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Abstract

In this work, Ko 5Nag5NbO3, (KNN) and Kg 495Nag.495Cag.00sNbO3
thin films for biomedical applications have been prepared from an
aqueous precursor solutions with 2.5 or 5.0 mol% of alkali excess.
Ca?t was introduced as dopant to enhance the hygroscopic prop-
erties of KNN. The precursor solutions were deposited on SrTiOgs
substrates by spin coating with subsequent pyrolysis at 550 °C and
final annealing in air at 700 °C. X-ray diffraction and scanning elec-
tron microscopy revealed that 5 mol% alkali excess is necessary to
obtain phase pure thin films with homogeneous microstructure.

Nanoindentation was used to investigate the effect of doping with
0.5 mol% Ca?*, on the hygroscopicity of KNN thin films. This was
done by looking at the change in mechanical properties after expo-
sure the films to an aqueous solution at 37 °C for 0 to 14 days. The
mechanical properties showed relatively small changes after soaking,
and only marginally improved stability of the mechanical properties
was observed with Ca®" doping.

Although both KNN and Ca-KNN thin films displayed weak and
leaky ferroelectric hysteresis loops, doping with 0.5 mol% Ca?" sub-
tly improved the saturation polarisation, and slightly enhanced the
piezoelectric coefficient (18.6 £0.16 pCN~1) compared to pure KNN
thin films (17.44 £0.69 pCN™1).

The results from this work imply that further improvements of
the ferroelectric and piezoelectric properties are necessary. However,
the mechanical measurements are promising, and show that KNN

thin films are potential candidates for biomedical applications.






Sammendrag

I denne masteroppgaven har det blitt fremstilt Ko 5Nag5NbOs (KNN)
og Ko.495Nag.495Cag.005NbO3 (Ca-KNN) tynnfilmer, for biomedisins-
ke applikasjoner, fra en vannbasert forlgperlgsning med 2.5 eller 5.0
mol% alkalioverskudd. Ca?* ble brukt som dopant for & forbedre de
hygroskopiske egenskapene til KNN. Forlgperlgsningen ble deponert
pa SrTiOg substrater fgr spin coating og pafslgende pyrolyse ved
550 °C, og glgding i luft ved 700 °C. Rgngendiffraksjon og elektron-
mikroskopi viste at 5.0 mol% alkalioverskudd var ngdvendig for &
lage faserene tynnfilmer med homogen mikrostruktur.

Nanoinntrykk-malinger ble utfgrt for 4 undersgke hvordan doping
med 0.5 mol% Ca?" pavirker de hygroskopiske egenskapene til KNN
tynnfilmer. Dette ble undersgkt ved & se pa hvordan de mekaniske
egenskapene endres etter 0 og 14 dager i vannlgsning ved 37 °C. Opp-
holdet i vannlgsningen ga lite endring i de mekaniske egenskapene,
og kun marginal forbedring av de mekaniske egenskapenes stabilitet
ble observert ved Ca*"-doping.

Selv om bade KNN- og Ca-KNN-tynnfilmer hadde svake ferroelekt-
riske hystereselgkker med spor av lekkstrgm, viste 0.5 mol% Ca?t-
doping en subtil gkning av mettet polarisasjon, og noe forbedret pie-
zoelektrisk koeffisient (18.6 40.16 pCN~!) sammenlignet med udo-
pet KNN-tynnfilmer (17.44 £0.69 pCN™1).

Resultatene fra denne oppgaven tilsier at det er ngdvendig a for-
bedre de ferroelektriske og piezoelektriske egenskapene. Likevel er
de mekaniske méalingene lovende, og viser at KNN-tynnfilmer er po-

tensielle kandidater for in vivo biomedisinske applikasjoner.
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Chapter 1

Motivation

The piezoelectric effect was first discovered in 1880 by the Curie
brothers, Jacques and Pierre, and is the phenomenon where a me-
chanical field induces an electric polarization, or vice verse, where
an electric field causes macroscopic strain.! State of the art mate-
rials for commercial piezoelectric applications have been based on
lead-containing ceramics, such as lead zirconate titanate (PZT).? In
2003, a directive on the restriction of hazardous substances (RoHS)
by the European Union limited the use of lead in electrical and elec-
tronic equipment due to the toxicity of lead.? Although exceptions
being made for materials such as PZT in piezoelectric devices, due to
the lack of suitable alternatives, the directive has motivated search
for lead-free piezoelectric ceramics with comparable properties to

PZT.24

The use of piezoceramics in medical technology is widespread,
and among the applications are ultrasonic transducers for medical
imaging, medical sensors, drug delivery (micro)devices, and actua-
tors in micropumps and switches. Although most of these applica-
tions are used ex wvivo, medical technology is rapidly developing to
improve tools for medical treatment and diagnosis. Further advances

rely on development of implants, actuators and sensors to be used
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in vivo. Thus, new piezoelectric materials for in vivo applications
need to be biocompatible and without any toxic elements. For most
biomedical applications, the chemical and mechanical properties of
the implanted material are of great importance. Interaction between
the host environment and the implanted device may change the ma-
terial’s properties over time. These changes must be anticipated
and accounted for when selecting and designing new materials for

biomedical applications.

Among the lead-free piezoelectric candidates, potassium sodium
niobate (Kg5NagsNbO3, KNN) has shown promising results with

5,6

respect to toxicity for use in wvivo,”® and also encouraging piezo-

electric performance.” Most studies on KNN thin films to date have

24,712 and less on mechanical

focused on the electrical properties,
properties.®13:14 Reports on how mechanical properties and surface
characteristics of KNN are affected when thin films are exposed to
water solutions are scarce. It is crucial to understand these proper-
ties, and also how they change over time when introducing KNN in
vivo, in order to evaluate the potential use of KNN as an implantable
piezoelectric material. A major problem in KNN is the volatility of
Na and K during processing. The evaporation of Na and K affects
the stochiometry, leading to changes in properties and influencing
the hygroscopic nature of the material.* The standard method to
compensate these losses, and obtain phase pure KNN; is by adding
excess amount of alkali metals to the precursor solutions.?* Also,
substitution of alkaline earth metals at the A-site may improve the

hygroscopic and piezoelectric properties of KNN thin films. 1113
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Figure 1.1: Schematic presentation of the coupling between material
properties and important considerations when designing a piezoceramic
for use inside the body.

Aim of work

Chemical solution deposition is a common and inexpensive tech-
nique for preparing KNN thin films. However, most studies are
usually based on expensive metal-alkoxides mixed with toxic or-
ganic solvents. 101916 Hence, a cheap and non-toxic synthesis route
is strongly preferable. Piezoelectric materials for implantable de-
vices must have appropriate mechanical and ferroelectric properties.
Figure 1.1 shows the connection between some important properties
and considerations when designing piezoelectric materials for use in
V1V0.

This master’s thesis aims to develop piezoelectric KNN-based
thin films for biomedical applications through an environmentally
friendly synthesis route. The main objective is to study how the
microstructure, phase purity and mechanical properties may change

when the films are exposed to a biological environment. KNN and
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calcium-modified KNN thin films will be prepared by chemical solu-
tion deposition of an aqueous precursor solution. Chemical stability
and mechanical properties of thin films upon exposure to a biological
environment will be studied in a simplified system of water at 37°C
over different lengths of time. The effect of adding low amounts of
Ca*™ (0.5 mol%) on the solubility of KNN thin films will be stud-
ied by nanoindentation and pH measurements. Ferroelectric and
piezoelectric (d33) measurements will be conducted to evaluate the
performance of the films. Also, the effect of alkali excess in the pre-
cursor solutions on the phase purity and microstructure of the films
will be investigated by adding different amounts of alkali excess to

the precursor solutions.



Chapter 2

Introduction

2.1 Piezoelectricity

A piezoelectric material generates an electrical charge when pressure,
or mechanical stress, is applied. This is also known as the direct
piezoelectric effect. This effect is also reversible, where an applied
electric field produces mechanical strain in the material, causing it to
contract or expand (converse piezoelectric effect).! The piezoelectric

effect is illustrated in Figure 2.1. In order for piezoelectricity to exist

(a) (b) Stress (c) Strain

(-)

Vv

(+)

Figure 2.1: Illustration of the piezoelectric effect: (a) A crystal with
an internal polarisation. (b) The direct effect: Generation of an elec-
tric voltage when mechanical stress is applied. (c¢) The converse effect:
Generation of strain when an electric field is applied. 1718

several properties are required. The material has to be dielectric,
or non-conductive, meaning that the material will polarise and not
allow charge transport. The material must also possess one polar

axis and the the crystal structure must be non-centrosymmetric.
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2.1.1 Basic principles of ferroelectricity

Ferroelectric materials are a subgroup of the pizoelectric materi-
als, which means that all ferroelectrics are piezoelectric, but not all
piezoelectrics are necessarily ferroelectric. A general definition of a
ferroelectric, is a material which has a electric polarisation that can
be reversed by an applied electric field. Most ferroelectrics have a
phase-transition temperature, T¢, and above this temperature they
become paraelectric. The switchable polarisation in a ferroelectric
material makes it possible to pole the material, and make a ferro-
electric polycrystalline material macroscopically polarised. Thus, a
ferroelectric material has a remanent polarisation. A material can
be piezoelectric without being ferroelectric, but a polycrystalline ma-
terial must be ferroelectric in order to align individual polarisation
directions and create an overall net polarisation. Piezoelectricity can
be predicted from the point group symmetry of the material, while

ferroelectricity needs to be experimentally verified.

2.1.2 Ferroelectric domains and hysteresis loops

One common feature in ferroelectric materials is the existence of fer-
roelectric domains, which is defined as regions with uniform spon-
taneous polarisation. Adjacent domains are separated by domain
walls, where the geometry is determined by the crystal symme-
try. 120 In order to understand ferroelectric performance it is im-
portant to study how the domains respond to external factors such
as temperature, stress and electric field. A defining feature of ferro-
electrics is the ferroelectric hysteresis loop, as shown in Figure 2.2.

Every ferroelectric material has its own unique hysteresis loop where
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Figure 2.2: Ferroelectric hysteresis (P-E) loop with corresponding
strain-electric field curve. (Ps), (P.) and (E.) are the saturation and
remanent polatisation, and the coercive field, respectively. Some of the
domain structures at selected stages are included.?

characteristic parameters such as coercive field (E.), saturation po-
larisation (Ps) and remanent polarisation (P) can be determined.
An unpoled ferroelectric ceramic usually has a zero net polarisation.
When introducing an external electrical field, the spontaneous po-
larisation direction within the domains can be switched. This is also
known as poling, in which the domains well aligned with the applied
field will grow on the expense of the less aligned domains, resulting
in a maximum attainable alignment of polarisation (Ps) in the mate-
rial. When the applied field is removed, most of the altered domains
will remain in their new state, resulting in a permanent polarisa-
tion (P,) in the material and giving rise to macroscopic piezoelectric
behaviour. At negative field strengths, the domains reorient and

realign in the opposite direction.
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2.1.3 Perovskite oxide ferroelectrics

Ferroelectricity was first discovered in Rochelle salt (single-crystal)
in 1921 and further in polycrystalline barium titanate (BaTiO3) dur-
ing the mid 1940s.1? Some well known ferroelectric ceramics are the
tungsten-bronzes, hexagonal manganites, phyrochlores, bismuth lay-
ered structures and perovskites. Most of the common ferroelectric
ceramics are oxides with a perovskite structure such as barium ti-
tanate (BT), bismuth sodium titanate (BNT), barium zirconate ti-
tanate (BZT), lead zirconate titanate (PZT) and potassium sodium

niobates (KNN).?

Structure

A general illustration of the perovskite (ABO3) structure is given
in Figure 2.3 (a), showing the ideal cubic perovskite structure of
KNN. The A-cations (Na and K) are 12-fold coordinated with respect
to oxygen, and the B-cation (Nb) is octahedrally coordinated by
oxygen. The stability and symmetry of the perovskite structure can
be predicted from the Goldschmidt tolerance factor?%2? () given in

Equation 2.1, based on the radii (r;) of the A-site, B-site and O-ions.

" rA+TO
\/5(7’B+T’O)

The ideal cubic perovskite structure is found to when the tolerance

(2.1)

factor is close to 1. However, the tolerance factor in perovskites are
known to vary from 0.8-1.06.2! For ¢ > 1 the A-cation is larger or
the B-cation is slightly smaller than required, causing a tetragonal

distortion in the unit cell (Figure 2.3 (b)). Or, if the A-site cation is
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Figure 2.3: Two different polymorphs of KNN. Sodium and potassium
are represented by yellow and purple color respectively, oxygens are red
and niobium in green. (a) Illustrates the non-piezoelectric cubic structure
(Pm3m) and (b) illustrates the tetragonal structure (P4mm), one of the
KNN polymorphs which exhibit piezoelectric properties. The structures
were created by using the VESTA software. 23

too large (t>1.06) hexagonal face-sharing polytypes will be formed.
If t < 1, the A-site cations are to small resulting in tilting and
rotation of the BOg octahedra, giving rise to either orthorhombic or

rhombohedral distortion of the perovskite structure.?

2.2 Biomaterials

Biomaterials are materials designed to interact with with biological
systems, primarily used for medical purposes.?* Some well known
biomaterial applications are heart valve protheses, artificial hip joints,
dental implants and pacemakers. The concept of biocompatibility is
important and essential when designing new biomaterials. Whether
or not there exists a precise definition of biocompatibility is still ar-
gued, and the definition has evolved throughout the years, depending

on the intention of the implanted biomaterial.?425 The modern def-
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inition is "the ability of a material to perform with an appropriate
host response in a specific situation”.?5 This broad term is not only
dependent on the characteristics of the material, but also on the sit-
uation in which the material is used. Given this term, no material
can be assumed to be universally biocompatible, since a material de-
signed for e.g. the kidney, will not necessarily be suitable for every

conceivable application inside the body.

2.2.1 Development of biomaterials

Today, biomaterials are widely used in medical applications and den-
tristy, but the word "biomaterial" is relatively new. Although, bioma-
terials have been used since the earliest days of human civilisation, 24
this section will focus on the foundation of biomaterials between the
1940s and 1980s, and how these are connected to the development
of new biomaterials.

The first generation of biomaterials, or implantable devices, de-
veloped from the 1940s to the 1980s was intended to remain in the
body for a long time. Common for these materials were their "biolog-
ical inertness". These bioinert or biopassive materials were designed
to reduce the immune response from the body on the implanted
materials. 2>27 During the 1980s the development of "bioactive” ma-
terials started, and instead of being ignored by the biological tissue,
the materials were designed to specifically interact. Materials such
as glass-ceramics, bioactive glasses, ceramics and composites were
taken into use as bioactive materials for dental and orthopedic ap-
plications. Materials constructed to chemically break down inside

the body were also developed in this second generation of biomateri-
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als. One example of these "resorbable biomaterials' is biodegradable
suture made of polymers.2® While the second generation of biomate-
rials were designed to either be bioactive or resorbable, the third gen-
eration of biomaterials are designed to stimulate cellular responses.
Thus, this biomaterials combines the bioactive and resorbable prop-

erties to help the body to heal itself.%7

2.2.2 Material selection
During the last decades, advances have been made in the develop-
ment of new biomaterials. The definiton of biocompatibility has
evolved and become more broad, depending not only on the mate-
rial’s characteristics, but also the situation in which they are used.
Surface characteristics and mechanical properties of the biomaterial
becomes important in the interaction process between the host and
the implanted material. These interactions are ongoing through-
out the lifetime of the material, and some general criteria should be
taken in consideration when selecting materials for new implantable
devices. Also, economic aspects are important when selecting mate-
rials, and it is beneficial to choose inexpensive and abundant mate-
rials. Some important material properties are given in Table 2.1.
Figure 2.4 shows the cost and toxicity of potential elements of
interests when developing new lead-free piezoelectric ceramics. Ma-
terials such as cadmium (Cd), thallium (T1), antimony (Sb) and
lead (Pb) are marked as toxic, while sodium (Na), calcium (Ca),
aluminium (Al) and niobium (Nb) are regarded non-toxic. It is note-
worthy that potassium is regarded slightly toxic, as elevated levels

(higher than 5.5 mmolL~!) of K™ in the blood might increase the risk



12 CHAPTER 2. INTRODUCTION

Table 2.1: General considerations when selecting lead-free materials for

piezoelectric and biomedical applications, 2242930 reprinted from.”
Property Criterion
Biocompatibility It has to perform with a proper host response

inside the body i.e. it has to be non-toxic, blood-
compatible and non-allergic.

Physical properties Proper strength, flexibility, degradation resis-
tance and resistance to sterilisation techniques.

Reliability Proper performance and durability dependent
on the time scale in which the host is exposed
to the implantable device.

Cost and sustainability The use of inexpensive and non-rare raw materi-
als, as well as inexpensive and environmentally
friendly processing routes are beneficial.

of hyperkalemia which causes muscle weakness, muscle pains, and in

the worst-case abnormal heart rate that may result in death.3!

2.3 Potassium Sodium Niobate (KNN)

Among the most investigated lead-free piezoelectric materials are
the alkali-niobates, K; Naj_;NbOs (KNN), due to large piezoelectric
coefficient, dss, and high T,..2* Although the ferroelectricity in KNN
was discovered in the early 1950s,3234 the major breakthrough for
the material happened in 2004. That year, Saito et al.” reported a
superb piezoelectric coefficient of d3g = 416 pCN~! in textured KNN,
modified with lithium (Li), tantalum (Ta) and antimony (Sb). This
discovery lead to an increased interest in KNN-based materials and

other lead-free piezoceramics.?%?
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Figure 2.4: Periodic table, illustrating the relative cost and toxicity
of interesting elements. The toxicity degree of the elements is divided
into three categories, non-toxic, slightly toxic and toxic, when they are
prepared as either carbonates or oxides.?

2.3.1 Structure and properties

The term KNN is often used in reference to different compositions of
the solid solution between KNbO3 (KN) and NaNbOg (NN), though
unless something else is specified, KNN refers to the composition
at x = 0.5. Both KN and NN are perovskites and orthorhombic
at room temperature. KN is ferroelectric and goes through the fol-
lowing polymorphs: Cubic (C) above ~435 °C, tetragonal (T) below
435 down to ~225 °C, orthorhombic (O) from ~225°C down to room
temperature and rhombohedral (R) below —10°C. NN was originally
reported as ferroelectric,3? but later as antiferroelectric®® and has a

more complexed polymorphism than KN, due to oxygen octahedral
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Figure 2.5: Phase diagram of the pseudo-binary KNbO3-NaNbO3 sys-
tem, from Jaffe et al.!, modified by Li et al.?.

tilting.® The polymorphs of KNN are the same as for KN, but with
slightly lower phase transition temperatures. A pseudo-binary phase

diagram of the KN-NN-system is shown in Figure 2.5.1

As mentioned previously, KNN is regarded as orthorhombic at
room temperature. However, recent publications suggests that the
unit cell has a small monoclinic distortion with 90.32°< 5 < 90.34°. 36,37
This small distortion may be the reason why many publications re-
port the use of an orthorhombic unit cell for refinements of the cell

parameters of KNN at room temperature. %1314
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2.3.2 Modifications of KNN

When developing new ferroelectric materials, construction or util-
isation of phase boundaries becomes important, since piezoelectric
response usually increases close to a phase transition.? Two impor-
tant phase boundaries are the morphotropic phase boundary (MPB)
and polymorphic phase boundary (PPB). The latter is a temper-
ature induced phase transition and appears as a horisontal line in
a phase diagram. The temperature dependence makes it hard to
utilise in applications with varying temperatures. The first is used
to describe a temperature independent transition between two ferro-
electric phases, over a narrow change in composition. An example of
a system containing a MPB is PZT, which has superior piezoelectric
properties. Whether or not KNN posesses a MPB around the com-
position x = 0.5 is debated in the literature,?” although, it is still
an agreement that the piezoelectric performance is enhanced close to
this composition. Chemical alternations of KNN by using different
additives are used to induce PPB’s by shifting the phase transition
temperatures like To_r, To_7 and T, and enhance the piezoelec-
tric properties of KNN. Equivalent metal ions such as LiT, Sb>* and
TaT are commonly used for this purpose, where Li™ substitutes the
A site, and Sb°T and Ta’T the B site.2? Microstructural modifica-
tions are also possible for improving the piezoelectric properties and
is done by texturing the material, e.g. by forming a microstructure
with the same grain orientation. Saito et al.” used both chemical and
structural modification techniques when they successfully reported

the aforementioned KNN with superb piezoelectric coefficient.
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2.4 Deposition of oxide thin films

Thin films are defined as thin material layers with thickness from
nano-metres to several microns.3® Various deposition techniques can
be utilised to produce oxide thin films, and most processes are based
on chemical reactions in solids, liquids or gases. When fabricat-
ing nanoscale materials the bottom-up and top-down approches are
normally used. The latter is a method where the final product is
made by using controlled tools to cut, mill or shape it from a big-
ger piece, while bottom-up approaches creates the structure from
smaller building blocks, atom by atom or molecule by molecule. For
thin film fabrication, bottom-up approaches are commonly used, and
among some of the deposition techniques are physical vapor depo-
sition (PVD), chemical vapor deposition (CVD), and chemical so-
lution deposition (CSD). In PVD, thin films are formed by atoms
being transported directly from a source to the substrate through a
gas phase without any reactions on the substrate surface, while in
CVD, the gas phase precursor reacts or decomposes on the surface
of the substrate.

2.4.1 Chemical solution deposition

Chemical solution deposition (CSD) is a rather new technique and
the first electronic oxide thin films were prepared by CSD in the
1980s.40 A general flow chart of the CSD process is illustrated in
Figure 2.6. In CSD, thin films are formed during thermal treatment
of a starting chemical solution (precursor solution) being deposited
by spin coating, dip coating or spray coating.*! Thermal treatment is

usually divided into two different stages: Low-temperature and high-
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Figure 2.6: Flow chart illustrating the different stages in the chemical
solution deposition process, taken form3°.
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temperature treatment.?? The first stage transforms the wet film into
a "gel film" before pyrolysis of organic species forms an amorphous
film, while the latter is necessary for crystallisation and densification
of the film. The main advantages of the CSD process are the control
of film composition, relatively low cost and the process is easy to
upscale. The main disadvantages are the challenging deposition of
ultrathin films (<100 nm) and controlling the microstructure such

as texturing. 40

Considerations

In order to successfully produce thin films by the CSD technique

it is important to understand the chemical reactions and physical

phenomena during each step of the process. The first part in CSD

(Part I, Figure 2.6) starts with the solution synthesis of a precursor

system, and some preconditions have to be fulfilled for the precursor

system in order to produce a high quality thin film:17:39:40

i) Choice of solvent: All starting products (metal ions, counter
ions and stabilising agents) must be soluble in the solvent.

ii) Reactivity: Counter ions or ligands introduced by one metal
ion should not lead to precipitation of another metal ion in a
multimetal precursor system.

iii) Long-term stability: The precursor solution should be sta-
ble, without any precipitation for a longer term. One month
is a reasonable minimum time.

iv) Wettability: The precursor solution should adequately wet
the substrate.

v) Thermal treatment: All counter ions and ligands should de-
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compose during thermal treatment. Additionally there should
be no macroscopic phase separation of the precursor compo-
nents or crack formation during pyrolysis or crystallisation.
vi) Environment and cost: It is advantageous to choose less
expensive solvents and starting products as well as non-toxic

and environmentally friendly chemicals.

Water-based precursor systems

Most precursor systems for CSD of thin oxide films are based on
metal carboxylate or -alkoxide mixed with organic solvents such as 2-
methoxy-ethanol (ME). Water-based precursor solutions, with water
as solvent, are less costly and more environmentally friendly, which
makes them suitable choices for CSD. The most challenging step
when making a water-based precursor, especially with high-valent
metal ions, is the preparation of a starting solution in which all
metal ions are dissolved. When metal salts are solved in water, the
metal cation (M"1) is solvated by water molecules. The number of
water molecules depends on the size and charge of the metal cation,
as well as the polarisation strength. Large cations with low valency,
like the alkali metals, have relatively weak electrostatic interactions
with water, while increasing valency of the cation will increase the
electrostatic interactions leading to stronger covalent character be-
tween the cation and the surrounding water molecules. Higher va-
lent metal ions tend to go through hydrolysis, where a proton (H™)
is released from the water molecule due to electron transfer from
the water molecule orbitals to the metal cation.?? Aqua (M—OHy)

ligands becomes hydroxo (M—OH) ligands and further hydrolysis



20 CHAPTER 2. INTRODUCTION

forms oxo (M=0) ligands. The three ligand types are represented
in Equation 2.2:

H>O

[M—OH,J* ¢2% [M—OH] ™) H, +2% [M=0]¢"? 2H,, (2.2)

aq

Both the charge of the cation and the pH of the solution affects the
ligand’s coordination of the surrounding metal cation.?? Partially
hydrolysed metal ions may undergo condensation reactions leading
to precipitation of oxides (acid environments) or hydroxides (alka-
line environments). Whether a solution is stable or not depend on
a numbers of parameters, such as pH of the solution, concentration
of the solution, total ionic concentration, temperature and amount
of chelating and stabilising agents. Molecules with electron donor
molecular groups (ligands) might be added to compete with the
aqua-, oxo- and hydroxo ligands preventing hydrolysis and conden-
sation reactions, and thus stabilise the metal ions in the solution.
Examples of ligands used in water-based systems are anions from

citric acid, malic acid, oxalic axic and ethylenediaminetetraacetic

acid (EDTA).3943

Film crystallisation and microstructure

After deposition the film may be described as a viscoelastic solid
containing an inorganic network bound by organic moieties, and sol-
vent trapped within the pore structure of the film. Both the solvent
and the organic groups have to be removed from the film prior to the
crystallisation, which requires significant structural rearrangement.

Pyrolysis is often used to describe the heat treatment where the or-
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ganic groups are removed through decomposition to volatile organic
molecules such as COs. Pyrolysed films are typically amorphous and

may transform into a crystalline state upon further heat treatment

(annealing) by a nucleation and growth process.4?
Figure 2.7 illustrates the differ-
ences in free energy (AGy) be- y—
amorpnhous fim
tween the crystalline phase and .
g Equilibrium
the solution derived amorphous 5 e i
film. The driving force for both e
nucleation and growth is related
Temperature Tmp

to reduction or minimisation of

Figure 2.7: Schematic description
of the free energy vs. temperature
ing a new phase. Nucleation for amporphous, equillibrium liquid
and crystalline materials. AGy is
the energy difference between amor-

thermodynamic phase. If the phous and crystalline state. Typ is
the melting temperature, 17-39,40,44

the Gibbs free energy by form-

is the formation of a distinctive

nucleation occurs spontaneously

and randomly without any preferential nucleation sites, the process
is called homogeneous nucleation. Heterogenous nucleation occurs
at nucleation sites on surfaces and is more common due to a smaller
energy barrier towards the phase transition. Both nucleation and
growth rate define the final microstructure of the film. A high nucle-
ation rate and a low growth rate will result in a fine-grained struc-
ture, while a low nucleation rate and a high growth rate results in
a more coarse-grained structure. Nucleation and growth rate share

similar characteristics, but the nucleation rate dominates at lower
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temperatures, while the growth rate dominates at higher tempera-

tures.39:45

2.4.2 Synthesis of KNN thin films
Various deposition techniques have been used to produce KNN thin
films, such as physical depositon, e.g. Pulsed Laser Deposition

(PLD)*7 or radio-frequency magnetron sputtering (RF-MS),*46:47

as well as Chemical Solution Deposition (CSD).*41%:15,16:4849 p1
and RF-MS often uses K;Naj_;NbOg3 ceramics, made from KoCOg,
NapCOgs and NbyOs, as targets. Some preparation conditions, elec-
trical and mechanical properties from previous studies on KNN thin
films made by CSD are given in Table 2.2.

Table 2.2: Ferroelectric and mechanical (piezoelectric constant dss, film

modulus (Ey) and hardness (Hy)) properties of KNN thin films manu-
factured by chemical solution deposition.

Substrate Solvent d33 [pm/V] FE;[GPa] H; [GPa] ref
Pt/Si02/Si  2-methoxyethanol 30.6-83.3 - - 50
Pt/SiO2/Si  2-methoxyethanol 40 - - 10
Pt/SiO2/S  2-methoxyethanol 46 15
Pt/Al,O3  Acetic acid - 91 4.5 ol
Pt/Si02/Si  Acetic acid - 71 4.5 51,52

K;Naj;_,NbOs made by CSD has traditionally been based on metal
alkoxide precursor solutions with niobium(V)ethoxide as niobium
source, and with 2-methoxyethanol as the solvent, mixed with ei-
ther alkali ethoxides or acetates.!?1%:16:53 The main reason for using
2-metoxyethanol as solvent, is the sensitivity of alkoxides to mois-
ture.?? This sensitivity often requires use of chelating agents, such

as acetylacetone, polyvinylpyrrolidone, polyehyleneglycol, diethanol-
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amine, citric acid or EDTA, to stabilise the system.®” Demanding
synthesis conditions, toxicity and relatively high costs of the sol-
vents, precursors and some of the chelating agents, makes aqueous
alternatives preferable.

KNN thin films from a water based solutions containing am-
monium oxalate oxoniobate (NH4NbO(C204)2) and alkali nitrates
(KNO3 and NaNQO3) have been reported by Pham>* and Lorentzen .
The main challenges with this synthesis route are the formation of
niobium-rich secondary phases during processing, and the easy for-
mation of insoluble oxalate salts with metal ions such as alkaline
earth metals, which is undesirable in a multi-metal precursor.3’
Camargo et al. have reported chemical syntheses of phase pure
NaNbO3%6 and LiNbO3°®7 powders by using a water-soluble niobium
malic acid complex. Haugen'® and Madaro®® have reported alkali
niobate powders synthesised by spray pyrolysis, using aqueous solu-
tion of a similar niobium precursor. Unlike oxalate, malic acid is not
known for making insoluble salts, which makes it more versatile.

As mentioned, a major issue when processing KNN thin films
is the loss of volatile alkali metals during heat treatment, promot-
ing undesired alkali-deficient secondary phases.* Some of these sec-

99,60 which may

ondary phases are known for being hygroscopic,
change the solubility properties of KNN if they are present. Excess
amounts of Na and K in the precursor solution is a common way
to compensate the alkali loss during heat treatment. Nakashima

et al.,’® Ahn et al.'° and Kupec et al.'6 have reported phase pure

KNN thin films by adding various amounts of alkali excess from
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4 to 30 mol%. Although the alkali excess prevents the formation
of secondary phases, the amount of excess has a large impact on

1.15 observed

the microstructure of the thin films. Nakashima et a
an increase of both surface roughness and grain size with increas-
ing amount of alkali excess in films with 0-10 mol% of K and Na,
and both Ahn et al.1% and Kupec et al.1 observed similarly coars-

ened microstructure when adding 0-20 mol% and 0-10 mol% excess

amounts of Na and K, respectively.

2.4.3 KNN thin films for biomedical applications

KNN is reported as biocompatible through cytotoxicity and degra-
dation tests, although the hygroscopic nature of potassium (K) and
sodium (Na) causes ion release from the KNN material in aqueous
systems.®® Ton release may induce structural distortion in the ma-
terial and affect both piezoelectric and mechanical properties, which
is adverse for implantable biomedical applications. One way to re-
duce the solubility is by substituting some of the A-site K and Na
with less soluble metal ions. Metals such as lithium (Li), magnesium
(Mg), calcium (Ca), strontium (Sr) and barium (Ba) have been in-
troduced as A-sites dopants, in order to enhance the sinterability
of bulk KNN.6:13:61.62 T creased density of KNN by doping with Li
have been reported by Yu et al.,% but release of Li ions during soak-
ing increased the cytotoxicty. Alkaline earth (AE) dopants are less
soluble and have similar ionic radii compared to K and Na, with the
exception of the Mg?"-ion that is noticeably smaller, as seen in Table
2.3.53 The AE are regarded non-toxic?, although Sr is a competing

element to Ca inside the body, and can replace Ca as a mineral in



2.4. DEPOSITION OF OXIDE THIN FILMS 25

the bone.% For a child, this may lead to bone growth problems. %4

Doping with AE introduces A-site vacansies into the perovskite lat-

tice as shown in Equation 2.3:%13
A20 . / X
AEO — AEA + VA + OO (23)

where AE represents the alkaline earth dopant, A is the A-site in the
perovskite and V is a vacancy. Ahn et al.% have reported Ba-rich
secondary phases in barium modified KNN after adding more than
1.5 mol% Ba, and Malic et al.'® have reported Ba-rich secondary
phases at even lower (0.5 mol%) amounts. Enhanced densification
and piezoelectric coefficient ds3 in KNN was also found by doping
with 0.5 mol% Ca or Sr. It should be noted that both Sr and Mg
are quite expensive (Figure 2.4), which is disadvantageous, leaving

Ca as the most promising candidate as a A-site dopant in KNN.

Table 2.3: Ionic radii, charge and coordination number (CN) of sodium,
potassium, niobium and selected alkaline earth cations. %3

Element Symbol Ionic charge CN Ionic radii [nm)]

Sodium Na +1 12 0.139
Potassium K +1 12 0.164
Magnesium Mg +2 6 0.072
Magnesium Mg +2 12 N/A
Calcium Ca +2 12 0.134
Strontium Sr +2 12 0.144
Barium Ba +2 12 0.161

Niobium Nb +5 6 0.064
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2.5 Mechanical properties of thin films

The main challenge when determining the mechanical properties of
thin films is the thickness of the film. Since the films are very thin,
ranging from about 10 nm to a few microns, the use of conventional
mechanical characterisation is limited. Indentation hardness tests
are commonly used to determine the hardness of materials, and is
a process where an indenter of known geometry is pressed into the
surface of the material under a fixed load. The resulting area of the
impression, or the depth of the penetration, can be used to determine
the resistance of the material to damage. Indentation testing is
fast, easy, and allows several measurements on one sample. Also,
relatively inexpensive sample preparation makes it beneficial to use
for mechanical measurements in the industry as well.

2.5.1 Nanoindentation

Nanoindentation is commonly performed by using an indenter with
a triangular pyramid geometry (Berkovich indenter), but several in-
denter geometries are available.% In order to minimise the contri-
bution of the indenter to the measurements, diamond is the most
common used material for the indenter tip, due to its large elas-
tic modulus and hardness.% During nanoindentation low loads are
used, resulting in very small indentation depths and areas. In or-
der to investigate the size of the area, time consuming instruments
like atomic force microscopy, transmission- or scanning electron mi-
croscopy are required. Therefore, it has become important to extract
the data from the loading-displacement curves. Instrumented inden-

tation allows control of the penetration as a function of load where a
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loading-displacement curve is recorded during the indentation, and
the hardness (H) and elastic modulus (£) can be extracted from
the recorded curve according to the Oliver and Pharr’s theory.6769
A typical load-displacement (P-h) curve is shown in Figure 2.8 (a)
and Figure 2.8 (b) illustrates the schematic of the surface while in

contact with an indenter and after unloading the tip.

(a) Load (b)
A
Indenter
__Rm§§ ______________
f Film
i Loadi | Substrate
oading. // P
3 Unloading l Indenter l Initial surface
o ! [ ~ <“«—a—p /
- I,/ i Ths hfI
S: Amax h < Unloaded
T | ‘ Loaded

hf hc hmax "
Displacement, h

Figure 2.8: Illustration of (a) a typical load-displacement curve, and
(b) an indenter penetrating a sample and the indentation pattern of an
elastic-plastic material with parameters characterising the process, re-
made from Oliver and Pharr.%® P,,.. and Amee is the maximum load
and penetration, respectively, h. is the contact depth, hg is the sink-in
of the material during indentation and hy is the final displacement after
unloading. The slope S is the unloading stiffness defined as S %

P is the load to the sample and A is the displacement relative to
the initial surface. P4, and Ay, is the maximum load and penetra-
tion, respectively. The contact depth (h.) is calculated by the recov-
ery displacement after indentation and hy is the final displacement

after unloading. When conducting nanoindentation it is assumed
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that both plastic and elastic deformation occurs during loading, and
only elastic displacements are recovered during unloading. 768 The

hardness of the material can be estimated from Equation 2.4:

Pmax

H
A

(2.4)

where A is the contact area under loading, and is expressed as a
function of the contact depth h.. This area function is dependend
on the indenter geometry and can be obtained by calibrations. ™ For

an ideal Berkovich tip, A = 24.5h2.96

The unloading stiffness is defined as S %, and is the slope of
the upper part of the unloading curve. When measuring the elastic
modulus it is assumed that the Young’s modulus of elasticity (F) is
constant and independent of indendation depth. The elastic modulus
is measured from its relationship to unloading stiffness and contact

area, given in Equation 2.5:%8

dP 2
S ﬁEr\/Z (2.5)

where F), is the effective elastic modulus, defined by the displace-
ments occurring in the specimen with Young’s modulus (£) and
Poisson’s ratio v, and in the indenter with Young’s modulus (F;)

and Poisson’s ratio v; shown in Equation 2.6:%%

1 1—v? 1-02

(2.6)

The contact stiffness (S5) can be calculated from the recorded load-
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displacement curve, while the contact area (A) of the indenter has
to be determined on a standard fused quartz sample before the mea-
surements. "0 Based on the equations above, the reduced, or effective

elastic modulus (F,) and hardness (H) can be calculated.

2.5.2 Mechanical properties of KNN thin films
Most reports on KNN thin films are focused on optimising the electri-

2,4,7,9,10,15,16,49 while reports on mechanical properties

cal properties,
are more or less absent. The few reports on mechanical properties of
KNN show that the hardness and elastic modulus are strongly depen-
dent on surface morphology, substrates, average grain size and de-
position temperature. 144751,52 Mahesh and Pamu'* reported hard-
ness values varying from 1.0-9.4 GPa, and elastic modulus varying
from 26.7-100.2 GPa in KNN thin films prepared by RF-MS. Kugler
et al.*7 have reported the highest values of hardness (12 GPa) and

elastic modulus (207 GPa) on KNN thin films, also made by RF-MS.
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Chapter 3

Experimental

The development of the synthesis route was performed in several
laboratories at NTNU. The precursor solutions were synthesised in
a wet-chemical laboratory, and the thin film deposition was per-
formed in a coating laboratory, both at the Department of Materials
Science and Engineering (IMA). Substrsates used for the deposition
were oxygen plasma cleaned in an ISO 7 class cleanroom at NTNU
NanoLab prior to film deposition. Characterisation of mechanical
properties was performed at NTNU Nanomechanical Lab, by Pro-
fessor Jianying He. The sputtering of platinum electrodes on the film
surface where conducted by Ph.D. candicate Nikolai Helth Gaukas.
The precursor solutions and thin film preparation are based on pre-
vious work of Madaro,?® Pham?®*, Lorentzen®® and the author.!”
Figure 3.1 illustrates the synthesis route for deposition, the soaking

process and the nanomechanical characterisation of the thin films.
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Nb,Os-precursor

KNO;3 _

NaNO, Deposition Spin coating
3500 rpm, 40 sek

Dopant
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Annealing Pyrolysis Drying
700°C, 10 min 550°C, 5 min 200°C, 3 min
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Nanoindentation Soaking Nanoindentation
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Figure 3.1: An overall illustration of the synthesis route. First, pre-
cursors are dissolved in water, then deposited on cleaned (100)-oriented
SrTiO3-substrates before being spin-coated, and dried on a hot plate
with subsequently pyrolysis on a rapid heating plate (RHP). Deposition,
spin-coating, drying and pyrolysis are repeated until sufficient thickness
is achieved, before the film is finally annealed. Then the films are chara-
terised by XRD. Nanoindentation is performed before and after soaking
in water-solution for different time durations.
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3.1 Solution preparation
Table 3.1 present all the chemicals used in the experimental work in

this thesis.

Table 3.1: List of all the chemicals used to prepare solutions in this
work.

Chemical Molecular formula Purity (%] Manufacturer
Potassium nitrate KNO3 99 Alfa Aesar
Sodium nitrate NaNO3 99 Sigma-Aldrich
Calcium nitrate tetrahydrate Ca(NO3)2-4H20 99 Sigma-Aldrich
Ammonium niobate (V) oxalate hydrate ~C4H4NNbOg-nH20O 99.99 Sigma-Aldrich
Malic acid (MA) C4HgOs5 99 Sigma-Aldrich
Ethylenediaminetetraacetic acid (EDTA) CyoH16N20s 99 Sigma-Aldrich
Ammonium hydroxide (25 % in H2O ) NH,OH VWR Chemicals

3.1.1 Niobium precursor solution

A niobate malic acid complex was prepared according to the proce-
dure given by Madaro.?® A flow chart showing the synthesis route is
given in Figure 3.2. NH4NbO(C204)2-nH20 (NAmOx, ~0.12 mol)
was dissolved in preheated (100°C) distilled water (600 mL), and
stirred at 70 °C for 3 h until all the NAmOx was dissolved. Ammo-
nia (NH4OH, 25 %) was added to adjust the solution to pH = 11,
precipitating niobic acid (NbaOs5-nH20), and then stirred at 70°C
for 2 h before aged at room temperature for 12 h. The oxalate
containing fluid was decanted, and the niobic acid was washed and
centrifuged (10 000 rpm, 5 min) three times with NH,OH (1 %) to
remove remaining oxalate ions. DL-malic acid (MA) was used as
complexing agent. The precipitated niobic acid was dissolved in a
MA solution (0.33 M) with a molar ratio of [Nb]:[MA] = 1:2, followed
by stirring at 70 °C for 2 h before filtered and stabilised at pH = 7
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Calcium-EDTA
complex solution

Ca(N03)2'4H20 (s) EDTA (aq)

v

Standardisation Adjust pH = 8
Heating at 160 °C for 24 h

l

Ca(NOs), solution ——»

Figure 3.2: Flow chart showing the preparation procedure of niobium
and calcium precursor solutions, and the preparation procedure of Ca-
KNN and pure KNN precursor solutions. 8.
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by adding NH4OH (25 %). The molal concentration of niobium was
calculated to 0.0994(0) mmol g~ solution by thermogravimetric stan-
dardisation of the niobium precursor solution, based on the weight
of NboOs, after calcination at 1100°C. The temperature program
used for standardisation is given in Figure 3.3, and detailed descrip-
tion of the thermogravimetric standardisation procedure is included
in Appendix A.1

1100 °C

/ 6h

200 °C/h 200 °C/h

100 °C 200 °C

509C/Hh "
7

Figure 3.3: Temperature program used for the standarisation of the
niobium precursor solution.

3.1.2 Calcium precursor solution

Ca(NO3)2 (s) was standardised by heating solid Ca(NO3)a-4H20 (s)
at 160 °C for 24 h before weighted. Ethylenediaminetetraacetic acid
(EDTA) was used as complexing agent, and the dried Ca(NO3)2 (s)
was added to a water solution with an additional amount of EDTA
giving the ratio [Ca]:[EDTA] = 1:2. The solution was stabilised at pH
= 8, by using NH4OH (25 %), after the Ca(NO3)2 (s) was dissolved.
The concentration of Ca?" in the solution was calculated to (0.0323
M).

3.1.3 Ko.5Nag5NbO3

Three pure KNN precursor solutions were made with different amounts

of alkali excess, given in Table 3.2. Predried (140°C, 12 h) KNO3 (s)
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and NaNOs (s) were added into the niobium malic acid precursor
solution, giving a concentration of 0.1 M. The solutions were stirred

at 50 °C until all KNOj3 (s) and NaNOs (s) were dissolved.

Table 3.2: Abbreviations and synthesis parameters for the preparation
of pure KNN precursor solutions. All solutions were made with predried
(140°C, 12 h) KNOs3 (s) and NaNOs (s) as alkali precursors and a niobium
malic acid complex solution as niobium precursor.

Composition  Concentration [M] Excess alkali [%] Abbreviation

Ko .5Nag5NbO3 0.1 0.0 KNNO00
K0,5Na0,5Nb03 0.1 2.5 KNN25
K0_5Na0,5Nb03 0.1 5.0 KNN50

3.1.4 Ko.495Nap.495Cag.005s NbO3

Two calcium modified KNN precursor solutions (Ca-KNN) were made
with different amounts of alkali excess, given in Table 3.3. Predried
(140°C, 12 h) KNO3(s) and NaNOs3(s), and complexed Ca-EDTA
solution (0.5 mol% Ca®") were added into the niobium malic acid
precursor solution, giving a concentration of 0.1 M. The solutions
were stirred at 50°C until all KNOg3(s) and NaNOs (s) were dis-
solved.

Table 3.3: Abbreviations and synthesis parameters for the prepara-
tion of calcium modified Ca-KNN precursor solutions. All solutions were
made with predried (140°C, 12 h) KNO3 and NaNOs as alkali precur-

sors, CaNO3-EDTA solution as calcium precursor and a niobium malic
acid complex solution as niobium precursor.

Composition Concentration [M] Excess alkali [%] Abbreviation
Ko.495Nag 495Cap.00s NbO3 0.1 2.5 Ca05KNN25
K04495Na0,495Ca0A005Nb03 0.1 5.0 Ca05KNN50
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3.2 Thin film preparation

The precursor solutions were deposited on either (100)-oriented SrTiOg
(STO) or noibium modified (100)-oriented Nb:STO substrates. All
substrates were cleaned with oxygen plasma before deposition in or-
der to activate the substrate surface and enhance the wetting proper-
ties. Characteristics of the substrates, which characterisation meth-
ods they were used for and which precursor solutions that were de-
posited onto the substrates are given in Table 3.4.

Table 3.4: List of substrate properties, characterisation method and the
precursors used

Substrate Orientation Size [mm®] Manufacturer Solutions Characterisation

KNN25 Mechanical

SrTiO3 (100) 10x10x0.5 CRYSTAL KNN50 Mechanical
(STO) GmbH Ca05KNN25 Mechanical
Ca05KNN50 Mechanical
Nb:SrTiO3 (100) 10x10x0.5 CRYSTAL KNN50 Ferroelectric
(Nb:STO) GmbH Ca05KNN50 Ferroelectric

3.2.1 Solution deposition

KNN- and Ca-KNN precursor solutions, containing 2.5 or 5.0 mol%
alkali excess, were spin coated onto Nb:STO- or STO-substrates at
3500 rpm for 40 s, using a spin coater (WS-400B-6NPP-LITE/AS,
Laurell Technologies). The wet films were dried at 200 °C for 3 min
on a hotplate. Dried films were placed on a silicon wafer with a
quartz glass on top before pyrolysed at 550 °C in air for 5 min, using

! on a homemade setup (Rapid Heating

a heating rate of 100 °Cmin™—
Plate, RHP). An illustration of the setup is shown in Figure 3.4. The

deposition was repeated 15 times until a desired thickness of about
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180 nm was achieved. The thin films were then annealed at 700 °C

for 10 min in air, using a heating rate of 100°Cmin~!, on the RHP.

Experimental setup
7-“?
CAR _

———

Thin films  Si-wafer

-
-
-
‘ -
-

Heating plate

Figure 3.4: Illustration of the Rapid Heating Plate (RHP) used for
thermal treatment during the synthesis of the thin films.

3.3 Characterisation
This section is divided into two parts: Characterisation of powders

from dried KNN- and Ca-KNN precursor solutions and characteri-

sation of the KNN- and Ca-KNN thin films.

3.3.1 Powder characterisation

The KNN and Ca-KNN precursor solutions were dried to gels at
160 °C for 12 h before grounded into fine powders. Grounded powder
were calcined at different temperatures using the heating program as
illustrated in Figure 3.5. All calcination temperatures are included

in Appendix A.2.

Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis (TGA, STA 449C, Netzsch, Selb, Ger-
many) and mass spectroscopy (MS, QMS 403C, Netzsch, Selb, Ger-
many) were used to measure and analyse the mass loss of pre-dried

gels from the KNN and Ca-KNN precursor solutions. The heat treat-
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Tcalc. °C
5 min

200 °C/h

450h°C 200 °C/h

3
200 °C/h \__ 50 °C

/

Figure 3.5: Heating program used when calcining the KNN- and Ca-
KNN precursor solutions.

ment was conducted in synthetic air from 40°C to 900°C using a

heating rate of 10°Cmin~!.

X-ray diffraction (XRD)

Cu Ka radiation was used to investigate the phase purity of KNN
and Ca-KNN powders in Bragg-Brentano geometry (D8 Advance
DaVinci X-ray Diffractometer, Bruker, Germany). 6-20 scans were
recorded in the 20 range of 10-75 ° with a variable divergence slit of
6 mm, step size of 0.013° and a scan time of 1 s per step. All diffrac-
tograms were searched and matched with scans from the PDF-4+
database (International Centre for Diffraction Data) using Bruker
AXS DIFFRACT.EVA (Version 5) software. Scans run on KNN
and Ca-KNN powders calcined at 800 °C were used for Pawley re-
finements, using Bruker AXS Topas version 5 software, in order to
calculate the lattice parameters. Instrument and correction settings

for the software is given in Table 3.5.
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Table 3.5: Instrument and correction settings, and the input lattice
parameters from Tellier et al.,?” used for Pawley refinement on the XRD
scans.

Parameters Value
Primary and Secondary radii 280 mm
Linear PSD angle rate 3°
Variable Divergence Slits irradiated length 6 mm
Source and Receiving slit length 12 mm
Sample length 15 mm
Primary and Secondary soller 2.5°

N Beta 30
Lorentz-Polarisation factor 0
Input values for the lattice parameters

a lattice parameter (Pm) 4.0046 A
b lattice parameter (Pm) 3.9446 A
¢ lattice parameter (Pm) 4.0020 A
Beta angle (Pm) 90.3327°

3.3.2 Thin film characterisation

The KNN and Ca-KNN thin films were soaked in distilled water
(10 mL) and kept in an furnace holding 37 °C for different periods of
time, in order to obtain an idea of how the structural and mechanical
properties will be affected inside the human body. The different
soaking periods are given in Table 3.6. The pH of the water solutions
were measured prior to, and after the soaking by using a pH meter
(520 SevenEasy™, Mettler Toledo). The pH meter was calibrated
by using two different buffer solution with pH 7.00 and pH 4.01.

Grazing incidence X-ray diffraction (GI-XRD)
Thin film samples were prepared by mounting the films in a sam-

ple holder with modelling clay. Phase purity of the thin films was
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Table 3.6: List of soaking time and which precursor solution for different
KNN and Ca-KNN thin films.

Precursor Solution Soaking time [days]

KNN25 0
KNN25 1
KNN25 3
KNN25 6
KNN25 10
KNN25 14
Ca05KNN25 0
Ca05KNN25 1
Ca05KNN25 3
Ca05KNN25 6
Ca0bKNN25 10
Ca05KNN25 14
KNN50 0
KNN50 2
KNN50 6
KNN50 14
Ca05KNN50 0
Ca05KNNb50 2
Ca05KNN50 6
Ca05KNN50 14

investigated prior to and after the soaking by performing GI-XRD,
using an X-ray diffractometer (D8 A25 Advance DaVinci, Bruker,
Germany) with Cu Ka radiation. The incidence angle was set at 2°,

with step size of 0.030° and total scan time of 2 h.

Nanoindentation
Mechanical properties of the thin films were investigated by us-
ing a nanoindentation testing system (Hysitron Triboindenter 950,

Bruker, Germany) with a Berkovitch diamond indenter tip. Prepa-
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ration of the samples before measurements was done by gluing the
films to magnetic substrates (Atomic Force Microscopy (AFM) stain-

less steel discs) as seen in Figure 3.6. The first samples, KNN25 and

“v Thin film
> -

AFM holder—”

Figure 3.6: Illustration of the preparation of the thin films before
nanoindentation.

Ca05KNN25 thin films, were attached by using epoxy, while the sec-
ond run, KNN50 and Ca05KNN50 thin films, were attached by using
super glue (Loctite ethyl-2-cyanoacrylate, Henkel). The super glue
was used to avoid air bubbles between the sample and the magnetic
substrate, caused by the long drying time of the epoxy. 6-9 effec-
tive indents were made on each sample and the maximum load was
set to 300 uN. A loading-displacement curve was recorded for each
indent, and the reduced modulus and hardness were extracted from
these curves, based on the equations (Equation 2.4-2.6) in the In-
troduction part 2.5.1, in the Hysterion Triboindenter 950 Analysis
Software. Average reduced modulus, hardness and standard devia-
tions were calculated based on all the indents on each sample. All

measurements and calculations were conducted by Jianying He at

the NTNU Nanomechanical lab.

Ferroelectric measurements
Platinum (Pt) electrodes were sputtered on the surface of CaO5KNN50
and KNN50 thin films deposited on Nb:STO substrates by using a
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sputtering machine (Custom ATC-2200V, AJA International Inc.).
Surface Pt-electrodes acted as top electrode, while the Nb:STO sub-
strate was the bottom electrode for the ferroelectric measurements.
An electrode mask with small electrode area = 0.7859 mm? and
big electrode area = 4.9087 mm? was used to get the Pt-electrode
configuration as seen in Figure 3.7 (c). The electrode mask was
attached onto the surface of the film before the sputtering. Ferro-
electric hysteresis loops were obtained by using a TF Analyzer 2000
(AixACCT Systems GmbH, Germany) in FE module (Ferroelectric
standard testing) and a aixACCT 200V (AixACCT Systems GmbH,
Germany) as high voltage amplifier. The films were placed on alu-
minium foil, and one of the probes was placed on a Pt-electrode on
the film surface (top electrode), while the other was placed on the
aluminium foil as illustrated in Figure 3.7 (a). An illustration of the

ferroelectric setup is given in Figure 3.7 (b).

Probes Touch protection
“a Pt-electrodes

\
k N

Contact on aluminium foil

Contact on Pt-electrode Aluminium foil
(a) (b) (c)

Figure 3.7: Illustration of the set up used for ferroelectric measure-
ments. (a) Close up illustration of how the probes where placed in order
to measure the ferroelectric properties, (b) the set-up and (c¢) the plat-
inum (Pt) electrode configuration on the film surface.
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Figure 3.8: (a) Illustration of the set up used for dzz measurements and
(b) close up illustration of the clamping of the sample between the top
and bottom probes.

Piezoelectric measurements

The piezoelectric coefficient (ds3) was measured by a Berlincourt
piezo ds3 meter (YE2730A Piezoelectric Constant (d33) Calibrator,
APC International, Ltd., USA). The large Pt-electrode on each of
the thin films were clamped between the top and bottom probes as

seen in Figure 3.8.
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Chapter 4

Results

This chapter is divided into two parts; analysis of the precursor

solutions, and the characterisations of the produced thin films.

4.1 Precursor properties
4.1.1 Stochiometry of the precursor solutions

As seen in Figure 4.1, pure KNN and Ca-KNN were formed above
550 °C for the KNN and Ca-KNN precursor solutions with 2.5 and
5.0 mol% alkali excess. The peak observed at 27.3° in the calcined
Ca05KNN25 powder at 550 °C is believed to belong to noise during
the measurements. A niobium rich secondary phase (K4NbgOi7)
was formed in the stochiometric KNNOO powder calcined at 550 °C
(marked with ¥ in Figure 4.1). All precursor solutions formed pure
KNN or Ca-KNN above 550 °C, additional X-ray diffractograms are
included in Appendix B. All diffractograms were matched against the
PDF card 00-061-0315 for KNN in the software DIFFRACT.EVA.
Some important key observations can be made when comparing
the peaks in the diffractograms. First, the niobium rich secondary
phase (K4NbgO17) present in KNNOO, which disappears at calcina-
tion temperatures higher than 550 °C, should be noticed. Previous
work on development of KNN thin films from aqueous solutions, done

by Pham® and Lorentzen®®, have shared the same observation in
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Figure 4.1: X-ray diffractogram of powders from the precursor solu-
tions calcined at 550 °C for 5 min. X is assigned to unknown phase in
Ca05KNN25. v (KNNOO) reflections are assigned to K4NbgOq7. Diffrac-
tion lines of Kg5NagsNbO3 are included as references at the bottom
(black, PDF card 00-061-0315)

precursor solutions based on a niobium oxalate complex, instead of
the niobium malic acid complex. Another distinction between the
diffractograms is the shape of the peaks. The KNN powders show
more narrow, sharp peaks, while the Ca-KNN powders show less
sharp and more rounded peaks, suggesting higher degree of nanocrys-
tallinity in Ca-KNN.

4.1.2 Crystal structure of calcined powders

Pawley refinements were conducted on the diffractograms obtained
from dried powders of the precursor solutions calcined at 800 °C for
5 min. Table 4.1 shows the refined lattice parameters, angles and
Rywp obtained within the space group Pm. The refined parameters
are compared to those obtained by Tellier et al.3” (a = 4.0046 A b
= 3.94464 A, ¢ = 4.00200 A and 8 = 90.3327). The Ca-doped KNN

is characterised by a slightly increase in the unit cell angle g and a
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Table 4.1: Lattice parameters, unit cell volume, angle (5) and the
weighted profile R-factors (Rwp) from the Pawley refinement of the
diffractograms of calcined dried powders from the precursor solutions.

c[A

Compund a [A] b[A B [°] Volume [A3] Ryyp

] ]
Ca05KNN25  3.9992(2) 3.9352(2) 3.9783(3) 90.31(1) 62.60(7)  9.52
Ca05KNN50 3.9969(1) 3.9538(5) 3.9874(2)  90.31(5) 63.01(2)  7.33
KNN25 3.9992(8) 3.9459(3) 3.9840(6) 90.259(6)  62.869(4)  9.27
KNN50 4.0179(5) 3.9564(1) 3.99747(1) 90.257(8)  63.372(9)  9.13

slightly decrease in the unit cell volume. Figure 4.2 shows the Pawley
refinements (within space group Pm) of the diffractorgram for the

KNNb50 sample. The difference between the refined and measured

1
KNN50 data
Refined data
Difference
Rwp = 9.13%

GOF = 1.69

Intensity [a.u.]
S
h

J\MJL e

[ I 1] L]
“""Tv A\ A

20 30 40 50 60 70

20 (degrees)

Figure 4.2: Pawley refinement of KNN50 powders calcined at 800 °C,
within the Pm space group. The grey line at the bottom represents the
difference between the measured and refined data. The blue lines are the
indexed peak positions for Ko 5Nag5NbO3 from PDF card 00-061-0315.

data is included to indicate how well the refinements fit. Pawley
refinements of KNN25, Ca05KNN25 and Ca05KNNb5H0 are given in
Appendix C.
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4.1.3 Termogravimetric analysis

The mass losses upon heating to 900 °C of dried powders from KNNOO,
KNN25, KNN50, Ca05KNN25 and Ca05KNN50 precursor solutions
are presented in Figure 4.3. The total weight loss was about 70 % for
each of the samples, and all precursors show the same decomposition
characteristics upon heating. The large weight losses (about 50 %)
between 500 °C and 560 °C are related to the combustion of organic
species and is accompanied by crystallisation of the perovskite KNN
phase. No further mass loss was observed after reaching 570 °C.
These observations were used to select the pyrolysis temperature

(550°C) for the thin film preparation.

4.2 Thin film properties

4.2.1 Phase purity and solubility measurements

pH measurements were conducted in order to investigate the solubil-
ity of KNN in the water solutions. The pH development in the water
solutions after soaking the KNN25 and Ca05KNN25 thin films for
different periods of time is given in Figure 4.4. No reliable measure-
ments were obtained of the water solutions after soaking the KNN50
and Ca05KNN50 thin films due to instrument failure, which caused
no saturated pH during the calibration procedure before the mea-
surements. The measurements plotted in Figure 4.4 show a slight
decrease in pH during the first days of soaking before the pH some-

how raises and stabilises around pH = 7.0-7.2.



4.2. THIN FILM PROPERTIES 49

100 Ca05KNN25 ——

100 : : ’ ’ ’ ’ Ca05KNN50 ——

100 : ' ' ~ KNN50 —

00— ' ' © KNN25

100 : ' ’ KNN-stoch

Mass loss [%]
whHUIO N
[eNeoNeoNelNoNo

100 200 300 400 500 600 700 800 900
Temperature [°C]

Figure 4.3: Thermogravimetric analysis of the dried powders from the
Ca-KNN and KNN precursor solutions, showing the mass losses upon
heating to 900 °C.
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Figure 4.4: Development of the pH after soaking the KNN25 and
Ca05KNN25 films for different periods of time.

GI-XRD-patterns of the KNN and Ca-KNN thin films, with 2.5 and
5.0 mol% alkali excess, deposited on SrTiOg substrates and annealed

at 700 °C are presented in Figure 4.5. Phase pure thin films were ob-

" CaO5KNN50 ——
Ca05KNN25 ——

KNN50 ——

k KNN25

Intensity [a.u.]

v
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Figure 4.5: GI-XRD patterns of annealed KNN and Ca-KNN thin films
on (100)-STO substrates. ¥ reflections are assigned to the niobium rich
secondary phase, K4NbgO17. Diffraction lines of Kg5NagsNbO3 are in-
cluded as references at the bottom (black, PDF card 00-061-0315)

tained from the KNN50 and Ca05KNN50 precursor solutions (5.0
mol% alkali excess), while the thin films produced from KNN25
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and Ca05KNN25 precursor solutions (2.5 mol% alkali excess) showed
presence of a niobium rich secondary phase (K4NbgOj7, PDF card
04-009-6408) after annealing.

Figure 4.6 and Figure 4.7 show the GI-XRD patterns of KNN25
and Ca05KNN25 after being soaked for various time lengths. The
broad shaped peaks from 15-25° are believed to belong to spilled
epoxy on the surface of the thin films when they were mounted
onto the AFM-holders before nanomechanical testing. As seen from
the Figures, the niobium rich secondary phase K4NbgO17 disap-
peared during the soaking. These observations are in agreement
with K4NbgO17 being known to be highly hygroscopic,®*% and the
secondary phase is believed to dissolve in the water solution. As seen
in Figure 4.8 and Figure 4.9, no change in phase purity was observed

for the KNN50 and Ca05KNN50 thin films after soaking.

4.2.2 Surface morphology and film thickness

The SEM cross-section of 153 + 4 nm thick KNN50 thin films, and
168 £+ 6 nm thick CaO5KNNb50 thin films deposited on SrTiOz sub-
strates and annealed at 700 °C are shown in Figure 4.10 and Figure
4.11, respectively. The images show homogeneous thickness and that
the films grow in a columnar structure.

The microstructures of non-soaked KNN25, Ca05KNN25, KNN50
and Ca05KNNbH0 thin films are presented in Figure 4.12. The KNN50
and Ca05KNN50 thin films (Figure 4.12 (c¢) and (d)) displayed a uni-
form grain structure consisting of small, spherical-like grains. The
SEM images of KNN25 and Ca05KNN25 thin films (Figure 4.12 (a)

and (b)) show an inhomogenous microstructure consisting of small
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Figure 4.6: GI-XRD patterns of KNN25 thin films on (100)-STO sub-
strates before and after soaking in distilled water. ¥ reflections are as-
signed to the niobium rich secondary phase, K4NbgO17. Diffraction lines
of Ko 5Nag5NbO3 are included as references at the bottom (black, PDF
card 00-061-0315)
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Figure 4.7: GI-XRD patterns of annealed KNN and Ca-KNN thin films
on (100)-STO substrates before soaking in distilled water.¥ reflections
are assigned to the niobium rich secondary phase, K4NbgO17. Diffraction
lines of Ko 5Nag5NbO3 are included as references at the bottom (black,
PDF card 00-061-0315)
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Figure 4.8: GI-XRD patterns of KNN50 thin films on (100)-STO sub-
strates before and after soaking in distilled water for different periods of

time. Diffraction lines of Ky 5Nag 5NbOg are included as references at the
bottom (black, PDF card 00-061-0315)
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Figure 4.9: GI-XRD patterns of Ca0O5KNN50 thin films on (100)-STO
substrates before and after soaking in distilled water for different periods

of time. Diffraction lines of Ky 5NagsNbOg3 are included as references at
the bottom (black, PDF card 00-061-0315)
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Figure 4.10: SEM pictures showing the cross-section of selected KNN50
thin film before soaking. The thin film grows in a columnar structure and
the thickness is about 153 nm.

Figure 4.11: SEM pictures showing the cross-section of selected
Ca05KNN50 thin film before soaking. The thin film grows in a columnar
structure and the thickness is about 168 nm.
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spherical-like grains where the grain boundaries are almost feature-
less, and larger spherical and squared grains. The average grain size
of the KNN25 and Ca05KNN25 thin films were estimated to 102 +
10 and 128 £ 10 nm, respectively, which is a bit larger compared
to the KNN50 and Ca05KNN50 thin films with estimated average

grain size = 86 & 8 nm and 82 + 8 nm, respectively.

(a) KNN25 (b) Ca05KNN25

(c) KNN50 (d) Ca05KNN50

Figure 4.12: SEM images of KNN and Ca-KNN with 2.5 mol% alkali
excess (a) and (b), and KNN and Ca-KNN with 5.0 mol% alkali excess
(c) and (d).

No change in film thickness was observed after soaking the films
for various time lengths. However, a change in the surface morphol-
ogy was observed in the KNN25 and Ca05KNN25 thin films. Figure
4.13 (a)-(f) show the change in surface morphology of Ca05KNN25

during soaking in distilled water at 37°C. The dark areas evolv-
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ing during the soaking were first believed to belong to K4NbgOq7
dissolving, but as seen from the SEM cross section image in Figure
4.14, and the SEM surface images in Figure 4.15 and Figure 4.16
the dark areas were revealed to be something growing on, instead of
dissolving from, the surface. It is possible that the growing matters
on the surface, and the substrate cross-section, are some kind of bac-
teria from the water solutions, since the dimensions are in the same
magnitude (1-10 pm). No further investigation of the growing mat-
ter on the surface was done, but the findings were used to improve
the sample preparation of the KNN50 and Ca05KNN50 thin films
before mechanical testing. The grain structure of the KNN50 and
Ca05KNN50 thin films seems unchanged after soaking, but the films
had partly dissolved some places on the surface, as seen in Figure

4.17.
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(a) Non-soaked (b) 1 day

(e) 10 days (f) 14 days

Figure 4.13: SEM images of Ca05KNN25 thin films showing the devel-
opment of potential bacteria on the surface during soaking of the films in
distilled water at 37 °C.
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Figure 4.14: SEM cross section image showing the potential bacteria
on the surface of the CaO5KNN50 thin films.

Figure 4.15: SEM image showing the potential bacteria on the surface
of the Ca05KNN50 thin films.
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Figure 4.16: SEM image showing the potential bacteria on the surface
of the Ca05KNN50 thin films.

(a) S

Figure 4.17: SEM images of Ca05KNN50 thin films soaked for 2 (a)
and 14 (b) days. The images show parts of the surface where the films
are partly dissolved.
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4.2.3 Mechanical properties

Figure 4.18 shows one set of the loading-displacement curves ob-
tained from the nanoindentation on the KNN25 and Ca05KNN25,
KNN50 and Ca05KNNb50 thin films. All recorded loading-displacement

curves are included in Appendix E.
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Figure 4.18: One set of the loading curves from nanoindentation mea-
surements on KNN25, KNN50, Ca05KNN25 and Ca05KNN50 thin films.

Average reduced modulus (E,) and hardness (H), and standard devi-
ations were measured based on 6-9 indents on each of the KNN25 and
Ca05KNN25 thin films, and 9 indents on the KNN50 and Ca05KNN50
thin films. Number of indents on each sample, calculated average
reduced modulus and hardness values, and standard deviations are
included in Appendix E.

Figure 4.19 and Figure 4.20 show the calculated average reduced
modulus and hardness of the KNN25 and Ca05KNN25 thin films,
respectively, and how the values changes during soaking time. As
seen in the Figures, the obtained standard deviations, from 6-9 in-
dents on KNN25 and Ca05KNN25 thin films, are quite large. This

is believed to be a result of an inhomogeneous surface structure and
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Figure 4.19: Average reduced modulus (E,-modulus) varying with soak-
ing time for KNN and Ca-KNN with 2.5 mol% alkali excess.
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Figure 4.20: Average hardness varying with soaking time for KNN and
Ca-KNN with 2.5 mol% alkali excess.
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improper sample preparation before the indentation. The E, varies
from 159-206 and 165-245 GPa, and the H from 6.2-15.7 and 7.3-17.1
GPa for KNN25 and Ca05KNN25 thin films, respectively. Some key
observation should be noticed when looking at the Figures. First,
disregarding the high deviations, the trends are quite stable during
the soaking time. Secondly, both the calculated E, and hardness of
the Ca05KNN25 thin film after being soaked for 10 days are notice-

able larger compared to the other values.

The change in the calculated average E, and average hardness
during soaking time of

the KNN50 and Ca05KNNb50 thin films is presented in Figure
4.21 and Figure 4.22, respectively. The standard deviations are much
smaller in these measurements, and is believed to be due to improved
sample preparation before the indentation measurements. The E,
varies from 172-210 and 190-203 GPa, and the H from 6.2-10.7 and
8.9-10.3 GPa for KNN50 and Ca0O5KNN50 thin films, respectively.
The average reduced moduls in the KNN50 and Ca05KNN50 thin
films is not remarkable affected by the soaking. Also, the trend
in average hardness is quite stable although, the changes are more

noticeable compared to the average reduced moduls.



4.2. THIN FILM PROPERTIES 63

250+ KNN50 —&—
Ca05KNN50 —l—
_ 200 %
(1]
o
8
w
=
3 150
T
[=]
;
ui
100~
50 L | | | | | | |
0 2 4 6 8 10 12 14

Soaking time [days]

Figure 4.21: Average reduced modulus (E,-modulus varying with soak-
ing time for KNN and Ca-KNN with 5.0 mol% alkali excess.
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Figure 4.22: Average hardness varying with soaking time for KNN and
Ca-KNN with 5.0 mol% alkali excess.
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4.2.4 Piezo- and ferroelectric properties

Table 4.2 shows the measured piezoelectric coefficients (ds3) of the
KNN50 and Ca05KNN50 thin films deposited on (100)-oriented Nb:STO
substrates. The ds3 value of Ca05KNNb50 is slightly larger compared

to KNN50.

Table 4.2: Measured piezoelectric coefficient (ds3) of KNN50 and
Ca05KNN50 thin films deposited on (100)-oriented Nb:STO substrates.

Sample dsz [pC/N]
KNNb50 17.444+0.69
Ca05KNN50  18.59+£0.16

Hysteresis curves of polarisation vs. electric field are shown in Fig-
ure 4.23 and Figure 4.24 for KNN50 and Ca05KNN50 thin films
deposited on conducting (100)-oriented Nb:STO substrates, respec-
tively. The hysteresis loops are all similar in shape, with the excep-
tion of the Ca05KNNBH0 thin film measured at 1.0 V, which is more
rounded than the other measurements. The other measurements are
more similar to ferroelectric hysteresis loops, however the rounded
shape before the saturation polarisation indicates high leakage cur-

rent in all of the samples.
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Figure 4.23: Measured hysteresis curves of polarisation vs. electric
field at 1 Hz frequency of KNN50 thin films deposited on (100)-oriented
Nb:STO substrates.
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Figure 4.24: Measured hysteresis curves of polarisation vs. electric field
at 1 Hz frequency of Ca05KNN50 thin films deposited on (100)-oriented
Nb:STO substrates.
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Chapter 5

Discussion

The overall goal is to produce high quality KNN thin films, which
can be used for biomedical applications. Excess amounts of alkali
metal ions are introduced to prevent formation of unwanted sec-
ondary phases after pyrolysis and annealing. The introduction of
calcium (Ca2+) to the perovskite lattice may reduce the hygroscopic
nature of KNN when exposed to an aqueous environment. The first
part of this Chapter discuss the effect of introducing Ca?" and ex-
cess amounts of alkali metal ions in the precursor solutions, while
the second part focuses on the thin film properties and how they are

affected by alkali excess, introduction of Ca?" and soaking time.

5.1 Precursor stability and phase purity

All Ko 5Nag 5sNbO3 (KNN) and Ko 495Nag 495Cag.00sNbO3 (Ca-KNN)
precursor solutions were stable for more than four months, while the
complexed niobium malic acid precursor solution started to precip-
itate after three to four weeks. High valency cations with small
radius like Nb® are very sensitive to hydrolysis, and consequently
condensation reactions.?? If the pH of the solution is too low, the
niobium complex will break down by shifting the deprotonation equi-
librium of the carboxylic acid as seen in Figure 5.1. Precipitation of

a hydrated niobium oxide after a few weeks indicates a quite slow
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Figure 5.1: Schematic illustration of deprotonation of the carboxylic
acid.3?

hydrolysis rate. Although, one month stability can be regarded as
acceptable in industrial production, the stability of the niobium pre-
cursor solution can be improved by increasing the pH between 7 and
8. The KNN and Ca-KNN precursor solution were stable for about
4-5 months. This can be explained by the basic nature of the alkali
metals rising the pH, and thus the stabilisation, when mixed with

the niobium precursor.

5.1.1 Effect of alkali excess

As seen in Figure 4.1, the KNN-precursor solution without any alkali
excess (KNNOO) forms a niobium rich secondary phase (K4NbgO17)
after calcination at 550 °C, while all precursor solution containing
either 2.5 mol% or 5.0 mol% alkali excess formed phase pure KNN
with diffraction patterns fitting well to the space group Pm. Calcined
powders from KNN precursor solutions based on niobium oxalate,
instead of the niobium malic acid complex, also forms niobium rich
secondary phases at lower temperatures. !”°4% Even though the sec-
ondary phase disappears at higher calcination temperatures (above
500°C), it has been a challenge to produce phase pure thin films

from the precursor solutions that contains secondary phases at lower
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calcination temperatures. Due to this knowledge, only KNN and Ca-
KNN precursor solutions with excess amounts of alkali were used for
the thin film preparation.

The refined parameters in Table 4.1 show a slightly increase in
the lattice parameters a, b and ¢, and consequently the unit-cell
volume, with increasing excess amounts of alkali from 2.5 mol% to
5.0 mol%, while the 8 angle remained unchanged. The increased
unit-cell volume might be explained by either elimination of A-site
vacancies, or by a higher K/Na-ratio in the perovskite KNN phase
with increasing amounts of alkali excess. All the unit-cell parameters
are a bit smaller compared to the lattice parameters obtained by

Tellier et al.37

on bulk powders. This is opposite of what to expect,
since noncrystalline powders tends to show a expansion in the unit
cell due to finite-size effects.”! However, the synthesis routes are
quite different, and the variations in lattice parameters may vary
due to different amount of strain or slightly variations in composition
within the materials.

Volatility of K and Na during heat treatment of KNN is well
known and causes A-site vacancies, compansated by oxygen vacan-
cies, in the perovskite phase. %10:15:16 Excess amounts of alkali metals
in the precursor solution inhibits the formation of A-site vacancies
during heating, and is in agreement with the increased unit-cell vol-
ume. Haugen et al.'® have reported that K is more volatile than
Na during sintering at high temperatures. Tellier et al.3” have re-
ported systematic increase in the unit-cell volume when increasing

the K/Na ratio from 0.67 to 1.5. However, there is not enough data
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from the results to say anything about the K/Na ratio. Also, since
the amount of alkali excess in the solutions are even for K and Na,
it is more likely to expect the increased unit-cell volume due to re-
duction of A-site vacancies.

5.1.2 Effect of doping with calcium

A marginal decrease in unit-cell volume can be observed from the
refined parameters in Table 4.1, as well as a slightly increase in the 3
angle, when introducing Ca to the precursor solutions. Introduction
of Ca®* to the perovskite lattice creates A-sites vacancies, according

to Equation 5.1:
AEO 2295 AE} + V) + 0§ (5.1)

Hence, a decrease in the unit-cell volume should be expected if Ca
takes place at the A-site. More A-site vacancies may also alter the
monoclinic distortion somehow, and might explain the slightly in-
creased [ angle. It should be kept in mind that the amount of Ca
in the precursor solutions is very low (0.5 mol%), and the number
of samples with refined data are not significant. However, the re-
sults indicates that Ca have been introduced to the KNN perovskite
phase.

5.2 Thin film properties

Only the KNN and Ca-KNN precursor solutions with 2.5 mol% or
5.0 mol% alkali excess were used for thin film preparations, in order
to avoid formation of niobium rich secondary phases during film

processing.
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5.2.1 The effect of alkali excess

As seen in Figure 4.5, both KNN25 and Ca05KNN25 thin films
formed the K4NbgO17 secondary phase after annealing at 700 °C,
although calcined powders from the precursor solutions showed a
phase pure KNN phase at the same temperature. Thin films have a
higher surface area per mass, compared to bulk powder, and the film
surface is also more exposed to surrounding air during the heating
process. This makes the evaporation of K and Na more easy from
the film surface during heating, and may explain why the niobium
secondary phase is formed in the thin films, and not the powders.
The results confirm that the formation of phase pure KNN strongly
depends on K and Na excess amounts, especially when working with
thin films. Nakashima et al.'® reported 10 mol% alkali excess to be
optimal for compensating loss and improve ferroelectric properties.
Ahn et al. 19 have suggested 20 mol% excess in order to obtain phase
pure KNN thin films with optimum ferroelectric properties, while
Kupec et al.'6 reported only 5 mol% of potassium to be sufficient
for the phase purity and ferroelectric properties. Hence, depended
on the synthesis and precursor systems, different amounts of alkali
excess are needed, and it is clear that more research are required in
order to know how much alkali excess there is needed.

The K4NbgO17 secondary phase formed in the CaO05KNN25 and
KNN25 films is known to be highly hygroscopic.?®% This is also
confirmed by the X-ray diffractograms obtained after soaking the
thin films for several days, where the secondary phase seems to be

dissolved. Figure 4.6 and Figure 4.7 show that the peaks from the
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niobium rich secondary phase disappears only after one day, and no
peaks are detected after 14 days in water at 37°C. The pH devel-
opement plottet in Figure 4.4 show a reduction in pH during the
first soaking days, which is opposite to what was found in previous
pH measurements on bulk powders.'” An explanation may be that
dissolved K4NbgO17 from the films contains Nb° " ions, that are high
valency and small cations with an acid nature, and an increase in pH
would be expected if Nb® ions are released into the water. Also,
the further increase in pH after two days until six days might be ex-
plained by either condensation of the dissolved niobium ions,3? or by
KNN dissolving from the film surface. Although more experiments
like ion-release tests are needed in order to confirm this theories, the
obtained x-ray diffractograms after soaking the films show promising
results on the phase purity, and the potential use of KNN thin films
m Vivo.

The amount of alkali excess also affects the microstructure of the
films. As seen in Figure 4.12 KNN50 (c¢) and Ca05KNN50 (d) have a
uniform and homogeneous grain structure, with a quite small grain
size, while the KNN25 (a) and Ca05KNN25 (b) show a more inho-
mogeneous microstructure with different grain morphologies. The
formation of niobium rich secondary phases at the surface are ex-
pected to give different grain structures. Work presented by Pham®*
has suggested the niobium secondary phase to have an elongated
grain structure. However, such grain stuctures were not seen from
the SEM images of the surface. The amount of niobium secondary

phases in the KNN25 and Ca05KNN25 films are much lower com-
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pared to those in Phams work, although there is a possibility that
the inhomogenous grain structure is caused by a secondary phase on
the surface.

Both the nucleation- and growth rate are of the greatest im-
portance in order to obtain a homogeneous fine-grained structure.
Kupec et al.16 have reported different microstructures on the sur-
face of KNN thin films depended on the amount of alkali excess.
They also reported high K/Na compositional inhomogeneity on the
surface of stochiometric KNN thin films, which where reduced by in-
creasing the amount of alkali excess. Thus, the inhomogeneous grain
structure in KNN25 and Ca05KNN25 can be explained by different
K/Na atomic ratio, or different nucleation- and growth rates due to

different amounts of alkali excess.

5.2.2 The effect of heating rate

Previous work, done by the author,!” showed two different grain
morphologies (Figure 5.2) with different roughness on the surface of
KNN thin films with 5 mol% alkali excess, made by the same precur-
sor solution. This feature has not been observed in the KNN50 and
Ca05KNNb50 thin films produced during this project and is believed
to be due to different thermal processing during pyrolysis and an-
nealing. The same pyrolysis (550 °C) and annealing (700 °C) temper-
atures were used based on same thermogravimetric analysis results
(Figure 4.3). The procedure in this work has been done by using
a heating source below the substrate, instead of a heating source
above, which may have influenced the nucleation and crystal growth

during the film deposition. The annealing of the thin films produced
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in the earlier work where conducted in a tube furnace with a con-
siderably slower heating rate (200°Ch™!). The heating rate during
annealing, in this work, where much faster (100 °Cmin~!), and the
process were conducted on the same heating plate as the pyrolysis.
As seen in the SEM images, this implies that a faster heating rate
prevents distinct grain growth, and thus gives a homogeneous grain
structure. Also, the rapid heating plate set-up seems to be bene-
ficial for columnar growth (Figure 4.10 and Figure 4.11), which is

promising regarding the potential of making textured thin films.

(a) Fine area. (b) Coarse area.

Figure 5.2: SEM images of KNN thin films with 5 mol% alkali excess,
showing two different grain morphologies and their distribution on the
surface, reprinted from previous work.!”

5.2.3 The effect of doping with calcium

The revealed amount of K4NbgO17 secondary phase in Ca05KNN25
thin films are smaller compared to the KNN25, which might indi-
cate Ca?™ being introduced into the KNN perovskite lattice. During
heat treatment, Ca>" may compensate the alkali loss by occupy the
A-sites of the perovskite, and suppressing the formation of the nio-

bium rich secondary phase. Due to the reduced amount of secondary
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phase in Ca doped KNN thin films, with 2.5 mol% alkali excess, it
is acceptable to assume some of the Ca?" occupying the A-sites in
the KNN perovskite lattice.

Microstructural changes

As seen in Figure 4.12 Ca doping in KNN with 5.0 mol% alkali ex-
cess results in almost unchanged grain structure, while Ca doping in
KNN with 2.5 mol% alkali excess produces phases containing larger
cubic grains on the surface. Taub et al.5! have reported similar de-
velopment in bulk KNN doped with 0.5 - 2.0 mol% Ca, and this is
believed to be related to the substitution of Na™ or K+ with Ca?",
causing A-site vacancies in which promotes grain growth. %162 These
larger cubic grains are only observed in the Ca05KNN25 and not in
the KNN25 thin films, which may verify that Ca®" are introduced
in the KNN lattice. As previously discussed, increased amounts of
alkali excess prevents grain growth and may explain why larger cubic
grains are only seen in the CaO5KNN25 thin films.

Mechanical properties

The nanoindentation measurements were conducted to evaluate the
mechanical properties and how they changes when KNN and Ca-
KNN thin films were exposed to water solution for various time
lengths. As seen in Figure 4.19 and Figure 4.20, large standard de-
viations were obtained from the measurements conducted on KNN
and Ca-KNN thin films with 2.5 mol% alkali excess. The inhomoge-
neous microstructure of KNN25 and Ca05KNN25 thin films (Figure
4.12) may bring large deviations, due to very small displacement

and deformation volume during the experiments. Also, if an indent
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is made on some of the potential bacteria on the surface (Figure 4.14
- Figure 4.16), it would influence the values and deviations during
the experiments, since the bacteria are expected to be much softer.
Thus, an evaluation of exact values and changes are not possible,
due to high standard deviations in the measurement. However, the
trends indicates that both the hardness and reduced modulus are
quite stable after 14 days of soaking, which is promising regarding
the biocompatibility and reliability of KNN thin films inside the
body.

Smaller deviations in the measurements conducted on the KNN
and Ca-KNN thin films with 5.0 mol% alkali excess might be ex-
plained by a more homogeneous grain structure (Figure 4.12), and
also removal of the potential soft bacteria from the surface, due to
new sample preparation. The trends in Figure 4.21 and Figure 4.22
show only small changes in the avarage reduced modulus or hard-
ness, when doping with calcium, and both KNN50 and Ca05KNN50
share the same trends throughout the 14 days of soaking. However,
the results might suggest that the reduced modulus and hardness
are slightly more stable during soaking for the Ca-doped KNN films.

The obtained hardness and reduced modulus of the KNN50 and
Ca05KNN50 thin films are much larger compared to those previ-
ously reported on sol-gel prepared KNN thin films by Brunckova et
al.’1"2 (E, = 91 and 71 GPa, and H = 4.5 GPa). This might be
explained by the use of different substrates (SrTiOz) in this work,
compared to Brunckova et al. (Pt/AlpOs and Pt/Sia/Si), which

have been reported to influence the microstructure and thus the me-
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chanical properties of thin films.?! The elastic modulus reported by
Kugler et al.*” (207 and 205 GPa), and the hardness (11 and 12
GPa) are in the same range as the results obtained during this work,
although the preparation method (magnetron sputtering) and the
substrate (SiO2/Si) are different. These results confirm that the
mechanical properties are strongly influenced by the substrate, and

the microstructure and surface structure of the thin films.47-%2

Ferroelectric- and piezoelectric properties

Both the KNN50 and Ca05KNNb50 thin films exhibit weak and leaky
ferroelectric P-E hysteresis loops (Figure 4.23 and 4.24), which indi-
cates high conductivity within the films.' Large conductivity sub-
merges the polarisation caused by domain switching and makes it
hard to extract the ferrolectric properties from the obtained P-F
hysteresis loops.?? However, the results show some hysteresis char-
acteristics like a slightly saturated polarisation and concave shape
that may evidence for ferrolectricity. '

The weak ferroelctric hysteresis loops may be explained by the
small grain size (82-86 nm) and thickness (153-168 nm) of the KNN50
and Ca05KNN50 thin films, as seen in Figure 4.12 (¢) and (d), and
Figure 4.10 and 4.11. The dielectric permittivity tends to decrease
with decreasing grain size, which affects the ferroelectric proper-
ties.?0 Both the domain structure and domain wall motions are de-
pended on the grain size of the material. When the grain size de-
crease below 100 nm, it approaches the ferroelectric domain size.
Thus, polycrystalline thin films with small grain sizes tends to have

high domain wall density, but low domain wall mobility compared to
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bulk ceramics, due to self-clamping effects. 1929 This restricts domain
switching and polarisation rotation, and may be an explanation of
the weak hysteresis loops.

Extrinsic thermal stresses will be induced upon cooling if there
is a mismatch between the thermal expansion coefficients of the film
and substrate. There are, to the best of the authors knowledge, no
published data on the thermal expansion coefficient of KNN. How-
ever, if it is smaller compared to the Nb-doped STO substrate, tensile
stresses within the film induces domains with polarisation vectors in
the plane, instead of out of the plane.”® Thus the weak ferroelectric
hysteresis loops may be explained by the out of plane measurements
on the films.

A combined plot of polarisation vs. electric field of the KNN50
and Ca05KNNb50 thin films is given in Figure 5.3. The region where
the polarisation is saturated seems to be somewhat wider for the
Ca05KNNbH0 thin films compared to the KNN50 thin films, indicat-
ing some smaller degree of leakage current. Ahn et al.' proposed
generated holes (h*) to be the carrier of leakage current in KNN thin
films, due to heavy loss of K and Na during thermal treatment form-
ing A-site vacancies, accompanied by oxygen vacancies. The oxygen
vacancies might be reoccupied by oxygen from the atmosphere, gen-
erating h®, which increases the leakage current.? Addition of Ca?*
might compensate these charge defects generated from loss of alkali
in the pure KNN thin films, and thus slightly enhance the leakage
properties. In order to verify this hypothesis, more measurements

on the leakage current have to be performed.
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Figure 5.3: Measured hysteresis curves of polarisation vs. electric field
at 1 Hz frequency of KNN50 and Ca05KNNb50 thin films deposited on
(100)-oriented Nb:STO substrates. The red and green colours mark the
area for saturated polarisation in KNN50 and CaO5KNN50 thin films,
respectively.

The measured piezoelectric coefficients dss (17.4 and 18.6 pC N1
for KNN50 and Ca05KNNb50, respectively) show a slight increase
when doping KNN with calcium. The values are smaller compared
to the reported values (30.6—83.350 , 4019 and 46 pCN~! 15) on KNN
thin films. However, all the measurements are conducted with dif-
ferent set-ups and are therefore not comparable. It should be no-
ticed that the d3g values measured on Berlincourt-meters have shown
to be strongly depended on the aspect ratio between the film and
the substrate. However, since the aspect ratio of the KNN50 and
Ca05KNN50 thin films are significally high, the measured d33 values

are believed to be close to the true dss values of the films.
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5.3 Further work
New and promising results on the properties and reliability of KNN

thin films were achieved in this work, although further research and
improvements are necessary. More studies need to be carried out
to understand how the (micro)structural, mechanical, ferroelectric
and piezoelectric properties are affected when KNN thin films are
exposed to biological environments.

In this study, a parallel plate electrode configuration was used to
measure the out of plane ferroelectric properties of the thin films,
where the results showed weak ferroelectric response. Therefore,
in plane measurements by using other electrode configurations, like
interdigiated electrodes, may provide better ferroelectric measure-
ments.

More characterisation of the piezoelectric and ferroelectric prop-
erties as well as the dielectric losses in KNN thin films are required.
The use of piezoresponse force microscopy (PFM) will be beneficial
for more investigation on the piezoelectric properties. Also, further
enhancement of the ferroelectric properties are necessary.

Long-term stability of the mechanical properties have not been
investigated in this study. SEM images may indicate formation of
bacteria on the film surface during soaking and it may be beneficial
to further investigate this phenomenon. If more studies are carried
out on the change of mechanical properties during soaking, sterilised
equipment and solutions should be considered in order to avoid po-
tential bacteria contamination on the surface.

Neither ferroelectric or piezoelectric measurements were conducted



5.3. FURTHER WORK 81

on soaked thin films. In the long term, to evaluate the potential for
utilising piezoelectric KNN thin films in biomedical applications, this

will need to be investigated.
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Chapter 6

Conclusion

In this study, Ko.5NagsNbOs and (KNN) Kg 495Nag.495Cag.005NbO3
(Ca~-KNN) thin films have been synthesised by chemical solution de-
position of an aqueous precursor solution onto SrTiOsz substrates.
Various amounts of alkali excess were added to the precursor solu-
tions to compensate alkali loss during thermal processing. 5.0 mol%
alkali excess was sufficient to obtain phase pure KNN and Ca-KNN
thin films, while Nb rich secondary phases were found in the thin
films containing 2.5 mol% alkali excess.

The effect of doping with 0.5 mol% Ca?" in KNN on the me-
chanical properties was studied by nanoindentation on the films af-
ter exposure to water solutions at 37 °C, for 0 to 14 days. Ca-KNN
thin films show slightly more stable mechanical properties during
soaking, however, the effect of doping with 0.5 mol% Ca?* in KNN
was relatively subtle.

Doping with Ca?' gave a weak enhancement of the piezoelectric
coefficients ds3 (18.6 +£0.16 pC/N) compared to pure KNN thin films
(17.44 £0.69 pC/N). All thin films displayed poor ferroelectric hys-
teresis loops and further improvements of the ferroelectric properties
are necessary. However, relatively stable mechanical properties dur-
ing 14 days of soaking indicates that ferroelectric KNN thin films

are promising candidates for biomedical applications.
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Appendix A

Thermal treatments

A.1 Thermogravimetric standardisation

The molal consentration of niobium in the niobium precursor solu-
tion was determined by thermalgravimetric standardisation. This
was done by firing the precursor solution in air, using porcelain cru-
cibles with porcelain lids and the temperature program given in Fig-
ure 3.3. Kaowool was used in the crucibles to avoid boiling and loss
of solution during the firing. Before the standardisation, the cru-
cibles and kaowool were fired at the same temperature program to
remove organic materials and other impurities. Three crucibles were
used for the standardisation to ensure accuracy in the measurements,
and about 10 g of the niobum precursor solution was added to the
crucibles. The crucibles were weighed before and after the solution
was added, and after the firing. The crucibles were taken out of
the furnace at 200 °C, and kept in a desiccator to prevent uptake of
moisture from the air. The molality of niobum in the precursor solu-
tion was measured, based on the weight of NbyOj5 after calcination
at 1100°C, to 0.09940 £ 5.02x10~° mmolg~'solution. Measured
weights before and after calcination are given in Table A.1 and the

calculated molalities and average molality are given in Table A.2.
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Table A.1: Weights measured during standardisation of the niobium
precursor solution. All measurements are given in grams. Crucibles mass
= Cruc., Kaowool = Kw, Precursor solution = sol. Oxide = Ox.

Mass Cruc.+-Kw Mass sol. Mass Cruc.+Kw+0x. Mass Ox.

[g] g] [g] g]
21.8362 10.7947 21.9789 0.1427
24.5501 8.8712 24.6680 0.1179
25.0020 11.9988 25.1595 0.1575

Table A.2: Calculation of average (avg) molality of the niobium precur-
sor solution.

Mass Ox. Moles Ox. MolesNb°T  Molality Avg. molality

[g] [mmol] [mmol] [mmol/g] [mmol/g]
0.1427 0.5368 1.0736 0.09946
0.1179 0.4435 0.8870 0.09999 0.09940 £+
0.1575 0.5925 1.1850 0.09876 0.0000502

A.2 Calcination temperatures

Table A.3 show the different temperatures, and holding times used
during calcination of pre-dried dried powders (160 °C, 12h) from the
KNN and Ca-KNN precursor solutions.
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Table A.3: List of calcination temperatures (Tcalc) and holding times
used to prepare powders from the precursor solutions. All precursor so-
lutions were dried at 160 °C for 12 h before calcination.

Precursor solutions Tcgaie [°C] Time [min]

KNNO00 250 )
KNNOO 600 5
KNNOO0 700 )
KNN25 550 )
KNN25 600 )
KNN25 700 )
KNN25 800 )
KNN50 200 )
KNN50 950 )
KNN50 600 5)
KNN50 700 )
KNN50 800 )
Ca05KNN25 500 )
Ca05KNN25 250 )
Ca05KNN25 600 )
Ca0bKNN25 700 )
Ca05KNN25 800 5)
Ca05KNN25 900 )
Ca05KNN50 200 )
Ca05KNN50 550 )
Ca05KNNbH0 600 )
Ca05KNN50 700 )
Ca05KNNbH0 800 )
Ca05KNN50 900 )
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Appendix B

Additional X-ray diffractograms

Additional x-ray diffractograms of calcined powders from the KNNOO,
KNN25, KNN50, Ca05KNN25 and Ca05KNN50 precursor solutions

are given in Figure B.1 - Figure B.5, respectively.
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Figure B.1: X-ray diffractogram of KNN powders from the KNNOO
precursor solution. V¥ reflections are assigned to K4NbgO17. Diffraction

lines of Ko 5Nag5NbO3 are included as references at the bottom (black,
PDF card 00-061-0315)
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Figure B.2: X-ray diffractogram of KNN powders from the KNN25
precursor solution. 4 reflections are assigned to Tungsten K, and K2,
and Copper Kgy. Diffraction lines of Ko 5Nag5NbOg3 are included as
references at the bottom (black, PDF card 00-061-0315)
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Figure B.3: X-ray diffractogram of KNN powders from the KNN50
precursor solution. ¢ reflections are assigned to Tungsten K,1 and K2,
and Copper Kgy. Diffraction lines of Ko 5NagsNbOg3 are included as
references at the bottom (black, PDF card 00-061-0315
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Figure B.4: X-ray diffractogram of Ca-KNN powders from the
Ca05KNN25 precursor solution. 4 reflections are assigned to Tungsten
Ka1 and Kqo, and Copper Kgo. Diffraction lines of Ko 5Nags;NbOg3 are
included as references at the bottom (black, PDF card 00-061-0315
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Figure B.5: X-ray diffractogram of Ca-KNN powders from the
Ca05KNN50 precursor solution. 4 reflections are assigned to Tungsten
Ka1 and Kag, and Copper Kgo. X reflection is assigned to an unknown
phase. Diffraction lines of Kg5Nags5NbO3 are included as references at
the bottom (black, PDF card 00-061-0315
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Appendix C

Pawley refinements

Pawley refinements (within the space group Pm) of the diffractor-
grams for the KNN25, Ca05KNN25 and Ca05KNN50 samples cal-
cined at 800 °C, are given in Figure C.1, Figure C.2 and Figure C.3,

respectively.
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Figure C.1: Pawley refinement of KNN25 precursor solution powder,
within the Pm space group.
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PAWLEY REFINEMENTS
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Figure C.3: Pawley refinement of Ca005KNN50 precursor solution pow-

der, within the Pm space group.



Appendix D

Surface morphology

Figure D.1 show the development of potential bacteria on the sur-
face of KNN25 thin films during soaking in disilled water at 37 °C.
Additional scanning electron microscopy (SEM) images of the sur-
face of KNN25 and Ca05KNN25 thin films at higher magnification
are shown in Figure D.2 - Figure D.9.
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(a) Non-soaked (b) 1 day

(c) 3 days. (d) 6 days

(e) 10 days (f) 14 days

Figure D.1: SEM images of KNN25 thin films showing the development
of potential bacteria on the surface during soakingtime.
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Figure D.2: SEM image showing the microstructure of the KNN25 thin
film after being soaked for 1 day.

Figure D.3: SEM image showing the microstructure of the KNN25 thin
film after being soaked for 6 days.
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Figure D.4: SEM image showing the microstructure of the KNN25 thin
film after being soaked for 10 days.

Figure D.5: SEM image showing the microstructure of the KNN25 thin
film after being soaked for 14 days.
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Figure D.6: SEM image showing the microstructure of the Ca05KNN25
thin film after being soaked for 1 day.

Figure D.7: SEM image showing the microstructure of the Ca05KNN25
thin film after being soaked for 6 days.
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Figure D.8: SEM image showing the microstructure of the Ca05KNN25
thin film after being soaked for 10 days.

Figure D.9: SEM image showing the microstructure of the Ca05KNN25
thin film after being soaked for 14 days.



Appendix E

Nanoindentation

Calculated reduced modulus, hardness and standard deviations ob-
tained from the nanoindentation experiments preformed on the KNN50
and Ca05KNNbH0 thin films are given in Table E.1, and in Table
E.2 for the KNN25 and Ca05KNN25 thin films. Recorded loading-
displacement curves from the nanoindendation experiments are given
in Figure E.1, Figure E.2, Figure E.3 and Figure E.4 for the KNN25,
Ca05KNN25, KNN50 and Ca05KNN50 thin films, respectively.
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Table E.1: Calculated reduced modulus (E;), Hardness (H), standard
deviations (Std.Dev.) and number of indents (#Ind) from the nanoin-
dentation experiments preformed on KNN50 and Ca05KNN50 thin films.

Sample E.[GPa] Std.Dev. H[GPa] Std.Dev. # Ind
Ca05KNNb/0-14  189.97 15.81 9.01 1.35 9
Ca05KNNH0-6 201.29 13.20 10.18 1.27 9
Ca05KNNH0-2 202.88 24.57 8.91 1.83 9
Ca05KNNH0-0 195.88 7.50 10.31 0.82 9
KNNb50-14 205.79 15.79 9.35 1.98 9
KNN50-6 200.46 16.05 9.19 1.14 9
KNN50-2 172.74 5.45 6.22 0.45 9
KNN50-0 210.77 24.46 10.75 1.99 9

Table E.2: Calculated reduced modulus (E;), Hardness (H), standard
deviations (Std.Dev.) and number of indents (#Ind) from the nanoin-
dentation experiments preformed on KNN25 and Ca05KNN25 thin films.

Sample E.[GPa] Std.Dev. H[GPa] Std.Dev. # Ind
Ca0bKNN25-14  176.86 2417 7.29 1.13 6
Ca0bKNN25-10  245.87 99.547 17.13 11.58 6
Ca05KNN25-6 181.99 41.51 8.35 3.35 9
Ca05KNN25-3 166.21 51.13 9.00 6.74 9
Ca05KNN25-1 191.23 44.08 9.64 3.92 9
Ca05KNN25-0 165.86 58.64 12.12 6.21 9
KNN25-14 159.35 63.73 7.08 5.09 8
KNN25-10 159.12 30.57 6.68 2.50 7
KNN25-6 206.99 22.77 11.53 6.79 9
KNN25-3 165.62 26.95 6.25 1.72 9
KNN25-1 195.15 41.66 8.76 2.39 9
KNN25-0 193.20 100.16 15.78 16.95 9
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Figure E.1: All loading-displacement curves for the KNN25 thin films.
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Figure E.2: All loading-displacement curves for the Ca05KNN25 thin
films.
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Figure E.3: All loading-displacement curves for the KNN25 thin films.
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Figure E.4: All loading-displacement curves for the Ca05KNN25 thin
films.
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