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Abstract

Autonomous electronic devices require a long-term, sustainable power supply. One possible
solution is the transduction of mechanical energy, available in the sensor’s environment,
into electrical energy by piezoelectric layers integrated on a flexible substrate. A-few-tens-
of-micrometres-thick piezoelectric layers can be processed on a substrate using
electrophoretic deposition (EPD). EPD is based on the mobility of charged particles in a
solvent and their deposition on a conductive substrate upon the application of an electric
field. After the EPD, the layers are sintered. Most piezoelectric energy harvesters (PEHs)
integrate lead-based piezoelectric materials. However, due to governmental regulations,
alternative lead-free materials have been investigated. Thus, a lead-free piezoelectric based
on potassium sodium niobate ((KosNags)o00Sr0.00:NbO3s, KNNSr) was selected for this work.
In the first part we studied the stabilisation of KNNSr particles in ethanol using
poly(acrylic acid-co-maleic acid) (PAM) and an organic base: n-butylamine (BA). By
optimising the PAM amount and the PAM/BA ratio, we stabilized the particles, with a
zeta-potential (ZP) of around -45 mV and tailored the conductivity of the suspensions in
the range 9-30 puS/cm. The deposition of KNNSr particles on a 640-pum-thick platinised
alumina substrate (RAO), demonstrated that the conductivity of the suspensions influences
the deposited masses, the homogeneity and the thickness uniformity of the layers. The
thickness uniformity of the layers depends on the geometry of the deposition setup. Using
a finite-element analysis (FEA) we predicted and optimised the electric field strength in
the setup by varying the interelectrode distance and the counter electrode diameter. The
FEA results were well correlated with the experimental thickness profiles of the layers.

In the second part the thick films deposited on the RAO substrate were sintered. The
thick films sintered at 1075 °C were porous, whereas the ones sintered at 1120 °C
delaminated from the substrate. To avoid the delamination, we first deposited a ~10-pm-
thick layer and fired it at 1000 °C, followed by the deposition of a second, thicker layer.
We sintered the layers at 1090, 1100 and 1110 °C, both in air and oxygen, to understand
the microstructure evolution of the KNN thick films. The microstructure, X-ray-diffraction
patterns and local ferroelectric domain structure were correlated with the electromechanical
properties. The KNNSr thick films sintered at 1100 °C for 2 hours had a homogenous
microstructure, a relative density of ~ 81 % and a thickness-coupling factor of ~ 40 %.

In the third part we focus on the processing of a bimorph structure on flexible, 110-um-
thick platinised alumina (DFAQ) substrates. For this purpose we modified the EPD setup.
The sintering of KNNSr layers on one side of the DFAQO substrate results in the bending
of the structure. To minimise this spurious effect, the ~ 65-pm-thick layers were deposited
on both sides of the DFAO substrate. After sintering at 1100 °C for 2 h in oxygen we
obtained a thick film with a homogeneous microstructure, a thickness of ~ 40 ym and a
relative density of ~85 %. We theoretically estimated and showed the influence of the
porosity on the figure of merit (FOM) for a KNNSr-based PEH operating in the 31-mode.
We found that the FOM at resonance was more impacted by the porosity than the FOM
in off-resonance conditions. This work demonstrated that EPD is a suitable method for the
preparation of bimorph cantilevers made of lead-free thick films for PEHs.
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Povzetek

7 razvojem avtonomnih elektronskih naprav se je povecalo povprasevanje po napravah, ki
lahko pretvorijo energijo, razpolozljivo v okolju, v elektriéno energijo. Mehansko energijo
lahko pretvorimo v elektriéno s piezoelektricnimi zbiralniki energije (PZE). Naprava ima
najveCkrat obliko konzole, na katero je integriran piezoelektrik debeline nekaj deset
mikrometrov. Taksne plasti lahko izdelamo z metodo elektroforetskega nanosa (EN), ki
temelji na mobilnosti nabitih delcev v topilu pod vplivom elektricnega polja. Na elektrodi
nastaja nanos, ki ga je potrebno ustrezno termicno obdelati. V PZE se najpogosteje
uporabljajo piezoelektriki, ki vsebujejo svinec. Uporabo teh materialov omejujejo zaradi
okoljskih in zdravstvenih pomislekov, kar je spodbudilo raziskave alternativnih materialov.
V doktorski disertaciji smo preiskovali materiale na osnovi kalijevih natrijevih niobatov z
nominalno sestavo (KosNaos)o.ge Sro.0sNbOs (KNNSr).

V prvem delu doktorske disertacije smo raziskali stabilizacijo delcev KNNSr v etanolu
z dodatkom poliakrilne-maleinske kisline (PAM) ter organske baze n-butilamin (BA). Z
optimizacijo razmerja PAM/BA smo pripravili stabilno suspenzijo delcev z zeta
potencialom -45 mV ter elektricno prevodnostjo od 9 do 30 uS/cm. Delce smo nanesli na
platinizirano podlago AlO; debeline 640 pm (RAO). Proucevali smo vpliv elektricne
prevodnosti suspenzije na maso, homogenost in enakomernost debeline nanosa. 7Z metodo
konc¢nih elementov smo proucevali elektricno poljsko jakost v celici. Ugotovili smo, da
razdalja med elektrodama in premer referencne elektrode vplivata na porazdelitev
elektri¢ne poljske jakosti med elektrodama ter posledi¢no na enakomernost debeline nanosa.
Rezultate analize smo primerjali z izmerjenimi debelinami nanosa pri izbranih pogojih ter
potrdili dobro ujemanje rezultatov obeh analiz.

V drugem delu doktorske disertacije smo plasti, ki smo jih nanesli na RAO z dobro
ponovljivostjo, sintrali. Plasti, sintrane pri 1075 °C, so bile porozne, plasti, sintrane pri
1120 °C, pa so imele slabo oprijemljivost s podlago. Da bi izboljsali oprijemljivost, smo na
podlago najprej nanesli plast debeline ~ 10 pm in jo zgali pri 1000 °C. Na to plast smo
nanesli debelejso past. Strukture smo sintrali pri 1090, 1100 in 1110 °C na zraku in v kisiku,
da bi raziskali povezavo med strukturo, mikrostrukturo, domensko strukturo in
elektromehanskimi lastnostmi plasti. Po sintranju pri 1100 °C so imele plasti homogeno
mikrostrukturo, relativno gostoto 81 % ter sklopitveni faktor 40 %.

V tretjem delu doktorske disertacije smo se osredotocili na pripravo bimorfne strukture
na fleksibilni, 110 pm debeli platinizirani podlagi Al:Os; s prilagojeno eksperimentalno
celico. Struktura s plastjo KNNSr na eni strani se je po sintranju ukrivila, medtem ko je
ostala bimorfna struktura ravna. Po sintranju pri 1100 °C 2 h v kisiku sta bili plasti KNNSr
na obeh straneh enakomerne debeline ~ 40 pym, brez defektov, s homogeno mikrostrukturo
in relativno gostoto 85 %. S teoreti¢nim pristopom smo ocenili vpliv poroznosti KNNSr na
delovanje PZE v nacinu 3-1. Ugotovili smo, da ima poroznost vecji vpliv na delovanje PZE
pri resonancnih pogojih, medtem ko na delovanje izven resonance vpliva nekoliko manj.
Rezultati so pokazali, da je EN primerna metoda za pripravo bimorfne strukture PZE,
pripravljene iz KNNSr.
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Chapter 1
Introduction

In this chapter piezoelectric energy harvesters (PEHs), with an emphasis on the bimorph
cantilever structure, are described. In the second part, the synthesis, sintering, and
properties of piezoelectric lead-free sodium potassium niobate materials are reviewed. The
third part focuses on the processing of piezoelectric thick films by electrophoretic deposition.
The last part reviews existing KNN-based PEHs.

1.1 Piezoelectric Energy Harvesters (PEHs)

An energy harvester (EH) scavenges the ambient environmental energy, such as mechanical
energy, heat or light, to produce electrical energy [1], [2]. An EH allows the powering of
self-sustained devices, such as sensors or transmitters, which required power in the pW-to-
mW range [3]. These devices have the potential to be incorporated into devices used for
various applications, such as structural health monitoring [4] or implantable devices in
medicine [5]. Among the energy sources, the mechanical energy is readily generated indoors
and outdoors from human motion, industrial machinery, vehicles, etc. [6]. Piezoelectric
energy harvesters (PEHs) allow the conversion of the mechanical energy in the form, for
example, of vibrations or shocks into electrical energy using the direct piezoelectric effect,
which is the linear relationship between the stress applied to the material and the resulting
charge density [7]. A general and brief description of the piezoelectric and ferroelectric
materials with the corresponding notation used in this manuscript is given in Appendix A.
PEHs have received much attention due to the large energy density and the relatively
simple architecture of the devices in comparison to EHs based on electrostatic and
electromagnetic effects [8]. The vibration PEHs use a structure designed to resonate at a
frequency matching the excitation vibration of the source [9]. Its power output is related
to the vibration amplitude and the excitation frequency of the source. The typical
dependence of the output power versus excitation frequency of a vibrating PEH is
characterised by a resonant frequency (f,) and a bandwidth, as illustrated in Figure 1.1.
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Figure 1.1: Root mean square (RMS) output power of a piezoelectric energy harvester as
a function of the excitation frequency [10]. f, is the resonance frequency.

1.1.1 Bimorph cantilever PEH

Typical PEH resonant structures are the unimorph and bimorph cantilevers. A unimorph
cantilever consists of a piezoelectric layer attached to a conductive shim (Figure 1.2a,
Figure 1.2b). The bimorph cantilevers consist of piezoelectric layers attached on two sides
of a shim (Figure 1.3a, Figure 1.3b). One end of the cantilever is clamped, whereas the
other end is kept mechanically free. The cantilever operates in the bending mode with the
layers being alternatively in extension and in compression (see, for example, the unimorph
in tension in Figure 1.2a). The unimorph and bimorph structures take the advantages of
the large mechanical strain within the material at resonance and of the low frequency of
the fundamental flexural mode [3]. Usually, a cantilever integrates a proof mass at its free-
end, which is used to decrease the resonance frequency of the structure, it also amplifies
the mechanical energy stored and consequently increases the power output of the PEH [2].
The PEH can operate either in 33- or 31-mode, as schematically shown in Figure 1.2
[3] (see Appendix A for notation). In 33-mode the polarisation direction of the piezoelectric
material is parallel to the applied strain/stress (Figure 1.2b). PEHs operating in 33-mode
use interdigitated electrodes, and the output power depends on the electrode’s design [11].
In devices operated in 31-mode the polarisation direction of the piezoelectric material is
perpendicular to the applied strain/stress (Figure 1.2a, Figure 1.3a, Figure 1.3b). In this
case the top and bottom surfaces of the piezoelectric material are fully covered by
electrodes. When the substrate is conductive (shim) it serves as a bottom electrode.
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Figure 1.2: Schematic representations of unimorph cantilevers in a) 31-mode configuration
(working condition), b) 33-mode configuration with interdigitated electrodes. Red arrows
indicate the poling direction in the piezoelectric material, the white arrow indicates the
tensile strain in the piezoelectric layer.

Focusing on 31-mode, the two piezoelectric layers of a bimorph can be either poled in
the same (Figure 1.3a) or opposite directions (Figure 1.3b), which are specified as parallel
and series connections, respectively. A parallel connection leads to a larger current output,
and a lower electrical impedance and voltage output of the structure, in comparison to the
series connection [12].
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Figure 1.3: Schematic representations of bimorph cantilevers working in 31-mode connected
a) in parallel and b) in series. Red arrows indicate the poling direction in the piezoelectric
material.

A PEH bimorph operated in the 31-mode, with the piezoelectric material’s layers having
a thickness of a few tens/hundreds of micrometres, has been conventionally processed by
machining bulk ceramics [10], [13], [14]. Ferin et al. [10] manufactured a bimorph cantilever
from commercial lead zirconate titanate-based bulk ceramics. A schematic representation
of the process is presented in Figure 1.4a. First, the bulk ceramics were glued on both sides
of a conductive substrate, termed a shim (steps 1, 2 and 3, in Figure 1.4a), and then
grinded and polished to achieve the desired thickness (steps 4, 5). Finally, the top and
bottom electrodes were deposited (step 6). The images and cross-section of the bimorph
PEH are presented in Figure 1.4b and Figure 1.4c, respectively. Similar manufacturing
processes have been used to prepare unimorph structures in the literature, where, for
example, the piezoelectric material was thinned before being integrated onto the substrate
[13], [14].



4 Chapter 1. Introduction

a) 1 Flat PZT ceramics b)

- ] Top electrode IRy

------------------------------------------------ (host place for tip mass)
2 Bonding of the shim Lm E

4 Grinding 1/polishing 1 0 S

6 Deposition of electrodes

20 um PZT layers 10 pm shim

Figure 1.4: a) Schematic representation in cross-section of the processing steps for the
fabrication of a bimorph cantilever PEH from lead zirconate titanate-based (PZT) bulk
ceramics. Processed bimorph: b) top view and c¢) cross-section (optical microscope) [10].

1.1.2 Cantilever PEH figure of merit

The efficiency of the PEH strongly depends on the electromechanical properties of the
piezoelectric material. The latter are related to the material’s chemical composition,
microstructure and phase composition. For cantilever structures operating in 31-mode,
Priya [15] proposed a figure of merit (FOM) based on the material properties. The FOM
of a 3l-mode PEH, valid in off-resonance conditions (FOM, ¢t csonance)s i€, for a
frequency far from the resonance frequency of the device, is given by:

d2 d31931

FOM =
off—resonance 833 tan5 tan 6@

(1.1)

with d4; and g4, the piezoelectric strain-charge and strain-voltage coefficients of the 31-
mode, respectively, 1, is the dielectric permittivity at constant stress along the poling
direction and tand, the dielectric losses of the poled piezoelectric layer (introduced in
Appendix A) [15].

In the case of a PEH that operates at its resonant frequency, the FOM,

on—resonance Of
a PEH operating in 31-mode is given by [15]:

FOM, = 1Q (1.2)

on—resonance S
11

with £, the 31-mode electromechanical coupling factor that represents the ratio of the
mechanical to electrical energy conversion, @, the mechanical quality factor, and s¥ the
elastic compliance at constant electric field component of the piezoelectric layer (Appendix
A).

We calculated the FOM, ¢ resonance a0d FOM,, o conance for selected piezoelectric
ceramics: two commercial lead zirconate titanate-based (PZT) ceramics [16] and one lead-
free ceramic, namely, sodium potassium niobate (Kos;NaosNbO;, KNN) [7]. A “soft” PZT

composition (Pz29, MEGGITT Ferroperm) characterised by large dielectric permittivity,
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piezoelectric coefficient, and dielectric losses but low mechanical quality factor and a “hard”
PZT composition (Pz24, MEGITT Ferroperm) which exhibits a large mechanical quality
factor but low piezoelectric charge constant [16] were selected. The electromechanical
properties and corresponding FOMs are listed in Table 1.1.

Table 1.1: FOM,
ceramics based on dg;, g3y, €7 33, tand,, Q,,, kgjand sfj the value were taken from [7],

and FOM calculated for Pz29, Pz24 and KNN

ff—resonance on—resonance

[16].
Propertics Materials| || p; g (soft)  Pz24 (hard) KNN
d3; (pC/N) -243 -58 -51
g3 (x 10% V.m/N) 9.6 -15.4 -11.6
€X 33 2870 425 496
tan g, 0.016 0.002 0.02
FOM,f¢_resonance (x 1072 m?/N) 145 447 30
Qn 76 1662 240
kg, (%) 37 29 27
sfp (x 1072 m?/N) 17 10.5 8.2
FOM,,,_yesonance (x 10" N/m?) 0.6 13.3 2.1

ds; and gg): 31-mode piezoelectric coefficient, e} 54: relative dielectric permittivity at
constant stress, tand,: the dielectric losses of the poled ceramic, @,,: mechanical quality
factor (measured on planar mode), k3;: 31-mode electromechanical coupling factor and s
elastic compliance at constant electric field component.

The results revealed that the largest FOM, ¢ csonance a0d FOM 1 oconance Were
achieved for the hard PZT (Pz24) material, thanks to the low dielectric losses and high
mechanical quality factor. In comparison, the KNN material exhibits moderate piezoelectric
coefficients, mechanical quality factor and larger dielectric losses. Thus, the
FOM,,, .cconance Of the KNN material was larger than that of the soft PZT material, but
one order of magnitude lower than that of hard PZT material.

The FOMs proposed by Priya [15] are based on the linear constitutive piezoelectric
equations, and neglect the electroelastic non-linearities when the acceleration magnitude
become large, which can result, for example, in softening [17], [18]. Moreover, the
calculation of the FOM ¢ ,csoncance 15 Performed without an electrical load connected,
i.e., in open-circuit conditions whereas the power output depends on the connected
electrical load [13]. The FOM,,, . .conance s calculated by considering the PEH excited
with an applied acceleration matching the resonant frequency of the device.

Thus, the FOMs values for the 31- cantilever PEH are calculated based solely on the
material properties and serve as a guideline in the evaluation of a piezoelectric material’s
performance for PEH applications. However, the power output of the PEH also depends
on the electric and mechanical environments.
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The PEH device usually consists of the harvester, which provides an AC electrical
signal, the power-conditioning electronics and the energy-storage system [19]. The
impedance matching and voltage regulation are performed with the power conditioning
circuit to make compatible the output power with the electronic load.

Moreover, the harvested power also depends on the vibration sources, i.e., the
acceleration level and the excitation frequencies. For example, a linear analytic model
shows that for a harmonic excitation the power output is proportional to the cube of the
frequency and the square of the acceleration amplitude [20]. Moreover, in operating
conditions, the acceleration usually covers frequency bands [21], and the vibrations can
have a stochastic and time-dependent magnitude and frequencies [19]. For PEH integrating
a high @,,, piezoelectric material, which results in a narrow resonance bandwidth, if the
excitation frequency does not match the frequency of the PEH, the harvested energy
decreases [22]. For example, in Figure 1.1, the maximum output power of ~60 pW is
reached at a frequency of ~23 Hz. However, if the vibration frequency shifts to ~ 24 Hz the
output power drops to ~ 20 uW.

The most-often used materials for PEH have been lead-based piezoelectric materials,
such as lead zirconate titanate (Pb(Zros2Ti04s)Os, PZT) due to their high piezoelectric
performance. However, the FEuropean regulation “Restriction of Hazardous Substances”
(RoHS) directive has placed lead-based piezoelectric materials on the list of hazardous
materials. These materials should be replaced by environmentally benign materials, which
triggered the research on lead-free substitutes [23]. Among the potential lead-free
candidates, the sodium potassium niobate—based compositions have attracted significant
interest due to their high Curie temperatures and relatively high piezoelectric constants
[24].

1.2 Sodium Potassium Niobate (K;-.Na,NbO;)

1.2.1 Phase diagram and structure

Sodium potassium niobate (K;<Na.NbO;, 0 <z < 1) is a solid solution of sodium niobate
(NN, NaNbOs) and potassium niobate (KN, KNbO;). The NN-KN solid solution was
reported in 1954 by Shirane et al. [25].

The KN-NN phase diagram is presented in Figure 1.5. At room temperature the NN is
antiferroelectric with an orthorhombic unit cell. The KN and compositions with x smaller
than 0.994 are ferroelectric with different orthorhombic unit cells [26].

The composition Ki;Nag;NbO;  referred to as KNN (red line in Figure 1.5), has been
widely studied, as it exhibits the highest planar-mode electromechanical coupling factor
(k,) of 36-45 %, a remanent polarisation (P, of ~30 4C/cm?) and the lowest coercive field
(E. of ~1 kV/mm) [27]-[29]. The typical dielectric, piezoelectric and electromechanical
properties of the KNN are ds; of 80-160 pC/N [27], [28], thickness-mode electromechanical
coupling factor k, of 45 % [30], ks of 22-27 % [27], [28], [30], relative dielectric permittivity
of 290-420 (at 100 kHz) [27], [28] and Curie temperature T, ~410-420 °C (see the Appendix
A for definition of the parameters).
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Figure 1.5: Phase diagram KNbO3-NaNbOs [7]. The red line represents the KosNags;NbOs
composition (KNN).

KNN possesses a perovskite structure with the general formula ABO3, where K and Na
occupy the A-site and Nb occupies the B-site. The Nb atom is located in the centre of the
cube, coordinated with 6 oxygen atoms, and the K and Na atoms are located in the corners
of the cube, coordinated with 12 oxygen atoms.

Above the Curie temperature the unit cell of KNN is a face-centred-cubic perovskite
cell, schematically presented in Figure 1.6. Upon cooling, KNN shows phase transitions
from the cubic phase to the tetragonal phase at ~410 °C, from the tetragonal phase to the
monoclinic phase at ~200 °C (Figure 1.6) and from monoclinic to rhombohedral at -130 °C
[7]. At room temperature the KNN is frequently described with an orthorhombic unit cell.
However, it was shown that the ABO; cell is monoclinic with a 8 angle slightly larger than
90° [31], [32]. Phase transitions are accompanied with an expansion of the material upon
cooling [33], namely, a linear expansion of ~0.04 % for the cubic-to-tetragonal transition
and of ~0.01 % for the tetragonal to monoclinic phase transition.

Cubic Tetragonal Monoclinic

~0.® D7 oo

LOC’ OOO i ~ 200 °C O‘Oo "

O ©®o O
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B b a b a
a=b=c a=bz#c azb#c
a:B:v:90° a:B:v:90° B# (l=y=90°

Figure 1.6: Schematic representations of the cubic, tetragonal and monoclinic KNN phases
7], [32].
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1.2.2 Processing of bulk KosNagsNbO3 (KNIN)

KNN is commonly produced by solid-state synthesis via the reaction of potassium- and
sodium carbonate and niobium pentoxide (Figure 1.7). The reaction is given by equation
(1.3).

K,CO4(s) + Na,CO4(s) + 2Nb,04(s) — 4 K, s Nay s NbO4(s) + 2 CO,(g) (1.3)

According to the literature, the synthesis of KNN takes place in two steps at temperatures
between 600 and 950 °C [34], [35]. In the first step, the sodium, potassium and oxygen ions
diffuse onto the Nb,O; and an intermediate polyniobate phase ((K,Na):NbsO1) is formed
at the interface between the carbonates and the niobium pentoxide. In the second step the
KNN perovskite is formed at the interface between the intermediate phase and the
carbonates as a result of the diffusion of potassium and sodium ions through the
intermediate layer towards the niobium pentoxide [34].The process is diffusion-controlled
and the reaction rate is determined by the diffusion of the slowest species, i.e., the
potassium ions [36].

NN O K, Na, .;NbO,
(K.Na),Nb,0,, K, :Na, ;NbO,

Figure 1.7: Schematic presentation of the reactions during the solid-state synthesis of KNN
from K,COj;, NapCO3 and NbyOs raw materials [37].

It is reported that it is challenging to prepare single-phase KNN ceramics with a
homogeneous microstructure and high density by conventional sintering [38]-[40]. The
difficulty in reaching a high density for the KNN is related to the diffusion mechanisms
during the processing of KNN. It was reported that the sintering of KNN is similar to
NaNbO; (NN). For NN, the surface diffusion is active in the temperature range 500-600 °C,
due to its low activation energy (~50-60 kJ/mol) [41]. The surface diffusion causes
coarsening of the microstructure and grain growth during the initial stage of the sintering,
thus reducing the curvature of the neck and the driving force for sintering.

KNN densifies in a very narrow temperature range only a few tens of degrees below the
KNN solidus temperature (~1140 °C) [42]. However, despite the careful selection of
sintering conditions (temperature, time, atmosphere), the ceramic frequently has a low
density and the microstructure exhibits a bimodal particle size distribution [43], [44]
consisting of a matrix with fine grains in between larger grains containing entrapped pores
(see yellow arrow in Figure 1.8c).

It is also challenging to control the stoichiometry of the KNN during the processing.
The stoichiometry of KNN can vary due to the hygroscopicity of the raw materials, namely,
carbonates. Thus, the synthesis requires drying of the raw material and weighing the
reagents in a dry atmosphere [45].

The stoichiometry of KNN could also vary due to the volatility of alkalis at elevated
temperatures. The vapour pressure of potassium is an order of magnitude larger than that
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of the sodium above KNN ceramics in the temperature range 900-1030 °C [46]. Due to the
volatilisation of alkalis the stoichiometry of KNN is altered, for example, it shifts towards
a Na-rich composition during the sintering of KNN material [47].

Figure 1.8: SEM images of KNN ceramic sintered at 1100 °C for 2 h (a) polished and c)
thermally etched) and for 24 h (b) and d) polished). The yellow arrow illustrates an
abnormally grown grain with internal pores. d) Polished surface matrix phase - KNN and
a brighter phase (marked by red arrows) tungsten bronze (TB) [43].

The formation of a polyniobate phase has been frequently reported in KNN ceramics
(see red arrows in Figure 1.8b and d) [38], [47]. The polyniobate phase has the tungsten-
bronze crystal structure (TB) and a composition similar to Ks75Nbios;03 with a small
amount of sodium [48].

A lot of efforts have been put into increasing the density of KNN and thus improving
the functional properties of the KNN material. The relative density can be tailored by
varying the sintering conditions [39], [49]-[51]. The literature reports the following:

1. Zuo et al. [52] found that increasing the sintering temperature from 1020 °C to
1100 °C increases the density and that the density of the ceramics decreases
when the sintering temperature was further increased above the threshold
temperature. A similar trend was observed by other authors with different
threshold temperatures of 1080 °C [49] and 1130 °C [53] and showed that the
optimal piezoelectric properties do not necessarily correspond to the sample with
optimal density [49]. Sintering of the KNN ceramics at high temperature could
lead to the formation of the TB phase [39], [44], [49] and the volatilisation of
the alkalis shifts the material composition which could results in the presence
of a liquid phase during the sintering that promoted the grain growth [38], [54].
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2. Fisher et al. [55] found that increasing the sintering dwell time at 1040 °C from
30 min to 1 h and 10 h in an oxygen atmosphere promoted the densification of
the material. Similarly, it was found by Bah [56] that for KNN ceramics sintered
at 1090, 1100 and 1110 °C, increasing the dwell time from 2 h to 48 h resulted
in an increase of the relative density. However, Acker et al. [44] found that it
yielded an increase of the relative density of stoichiometric KNN when the dwell
time was increased from 3 min to 30 min, but then the density decrease when
the sintering dwell time was increased to 8 h at 1105 °C. An increased sintering
dwell time was also reported to lead to the formation of the TB phase [43], [51]

3.  The sintering of KNN in a reducing atmosphere leads to the formation of
oxygen vacancies, which resulted in grain-boundary roughening, reducing the
abnormal grain growth, increases in the relative density [51], [55], [57] and a
partial reduction of the Nb’" ions to Nb*" [58]. The samples were electrically
conductive, i.e., n-type conductivity was observed, whereas the conductivity of
the KNN was reported to be of p-type in oxygen-sintered KNN ceramics [59].
After sintering KNN in a reducing atmosphere, a post annealing in oxygen
atmosphere was necessary to reduce the conductivity of the material [58]. Some
authors found that the sintering of KNN in oxygen in comparison to air slightly
increased the relative density of the KNN from 92.3 % to 93.1 % [57]. The
increase in the relative density was associated with the lower formation energy
of A-site vacancies in an oxygen-rich atmosphere [57], which favours the atomic
diffusion and improves the densification [42]. Sintering of KNN-based material
in a high oxygen partial pressure was reported by some authors to increase the
P,, d33 and k, and lower the E of the ceramics [59], [60]. Other authors found
that the piezoelectric coefficient ds; and dielectric properties of their KNN-
based ceramics were independent of the oxygen partial pressure during the
sintering [61].

Another approach to tailor the microstructure and functional properties of KNN
material is the modification of its chemical compositions [52], [62]. It was shown that the
chemical modification of KNN with Sr ((KosNags)1-229r:NbO3) inhibited the grain growth
and resulted in a slight increase of the relative density of the material from 94.4 % for
unmodified KNN to 95.8 % for (KosNaos)12xSr:NbOswith the 0.5 % Sr [62]. The grain size
of the ceramics decreased from 6.15 4+ 4.01 pum for pure KNN to 1.76 + 1.26 pm for 0.5 %
Sr modified KNN [63]. At a Sr concentration over 2 % the relative density decreases [64]
and the formation of a polyniobate phase was observed [48]. The 0.5 % Sr modified KNN
ceramic exhibited a permittivity of 500, a dss of 95 pC/N and a dielectric loss of 0.04 [64].
The 0.5 % Sr-modified (KosNag.s)o.00Sr0.0sNbOs (KNNSr) composition was selected for this
work.

1.3 Processing of Thick Films using Thick-Film Technology

In Subchapter 1.1.1 we show that bimorph PEH can be produced from bulk ceramics. A
more appropriate procedure to produce ceramic layers with a thicknesses ranging from 1
pm to a few hundreds of micrometres directly onto a substrate is thick-film technology
(ThickFT) [65], [66]. For applications requiring layers in this range of thickness, ThickFT
allows the patterning of the films directly onto the substrates, which simplifies the process
and requires fewer processing steps, avoiding, for example, grinding and polishing of the
bulk material [65], [66] and consequently lowering the production cost. The main processing
steps of ThickFT are schematically presented in Figure 1.9. The process starts from the
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synthesised powder and the preparation of a suspension by dispersing the powder in a
solvent [67]. The suspension should have the required properties for the patterning
technology. Such properties are, for example, the stability [67], [68], the viscosity [69] or
the conductivity [70] of the suspension. Then, the suspension is used to pattern the as-
deposited layer onto the substrate using technologies such as screen-printing [71], pad-
printing [72] or electrophoretic depositions [73]. The as-deposited layers are then fired
(sintered) at elevated temperatures to impart mechanical and functional properties to the
thick films.

p (O > Thick film
Deposition/ Substrate Sintering Substrate
Patterning
) As-deposited layer Thick film on
Suspension
Powder (or ink) on substrate substrate
(cross-section) (cross-section)

Figure 1.9: Processing of thick films on a substrate using thick-film technology.

A thick film is associated with various challenges during the sintering at elevated
temperature. It is frequently deposited on a rigid substrate such as alumina. During the
sintering the layer tends to shrink; however, it is constrained by the substrate and thus
shrinks predominantly in the thickness direction. The sintering of the layers in constrained
conditions may lead to the formation of defects in the thick films and/or delamination of
the layer from the substrate. An additional challenge is the compatibility of chemically
different materials (substrate, thick film, electrodes) at elevated temperatures, which could
lead to the formation of undesirable phases at the interfaces. Also, the large area-to-volume
ratio could lead to the loss of volatile oxides, which may change the stoichiometry of the
thick film [65].

In this work we processed the thick films by electrophoretic deposition (EPD). We
selected EPD because it allows the simultaneous deposition of layers on two sides of a
substrate, which reduces the numbers of processing steps in the course of the preparation
of KNNSr bimorph cantilevers.

1.3.1 Electrophoretic deposition (EPD)

EPD is based on the mobility of charged particles dispersed in a solvent under an external
applied electric field (E) between the working and counter electrode (WE and CE,
respectively) immersed in a suspension. This is followed by the deposition, i.e., the
formation of a layer of particles at the surface of the oppositely charged electrode (WE)
[74]. Thus, EPD requires a conductive or metallised ceramic substrate. EPD has been
successfully used for the preparation of coatings, free-standing objects, laminated and
functionally graded structures [75]. An EPD setup, illustrating the deposition of particles
with a negative zeta-potential (ZP) on the positively charged WE, is schematically
presented in Figure 1.10.
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Figure 1.10: Schematic illustration of the EPD setup. Particles exhibiting a negative ZP
move towards and deposit on the working electrode (WE), CE is the counter electrode.

The kinetics of the deposition have been described by the formula proposed by Hamaker
[76]:

dm

E— /.Le Cs E S (14)

elec

where m is the deposited mass, ¢ is the time, C| is the concentration of particles in
suspension, F is the electric field between the electrodes, S,,.. is the area of the WE, and
i, is the electrophoretic mobility. This formula indicates that the deposition rate (noted
dm/dt, in kg/s) during EPD depends both on the suspension properties, (u,, C, ) and

the deposition conditions (E, S,;..).

1.3.1.1 Influence of the properties of the suspension on EPD

EPD requires the preparation of a stable suspension of charged particles homogenously
distributed in a solvent, which can be water [77] or an organic solvent such as isopropanol,
ethanol or acetone [78], [79]. The particles dispersed in a solvent are characterised by their
ZP. An absolute value of ZP of a few tens of mV ensures the stability of the suspension
and ensures the mobility of the particles towards WE by the application of the external
electric field. A detailed description of the electrostatic stabilisation of metal oxide (MO)
particles in water can be found in Appendix B. The ZP is given for a non-conducting
particle in the Smoluchowski approximation as [80]:

v,
gp = 1"
g0l (1.5)

where 7 is the dynamic viscosity of the solvent, v, is the electrophoretic velocity, E is the
applied electric field strength, ¢, is the relative permittivity of the solvent, ¢, is the
permittivity of the vacuum. The electrophoretic mobility is:

fe = (1.6)

=
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Thus, for a given solvent, the electrophoretic mobility is proportional to the ZP (Equation
(1.5)). A high absolute value of the ZP (typically > 20 mV) and a low ionic strength ensure
the electrostatic stabilisation of MO in water-based systems [81].

In EPD, organic solvents are frequently used and in such solvents the particles are
often stabilised using electrosteric stabilisation. Electrosteric stabilisation uses
polyelectrolytes, which are polymers combining the steric effect of the long macromolecule
chains and the electrostatic effect of the dissociated functional groups. For the stabilisation
of KNNSr particles, we selected a polyelectrolyte containing carboxyl groups (R-COOH).
This kind of polyelectrolytes have already been reported in the literature to be effective for
the stabilisation of different MO particles in ethanol (EtOH) [82]-[85]. The effectiveness of
the stabilisation of the particles in the selected solvent depends on the type of functional
groups of the polyelectrolyte, their degree of dissociation, the conformation of the
polyelectrolyte, the concentration of the adsorbed and free polyelectrolyte and the ionic
strength of the suspension [86], [87].

Polyacrylic acid (CsH4O;)., PAA, Figure 1.11a) is a weak acid and its dissociation in
water is pH dependent. For PAA | it was shown that in water at pH below 3 the carboxyl
groups of the PAA are not dissociated (R-COOH), and the polymer is in a coil configuration
(Figure 1.11Db) [88], [89]. When the pH is larger than 3, the carboxyl groups partly dissociate
into carboxylate ions (R-COO"). The electrostatic repulsions between the carboxylate
groups uncoil the polymer chains (Figure 1.11b). When the pH is higher than 11, the
polymer is totally dissociated and in a train configuration (see Figure 1.11b) [90].

The use of other carboxylic-containing polyelectrolyte such as poly(acrylic acid-co-
maleic acid) ((CiH4O4)y-(CsH4O2)x, PAM, see Figure 1.11c) has also been reported to be
effective for the stabilisation of MO particles. PAM which presented a larger charge density
than PAA was shown to be effective for BaTiOs (BT) particles dispersed in water at pH 10
[91], [92] and for the stabilisation of PZT particles in aqueous dispersion at alkaline pH
[93].

The stabilisation of MO particles in ethanol is more challenging, since PAA does not
dissolve in ethanol. Thus, an organic base such as n-butylamine (BA) was used to
deprotonate the carboxylic groups of the PAA [82]-[84], [90]. The deprotonated carboxyl
group interacts with the positively charged site at the surface of the MO particle and
contributes to their stabilisation in ethanol [90]. Similarly, we expect that PAM could be
used for stabilisation of KNNSr particles in ethanol with the addition of n- butylamlne

O+ OH

P 0 _OH 0x_oH @ %%

%@

Low pH Medium pH High pH

Figure 1.11: a) Structural formula of one unit of polyacrylic acid (PAA), b) Schematic
representation of conformation of PAA: coil at low pH, partly uncoiled at medium pH,
uncoiled at high pH and ¢) Structural formula of one unit of poly(acrylic acid-co-maleic
acid) (PAM).

Parameters that also influence the EPD are the concentration of particles (Cg) and the

conductivity of the suspension (asusp). Increasing the concentration of the particles while
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keeping electrophoretic mobility, electrode surface and electric field strength constant cause
the deposited mass to increase according to Equation (1.4). This was verified
experimentally for a range of concentrations of the particles [76], [94].

Increasing the conductivity of the suspension is associated with an increase of the ionic
strength [95], and consequently the Debye-Hiickel length is reduced (see Appendix B). This
effect lowers the ZP and the stability of the suspension [96]. In an electrosterically stabilised
suspension, the ionic strength influences the conformation of the polyelectrolyte and the
amount of adsorbed polyelectrolyte on charged surfaces [87]. Thus, in order to achieve the
deposition of particles on a selected substrate by EPD, the o, has to be typically in the
range of a few tens of ©S/cm [70], [90], [97]. The optimal conductivity range for EPD must
be optimised for each individual system, since it depends on the many factors including
solvent, particles and type of additives [74].

1.3.1.2  Influence of the deposition conditions on EPD

The time evolution of the deposited mass onto a selected substrate during EPD is based
on the equation proposed by Hamaker (Equation (1.4)). The electric field strength and
current density in the suspension between two infinite plane parallel electrodes are related
by the formula [98]:

E= J/ogs (1.7)
with J is the current density and o, , the conductivity of the suspension.

Assuming that the concentration of particles, the conductivity of the suspension and
the electrophoretic mobility of the particles do not vary during the deposition, then for a
deposition performed at a constant current density (J), the deposited mass (m) increases
linearly with the deposition time, with a constant deposition rate (dm/dt) [99], [100].
However, during the EPD the concentration of particles in suspension decreases, thus the
dm/dt decreases with increasing deposition time [100]. When the deposition times are
sufficiently short, typically one or two minutes, the concentration of particles in the
suspension does not vary significantly and the relationship between the deposited mass and
the deposition time is linear [101].

Since the deposited mass is proportional to the electric field, it increases with the
increasing applied voltage and current, which was verified experimentally [97], [102], [103].
For a deposition performed at constant current, the electric field in the suspension is
inversely proportional to the conductivity of the suspension (Equation (1.7)), thus the
deposited mass decreases with increasing conductivity of the suspension [94], [104].

It was reported that the morphology of the deposits depends on the dm/dt. A low
dm/dt leads to the more homogeneous deposition of the particles in comparison to a higher
dm/dt [95], [104]. For example, lead zirconate titanate as-deposited layers processed at
constant current and identical conditions from the suspension with a conductivity of
20 + 0.5 pS/cm, exhibited a more homogenous distribution of the particles (Figure 1.12a)
than the as-deposited layers processed from the suspension with a lower conductivity of
17 £ 0.5 pS/cm and a larger dm/dt (Figure 1.12b) [104].
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Figure 1.12: SEM images of lead zirconate titanate particles deposited by EPD at a
constant current density from two suspensions with conductivities of a) 20 £+ 0.5 uS/cm
and b) 17 + 0.5 pS/cm [104].

It is reported that a low dm/dt, which can be achieved at a low electric field (Eq. (1.4)),
results in a larger green density of the as-deposited layer [95] and smaller pores [105].
However, another publication [106] proposed that the high electric field strength (larger
dm/dt) enhanced the electro-osmotic flow around the particles. As a result, the particles
rearrange and could be pulled together near the substrate, which enables the formation of
deposits with a larger green density [106]. Similarly, the theoretical model showed that
with increasing electric field the particles were less ordered, but resulted in layers with a
larger green density [107].

The uniformity of the deposits in term of their thickness is closely related to the
uniformity of the electric field between the WE and CE. It was shown that the edges of
the layers deposited in a setup consisting of two plane parallel electrodes with finite
dimensions were regularly thicker than in its centre for a short deposition time [108], [109].
This feature was explained by the singularity of the electric field [110], which was a few
times stronger at the electrode edges than in the centre of the electrode. With increasing
deposition time, the thickness uniformity of the as-deposited layers was found to improve
[104], [108]. Moreover, the thickness uniformity of the as-deposited layers could be tailored
by the conductivity of the suspensions [104], [108], [111] and the setup geometrical
parameters such as the interelectrode distance [112].

1.3.2 Densification of thick films

The as-deposited MO layers on a selected substrate need to be sintered to develop
microstructure, mechanical strength and suitable functional properties [113]. During the
sintering, a bulk ceramic shrinks along all the directions (see Figure 1.13a). In contrast,
the thick film clamped on a rigid substrate can only shrink along the thickness direction
(denotes z direction, Figure 1.13b) [114].
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a) Bulk ceramic b) Thick films on rigid substrate

Thick film

Figure 1.13: Schematic representations of the sintering of a) bulk ceramics and b) thick
films clamped on a rigid substrate. Black arrows represent the shrinkage direction. Dashed
line: before sintering, solid line after the sintering.

The inability of the layer to shrink in the x and y directions results in in-plane tensile
stresses in the layer. Due to these in-plane tensile stresses, the densification rate and final
density of thick films processed on rigid substrate are reduced in comparison to freely
sintered compacts [115], [116]. The slower densification rates and lower sintered densities
were frequently experimentally verified for MO thick films [117]-[119]. It was observed that
the sintering in constrained conditions impacted the final microstructure of the thick films
[120], [121]. Moreover, if the tensile stresses do not relax during the high-temperature
processing, this can lead to the formation of processing defects (cracks, delamination) [122].

For a selected MO material, substrate and sintering conditions, there is a critical as-
deposited thickness above which defects would grow during the sintering in constrained
conditions [123], [124]. Thus, defects are more prone to happen in thicker films. To minimise
the formation of defects we should either reduce the densification rate, i.e., using larger
particles, decrease the sintering temperature, decrease the density of the as-deposited layer,
and/or improve the homogeneity of the green body [124], [125].

Since the sintering of MO material requires high temperature (> 800 °C), the thick film
and the substrate should be chemically inert. For example, processing of PZT-based
materials on a platinised alumina substrate (Pt/AQO) leads to the formation of S-aluminate
at the interface, which results in delamination of the Pt/PZT from the substrate [126]. To
minimise the chemical interactions between the materials, the substrate should withstand
the sintering temperature, and the diffusion between the chemically different materials
(thick film, electrode, substrate) should be as low as possible.

1.3.3 Sodium potassium niobate—based thick films

The majority of KNN-based thick films have been processed by the conventional method.
To the best of our knowledge, there are only a few studies describing the processing of
KNN by EPD.

KosNagsNbOs thick films were processed by EPD from acetone-based [127] and water-
based suspensions [128]. The cross-section of the thick film processed from a water-based
suspension and sintered at 1100 °C is shown in Figure 1.14. The 13-um-thick film consisted
of micrometre-sized particles. A relative density, calculated from the mass and the
thickness of the KNN thick films, was ~85 %. The relative dielectric permittivity of those
thick films was 495 and the tan § was 0.08 measured at 1 MHz and room temperature. The
film poled at 12 kV and 80 °C for 8 h had a d35 of 69 pC/N.
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The KNN thick films processed from an acetone-based suspension were ~45 um thick
and exhibited a relative dielectric permittivity of 397 and dielectric loss of 0.07. The density
of the film was not given. After poling under the same conditions for a shorter time (2 h),
the piezoelectric coefficient dq5 was 40 pC/N. Based on these data it is challenging to
conclude about the influence of the solvent on the functional properties of KNN thick films.

Figure 1.14: Fracture cross-section SEM images of the KNN thick film deposited on a
platinum electrode by EPD from a water-based suspension sintered at 1100 °C for 2 h
[128).

The KNN thick films processed by EPD have similar properties to KNN-based thick
films processed by screen-[72], [129], [130], or pad-printing [72]. The reported dielectric and
piezoelectric properties of the KNN thick films scattered, i.e., ds; in the range 40-69 pC/N,
dielectric permittivity in the range 300-500, dielectric losses in the range 0.01-0.08, [72],
[127]-[129]. However, a direct comparison of the properties of the thick films is difficult
due to the different nominal compositions, processing conditions, microstructures and lack
of data, such as the thickness, density and grain size.

1.4 Sodium Potassium Niobate-Based Material Integrated
in a Cantilever PEH

KNN-based ceramics and films were integrated in a unimorph cantilever PEH
configuration. Since the dimensions of the PEHs vary, the devices are compared using the
power density, i.e., the power normalized by the volume. However, the various architectures
of the PEHSs, the eventual addition of a proof mass, and the difference in the measurement
conditions (acceleration, resonance frequency, etc.) make it challenging to directly compare
the power densities harvested at the resonance with an optimal electrical load. Typical
power densities from the literature for various unimorph PEH integrating KNN-based
layers prepared with various process and dimensions are presented in Table 1.2.
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Table 1.2: The power densities of unimorph KNN-based PEH measured at the given acceleration and resonance frequency on the specified resistive.
The thickness, relative density of KNN-based layers, the substrate material and substrate's thickness are also given.

: — i
Material Thickness  Processing Substrate Proof Relat.lve Acceleration e L Powgr iferature
mass  Density frequency load density
pm % m/s? Hz kQ mW /cm?
KNN 300 Bulk 350 pun No 05 / 10 680 0.05 [131]
stainless steel
KNN 500 Bulk 800 pm No 97 0.8 84 450 0.8 [14]
spring steel
KNN + CuO 500 Bulk 800 pm No 97 0.8 03 250 12 [14]
spring steel
1600 pm fibre
KNN 400 Bulk reinforced No 93* ok 57 470 0.008 [13]
plastic
1600 pm fibre
KRN A 0.25 400 Bulk reinforced  No 94 *k 57 470 0.38 [13]
mol % Fezo;g .
plastic
1 % Mn doped 900 pum
KNN 500 Bulk stainless steel No 98 10.0 90 380 0.32 [132]
Ko.4:Nao5:NbO: 2.2 Sputtering SV pm Yes / 10.0 393 5 0.41 [133]
(AP0 ’ ' stainless steel ' '
Ko.4sNags5NbOs 1.0 Sputtering 22 pm silicon  Yes / 9.9 1510 90 2.3 [134]
0.5 % Mn 22 pm
domed KNN 2.0 csp M Yes / 9.8 132 9.6 1.8 [135]

CSD: chemical solution deposition, Sputtering: RF magnetron sputtering, Bulk: cut and thinned starting from bulk ceramics, *: calculated
assuming a theoretical density of 4.51 g/cm? for KNN, **: in this article the acceleration is not given, but the power density is given for a
displacement of 2 mm.
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The KNN layers in the thickness range of a few hundreds of micrometres have been
processed from bulk ceramics. The unimorph PEHs were processed by thinning the bulk
ceramics to the desired thickness and then gluing them to the substrates [13], [14], [131],
[132]. Depending on the relative density, microstructure, and measuring conditions, the
power density ranged from 0.008 mW /cm?® to 9.8 mW /cm? for unmodified KNN. The power
output at the resonance of the PEHs was increased by the chemical modification of the
KNN composition with Fe;Os [13] and CuO [14], which increased the @,, and thus the
on-resonance harvested power density.

A relatively high power density has been achieved from PEH consisting of few-
micrometres-thick KNN layers processed by physical methods, such as sputtering or from
chemical solution deposition (CSD) [133]-[135]. The power density of RF magnetron
sputtered KousNagsNbOs films ranged from 0.41 mW /cm? to 2.3 mW /cm?. The difference
is presumably related to the variation in the geometry of the device, the substrate and
resulting variation of the resonance frequency. The piezoelectric films realised using
sputtering or CSD can be micromachined and integrated as functional materials into micro-
electromechanical systems (MEMS). The compatibility with CMOS (complementary metal
oxide semiconductor) technology offers the possibility to integrate the micro-PEH into
microdevices and microsystems [19]. Nevertheless, the sputtering and CSD methods are
limited to relatively thin layers (typically below 3 pm), which restricts the power output
of the PEH [71].

The thickFT has already been successfully used for the processing of PEHs that
integrated lead-based piezoelectric layers [71], [136], [137]. To the best of our knowledge,
KNN-based layers with thicknesses of a few tens of micrometres processed by thick-film
technology have not yet been processed for integration in a bimorph PEH.

1.5 Summary

Piezoelectric energy harvesters (PEHs) offer the possibility to convert mechanical energy
into electrical energy using the piezoelectric effect. The most common structures are the
unimorph and bimorph cantilevers with a few-tens-of-micrometres-thick piezoelectric layers
integrated on a substrate. Lead-based materials are generally used in PEH. However, due
to the environmental and health concerns the European regulations triggered the research
on lead-free piezoelectric materials for integration in PEH.

One of the candidates is potassium sodium niobate with the composition Ky;Nays;NbOs
(KNN). The processing of KNN is challenging due to the difficulty in densifying the
material, which sinters in a narrow temperature range close to the solidus temperature,
and due to difficulty of stoichiometry control, due to the volatility of the alkalis and the
formation of a tungsten bronze phase during the processing.

Electrophoretic deposition is a method that allows for the processing of a few-tens-of-
micrometres-thick layers directly onto both sides of a substrate. This method based on the
dispersion of particles in a solvent, the mobility of charged particles towards a conductive
substrate by the application of DC electric field and their deposition on the substrate. The
particle size and morphology, the suspension properties and the deposition conditions
impact the quality of the as-deposited layers. The literature shows that the conductivity of
the suspension and the geometry of the EPD setup impact the thickness uniformity of the
as-deposited layer.

A sintering step is required to consolidate the as-deposited layers. Clamping of the thick
films on the rigid substrates results in in-plane tensile stresses in the thick films during the
sintering, which lowers the densification rate and the relative density of the thick films in
comparison to bulk ceramics sintered under identical conditions. The stresses may also
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promote the formation of defects and/or the delamination of the thick films from the
substrate. Sintering conditions have to be optimised to obtain a single-phase, dense
microstructure and the appropriate piezoelectric properties of the thick films, required for
a high PEH power output.

KNN-based materials have been integrated in unimorph PEHs. The piezoelectric layers
with a thickness a few hundreds of micrometres have been processed from bulk ceramics,
and up to 2.2 um by RF magnetron sputtering and chemical solution deposition. The
ThickEF'T offers the possibility to integrate a few-tens-of-micrometres-thick KNN layers
directly onto a substrate and was used in this work for the preparation of KNN-based layers
integrated in a bimorph structure.
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Chapter 2

Aims and Hypothesis

2.1 Aims

The aims of the dissertation are:

To optimise the properties of the suspension, deposition and sintering conditions for
processing (KosNags)0.00Sr000sNbOs (KNNSr) layers on a rigid 640-um-thick platinised
alumina substrate by electrophoretic deposition (EPD). The goal is to understand the
processing-properties relationship and to reproducibly process defect-free 20-40-pm-
thick KNNSr films with a uniform thickness and homogeneous microstructure, and
with a thickness-mode electromechanical coupling factor k, ~ 40 %.

To adjust the experimental set-up and processing conditions to prepare the bimorph
structure of KNNSr thick films on a flexible platinised 110-pm-thick alumina substrate
and to characterise it in terms of microstructure and electromechanical properties. The
goal is to evaluate whether the KNNSr thick films integrated onto this substrate can
be used for piezoelectric energy harvesting (PEH) applications and to address the
limitations.

2.2 Hypothesis

The hypotheses of the dissertation are as follows:

EPD requires charged particles well dispersed in a solvent. To achieve this, KNNSr
particles will be dispersed in ethanol using poly(acrylic acid-co-maleic acid) and will
have a high absolute value of the zeta-potential suitable for EPD.

The layers as-deposited by EPD frequently have a non-uniform thickness with thicker
edges. With the optimisation of the deposition conditions, namely interelectrode
distance and counter electrode diameter, we will process the layers with controlled and
uniform thicknesses on rigid substrates.

The sintering of KNNSr layers on an alumina substrate is difficult due to the sintering
in constrained conditions, volatilisation of the alkalis and the formation of secondary
phases. We hypothesise that by optimising the sintering temperature and atmosphere
we will process the layers with a perovskite structure, homogeneous microstructure,
density over 85 %, and thickness-mode electromechanical coupling factor k, of ~ 40 %.
The bimorph piezoelectric energy harvester requires the integration of piezoelectric
layers on both sides of a flexible substrate. We hypothesise that such structure will be
realised by EPD with a specifically designed setup. We assume that the deposition and
sintering conditions optimised for KNNSr on rigid substrates will allow processing of
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Chapter 2. Aims and Hypothesis

KNNSr thick films onto flexible substrates and that the sintered KNNSr thick films on
flexible substrates will have similar properties as KNNSr thick films on rigid substrates.
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Chapter 3

Materials and Methods

3.1 Chemicals

The chemicals used for the processing and characterisation of the powder, the suspensions
and the thick films are collected in the Table 3.1.

Table 3.1: List of chemicals used in this work.

Chemical formula

Name Specifications and supplier
[abbreviation]
potassium K,COs Anhydrous, 99.9+ %, ChemPur,
carbonate Germany
sodium carbonate Na,COs Anhydrous, 99.9+ %, ChemPur,
Germany
Niobium (V) oxide Nb2Os 99.9 %, Sigma Aldrich, Germany
Strontium SrCO; 99.994%, Alfa Aesar, Germany
carbonate
2-propanol C3H:O 99.8 %, pure for analysis, Sigma
Aldrich, Germany
acetone CsHO Carlo Erba Reagents, Italy
absolute ethanol CLH,O [EtOH] Anhydrous, Carlo Erba Reagents,
Italy
n-butylamine C,Ho-NH; [BA] 99 %, Alfa Aesar, Germany
poly(acrylic acid- (CiH4O4)y- (CsH4O2)x 50 wt. % water solution, M=3.000
co-maleic acid) [PAM] g/mol, Sigma Aldrich, Germany
platinum paste Pt [Pt] E1192, Ferro Corp., USA

alumina substrates

a-AlO; [AO-0.64]

a-ALO; [AO-0.11]

12.7 mm x 12.7 mm x 0.64 mm, A493,
Kyocera, Japan

12.7 mm x 12.7 mm x 0.11 mm, A493,
Kyocera, Japan

platinised alumina
substrate

[RAO]
[DFAOQ]

Pt on one side of AO-0.64
Pt on top and bottom sides of AO-

yttria stabilised
zirconia balls

94.7 wt. % ZrO2 +
5.3 wt. % Y203 [YSZ3]
94.7 wt. % ZrO2 +
5.3 wt. % Y203 [YSZ10]

2 3 mm, Tosoh Corporation, Tokyo,
Japan

2 10 mm, Tosoh Corporation, Tokyo,
Japan




24 Chapter 3. Materials and Methods

3.2 Sample Preparation

3.2.1 Synthesis of (KosNaos)099Sr00sNbO3 (KNNSr) powder

The powder with the nominal composition (KosNags)000Sr0.0sNbOs (KNNSr) was prepared
by solid-state synthesis from the starting powders K.COj;, Na,COs;, SrCO; and NbyOs
according to the procedure detailed by Hrescak et al. [138].

A total of 50 g of KoCOs, 50 g of Nay,COs and 10 g of SrCO; were dried at 200 °C for
6 h and subsequently separately milled for 4 h at 175 min™ in acetone, using a 250 mL
polyethylene (PE) vial filled with YSZ10 and YSZ3. The mass ratios YSZ10:YSZ3 were
1:5 and 1:3 for milling K;CO;/Na,COs; and SrCOs, respectively. The mass ratios
powder:acetone:YSZ were 1:1:9 and 2:1:13 for milling KyCO;/Na,CO; and SrCOs,
respectively. Some 75 g of Nb,Os; was attritor milled in a 290 mL PE vial using YSZ3
milling balls at 800 min™ for 3 h in 2-propanol. The mass ratio powder:2-propanol:milling
balls was 1:1:2. After milling, the powders were dried at 200 °C for at least 2 h.

The K,CO3, NayCO3, SrCO3 and Nb,Os milled powders were weighed in the molar ratio
0.2475:0.2475:0.005:0.5, respectively, in a protective argon atmosphere. A batch of 70 g of
the powder mixture was homogenised in a planetary mill in acetone for 4 h at 175 min" in
an YSZ milling vial with YSZ3. The mass ratio powder:acetone:YSZ3 was 1:1:2. After
homogenisation, the mixture was dried at 105 °C for 1 h, sieved and dried at 200 °C for at
least 2 h.

The powder was put into a cylindrical mould with a diameter of 20 mm and compacted
by applying a uniaxial pressure of 50 MPa (PW10, Paul-Otto Weber Laborpresstechnik,
Germany). The powder compacts were calcined on platinum foil in a covered alumina
crucible in a chamber furnace at 800 °C for 4 h with the heating/cooling rates of 5 °C/min
and re-calcined at 750 °C for 4 h. After each calcination step, the samples were crushed
into powder and milled using the same conditions as for the homogenisation. Finally, the
powder was dried, sieved and stored in a dry box.

3.2.2 Preparation of KNNSr suspensions

KNNSr powder was stabilised in EtOH using PAM and BA. To determine the optimal
amount of additives, we first prepared the EtOH solutions with the concentrations of PAM
of 1.13, 2.26 and 3.38 pmol/mL and the PAM:BA molar ratios of 1:0.5, 1:1, 1:1.5, 1:2, 1:3,
1:4 and 1:5 as follows. We mixed PAM with EtOH and into the clear solution we added
BA. Additionally, we also prepared a solution of EtOH and BA (reference solution). In the
reference solution we added 1.13, 2.26, 3.38, 4.52, 6.78, 9.04 and 11.3 gymol/mL of BA
which corresponded to the PAM:BA molar ratios of 1:0.5, 1:1, 1:1.5, 1:2, 1:3, 1:4 and 1:5
for the solution with 2.26 pmol/mL PAM. Solutions were stirred with a magnetic stirrer
for 10 minutes before characterisation.

The 50 mL suspensions were prepared as follows. 1 vol % of the KNNSr powder was
added to an ethanol solution with a PAM:BA molar ratio of 1:2 and PAM concentration
of 1.13, 2.26 and 3.38 umol/mL which correspond to 25, 50 and 75 pmol PAM per gram of
the powder, respectively. The corresponding suspensions are referred to as S25, S50 and
S75. The suspensions were mixed with a magnetic stirrer for 1 h and subsequently
homogenised in a planetary ball mill in a PE vial with seven YSZ10 at 150 min™ for 1 h.
Prior to the characterisation and EPD, the suspensions were rested overnight.
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3.2.3 Substrates for the processing of thick films

A platinum paste was screen-printed onto 8 mm x 8 mm (Lyp X Lyyp = Se..) area of
the substrates, namely on one side of the substrate AO-0.64 and on two sides of the
substrate AO-0.11. The paste was fired at 1200 °C for 1 h in air using heating and cooling
rates of 5 °C/min. The substrates with a platinum electrode on AO-0.64 and AO-0.11 are
referred as the RAO substrate and the DFAO substrate, respectively, and are shown in

Figure 3.1.

Figure 3.1: Side views of the platinised a-AlO;3 (AO) substrates with thickness of 0.64 mm
(RAO) and 0.11 mm (DFAO). Pt: platinum, Ly, : length of the working electrode.

3.2.4 Electrophoretic deposition of KNINSr

KNNSr thick films were processed by EPD using custom-made setups.

The Setup 1 (Figure 3.2) was used to process KNNSr as-deposited layers onto RAO
substrates. It is composed of a 50-mL glass beaker, counter electrode (CE) and working
electrode (WE) supported with polymer. The counter electrode was a disc made of
platinum with a thickness of 0.1 mm and diameters (D,) of 4, 8 or 35 mm. The RAO
substrate acted as the WE. The distance between WE and CE (h;) can vary between
3 mm and 14 mm.

All the depositions were performed at a constant-current density of 1.56 mA /ecm? (J =
1/S,,..) controlled by a Keithley 2400 source meter (Keithley Instruments Inc., Cleveland,
USA). The current density and the deposition times were controlled by Labview software
(National Instruments, Austin, USA). The supplied voltage during the deposition (AV'(¢))
was recorded.

In the first set of experiments, we study the effect of the suspension conductivity on
the deposition of KNNSr as-deposited layers. We performed the deposition from
suspensions, namely, 525, S50 and S75 with different conductivities. We processed KNNSr
thick films on RAO substrate under the following deposition conditions:

1) h; =14 mm, D, = 35 mm and the deposition times were 30, 60, 90, 120 and 150 s,

2) h; =3 mm, D, = 8 mm and deposition time of 60 s.

In the next step, we studied the influence of the setup geometry, i.e., interelectrode distance
and counter-electrode diameter, on the thickness uniformity of the as-deposited layers. We
performed depositions onto RAO substrates from the suspension S50 and a deposition time
of 60 s under the following conditions:

3) D, of 4 mm for h; of 3, 8 and 14 mm,

4) h; of 3 mm and D, of 8 and 35 mm.
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Finally, for the preparation of KNNSr thick films, EPDs were performed on RAO
substrates using suspension S50, h; of 3 mm, D, of 8 mm and deposition times of 30 s and
90 s. The prepared samples were denoted by the name of the suspension, followed by the
deposition time. For example, S25-30 represents the samples deposited from the suspension
S50 for 30 s.

a) | | b) ) Support

Glass beaker

Support
WE

Electrical
contact

WE

— N
£
o
m

CE

Figure 3.2: a) Schematic representation of the EPD Setup 1 and b) Picture of the Setup 1.
WE: working electrode, CE: counter electrode, h;: interelectrode distance and D, : counter
electrode diameter, Z: direction normal to the electrode’s surfaces.

Setup 2 was used for the processing of the KNNSr layers onto the DFAO substrates
(Figure 3.3a). The DFAO substrate, acting as WE, was sandwiched between two printed
circuit boards (PCBs) and fastened in a polymer support, ensuring the electrical contacts
with the current source (Figure 3.3b). The counter electrodes were circular copper
electrodes with diameter of 8 mm on PCBs which were integrated into the polymer support.
The isolated copper conducting tracks allowed the connection with the current source (see
Figure 3.3c). The WE were inserted into the holder and the two CEs were placed left and
right from the WE support at the identical distance of h;, = 3 mm, as illustrated in Figure
3.3a. Later, the support was placed in the beaker.

The depositions were performed using suspension S50 and the deposition times of 30 s
or 90 s at a constant-current density of 1.56 mA /cm? controlled by a Keithley 2400 source
meter and Labview software. We deposited the KNNSr layer on one side (WE1) by
contacting WE1 and the CE1, and subsequently on the second side (WE2), by contacting
WE2 and CE2 (Figure 3.3a).
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Figure 3.3: a) Schematic representation of the EPD Setup 2, b) Picture of the working
electrode between PCBs and c) Picture of one counter electrode on PCB. WE: working
electrode, CE: Counter electrode, h;: interelectrode distance and PCB: printed circuit
boards.

After the deposition of the KNNSr layer(s) on the substrate, the substrate was removed
from the EPD Setup 1 or Setup 2 and placed in a Petri dish in an ethanol-rich atmosphere
at a temperature of 20 + 2 °C to dry for at least 2 h.

3.2.5 KNNSr thick films

KNNSr thick films deposited onto RAO and DFAO substrates from suspension S50 with
an interelectrode distance h; of 3 mm and a counter electrode of diameter D, of 8 mm
were sintered. Two procedures were used for the processing of KNNSr thick films, namely,
the one-step and two-step deposition-sintering procedures. Both procedures are
schematically presented in Figure 3.4 and Figure 3.5.

3.2.5.1 One-step deposition-sintering procedure

In the one-step procedure, the KNNSr was deposited onto RAO substrates for 90 s using
Setup 1 (Figure 3.4). After drying, the as-deposited layers were heated in a tube furnace
to 500 °C for 1 h and subsequently fired at 1075, 1100 and 1120 °C for 2 h in air with
heating and cooling rates of 2 °C/min. The thick films are denoted as T-1075-A, T-1100-
A and T-1120-A, respectively.
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Figure 3.4: Schematic representation of one-step deposition-sintering procedure for
KNNSr on platinised alumina substrate.

3.2.5.2 Two-step deposition-sintering procedure

In the two-step deposition-sintering procedure, a first KNNSr layer was deposited onto the
RAO substrate for 30 s with Setup 1 (Figure 3.5). After drying, the layer was heated in a
tube furnace at 500 °C for 1 h and then fired at 1000 °C for 2 h with heating and cooling
rates of 2 °C/min. This layer is denoted as F-1000-A. The second layer was deposited onto
F-1000-A under identical deposition conditions, but for a longer deposition time of 90 s.
After drying, the samples were heated at 500 °C for 1 h and then fired at 1090, 1100 and
1110 °C for 2 h in a flow of synthetic air or oxygen. The heating and cooling rates were
2 °C/min. KNNSr thick films fired at selected temperatures in air are denoted 1090-A,
1100-A, 1110-A and the ones fired in oxygen are denoted as 1090-O, 1100-O and 1110-O.
The two-step deposition-sintering procedure was also used for the sintering of KNNSr
thick films on DFAQO substrates. In this case, the EPD was performed with Setup 2. The
films were processed under identical conditions as on RAO substrates, except the firing
after the deposition of the second layer, which was only fired at 1100 °C for 2 h in oxygen.
The samples processed on only one side of the DFAO substrates are denoted OF-1100-O
and the ones processed on both sides of the DFAQO substrates are denoted as DF-1100-O.
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Figure 3.5: Schematic representation of two-step deposition-sintering procedure on
platinised alumina substrate.

A list of KNNSr thick films processed by the one-step and two-step deposition-sintering
procedures is given in Table 3.2. For each condition at least two samples were processed
and characterised.
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Table 3.2: A list of KNNSr thick films and their processing conditions.

Sample Deposition Sintering conditions
substrate o
Name conditions  Temperature (°C) Time (h)  Atmosphere
T-1075-A RAO One-step 1075 2 Air
T-1100-A RAO One-step 1100 2 Air
T-1120-A RAO One-step 1120 2 Air
1090-A RAO Two-step 1090 2 Air
1100-A RAO Two-step 1100 2 Air
1110-A RAO Two-step 1110 2 Air
1090-O RAO Two-step 1090 2 Oxygen
1100-O RAO Two-step 1100 2 Oxygen
1110-O RAO Two-step 1110 2 Oxygen
OF-1100-O DFAO Two-step 1100 2 Oxygen
DF-1100-O DFAO Two-step 1100 2 Oxygen

3.2.6 KNNSr bulk ceramics

Bulk ceramics were prepared with 0.6 g of the KNNSr powder inserted into a cylindrical
mould with a diameter of 8 mm and pressed with a uniaxial pressure of 100 MPa. The
powder compacts were then isostatically pressed at 200 MPa (401C-0063, Autoclave
Engineers, USA). Samples were placed onto a platinum foil and sintered in a closed alumina
crucible in a tube furnace. The powder compacts were heated at 200 °C for 2 h with a
heating rate of 10 °C/min and then sintered at 1120 °C for 2 h in a flow of oxygen or
synthetic air with a heating and cooling rate of 5 °C/min. KNNSr ceramics sintered in air
and oxygen are denoted as C-1120-A and C-1120-O, respectively.

3.3 Characterisation

3.3.1 Laser granulometry

The particle size and particle-size distribution of the powders were measured using a static
light-scattering particle-size analyser (Microtrac S3500 Particle Size Analyser, PA, USA).
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The measurements were performed in 2-propanol. The results were derived from the volume
particle-size distribution (d).

3.3.2 Zeta-potential and conductivity

The zeta-potential (ZP) of the KNNSr particles in ethanol was measured at room
temperature using a zeta-potential analyser (ZetaPALS Brookhaven, USA). Prior to the
measurement, 10 pLi of a suspension was diluted in 10 mL of the corresponding solution.

The conductivities of the solutions and suspensions were measured at 25 °C using a
conductivity meter (inoLab Cond 730, WTW, Germany).

3.3.3 X-Ray diffraction (XRD)

The X-ray diffraction (XRD) patterns were collected on sintered thick films, while the bulk
ceramics were crushed into powder before analysis. The X-ray diffraction patterns of the
powder and thick films were collected with a diffractometer (PANalytical X’Pert PRO
MPD, The Netherlands) with Cu—Ka radiation. The data were collected in the 26 range
from 20° to 70° with steps of 0.017°, and an integration time of 200 s for thick films and
100 s for the powder. The phases were identified using the X’pert HighScore program and
the PDF-2 database [139].

The relative intensities of the diffraction peaks and the unit-cell parameters were
obtained by fitting the XRD patterns using the Le Bail method and Topas R software
(Bruker AXS, Karlsruhe, Germany). For the analysis, we used the structural model having
a monoclinic unit cell with the space group Pm [32]. The preferential crystallographic
orientation of the thick films was assessed with the Lotgering factor [140]:

P—Do
LEF(hkl) =7 — (3.1)

p is the intensities of the (hkl) diffraction peaks with preferential orientation in the thick
films divided by the sum of the intensities of all the other diffraction peaks. p, is the same
ratio calculated in a randomly oriented sample, i.e., KNNSr ceramic with the identical
nominal composition.

3.3.4 Scanning electron microscopy (SEM)

The samples were analysed using a JEOL-7600F field-emission SEM (Jeol, Tokyo, Japan)
equipped with an energy-dispersive X-ray spectrometer (Oxford INCA energy 350, Oxford
instruments, United Kingdom) with a secondary-electron detector (SE) and backscattered-
electron detector (BSE).

Prior to the analysis, the powder was dispersed in ethanol and a drop of suspension was
placed on a conductive carbon tape. For the analysis of the surface of the as-deposited and
sintered thick films the samples were placed onto a conductive carbon tape. The samples
were then coated with ~ 5 nm of gold using a Precision Etching Coating System (PECS,
model 682, Gatan). The cross-sections of the ceramics and thick films were prepared by
cutting the samples with a diamond saw, embedding in epoxy resin, grinding using SiC
papers and polishing with diamond pastes with 3-um and 0.25-um particles. Prior to the
SEM investigations, the samples were coated with carbon.

The relative densities and pore sizes of the thick films were obtained from polished
cross-section SEM images using ImagelJ software (National Institutes of Health, USA). The
images were converted into binary images. The black pixels areas were considered as
individual pores and the white pixels as a KNNSr ceramic. The ratio of black and white
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pixels to the total number of pixels was used to calculate the porosity and relative density
of the thick films, respectively. The black pixel areas were used to calculate the pore-area
distribution. A threshold for the pore area of 0.2 um? was used to avoid counting individual
pixels as pores. The pore area distribution was calculated based on the area distribution
(median pore area A 4 59, 10 % of the total pore areas lies below the pore area A4 4 1, 90 %
of the total pores area lies below the pore area A, o). The data for the relative density
and pore size were averaged over at least three different images. An experimental error was
calculated from the standard deviation of the density and the number of pores per area
estimated from the SEM images.

3.3.5 Heating-stage microscopy

To record the dynamic sintering curves, 0.2 g of the KNNSr powder was uniaxially pressed
at 100 MPa in a cylindrical mould with a diameter of 6 mm. The dimensional change of
the compact was recorded with an optical dilatometer (Leitz Version 1A, Leitz, Germany)
from room temperature to 1200 °C with a heating rate of 10 °C/min. The dimensional
change of the pellet (Al/l) was monitored through the recorded images of the sample. The
shrinkage (in percent) was calculated from the following equation:

Ay = u:rzi—z X 100 (3.2)

%

where [(T") is the length of the sample at the temperature 7" and [; is the initial length of
the sample at room temperature.

3.3.6 Profilometry

The thickness profiles of the as-deposited and sintered layers were measured along the line
A-A (Figure 3.7) with a non-contact optical profilometer (Viking Micro 60, Solarius
Development Inc, USA). The samples were analysed at a constant scan speed of 50 pym/s
with a sampling frequency of 100 Hz. Thickness profiles of selected sintered thick films
were measured with a contact profilometer (P164, KLA Tencor, USA).

The measured thickness profile is a sum of the thickness of the KNNSr layers and the
Pt electrode. If not stated otherwise, the thickness profiles of the KNNSr layers were
calculated by subtracting the thickness of the platinum electrode. The mean thickness of
the as-deposited layer was the average thickness of the KNNSr as-deposited layer or thick
film between the two edges of the platinum electrode. The thicknesses at the electrode
edges was the average of the thicknesses measured at the two electrode edges. The
thicknesses in the centre of the electrode were calculated as the average thickness at
4+ 1 mm from the centre of the electrode.

3.3.7 Piezo-response force microscopy (PFM)

The domain-structure analysis was performed on polished thick films (1090-O, 1100-0O,
1110-O and 1100-A) using an atomic force microscope (AFM; Asylum Research, MFP-3D)
equipped with a piezo-response force microscope (PFM). Prior to the analysis the samples
were grinded with SiC, polished with a diamond paste and fine polished for 1.5 h using an
OPS silica colloidal suspension. An electric field was applied between the conductive AFM
tip and the film’s bottom electrode. A Pt-coated Si tip with a radius of curvature ~ 10 nm
(OMCL-AC240TM-R3, Olympus, Japan) was used. The out-of-plane piezoresponse
amplitude images were recorded in Dual ac resonance tracking (DART) mode at an ac
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amplitude signal of 2 V and ~ 260 kHz. The PFM amplitude and phase hysteresis loops
were measured in the switching spectroscopy (SS) off-loop mode with the pulse dc step
signal and overlapped drive ac signal. The waveform parameters were: the sequence of
increasing dc electric field steps was 20 Hz with a maximum amplitude of 30 V; the
frequency of the triangle envelope was 200 mHz; and an overlapping ac sinusoidal signal of
amplitude 2 V and a frequency of 300 kHz.

3.3.8 Piezoelectric and dielectric properties

On the surface of the sintered thick films four gold electrodes with a diameter of 2 or 3 mm
and a thickness of ~ 100 nm were sputtered using 5 Pascal, Italy.

Bulk ceramics were cut to a thickness of ~ 500 pm, polished, cleaned in an ultrasound
bath and afterwards annealed at 600 °C using heating and cooling rates of 5 and 1 °C/min,
respectively. The gold electrodes with a diameter of 5 mm and a thickness of ~ 100 nm
were sputtered on the top and bottom sides of the bulk ceramics.

The capacitance (C') and dielectric losses (tand) were measured on non-poled samples
with a precision LCR meter (HP4284A, Hewlett Packard, USA) (see Figure 3.6).
Measurements were performed in vacuum as a function of frequency from 10° to 10° Hz.
The relative dielectric permittivity (e, 33) was calculated using Equation (3.3).

C' Selec
€133 = N (3.3)

with C the capacitance, S,;.. the area of the top electrode, t,, the thickness of the sample

and ¢, the permittivity of the vacuum.
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Figure 3.6: Schematic representation of the dielectric measurement of the KNNSr thick
films with electrical contacts on a platinised alumina substrate in the Metal (Platinum,
Pt)-Insulator (KNNSr)-Metal (Au) configuration.

The samples were poled at 120 °C for 2 h in a silicone bath at 3 kV/mm, supplied by
an external dc generator (248 high-voltage supply, Keithley Instruments Inc, USA). The
samples were cooled to room temperature under the applied external field. The piezoelectric
coefficients dg3 of the bulk ceramics and dg5 ; of the thick films were measured after 24 h
with a Berlincourt piezometer (Take Control PM10, UK).

3.3.9 Electromechanical characterisation

The complex electrical impedance around the fundamental resonance frequency of the
ceramics and thick films was measured with an HP4395 vector analyser and its impedance
test kit. The theoretical complex electrical impedance as a function of the frequency was
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calculated using the Krimholtz-Leedom-Matthaei (KLM) equivalent electrical circuit [141],
[142]. A description of the KLM equivalent circuit can be found in Appendix C. The
following parameters were stepwise refined in order to obtain the best agreement between
the experimental and calculated impedance: the longitudinal wave velocity (V) the
relative dielectric permittivity at constant strain ( 5;97 33 ), the thickness-mode
electromechanical coupling factor (k,) and the electrical and mechanical losses (6, and §,,,
respectively, see Appendix A). From the refined data we also obtained the elastic stiffness
at a constant electric displacement (c£)) and the piezoelectric coefficient (es3).

We assumed the thickness, area (of the top electrode) and density of the thick films
and ceramics to be non-refined parameters. For the bulk ceramics, a resonance in free
mechanical conditions was assumed. For the thick films, we considered a coupled system
and accounted for three inert layers: the bottom and top electrodes and the alumina
substrate (Figure 3.6). The properties of the latter were taken from the literature [142],
[143] and are given in Table 3.3.

Table 3.3: Properties of the three inert layers in the thick-film structures on a platinised
alumina substrate [142], [143]. thickness (t,,), longitudinal wave velocity (V} ), density (p),
acoustical impedance (Z = pV}) and acoustic attenuation coefficient (cv).

t V, Z
Layer Material M e P &
(un)  (m/s)  (g/em’)  (MRa) (dB/mm/MHy)

Top
electrode Au 0.1 3240 19.7 63.8 Negligible
Bottom
electrode Pt 6 3260 21.4 69.8 Negligible
AO-0.64
substrate  ALO; 640 10500 3.9 41.0* 0.006

*calculated from the data in [142]

For the electromechanical characterisation of the KNNSr layers processed on DFAO
substrates we assumed, in addition, a second platinum electrode. For the theoretical
calculation, we also accounted for an inert KNNSr layer (i.e., considered unpoled and thus
non-piezoelectric) on the rear face of the alumina substrate.

3.4 Numerical Calculation of the Electric Field in a
Suspension Between Two Electrodes

A finite-element analysis (FEA) was implemented using COMSOL® Multiphysics software
to simulate the 3D spatial distribution of the electric field between the CE and WE. The
model was based on the work of Kuscer et al. [104]. In the model, the suspension was
considered as an electrically neutral and homogenous medium, the ionic concentration
gradient was neglected, and the electric field was not perturbated by the presence of the
particles. The stationary solution of the spatial electric potential distribution for a
constant-current deposition is given by Laplace equation [144]:

V2V =0 (3.4)

where V is the divergence operator and V is the electric potential.
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The electric field in the suspension is given by:
E=-VV (3.5)

To match our experimental conditions, the model was built with the geometry presented
in Figure 3.2. The following boundary conditions were used:

e A constant-current density of 1.56 mA /cm? was applied at the WE;

e CE was grounded and the potential at the Pt electrode surface was zero;

e The outer boundaries of the system (walls of the beaker) were considered as a

perfect electrical insulator where 71 . J= 0, with 7 the normal to the surface.

e The CE was a disc of diameter D, and the WE electrode was a 12.7 mm x 12.7 mm

square of alumina with an 8 mm x 8 mm platinum electrode. The centre of the WE
and CE were aligned and the distance between the electrodes was h,.

The material properties were taken from the COMSOL® built-in library. For the
material properties of the suspension we used the properties of ethanol, except its
conductivity. We used the experimentally measured conductivity of the suspensions S25,
S50 and S75. Domains were discretized using free-tetrahedral mesh with predefined
“physics-based” meshing. The model was built in a parametric form and allows the finite-
element analysis to vary the following parameters: the conductivity of the suspension, the
counter-electrode’s diameter (D,) and the interelectrode distance (h;).

Figure 3.7: Top view of the WE with the line A-A (dashed line on the figure) and the red
area considered in the analysis for averaging the electric field strength results.

We deduced from the model: the electrical potential at the WE (AV}, pg4, averaged on
the whole surface of the electrode) and the absolute value of the E, component of the
electric field at a distance of 100 pm from the WE (referred later on as close vicinity). The
E, component of the electric field was represented along the line A-A (presented in Figure
3.7). The E, ; ie., at a particular abscissae X, was calculated by averaging all the values
of E, at the abscissae X, and ordinate Y; within + 2.5 mm from the centre of the working
electrode (red area marked on Figure 3.7).
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Chapter 4

Results and Discussion

4.1 Electrophoretic Deposition of (Ko .sNag 5)¢.995r0.005sNbO3
(KNNSr)

In the thesis we studied the processing of thick films with the nominal composition
(K0.5Nao5)0.900ST0.00:N0O05  (KNNSr) on platinised alumina substrates by electrophoretic
deposition (EPD) for piezoelectric energy harvesting. In this first subchapter the properties
of the KNNSr powder and the processing of ethanol-based suspensions suitable for EPD
are described. To reproducibly process KNNSr thick films with a thicknesses of 20 to
40 pum, the effects of the conductivity of the suspension, deposition time, interelectrode
distance and counter-electrode diameter on the deposited mass, thickness uniformity and

morphology of as-deposited layers are discussed.

4.1.1 KNNSr powder

The powder with the nominal composition (KosNags)o00Sr000sNbOs (KNNSr) was prepared
by solid-state synthesis. The SEM image and the particle size distribution (PSD) of the
KNNSr powder are presented in Figure 4.1a and Figure 4.1b, respectively. The powder
consisted of particles with a log-normal PSD. The median particle size (d,, 5o) was 0.64 pm.

The XRD pattern of the KNNSr powder is shown in Figure 4.1c. The diffraction peaks
corresponded to the perovskite structure indexed with a monoclinic phase (PDF: 77-0038).
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Figure 4.1: KNNSr powder a) SEM image, b) Particle size distribution and c¢) XRD
pattern. X K(]{asN&(){gE,NbOg (PDF 77-0038)

The shrinkage-temperature curve of the KNNSr powder is presented in Figure 4.2. The
KNNSr powder compact shrank in a narrow temperature range between ~1040 and
~1140 °C. It shrank up to 12 % at 1140 °C, where it melted. The melting temperature of
the KNNSr powder was similar to the values reported for pure KNN, i.e., 1130 + 10 °C
[145] and 1140 °C [7].
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Figure 4.2: Shrinkage-temperature curve for KNNSr powder.

4.1.2 KNNSr suspensions for EPD

To prepare the suspension for EPD the KNNSr particles must be charged and well
dispersed in ethanol, while the electrical conductivity of the suspension must be in the
range of a few to a few tens of uS/cm [90].
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For the stabilisation of the KNNSr particles in ethanol, poly(acrylic acid-co-maleic acid)
(PAM) and n-butylamine (BA) were used. To optimise the amount of PAM and the
amount of BA, we prepared ethanol solutions with different PAM concentrations and
different PAM:BA molar ratios and measured the conductivities of the solutions (Figure
4.3). The conductivity of the solutions increased with an increasing concentration of PAM
and PAM:BA ratio. It increases up to PAM:BA ratios of 1:2, reaching values of 15, 24 and
33 uS/cm for the concentration of PAM being 1.13, 2.26, 3.38 pumol/mL, respectively. For
a PAM:BA ratio larger than 1:2, conductivity did not vary significantly. Note that the
conductivity of the reference solution (denoted (R)), i.e., ethanol with BA only steadily
increased from 0.5 to 9.5 uS/cm with an increasing concentration of BA. This can be
attributed to the increasing concentration of ions in the solution. The pK, for the BA is
10.60 at 25 °C [146], meaning that the amino group in BA partly deprotonates in ethanol
solution, which results in an increase of the conductivity of the reference solution (R) with
the increasing concentration of BA. The pK, for PAA is 4.25 and for the maleic acid
(containing 2 carboxyl groups) the two pK, are 1.92 and 6.23 at 25 °C [146]. Thus, the
carboxyl groups deprotonate and the deprotonation is larger in the higher pH range, i.e.,
upon addition of BA, because of its basic character [90]. Consequently, the conductivity of
the solution increased with an increasing PAM:BA ratio, as well as with an increasing
concentration of PAM for an equal PAM:BA ratio.
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Figure 4.3: Conductivity of the PAM-BA-EtOH solution for PAM concentrations of 0 (
(R)), 1.13 (m), 2.26 (@) and 3.38 (A) pmol/mL as a function of the PAM:BA molar ratio.

For our further experiments, we processed the 1 vol.% of KNNSr suspensions with a
PAM:BA molar ratio of 1:2. For this ratio, we varied the concentrations of PAM, namely,
1.13 pmol/mL, 2.26 pmol/mL and 3.38 pumol/mL, which represented 25, 50 and 75 pmol
PAM per gram of KNNSr powder, respectively. The corresponding suspensions were
denoted S25, S50 and S75. The median particle size of the KNNSr powder, the zeta-
potential (ZP) and the electrical conductivity of the suspensions (o are listed in Table
4.1.

susp)
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The particle size distributions (PSD) presented in Figure 4.4 are log-normal with
particles ranging from 0.1 to 4 pm and no agglomerates were observed. The PSD and the
d, 50 (Table 4.1) of the particles in the suspensions were close to the values of the as-
prepared KNNSr powder (Figure 4.1b). The high absolute value of the ZP of the particles,
larger than 46 4+ 5 mV, showed that particles were electrosterically stabilised in the
suspension and ensured that they could move towards the oppositely charged electrode by
applying a DC electric field between the two electrodes. The main difference between the
suspensions was their conductivities. The conductivity of the suspensions increased with
the increasing amount of PAM, similar to that observed for the solutions (Figure 4.3).

Table 4.1: Median particle size (d,, 5), zeta-potential (ZP) and conductivity (o,,,) of the
KNNSr suspensions.

Suspension d, 50 ZP T susp
name (pm) (mV) (uS/cm)
S25 0.62 -46 + 5 9.2 £0.1
S50 0.52 48 + 5 21.2 £ 0.1
S75 0.56 47+ 5 29.1 £ 0.1
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Figure 4.4: Particle size distribution of the KNNSr powder dispersed in suspensions a) S25
(blue), b) S50 (red) and ¢) S75 (black).

In the next step, we investigated the effect of the PAM concentration on the deposition
mass of the KNNSr deposited onto 640-pm-thick platinised alumina (RAQO) substrates
using Setup 1. The deposited mass is reported in this thesis as the yield (Y), i.e., the mass
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deposited (m) per working electrode (WE) area (S,,..) (Y =m/(S...), see 3.2.3). The
yields of as-deposited layers processed from S25, S50 and S75 as a function of the deposition
time is depicted in Figure 4.5. The yield increased linearly with the increasing deposition
time. For a given time, the largest yields were obtained from S25, followed by S50 and S75.
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Figure 4.5: Yield (Y) versus the deposition time for the deposition from the suspensions

S25 (m), S50 (@) and S75 (A).

The thickness profiles of the as-deposited layers from S25, S50 and S75 as a function of
deposition time are given in Figure 4.6. The profiles were measured along the line A-A
represented in Figure 3.7. The mean thicknesses (see 3.3.6) of the samples increased linearly
with increasing deposition time and were the largest for the suspension with the lowest
conductivity, i.e., S25 followed by S50 and S75 (Figure 4.6.d). With increasing deposition
time from 30 to 150 s, the mean thickness increased from 37 to 180 £ 8 um for S25, from
28 to 100 + 8 pum for S50 and from 28 to 79 + 8 um for S75. The as-deposited layers’
thicknesses as a function of the deposition times and suspension conductivities followed the
same trends that were observed for the yield as a function of the deposition time in Figure
4.5.

Figure 4.5 and Figure 4.6d illustrate a linear dependence of the yield and mean
thickness versus deposition time. If the variation of conductivity is negligible during
constant current deposition, the electric field strength in the suspension can be assumed to
be constant (Equation (1.7)). Additionally, if the variation of the concentration of particles
in the suspension is negligible, then the linear increase of the yield versus deposition time
is expected from Equation (1.4), which can be rewritten as:

Y= p,.C, E.t (4.1)

The surface of the as-deposited layers was investigated with an optical microscope. We
observed macro-defects in the samples with yields larger than ~25 mg/cm? (points circled
on Figure 4.5). We assumed that the formation of defects was associated with the large
yield and large thickness of the samples deposited from suspension S25 [147], [148]. Yields
and thicknesses of the as-deposited layers from S50 and S75 were smaller than 25 mg/cm?
and 105 pm, respectively, for a deposition time of 150 s. In these samples, we have not
observed any defects with the optical microscope. Also, the layers from S50 and S75 were
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obtained from a suspension that contained a higher concentration of PAM, which may act
as a binder in the as-deposited layers and may prevent the formation of defects.
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Figure 4.6: Thickness profiles of the as-deposited KNNSr layers from suspensions a) S25,
b) S50 and ¢) S75 for deposition times of 30, 60, 90, 120 and 150 s, d) Mean thickness of
the layers as a function of deposition time for the deposition from suspensions S25 (m), S50
(@) and S75 (A). The dashed lines are linear regressions of the data.

The deposition rate (dY /dt) was calculated from a linear regression of the curve of the
yield as a function of the deposition time (Figure 4.5). The dY /dt values were 20.3, 9.2
and 7.3 mg/(cm”min) for S25, S50 and S75, respectively.

We observed that the deposition rate increased linearly with the inverse of the
conductivity (1/0,,,) (Figure 4.7). This is consistent with Equation (4.1) showing that
the deposition rate is proportional to the electric field strength between the electrode and
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Equation (1.7) which illustrate that the electric field strength between the electrode is
inversely proportional to the conductivity of the suspension.
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Figure 4.7: Deposition rate (dY/dt) as a function of the inverse of the conductivity
(1/04ysp) of the suspensions for deposition from suspensions S25 (m), S50 (@) and S75
(A).

We observed that the deposits at the edges of the electrode were thicker compared to
the centre (Figure 4.6). For example, for S75-150 (Figure 4.6.c) the thickness of the as-
deposited layer at the electrode edge was ~110 um, while the thickness in the electrode
centre was ~75 um. To evaluate the uniformity of the as-deposited layers we calculated
the aspect ratio (AR) [104]:

t

AR — edges ( 4.2)
tcentre
where ¢4, 1s the thickness of the deposit at the edges and ¢,,,,,. is the thickness of the

deposit at the centre. We estimated an error of + 0.2 for the ARs, based on three samples
processed for 90 s from S25 (S25-90).

The ARs of the deposits from S25, S50 and S75 are presented as a function of the
deposition time in Figure 4.8. The ARs of the as-deposited layers decreased with increasing
deposition time for a suspension with the lowest conductivity, i.e., S25, while it did not
vary significantly for the suspensions S50 and S75 with larger conductivities. For example,
the ARs decreased from 3.4 to 2.0 for S25-30 and S25-150, respectively, and from 1.9 to
1.8 for S50-30 and S50-150, respectively. The ARs for S75-30 and S75-150 were similar,
i.e., 1.4. The layers deposited for 30 s had the largest ARs, i.e., 3.4, for 525-30, followed by
1.9 and 1.4 for S50-30 and S75-30, respectively.

Thicker edges were frequently observed in the EPD-derived as-deposited layer, in
particular for a short deposition time [104], [109], [149] and are related to the non-uniform
distribution of the electric field strength at the surface of the electrode. Pascall et al. [110]
showed that the electric field strength is stronger at the edges of the electrode and thus
the deposit is thicker at the edges than in the centre during the initial stage of the
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deposition. We cannot avoid the singularity of the electric field, but by optimising the
properties of the suspension and deposition conditions the AR can be minimised.

We correlated the high AR values for the deposits from suspension S25 with the lower
conductivity of the suspension, in addition to the singularity of the electric field. In the
early stage of the deposition, the particles from suspension 525 deposit on the entire
electrode; however, predominantly and with the largest deposition rate at the regions with
the strongest electric field strength, i.e., at the edges of the WE. As the deposition time
increases, the thickness of the layer at the edges increases [110]. Consequently, the
deposition rate at the edges of the electrode decreases compared to the centre of the
electrode since the electric field strength at the edges become weaker [110]. Thus, with the
increasing deposition time the AR values decreased, which is consistent with the literature
[111], [150]. The ARs of the deposits from the suspensions S50 and S75 were lower and the
variation of the AR as a function of the deposition time in the 30-150 s range is less
pronounced.
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Figure 4.8: Aspect ratio AR as a function of the deposition time for deposition from
suspensions S25 (m), S50 (@) and S75 (A).

During the EPD a potential drop across the deposit can occur [99]. If we assume no
polarisation at the electrodes the situation can be represented by an equivalent electrical
circuit consisting of two resistances in series: the resistance of the suspension and a
resistance associated with the voltage drop across the deposit, which will be called the
deposit resistance [111], [151]. Literature reports that the most uniform thickness deposits
were obtained from the suspension forming deposits with higher potential drops across the
deposits [108], [111], [152].

During the deposition at constant current I (= J x S,,..), the voltage delivered by the
source AV(t) varied with time. If we assume that the variations of the resistance of the
suspension (Ry,,,) are negligible, then the measurement of AV(t) allowed us to calculate
the deposit resistance (R,,) as [108]:
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Rdep (t) _ A\;(t> - R o AV(t) - AVE),EXP (43)

susp T

with AVj pyp the voltage of the EPD cell at ¢t = 0 s. We calculated the resistance of the
suspension from AVj, pyp (at t=0) and the deposit resistance from AV(t) recorded during
the deposition. The resistances of the suspensions (R,,,) were 49.8 k{2, 22.7 k{2 and
17.4 k£2 for S25, S50 and S75, respectively. The differences in the R
conductivity measurement (Table 4.1), i.e., the largest resistance was observed for the
suspension that exhibited the lowest conductivity. The calculated R, are presented in

agree with the

Susp

Figure 4.9. We observe that the R, increases with the increasing deposition time and at
a fixed deposition time, in the 30-90 s range, it increases with the conductivity of the
suspension between S25 and S50 whereas values were similar for S50 and S75.

These results indicated that deposit processed from S25 was more conductive than the
one processed from S50 and S75. Thus, at a given time, at the edges of the deposit the
electric field strength was stronger for S25 in comparison to S50 and S75. The stronger
electric field strength resulted in a higher deposition rate at the edges of deposit for S25
and consequently the highest ARs (Figure 4.8). For the deposition performed from S50 and
S75, the less conductive edges of the deposits resulted in weaker electric field strength at
the edges and consequently lower ARs (Figure 4.8). This observation qualitatively agreed
with the literature [108], [111], [152]. For example, Bernardo et al. [108] observed that the
difference in thickness between the edges and the centre of PZT-based deposits was more
pronounced for suspension that led to a R, of 3.2 kf2 than for the suspension that
resulted in a R, of 9.6 k{2.

After a prolonged deposition time the R, for S25 increases. Thus, the edges of the
deposit became less conductive. Consequently, the deposition rate at the edges of the
electrode decreased compared to the centre of the electrode, which caused a decrease of the
ARs with the deposition time (Figure 4.8).
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Figure 4.9: Deposit resistance (R,.,) as a function of deposition time for depositions
performed from suspensions S25 (m), S50 (@) and S75 (A). Dashed lines are guides to the
eyes.



46 Chapter 4. Results and Discussion

We investigated the thickness profile of the as-deposited layers with a similar yield of
~ 10 mg/cm? from suspensions S25, S50 and S75. To reach the similar yield the deposition
time was longer for the suspensions with larger conductivity and lower deposition rate, i.e.,
90 s for S75, 60 s for S50 and 30 s for S25 (Figure 4.5). The selected samples were S25-30,
550-60 and S75-90. From Figure 4.10, it is evident that the thickness profiles of the layers
differ, although the yields were similar. The thicknesses at the edges were ~105, ~80 and
~75 pm for 525, S50 and S75, respectively whereas the thickness at the centres were ~30,
~40 and ~50 pm for S25, S50 and S75, respectively. The corresponding ARs were 3.3, 1.9
and 1.5 £+ 0.2 for S25, S50 and S75, respectively.

We relate the differences in the ARs to the values of the resistance of the deposit, i.e.,
0.1 + 0.3 k82, 29 £ 0.3 kf2 and 4.3 £+ 0.3 kf2 for the as-deposited layers S25-30, S50-60
and S75-90 (Figure 4.9). The deposit resistance of S75-90 in comparison to S50-60 and
S25-30 contributed to the lower AR values [108], [111] and S75-90 was the most uniform
thickness as-deposited layers compared to S50-60 and S25-30.
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Figure 4.10: Thickness profile of the as-deposited KNNSr layers S25-30 (solid blue line),
S50-60 (dashed red line) and S75-90 (dashed dotted line).

We investigated the surfaces of the as-deposited KNNSr layers S25-30, S50-60 and
S75-90 by SEM (Figure 4.11). The as-deposited layers consisted of micrometre-sized
particles. We did not observe any agglomerates. From the SEM images it is evident that
the morphologies of the S50-60 and S75-90 samples were similar, with uniform surfaces.
The as-deposited layers S25-30 exhibited a less homogeneous distribution of the particles
on its surface, which we relate to the rapid deposition rate (dY /dt). The dY /dt value of
the suspension S25, i.e., 20.3 mg/(cm?.min), was more than two times larger than those
from S50 and S75, i.e., 9.2 and 7.3 mg/(cm?.min), respectively. Due to the rapid deposition,
the KNNSr particles from the S25 suspension could not efficiently rearrange on the surface
of the electrode and consequently formed less uniform as-deposited layers. Similar
phenomena were reported in the literature [104].
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Figure 4.11: SEM images of the surface of as-deposited KNNSr layers a) S25-30, b) S50-60
and c¢) S75-90. The insets show the corresponding surfaces at higher magnification.

4.1.3 Impact of the EPD setup geometry on the thickness uniformity
of the as-deposited layers

We have shown in the previous subchapter that the conductivity of the suspension has an
impact on the yield, morphology and thickness-uniformity of as-deposited layers. The
thickness profiles of the as-deposited KNNSr layers were related to the higher electric field
strength at the edges of the electrode in comparison to its central part [110]. A
finite-element analysis (FEA), based on the study presented in [104], was used to assess
the voltage and the electric field strength in the suspension between the electrodes at the
initial stage (t=0 s) of the deposition. The FEA-predicted voltages (AVj pra) and electric
field strength distributions normal to the electrode surface (E) in close vicinity of the WE



48 Chapter 4. Results and Discussion

were compared to the experimental voltage at the beginning of the deposition (AV} pyp)
and thickness profiles.

First, the parametric analysis of the EPD process under constant-current conditions
(1.56 mA /cm?) was carried out for the conductivities of the suspensions S25, S50 and S75,
ie, 9.2,21.2, 29.1 uS/cm (Table 4.1), respectively, for Setup 1 with the inter-electrode
distance (h;) of 14 mm and counter-electrode diameter (D, ) of 35 mm.

The E, component is presented in Figure 4.12a and Figure 4.12b. Figure 4.12a shows
a top view of E, in close vicinity to the working electrode. £, is the largest at the
electrode edges and more particularly at its corners. When representing the E, along a
line A-A (Figure 4.12b, see 3.4 for details), we confirmed that it was the largest at the
edges of the WE, which is in accordance with the thickness profiles (see Figure 4.6). These
results qualitatively agree with the results of a larger electric field magnitude and current
density at the electrode edges reported by Pascall et al. [110] and Kuscer et al. [104].

a) Ez (KV/m)
14

9.2 uSiem

21.2 uS/em

29.1 uS/cm
- : .
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Figure 4.12: a) E, in close vicinity to the surface of the WE (top view, same dimension as
RAO substrate), the E, profiles show thereafter are extracted along the marked A-A line,
b) E, along the line A-A for suspensions with conductivities of 9.2 uS/cm (525, solid blue
line), 21.2 puS/em (S50, dashed red line) and 29.1 pS/cm (S75, dashed dotted line)
predicted close to the surface of the working electrode.The characteristics of the EPD cell
is h;= 14 mm, D,= 35 mm (Setup 1) and deposition at constant current density of
1.56 mA /cm?2

Table 4.2 showed that the FEA-predicted voltages were close to the experimentally
measured voltages at the initial stage of the deposition. The similar values for the predicted
and experimental voltages suggested that the proposed FEA was suitable to describe the
electric field strength distribution in the suspension during the initial stage of deposition
with Setup 1.
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The electric field strength E, at a given position in close vicinity to the electrode was
inversely proportional to the electrical conductivity of the suspension (Figure 4.12,
Equation (1.7)) and confirmed the reason for the increased deposition rate with decreasing
conductivity of the suspension (Figure 4.7). The MAD (normalised Median Absolute
Deviation, Equation (4.4)), which quantified the statistical dispersion, was selected to
assess the uniformity of the electric field strength profiles. A comparison of MAD with
normalised standard deviation and an aspect ratio defined for the electric field strength
(ARy), is presented in Appendix E.

MAD = median (|E,, — E, |)/E7, (4.4)

In the relation (4.4), Eﬁi/is the electric field strength along the z direction at the point
with abscissa X; and E,, is the value of the median of the dataset. The point X, are
taken to account only for the E, ; above the WE, i.e., 2.35 mm < X, < 10.35 mm along
the line A-A (Figure 4.12b), which represent n points (n ~ 160 points).

For the electric field strength distribution calculated for different suspension
conductivities, (Figure 4.12), the MAD value was 10.5 %, regardless of the conductivity of
the suspensions. Thus, before any deposition the electric field strength uniformity in the
suspensions 525, S50 and S75 was similar. This agrees with the fact that £, are inversely
proportional to the conductivity, and thus the three E, profiles are proportional. We
choose one of the conductivities of the suspensions as an example and we selected 21.2
uS/cm (S50) for the following analysis.

Table 4.2: Finite-element-analysis predicted voltage (AV{ pp4) and experimental voltage
(AVj pxp) and MAD values.

: AVo, rEA AVy pxp MAD
Suspension
(V) (V) %
S25 47.3 49.8 10.5
S50 20.5 22.7 10.5
S75 15.0 174 10.5

We performed a FEA for eleven inter-electrode distances (h; between 1 and 20 mm)
and ten counter-electrode diameters (D, between 0.4 and 35 mm). A 2D representation of
the calculated MAD as a function of (h;) and (D,) is given in Figure 4.13. The results
showed that the MAD values depended on the EPD setup geometry.

The MAD was equal or larger than 7.3 % for h, larger than 9 mm, regardless of the D,
value. The MAD was less than 0.24 % only for the smallest h; = 1 mm and for D,> 8 mm.
When h; < 4 mm and D, < 6 mm, the MAD was larger than 3.1 %. For 2 < h;< 4 mm
and 8 <D_<10 mm, we found MAD in the range 0.5-3.1 %. However, for those h; values
(2 < h;< 4 mm), when D_> 10 mm and D,< 8 mm the MADs were larger than 3.1 %.

The model predicts that the optimal conditions (minimal MAD values) were obtained
for h; = 1 mm with D, > 8 mm (horizontal dark-blue area, MAD< 0.24 %). However,
with the current EPD setup (Setup 1) the interelectrode distance cannot be smaller than
3 mm. According to the model, the smallest MAD parameter, for the h; = 3 mm, is
expected for 7.5 <D, < 9 mm, with MAD values in the range 0.24-0.56 %, which is close
to the lowest calculated value. Thus, the most uniform E, profile along line A-A that
could be experimentally realised with Setup 1 was predicted for the conditions h; = 3 mm
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and D, = 8 mm (see red cross in Figure 4.13), for which the ratio (R,) between the
dimension of the CE (= D,) and WE (= Ly ) (R, = D./Lyy) was one.
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Figure 4.13: 2D representation of the MAD value as a function of the interelectrode
distance (h;) and CE diameter (D,). The points (-) were calculated by FEA. The (X)
corresponds to the conditions that were experimentally performed and (X) correspond to
the theoretical optimal conditions achieved with Setup 1.

To study and compare the variations of the E, component along the line A-A with
various h; and D, values, we selected the conditions marked with a cross in Figure 4.13.
The E, component profiles were compared to the experimental thickness profiles of the
as-deposited layers with the same EPD cell geometry. The aim was to validate that the
influences of h; and D, observed on the E, profiles were also experimentally detected on
the thickness profiles. First, the results at a constant diameter of the CE (D, = 4 mm,
R, = 0.5) and three different inter-electrode distances (h; = 3, 8, 14 mm) are shown in
Figure 4.14.

For h; values of 14 and 8 mm, the E, component along line A-A exhibit the largest
values near the edges of the electrode and the lowest values at its centre (Figure 4.14a).
At a smaller inter-electrode distance, i.e., h;, = 3 mm, the E, values increased in the centre
of the electrode but were slightly lower at the edges of the electrode compared to those of
the two previous cases. The experimental thickness profiles of the as-deposited layers
(Figure 4.14b) showed a similar behaviour to those obtained with the FEA: the as-
deposited thickness profiles for h; = 14 and 8 mm were similar, with a concave shape in
the centre of the as-deposited layers, while for A; = 3 mm the thickness of the as-deposited
layer is higher at the centre, corresponding to a convex shape in the centre of the as-
deposited layers. The thicknesses of the as-deposited layers at the edges were comparable
for the three cases.
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Figure 4.14: a) Finite-element-analysis-predicted electric field strengths along line A-A in
close vicinity to the WE for R, = 0.5 (CE diameter D, of 4 mm) and h; = 3, 8 or 14 mm,
b) Experimentally measured thickness profiles along line A-A of KNNSr as-deposited layers
obtained under identical conditions. The axes are not to scale.
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Figure 4.15: a) Finite-element-analysis-predicted electric field strengths along line A-A in
close vicinity to the WE for h;, =3 mm and R, = 0.5, 1 or 4.4, b) Experimentally measured
thickness profiles along line A-A for as-deposited KNNSr layers prepared under identical
conditions. The axes are not to scale.

We also checked the influence of the diameter D, (4, 8, 35 mm, corresponding to
R, = 0.5, 1, 4.4, respectively) of the CE on the E, distribution and thickness profiles at
a constant inter-electrode distance (h; = 3 mm). The results are presented in Figure 4.15.

For R, = 4.4, the E, component exhibited larger values at the edges of the electrode.
As the R, value decreased from 4.4, 1 and 0.5, E',, values increased in the centre of the
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electrode and became slightly lower at the edges. For R, = 1 the most uniform F, value
was obtained on a large part of the lateral dimension of the electrode. The experimentally
obtained thickness profiles of the as-deposited layers presented in Figure 4.15b showed
similar trends to the E, values: it was observed that at the inter-electrode distance
h; = 3 mm the thickness in the centre of the deposit increased when R, decreased from
4.4 to 1 and 0.5. The thicknesses of the as-deposited layers at the edges were similar for
the three R, values (4.4, 1 and 0.5). These results showed that the most thickness-uniform
as-deposited layers were obtained for A, = 3 mm and R, = 1, corresponding to a similar
lateral dimension between the two electrodes.

These results confirmed the strong correlation between the thickness profile of the as-
deposited layers and the theoretical ', profiles.

We compared the thickness profiles of the samples S25-30, S50-60 and S75-90 presented
in Figure 4.10, deposited under initial conditions (h; = 14 mm and R, = 4.4), to those
from the same suspensions and deposition times during optimised conditions (h; = 3 mm
and R, = 1). The comparisons of the thickness profiles are presented in Figure 4.16. An
improvement of the thickness uniformity was observed for the as-deposited layer processed
in optimised conditions, i.e., we observed a decrease of the thickness at the edges for all
the samples and an increase of the thickness at the centre of the as-deposited layer for S25-
30.
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Figure 4.16: Thickness profile of as-deposited layers deposited at initial conditions
(h;, = 14 mm and R, = 4.4, solid black lines) and at optimised conditions (h; = 3 mm
and R, = 1, dashed red lines) a) S25-30, b) S50-60 and c¢) S75-90. d) Aspect ratio (AR)
calculated for the KNNSr as-deposited layers S25-30, S50-60 and S75-90 at initial

conditions (NO) and at optimised conditions (O).
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This was highlighted from the decrease of the ARs from 3.2, 1.9 and 1.5, to 1.9, 1.5 and
1.4 for S25-30, S50-60 and S75-90, respectively (Figure 4.16d). The largest decrease in AR
values was observed for the low-conductivity suspension, i.e., suspension S25. The effect
was less prominent for the deposition performed from S75, which already exhibited low
ARs in initial deposition conditions due to the high conductivity of the suspension (Figure
4.8).

Thickness uniform as-deposited layers, with AR in the range 1.4-1.5 can be processed
by deposition under optimal geometric conditions using the suspension S50 or S75. From
the suspension S50 with the conductivity 21.2 uS/cm, we obtained a homogenous particle
distribution at the surface of the electrodes (Figure 4.11) and thus we selected the
suspension S50 for further experiments.

4.1.4 Reproducibility of the EPD process

We investigated the reproducibility of EPD by measuring the yield from 50 mL of the S50
suspension. We performed 15 consecutive depositions at a constant current density of 1.56
mA /em? for 30 s. We measured the yield for each as-deposited layer and the conductivity
of the suspension after every 5 deposits. The results are presented in Figure 4.17. We
observed that the yield was 4.3 + 0.3 mg/cm? and it did not vary significantly with the
number of depositions. We calculated the concentration of the particles in the suspension
after 15 depositions. We found that the particles’ concentration decreased from 45.1 to
44.5 g/L, which represented a 2 % relative decrease in particle concentration after 15
depositions. We observed that the conductivity of the suspension increased from 25.0 to
25.5 £ 0.1 uS/cm after 13 depositions.

These results indicated the high reproducibility of the process. Moreover, they showed
that the decrease of the solid load and the increase of the electrical conductivity of the
suspension after 15 depositions under selected conditions had a negligible influence on the
yield.
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Figure 4.17: Yield as a function of the number of deposits for depositions performed at 1.56
mA/cm® for 30 s from suspension S50 at optimised conditions (h; = 3 mm and
D, = 8 mm).
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4.1.5 Summary

1 vol. % of KNNSr powder with a micrometre particle size was dispersed in ethanol with
the addition of poly(acrylic acid-co-maleic acid) (PAM) and n-butylamine (BA). We have
shown that the suspensions were stable with a ZP of - 45 mV.

The deposition yield depends on the conductivity of the suspension and the deposition
time. With decreasing conductivity of the suspension and increasing deposition time the
deposition yield and the as-deposited thickness of the layers increase.

The as-deposited layers exhibit thicker edges due to the stronger electric field strength
in close vicinity to the edges of the electrode. The thickness uniformity of the as-deposited
layers depended on the resistance of the deposit, which varied with the conductivity of the
suspension. The most thickness-uniform as-deposited layers were obtained from the
suspensions with the largest conductivity.

To improve the thickness uniformity of the as-deposited layer, the distribution of the
electric field strength in close vicinity to the working electrode was studied by finite-element
analysis. The interelectrode distance and counter-electrode diameter were varied to obtain
optimal conditions for the processing of thickness-uniform KNNSr layers. The FEA
predicted optimal conditions were compared to the experimental thickness profiles. The
use of a small interelectrode distance (3 mm) and counter electrode of same dimensions
as the working electrode (8 mm) allow the processing of thickness uniform KNNSr layers.
Under optimal geometric conditions, the thickness uniformity of the as-deposited KNNSr
layers processed from suspensions with a conductivity in the range 21-30 uS/cm was
similar and suspension S50 was selected.

Finally, we showed that the yield of KNNSr as-deposited layers could be obtained
reproducibly from subsequent deposition from PAM/BA/EtOH-based suspensions.
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4.2 Sintering and Characterisation of KNINSr Thick Films

The as-deposited KNNST layers processed by EPD with a thickness of ~ 45 um on platinised
640-pm-thick alumina (RAQ) substrates were sintered between 1075 and 1120 °C. There,
the samples often contain defects. To address this issue a modified deposition procedure
was proposed: a ~ 10 um initial KNNST layer is deposited and fired, subsequently a second
thicker KNNSr layer is deposited on top of the first KNNSr layer and subsequently sintered.
With the aim to obtain dense and single-phase thick films, we optimised the sintering
conditions in terms of temperature and atmosphere. We relate the sintering conditions to
the microstructure, structure and electromechanical properties of the KNNSr thick films.

4.2.1 Preliminary sintering of KNNSr thick films

The preliminary sintering experiments were performed after we deposited 45 + 4 pm thick
KNNSr layers onto the RAO substrate. The approach is referred to as one-step deposition-
sintering. The KNNSr layers with the yield of 10.9 £ 0.6 mg/cm? were obtained from the
suspension with a conductivity of 22.0 uS/cm. The sintering was performed in air at
temperatures of 1075, 1100 and 1120 °C.

In these preliminary sintering experiments, we frequently observed defects at the surface
of the thick films and sometimes also delamination of the KNNSr from the substrate. These
features were more pronounced when the layers were sintered at higher temperatures. For
example, the thick films sintered at 1120 °C (T-1120-A) frequently delaminated from the
substrate (Figure 4.18a) and the non-delaminated layers exhibited cracks at its surface
(Figure 4.18b). Both issues prevented the electrical characterisation of the samples.

Figure 4.18: a) Top view of T-1120-A, where delamination can be observed after sintering,
b) Optical image of cracks on the non-delaminated surface of T-1120-A after sintering.
KNNSr: (KosNaos)o.005r0.00sNbOs, Pt: platinum bottom electrode, AO-0.64; 640 pm alumina.

For the further analysis, we selected the samples and regions of the thick films that
were well adhered to the substrate and exhibited a minimal number of defects.

The XRD patterns of the thick films are presented in Figure 4.19. In all the samples
we identified the diffraction peaks corresponding to the perovskite phase with a monoclinic
unit cell (PDF 77-0038, KosNao3sNbO;). In addition to the perovskite phase we observed
diffraction peaks with low intensities at 25.5° and 29.4 ° indexed as a tungsten-bronze
phase (TB, K57Nbios:03, PDF 38-0297). The intensity of the peak at ~29.4 ° increased
slightly with increasing temperature (Figure 4.19b), which may indicate a larger amount
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of the TB phase formed at higher temperature. The diffraction peaks at 39.9° and 46.4°
were indexed as platinum (PDF: 04-0802) and originated from the bottom electrode.
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Figure 4.19: a) XRD pattern of the thick films sintered at 1075 °C (T-1075-A), 1100 °C
(T-1100-A) and 1120 °C (T-1120-A) for 2 hours in air. x: KosNaossNbOs (PDF:77-0038);
0: Ks5:NbigssOs0 (PDF: 38-0297) and A: Pt (PDF: 04-0802), b) Enlarged view of the
diffraction peak at ~29.4 ° corresponding to TB phase.

The polished cross-section SEM images of T-1075-A, T-1100-A and T-1120-A are
presented in Figure 4.20. The samples sintered at 1075 and 1100 °C exhibited a
homogeneous microstructure consisting of KNNSr grains with randomly distributed pores.
The thick films sintered at 1075 °C exhibited shrinkage (along the thickness) of 28 + 12 %
and their relative density was 70 £+ 5 % (Figure 4.20a). The thick films sintered at 1100 °C
had a shrinkage of 37 + 10 % and a relative density of 77 &+ 4 % (Figure 4.20b). A further
increase of the sintering temperature to 1120 °C resulted in shrinkage of 46 + 9 % and
thick films with a relative density of 86 + 4 % (Figure 4.20c). In the microstructure of the
thick films sintered at 1120 °C, we detected large bright grains (denoted TB in Figure
4.20d). According to the EDXS analyses, this phase corresponds to the TB, which agrees
well with the XRD patterns. The TB phase had been reported previously in the KNN
system for both ceramics and thick films and corresponded well to a TB phase of the type
K57Nbigs5030 which contains, in addition to K and Nb, also a minor amount of sodium
ions [48].

The formation of TB in the thick films may be related to the volatilisation of the alkalis
from the KNNSr thick films. At elevated temperatures, the volatilisation of alkalis from
the thick films is likely due to the larger area-to-volume ratio of the thick film in comparison
to bulk ceramics. Also, the volatilisation is more pronounced at higher temperature [46],
[153].
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Figure 4.20: Polished cross-section SEM images of the samples a) T-1075-A, b) T-1100-A
and c¢) and d) T-1120-A. KNNSr: (KosNaos)099S10.00sNbOs3, Pt: platinum, AO-0.64: alumina

substrate and TB: tungsten bronze.

The thickness profiles measured before and after sintering of T-1100-A are presented in
Figure 4.21. We observed that the KNNSr layers shrank predominantly along the thickness
direction. The linear shrinkage along this direction was of ~ 35 + 5 %. The KNNSr thick
film is clamped on a rigid substrate and sintered in constrained conditions. We assume
that the formation of defects in the thick films (Figure 4.18b) and/or the delamination
(Figure 4.18a) of the thick films from the substrate was related to the in-plane tensile
stresses that develop in the layer during the sintering [123], [154].
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Figure 4.21: Thickness profiles of as-deposited and 1100 °C-sintered KNNSr thick films
(T-1100-A).
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With the aim to process dense, defect-free KNNSr thick films with a minimal amount
of TB phase, we modified the process and sintering conditions.

4.2.2 KNNSr thick films by a two-step deposition-sintering procedure

The two-step deposition-sintering procedure was reported to reduce the tendency of crack
formation in PZT-based thick films sintered on a rigid substrate [155]. This procedure was
implemented for the sintering of KNNSr thick films.

4.2.2.1 Processing of the KNNSr thick films

The first KNNSr layer, denoted as F-1000-A, was deposited onto the RAO substrate for
30 s from the suspension with a conductivity of 29.8 pS/cm. After drying, we have not
observed any defects in the layer by optical microscope. The yield was 2.5 £ 0.4 mg/cm?.
The layer was well adhered to the substrate after firing at 1000 °C. As seen in Figure 4.22a
the thickness profiles of the as-deposited and fired layers are similar with thicknesses of
about 9 + 3 pum in the centre. Thus, no shrinkage was observed, either laterally or along
the thickness directions. The relative density of the layer, calculated from the SEM images,
was ~ 55 %. The absence of shrinkage and low density indicated that the densification was
poor, which agreed well with the shrinkage-temperature curve (Figure 4.2), where we did
not detect any shrinkage below ~1040 °C. This was also evident from the microstructure
of F-1000-A (Figure 4.22b), which was porous.

The XRD pattern of F-1000-A is presented in Figure 4.22¢. The diffraction peaks belong
to the monoclinic perovskite phase (PDF: 77-0038). Two diffraction peaks at 39.9° and
46.4° which originate from the platinum bottom electrode (PDF: 04-0802) were also
identified.

Onto the F-1000-A, we deposited a second layer for 90 s (see Appendix F). The samples
exhibited a whole thickness of 44 + 3 um and a yield of 11.8 + 0.5 mg/cm?. Using an
optical microscope, we did not observe any macroscopic defects at the surface of the layers.

The layer prepared by one-step deposition-sintering for an identical deposition time,
i.e., 120 s from suspension S50 (see Figure 4.5), had a larger yield and it was thicker, i.e.,
18.5 mg/cm? and ~ 60 pm, respectively, which we relate to the lower conductivity of the
suspension. The conductivity of the suspension for the one-step deposition-sintering
procedure was 21.2 uS/cm and for the two-step deposition-sintering procedure it was
29.8 uS/cm.
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Figure 4.22: a) Thickness profile for the as-deposited layer (S50-30, black solid line) and
for the fired layer at 1000 °C for 2 hour in air (F-1000-A, dashed red line), b) Cross-section
SEM image of F-1000-A and c¢) XRD pattern of F-1000-A. x: KoyeNagssNbOs
(PDF:77-0038); A: Pt (PDF: 04-0802).
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4.2.2.2 Microstructure of KININSr thick films

From the preliminary sintering results, we observed that at a low sintering temperature,
i.e., 1075 °C, the microstructure was porous with a density of 70 %, while at 1120 °C the
density increases to 86 %, but we also observed the formation of the TB phase. These
results indicate that it is very challenging to obtain dense, single-phase KNNSr thick films,
particularly due to a very narrow sintering temperature range of KNNSr (Figure 4.2) and
alkali volatilisation at elevated temperature [46]. Thus, we investigated the sintering of
KNNSr thick films in a temperature range 1090-1110 °C.

The samples were sintered at 1090, 1100 and 1110 °C in air and oxygen. According to
the cross-section SEM images, all the sintered KNNSr thick films were well adhered to the
substrate and exhibited a uniform thickness (Figure 4.23 and Figure 4.24).

Bt - 10 pm

/)

AO-0.64

Figure 4.23: Polished cross-section SEM images of KNNSr thick films sintered in air for
2 hOUI‘S a), b) 1090—A, C), d) 1100—A and e), f) 1110—A KNNSI' (K0A5Na()‘5>09981'0005Nb03,
Pt: platinum, AO-0.64: alumina substrate.
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Figure 4.24: Polished cross-section SEM images of KNNSr thick films sintered in oxygen
for 2 hours a), b) 1090-0O, c), d) 1100-O and e), f) 1110-O. KNNSr: (Kos5Naos)0.99S10.00sNbOs,
Pt: platinum, AO-0.64: alumina substrate.

The shrinkage, relative density and median pore area of the samples are listed in Table
4.3. We observed that regardless of the sintering atmosphere the thickness of the KNNSr
thick films decreased with the increasing sintering temperature and correspondingly the
shrinkage increased.

The relative densities of the thick films sintered in air and oxygen at selected
temperature were similar. The relative densities increased from ~75 + 3, to ~80 = 3 %
when the temperature increased from 1090 to 1100 °C. (Table 4.3). At 1110 °C the relative
density was similar to the one of the samples sintered at 1100 °C.
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Table 4.3: Shrinkage, relative density and median pore size area of 1090-O, 1100-O, 1110-
O, 1090-A, 1100-A and 1110-A thick films.

Sample | Shrinkage  Relative density = Median pore area
(%) (%) (pm?)
1090-A 25 + 12 75 + 3 1.0
1100-A 35 £ 8 80 + 3 4.2
1110-A 41+ 9 81+ 3 6.1
1090-O 27 £ 8 74 + 3 1.3
1100-O 37 £ 10 81 + 3 2.5
1110-O 40 + 8 82 £+ 3 6.9

From the SEM images it is evident that the evolution of the microstructure is similar
upon sintering the samples in oxygen and in air. At 1090 °C we observed micrometre-sized
pores randomly distributed in the microstructure (see Figure 4.26b and Figure 4.26¢). The
porosity was still open. After sintering at 1100 °C, the relative density increased to ~80 %
accompanied by the shrinkage of the layer. The porosity was open. When the temperature
increased further to 1110 °C, the relative density does not vary significantly. Even though
the grain boundaries were not clearly visible, the microstructure observation suggested an
increase in grain size with increasing sintering temperature.

Figure 4.25 and Figure 4.26 summarise the results obtained from the cross-section SEM
images. The number of pores per area decreased (Figure 4.25), while the pore area increased
with the increasing sintering temperature, regardless of the sintering atmosphere (Figure
4.26a and Figure 4.26b). Namely, the median pore area (A, 50) increased from 1.0 ym? to
4.2 pm? for 1090-A and 1100-A, respectively, and from 1.3 pm? to 2.5 pm? for 1090-O and
1100-O, respectively (Figure 4.26c and Figure 4.26d). At 1110 °C the median pore area
further enlarged to 6.1 pm? for 1110-A and to 6.9 pm? for 1110-O. 1090-O had pore areas
Ay and Ay o of 0.4 and 3.5 pm?, respectively, while 1110-O reached A, 15 and A4 oo
values of 1.4 and 17.3 um?, respectively. Similar pore areas were also measured for 1090-A
and 1110-A.
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Figure 4.25: a) Number of pores per unit area for the samples: 1090-A,1100-A, 1110-A,
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Figure 4.26: a) and b) Relative and cumulative pore area of the samples 1090-A, 1100-A
and 1110-A, c) and d) relative and cumulative pore area of the samples 1090-O, 1100-O

and 1110-O, for KNNSr thick films sintered at 1090 °C (H), 1100 °C (@) and 1110 °C
(A).
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In comparison to the as-deposited layer, the thick films sintered at 1090 °C exhibited
an increase of the relative density (calculated from SEM images) from 55 % to 75 %, while
it resulted in linear shrinkages (along the thickness) of 27 + 8 % (in oxygen) and of
25 + 12 % (in air). The shrinkage and larger density of the thick films indicated the
densification of the KNNSr thick films upon heating to 1090 °C, regardless of the
atmosphere.

In alkaline niobates, the grain growth/coarsening has been frequently reported at
intermediate temperatures. For example, Koruza et al. suggest that for NaNbO3 powder
compacts heated in the range 500-600 °C, the dominant material-transport mechanism was
the surface diffusion [41]. This diffusion mechanisms reduces the curvature of the necks
between the grains. Consequently, it lowers the driving force for sintering. They also
proposed that the same material-transport mechanism may be predominant at intermediate
temperature in other alkaline niobates, including stoichiometric KNN. However, the surface
diffusion, which is activated at intermediate temperatures, does not cause shrinkage nor
decrease the porosity of the ceramic. Thus, the shrinkage and densification of the thick
films upon heating to 1090 °C indicate that at least one densifying sintering mechanism,
i.e., grain-boundary diffusion and/or volume diffusion, is active in this temperature range
[113]. The densifying mechanisms are presumably activated at a temperature larger than
1000 °C, since no shrinkage was observed for F-1000-A (Figure 4.22a). According to the
literature the densifying mechanisms, in particular the volume diffusion, are activated at
higher temperatures than the surface diffusion [156].

At a temperature of 1100 °C, the relative density of KNNSr thick films increases to
80 % and it shrank further (Table 4.3). These results indicate that at 1100 °C at least one
of the material-transport mechanisms, such as grain-boundary diffusion and/or volume
diffusion, participate to the densification. A further increase of the sintering temperature
to 1110 °C had only a minor effect on the relative density and shrinkage of the thick films,
but the pore size increased (Figure 4.26a and Figure 4.26¢). The pores coalescence may be
related to the mobility of the pores with the grain boundaries due to the grain growth
[157].

The relative densities of the KNNSr thick films, were significantly lower compared to
the bulk ceramics sintered at 1120 °C, which exhibited a relative density > 94 % (Appendix
D). This was true even for the KNNSr thick film sintered at 1110 °C (81 % for 1110-A and
82 % for 1110-0O, Table 4.3). Even though the 1110-A and 1110-O thick films were sintered
at a 10 °C lower temperature than the bulk, which may contribute to the lower relative
density, we mainly related the lower density of the KNNSr thick film in comparison to the
bulk to the sintering of the thick films on a rigid alumina substrate, i.e., sintering in
constrained conditions [116], [158].

We concluded from the analysis of the cross-section SEM images including the relative
density, shrinkage, estimated pore size, that the microstructure of the KNNSr thick films
evolves similarly when sintered in air and in oxygen between 1090 and 1110 °C.

4.2.2.3 Analysis of the KNNSr thick films by XRD

The XRD patterns of air-sintered and oxygen-sintered thick films are shown in Figure 4.27
and Figure 4.28, respectively. We identified in all the patterns the diffraction peaks indexed
as a perovskite phase (P, PDF: 77-0038). We also identified in some KNNSr thick films
diffraction peaks indexed with platinum (Pt, PDF:04-0802), which originated from the
bottom electrode. The thick films sintered in oxygen also exhibited a low-intensity
diffraction peak at 20 ~ 29.4 °, which was indexed as a tungsten-bronze phase (TB,
PDF: 38-0297). The characteristic diffraction peaks of the tungsten-bronze phase (TB)
were not observed in the air-sintered thick films.
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The XRD patterns of the bulk ceramics shown for comparison in Figure 4.29, exhibited
diffraction peaks that were all indexed with a perovskite phase (P, PDF: 77-0038). Note
that PDF 77-0038 considers double unit-cell parameters (with 8 formula units ABO; per
unit cell). The indexation according to PDF 77-0038 was used for the description of the
Lotgering factor. When referring to lattice parameters, we used indexation according to a
single perovskite unit-cell (with a number of formula unit per unit cell of 1).

The lattice parameters (Table 4.4) of the KNNSr thick films sintered at selected
temperatures in air or oxygen were comparable within the experimental error. However,
we note that the lattice parameters slightly, but systematically, decreased with the
increasing sintering temperature. The unit-cell contraction may be related to the
variation in the chemical composition of the perovskite phase. The perovskite phase
composition may vary with the temperature due to the alkali losses and the formation
of the TB phase. Popovic et al. [46] showed that the equilibrium vapour pressure of
potassium over Ko;NaosNbO;s (KNN) is a few times larger than that of sodium, i.e., 8 mPa
as compared to 3 mPa at 990 °C. Additionally, the alkali loss increases with the
increasing temperature [47], [159]. The higher vapour pressure of the potassium over
KNN could lead to the deviation from the K/Na nominal stoichiometric ratio of 1 in
the thick film. Moreover, the formation of the TB phase of the type Ks5Nbigs;030, which
contains minor amount of sodium [48], may cause a change in the stoichiometry of the
KNNSr thick film. For the oxygen-sintered samples the increase in the intensity of the
TB diffraction peak at ~ 29.4 ° with the increasing temperature may indicate an
increase in the amount of TB phase (Figure 4.28a). Therefore, we assume that due to
the alkali loss and the formation of the TB phase the K/Na ratio in the perovskite
phase is lower than 1. Since the ionic radius of K* (0.164 nm for CN=12 [160]) is larger
than that of Na* (0.139 nm, for CN=12 [160]), the unit cell of the perovskite contracted.

We propose that the smaller unit-cell parameter of the thick films in comparison to
C-1120-O and C-1120-A, was related to the larger volatilisation of alkalis from the thick
films than from the bulk. The thick films had lower relative densities, i.e., less than 90 %.
We expect open porosity consisting of channels of interconnected pores and larger surface
area is exposed to the atmosphere compared to the bulk ceramic with closed porosity (see
Figure 4.23, Figure 4.24 and Appendix D).
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Figure 4.27: a) XRD patterns of 1090-A, 1100-A, 1110-A thick films. P: (KogNaoss)NbOs
(PDF: 77-0038), Pt: platinum (PDF: 04-0802), Au: gold (PDF:01-1172), b) Enlarge view
of the XRD pattern corresponding to the 21.5-23.0° and 31-32.5° 26 ranges. (hkl)
reflections are from (KoeNags;)NbOs (PDF: 77-0038).
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Figure 4.28: a) XRD patterns of 1090-O, 1100-O, 1110-0, thick films. P: (KogNaoss)NbOs
(PDFZ 77—0038), TB: K5_75Nb10_s.503o (PDF:38—0297), Pti platinum (PDF: 04—0802), b)
Enlarge view of the XRD pattern corresponding to the 21.5-23.0° and 31-32.5° 26 ranges.
(hkl) reflections are from (KogNaoss) NbOs (PDF: 77-0038).
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Figure 4.29: a) XRD patterns of C-1120-O bulk ceramics, b) Enlarged view of the XRD
pattern corresponding to the 21.5-23° and 31-32.5° 26 ranges. (hkl) reflections are from
(K(){ﬁs,N&(){gs)NbOg (PDF 77—0038)
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Table 4.4: Lattice parameters of the KNNSr thick films (1090-O, 1100-O, 1110-0O,
1090-A, 1100-A and 1110-A) and bulk ceramics (C-1120-O and C-1120-A).
Sample a b © B \Y
(nm) (nm) (1m) ) ()
1090-O 0.40034(9) 0.39457(6)  0.39965(7) 90.29(2) 0.06312(2)
1100-O 0.40024(9)  0.39440(7)  0.39963(9) 90.30(2) 0.06308(2)
1110-O 0.40020(9) 0.39440(7)  0.39962(8) 90.31(2) 0.06307(2)
1090-A 0.40032(9) 0.39449(9)  0.39954(9) 90.28(2) 0.06310(3)
1100-A 0.40023(9) 0.39436(5)  0.39961(9) 90.30(1) 0.06307(2)
1110-A 0.40020(1)  0.39423(7)  0.39951(9) 90.30(2) 0.06303(2)
C-1120-0 0.40035(2)  0.39449(1)  0.39983(2)  90.328(3)  0.063146(6)
C-1120-A 0.40046(3)  0.39462(2)  0.39993(3)  90.323(3)  0.063197(6)

A further comparison of the XRD patterns shows that the intensities of the diffraction
peaks for the thick films do not correspond entirely with those for the bulk ceramics with
identical nominal compositions. For bulk ceramics, the relative intensities of (200), (020),
(202), (202) and (220) are 59, 23, 35, 33 and 100 %, respectively, (Figure 4.29b), which are
close to the relative intensities of 58, 35, 34, 41, and 100 %, respectively, of the PDF:
77-0038 [139]. In the 1100-O thick films, the relative intensity of the (200), (020), (202),
(202) and (220) are 89, 6, 99, 30 and 100 %, respectively. These discrepancies are also
observed in the other thick films, thus the relative intensities of the (200) and (202)
diffraction peaks of the thick films were larger than in the bulk ceramic XRD patterns.
This suggests that the KNNSr thick films had a preferential crystallographic orientation
along the [100] and [101] directions.

To evaluate the preferential crystallographic orientation of the KNNSr thick films, we
calculated the Lotgering Factor (LF). The results are presented in Figure 4.30. The KNNSr
thick films had the LF describing the [100] orientation (LF},,) in the range 0.035-0.04,
except for 1110-O with a slightly higher value of 0.07. The LF describing the [101]
orientation (LFYg;), increased with the increasing sintering temperature, and it was similar
for the air-sintered and the oxygen-sintered thick films at 1090 and 1100 °C. The LFj, for
1110-A was the largest, i.e., 0.12, while the LFj,; for 1110-O was comparable to 1100-O.

The crystallographic orientation in the [100] and [101] direction for screen-printed KNN
thick films processed on platinised alumina substrates was reported by Pavli¢ et al. [129].
According to them, in-plane compressive stresses were developed in the KNN thick films
during cooling from the sintering temperature to room temperature due to the lower linear
thermal expansion coefficients of the KNN phases, i.e., 2.96, 4.35 and 7.52 x 10° K for
the cubic, tetragonal and monoclinic phase, respectively, compared to the alumina
substrate (8.2 x 10° K in the 25-800 °C range [161]). The in-plane compressive stress was
also developed due to the KNN phase transitions accompanied by different unit-cell
volumes of the KNN phases, i.e., linear expansion of ~0.04 % for the cubic-to-tetragonal
phase transition and ~0.01 % for the tetragonal-to-monoclinic phase transition [33]. These
stresses relaxed via the preferential crystallographic orientation. Namely, the [100]
preferential crystallographic orientation developed in the tetragonal phase when cooling
below the cubic-tetragonal phase transition at approximately 400 °C. The [101] preferential
crystallographic orientation developed in the monoclinic phase when cooling below the
tetragonal-to-monoclinic phase transition at approximately 200 °C. We observed that the
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relative intensity of the diffraction peaks with the smallest 20, i.e., the larger interplanar
distances within {200} and {220}, increased. Thus, the direction with the larger interplanar
distances tended to orient perpendicular to the surface of the film to decrease the in-plane
compressive stresses.
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Figure 4.30: Lotgering factors LF),, and LF},; as a function of the sintering temperature
of the KNNSr thick films sintered in air (@) and oxygen (H).

The LFs for the KNN thick films reported by Pavli¢ et al. [129] were below 0.05 and
thus they proposed that the grains were randomly oriented and that the preferential
orientation was related to orientation within the grains. Similarly, we did not detect any
grain orientation in the microstructure (Figure 4.23 and Figure 4.24).

4.2.2.4 Domain structure and local ferroelectric response of the KINNSr thick films

The domain structures and local domain switching properties of the thick films sintered at
1090, 1100 and 1110 °C in oxygen were investigated (Figure 4.31). At the three
temperatures, lamellar and wedge domains were detected. The domain sizes ranged from a
few hundred nanometres to a few micrometres. These domain configurations have been
observed in unpoled KNN bulk ceramics where 60°, 90°, 120° and 180° domain walls were
observed in KNN at room temperature [162]. Furthermore, the results of the PFM local
domain switching experiments presented in Figure 4.31(d), (h) and (1) exhibited amplitude
and phase hysteresis loops typical for piezoelectric/ferroelectric material. The domain-
nucleation voltages Vpxe were found to be similar for the samples sintered at the three
temperatures, i.e., between 9 and 11 V.
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Figure 4.31: KNNSr thick films 1090-O, 1100-O and 1110-O (a), (e), (i) topography, out-
of-plane PFM; (b), (f), (j) amplitude and (c), (g), (k) phase images. Some examples of
lamellar (thick green open arrows) and wedge (thin red arrows) domains are marked. PFM
phase local hysteresis loops of (d) 1090-O, (h) 1100-O and (1) 1110-O measured in the point

market by a blue cross in PFM amplitude images. The Vpxe are marked by blue dashed
lines in panels (d), (h) and (1).

We also investigated the domain structure of an air-sintered sample at 1100 °C
(1100-A). We observed that the domain structure of 1100-A exhibited lamellar and wedge
domains and a domain-nucleation voltage (Vpnz) of ~14 V (Figure 4.32). These values were
comparable to 1100-O; thus, we assume that there was a similar local response for air and
oxygen sintered KNNSr thick films.
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Figure 4.32: KNNSr thick films 1100-A, (a) topography, out-of-plane PFM; (b) amplitude
and (c) phase images. Some examples of lamellar domains (thick green open arrows) and
wedge domains (thin red arrows) are marked. (d) PFM phase local hysteresis loops
measured at the point marked by a blue cross on PFM amplitude image. The Vpx. are
marked by blue dashed lines in panels (d).
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From these results we can see that the local domain structures and local domain
switching properties of the KNNSr thick film sintered in the range 1090-1110 °C are similar
and independent of the sintering atmosphere.

4.2.2.5 Dielectric properties of KNNSr thick films

The dielectric measurements for bulk KNNSr ceramics were reported to depend on the
relative humidity in the air [163]. Thus, the measurements of the capacitance and dielectric
losses (tan &) of KNNSr thick films, with a relative density of ~74-82 % having open
porosity, were performed in vacuum to obtain reproducible values. The relative dielectric
permittivity (e, 33) of the KNNSr thick films were calculated from the capacitance using
the thickness of the films and the area of the top electrode.

The ¢, 33 and tand as a function of the frequency of selected KNNSr thick films
sintered at 1090, 1100 and 1110 °C in air and oxygen are presented in Figure 4.33. The
€, 33 decreased with increasing frequency. Between 1 and 10 kHz, the tand did not vary
significantly for 1090-O, 1100-O, 1090-A and 1100-A, but decreased slightly with the
increasing frequency for 1110-O and 1110-A. Between 10 kHz and 100 kHz, the tand
slightly increased with the increasing frequency for all thick films.

To better understand the effect of atmosphere and sintering temperature on the
dielectric properties, we presented the €, 53 and tand at 10 kHz, and room temperature,
with their standard deviation in Figure 4.34.

The €, 35 of the thick films increased with the increasing sintering temperature from
1090 to 1100 °C. With a further increase of the sintering temperature to 1110 °C, the
€, 33 slightly increased for 1110-O, but did not vary significantly for the air-sintered
samples, 1110-A. The larger ¢, 33 of 1100 °C compared to the 1090 °C sintered samples
are related to the larger density, i.e., 75 % to 80 %, the lower number of pores and the
larger area of pores. The samples sintered at 1100 and 1110 °C had a similar relative
density (~ 80 %), but at higher temperature the area of the pores increased. We assume
that the denser microstructure and the smaller number of pores contribute to the increase
of €, 35

Regardless the sintering atmosphere the tan § increased with the increasing sintering
temperature from 1090 to 1110 °C, namely from 0.04 to 0.05 for the thick films sintered
in air and from 0.03 to 0.07 for the samples sintered in oxygen at 10 kHz. The larger
tan d at 1110 °C could be related to the electrical conductivity of the samples. The alkali
loss, which is more pronounced in thick films due to the large area to volume ratio and
the open porosity, may results in defects such as A-site vacancies in the KNNSr thick
films. The A-site vacancies can be compensated by the formation of mobile oxygen
vacancies, or free carrier’s holes [164]. The free carrier’s holes may also result from the
oxidation of the oxygen vacancies during the cooling [59]. Since the alkali loss was more
pronounced at the higher temperatures (which we correlate with the decrease of the
lattice parameters of the KNNSr thick films with the increasing temperature, see Table
4.4, the conductivity could be larger in KNNSr thick film sintered at 1110 °C due to the
larger concentration of defects. The slight increases in the dielectric losses toward the
lower frequencies in the frequency range 1-10 kHz, particularly for 1110-O (Figure 4.33Db)
could be an indication of the contribution from the conductivity.
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Figure 4.33: Relative dielectric permittivity (e, 33, solid symbol) and dielectric losses (tan ,
hollow symbol) as a function of the frequency for the KNNSr thick films sintered at 1090
(black squares), 1100 (red circles) and 1110 °C (blue triangles) in a) air and b) oxygen.
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Figure 4.34: Relative dielectric permittivity (e,. 33, full symbols) and dielectric losses (tan d,
empty symbols) of the KNNSr thick films as a function of the sintering temperature in air
(black circles) and oxygen (red squares) atmospheres at 10 kHz and room temperature.

The second possibility is the contribution from the domain walls to the complex
dielectric permittivity. We observed that the ¢, 33 as a function of log(f) with f being the
frequency, decreased linearly for all the KNNSr thick films (Figure 4.32 and Figure 4.33).
This linear relationship has been discussed for PZT in the frame of the Rayleigh law and
was attributed, in part, to the contribution from irreversible domain-wall displacements
[165]. A linear regression of €, 33 as a function of log(f) was performed for the KNNSr
thick films and the calculated slopes are given in Table 4.5. The absolute values of the
calculated slopes increase with an increasing sintering temperature. The two contributions
from the reversible and irreversible Rayleigh parameters affect the slope. The increase in
the slope could be an indication of an increased contribution from the irreversible domain-
wall displacements. Since the irreversible dynamics of the domain wall is coupled to the
phase angle and thus to the measured tan § [166], [167], the domain walls’ dynamics could
be the reason for the increased losses measured in KNNSr sintered at a higher temperature.

Table 4.5: Calculated slopes from the linear regression of ¢, 35 as a function of log(f) in
the frequency range 1 kHz to 100 kHz of 1090-O, 1100-O, 1110-0O, 1090-A, 1100-A and
1110-A KNNSr thick films.

1090-A  1100-A  1110-A 1090-O  1100-O  1110-O
Slope (s) -2.9 -8.2 -9.6 -4.2 -8.0 -12.7

The €, 35 of the bulk ceramics with the same nominal composition were larger compared
to the one of the thick films, i.e., 680 and 625, for C-1120-A and C-1120-O, respectively at
10 kHz in air. The €, 35 of the bulk ceramics were slightly larger than the €, 35 reported
in the literature, i.e., 500 at 10 kHz. We proposed that the larger relative densities of the
bulk ceramics, i.e., 93.1, 97.5 and 95.8 % for C-1120-A, C-1120-O and reported in [62],
respectively, was the reason for their larger €, 33 in comparison to the KNNSr thick films.
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The tan ¢ reported for the bulk ceramics [62], i.e., 0.04 at 10 kHz, was comparable to
the tan § of KNNSr thick films sintered at 1090 and 1100 °C. The reported €, 33 and tan
9 of the EPD-derived unmodified KNN thick films were 495 and 0.08, respectively [128]
and 393 and 0.07, respectively [127], at 1 MHz. The reported €, 33 values, although
measured at a higher frequency, were larger than the one presented in Figure 4.34 at 10
kHz, which could be related to the difference in the density of the thick films and to the
measurement conditions, as we reported values measured in vacuum, whereas the results
in the measurement in the literature were performed in air.

Figure 4.35 presents the normalised €, 33 as a function of the temperature for 1090-O,
1100-O and 1110-O. Two maxima were observed, which corresponded to phase transitions,
i.e., from the cubic to tetragonal phase at 386 + 1 °C and from the tetragonal to monoclinic
phase at 168 + 5 °C. The phase-transition temperatures were a few degrees below those
reported for KNNSr [62].
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Figure 4.35: Normalised dielectric permittivity (e, 33/€, 33 3000c) of KNNSr thick films
1090-0O, 1100-O and 1110-O as a function of the temperature measured at 1 kHz. Ty,
tetragonal-to-monoclinic phase-transition temperature, T»_,: cubic-to-tetragonal phase
transition temperature.

4.2.2.6  Electromechanical properties

The electromechanical properties were deduced from the experimental electrical impedance
by fitting these data with the theoretical electrical impedance behaviour calculated using
an equivalent electrical circuit (KLM circuit, Appendix C). The experimental and
theoretical complex impedances of the C-1120-O and 1100-O samples are presented in
Figure 4.36 and Figure 4.37, respectively. The real part of the impedance in Figure 4.36,
exhibits a unique peak, which correspond to the first antiresonance frequency of the
thickness mode of the ceramic in free-mechanical conditions in air. In contrast, Figure 4.37
presents the case of a thick film deposited on a RAO substrate. In this case, we observed
additional peaks around the fundamental resonance, due to the coupling of the resonances
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of the thick film with the platinum electrode and the alumina substrate [168]. The KLM
equivalent circuit can consider additional inert layers (Appendix C). If the acoustic
properties of the alumina substrate and platinum electrode are known (the top gold
electrode was neglected due to its low thickness) then the electromechanical properties of
the thick film can be deduced. Using the acoustic data from the literature for the two
considered inert layers, a good agreement between the theoretical and the experimental
electrical impedance was obtained (Figure 4.37) to deduce the thickness mode properties
of the KNNSr thick film.
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Figure 4.36: Complex electrical impedance of the KNNSr ceramic C-1120-O as a function
of the frequency around the fundamental resonance a) Re(Z): real part and b)
Im(Z): imaginary part. Black crosses: experimental impedance and solid red line:
theoretical impedance.
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Figure 4.37: Complex electrical impedance of the KNNSr samples 1100-O as a function of
the frequency around the fundamental resonance a) Re(Z): real part and b)
Im(Z): imaginary part. Black crosses: experimental impedance and solid red line:
theoretical impedance.

With this procedure we deduced the electromechanical properties of the thick films,
which are summarised in Table 4.6. The standard deviations were calculated assuming a
variation of the thick film’s thicknesses of + 1.5 um and of thick film’s density of + 3 %.

The elastic constant at constant electric displacement (c22) values increases with an
increasing of the sintering temperature for air and oxygen sintered samples. cgg increased
from 18 GPa to 76 GPa for 1090-A and 1110-A, respectively, with a sharp increase observed
between 1090-A and 1100-A. KNNSr thick films sintered in oxygen showed the same trend
with ¢} increasing from 35 GPa to 78 GPa for 1090-O and 1110-O, respectively. With
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increasing the sintering temperature from 1090 to 1110 °C, the 6;?: 33 increased from 80 to

150 for oxygen sintered KNNSr thick films. The piezoelectric coefficient (es5) increased
between 1090 and 1110 °C from 1.2 to 3.7 C/m?in air and from 1.8 to 4.0 C/m’in oxygen.

Table 4.6: Thickness-mode electromechanical properties of 1090-O, 1100-O, 1110-O, 1090-
A, 1100-A and 1110-A KNNSr thick films and bulk ceramics (C-1120-O, C-1120-A).

Sample B ky €733 Om €33 fa

name (GPa) (%) (%) (C/m?) (MHz)
1090-O 3b+£3 3_/H+1 90£10 7£1 18+04 45
1100-O 7+ 9 40+1 1204+10 16+3 344+04 7
1110-O 78+ 9 42+ 2 140+ 10 13+2 4.0+ 0.5 90
1090-A 18+2 34+1 810 7+1 12402 32
1100-A 61+15 37+1 140+£30 11+£2 3.0+£0.7 86
1110-A 7610 404+3 150+£10 15 +£1 37405 98
C-1120-O0 186 41 300 6 9.0 10
C-1120-A 156 40 300 6 8.3 7

The increases of the ¢} and E;?: 33 parameters that were observed when the sintering
temperature increased were attributed to the denser microstructure of the thick films
sintered at higher temperature. The increase of 5;?7 33 with the sintering temperature
exhibited the same trend as the one observed for the €, 33 measured on unpoled KNNSr
thick films at lower frequency (Figure 4.33). The e55 further increased between 1100-A and
1110-A and between 1100-O and 1110-O, despite the change in relative density not being
significant. For the thickness-mode electromechanical coupling factors (k,) a value of 42 %
was deduced for the sample 1110-0O.

The mechanical loss (4,,,) increases (when accounting for the standard deviation) with
the sintering temperature for thick films sintered in air and oxygen atmospheres. The anti-
resonant frequency (f,) reported in the last column of the Table 4.6, are calculated from
a theoretical configuration where the piezoelectric thick film is supposed in free mechanical
conditions (as for C-1120-O in Figure 4.36). In this configuration, f, can be obtained from
the relation:

Vi

fazth

(4.5)

We observe that f, increased with an increasing of the sintering temperature between
1090 and 1110 °C, this is due to the decrease of the thickness of the thick films and an
increase of the longitudinal wave velocity (V) related to the denser microstructure (Table
4.3). Based on f, and V}, in each KNNSr thick film, a typical wavelength A was calculated
(A= Vi/f, =2 ty), which decreased with the sintering temperature (typically 66 pm for
1090-O and 56 pm for 1110-O). Additionally, when the temperature increased from 1090
to 1110 °C, the median pore area (Table 4.3) increased and the typical size of the pores
got closer to the value of the calculated wavelength. Thus, the scattering of the ultrasound
waves by the pores may lead to an increase in the acoustic attenuation [169] and thus J,,
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of the thick films. Roncari et al. [170] observed a similar trend in a porous piezoelectric
ceramic: a narrow particle size distribution with smaller pores leads to smaller mechanical
losses compared to a broad pore size distribution with the prevalence of larger pores or a
narrow pore size distribution with larger pores. However, they offer a different explanation
related to the interaction between the pore surface and the ferroelectric domain walls. In a
porous structure it is assumed that the main role in the ¢,, is played by the interaction
between the waves and the scattering centres, i.e., pores [169]. Moreover, the presence of
these large pores in the thick films sintered at 1110 °C could be detrimental for the fracture
toughness of the KNNSr thick films [171].

The ¢4, €2 35 and eg coefficients of the KNNSr thick film were lower than those of
their ceramic counterparts. The lower value of those parameters for the thick films was
related to the lower relative densities and lower grain size of the thick films in comparison
to the C-1120-O and C-1120-A bulk ceramics (see Appendix D). Despite the lower values
of these parameters, the thickness-mode electromechanical coupling factor (k,) were in the
same range (40 %) due to the trade-off between the lower es; and lower ¢}, sf’ 33 in the
calculation of k, (see Appendix A).

The dielectric properties and mechanical losses of the KNNSr thick films were
comparable to the 57‘? 33 of 90 and 140 and ¢,,, of 15 and 9 %, respectively, reported for the
thick films processed by pad and screen-printing [72]. However, the KNNSr thick films
prepared by EPD had a larger thickness-mode electromechanical coupling factor compared
to the 34 % and 30 % reported for the pad and screen-printed samples, respectively. The
k, values reached 40 % for thick films 1100-O, 1110-O and 1110-A (Table 4.6).

Piezoelectric coefficient (ds; ;) of the thick films ranged from 60 to 70 pC/N, being
~ 63-74% of the bulk ceramic value (ds3= 95 pC/N [62]). These results are in agreement
with the statement of Pavli¢ et al. that in clamped KNN thick films the ratio ds3 /d3;

can reach values of 72-75 %, which is larger than the achievable values in clamped PZT
thick films [172].

4.2.3 Summary

The KNNSr thick films processed under optimal conditions on a RAO substrate, with an
as-deposited thickness of ~{0—45 pum, were porous after sintering at 1075 °C, and contained
defects and/or peeled-off the substrate after sintering at 1100 and 1120 °C. The formation
of defects was minimised by the use of a two-step deposition-sintering procedure. First a
~10-pum-thick layer was deposited and fired at 1000 °C. Then, on top of this layer, we
deposited the second layer. The thick films processed using this procedure did not present
any macroscopic defect and thus were sintered at 1090, 1100 and 1110 °C for 2 hours in
air and oxygen atmospheres.

With the increasing sintering temperature from 1090 to 1110 °C, the thicknesses of
the samples decreased, the pore size increased. The relative density increased with the
increasing temperature from 1090 to 1100 °C, then did not increase significantly upon
heating to 1110 °C. The mazimum relative density was 82 %. The difficulty in densifying
the thick films was attributed to coarsening of the microstructure at intermediate
temperature, which reduces the driving force for sintering and to the sintering of the KNNSr
layers in constrained conditions. The XRD analysis showed that the KNNSr thick films
had a perovskite structure with unit-cell parameter values lower than the ones of the

nominal composition, additionally we detected peaks of a secondary tungsten bronze phase
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in thick films sintered in oxygen. These two features were presumably related to the
volatilisation of alkalis at the sintering temperature. Thick films exhibited preferential
orientations along the [100] and [-101] directions, which was caused by the thermal
expansion coefficients mismatch between the substrates and the KNNSr layers. However,
we did not detect any large impact of the preferential orientations on the electromechanical
properties of the KNNSr thick films. The local domain structure and local domain-switching
properties of the KNNST thick films were similar, regardless of the sintering temperature
and atmosphere.

The dielectric permittivity increased with increasing sintering temperature,
specifically between 1090 and 1100 °C, which we related to the denser microstructure. The
electromechanical properties showed similar trend to the dielectric permittivity, and thus
the k,was in the 35-42 % range for all the thick films due to the trade-off between the ct),
6§33 and egs. The sintering atmosphere had a minor impact on the electromechanical
properties of the KNNSr thick films.
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4.3 Towards a piezoelectric energy harvester

In this last subchapter we discuss the processing of the KNNSr bimorph structure on
platinised 110-pm-thick alumina (DFAQO) substrate, which offers more flexibility to the
bimorph cantilever piezoelectric energy harvester (PEH). We wverified that a bimorph
structure can be prepared on such substrates using a specifically designed setup (Setup 2).
The KNNSr thick films sintered at 1100 °C for 2 h in oxygen were identical on the top and
bottom sides of the DFAO with a thickness of 40 pm and a relative density of 86 %. The
electromechanical properties of the KNNSr thick film were deduced from the complex
electrical impedance spectra, taking into account the additional KNNSr and platinum
layers. Finally, we theoretically evaluated the effect of the porosity on the figure of merit
for a PEH operating in 31 mode, with the aim to highlight the requirement for the
integration of KNNSr thick films into a PEH. The purpose of this chapter is also to identify
the remaining challenges related to the processing of PEHs.

4.3.1 Processing of the KINNSr bimorph structure

In the previous chapter we deposited KNNSr thick films on rigid 640-pm-thick alumina
substrates (RAO) using the Setup 1. This setup enables the deposition of a layer on one
side of a substrate. In order to prepare the bimorph cantilever structure, the setup should
allow the deposition on both sides of a substrate and must be compatible with 110-pm-
thick alumina (DFAOQO) substrates. To achieve these two goals, the Setup 2 was designed
and fabricated.

The aim was to process KNNSr layers with Setup 2 (Figure 3.3) using the optimised
processing conditions from the study performed previously with Setup 1. The deposition
conditions were as follows: h; = 3 mm and D, = 8 mm from suspension S50 using a two-
step deposition-sintering procedure with deposition times of 30 and 90 s for the first and
second layer, respectively.

First, we compared the yield and thickness profiles of the KNNSr processed on RAO
using Setup 1 and Setup 2. The depositions were performed from a suspension with a
conductivity of 26.1 uS/cm for 30 s.

Yields of 4.1 + 0.4 and 4.4 + 0.5 mg/cm? were obtained for the deposition realised with
Setup 1 and Setup 2, respectively. The thickness of ~ 20 ym and the thickness profiles were
similar (Figure 4.38).
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Figure 4.38: a) Thickness profiles of representative as-deposited KNNSr layers processed
with Setup 1 (dashed red line) and Setup 2 (solid black line) on a RAO substrate.

After the verification that the yields and thickness profiles of the as-deposited layers
obtained by the two setups were similar, we deposited KNNSr layers on DFAO substrates.
We performed five depositions under the same conditions onto one side of the DFAO
substrates using the Setup 2. The yield was 4.8 4+ 0.4 mg/cm? and the thickness of the as-
deposited layers was ~ 20 pm, which is comparable to the yield and thickness measured

for the depositions performed on a RAO substrate (Figure 4.39).
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Figure 4.39: Thickness profiles of a representative as-deposited layers processed from
Setup 2 on one side of DFAO (dashed red line) and RAO (solid black line) substrates.

These results validate that the yields and thickness profiles of the as-deposited layers
processed with Setups 1 and Setup 2 were comparable. Moreover, the yields and thickness
of the as-deposited layers processed on RAO or DFAO substrates with the Setup 2 were
comparable although the edges were thicker for the KNNSr layers processed on the DFAO
substrate. According to these results, Setup 2 was used in the following experiments.

KNNSr thick films were processed on one side of the DFAQO substrate using Setup 2
and the two-step deposition-sintering procedure. The first layer was deposited for 30 s and
fired at 1000 °C for 2 h in synthetic air. Then, the second layer was deposited for 90 s on
top of the first layer. The yield and thickness of the as-deposited layers were
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16.9 + 0.5 mg/cm? and ~ 65 pum, respectively. The representative thickness profile of the

as-deposited layer is presented in Figure 4.40.
In these preliminary experiments we sintered the as-deposited layer at 1100 °C for 2 h
in oxygen. We observed that after the sintering the thick-film structure was bent (Figure

4.40).

Z (um)

X (mm)

Figure 4.40: Profilometer measurements of the structure with as-deposited layer (dashed
red line) and sintered (1100 °C) thick film (solid black line) processed from Setup 2 on one
side of DFAO substrate. Note: the thickness is the sum of the thicknesses of the KNNSr

layer and platinum bottom electrode (~6 pm).

To minimise the bending of the structure, one of the possible solutions is to deposit
KNNSr layers on each side of the DFAO substrate and to sinter a symmetric structure
[173]-[175]. Thus, we processed KNNSr layers on each side of a DFAO substrate. The
thickness profiles of the as-deposited layers processed on DFAQO substrate on side 1
(KNNSrll) and side 2 (KNNSrl2) are presented in Figure 4.41. The thickness profiles of
the layers were similar on both sides, with a mean thickness of ~ 65 ym, ARs of ~1.5 and
yield of 17.5 mg/cm? for the as-deposited layers, before sintering.
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Figure 4.41: Thickness profiles of the as-deposited KNNSr layers processed with Setup 2
on each side of the DFAO substrate. The layers are referred as KNNSrl1 (dashed red line)

and KNNSr12 (solid black line).
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The cross-section SEM images of the KNNSr bimorph structure on DFAO substrate
sintered at 1100 °C for 2 h in oxygen (DF-1100-O) are presented in Figure 4.42. The two
KNNSr thick films deposited on each side of a DFAO substrate were well adhered to the
substrate. The KNNSrl1l and KNNSrl2 layers exhibited similar thickness of ~ 40 ym and
similar microstructure.

KNNSri1

KNNSri1

Figure 4.42: a) Polished cross-section SEM images of KNNSr bimorph structure (DF-
1100-O), b) Enlarged view of the layer KNNSrll. KNNSrll and KNNSrl2: KNNSr layers,
AO-0.11: 110-pm-thick alumina (DFAQ) substrate, Pt: platinum electrode.

The relative density of the KNNSr layers measured from the SEM images was
86 + 4 %, which is slightly larger than the density of the KNNSr sintered on the RAO
substrate under the same conditions (1100-0O), i.e., 81 %. From Figure 4.43 it is evident
that the pores are slightly larger in DF-1100-O with a median area of 4.0 um?2, but the
number of pores was lower, i.e., 3.3 x 10* pores/mm? in comparison to 1100-0, i.e.,
7.5 x 10* pores/mm? (Figure 4.25). From the results, we concluded that both sides of the
KNNSr exhibited a similar density and pore size distribution and we observed that the
bending of the structure was minimised.
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Figure 4.43: Cumulative pore area distribution of 1100-O (@) and DF-1100-O (m).
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In this work we have deposited and sintered the KNNSr layers on DFAO and RAO
substrates in three different cases:

1. Deposition of KNNSr on one side of RAO substrate;

2. Deposition of KNNSr on one side of DFAQO substrate;

3. Deposition of KNNSr on both sides of DFAO substrate.
The first two cases illustrate asymmetric structures, whereas the third case was a
symmetric structure. In the following discussion, we neglect the elastic properties of the
platinum electrode and considered that the thickness of the as-deposited KNNSr layers was
44 pm for the case 1 and 65 pum for the cases 2 and 3. When the thickness of the KNNSr
layer and alumina substrate are small in comparison to the lateral dimension of the sample
and when the substrate remains flat during the processing, we use the thin plate
approximation which hypothesises that the in-plane stresses are constant along the
thickness of the layers [173] to represent the stresses state.

Figure 4.44 is a schematic representation of the behaviour of the two asymmetric
structures (typically on RAO and DFAOQO substrates without electrodes) during the
sintering. During the firing, the KNNSr layer (thickness ¢;) tends to shrink whereas the
dense alumina substrate (thickness tg) does not change dimensions (Figure 4.44a).

For the KNNSr processed on the RAO substrate with an AO thickness of 0.64 mm
(AO-0.64), the thickness ratio t; /tg is ~ 0.07. We observed that the substrate was flat
after the sintering, and thus we assumed that AO-0.64 was a rigid substrate. Since the
KNNSr thick film is clamped on the RAO substrate, it shrinks predominantly in the
thickness direction (denoted z) and is unable to shrink along the direction r. As a result,
in-plane tensile stresses are formed in the layer (O’T’ ;) and in-plane compressive stresses in
the substrate (o, 5). The in-plane tensile stresses in the KNNSr layers reduce the shrinkage
rate of the layers, and thus the density of the thick film is lower compared to bulk ceramics
sintered under the same conditions [115], [116].

a) Rigid substrate b) Flexible substrate
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Figure 4.44: Schematic representation of the asymmetric structures during the sintering of
KNNSr layers deposited on a) AO-0.64: 640- g m-thick alumina substrate and b)
A0O-0.11: 110- g m-thick alumina substrate. The white arrows represent the lateral
shrinkage of the film if it was not clamped on the substrate and the red arrows represent
the in-plane stresses in the clamped layer (o, ;) and substrate (o, g).

For the asymmetric structures processed on DFAQO substrates the AO thickness is
110 pm, the ratio t; /tg reached ~ 0.6. At a larger ratio t; /tg the structure bends during
the sintering as the shrinking KNNSr layer exerts a higher force to bend the substrate
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[176]. Indeed, we observed that the structure was bent after the sintering, thus the AO-
0.11 was assumed to be a flexible substrate in this case. In the initial stage of sintering
similar stresses occur in the structure as in the asymmetric structure processed on RAO
substrate, i.e., in-plane tensile stresses in the substrate and in-plane compressive stresses
in the substrate near the interface. However, in this case the structure can bend to relax
the stresses [176]. The situation is schematically represented in Figure 4.44b. The bending
of the structure during the sintering depends on several parameters, such as the thickness
ratio t; /tg and the elastic properties of the substrate [176].

For the third case corresponding to a symmetrical structure, the structure is
schematically represented in Figure 4.45. Due to the inability for the KNNSr layers to
shrink laterally, we expect tensile stresses in the two KNNSr layers, and compressive
stresses in the substrate. The t; /tg ratio was ~ 0.6 as in the case of the asymmetric
structure processed on the DFAQO substrate. Since we deposited layers with similar
thicknesses on both sides of the substrate (Figure 4.41 and Figure 4.42), we expect similar
stresses in the two KNNSr layers. Thus, both layers should exert a similar force to bend
the substrate but in the opposite direction, which minimised the bending of the symmetrical
structure [174], [175].

KNNSrl1 — I i

=K

KNNSrl2 — I i

KNNSri1

KNNSri2

Figure 4.45: Schematic representation of the symmetric structure during the sintering.
KNNSrll and KNNSrl2: KNNSr layers, AO-0.11: 110-pum-thick alumina substrate. The
white arrows represent the lateral shrinkage of the films if it was not clamped on a rigid
substrate and the red arrows represent the in-plane stresses in the layers (o, ;) and
substrate (0, 5)-

During the cooling from the sintering temperature to room temperature the structure
is also subjected to stresses associated with the thermal-expansion-coefficient mismatch
between the alumina substrate and the KNNSr thick films.

Since the thermal expansion coefficient of the alumina (8.2 x10° K) is larger than the
one for KNN, regardless of its crystal structure, i.e., 2.96, 4.35 and 7.52 x 109 K for the
monoclinic, tetragonal and cubic phase, respectively [33], the alumina tended to shrink
more than the KNN. On a flat rigid substrate the KNNSr layer will be under in-plane
compressive stresses, whereas the alumina substrate would be subjected to in-plane tensile
stresses (Figure 4.46a). If the thicknesses of the KNNSr thick films and substrate get closer
(t;/tg ~ 0.6 for the KNNSr processed on DFAO substrate) then the structure could bend
in the opposite direction than the one observed during the sintering (Figure 4.46b). This
phenomenon may reduce or even invert the direction of the bending that developed during
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the sintering in the asymmetric structure processed on the DFAQO substrate. For the
symmetric structure, since the same stresses theoretically develop in KNNSrll and
KNNSrl2 during this step, the bending is minimised.

a) Rigid substrate b) Flexible substrate
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Figure 4.46: Schematic representation of the asymmetric structures during the cooling
processed on a) AO-0.64: 640-um-thick alumina substrate and b) AO-0.11: 110-pm-thick
alumina substrate. The white arrows represent the lateral strains related to the linear
thermal expansion coefficients (ay, o, and agyyg,) in the case where the KNNSr thick
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film and substrate were not clamped and the red arrows represent the in-plane stresses in
the layers (o, ;) and in the substrate (o, g).

4.3.2 Dielectric properties

The dielectric properties of DF-1100-O were measured for KNNSr1 layer and are shown in
Figure 4.47. For comparison we added the dielectric properties of 1100-O to the same
figure.

The relative dielectric permittivity (e, 33) and dielectric losses (tand) of DF-1100-O
were 430 and 0.08 at 10 kHz and room temperature, which was higher than the values of
~270 and ~0.04 measured for 1100-O. The larger values of ¢, 33 may be related to the
higher relative density measured for DF-1100-O.

The increase in tan § observed towards low frequencies for DF-1100-O could be an
indication of the contribution of elevated conductivity. Defects such as A-site vacancies
can easily form in KNNSr due to the alkali loss and can be compensated by the formation
of defects such oxygen vacancies. The conductivity could be related to the larger
concentration of defects. However, the thick-film structures DF-1100-O and 1100-O were
sintered at the same temperature and we assume that the alkali loss was similar. Thus, the
formation of defects is presumably not the only reason for the larger tan .

Another possibility is related to the irreversible domain-wall displacement contribution
[165]. We observed a linear-logarithmic frequency dependence of permittivity of DF-1100-
O similar as for 1100-O in Figure 4.33b. A linear regression of the curve revealed that the
slope of the curve was -13.3 s, whereas the value for 1100-O was -8.0 s. The absolute value
of the slope was larger for DF-1100-O compared to 1100-O. This larger absolute value of
the slope could be related to an increased contribution from the irreversible domain-wall
displacements and thus to tan ¢ [166].
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Figure 4.47: Relative dielectric permittivity (full symbols) and dielectric losses (hollow
symbols) of DF-1100-O (black squares) and 1100-O (red circles).

4.3.3 Electromechanical properties

The evaluation of the electromechanical properties of one of the layers (typically KNNSrl1),
requires the measurement of the complex electrical impedance of this poled layer. We
observed in Figure 4.37 that the 1100-O complex electrical impedance around the
fundamental resonance of the piezoelectric layers consisted of several peaks, which was
attributed to the coupling of the piezoelectric layer and the substrate. For KNNSr layers
deposited onto a DFAQO substrate, additional layers must be accounted for, i.e., two
platinum layers on each side of the AO substrate and an additional KNNSr layer (typically
KNNSrl2). The use of the KLM equivalent electrical circuit scheme in its matrix notation
allows the calculation of the theoretical complex impedance of this multilayer structure.
Using the KLLM equivalent circuit, we calculated, based on the properties of 1100-O thick
films (Table 4.6), the complex electrical impedance of a 40-pum KNNSr (typically KNNSrl1)
layer on a platinised AO-0.11 substrate (one side). Then we added an additional platinum
layer on the rear face (DFAO) and lastly, we added a second non-piezoelectric 40-pm
KNNSr layer (KNNSrl2) to the platinum on the rear face. The second KNNSr layer was
considered as an inert material, i.e., an acoustic propagation line with several parameters
taken as being equal to those of KNNSrll, ie.., Zpnng:, Vrenns.- We note that the
KNNSrl2 layer was not considered as poled, and thus the elastic properties of this layer
may slightly differ from the elastic properties of the KNNSrll material. However, in the
present calculation the same longitudinal wave velocity was considered in the KNNSrll
and KNNSrI2 layers. The representation of the adapted final matrix notation for the KLM
scheme (complement of Appendix C), is given in Figure 4.48.
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Multilayer KNNSr structure Matrix notation

T

Top gold electrode (Zaw: Y aw) N
tau Au

txnnsr/
I

tennsr/

tpe

Za1,0,
Alumina Substrate (Za1,00Vaiz0,) NA1203
tai,0,

tpt

(Zxnnsr Yrnnsr) N
trknnsr KNNSr

= A

Figure 4.48: Matrix notation of the KLM model and corresponding layer applied to KNNSr
bimorph processed on platinised alumina (DFAQ) substrate.

Unpoled KNNSri2

The effect on the electrical impedance of successive additions of the second platinum
electrode and inert KNNSr layer are presented in Figure 4.49. Figure 4.49a represents the
case where one KNNSr layer was deposited onto an AO-0.11 substrate platinised only on
one side, we observed four peaks in the frequency range 10-100 MHz, which was lower
than the thirteen peaks observed when depositing KNNSr onto the RAO substrate (Figure
4.37). This was because the resonance frequency within the substrate (~v,/2l,) was larger
for this case (48 MHz) than for the RAO substrate (23 MHz).

Figure 4.49b represented the same situation with the addition of the second platinum
layer (the thicknesses of the two platinum electrodes were 10 pm) on the other side of the
substrate, which resulted in a shift of the peaks towards the lower frequencies. This shift
was clearly observed for the 2™ (from ~40 to ~35 MHz) and 3™ (from ~75 to ~60 MHz)
peaks. The 4™ broad peak’s magnitude was larger than previously observed (at ~85 MHz).

Lastly, Figure 4.49¢ represents the complex electrical impedance of the entire bimorph
structure. With the addition of a second KNNSr layer, we observed a split of the 2™ (~ 35
MHz) and 4™ (~ 85 MHz) peaks observed in Figure 4.49b into two distinct peaks (29-38
MHz and 82-87 MHz).

With the addition of the second KNNSr layer, the theoretical impedance spectrum was
significantly different from Figure 4.49b. These results reveal that the contribution of the
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additional KNNSr layer play a significant role to deduce the properties of the KNNSrll.
The presence of numerous layers in the structure do not allow extracting the
electromechanical performance of the KNNSrl1 layer with a good accuracy, especially if we
do not precisely know the parameters of the second layer KNNSrl2.
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Figure 4.49: Theoretical complex electric impedance (Re(Z): real part; Im(Z): imaginary
part) of a supported piezoelectric KNNSr thick film deposited onto a) alumina substrate
platinised only on one side (KNNSr+Pt+A0-0.11), b) alumina substrate platinised on each
side (KNNSr+DFAO) and ¢) complete bimorph structure (KNNSrl1+DFAO-+KNNSrl2).

To avoid the issue associated with KNNSrl2, we characterised the KNNSr layer
deposited only on one side of the DFAO substrate (OF-1100-O). The top electrode (2 mm
diameter) had a small area compared to the bottom electrode’s dimensions and a flat
structure can be considered in this location. The measured and fitted electrical impedance
spectra are presented in Figure 4.50. The complex electrical impedance exhibited a similar
feature to the calculated complex electrical impedance presented in Figure 4.49b, except
for the 4™ peak. By processing a KNNSr layer on one side of a DFAO substrate, and
accounting for an additional platinum layer, we succeeded in extracting the
electromechanical properties of the KNNSr layer.
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Figure 4.50: Complex electrical impedance (Z) of the KNNSr samples OF-1100-O as a
function of the frequency around the fundamental resonance a) Re(Z): real part and b)
Im(Z): imaginary part. Black cross: experimental impedance and solid red line: theoretical
impedance.

The electromechanical properties of OF-1100-O deduced from the fit (Figure 4.50) are
presented in Table 4.7 and compared with the properties of 1100-O. To calculate the
standard deviations, we assume a variation in the thick film’s thicknesses of + 1.5 ym and
in the thick film’s density of &+ 3 % similar, as described in 4.2.2.6. We observed that c£}
and Ef, 33 of the OF-1100-O were larger than for the reference 1100-O. This agrees with the
higher density of this thick film compared to the 1100-O samples. The reason for the lower
value of egs for OF-1100-O compared to-1100-O is not clear yet. The decrease of es5 and
the increase ¢} and 55 43 lead to a k, value of 26 %, which is lower than for 1100-O.

Table 4.7: Electromechanical properties of KNNSr thick films on DFAO (OF-1100-O) and
RAO (1100-O) substrates.

D s
Sample C33 k, €r.33 €33

(GPa) (%) (C/m?)

OF-1100-O 83+8 261 170 £10 29+£0.3
1100-O ™+9 401 120£10 34+04

4.3.4 Effects of the porosity on the electromechanical properties of

KINNSr for 31-mode harvester application.

In the previous parts the electromechanical performance of the KNNSr thick films was
evaluated using properties of the thickness mode. This procedure was mainly chosen due
to the ease in deducing the corresponding mode parameters such as k,. Moreover, the
measured k, values allowed us to evaluate the performance of the KNNSr thick films. The
thick films reported in the thesis are porous with a porosity of 15-25 %. The literature
reports that this porosity content can be beneficial for the electromechanical performance
in thickness mode. More precisely, the k, value increases for PZT ceramics with a porosity
content ranging from 10 to 30 % compared to the dense ceramics [177], [178] and was
previously observed in PZT thick films [155]. Thus, thick films containing 10-30 % porosity
have been accordingly integrated in a high-frequency ultrasonic transducer for medical
imaging applications [73].
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For the targeted application (bimorph cantilever energy harvester) the important
parameters are the ones of the 31-mode, such as ds; or k3;. However due to the difficulty
in deducing the parameters of this mode, these properties have not been measured in the
present work. For example, the transverse mode was not observable from the electrical
impedance measurement in the case of a thick film on a substrate. Thus, in this last section,
we investigate the theoretical effect of the porosity on the FOMs of the 31-mode
piezoelectric energy harvester presented in Equation (1.1) and Equation (1.2). In Equation
(1.1) we neglect the dielectric losses.

To perform the calculation, we first need piezoelectric, dielectric and elastic components
of the tensors. These parameters were determined from the dense ceramic C-1120-O
(Appendix D). In this way, two bulk ceramic samples (C-1120-O), with rectangular and
circular shapes, were used to deduce the properties of the thickness, width-extensional and
radial modes. From these measurements s and s¥, (radial mode [179]), k,, cB, €55, €33
(thickness mode using KLM equivalent circuit) and k3%, (width extensional mode) were
obtained.

The determination of other effective constants to complete the database, such as the
measurement of the thickness-extensional mode of the thinned ceramics [180] was not
experimentally performed. Instead, the complete database was calculated using the
procedure described in [181]. This database included the seven experimentally determined
constants, i.e., s5 and s, k,, ¢}, €35 es5 and kj;. These constants were completed with
values found in the reference [182] for unmodified KNN to restrain the search space and
were only used as the initial input. The calculated database contained the parameters
required for the calculation of FOM for a 31-mode PEH and are given in Appendix D.

In a second step, this database was introduced in a homogenised model to extract the
effective parameters of porous piezoelectric material. The fabricated KNNSr thick films can
be considered as a biphasic material with a piezoelectric dense phase that represents the
matrix and the pore with air for the second phase. On a larger scale than the microstructure
one, the properties of the considered composite can be characterised by a set of effective
constants of an equivalent homogenised material. These constants can be obtained for
different porosity contents and used to calculate the FOMs. The model used to calculate
the effective constants (called the “matrix method” [183]) is based on a generalisation of
the series and parallel analysis from 2-2 connectivity composites [184]. KNNSr material is
represented by a unit cubic cell that contains an isolated cubic shape inhomogeneity
corresponding to the pore phase. The shape of this inhomogeneity defined the spatial
arrangement between the two phases, and consequently the connectivity of the composite.
In our present study, only closed porosity was considered, i.e., isolated pores in a matrix
phase. This configuration corresponds to 3-0 connectivity [184]. All details of the
calculation are given in [177] and the input data are all the components of the elastic,
dielectric and piezoelectric tensors of the two phases.

In the matrix method, the mechanical losses, i.e., 1/Q,, are not considered. Thus, we
hypothesised that the variation of the relative value of the @),,, as a function of the porosity
content was the same as the one reported for the porous PZT ceramic in reference [178].
From the variation of the parameters as a function of the porosity, we finally calculated
the FOMs as a function of the relative density of porous KNNSr materials. The results for
the parameters ds; and & 33 and FOM,, are presented in Figure 4.51.

ff—resonance
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Figure 4.51: dg;: piezoelectric coefficient (m), efy3: relative dielectric permittivity at
constant stress (@) and figure of merit in off-resonance conditions (A) of porous KNNSr
materials as function of relative density with 3-0 connectivity.

We observed that the absolute values of ds;, e} 55 and FOM ¢ resoncance decreases
when the relative density of the material decreases. At a relative density of 1 (fully dense
ceramic) the FOM,¢; ,conance €Xhibited a value of 0.5 x 10"* m?/N, which is close to the
value of 0.6 x 10" m?2/N calculated from the values given in Table 1.1 for stoichiometric
KNN when dielectric losses are not accounted. Then, we observed that the
FOM, ¢4 resonance decreases with the decreasing relative density. At a relative density of
85 % (typical density of the KNNSr thick films) the FOM, decreased by 28 %
of its initial value of dense KNNSr ceramic. The decrease of the FOM can be explained as
follows: the ratio dy; /el; is quasi-constant versus the porosity with a value of around
- 0.012 V.m/N. Then the FOM,, ;¢ ,csoncancefollows mainly the behaviour of ds; .

The literature shows that if the pores’ longest dimension is aligned along a direction

parallel to the main surface (lateral dimension), it is possible to increase the
FOM, ¢t esonance Of the PEH operating in 31-mode [185]. Whereas when the porosity was
aligned perpendicular to the substrate the FOM, ;¢ ,.cqonance in 31-mode decreased [185].
In the present results we introduced porosity without a particular alignment (cubic shape),
which is more representative of the KNNSr thick films’ microstructure.
Variations of @,,,, kg;, and FOM,, . conance ar€¢ presented in Figure 4.52. @), was
measured on the experimental admittance of the width extensional mode of the ceramic
C-1120-O [186] to be 78 and the relative variation as a function of the porosity, as explained
before, is taken from [178]. The value of k4, Q,, and FOM,_,, .. .onance decreases with a
decreasing relative density.

ff—resonance
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Figure 4.52: @,,,: mechanical quality factor (m), ks;: 31-mode electromechanical coupling
factor (@) and figure of merit in on-resonance conditions (A) of porous KNNSr materials
as function of relative density with 3-0 connectivity.

ks, did not follow the same trend as the k,, which exhibited a larger value when the
porosity content was in the range 10-30 % [177], [178]. The parameters in the 31-mode
such as ds; and k5, decreased with increasing porosity due to the interruption of the quasi-
rod ceramic skeleton continuity of the medium in the lateral direction [169].

The value of FOM,,, . ..onance fOr a relative density of 1 was ~0.35 x 10" N/m?2, which
is five times lower than the reported value in Table 1.1. The lower value is mainly
attributed to the values of @Q,,, and k5, i.e., 78 and 22 %, respectively. Whereas for the
calculation of FOMs in Table 1.1, @,, and ks, values of 240 and 27 % [7] were used,
respectively. We observed that at a relative density of 85 % the FOM,, . . onance had
decreased by 75 % of its initial value.

These results indicate that the porosity had a more prominent effect on

FOM, in comparison to the FOM, This can be explained by the

on—resonance ff—resonance*

fact that the variation as a function of the relative density of all the parameters in the
FOM,,, _.cconance Participate to decrease its value, i.e., a decrease of ks, and @,, at the
numerator and an increase of s at the denominator.

These results indicated that for an energy harvester operating in 31-mode, the porosity
in KNNSr notably influences its performance. The FOMs for both on- and off-resonance
conditions are larger for a higher density of the ceramic. These results qualitatively agree
with results reported in the literature [22].

Despite the clear trends revealed from these theoretical calculations, it is extremely

demanding to predict the exact influence of the porosity on the PEH performance. In
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particular because the calculated FOM took into consideration only the properties of the
material. Also, we made several assumptions. First, we considered only 3-0 connectivity;
however, the KNNSr thick films with relative density of ~85 % presented a network of
interconnected pores corresponding to an amount of 3-3 connectivity. This second
connectivity can have a different influence on the properties and then on the FOMs. The
literature shows that the shape of the pores strongly influences the FOM, ;. concance
[185] and in our case we limited the study with a cubic shape. We also assumed the same
variation of @,, as a function of porosity than that reported in [178]. But other studies
show different behaviours of the mechanical losses where its variation as a function of the
porosity is low and depends on the pore size distribution [170].

According to these considerations, variations of these two FOMs could be minimised
with an optimisation of the connectivity, orientation and shape of the pores and pore size
distribution. Moreover, these two FOMSs are representative of the piezoelectric material,
but not of the whole device with its electrical and mechanical environments. For example,
if the bandwidth of the excitation is broad, material with a lower ),, may be preferred
[22]. Consequently, the energy output of the PEH does not necessarily follow the same
trend as the two FOMs.

4.3.5 Summary

A specific deposition setup that enables the realisation of a bimorph structure on a
110-pm-thick alumina (DFAO) substrate was fabricated and wvalidated. When sintering
KNNST layers deposited on one side of DFAO substrate, we observed a bending of the
structure, related to the flexibility of the substrate and to the in-plane stresses which develop
during the sintering and the cooling of the structure. We showed that in the symmetrical
structure composed of KNNSr layers of similar thicknesses on each side of DFAQO substrate,
the bending of the structure was minimised. Using this method, the bimorph
KNNSr/DFAO/KNNSr structure have been processed.

The two ~40-um KNNSr thick films had a homogenous microstructure with a relative
density of 86 + 4 %. To characterise these piezoelectric layers in the bimorph structure,
the KLM electrical equivalent circuit was adapted to take into account the extra inert layers
and to deduce the electromechanical properties of one piezoelectric thick film. The KNNSr
thick film had a larger relative dielectric permittivity and elastic stiffness in comparison to
1100-0, which was ascribed to the larger density.

Finally, we theoretically investigated the effect of close porosity on the 31-mode figures
of merit (FOMs) of a cantilever PEH integrating KNNSr materials to evaluate the
performance of thick films for the targeted applications. We observed that with introduction
of 3-0 connected pores without a particular alignment, the ds, 5233, ks, and Q,, decrease,

E

whereas sy increases. These results indicated that the FOM, and

ff—resonance

FOM,,, . cooncance decreased by 28 and 75 % of their nominal values, respectively, with the
decreasing relative density of the KNNSr from 100 % to 85 %. These conclusions are based
on considering only the material properties. The results may be different when we consider

the whole device with its electrical and mechanical environments.
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Chapter 5
Conclusions and Outlook

Harvesting energy from ambient mechanical vibrations is a promising way to power
autonomous sensors and support innovative developments in the internet of things, wireless
sensor networks and implantable medical devices. The energy can be harvested with
piezoelectric effects using a cantilever, i.e., piezoelectric layers integrated on one side
(unimorph) or two sides (bimorph) of a substrate. This work described the processing of
(KosNags)009ST00sNbO3 (KNNSr) lead-free thick films on alumina substrates.

In the first part, with the aim to process the layers with EPD, we stabilised sub-
micrometre KNNSr particles in absolute ethanol using poly(acrylic acid-co-maleic acid)
(PAM) and n-butylamine (BA). The suspension was stable with the ZP of the particles
being —47 4+ 6 mV. The conductivity of the suspension was tailored by the amount of PAM
and BA and ranged from 9.2 to 29.1 uS/cm.

The particles were deposited at a constant current density of 1.56 mA /cm? on a rigid
platinised 640-um-thick alumina substrate. The deposited mass increased linearly with the
deposition time and was inversely proportional to the conductivity of the suspensions. The
deposits from the suspension with a conductivity of 9.2 ©S/cm were non-homogenous, with
defects after the drying, and thicker edges in comparison to the central part of the thick
films. With the increasing conductivity of the suspension, the homogeneity and thickness
uniformity of the layers improved. The suspensions with conductivities between 20 and
30 pS/cm were suitable for the processing of KNNSr layers by EPD.

With a finite-element analysis (FEA) we confirmed that the thickness uniformity
was strongly correlated with the spatial distribution of the electric field strength close to
the working electrode. More precisely, we theoretically predicted the electric field strength
between the two electrodes for different combinations of the diameter of the counter
electrode (D,) and the inter-electrode distance (h;).The most thickness-uniform as-
deposited layers were obtained for A;=3 mm and D,=8 mm, i.e., when D, had the same
length as the square-shaped working electrode.

In the second part the as-deposited layers with a thickness of ~45 pum were sintered at
1075, 1100 and 1120 °C. The sample sintered at 1075 °C was porous, whereas the 1100 and
1120 °C sintered thick films had relative densities of 77 and 86 + 4 %, respectively. They
contained defects that prevent any functional characterisation. We minimised the
formation of defects by depositing a ~ 10-pm-thick layer on a platinised alumina substrate
and fired it at 1000 °C, followed by the deposition of a second layer on top of the first layer
to reach a total thickness of ~ 45 pm. After drying we did not observe any macro-defects.

We studied the relationship between the sintering conditions, the microstructure, and
the functional properties of the KNNSr thick films. Based on the shrinkage temperature
curve, we sintered the layers in the narrow temperature range, at 1090, 1100 and 1110 °C,
in air and oxygen. With an increasing sintering temperature up to 1100 °C, the relative
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density increased from ~75 % to ~80 %, accompanied by pore growths, which was reflected
in an increase of the relative dielectric permittivity (e, 53), and the elastic constant at a
constant electric displacement (c£}). Upon heating to 1110 °C, the density did not vary
significantly, but the pore size further increased, which resulted in similar values of €, 35
and ¢} . The influence of the sintering atmospheres, i.e., air and oxygen, on the
densification and electromechanical properties, is not significant.

We observed preferential crystallographic orientations in the [100] and [-101] directions
of the monoclinic phase of the KNNSr thick films. However, we did not detect any
significant impact of these orientations on the electromechanical properties of the thick
films. The KINNSr thick films sintered at 1100 °C for 2 hours in oxygen had a density of
~ 81 %, a piezoelectric coefficient dy3 ; of 65 £ 5 pC/N and a thickness-mode
electromechanical coupling factor of 40 %, similar to the bulk ceramics.

In the third part, a process for the fabrication of bimorph cantilever PEH was performed
based on the results obtained in the two previous parts. For this purpose, we designed and
fabricated a deposition setup which enabled the processing of KNNSr thick films on two
sides of flexible substrates, i.e., a 110-um-thick platinised alumina substrate. The KNNSr
layer deposited on one side of the 110 um-thick substrate, i.e., the unimorph structure,
bent during the sintering at 1100 °C. We related the bending to the stresses that developed
during the sintering and during the cooling of the structure from sintering to room
temperature. The processing and sintering of a symmetric bimorph structure minimised
the bending. The bimorph structure consisted of two similar KNNSr layers with a thickness
of ~ 40 um, a relative density of ~ 86 % and a thickness-mode electromechanical coupling
factor of 26 %. These results indicated that KNN-based layers can be processed on both
sides of a 110-pum-thick platinised alumina substrate by EPD and subsequent sintering.
Thus, the innovative developed process enables the processing of a bimorph structure,
which can be used in the preparation of piezoelectric energy harvesters.

The porosity content in the thick films impacted the performances of a 31-mode
cantilever PEH. The theoretical evaluation of the introduction of randomly oriented and
isolated pores in KNNSr ceramics (3-0 connectivity) showed that it decreases the
electromechanical parameters ds;, kg;, @,,, which resulted in a decrease of both the
figures of merit in the on- and off-resonance conditions. We found that the FOM in the
on-resonance condition was more impacted by the porosity than the one in the off-
resonance conditions.

In future work the characterisation of the functional properties of the thick films in 31-
mode (esq, k3p,..) and the calculation of the corresponding figures of merit of PEHs
operating in this mode is required to evaluate the processed structure. These characteristics
are needed to simulate the theoretical behaviour of PEHs integrating the KNN-based layers
and to optimise, according to the targeted application, the geometry. The final step is the
realisation of a demonstrator with an optimised predicted geometry and its characterisation
in harvesting conditions.

The composition (KosNaos)oosSrowsNbOs used in this work was chosen as a model
system, but the procedures developed within this thesis, are also convenient for other metal-
oxide compositions. For an energy harvester working in on-resonance conditions the use of
a piezoelectric with a larger mechanical quality factor and the 31-mode electromechanical
coupling factor is beneficial. One of the possibilities is to modify the chemical composition
of the KNN and/or to increase the relative density of the thick films using additives that
enables sintering in the presence of a liquid phase. Both factors could improve the
electromechanical properties of the piezoelectric resulting in larger power outputs of the
PEH at the resonance frequency.
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Appendix A

Piezoelectric and Ferroelectric

Materials

A.1 Piezoelectric Materials

The direct piezoelectric effect exhibits a material that generates an electric charge
proportional to the mechanical stress it is subjected to. The converse piezoelectric effect is
exhibited by a material when the application of an electric field to the material
proportionally strains the material.

Piezoelectric materials are anisotropic, i.e., their properties differ along different
directions. The coupling between the electrical and elastic parameters of these materials is
described by thermodynamic considerations, under isothermal conditions and choosing the
electric field and the stress as independent parameters, the constitutive equations are given
by [187], [188]:

Di:dim.Tm—i—sg;.Ej (A1)

where S, is the strain second-order tensor, sZ  the elastic compliance fourth-order tensor
at constant electric field, T, the mechanical stress second-order tensor, d,,, a piezoelectric
third-order tensor, E; the electric field vector, 517; the dielectric permittivity second-order
tensor at constant stress and D, the electric displacement vector. The i and j subscripts
are 1, 2 or 3, whereas the m and n subscripts are between 1 and 6 and represent the indexes
using Voigt notation (the correspondence is represented in Figure A.1b):

(11) =1;(22) =2; (33) = 3; (23) = (32) = 4; (13) = (31) = 5; (12) = (21) =6

However, the components of the tensor using Voigt notation are not rigorously equal to
the component using the full notation. For example, for the strain tensor S;; or S,, we
have:

{ Sj= Spifi=j A2

28, = S, ifi#]
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Figure A.1: Schematic representation on a cubic shape of a) index directions and b) the
direction with the Voigt notations. By convention the polarisation direction (P) is chosen
in the direction of the axis 3. X represents the stress (T) or strain (S).

This set of equations (A.l) integrates both the direct and converse piezoelectric effects.
The term d,,, E; represents a strain induced by an electric field, i.e., the converse
piezoelectric effect, whereas the term d,,,,. T, represents an electric displacement induced
by a stress, i.e., the direct piezoelectric effect. According to the selected system of
independent parameters (1", S, E, D), three other sets of constitutive equations are given
by:

D; = €;,. S, + 5. E; (A.3)
_ S :
Sn = SnDln‘Tn + anz
{E o (A5)
i = —Yim- Ty + Bij- D;

where 5% is the dielectric permittivity second-order tensor at constant stress, ,ij and 55
are the reciprocals of the second-order tensors of permittivity at constant strain and stress,
respectively, ¢ and cE  are the elastic stiffness fourth-order tensor at constant electric
displacement and electric field, respectively, s2 is the elastic compliance fourth-order
tensor at constant electric displacement. The e, , h; ., and g,,, are piezoelectric third-
order tensors.

The energy conversion from electrical to mechanical or from mechanical to electrical by
a piezoelectric material can be assessed using one of its electromechanical coupling factors

(k). This coefficient is defined for a given resonance mode as [187]:

, _ stored mechanical energy

(A.6)

~ supplied electrical energy

Or
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12 stored electrical energy (A7)

~ supplied mechanical energy

k is defined for each vibration mode (ks3, k3y, k¢, k,, ...) and depends on the material
properties and material dimensions. Common resonance modes and associated
electromechanical coupling factors are presented in Table A.1.

Table A.1: Resonance modes and associated electromechanical coupling factors. The blue
arrows represent the vibration directions and the red arrows the polarisation direction in
the piezoelectric material. Yellow areas represent the electrodes.

Vibration Geometry Electromechanical
mode coupling factor
[ ﬂ‘t‘\ 3 ) 2,
. ¢ 2 —
Thickness T T I A ki = p ?% - §3
t<«<D
3
L 2 d2
Transverse 1 k3 = E31T
td S11€33
t<«< L
D 3 K2 =2, 2
; — 1 2 p E
Radial 1 P ] | . 14+ S_}EQ
S11
t«<D
L
d2
Longitudinal 2 D 1 k3s = . E??T
33€33
—— 3‘;
D«L

k;: thickness-mode electromechanical coupling factor, k,: planar-mode electromechanical
coupling factor, ks;: 31-mode electromechanical coupling factor, ks5: longitudinal-mode
electromechanical coupling factor, ess, dss, d3; piezoelectric coefficients, s&5, s¥ | s&,:
compliances at constant electric field, cf} : elastic constant at constant electric
displacement, e355: the dielectric permittivity at constant strain and I3 the dielectric
permittivity at constant stress.
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The piezoelectric material exhibits dielectric and mechanical losses, which can be
introduced by complex mechanical and dielectric parameters [189]. For the thickness mode,
a complex mechanical stiffness at constant electric field:

el =1+ j(6,, + kd,)) with 6, < 1 (A.8)

and a complex dielectric permittivity at constant strain:

e5 = e55(1 — jd,) with 6, < 1 (A9)
are introduced, where §,, and d, are the mechanical and dielectric losses, respectively [189].
The inverse of the mechanical losses is the mechanical quality factor (@,,). High @,,, values
are associated with low damping of the mechanical vibration. The dielectric losses are
associated with the conductivity of the material and the phase lag between the polarisation
and the applied electric field.

A.2 Ferroelectric Materials

Among the piezoelectric materials, ferroelectric materials exhibit a spontaneous
polarisation, with at least two stable spontaneous polarisation states, which can be reversed
by the application of an external electric field. Ferroelectric polycrystals contain
ferroelectric domains, i.e., regions of uniform spontaneous polarisation, which minimise the
sum of electrostatic, elastic, domain-wall and surface energy in the grains [190]. The
application of an electric field to the ferroelectric material causes the occurrence of
polarisation-electric field hysteresis loops.

By applying a large enough electric field to the ceramic, the polarisation of the domain
switches towards the direction allowed by the crystal symmetry, which is as close as
possible to the applied electric field direction. It results in a quick increase in charge density
(see Figure A.2, segment AB). Then, along the line BC, the ferroelectric material behaves
as a dielectric material, with a linear relationship between the electric field and the
polarisation. Decreasing the electric field strength will decrease the polarisation due to
some domain back-switching; however, the polarisation at zero electrical field still exhibits
a finite value called the remanent polarisation (Pp, at point D). Reversing the electric field
will cause the polarisation to decrease, reaching zero when the electric field reaches —E
(the opposite of the coercive field) at the point E. When the electric field is further
decreased under E, it creates a new alignment of the domains in the opposite direction,
until saturation is reached (point F'). When the field is removed, the ferroelectric material
exhibits a non-zero remanent polarisation (point G).
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Figure A.2: a) Schematic representation of polarisation (P) electric field (E) hysteresis loop
of a polycrystalline ferroelectric material (insets show the domain configurations) [191].
E.: coercive field, Pg: polarisation at saturation and Pp: remanent polarisation.

In addition to the polarisation-electric field hysteresis, strain-electric field loops, which
are also called “butterfly” loops (Figure A.3) are also observed. Here, we consider a
monodomain crystal, for which the polarisation can be switched by an instantaneous 180 °
reversal. When the applied electric field is zero, the strain is taken as zero (point A). When
an external electric field is applied to the crystal in the direction of the spontaneous
polarisation, the strain increases through the intrinsic piezoelectric effect (line ABC). After
the maximum field value is reached, reaching the maximum strain at point C, the applied
electric field is reduced and the strain decreases following the line (CBA). Between the
points A and D, the electric field is applied in the opposite direction to the spontaneous
polarisation, and the crystal contracts through the piezoelectric effect. At the point D the
electric field is strong enough to switch the polarisation direction of the domain, which
becomes parallel to the field, and thus the stress becomes positive (point E). A further
increase of the field in the negative direction causes an increase of the strain until the
maximum field and strain are reached at the point F. Then removing the electric field
causes the strain to decrease along the line FEA. If the electric field is applied again, in a
positive direction, the polarisation switching would take place at the point G.

A measured hysteresis loop for the Kos;Nao;NbO; ceramic is presented in Figure A.3b.
The switching from one direction of the polarisation to another in a real ferroelectric is less
sharp than shown in Figure A.3a, as the sample may exhibit domains with a range of
coercive fields. Depending on their structure, polycrystals may also possess non-180°
domain walls. The change in crystallographic orientation when the polarisation of non-180°
domains is switched will cause an additional strain/stress. The situation is schematically
depicted in Figure A.4 for the mobility of a 90° domain wall where the difference between
the unit-cell parameter a and ¢ and the variation in the domain structure upon applying
an electric field causes an expansion of the material. The presence of those non-180° domain
walls in ferroelectric polycrystals causes extrinsic contributions to the piezoelectric effect
[192], i.e., contributions which are not lattice-cell dependent.
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Figure A.3: a) Schematic representation of the strain-electric field hysteresis loop of a

ferroelectric material containing only 180° domain walls [190], b) Measured strain-electric
field hysteresis loop of Ks;Nao;NbO; ceramic [193].
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Figure A.4: Schematic representation of the dimensional change during the application of
an electric field in a tetragonal structure due to the mobility of a 90° domain wall. “a” and

“c” designate the unit-cell parameters of the tetragonal structure and Pg the spontaneous
polarisation in each domain.



103

Appendix B

Electrostatic Stabilisation of Charged

Particles in a Solvent

The surface of a metal-oxide (MO) particle immersed in a polar solvent can acquire charges
through the ionisation of the surface groups, ion adsorption, dissolution of ionic solids and
isomorphous substitution [194]. The charged MO surface attracts ions with the opposite
charge (counterions) present in the solvent. The counterions are subjected to thermal
motion, which tends to distribute them uniformly through the surrounding medium. The
net effect of the electrostatic attraction and thermal motion is the formation of a
concentration gradient of counterions forming the electrical double layer (EDL).

In close vicinity to the particles, the well adsorbed counterions form the Stern layer (in
green in Figure B.1). In the Stern layer the electric potential decays linearly with the
distance from the surface. In the second layer, i.e., the diffuse layer, the concentration of
counterions decays gradually and the electric potential decreases exponentially with the
distance from the surface towards the diffuse layer (in red in Figure B.1).

The extension of the EDL is described by the Debye length (1/x) [81]:

1 | egeokpT
=\ ar sz o

with €, and g, the solvent’s relative dielectric permittivity and the dielectric permittivity
of the vacuum, respectively, kg the Boltzmann constant, 7" the temperature, g, the
elementary charge, n? the concentration of the ions i in the suspension and z; the valence
of the ions i.

When a charged particle moves in a fluid, there is a fluid layer close to the particle
surface that flows together with the particle: the hydrodynamic stationary fluid. The plane
separating the hydrodynamic stationary fluid from the rest of the fluid is termed the slip
plane. The electrical potential at the slip plane is defined as the zeta-potential (ZP). For
non-conducting particles the ZP is given by [81]:

Nve
ZP = fy -k (B.2)
0

r

where 7 is the dynamic viscosity of the solvent, v, is the electrophoretic velocity, E is the
applied electric field, €, is the relative dielectric permittivity of the solvent, g, is the
dielectric permittivity of the vacuum and f; is the Henry constant. For a particle with a
radius r and the conditions kr < 1 the fj; is 3/2 and when kr > 100, f is 1 [81].
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Figure B.1: Schematic illustration of the electrical double-layer structure at the solid/liquid
interface of a positively charged particle.

The interactions between two particles at a distance D depend on the magnitude and
range of the Van der Walls attractive potentials (V) and the electrostatic repulsive
potentials (V). The interaction potential is represented in Figure B.2 [80]:

1)
2)

When particles are far apart there is no interaction between them.

As the particles approach one to another, there is a secondary minimum in the
interaction energy versus separation distances (D). The secondary minimum is
present when the magnitude and range of the electrostatic repulsion is low, and the
attractive force prevails at this separation distance. The presence of a secondary
minimum causes the particles to weakly agglomerate.

When the separation distance (D) between the particles decreases, i.e., the repulsive
electrostatic force prevails over the attractive force, thus the interaction potential
reaches a maximum known as the potential barrier (V). If this barrier is larger
than 25 kT (thermal motion), the particles are well stabilised, no agglomeration
is observed.

At a close distance between the particles, there is a deep primary minimum. In
this primary minimum the attractive force overcomes the repulsive force, which
causes a strong agglomeration of the particles.
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Figure B.2: Schematic representation of the interaction potential as a function of the
separation (D) between two particles with radius 7 dispersed in a solvent [80].
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Appendix C

Equivalent Electrical Circuit for
Piezoelectric Thick Films

Characterisation

The vibration along the thickness of a piezoelectric plate is commonly used for medical
imaging, non-destructive testing, or other applications. This condition allows simplifying
the corresponding models: in this case only one dimension along the vibration direction is
considered and several electrical equivalent circuits were developed [195]. In this appendix,
the Krimholtz-Leedom-Matthaei (KLM )model is retained and briefly described [141]. The
case of the calculation of the electrical impedance of piezoelectric layers structure is
highlighted for the characterisation of the electromechanical properties of a piezoelectric
thick film on a substrate.

C.1 Electrical Hexapole Representation of Piezoelectric
Element: KLM Model

A piezoelectric plate poled along the thickness (¢,,) is considered in Figure C.la. The
lateral dimensions of the piezoelectric plate (I and w) are higher than the thickness ¢,, to
only consider the thickness-mode vibration along axis 3 (piston mode). The two electrodes
cover the surface S,

The voltage applied to the electrodes is noted U,, the displacement velocities, and
applied forces to the front and rear faces are denoted as vy, vy, ?1 and E, respectively.
With this hypothesis, the electric field with only a component along the axis 3 (E5) leads
to a longitudinal vibration in the 3-axis direction, and the piezoelectric constitutive
equations (Appendix A) are reduced to:

(C.1)
Dy = e35.5; + €§S.E3
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Figure C.1: a) Notation for piezoelectric plate [189] and b) Scheme of the KLM electrical
equivalent circuit [141]. Red arrows represent the poling direction.

An equivalent electrical model, the KLM model (1-dimensional model, developed by
Krimholtz, Leedom and Matthaei [141]) allows the calculation of different transfer
functions in emission, reception and emission/reception, such as the electroacoustic
response of an ultrasonic transducer. Electrical impedance as a function of the frequency is
also easily calculated. In the model the piezoelectric element is described as an hexapole
with two acoustical ports and one electrical port (Figure C.1b), more precisely:

1) The two propagation lines of thickness t,,/2 make it possible to link the acoustic

ports of the rear and front faces described by the line primary parameters:
a. Resistivity (£2/m): R
b. Inductance (H/m): L
c. Capacitance (F/m): C
d. Conductance (S/m): G
and the secondary parameters (Zp) and the propagation constant (yp) given by:

R+ jwL
7= | — 2
P \/ G + jwC (C.2)

v p= V(R4 jwL)(G + jCw) (C.3)

and

with w the pulsation.

An electrical port that is connected to the centre of the acoustic line by an
electromechanical transformer to introduce the piezoelectric property and two
capacitors in series: C, (static capacitance) and C” (motional capacitance). The
capacitance C|, is given by:

S
€33- Selec (04)

ty

CO -

with €35 the dielectric permittivity at constant strain of the piezoelectric element,
and the motional capacitance C” is given by:
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’ CO

o - S0
k2 sinc(wgf—M) (C5)
L

with £, the thickness-mode electromechanical coupling factor, and V; the longitudinal
wave velocity.
The electromechanical transformer coefficient @ is given by:

. t
2sin(wad
D= 2ointeayy) (C.6)
wCyZ,
Then, the voltage U, is expressed as:
I I
U, + @F, (C.7)

= = +——
© jwCy  jwC’
with Fj the force in the centre of the piezoelectric material and I the electrical current.

If the piezoelectric plate resonates in air, the acoustical impedance of this media can be
neglected on each side of the element and the electrical impedance of the piezoelectric plate
considered in a free resonator configuration is given by [195]:

Z—Ue = (1—/{:2%\
2

e_I:ij[)\

(C.8)

The maxima of the impedance, according to Equation (C.8), is observed for the anti-
resonant frequency (f,) given as:

fo= (C.9)

and the impedance is zero for the resonant frequencies (f,) that are obtained for the
conditions:

7TfrtM
k2 M =1 (C.10)
K 7TfrtM B .
L

The determination of the resonant (f,) and anti-resonant frequency (f,) makes it possible
to deduce the value of the thickness-mode electromechanical coupling factor by rewriting
Equation (C.10), taking into account Equation (C.9):

Tf T f
k, = \/2—f,:cotan(2 f:) (C.11)
The capacitive effect, and values of the resonant and anti-resonant frequencies are
highlighted on the modulus of the electrical admittance representation (|Y,| = 1/|Z.]), see
Figure C.2
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Figure C.2: Modulus of the electrical admittance (|Y,|) as a function of the frequency (f)
of a free piezoelectric resonator [195].

In the previous representation, losses (mechanical d,, and dielectric d,) are not
considered and the calculated impedance has only an imaginary part. In practice the
electrical and mechanical losses limit the value of the admittance at the resonant
frequencies (presented in Figure C.2) to finite values. The losses are added by integrating
complex parameters in the KLM equivalent electrical circuit as [189]:

e5y = e55(1 —46,) with 6, < 1 (C.12)

D = eB(1+ (6, + k26,)) with 6, < 1 (C.13)

When losses are accounted for, it is possible to calculate both the imaginary and the real
part of the impedance of a piezoelectric resonator.

C.2 Multilayer Structure

In the case of a piezoelectric thick film that is surrounded by electrodes and substrate, the
1D model assumptions are still valid, but the analytical formula for the electrical impedance
given in (C.8) has to be modified to take into account the impedances of the front and rear
faces. The main advantage of the KLM formalism is that it can be written in matrix
notation, which will allow the calculation of each layer transfer function separately [196].
Each layer added in the front or the rear face of the piezoelectric material (electrodes and
substrate in our case) is represented by propagation lines (quadrupoles) defined by the
parameters (Z;, ;) and the layer thickness ¢,. The acoustic port of the piezoelectric element
is represented by two quadrupoles representing the acoustic lines (Zp,vp) and the half
thickness (¢,,/2), and the electrical port of the piezoelectric layer is introduced by two
quadrupoles:

—  Ng: represents the two capacities connected in series Cy and C”

— Ny represents the ideal transformer.
Each transfer matrix is computed separately. Thanks to this representation the hexapole
representing the piezoelectric material is reduced to quadrupoles. The global transfer
matrix (M) is obtained in two steps:
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1) Calculating the transfer matrix of the rear port, brought to the centre of the
piezoelectric layer (Ny, containing N Al,0, for alumina substrate, Np, for platinum
bottom electrode and Np for the piezoelectric “half thickness” delay line);

2) Then the global matrix M is computed as:

with N, the transfer matrix for the gold top electrode.
The specific configuration of the KNNSr thick films deposited on 640 pum alumina (RAO)
substrates is schematically presented in Figure C.3.

Multilayer KNNSr structure Matrix notation
—_—
N £
Top gold electrode (Z g Vaw) N
taw Au

____________________________________________________________________________________________ I

(Zxnnsr YrnnsT) N
txnnsr/2 P

(Zxnnsr YrNNST) N
txnnsr/2 P

_____________________________________________________________________________________________ T

(Zpt: Ver) NPt

tpt

(Zar,0,:Ya1,0,)
tai,0,

_F Av

Figure C.3: Matrix notation of the KLM model applied to KNNSr films processed on
platinised alumina substrates.

Alumina Substrate

The matrix M makes it possible to connect the multilayer structure to an external
electrical environment, such as, for example, a generator in emission conditions. An
example is given in Figure C.4, with a voltage (U, g) delivered by the generator with an
internal electrical impedance (Z g). A voltage U, is applied to the piezoelectric element and
the acoustic port generates a force Fjy at the terminals of an impedance (Z,,) related to
the impedance of the surrounding medium.
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I

> |z M|y

A A A
U, U, Zn || Ry

Figure C.4: Equivalent electrical circuit for a transducer in emission.

Similar conditions are defined in reception and then in emission/reception to model the
behaviour of the whole ultrasonic transducer considering its electrical and mechanical
environments.

For the case presented in Figure C.3, complex electrical impedance of the multilayer
structure in air is calculated to characterise only the functional properties of the
piezoelectric thick films.
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Appendix D

KNNSr Bulk Ceramics

The polished cross-section and fracture-surface scanning electron microscopy (SEM) images
of the KNNSr ceramics sintered at 1120 °C for 2 h in air (C-1120-A) and in oxygen (C-
1120-0O) are presented in Figure D.1. The microstructure consists of a KNNSr matrix phase
and a few micrometre-sized pores. C-1120-O also exhibited a brighter phase (Figure D.1c).
The EDXS analysis showed that the (Na+K)/Nb ratio in this phase was close to 0.5, which
correspond to the tungsten-bronze phase with the composition Ks7NbigssO30 [48]. The grain
sizes range from ~0.5 to ~10 um (Figure D.1b and Figure D.1d). The densities of the C-
1120-O and C-1120-A, measured by Archimedes’ method, were 4.4 g/cm®and 4.2 g/cm?,
respectively.

Figure D.1: Polished cross-section SEM images of a) C-1120-A and c¢) C-1120-O and
fracture surface SEM images of b) C-1120-A and d) C-1120-O. KNNSr:
(Ko.sNaos)0.09Sr0.00sNbOs; TB: tungsten bronze and P: pores.
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The complete database (with all the components of elastic, dielectric and piezoelectric
tensors) for C-1120-A is given in Table D.1. These data were obtained using samples with
rectangular and circular shapes to favour one vibrational mode. Several parameters were
deduced such as s and s¥, (radial mode, circular sample), k,, B}, e5;, €55 (thickness
mode using KLM equivalent circuit, circular sample) and k3, (width extensional mode,
rectangular sample). The constants deduced from the measurement are marked with an
asterisk in Table D.1. All the other parameters were determined using a genetic algorithm
and the inter-coefficient relations between elastic, dielectric and piezoelectric parameters
[181]. The experimentally determined constants were completed with initial data taken
from [182] for unmodified KNN to restrain the search space of the algorithm. The chosen
criterion for the algorithm allows us to optimise the consistency of the database.

Table D.1: Database for KNNSr ceramics: ¢f; and ¢/} (GPa), sf5 and s; (10" m2/N),
ij (C/m?), h; (10° V/m), d;; (pC/N), 9ij (V.m/N), g2, &F 5§ (10° m/F) and

eT 0 raj 0 Srigo
T (10° m/F).

(S,E)-type fundamental relations: : ¢ (GPa), e;; (C/m?), &2

) Sriig

ciy ci cis Cs3 Ciy Céo
142.1 68.4 65.8 131 38.3 36.9

€31 €33" €15 = €3
-2.1 8.3 10.8 508 300
(S,D)-type fundamental relations: ¢ (GPa), h;;(10° V/m), 8 (10° m/F)

D D D D x D D
C11 C12 G G Cay Ce6
143.8 70.1 58.6 156 59.4 36.9
h31 h33 h15 /8151 653
-8.0 33.8 21.5 0.21 0.38
(T,E)-type fundamental relations: sf (10" m?/N), d;; (pC/N), eI,
ST s15" ST $33 54 566
10.2 -3.3 -3.5 11.1 26.1 27.1
d3y d33 dys €11 € 33
-47 118.4 281.9 878 450
(T,D)-type fundamental relations: s (10"2 m?/N), g;; (V.m/N), 8L (10° m/F)
D D D D D D
S11 512 S13 $33 S44 566
9.7 -3.9 -2.1 7.3 16.8 27.1
931 933 915 A B33
-0.013 0.030 0.036 0.13 0.24
Electromechanical coupling factors k;; (%) Density ‘

k" ks ks k, kg, " p*(kg/m?)
41 56 23 40 31 4300

*Experimentally deduced values
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Appendix E

Choice of a Parameter to Assess the
Uniformity of the Electric Field

We needed to choose a relevant parameter to evaluate the uniformity of the electric field
strength in close vicinity to the working electrode. The electric field strength along the line
A-A (see paragraph 3.4) of the electrode shows two typical configurations:

-the configuration 1 with two maxima at the edges, observed for example at h; = 4 mm
and D, = 8 mm (Figure E.la);

-the configuration 2 with two maxima at the edges and an additional maxima at the centre
of the electrode observed for example at h; = 4 mm and D, = 4 mm (Figure E.1b).

The configuration 1 presented in Figure E.la with a large region with constant electric
field strength is preferred in terms of uniformity to the configuration 2 presented in Figure
E.1b.

a) 1 _ Configuration 1
10,04 EZ

7,54

E, (KV/m)

504 =—--=--

2,54

0,0
] Configuration 2

O
S

10,0 4

mi

7,51

5,0

E, (KV/m)

0,0

0 I 2 I 4 I fli I 8 I 10 ‘ 12

X (mm)
Figure E.1: Finite-element-analysis predicted electric field in close vicinity to the working
electrode of the EPD setup for a) h; = 4 mm, D, = 8 mm (configuration 1) and b) h,= 4
mm, D, = 4 mm (configuration 2). Solid red line: average value of EZl(E‘Z) and blue
dotted line: median value of E ; (E;)
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We selected three parameters to estimate the electric field strength’s uniformity. Those

three parameters were calculated using exactly the same data, i.e., the values of the F ;

at the points for which X; was on top of the working electrode, 2.35 mm < X, < 10.35

mm along the line A-A (see Figure 4.12a), representing a total of n points (~ 160 points).
1. The first parameter was an electric field aspect ratio (ARy) calculated as:

~ max (Ey;)

ARy = (E.1)

min(EZ,i)

where max((Ey ;) and min (E,), represent the maximum and minimum values of the
E, ; in the dataset, respectively.
2. The second parameter was the standard deviation (SD), which was normalised by
the average value of the dataset (E,) and was calculated with the formula:

SD = \/%iwz,i B, [F, (.2

3. The third parameter was the absolute deviation (MAD), which was normalised by
the median of the dataset, i.e., F, ,, and was given by

MAD = median (|E,, — E,|)/Ey, (E.3)

The values of these three parameters for the two configurations are given in Table E.1.

Table E.1: Aspect ratio (ARp), normalised standard deviation (SD) and normalised
median absolute deviation (MAD) for the configuration 1 (h; = 4 mm, D, = 8 mm) and
configuration 2 (h; = 4 mm, D, = 4 mm).

ARp SD (%) MAD (%)
configuration 1 1.92 19.9 0.6
configuration 2 1.58 11.3 7.9

The values of ARy were 1.92 and 1.58 for the configurations 1 and 2, respectively. The
lower calculated value for the second configuration showed that ARy was not a good
criterion to describe the electric field strength’s uniformity when configuration 1 and
configuration 2 are compared. However, the use of AR was appropriate to address the
uniformity of the electric field strength only in the configuration 1 with the maximum
values at the edges and a minimum value in its centre.

For the SD parameter, the tendency was the same as AR, where the lowest value
(11.3 %) was obtained for the configuration 2. This result was mainly due to the smaller
distribution of E ; around the average E, value (solid red line in Figure E.1).

Finally, the calculated MAD values are more representative of the electric field
uniformity with a significant lower value for the configuration 1 (0.6 %) compared to the
configuration 2 (7.9 %). The median value integrated in the MAD definition represented
an intermediate parameter that was close to the constant electric field strength value in
the central part of the electrode for the configuration 1 (dashed blue in Figure E.1). The
MAD parameter was retained in the whole thesis since it best describes the statistical
dispersion of the electric field strength and quantifies its uniformity.
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Appendix F

Deposition Yields: Comparison on

Various Substrates

In the two-step deposition-sintering procedure, we deposited the first KNNSr layer on RAO
substrate, meaning on the platinum electrode. The second layer was deposited on top of
the first layer, i.e., on the fired KNNSr layer.

For the electrophoretic deposition, the use of electrodes with various materials and
surface morphologies could result in different yields [86], [87]. Thus, we measured the yields
after deposition of the KNNSr layer in the same conditions on two substrates, namely RAO
with platinum electrode and on F-1000-A, which consist of a KNNSr-covered platinum
electrode.

The depositions were performed from the same suspension with a conductivity of
29.2 uS/cm at a constant current density (1.56 mA/cm?) onto the RAO substrate and
F-1000-A.

The results of 5 depositions for 30 s onto the RAO substrate gave a yield of
3.0 £ 0.2 mg/(cm?) and 5 depositions onto F-1000-A for 30 s gave a yield of
3.1 £ 0.2 mg/(cm?).

These results indicated that similar yields were observed when depositing the KNNSr
on the RAO substrate and F-1000-A for a selected deposition condition.
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