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ABSTRACT 
 
Material Science is fundamental to properly functionalize the material surface through a suitable 
bottom-up approach in order to induce a targeted behavior. Among Chemical Vapor Deposition 
(CVD) techniques, Atomic Layer Deposition (ALD) is an attractive bottom-up process for the 
manufacturing of inorganic nanostructured thin films, with thickness theoretically down to a frac-
tion of a monolayer. Thanks to its unique mechanism of growth, ALD is a powerful technique 
that has achieved a lot of interest: it allows the deposition of high quality thin films with atomic 
level control and high conformal coverage even on complex shaped surfaces. Semiconductor pro-
cessing has been one of the main motivations for the development of ALD. Indeed, the miniatur-
ization in the semiconductor industry has led to the requirement for atomic level control of thin 
film deposition on high aspect-ratio structures. In this regard no other thin film technique can 
approach the conformality achieved by ALD on these types of structures. It has also emerged as 
an important technique for depositing thin films for a variety of applications, from catalysts to 
electroluminescent displays, microelectronics, hybrid organic-inorganic materials and beyond. 
In this work, a low pressure ALD process was employed to deposit titanium dioxide (TiO2) for 
biomedical neuro-chips applications based on electrolyte-oxide-semiconductor field-effect tran-
sistors (EOSFET) and EOS-capacitor for stimulations of neuronal tissue. Specifically, the main 
aim of this work was the optimization of an ALD process for the deposition of high-k dielectric 
TiO2 starting from titanium tetra-isopropoxide (TTIP) and deionized water. In particular, dense, 
pinhole-free and at controlled thickness thin films were deposited by working at controlled tem-
perature (T<300°C) and by varying the process parameters  
The structure-properties correlation of the grown thin films were widely studied by X-Ray Dif-
fraction (XRD), Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray Spectrometry 
(EDX), X-Ray Photoelectron Spectroscopy (XPS) and Secondary Ion Mass Spectrometry (SIMS), 
in order to evaluate the influence of the different process parameters on their physico-chemical 
properties.  
Aiming to evaluate the functional biomedical applications of the deposited TiO2 thin films via 
ALD, preliminary cellular/neuronal biocompatibility in-vitro tests were explored. In this regard, 
in order to study the influence on cell attachment/adhesion and growth, the surface chemical func-
tionality was studied by wettability analyses. Water contact angle (WCA) has been used to estab-
lish the surfaces’ wettability. All freshly prepared TiO2 thin films showed super-hydrophilicity, 
even if the subsequent exposure to air induced a progressive decreasing of wettability. This be-
havior is ascribed to a progressive contamination by atmospheric hydrocarbons. To contrast this 
undesired behavior, the hydrophilicity (high-energy surfaces) was restored by exposing the con-
taminated surfaces to UV radiation and studying the WCA variation in relation to different expo-
sure times. 
Biocompatibility of TiO2 was verified in-vitro by cultivating of neurons dissociated from rat’s 
hippocampi and monitoring their development and morphology for 14 days in culture. The results 
showed that TiO2 thin film is a biocompatible surface: neurons show developmental stages and 
morphology that are comparable to neurons seeded on standard Petri dishes.  
 



 

  2 

  



 

 3 

SOMMARIO 
La scienza dei materiali è il pilastro fondamentale per lo studio della corretta funzionalizzazione 
di un materiale attraverso un adeguato approccio di tipo bottom-up al fine di indurre nel materiale 
stesso nuove peculiarità. Tra le tecniche di deposizione chimiche da fase vapore, Chemical Vapor 
Deposition (CVD), si annovera la Atomic Layer Deposition (ALD) un interessante processo bot-
tom-up impiegato per la produzione di film sottili inorganici e nanostrutturati, con spessori fino a 
frazioni di monostrato. Grazie alle sue caratteristiche di crescita uniche, l’ALD è una potente 
tecnica di deposizione che ha riscosso grande interesse poichè permette la deposizione di film 
sottili di alta qualità con un controllo a livello atomico e alta conformalità di copertura anche su 
superfici sagomate e complesse. L’ impiego nel campo dei semiconduttori è stato uno dei princi-
pali stimoli per lo sviluppo di questa tecnica. Infatti, la progressiva miniaturizzazione nell’indu-
stria dei semiconduttori ha portato alla necessità di avere un controllo a livello atomico della de-
posizione su strutture ad alto aspect-ratio. A questo proposito nessun’altra tecnica di deposizione 
di film sottili è capace di ottenere un’uniformità così elevata su questo genere di strutture. È 
emersa anche come importante tecnica per il deposito di film sottili per diverse applicazioni: ca-
talizzatori, display elettroluminescenti, microelettronica, ibridi organico-inorganico ed altre.  
In questo lavoro viene presentata un’applicazione della tecnica ALD a bassa pressione per la de-
posizione di biossido di Titanio (TiO2) per applicazioni biomediche di neuro-chip basate su EOF-
SET, electrolyte-oxide-semiconductor field-effect transitor. Più in particolare l’obiettivo di questo 
studio è stato l’ottimizzazione di un processo ALD per la deposizione di high-k dielectric TiO2, 
partendo da titanio tetraisopropossido (TTIP) e acqua deionizzata. I film sottili pinohole-free con 
spessore desiderato sono stati depositati a temperatura controllata (T< 300°C) variando i diversi 
parametri di processo. 
La correlazione struttura-proprietà dei film sottili è stata ampiamente studiata attraverso analisi di 
diffrazione di raggi X (XRD), microscopio elettronico a scansione (SEM), spettroscopia fotoelet-
tronica di raggi X (XPS), spettroscopia a energia dispersiva di raggi X (EDX), spettroscopia di 
massa di ioni secondari (SIMS), con l’obiettivo di valutare l’influenza dei vari parametri di pro-
cesso sulle proprietà chimico fisiche dello strato depositato. Al fine di valutare le applicazioni 
biomediche delle pellicole di TiO2 depositate tramite ALD, sono stati eseguiti preliminari test di 
biocompatibilità in vitro tra cellule e neuroni e le superfici funzionalizzate. A tal proposito, per 
studiare l’adesione cellulare e verificare lo sviluppo e la crescita delle cellule stesse, si considera 
la bagnabilità della superficie come parametro diagnostico. Sono state effettuate misure di angolo 
di contatto (WCA) utilizzando gocce d’acqua. Tutti i film appena depositati hanno mostrato su-
peridrofilia, mentre la successiva e progressiva esposizione all’aria induce una progressiva dimi-
nuzione della bagnabilità. È possibile attribuire questo comportamento alla graduale contamina-
zione da idrocarburi presenti nell’atmosfera. Per contrastare questo fenomeno indesiderato, l’idro-
filia iniziale è stata ripristinata attraverso l’esposizione delle superfici contaminate a raggi UV ed 
è stata misurata la variazione dell’angolo di contatto in relazione ai diversi tempi di esposizione 
alla radiazione. La bioattività neuronale in-vitro è stata testata attraverso la coltivazione di neuroni 
estratti da ippocampi di ratti e monitorati per 14 giorni. I risultati mostrano che film sottile di TiO2 

è una superficie biocompatibile, la crescita e lo sviluppo dei neuroni sono infatti comparabili a 
quelli cresciuti su dischi Petri. 
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INTRODUCTION 
The study of thin films encompasses many fields of research like Physics, Chemistry and Material 
Sciences and nowadays also biology and medicine are involved. In recent years this branch of 
technology is experiencing rapid growth in photovoltaics [Delft J. A. et al. 2012] and micro elec-
tronics devices [Hoivich N. D. et al. 2003]. We can find other simply application in decorative 
areas and in optics but also in protective and biocompatibility coating [Finch D. S. et al. 2008].  
The new layer (i.e. the deposited film) on the substrate gives to the starting material new interest-
ing features depending on the chemistry nature of the substance, on the specific characteristics of 
the deposition method, and physical parameter like temperature and pressure. The variation of the 
process parameters, the choice of the substrate, and the reagents, allow the operator to obtain a 
large variety of thicknesses and types of film, thus different applications and specific properties. 
Thanks to its different applications, thin films can be created by disparate techniques each one 
with different features, and relative advantages and disadvantages. In particular, the most used 
and versatile techniques are: Chemical Vapor Deposition (CVD) [Choy K. L. 2003] and Physical 
Vapor Deposition (PVD) [Mattox D. M. 2010]. 
In the previous years, nanotechnologies’ development has been increased thanks to the possibility 
to operate in atomic scale and the chance to obtain new devices with better and innovative perfor-
mance. In particular, in nano-electronics, in which the continuously scaling down and the need 
for high quality and conformal thin film, required molecular manipulation. Different techniques 
are able to create film deposition material, but presently it is necessary very high thickness preci-
sion, pinhole-free films and elevate purity, so the standard CVD or PVD approach is not able to 
satisfy all the material specification. Only ALD (Atomic Layer Deposition) can fulfilled all these 
requirements. This deposition method allows to obtain crystalline material at relatively low tem-
perature (from RT to 300°C), so permitting the employment of temperature-sensitive substrates 
(i.e. hybrid organic-inorganic systems) and/or minimizing unwanted inter-diffusion film to sub-
strate processes. The advantages of ALD method include low impurity content, independence of 
line-of-sight, dense, smooth and pinhole-free depositions with high uniformity and conformity, 
even when thin film are grown on three dimensional complex structures. It is based on two suc-
cessive surface reactions in a repetitive cyclic self-limiting process. This important aspect leads 
to excellent coverage because of the reaction take place only on the reactive sites and it ends by 
itself when all sites react. On the other hand, the majors drawbacks are high deposition time and 
not all chemical species can be used [George S. M. 2010].  
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OUTLINE OF THE THESIS 
In Chapter one a general introduction about ALD technique from its discovery o to date is re-
ported. ALD main application in different field of research, its evolution and diversification are 
explored. Specifically, atomic layer deposition is described in general, emphasizing a two reac-
tants’ metal oxide mechanism, highlighting the growth characteristics and limitations. The pre-
cursors properties mostly used are also presented  
In Chapter two the experimental section is described in detail: several tests are performed to 
optimize the ALD deposition method to obtain compositionally uniform, conformal, dense, and 
pinhole-free oxide thin films. The various stages of optimization are described starting from the 
cleaning procedure of the substrates, moving then to the studies of the TiO2 growth dependence 
in relations to titanium precursor pulse time, H2O purge time, and titanium precursor purge time. 
In order to assess the influence of the different process parameters on physico-chemical proper-
ties, the structure-properties correlation of the grown thin films is widely characterized. 
In Chapter three the attention is focused on the study of biocompatibility of titania through in 
vitro cellular cultivation experiments. A preliminary study of the deposited neurons behavior on 
the material and the influence of wettability surface properties on neuronal cell adhesion are stud-
ied.  
Finally, in Appendix A the main characterization techniques, employed to analyze the deposited 
oxide films, are theoretically described. 
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LIST OF ABBREVIATIONS  
 
ALD: Atomic Layer Deposition 
ALE-LE: Atomic Layer Epitaxy-Luminescent Electro 
ALE: Atomic Layer Epitaxy  
CVD: Chemical Vapor Deposition 
DMEM: Dulbecco’s Modified Eagle Medium 
DRAM: Dynamic Random Access Memory 
EDX: Energy Dispersive X-Ray 
EEPROM: Electrically Erasable Programmable Read Only Memory 
EOS-capacitor: Electro Oxide Semiconductor capacitor  
EOSFET: Electro Oxide Semiconductor Field Effect Transistor 
FBS: Fetal Bovine Serum 
GPC: Growth Per Cycle 
LT-ALD: Low Temperature-Atomic Layer Deposition  
MEMS: Micro Electro Mechanical System 
ML: Molecular Layering  
MLD: Molecular Layer Deposition 
MOSFET: Metal Oxide Semiconductor Field Effect Transistor  
NB: Neuro Basal 
PE-ALD: Plasma Enhanced-Atomic Layer Deposition 
PVD: Physical Vapor Deposition 
ROM: Read Only Memory 
SEM: Secondary Electron Microscopy 
SIMS: Secondary Ions Mass Spectroscopy  
TDMAT: Tetrakis Di Methyl Amido Titanium 
TFEL: Thin Film Electro Luminescent  
TTIP: Titanium Tetra Iso Propoxide 
WCA: Water Contact Angle 
XPS: X-ray Photoelectron Spectroscopy  
XRD: X-Ray Diffraction 
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CHAPTER 1 
ATOMIC LAYER DEPOSITION: THEORETICAL ASPECTS 
 
Atomic layer deposition is a thin film growth technique characterized by unique capabilities. In 
this chapter the basics of ALD processing are described, investigating in particular the ALD con-
cepts based on the use of two reactants for the synthesis of binary thin film materials, such as 
metal oxides (MxOy). In particular, the attention is focused, in general, on ALD growth mecha-
nism, on advantages and disadvantages of the process, including the growth rate of ALD and the 
precursors’ features. A brief review on the history of ALD, on ALD reactor variants and on its 
applications potentialities are also presented. 
 

1.1 HISTORY OF ALD 
ALD is a thin film deposition technique based on sequential self-limiting surface reaction, and it 
belongs to the large family of Chemical Vapor Deposition (CVD) processes. Atomic layer depo-
sition was conceived independently by two research groups: it has been designed in Soviet Union 
by Prof. V. B. Aleskovskii while and Prof. S. I. Koltsov in 1965 defining it as Molecular Layering 
(ML), and in Finland by Dr. T. Suntola and his co-workers in ‘70 as Atomic Layer Epitaxy (ALE).  
More specifically, there is not much information about the development and the expansion of the 
discovery, especially about the “molecular layering” in Soviet Union. The first public announce-
ment for “atomic later epitaxy” has been promulgated in ‘80s in San Diego, California, about a 
disclosure at the Society for Information Display (SID) [Suntola T. et al. 1980]. It has to wait until 
‘90s at the ALE-1 conference [Niinistö L. 1990] for the meeting of two researchers. Dr. Suntola 
was invited in St. Petersburg to visit University of Leningrad to meet Prof. Aleskovskii, where 
works, dealing with oxide layer made-up with saturated surface reactions like ALE process, were 
presented. This meeting confirmed that the principle at the base of the modern atomic layer dep-
osition, it had been separately and independently theorized and realized by the two researchers.  
Thanks to the work by Riikka L. Puurunen and the collaboration of Dr. Suntola we have some 
information regarding the history and the development of ALE in Finland. The invention of the 
ALE evolved in early June 1974, Dr. Suntola said: “…We had still an empty laboratory with just 
tables and chairs and a Periodic Table of the Elements hanging on the wall. Looking at the Peri-
odic Table, and thinking of the overall symmetry in nature, to me came the idea of “serving” the 
complementary elements of a compound sequentially, one at a time, onto a surface. Monoatomic 
layers may be obtained if the complementary elements make a stronger bond with each other than 
they do with their own kind of atoms…” [Puurunen R. L. 2014]. This idea was matured because 
of the need to produce a flat panel display (ALE-LE project). Once the equipment has been built, 
the first experiment was performed in August-September: the grown films showed better mechan-
ical and structure properties than the material grown with conventional techniques, like sputtering 
or evaporation. On the wave of success, the discovery was protected by a patent, (Finnish Pat. 
52359, 1977; US Pat. 4058430, 1977) and subsequently the ALE-LE project was sold to a com-
pany to increase the resource. After further refinements on ZnS –based TFEL (Thin Film Electro 
Luminescent) flat panel displays, their production started in Finland in 1983 and their first appli-
cation was as information boards at the Helsinki-Vantaa airport (Figure 1.1).  
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Figure 1.1. Flat panel displays at Helsinki Vantaa airport. 
 

Along its history, many different names were used to refer to the ALD technique, particularly to  
emphasize different properties of this unique technique. The name of ALD, which is most widely 
used, dates back to the early 1990s [Puurunen R.L. 2005]. In subsequent year the ALE process 
was spread of in USA and Japan, Dr. Suntola was invited in many conferences to present his 
invention. In the ‘90s with the birth of microelectronics and the advancement of new and more 
performing computer and electronics devices, ALE method has been increasingly success up to 
the present [Lim J. S. et al. 1999].  
Notably, in the recent years, it has become the best and the most used method satisfying the high 
material performance. It also has been observed enormous growth in ALD application [Ritala M. 
et al. 2009] and a lot of available ALD equipment on the market. The main engine for the success 
of this technique has been the electronics industry and the continuous down scaling in microelec-
tronics device. For example, the thin films are frequently used as part of MEMS (Micro Electro-
Mechanical System) fabrication as etch stop and hard mask layers [Hoivik N. D. et al. 2003; 
Mayer T. M. et al. 2003]. In memory circuits for example ROM (Read Only Memory) and 
EEPROM (Electrically Erasable Programmable Read Only Memory), in which MOSFET (Metal 
Oxide Semiconductor Field Effect Transistor) are used as transistors: the thin film is a metal oxide 
that plays the role of insulating layer with a thickness order of 100 nm [Chen Y. -F. et al. 2009]. 
This powerful film growth is applied in organic solar cells [Delft J. A. et al. 2012], and also in 
medicine as a Brain Chips Interfaces (BCHIs) that are hybrid entities, where chips and cells es-
tablish a close physical interaction allowing the transfer of information in one or both directions 
[Vassanelli S. 2011]. 
 

1.2 THE MECHANISM  
Atomic Layer Deposition technique belongs to the family of Chemical Vapor Deposition pro-
cesses and it is suitable for the manufacturing of inorganic thin films with thickness control down 
to a fraction of monolayer. It can be defined as “a film deposition technique that is based on the 
sequential use of self–terminating gas-solid reactions” [Puurunen R.L. 2005]. 
ALD is known for its ability to deposit homogeneous, high quality, and conformal material layers 
on substrates even characterized by complex-shaped surfaces.  
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Concerning materials composed of two or more elements, the ALD chemistry is based on the use 
of one precursor for each element. More specifically, the chemical mechanism active in an ALD 
process, for a binary system, involves two vapor phase reactive chemical species: a metal precur-
sor and a co-reactant agent. These precursors are separately and alternatively pulsed into the 
heated reactor containing the substrate surface where the reactions take place.  
Atomic layer deposition technique is often defined as a low temperature process (LT-ALD), gen-
erally operating at temperature less than 300°C, so that the material deposition is driven by the 
chemical reactions. 
Differently from a CVD process using binary reactions, in which the two reactants (i.e. A and B) 
are present at the same time and form the product film continuously on the substrate, a general 
ALD process consists of sequential alternating pulses of chemical precursors in vapor phase into 
the reaction chamber. They individually react with the substrate surface, and so they never react 
concurrently. Each ALD cycle consists of self-terminating reaction steps followed by a purge step 
to clean the reactor from unreacted and by-product species. 
More specifically, for a binary system A B, it is possible to divide each cycle in four main steps: 

1. in the first step, the first precursor (reactant A) is supplied to the growth chamber (under 
vacuum and for a definite time): the precursor is chemisorbed on the available active sites 
of the substrate surface (self-terminating gas-solid reaction occurs at surface only) and the 
surface is saturated with a monolayer of ligands; 

2.  in the second step, the reactor is purged by using an inert gas (typically nitrogen or argon 
– in flow-type reactors) or evacuated (in high-vacuum type reactors), to remove the unre-
acted reactants and the gaseous reaction by-products; 

3. during the third step, the second reactant (reactant B) is pulsed into the reactor, where it 
reacts with the first precursor monolayer chemisorbed on the substrate surface: here again 
a self-terminating reaction of the second reactant occurs; 

4. in the fourth step the reactor is newly purged or evacuated to remove any excess of unre-
acted precursor and gaseous reaction by-products.  

As results, two half reactions lead to the growth of the desire material in each ALD cycle. The 
ideal reaction mechanism is here reported (equation 1 and 2). It takes as an example Al2O3 from 
Aluminum trimethyl and water:  
 

n-OH + Al(CH3)3 →-O-Al(CH3)2 + CH4            first half reaction       (eq. 1) 
-O-Al(CH3)x+ H2O →-O-Al-OH + x CH4          second half reaction  (eq. 2) 

 
In the following Figure 1.2, a schematic representation of the conventional 4-step ALD process is 
reported. 
In properly chosen process conditions, the surface reaction is self-limiting, this leading to a highly 
controlled film growth. In this regard, a finite number of surface sites are available and if the 
surface reactions become saturated, a constant thin film growth rate is obtained over the whole 
substrate surface, so films with excellent conformality1 and good large-area uniformity are ob-
tained. Indeed, it is important that during an ALD cycle, an efficient chamber purge (step 2 and 

 
1 The term conformality of a deposit means the capacity of a coating to perfectly respect the shape of the substrate 
and maintain a constant thickness along the entire profile of the substrate.  
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4) occurs in order to prevent undesired gas-phase reaction and/or possible CVD growth that leads 
to a non-uniform film. 
 

Figure1.2. Schematic representation of a conventional 4-step ALD process. 
 
After the completion of one cycle, the surface is back to its original state and it is ready for the 
following cycles. This deposition mechanism results in layer-by-layer growth at atomic scale. As 
consequence, the thickness control is highly accurate and constant for each cycle, so that it can be 
digitally controlled by simply monitoring the number of ALD growth cycles. 
Another important aspect regarding ALD cycle is surface absorption mechanism. The reactions 
that occur on the surface and the bonds between the reactants and the surface species influence 
the process. Self-saturation surface reaction is ensured only when a complete chemisorption of 
the species occurs. Indeed, in these conditions a chemical equilibrium on the surface is established 
and no more reactants can be adsorbed because all reactive sites are occupied. A possible deviation 
from the ideal process concerns the physisorption of the reactants. Under these side-conditions, 
precursors and reactive sites interact with no chemical bonds take place, but only a weak interac-
tion takes place. In spite of this low interactions, good and uniform chemisorption results only 
when this collateral process is prevented. It is possible, by adjusting the temperature, to obtain a 
complete chemisorption: this process can be classified in the following three categories (Figure 
1.3, Figure 1.4, Figure 1.5; with M=metal, L=ligand) [Puurunen R. L. 2003]: 
 

● Ligand exchange: metal precursors MLn loses a L and binds to the surface, in the same 
time the L binds a surface group released before and it forms a gaseous species (Figure 
1.3a).  
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Other reactions between a MLn-y species already linked to surface and another surface 
species are possible. Ligand exchange reactions release products in vapor phase (Figure 
1.3b).  

 

 
Figure 1.3. Ligand exchange reaction of the MLn reactant with surface. 

 
 

● Dissociation: MLn binds a site and L ties a surface species (Figure 1.4a). If the reaction 
proceeds on the surface the number of M and L bonded does not change (Figure 1.4b). In 
this case precursor dissociate into several adsorbed species on the surface without releas-
ing vapor phase products.  
 

 
Figure 1.4. Dissociation of MLn on the surface. 

 
 

● Association: the bond between the precursor and the surface species is of coordinative 
type (i. e. hydrogen-bonding), with not L losing or between the ligand and the surface 
(Figure 1.5 a, b). The bond is between a surface species and an intact precursor with no 
ligand releasing.  
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Figure 1.5. Association mechanism of MLn on the surface. 

 

1.3 ADVANTAGES AND DISADVANTAGES  
Atomic Layer Deposition is considered a growth method characterized by the greatest potential 
for producing very thin and conformal films with the possibility to control the thickness and com-
position of the growing material at the atomic level [Leskelä M. et al. 2003]  
The main advantages of ALD derive from both the characteristic self-limiting reactions and the 
sequential operating mode and are listed below:  

● self-terminating reactions happen at surface only: each precursor must undergo half-reac-
tion at surface; 

● the process is driven by chemical reactions: the growth temperature is generally low (under 
300°C), so allowing also deposition on temperature-sensitive substrates. Moreover, the 
low temperature induces low stress, reduced inter-diffusion film to substrate, and permits 
the adsorbed precursor on surface not to undergo desorption or decomposition; 

● the cyclic mechanism permits to accurately control the film thickness (GPC – growth per 
cycle), by simply changing the number of reaction cycles (digital control of thickness); 

● ultrathin film thicknesses are possible, even less than 10 nm; 
● high quality thin films are obtained, characterized by excellent reproducibility, 100% film 

density, and with amorphous or crystalline structure; 
● excellent chemical composition control; 
● excellent large area uniformity and conformal films are achieved also in complex 3-D 

structures with high aspect ratio; 
● unlike CVD, there is a greater independence from small changes of growth conditions (i.e. 

temperature and precursor flows, precursor dose, small temperature variations etc.), thanks 
to the ALD processing window (characterized generally by a constant GPC, see below), 
that often is wide (allowing the processing of different materials in a continuous process); 

● dense, pinhole-free films and interface control; 
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● elimination of gas-phase reactions, favoring the employment of precursors that are highly 
reactive towards each other; 

● capability to prepare multilayer structures in a continuous process; 
● the nature of this techniques makes ALD enable to scalability processes, and the unique 

limitation is on the reactor size. 
 

Despite the considerable advantages, there are also disadvantages that limit a full application of 
ALD technique to thin film processing, as follows: 

● slowness, in general the growth per cycle, i.e. thickness increment per cycle, is very low 
because usually only a fraction of a monolayer is deposited in one cycle. High deposition 
rate is usually due to a not ideal ALD process because of a possible competitive undesired 
CVD like growing. Deviation from ideality generally depends on various factors such as: 
precursor exposition/purge times, pressure, temperature and more;  

● a wide range of thin film materials may be deposited by ALD, however not every material 
is possible: doped materials, or many technologically important ones (i.e. Si, Ge, and other 
metals etc.) are difficult or cannot be deposited. Moreover, ternary or more complicated 
multicomponent materials are difficult to be deposited, due to the availability of suitable 
volatile precursors able to react to a defined temperature (the reactor temperature cannot 
be modified during an ALD growth) [Leskelä M. et al. 2003; Niinistö L. et al. 2004]; 

● the availability/reactivity of suitable precursor can limit the ALD process development; 
● impurities from precursors are typically may be included in the final film, whose content 

depends on the completeness of ALD reactions (for oxide depositions typically starting 
from metal halides or alkyl and using water as co-reactant precursor, the impurities are 
detected in the 0.1-1 atom% range) [Leskelä M. et al. 2003]. In contrast to PVD technique, 
nevertheless, the material not shows mechanical or electrical defects because they are in 
the range of 0.1%. Additionally, a more complexity in precursor molecule leads to higher 
potential by-products (and so contamination) and higher production costs which also need 
consideration. However, in general there is a real need of more support by synthetic chem-
istry to get new precursors; 

● no thermal precursor decomposition is allowed, in order to avoid competitive undesired 
CVD-like growing; 

● sometimes, due to the low deposition temperature, the grown films are characterized by 
low crystallinity; 

● unlike other thin film deposition technique, ALD must work at low pressure, because at 
high pressure, it would be a competition between the vapors in the formation of the mon-
olayer, and the times for the completion of each process cycle would be extremely long. 
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In the table 1.1 are summarized ALD the main advantages and disadvantages.  
 

Table 1.1. ALD advantages and disadvantages. 
Advantages Disadvantages 

Precise film thickness control Slowness 
Uniformity- Conformality Low deposition rate (GPC) 

Pinhole free Low crystallinity 
Atomic control Limited precursor availability 
Reproducibility Impurities in 0.1-1% 

Multilayer structure Limited material selection 
Dense film and good adhesion Low pressure process 

 

1.4 ALD WINDOW 
“ALD window” is defined as the temperature region of nearly ideal ALD behavior in which best 
reaction conditions are employed. More specifically, self-limiting growth occurs, and the deposi-
tion has an ideal constant growth rate per cycle. The same term has been used to referring to a 
temperature range where the GPC is constant. The chemical species involved in the process, 
should react spontaneously on the substrate surface. Figure 1.6 shows the typical representation 
of the ALD window. Two non-ideal regions are shown, at lower and higher temperature with 
respect to the nearly ideal range (central horizontal line shown in Figure 1.6). Indeed, below the 
ALD window, lower reaction rate and slower mass transport occur. This means that the reactions 
might not be completed and resulting in a high deposition rate, due to the condensation of precur-
sor molecules on the substrate surface. At higher temperature, a thermal unimolecular gas-phase 
decomposition of precursor molecules commonly happens, and the thermal decomposition is ob-
served before the deposition on the surface. In this case, it is possible to observe a typically CVD-
like growth mechanism, in which the growth rate increases with temperature. On the other hand, 
at high temperature it is also possible to find a decreasing of deposition rates due to the surface 
precursor desorption, which becomes the dominant surface process.  
Working in the ALD window represents the ideal condition to operate in ALD regime, avoiding 
both condensation and decomposition problems; the chemistry is substantially independent of ex-
ternal conditions and it allows the deposition of a uniform and conformal coating, in self-limiting 
mode where precursor saturates the available sites. Finally, as reported by George [George S. M. 
2010] it has to be mention that not every ALD process may work in self-limiting conditions due 
to decomposition phenomena, which may occur at the minimum temperature required for the sur-
face reaction, so inducing additional adsorption. Moreover, other surface reactions never reach 
completion, so the self-limiting growth is followed also by the incorporation of a large amount of 
impurities in the deposited films. 
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Figure 1.6. Temperature window of ALD process, indicated by the GPC as a function of temperature. 

1.5 PRECURSORS  
For all vapor phase delivery processes there are two main aspects to consider, such as the capa-
bility to convert a chemical source (precursor) in vapor state and the stability of the reactant during 
the gas-phase transport into the reaction chamber. On this basis, the key proprieties of a precursor 
are related to its volatility, thermal stability and reactivity. So, by considering the ALD technique, 
the success of the process relies on the underlying chemistry and on the self-limiting growth mode. 
Both the thermal stability of the precursors at the ALD processing temperature (to avoid self-
decomposition) and an adequate volatility (at room temperature or at higher temperature) are key 
issues. They must be gaseous or vaporizable at T lower than ALD reaction temperature.  
The precursors may be gases, liquids or solids characterized by sufficient volatility (vapor pres-
sure) to be transported into the reaction chamber. Indeed, precursors must react in a fast and irre-
versible manner with the active sites on the substrate surface to guarantee a self-limiting process 
and complete reactions [Jones A. C. et al. 2008]. The reaction gaseous by-products should be inert 
and not interfere with the ALD growing film. 
The precursors should be safe, easy to synthesize and to handle, not toxic, environmental friendly, 
and not corrosive toward both the reaction chamber and the substrate. For some application it is 
required a high purity; also the price is an important issue (Figure 1.7).  
As the characteristics of the ideal precursors are manifold, it is evident that a compromise is 
needed. A typical precursor may be considered of the type MLn, where M is a metal and the central 
atom, and L is the ligand. The metal atom is to be part of the grown material, and the ligand is 
released (totally or as a fragment) as gaseous side product during the deposition reaction. Moreo-
ver, the reaction by-products must be taken into consideration, because they have to be volatile in 
order to be easily removed from the reaction chamber. 
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Figure 1.7. Principal characteristics of an ideal ALD precursor. 

 
Typical precursors employed in ALD are organometallic2/metalorganic3 compounds or inorganic 
[Hatanpää T. et al. 2013]. In particular, here we consider only the main ALD precursor classes, 
which are classified as follows: 
 

● Halides (HXn, such as AlCl3, InCl3, TiCl4, ZrCl4, etc.) 
● Alkyls (MRn, such as [Al(CH3)3], [Zn(CH2CH3)2], etc. ) 
● Ciclopentadienyls (M(Cp)n such as [Y(CpMe)3], [ZrCp2Cl2], ZrCp2Me2, [Ru(CpEt)2], 

etc.) 
● Alkoxides (M(OR)n, such as [Ti(OiC3H7)4, [Ta(OC2H5)5], etc.) 
● Beta-diketonates (M(acac)n, with -acac=acetylacetonate, M(thd)n, with -thd= 2,2,6,6-tet-

ramethyl-3,5-heptanedionate) 
● Alkylamides (M(NR2)n or M(NRR’)n such as [Ti(NMe2)4], [Ti(NMeEt)4], [Ti(NEt2)4, 

etc.]) 
 
Obviously, each reactant category has its merit and defect regarding stability, reactivity, and film 
contamination. For example, chlorides, which belong to the wide range of halides, (the oldest 
class of ALD reactants), are often used in ALD process: they have high reactivity, volatility, tem-
perature stability and they are available for many metals. The high reactivity of halides allows the 
deposition of a large variety of materials, such as oxides, nitrides, sulphides etc. However, there 
are also some drawback. Indeed, they may ruin the reactor because of their gaseous by-products 
corrosiveness (such as HF, HCl and HI, which form when halides react with hydrogen-containing 
non-metal precursors, i.e. H2O, NH3, H2S etc.). Moreover, many halides are solids, so they are 
sometimes difficult to maintain in vapor state and particles are easily incorporated into the grow-
ing film with its consequent undesired contamination.  
Alkyls, that contain a direct metal carbon bond, present a strong reactivity, but their stability at 
deposition temperature is low and they are available only for a few metals. However, these pre-
cursors are widely used in this growth process (especially for deposition of Al2O3, ZnO, etc.) 
[Diaz B. et al. 2011]. 

 
2 Organometallic: chemical compound containing at least one direct metal-carbon bond. 
3 Metalorganic: chemical compound with no direct bond with metal atom and carbon. 
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The non-metal co-reactants most used are water, molecular oxygen, ozone, hydrogen peroxide, 
alcohols, ammonia, hydrogen sulphides. Their choice depends on the nature of the material to be 
deposited (such as oxides, nitrides, sulphides etc.). The non-metal co-reactants’ benefit is their 
high stability and reactivity, also at high temperature.  
Metal oxides of the group 4 are the most studied material in ALD because their chlorides represent 
an important class of ALD precursors. They are stable, cheap, volatile at low temperature and 
show high reactivity. However, it cannot forget the high corrosivity of by-products such as HCl, 
as previously mentioned or that ZrCl4 [Ritala M. et al. 1994] and HfCl4 are solids, thus more 
difficult to use. They are industrially employed to deposit high-k oxides for transistors, photoca-
talysis, electroluminescent display and for protective coating. 
Metal alkoxides represent another class of precursors widely used in CVD to produce oxide thin 
films but they are less employed because their lower thermal stability. Only Ti-alkoxides are suc-
cessfully used with water to deposit TiO2. Zr and Hf alkoxides are little used because their chlo-
rides are most stable and cheaper. A trend is observable about the oligomerization that increases 
from Ti to Hf. It is known, for titanium alkoxide precursors, that the overall thermal stability (in 
term of decomposition onset temperature) under dynamic conditions in ALD process decreases 
with the increasing steric hindrance of the substituents, according to the order Ti(OtBu)4 ≤ Ti(Oi 
Pr)4<Ti(OEt)4< Ti(OMe)4 [Pore V. et al. 2004]. 
Synthetic chemistry provides to stabilize Zr and Hf alkoxides by using donor ligands, that are 
bonded with amine or ether groups. These species are used in heteroleptic and homoleptic com-
plexes, but the high stability achieved makes them not sufficiently reactive.  
Alkylamides represent another important group of metal precursors, since they have the ability to 
increase the reactivity of the species. For example Zr- ethylmethylamide is used for Zr oxide 
deposition, it shows easy synthesis and high reactivity with water [Chen T. et al. 2008]. In contrast 
with alkoxides, the thermal stability of alkylamides is inverse: Hf and Zr are most stable than Ti.  
The crucial point of ALD development has been and will be the availability of different oppor-
tunely tailored precursors species, because even small changes in molecular design may have a 
great impact on the final material properties and performance. In fact it is very important consider 
the properties of the species utilized to fulfill the desired needs of film deposition in relation to 
their applications.  
 

 1.6 ALD VARIANTS 
As mentioned above, the ALD technique may be considered a particular variant of the CVD pro-
cess. However, also ALD has its variants, all characterized by a chemical vapor deposition based 
concept, with a cyclic scheme of precursor introduction and a self-limiting mechanism. 
ALE (Atomic Layer Epitaxy) is the first example of ALD, invented by Dr. Suntola in ‘70s in 
Finland, and the first application was for the deposition of ZnS thin film for electro luminescent 
displays [Suntola T. 1992]. Later, its use has expanded for the epitaxial growth of III-V semicon-
ductors, besides II-VI ones, especially to layered structures (such as superlattices and superalloys). 
As reported by Suntola [Suntola T. 1989] “… atomic layer epitaxy is a method for producing thin 
films and layers of single crystal one atomic layer at a time utilizing a self-control obtained 
through saturating surface reactions. In conventional terminology, the term “epitaxy” has been 
used to describe the growth of single-crystal layers…”. 
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This technique possesses all ALD advantages: good homogeneity and thickness uniformity, con-
formality and a self-saturation reaction mechanism. The feature that distinguishes this technique 
from the common ALD is the particular structure of the thin growing material that has the same 
crystal lattice structure of the substrate.  
The PE-ALD (Plasma Enhanced Atomic Layer Deposition) is another variant of ALD technique, 
more specifically it is the most widely used as alternative process to the thermal ALD. PE-ALD 
is characterized by the presence of a plasma source, which creates ions and radicals and activates 
the chemical reaction for the film growth; specifically, it improves the reactivity of the precursors. 
The use of the plasma gives some advantages such as, a lower deposition temperature, which 
allows both the use of some precursors, that normally are not usable because of their huge thermal 
activation request (so expanding the ALD thin film materials’ selection) and the use of tempera-
ture-sensitive substrates. As mentioned before, plasma generates ions and radicals. Ions can pro-
duce a physical change in the final material and radicals can act like promoter for the growth. 
Nevertheless, species generated by plasma may undergo recombination and reagent leakage oc-
curs. In thermal ALD this does not happen if it works inside the temperate range of ALD window. 
Moreover, when PE-ALD is used to cover HAR (High Aspect Ratio) structure, species recombi-
nation increase and inhomogeneous and not conformal film are deposited [George S. M. 2010]. 
In addition, it might also result in a reduced conformality and in a potential plasma damage to the 
substrate/growing film.  
Photochemical assisted ALD is a different variant of the process, in which the supplementary 
activation energy is provided by light. At the same way, it can be used to remove layer-by-layer 
of material: ALD etching [Faraz T. et al. 2015]. The photochemical process consists of two mech-
anisms: photo-excitation and photo-dissociation. The first one consists in an absorption of a pho-
ton, so the chemical species gain energy and a chemical reaction may be promoted. Photo-disso-
ciation, instead, is the process of absorbing light photon and the successive dissociation or break-
ing of a chemical bond in a molecule, so the formation of new reactive chemical species. Utility 
of photo-assisted-ALD is the high growth rates obtainable at the same substrate temperature, so it 
can operate at low temperature with higher GPCs. Other advantages are observed for example in 
ZnO thin films grown with UV-radiation: the material shows a very low resistivity and it is pos-
sible to operate at only 136°C [Yamamoto Y. et al. 2001]. 
The MLD (Molecular Layer Deposition) is the most recent ALD variants and it is based on the 
substitution of the non-metallic precursor (i.e. H2O, H2S, NH3, H2 etc.) with an organic compound 
to obtain a hybrid organic-inorganic material. In the event that both precursors are organic mole-
cules, a pure organic material is obtained [George S. M. et al. 2011].  
A typical example of hybrid organic-inorganic materials made by MLD are the Zincone (hybrid 
organic-inorganic polymer thin film of the form (-O-Zn-O-C2H4-)n, see Figure 1.8) [Peng Q. et al. 
2009] and Alucone (hybrid organic-inorganic polymer thin film based on the reaction of tri-
methylaluminum and various alcohols) [George S. M. et al. 2009]. The main interest in this inno-
vative material is the tunable range of physical and chemical properties available by varying the 
fractions of organic or inorganic precursor. It is possible to have different density and resulting 
different mechanical properties (such as stiffness). Moreover, electrical and optical proprieties 
including refractive index and dielectric constant should be modified by changing the composi-
tion.  
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An example of a completely organic compound made by MLD is Nylon 6,6. The growth film by 
adipoyl chloride and 1,6-hexanediamine is performed at 66°C [Du Y. et al. 2007]. 

Figure 1.8: Schematic representation of the cyclic ALD reactions for Zincone synthesis starting from zinc(II) dime-
thyl and ethylene glycol. 

 

1.7 INDUSTRIAL APPLICATIONS 
In last few years, atomic layer deposition has been explored a significant increase. Surely, the 
Microelectronic area was the most interested one, but also in protective coatings or magnetic 
heads this technique has taken hold. However, it cannot be said that this technique is widespread 
in the industry because of its major limitations: slow process and the patent (Finnish Pat. 52359, 
1977; US Pat. 4058430, 1977) that preserved this technique for several years, makes hard to ex-
ploit it without possible legal trouble.  
For sake of completeness, it is reported a short overview on the main industrial applications, based 
on articles, publications and conferences. 
Microelectronics developed in the late 90s represented the major improvement for ALD technol-
ogy. The continuous miniaturization in devices and the high precision required, lead to introduce 
new material and new deposition method. Only ALD has an atomic thickness control, a perfect 
and uniform coverage and a high conformality. MOFSET and DRAM have been the main role in 
ALD development and the first application was made public by Samsung in 1998 in DRAM pro-
duction [Siltron L. G. et al. 2000]. Intel was the first to produce MOSFETs by ALD. They used it 
to deposit a high-k dielectric metal, hafnium oxide [Bohr M. T. et al 2007].  
Magnetic heads are employed into hard disk to read and write information. The down scaling of 
it and the three dimensional structures made the sputtering inadequate and ALD was favored. 
Magnetic heads were covered by Al2O3 thin films, starting from Al(CH3)3 and H2O [Kautzky M. 
et al. 2008]. 
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TFEL (Thin Film Electro Luminescent) displays were in ‘70s the main reason for the birth and 
the development of ALD, by Dr. Suntola. The major advantages given by new approach is the 
formation of pinhole free films and a perfect and uniform coverage, which before was very diffi-
cult to obtain. In ‘80s TEFL displays manufacturing developed and its commercial use started. 
ZnS:Mn thin films were deposited as the luminescent layer, Al2O3 as the insulator and protective 
layer [Tiku S. K. et al. 1984]. The film thickness obtained was about 200 nm.  
Protective coatings can preserve the material from ambient damage such as oxidation. As an 
example, protective films are used in jewelry to prevent silver tarnishing [Sneck S. 2007].  
Optics needs high uniformity and precision thickness control so ALD would have been a good 
candidate in this field, but there no much application examples. Recently, multilayer stacks for 
infrared cut-filters are commercialized. In nano-optics ALD is used to fill nanogratings structure 
[Wang J. J. et al. 2005] and for Fresnel zone plates in X-ray microscopy [Vila-Comamala J. et al. 
2009]. 
Solid oxide fuel cells represent the differentiation of usual fuel cells. These devices directly con-
vert chemical energy into electrical energy. SOFCs consist of three characteristics layers anode, 
cathode and a conductive electrolyte. In general, these cells work at high temperature range 800-
1000°C, because at lower temperature the conductivity goes down and the kinetic reaction be-
comes too much slower. To work at temperature range 300-600°C and to obtain good perfor-
mance, the electrolyte film thickness must be reduced, so only ALD can do it [Beckel D. et al. 
2007]. 
 
Finally, it must be stressed some other ALD applications in different fields. For instance, the 
synthesis of multilayer nanolaminates (Figure 1.9) with specific super-hardness until about 60-70 
GPa are obtained only at low temperature and with a nanometric thickness control. only possible 
thanks to the ALD characteristics [Kim Y. S. et al. 2005]. 
 

Figure 1.9. SEM cross section of alternately Al2O3-TiO2 nanolaminates deposited by ALD process. 
 
Coatings on biomaterial and polymer can be obtained only at low temperature, so for many years 
with common chemical and physical deposition method it was not possible to do this, because at 
the working temperature these materials would melt. Nowadays, thanks to ALD it is possible to 
cover material at range temperature of 100-150°C, so it has made potential polymer surfaces mod-
ification and achieve new interesting proprieties. For example, polymers coated with aluminum 
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oxide become more resistant to erosion. In biological field, thin film coverage renders the starting 
material biostable and adhesive proprieties are improved.  
Another possible application is related to biomolecules’ coating. For example, it has tried to cover, 
with metal oxide, tobacco mosaic virus and ferritin protein. Those molecules are highly tempera-
ture sensitive and it is required 60-70°C deposition temperature [Knez M. et al. 2006].  
Photonic crystal, template by polymer nanostructures, is a low temperature ALD process and in 
contrast to CVD, highly conformal film grown and thickness control are obtainable. his approach 
for photon crystal production has been applied to a large variety of materials: Ta3N5, ZnO, GaAs, 
Al2O3, TiO2 to obtain multilayer inverse opal structures with a periodicity ranging from 250 to 
500 nm (Figure 1.10).  
 

 Figure 1.10. Schematic representation of the fabrication process of the Al2O3/TiO2 inverse opal [Coll A. et al. 2018].  

1.8 TITANIUM DIOXIDE  
Titanium dioxide (TiO2, also called titania) is an indirect band-gap semiconductor material. It is 
easy to manufacture and at low cost in large amount. It is available in nature as mineral in amor-
phous phase and in three main allotropic crystalline structures: rutile, anatase and brookite. The 
three polymorphs’ structures are characterized by three different distortions and assemblies of the 
base unit with a TiO6 octahedral symmetry (Figure 1.10). It is possible to describe the structures 
in term of octahedron formed by O2- ions around the Ti4+ ion (each titanium ion is at the center of 
the octahedra and the oxygen ions are at each of the six vertices). Brookite has and orthorhombic 
structure, whereas anatase and rutile have a tetragonal structure (more elongated in anatase phase) 
[Chen X. et al. 2007]. The different spatial arrangements lead to different distances between Ti-
O and Ti-Ti, so it causes diverse mass densities and electronic band structure.  
Rutile phase is the thermodynamically more stable crystalline form, whereas brookite and anatase 
are metastable. The conversion from the metastable forms to the stable rutile one is possible 
through thermal treatments at high temperature (600-800°C) [Asthana A. et al. 2010]. 
In the early twentieth century, titanium dioxide has been vastly used and technological applica-
tions have been proposed for the synthesis of titania in bulk and thin film forms [Asthana A. et al. 
2010]. One of its main use is as white pigment [Pfaff G. et al. 1999; Braun J. H. et al. 1992] for 
varnishes, plastics and papers. It is non-toxic and it is used in textiles, drugs and foods (here as 
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additive E-171, [Rompelberg C. et al. 2016]), and being an UV absorber, it is employed in for-
mulation for cosmetic and solar creams.  
In thin film form, TiO2 has been widely studied and it has a number of applications in optics and 
electronics (strictly dependent also on its crystalline structure), thanks to its good properties, such 
as chemical and physical stability, high refractive index, good transmission in Vis and NIR regions 
etc. In the ‘70s, the photocatalytic effects of TiO2 were discovered and after this new application 
field, a large variety of researching of titanium dioxide material has been committed. This pulse 
opened vast research areas in new interesting field of application, such as electronics and photo-
voltaics; in recent years biomedicine, nanoscience and nanotechnology had also an explosive 
growth.  
 

 
Figure 1.11. Three polymorph structures of Titanium dioxide, in particular the primitive unit cell of (a) rutile (100), 

(b) anatase (101), (c) brookite (210). 
 

1.8.1 TIO2 AS BIOMATERIAL 
Thanks to emerging technologies and the continuous development of new materials, we assist to 
the use of synthetic new biomaterials, which interface with biological systems. They may be or-
ganic and/or inorganic and, generally, they are used in closed or direct contact with the body 
[Bauer S. et al. 2013]. They reside in the body for a significant amount of time with the task to 
interact in a controlled way with the host biological tissue and fluids. Nevertheless, this is a huge 
challenge because the body has to interact with the foreign biomedical devices and not to consider 
it as a negative invader (i.e. without rejection) [Roach P. et al. 2010]. In this regard, the correct 
choice of the biomaterial to build a biomedical device plays a key role; indeed, it must be specif-
ically designed in relation to the functions that it must perform into the body (examples of bio-
medical devices are shown in Figure 1.11).  
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Figure 1.11. Examples of biomedical devices made of TiO2. On the left a dental implant, on the right knee and hip 

joint protheses. 
 
The primary characteristics, that a synthetic biomaterial must have, are biocompatibility, degra-
dation characteristic, mechanical, chemical, non-toxicity and biological properties4.  
Among these, biocompatibility is a key property fundamental for all biomaterials. The biocom-
patibility definition has undergone several changes over the years. In general sense is defined as 
“…the ability of a material, device, or system to perform without a clinically host response in a 
specific application” [Samavedi S. et al. 2014]. However, a more complete definition has to con-
sider the “biological performance” in term of host response and material response. So the biocom-
patibility may be defined again as “…the ability of a material, device, or system to perform ap-
propriately in an intended application and elicit a host response suitable to that application…”.  
As result of the extension of life expectancy and the ageing of the general populations, many 
chronic and progressive physical and mental diseases are ever growing (such as cancers, diabetes 
mellitus, cardiovascular disease, orthopedic and neurological disorders) and consequently bio-
materials with ever better performance are required [Wu S et al. 2014 and ref. therein]. 
In this thesis the attention is focused on TiO2, in thin film form, as biocompatible nanostructured 
material and it is very attractive for its huge application in many biomedical fields, such as bone 
scaffolds, vascular stents, drug delivery systems and biosensors.  
Specifically, crystalline TiO2 thin films have been taken into consideration for the titania high-k 
dielectric properties. Indeed, in this field, crystalline titania may find interesting application for 
biomedical neuro-chips based on both electrolyte-oxide semiconductor field-effect transistors 
(EOSFET) sensors (for recording) and EOS capacitors for stimulation of neuronal tissue (i.e. tech-
nology based on the interfacing of neuronal tissue and microelectronic circuits with a bidirectional 
communication). Here, the dielectric material plays a key role for an efficient neuron-semicon-
ductor coupling, thanks to its high permittivity to enhance the signal transfer from cell to chip and 
vice-versa [Cianci E. et al. 2012]. TiO2 permittivity changes from k = 30 to 170, depending on 
both its crystal structure and deposition methods (rutile k-value = 90-170 depending on lattice 
orientation and anatase k-value = 30-40 [Cianci E. et al. 2012 and ref therein].   
  

 
4 Biostable material: resists to physico-chemical transformation. Biodegradable material: undergoes physico-chemi-
cal transformation. Biotoxic material: causes adverse reactions of the organism. Bioinert material: does not react with 
biological environment.  



 

  28 

1.8.2 TIO2 DEPOSITION USING ALD 
Titania is a material that can be prepared in the form of powder, bulk or thin film. In the field of 
research, the number of titanium synthesis methods are very numerous, each of which leads to the 
production of materials having different characteristics of structure, crystallinity, composition, 
contaminants, etc. Nanostructured materials with various morphologies have been synthesized by 
many different techniques, such as solvothermal and hydrothermal processes, sol-gel, anode oxi-
dation, chemical vapor deposition (CVD), physical vapor depositions (PVD), spray pyrolysis and 
so on [Wu S et al. 2014 and ref. therein]. 
As already widely dealt with, ALD is the most promising technique for biomedical device appli-
cation and it is now widely spread out. It finds high application thanks to its compatibility with 
the nano-scaling of biomedical components, with the biocompatibility of the materials that are 
deposited and with the tuning of the chemical reactivity in relation to the material to be deposited 
[Graniel et al. 2018]. 
In literature, a lot of references are related to TiO2 growth via ALD by using different precursors. 
The main titanium precursors used are halides, alkoxides, and alkylamides.  
Among halides, TiCl4 is the most employed to deposit titanium dioxide thin films, due to its avail-
ability and low cost. A lot of works about its use have been reported generally with H2O as oxygen 
source. One of the first works is reported a by Atomic Layer Epitaxy: TiCl4 and water were used 
at two different temperature (175°C and 450°C) and the structure and the material properties were 
investigated [Haukka S. et al. 1993]. 
 Another example of TiO2 deposition starting from a halide precursor uses TiI4 whit H2O as oxy-
gen source. It has been observed a self-limiting growth at 175-375°C temperature range, the crys-
talline structure was anatase, whereas rutile phase was observed at higher temperature (445°C). 
The TiO2 GPC resulted to increase with substrate temperature, from 0.07 to 0.18 nm [Aarik J. et 
al. 2002]. 
Alkoxide precursors have been largely investigated owing to the need to have a substituent for 
TiCl4, because its by-products high corrosiveness and the possible chlorine contamination of the 
films. Ti(OiPr)4 (TTIP)is the most used, because its high reactivity at low temperature and low 
cost. It is generally used with water or H2O2 to obtain the relative oxide. In general, the obtained 
GPC value of TTIP-H2O system was constant at 0,30 Å/cycle in the temperature range 250-325°C 
[Rathu A. et al. 2002]. Moreover, a self-limited behavior was observed in the 100-250°C temper-
ature range and the independence of the growth per cycle on the use of water or H2O2 [Aarik J. et 
al. 2002].  
Alkylamide use, as titanium precursor, has been driven by the nature of the low energy Ti-N bond, 
consequently by its high reactivity. It allows to operate at low temperature and furthermore by-
products are not corrosive. TDMAT (Tetrakis dimethylamido titanium) for example, was explored 
for TiO2 deposition using H2O, varying temperature from 90°C to 210°C. The ALD window was 
between 120-150°C, but the GPC linearly decreased outside this temperature range. Therefore, it 
was supposed, at deposition temperatures below 120°C, that this GCP decrease was due to a not 
sufficient water purging time. However, high purity and amorphous films were obtained [Lim G. 
T. et al. 2006]. 
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CHAPTER 2  
EXPERIMENTAL: OPTIMIZATION TIO2 THIN FILM DEPOSITION VIA 
ALD AND CHARACTERIZATION 
 
The activity here reported is focused on the realization of TiO2 thin films on Si (100) wafer via 
Atomic Layer Deposition, starting from Titanium (IV) isopropoxide and water. The purpose of 
the activity is to define the deposition experimental conditions, that allow to work in ALD regime, 
by using a custom-made ALD reactor, which is briefly described. The final material has to be 
crystalline, pinhole free, with high uniformity and conformality.  
 
The optimization process was divided into the following phases: 

● substrate preparation (RCA cleaning procedure); 
● study of the dependence of TiO2 growth in relation to the pulse time of titanium precursor 

(TTIP); 
● study of the dependence of TiO2 growth in relation to the purge time after TTIP pulse; 
● study of the dependence of TiO2 growth in relation to the purge time after co-reactant 

(H2O) pulse; 
 
Different physico-chemical characterization methods were performed on the grown films: 

● X-Ray Diffraction (XRD) to check the thin film crystallinity; 
● Scanning Electron Microscopy (SEM) for the analysis of surface morphology and thin 

film thickness from cross-section measurements;  
● Secondary Ion Mass Spectrometry (SIMS), to investigate depth profiles, compositional 

homogeneity and thickness of as-deposited thin films; 
● X-Ray Photoelectron Spectroscopy (XPS), to analyze the chemical state and the chemical 

composition of the materials; 
● Spectroscopic Ellipsometry to check the film thickness; 
● preliminary TTIP decomposition tests via ALD. 

 

2.1 ALD EQUIPMENT  
In this work, to deposit thin films by atomic layer deposition a custom-made “cross flow” reactor 
was used. “Cross flow” means that in the reactor chamber there is a laminar flux of gas, that 
transport reactants species [Granneman E. et al. 2007]. 

Figure 2.1. Schematic of the cross flow ALD reactor [Knoops H. C. M. et al. 2015]. 
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The apparatus, reported in Figure 2.2, is formed by three main sections:  
- a precursor delivery system consisting in a reactant supply system and a gas handling sys-

tem; 
- a deposition chamber; 
-  an exhaust and vacuum system.  

 

Figure 2.2. Schematic representation of ALD apparatus present at ICMATE-CNR in Padova. 
 

2.1.1 PRECURSORS DELIVERY SYSTEM 
This first part of the ALD apparatus is characterized by pipelines with inert transport gas that pass 
through one or more bubblers to carry precursor vapors into reaction chamber. Inert carrier gases, 
such as N2 or Ar, are generally used in order to ensure no reaction in the lines.  
The system of precursor supply has the aim to generate precursor vapors and it consists in a series 
of temperature-controlled containers, called bubblers, which hold the precursors during the ALD 
deposition. The bubbler may be made of stainless steel or pyrex glass and their choice is made in 
relation to the nature of the precursor used (solid, liquid or gas). All the inlet gas pipelines (pre-
cursor line, co-reactant line, and dilution line are made of AISI 316) are equipped with mass flow 
meters (upstream the bubblers) controlled by mass flow controllers, to guarantee a precise gas 
flow rate of the precursor transport into the reaction chamber.  
The used valves are pneumatic (Swagelock 6LVV-DPS4-C, Figure 2.3) and they allow repeated 
opening and closing cycles with fast response times. 
In an ALD reactor, the possibility to set the time of gas injection into the reaction chamber is of 
particular importance. The pneumatic valves are controlled by pneumatic electro-valves mounted 
near and upstream them, in order to minimize the response times. A control unit manages the 
electrical control both manually and via personal computer. The control via PC allows the opening 
and closing of the pneumatic valve to regulate alternately both purge and precursor pulse times. 

H2O

TiTIP

N2

substrate

Reaction chamber

Gas trap

H2O

Interface
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Figure 2.3. Swagelock 6LVV-DPS4-C pneumatic valve. 
 
The Visual Basic software for the automatic management of the ALD process was entirely devel-
oped at ICMATE-CNR: it allows to manage one channel at a time, in a defined sequence and for 
a defined time of each channel. Figure 2.4 shows the interface of the Visual Basic software. The 
number of cycles is also preset and controlled via computer. 
 

Figure 2.4 Visual basic software interface. 
 

2.1.2 THE REACTION CHAMBER 
The reaction chamber is constituted by a horizontal, hot-wall pyrex-glass tube and it is placed 
inside a tubular oven to ensure a constant and defined temperature (Figure 2.5). Into the glass tube 
is located a sample holder, where the substrates are positioned and everything is kept under vac-
uum. The glass tube is long 600 mm (300 mm reaction zone) and has a diameter of 50 mm. The 
deposition temperature is controlled in real time during the deposition by a K-type thermocouple, 
positioned inside the reactor in close proximity of the reaction zone. 
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Figure 2.5. Reaction chamber of ALD apparatus used for the deposition. 

 

2.1.3 EXHAUST AND VACUUM SYSTEM 
The exhaust gas line and the vacuum system are positioned downstream the reactor. 
The vapor trap is a stainless-steel cylinder, refrigerated by liquid nitrogen, to entrap and scrub the 
gas (Figure 2.6). The trap has the aim to protect the vacuum pump from possible particles (formed 
in the reaction chamber) or from residues of unreacted precursor and reaction by-products.  
After the trap, and at the end of the whole deposition apparatus, there is a dry scroll pump (BOC-
Edwards XDS 35i, peak pumping speed = 35m3/h) that allows to make the vacuum necessary for 
the deposition. A MKS Baratron is close to the vacuum pump to measure the process pressure.  
 

 
Figure 2.6. Gas trap and vacuum pump of the ALD deposition apparatus present at CNR-ICMATE, Padova. 
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2.1.4 THE ALD PRECURSOR USED 
In this thesis deposition of TiO2 thin films via ALD was carried out by using an alkoxide, in 
particular titanium(IV) tetraisopropoxide (by Sigma Aldrich) with the formula [Ti(OC3H7)4] 
(TTIP) as titanium source and its physical properties are reported in Table 2.1. The TTIP structure 
is shown in Figure 2.7. 
Low price, high vapor pressure, high reactivity with H2O, and the lack of corrosive by-products 
are the main reasons of the choice. Being moisture sensitive, TTIP can be stored almost indefi-
nitely in a dry atmosphere (decomposition, when started, propagates throughout the entire precur-
sor), so its handling has generally to be done in a Dry-Box (under nitrogen atmosphere).  
The co-reactant precursor was water (for the reasons previously reported in Chapter 1). Notably, 
the oxidant power of water is enough to ensure a complete surface reaction, and namely it is able 
to restore active sites for the next grown cycle. However, other strong co-reactants, such as H2O2 
or ozone, are available to synthetizes titania thin films. In this work, in relation also to the expe-
rience of the ICMATE-CNR laboratory, the ALD deposition were carried out by using deionized 
water (Deionized water at 18,3 MΩ).  

 
Figure 2.7. Schematic representation of chemical structure of TTIP 

 
Table2.1. Physical properties of TTIP 

Physical Properties  
Molecular weight 284,25 g/mol 

Melting point 18 to 20 °C 
Boiling point 232 °C 
Freezing point 15 -19 °C 

Vapor pressure at 100 °C 19 mm Hg 
Vapor pressure at 50 °C 0.9 mm Hg 

Density 0,962 g/cm -3 at 20°C 
Flash point 19 °C 

Refractive Index 1.46 
Appearance Clear liquid 
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2.2 DEPOSITION METHOD 
ALD is a high versatile technique, because it is possible to modulate different parameters, (once 
the desired material is fixed and the reagents are chosen), such as deposition temperature, purge 
time, pulse time, pressure, carrier gas flow etc. However, the optimization of the operation con-
ditions in an ALD process, and especially in a custom-made reactor, is the most critical point, as 
it can influence the quality of the final material. 
The definition of the experiments was dictated by the need to deposit crystalline, pinhole-free, 
dense and conformal TiO2 thin films on Si(100) substrates.  
Many experiments were carried out to find the best operating conditions, specifically addressed 
to the optimization of TTIP pulse time and purge times after both H2O and TTIP exposures. 
Thanks to the previous consolidated experience at ICMATE-CNR some parameters were kept 
fixed as listed in the Table 2.2 [El Habra N. et al. 2015; Visentin F. et al. 2015]. 
 

Table 2.2. Apparatus parameter used during deposition 
Fixed ALD parameters 

Deposition pressure 1,5 mbar 
Deposition temperature 280° C 

Ti source TTIP- purity 99,999 
Dilution N2 flow 50 sccm 

N2 carrier flow through TTIP 110 sccm 
N2 carrier flow through TTIP 100 sccm 

Substrate position 8cm 
Cycles’ number 300 

 

2.2.1 TEMPERATURE TEST 
Deposition method has been optimized trough the study of purge times and pulse TTIP precursor 
time. Firstly, the best substrate position into the reaction chamber has been investigated, in order 
to have a stable temperature during deposition. The working temperature, that has been chosen, 
was 280°C: at this temperature the material is crystalline (necessary property to have a high-k 
constant). In this thesis it has been taken into account the possible biomedical application as 
EOSFET and EOS capacitors, so to ensure the integrity of the device and for the correct function-
ality of it, we have to operate under 300°C, even if higher temperatures (until 300-350°C) could 
be used to obtain the same material characteristics. 
Temperature test in dependence of the position inside the reaction zone is showed in the Figure 
2.7. The oven temperature has been set at 270°C (ramp 1: from RT to 250°C, 5°C/min; ramp 2: 
from 250 to 270°C, 2,5°C/min) and, after a stabilization period of about twenty minutes, the tem-
perature has been measured from the beginning of the reactor chamber to the end by using a 
thermocouple. Each point of the temperature profile shown in Figure 2.8 is the average of three 
repeated measurements. A not perfect insulation of the oven is observable, and it varies as function 
of the position.  
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Figure 2.8. Temperature trend in the ALD reaction chamber. 

 
In the position at around 8 cm from the entrance of the reaction zone, a quite stable temperature 
has been detected for the desired temperature target (280°C ± 3°C). Thus, for all the experiments 
the substrates were centered at 8 cm and horizontally placed parallel to the gas fluxes. 
 

2.2.2 SUBSTRATE PREPARATION: RCA CLEANING  
Silicon wafer by LG SILTRON INC. KOREA with the characteristics showed in the Table 2.3, 
were used as substrates for the TiO2 deposition via ALD. 
 

Table 2.3. Silicon wafer characteristics 
Type P 

Orientation (100) 
Dopant Boron 

Res (Ω/cm) 5-30 
Thickness (μm) 650-700 

 
The samples, prior to loading in the ALD chamber, have been cut in rectangular shape, 25 x 12 
mm, and cleaned according to Standard RCA Cleaning and then stored in N2 atmosphere until 
their use. 
The RCA (Radio Corporation of America) procedure represents a set of cleaning steps that were 
employed to remove all traces of impurities, which may be detrimental if present on semiconduc-
tor surfaces. Impurities on wafers may be of three types: (a) contaminants films, (b) discrete par-
ticles and (c) adsorbed gases [Kern W. 1990]. 
 
The procedure consists of three steps: 

● Frist step: RCA-1: removal of residual organic contamination deriving from solvent clean-
ing or any other previous processing;  
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● Second step: removal of thin oxide layer grown during the previous RCA-1step; during 
this step silicon surface is highly reactive and immediately attracts particles and organic 
compounds from the solution and the ambient air; 

● Third step: RCA-2 removal of ionic and metallic contamination and formation of a con-
trolled passivated surface [Kern W. 1990] 

 
Procedure 
 
The RCA-1 solution is obtained by mixing: 

● Deionized H2O: 5 parts; 
● NH4OH (30-33%): 1 part; 
● H2O2 (30%): 1 part. 

 
Water and NH4OH are mixed, heated at 70±5°C, and once hot, H2O2 is added. The resulting so-
lution bubbles vigorously after 1-2 minutes and it is ready for use. 
The silicon samples are soaked for 10 minutes in the ammonia-peroxide solution. After this time 
the surface is washed with deionized water several times and only if the surface is completely 
superhydrophilic (unbroken water test) it is possible to move to the second step; if the test fails 
the RCA-1 step must be repeated. 
 
Second step consists in the preparation of a dilute solution starting from 37% HF (1 part) and 
deionized water (50 part)  
Samples are immersed for 30-60 seconds, till the hydrophilic previously oxidized Si surface (Dur-
ing RCA-1) changes to be completely hydrophobic (water break test). 
 
Finally, the RCA-2 solution is formed by: 

● Deionized H2O: 5 parts; 
● HCl (37%): 1 part; 
● H2O2 (30%): 1 part. 

 
Water and HCl are mixed, heated at 70±5°C, and once hot, H2O2 is added. The resulting solution 
bubbles vigorously after 1-2 minutes and it is ready for use. 
The silicon samples are soaked for 15 minutes in the chloride-peroxide solution.  
Samples are then washed with water several times and the surface must be completely superhy-
drophilic (unbroken water test); if the test fails the RCA-2 step must be repeated. 
At the end, all the specimens are gently dried by an N2 flux and stored in glove box closed in 
tubes. In Figure 2.9 the apparatus used for the RCA cleaning is shown. 
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Figure 2.9. RCA cleaning apparatus used in our laboratory. 

 
The RCA procedure ensures a uniform and homogenous silicon substrate surface. In Figure 2.10. 
SEM micrographs of two silicon surfaces, before and after the RCA cleaning, are shown: an evi-
dent changing of the surface aspect is observable. In the images on the left, before RCA cleaning, 
the Si surface presents imperfections and inhomogeneity, that during the growth could lead to an 
irregular film growth with consequent variable thickness on the whole substrate and possible 
roughness, due to probable residual contaminants and/or hydrocarbons. Whereas, the image after 
RCA cleaning (on the right) shows a regular and smooth surface, that ensure a homogeneous 
deposition. This process leads to the deposition of a uniform titanium dioxide layer on the silicon 
substrate.  
 

Figure 2.10. SEM micrographs (5000x) before and after RCA cleaning. 
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2.3 ALD DEPOSITION: OPTIMIZATION OF TITANIUM (IV) ISOPROPOXIDE PULSE 

TIME  
Different growths have been carried out by varying precursor pulse time (and maintaining con-
stant all the other process conditions, see Table 2.2), in order to find the optimal TTIP pulse du-
ration to ensure an ALD regime and a constant GPC rate. More specifically, these preliminary 
experiments were performed to verify that the growth mechanism was really self-controlled (self-
limiting) and not limited by the decomposition of the alkoxide.  
In Table 2.4 are reported the used growth conditions.  
All the deposited titania thin films were characterized by SIMS to estimate the film thickness, by 
XRD to check the crystallinity and by SEM to study surface morphology.  
 

Table 2.4. ALD growth parameters by varying the TTIP pulse duration from 1 to 2,5 seconds (ALD cycles= 350) 

Ti pulse time (s) Ti purge time (s) H2O purge time (s) H2O pulse time (s) 
1 

30 20 1 
1,5 
2 

2,5 
 

2.3.1 SIMS ANALYSIS 
Information about the in-depth TiO2 film composition and thickness was gained by SIMS meas-
urements and representative depth profiles are displayed in Figure 2.11 as function of TTIP pulse 
duration. Secondary ions revealed were: C- to estimate environmental pollution and/or incomplete 
precursor decomposition; O-, Ti- that are present in the film, and Si-, deriving from the silicon 
substrate.  
In all cases, Ti and O ionic yields were almost parallel from the deposit surface up to the interface 
with the Si(100) substrate. This highlights their common chemical origin and confirms the for-
mation of compositionally homogeneous TiO2 thin films. An apparent broadening of the film/sub-
strate interface in correspondence of the Si signal increase is evident, however it may be consid-
ered as absence of interdiffusion between the silicon substrate and the deposited thin film.  
Carbon trend shows a very low contamination in the TiO2 film until the silicon interface (where 
it starts to increase) maintaining anyway, slow values indicating a good purity of the deposited 
material and a clean decomposition of the used TTIP precursor under the adopted conditions.  
Titania film thicknesses referred to the SIMS Si signal (FWHM) are reported in Table 2.5. 
 

Table 2.5. TiO2 thin film thicknesses and GPC calculated from SIMS in-depth profiles (ALD cycles= 350). 
Sample Ti pulse time (s) Thickness (nm) GPC (nm/cycle) 
VTiO13 1 21,4 0,06 
VTiO15 1,5 47,4 0,13 
VTiO16 2 42,8 0,12 
VTiO17 2,5 46,0 0,13 
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(a) 

 

(b) 

 
(c) 

 
 

(d) 

 
 

Figure 2.11. SIMS in–depth profiles of as grown TiO2 thin films deposited at 280°C at different TTIP precursor 
pulse duration: (a) 1.0 s, (b) 1.5 s, (c) 2.0 s, and (d) 2.5 s. 

 
Self-controlled ALD mechanism has been verified by varying TTIP pulse time. The saturation of 
the growth rate at a constant level when the pulse time is 1,5 s or above confirms that the growth 
is self- controlled at 280°C. As shown in the graph below reported (Figure 2.12) there is a constant 
GPC value starting from 1,5 seconds of TTIP pulse which remains unchanged for 2 and 2,5 sec-
onds, too. 
In accordance with the data just shown and taking into account the configuration of the ALD 
reactor in use, a 2,5 s TTIP pulse time was considered the best choice. A longer pulse time was 
preferred to ensure sufficient precursor quantity into the reaction chamber. 
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Figure 2.12. GPC of films grown by 300 cycles at 280°C as a function of pulse time TTIP duration 

2.3.2 XRD: STRUCTURAL CHARACTERIZATION 
Grazing incidence XRD analyses of the as grown TiO2 films deposited on OH-terminated silicon 
at different TTIP pulse duration (1.5, 2.0, and 2.5 s) are shown in Figure 2.13. Diffraction patterns 
reveal that all the films are polycrystalline in anatase phase (ICDD n. 01-083-2243), with no evi-
dent preferential orientations and with the absence of rutile phase, as expected for thin films de-
posited at the chosen temperature [Ritala M. et al. 1993].  
The (101) reflection (at 2θ= 25,32°) is the most intense one in all the TiO2 films. In addition to 
the (101) main peak, almost all the reflections characteristic of anatase TiO2 are evident: (112), 
(200), (211), (204), (220), and (215) at 2θ values of 37.60°, 48.08°, 55.11°, 62.73°, 70.34, and 
75.12°, respectively.  
The films analyzed have comparable thicknesses and their XRD pattern intensities are comparable 
(just a little less intensity is shown for the film grown at 2,0 s TTIP pulse duration, in accordance 
with the thickness observed by SIMS analyses). 
 

2.3.3 SEM: MORPHOLOGICAL CHARACTERIZATION 
SEM images of TiO2 thin film grown on silicon wafer with 2,5 TTIP pulse time (GPC 0,13 nm/cy-
cle) are shown in the Figures 2.14 at two different magnifications (50000x and 100000x). No 
structural defects, like cracks, were observed. The TiO2 surface presented regular and non-planar 
morphology, pinhole-free with a repetitive shape. Homogeneity and uniformity of the film mor-
phology was found on the whole surface.  
The whole Si substrate surface was conformally covered by the dense and well-adherent TiO2 
films as shown in the cross-section SEM micrograph reported in Figure 2.15. 
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Figure 2.13. XRD patterns of TiO2 films grown at 280°C at three different TTIP pulse durations (1,5, 2, and 2.5 s). 

  

 
Figure 2.14 SEM micrographs of TiO2 thin films (46 nm thick, VTiO17) at two different magnifications: 50000x on 

the left 100000x on the right. 

 
Figure 2.15. SEM cross-section of a Si substrate surface covered by ALD TiO2 film. 
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2.4 ALD DEPOSITION: OPTIMIZATION OF TITANIUM (IV) ISOPROPOXIDE PURGE 

TIME 
Being the ALD TTIP/H2O process self-terminating with respect to time, reactants’ (TTIP and 
H2O) purge durations (step 2 and 4 of one ALD cycle) must be sufficiently long in order to not 
affect, respectively, the amount of species adsorbed on the surface (and semi-reactions go to com-
pletion). In the case that the purge times are too short, the GPC tends to increase for a concomitant 
undesired CVD-type deposition. 
In this regard, a series of experiments were carried out by changing the TTIP precursor purge time 
from 15 to 60 seconds. In the Table 2.6 growing conditions are reported.  
The TiO2 thickness was estimated by SEM cross-section investigations below reported. 
  

Table 2.6. ALD growth parameters for TiO2 deposition at 280°C by changing the TTIP purge duration from 15 to 
60 s (ALD cycles = 300). 

TTIP purge time  
(s) 

H2O purge time  
(s) 

TTIP pulse time  
(s) 

H2O pulse time  
(s) 

15 

20 2,5 1 
30 
45 
60 

 

2.4.1 XRD STRUCTURAL CHARACTERIZATION 
The films were analyzed by XRD in grazing incidence mode. Even in this case all the as-depos-
ited films showed polycrystalline TiO2 in anatase phase (ICDD n. 01-083-2243).  
(101), (200) and (211) reflections (at 2θ= 25.33°, 48.09°, and 55.11°, respectively) are the only 
ones observed (Figure 2.16). No preferential orientations were detected.  

 
Figure 2.16. XRD patterns of TiO2 films gown at 280°C at the different TTIP purge durations (15, 30, 45, and 60s). 
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2.4.2 SEM: THICKNESS INVESTIGATION 
Not having an in-situ characterization technique in our ALD apparatus, SEM cross-sections were 
carried out to investigate the TiO2 film thickness. The acquisition of micrographs in cross-section 
was not so simple, due to the low thickness of the deposited films, but the analyses gave however 
the possibility to have an estimation (Figure 2.17).  
The thickness evaluation obtained by SEM cross sections are reported in Table 2.7. In Figure 2.18 
the trend of the GCP in relation to the different TTIP purge durations is also shown.  
From the analysis of the obtained GCP values, 60 seconds result to be the best TTIP purge time, 
because it represents the lowest GCP value obtained. Moreover, an unexpected 0.19 nm/cycle 
GCP estimation () has been obtained for the 45 s TTIP purge time; indeed, this value results to be 
higher than the ones obtained for 15 and 30 s purges. 
 

Table 2.7. TiO2 thin film thicknesses and GPC calculated from SEM cross sections (ALD cycles=300) 
Sample name TTIP pulse time (s) Thickness (nm) GPC (nm/cycle) 

VTiO82 15 47 ± 4 0,16 ± 0,01 
VTiO81 30 45 ± 6 0,15 ± 0,02 
VTiO80 45 58 ±6 0,19 ± 0,02 
VTiO83 60 43 ± 3 0,14 ± 0,01 

 
(a) 15 s 

 

(b) 30 s 

 
(c) 45 s 

 

(d) 60 s 

 
Figure 2.17. SEM cross-section images of TiO2 films at different TTIP purges: (a) 15s, (b)30 s, (c) 45s, and (d) 60s 

(red lines mark the TiO2 film). 
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Figure 2.18. GPC of TiO2 films grown (300 ALD cycles) at 280°C as a function of TTIP purge duration. 

 

2.5 ALD DEPOSITION: OPTIMIZATION OF H2O PURGE TIME 
As exposed in the previous section, also water purges have been changed from 15 to 60 seconds 
in order to establish the ALD self-limiting conditions. In the table 2.8 growing conditions are 
reported.  
The film thickness has been investigated by spectroscopic ellipsometry analyses. 
 

Table 2.8. ALD growth parameters for TiO2 deposition at 280 °C by changing the H2O purge duration from 15 to 
60 s (ALD cycles = 300). 

H2O purge time 
(s) 

TTIP purge time 
(s) 

TTIP pulse time 
(s) 

H2O pulse time 
(s) 

15 

60 2,5 1 
30 
45 
60 

 

2.5.1 SPECTROSCOPIC ELLIPSOMETRY: THICKNESS MEASUREMENTS 
The thickness of the TiO2 layer was measured by spectroscopic ellipsometry analyses (Table 2.9) 
using a J. Woolham V-VASE variable angle spectroscopic ellipsometer. Spectroscopic scans were 
taken in reflection, in the wavelength range 300-1000 nm, at three angles 55-60-65°. To fit the 
data, the samples were modeled as follows: 1 mm – thick Si substrate, a TiO2 thin film (the tabu-
lated dielectric function for the anatase phase was used, while the film thickness was left as a free 
parameter of the fit) and a surface layer composed of 50% of TiO2 and 50% air, introduced to 
mimic a possible surface roughness. 
The GPC trend at different purging times of H2O is detectable in Figure 2.19. A H2O purge time 
of 15 s was not sufficient to ensure a self-limited control of ALD TiO2 growth, whereas 30 and 
60 s purges showed the minimum GCP, suggesting a self-terminating control of the reaction. Even 
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from this set of experiments, the unexpected GCP value (0.19 nm/cycle) for 45 s H2O purge was 
detected, as just observed in the previous section. The explanation of this behavior is currently 
under study. 
 
Table 2.9. TiO2 thin film thicknesses and GPC calculated from spectroscopic ellipsometry data (ALD cycles=300)  

Sample name H2O Purging time (s) Thickness (nm) GPC (nm/cycle) 
VTiO78 15 57,36 ± 0,10 0,1912 ± 0,0003 
VTiO77 30 45,10 ± 0,09 0,1503 ± 0,0003 
VTiO76 45 64,30 ± 0,13 0,2143 ± 0,0004 
VTiO74 60 48,26± 0,08 0,1609 ± 0,0002 

 
The GPC trend at different purging times of H2O is detectable in Figure 2.19. A H2O purge time 
of 15 s was not sufficient to ensure a self-limited control of ALD TiO2 growth, whereas 30 and 
60 s purges showed the minimum GCP, suggesting a self-terminating control of the reaction. Even 
from this set of experiments, the unexpected GCP value (0.19 nm/cycle) for 45 s H2O purge was 
detected, as just observed in the previous section. The explanation of this behavior is currently 
under study. 
 

 
Figure 2.19. GPC of films grown (300 ALD cycles) at 280°C as a function of H2O purge time duration. 
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2.5.2 XRD: STRUCTURAL CHARACTERIZATION 
The experimental XRD patterns agree with the ICDD n. 01-083-2243 relative to TiO2 in anatase 
phase and the relative intensities of the reflections are in good accordance with the theoretical data 
reported in the ICDD. X-ray diffraction in grazing incident have demonstrated a polycrystalline 
structure for all samples. No specific preferential orientation was observed (see Figure 2.20). 
 

 
 

Figure 2.20. XRD patterns of TiO2 films gown at 280°C at different H2O purges (15, 30, 45, and 60 s). 
 

2.5.3 SEM: MORPHOLOGICAL CHARACTERIZATION 
SEM images of TiO2 thin film deposited on Si(100) with only two different water purging times 
(15 and 30 seconds) are shown in Figure 2.121. They confirm once again a uniform surface mor-
phology with no evident defects. The non–planar TiO2 morphology is very similar for both de-
posits, even if the dimension of surface islands seems to be dependent on the film thickness.  
The best ALD TiO2 deposition conditions at 280°C are summarized in the following Table 2.10 
They are the result of all the experiments done in this work for the optimization of our custom-
made reactor configuration. It is worth of noting that our minimum GPC obtained of 0.15 nm/cy-
cle is in contrast with literature data, because still high with respect to the generally obtained 0.3 
Å/cycle in ALD commercial flow-reactor [Rahtu A. et al. 2002; Ritala M. et al 1993]. This prob-
ably may suggest us that the problem is related to both a not perfect optimization of the ALD 
regime and/or a concomitant possible TTIP precursor decomposition at the chosen deposition 
temperature (T=280°C).  
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(a) 15 s - 57±0.1 nm thick 

 

(b) 15 s - 57±0.1 nm thick 

 
(c) 30 s - 45±0.09 nm thick 

 

(d) 30 s - 45±0.09 nm thick 

 
Figure 2.21: SEM micrographs of TiO2 thin films on Si (100) obtained by changing H2O purge durations: (a)-(b) 

15 s (25000x and 50000x, respectively) and (c)-(d) 30 s (25000x and 50000x, respectively).  
 

Table 2.10. Optimized deposition conditions for TiO2 thin film deposition at 280°C (ALD cycles= 300) 
TTIP purge time 

(s) 
TTIP pulse time  

(s) 
H2O pulse time  

(s) 
H2O purge time  

(s) 
GPC 

(nm/cycle) 
60 2,5 1 60 0,15 

 

2.6 PRELIMINARY DECOMPOSITION TEST OF TITANIUM (IV) ISOPROPOXIDE 
According to Rahtu et al. [Rahtu A. et al. 2002] TTIP precursor shows a constant 0.3 Å/cycle 
growth rate in the 250-325°C temperature range. At temperature below 250°C the growth rate was 
lower, whereas at T above 325°C the Ti precursor self-decomposition becomes a concomitant and 
dominant process, that ruins the self-limiting growth (self-controlled film growth is lost). How-
ever, in the 250 – 325°C temperature range, the precursor self-decomposition starts even if it is 
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not the dominant process. Since our ALD growths were carried out at 280°C and since the ob-
tained GCPs are still relatively high, we decided to verify the possible concomitant contribution 
of the TTIP self-decomposition at our process temperature. 
Three repeated experiments have been done making an ALD process with only Ti(OCH(CH3)2)4 
and nitrogen gas, and without the co-reactant water, operating at the same temperature and pres-
sure conditions used during the previous depositions (Table 2.2). The optimized pulse and purges 
duration reported in Table 2.10 were also used. It turned out that, after 300 cycles, yellowish thin 
films were deposited on the Si surface during all the three experiments (Figure 2.23).  
GIXRD analysis was carried out to investigate the nature of the film (figure 2.24) and the diffrac-
tion pattern exhibited the characteristic reflections of polycrystalline TiO2 in anatase phase (ICDD 
n. 01-083-2243).  
The growth of the film in these conditions is surely attributable only to the decomposition of the 
TTIP precursor, which behaves like a single-source one (Ti and O are both present in the TTIP 
molecule). Indeed, without water it is impossible to have an ALD like growth and a self-limiting 
process. Many studies [Fictorie, J. F. et al. 1994; Chen S. et al. 1993] explain the observed GCP 
fluctuations in classical TTIP/H2O ALD deposition to a concomitant undesired TTIP self-decom-
position with a CVD-like behavior.   
More detailed studies will have to be carried out in our lab, in order to evaluate the weight that 
TTIP decomposition has on our ALD growth, also in light of the higher GCP values obtained with 
respect to the literature ones. 
 

 
Figure 2.23: Thin film deposited on Si(100) deriving just only from TTIP self-decomposition. 

 

 
Figure 2.24: XRD pattern of TiO2 thin film deposited on Si(100) deriving from TTIP self-decomposition 
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CHAPTER 3  

SURFACE WETTABILITY STUDY AND NEURONAL BIOCOMPATIBIL-
ITY TEST ON TIO2 THIN FILM 
The study of functioning of the human body has always been a central topic of medical research. 
In the recent years, it has concentrated on studying the more complex apparatus: nervous system 
and the investigation, especially, of the multiple functions of brain.  
This thesis, focused on the realization of a TiO2 thin films by ALD, proposes a preliminary anal-
ysis of the biocompatibility of the prepared material with neurons and studies how UV radiation 
affects cellular adhesion, with a view of using it for the production of biomedical devices. Indeed, 
during the film preparation, fundamental physico-chemical properties were taken into account, 
for instance crystallinity, pinhole-free film and uniformity, required for clinical utilization.  
 

3.1 SURFACE WETTABILITY STUDY ON TIO2 THIN FILM 
Particular attention has been paid to surface wettability. As we known, the contact angle affects 
cellular adhesion in accordance with Ho Lee J. et al., who observed maximum cell adhesion and 
growth at around 55° water contact angle, regardless of the cell types [Ho Lee, J. et al. 1997]. As 
mentioned in several studies, hydrophilic surfaces allow for better cell adhesion and subsequent 
proliferation compared to less wettable ones [Hakan N. 1996; Faucheux N. 2004]. 
Surface material properties influence neuronal cell adhesion, because the cells do not contact the 
bare surface, instead a pre-adsorbed protein layer. Indeed, concentrations and conformations of 
adsorbed protein control the cells response. Proteins during surface adsorption encounter displace-
ment and conformational changes, thus kinetics and thermodynamics considerations should be 
study to rationalize the displacement and the adsorption of them.  
In addition to Water Contact Angle (WCA) measurements, employed in this work, other analytical 
techniques can take into account to characterize surface charge, roughness, density of functional 
groups and other factors [Mei Y. et al. 2010].The water contact angle affects cellular adhesion, 
thus in these preliminary biological tests, WCA was used to check surface wettability. WCA anal-
ysis is characterized by a quick measurement, requiring inexpensive equipment and minimal ex-
pertise.  
A surface wettability study has been carried out and, according to the needs to have hydrophilic 
surfaces also after ALD deposition, UV exposition was considered to restore the initial hydro-
philic surface characteristics. By a custom-made apparatus and a dedicated software, the static 
water contact angle values were measured. Deionized water was used to form a drop of about 
4μL. 
In the Figure 3.1 a schematic representation of the possible behavior of a drop on the surface 
related on its wettability is shown. Different kinds of interaction with surfaces determine the shape 
of the liquid droplet and the resulting contact angle.  
Initial tests were performed on as grown TiO2 samples, i.e. such coming out of the reaction cham-
ber and immediately stored into a vessel in controlled conditions (at a T = 20-25°C and at a Rel-
ative Humidity-RH ~ 43% ± 5%), during all the monitoring period. The vessel used to store all 
the specimen had a constant humidity of about 43%, thanks to a saturated solution of K2CO3 
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(potassium carbonate). Moreover, the equilibrium CA values were measured after 10 seconds 
from water drop deposition. 
 

 
Figure 3.1. Schematic representation dependence of the surface wettability on the water contact angle. 

 
Subsequently, the wettability behavior of also sterilized samples (according to a specific protocol) 
was observed and finally UV exposition effects have been studied. The same conditions were used 
for all the experiments: UV_C lamp (power 34 W/m2 at the sample level and wavelength l= 254 
nm) 
As an example, three images, acquired during water contact angle measurement are reported in 
Figure 3.2. Different surface wettabilities and the relative angle values can be noticed: the hydro-
philicity increases from 74° of Figure 3.2 A to close to 0° of Figure 3.2 C. 
 

 
Figure 3.2Three different water contact angle measurements: A=74°, B=34°, C<10°= not measurable. 
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3.1.1 WATER CONTACT ANGLE MEASUREMENTS OF AS GROWN SAMPLE 
For as grown samples, the water contact angles have been checked as a function of the time ageing 
until the achievement of a steady state. The analyses have been performed by monitoring of static 
water CAs during a period of about 2 months, and in the Figure 3.4 the general evolution observed 
is reported. 
In Figure 3.3 contact angle values of the first twenty-four hours are shown, whereas in Figure 3.4 
the general trend from the beginning to the last check after 65 days is reported. For each ageing 
time, three different samples were analyzed and the CA values are reported as mean value of three 
measurements. 
It was noticed that, just after TiO2 deposition (Figure 3.3), at time zero, the contact angle of water 
droplet was close to zero, suggesting a super-hydrophilic behavior for all the analyzed samples, 
and within one hour it retains low contact angle values, that can still be considered suitable for 
our purpose. After half an hour a progressive increasing of the water CA values was observed, to 
reach after 3 hours and for all the subsequent measurements (within 24 h) CA values quite stable 
at around the maximum observed of about 71°±1°. The wettability evolution, as a function of the 
time ageing until 65 days from sample preparation (Figure 3.4), highlights a progressive decrease. 
After about 50 days wettability stabilizes at WCA of about 86°±1. This behavior is ascribable to 
a progressive and unavoidable environmental contamination by organic pollutants, such as hydro-
carbons, which are progressively absorbed on film settle and modify the surface [Lin X. et al. 
2014]. Indeed, the surfaces which initially were hydrophilic gradually turned into hydrophobic 
ones. 
 

 
Figure 3.3. Water contact angle measurements just after TiO2 ALD deposition as function of time (0-24h). 
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Figure 3.4. Water contact angle measurements just after TiO2 ALD deposition as function of ageing time (0-65 

days). 
 

3.1.2 WATER CONTACT ANGLE MEASUREMENTS AFTER UV EXPOSURE 
When exposed to suitable UV light (i.e. λ < 400 nm), titanium dioxide shows two distinct photo-
induced phenomena:  

• photocatalytic effect, that leads to the mineralize of organic compounds; 
• photo-induced surface reorganization process that leads to increase the hydrophilicity of 

the surface, also reaching super-hydrophilic behavior. 
These phenomena are attributable to the semiconductor nature of TiO2. In fact, UV radiation 
shorter than λ= 400 nm (since Eg = 3.2 eV in anatase phase) can excite electrons from valence 
band to the conduction band and create pairs electron-hole. After this stage the two phenomena 
go on in different way. 
In the first case, the photo-generated electron-hole pairs, in photocatalytic phenomenon, react with 
electron acceptors (i.e.: O2, thus producing radical anions such as O2-, and electron donors, i.e.: 
H2O to produce ·OH radicals). These reactive species start to carry on the contaminants’ miner-
alization and also germs and microorganisms’ death. This potential effect confers anti-pollutant 
and self-sterilizing feature to the material. 
In the second case, super-hydrophilic mechanism follows three steps: 

1. TiO2 is irradiated by UV light, and an electron-hole pair is created: 
         hv à e- + h+ 

2. Reduction of Ti by a surface electron:  
         e- + Ti 4+ à Ti3+  

3. Formation of oxygen vacancy: 
         4h+ + 2O2- à O2 
In the end, Ti3+ is oxidized by atmospheric oxygen, and at the same time oxygen vacancies bond 
with H2O creating new –OH terminating groups and thin water layer (Figure 3.5).  
When TiO2 is placed in the dark, the reverse reaction occurs, and the surface progressively return 
back, in the initial equilibrium [Fujishima A. et al. 2000].  
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Figure 3.5. Schematic representation of hydrophilic mechanism of crystalline TiO2 after UV exposition. 

 
TiO2 as-deposited thin films, previously stored into the dryer in controlled condition for above 65 
days and with stable water CA values, were exposed to UV radiation (power 34 W/m2 at the sam-
ple level, l = 254 nm) for several different times (10, 20, 30, 60, 90, and 120 min). 
As expected, UV irradiation completely restores surface hydrophilicity just after 60 minutes of 
exposure (see Figure 3.6) with average CA values lower than 10° (as previously observed for the 
freshly prepared TiO2 samples). Indeed, for 60, 90, 120 min exposures, it may be assumed that a 
change of the surface in term of wettability has been found, because every samples displayed not 
measurable contact angles values (CA lower than 10°).  
 

 
Figure 3.6. Contact angle values after UV exposition: 5min, 10min, 20min, 30min, 60min, 90min, 120min. 
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Indeed, for 60, 90, 120 minutes’ exposure, a complete change of the surface in term of wettability 
has been found, as shown in the Figure 3.6, every samples displayed not measurable contact an-
gles values. This means that all the surface sites are restored, and only OH sites are present on the 
surface. 
 

3.1.3 WATER CONTACT ANGLE AFTER STERILIZATION PROCEDURE 
A dedicated cleaning and sterilization procedure have been carried out on as grown TiO2 films to 
ensure a clean surface and avoid possible contamination. 
The samples cut, to size of about 1cm x 1cm, were placed in Tickpour (5% v/v) at 70 °C for one 
minute. Tickpour is a detergent and this passage is necessary for removing generic dirty residues 
before the sterilization. Then the samples were rinsed three times in deionized water, air-dried and 
wrapped in silver paper. Finally, they have been put in a heater for one hour at 120°C, slowly 
cooled and placed in the dryer (with 43% ± 5% of relative humidity).  
Water contact angle measurements on the sterilized samples have been carried out through the 
procedure previously described. The wettability was observed both after few minutes from the 
sterilization, to understand how this procedure affected surface properties, and after 24 h, because 
according to the biological needs the sample are used -one day after sterilization. 
Just after the sterilization process (at time zero) the TiO2 samples showed an interesting super-
hydrophilic behavior of the surface (Figure 3.7), because thanks to the applied treatment the or-
ganic pollutants were completely removed. Even in this case, in order to establish the wettability 
behavior of TiO2 film surface, water CA values were monitored at different ageing times within 
24 h and the results are shown in Figure 3.7. The contact angle values after sterilization were not 
evaluable (CA<10°) at times 0, 10 min, and 20 min, whereas they exhibited a medium value of 
about 51°± 2 after 24 h.  

 

 

Figure 3.7. Water contact angle values of TiO2 sample after sterilization procedure monitored at different times 
(within 24h) 
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The contact angle values after sterilization were not evaluable (CA<10°) at time 0, after 10 
minutes, and after 20 minutes and exhibited a medium value of about 51° after 24 h.  
The wettability was observed both after few minutes, to understand how the sterilization proce-
dure affected surface properties, and after 24h because according to the biological needs the sam-
ple are used -one day after sterilization. 
In accordance with the results, it has been decided to use UV radiation on sterilized samples and 
to study how the wettability changes, to ensure a hydrophilic surface for cellular deposition.  
 

3.1.4 WATER CONTACT ANGLE MEASUREMENTS AFTER UV EXPOSURE ON STERI-

LIZED SAMPLE 
In accordance with the obtained results, it has been decided to use UV radiation on TiO2 samples 
after 24 h from the sterilization treatment, in order to study how the wettability changes with UV 
exposition time, to ensure a hydrophilic surface for subsequent neuronal cell deposition.  
All the TiO2 thin film just after the sterilization procedure were maintained in the dryer in con-
trolled conditions and after 24 h three different UV exposition times were carried out: 30 s, 1 min, 
2 min, and 5 min, that are compatible with the biological needs during the neuronal preparation 
procedure. The contact angle values after 30 s and 1 minute UV exposition show a hydrophilic 
behavior, with CA values in the range of about 45-50°, which are still acceptable for our purpose 
(see Figure 3.8). Whereas, for samples analyzed after 2 and 5 minutes of UV exposition the con-
tact angles of water droplets plummet to zero, suggesting again a superhydrophilic behavior 
(CA<10°) for all the analyzed samples.  
The neuronal cell biocompatibility tests, studied in the following section, were done tacking into 
account the results just obtained.  
 

 
Figure 3.8. Water contact angle values at different UV exposition time (0,5, 1, 3, 5 min) on sterilized TiO2 samples. 
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3.2 BIOCOMPATIBILITY EXPERIMENTS: NEURONAL PREPARATION PROCEDURE 
A total number of 24 samples divided into six groups of four were used. Each group is character-
ized by different experimental conditions as shown in the following table 3.1. 
All samples have been sterilized, only group 1 has been preserved in open atmosphere and the 
solely group 3, 4, 5, 6 have been exposed to UV.  
The plating density is the same for all samples, 15000 neurons/cm2. In Table 3.2 the sample num-
ber, the exposition time and, relatively on the area of each sample, the approximate number of the 
seeded neurons are shown in detail.  
 

Table 3.1. Group of TiO2 with different treatments. 

Group Sterilization Conservation 
in dryer 

UV exposi-
tion 

1 ✓ x x 
2 ✓ ✓ x 
3 ✓ ✓ ✓ 
4 ✓ ✓ ✓ 
5 ✓ ✓ ✓ 
6 ✓ ✓ ✓ 

 
Neurons plating consists in seeding a certain quantity of cellular culture on the substrate. To en-
sure a good adhesion, it is necessary to have a layer of poly-L-Lysine: this synthetic compound 
promotes cells adhesion by changing the surface of the substrates. 100 µL of the solution (20 
µg/mL in sterile deionized H2O) were deposited on the samples’ surface; 2 hours later the excess 
was removed and after 10-15 minutes of air-drying under a sterile laminar hood the surface was 
ready for cellular deposition. 
 
  



 

 57 

Table3.2. Numeration of different sample with relative treatments. 
 

Group Sample 
number 

UV time 
exposition 

time (s) 

Plated Neurons 
number approxi-

mately 

1 

1 No 9000 
2 No 9000 
3 No 9000 
4 No 9000 

2 

5 No 15000 
6 No 15000 
7 No 15000 
8 No 15000 

3 

9 30 15000 
10 30 15000 
11 30 15000 
12 30 15000 

4 

13 60 15000 
14 60 15000 
15 60 15000 
16 60 15000 

5 

17 180 15000 
18 180 15000 
19 180 22000 
20 180 22000 

6 

21 300 22000 
22 300 33000 
23 300 33000 
24 300 33000 

 
A different behavior of the poly-L-Lysine drop was observed, in relation of the exposure of the 
sample to the UV radiation, suggesting different surface wettability. It was interesting to note that 
for the sample of the groups 1 and 2 (no UV exposition), the drop was well formed with the typical 
behavior for less hydrophilic surfaces. Samples A and B are shown in Figure 3.9. Both had no UV 
treatment, the only difference was in the storage: sample A, on the left, was preserved in open 
atmosphere, sample B, on the right, was maintained in the dryer in controlled condition.  
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Figure 3.9. Sample A, group 1 and sample B group 2 after poly-L-Lysine deposition 

 
In Figure 3.10, sample A of the group 3 is shown. It was exposed for 30 seconds to UV radiation 
and it appeared to be a little more hydrophilic, because the drop was thinner and more expanded 
on the surface. In Figure 3.10 B, the sample belongs to group 4, with 60 seconds UV exposition.  

 
Figure 3.10. Sample A group 3 and B group 4 after poly-L-Lysine deposition, with 30 and 60 secondo UV exposi-

tion time respectively. 
 

An increasing hydrophilicity was noticed by increasing the UV exposition time as revealed for 
samples A and B of Figure 3.11, with 3 and 5 minutes UV exposition, respectively. Indeed, in 
Figure 3.11 A the sample shows high hydrophilicity: the drop is distributed over the entire surface 
up to the edge, as for the sample B in figure 3.11. Thus, we can hypothesize that after 3 and 5 
minutes of UV treatment the TiO2 surfaces show a super-hydrophilic behavior.  
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Figure 3.11. Sample A group 5 and sample B group 6 after poly-L-Lysine deposition, with 180 and 300 secondo 

UV exposition time respectively. 
 

3.2.1 NEURONS DISSOCIATION AND PLATING  
In this work for a preliminary biocompatibility study of TiO2 thin film, neurons from rats (P1= 
one day life) hippocampi have been used (Figure 3.12). A brief description of the extraction pro-
cedure follows. 
Hippocampi were dissected from the brains and maintained in cold HBSS (Hank’s Balanced Salt 
Solution without Ca2+/Mg2+). Then the solution has been removed, 1 mL of Trypsin 0.08% has 
been added and incubated for 25 minutes at 37 °C. After Trypsin removal, 1 mL of Dulbecco’s 
Modified Eagle Medium (DMEM) was added for mechanical neuronal dissociation by repeated 
and gentle passages through a pipette tip. After centrifugation for 10 minutes at 400 g, the super-
natant has been discarded and the cells suspended in 10 mL of DMEM. The neuronal suspension 
was then seeded in a 100 mm diameter petri dish and incubated for 2 h at 37 °C: this procedure 
(called pre-plating step) allows a reduction in the number of glial cells and astrocytes in the final 
culture. Actually, most of the glial cells adhere to the petri surface, while neurons remain in sus-
pension. The liquid was then put in a tube for the subsequent 10 minutes of centrifugation at 400 
g. The supernatant was discarded and the cellular pellet was suspended in 1 mL of DMEM, then 
diluted in L15 medium and seeded on the samples, previously treated with the described proce-
dures and coated with poly-L-Lysine. A parallel plating on standard petri dishes and glass co-
verslips was made for positive control. After 2 h at 37 °C in incubator the medium was replaced 
by Neurobasal (NB). 
The cells have been maintained in the incubator and monitored for several days; two thirds of the 
maintenance medium (NB) are replaced every 3 days. 
A list of medium and solution used during the experiments is reported. All are from Gibco – 
Thermo Fisher Scientific. 
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Figure 3.12. On the left hippocampi (from which neurons were extracted), on the right whole brain of rat used in 

the experiments. 
 
A list of medium and solution used during the experiments is reported. All are from Gibco – 
Thermo Fisher Scientific. 
 
DMEM added with: 

• FBS (Fetal Bovine Serum), 10% 
• Penicillin, 1% 
• Streptomycin, 1% 

 
L15 added with: 

• FBS (Fetal Bovine Serum), 5% 
• Penicillin, 1% 
• Streptomycin, 1% 

 
Neurobasal added with 

• Glutammax-1, 1% 
• B 27, 2% 

3.2.2 MONITORING  
After the deposition has been completed and the maintenance medium has been added, the sam-
ples are stored in an incubator at 37°C in a controlled humidified environment with 5% (v/v) CO2 
to avoid evaporation of the medium and ensure a constant pH. The cultures are observed after 
seven and fourteen days with the optical microscope Olympus BX51WI, using a standard physi-
ological solution (PBS, Phosphate Buffer Saline). 
All the samples, after seven days in culture (DIV_7), show neurons with typical shape and initial 
branching as described in Dotti C. G. [Dotti C. G. et al. 1988]. In some samples both neurons and 
little groups of glial cells are visible. TiO2 thin films show good biocompatibility characteristics, 
indeed there are no differences between neurons grown on petri dishes or on TiO2 substrate.  



 

 61 

After 14 days in culture (DIV_14), an increase in ramifications has been noted and a highly de-
veloped neuronal network is present on petri dishes, on glass coverslips and on all TiO2 samples. 
Cellular cultures on titania demonstrate that this substrate is suitable for neurons development.  
 
Petri dish 
Neurons on petri dish show dendrites and interconnections. Single neurons are shown in Figure 
3.13, at DIV_7 the typical shape and dimension can be noticed, with the presence of main den-
drites and the axon. In images acquired at DIV_14 the increase in secondary filaments (branching) 
and a more complex neuronal network should be noted. 
 

 
Figure 3.13. Images from optical microscopy of Petri dish, at 40x magnification after 7 and 14 day in culture. 

 
Glass coverslip 
Neurons on glass coverslips adhered and developed, showing their typical extensions and connec-
tions. In some areas of the coverslip few clusters (aggregated neurons) are present at seven days 
in culture. At DIV_14 neuronal network is very extensive and well formed, the image highlights 
the interaction between two neighbor neurons (Figure 3.14). 

 
Figure 3.14. Images of glass coverslip, at DIV 7 and DIV 14 at different magnification. 

 
TiO2 sample, group 1 
Group 1 samples were sterilized and stored in atmospheric conditions, without UV treatments. 
Neurons are developed, they present several extensions and a good network connectivity already 
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at seven days, and progressively increasing at 14 days in culture (Figure 3.15). Among the typical 
hippocampal neurons also few glial cells and astrocytes can be noticed: even if the pre-plating 
step has been performed to reduce the number of glial cells in the culture, the presence of few of 
them is necessary to ensure a good viability of neurons.

 
Figure 3.15. TiO2 sample at 10x magnification, showed neurons development at different DIV. 

TiO2 sample, group 2 
The samples of group 2 were sterilized and stored in the dryer, without UV radiation. Neurons are 
present at a proper density (Figure 3.16). There are typical dendrites and axons, and various con-
nections between neurons. In the magnified figure a good neuronal connection is already visible 
after seven days in culture.  
 

 
Figure 3.16. TiO2 sample number 5, at DIV 7. Magnification at 40x showed neurons network already present at 

DIV 7. 
The comparison between seven and fourteen days (Figure 3.17) wants to emphasize the elongation 
of the dendrites, although the neuronal density is different. Indeed, several factor can influence 
the neuronal density on the substrate and our aim is only to monitoring neuron growth and differ-
entiation. 
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Figure 3.17. Comparison of dendrites development at 7 and 14 days in culture. 

 
TiO2 sample, group 3 
This group has been sterilized and stored in dryer, moreover it has been exposed to UV radiation 
for 30 seconds. The neurons, reported in Figure 3.18, show the same characteristics of the other 
samples. Especially at DIV 14 neurons show large network and high branching, thus indicating 
that the substrate is highly biocompatible. Figure 3.19 showed a single neuron at DIV 14, neuronal 
networking is highly developed.  
 

 
Figure 3.18. Neuronal development comparison at different day in vitro. At DIV 14 is visible a high neuronal net-

work development. 
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Figure 3.19. Single neuron with dendrites and axon on TiO2 sample, group 3, DIV_14. 
 
TiO2 sample, group 4 
Group 4 has undergone the same treatments of the others, but with UV exposition time of 60 
seconds. Neurons are numerous and well developed after 7 as well as 14 days. At DIV 14 neuronal 
networking is highly developed, and the branching of the main filaments is very pronounced (Fig-
ure 3.20). 

 
Figure 3.20. Neuronal development comparison at different day in vitro, on the left at day 7 and on the right at day 

14 in cultivation. 
 
TiO2 sample, group 5 
These samples were sterilized, stored in the dryer and exposed to UV rays for 180 seconds. At 
seven days a highly developed neuronal network is present. The magnification showed a single 
differentiated neuron (Figure 3.21).   
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Figure 3.21. Neurons images taken after 7 days in vitro with different magnification 

 
The images at DIV_14 wants to emphasize the presence of cellular adhesion on the whole surface, 
indeed there are neurons and glial cells up to the edge (Figure 3.22). It is possible to trace this 
behavior back to the fact that after 180 s UV exposition, the high hydrophilicity of the substrate 
allowed poly-L-Lysine to cover the all entire surface.  

 
Figure 3.22. Neuronal development comparison at different day in vitro. 

 
TiO2 sample, group 6 
Samples of group six have been exposed to UV radiation for 300 seconds. The comparison be-
tween seven and fourteen days in culture showed an increase in development of secondary fila-
ments. The progression in neurons development leads to conclude that TiO2 thin film is a biocom-
patible and not toxic material (Figure 3.23). 
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Figure 3.23. Comparison of neuron growth and development after 7 and 14 days in vitro. 

3.2.3 SEM OF NEURONAL CELLS 

SEM images were acquired to observe in detail neurons development and to investigate neuronal 
networks, especially examining particularly fine details such as dendrites and axons and the con-
nections between neurons and glial cells.  
SEM acquisition images of neuron samples were available after fixing with formaldehyde and 
dehydration in ethanol by the following procedure: 
24h before SEM acquisition; 

● Removal from culture medium; 
● washing with PBS; 
● fixing with formaldehyde 3.7% for 15-20 min; 
● washing with PBS (three times) 
● dehydration with ethanol at different step: 20%, 40%, 50%, 70%, 80%, 90%, 95% for 

three minutes each step. 
Acquisition day: store the sample in ethanol 100%. 
In Figure 3.24 SEM images of neuron culture grown on TiO2 sample at DIV 15 are shown. Glial 
cells are in their typical structural organization as a carpet and some neurons are grown on the 
top. In Figure 3.23b a single neuron is taken. A very marked dendrites’ development and a large 
network, in every direction on the surface, are formed. This particular dendrite organization sug-
gests that it may be a stellate neuron. 

 
Figure 3.24. SEM images of neuronal culture on TiO2 sample after Au metallization at DIV 15 
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3.2.4 TITANIA BEHAVIOR IN PHYSIOLOGICAL MEDIUM: XPS AND SEM INVESTIGA-

TIONS 
In order to study how the TiO2 functionalized surface interacts when it is immersed in a physio-
logical medium, here employed as an inorganic simulated body fluid (SBF), preliminary experi-
ments were done by investigating the possible growth of phosphate related compounds on the 
sample surface after soaking in Krebs’ solution. This solution is generally used to assess the re-
sponse of the biomedical device during in-vitro neuronal tests.   
Three TiO2 thin films deposited via ALD on Si(100) were individually immersed in 15 mL of 
Krebs’ solution (pH 7.4) and slightly shacked at 37 °C for three different incubation times of 1, 6 
and 24 hours. Then they were maintained at room temperature in deionized water until the surface 
XPS characterization. 
Krebs’ solution composition: 

● NaCl 119,99 mM 
● KCl 1,99 mM 
● NaHCO3 25.57 mM 
● KH2PO4 1,17 mM 
● CaCl2 2,00 mM 
● MgSO4 1,20 mM 
● Glucose 11.10 mM  

XPS measurements were performed on as-grown TiO2 and on the three TiO2 samples maintained 
in the physiological solution for the different incubation times. 
The extended spectra (Figure 3.25) suggest the presence of titanium and oxygen (and adventitious 
carbon, of course) in the bare sample (TiO2 – green), while the precipitation of salts from the 
saline electrolyte medium in the soaked samples (TiO2 1h, 6h, and 24h - black, red and blue, 
respectively) hide the substrate pristine element (titanium), but showing the presence of magne-
sium, calcium and phosphorous (Figure 3.24). No other foreign or unexpected elements are evi-
dent.  
 

 
Figure 3.25. XPS measurement: extended spectra for the samples TiO2 (green), TiO2 1h (black), TiO2 6h (red) and 

TiO2 24h (blue). The spectra are shifted for a better comprehension. 
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The detailed spectra for Ti 2p, Ca 2p, Mg 2p, P 2p and O1s allow a deeper investigation of the 
element chemical state. Titanium 2p3/2 and 2p1/2 peaks are well evident only in the TiO2 sample 
and the peak positions (see Table 3.3) well agree with Ti(IV) in TiO2 (Figure 3.26). The analysis 
of the O 1s region (Figure 3.27) suggests the presence of oxygen as in TiO2 oxide for the TiO2 
sample. The shoulder at higher BE (about 531.5 eV) also suggests the presence of hydroxyl sur-
face groups.  
In the samples TiO2 1h, 6h and 24h, on the other hand, the main contribution for O 1s is centered 
at 531.3 eV. Considering the presence of calcium, magnesium and phosphorous, this peak position 
appears compatible with the presence of hydroxyls and phosphate-based compounds such as hy-
droxyapatite, calcium phosphate and calcium hydrogen-phosphate.  
The Mg 2p region (Figure 3.28a) appears with a low S/N ratio, because the low amount of the 
element. The peak position suggests the presence of magnesium as Mg2+ in MgO. Calcium 2p 
XPS peak positions well agree with Ca2+ in calcium phosphates or hydroxyapatite (Figure 3.28b). 
The analysis of P 2p region (Figure 3.28c) confirms the hypothesis of phosphate-related com-
pound presence: the peak position agrees with phosphorous as in phosphate environment.  
The compositional analysis (Table 3.3) for TiO2 sample indicates an oxygen over stoichiometry 
with respect to the theoretical value (67%). This is compatible with the presence of surface hy-
droxyl groups and molecularly adsorbed water. Concerning TiO2 1h, 6h and 24h samples, the 
chemical analysis appears essentially constant, thus indicating that no surface composition evolu-
tion with the soaking time is present (but no comments are possible about the absolute amount of 
the phosphate-related compounds). The calculated Ca/P atomic ratio for the investigated samples 
is about 1.42, while the theoretical hydroxyapatite value is 1.67. This inconsistency is not surpris-
ing since the precipitated apatite is often non-stoichiometric with a phosphorus surplus. Further-
more, the presence of magnesium can also modify the precipitate nature [Moulder, J. F. et al. 
1992; https://srdata.nist.gov/xps/].  
 

 
Figure 3.26. XPS measurement: detailed spectra for Ti 2p region for the samples TiO2 (green), TiO2 1h (black), 

TiO2 6h (red) and TiO2 24h (blue). The spectra are shifted for a better comprehension. 
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Figure 3.27. XPS measurement: detailed spectra for O 1s region for the samples TiO2 (green), TiO2 1h (black), 

TiO2 6h (red) and TiO2 24h (blue). 
 

  

 
Figure 3.28. XPS measurement: detailed spectra for Mg 2p (3.27a), Ca 2p (3.27b) and P 2p (3.27c) regions for the 

samples TiO2 1h (black), TiO2 6h (red) and TiO2 24h (blue). 
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Table 3.1. XPS peak position for TiO2, TiO2 1h, 6h and 24h. The atomic percentage are indicated in brackets. 
(ND = not determinable, NP = not present; the compositional data error is 1%). 

Sample O 1s Ti 2p3/2 Ti 2p1/2 Ca 2p3/2 Ca 2p1/2 P 2p3/2 Mg 2p 
TiO2 530.0 (74)  458.8 (26) 464.4 NP NP NP NP 
TiO2 1h 531.2 (68)  ND ND 347.3 (17)  350.9 133.2 (12) 50.0 (3) 
TiO2 6h 531.3 (69)  ND ND 347.3 (16) 350.9 133.3 (12) 50.2 (3) 
TiO2 24h 531.3 (68) ND ND 347.4 (17) 350.9 133.3 (12) 50.3 (3) 

 
 
SEM investigation 
Scanning electron microscopy observations were carried out for assessing the 
presence of phosphate-related compounds on the surface of the titania samples after immersion 
Krebs’ solution, as found in XPS analyses. Figure 3.29 shows the scanning electron microscopy 
of as-deposited TiO2 coated silicon surface and of TiO2 coated silicon surface incubated in Krebs’ 
solution at 37°C for 1 h, 6h, and 24 h. To compare the morphological features of all the different 
surfaces, the images are reported at the same magnification (25000x and 50000x). 
It can be seen that, following immersion time in Krebs’ solution, a newly formed layer of calcium 
phosphate-related compound was detected still only after 1 h of incubation. Analysing Figure 3.29 
it is clearly evident the loss of the characteristic morphology of the as grown TiO2 deposit (Figure 
3.29a) and the progressive coverage of the TiO2 surface, in relation to immersion time, with a 
thick enough layer of calcium phosphate related compounds. After 24 h immersion (TiO2 24h, 
Figure 3.29d) TiO2 surface was completely covered.  
Even if still not sufficient, EDX analysis was used as a tool regarding compositional aspect. In-
deed, Ca/Ti at% were assessed by EDX analyses, by mapping different areas, all at the same 
magnification (500x). It was observed an increase of the Ca/Ti at% ratio with time of immersion 
in Krebs’ solution, and the highest value was detected for TiO2 24h samples. The Ca/P at% ratio 
was approximately varied within the 1,0-1,5 range (suggesting possible formation of Ca3(PO4)2, 
Ca(HPO4) and /or hydroxyapatite Ca10(PO4)6(OH)2 phases).  
Other characterization techniques are now necessary, in order to better study the material charac-
teristics and composition: XRD is undeniably an important primary characterization technique for 
identifying the precipitated crystallized phases, combined to FT-IR measurements to identify the 
different calcium phosphate related compounds.  
  



 

 71 

 
(a) As grownTiO2 

 
(b) TiO2 1h 

 
(c) TiO2 6h  

 
(d) 24h 

 
Figure 3.29: SEM surface morphologies (25000x) of the machined TiO2 thin films deposited on 

Si(100) substrates: (a) as grown (TiO2), after (b) 1h (TiO21h), (c) 6h (TiO2 6h), and (d) 24 h (TiO2 
24h) immersion in Krebs’ solution. 
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CONCLUSION 
Regarding the innovation in nanoelectronics, Atomic Layer Deposition (ALD) is surely consid-
ered as one of the most promising growth techniques that could be employed to implement novel 
devices also for biomedical applications. The growth of the film with an atomic level thickness 
control and the possibility to obtain a dense pinhole-free and conformal material represents a no-
table advantage in the deposition of metal oxide. 

In this thesis, the ALD TiO2 film deposition has been optimized using a custom-made cross-flow 
reactor at low temperature (T= 280°C), starting from TTIP and deionized water on Si (100) sub-
strate. Several experiments have been carried out in order to obtain optimal parameters of depo-
sition, ensuring reproducibility, purity and physico-chemical characteristics. Biomedical neuro-
chips based on electrolyte-oxide-semiconductor field-effect transistors (EOSFET) for recording 
and EOS-capacitor for stimulations of neuronal tissue, in fact, need well defined characteristics 
both from chemical and physical point of view. In particular, by varying deposition ALD param-
eters, dense, conformal, pinhole-free, and compositionally uniform thin films were deposited.  

Polycrystalline TiO2 films in anatase phase were grown, characterized by high purity along all the 
film thickness and without significant carbon contamination, indicating a clean precursor decom-
position at the chosen growth temperature (280°C). Morphological investigations indicated a ho-
mogeneous surface morphology for all the samples, without cracks or pinhole. The optimization 
of process parameters, for our custom made reactor, were found and best GPC actually obtained 
is 0.15 nm/cycles. Preliminary experiments on precursor self-decomposition revealed the possible 
presence of a thin titania layer deriving from undesired CVD-like process, as already observed in 
literature data.   

The second part of the research activity was dedicated to cellular/neuronal biocompatibility in-
vitro tests on TiO2 samples deposited via ALD. In this regard, the surface chemical functionality 
was studied by wettability analyses with the purpose to investigate the influence on cell attach-
ment/adhesion and growth. Water contact angle (WCA) measurements were used to investigate 
surface wettability. Wettability studies demonstrated super-hydrophilic behavior of both freshly 
prepared and sterilized titania samples. However, their storing in air showed a decreasing wetta-
bility in relation to ageing-time, due to environmental organic pollutant contamination. In order 
to re-establish the hydrophilic/super-hydrophilic behavior of the deposited material, an UV treat-
ment was applied allowing the complete restoring of surface wettability like that one of the freshly 
as-deposited samples.  
 
Biocompatibility tests demonstrated that the material under study was highly biocompatible and 
non toxic, as confirmed by the progression in neurons development. Indeed, the monitoring of the 
neurons’ progression after 7 and 14 days in culture revealed outcomes that are comparable to 
neurons seeded on standard Petri dishes. A clear influence of the wettability on neuronal cell 
developments was not found, however the more hydrophilic substrates have shown greater uni-
formity of cellular adhesion over all the sample surface. Moreover, preliminary experiments on 
the interaction between TiO2 deposits and simulated physiological medium revealed the formation 
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of calcium phosphate-related compounds, as confirmed by XPS and SEM analyses, whose nature 
has to be deeply investigated. 
 
Several aspects of this work need further study, especially some improvements in the ALD custom 
made apparatus could be the starting point for additional tests of deposition, in order to be able to 
precisely control the film thickness. Specifically, the installation of a Quartz Crystal Microbalance 
(QCM) is foreseen in the ALD reactor for the in-situ thickness study and control. Actually, a limit 
in our work was the accurate thickness control of the film, thus the upgrade with a QCM would 
allow us further optimization and understanding for an ideal ALD like-growth, with an in-real 
time feedback about the growing parameters effect. The use of diverse co-reactants such as H2O2 
or O3 and different metal precursors could be explored to study the variation in the physico-chem-
ical material properties.  
 
Regarding the biocompatibility aspects, more study is needed to find a relationship between the 
surface characteristics and neuronal cell vitality and response, in relation also to the employment 
of different high-k metal oxides.  
Research activity has to be done in order to define the bioactivity effect of the TiO2 deposits for 
the integration of the final biomedical device in human body. In particular, deep investigations 
regarding the response of the material, for example under acellular in-vitro experiments in differ-
ent physiological medium (simulating human physiological fluids), will be surely of primary im-
portance in order to investigate how the material can influence the neuronal cell development and 
its functional response.   
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APPENDIX A: CHARACTERIZATION METHODS 

A.1 X-RAY DIFFRACTION (XRD) 
X-rays are electromagnetic radiations with high energy and small wavelength. X Ray Diffraction 
(XRD) is a versatile technique to analyze material properties of mainly powders and solid sam-
ples. One its main application is the identification of crystalline phases in crystalline and semi-
crystalline samples together with the determination of unit cell parameters.  
This non-invasive technique is based on the phenomenon of diffraction; in particular, X-ray radi-
ations interact with the atomic electrons that serve as scattering centers. If the atoms are ordered 
with a specific spatial arrangement (crystallites), an interference occurs among scattered rays, 
since the atomic distances are of the same order of magnitude of the X-ray wavelength.  
In the beginning of the 20th century, W. H. Bragg, an English physicist, studied the diffraction 
phenomena. He noted that the wavelength of the incident radiation produced constructive inter-
ference only when the path difference of reflected rays is equal to an integer multiple of the inci-
dent ray wavelength, as show in Equation (A.1). 
 

2𝑑#$%𝑠𝑖𝑛𝜃 = 𝑛𝜆					(𝑒𝑞.		𝐴. 1)	
 
In the Equation (A.1), dhkl represents the inter-planar spacing between two adjacent planes; θ is 
the Bragg angle between the incident ray and the crystalline plane; λ stands for the radiation 
wavelength and n is the diffraction order number. Figure A.1 shows a schematic representation of 
Bragg conditions. 
The result of diffraction is the diffraction pattern that, when collected with a mono-dimensional 
detector, reports in the majority of cases on Y axis the diffraction intensity and on X axis the 2θ 
angles; each diffraction pattern is thus characterized by different peaks, each one with its own 
intensity, position and width. The number and position of peaks depend on space groups, X-ray 
wavelength, crystal system of the material, lattice parameters, atomics species, and atomic posi-
tions, Reflection intensities, instead, are related to the atoms contained in the unit cell and their 
specific positions. Thanks to the Bragg’s law, it is possible to calculate also the inter-planar dis-
tance dhkl. 
By means of XRD technique it is possible to carry out qualitative and quantitative analyses of the 
phases pure or present as mixture. Moreover, it possible to analyze the microstructure, such as 
preferential orientation, crystallite size, residual stresses etc.  
Diffraction patterns are fingerprints of crystalline structures and so the comparison of the experi-
mental spectrum with a calculated one (whose structure is known) allows the crystallographic 
identification of the analyzed sample. The most common databases archives are ASTM (American 
Society for Testing and Materials), ICDS (International Center for Diffraction Standards), JCPDS 
(Joint Committee on Powder Diffraction Standards), and ICDD (International Center for Diffrac-
tion Data). 
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Figure A.1. Schematic representation of Bragg’s law. The diffracted X-rays exhibit constructive interference when 

the distance between paths ABC and A'B'C' differs by an integer number of wavelengths (λ). 
 
 
From the XRD pattern, it is possible to calculate the crystallites size, through the Scherrer’s Equa-
tion (A.2) 
 

𝐷 =
𝑘 ∙ 𝜆

𝑐𝑜𝑠𝜃 ∙ √𝐹𝑊𝑀𝐻> − 𝐵>		
								(𝑒𝑞. 𝐴. 2)	

 
where, k = coefficient addicted to the particles shape (dimensionless shape factor with a value 
close to unity); 
λ = radiation X-Ray wavelength;  
θ = Bragg’s angle; 
FWMH (Full Width at Half Maximum) = line broadening at half the maximum intensity (in radi-
ans); 
B = instrumental line broadening (in radians). 
 
In this work the XRD patterns were collected in grazing angle configuration, this is because thin 
film characterization using conventional Bragg Brentano setup (theta/2theta) generally produces 
weak signal from film and intense signal from substrate since wave penetration is considerable. 
Therefore, it is convenient to use grazing angle setup to minimize substrate contribution and con-
temporarily maximize reflections deriving from the thin film [Feldman L.C. et al 1986]. 
In this geometry, the incidence angle is fixed at a small angle and the angle between the incident 
and the detector is varied by moving only the detector arm. The signal originating from the sub-
strate is significantly reduced.   
Specifically, X‐ray diffraction (XRD) spectra were acquired for qualitative structural characteri-
zation by using a Philips X’Pert PW 3710 powder diffractometer operating in grazing incidence 
mode (incidence angle = 1°). The used radiation was the Cu Kα (λ = 1.54056 Å) operating at 
40 kV and 30 mA. All patterns were collected in the 15° ÷ 80° 2θ range and phase identification 
was performed with the support of the standard patterns reported in the 2002 ICDD database files. 
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A.2 SCANNING ELECTRON MICROSCOPY (SEM) 
Scanning Electron Microscopy (SEM) uses an electron beam to produce images of a sample 
through the scanning of the surface specimen. The electron beam interacts with the atoms of the 
specimen through elastic and inelastic interactions and produces various signals giving infor-
mation about morphology, surface topography, microstrain and chemical composition. In general, 
elastic collisions generate backscattered electrons, that usually produce images showing contrast 
related to the different chemical composition of the specimen. The inelastic interactions produce, 
among different signals, secondary electrons. We focus on secondary electrons because they pro-
vide images with topographic contrast since they escape from a depth of few nanometers. The 
number of secondary electrons expelled depends on the chemical composition of the material, so 
different elements generate different amounts of secondary electrons. When a specimen is irradi-
ated with a high-energy electron beam, interactions between the incident electrons (primary elec-
trons) and the atoms in the specimen produce various signals (Figure A.2). 
The electrons lose energy by repeated random scattering and absorption within a teardrop-shaped 
volume of the specimen. This is known as the interaction volume, which extends from less than 
100 nm to approximately 5 µm into the surface. The size of the interaction volume depends on 
the electron energy, the atomic number of the specimen and the material density. The resulting 
interaction between the primary electrons and the surface or near-surface of the material at differ-
ent levels of penetration results in the reflection of electrons with different energies, as well as 
electromagnetic radiation (mainly X-rays).  
 

 
Figure A.2. On the left the results of the interaction between the incoming electron beam with the specimen is 

shown. On the right the interaction volume and the regions of the various signal that may be detected are repre-
sented. 

 
SEM microscopy instrument is similar to the optics microscopy, it consists of:  

● High vacuum system: used to eliminate possible interactions between electrons and air 
particles; 

● Electron gun: generates electron beam thanks to thermoionic effect, usually composed by 
Tungsten filament (W) or crystal (LaB6) cathodes, and Field Emission Guns (FEG);  

● Optical system: made up by magnetic lens to focalize primary beam on the sample surface;  
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● Viewing screen: utilized to signal revelation and to collect images. 
 
In this work, two different SEM instruments were used. Specifically, the surface morphology of 
titania coated silicon substrate was checked by using a FEIQuanta 200 FEG ESEM instrument, 
equipped with a field emission gun, operating in high vacuum conditions and at an accelerating 
voltage variable in the range of 20÷25 kV, depending on the observation needs. Before the anal-
yses, the biological samples were coated with about 20 nm of an Au film deposited by Emitech 
K575X Turbo Sputter Coater.  
Cross-section images to investigate the TiO2 thin film thicknesses were examined by using a FE-
SEM Zeiss Sigma VP, equipped with Everhart-Thornley, BSE and inlens detectors operating at 
an accelerating voltage of 20 kV. 

A.3 SECONDARY IONS MASS SPECTROMETRY (SIMS) 
Secondary Ion Mass Spectrometry (SIMS) is a high sensitive elemental surface analysis technique 
able to detect elements concentrations up to the ppb level. A primary ion beam (e.g. Ar+, Cs+, Ga+, 
N2+, O2+) with energy in the 0.1-20 keV range is sputtered onto the material surface at high vac-
uum. The ion beam permeates into the solid and generates elastic and inelastic collisions with the 
atoms. These collisions lead to a shift of the atoms from their reticular sites which, in turn, push 
other atoms, generating the so called collision cascade process. As a result, there is a certain 
probability for a surface atom to obtain enough energy to escape from the solid. This depends on 
the mass and energy of the primary ion beam, on both ionization energy and electron affinity of 
the surface atom and other instrumental parameters. In this way the solid is progressively eroded 
and a new surface is exposed. The ejected particles are composed by neutral species (atoms or 
molecule) or ions (secondary beam). A mass spectrometer detects the fraction of charged particles 
originated from the surface, separating the different ions on the basis of their m/z (mass to charge) 
ratio. 
The chemical analysis of the upper monolayer makes SIMS specifically suitable for the investi-
gation of thin films, with the detection of surface functionalities. 
This technique is indispensable to the study of interface chemistry in a large variety of materials, 
both conducting and insulating, giving information about the diffusion of the chemical species by 
performing in-depth concentration profiles.  
It can work in two different settings:  

● Static: for surface analysis of the upper monolayer; low erosion rate, low current intensity, 
the sample is preserved; 

● Dynamic: for in-depth concentration profiles; high erosion rate, high current intensity, the 
sample is damaged. 

This technique is usually utilized to measure the in-depth profile for analyzing thin films features 
such as thickness, elements distribution, contaminants presence and inter-diffusion across the 
layer(s). As an example, in Figure A.3TiO2 thin film deposited on silicon wafer (Sample 15 de-
scribed in chapter 2) SIMS yield vs. depth profile is shown, where the trend of each ion species 
counts is displayed as a function of the erosion length. In the middle region of the graph in Figure 
A.3 the profiles of all the different ions are crossing each other: this region corresponds to the 
interface between the film and the substrate, so it allows the estimation of the film thickness and 
the relative inter-diffusion film-to substrate.  
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Figure A.3. SIMS profile of TiO2 thin film on Si substrate showing the in-depth profiles of the different ions corre-

sponding to the chemical elements present on the film. 
 
In this work, secondary ion mass spectrometry depth profiles were obtained by an IMS 4f 
(Cameca) mass spectrometer working in UHV conditions by using a Cs+ primary beam (10 kV, 
20 nA) and negative secondary ion detection. Compensating charge phenomena were done by 
means of an electron gun. Measurements were performed rastering over a 150 × 150 μm2 area, 
acquiring the signal from subarea 7x7 μm2 to avoid crater walls interferences. Beam blanking 
mode and high mass resolution configuration were adopted to improve in-depth resolution and 
avoid possible mass interference artifacts (see Table A.1). Erosion rate was estimated by measur-
ing the erosion depth at the end of each analysis by using a Tencor Alpha Step profilometer. 
 

Table A.1: SIMS experimental conditions used for the TiO2 thin films in-depth profile analyses. 
Primary beam Cs+ 
Energy 10 kV 
Sample potential -4500 kV 
Final impact energy 14,5 eV 
Primary current 20 nA 
Raster 150x150 μm2 
Secondary ions revealed C-, O-, Ti-, Si-, TiO- 

Charge compensation Electron gun 
Acquisition mode Beam Blanking 
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A.4 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 
X-ray Photoelectron Spectroscopy (XPS) is a technique used to investigate the chemical compo-
sition of solid surfaces, giving information of atoms chemical surround. It is based on the photo-
electric effect that consist of an emission of surface electrons, when the material is hit by a photon 
beam. Figure A.4 shows a scheme of the interaction between the light beam (hv) and the material, 
where the photon is absorbed, and an electron is ejected  

 
Figure A.4. Schematic representation of photoemission process 

 
If the beam energy is high enough to expel electrons (photoemission process) they can be col-
lected, and an electric current is measured. The kinetic energy of the photoelectron (Ek) is related 
to the electron binding energy (Eb) and the frequency of the photon (ν) by the Einstein relation, 
equation A.3:  
 

𝐸B = ℎ𝑣 − 𝐸E −𝑊  (eq. A.3) 
 

where W is the work function and describe the energy needed to remove an electron from a ma-
terial Fermi level to the vacuum, hu is the energy of X-ray photon.  
In the case of XPS the incident radiation is in the X-ray region (≈103 eV) of the electromagnetic 
spectrum, so it can be free electrons from the inner shells. The bond energies of these core elec-
trons are specific for each core orbital and for each element. This fundamental assertion allows to 
correlate each XPS signal to a specific element. If no collateral impact occurs, core-level electrons 
escape from the sample, with an Ek value related to EB by the Einstein equation. 
The observed binding energies also depend on the chemical environment and on the oxidation 
state leading to small shifts of an element peak position, the chemical shifts. 
Interestingly, the photoionization process, produces holes in the core levels, which can decay by 
the recombination with electrons coming from the outer energy levels (hole-electron recombina-
tion) and the excess energy release activates two competitive process:  

● Auger emission, a non-radiative decay where an outer-shell electron is photoemitted. Its 
energy depends on both the element and valence state of the involved level, but it is inde-
pendent of the nature and the energy of the source; 

● X-ray fluorescence, a radiative decay where the excess energy is released as photons. 
 

hv e
-
 

sample 
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In this thesis, X-ray Photoelectron Spectroscopy (XPS) investigations were carried out with a 
Perkin Elmer Φ 5600 ci Multi Technique System using a standard Al anode working at 250 W. 
Extended spectra (survey: 187.85 eV pass energy, 0.5 eV/step, 0.05 s/step) and detailed spectra 
(for Ti 2p, Ca 2p, Mg 2p, P 2p, O 1s, C 1s, 23.5 eV pass energy, 0.1 eV/ step, 0.1 s/step) were 
collected. The standard deviation in the BE values of the XPS line is 0.10 eV. The atomic per-
centage, after a Shirley-type background subtraction [Shirley D. A. 1972] was evaluated by using 
the PHI sensitivity factors [Moulder J. F. et al. 1992]. The peak positions were corrected for the 
charging effects by considering the C 1 s peak at 285.0 eV and evaluating the BE differences. 
 

A.5 WATER CONTACT ANGLE (WCA) 
Static water contact angle (θ) measurements are used to determine the surface wettability of a 
solid by a liquid. It is defined as the angle formed by a drop of water on a flat, horizontal solid 
surface, at the boundary where the liquid, gas, and solid intersect. Hydrophobic and hydrophilic 
surfaces can be defined using θ values: high angles indicate poor wetting; low values indicate 
good wetting. In general, for θ< 90° the surface can be considered hydrophilic, while for θ>90° 
the surface is hydrophobic. Ideal hydrophilic surfaces exhibit a contact angle close to 0°, whereas 
for ideal super-hydrophobic surface the angle is > 150°.  
The system for the static contact angle determination is formed by a horizontal sample stage, a 
motor driven syringe to drop the liquid and a camera. This method is based on the analysis of the 
drop shape after few seconds (10-20 s) from its deposition on the sample. Once the liquid is 
dropped on the surface, the image captured by the camera is analyzed by a software which evalu-
ates the angle formed between the solid/liquid interface line and liquid/vapor interface line. This 
technique requires low expensive equipment and information about surface properties may be 
easily obtained: by applying Young’s equation (A.4) it is possible to relate the liquid/solid-, liq-
uid/vapor- and solid/vapor-surface tension (γls, γlv, γsv ) to θ, (Figure A.5) [Kwok D. Y. et al. 1998] 
 

𝛾%G𝑐𝑜𝑠𝜃 = 𝛾HG − 𝛾%H				(𝑒𝑞. 𝐴. 4)	
 

 
Figure A.5. Schematic representation of the three tensions formed from three states interface: solid, liquid and 

vapor. 
 
However, this goes beyond the investigation scope of this thesis, which is to monitor the samples 
surface wettability over ageing-time.  
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In this work, water contact angles were measured to determine the wettability of ALD TiO2 coated 
Si(100) substrates as function of ageing-time (by conserving all the samples in a dryer under con-
stant conditions at RH= 43% ± 5%).   
A custom-made apparatus was used with deionized water as liquid. All measurements were done 
in ambient conditions (T = 20-25°C). The drop deposited on the sample surface by the syringe 
was of 4 µL and the equilibrium WCA was measured after 10 seconds from water drop deposition. 
A CCD camera was used to observe the deposited drop. The reported values are the average of 
three determinations. The image was analyzed with the ImageJ software (plugin LB-ADSA, Low 
Boundary Asymmetric Drop Shape Analysis) (Figure A.6). 
 

 
Figure A.6. Screenshot of a LB-ADSA contact angle analysis 
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