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Abstract

This thesis work was carried out at PoliFAB, the micro and nanotechnology center of
the Politecnico di Milano with the help and support of STMicroelectronics. This joint
research project was aimed at the study and improvement at the functional properties
of potassium sodium niobate (Kg5Nags;NbOs), which is a lead-free piezolectric material
that is promising, in terms of performances, to substitute the more popular lead-based
functional materials used today, as lead titanate zirconate (PZT). The European Com-
munity is aiming to eliminate toxic elements, such as lead, from electronic devices by the
end of 2025; the research and the study of those lead-free materials is thus crucial. The
development of a stable and repeatable process to use those materials is mandatory to be
able to meet the next safety standards. In addition, as the absence of harmful elements for
the human body make them interesting for bio-applications. However, one major issue of
KNN films with respect to PZT is its tendency to not be able to exploit the piezoelectric
effect effectively due to a non-negligible current leakage which is promoted by the loss of
alkaline elements during the deposition process and by oxygen vacancies in the film. In
this work, KNN thin films were grown by the Pulsed Laser Deposition (PLD) technique
on Pt(111)/TiO2/SiOy/Si substrates. The crystal orientation, morphology, stoichiometry,
and other properties of the films were characterized. In addition, to test for the piezoelec-
tric performance of the KNN films, a cantilever design was modelled and simulated using
a finite element analysis software (FEA). This cantilever structure was at the end realized
and characterized but due to the leakage issues the piezoelectric performances were poor.
A particular attention was also directed to the electrical conduction mechanism in the ob-
tained Metal-Insulator-Metal (MIM) stacks; in detail the impact on the current leakage of
different metals used as top contacts was evaluated and the found rectifying behavior was
associated with oxygen vacancies at the metal-KNN interface. This Schottky diode was
in the end demonstrated. Finally, with the aim of reducing alkaline and oxygen vacancies
to decrease leakage currents, Rapid Thermal Processing (RTA) of KNN was studied with
overall good results on stoichiometry conservation.

Keywords: K ;Nay;NbOj, lead free piezoelectric, leakage mechanisms, piezoelectric

films, rapid thermal crystallization
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1ii

Abstract in lingua italiana

Questo lavoro di tesi é stato svolto presso PoliFAB, il centro di micro e nanotecnologie del
Politecnico di Milano con I'aiuto e il supporto di STMicroelectronics. Questo progetto di
ricerca ¢ stato finalizzato allo studio e al miglioramento delle proprieta funzionali del nio-
bato di potassio e sodio (Kg5NagsNbO3), che & un materiale piezoelettrico senza piombo
che potrebbe sostituire in termini di prestazioni, i pit diffusi materiali piezoelettrici a base
di piombo oggi utilizzati, come per esempio il titanato di piombo zirconato (PZT). La
Comunita Europea punta a eliminare gli elementi tossici, come il piombo, dai dispositivi
elettronici entro la fine del 2025; la ricerca e lo studio di questi materiali “lead-free” &
quindi cruciale. Lo sviluppo di un processo stabile e ripetibile per utilizzare questi mate-
riali & obbligatorio per poter soddisfare i prossimi standard di sicurezza. Inoltre, I’assenza
di elementi nocivi per 'organismo umano li rende interessanti per le bioapplicazioni. Tut-
tavia, uno dei principali problemi del KNN rispetto al PZT ¢ la sua tendenza a non essere
in grado di sfruttare efficacemente 'effetto piezoelettrico a causa di una dispersione di
corrente non trascurabile che ¢ promossa dalla perdita di elementi alcalini durante il pro-
cesso di deposizione e dalle vacanze di ossigeno nel film. In questo lavoro, film sottili di
KNN sono stati cresciuti mediante la tecnica Pulsed Laser Deposition (PLD) su substrati
Pt(111)/TiO4/SiO4/Si. Sono stati caratterizzati l'orientamento cristallino, la morfologia,
la stechiometria e altre proprieta dei film ottenuti. Inoltre, tramite un software simulativo
a elementi finiti é stato modellato un “cantilever” per testare le prestazioni piezoelettriche
dei film KNN. Questa struttura é stata infine realizzata e caratterizzata ma a causa dei
problemi di dispersione di corrente le prestazioni piezoelettriche sono risultate scarse.
Una particolare attenzione é stata poi rivolta anche al meccanismo di conduzione elet-
trica negli stack Metallo-Isolante-Metallo (MIM) ottenuti; in dettaglio & stato valutato
I'impatto sulla dispersione di corrente di diversi metalli utilizzati come contatti elettrici
superiori e il comportamento rettificante trovato é stato associato alle vacanze di ossigeno
all’interfaccia metallo-KNN. Questo comportamento ¢é stato collegato con la presenta di
un diodo di tipo Schottky. Infine, con I'obiettivo di ridurre le vacanze alcaline e di os-
sigeno, per ridurre le perdite di corrente, é stato utilizzato un diverso tipo di trattamento

termico; in particolare un Rapid Thermal Processing (RTA). Questo processo ha portato
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a buoni risultati sulla conservazione della stechiometria ideale del film.
Parole chiave: K5Nags;NbOg3, piezoelettrici senza piombo, film piezoelettrici, disper-

sione di corrente, annealing termico rapido
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]_ ‘ Introduction

1.1. Piezoelectric materials

Piezoelectric materials are a fundamental class of materials in the electronic field as their
properties are able to exploit the energy conversion mechanism; in particular mechanical
to electrical. In fact when subjected to mechanical vibrations or applied stress, induces
the displaced ions in the material and results in a net electric charge due to the dipole
moment of the unit cell. In detail the piezoelectric effect results from the linear electrome-
chanical interaction between the mechanical and electrical states in crystalline materials
that exhibit a non-inversion symmetry. When no pressure is applied on a crystal the
centre of negative and positive charges coincide. The molecule is thus electrically neutral.
But when a stress is present the molecule is distorted, displacing the charge centres, and
this results in a small dipole inside the molecule. In order to be polarized by a stress the
crystal structure must lack of inversion symmetry; if a crystal instead has a symmetry in-
version the position of the charge center remains unaltered as every charge movement will

be mirrored by an equal charge (fig. 1.1). The piezoelectric effect is a reversible process:

(a) A structure with inversion symmetry. With this(b) A crystal structure that lacks of inversion sym-
symmetry property piezoelectricity cannot be ex-metry. Under pressure a net polarization can be
ploited. found.
Figure 1.1: Schematic representation of inversion-symmetric and non inversion-symmetric

crystals (from [1]).
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materials exhibiting the piezoelectric effect also exhibit the reverse piezoelectric effect,
the internal generation of a mechanical strain resulting from an applied electrical field [2].
Piezoelectricy is often associated with ferroelectricy as in fact this is the property of a
material to be able to show a piezoelectric effect even in abscence of an applied field (such
as ferromagnetic materials have a net magnetic moment with no magnetic field applied).
This can be seen in figure 1.2 where the pervoskite structure of a piezoelectric material
in shown. However this property is lost when the Curie temperature (7,) is reached and
a phase transition between a ferroelectric state and a non polarized state is found. It
is possible to take advantage of this phenomenon since the electric potential across the
material can be collected. Piezoelectric materials are in fact often used as transductors in
many different fields. Due to this key characteristics those type of materials have found

interest in the engineering and industrial application fields.

1.2. Applications

Piezoelectric ceramics are found in a variety of products such as motors, sensors, actu-
ators and transducers spanning from daily objects to the aerospace industry [4]. For
example, the automobile industry is one of the mainly user of piezoelectric materials.
Those are in fact employed in various aspects of products such as automotive-like tire
pressure and monitoring systems, engine management system, vehicle stability /passenger

safety system (seatbelts, airbag sensors), and more [5]. One example where a material

O:A" [ B O:O"

=l

T<T,

Figure 1.2: Perovskite structure of a ferroelectric material. If the temperature is below
its critical value T, the crystal is orthorombic and net polarization is present due to the
slightly displacement of the atom in the middle of the structure. PZT and KNN also
adopt this structure (from [3]).
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with those characteristic is crucial is the diesel engine, where the precise control of a high
pressure fluid can only be possible with a piezoelectric actuator [6]. Piezoelectric mate-
rials are also considered to be one valid approach to collect energy in a new sustainable
way. The piezoelectric property can be used to harvest renewable energies such as ambi-
ent vibrations or acoustic waves [7]. In fact piezoelectric generators are able to convert
mechanical energy given by the environment into useful electrical energy. In particular,
vibration-based energy with frequencies in kHz range can reach an energy density up to
milliwatts per cubic centimeter. Using this kind of ceramics to harvest energy can po-
tentially transform the way we power /recharge electronic devices as no external power is
required to do so. In particular, all the cited applications are not dependant on the size
of the device, allowing for miniaturization if necessary and this can be the case for the
so called Micro Electronical Mechanical Systems (MEMS) where the microscale is fun-
damental for the implementation in many integrated circuits. By downsizing the scale,
is in fact possible to create complicate devices of micrometric size usually with moving
parts, such as gyroscopes, energy harvesters, accelerometers, etc.. Piezoelectric materials
are thus adaptable to be used in different designs, from fully suspended membranes to

cantilevers, this allowing for a wide range of applications.

1.3. State of the art and materials

One of the most important advances in piezoelectric materials, from the point of view
of their possible applications, is the acknowledgment of materials, that display a strong
piezoelectric properties. This is the case of lead zirconate titanate (also known as PZT
(Pb(Zr,Ti;—,)O3)) solid solutions ceramics that back in 1954 were firstly characterized
[8]. Since that moment, lead zircon titanate compounds were taken as a reference for
further understanding and improvement of piezoelectric properties [9]. One way to char-
acterize such materials is to study the so called longitudinal piezoelectric coefficient (ds3).
This parameter represents the induced polarization in the same direction of an applied
stress; the higher, the strongest the piezoelectric response. Due to its high piezoelectric
coefficient value PZT has been leading the market of industrial applications and resources
for decades. The applicability of lead zirconate titanate compound is also supported by
its high critical temperature. Such temperature (also known as Curie temperature) is a
specific temperature (particular for each material) over which the ferroelectric (and thus
also the piezoelectric) properties of that material disappear [10]. The highest reported
dss value for PZT is 870 pC/N, with a critical temperature of 160°C [11]. Due to the
superior properties of PZT no other materials have emerged in the past 20 years that

are able to compete against it, considering not only its performances, but also in all the



4 1| Introduction

industrial aspects such as stability of the processing and cost. PZT is in fact the most
used piezoelectric material in the world. However, it has a major trade off; it is consid-
ered to be dangerous to human health and environment due to the high concentration of
lead in the compound. This has created some concerns around it and extensive research
has started to be carried out in order to find other piezoelectric materials capable to be
comparable with PZT. This research has also been pushed by the European Union via

different directives as explained in the next section.

1.3.1. Lead free piezoelectric materials

When the European Parliament imposed the RoHS (Restriction of Hazardous Substances)
directive in 2002 (known as lead-free directive [12]), lead was included as a substance of
which use had to be restricted. Due to this, research in the piezoelectric field has par-
ticularly grown interest on lead-free substitutes. Even though legislative restrictions by
the European Union are aiming to eliminate toxic elements in electronic devices by 2025,
research by companies still represent less than 1% of sales revenue of piezoelectrics; the
main research in this field is mainly carried out by universities [13]|. In our case a joint
research partially sponsored and supported by STMicroelectronics [14] has been carried
out. Although lead-free alternatives do exist, it is not easy to replace old and commonly
used lead solutions with newer materials, especially if those lead-free materials are not

able to provide better performances.

In the field of lead-free piezoelectric ceramics, potassium sodium niobate (KNN - Kj 5Nag s NbO3)
has emerged as a promising candidate to replace lead zirconate titanate. As PZT, KNN
has the crystalline structure of perovskite that shows a orthorhombic phase at room tem-
perature [15]. Many different studies have been performed on this material and one of
the most outstanding ds3 piezoelectric coefficients was found in 2004: dsz3 > 400 pm/V
[16]. Thanks to such good results, KNN could be in principle a suitable material able to
expand in the piezoceramic industry. Also, its Curie temperature (also known as critical
temperature T,) allow KNN to be used in many different fields (7, can vary from 150°C
to 400°C if suitable doped [17]). However, despite the remarkable progress made in the
fabrication of KNN bulk ceramics over the past few decades, applications of KNN in
thin film form are still in their early stages and currently represent a hot research topic.
Several aspects of fabricating KNN films still need to be optimized, such as the precise
control of stoichiometry, doping with appropriate elements and the formation of ternary
compounds with other metal oxides. In addition, a full understanding of the conduction

and loss mechanisms and the electrical response at different frequencies is still lacking.
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Nevertheless, KNN is suitable for enabling applications in the field of green and biocom-
patible micro- and nano-electromechanical systems (MEMS and NEMS [18]). KNN and
some other lead-free ferroelectrics and piezoelectrics show promise for small sensors, ac-
tuators, lab-on-a-chip electronics, and memory devices with high energy efficiency. If thin
film deposition and device fabrication processes are made cost-effective and affordable for
the industrial sector, KNN could be deployed on a large scale and partially replace lead
zirconate titanate (PZT). Moreover KNN has better resistance to fatigue with respect
to PZT [19]. Regarding full device fabrication, however, also other ancillary materials
needed for efficient operation of KNN-based electronics are as important as the piezoelec-
tric itself. In particular, the choice of suitable electrode materials is crucial as the bottom
electrode material deeply influences the film texturation and morphology, while both top

and bottom electrodes determine the leakage and linearity of the piezo-response [20].

1.4. Choice of the experimental setup

Pulsed Laser Deposition (PLD) was the chosen experimental techinque for this work
to grow KNN ceramic films. However, different and comparable methods are already
available and many different processes are suitable to be optimized and tuned. One
example is the sputtering deposition which has a higher deposition rate for fundamental
research. Using PLD it is possible to fine-tune the process to achieve demanded material
properties. This is in fact has been done in previous works where small KNN samples
were grown and characterized following an optimized process which was a result of wide
studies of process’ parameters and adjustments [20], [21]. However, even though the
grown KNN samples show good crystallographic and stoichiometric properties, they tend
to suffer from leakage. Leakage in KNN devices will be discussed in detail later in the
present thesis. For KNN leakage has been related to two defects: the loss of alkali elements
and the creation of oxygen vacancies. The first one is related to the high temperature
reached during the various phases of the process while the latter has been associated to
the creation of detrimental oxides between the KNN layers and the metals used for top
and bottom electrodes. While the first can be in principle fixed by changing the deposition
or the annealing temperature, the latter depends on more stages of processing. We have
in fact chosen to perform a Rapid Thermal Annealing (RTA) only after the deposition
in order to enhance the crystallization of the material and the loss of the alkali atoms as

they are directly proportional to the process deposition and annealing temperature.
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2 ‘ Experimental Techniques

In this chapter the main experimental procedures and instrumentation are explained.
KNN films were deposited onto Pt(111)(100 nm)/TiO5/SiO2(700 nm)/Si substrates by
Pulsed Laser Deposition (PLD) technique. Substrates were provided by STMicroelectron-
ics and they have also been used for previous process optimization [21], [20]. Different
growth conditions have been able to produce different thicknesses, from the classic de-
position for which the thickness is around 300nm to the RTA processed films where the
thickness is circa 200nm. The work is mainly performed in an ISO-08 class cleanroom
where many characterization procedures are performed ex-situ with the sample exposed
to the controlled atmosphere of the cleanroom. The films’ surface morphology and compo-
sition are examined using a Scanning Electron Microscope (SEM) and Energy-Dispersive
X-ray spectroscopy (EDX), respectively. Then an electrical characterization of the sam-
ple is performed; contacts are deposited on the sample by an e-Beam evaporator or using

sputtering, and two-point probe measurements are made.

2.1. Pulsed Laser Deposition - PLD

The Physical Vapour Deposition technology family (PVD) includes Pulsed Laser Depo-
sition (PLD), which is conceptually and empirically very straightforward. This method
uses a high-energy pulsed laser beam that is focused on a target of the material to be de-
posited in controlled environment (such as a vacuum chamber with the possibility to flow
inside other gasses such as oxygen or nitrogen). A plasma plume made up of a mixture
of electrons, ions, atoms, molecules, and other particles is created when the laser beam
vaporizes a portion of the target material. The sample substrate is also placed in the
chamber and is typically oriented parallel to the target. The plume rapidly grows in the
chamber and deposits onto it. Target rotation and movement cause different areas on the
target surface to be struck by the laser, which results in uniform target ablation (some
setups use optical components to move the laser onto the target rather than moving the
target and keeping the laser spot fixed). A picture of the uniform ablated target, the

working principle and the plume created when the laser hits the target can be seen in
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(a) Laser hitting the target and formation of the (b) Target after ablation.
plume.

Deposition

Target Rotator Chamber

Laser Beam

Window

Focusing Lens

Substrate Heater

(¢) Sputtering deposition schematic [22].

Figure 2.1: Target photos during the process and after the ablation and scheme of the

working principle.



2| Experimental Techniques 9

figure 2.1. To improve crystallization and deposition homogeneity, the sample can be
heated (using a 400 W infrared lamp in an Al coated reflector placed in the back of the
sample holder in our setup which can be temperature tunable increasing the current flow
manually) and rotated continuously throughout the process. Additionally, the chamber
can be filled with a background gas to enhance the composition of the deposited material.
Both of the procedure are usually done in the process of deposition of KNN. Despite the
conceptual simplicity of PLD, the laser-target interaction is quite complex and depends
on numerous laser, environmental, and target material parameters. Material atomization
is actually caused by a sum of thermal, chemical and mechanical energy contributions.
The sputtering process itself is a mixture of collisional, thermal, electronic, exfoliation
and hydrodynamic sputtering [23|, [24]. Aside from its simplicity, PLD is also one of the
most flexible deposition techniques, since with a proper setup almost any material can
be grown by PLD. Everyday the list of materials that are able to be deposited using this
technique is increasing. PLD also has some disadvantages, including the occurrence of the
deposition of some particles and the specific careful tuning of the growth parameters for
each material and situation that has arisen from the PLD versatility itself, which requires
a long optimization of the process parameters for each specific material. The stoichiome-
try of the deposited film is fundamental to obtain suitable electrical performances of the
ferroelectric. This problem is strongly related to ferroelectric materials since difficulties
arise when the composition contains volatile elements such as Pb, Li or K. These elements
may not adhere to the substrate or could re-evaporate from the film, resulting in a lack
of volatile elements in the deposited film. The role of the laser in volatiles incorporation
is secondary to the chamber gas environment, particularly the oxidizing background gas
pressure. Substrate temperature plays an important role in crystallization orientation and
can affect film composition in the presence of volatile elements. One strategy that can be
used to achieve the desired stoichiometry is to add an excess of volatile elements to the
target. This approach, although empirical, since the interaction of the ablated material
and the gaseous environment is not yet understood, can easily lead to large compositional
improvements [25]. The scheme of the whole The LASSE (Layered Artificial Structures
for Spin Electronics) where the PLD deposition technique is included can be seen in figure
2.2. The exciting source employed for PLD is a Continuum Powerlite Precision II 8000
quadrupled Q-Switched Nd:YAG class-4 laser with fourth-harmonic-generated wavelength
of 266 nm [26]. The used target for the deposition of both classic PLD growth and RTA
processed films is a stoichiometric Kg5Nag5NbO3 ceramic target. The temperature of the
sample could been read anytime using a pyrometer tuned to the emittivity of the platinum
(~ 0.30 [27]).
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MC magnetic
hemispherical quartz transfer arm
electron crobalance SPC |

/' IC .
N & magnetic
[transfer arm ' | =" L transfer arm
{ ‘ O, inlet
PPC > MBE target valve
- sputtering holder
additional Fe ﬂ D PLDC
evaporator un_
())RHEED
screen
sample holder
with heating
stage

Figure 2.2: LASSE scheme. The red perimeter highlight the PLD experimental apparatus
used to deposit KNN.
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2.1.1. Nominal condition process in detail

To remove possible organic residuals of the coating protective layer of the wafer, an ex
situ plasma cleaning for 10 min in oxygen plasma is performed before the process to
the substrates. Then the substrate is placed inside the PLDC (fig. 2.2) and in order
to promote Platinum surface reconstruction and to remove particles deposited onto the
surface, a in situ vacuum annealing is performed at a temperature of 650 °C circa for
90 minutes with a final pressure of 5 x 10~7 mbar. The fine tuning of the classic PLD
deposition has been researched in past works [21], [20] and so the optimal parameters
to have a KNN deposition with the right stoichiometry and a preferential crystalline
orientation have been found to be a laser fluence of ~ 100 mJ/cm? with a frequency of
the laser pulse settled to 10 Hz. The target substrate distance is fixed at 35mm and the
deposition temperature of the substrate is held at 615°C with a constant oxygen pressure
of 220 mTorr. The deposition takes 110 minutes to grow a ~ 300nm KNN film. Right
after the deposition the sample was annealed in-situ at a temperature of 500 °C for 30
minutes with a 0.5 atm oxygen constant pressure to promote the crystallization of the
films and reducing the possible oxygen vacancy; those vacancies seem to be responsible to
strongly altering the electrical properties of the piezoelectric film [28]. After the oxygen

annealing the sample is cooled till room temperature |20].

2.2. Rapid Thermal Annealing - RTA

To apply the Rapid Thermal Annealing procedure a UniTemp RTP-150-HV (fig. 2.3)
furnace for rapid annealing processes [29] has been employed. The furnace can work
both in high vacuum conditions (up to 107% mbar) and using various standard process
gases (such as nitrogen and oxygen). Nitrogen is also used for cooling the substrate.
The heating is made by 24 infrared lamps, for a total power of 21 kW. All the programs
parameters such as pressure, final temperature, process duration, cooling time can be

manually programmed.

2.2.1. RTA process in detail and main differences between the

classic deposition

In this section are highlighted the main differences of the process studied in order to
improve KNN films characteristics. In fact the main difference with respect to the classic
PLD deposition is given by the fact that first all the KNN deposition is made at 400°C

and secondly the oxygen annealing after the deposition is not performed at all. So after
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Figure 2.3: UniTemp RTP-150-HV [30].

the KNN has been deposited, the sample is let cool down till room temperature, after
that it is moved to the RTA furnace and here a rapid thermal annealing is performed in
normal atmosphere condition. Usually a ramp of 20°C/s is used to reach the annealing
temperature and then the temperature is held for an arbitrary amount of time. At the
time being it was not possible to anneal in pure oxygen atmosphere as the line of the

oxygen was not yet present.

2.3. Morphological characterization

After the KNN deposition, the first measurements performed are a qualitative morpho-
logical analysis of the sample surface and the crystalline orientation with SEM (Scanning
Electron Microscope). This gives us an immediate, albeit qualitative, idea of the in-
fluence of the growth parameters (such as temperature or oxygen pressure) and on the
resulting film. Stoichiometric properties are then mostly observed by a subsequent EDX
measurement. From this we can get the approximate dependence of the composition on
growth parameters, a crucial element to consider in order to understand the best growth

conditions.

2.3.1. Scanning Electron Microscope (SEM)

Scanning electron microscopy is one of the fastest and easiest ways to image the morphol-
ogy of materials. Because crystalline features can be on the order of tens of nanometers,

optical microscopes are not suitable for these observations: at the diffraction limit, details
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smaller than the probe wavelength cannot be observed. However, changing the probe from
photons to electrons allows for higher resolution detection. In SEM, a beam of electrons
is emitted from a field emission gun and then scanned across the entire characterization
area, scanning the sample surface. Several different interactions of the material with the
beam then take place, one or the other of which could be examined depending on the ap-
plication. We used a Raith LEO 1525, a high-resolution field emission scanning electron
microscope (FE-SEM). Using a GEMINTI field emission column, the microscope can be
operated at voltages from 0.5 kV to 20 kV with a spatial resolution of 1.5 nm at 20 kV and
3.5 nm at 1 kV. Measures are taken in a vacuum chamber at pressures of 1.5 - 10~° mbar
to avoid any gas affecting the electron beam. In the electron gun, a tungsten filament is
heated to 1800 °C, and then electrons are emitted thanks to an extractor at a potential
of +75 kV. Electrons are accelerated through the gun through a modifiable aperture (de-
fault is 30 pm) by a potential difference of 10 kV. A cross-section of the SEM is showed in
figure 2.4. Backscattered electrons (BSE) are collected at the in-lens detector and can be
analyzed to obtain a black and white image of the scanned surface. Because BSEs usually
have fairly high energies, stemming from elastic collisions with the sample atoms, it is
easy for these electrons to reach the detector. Therefore, by increasing the voltage of the
electron beam, different depths of the sample can be analyzed. An Everhardt-Thornley
detector measures secondary electrons (SE) for simultaneous topographic imaging with
subnanometric resolution. However, SE usually have lower energies, making it more diffi-
cult to reach the detector; they therefore provide surface-sensitive measurements. In this

work, backscattered electrons are the main source of morphological characterization with
SEM.

2.3.2. Energy-Dispersive X-ray Spectroscopy (EDX)

SEM provides useful morphological information, but nothing can be said about the chemi-
cal composition, which is particularly relevant considering that it is complicated to achieve
a stoichiometric film by PLD growth. For this purpose, energy dispersive X-ray spec-
troscopy (EDX or EDS) is used. EDX can be used to measure surface element composi-
tion and element fractions. The Bruker Quantax EDS chemical microanalysis system for
SEM is available in the same device as the SEM. Quantification is then possible through
available fitting models and specific elements can be targeted [33]. This technique uses
the X-rays emitted by the sample when they are excited in some way. Our system uses
an electron beam that is focused on the sample and accelerated with a variable voltage
of a few kV; The higher the acceleration voltage, the deeper the electrons penetrate into

the film, so different sample depths can be achieved by changing the voltage. When an
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Figure 2.4: Raith LEO 1525 in the yellow room and working principle of the SEM.
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electron of sufficient energy strikes a material atom, there is a likelihood that it will excite
an electron from an internal energy level of the atom. A critical condition for this is
that the beam electron energy is greater than the binding energy of the atomic electron
(the former should be at least twice the latter for efficient excitations). That electron is
then ejected from the shell, while an outer, higher-energy electron could take its place,
decreasing in energy. The energy difference between the higher energy state and the lower
energy final state of this electron is emitted as X-rays. The energies of atomic shells are
sharply defined, as are the energy differences between two shells. The emitted X-ray pho-
ton is therefore characteristic of the atomic shells and thus of the type of atom itself; For
this reason it is also known as the characteristic X-ray. These characteristic X-rays result
in sharp peaks in the EDX spectrum. A second contribution to the spectrum is formed
by the so called bremsstrahlung which comes from electrons that are slowing down due
to interaction with the lattice. However, this radiation provides a frequency-continuous
contribution to the spectrum and acts as a noise background that limits the resolution
achievable with EDX [34]. An example of a signal acquired and fitted by the model is
shown in figure 2.5; peaks intensity are directly proportional to their height. One useful
thing that EDX provides is the fact that is it possible to use the signal obtained and
mesh it with the image acquired by SEM to create a color coded map where the signal is
directly proportional to the brightness of the color in that area. Not only it is possible to
have a visual inspection of the film X-ray signal but also it is possible to filter the image
for each element as can be seen in figure 2.5 where only nickel, niobium and potassium

were chosen to be shown.

2.3.3. X-Ray Diffraction (XRD)

X-ray diffraction (XRD) is a common technique that can be used for a variety of purposes,
including determining sample composition, strain measurement, and sample phase. In
the present work, XRD is used to measure the lattice constant of the film structure
and thus obtain the lattice orientation of the deposited film. X-rays are used because
a wavelength similar to the distance between atoms in the sample is needed, otherwise
longer wavelengths would not be affected by the crystal. The ray, which is incident at an
angle 6 (called a diffraction angle) with respect to the sample surface, is deflected upon
hitting an atom at an angle 20 with respect to the direction of the incident ray. Rays
are diffracted by different atomic planes; at some diffraction angles the diffracted rays
cancel each other out, at others constructive interference occurs. The diffraction angle
at which constructive interference occurs can then be used to determine the difference

between atomic planes using Bragg’s law 2dsinf = n\, where X is the beam wavelength,
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0 is the diffraction angle, n is an integer, and d is the distance between atomic planes; see
figure 2.6 for a brief scheme of the working principle. At these angles, a peak in intensity
will be detected. Angles of these peaks can thus be used to obtain information about
the atomic planes distance through Bragg’s law equation, and distance can be used to
determine composition or crystalline structure of the sample [35], [36]. Our measurements
were performed at room temperature (#—260 scans) with a Rigaku SmartLab XE X-Ray
Diffractometer [37]; the instrument exploits the characteristic X-ray radiation of a Copper
anode (with a characteristic wavelength of A = 1.5406 A).

2.4. Leakage characterization

Morphological and compositional measurements of the sample can give preliminary in-
dications of the quality of the deposited film while electrical characterization provides
information about the electrical properties of the sample; in particular we are interested
into probing the current leakage through the film. Electrical measurement results can
vary depending on many factors, from electrode material [21] to temperature [40]. In
order to apply a voltage to the film metal contacts must be deposited onto the ceramic,

then with a two point probe current leakage is measured.

2.4.1. Pad deposition

To characterize the films in terms of current leakage, a matrix of square pads had to be
deposited onto the growth KNN. Various technique has been exploited to deposit different
metals; for nickel, titanium and chromium we have employed a metal evaporation while
for platinum a metal sputtering has been used. However, in order to deposit the Platinum
metal pads to probe the cantilevers, litography techinque has been exploited to deposit a
mask onto the film to preserve the platinum in a well shaped pattern the was previously
deposited using the standard sputtering methods. Ion Beam Etching technique has been
used to create the nickel pads as in fact in order to have a pad onto the film, a first layer
of nickel must be deposited and then, after the deposition of the titanium pads matrix, it
has to be removed to avoid short circuits while probing for I-V curves. All the matrices of
pads were deposited using a physical mask. The obtained pads have different thicknesses

(that depends on the deposition rate or the technique used) with a section of 38x38 pm?.

Metal sputtering

The sputtering system used to deposit platinum pads onto the KNN films is the AJA
ATC Orion 8 manufactured by AJA International Inc. [41]. Magnetron sputtering is a
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(a) X-Ray Diffractometer Rigaku SmartLab XE [38].
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(b) XRD schematic setup and working principle [39].

Figure 2.6: X-Ray Diffractometer used and working principle.
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physical vapor deposition technique, which allows a good film adhesion to the substrate,
and a high control on the thickness, uniformity and composition of the deposited material.
By first creating a gaseous plasma and then accelerating the ions from this plasma into
some source material (i.e. the target), the source material is eroded by the arriving ions
via energy transfer and is ejected in the form of neutral particles — either individual
atoms, clusters of atoms or molecules. As these neutral particles are ejected, they will
travel in a straight line unless they come into contact with something — other particles
or a nearby surface. If a “substrate” such as a Si wafer is placed in the path of these
ejected particles, it will be coated by a thin film of the source material. In order to create
the plasma, atoms of an inert gas (frequently Ar) are introduced into the HV (High
Vacuum) chamber and a negative bias voltage is applied to the target. Free electrons
are immediately accelerated by the electron field in proximity to the target and ionize
by collision the Ar atoms leaving Ar+ ions. This cascade process ignites the plasma.

At this point, positively charged Ar+ ions are accelerated towards the negatively biased
electrode, striking the surface and releasing source material and more free electrons by
energy transfer. In magnetron sputtering, permanent magnets are located behind the
target in order to confine the free electrons in a magnetic field directly above the target
surface. This provides a double advantage: first, the free electrons, which are rejected by
the negatively charged target, are prevented from bombarding the substrate, which would
cause overheating and structural damage; second, the circuitous path carved by the free
electrons along the lines of the magnetic field enhances the probability of ionizing neutral
Ar atoms by several orders of magnitude. This increase in available ions significantly
increases the rate at which target material is eroded and subsequently deposited onto the
substrate. Due to the high cost of the platinum this technique was not exploited that
much as in fact to deposit metals that has a certain cost, to optimize the process cost

ratio, the deposition is done in batches of different sample all in one process phase.

Ion Beam Etching (IBE)

Sputtering and Ion Beam Etching System — Kenosistec VS80 manufactured by Kenosistec
[43]. Ion Beam Etching is a physical dry etching technique where Ar+ ions are accelerated
towards the sample in a vacuum chamber. Not dissimilarly to what happens with sput-
tering targets, the sample material is removed by energy transfer between the accelerated
Ar atoms and the sample surface. Ar+ ions are generated from inert Ar gas through a
discharge current. Here, a filament run by current, which is the cathode, emits electrons
by thermoionic effect. These electrons, accelerated towards the anode by the voltage ap-

plied between the electrodes (discharge voltage), hit and ionize the Ar atoms giving rise
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(a) AJA ATC Orion 8 [41].
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(b) Sputtering deposition schematic (from [42]).

Figure 2.7: AJA magnetron sputtering machine and schematic.
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(a) Kenosistec VS80 [43]
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Figure 2.8: Ton Beam Etching machine and schematic.
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to Ar+ ions and free electrons. These free electrons, which are also accelerated by the
potential difference, contribute to maintain the plasma. Some of the Ar-+ ions are then
accelerated toward the sample by a grid set at a negative potential (accelerator voltage).
IBE in particular has been used to create the Ni pads as the physical mask has been
giving not good results in the previous deposition experiment; since what is important for
the leakage characterization is the Metal-KNN interface we need firstly to deposit Ni to
create such interface and then we need to remove it to avoid having a continuous metal
layer that could have given us back a short circuit while measuring the I-V curve. After
the Ni deposition a matrix of Ti must be deposited in order to create the actual contacts,
after that Ni is etched via IBE. Etching rate in normal condition for Ni is 30 A /min
(~ 3nm/min) while for Ti is 30 A /min [45] so the Ti on top was basically untouched after
the process (usually 10-12 minutes of etching as the deposited Ni layer is 30nm); also no
particular damage has been found on the KNN film. In figure 2.9 is possible to have a

visual representation of this process.

2.4.2. 'Two-points probing

The measures are carried out ex-situ in a controlled atmosphere using a Manual Elec-
tric Probe System, the SUSS MicroTec PM5 provided by SUSS MicroTec AG [46], while
voltage source used is the Keithley 2612 System SourceMeter provided by Keithley [47].
Despite the insulating properties of piezoelectric oxide films, leakage current is always
measured. Because this current, however small, could affect the proper functioning of
a device and the electrical properties of the film, measurements of this current must be
made. Is it possible to measure the leaking current by sweeping the voltage with a pos-
itive triangular followed by a negative triangular voltage profile. For measuring current,
there are two possible setups. While top-bottom measurements are performed between a
bottom metal layer on which the thin film has been placed and a top electrode, top-top
measurements are performed between two identical electrodes deposited on the thin film.
Even though the top-bottom structure is inherently asymmetric, measurements made in
this configuration should be symmetric. As a consequence, the reported capacitance is the
same as that of a single thin film that is twice as thick as the actual film. In the case of
the top-bottom configuration the tip touching the metal pad is always the one controlling

the bias while the tip placed on the bottom electrode is kept at ground potential.

2.4.3. Conductive Atomic Force Microscopy (C-AFM)

Conductive atomic force microscopy (C-AFM) or current-sensitive atomic force microscopy

(CS-AFM) is a mode in atomic force microscopy (AFM) that simultaneously measures
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the topography of a material and the electric current flow at the point of contact of the
tip with the sample surface. The topography is measured by detecting the deflection of
the cantilever with an optical system (laser and photodiode) while the current is detected
with a current-voltage preamplifier. The C-AFM is usually operated in contact mode; the
tip can be kept at one location while the voltage and current signals are applied /read, or
it can be moved to scan a specific region of the sample under a constant voltage (and the
current is collected). In order to transform a simpler AFM into a C-AFM, three elements
are needed: firstly the probe tip must be conductive, then a voltage source has to be
present to apply a potential difference between the tip and the sample holder, and lastly
a preamplifier is used to convert the (analogical) current signal into (digital) voltages
that can be read by the computer. In C-AFM experiments, the sample is usually fixed
on the sample holder using a conductive tape or paste, such as silver paint. Using this
schematic, when a potential difference is imposed between tip and sample an electrical
field is generated, which results in a net current flowing from tip-to-sample or vice versa
[50]. For this work a NX10-AFM by Park System has been employed with a measurable
current range of 10 pA ~ 10 nA [51]. In figure 2.11 is it possible to see the schematic of
the instrument and the result of a measurement.
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(a) Schematic of the working principle of C-AFM [52].
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(b) Local current measurements map coded with topography. Those images are taken using the C-AFM
techinque.

Figure 2.11: C-AFM schematic and a measure example.
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Figure 2.12: Used instrumentation and visualization of the photolitographic process.

2.5. Optical lithography

Lithography is a process that uses focused energy, such as light or an electron beam, to
imprint a sensible substance called resist. The resist is then developed to remove the
areas that were or were not exposed to the focused energy: specific patterns are created
in this step. These patterns can be temporary or used to add or remove material from
a given area, for example by sputtering in the first case or by etching in the second
case (dry or wet). Optical lithography uses light to imprint patterns on a light-sensitive
substance called photoresist. Lithography is used to pattern specific designs and this
can be exploited either with a physical mask (called photomask) or without it by simply
operating with a mask design software and a light source. In the first case each design
needs to be associated with a unique physical mask; therefore this method is not flexible
as even the tiniest change in the design would require a new mask and this is usually an
expensive process. Operating using a maskless approach is instead a more flexible process

as the design of the mask can be changed every time by just changing it using a software;
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to pattern the resist a focused light source (which is usually in the UV range) is required.
A major drawback of maskless lithography is the time required to impress the resist since
the scanning is raster and not in parallel like it is using a physical mask; this can lead
to very long exposures. To pattern the cantilever pads a maskless lithography approach
has been used. The instrument is a Heidelberg-MLA100 [55] which is a maskless aligner
equipped with a high power LED source tuned at 365nm. This machine is able to write
down to 1 ym with a maximum speed of 50 mm?/min. The instrument is shown in figure
2.12a. In order to pattern a specific design, as already said, a photoresist must be used.
Photoresists are organic compositions consisting in light sensitive polymers or polymer
precursors which are dissolved in one or more organic parts [56]. A photoresist is usually
made by three different components that can react differently in order to obtain the desired
design. Those three components are: a photoactive part, which changes its structure when
it is exposed, a matrix which is an inactive resin, and a casting solvent, which disappear
after prebaking. A photoresist can be positive or negative. In positive resists, light causes
chain scission, making it more soluble, so the exposed parts are removed by a developer,
or negative, in case there is cross-linking of exposed parts, so that they become less
soluble and are not removed by the developer. Photoresist in order to be able to create
patterns are sensible only to precise light energy; in this work AZ5214E photoresist has
been used [57| since it can be impressed by a wavelength of 365 nm, which is the one of
the MLA. This resist can be either positive or negative if heated after exposure and the
enlightened with UV light; this is mandatory to obtain the first exposed areas insoluble
in the developer and make the areas which are not yet been exposed able to be developed
[58]. The final resist profile is determined optical system used and the properties of the
resist. In the case of positive resist the etch profile is usually overcut which means that the
slope is positive (or vertical if necessary). Usually, this kind of resist is used for etching
both dry and wet etching can be used to remove the resist; the vertical profile is ideal for
reactive ion etching (RIE), while the overcut is often used for wet etching. In the case
of negative development the result slope is negative, so there is an undercut, which is
ideal for liftoff process that in this work has been exploited to remove the resist after the
platinum sputtering. The detail process to obtain the cantilever is shown in section 3.1.1
while a brief schematic of the photolitographic process, with the possible outcome for the

profiles, is shown in figure 2.12b.
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3 ‘ Piezoelectric cantilevers at
PoliFab

Piezoelectric materials can be exploited in many different applications. In particular, in
the field of MEMS (Micro Electronical Mechanical Systems) they are used in a series of
layouts that can exploit the piezoelectricity of the material to achieve an electronic signal
when facing a mechanical deformation. Piezoelectric materials are used as transducers in
many different fields (as already cited in the introduction). Regarding MEMS they are
currently used in different designs such as membrane and cantileveres as well for energy
conversion, radiofrequency (RF) and biomedical applications [59], [60], [61], [62]. One of
the simplest approach to exploit the piezoelectricity of a material is with a suspended
structure. One of the most important parameter for a piezo in the sensing field is the
conversion of its mechanical vibration into a electric signal. This can be done by ana-
lyzing the piezoelectric charge coefficients that describe the strain induced by an applied

polarization.

The piezoelectric charge coefficient is expressed as a tridimensional tensor d where the
coefficients d;; of the matrix describe the ratio between the strain applied to the j-axis
and the electric field applied along the i-axis, or also as the ratio between the short
circuit charge per unit area that flows in a direction perpendicular to j and the stress
applied in the 7 direction. Indeed, the piezoelectric charge coefficients are expressed with
dimensionality of [57]. From the piezoelectric constitutive equation (eq. ) are based on
the assumption that the total strain in the transducer is the sum of mechanical strain
induced by the mechanical stress and the controllable actuation strain caused by the

applied electric voltage.

€ = 55-0]‘ + dpi B (3.1)
Dm = dmio-i + gﬁ;Ek (32)
where o [B7] is the stress vector, & [2] is the strain vector, £ [£] is the vector of the
applied electric field, & [%] is the permitivity, d [{#] as already cited is the matrix of

piezoelectric strain constants, S [*57] is the matrix of compliance coefficients stress vector,
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and D [%] is the vector of electric displacement. Is it possible to observe that a pure
piezoelectric strain is obtained only if zero mechanical stress is applied (¢ = 0). This
results is shown in equation 3.3 where € is the strain vector induced by the polarization
effect and £ is the applied electric field [63].

E (3.3)

E:

IS

For a trampoline design the most important parameter is the longitudinal piezoelectric
charge coefficient ds3, which describes the strain-induced polarization in the same direction
(in particular in the out of plane direction) at which the strain is applied or otherwise can
express the displacement upon an applied tension (converse piezoelectric effect). Another
important coefficient for piezoelectric trampolines is the dielectric coefficient e;; which
determines the charge per unit area in the i-axis due to an electric field applied in the
j-axis. In most piezoelectric materials a field applied along the j-axis causes electric
displacement only in that direction [63]. For piezoelectric cantilevers usually the dielectric

coefficient es; ¢ is measured.

3.1. Process layout

A first run of classic PLD processed KNN cantilevers has been delivered to be tested in
PoliFab and later by STMicroelectrics to obtain other characteristics such as the response

to the displacement in function of the frequency. In order to get possibly good results in
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Figure 3.1: Laminated Piezoelectric/Si deflecting structures used in piezoelectric MEMS:

bridge, cantilever and suspended membrane (from [59]).
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terms of displacement and piezoelectric coefficients a fully suspended trampoline structure
is required, however a convenient way to approach this result is to firstly operate with
a full wafer thickness cantilever. In this way it is possible not only to extract electric
characteristic but also to track the tip displacement of the structure as a function of
the externally applied electric field. This geometry is particularly useful for two main
reasons. First of all the sample preparation does not need advanced micromachining or
etching steps, as just top electrode patterning with photolitography is required. Second is
it possible to evaluate the in-plane stress analytically (es; s) if the sample geometry and
the elastic properties of the substrate are known, and most importantly independently
on the elastic properties of the film since it is much thinner than the substrate and the
whole elastic properties are given by the silicon as it is much thicker [64]. Parameters for
well known materials are widely available while for KNN is it possible to use dielectric
characteristic found in other studies. A little insight on this is presented in section 3.2.3

where evaluation on the displacement are reported.

3.1.1. Cantilever fabrication process

In order to create the first cantilever prototypes, a classic PLD growth has taken place to
obtain a 300 nm KNN film on the substrate. Then, its morphology has been characterized
to check for major defects. After the film deposition, a plasma in oxygen atmosphere has
been done to clean the film before putting the resist on. After spinning and baking
at 110°C for 90s, the resist becomes a solid homogeneous film all over the substrate.
The film is then exposed in the MLA (MaskLess Aligner) with a chosen mask (figure
3.2). This layout has been adopted since it shapes the top Pt pads for later current and
displacement testings. After this, a second bake has taken place in order to obtain a
reversal development. Finally the substrate is put under UV light and then developed.
After the development the 50nm platinum layer to create the top metal contact has been
sputtered using the AJA machine. The last step is to remove the unwanted platinum
(lift-off). To do so a bath in acetone takes place. After this, another simple plasma
cleaning is performed (descum). The reversal development (i.e. negative resist) has been
exploited in order to obtain a profile for the resist with a negative slope; thanks to this
the non wanted sputtered platinum can be detached from the surface in an efficient way.
Also, the edges of the platinum pad are quasi vertical [65]. To obtain three cantilevers
the sample patterned is diced into three sub-samples each one being a cantilever itself. A

sketch of the obtained cantilever can be seen in figures 3.2b-c.
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(a) Mask used to expose the resist in the MLA. This design is repeated three
times in total on the shortest side to create three cantilevers.

(b) Sketch of the final layered structure.
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(¢) Visualization of the obtained structure.

Figure 3.2: Mask used to pattern the platinum top electrodes and sketch of the obtained

structure.
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3.2. Results

In between the whole process, and after its completion, different measurements where
performed on the sample to characterize it [20]. In principle, the KNN film obtained in
this process has the same morphologic characteristic of the classic PLD sample presented
in section 4.1. However, a brief characterization has been done anyway. After a visual
inspection, current voltage measurements were performed to retrieve its behavior in terms

of current leakage.

3.2.1. Morphology

The sample obtained after the PLD growth was briefly analyzed using a SEM with a
energy of the beam of 10 kV. What is possible to observe from figure 3.3 is that no big
defects are found to be present through the film but still crystallites of different orientation
with respect to the preferred KNN(001) are arising from the surface. This can be also seen
in figure 4.2 where the orientation of the crystallites is depicted. Unfortunately, during
other measurements a cantilever has broke in half. This however has let us take a cross
section of the whole structure confirming not only the thickness of the different layers but
also the compactness of the KNN film (figure 3.3b). The KNN film obtained seems to
be not very different with respect the other films obtained in previous works [21], [20].
This can confirm that up to this point the process is in control and capable of producing

similiar samples.

3.2.2. Current leakage

A series of current-voltage measurements have been taken out from the sample in both
top-top and top-bottom configuration. Measurements where done using a voltage of 3V
and a compliance of 100mA for the current to avoid damage to the film. After taking
some curves, leakage-mean values are calculated and reported in the graphs (figures 3.4
and 3.5). For top-top measurements good results in accordance to previous studies where
found while for top-bottom measurements we have found a very high leakage, mostly
ohmic conduction. The density of current has been evaluated considering the fact that
the smallest pad between the top and the bottom electrode (or the top and another top
one) is the one limiting the flux of current and so it is chosen to be the area to calculate

the density of current J.

We can first analyze the top-top measurements in figure 3.4 and in particular since the

substrate has been cleaned following the same procedure reported in previous works in



32 3| Piezoelectric cantilevers at PoliFab

(b) SEM top view of the film. No huge defects are (c¢) SEM cross section of the cantilever; is it possi-
present through the film however many crystallites ble to appreciate KNN layered in between the two
are arising form the surface representing different platinum layers. Also is worth to observe that the
orientation. See figure 4.2 for more insights. KNN film obtained is compact and does not present
any mayor defects.

200 pum
'_'

(d) SEM detail of the target of the cantilever. (e) SEM detail of cantilever and the bottom plat-
inum layer.

Figure 3.3: Visual inspection and SEM images of the obtained cantilevers.
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order to grow oriented films is then possible to compare then the measurements reported
in those past studies as in principle the film should behave similarly [20]. Measurements
from the paper by Groppi et al. are shown in figure 3.4e. As it possible to see that leakage
follows the same behavior of previous works leading to the conclusion that the grown film

share the same properties of the past made KNN films in terms of leakage.

If probing small pads lead to a good measure of the leakage properties of the film this
is not always true when increasing the top pad size. In fact, as is possible to observe in
figure 3.5, the curves retrieved are mostly straight lines in the V' — I graphs. We have
interpreted this behavior considering the fact that when choosing as a top metal contact
a big platinum pad the probability to cover a huge defect in the film or to find a way
to reach the bottom platinum (leading to a short circuit) increases. A comparison with
this ohmic behavior and the one that can be given by only a metal is then mandatory.
Considering the layer of the bottom platinum as our metal “wire” where current flows
we can evaluate its resistance. And so considering it as a slab of w = 3mm, [ = 16mm,
h = 100nm, is it possible to estimate its resistivity p [2m| considering its cross section
A = w - h and its length [. By retrieving the value of the resistance R = V/I from the
measurement (where V' = E -d and [ = J/A, with d being the thickness of the KNN
film and A the area of the metal contacts) is it possible to evaluate the resistivity of the
ohmic conductions. In particular from figures 3.5¢ and 3.5d values of R = 18.75 Q and
R =0.1162 2 are found. From here using the formula:
RA
=T

is then possible to calculate the resisitivity. From the leakage shown in fig. 3.5¢, which
refers to the top-bottom configuration represented in fig. 3.5a, is it possible to extract
(from the ohmic curve) a resistivity of p = 3.5-1077[Q2-m]. While from the ohmic leakage
curves shown in fig. 3.5d, which refers to the top-bottom configuration represented in
fig. 3.5b, is it possible to evaluate for the resistivity a value of p = 3.5 - 1077[Q - m].
To better estimate the resistivity in this case [ = 2mm has been used since the top tip
is placed very close to the bottom tip. It is clear from the last obtained value for p
that the model used to evaluate the resistivities is too simple and does not consider other
parameters that for sure must be taken into account. Even though the values obtained for
the resistivities are unfeasible, the slope of the ohmic I-V curves obtained for the two top-
bottom configurations can be comparable with the resistivity of the Pt layer underneath
the KNN film (pp; = 1.06 - 1077 [66]). This indeed is an insight that probably there is a
spot in the KNN film covered by the top platinum pad which can lead to a short-circuit

where the effect of the insulating layer is avoided and the main conduction path is made
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(b) Detail of the top platinum pads from one can- (c¢) Comparison between the top-top measurements
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Figure 3.4: Caption
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Figure 3.5: Top bottom current measurements of the cantilevers. Mean values of the
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only by platinum. A part from the found ohmic behavior, asymmetric curves can also
be seen; this kind of measure will be later analyzed in section 4.2 as it is characteristic
of the top-bottom measurements in this KNN film. Last, the huge leakage reported here
could also be found due to the arising crystallites from the surface; in fact it has been
found that sometimes large crystals arising from the surface are actually connected to
the bottom platinum. This kind of defect can enhance the quasi ohmic conduction; an

investigation of this can be found in section 4.2.2.

3.2.3. Simulations

Since the geometry of the proposed cantilever is simple, as it is not a suspended structure,
it is possible to evaluate its in-plane stress coefficient es; s analytically or otherwise to
evaluate the displacement of the trampoline if all the characteristics are known. For
example, it is possible to use for the in-plane stress coefficient the value reported in the
paper by Nguyen et al. (e3;; = 5.6 C'/m?) where a fully suspended KNN growth by
PLD is characterized [67]. While for the displacement of the tip is possible to use the
formula (equation 3.4) by Mazzalai et al. where all dependencies for a full thickness
clamped cantilever are shown [64]. Considering then a full stack layered structure the
displacement of the cantilever in the coordinate x5 (reference to figure 3.6) is evaluated

using the following equation:

es1,f(2xg — x1)z104(1 — )3V
Ve,

w(zy) = (3.4)

where tg; = 725 pm is the thickness of the silicon substrate, v = 0.064 is the Poisson ratio
for the SCS(001)[110], Y = 169 Gpa is the Young modulus of silicon [68], 1 = 15 mm is
the length of the piezo patch, o = 15 mm is the spot where the laser is measuring the
displacement of the trampoline, e3; ; = 5.6 C/m? is the dielectric piezo coefficient [67],
cg ~ 1 (for simplicity) is the ratio between the area of the cantilever (i.e. the piezoelectric
layer) and the area of the top electrode, finally V' is the applied tension to the structure
(V = E/tieso with E being the applied field and t,;.., = 300nm the thickness of the
KNN layer). With these conditions, a total displacement of 400nm has been found upon
applying a 10 V static tension; this result is shown in figure 3.6b. Another simple finite
elements simulation has been performed through COMSOL Multiphysics ® [69] where a
four layered material Pt(50nm)/Piezo(300nm)/Pt(100nm)/Si(725um) is stressed with a
DC signal of 10V. The piezo material in between the two metallic pads is characterized
by the values reported in literature [67] while for the other materials the data is already

present in the database. The edges of the structure facing right in figure 3.6¢ are kept fixed
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(d) Displacement of the structure along the y axis for a 10V applied voltage.

Figure 3.6: Numerical simulations results.
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to a imaginary wall. With this conditions a total displacement of ~ 500nm is found, not
so far from the analytical model. Is it possible to conclude then that the analytical model
can match the numerical simulation; for sure a more detailed study of the parameters is

required to achieve a better precision in the physical model.

3.2.4. Measurements from STM

The cantilevers samples were given to a STMicroelectronics facility to be tested for piezo-
electric characteristics such as the piezoelectric response probing with an AC signal and
the displacement upon an applied field. The dynamic hysteresis measurements and the
capacitance-voltage measurements were extracted using the Keysight B1500A Semicon-
ductor Device Parameter Analyzer [70]. In particular to extract the polarization-voltage
curve a triangle waveform has been used with frequency range of 10 Hz to 1 kHz and a
amplitude of 1V to 5V. Both two curves obtained, the one at 10 Hz and the one at 1 KHz,
show a purely resistive behavior as is not possible to define a saturation polarization for
a certain voltage [67], [71]. In figure 3.7a and 3.7b this result is shown. Capacitance-
voltage analysis were also carried out using an AC signal at 1 kHz varying the amplitude
from 0.5V to 2V. This measure is reported in figure 3.7c. Is it possible to observe that

the curve is very noisy and difficult to be interpretable as a valid result. STM conclusion
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(c) Reported test 1 kHz at 1.2V.

Figure 3.7: Keysight B1500A characterization. Courtesy of STMicroelectronics.
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(a) Polytec laser vibrometer measurement setup.
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main). The found resonant frequency is ~ 8 kHz.  onant condition in function of a sinusoidal signal.
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(d) Frames of the video showing the motion of the cantilever at resonant frequency.

Figure 3.8: Vibrometric measurements. Courtesy of STMicroelectronics.
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was in fact to say that this was an unreliable measurement due to noise. In conclusion
to this first analysis no valid behavior is found for a capacitor as the polarization-voltage
doesn’t show any hysteresis loop. This can be due probably to its high leakage. In fact,
not shown I-V measurements confirm that it acts as a resistor showing a short-circuit
behavior. Is it possible to measure the cantilever deflection under application of a voltage
using a Polytec laser vibrometer [72] (figure 3.8a). The bottom pad access of sample is
kept fixed letting the active area free to move under the applied field. A laser hitting
the target of the cantilever is being reflected; the change in position of the reflected laser
determines a displacement of the cantilever. In principle two analysis are required; the
displacement in the normal frequency range and at its resonant frequency. In the normal
regime the displacement of the cantilever has to be linear while in the resonant domain
the displacement is non-linear. A first analysis in the frequency domain has been carried
out to find the resonant frequency. The analyzed frequency range is from 0.5 kHz to 10
kHz, while the applied signal is a periodic chirp with null DC component and a amplitude
of 0.5V for the AC component. The resonant frequency is then found to be f,., = 8.02
kHz with a maximum displacement of 2.64 pm. The FFT graph can be seen in figure
3.8b. Since it was not possible to measure the displacement in non resonant condition,
an attempt to measure the non linearity of the deflection in resonant condition has been
made. For this, dynamic motion analysis a sinusoidal signal has been applied varying
from 2V to 10V. The maximum displacement for each voltage is reported in figure 3.8c
where it also possible to appreciate that it is not linear with the applied voltage as it
should be when stressed in a non resonant frequency domain; the non-linearity in reso-
nant condition is then confirmed. A couple of frames taken from the video showing the
displacement in resonant condition are shown in figure 3.8d; here is possible to see by a
color coded image the displacement in the vertical direction for a AC signal. In conclusion
the measurements done by the STMicroelectronic team shows a device which is not able
to behave like a capacitor. In particular, even if out of resonance the trampoline seems
to move upon an applied AC signal, the amplitude of the displacement is not appreciable

and can be associated also to Brownian noise.

3.2.5. Conclusion and future directions

FEA simulations have demonstrated that the simple adopted stack model can be a valid
approach to evaluate the piezoelectric characteristic of KNN. Also, the cantilever fabri-
cation process seems to be feasible in order to obtain what, is in principle, a functional
trampoline to be treated as a transducer. Since we have not tried parameter optimization

in the fabrication, we cannot consider the configurations used for the realization and the
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final obtained layered structure to be the optimal ones. For sure, the process of cantilever
fabrication can be improved under a lot of aspects such as the realization time and the
different parameters such as, for example, the development time after the UV exposition,
or the plasma cleaning power. For certain one thing that has to be improved is the quality
of the films since the major piezoelectric properties come from a low current leakage; this
is confirmed by the measurements performed by STMicroelectronics where it is evident
that piezoelectric characteristic cannot be retrieved due to the resistive behavior of KNN.
Minimizing the quantity of defects present in the film can be a solution to improve the
current leakage; to do so a new process can be exploited. Only after the improvement of
the piezoelectric characteristics of the growth KNN film it would be interesting to consider

to develop a process for a fully suspended trampoline.
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4: ‘ Asymmetric leakage in KNN
capacitors grown by PLD

One crucial property that a piezoelectric material must have in order to become a proper
candidate for MEMS applications is a low current leakage value; in fact this can lower
the d piezoelectric coefficients that tells us how much strong is the conversion between
mechanical stress and current signal (such as the d3; and the ds3), this in particular is
important for out of plane sensing cantilevers [73]. In this section, films are probed in
a top-bottom configuration and current leakage is measured. A huge dependance on the
type of metal used as top pad, with a common bottom Pt electrode, is found and different
models for the current are considered. For this discussion only classic PLD processed

films are studied.

4.1. Overview of characteristics of films

In order to deposit four different types of metal pads two 1x1 cm? samples of KNN had
to be grown and cut in half to create four samples with metal. By doing this, as we were
dealing with two slightly different samples, slightly different thicknesses were found. In
particular we have a 270 nm thick film for the film with cromium and titanium and 300
nm for Nickel and Platinum pads. Films were analyzed using SEM to retrieve morphology
and stoichiometry. Crystal orientation was explored with XRD analysis. Overall, the two
samples have good morphology properties. They both are compact and have a preferential
crystal orientation through the film; moreover they are coherent with the previous works
[21], [20].

4.1.1. Crystallographic orientation

X-rays crystallographic measurements (XRD) have been performed on those two samples
with an energy for the §#—26 diffraction experiments of 8.04keV (30 mA /40 kV) using a K«

copper source. All the measurements were taken at room temperature. With the obtained
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diffractogram is possible to study quantitatively the orientation of the grown film; different
peaks represent different orientation of the crystal. The diffractogram obtained follows
the one of previous works [21], [20]. A comparison can ben see in fig. 4.1. The process
is then stable and repeatable to obtain KNN(001) oriented films. The orientation of the
film is crucial for piezoelectric properties as a better orientation can provide enhanced
piezoelectric coefficient. The peak KNN(011) can be related to misoriented crystallites
that can also be seen in the SEM pictures (fig. 4.2). The deposited films shows a strong
preferential direction for the KNN in KNN(001) leading to a uniform film. Is it possible
also to observe that in the acquired diffractogram, for this work the peaks KNN(100) and
KNN(200) are much more visible with respect to the previous work; this is due to a better

resolution of the used XRD instrument.
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(a) Previous work XRD diffractogram (from (b) Diffractogram for the analyzed samples.
[20]).

Figure 4.1: Comparison of XRD diffractogram. On the left, the one taken from past works
is shown while on the right the acquired diffractogram of films deposited in this work is
shown. As it is possible to observe, the two diffractogram show strong preferential growth
direction of the KNN out of plane. Other peaks such as KNN(002) and KNN(200) are
clearly visible in the diffractogram acquired in this work; this is due to the multiplicity of

the Bragg’s law (see section 2.3.3).

4.1.2. Morphology

The films showed both uniformity and compactness, no huge physical defects are found
through the entirety of the film (fig. 4.2). Is thus possible to observe misoriented crys-
tallites arising from the surface; in particular in the cross section images (fig. 4.2e-f). An

interesting feature that can emerge in high ordered piezoelectric films is related to the
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2 um

(a) 270 nm sample. SEM top image taken with sec- (b) 300 nm sample. SEM top image taken with sec-
ondary electrons. Is it possible to observe outgrows ondary electrons. Is it possible to observe outgrows
and other crystal orientations. and other crystal orientations.

(¢) 270 nm sample. SEM top image. Is it possible (d) 300 nm sample. SEM top image. Is it possible
to observe ferroelectrics domains and outgrows. to observe ferroelectrics domains and outgrows.

OUTGROWS

(e) 270 nm sample. SEM cross section image. is it (f) 300 nm sample. SEM cross section image. is it
possible to observe outgrows coming out from the possible to observe outgrows coming out from the
surface. surface.

Figure 4.2: Comparison between the 270 nm film and the 300 nm one. The films are very

similiar and share the same morphological properties.
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black and white zones that can appear on the surface of the sample in a SEM measure;
this texture has been observed in literature and can be related to the material’s spon-
taneous ferroelectric domains |74], |75]. The dark zones and the light zones correspond
respectively to opposite domain polarization [76]; this effect has also been observed in
previous works and has been correlated also to the the presence of (001) orientation of
the film that can enhance the this spontaneous polarization perpendicular to the film
surface [20], [77]. This can all be observed in figure 4.2 where the two films are compared
side by side. Is it possible to observe that they are mostly identical even if they come
from two different runs; the only difference comes from the fact that one sample is 270
nm thick while the other is 300 nm thick.

4.1.3. Film stoichiometry

As already reported in previous works [21], [20], one of the major problem related to
KNN films is related to alkali components as they have the tendency to be more volatile
with respect to other elements at high temperature. In particular alkali are know to
be lost during the deposition phase (~ 615°C) and annealing phase (~ 500°C) of the
PLD process. This has the effect to lower the stoichiometry ratio between potassium
and sodium with respect to the other elements and can also have some effects on the
leakage properties. In particular a high current leakage is related to alkaline vacancies
[78]. EDX analysis was conducted on the films considering for each measure a different
1x1 mm? section. For each measure, four repetitions has been done. The reported value
is the mean value calculated between them. The energy used to obtain the diffractogram
was fixed at 10kV, which was good enough to probe the material deposited. With the
obtained diffractograms three ratios have been studied as they can be representative of
the stoichiometry of the film: Na/Nb, K/Nb and K/Na. The oxygen signal has been also
acquired, but since the diffractogram were taken ex-situ the exposition to the controlled
but still normal atmosphere, can change in principle its quantity, making the oxygen
peak not representative for our analysis. The ratios can be seen in table 4.1 and are in
perfect agreement with previous works [21], [20]. In fact, it is possible to observe that the
stoichiometry of the film is not the one of a perfect KNN ceramic but instead we can see
that a small quantity of the alkaline component has been lost. Still, the ratios obtained
are considered to be in good agreement for most of the applications in literature [79]. The

loss of alkali ions can be related to higher current density leakage.
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Na/Nb [ K/Nb | K/Na
044 | 041 | 0091

Table 4.1: Stoichiometry ratios obtained analyzing the EDX diffractogram.

4.2. Measurements variability

After a first visual inspection metal contacts were placed on top of the films and top-
bottom measurements have been performed at different voltages. This kind of analysis is
important as previous studies [21] have demonstrated that different kind of metals pads
can have a huge effect on the measured leakage. It is already know at this point the
Pt is the best material to obtain good leakage results but is rather expensive thus other
materials such as Ni, Ti and Cr are employed since are cheaper; however their usage come
with the trade off that the current leakage is higher. The bottom pad is kept always
at ground potential (i.e. 0 V). The different materials used as contacts have a different
behavior regarding first of all the ability to sustain higher voltages. In particular it has
been observed that platinum is able to sustain much higher voltages with respect to the
other metals; in terms of performances nickel can be compared to platinum (but still have
a lower resistance after a certain voltage) while titanium and chromium having the worst

even at low voltages.

Even though different metals have a different resistivity in terms of intensity of the ap-
plied voltage it is possible to observe that a great dispersion in the measurements is found
between metal pads of the same material in a rather small area portion of the film. In
fact I-V measurements performed on a film region show a very different leakage behavior
depending on the chosen film (fig. 4.3). The curves obtained are in fact different both
in terms of current intensity and slope. The latter is usually associated with different
conduction mechanisms.

Another feature observed in the leakage measurements between different pads and different
material is the degradation of the pad/film after a certain amount of cycles due probably
to the stress of the applied voltage; this is shown in the graphs reported in figure 4.4. Here
the blue line represents the very first measure performed on the pad while the red curve
is the last current density measured. Measurements taken between those two are also
reported in black. The effect of the degradation of the pads can also be observed in figure
4.5 where huge defects are introduced to the pads due to high voltage (i.e. the breakdown
voltage). When this happens, usually the measure observed is more like a short circuit

(current value was usually limited to 100mA - 300mA to avoid more damages to the film).



48

Figure

4| Asymmetric leakage in KNN capacitors grown by PLD

= PAD2 || .. PAD 3

100k

-150 -100 -50 0 50 100 150 -150 -100 -50 0 50 100 150
E (kV/cm) E (kVicm)

PAD 5

-150 -100 50 0 50 100 150 -150 -100 50 0 50 100 150
E (kV/cm) E (kV/cm)

4.3: I-V curves taken at 4V for different Ni pads on the same portion of film.

Curves are reported in black to better visualize the dispersion trend of the measurements.
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(a) Chromium pads degradation trend at 3V. (b) Nickel pads degradation trend at 3V.

Figure 4.4: Increasing current density leakage after cycling different measurements on the

same metal pad. Blue line is the first measure, red line is the last one and black lines are

the ones taken in between.
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(a) Platinum pads before the measurements. (b) Platinum pads after a full cycle of measure-
ments. For each pad the breakdown/melting volt-

age is around 7V.

Figure 4.5: Burned pt pads after reaching the breakdown voltage, pads are clearly dam-
aged due to the applied voltage. This image can also be taken as a reference to understand

how much variability we can have in the same small region.
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Figure 4.6: Mean current density leakage values for different metal pads. Platinum is able

to sustain up to 6V while titanium pads were already breaking at 3V. The asymmetry in

all of the pads is evident.
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Those trends that have been found while measuring are an indication of the fact that
the KNN films are not homogeneous and have defects that can lead to a higher current
leakage or a complete different behavior. Also, the quality of the metal contact should
be taken into account as they have the tendency to be damaged after a certain number
of measurements; to do so another technique with respect to the classic sputtering can
be considered. Considering this large variability and discrepancies among measurements,
only the meaningful curves have been considered and mean values calculated. A sum-
mary for this story is shown in figure 4.6 where all the mean values of the current leakage
for different pads are graphed. Since metals affect the dielectric properties of the KNN
film pads can easily have a breakdown even at small voltages; different metals can sustain
different voltage intensities. From figure 4.6 another important aspect of the current mea-
surements can be extracted: the asymmetry of the measurement. In fact is it possible to
notice that the two branches, positive and negative voltages, have a very different leakage;
in fact the right branch has always a lower leakage and the slope of the curve is much
less pronounced. This is more evident for nickel and platinum pads while for titanium or

chromium the two branches are not very different.

4.2.1. Influence of top-electrodes on leaking current

From figure 4.6 is possible to extract two conclusion: different metals lead to different
current density values and the measure is asymmetric even if in principle the system can
be fully symmetric (for example in the Pt/KNN/Pt stack). The first observation can be
explained using already present results in literature. As it is reported in the literature,
the variation in the magnitude of the leakage current of a ferroelectric thin film in a
MIM stack usually correlates with the different d-shell occupation state and with the
electronegativity of the metal used for electrodes [80], [81], [82].

Metal | d-shell | Electronegativity (Pauling) | Work function [eV]
Pt 5d? 2.20 5.65
Ni 3d® 1.91 5.15
Cr 3d° 1.66 4.50
Ti 3d? 1.54 4.33

Table 4.2: Electrode materials properties (from [83]).

The higher the d-shell occupancy state or electronegativity, the lower the leakage current.
In table 4.2 is possible to observe relevant parameters for each electrode material, ordered
from the lower leakage metal to the higher current density leakage metal based on what

just reported. From the data obtained (fig. 4.6), we can see a good accordance of our
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results with the model proposed. In fact Pt is the electrode material which has the lowest
leakage and is also the material with the higher occupancy of the d-shell. Then we have
in this exact order Ni, Cr and Ti. Ni pads leakage are in good agreement with the model
while Cr electrodes need further considerations; in fact according to the d-shell filling
and the electronegativity, the Cr contact leakage current should be in between Ni and Ti
but from what we have observed the density of current is higher with respect to the one
provided by Ti pads. This is true for the positive biased branch where this incoherence
with the model is evident while for the negative biased one one could say that the model
is working. It is also possible to see that Cr electrodes show a higher leakage than the
other electrodes materials, thus the correlation between the different occupancy state of
the d shell of the electrodes different metals and the electronegativity with the leakage
current density seems to be consistent with the results. Previous works have encountered
this leakage trend but the conclusions were different not only in selecting which metal pad
has the highest leakage but also they have encountered a different rectifying behavior; in
our work the most pronounced rectifying behavior is given by the Pt pads while in the
work of Shweta et all. [81] platinum pads produced a symmetric behavior, the same for
palladium (another metal used in their work to create contacts); this had been linked to
the occupancy of the d-shell (4d™ for Pd).

4.2.2. Potential barrier at the bottom pad

In literature is it possible to find a similar leakage asymmetry for other MIM (Metal-
Insulator-Metal) systems [84], [85] as well for piezoelectric stacks such as PZT and KNN
[86], [87]. This rectifying behavior is then a characteristic of those stacks and similarly
in our case a high current leakage was only obtained when the stack was probed with a
negative bias while when a positive voltage was applied the intensity of the leakage is to
be attributed to the nature of the metal. The important result in the obtained data is to
point out that top and bottom interfaces are substantially different from one another; in
particular it seems that the bottom interface is limiting the flow of charges when the top
electrode is biased with a positive voltage. This effect is more evident at lower voltages;
in fact is it possible to see that even if in figure 4.6 the effect is already evident by con-
sidering lower voltages (in particular for Pt and Ni) this behavior is much more present
as they even show a quasi flat curve at low voltage, so basically only a tiny current flows
through the system. This is presented in figure 4.7a. We have thus a rectifying behavior
such as the one of the diode depending on the sign of the voltage applied at the top
metal contact. This suggests the presence of a potential barrier at the bottom interface

and this is typically attributed to the presence of oxygen vacancies in the proximity of
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Figure 4.7: Figures taken from [90].

the Metal-Insulator contact [88], [89]. This barrier creates a net effective potential barrier
that can overcome the migration of the charges in one direction [40]. Is then clear that the
bottom and the top interface behave in a very different way, respectively we can describe
the bottom interface as a rectifying Schottky junction and for the top interface we can
point out that it behave almost like an ohmic contact . A simplified scheme of a proposed
equivalent circuit is shown in figure 4.7b. From the figure, considering the diode, is even
possible to associate as “forward bias” the negative voltage applied and as “reverse bias”

the positive applied voltage.

Trying to understand the origin and the location of the potential barrier, Conductive-
AFM (C-AFM) measurements on the samples were performed. In particular, no metal
pads are considered in the discussion, only bare KNN/Pt stacks were probed. All the
outcomes of this analysis are reported in figure 4.8; here it’is already possible to observe
a topography of a section of KNN surface with squared outgrows (indicated before as
KNN(100)) and agglomerated particles on the surface, which lie at slightly different levels
above the surface (10-30 nm). The sample was silver pasted to a metal holder; thanks to
this we have set the tip of the AFM to zero potential while the bottom Pt was kept at
+3 V. In this configuration current was collected during the scan. Electrical properties
for the KNN film are otherwise uniform across the majority of the surface, according to
C-AFM testing. However, the borders of some square outgrows have some notable hot
spots. It’s interesting to note that just a few of the crystals, primarily the larger ones,

are affected by this finding. There is no present contrast for the agglomerated particles
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or smaller crystals. This suggests that although the smaller crystals are either just on the
KNN surface or do not make direct contact with the bottom Pt, the bigger crystals may
have a direct link to the bottom interface and be fully embedded into the KNN matrix
below. Indeed, a cross-section SEM image of a KNN/Pt film was used to experimentally
confirm this. On top of the Pt bottom layer can be seen in the figure a compact KNN
film. However, a few crystals with square faces are also discovered. The one on the far left
that is smaller appears to have sprouted from the KNN surface. However, a larger one on
the right demonstrates that one crystal edge extends all the way to the KNN-Pt interface
at the bottom. According to the finding, current preferentially passes via some crystal
boundaries that exist from the very beginning of the film deposition. Additionally, these
KNN characteristics have been linked to a larger concentration of defects, particularly
oxygen vacancies [91]. When negative bias (-3 V) was applied to the sample,the C-AFM
image did not show significant contrast. This seems to imply and confirm that only the

bottom interface is limiting the electrical conduction to KNN while the top contact is not.

After pointing out this evident behavior, local conduction measurements were taken in
four different points (figure 4.8d). Is it possible to see that when the tip is placed on the
conductive edges of the crystal a large current develops saturating the detector (points
1 and 2); moreover the current shown is not symmetric as it only appears for positive
bias and not for negative voltages. This again points to the formation of a barrier at the
bottom interface and exhibits a diode’s activity. It’s interesting to note that an asym-
metrical current also forms for a few measurements on less leaky areas, but this time its
value is significantly lower. The current measured not on the edges of the crystal show a
peak that might result from KNN moving to a unipolar polarization state, or it might be
the result of some other charge migration and excitation phenomenon. The introduction
of a negative bias, however, results in the absence of a comparable peak, indicating once
more that there is a barrier at the bottom, causing voltage reduction. It is not clear if
we are dealing with a genuine switching peak despite the current peaks’ centers being at
56 kV /cm and near to the coercive field for KNN (40 kV /cm [92]). To understand this a
P-E loop can be measured using ferroelectric analyzer; peaks in this way should be more
visible if the material behave as a good ferroelectric [93]. Despite the doubt, a potential
barrier is clearly present at the bottom interface, and hot current spots are present on
the film as a result of crystal boundaries connected to the bottom Pt electrode. The hot
spots make up 3% of the C-AFM image’s surface area but account for roughly 30% of
the leakage current through the film, according to an estimate of the total charge passing
through them. This means that hot spots are an important element for the leakage of

the KNN films but still not the main factor; still they can for example explain the great
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Figure 4.8: C-AFM measurements and topography (from [90]).

dispersion in the current measurements among different pads in the same area (i.e. a pad
covering a defect). In view of the experimental Metal-Insulator-Metal stack behavior, but
also in the assumption that only the higher barrier interface at the bottom dominates the
current, the system has been considered instead as a metal-semiconductor Schottky inter-
face (MS) device, with an ohmic contact attached to the semiconductor (top electrode)
[94]. The simplified electrical model (figure 4.7b) describes how the electronic current is

allowed mostly in one direction (towards the bottom Pt).
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Considering the diode as Schottky-semiconductor interface, capacitance measurements
were made in the reverse bias. This characterization in fact is usually performed to verify
the Schottky diode model. In particular we have measured a small signal capacitance as a
function of the applied bias. This characterization has been performed in the assumption
that only the higher barrier at the bottom dominates the current. A series of measure-
ments has been performed only on the samples with Pt and Ni pads as they show a huge
asymmetry even at low applied voltage; due to this they can give back reliable capacitance
measurement (fig. 4.7). Moreover the capacitance of Ti and Cr was also measured but was
not significant as they show an ohmic-like contact behavior. A small AC signal (50 mV
- 10kHz) has been applied on the top metal contact in the condition of reverse bias (and
so with a positive applied voltage while the bottom contact was kept at ground condi-
tion) and the complex capacitance was measured using a LCR meter (Keysight E4980A).
From Schottky theory the inverse of the square capacitance should show a linear behavior
with the applied voltage; this is exactly what can be depicted from the graph where the
behavior of 1/C? vs. the applied voltage is shown (figure 4.9). From here is it possible
to observe a linear behavior thus confirming that we have a Schottky junction [95]. In
detail, according to Schottky theory, the following equation has been considered:

1 2% — V) (41)

C? qeNy
where ®y; is the built-in voltage, V,, is the voltage applied from the metal and the semicon-
ductor , ¢ the electron charge, ¢ the dielectric constant and Ny the density of donors. As it
possible to observe, 1/C? increases moving toward larger biases applied, which according
to the above equation, should correspond to V, < 0, i.e. a negative voltage drop between
the metallic electrode and KNN. In our structure, this condition applies only to the bot-
tom KNN/Pt(111) interface, thus pointing towards the fact that the rectifying behavior
is determined by the bottom interface. In figure 4.10, we report a sketch of a qualitative
band diagram in KNN microcapacitors for zero applied bias which is consistent with our
measurements. KNN is a dielectric ceramic and there is very little quantitative data on

its behavior as a “wide-gap semiconductor” (Eyq, = 3.54 eV [96]).

However, it is well known that KNN is highly prone to n-type or p-type doping by oxygen
vacancies and alkaline vacancies, respectively, which typically originate during deposition
and processing. As reported in literature KNN is tipically considered to be n-type doped
due to oxygen vacancies [91], [97]. The qualitative band alignment depicted in fig. 4.10
is obtained assuming a n-type doping, which is coherent with the fact that the overall

scenario from our experimental data can be explained in terms of creation of oxygen va-
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Figure 4.9: Graph of the capacitance and 1/C? versus voltage as used in the model of a
Schottky-semiconductor diode interface [95]. From [90].

cancies due the scavenging action by metals deposited on KNN. At the bottom interface,
due to the large work function of Pt (¥p; ~ 5.65 €V) compared to the sum of the KNN
energy gap (Eyup = 3.54 €V) and electron affinity (xxnny ~ 1.1 €V similarly to other
niobates [87]), we expect an electron flow from KNN to Pt, leading to an upwards band
bending and subsequent space charge accumulation due to oxygen vacancies acting as
point defect donors. The precise entity of the Schottky barrier height (®5) and built-in
potential (¢y;) cannot be determined using the simple Schottky model (®p = Up, — ¥,
oy = Pp — Ec + Er) due the well-known phenomenon of Fermi level pinning by inter-
facial states. Whatever their values, however, the relevant point here is that a Schottky
barrier like that depicted in the band figure is expected at the bottom interface. At the
top interface we expect a similar situation, this even though the work function decreases
among the series of electrodes employed (Vp; > Wy; > Ve, > WUy - table 4.2) so that dif-
ferent barriers height can arise. From this picture, it clearly turns out that for a perfectly
symmetric capacitor (like in the case of Pt/KNN/Pt) there would be two counteracting
rectifying barriers giving rise to a symmetric high impedance behavior. The experimental
asymmetric density of current versus field curves instead indicate that only one of the two
junctions determines the effective rectifying behavior. As the experimental low impedance

(high current) state is for negative bias from the band diagram of figure 4.10, it turns out
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Figure 4.10: Qualitative band-structure scheme for the metal-semiconductor-metal stack

(platinum-KNN-top metal) at zero bias. From [90].

that in this condition the top junction is in reverse mode while the bottom one is in the
forward mode. This means that the net rectifying behavior of the MIM device is mainly
determined by the bottom junction, between KNN and the Pt(111) template, which is
indeed the common contact for all investigated devices, all showing the same polarity of
the conduction asymmetry. The reason why the top barrier is much less influent, display-
ing a sort of ohmic behavior, cannot be just related to the different work-function of the
metal pads, as the more pronounced rectifying behavior is found in case of a symmetric
Pt/KNN/Pt capacitor. Another idea can come from the reactivity of the metals deposited
on KNN to realize the top contacts. As a matter of fact, Secondary Ion Mass Spectroscopy
measurements done in previous works [20] have revealed a sizable interfacial oxidation of
Ti, Ni and Cr overlayers, which is expected to be associated to a high concentration of
oxygen vacancies in the KNN film underneath by oxygen scavenging. This can produce a
local heavy doping inducing a thinning of the barrier and almost ohmic transport across
it due to tunneling, in analogy with ohmic contacts used in semiconductor technology.
Other sources of doping could be the interdiffusion of metals inside the KNN through
morphological defects [98] possibly leading also to direct conductive paths. While this
could be evident for highly reactive materials like Ti and Cr, the case of Pt seems ques-
tionable. However, it is well known that during the deposition of Pt on oxides, highly
reactive nanoparticles can be formed [99], ultimately leading to sizable energy scavenging
at the top interface while at the bottom one, originating by the growth of KNN onto a
flat Pt(111) surface, the reduced Pt reactivity can definitely lead to a much lower oxygen
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vacancy concentration and thus preserve the rectifying behavior of the junction. From
the analysis of our experimental results, the simplified concentrated parameters model of
figure 4.7b emerges, with a diode representing the rectifying bottom interface, a complex
impedance describing the bulk KNN behavior, and a resistor which represents the “ohmic
behavior “ of the top contact. With reference to this model, we can qualitatively explain
the J — E curves of the figures where the mean leakage is presented; in particular the one
represented in figure 4.7a. For small bias an almost ohmic behavior is found in case of Ti
and Cr electrodes. As a matter of fact, the equivalent resistivities for positive and nega-
tive bias (py and p, ) estimated from a linear fit of the J — E curves from 0 to £5 kV /em
from the minimum, are essentially the same (see table 4.3). This is not always true for Pt
and Ni. In half of the investigated devices we found a more ohmic, but still asymmetric,
behavior like that of Cr and Ti, even though the resistivity is higher, while for the rest of
devices (like those giving the J — E curves in figure 4.7a) the more pronounced rectifying
behavior reflects in a sizable small-bias asymmetry so that a linear fit for positive bias is
not meaningful, as expected for a true diode in series with a resistance. The fact that for
Cr and Ti the equivalent resistivities are much smaller than for Pt and Ti is in agreement
with the higher concentration of oxygen vacancies due to oxygen scavenging for the latter
electrodes, or to the tendency of Ti and Cr to diffuse into the KNN films [98]. Moving
towards larger positive bias (in reverse mode for the diode at the bottom interface), we
enter a region of the graph where the leakage current is limited by the bottom interface in
reverse bias and a plateau appears for Pt and Ni. This is the region where small signal ca-
pacitance measurements have been carried out, confirming the presence of a space-charge
region. By further increasing the voltage, we assist to a remarkable increase of the leakage
current which could be associated to a sort of breakdown of the bottom junction, due to
the activation of additional conduction processes. For Ti and Cr, we do not see a plateau
at low voltages, most probably because of the higher reactivity of Ti and Cr giving rise to
high leakage also at small positive bias. We should also mention that also for some Pt and
Ni pads we did not find a plateau but just a less pronounced curve like those measured for
Ti and Cr with less current density. Indeed, it has been reported that, apart from creation
of oxygen vacancies at the interface, other effects can arise. Titanium can diffuse through
grain boundaries of KNN to the full thickness of KNN and produce oxygen vacancies deep
within the insulator [98]. It is also very likely that different surface states appear at the
bottom KNN-Pt interface depending on the choice of the top electrode material, thus
altering the barrier height by Fermi level pinning and affecting the rectifying behavior
[88]. The enthalpies of formation of oxides of Pt, Ni, Ti, and Cr are -80, -240, -945,
and -1128 kJ/mol at standard conditions. Therefore, it is expected that Cr and Ti can

more easily scavenge oxygen from KNN at the top interface to form the corresponding
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Pt Ni Ti Cr
Er 6.25 1.10 1.06 7.32

pt (2 cm) / / 8-10° | 8-10%

) (Q-cm) | 88-10° | 5.6-10° | 7-10° | 8- 107

Table 4.3: Estimated dielectric constant using the Poole-Frenkel model and resistivities.
For the latter values are extracted near the minimum of the leakage current; due to the
huge rectification effect provided by Ni and Pt the estimation of p* would have lead to a

non realistic estimate. (From [90]).

oxides. For Ni and Pt, the oxidation process is energetically less favorable, but the higher
reactivity of nanoparticles formed at the early stage of the growth of metals on oxides is
expected to produce oxygen vacancies in the topmost KNN layers, in analogy with what
has been observed for other noble metal/perovskite interfaces, with concentration high
enough to generate a local heavy doping [99]. On the other hand, the sizable difference in
the enthalpies of formation is expected to reflect in a marked difference in the bulk doping
of the KNN film by oxygen vacancies which is connected to the intrinsic leakage. This is
clear looking at the absolute values of the leakage currents reported in figures 4.6 and 4.7a,
which are definitely lower for Pt and Ni than for Ti and Cr, both for positive and negative
bias. Coming back to our concentrated parameters model, applying a negative voltage at
the top contact the bottom junction is in the forward mode, so that the applied voltage
effectively drops across the KNN film and we assist to a steeply current growth reflecting
the intrinsic leakage mechanisms within the bulk of the film. For larger negative values
of the applied voltage, we see a reduction of slope indicating that another phenomenon
is limiting the leakage current. In the theory of metal-insulator interfaces, Schottky and
Poole-Frenkel emission models are frequently used to interpret the reverse bias regime for
high applied voltages [100], [101]. The first is an electrode-limited conduction mechanism
in which the most important limiting factor is the work-function of the metal used, de-
termining the effective barrier to be overcome to inject electrons from the metal into the
insulator. The second is a bulk-limited conduction mechanism describing how electrons
(or mobile negatively charged defects) are emitted from traps in the dielectric thanks to
a field-induced reduction of their potential barrier. Both have more relevance at high
applied electric fields and increasing temperatures, where excitation of charges is more
energetic [40]. In our case, as we are dealing with films with thickness (300 nm) larger
than the electron mean free path, both effects are expected to play a role. Evaluation of
Schottky emission can be done by plotting In(.J) vs. v/E, while emission by Poole-Frenkel
can be tested by a plot of In(J/E) vs. v/E [40], [101]. In such plots, evidence of linear

behavior at high voltages (confirming the model proposed) is evaluated and the slope of
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the line contains a value for the optical dielectric constant of the insulator. From the
density current equations (eq. 4.2 and eq. 4.3 for Schottky and Poole-Frenkel emission,
respectively) is in fact possible to retrieve the value of the optical dielectric constant using

a linear fitting. For the Schottky conduction method we have:

J = A*T?exp a9 = k’ ;{E/ngrgo) (4.2)

where the effective Richardson constant is defined as:

_ dmgk*m* 120m*
N h3 N mo

A*
While for the Poole-Frenkel mechanism the current density can be defined as:

—q(¢r — \/qE/me,g0) (4.3)

kT

J = quN¢Eexp

In those equations we find different parameters, mg is the free electron mass while m* is
the effective electron mass in the dielectric. T'is the absolute temperature, q is the electron
charge, q¢p is the Schottky barrier height (i.e. conduction band offset), E is the electric
field across the dielectric, k is the Boltzmann’s constant, h is the Planck’s constant,
o is the permittivity in vacuum and &, is the optical dielectric constant. Additional
parameters for the Poole-Frenkel conduction method are p the electronic drift mobility,
N¢ the effective density of states in the conduction band and g¢r is the energy level of the
traps. In figure 4.11 is possible to see both mechanism in action using a band diagram.
Evaluation of the dielectric constant of the KNN film can be made using a linear fitting
for the proposed models; but firstly is it possible to express it mathematically from the
equation of the current density. From equation 4.2 is it possible to retrieve the optical

dielectric constant for Schottky conduction method:

_ 449 2
Er = <m> (4.4)

Analogously from the equation for the density of current in the Poole-Frenkel model:

Ep = <ﬁ\/\a/ﬂ_go) (4.5)
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Where m is the corresponding slope of the Schottky or Poole-Frenkel plots. In the forward
regime for the diode (negative bias applied) both conduction models such as the Schottky
one with the introduction of the effect of bulk traps and the pure Poole-Frenkel one
predicts a linear behavior according to the theory. Fittings for the models were made in
forward bias, thus avoiding the diode and only considering the KNN and the top contact
resistances. For most of measurements on different pads, we found a linear behavior as
predicted by the model, especially for Pt, and Ni thus confirming that at higher negative
voltages Schottky emission at the top electrode and Poole-Frenkel emission could be the
main phenomena limiting the leakage current at high negative bias (as it possible to see
in figures 4.6 and 4.7; in particular in the first figure for very high applied fields £ < 150
kV /em the leakage do not change for the Pt pads, indeed a plateau is reached). However,
the extraction of physical quantities like the dielectric constant and the effective barrier
height from this kind of analysis is prevented due to the huge variability of experimental
results which can be understood if one considers that a sizable fraction of current is
localized at crystal edges, with random distribution under different metallic contacts. Still
an effort was made using both the fitting and the dielectric constant formulas (equations
4.4 and 4.5). Values are reported in table 4.3. In particular the e, numbers reported

are extracted from the Poole-Frenkel fitting as for the Schottky fitting no physically

S
Metal Insulator Semiconductor Metal Insulator Semiconductor

(a) Schematic energy band diagram of Schottky (b) Schematic energy band diagram of Poole-

emission in metal-insulator-semiconductor struc- Frenkel emission in metal-insulator-semiconductor

ture. structure. The application of an external electric
field can influence the current intensity, increasing
the probability of a thermal emission of an electron
from a trap state.

Figure 4.11: Schematic energy band for the Schottky and Poole-Frenkel conduction
method (from [101]).
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Figure 4.12: A fitting of In(J/E) vs. V/E for fitting of Poole-Frenkel emission due to traps
in KNN for forward bias (negative applied voltage).

meaningful dielectric constant were found for KNN; in fact values extracted were always
less than a unity. Is it possible to see the linear fitting for the Poole-Frenkel method from
which values for the dielectric constant were extracted in figure 4.12. From a practical
perspective, if KNN wants to be used as a ferroelectric, it should be highly insulating
and make an ohmic contact with bottom and top electrodes, but without significant
semiconducting depletion regions. In such case, the electrode-KNN interface will allow
for balancing charges to counteract the permanent polarization of the ferroelectric. The
conduction will be bulk-limited by KNN and, if properly insulating, low leakage will be
ensured [81], [102]. Nevertheless, another kind of ohmic contact is possible, but it needs
to be avoided. If the insulator is doped significantly at the interface, it will behave as a
semiconductor and establish a depletion region with the electrodes, with a corresponding
built-in-bias. Thus, a metal-semiconductor diode interface forms, which establishes a
space-charge region with considerable capacitance. If doping is increased even further,
the depletion region becomes very thin and tunneling through it can become the most
important conduction mechanism (top electrode in the present study). In this case, an
ohmic contact is also established [103]. Nonetheless, the doping also affects the bulk
of the insulator, which transforms it to a more conducting material. In this scenario,

the effective electric field across the ferroelectric will not be uniform, switching will be
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ineffective, and leakage high. All in all, considering the effect of doping, if it is minimal,
the depletion region is not of much importance, as it does not produce a significant
capacitance. When doping becomes substantial, a rectifying behavior appears due to a
smaller depletion region, which causes a measurable capacitance, a potential drop, and
ineffective ferroelectric switching. Overall, our results point to the need of minimizing such
rectifying barriers by interface engineering in order to avoid the asymmetric operation of

the piezo material.

4.3. Conclusions and suggestions for improvement

In conclusion, the mechanisms leading to asymmetric leakage currents in Metal /KNN /Pt(111)
microcapacitors is interpreted as the result of the creation of the oxygen vacancies which
can naturally spawn due to the scavenging of oxygen by the metal pads deposited on the
top of KNN to create the top contacts. For all metals used as top electrode, we found
a rectifying behavior with leakage currents for negative top-bottom voltage much higher
than for negative bias. The asymmetry was more dramatic for Pt and Ni, while for Ti and
Cr a more symmetric ohmic behavior was found. This behavior is found both in macro-
scopic measurements on micro-capacitors and from local conductive AFM measurements.
This asymmetry is explained by the presence of a rectifying Schottky-like junction at the
bottom interface between the KNN film and the Pt(111) substrate, as confirmed by small
signal capacitance measurements which are consistent with space charge accumulation at
the same interface. Noteworthy, the rectifying behavior is more pronounced in materially
Pt/KNN/Pt capacitors, thus pointing out that the origin of the asymmetry cannot be
purely ascribed to the different work functions of top and bottom electrodes. Instead
leakage current increases with the chemical reactivity of the electrodes (Ti > Cr > Ni
> Pt), following the enthalpies of formation of related oxides. Thus, the main driving
mechanism could be connected to the oxygen insufficiency during the deposition of KNN
and with the subsequent creation of oxygen vacancies by scavenging of top metals thus
creating electron donors. This gives rise to the creation of “ohmic contacts” at the top
interface, to an increase of the bulk KNN conductivity, and a decrease of the overall
asymmetry, due to oxygen vacancies diffusion towards the bottom electrode and conse-
quent reduction of the rectifying action of the Schottky barrier, with larger impact for
the more reactive electrodes (Ti and Cr). This can also suggests that the usage of direct
metallic contacts should be avoided in any case. Not by chance, commercial KNN with
good leakage properties has a thin oxide layer before the top contact [104]. The potential
impact of this asymmetric leakage on the ferroelectric switching and bipolar piezo opera-

tion is discussed, pointing to the need of minimizing asymmetric potential barriers at the



64 4| Asymmetric leakage in KNN capacitors grown by PLD

top and bottom interfaces to reach a symmetric operation of the piezo-material. Based
on literature to dope the PLD target with some atomic species able to compensate the
oxygen vacancies, such as Mn is a highly recommended suggestion [105], [106]. We also
have to take into account how to reduce the alkali loss as they have also found out to be
an important defect causing high leakage. Other techniques to reduce the alkali loss in

KNN can be given by exploring the temperatures of the process.
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5 Rapid Thermal Annealing

Rapid Thermal Annealing (RTA) process is a processing technique that has been explored
in the past and is a useful crystallization resource for thin films, including ceramics. For
example PZT has been found to be capable to crystallize using RTA and under certain
conditions even in a well ordered orientation where morphology, structural and ferroelec-
tric properties are able to improve using such technique [107], [108]. The research in this
direction was initially proposed to trying to solve the problem of the limited temperature
work-range of the sputtering machine that has a top limit of 400°C (Evatec Clusterline
[109]). This new installed sputtering machine could in principle help with the realization
of many samples in just a deposition step as in fact the KNN is being deposited directly
on the substrate (wafer diameter ~ 300mm) and only after the growth could be cut in
many different samples (even with different measures). This can reduce a lot the work-
ing time with respect to PLD increasing the number of samples that can be analyzed
and characterized, in principle from a 300mm wafer is possible to obtain hundreds of
10x10mm? KNN films. That is why RTA process is so important to study for KNN; if
we can demonstrate that is possible to obtain good KNN crystalline films in this way is
it possible to improve the process and characterize more the obtained films. After the
low temperature growth (more details on the whole PLD process can be found in section
2.1), instead of being annealed in oxygen atmosphere (0.5 atm) at a fixed temperature
(~ 550°C) for 30min a rapid thermal annealing was performed. Annealing is performed
by fixing a rise up ramp of around 20°C/s then to hold the selected temperature for 60s
seconds and just after that to let the film cool down for an arbitrary amount of time, more
details on the machine used can be found at chapter 2. The film is then characterized to

see the morphology, current leakage and stoichiometry.

We are now going to explore what Rapid Thermal Annealing technique has been able
to produce. All of this work was motivated by a good first result obtained at the be-
ginning of this new process technique. Despite the not so constant results in terms of
leakage, RTA processed films were still able to crystallize (still without a preferential

phase through the film), also stoichiometric ratios were found to be close to the one of the
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target making RTA processed films in principle valid alternative to the classic standard

grown films.

5.1. Preliminary results

In this first section we are going to discuss the main differences between the films that, later
in the text will be referred as the reference ones; in particular, we are going to compare
a classic PLD growth film versus a RTA processed film. The classic PLD deposited films
- the film that has followed a nominal condition growth - has a thickness of 300nm while
the RTA processed film have a thickness of 220nm only even if the deposition time was
the same. This can be reconducted due to the fact that the growth rate is temperature
dependant, depositing at a lower temperature gives a slower growth rate; in fact the RTA
film has been deposited at a temperature of 400°C while the nominal condition growth one
has been deposited at 615°C [110] (for further details about the PLD and processes see
chapter 2). The RTA sample after the growth has been annealed in normal atmosphere
for 60s at 700°C with a ramp of 17°C/s. Since both films shows at first impression good
properties and measurements were reproducible, they can be directly comparable under

various aspects.

5.1.1. Crystallographic orientation

A series of X-rays crystallographic measurements (XRD) has been performed on those two
sample plus another sample grown at low temperature but without the RTA step. The
energy used for those 6 — 26 diffraction experiments is the one of Copper K« (8.04keV),
all the measurements were taken at room temperature. Also a double monochromator
slit was used. With the obtained diffractogram is possible to understand quantitatively
the orientation of the deposited film; in fact different peaks indicate different orientation
of the crystals. Taking as reference the previous works, is it possible to confirm that the
film that has followed a classic PLD process shows the same diffractogram [21], [20] (fig.
5.1). This can be a confirmation that first of all the classic process is repeatable and the
obtained sample is valid. Peaks showing a defined crystallization can be found in all the
diffractograms. The non annealed one shows only the peak associated to the oriented
(111) Platinum substrate [111]. Since at room temperature the KNN (for almost every
Na percentage) is orthorombic, the peaks at 22.5° and 45° can be associated respectively
to KNN(001)/(100) and KNN(002)/(200) planes, while the peak around 33° is linked
to the rod-shaped KNN(011) crystallites (that are clearly visible in fig. 5.3) [20], [112],
[113], [114]. In principle other peaks associated to the KNN (such as the KNN(111)
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Figure 5.1: XRD measured diffraction pattern of the KNN film. Peaks indicate the
different orientations of the KNN film or the Platinum substrate. The graph is in a

semilogarithmic scale.

tetrahedron-shaped) should be present in this diffractogram, however they are absent
since their quantity in the film is much more less with respect to KNN(100) crystals; it
would be possible to exploit those peaks in a powder diffraction [115|. By observing the
obtained diffractogram in a linear scale is possible to measure the peak height and since
it is directly associated to the quantity of orientated crystal is possible to estimate the
relative weight of all the crystal orientation present or at least understand which is the
most common orientation for the film. For example by looking at fig. 5.2 is possible to
observe a fit of the diffractogram of the classic PLD process. By looking at the intensity
and the area of the peaks the film has a preferential orientation which is the (001) for the
sample that has followed a classic growth, while it is not the case for the RTA sample. In
fact, in the classic PLD growth sample, the ratio between the (001) and the (100) peaks
is 2.5 confirming the predominant (001) orientation (also known as polarization out of
plane). While for the RTA film the rateo is 0.8, thus showing that the two orientation are
present almost in a equal proportion, confirming that no preferential orientation is found
in the film.
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Figure 5.2: Fitting of the XRD diffractograms of the classic PLD growth and RTA pro-
cessed film. The peaks are fitted using a gaussian function through the software Fityk
[116].
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(a) Classic PLD growth - here it is possible to ob-
serve different crystal orientations [21]. Image taken
using secondary emitted electrons.

(¢) Classic PLD growth (d) RTA film

(e) Classic PLD growth cross section (thickness ~  (f) RTA film cross section (thickness ~ 220 nm)
300 nm)

Figure 5.3: SEM images of the two films.
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Figure 5.4: KNN morphology comparison before and after RTA

5.1.2. Morphology

A morphological characterization has been performed with scanning electron microscope
to evaluate the quality of the obtained surface for the RTA sample and compare it to
the surface of the classic PLD growth sample. Images are taken using an electron source
accelerated at 10kV. Sometimes, images are taken using secondary emitted electrons since
they are more sensible to the local topography [117|. A representative portion of each
sample is being shown in fig. 5.3. By visual inspection of the top view and the cross
section, it is clear that the two films are very different; in particular, the RTA films shows a
grainy and not compact texture compared to the classic PLD growth film. This particular
texture of the RTA film can also suggest that both crystal orientations are present in the
same quantity, thus the film seems not able to configure into one predominant crystal
orientation. This is more evident by looking at the cross section images, where is it possible
to appreciate the compactness of the classic PLD growth film. Another interesting feature
emerging from SEM images is related to the black and white textures that appear on the
surface of the sample, in particular to the classic PLD growth. In figure 5.3 a collection
of SEM images is shown to. As reported in literature, this texture can be related to
the material’s spontaneous ferroelectric domains [74], [75]. It would be possible to take
more advanced measurements to study the ferroelectric domains through Piezoelectric
Force Microscopy (PFM), but this characterization is beyond the goal of this work. In
SEM images the dark zones correspond to an orientation of a certain domain polarization
while lighter areas shows the opposite orientation of polarization [76]. This effect is also
promoted by the presence of (001) orientation of the film that leads to a spontaneous

polarization that is perpendicular to the film surface [20], [77]. Defined polarized domains
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are not visible in the RTA sample probably due to the defined crystal phase through the
film. Last but not least, the RTA process has not changed that much the topography
of the film before the annealing; even before the rapid thermal annealing, the film was
showing a grainy structure as can be seen in fig. 5.4. Even though the films appear to
carry a high density of defects with respect to the classic PLD growth films, the fact that
it does not change its appearance after the rapid annealing is a promising result; in fact,
is commonly reported in literature that the presence of inhomogeneity though the film
and the spike annealing can cause the film to spawn big defects (such as cracks along the
film) due to the high thermal stress, However this is not the case [118], [119].

5.1.3. Film stoichiometry

One major challenge for depositing high-quality KNN-based thin films is the volatilization
of light elements, such as potassium and sodium, during the films growth process, which
causes a stoichiometry deviation of the resulting films, [120], [81], [75]. This problem
has been explored in literature even considering other deposition techniques such as RF
sputtering, where the divergence in stoichiometry was usually solved using a deposition
target with Na and K excess to prevent their evaporation loss during the sputtering process
[121], [122]. Another way to try to restore the proper stoichiometry to the film was to
post anneal the film in a alkaline atmosphere [123]. Our case is much different as we only
post anneal the film using the RTA process and so we anneal for a short time with a high
temperature gradient. EDX analysis was conducted considering different 1x1mm? sections
of the film and for each section 4 measures were taken, the reported value is the mean value
between them. The beam energy for the analysis is fixed at 10kV as the depth resolution
is enough to probe the deposited material. In particular the three elements composing
KNN and their reciprocal ratios were studied: potassium (K), niobium (Nb), and sodium
(Na). The presence of oxygen was measured too, but since EDX measures were performed
ex-situ, the exposition to the normal atmosphere alters the observed presence of oxygen
in the film, making it non representative for the film. Taking as a reference the previous
research done using a classic PLD deposition technique [20], [21] is it possible to observe

how the RTA was able to improve the stoichiometric ratios of the light elements (table

Classic PLD growth | RTA | A%
Na/Nb 0.45 0.50 | +12%
K/Nb 0.41 0.43 | 8%
K/Na 0.92 0.83 | 9%

Table 5.1: Stoichiometry ratios comparison between the previous works [21], [20] and RTA
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5.1). The ratio between the light elements and the niobium is higher if the film grows
at a lower temperature and only after this step annealed at a higher temperature. This
result is promising as one of the main goal of the PLD deposition technique is to obtain
a nominal film stoichiometry of Kq5NagsNbOj3 as the alkali presence seems to inhibit the
formation of alkaline ion vacancies which can lead to a higher current density leakage [79].
Apart from the stoichiometry difference between the classic PLD growth and the RTA
annealed films, another considerable result is given by observing how little the RTA has
impacted on the stoichiometry of the film before and after the RTA process. By looking
at table 5.2, is possible to appreciate the small change in stoichiometry of the film. In
particular the alkali presence is not much affected by the RTA process. This result is also
explored in section 5.2.3, where the RTA process is compared to a classic PLD growth

but using an overstoichiometric sample.

before RTA | after RTA | A%
Na/Nb | 0.52 050 | 4%
K/Nb 0.45 043 | 5%
K/Na 0.85 0.83 -3%

Table 5.2: Stoichiometric ratios comparison between pre and post RTA process

5.1.4. Electrical characterization

After the qualitative morphological analysis and the quantitative EDX measurements,
an electrical characterization of the film is needed to comprehend the performances in
terms of current leakage. This kind of measurement is a way to understand not only
the insulating properties of this material, but also the piezoelectric performances [124].
The measurements were carried out using a top-bottom configuration where the tip that
controls the voltage bias is always on the deposited pad, while the ground tip (that stays
always at zero voltage) is touching the bottom platinum contact. As already discussed in
chapter 4 choosing between different metals for the top contact is mandatory to obtain
reproducible and coherent measurements; in this case Nickel has been chosen to be the top
electrode material. Also top electrode metals have a different pad breakdown voltages;
in fact contacts often break down (not only if the measure has been performed at a high
field) but also measure after measure. This gave the impossibility to measure the leakage
at higher fields (limiting the measurements to 150/200 kV/cm). Due to this, nickel,
again, has been chosen since is able to sustain slightly higher fields with respect to other
metals [21]. The leakage current through the Ni/KNN/Pt capacitor was measured at

room temperature using a Manual Electric Probe System (more detail on the machine in
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section 2.4.2). A pulsed stair-chase shape has been used as DC bias voltage (fig. 5.5),
with 200ms span between each pulses, giving approximately a frequency of 50 Hz for the
signal. Measurements on both films were repeated 5 times on a set of 5 different pads,

the mean value is then calculated.

Current leakage

The current leakage of both samples has been measured and the comparison between the
obtained result can be seen in fig. 5.6. As observed the leakage of the RTA processed
film has the same asymmetric shape shape of the classic PLD growth (labeled as Nominal
KNN), but its value is much lower, even two orders of magnitude lower. The fact that
the two curves have the same asymmetric behavior can lead to think that the two films
have the same rectifying properties that is given possibly by the oxygen vacancy barrier
situated between the film and the bottom interface [40]; however, this conduction method
mechanism is discussed in more detail in section 4, in this section only the value of leakage

is considered.

5.1.5. Preliminary conclusions

This first RTA processed film could be a great point of start into modifying the process
to let it be suitable for different growing methods (such as the RF sputtering) to increase
the obtained sample size. Even though the film has a big defect density, it is able to show
crystallization and a good leakage behavior. The major challenge now is to optimize the

process in order to obtain a comparable morphology to the classic PLD grown film.
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Figure 5.5: Signal shape and setup configuration for the current leakage measurements
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Figure 5.6: Top-bottom measurements (mean value) comparison between the classic PLD
grown film (blue curve - here labeled as Nominal KNN) and tha RTA processed one (red
curve). Both measurements are taken in the range —3/ + 3 V and in both case the top
contact is made of Ni. The films have different thicknesses, the classic growth KNN is
300 nm, while the RTA one is 220 nm.

5.2. Effect of annealing temperature

After the first good result discussed in the previous section, we decided to try different RTA
temperatures to see, firstly, if there is a threshold temperature for crystallization, and,
secondly, to see the impact on the morphology of the film. In this case, samples are realized
by depositing KNN at a low temperature (400°C). Then the 1 cm? squared film is cut into
four different sub-samples to anneal them at different temperatures, in particular 550°C,
600°C, 650°C, 700°C. The rapid thermal annealing (RTA) process is slightly different with
respect to the previous sample. In fact, the ramp is set to 20°C/s, then the temperature
is held for 60s. Many samples were annealed, all at the same conditions, to check for
reproducibility and improvement of the results. The reproducibility is present. However,
the results obtained are not as good as the previously analyzed film, especially for the
surface morphology and the current leak behavior. Still film were able to crystallize even
at the lowest probed temperature. Sample after sample, different countermeasures were
exploited to improve in particular the morphology of the film. It is worth saying from

the beginning, that the surface of the samples was already dense in defects even before
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the RTA treatment, thus the sample defectivity can only be attributed to the deposition
process. In detail, to improve the film quality, we have deposited more material, changed
the substrate and re-ablate the target but none of those methods have been successful.
All the samples that are going to be shown through this section are going to be compared
to the previously discussed RTA treated film, as it is going to be considered from now on

the reference sample for all the subsequent RTA experiments.
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Figure 5.7: XRD diffractogram of a reduced group of sample. A further explanation for
the legend is needed as we refer as “RTA thick” a sample with a higher deposition time

(leading to a thicker film). Blue curve is the previously discussed RTA film

5.2.1. Crystallographic orientation

As already done before, a crystallographic characterization is performed to understand
firstly if the crystallization of the material has taken place, and, secondly, if a defined phase
exist through the film. As before, the energy used for these #—26 diffraction experiments is

Ka (8.04keV) and all the diffractograms were taken at room temperature using a double
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monochromator. All the obtained curves are compared graphically with the RTA film
discussed in the previous section as can be seen in figure 5.7. In the figure, is clearly
visible how the obtained films have the same crystallographic orientation apart for the
film annealed at 550°C. As we can see, the peaks representing the two different orientation
for the KNN;, in particular the KNN(001) and the KNN(100) both situated between 20°
and 25° 20 value, are overlapping as already seen in the reference RTA sample (figure 5.2).
This again is an evidence that we do not find a strong defined phase through the whole
film. This collection of diffractograms can also give insight for the so called “crystallization
threshold temperature”. In fact, is possible to notice that the film annealed at 550° does
not have the characteristic peaks associated to the KNN crystallization, but it shows only
the strong Platinum (111) peak. The temperature threshold for the KNN crystallization
then could lie between 550°C and 650°C. Of course by changing the annealing time to
more than 60s, maybe the threshold temperature to obtain a crystal can become even
lower than 550°C [125]. It is unclear if the fact that the KNN is not crystalline (and so
can be considered in first approximation amorphous) leads to a lower conduction; in fact
as can be seen in section 5.2.4 we obtain a lower current leakage for films annealed at
550°C. Temperatures of 800°C were already explored in previous research and proved to
be able to crystallize [123]; in this sense, going down in annealing temperature could be an
improvement for the process. One of the main goal after this first result could be to find
the exact phase transition temperature and fine tuning it by changing other parameters

such as the pressure, time and temperature.

5.2.2. Morphology

As already done for the previous film, a morphological qualitative characterization has
been performed with scanning electron microscope to evaluate the quality of the surface
for those samples. A direct comparison with the previous RTA sample is considered as for
the RTA process it is considered a reference sample. Images are taken using an electron
source with an energy of 10kV. Pre annealing images and small areas of each sample are
shown in fig. 5.8. As it is possible to point out, even from this figure, films have a high
concentration of “cracks” that are already present after the low temperature growth (and
so cannot be attributed to the RTA process [118]|). Many samples were made using the
same conditions, but all the obtained films have the same morphology and so not all the
SEM images for all the films are presented. The cracks expand through the whole film.
By comparing the obtained film with the nominal RTA film (figure 5.3), it is evident
that cracks are only found in this new sample. Since their appearance seems to be not

dependant on the RTA process, we can only attribute this defectivity to the growing
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process. Methods to trying to get rid of those defects are discussed in section 5.2.2. The
presence of cracks seems to be the major cause of huge current leakage and sometimes
even short circuits as they leave an easy access to the bottom pad (see section 5.2.4 for
details). A detail of the cracks can be found in the figure 5.9, where the cross section
of one of the obtained films (in particular the thicker one annealed at 700°C) is shown.
Last but not least, as already cited before, the growth rate is lower with respect to the
classic PLD deposition and this is always reconducted to the deposition temperature that
afflicts the growth rate [110]. Obtained films are in the order of 200-220 nm thickness,
and measurements were not straightforward as the films present a very high roughness

among all the surface.

Possible solutions to improve the film quality

Since for the reference RTA sample and the first sample growth in the same condition
the morphology obtained was so different, it is natural to think that the so called “point
of work” of the machine could have changed at some point. In order words the process
was still in control, but no more capable of producing the same film obtained as before.
This conclusion is of course sustained by the many samples that we have grown after
the reference RTA one. The reasons behind this abrupt change of morphology are still
to be investigated since as a matter of fact all the countermeasures used to obtain films
with no cracks have actually failed. Firstly, we have tried to change the substrate with
a fresh new one since the quality of the substrate could have changed in time due to the
continuous exposition to air and its quality has already been pointed out as a major cause
of film defectivity [20]. Despite the change of substrate, no major improvement have been
obtained, the film still presents cracks after the growing phase. The new substrate was
provided by STMicrolectronics as the previous one. After swapping the substrate to a
fresher one, but with no improvement, we have decided to ablate the KNN target for
3h in order to trying to get rid of a maybe not homogeneous zone of the target. The
target ablation is basically a simulation of the deposition phase but with no sample inside
the chamber. All this procedure takes place in vacuum. Since no improvements were
found in this way, we have manually polished the target to remove a consistent portion of
material before another ablation in vacuum. Still, no better films were produced after the
procedure. Last but not least, we have deposited more material (increasing the deposition
time to from 1h50min to 2h30min) to see if the cracks could have filled up with this extra
material, but the only effect we have obtained is to have a thicker film with the same
density of cracks as before (fig. 5.9) but with a quasi perfect stoichiometry (fig. ??). In

conclusion, we were not able to get rid of this morphology defects which seems also to be
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(d) After RTA at 650°C (e) After RTA at 700°C

Figure 5.8: SEM images of the samples. Pre and post RTA images are presented, is it
possible to notice that all the surfaces are pretty similar but most importantly is straight-

forward to notice that cracks are not a product of the annealing.



5| Rapid Thermal Annealing 79

Figure 5.9: Cross section of a RTA film (with higher depositing time) annealed at 700°C;
in particular is possible to see the detail of a crack and how this crack can actually lower
the thickness of the whole film locally.

the main reason of a very high current leakage (see section 5.2.4).

5.2.3. Film stoichiometry

As already found out in the previous analysis for the RTA reference sample, the effect of
the low temperature growing is to obtain a film stoichiometry more close to the target one
(i.e. the nominal Kg5Nags;NbO3). Stoichiometric analysis have been performed with the
same condition as before (section 5.1.3) and values are reported in table 5.3 where mean
values are presented. Is it possible to observe how stable is the result we have already seen
in the previous section. In fact the stoichiometric ratios between the elements is very close
to the nominal one, and, with respect to the reference RTA sample, has also improved a
little. This result needs to be stressed out as in figure 5.10a is possible to observe how
the effect of the temperature can be overwhelming on the stoichiometry ratios. In this
comparison graph, it is represented on the left how the deposition temperature in a clas-
sic PLD process can affect the stoichiometry of the film even using an overstoichiometric
target. The effect of the temperature is devastating, increasing it we basically lose most of
the alkali of the composition. While on the right is possible to observe that the stoichio-
metric ratios remain constant considering all the different RTA annealing temperatures.
In this case, the target has a normal stoichiometry. Last but not least, it is important
also to compare the thicker RTA sample stoichiometry with a normal PLD film as they

have circa the same thickness (around 300 nm). As can be seen from the graph in figure
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Classic PLD growth | RTA reference sample | RTA (mean values)
Na/Nb 0.45 0.50 0.56
K/Nb 0.41 0.43 0.47
K/Na 0.92 0.83 0.84

Table 5.3: Stoichiometry ratios comparison between the previous works [21], [20], the

RTA reference sample and the new films annealed at different temperature.

5.10b, the effect of deposition of more material to obtain a higher thickness is to stabilize

the stoichiometric ratios was very close to the nominal values of the KNN compound.

5.2.4. Electrical characterization

The same electrical characterization done in the previous section is now repeated deposit-
ing again nickel pads. In this particular case, maybe due to the presence of cracks among
the film, it was not straightforward to obtain repeatable measurements and it was not rare
to observe quasi ohmic conduction in the voltage-current curves obtained. Even though
the first result on the reference RTA was promising, in this new batch of samples we have
not observed any improvement from the previous situation. Instead we have found, most

of the time, a comparable or higher leakage.

Current leakage

As already cited before, the density of current leakage obtained in this new batch of
samples is higher or at least comparable with respect to the one obtained in the first
RTA process (i.e. the reference RTA sample). This is true for all the RTA temperatures
apart from the 550°C as can be seen in figure 5.11 and in figure 5.12. In both graphs, it
is possible to observe that, for the sample RTA processed at 550°C, the leakage is much
lower for the left branch, while for the right branch (that represent the interface between
the KNN and the bottom electrode) the leakage is the same. Since while performing
the measurement on this first 550°C RTA annealed sample the curve obtained was not
asymmetric, we have forced the measurement up to 10V obtaining the graph in figure
5.11a where it is possible to observe that the leakage remains low; this was done as in
previous experiment by increasing the voltage over a certain threshold value. We have
observed a total failure of the metal pad (and probably also of the film itself due to a high
stress applied) leading to a short circuit conduction, however this is not the case maybe
also due to the probably amorphous nature of the KNN. In figure 5.12a it is possible to
observe the same low leakage behavior. On the other side, for films that have shown a

higher degree of crystallization, considering the XRD diffractogram, the measurements
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Figure 5.11: Density of current leakage in the different films annealed RTA processed at

different temperature. Red curve is the reference RTA sample. Blue curves are subsequent

RTA samples.

were not always reproducible and repeatable as pads were not always capable to sustain
voltages lower than 3V. Also, as it is possible to observe in figures 5.11b and 5.12¢, the
films more often show an ohmic behavior. If this depends on the fact that cracks are
present or it is due to some artifix of the pads is not clear, still probing the pads with

current was not trivial.

5.2.5. Suggestions for the future

Many different problems have arised during the deposition of the RTA films that could
be taken into account to try to get rid of the cracks along the film. One issue is related

to the oxygen pressure in the chamber while depositing the KNN on the substrate. From
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the standard procedure the pressure is settled to 220mTorr and must be kept constant.
This was not so difficult when the automatic feedback system, that was capable of au-
tonomously venting and pumping the oxygen, was present and fully functioning. However
at some point, in between the classic PLD growth experiments and the RTA ones, the
feedback loop was shifted with a valve that had to be manually operated to have a con-
stant pressure. This for sure includes another degree of freedom in the entire process as
with the feedback system even a small change in pressure was able to trigger the valve,
but using a manual valve one must be able to recognize in time when and how to open or
close it. Another important thing to point out is the small mechanical defect of the motor
of the carousel that is responsible for moving the target up and down in the deposition
chamber.In fact, it has turned out that sometimes when returning to the zero point po-
sition! there was a small offset in the z-axis value that could have leaded (after n cycles)
to let the laser point hit the target holder (and by doing so depositing impurities on the
sample) and even the glass of a viewing window (placed behind the target carousel), cre-
ating a small hole in the latter that at some point has forced to shut down all the pumps
for a while. A closer inspection to the whole motor mechanism is indeed mandatory in
order to understand where the problem, of the offset arises, and how to solve it to avoid

the laser to point other thing than the target.

5.3. Conclusions and future direction

Low temperature deposited films have been demonstrated to be amorphous and a subse-
quent thermal treatment is required to promote crystallization. RTA has been exploited
to crystallize the obtained films, a temperature of 650°C has found to be the threshold
value for this process with the employed parameters. The obtained crystal orientation
was a mixture of KNN(001) and KNN(100), thus no preferential orientation has been
obtained. By SEM imaging is it possible to see that the grown films is not compact and
oriented as the films obtained through classic PLD deposition. Probably due to this not
good morphology the measured current leakage in RTA samples is not optimal. Also
problems with the PLD machine arose and the obtained films were no more depending on
the RTA process’ parameters. After reestablishing the point of work of the PLD machine
it should be possible to re-optimize the process for the RTA method to try to achieve a
better morphology and to lower the current leakage. The future for this topic could be

to find the exact condition of temperature, pressure and time to understand in which the

IThe zero point position is a particular set of coordinates for which the laser is pointing exact in the
middle of the target that moves towards the up direction while rotating thanks to the carousel. After a
full cycle (when the laser has reached the outermost region of the target) the carousel moves back to the
zero point position to restart the cycle.
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KNN become a crystal to improve and fine tune furthermore the RTA process in order to

optimize the properties of the obtained KNN film.
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6 ‘ Overall conclusions

Ko.5Nag5NbO3 films were grown by pulsed laser deposition technique and many different
aspects of this piezoelectric material were studied such as crystal structure, morphology,
stoichiometry and, most importantly, its current leakage, which is a fundamental bench-
mark for the characterization of an active oxide. To conclude this work, a brief recap
recalling the main results with the addition of suggestions for future improvements is

presented.

We have successfully demonstrated that a process to create a MEMS structure such as a
cantilever by using KNN as an active layer is feasible. This was been done by exploiting
different microelectronic devices techniques such as photolithography and metal sput-
tering. The obtained trampoline structure shows a good morphology, but lacks proper
insulating properties; this however seems to be material-dependent only. A further im-
provement of the process is of course necessary as the proposed structure was not fully
suspended like the majority of the already commercially available applications, but the
priority remains to be able to deposit a less defective material. The cantilevers reported in
this thesis show defects that makes the processed devices not being capable of deforming
in an appreciable way due to high current leakage. Numerical and simple finite elements
simulations however support this stack device design as it can be used as a starting point to

characterize and optimize piezoelectric cantilevers that exploit KNN as the active element.

Thanks to a deep electrical characterization, we have given an interpretation for the
asymmetric curves found in the voltage-current plots in chapter 4. If the intensity of the
current value can be related to free charges in the oxide layer, which are usually asso-
ciated to oxygen and alkali vacancies, the peculiar asymmetric shape can be interpreted
by the means of the oxygen vacancies created in between the piezoelectric layer and the
metal electrodes. The oxygen vacancies create a rectifying behavior of the device. Thus
a barrier, located at the bottom pad, can be depicted as a diode that when working
on its reverse bias condition is limiting the amount of charges moving. Their presence

has been linked to the scavenging of the oxygen by the metals in order to create local
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oxidation states near the interfaces. This is also responsible for free carrier doping, and
consequently, KNN is stated to be n-type doped. Future improvements must consider to
correct this elemental vacancy as it is crucial to enhance the current leakage properties of
the material. One way to approach the solution can be related to the increase in oxygen
flow while KNN is being deposited. Another possible compensation of these vacancies
can be doping with different elements. This method seems to be effective into removing

the diode behavior and reducing the current leakage.

A first approach aimed to reduce the alkali loss of the KNN films has been proposed
with a successful outcome. The not ideal stoichiometric configuration of the KNN and so
the alkali loss of the material has been associated to the increase of free carriers inside the
film leading to an increment of the current leakage. The volatility of lightweight elements
such as potassium and sodium is enhanced by the high temperature of the PLD process;
in particular the one during the deposition of the material. From this, the idea to deposit
at a lower temperature has been exploited, this new parameter for the PLD process how-
ever has a substantial drawback: the loss of crystalline properties of the grown film. Due
to this, after deposition, a thermal annealing of the film has to be performed in order to
promote crystallization. Rapid thermal annealing has been employed to do so and the
small amount of exposure time (60s) linked to the step gradient of the temperature, has
shown to be a proper method to let the KNN become crystalline. Threshold temperature
for this process parameter has also been found, demonstrating that, at least for the con-
sidered exposure time a certain energy is required to produce crystal ordering in KNN.
The current leakage characterization of RTA processed samples reflect the substantial
reduction of alkali loss, which was found to be less than the classic PLD process with
in-situ annealing for 30min in oxygen atmosphere. However, this new process promotes a
preferential orientation in KNN(001) and KNN(100) directions and not only in KNN(001)
as PLD, which could be in detriment of piezoelectric properties. The former is probably
due to the less energetic deposition process. Anyway preferential orientation in (001) can

in principle, be improved by redefining some steps of the process.

To research how to improve the film quality of deposited KNN films (even employing
different techniques) is a crucial step to be done before using it as an appropriate and
feasible material for MEMS applications. Only after this, the possibility to take advan-
tage of this promising lead free piezoelectric can be considered. For sure, an important
reference to be taken as a starting point to initialize this study has been set by this thesis’
work but still without the previous effort of past works even this research would not have
been possible [20], [21].
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