200 °C are 
acceptable since the value at 250°C is beyond the limit given by the phonon confinement 
theory. 
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Figure A1: (a) 𝐼(𝜔) as a function of 𝜔 for fixed 𝐿 crystalline sizes. (b) 𝜔𝑚𝑎𝑥  as function of 𝐿. 
(c) 𝐿 as a function of the annealing temperatures. 
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Appendix B 
Performance limits of coatings for gravitational 
wave detector 
 

In Ref. [1], Pierro and co-authors formulate and design new coatings in order to minimize 
both coating transmittance and thermal noise by using a global optimization algorithm 
[Multi Objective Evolutionary Algorithm (named Borg MOEA)] without a priori 
assumption on both number and thickness of layers. 

The main noise source in the gravitational wave detector is the thermal noise due to the  
high-reflectance coatings in the test-masses. In order to reduce this noise, several 
strategies are adopted, such as the use of new materials and optimization of coating 
design.  
 
The aim of Ref. [1] is to obtain a new coating, multilayers of high and low refractive 
index that increase the reflectance reducing the thermal noise. An alternative coating from 
the standard one, which is a stack of high/low doublet with a thickness equal to a quarter 
wavelength at 1064 nm, is adopted. Then, design is studied without no a priori 
assumptions on both layer thicknesses and number minimizing both coating transmittance 
and thermal noise.  
 
The multilayers structures, shown in Figure B1(a), is placed between dielectric spaces, 
i.e., the vacuum (left) e the substrate (right). A monochromatic plane wave is orthogonal 
to the coating. The transmission matrix of m-layer will be:  
 

                                𝑇𝑚 = [
cos(𝜑𝑚) 𝑖 (𝑛(𝑚))−1 sin(𝜑𝑚)

𝑖 𝑛(𝑚) sin(𝜑𝑚) cos(𝜑𝑚)
],                         (B1) 

 
where  
                                                       𝜑𝑚 =

2𝜋

𝜆0
𝑛(𝑚) 𝑑𝑚,                                                (B2) 

 
with 𝜆0, 𝑑𝑚, 𝑛(𝑚) being the free space wavelength at 1064 nm, the layer thickness and 
the refractive index of the m-layer, respectively. For the whole coating, the transmission 
matrix will be:  
 
                                                     𝑇 = 𝑇1 ∙ 𝑇2 ∙ … ∙ 𝑇𝑁𝐿,                                                     (B3) 
             
where 𝑁𝐿 is the total number of layers.  
About the coating thermal noise, the power spectral density is:  
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                                               𝑆𝑇(𝑓) =
2 𝑘𝐵  𝑇

𝜋
3
4 𝑓

(1−𝜎𝑠
2)

𝑤 𝑌𝑠
𝜑𝑐,                                                 (B4) 

 
where 𝑘𝐵  is Boltzmann’s constant, 𝑇 is the absolute temperature, 𝜎𝑠 is the Poisson ratio,  
𝑌𝑠 is the Young’s elastic modulus of the substrate, and 𝑤 is the half-width of the Gaussian 
laser beam. The effective coating loss angle, i.e.,  
 
                                                     𝜑𝑐 = ∑ 𝜂𝑚 𝑑𝑚,

𝑁𝐿
𝑚=1                                                  (B5) 

 
depends on the mechanical loss angle and Young’s modulus of the m-layers. 
In this work, to reduce the coating loss angle 𝜑𝑐, the layer thicknesses is optimized. The 
formulation of optimization on the thickness to minimize both transmittance (𝜏𝑐) and loss 
angle 𝜑𝑐 is:  
   

                                                      Minimize
𝑧1,…,𝑧𝑁𝐿

|𝜑𝑐̅̅ ̅, 𝜏𝑐 |.                                                    (B6)                   

 
The result of this problem is a tradeoff curve, also known as Pareto boundary (or Pareto 
front), in the |𝜑𝑐̅̅ ̅, 𝜏𝑐| plane. Each point in the Pareto front corresponds to a 𝑧𝑚, 𝑤𝑖𝑡ℎ 𝑚 =

1, … , 𝑁𝐿 of layer normalized thicknesses. The Pareto front has been investigated by using 
a Multi Objective Evolutionary Algorithm (MOEA) named Borg MOEA that uses an 
evolutionary strategy appropriate for continuous variables. For comparison, the coatings 
of Virgo/LIGO detector are used in the simulation. This approach is equivalent to the 
constrained single-objective optimization problems: 
 

                                                      Minimize
𝑧1,…,𝑧𝑁𝐿 ∈𝛺

𝜑𝑐̅̅ ̅                                                            (B7)                   

                                                   Subject to 𝜏𝑐 ≤ 𝜏0 ,  
 
where 𝛺 is the search space, and 𝜏0 is the constraint transmittance that is a few parts per 
million (ppm), and  
 
                                                      Minimize

𝑧1,…,𝑧𝑁𝐿 ∈𝛺
𝜏𝑐                                                             (B7)                   

                                                   Subject to 𝜑𝑐̅̅ ̅ ≤ 𝜑0̅̅̅̅ ,  
 
where 𝜑0̅̅̅̅  is a maximun loss angle.  
 
The computed parameters to investigate the convergence of this algorithm are 𝑁𝐿 =

11,15,19,39,41,43 with an evolution time of 𝑇𝑠 = 105 s. Figure B1(b) shows the Pareto 
curve (blue) for 𝑁𝐿 ranging from 11 to 39 with step 4. The red points are the quarter 
wavelength design located on the curve described as a straight line in the log-linear of the 
plane |𝜑𝑐̅̅ ̅, 𝜏𝑐|: 
 

           log(𝜏𝑐 ) = log (
4

𝑛𝐿
) −

2𝑛𝐻

𝛾𝑛𝐿+𝑛𝐻
log (

𝑛𝐻

𝑛𝐿
) − 𝜑𝑐̅̅ ̅  

8𝑛𝐻𝑛𝐿

𝛾𝑛𝐿+𝑛𝐻
log (

𝑛𝐻

𝑛𝐿
),                          (B8)          
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where 𝛾 =

𝑛𝐻

𝑛𝐿
 is the noise ratio coefficient. The horizontal dashed line, 𝜏𝑐 = 6 𝑝𝑝𝑚 is the 

target transmittance required for the coatings in the gravitational wave detectors. Figures 
B1(c), (d), (e) show the layer thickness configuration given by the intersections between 
tradeoff curves with 𝑁𝐿 = 39, 41, 43 and the horizontal transmittance line 𝜏𝑐 = 6 𝑝𝑝𝑚. 
These configurations show a reduction of the normalized noise with the respect to the 
quarter wavelength reference design of about 15.5%, 15.9%, 15.9% respectively. 
The height of vertical blue (yellow) bars indicate the normalized layer thicknesses 𝑧𝑚 of 
high (low) refractive index material, see odd (even) m values on the bottom (top) axis. 
The design is consistent with the points obtained by the intersection of the Pareto 
boundary with the horizontal line [dashed line in Figure B1(b)] plotted at the prescribed 
transmittance level ( 𝜏𝑐 = 6 𝑝𝑝𝑚). Finally, Figures B1(f), (g) display results about noise 
reduction and effective noise ratio as a function of noise ratio coefficient,  𝛾, showing a 
linear behavior for both quantities.   
In conclusion, Ref. [1] describes the optimization of the design of binary (two-materials) 
coatings for GW detectors by using a multiobjective optimization problem, studied with 
global optimization algorithm (Borg MOEA), that minimize both the transmittance and 
the thermal noise. This study is achieve setting the refractive index and number of layers, 
but no priori assumptions are made on the layer thicknesses.  
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Figure B1: (a) 1. Multilayer structure made of 𝑁𝐿  alternating high (𝑛𝐻 ) and low (𝑛𝐿 ) refractive 
indexes, deposited on a substrate of refractive index 𝑛𝑆  in the vacuum half-space. (b) Pareto 
fronts for 𝑁𝐿 = 11 to 𝑁𝐿 = 39 in step of 4 in log-linear scale (blue curves). The normalized 

layer thicknesses 𝑧𝑚 of the optimal multiobjective design for cases 𝑁𝐿 = 39 (c), 𝑁𝐿 = 41(d), 
𝑁𝐿 = 43(e). (f) The percent loss angle reduction and (g) the effective noise ratio coefficient as a 

function of γ, by fitting equation (B8) to the Pareto front. Adapted from [1]. 
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Appendix C  
Ternary quarter wavelength coatings for 
gravitational wave detector mirrors 
 

In Ref. [1], Pierro and co-authors focus on a ternary coatings to minimize thermal noise 
in the gravitational wave detectors, under optical transmittance and absorbance 
constraints. These coatings consist of quarter-wavelength-thick layers, in which a third 
material, such as amorphous silicon and silicon nitride, operating at ambient and 
cryogenic temperatures, is added to silica (L) and titania-doped tantala (H). 

In the last two decades, the research of coating materials with large dielectric contrast, 
low optical absorption, and low mechanical losses was undertaken to reduce thermal noise 
in the highly reflective dielectric-multilayer coated mirrors. Actually, the materials used 
are (TiO2 doped Ta2O5) together with silica (SiO2), deposited by Laboratoire des 
Matériaux Avancés (LMA), but other materials could be taken into account, for example 
amorphous silicon (aSi) and Silicon nitrides (SiNx). It was demonstrate that the use of 
third denser, but optically lossier, material would allow one to reduce the total number of 
layers and, therefore, the coating thermal noise. Nevertheless, the design constraints and 
requirements of the mirrors need further analysis.  

The aim of Ref. [1] is to study an optimal configuration for the ternary coating design, 
which guarantees lowest thermal noise under optical transmittance and absorbance 
constraints. 
 
By using the coating model, based on the transmission matrix formalism, and thermal 
noise model, one can obtain the coating loss angle for ternary coatings consisting of QWL 
layers made of three possible materials: 
 

                                          𝜑𝑐 =
𝜂𝐿𝜆0

4𝑅𝑒 (𝑛𝐿)
 (𝑁𝐿 + 𝑁𝐻𝛾𝐻 + 𝑁𝐻′ 𝛾𝐻′ ),                             (C1) 

 

where 𝑁𝐿 , 𝑁𝐻 , and 𝑁𝐻′ are the number of layers made of the L, H, and H’ materials, 
respectively. 

Numerical experiments have been performed using a third material with different 
properties: i) material “A” with same mechanical losses as TiO2::Ta2O5 and a fairly higher 
refractive, and larger optical losses, and ii) material “B” characterized by the same 
refractive index as TiO2::Ta2O5, lower mechanical losses, and larger optical losses. The 
bounds in transmittance, 𝜏𝑟𝑒𝑓 = 6 𝑝𝑝𝑚, and absorbance,  𝛼𝑟𝑒𝑓 = 1 𝑝𝑝𝑚,  and different 
values of the extinction coefficient, 𝜅𝐻′, (ranging from 10−6 to 10−4) have been respected. 
The optimal design and parameters using the materials A and B for H’, are shown in 
Figure C1.   
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Figure C1: The optimal QWL ternary coating designs, using silica (L), TiO2::Ta2O5 (H), and 
(a) A or (b) B (H’) materials, assuming different values for 𝜅𝐻′. White, light gray, and dark gray 

boxes represent L, H, and H’ materials, respectively. Adapted from [1]. 

 

In this way, several parameters have been investigated. Indeed, it was find that the ternary 
QWL designs is characterized by robust against uncertainties in the value of the extinction 
coefficient of the H’ material. About transmittance, the spectrum of the material A is quite 
different from the reference spectrum compared with that of the material B. The 
asymmetry can derive from the two cascaded homogeneous QWL stacks. The 
assumptions on thickness of the ternary QWL coatings instead is more demanding. A 
heuristic approach is to optimize the two binary QWL stacks that form the top and bottom 
parts of the optimal QWL ternary coatings, assuming each of them to consist of identical 
non-QWL Bragg doublets.  

The aSi and SiNx materials seem to satisfy the structure and properties of the optimal 
coatings. As shown in Figure C2(a,b), the thermal noise reduction factor is found to be 
almost linear in log10(𝜅𝐻′) for both materials.  

In conclusion, Ref. [1] faces the problem of designing a ternary optical coating consisting 
of QWL layers, focus on the robustness, thickness, and transmittance. The choice of either 
aSi or SiNx, in addition to silica and TiO2::Ta2O5 is taken into account to reduce the 
coating thermal noise. 
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Figure C2: thermal (Brownian) noise reduction factors for optimal QWL ternary coatings vs 

extinction coefficient of third (H’) material. aSi (at 1550 nm), and SiNx (at 1064 nm) are shown in (a) 
and (b) panels, respectively at three different temperatures (290, 120, and 20 K). Adapted from [1]. 
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Appendix D 
GESTIONE SILO: company stage 
 

During my PhD program, I spent 6 mounts (in presence and smart-working modality) in 
the Italian company Gestione SILO (Florence), to perform a stage on the use of the 
electron beam evaporator (OPTECH OAC-75), the thermal evaporator (MD 1100), the 
Spectrometer (PelkinElmer Lambda 950 UV/VIS), and the software analysis to design 
mirror coatings.  

Gestione SILO is the Italian leader in the optics and optical devices (lenses, prisms, 
mirrors, flat optics, optical filters, opto-mechanical systems) as well as in the design, 
construction, and assembly of precision optical systems, in many sectors: aerospace 
industry and military, scientific instrumentation, research and biomedical sector, 
telecommunications. In particular, among the most used coatings, there are Anti -
reflectors for UV light, Visible-Near Infrared, polarizing and non-polarizing Beam 
Splitter, dichroic filters, metal mirrors, dielectric mirrors. The coatings produced by 
Gestione SILO are tested according to the strictest international military standards. 

This internship led to the acquisition of various software and hardware skills. In the 
following, I report in detail what has been done. 
 
1) The stage on the software (Mcalc Multilayers calculation) led to design of mirror with 

max reflectivity, 100 % at 1064 nm, made by SiO2 and TiO2 materials. In light of this, 
under supervision of F. Cappelli, head of the production area, we design a multilayer 
formed by 20 alternating SiO2 and TiO2 layers, with a thickness of 117.022 and 
182.011 nm, respectively. The substrates involved are SiO2 and NBK7 (produced by 
the Ohara and Schott corporations). The simulated reflectance and transmittance 
curves are shown in the Figure D1. Then, if I focus on the range of interest around of 
1064 nm, I can obtained a mirror prototype with 100% of reflectance and 0% of 
transmittance. 

 

 

 

 

 

 

 

 

Figure D1: reflectance (black curve) and transmittance (red curve) of the multilayers SiO2/TiO2. 
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2) The stage on the electron beam evaporator (OPTECH OAC-75) [1], and the thermal 
evaporator (MD 1100) led to extend my technical background. Figure D2 (a-b) shows 
the outside and the electronic rack of these two systems depositions, respectively.  
They are both characterized by central material six crucibles and the common tools, 
called shades (with adjustable shapes) to guarantee uniformity in the deposition. Also, 
in both cases six quartz crystal sensors are used to measure the corrected film 
thickness during the deposition. The carousel can accommodate several substrates, 
depending on their size, and can be rotated during the deposition. The chamber 
deposition, in both cases, can reach the value of 10-8 𝑚𝑏𝑎𝑟 by using a pumping system 
formed by the root, and cryo-pumps for low and high vacuum level, respectively. 
Even if the company from which the coaters were acquired is the same, that in 
Benevento shows many technical differences, as reported in [2]. 
Moreover, temperatures used in all processes are set in the range of 150-250 °C. Then, 
these depositions not occur at room temperature, differently from the deposition 
performed in Benevento. In order to guarantee high quality deposition, Gestione SILO 
selected materials to be deposited with the electron beam and with thermal 
evaporations. Materials such as SiO2, TiO2, Y2O3, and ITO are deposited in the 
electron beam evaporator instead MgF2, HfO2, Cr, Ti, Ag, Al, Au are fabricated by 
using the thermal evaporation.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D2: (a) electron-beam evaporator (b) thermal evaporator. Inside (right) and outside (left) 
of deposition systems. Adapted from [1]. 
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In light of this, metal coatings are fabricated in Gestione SILO and then have been 
characterized in the SPnM and MUSA laboratory at University of Salerno. The metal 
materials, i.e., Ag and Al, with a thickness of ~ 100 nm are deposited on the SiO2 and  

NBK7 substrate by using thermal evaporator and morphological and chemical 
properties are studied by using the Atomic Force Microscopy (AFM) and Energy 
Dispersive X-ray Spectrometry (EDS). AFM images have been acquired with a 
Nanowizard III, equipped with Vortex electronics from JPK, in the tapping mode 
technique, using a L-TESP-V2 tip from Bruker. The cantilever is characterized by a 
nominal resonance frequency and elastic constant of f0 ≈ 190 kHz and k ≈ 48 N/m, 
respectively. 

The mid panel of Figure D3(a) shows a photo of the Silver (Ag) mirror, with a 
thickness of 100 nm, deposited on a Silica substrate (1 cm). In order to check the film 
uniformity, I have investigated the center and the edge of each sample acquiring a scan 
area of 10 μm × 10 μm (large) and 1 μm × 1 μm (small).  At the sample center, as well 
as the edge, the large scan area shows a very flat surface, instead the smallest area 
shows a granular structures. In fact, by enlarging the lateral size I lose the resolution 
of the tiniest details. This is also reported in the measure of Root-Mean-Square (RMS) 
roughness that is higher (smaller) than 1.5 nm on small (large) area. A black-to-white 
color scale has been used to highlight the surface roughness, from a minimum value 
of 0 nm (black) to a maximum of 13 nm (white). Instead, Figure D3(b) shows a 
representative EDS area of 600 μm x 600 μm and EDS spectrum of the Ag sample.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D3: (a) AFM (b) EDS measurements of the Ag mirrors. 
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In particular, I acquired three different scan areas and three spectra for each area and 
the values reported in table (in the bottom) are an average on all acquired spectra. From 
this kind of analysis, the presence of C, O, and Si (coming from the substrate), Al 
(coming from the substrate and deposition chamber), and Ti and Cr (again coming 
from the deposition chamber) are measured.  

The percentage of Ag, coming from the film, is of (29.1 ± 0.4) %. All values in the table 
at the bottom of the Figure D3(a) are reported in atomic weight (%). 

Figure D4(a) shows representative AFM images and the photo of the Al mirror. Figure 
D4(b) shows the representative EDS image (600 μm x 600 μm) and EDS spectrum of the 
Al sample. As already done for Ag mirror, I have been performed AFM and EDS 
measurements on Aluminum (Al) mirror with a thickness of 100 nm deposited on NBK7 
substrate (0.5 cm). Also in this case, I investigate two different areas, in the center and in 
the edge, to check the film uniformity. Then, I acquired the scan areas of 10 μm × 10 μm 
(large), and 1 μm × 1 μm (small) and measured the RMS roughness. I observed that the 
surface of this sample is more rough than the Ag mirror one. In fact, the RMS roughness 
is higher than 1.5 nm on both scan areas. This can be due to the different materials forming 
the film. In fact, by EDS measurements, B, Na, Si, K, Ca, Ba, Ti coming from the 
substrate are measured. Instead, the presence of S can be due to the chamber  
contamination. Then, the percentage of Al, coming from the film, is of (3.65 ± 0.11) %.  

 

Figure D4: (a) AFM (b) EDS measurements of the Al mirrors. 

In conclusion, this sample investigation is carried out to determine the possible 
contaminations on the sample surface (company request) and to compare metal mirrors, 
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deposited in Florence, with dielectric mirror, deposited in Benevento. Then, from a 
morphological point of view, the dielectric mirrors show better characteristics than the 
metal ones. Similarly, regarding chemical composition, EDS measurements performed 
on these metal mirrors display more contamination than the dielectric coating deposited 
in Benevento (see Chapter 4).  

3) The stage on the Spectrometer (PelkinElmer Lambda 950 UV/VIS) led to extend my 
background knowledge on optimal technics and instruments. The Lambda 950 
UV/VIS is a spectrometers that operates in the near infrared region formed by double-
monochromator optical system, optical component coated with silica and gratings. In 
Figure D5(a-c), I show a cartoon displaying the main components, a photo of the 
instrument used in our measurements, and a scheme of the optical setup, respectively. 
The optical system is formed by two lamps, deuterium (DL) and halogen (HL), that 
allows working on a large range of wavelength.  The DL and HL lamps can be used 
in the UV range and in the NIR-Vis range, respectively. In light of this, a mirror M1 
allows the passage of one radiation rather than another. The source change is 
automatic during the monochromator rotation (G1). The specific radiation coming 
from one of  these lamps, is reflected from the M2 and M3 mirrors by using an optical 
filter (FW) to mirror M4. The radiation from mirror M4 is reflected in the slit of the 
monochromator I. The SA represent all located slits. The collimated radiation on 
mirror M5 is reflected to the gratings G1 (UV/Vis or NIR) producing a spectrum. The 
resulting radiation goes through the exit slit, and it is collimated on the mirror M6 and 
reflected on the rotating grating G2, synchronized to that of G1. The radiation is back 
reflected via mirror M6 through the exit slit to Mirror M7. Then, the radiation beam 
is reflected by the mirror M8 (toroid) to the chopper assembly (C), that introduces a 
periodic interruption of the light path. This chopper allows producing two kinds of 
reflected radiation: one is reflected on the mirror M9 and then on the mirror M10, to 
create the reference beam (R), and other is reflected on the mirror M10’ to form the 
sample beam (S). Then, the R and S beams are reflected by mirror M11, M12, M13 
and M11’, M12’, M13’, respectively. The rotating mirror M14 selects the specific 
detector, i.e., a photomultiplier (PM) and a lead sulfide (PbS) detector that are used 
in the UV/Vis and NIR ranges, respectively [3]. For this reason, there are two single-
cell holders provided with the instrument, one for the sample beam and one for the 
reference (transmittance) beam. After the training on Spectrometer, I have acquired 
the reflectance and transmittance spectra, measured in percentage (%) as function the 
wavelength between 280-800 nm (UV-Vis range), on the Ar and Al mirrors deposited 
in Gestione SILO. Figure D6(a) shows the reflectance of the Al mirror (black curve) 
displaying a monotonically increase from 280 to 400 nm (UV range) and a decrease 
up to 60% from 400 to 800 nm (Vis range). The maximum value of ~80% is reaches 
at ~450 nm. Different situation is shown for the Ag mirror (red curve). The reflectance 
is 20% at 280 nm and after decreases up to 320 nm (10%). From 320 to 380 nm (UV 
range), the reflectance increase up to 70%, then there is a plateau up to 400 nm. The 
reflectance increases again from 400 to 450 nm measuring a value from 70 to 90%. 
In the range of 450-800 nm (Vis range), a weak monotonically increase is observed 
and the reflectance assume a value of 95% at 800 nm. If I compare, the reflectance in 
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the Vis range (400-800 nm) for both mirrors, the best performance is reached from 
the Ag mirror, due to probably to lower surface contaminations, as shown in the EDS 
measurements. Transmittance for both mirrors is shown in the Figure D6(b). In both 
cases, in the Vis range (400-800 nm) no radiation is transmitted by these mirror. Then, 
these results are comparable with those reported in literature [4]. 

 
 

 

Figure D5: (a) Cartoon, (b) photo, (c) and a schematic of optical system of this instrument. 
Adapted from [3]. 

 
 
In any optical or spectroscopic measurement, the sample (including surface, volume, 
internal inerfaces) is irradiated with light under a given angle of incidence φ. After 
the interaction, the light can be transmitted (𝑇), reflected (𝑅), scattered (𝑆) or 
absorbed (𝐴). All light components are defined respect to the incoming light, and in 
presence of absorption and scatter, the energy law can be written as:  

 
                                                          𝑇 + 𝑅 + 𝐴 + 𝑆 = 1.                                           (D1) 

 
These four quantities depend on both the material and geometry sample, the 
experimental conditions, and the light wavelength. Moreover, they are dependent but 
ca be measured independently from each other. In our case, through the Spectrometer 
(PelkinElmer Lambda 950 UV/VIS) 𝑇 and 𝑅 can be accurately measured. In this way, 
I can extract also the value of the optical loss via [5]: 
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                                                   𝐿 ≡ 𝑆 + 𝐴 = 1 − 𝑅 − 𝑇.                                           (D2) 
 

In general, the transmittance 𝑇(𝜆) and the reflectance 𝑅(𝜆) for a thin film, are 
correlated by the equation:  

 
                                                𝑇(𝜆) = (1 − 𝑅(𝜆))2𝑒−𝛼(𝜆)𝑑,                                       (D3) 
 

where 𝛼(𝜆) and 𝑑 are the absorption coefficient and the films thickness, respectively. 
Equation (D3) is of course only valid close to the optical band gap of the material 
under the condition 𝑒𝛼𝑑 ≫ 𝑅2  [6,7].  
 
Then, usually when I performed the spectroscopic measurements, I can consider also 
scattered and absorbed light. The next measurements have been performed on the 
samples deposited in Benevento by IAD. First, I acquired the transmittance and 
reflectance spectra of the Silicon and Silica substrate, see Figure D6(c-d). In the case 
of the Silicon substrate, I observed constant value of 0% transmittance (black curve) 
in the range 280-900 nm and an increase from 900 to 1200 nm, in which the 
transmittance reaches the 60% at 1200 m. The reflectance behavior (red curve) show 
a different behavior, in which all reflectance values stay below the 35% from 280 to 
1200 nm. The step observed in the reflectance could be due to instrumental issues.  
 
On the contrary, different situation is observed for the Silica substrate. The 
transmittance (red curve) and reflectance (black curve) show in all range of 
wavelength a constant value of 95 and 0%, respectively.  
 
The transmittance and reflectance of amorphous TiO2 thin film, with a thickness of 
200 nm, is shown in Figure D6(e-f). The transmittance behavior is the same as that of 
Silicon, but the reflectance is characterized by constructive and destructive 
interference of light due to multiple reflections between the interfaces of TiO2/Si and 
TiO2/air. In fact, the red curve shows four maxima (crests) at 362 (47%), 464 (38%), 
850 (31%), and 1176 (38%) nm, and four minima (valley) at 366 (15%), 400 (3%), 
602 (1.75%), and 1048 (36%) nm, respectively. Then, I observe that this material is 
characterized by high reflectance at 362 nm (UV region), that corresponds to a gap of 
3.42 eV, very close to that the TiO2 (~3.2 eV). 
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Figure D6: Reflectance (a) and transmittance (b) of Al, and Ag mirror.  Reflectance and 
transmittance of Silicon substrate (c), Reflectance and transmittance of Silica (SiO2) substrate 

(d). Transmittance (e) and reflectance (f) of thin film TiO2 200 nm on fused Si substrate. 
 

 

In Figure D7(a,b) transmittance and reflectance of amorphous SiO2/TiO2 multilayers, deposited 
on fused Silica by using the IAD, are shown. In the Table D1, I summarize the number of layers 
and the thickness of the each SiO2 and TiO2 layers (for more deposition details, see Chapter 2). 
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Table D1: Sample list for the transmittance and reflectance measurements.  
 
In this case, transmittance and reflectance of all multilayers show constructive and 
destructive interferences of light due to multiple reflections between the interfaces of 
fused SiO2/SiO2, TiO2/ SiO2, and SiO2/air. This can be due to the silica substrate that 
exhibits a transmittance of 100% and the decrease in peaks/valleys may be due to the 
reduction of the thickness of the total film (128 instead of 200 nm). Indeed, the number 
of peaks and valleys depend on the thickness, as shown in Ref. [8]. The values of these 
maxima and minima in the transmittance and reflectance spectra are listed in Table D2.  
 
All transmittance curves in Figure D(7) behave similarly. In fact, they show two maxima 
and one minimum, except to 11-layer sample for which the low-wavelengths peak is still 
not well formed. Moreover, the transmittance of all samples sharply rise at wavelengths 
higher than 280 nm, while all curves converge at the same value at high wavelengths 
(T~78% at 1200 nm). Then, increasing the number of layers, i.e., reducing the single layer 
thickness, I observe: i) a shift towards high wavelengths and an increase of transmittance 
of the first maximum, and ii) only a shift for the second maximum with a constant value 
of transmittance. 
 
Sample Transmittance Reflectance 

 Maximum Minimum Maximum Minimum 
11-layer 94% at 530 nm   34% at 378 nm 

22% at 293 nm 
13% at 332 nm 
7% at 527 nm 

 
19-layer 64.0 % at 362 nm 

94% at 530 nm  
 

63.9 % at 372 nm 33% at 382 nm 
20% at 283 nm  

11% at 335 nm 
6.5 % at 536 nm 

 
45-layer 75% at 359 nm  

93% at 558 nm  
 

68% at 412 nm  30% at 400 nm 
22% at 308 nm 

9.6% at 345 nm 
7 % at 570 nm 

 
76-layer 79% at 361 nm  

93% at 582 nm  
 

67% at 410 nm  28% at 416 nm 
23% at 315 nm 

9.2% at 350 nm 
7.2 % at 596 nm 

 
85-layer 92% at 400 nm  

93% at 700 nm  
 

69% at 500 nm 33% at 351 nm  
30% at 496 nm 

 

18% at 322 nm 
7.5 % at 400 nm 
7.3% at 720 nm 

Table D2: Sample list for the transmittance and reflectance measurements.  
 

Number of layers Samples 
11 127.4 nm (6x 69 Å SiO2, 5x 172 Å TiO2) 
19 127.5 nm (10x 42 Å SiO2, 9x 95 Å TiO2) 
45 127.2 nm (23x 18 Å SiO2, 22x 39 Å TiO2) 
76 124.5 nm (38x 13 Å SiO2, 38x 20 Å TiO2) 
85 126.9 nm (43x 9 Å SiO2 ,42x 21 Å TiO2) 
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Also in the case of the reflectance, multilayers samples show an alternate of maxima and 
minima values, reported in Table D2. All curves of samples, except for 85-layer sample, 
are characterized by two maxima and two minima. I observe that the peak at ~ 400 nm 
shifts towards higher wavelengths and reduces by increasing the number of layers. 
Correspondingly, the minimum at ~550 nm, shifts and slightly increases. A different 
situation is observed for the 85-layer sample in which a shift towards high wavelengths 
is more pronounced, and a more pronunced maximum emerges at ~350 nm.  
Moreover, all reflectance curves converge to the value ~24% at high wavelengths (1200 
nm).  
 
As shown for the TiO2 single layers, considering Equation (D1), I can conclude that the 
incident light is also absorbed and scattered, but if the scattering sites are smaller than the 
wavelength, the scattered light can be negligible and I can extract directly from 
transmittance and reflectance information about absorbance. In Figure D7(c), I show the 
absorbance as a function of wavelength. In the approximation of a transparent substrate, 
I observe that the absorbance decreases monotonically from 80 to 0% at 280 and 400 nm, 
respectively, for all samples. From 400 nm, the absorbance contribute is null, for all 
sample, i.e, I have only the component of light transmitted and reflected. 
Finally, I conclude that the multilayers total thickness, the thickness of each single SiO2 
and TiO2 layers [9], and the content of SiO2 [10] affect both the reflectance and the 
transmittance. It’s quite evident that by increasing the number of layers (i.e., reducing the 
thickness of single layers) promote interference fringes in the spectrum, as shown in the 
Reflectance of 85-layer sample [11], and a shift toward high wavelengths. I observe also 
that, in order to increase optical properties of the multilayers different thermal treatments 
can be also carried out [13]. 

 

Figure D7: Transmittance (a), reflectance (b), and (c) absorbance of multilayers SiO2/TiO2 

deposited on fused Silica substrate. 
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Appendix E 
Thermal shock effect in electron beam 
evaporation:  Hardware and software upgrades. 
 

In Ref. [1], Neilson J. and co-authors, used an electron beam evaporator to fabricate 
coatings for gravitational wave detector. Achieving this goal proved to be quite 
challenging due to the thermal shock suffered by the quartz crystal monitor. For this 
reason, combination of hardware and software upgrades with new coating techniques are 
useful to reduce the thermal shock effect, and coatings with angstrom-level of precision 
have been obtained. 

The sensitivity of the gravitational wave detector, like LIGO and Virgo interferometers, 
are affected by several noise sources, but, in the range in which the gravitational waves 
are expected (10-100 Hz), the predominant noise source is the thermal one. This is 
produced by the Brownian motion of the position of test masses mirror, dielectric mirror 
formed by a number of half-wavelenght-thick doublet alternating low (SiO2) and high 
(TiO2-doped Ta2O5) refractive index.  In recently years, a strategy to reduce the thermal 
noise is to replace the high losses material (TiO2-doped Ta2O5) with nanolayers. Then, 
the nanolayering can provide a uniform surface, so as to reduce the Brownian noise and 
inhibit the crystallization, since crystallites act a light scatter.   

An Optotech OAC-75RF coater, with plasma assisted electron gun, was chosen for its 
commercial availability and capacity to rapidly produce coatings. During three years of 
activities, this commercial coater for the optics industry was modified to deposited atomic 
layers. Early samples production gave back highly granular coatings, due to the poor 
quality substrates and software issues, so that root-mean-square (RMS) roughness higher 
than 1 nm results [1]. But the main issues of the nanolayering process were the software 
and hardware limitations on the deposition of the thin films. The first problem was about 
the software that operates on Quartz crystal monitors (QCMs), i.e., crystals that monitors 
the thickness exposed to the deposition flow. During the deposition process, their resonant 
frequency decrease by increasing the mass. At the end of the deposition, the software 
closes the shutter when the thickness is measured by the QCM, introducing however two 
problems depending on evaporated materials: i) QCM is continuously exposed to the 
evaporation source; ii) QCM thermal shock. When the shutter first opens, the quartz 
temperature is suddenly changed by the hot material flow, measuring a negative 
deposition rate. At the end of the process, due to cooling, a higher deposition rate is 
estimated. Therefore, the quartz thermalization is a quite long but very important 
procedure that allows to the software a correct reading of the film thickness. However, 
for the nanolayering process, this time is too short and the QCM is not thermalized. For 
this reason, several approaches were adopted, such as set of an automatic thickness offset 
function obliging the shutter to close before the measurement of the nominal thickness, 
or other criteria depending on the thickness. Then, Macrotech Company proposed a 
software and hardware upgrades on long time term. In light of this, and waiting these 
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improvements, it has proceeded to reduce the thermal shock causes also by the heat 
radiated by the material in the crucibles. Two kinds of material required two different 
strategies. Materials likes Titania and Tantala (Fully melted materials) request the use of 
a smaller crucible to minimize heating on the QCM and target substrate.  On the contrary, 
Silica (sublimating material), need a larger crucibles, but for this material there is no way 
to reduce the thermal shock. Moreover, the change of QCM for every new deposition 
introduces advantages such as more reliability, less use of substrate and consumables. 
Then, the software corrections have been implemented: the new measurements 
considered only the QCM frequency when the shutter is first opened (not affected by the 
thermal shock) or when the shutter closes (QCM is still hot). Different ideas have been 
proposed for the Hardware upgrades (second shutter, static mask and rotating substrate 
shutter, replaced six-crystal QCD head with two-crystal head) of QCM thermalization, 
but these proposals were incompatible with the second gun, which was actually installed, 
see Figure E1(a). Anyway, these upgrades (software and hardware) have improved the 
coatings quality. Figure E1(b) shows three different prototypes deposited in three 
different situations: i) left sample is deposited without a second e-gun, ii) central sample 
is deposited with a second e-gun, iii) right sample is deposited by using a recipe of 
TiO2/SiO2 with 76 layers considering a second e-gun.  The color of central and right 
samples, despite the different coating recipe, are the same indicating that the nominal 
thicknesses are correct (before these upgrades, same recipes showed different colors). The 
morphological and structural properties of right sample in Figure E1(b) are studied 
intensively by using different technique such as Atomic Force microscopy (AFM), 
Scanning transmission electron microscopy (STEM), X-ray reflectivity (XRR), X-Ray 
diffractometry (XRD), and Raman spectroscopy (RS). The main results are:  

1) XRD and RS measurements confirm that the as grown sample are amorphous [Figure 
E1(c)]. The only reflection and modes are relative to the Si substrate; 

2) XRR measurements show average layer thicknesses very close to the nominal ones. 
The measured value for the TiO2 is 1.4 nm (nominal 1.3 nm) and for SiO2 is 2.2 nm 
(nominal 2 nm), see Figure E1(d). 

3) AFM measurements show a very flat surface. In fact the RMS roughness is 0.1-0.2 
nm [Figure E1(e)]; 

4) STEM measurements show well-defined nanolayers [Figure E1(f)]. 
Then, more precise coatings are obtained even if the thickness is still affected by the 
chamber geometry. For this reason, to achieve the uniformity, shades (with different 
shapes) can be introduced inside the coater.  

In conclusion, the QCM thermal shock problem in the coating nanolayered production is 
revealed when an electron beam evaporator is used. Then, it was possible to mitigate the 
thermal shock producing very high- precision coatings.  
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Figure E1: (a) OptoTech OAC-75-RF coater with dual e-gun configuration. (b)  Optically 
equivalent coatings on 2” Si substrates. (c) XRD and RS, (d) XRR, (e) AFM, (f) STEM 

measurements performed on the 76-layer TiO2/SiO2 sample. Adapted from [1]. 
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Appendix F 
Period abroad 
 

During my PhD program, I spent one week in 2018 at University of Lancaster (UK) under 
the supervision of Prof. Oleg V. Kolosov, to perform measurements by using Scanning 
Thermal Microscopy (SThM) on the nanolayer-samples. This was the first experimental 
evidence of the nanolayer structures deposited at University of Sannio in collaboration 
with University of Salerno.  

First, I learned how to operate the SThM. This kind of microscopy allows to measure the 
thermal transport on the nanoscale and to use a thermal sensor with a sharp thermally 
conductive tip [1-3].  Originally, SThM probes used a 5 µm thick of Platinum (Pt) that 
worked as a heater and a resistive thermal sensor with a micrometer lateral resolution [1]. 
Modern probes are fabricated by using silicon, silicon oxide, silicon nitride materials [4], 
or carbon nanotubes or nanostructures incorporating a graphene [3]. The aim of the 
improvement was to enhance thermal contact between sensor and samples since these 
materials have extreme thermal conductively, ranging from hundreds to thousands of W 
m-1 K-1. In Figures F1(a) and (b), I show a doped Si (DS) and SiO2/Si3N4 silicon nitride 
cantilever with Palladium (Pd) thermal sensing element SThM probes, respectively, 
characterized by thermal conductivity of 130 and 1  W m-1 K-1. 

 

Figure F1: (a) doped Si (DS) and (b) SiO2/Si3N4 silicon nitride cantilever with Pd thermal 
sensing element SThM probes. (c) SThM electronics. Adapted from [3]. 

 

During the scanning, the feedback loop maintains constant tip-surface force and the 
temperature of the probe, which reaches 100 °C above ambient temperature, can be 
monitored by measuring its resistance in a balanced Wheatstone bridge in AC-DC 
configuration [1,3]. In light of this, Figure F1(c) shows the schematic diagram of AC and 
DC measurement SThM electronics. Briefly, an AC current flows in the tip and it is 
heated by Joule effect. When tip approaches the sample surface, the tip temperature 
decreases due to thermal transport through the sample. This is due to radiation, 
convection, and conduction phenomena through the sample, which are correlated to the 
thermal conductivity of the sample [5].  
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In order to perform the thermal measurements on the nanolayers, I used a SPM by Bruke r 
MultiMode Nanoscope III controller, and a SThM probe holder by Anasys Instruments. 
The resistive SThM probes has a 0.3 N/m of spring constant and a tip radius < 100 nm.  

In order to perform SThM measurements and reveal nanostructures,  the sample has to 
first cut. The preparation occurs by using a novel cross-sectioning method, beam-exit 
Arion cross-sectional polishing (BEXP) [6,7], in which the Ar-ion is not normal to the 
sample surface, mounted close to a masking plate, but impinges with a shallow angle and 
exits the surface far from the masking plate (see Figure F2(a)). This technique gives back 
a very flat surface with roughness of nanometer-scale value, and it is able to reveal the 
morphology of the subsurface nanostructures. The instrument used is a Leica EM TIC020 
triple ion beam cutter, with a wide milling-region sector of 100°, and with an adjustable 
voltage during the process.  

The combination of vertical and lateral movements, and the BEXP geometry allows high 
resolution and to reduce the tip-size effect on measurements. In Figure F3(b) is shown an 
example of the measurement process.  

 

 

 

 

 

 

 

Figure F2: (a) Beam-exit Ar-ion cross-sectional polishing. (b) Vertical movement of the 
cantilever on the cut sample. Adapted from [6]. 

 

 

The investigated sample is a multilayer of ZrO2/TiO2 formed by 8 layers deposited by 
ion-plasma deposition on glass substrate at University of Sannio. The total thickness of 
the film is ~200 nm, with a layer thickness of 25.6 nm.   

The SThM experiments allowed determining several information about the multilayers. 
First, during the scanning I can acquired different measurement channels: topography, 
friction, and thermal conductivity. In Figure F3(a), I show the morphology, on a scan area 
of 1 µm x 1 µm, of the top surface of the sample. Here, I investigated the area far from 
the cut, displaying a granular texture due to also the high roughness of the substrate that 
is higher than 1 nm. Indeed, I measure a RMS roughness of sample of 2.5 nm. Figure 
F2(b) shows the morphology of the cross section, on a scan area of 5 µm x 5 µm, in which 
the cut is barely visible in the middle, and I can identify the sample surface, on the left, 
and the glass substrate, on the right. In Figure F3(c), a 3D view of the morphology 
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displayed in Figure F2(b) shows the cross-sectioned area that has been cut with an angle 
of about 11°. A slight change in the cut-angle can be recognized when going from the 
sample to the substrate.  

 

 

 

 

 

 

Figure F3: (a) Top surface on a scan area of 1 µm x 1 µm, (b) 2D view and (c) 3D view on a 
scan area of 5 µm x 5 µm of the 8-layer sample. 

 

Moreover, during the scanning, the cantilever of the AFM probe in contact, can be bend 
vertically due to the interaction between the sample-tip, and can be twisted due to the 
friction. This cantilever torsion is called “lateral deflection” and depends on the frictional 
coefficient of the material, the topography of the surface, the direction of the cantilever 
movement, the scanning speed, and the cantilever’s lateral spring constant. The 
microscopy connected to the cantilever torsion is known as Lateral Force Microscopy 
(LFM). By using this technique, it is possible to study the tribology, i.e., the science and 
engineering of interacting surfaces in relative motion at the nanoscale [8]. In Figure F4(a), 
the lateral deflection map, 5 µm x 5 µm in lateral size, across the cross-sectioned area is 
showed. The color scale indicates the area with more (blue) or less (black) friction. In the 
yellow rectangle, the appearance of 8 layers is clearly recognized, as expected. Here, the 
glass substrate, as well as the TiO2, shows a higher value of friction than ZrO2 material. 
Indeed, the friction coefficient value find in the literature for thin films, is 0.3-0.4 for the 
glass substrate (and the TiO2), and 0.08-0.16 for the ZrO2 [9]. In light of this, I have 
indicated with white and yellow numbers the TiO2 and ZrO2, respectively. 
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From this measurement, I are able to measure the total thickness of the sample and the 
periodicity of the layers. In Figure F4(a), I traced a line profile on the multilayers, 
corresponding to the plot with several peaks (periodicity) showed in Figure F4(b). From 
simple geometric considerations, I can calculate: 

1) Total thickness: 𝒉𝒕=𝑳 𝒔𝒊𝒏𝜃 ≈𝟏𝟗𝟎 𝒏𝒎, 
where 𝑳 is the length of profile line across the section, and 𝜃=11° is the angle 

cut; 
2) Thickness of TiO2/ZrO2 doublet: 𝒉d=Ld 𝒔𝒊𝒏𝜃= (𝟓𝟎 ± 𝟏𝟎) 𝒏𝒎 

where Ld  [L’, L’’, L’’’  in Figure F4(b)] is the periodicity of each peak, and 𝜃=11° 

is the angle cut. 

 

 

Figure F4: (a) Friction map (LFM), and (b) profile line of the 8-layer sample. 

 

Figure F5(a) shows the map of the thermal conductivity along the cross-section of the 8-
layer sample. As mentioned before, the SThM can map the heat locally transferred from 
the probe to the sample. This heat is related to the thermal conductivity of the material. 
The black-to-white color scale indicates the area with higher (black) and lower (white) 
thermal conductivity value, and in this case, the contrast is less evident because ZrO2 and 
TiO2 materials show similar values of thermal conductivity, i.e., 5.5W/mK and 8W/mK, 
respectively [10]. 

Finally, I have performed the measurement of Ultrasonic Force Microscopy (UFM) on 
this sample. This derived-AFM technique detects ultrasonic vibration in the range 
frequencies from MHz to GHz using an AFM cantilever with a resonant frequency below 
100 kHz. This kind of analysis gives information about the elastic properties of the 
sample, e.g., the Young’s modulus [11]. Figure F5(b) shows the UFM map in the cross-
sectioned region (yellow rectangle). Here, I can clearly recognize alternating of red 
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(higher stiffness) and blue (low stiffness) layers of TiO2 and ZrO2. The Young’s modulus 
reported in the literature are 244 and 171 GPa for TiO2 and ZrO2 [10], showing that the 
TiO2 is stiffer than ZrO2, in agreement with our experiments. In light of this, I have 
indicated with blue and yellow numbers the TiO2 and ZrO2, respectively. 

 

 

 

 

 

 

 

 

 

 

Figure F5: (a) Thermal conductivity (SThM), and (b) Ultrasonic Force Microscopy (UFM) 
maps of 8-layer sample. 
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