Doctoral theses at NTNU, 2020:246

-

Nikolai Helth Gaukas

Lead-Free Ferroelectric KNN
Films for Biomedical
Applications

- -
il I e

R4
(Va)
()}

i
i)

©
|-
@)

)
O
@)

()

ISBN 978-82-326-4840-5 (printed ver.)
ISBN 978-82-326-4841-2 (electronic ver.)
ISSN 1503-8181

Y—

g 2HogQX

Zo008 YL

2 ESodo5o

o 2 = )

= CMD'GC

Y -COJq)m._

5 PO & 5 ¥

= |—GJ_CE|_|_|
o £ as

C"’O"’U

a ms_mmc

O o0Z @®

o V= o

- Vw<E oo

z Cho c

J 29720

c = 2&A

< Y S 0

N o w2

S 2 =

N = =

o [ Yy

D o

c R

8 ]

20 €

g £

g %

o a

= a

< NTNU < NTNU

Norwegian University of Norwegian University of
Science and Technology Science and Technology

NANIN @



Nikolai Helth Gaukas

Lead-Free Ferroelectric KNN
Films for Biomedical
Applications

Thesis for the Degree of Philosophiae Doctor
Trondheim, September 2020

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Materials Science and Engineering

NTNU

Norwegian University of
Science and Technology



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Natural Sciences
Department of Materials Science and Engineering

© Nikolai Helth Gaukas

ISBN 978-82-326-4840-5 (printed ver.)
ISBN 978-82-326-4841-2 (electronic ver.)
ISSN 1503-8181

Doctoral theses at NTNU, 2020:246

Printed by NTNU Grafisk senter



Preface

This thesis has been submitted to the Norwegian University of Science and Tech-
nology (NTNU) in partial fulfillment of the requirements for the academic degree
of Philosophiae Doctor.

The work described herein has been performed at NTNU between August 2016
and July 2020, including a 5.5 months stay with the Laboratory of Molecular
Neuroscience and Dementia at The University of Sydney (USYD) from October
2019 to March 2020. The work has been supervised by Professor Tor Grande
(main advisor), Professor Mari-Ann Einarsrud (co-advisor) and Associate Profes-
sor Julia Glaum (co-advisor) at the Functional Materials and Materials Chem-
istry Research Group (FACET), Department of Materials Science and Engineer-
ing (DMSE), NTNU.

The project has been funded by the Research Council of Norway (NFR) as part of
the strategic project “Environmental friendly piezoelectric materials for sensors,
actuators and implants in medical technology” (NFR project no. 250184) and via
NTNU NanoLab through the Norwegian Micro-and Nano-Fabrication Facility,
NorFab, project number 245963/F50.

All experimental work has been performed by the author, with the exception
of the following. The thin film characterization using TEM in Paper I was
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performed by Andreas Toresen and Randi Holmestad (Deptartment of Physics,
NTNU). Interdigitated electrode deposition in Paper I and Ti**-solution prepara-
tion in Paper II were performed by Trygve M. Raeder (FACET, NTNU). BaTiO,-
solution preparation and thin film characterization using reflectance IR spec-
troscopy in Manuscript I were performed by Kristine Bakken (FACET, NTNU).
Imaging of immunostained cells using confocal microscopy in Manuscript II
was performed by Anishchal Pratap (Laboratory of Molecular Neuroscience
and Dementia, USYD). The contact angle measurments in Manuscript II were
performed by Johannes Ofstad (DMSE, NTNU). The AFM measurments in
Manuscript II were performed by Viviann Hole (FACET, NTNU).

Parts of this thesis have been published or prepared for publication, and these
scientific papers and manuscripts are included in the appendices. A list of the
papers and manuscripts, and a summary of the contributions provided in each
work, is provided in the following.

The following scientific papers and manuscripts are included in this dis-
sertation

Paper I: N. H. Gaukas, S. M. Dale, T. M. Raeder, A. Toresen, R. Holmes-
tad, J. Glaum, M.-A. Einarsrud, T. Grande. Controlling Phase
Purity and Texture of K, ;Na, ;NbO; Thin Films by Aqueous
Chemical Solution Deposition, Materials 2019, 12, 2042.

Contributions: N.-H.G., M.-A.E. and T.G. conceived and designed the experi-
ments; N.H.G. and S.M.D. synthesized the powders and thin films and per-
formed SEM and XRD on the thin films; N.H.G. performed XRD, TGA-MS and
FTIR on the powders; A.T. and R.H. performed TEM; N.H.G. and T.M.R. per-
formed the ferroelectric measurements; N.H.G., A.T., R.H., J.G., M.-A.E. and
T.G. analyzed the data; N.H.G. and T.G. wrote the paper with inputs from all

the authors.
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Paper II:

Manuscript I:

Manuscript II:

N. H. Gaukas, J. Glaum, M.-A. Einarsrud, T. Grande. Ferro-
electric and dielectric properties of Ca’*-doped and Ca®*-Ti**
co-doped K, Na, ;NbO, thin films, J. Mater. Chem. C 2020, 8,
5102-5111.

Contributions: N.H.G., J.G. and T.G. conceived and designed the experiments;
N.H.G. synthesized the powders and thin films and performed XRD and SEM,;
N.H.G. and J.G. performed dielectric characterization; N.H.G., J.G., M.-A.E.
and T.G. analyzed the data; N.H.G. and T.G. wrote the paper with input from
all the authors.

N. H. Gaukas, R. H. Klaussen, E. Khomyakova, J. Glaum, M.-
A. Einarsrud, T. Grande. Preparation of flexible piezoelectric
K, ;Na, ;NbO, thin films.

Contributions: N.H.G., E.K., M.-A.E and T.G. conceived and designed the ex-
periments; N.H.G. and R.H.K. synthesized and characterized the thin films;
N.H.G.,,R.HK, J.G.,, M.-A.E. and T.G. analyzed the data; N.-H.G. and T.G. wrote
the paper with input from all the authors.

N. H. Gaukas, Q.-S. Huynh, A. A. Pratap, M.-A. Einarsrud, T.
Grande, R. M. D. Holsinger, J. Glaum. In vitro biocompatibility
of piezoelectric K, ;Na, ;NbO; thin films on platinized silicon
substrates.

Contributions: N.H.G., Q.S.H., R.M.D.H. and J.G. conceived and designed the
experiments; N.H.G. synthesized the thin films and performed SEM and XRD
on the thin films; N.H.G. and Q.S.H. cultured cells, performed the proliferation
assays and imaged the cells with SEM; N.H.G., Q.S.H. and A.A.P. stained the
cells; A.A.P. imaged the cells with confocal microscope; all authors analyzed the

data; N.H.G., T.G. and J.G. wrote the paper with input from all the authors.
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K.-N. Pham, N. H. Gaukas, M. Morozov, T. Tybell, P. E. Vul-
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July 2020
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Summary

Ferroelectric materials are utilized in a wide range of different electronic devices
throughout our modern society, including all kinds of consumer electronics, ultra-
sound equipment, minimally invasive surgical tools and intersatellite communi-
cation devices, just to name a few. The crave for ferroelectric materials is due
to their excellent piezoelectric properties. Piezoelectric materials can passively
“translate” between the mechanical world of us humans and the electronic world
we are increasingly surrounding us with. As such, these materials can be used
as sensors, actuators and energy harvesters. A major advantage of these mate-
rials over alternative systems is their conservation of functionality with scaling
down to the nanometer range. This makes the ferroelectric materials attrac-
tive as components in micro-electromechanical systems (MEMS), and especially
in MEMS technology for medical implantation due to the strict size restrictions
in vivo. One of the main challenges in the field of ferroelectric materials is to
develop lead-free alternatives to the state-of-the-art ferroelectric materials, the
lead-titanate-zirconates (PZTs). This work was therefore concerned with the de-
velopment of lead-free piezoelectric films for biomedical applications based on
the ferroelectric material potassium sodium niobate (K, ;Na, ;\NbO3, KNN). The
principle goal of the project was to develop an aqueous wet chemical processing
route to KNN films with properties appropriate for medical applications.

vii
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The first part of the thesis was focused on the development of an aqueous synthe-
sis platform to phase pure KNN thin films. Two water-based precursor solutions
were investigated, prepared from the combination of alkali metal nitrates and ei-
ther oxalic acid (KNN-Ox) or malic acid (KNN-MA) complexed niobium as cation
precursors. The decomposition process of these precursor solutions during film
pyrolysis was demonstrated to be crucial for promoting nucleation of KNN and
suppressing the formation of secondary phases. By combining thermal analysis,
X-ray diffraction and infrared spectroscopy on powders prepared by drying and
calcining the precursor solutions, it was shown that the decomposition tempera-
ture could be manipulated by the solution chemistry and processing conditions.
Based on the analysis of the powder processing, a processing route to phase pure
KNN films on single crystal SrTiO4 substrates was developed. Transmission elec-
tron microscopy and X-ray diffraction was applied to investigate the microstruc-
ture of the KNN films, and the films were shown to have a columnar microstruc-
ture with out-of-plane texturing. A correlation between the thermal processing
and the observed film texture was discussed.

Compositional engineering of the KNN films was further targeted with the aim

2+ _Ti** co-doping

of improving the ferroelectric properties. Ca?* doping and Ca
(CaTiO4 doping) was implemented in the aqueous processing route developed in
the first part of the thesis. Platinized silicon (SiPt) substrates were used since Si-
based substrates are more relevant for integration in electronic applications. It
was demonstrated that the dopants were dissolved into the KNN crystal lattice
and the ferroelectric properties of the doped KNN films were significantly im-
proved relative to the undoped KNN films. Doping was observed to promote fer-
roelectric switching, resulting in films with remnant polarizations of 6.37 +0.47
and 7.40+0.0911Ccm ™! for the Ca®* and CaTiO4 doped films, respectively. A high
dielectric permittivity (1800-3200) was observed for all three compositions of the
films.

Fabrication of piezoelectric oxide films on flexible supports allows for high-
performing microelectromechanical system (MEMS) devices with minimal loss
of functionality due to mechanical clamping. Motivated by this, a wet chemical
processing route to flexible KNN films on polymer supports was explored. The
synthesis involved a lift-off procedure using ZnO as a release layer for the flex-



ix

ible KNN film. X-ray diffraction and infrared spectroscopy were used to inves-
tigate the phase composition of the different oxide layers during the processing
of the films, and introduction of a BaTiO4 buffer layer was shown to mitigate
the formation of secondary phases in the KNN film grown directly on ZnO. Mi-
crostructural investigation using scanning electron microscopy revealed that the
mechanical integrity of the flexible KNN film was greatly improved by the ad-
dition of a platinum bottom electrode between the film and PDMS support. A
proof-of-concept for a complete aqueous processing route of a flexible KNN film
was demonstrated, and future development possibilities for the preparation of

flexible lead-free ferroelectric films were discussed.

In the final part of the thesis, in vitro cytotoxicity assays were performed to evalu-
ate the biocompatibility of the KNN films with living cells. Undoped and CaTiO4
doped KNN films on SiPt substrates were tested using three different cell lines.
The cells were grown on the films for up to 10 days, and cell morphology, viability
and proliferation were assessed using scanning electron microscopy, immunoflu-
orescence microscopy and spectrophotometry. The results from the in vitro ex-
periments showed that proliferation rates for the cells grown on the KNN thin
films were equally high or higher than those on glass control samples, and no
cytotoxic effect from either the films or the substrate was observed. The results
demonstrated that the KNN films prepared in this thesis are very promising can-
didates for components in implantable medical devices.

To summarize this work, an aqueous synthesis platform to phase pure ferroelec-
tric KNN films was established, and the processing route was demonstrated to
be compatible with compositional alterations and the use of both rigid and flex-
ible substrates. In vitro biocompatibility of the films with cells was also demon-
strated. These results highlight the potency of aqueous chemistry as an envi-
ronmentally friendly and cost-effective tool in oxide film fabrication. New ideas
and techniques regarding processing of films on polymeric supports were also
introduced and explored, and this part of the project is suggested to hold great
potential for further exploitation. Finally, this thesis demonstrates the potential
of KNN films as components in implantable medical devices.






Populaervitenskapelig
sammendrag

Piezoelektriske materialer kan konvertere elektriske signaler til mekaniske sig-
naler og vice versa, uten a kreve ekstra tilfgrsel av energi i prosessen. Klem pa
et piezoelektrisk materiale, og du far ut ren elektrisk energi. Sett strgm pa ma-
terialet, og det spiller Ariana Grande og Tsjajkovskij. Pa grunn av denne utrolig
nyttige egenskapen har de piezoelektriske materialene sakte, men sikkert blitt
en fast del av hverdagen var. Tenk baderomsvekter, klokker, smarttelefoner,
barneleker og printere. Siden disse materialene kan lage strgm av bevegelse
forskes det ogsa pa bruk av disse materialene til implanterbar elektronikk. Se
for deg en pacemaker som aldri trenger a bytte batteri, eller en liten dings du
kan plassere under huden som 24/7 passer pa at du er frisk, begge stgttet av en
piezoelektrisk strgmfabrikk som lager strgm av naturlige bevegelser fra kroppen
din. Det beste og mest populeere piezoelektriske materialet p4 markedet i dag er
bly-zirkonat-titanat, forkortet PZT. Som navnet tilsier inneholder dette materi-
alet det giftige tungmetallet bly, og det jobbes iherdig med & utvikle alternative
materialer til PZT. Et av de mest lovende blyfrie piezoelektriske materialene er
kalium-natrium-niobat, forkortet KNN. Denne doktorgraden har hatt som mél &

utvikle tynne prgver (filmer) av KNN for bruk innen helse og medisin.

X1
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Denne doktorgraden kan deles inn i fire deler. I den forste delen beskrives
utviklingen av en ny metode for 4 lage KNN-filmer. En miljgvennlig kjemisk
lgsning basert pa vann ble brukt til & lage KNN-filmer pa overflaten av énkrys-
taller av strontium-titanat (STO). Den kjemiske Igsningen méatte modifiseres slik
at det ikke dannet seg ugnskede biprodukter i KNN-filmene under produksjonen.
Dette ble oppnadd ved & bruke eplesyre til & stabilisere ionene i den kjemiske lgs-
ningen i stedet for oksalsyre, da eplesyre forbrennes ved en hgyere temperatur
enn oksalsyre og derfor forhindrer dannelsen av biprodukter under varmebehan-
dlingen.

I den andre delen av doktorgraden ble eplesyre-lgsningen utviklet i del 1 anvendt
til & lage KNN-filmer péa silisium-brikker med platinabelegg (SiPt), siden sili-
sium er standarden i elektronikk-industrien. Sma mengder (0.5 %) med kalsium
og titan ble tilsatt KNN-filmene for & forbedre de piezoelektriske egenskapene
til filmene. Testing av filmene viste at KNN-filmene med bade kalsium og ti-
tan hadde de beste egenskapene, etterfulgt av KNN-filmene som kun ble tilsatt
kalsium. KNN-filmer uten kalsium og titan hadde de darligste egenskapene.

Den tredje delen av prosjektet utforsket en metode for a lage KNN-filmer pa flek-
sible materialer (f.eks. polymerer), siden slike materialer vil dempe de piezoelek-
triske egenskapene til KNN-filmene minst mulig. Myke/fleksible materialer
taler som oftest ikke de hgye temperaturene man trenger for & lage KNN-filmer
(>500°C), sa metoden som ble utviklet innebar & fgrst lage KNN-filmene pa SiPt-
brikker og sé flytte de over til et fleksibelt materiale. Dette ble gjort ved & pafere
et lag med sinkoksid mellom SiPt-brikkene og KNN-filmene. Etter at KNN-
filmene var laget ved 700°C ble det fleksible materialet poly-dimetyl-siloksan
(PDMS) limt oppa KNN-filmene. Sa ble sinkoksid-laget mellom KNN-filmene og
SiPt-brikkene etset bort med eddiksyre, slik at KNN-filmer med PDMS ble lgs-
net fra SiPt-brikkene. Denne metoden viste seg & fungere bra, og metoden har
potensiale for 4 kunne benyttes til & lage mange typer filmer pa fleksible materi-
aler.

I den siste delen av doktorgraden ble giftigheten til KNN-filmene testet pa celler
ved University of Sydney i Australia. Vanlige KNN-filmer og KNN-filmer med

0.5 % kalsium og titan ble testet mot to typer celler, bindevevs-produserende
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fibroblast-celler og nervestgttevevs-produserende gliaceller. Cellene ble grodd pa
toppen av KNN-filmene over flere dager, og cellenes form/fasong, levedyktighet
og reproduksjonsevne ble studert. For sammenligning ble cellene ogsa grodd pa
glass-disker og SiPt-brikker uten KNN-filmer. Resultatene fra celle-forsgkene
viste at ingen av typene KNN-filmer var giftige for cellene, og at cellene ved flere
anledninger foretrakk KNN-filmene fremfor glass-diskene. Resultatene kvalifis-
erer KNN-filmer til videre biologiske forsgk mot implanterbar anvendelse.

Kort oppsummert har denne doktorgraden videreutviklet materialet KNN som
en potensiell arvtager for det piezoelektriske materialet PZT, spesielt med tanke
pa bio-medisinske applikasjoner/helse og medisin. En helt ny framstillings-
plattform for piezoelektriske KNN-filmer er utviklet i denne doktorgraden, og
arbeidet viser at KNN-filmer har potensialet for & kunne brukes i implanterbar
elektronikk.
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1.1. Background and motivation 3

1.1 Background and motivation

Electronic devices have become commonplace in today’s society. We live side-
by-side with electronics and utilize their benefits in all parts of our daily lives.
The health sector is no exception, and in some cases these devices have found
their way into our bodies as implantable electronic aids. The most common ex-
ample is probably the artificial cardiac pacemaker, first successfully applied in
1958.1 However, the interplay and communication between our body and such
medical electronic devices is not trivial. The human body is an incredibly com-
plex system, functioning with mechanical motions, fueled by chemical energy
and controlled by electrochemical nerve signals. Having transducing components
that can convert signals and translate between these processes and medical de-
vices is therefore extremely valuable in modern medicine.2 Examples include
instruments that can monitor blood pressure (mechanical signal — electric sig-
nal), blood sugar content (chemical signal < electric signal) or cognitive activity
(electrochemical signal < electric signal).

Conversion between mechanical and electric signals can be performed passively
with materials exhibiting the piezoelectric effect,>* illustrated in Figure 1.1.
Piezoelectricity was first demonstrated in 1880 by Pierre and Jacques Curie and
later successfully theorized by Woldemar Voigt in the 1890s, although scientists
like Marie Curie, Pierre Duhem, Wilhelm Rontgen and William Thomson (alias
Kelvin) also contributed to the understanding of piezoelectricity.® The piezoelec-
tric effect is a phenomenon arising from crystallographic asymmetry and is char-
acterized by the creation of an electrical polarization across a material during
deformation (direct effect). The effect is also reversible — an applied electrical
field across the material will cause structural strain (indirect/converse effect),
see Figure 1.1.

Piezoelectricity is caused by asymmetric displacement of the anions and cations
in the piezoelectric material during deformation (Figure 1.2), resulting in a
change in polarization across the material. Because of this, piezoelectricity is
only observed in materials with non-centrosymmetric crystal structures. The

simple interplay between mechanical and electrical signals makes the piezoelec-
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Figure 1.1: Illustration of the (a) direct and (b) indirect/converse piezoelectric effects.

tric materials incredibly useful, for example as sensors, actuators or energy har-
vesters. %7 Due to this versatility, piezoelectric components have found their way
into almost all electronic devices today, from loud-speakers and pressure sensors
to ultrasound devices and micro electromechanical systems (MEMS). 8

_|_

b ke ke

Figure 1.2: Crystal structure of a piezoelectric material at rest (left), during mechanical
deformation (middle) and as subjected to an electric field (right).

The materials with the highest piezoelectric performance to date are the ferro-
electric ceramics.?'? Ferroelectric materials form a subset of the piezoelectric
materials, as presented in Figure 1.3 (a). The ferroelectric materials are char-
acterized by having a remanent polarization at zero electric field that can be
switched by application of an external electric field. Inherently the ferroelectric

materials consist of domains wherein the polarization is oriented in the same
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direction. These domains can be aligned by applying a strong unidirectional elec-
tric field across a ferroelectric material in a process termed poling (Figure 1.3
(b)). Following this, ferroelectric materials can have a macroscopic polarization
and exhibit a homogeneous piezoelectric performance due to the additive polar-
ization of the domains, despite having a polycrystalline microstructure. This
flexibility in polarization orientation gives rise to the characteristic ferroelectric
polarization-electric field hysteresis loop illustrated in Figure 1.3 (c).

FERRO-
ELECTRICITY

Figure 1.3: (a) The relationship between piezo- and ferroelectricity. (b) Ceramic grains
containing ferroelectric domains with random orientation (top) and the same grains after
poling (bottom). (c) Ferroelectric hysteresis loop of polarization as a function of electric
field.

Although ferroelectricity was discovered in Rochelle Salt in the 1920s, the “ferro-
electric era” in the history of piezoelectricity did not kick off until the 1940s when
the phenomena was found in the ceramic perovskite barium titanate (BaTiO;,
BT).!3 The following decade, around 20 new perovskite structured ferroelectric
ceramics were found, including lead zirconate titanate (PbZr,Ti;  O4, PZT) 4 and
potassium sodium niobate (K, Na; NbO;, KNN). 15 Early on, an exceptionally
high piezoelectric response was observed in PZT, owing to a morphotropic phase
boundary in the composition PbZr, .. Ti; 4505. 16,17 The following decades, ferro-
electric perovskites based on PZT dominated the piezoelectric marked, and conse-
quently they became a common component in consumer electronics. '® The PTZs
were first out-performed in the late 1990s by the relaxor-based single crystals of
Pb(Zn,;3Nby,3)05—PbTiO4 (PZN-PT) and Pb(Mg;,3Nby,4)05—-PbTiO5 (PMN-PT),
which to date are the best performing piezoelectric perovskites. 191920 For the
last two decades the focus has been shifted towards developing lead-free piezo-
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electric materials due to stricter regulations worldwide regarding the use of
heavy metals like lead in civil applications.212? Among these, KNN has received
considerable attention due to decent piezoelectric properties and a high Curie
temperature.3%-38 After the discovery of ferroelectricity in KNN in 1959, 1° a re-
naissance for the material came in 2004 when Saito et al.3? reported on chemi-
cally and structurally modified KNN with piezoelectric properties comparable to
PZT. By doping KNN with Li*, Sb%* and Ta®*, and using reactive-templated grain
growth (RTGG), Saito and coworkers obtained textured KNN ceramics with a
piezoelectric coefficient of 416 pPCN L. The research on KNN has since been com-
prehensive, as demonstrated by the fact that more than 35 different elements
have been used as chemical additives in the effort to improve the ferroelectric
and piezoelectric properties of KNN.31:32:36 Currently, the highest piezoelectric

performance for KNN-based ceramics measured by d33 is above 700 pCN~1.40

It is not difficult to imagine applications of piezoelectric components in im-
plantable electronic devices: Blood pressure sensors for implantable cardioverter
defibrillators,*1#2 energy harvesters and activity sensors for artificial pacemak-
ers, ™48 actuators for microfluidic and drug-delivering systems. %56 Multiple
other applications have been proposed.®” However, there are several challenges
to address when designing and developing such piezoelectric components. 5859
The first constraint is the size limit to the dimensions of an implantable device,
which obviously affects the upper size limit of the piezoelectric element. In most
cases this means scaling down at least one geometrical dimension to the nano- or
micro-region, ruling out conventional solid-state synthesis techniques. Secondly,
there are the functional properties of such piezoelectric components. In addition
to having a high efficiency in terms of piezoelectric performance, the chosen ma-
terial system should be robust in terms of cycling fatigue and ageing as some
electronic medical implants have an expected lifetime of several years.?®%? And
finally, the piezoelectric component must be designed so that it is interacting (at
least) neutrally with the biological environment in which it is placed, i.e. ex-
hibit biocompatibility.59-%3 This concept of biocompatibility is reciprocal: The
biological environment should not be destructive for the device/component, and
the device/component should not be destructive for the biological environment

— at least not destructive to the point of device/component failure or persistent
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degradation of the biological environment. This challenge is not trivial; even if
the piezoelectric component is not harmful for the biology surrounding it, the
biological surroundings can be fatal for the piezoelectric component. The compo-
nent must withstand both the chemical aggressiveness of body fluid (water, ions,
proteins) as well as the biological inhospitality of the host (cells, bacteria). The
shortcut around this, hermetically encapsulation within a bioinert material, can
swiftly choke the functionality of the piezoelectric component.
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1.2 Aim of the work

The overall aim of this work was to develop lead-free piezoelectric oxide films
for biomedical applications based on the ferroelectric material potassium sodium
niobate (KNN). More specifically, the work aimed at developing an aqueous syn-
thesis platform for KNN thin films and to evaluate if these films can be viable
as medically implantable (in vivo) piezoelectric materials, for example as im-
plantable sensors or energy harvesters. Such applications span a wide range of
material property requirements, such as overall piezoelectric performance, re-
sistance to loading cycle fatigue and ageing (both piezoelectric and mechanical),
and biocompatibility. For this reason, the project targeted a bottom-up approach
so that these end specifications for the KNN films could be tailored in the syn-
thesis. Moreover, all aspects of the work were performed to minimize the use
of hazardous chemicals and complex processing steps in the materials synthesis.
Not only would this keep the environmental footprint and possible health risk
associated with the processing at a minimum, but it would also maximize the
accessibility of the synthesis for industry due to low manufacturing costs.

To form a synthesis platform for the project, a processing route to phase pure
KNN films was developed based on previous work in our group.®* The processing
route was based on aqueous chemical solution deposition (CSD), as this tech-
nique offers a large process parameter space, excellent stoichiometry control and
low temperature processing, which is important when working with alkali met-
als. The synthesis platform also has the potential of low-cost/high-volume man-
ufacturing of thin films. The nucleation kinetics of ternary oxide phases in the
precursor system proved to be of detrimental importance for the final phase com-
position of the KNN thin films, and this work includes a comprehensive study of
how the precursor chemistry can be engineered/manipulated to control the nucle-
ation kinetics. The role of the type of precursor solution on the final microstruc-
ture of the films was also thoroughly investigated using several characterization
techniques, such as X-ray diffraction (XRD) and transition electron microscopy
(TEM).

In order to improve the functional properties of the KNN thin films, composi-
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tional engineering was investigated. Compositional engineering of KNN has pre-
viously been extensively studied in terms of enhancing the piezoelectric proper-
ties, 313236 hut the most prominent dopants, Li*, Sb®* and Ta%", are not suitable
for implantable devices due to health concerns. Therefore, the dopants evaluated
were chosen based on their non-toxicity, piezoelectric enhancement properties
and on preliminary results on their effect on reducing ion release from KNN. The
two different heterovalent dopants Ca?* and CaTiO4 were examined, Ca?* being
a A-site donor dopant and CaTiO; being a charge-neutral co-dopant (Ca®* and
Ti** on A- and B-site, respectively). The dopants’ effect on phase morphology,
dielectric behavior and microstructure in KNN was thoroughly studied and put
in context to piezoelectric performance of the KNN films.

The final synthesis part of the work explored a new processing route to KNN
films on flexible substrates. Fabrication of KNN films on flexible supports allow
for high-performing MEMS devices with minimal loss of functionality to mechan-
ical clamping. The processing was based on the aqueous synthesis platform de-
veloped earlier in the thesis and utilized a ZnO release layer to detach the KNN
film from the initial rigid substrate, a method first described by Liu and cowork-
ers. % Precursor solutions and processing parameters for the ZnO release layer
and a BaTiO4 buffer layer were developed and curing conditions and deposition
parameters for the flexible polymer were optimized. Characterization of phase
morphology and microstructure were performed consecutively for each process-
ing step. Suggestions for further optimization and expansion of this synthesis
route was also discussed.

In vitro cytotoxicity studies were performed to form a first approximation of the
biocompatibility of KNN films. The potential challenge with deconvolving which
biological responses were triggered by the film and which by the substrate was
solved by running parallel tests on substrates with no deposited films. Cell pro-
liferation and cell morphology assays using rat Schwann cells, human 161BR fi-
broblast cells and human SH-SY5Y neuroblastoma cells were conducted in collab-
oration with Dr. Holsinger’s group at the Laboratory of Molecular Neuroscience
and Dementia, Brain and Mind Centre, The University of Sydney. The biological
responses to the KNN films were examined using immunocytochemistry, confocal
microscopy, scanning electron microscopy (SEM) and spectrophotometry.
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2.1 Piezoelectric materials

2.1.1 Phenomena and characteristics

The history of piezoelectricity

The discovery of piezoelectricity

“We have found a new method for developing polar electricity in (...) crystals,
which consists of subjecting them to variations in pressure along their

hemihedral axes”%®

With these words, the French brothers Pierre and Jacques Curie announced their
discovery of piezoelectricity in 1880.° In their work, P. and J. Curie measured elec-
tric tension upon compression of the ten non-symmetrical crystals cane sugar,
boracite, calamine, quartz, Rochelle salt, sodium chlorate, tartaric acid, topaz,
tourmaline and zinc blende, and the brothers related the observed effect to the

567 Pyroelectric materi-

known pyroelectric property of some of these crystals.
als, which actually form a subset of the piezoelectric materials, had been known
since the mid-1700s and are characterized by the change in electric polariza-
tion of a material upon heating and cooling. %8 P. and J. Curie demonstrated that
piezoelectricity was related to crystal symmetry, but they had only demonstrated
the direct piezoelectric effect, i.e. formation of electric polarization by mechan-
ical strain. The converse piezoelectric effect, i.e. the formation of mechanical
strain by electric polarization, was predicted by Gabriel Lippmann in 1881 and
experimentally confirmed by various researchers short time after, including the
Curie brothers.?%7 The phenomenon got its name in 1881 by Wilhelm Hankel,
who named the property after the Greek word for “to press” — piezein.® A full
theoretical model of piezoelectricity describing the thermodynamics and molec-
ular/atomistic theory behind the phenomenon was not achieved until the end of
the 1890s after years of opposing theories and models by scientists like Woldemar
Voigt, Ernest Mallard, Paul Czermak, Eduard Riecke, Friedrich Pockels, Pierre
Duhem, Wilhelm Rontgen and William Thomson (alias Kelvin). The slow process
of forming a theoretical model for piezoelectricity was in large because piezo-
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electricity essentially involves several complex subdisciplines, including electro-
magnetism, crystal mechanics/elasticity, crystal physics and crystallography, and
due to limited theoretical models for crystals in general at the time. 3 For exam-
ple, pyroelectricity, which was discovered a century earlier, gained its theoretical
model from the work on the model for piezoelectricity.

Ferroelectricity, perovskites and PZT

In the early years of the 1900s an electrical analogy to ferromagnetism was hy-
pothesized among scientists, i.e. the possibility of a material to have a remanent
electrical polarization that can be switched by an electric field. 131869 In 1920,
the effect was observed in Rochelle salt crystals by Joseph Valasek.’ Rochelle
salt (potassium sodium tartrate) was a known pyroelectric (1824) and piezoelec-
tric (1880) double salt with a complex crystal structure, and the salt remained the
only known ferroelectric material until the phenomenon was observed in potas-
sium dihydrogen phosphate (KH,PO,, KDP) in 1935. 13,1869 During the 1930s
the first thermodynamic and atomistic models of ferroelectricity were drafted
based on experiments with Rochelle salt and KDP, but the complex crystal struc-
ture of these salts was a challenge for this work. 3 The brittle and water-soluble
nature of Rochelle salt and KDP also limited the interest in ferroelectricity at

this point in history. 171

Attempting to develop capacitors with high dielectric constants during World War
I, researchers found an astonishingly high permittivity (e, > 1100) in BaTiO,4
(BT), a mixed oxide ceramic with a perovskite crystal structure.1?18:6%.71 The
high permittivity in BaTiO; was related to ferroelectricity in 1944, and this
chemically and mechanically stable ceramic was acknowledged as a useful piezo-
electric transducer already the year after. '®7! An incredibly important discovery
regarding the ferroelectric ceramics was the ability to align the ferroelectric do-
mains in these materials (i.e. poling) so that the materials could exhibit a uni-
form piezoelectric performance despite being polycrystalline. !® By the end of the
1940s, two new ferroelectric compounds were discovered (LiNbO;, LiTaO,), and
during the 1950s 25 new families of ferroelectrics were found. %% Among these
new materials were the perovskites PbZr Ti, O5 (PZT) 14 and K Na; NbO,
(KNN).1® Already during the 1950s PZT stood out as an excellent piezoelec-
tric material, and scientists found a peak in performance for the composition
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PbZrO.52TiO.4803.16’17 In addition to superb piezoelectric properties, the PZT
material system exhibited good thermal stability, it was easy to pole, relatively
simple and inexpensive to fabricate, and it allowed for compositional engineer-
ing to tune the dielectric properties, for example with Nb®* on the Zr**/Ti** site
or La3* on the Pb?* site.!®!® From the 1950s and 60s, solid solutions based on
ferroelectric PZT have dominated the piezoelectric transducer marked up until
today, 15121872 byt in the last two decades there has been a shift in focus from

the lead-based piezoelectric materials to lead-free piezoelectric materials. 21-2?

Towards lead-free piezoelectric materials

Lead is a toxic heavy metal,”®>"* and the World Health Organization identifies
lead as 1 of 10 chemicals globally of major health concern as of 2019.7° The en-
vironmental and health risks associated with lead are present throughout the
lifecycle of the metal, starting during mining and refining of the lead ore and
persisting during production, use and disposal of lead-containing products. ’® Be-
cause of this, restrictions and regulations to the use (Restriction of the use of
certain hazardous substances in electrical and electronic equipment, RoHS) and
disposal (Waste electrical and electronic equipment, WEEE) of lead and other
dangerous substances in electronic devices were adopted by the European Par-
liament in 20037778 and revised in 2011/2012.79:%0 Several legislative bodies
worldwide have since adopted similar restrictions. 318 However, exceptions to
these legislations exist for components with no suitable alternatives available,
and piezoelectric ceramics are subjected to this in Exemption 7(c)-I in RoHS.86
Because of this PZT can still be used in consumer electronics, and it is estimated
that the world production of PZT was 2500 tons as of 2018.7% After the first RoHS
legislation was adopted by the European Union in 2003, the pursuit to find lead-
free alternatives to PZT ceramics has been comprehensive, as illustrated in Fig-
ure 2.1.21729 The most studied lead-free piezoelectric ceramic are alkali niobates
(KNN), the bismuth-alkali titanates (Bi, ;(Nay), s TiO5, BNKT) and the barium
titanates (BT), but no lead-free ceramic class has been found to replace PZT in

all of its applications as of today. 23-26-2°
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Figure 2.1: The number of publications on lead-free piezoelectric materials and KNN
from 1990 to 2019. The arrow indicates the year the European Parliament adapted the
first RoHS legislation. Data collected from Scopus.

Mechanisms and characteristics

Hierarchy of properties and crystal symmetries

To understand and successfully describe the piezoelectric properties of KNN, it
is important to address the characteristics of some related material classes, es-
pecially the dielectric and ferroelectric materials. All piezoelectric materials are
inherently dielectric, and some piezoelectric materials are pyroelectric and ferro-
electric. #8790 The relationship between di-, piezo-, pyro- and ferroelectricity is
presented in Figure 2.2 (a) and demonstrates a hierarchy of increasingly exclu-
sive properties. The new properties that emerge at each step down the hierarchy
in Figure 2.2 (a) can be characterized and quantified by new measuring tech-
niques. However, the addition of new properties in each step might affect the
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properties in the parent classes, and it is sometimes valuable to characterize
the materials in a more exclusive class by probing properties in a parent class.
Ferroelectric phase transitions can for example be measured through dielectric
permittivity studies.

Piezoelectricity, pyroelectricity and ferroelectricity are all properties related to
structural geometry, and the three properties can only be observed in materials
with certain crystal symmetries, as illustrated in Figure 2.2 (b).+3890:91 Piezo-
electric materials must have non-centrosymmetric crystal structures, and 20 of
the 32 crystal classes allow for piezoelectricity. Pyro- and ferroelectric materials
have crystal structures with unique polar axes, and only 10 out of the 32 crystal
classes have this property. Although the crystal symmetry can predict if a ma-

terial is piezo- or pyroelectric, experimental investigations must be conducted to
0

quantify these properties.®’

(2)

32 CRYSTAL CLASSES

21 NON- 11 CENTRO-
CENTROSYMMETRIC SYMMETRIC

I_I—I
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—
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FERROELECTRIC ] [NON-FERROELECTRIC

Figure 2.2: (a) Hierarchy of properties in dielectric materials. (b) Hierarchy of crystal
classes relating to piezo-, pyro- and ferroelectricity.

Dielectricity: characteristics and figures of merit

Ideal dielectric materials have zero conductivity under DC current, and when a
voltage is applied across a dielectric material the charged species (e.g. electrons,
ions, dipolar molecules, space charges etc.) in the material will polarize.8%91-93

Polarization (P, [Cm™2]) is the displacement of charge in an electric field, and
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how easily polarization can be induced in a material is given by the material’s
polarizability (a, [Cm?V~1]). A material’s capacitance (C, [F or CV~1]) is the
amount of polarized (stored) charge in a material per volt applied. The capaci-
tance of a material (C,,) relative to the capacitance of free space (Cy) is defined
as the material’s dielectric constant or the relative permittivity (e, [-]) of the ma-
terial:

Cm

= C_o (2.1

€r

Due to the difference in mobility of the species that contribute to polarization
(electrons, ions etc.), the value of the permittivity of a material is highly temper-
ature and frequency dependent. The permittivity of a material will also have a
phase shift when subjected to an electric field, and permittivity is therefore often
treated as a complex function with a real and an imaginary part: 899193

er=¢+ie” (2.2)

The energy dissipation associated with this phase shift (e.g. through heat) is
termed dielectric loss and is parameterized with the loss tangent (tané, [-]). If
neglecting loss through conductivity, the loss tangent is defined as the ratio of

the imaginary and the real part of the permittivity:37-89:91-93

"

tané = 66—, (2.3)

The electrical quality factor (Q., [-]) is simply the inverse of the dielectric loss, as
presented in Equation 2.4.%7



2.1. Piezoelectric materials 19

1

= 2.4
tand 24

Qe

Equivalent to the dielectric loss factor (tand) and the electric quality factor (Q.),
the mechanical loss factor (tan¢) and mechanical quality factor (@ ,,) describe the
energy dissipation due to phase shift when a material is strained in response to

applied stress.?7

The dielectric susceptibility (y, [-]) of a material is the permittivity of the material

after the contribution from the permittivity of free space is subtracted (y =€, —
1).89.91-93

Piezoelectricity: a story of crystal asymmetry

Piezoelectricity is a material property where external mechanical stress (o) in-
duces electric polarization (P) in a material. #8789 This property is also re-
versible: an external electric field (F) across said material will induce a mechan-
ical strain (S). These electromechanical phenomena are termed the direct and
indirect/converse piezoelectric effect, respectively. The piezoelectric effect is a
consequence of crystallographic asymmetry, where the crystal structure of the
material lack centrosymmetric symmetry. Upon mechanical deformation along
certain directions of these non-centrosymmetric structures, oppositely charged
species are displaced disproportionally, resulting in a local polarization. This is
illustrated for a structure with tetragonal coordination in Figure 2.3 (a). Con-
versely, in an external electric field aligned in the same direction as the deforma-
tion in Figure 2.3 (a), the charged species will polarize according to the direction
of the electric field and the structure will deform (Figure 2.3 (b)).

The electromechanical coupling in piezoelectricity is linear, and the proportion-
ality between polarization, electric field, strain and stress is quantified by four

piezoelectric coefficients, defined by the following four partial derivatives: 38794

oS oP
d= (@H%)E ®5
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Figure 2.3: (a) The direct piezoelectric effect of a tetragonally coordinated structure. Ap-
plied stress (arrows) disproportionally displace anions and cations, resulting in polariza-
tion. (b) The converse piezoelectric effect on a tetragonally coordinated structure. Applied
electric fields (+, —) polarize the structure, resulting in structural deformation.
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The piezoelectric coefficients d (ICN~! or mV~1], “charge coefficient”) and g
(INV~Im™! or m2C~1], “voltage coefficient”) are the most common, as these are
indicators of how efficient a piezoelectric material is at developing vibration from
electricity or voltages from mechanical stress, respectively. 1”894 However, the
direct and converse piezoelectric effect are most often described by using d ac-

cording to Equations 2.9 and 2.10, respectively:3490-91,94
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Py =dp;jo;; (2.9)

Sij=dpijEr (2.10)

The Einstein summation convention is applied for repeated indices in Equa-
tions 2.9 and 2.10. Since polarization and electric field are first-rank ten-
sors/vectors and stress and strain are second-rank tensors, the piezoelectric co-
efficients are third-rank tensors. %914 Notation for the direction of the applied
stimulus (stress, electric field) and induced effect (polarization, strain) is added in
subscript when reporting the piezoelectric coefficients. The three components de-
scribing these tensor directions can be reduced to two numbers (i,j =1,2,...,6)
using Voigt notation and exploiting symmetry characteristics. For the longitu-
dinal piezoelectric coefficients (d33, g33 etc.), the direction of the stimulus and
induced effect are both along the “c-direction” of a unit cell.

How efficient a piezoelectric material converts between electrical and mechanical
energy is described by the electromechanical coupling factor (%, [-]) according to
Equations 2.11 and 2.12.%87

electrical energy converted to mechanical energy

k2 (2.11)

input electrical energy

mechanical energy converted to electrical energy

k2 (2.12)

input mechanical energy

Since the transformation of energy never is ideal, the electromechanical coupling
factor will always have a value & < 1.%7

Reporting on piezoelectric performance of materials is done in several ways de-
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pending on the intended field of application.?®87 For non-resonant applications
(e.g. sensors, microphones, energy harvesters), the product of d and g (d - g,
[pm3J~1]) is usually reported. For resonant applications (e.g. oscillators, sonars,
ultrasonic devices), the product of 22 and Q,, (2@, [-]) is usually reported.
For actuation applications (e.g. loud-speakers, injectors), the ratio of S;,4, and
Emax (Smax/Emax, [pm V1)) is usually reported. For high-output applications
(e.g. spark-ignitors, buzzers), the piezoelectric coefficient d is usually reported.

Surprisingly, piezoelectricity is not an uncommon material property. 21 of the
32 crystal classes are non-centrosymmetric, and 20 of these allow for piezo-

487.9091 An estimated 30% of all known materials today are non-

electricity.
centrosymmetric, and thousands of these have measurable piezoelectric activ-
ity.* Piezoelectricity is found in natural polymers and composites like wood,
silk, bone, tendon,”® and in natural occurring minerals like quartz (8i0,),
zincite (ZnO), zincblende (ZnS), tourmaline, sillenite (Bi;,;,SiO,,) and greenockite
(CdS).°! When it comes to piezoelectric materials for technological applications,
however, only a couple of hundreds have sufficiently high piezoelectric response.
This group of piezoelectric materials are dominated by the polar piezoelectric ma-
terials, 4-18,87,88,90,96

Pyro- and ferroelectricity: polar crystal structures

Pyroelectric materials are characterized by having a spontaneous polarization
(Py), illustrated in Figure 2.4 (a).3791:93:94 The spontaneous polarization is a re-
sult of the polar crystal structure of these materials, and pyroelectricity is only
possible in crystal systems with a unique polar axis. %4 The spontaneous polar-

ization in pyroelectric materials is temperature dependent: 239

APy = pAT (2.13)

In Equation 2.13, p is the pyroelectric coefficient (Cm~2K~!) and quantifies the

temperature dependency of the spontaneous polarization. p is defined by the

partial derivative form of Equation 2.13:%
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0P,
oT

p= (2.14)

Ferroelectric materials are a subset of the pyroelectric materials, and they are
characterized by having a spontaneous polarization that can be switched by an
external electric field (Figure 2.4 (b)).8721.93.94 A consequence of this is the exis-
tence of ferroelectric domains in these materials, i.e. regions of homogeneously
oriented polarization. #°%%497 Since the spontaneous polarization in ferroelectric
materials can be switched, the ferroelectric domains can be manipulated to have
the same polarization direction by applying a strong enough electric field. The
boundaries between the domains, called domain walls, are mobile. When a fer-
roelectric material is subjected to an electric field, favorably oriented domains
can grow on the expense of less favorably oriented domains by domain wall mi-
gration. This process, illustrated in Figure 2.4 (c), is called poling and allows
polycrystalline ferroelectric samples to have a macroscopic polarization and to

exhibit a macroscopic piezoelectric effect. 18.88:94,96
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Figure 2.4: (a) Spontaneous polarization (Pg) in the crystal structure of a pyroelectric
material. (b) Switching of the spontaneous polarization in a ferroelectric crystal by ap-
plication of an external electric field (E¢x¢). (c) Poling of domains in a polycrystalline
ferroelectric sample by application of an external electric field.
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Due to the polarization switching in ferroelectric materials, the materials’ polar-
ization and strain form hysteresis loops when measured in a switching electric
field (P-E loops and S-E loops, respectively), as illustrated in Figure 2.5. 9496,98,99
By analyzing these curves, the remanent polarization (P,), saturation polariza-
tion (Pgqy), maximum achievable strain (S,,,,) and coercive electric field (E.) of
a ferroelectric material can be determined. However, many more characteristics
can be inferred from these measurements, as P-E and S-E loops are affected by
several factors, including material properties (e.g. grain morphology, phases and
phase boundaries, compositional impurities, sample geometry, sample conduc-
tivity), aging and measuring conditions (e.g. electric field amplitude, frequency,
temperature, stress, fatigue).”®
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Figure 2.5: (a) Polarization-electric field hysteresis loop (P-E loop) of a polycrystalline fer-
roelectric material. Point 1: random domain orientation and no net polarization. Points 2
and 5: polarization saturation (Pgq;). Points 3 and 6: remanent polarization (P,). Points
4 and 7: coercive electric field (E.). The direction of the spontaneous polarization is il-
lustrated with MO, octahedra. (b) Strain-electric field hysteresis loop (S-E loop) of a
polycrystalline ferroelectric material. Point 1: no net strain. Points 2 and 5: Peak strain
(Spor)- Point 3: remanent strain (Srem). Points 4 and 6: coercive electric field (E¢).
Maximum (achievable) strain (Smax = Spo; - Srem) is marked in the figure. The strain
directions at each point is illustrated with MO octahedra.

Ferroelectric materials have an upper boundary temperature where they lose
their spontaneous polarization, called the Curie temperature (T, [K]).37-8894.96
This temperature is associated with a phase transition where the crystal struc-
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ture of the material changes from a polar symmetry to a non-polar symmetry. °1-%4

A ferroelectric material cooled through the Curie temperature will obtain a ran-
domly oriented domain structure and no net macroscopic polarization, as this
minimizes large-area surface charges and therefore minimizes the energy of the
system. Around the Curie temperature, the relative permittivity of ferroelectric
materials spikes due to enhanced fluctuation at the phase transition. Above the
Curie temperature, the relative permittivity follows the Curie-Weiss law, pre-
sented in Equation 2.15.87:93:96

(2.15)

where C is the material specific Curie constant ([K]) and T (also 0) is the Curie-
Weiss temperature ([K]).

The commercially most important ferroelectric materials are the perovskites due
to their thermodynamic stability, rich chemistry and malleable phase symme-
try. 90:96.100 The perovskite crystal structure consists of a large and a small cation
(A and B, respectively) and an anion (X, usually O?~), with stoichiometry corre-
sponding to ABX. 91,100 The structure is composed by corner-sharing BX; octahe-
dra and A cations in 12-fold cuboctahedral coordination between the octahedra,
as illustrated in Figure 2.6. The ferroelectric polarization in these structures
arise from displacement of the B cation in the oxygen octahedra.

The ideal perovskite structure is centrosymmetric with the point group symme-
try m3m, however most perovskites have structures slightly distorted from the
ideal structure. °%-91:93:100 The degree of distortion from ideality can be estimated
using the Goldschmidt’s tolerance factor ¢, 102

(rA+r0)

= (2.16)
\/i(rB +ro)

where rap, rg and ro correspond to the ionic radii of the A cation, B cation
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Paraelectric Ferroelectric

Figure 2.6: The perovskite (ABO,) unit cell with cubic (left) and tetragonal (right) sym-
metry. The off-centered B cation in the tetragonal unit cell allows for ferroelectric polar-
ization. The tetragonality and polarization displacement are exaggerated to illustrate the
effects. The figure was made using the software VESTA. 101

and O anion, respectively. In general, tolerance factors below 1 favor rhombo-
hedral distortions, tolerance factors above 1 favor tetragonal distortions, and
tolerance factors around 1 (0.97-1.02) are associated with morphotropic phase
boundaries. 2390100 Thegse distortions are incredibly important for ferroelectric
perovskites as they not only allow for ferroelectric polarization, but also deter-
mine the crystal phases of the materials and thereby dictate the possible po-
larization directions of the off-centered B cation.?!103 Six symmetries are avail-
able for the perovskite structures depending on the B cation displacement: Cubic
(space group (s.g.) Pm —3m, no polarization), tetragonal (s.g. P4mm, polar-
ization along [100],.), orthorhombic (s.g. Amm2, polarization along [110],.),
rhombohedral (s.g. R3m, polarization along [111],.), monoclinic (s.g. Cm, polar-
ization along [Ak0],.) and triclinic (s.g. P1, polarization along [2k!] pc).23’100’104
These symmetries with their respective polarization directions are illustrated in
Figure 2.7. The monoclinic symmetries are associated with higher ferroelectric

performance due to unrestricted polarization rotation mechanisms. %1
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(a)

Figure 2.7: Illustrations of the crystal systems (a) cubic, (b) tetragonal, (c) orthorhombic,
(d) rhombohedral, (e) monoclinic and (f) triclinic. Polarization directions are included.
Adapted from 103,

Applications of piezoelectric materials

In the immediate decades after its discovery, piezoelectricity was regarded as a
laboratory curiosity rather than an applicable phenomenon.®”%9 The first ap-
plications of piezoelectric materials were the use of quartz and Rochelle salt
crystals as underwater sonars for detection of submarines in the period between
World War 1 and 2.86789 During World War 2 piezoelectric oscillators were ap-
plied for ground-to-ground and ground-to-air communication on the battlefield. %’
The first use of the ferroelectric ceramics in the 1940s and 50s were as capaci-
tors due to their high dielectric permittivity, but these materials were soon also
utilized for their piezoelectric properties in vibration transducers, explosive-to-
electrical transducers and electro-optics. 1867 The boom of the consumer elec-
tronics age in the 1970s and 80s saw a massive demand for piezoelectric materi-
als as tweeters/buzzers, cheap speakers, simple actuators, frequency resonators
(quartz clocks) and even ignition sources for lighters.®18 Piezoelectric materi-
als have since been employed as various types of sensors, including accelerom-
eters, gyroscopes, surface acoustic wave sensors, acoustic emission sensors, gas
sensors and pressure sensors. %10 Piezoelectric materials are especially suitable

for high-temperature sensor applications, for example as knock sensors in com-
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bustion engines and as engine fluid sensors.%19%:1%6 Piezoelectric actuators are
utilized in a wide range of technologies due to their microscopic precision, low
energy consumption and fast response time.” These include injectors in ink jet
printers, diesel injection engines and 3D printing machines, adjusting motors for
camera lenses and intersatellite communication devices, micro-actuators in min-
imally invasive surgery tools, and nanoactuators in photoetching machines for
semiconductor chip manufacturing.” On top of this comes medical applications,
including ultrasound devices and implantable piezoelectric materials (described
in Piezoelectric materials in medical implants on page 72).8 The market value of
piezoelectric components was estimated to be $21.6 billion USD in 2015 and the
market is expected to grow to over $30.0 billion USD by 2022.8

2.1.2 Materials

Lead-free piezoelectric materials

General requirements

To successfully replace lead-based piezoceramics on the global market, alterna-
tive materials must be developed that perform equally good or better than the es-
tablished lead-containing counterpart. 2328 It is generally believed that no single
composition can replace lead-based ceramics in all fields of application, and great
progress has been made towards specially tailored lead-free materials capable of
replacing lead-based ceramics in certain areas.2%26-29 In general, lead-free ma-
terials have higher mechanical strength, lower permittivity and good electrome-
chanical coupling factors compared to lead-based materials,2® and their lower
density often make them comparable to the lead-based materials in terms of
piezoelectric performance per weight. 22 Further, several lead-free materials have
been developed that are on par with or even better than the lead-based ones in
terms piezoelectric coefficient, temperature stability and electromechanical cou-
pling factors.?? Yet, competing with the lead-based materials on performance is
just one piece of the puzzle, and several other factors need to be fulfilled before
lead-free materials can fully compete with the lead-based ones. 2326 The lead-free
materials of the future must not only perform better than the lead-free materials
of today, but they must also be reliable over millions of cycles, they must be non-
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toxic to produce, use and dispose, they must be inexpensive to manufacture, and

they must have a sufficiently wide temperature window of processing. 23:26

Lead-free materials

Although the research on lead-free materials has been comprehensive and in-
clude a wide range of materials, three material families stand out as especially
promising candidates to replace lead-based ceramics. 21729 These families are the
alkali niobate-based family (KNN), the barium titanate-based family (BT) and
the bismuth-alkali titanate-based family (BNT). A schematic of piezoelectric per-
formance of these three lead-free materials versus PZT is presented in Figure 2.8.

KNN-based: Due to good piezoelectric properties, high Curie temperatures, com-
positional flexibility and a rich phase morphology, the KNN family is the lead-free
material that has received most attention the last two decades.??2° A thorough
review of KNN ceramics is given in K, Na; NbO, on page 30.

BT-based: BT-based ceramics have received much attention due to relatively
high coupling factors (2, ~50 %) and good piezoelectric properties (d33 = 190-
750 pCN~1).25:27-29,107 The golid solutions with CaZrO4 (Bal_XCaXZrl_yTiyO3,
BCZT) have been of special focus the last decade due to excellent piezoelec-
tric properties (ds3 > 700pCN™1).25:27-29,107 The BT systems doped with CaZ*
and Sn** (Ba, ,Ca,Sn;  Ti Og, BCSnT) and Ca®* and Hf** (Ba, ,Ca Hf, Ti Og,
BCHT) have also received considerable attention. 17 However, the BT-based fam-
ily has issues with low Curie temperatures (T'¢ = 110-130 °C), severely limiting

the application possibilities of these materials, 252729107

BNT-based: BNT-based ceramics have moderately high depolarization temper-
atures (Ty > 300°C) and high remanent polarizations (P, ~ 40pCcm™2), but
their piezoelectric coefficients are on the low-end of the lead-free materials
(d33 < 200pCN~1).2425.27-29 BNT-based materials also have high conductivity
and large coercive fields, making them difficult to polarize. 22242529 Binary solid
solutions of BNT with Bi, ;K ;TiO5 (BKT) and BT have been targeted. 23,27-29
BNT-BKT materials have high depolarization temperatures, but these materi-
als have issues with low piezoelectric properties and difficult sintering condi-
tions. 232829 BNT-BT materials have decent piezoelectric properties, but these
materials have issues with leakage currents, high dielectric loss and low depolar-
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ization temperatures.2>27?° The BNT-BT system has, however, significant field
induced strain properties, making these materials suitable for actuator appli-
cations. 1% Ternary systems (e.g. BNT-BKT-BT, BNT-BT-KNN) have also been
studied.23’25’29’108

Other: A wide range of other lead-free piezoelectric materials have been inves-
tigated. The tungsten bronze-structured ceramics ((A1)2(A2)4C4(B1)2(B2)gO0s30,
TB, e.g. Sr,Ba; Nb,O;) are the largest group of ferroelectric materials af-
ter the perovskites.?22327 The high Curie temperatures and thermal stabil-
ity of these materials make them suitable for high-temperature sensor ap-
plications. %6 The piezoelectric properties of the TBs are inferior to the per-
ovskites, however, and their anisotropic crystal structure only allow for piezo-
electric responses in certain crystallographic directions. 2?2327 The bismuth lay-
ered structured ferroelectrics (Bi,A ;B O .4, BLSF, e.g. Bi Ti;O,,, Bi;TiTaO,,
CaBi,Ti,O,5), composed by pseudo-perovskite layers (A ;B O, +1)2_ stacked
between sheets of (Bi202)2+, have low dielectric constants, low dielectric loss and
high Curie temperatures.??2%27 The piezoelectric properties of the BLSFs are
however modest, and their high coercive fields and anisotropic structures make
them difficult to polarize.??2527 Other lead-free piezoelectric materials include
LiNbO,,%3 ZnSn0,,%" BiFeO,,?%1%? BiAlO,,? langasites (A;BC;D,0,, LGS,
e.g. LagGagSiO,, Ca3(;‘ra2(?re4014),25’105 hexagonal manganites (h—RMnOs,, e.g.
YMnO3)110 and polymer-based materials. !

K, Na; NbO,

Crystal structure and phase morphology

The potassium sodium niobates are a family of inorganic materials with the gen-
eral formula IgNal_beOS.lll The K Na; NbO; family is composed by solid
solutions of the two perovskites KNbO, and NaNbO,, and all compositions x in
the K Na, NbO, family takes the perovskite crystal structure (A = K*, Na*,
B = Nb®* in ABO3).30 The end components, KNbO; and NaNbO,, have dif-
ferent properties and influence the solid solution in different ways: KNbO; is
ferroelectric at room temperature, and has a relatively simple polymorphism,
going from rhombohedral (R) to orthorhombic (O) at Tr.o = —10°C, from or-
thorhombic to tetragonal (T) at To.r = 225°C, and from tetragonal to cubic (C)
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Figure 2.8: Piezoelectric coefficient (d33) as a function of depolarization temperature (T'y)
or Curie temperature (T¢) for the material families PZT, BT, KNN and BNT. The figure is
based on data from 29-37.109

at Trnc = To = 435°C. 112113 The potassium ions in KNbOj, are slightly oversized
relative to the ideal perovskite structure (¢ = 1.05), causing the structure to have
a tetragonal distortion. 113 NaNbOyj is antiferroelectric at room temperature, and
goes from rhombohedral to orthorhombic at Tgr.o = —100°C, through four dif-
ferent orthorhombic phases (Tg1.02 = 373°C, To2.03 = 480°C, Tp3.04 = 520°C),
then from orthorhombic to tetragonal at To.r = 575°C, and from tetragonal to
cubic at T'r.c = T = 640°C. 114 The sodium ions in NaNbO, are undersized rel-
ative to the ideal perovskite structure (¢ = 0.795), causing the structure to have
strong octahedral tilting distortion. 3 Combined, K, Na; NbO, takes the phase
morphology of KNbO, for most compositions (0.02 < x < 1), as illustrated in
the pseudo-binary phase diagram in Figure 2.9.87115 For compositions x < 0.4,
K, Na, NbO, adopts the octahedral tilting of NaNbO3,115’116 which is associ-
ated with a stronger polarization. 13 Optimal ferroelectric performance is found
in compositions around x = 0.5, and this is the composition usually associated
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with the abbreviated term “KNN”.30-38 At this composition, KNN has phase
transitions at Tgr.o = —123°C, To.r = 210°C and Tc = T¢ = 410°C, and solidus
and liquidus points at 1140 and 1280 °C, respectively. 21117 KNN is usually de-
scribed as orthorhombic (s.g. Amm2) at room temperature, >187 but the structure
has a slight monoclinic distortion (f = 90.33°) and is most accurately described
with a monoclinic symmetry with s.g. Pm, see Table 2.1.118:119 The relationship
between the orthorhombic and monoclinic unit cell parameters is presented in
Figure 2.10. The x = 0.5 composition of KNN has a tolerance factor ¢ = 1.01,
calculated using Equation 2.16 and ionic radii of the elements. '2° The elements
forming KNN (K, Na, Nb) are all abundant'?! and non-toxic to humans,23:122
but the environmental footprint of niobium mining and extraction has been ques-

tioned. 123

Table 2.1: Unit cell parameters of K, ;Na, ;NbO, ceramics at room temperature for the
monoclinic (s.g. Pm) and orthorhombic (s.g. AmmZ2) symmetries.

Symmetry a [A] b [A] c [Al Bl Ref.

Monoclinic ~ 4.00468(4) 3.94464(3) 4.00200(5) 90.3327(5) 118

Orthorhombic  3.9576(2)  5.6388(4)  5.6662(6) - 124
Properties

Selected properties of KNN ceramics are presented in Tables 2.2 and 2.3. Pure
KNN has a density of p = 4.51gem ™3, an E-modulus of E = 104GPa and a rela-
tively low thermal expansion coefficient of a = 4.72-10 — 6.15:117.125 Stoichiomet-
ric KNN has a high Curie temperature (> 400°C) and a good electromechanical
coupling factor (k ~ 0.5),1523:31 hut the piezoelectric properties of the material
are modest (d33 = 80-160 pCN!, S,,0:/E max = 150pmV~1, @,, = 130). 530,108
However, the low crystallographic density of KNN cause the piezoelectric per-
formance per weight of the material to be competitive with other piezoelectric
materials. 28 The piezoelectric properties of KNN can also be improved 5- to 10-
fold by compositional engineering (see Compositional engineering and additives,
page 34).31:32,36

Potassium is an essential element, but it is toxic in high concentrations.
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Figure 2.9: The pseudo-binary phase diagram of the KNbO,-NaNbO4 system. Adapted
from 87, with permission from Elsevier, © 1971.

a,=a, sin(f/2)+ c, sin(f/2)
b,=2b,
c,=c, cos(f/2) +a, cos(f/2)

Figure 2.10: The relationship between orthorhombic unit cell parameters (a,, b,, ¢o) and
monoclinic unit cell parameters (am, bm, cm, f)-
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Table 2.2: Mechanical properties of KNN ceramics.

Property Value Ref.
2.96-1075 (30-195°C)
4.35-107% (208-364°C) 195

Thermal expansion coefficient, a 7.52-10-6 (434-790°C)

4.72-1076 (ave. 30-790 °C)

Young’s modulus, E 104 GPa 15

Poisson ratio, v 0.27 15

Compositional engineering and additives

The use of chemical additives in KNN ceramics is almost always aiming at im-
proving the functional properties of the material, but the mechanisms by which
this is achieved differ.30-31:36:127 The earliest work on chemical modification of
KNN was concerned with improving the poor sintering of the material during
solid-state synthesis, and considerable improvements in the functional properties
have been achieved using sintering aids. 35117127 More recently the engineering
of phase boundaries has been the main focus for improving the piezoelectric prop-
erties of KNN ceramics.?!32:36:37 Work has also been put into improving the fa-
tigue behavior and dielectric properties. 3438 A list of selected doping compounds
is presented in Table 2.4.

Sintering aids: Solid-state processing of pure KNN ceramics is challenging due to
a narrow sintering window close to the solidus temperature and alkali volatiliza-
tion at elevated temperatures. 27 The use of sintering aids can induce cation mo-
bility at lower temperatures, usually through the formation of liquid phases or
vacancies. 36117127 Liquid-phase sintering can be induced by different copper- or
zinc-based compounds like CuO, K,CuNbgO,5 (KCN), K, ,Cu; 3Ta;,0, (KCT),
ZnO and K, 4,Zn, ,cTa; 14O0;5, but various other additives have also been
used. 31:32:36,117.127 Promotion of vacancies is typically induced by aliovalent dop-
ing with binary oxides on either A- or B-site in KNN, which include compounds
like MgO, Mn O, , La, 04, Fe,05 and ZnO. 81,32,36,117.127 Ternary compounds with

Xy’
Li* like LiNbOg, LiTaO4, LiSbO4 have also been shown to decrease the sinter-
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ing temperature. '?” In addition to improved densification, some sintering aids
improve functional properties by diffusing into the KNN lattice or segregating
on the grain boundaries.3%3%127 For example, Cu-based compounds have been
shown to have a hardening effect on KNN, ZnO has been shown to increase
the Curie temperature and manganese oxides have been demonstrated to reduce

leakage and dielectric loss. %6127

Phase boundary engineering: Improving piezoelectric properties through engi-

neering of phase boundaries in KNN involves shifting To.r or Tr.o (or both)
towards the operation temperature to stabilize more polarization directions, as
illustrated in Figure 2.11.31:3236:37 Reduction of the onset temperature for the
O-T phase boundary using ion substitution with Li*, Ta®" and Sb®* is arguably
the most common doping strategy, but a range of other compounds can influence
the O-T phase transition.?*237 The R-O phase transition is more difficult to
engineer but can be shifted by for example using Ta%*, Sb%" and various zir-
conates as additives.?"7 The highest d33 value measured for KNN ceramics
(~ 700pCN~1) is reported for a textured sample with R-O phase boundary at
room temperature.'? Superb piezoelectric properties (dsz = 400-600 pCN~1) can
also be obtained by shifting both the R-O and the O-T phase boundary, creating
an R-O-T phase boundary (also known as R-T or “new” phase boundary).31:32:37
Some dopants are able to both reduce To.7 and increase Tg.o (e.g. Sb?*, Ta’*,
Bi, ;(Na,K), ;FO4 (F = Hf**, Zr**, Ti*")), but generally a multi-component com-
position is required to create the R-O-T phase boundary. The thermal stability
of the piezoelectric properties of KNN can be improved by Li*, Zn?*, CaZrOg,
AgNbO,, Bi, ;Na, .ZrO,, BNT.3%36

Other dopants: Some dopants can improve the resistance to cycling fatigue by
preventing domain wall pinning, including samarium oxide, BKT and some ti-
tanates and zirconates. 3% Reduction of dielectric loss and leakage current can be
promoted using multivalent dopants (e.g. manganese, cobalt), and such dopants

are often used to improve the piezoelectric response in KNN thin films. 333436
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Figure 2.11: (a) Temperature dependence of the permittivity in KNN illustrating the
three phase transitions rhombohedral-orthorhombic (R-O), orthorhombic-tetragonal (O-T)
and tetragonal-cubic (T-C). Phase boundary engineering involves moving the R-O and/or
O-T phase transition towards room temperature (blue line). (b) Polarization directions in
rhombohedral, orthorhombic and tetragonal symmetries. Combinations of directions are
available at the phase transitions between the symmetries.
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2.2 Ceramic thin films

2.2.1 General characteristics

Size matters

Electronic technology is in a constant pursuit for functional components with
smaller sizes, higher performances and lower energy consumption. Passive and
active electronic components (e.g. resistors, capacitors, inductors, transistors,
tunnel diodes) are currently pushing the boundaries of nanotechnology and are
on the verge of leaping into quantum technology. '?® The electromechanical com-
ponents are following some orders of magnitude behind and are currently tran-
sitioning from the micrometer-range to the nanometer-range. 12%13% For the elec-
tromechanical components, the thin film design represents a practical compro-
mise between the micro- and macro-world, as they have a macro-sized areal ex-
tension which makes them easy to integrate with other electronic technology, and
a micro-sized thickness (typically < 211m), which gives the thin films many of the

characteristics and advantages of nanomaterials. 131

In contrast to electromagnetic systems, piezoelectric components exhibit excel-
lent scaling with size and retain much functionality down to the nanometer re-

132 Because of this, piezoelectric thin films represent a promising technol-

gion.
ogy for electromechanical components. 4132133 Both piezoelectric effects can be
utilized in such components, and piezoelectric thin films offer the opportunity for
broad-range, high-sensitivity sensors (direct effect) and large motion, low-voltage
actuators (indirect effect). 1*%133 Although piezoelectric thin films retain much of
the properties observed for bulk ceramics of the same materials, boundary condi-
tions at the nanoscale will influence the thin film properties.?* For example, in-
terfacial phenomena (space charges, strain gradients, compositional variations)
and substrate clamping effects start to influence the functional properties when
sample thickness is pushed into the nanometer range. *® The small volume also
affects the accumulative randomness of overall grain orientation, causing poly-
crystalline piezoelectric ceramics that exhibit no net piezoelectric effect in bulk
due to cancellation of polarization directions (e.g. ZnO) to obtain net piezoelectric
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performance as thin film.%*

The effect of the substrate

The substrate can influence many of the thin film’s properties and in that effect
the overall thin film performance, and the type of substrate should therefore be

131 Because of the wide use of silicon in semiconductor tech-

selected with care.
nology, substrates based on single-crystal Si wafers are the most used support
for thin film technology. 12%133:134 However, substrates based on single-crystal ce-
ramics (e.g. SrTiO4, MgO, Al,O;), various metals (e.g. Ti, Ni, steel), glasses and
polymers (e.g. polyimide, silicones) are also used as these can introduce different
mechanical properties to the device or induce specific structural or phase growth

in the thin films.

Mechanical clamping
In most cases, thin films are supported by a thicker substrate, making thin films

131 The substrate is typically several hundred

in practice a composite system.
microns thick, causing the mechanical properties of the film-substrate compos-
ite system to be completely dominated by the mechanical properties of the sub-
strate. 132 This causes a clamping effect on the in-plane elastic properties in the
thin film, which leads to a reduction in the effective piezoelectric effect (dssy,

e31,¢) in accordance to Equations 2.17 and 2.18. 132,133,135

2sE
13 E
dgzs=ds3— 5 ds1=d3z—2s73e31f , ds3r<dss (2.17)
8111512
E
C
13 E
esif=e31— — esg=es1—Cisdsgf ,  lesifl >lesil (2.18)
C
33

Here, d3s and e3; are the unconstrained out-of-plane piezoelectric coefficients,
d31 and e33 are the unconstrained in-plane piezoelectric coefficients, and s1; and
cis are the elastic stiffness coefficients of the film. A reduced clamping effect can
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be obtained by using substrates with low stiffness, i.e. flexible substrates.

Mechanical stress and strain

Stresses can be induced in the film during synthesis if the thermal expansion
coefficients of the substrate and the film are different.'® The bilateral misfit
stress (0) in a film formed at temperature Ty and cooled down to temperature T
can be calculated by Equation 2.19,

(af—as)(To - T)E¢
g =

2.19
T—ve (2.19)

where ar and a; are the thermal expansion coefficients of the film and the sub-
strate, respectively, E¢ is the Young’s modulus and v¢ is the Poisson ratio of the
film. Such stresses can induce defects in the film’s crystal structure or even
macroscopic cracks and fractures. 136 However, the stress-induced strain in films
from the substrate can be tailored and utilized to improve the piezoelectric prop-
erties of thin films. 132 Misfit strain can for instance dictate the stability of the
phases in the thin film, and by tuning the thermal misfit strain the phase of
the film can be engineered. 7 Such strain-engineering has lately received much
attention, including for KNN thin films. 381! Figure 2.12 shows a calculated
strain-temperature phase diagram for KNN thin films. 14!

Mechanical stresses can also arise in thin epitaxial films due to different lattice

131 Epitaxial growth of thin films

parameters between the film and the substrate.
requires a lattice mismatch less than ~9 %, and an increasing degree of polycrys-
tallinity is usually observed up to this value. 131142 As the thickness of an epitax-
ial film increases, so does the elastic strain energy (E.) in the film. At a critical
film thickness, d., the accumulated elastic strain energy exceeds the energy for
a relaxed film, and lattice defects form in the film to accommodate the stress. 13!
The defects introduced are usually lattice dislocations'*? but point defects like
oxygen vacancies accommodating misfit stress has also been reported.*3 The

critical film thickness (d.) can be calculated from
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Figure 2.12: Temperature-misfit strain phase diagram for (001)-oriented epitaxial
K, 5Na; sNbOg thin films, obtained from 3D phase-field modeling. The phases are para-
electric cubic (C), ferroelectric tetragonal with out-of-plane (Top), in-plane (Tj,) and mixed
polarization (Ty/), ferroelectric orthorhombic with out-of-plane (Oop) and in-plane polar-
ization (Ojp), ferroelectric rhombohedral with distorted polarization (Rp) and a region of

several stable phases (mix). Figure is modified from 141

(2.20)

b Bd.
d°_8n(1+vf)fln( b )

where b is the Burgers vector, f is the misfit value describing the misfit ratio of
the film and substrate lattice, and f is a constant. 3!

Substrate induced orientation

The substrate surface (crystallographic orientation, microstructure) can influ-
ence thin film characteristics during synthesis. ?*131-133 By matching the crys-
tallographic structure of the substrate to the thin film, preferential orientation
of the film can be achieved, which in turn can maximize the anisotropic piezo-
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electric properties of the film.?%132133 For thin film synthesis through chemi-
cal solutions, this is obtained through heterogeneous nucleation and growth on
the substrate. ** Various degrees of preferential orientation can be achieved. 3!
Epitaxial growth implies a single crystal thin film almost perfectly matching the
crystallographic orientation of the substrate. Texturing implies growth of grains
with a set out-of-plane crystallographic orientation and a random in-plane orien-
tation. Because of their crystallographic similarities to many piezoelectric thin
films, single crystal ceramics (e.g. SrTiO4, MgO, Al,O;) are usually used as ori-
entation inducing substrates.

Substrate induced phase nucleation

Heterogeneous nucleation might alter the energy landscape for nucleation of dif-
ferent phases in a thin film system.®® Choosing substrates that favor nucle-
ation of the main piezoelectric phase can promote phase purity in material sys-
tems with parasitic secondary phases close in energy to the main phase (e.g.
Na,Nb,0,,/KNN). 145

Designs of thin film devices

A wide range of device designs based on piezoelectric thin films has been devel-
oped based on the area of application, but the most common designs are can-
tilever structures, membrane/diaphragm structures, bridge-structures and stack
type configurations (Figure 2.13 (a)). 7-°0:182,146-148 The designs are developed to
optimize the performance of the piezoelectric film when used in different situ-
ations, e.g. actuation/motors,” MEMS/bioMEMS,5%132 energy harvesting*® or
sensors. 146 The electrode configuration can also be tailored based on application
and measuring mode, although traditionally a top-bottom (TB) or interdigitated
design (IDE) is used, as illustrated in Figure 2.13 (b). 132 TB electrodes capture
out-of-plane piezoelectric properties while IDE electrodes capture in-plane prop-
erties.
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/1 Piezoelectric film I Support C—1 Electrode

Figure 2.13: (a) Side view of thin film device designs, including (i) cantilever, (ii) stack,
(iii)) membrane and (iv) bride-type structures. (b) Electrode configurations, including (i)
top-bottom electrode capturing out-of-plane properties and (ii) interdigitated electrodes
capturing in-plane properties.

2.2.2 Synthesis of ceramic thin films

Top-down and bottom-up approaches

Processing techniques of nanomaterials can be divided into top-down and bottom-
up methods as illustrated in Figure 2.14.14° In the top-down methods, the nano-
material is processed out of a larger piece of the material, for example by me-
chanical grinding, mechanical chemical polishing, laser machining and various
forms of lithography (e.g. optical, e-beam, nanoimprint, scanning probe). 149-151
In the bottom-up methods, the nanomaterial is grown from atomic or molecular
precursors, for example through a vapor phase or a chemical solution. 14%-152:153
For ceramic thin films, the bottom-up methods are usually preferred as they can
deliver films of complex compositions with nano-size resolution at a relatively
high output rate. 4 The following sections will focus on the bottom-up synthesis
methods.

Vapor phase processing

Vapor phase synthesis is based on transport of the nanomaterial components
through a vapor phase and the deposition of these components, or the reac-
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Figure 2.14: Illustration of the two categories of nanomaterial synthesis; top-down and
bottom-up synthesis.

tion product of these components, on a substrate. 1>>157 The components can be
atoms, molecules or small clusters of the material to be deposited. Vapor phase
processing is divided onto two categories: (i) physical vapor deposition and (ii)
chemical vapor deposition. %3

(i) Physical vapor deposition

Physical vapor deposition (PVD) is characterized by a process where the ma-
terial to be deposited goes from a condensed state in the precursor target to a
vapor state and then back to a condensed state on the substrate. 415 This pro-
cess is usually conducted under vacuum or controlled atmosphere. There are

several types of PVD techniques, including pulsed laser deposition (PLD), 178159

sputter deposition, 69161

arc vapor deposition %2163 and ion plating.'%* PLD has
been used to deposit K N; NbO, thin films on various substrates, including
Ptg,Iry,, SiPt, SiO,/Si, Pt/MgO, SrTiOg, La, ,Sr,3MnO4 (LSMO)/SrTiO4 and
LSMO/LaAlO;. 165-171 Radio frequency magnetron sputtering has been used to
deposit K, N, , NbOj4 thin films on Ptg,Ir,,, SiPt, Pt/MgO, LaNiO4/Si, LaNiO4/Si,
LaAlOg, SrRuO,4/SrTiO4 and SrRuO,/Pt/MgO. 172-178

(it) Chemical vapor deposition

Chemical vapor deposition (CVD) is characterized by formation of the desired
material through chemical reaction of volatile precursor species on or in vicin-
ity to the substrate, and the process is usually conducted at elevated temper-
atures. 1?6157 Different types of CVD techniques have been developed, includ-
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ing metalorganic chemical vapor deposition (MOCVD), 79180 gtomic layer de-
position (ALD)'®! and molecular beam epitaxy (MBE) which is essentially a
mixed PVD/CVD technique. 1*#182 MOCVD has been used to deposit KN, ,NbO,
thin films on SiO,/Si, SiN,/Si, SrTiO4, Al,O4, NdGaO,, DyScO,, ThScO; and
GrdScO3.183_186 ALD has been used to deposit KNN thin films on Si and
Pt/S;, 187,188

Chemical solution processing

Chemical solution deposition (CSD) is a versatile processing technique used to
fabricate high quality ceramic films in a wide range of compositions. 134.144,189-191
The technique is based on depositing a chemical solution containing the compo-
nents of the targeted material on a substrate, and then thermally process the de-
posited film to form the final material. The CSD process can be divided into four
steps, as illustrated in Figure 2.15. These are the preparation of the chemical
solution, deposition of the chemical solution to a substrate, drying and pyrolysis

of the deposited solution, and finally crystallization of the deposited layer.

Solution preparation Deposition Drying, Crystallization
pyrolysis (>500 °C)
(100-400 °C)

— s

Solution Substrate Wet solution Amorphous Crystalline
layer metal-oxygen metal oxide
network thin film

Figure 2.15: Schematic of the main steps of chemical solution deposition; solution prepa-
ration, deposition, condensation/pyrolysis and crystallization.

Solution preparation

The chemical solution preparation is the most crucial step in CSD synthesis as
the solution chemistry in large dictates the processing parameters in the subse-
quent steps of the synthesis and the final quality of the thin film. 134144,189,190

The chemical solution must meet several requirements in order to form a high-
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quality ceramic film:#* (i) The metal cations or metal cation complexes must be
sufficiently soluble in the solvent so that the chemical solution is stable. (ii) The
solution must sufficiently wet the substrate to obtain a homogeneous deposition
with nano-sized thickness. (iii) The rheology of the chemical solution must be
tailored to the deposition technique to form a wet layer of appropriate thickness.
(iv) No phase separation/recrystallization of precursor components should occur
during drying or pyrolysis to retain the atomistic homogeneity of the cations. (v)
All constituents of the chemical solution but the metal cations must decompose
during the thermal treatment to avoid undesired residues. (vi) The solution must
form a phase pure, dense and crack-free thin film during thermal processing.

Different CSD methods are often categorized based on the characteristics of
the chemical solution system used, and these include sol-gel synthesis, chelate
routes, metal organic decomposition (MOD), Pechini and modified Pechini meth-
ods, the citrate route, the nitrate route, aqueous solution-gel processes, molecular
precursors, polymer assisted deposition (PAD), microemulsions and liquid exfo-
liation. 144190:191 §4).ge] synthesis with alkoxide based precursors is the most
frequently reported CSD method as it offers excellent control over solution pu-
rity, stability, reactivity and rheology, in addition to being susceptible to a wide
range of chemical modifications. 1192 The disadvantage with this method is the
cost and toxicity associated with the metal alkoxide precursors and the solvents
(e.g. 2-methoxyethanol) and the need for an inert atmosphere during synthe-
sis. 184144192 A cogt-effective and environmentally friendly alternative is to use
aqueous precursor systems. 195193 The rich chemistry of aqueous solutions allows
for synthesis compatibility with many material systems, and synthesis can be
conducted under ambient conditions. 197193 However, aqueous CSD has its own
challenges, especially issues with the stability of higher-valency cations in water

and poor wetting properties of the solutions. 44193

Deposition

Deposition of the chemical solution to the substrate must be performed in a way
that ensures a homogeneous liquid layer with thickness in the nano-range. 144190
There are several techniques available depending on the substrate geometry
and the thickness and conformality requirements for the final thin film. The

most common techniques are spin-coating, dip-coating and spray-coating, but
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other techniques have been developed, including Langmuir-Blodgett deposition,
chemical bath deposition, inkjet-printing, electrochemical deposition and liquid
atomic layer deposition. 4189191 For one-sided deposition on flat substrates,
spin-coating is the preferred deposition technique since the method offers highly
uniform films at a high production rate and using simple equipment. 44194 De-
position of the solution onto the substrate is typically performed using a filtered
syringe, and solvent layer thinning is performed through liquid flow upon spin-
ning of the substrate at rates of ~ 1000-8000 rpm.'** The thinning rate of the

solution during spinning is described by Equation 2.21:194

dh __2p0’h? (2.21)

dt 3n
where ¢ is the spin time, % is the thickness of the deposited solution layer, p is
the solution density, w is the rotation rate (spin velocity) and 7 is the solvents
viscosity. As evident from Equation 2.21 the final thickness of the deposited sol-
vent layer is independent on distance from the substrate center, meaning that
flow physics inherently favor film uniformity. 1°* Equation 2.21 also shows that
the thickness of the solvent layer can be engineered by altering solution viscosity,
spin rate and spin time.

Thermal processing: drying and pyrolysis

Following deposition, the deposited wet film in thermally processed to first form
an amorphous metal-oxygen network through drying and pyrolysis. 134144,189,190
Drying of the wet film typically takes place at temperatures of 100-200°C, and is
performed to immobilize/entrap cations (e.g. through complexation, gel formation
etc.) and to remove most of the solvent through evaporation. Performing these
processes at low temperatues (< 200°C) prevent formation of large defects like
pores, cracks and blisters in the final film. Pyrolysis is usually performed at 200-
400°C, and involves combustion and/or decomposition of additives, non-metal

components and remaining solvent.

Thermal processing: crystallization
The final part of CSD is crystallization of the targeted phase in the film, and this
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process usually requires temperatures > 500°C. 134144189190 Whyle cation immo-
bilization and pyrolysis is solution dependent, the crystallization is mostly mate-
rial system and substrate dependent. > Although the crystallization is thermo-
dynamically favored at all temperatures below the melting point of the system
(illustrated in Figure 2.16 (a)), the energy required to overcome the nucleation
energy barrier is only achieved at a certain temperature (illustrated with region
II and III in Figure 2.16 (b)).1%® As shown in Figure 2.16 (b), only heterogeneous
nucleation (nucleation on substrate interface) is favored at low temperatures (re-
gion II), while both homogeneous and heterogeneous nucleation is possible at
higher temperatures (region III). If the substrate has a specific crystallographic
orientation, epitaxy or texturing of the thin film can be promoted by heteroge-

neous nucleation. 13419

This is then simply induced by choosing a crystalliza-
tion temperature within region II in Figure 2.16 (b). The energy barriers for
homogeneous and heterogeneous nucleation (AG*) are dependent on the driving
force for crystallization (AG,), the interfacial energy (y) and the contact angle (0,

only for heterogeneous nucleation), according to Equations 2.22 and 2.23, respec-

tively: 144,189,195
« 167y°
homo ~ 3—(AGU)2 (2.22)
« 167y3 2—3cosh +(cosh)?
AGhetero = mf(@) s )= 1 (2.23)

Processing considerations for flexible thin films

Using substrates with low elastic stiffness (metal foils, polymers) can drastically
reduce the clamping effect and thereby increase the performance of piezoelec-
tric thin films. 196198 There are two methods to synthesize ceramic thin films on

flexible substrates: (i) direct deposition and (ii) transfer synthesis. 199
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Figure 2.16: (a) Gibbs energy versus temperature for an amorphous film and the cor-
responding crystalline film. The Gibbs energy difference between the two phases (AG,)
is the driving force for nucleation, and this becomes zero at the melting point of the sys-
tem (T'mp). (b) Gibbs energy versus temperature for the activation energy of homogenous
nucleation (AGpome) and heterogeneous nucleation (AGpetero), and the overall available
energy budget for the system (AGy,q). Spontaneous heterogeneous nucleation occurs in
region II and III, while homogeneous nucleation occurs spontaneous only in region III.
Adapted from 134, with permission from Royal Society of Chemistry, © 2014.

(i) Direct deposition

Direct deposition is fabrication of the ceramic thin film directly on the flexible
substrate, as illustrated in Figure 2.17 (a). ° Metal foil substrates are mechan-
ically and thermally robust and thin film synthesis can often proceed at nor-
mal conditions on these substrates.?°%2°1 For polymeric substrates, however,
direct synthesis must be performed below the decomposition point of the poly-
mer. 1% This involves low temperature crystallization and can be induced by us-
ing seeding layers/crystallization seeds, UV or laser irradiation, microwaves, hy-
drothermal processing and photochemical activation methods. 1?1:199:202 Today,
PVD is capable of room temperature synthesis,?°2 and advanced CSD (a-CSD)
techniques have brought processing temperatures from 400-750 °C down to 200-
550°C.191 Examples of ceramic thin films synthesized by the direct deposition
method include PZT, 200201 BCZT, 293 AIN2%4 and KNN.20°

(ii) Transfer synthesis
Transfer synthesis involves synthesis of the ceramic thin film on a thermally
robust substrate, and then using a lift-off technique to transfer the prepared
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film over to the flexible substrate (Figure 2.17 (b)). '® The lift-off procedure can
be performed by melting/dissociation the film-substrate interface or by using a
release/sacrificial layer. The former requires that either the substrate or the
thin film can be melted or thermally dissociated, exemplified with KNN on sap-
phire?°6 and PZT on sapphire.??” A sacrificial release layer can for example be
composed of Si, 198 SiOZ,208 Zn0% or NaCl.2% ZnO is especially interesting as
it can be etched away with weak and harmless acids (e.g. acetic acid) compared
to Si and SiO, that require hydrofluoric acid, and at the same time ZnO can
withstand CSD of solutions with pH around 7 (NaCl would dissolve).

( a) ( ) T> 450 °C Polymer subst.
% D & H » Crystalline film » Crystalline film
fo Rigid subst. Rigid subst. Rigid subst.
NS
@, d
\ "‘ﬂ(- Q’é T<300°C Polymer subst.

Polymer subst. Polymer subst. Polymer subst.

I Rigid subst. I

Figure 2.17: (a) Direct deposition synthesis of ceramic thin film on polymeric substrates.
The technique requires low temperature (7' < 300°C) crystallization of the amorphous
film, e.g. aided by laser, UV irradiation or microwaves. (b) Transfer synthesis of ceramic
thin films on polymeric substrates. The technique includes high temperature crystalliza-
tion (7" > 450°C) on a rigid substrate and then a transfer of the crystal film onto the flexible
substrate, e.g. using of a sacrificial release layer.

2.2.3 KNN thin films

Properties of KNN thin films

Selected properties of KNN-based thin films fabricated through various synthe-
sis techniques (PLD, RF-magnetron sputtering, MOCVD, ALD and CSD) are
presented in Table 2.5. The piezoelectric properties of the thin films are in
many of the cases recorded with local measurement techniques like piezore-
sponse force microscopy (PFM), and these values can be problematic to di-
rectly compare due to their correlation with the stiffness of the measurement
tip-sample contact.219 Most of the dss values reported are in the range of
14.5-90 pm V1, 171,172,176,177,185,211-224 15, some studies have reported on values
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above 100 pmV‘l. 188,225-227

KNN-based ceramics are vulnerable to the development of off-stoichiometry and
the creation of niobium rich parasitic secondary phases during thermal pro-
cessing due to the volatile nature of alkali species at elevated temperatures. 127
This is also a prominent issue in the fabrication of KNN thin films and is often
prevented by using an excess of alkali metals in the synthesis.??3* KNN thin
films are also prone to exhibit low dielectric resistivity due to leakage currents
caused by point defects like oxygen vacancies and electron holes, and multivalent
dopants like manganese and cobalt have been proved to effectively reduce these

leakage currents. 3334
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CSD of KNN thin films

CSD is one of the most frequently reported synthesis routes to
KNN thin films,??34 and the literature on the topic is comprehen-
sive,64139,205,211-264  The most common CSD method for fabrication of
KNN thin films is sol-gel synthesis using niobium ethoxide and alkali
ethoxides or acetates as precursors and 2-methoxyethanol (2-MOE) as sol-
vent, 139,:211-223,225-242,244,245,249-251,253,255-260,262-264 A giomificant advantage
of the 2-MOE based sol-gel method compared to other methods is the superb
precursor solution stability, enabling high-concentration solutions that have
long shelf lives and that can produce ceramic layers of several hundred nanome-
ters per deposition. However, these solutions are composed by harmful and
expensive chemicals, and the solutions are extremely sensitive to moisture,
meaning they have to be prepared in inert atmospheres. Several chemical
additives are used in 2-MOE based method, including acetylacetone as chelating
agent, acetic acid and ethylenediaminetetraacetic acid (EDTA)/diethanolamine
(DEA)/monoethanolamine (MEA) as stabilizing agents, polyvinylpyrrolidone
(PVP) to improve densification and N-N dimethylformamide as drying control
additive. Solutions based on other solvents have also been reported, including
propionic acid (PPA),2% ethanol,?*3 mixtures of n-propanol (n-PrOH) and
1,2-propanol (1,2-PrOH)?46:252 and water, 64.247:248.254.261  The water-based
solutions are based on the modified Pechini route with citric acid and ethylene
glycol, 247261 the citrate route with just citric acid2*%2%* or other aqueous
solution-gel processes.®* These precursor solutions use less harmful chemicals
than the 2-MOE sol-gel method, but controlling the chemistry in these precursor
systems is often challenging.

SiPt is the most common substrate for CSD synthesis of KNN thin
films, 139,211-219,221-225,227,230-242,244,245,247,248,250,251,255,256,258-262,264 15,14
b

sub-
strates like SiO,/Si, 228,246,252 ZrO,/Si, 229,230 LaNiOg/Si,261 MgO,23® met-
als, 205,243,254 ALO, 226,246 419 SITiO, 64,139,220,249,253,257,263 have also been
reported. The thermal treatment is usually conducted in three stages; drying at
150-450°C, pyrolysis at 300-650°C and crystallization at 450-800°C. Several
studies have proved that the final microstructure of CSD derived KNN thin films

249,254,260

can be engineered by controlling the thermal processing or solution
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chemistry. 64226:242.247 Selected properties of KNN-based thin films fabricated
through CSD are presented in Table 2.6.
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2.3 Implantable medical devices
and biocompatibility

2.3.1 Implantable medical devices

Medical implants and biomaterials

Definitions

Medical implants are commonplace in modern medicine, and they consist of a
wide range of devices, including total hip joint prosthetics, artificial pacemakers,
contraceptive devices and vascular stents, to mention some. The purpose of most
medical implants is to replace (e.g. hip joint prosthetics), support (e.g. vascu-
lar stents) or enhance (e.g. cochlear implants) biological structures/systems in
the host, but new technologies are broadening the scopes of these devices (e.g.
spinal cord stimulators for pain relief). The vast variety of medical implants
available makes it challenging to put an exact definition on the term. 2% The cur-
rent consensus for the term in the field is “a medical device made from one or
more biomaterials that is intentionally placed, either totally or partially, within
the body”. 265

In contrast to transplants, medical implants are man-made devices constructed
by, traditionally non-living, biomaterials. 2% The definition of the term biomate-
rial has changed with the development of the field. 262267 The current consensus
for the term from the Chengdu Definitions in Biomaterials Conference Consensus
Conference 2019 reads: 2% “A material designed to take a form that can direct,
through interactions with living systems, the course of any therapeutic or diag-

nostic procedure”. The term is synonymous with the term biomedical material.

History of medical implants and biomaterials

There exist several examples of materials being fixed partially of fully enclosed
inside the human body from as far back as 32.000 years ago, but these procedures
were rarely successful due to severe infections after surgery. 26626 The modern
concept of medical implants came after the development of the aseptic surgery
techniques by Lister in the 1860s.26%270 The use of sterile equipment greatly
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reduced the risk of fatal post-operative infections, and experiments with various
medical implants took off. 266270 Until the 1950s, medical implant technology was
largely centered around the application of more chemical resistant steels and al-
loys, as well as making increasingly complex implants for bones and joints. 61266
In the years after World War II, high-performing metal alloys, ceramics and syn-
thetic polymers developed and used by the militaries during the war were sud-
denly available for medical engineers and surgeons, and the development of new
types of implants exceeded. 266268 In the 60s and 70s, the first materials specially
designed for use inside the body were developed, laying the foundation for the
field of biomaterials.266:268:271-278 Thege materials, referred to as first-generation
biomaterials, were designed to be as chemically and biologically inert as possible
to minimize device degradation and immune- and inflammatory responses from
the host. Examples of early hard- and soft-tissue implants developed in the 60s
and 70s are presented in Figure 2.18.

Figure 2.18: (a) Prosthesis models for total hip replacement. Top left: Charnley prosthe-
sis (stainless steel femoral component, high density polyethylene cup). Right: Chernley-
Muller prosthesis (cast Vitallium® femoral component, high density polyethylene cup).
Bottom left: McKee-Farrar prosthesis (cast Vitallium® femoral component and cup).
Reprinted from274, with permission from Elsevier, © 1973. (b) The Cronin—Gerow sili-
cone breast implant developed in the 1960s. The white patches on the implant is Dacron
mesh to help prothesis orientation after implantation. Reprinted from27°, with permis-
sion from Elsevier, © 1971.

By 1980, around 40 different materials and 50 different devices had been de-
veloped and put to clinical use, and millions of devices were implanted annu-
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ally. 271272 Duyring the 80s and 90s, a new generation of biomaterials was de-
veloped and put to clinical use. These second-generation biomaterials were, in
contrast to the prior bioinert materials, designed to either actively elicit biologi-
cal responses and reactions from the host (bioactive) or to gradually degrade and
decompose into non-harmful components over time (bioresorbable).?”® Bioactive
materials saw clinical use from the mid-80s, and already by the start of the 90s
bioactive materials was being utilized in multiple medical areas.?’® The biore-
sorbable materials were designed to be chemically broken down into non-harmful
components and resorbed by the host over time, i.e. being replaced by the local
biological tissue after playing out its role. By 1984, resorbable sutures made of a
copolymer of poly(lactic) and poly(glycolic) acids (PGLA) were standard in clini-
cal practice, and resorbable fracture fixation plates and screws and drug releas-
ing systems were becoming increasingly used.271-272:276 Duyring the early 1990s,
third-generation biomaterials were tested in clinical trials. These materials com-
bine the properties from the two classes of second-generation biomaterials, in
that they are both bioactive and bioresorbable. 272273277 By the mid-00s, several
third-generation bioactive glasses were approved by the FDA and on the marked
for medical use.?’” Examples of first-, second- and third-generation biomaterials
are presented in Table 2.7.

Today, the global medical implant market is a multi-billion dollar industry in
strong growth.2?8* The European Commission estimates that the market pro-
vides 110 billion Euros in sales and employs 675,000 people in Europe.?8?
There is no commonly accepted figure on how many medical devices that have
been put on the global market, but the International Medical Devices Database
(IMDD) have recorded over 7200 different types of medical implants by Novem-
ber 2019.286 In Norway alone, the number of primary hip arthroplasties was
9553 in 2018.287 New users of artificial cardiac pacemakers and implantable
cardioverter-defibrillators (IDC) counted 4313.288289 Both numbers are all-time

highs for the 12th year in a row.

Current research on medical implants

Since 2000, especially two technologies have dominated the research area
of medical implants. These technologies are tissue engineering and micro-
electronics, both of which are a direct result of the exponentially growing ad-
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vances the contemporary fields of biotechnology/biomaterials science and nan-
otechnology/computer science, respectively. A brief overview of current research
within tissue engineering is given in the next paragraph. Advances in electronic
implants is described in Implantable electronic medical devices on page 66.

With the development of tissue engineering, there has been a shift in focus in
the implant society from replacing biological structures/systems to regeneration
of biological structures/systems. 28329%:291 Tissue engineering is the use of cells,
biomaterials and growth factors to engineer new biological tissue either ex vivo
or in vivo. 282292 The main principle is to seed living reprogrammed cells or stem
cells on a biomaterial scaffold and to induce growth of a targeted biological tis-
sue using a specialized environment (e.g. bioreactors, chemicals, enzymes etc.).
Tissue engineering has proven to be technically challenging and expensive, but
the technology has the potential of offering the world inexpensive and tailored or-
gans and biological tissue on demand and without the need of donors. Although
tissue engineering still is on the research stage, large steps towards clinical use

293 bone,294

has been achieved recently within neural, vascular, 2% skin?? and

cartilage 2?7 tissue engineering. Recent advances in additive manufacturing has

also given tissue engineering researchers a new tool for synthesizing scaffolds. 278

Implantable electronic medical devices

History of electronic implants

The development of electronic implants started with solving the following prob-
lem: how to communicate with a device that is inside the human body. The
invention and commercialization of the transistor in the 1940s and 50s enabled
engineers to produce small and energy-efficient radio-frequency transmitters, re-
sulting in biotelemetry.?® By 1959, devices for gastrointestinal tract and other
cavities were invented,??? and by the 1960s deep-body implantation of simple
radio-transmitting sensors were developed. These telemetric systems, developed
for monitoring and diagnosis, were the first class of implantable electronic devel-
oped.

In the 1950s, the advances in biomaterials and micro-electronics enabled re-
searchers to stimulate the peripheral and central nervous system (i.e. neu-
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rostimulation) remotely using implantable electrodes.??° In 1958, Elmqvist and
Senning used a implantable myocardial electrode to control the heart rate of a
Swedish patient suffering from intermittent complete heart block (Adam-Stokes
syndrome). ! This was the first artificial cardiac pacemaker to be implanted in a
human, and the first to come of many implantable “open-loop” stimulation sys-
tems developed for local therapy and treatment; In 1961 the first cochlear implant
(CI) was applied.3°! In 1967 the first spinal cord stimulator, an implantable pain
relief electrode, was tested.?°? In 1976 the first sacral anterior root stimulators
for bladder control was implanted. 3°% In 1980, the first ICD was implanted.3%* In
1987, the first middle ear implantable hearing device was implanted.3%® In 1989
the first invasive brain-computer interfaces (BCIs) were implanted. 36

The last category of electronic implants to be developed was the closed-loop con-
trol systems.?® These implants are stimulation systems with sensors that can
give correcting feedback to the stimulation control, enabling automated health
care. Examples include paralyzed limb control, drug infusion systems, and
sensor-regulated artificial cardiac pacemakers. For example, a modern artificial
pacemaker regulates the pacing based on activity of the host body, acceleration
and respiration rate. >

Today, dozens of electronic implants have been developed and commercial-

ized.3%” Modern examples of telemetric systems include implantable pressure

41808 myoelectric sensors, %9310 temperature transponders, 311312 loop

313

sensors,
recorders (ILR)/cardiac monitors and sensors for continuous glucose moni-
toring (CGM).3* Examples of stimulators include sacral nerve stimulators for

bladder control,3'® spinal cord stimulators for pain relief3'6 and drug pumps.3!”

318 and

Examples of closed-loop systems are the artificial cardiac pacemaker
ICDs.3' A list of various types of implantable electronic medical devises are
given in Table 2.8. Four generations of artificial cardiac pacemakers are depicted

in Figure 2.19.

Challenges

Remarkably, the current challenges for implantable electronic medical devices
are more or less identical to the challenges 60 years ago: (i) The need for chronic
power supply, (ii) finding appropriate device packaging and (iii) size restric-
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Table 2.8: Examples of implantable and ingestible electronic medical de-

vices, 42:52,306,307,315-322

Doping mechanism

Medical devices

Sensors, telemetry

Pressure sensors (CardioMEMS™HF System), activ-
ity/movement sensors, myoelectric sensors, temper-
ature  sensors, accelerometers (STMicroelectronics’
MIS2DH), oxygen sensors (Medtronic’s Oxytrax), loop
recorders/cardiac  monitoring  systems (Medtronic’s
Reveal™XT, SJM’s Confirm Rx™)  BCIs, digital
pills/ingestible sensors (Otsuka/Proteus Abilify MyCite®),
endoscopy capsules (Medtronic PillCam™)

Stimulators (open-loop
systems)

Sacral nerve (bladder, bowel) stimulator (Medtronic’s In-
terstim™), gastric electrical stimulators (Medtronic’s En-
terra™), spinal cord (pain) stimulators (Medtronic’s In-
tellis™, Boston Scientific’'s Spectra WaveWriter™), deep
brain stimulators (Medtronic’s Activa™, Boston Scien-
tific’s Vercise™), bone conductive hearing aid devices
(Medtronic’s Alpha 2 MPO ePlus™, Cochlear’s Baha®),
cochlear implants (Cochlear’s Nucleus®, Advanced Bionics’
HiRes™Ultra), retinal implants (Second Sight’s Argus®),
implantable drug pumps (Medtronic’s SynchroMed™),
diaphragmatic nerve stimulators (Synapse Biomedical’s
NeuRx®, Avery Biomedical Devices’ Mark IV™)

Sensors and stimulators
(closed-loop systems)

Artificial cardiac pacemakers (Medtronic’s Adapta™,
Medtronic’s Kappa 400™, Boston Scientific’s Vitalio™),
ICDs (Medtronic’s Visia AF™, Boston Scientific’s Vig-
ilant™), cardiac resynchronization therapy systems
(Medtronic’s Claria MRI™, Boston Scientific’s Intua™)

Other

Microship implants (VivoKey Technologies’ Spark)

tions of the hardware compromising functionality and power-efficiency.°®*° The

twenty-first century addition to the list is (iv) cybersecurity and privacy issues

with implantable medical devices.??> The difference solving these issues now

compared to 1960 is that a lot of the technology required to overcome these chal-

lenges already exists in micro-electronics and nanotechnology, and it just needs

to be implemented in medical implant technology.®®
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Figure 2.19: Four generations of artificial cardiac pacemakers. From left to right: Cordis’
Omni-Stanicor®, Cordis’ Sequicor®, Medtronic’s Thera® and Medtronic’s Adapta™.

(i) Chronic power supply: Implantable electronic devices require electricity to

function, and the power requirement varies from the micro-watt range (pacemak-
ers, IDCs, neuro-stimulators) to the milli-watt range (cochlear implant, retinal
stimulator) dependent on the type of device.*432* At the same time as electronic
circuitry has become more power efficient, medical implants have become more
sophisticated (e.g. closed-loop systems, wireless communication) and therefore
more energy demanding.** Today most electronic implants use lithium-based
batteries as their source of power.** Despite major advances in battery technol-
ogy the last six decades, batteries have quite limited energy storage capacities. 324
For pacemakers and ICDs, which usually have a battery lifetime of 10 years, this
means replacement of device through surgery. In addition to be inconvenient to
patients and expensive to the healthcare system, recent studies have shown that
such revision and replacement surgeries of electronic implants is a large risk fac-
tor for infection. 325326 Several strategies are being researched in order to solve
the challenges with power supply for medical implants. 4458324327 1 addition
to optimize the circuitry and device software to reduce leakages and losses dur-

24 energy harvesting from natural or artificial sources has been

44,58,324,327-329 Wire-

ing operation,®
proposed as a possible solution for endless power-supply.
less energy harvesting by implants using induction and radio-frequency (RF)
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transmission is already in clinical use.?® Other energy harvesting systems are
being developed, including optical/infrared and ultrasonic power transmission,
vibrational energy harvesting from the natural surroundings using piezoelectric-
, electromagnetic- and electrostatic systems, thermoelectric harvesting and the

use of biofuel cells. #458:324,327-329

(i1) Device packaging: Choosing appropriate packaging materials for the im-

plantable electronic device is important for shielding the electronics from the
body and the body from the electronics.?®?” The human body is a demanding
environment for materials, and implantable medical devices must be durable in
terms of mechanical strength, wear and corrosion/degradation resistance, have
low permeability rates, have a surface temperature difference to the body of
maximum 2°C, and be non-harmful to the surrounding tissue and the biologi-
cal host. To counter this, the preferred packaging technology has been to make a
hermetical seal around the electronic device using bioinert materials.?3° Metals
are the most common materials used for device packaging (e.g. Ti-alloys, Ni-
Co alloys, noble metals, Pt/Ir alloys), but bioinert polymers (e.g. silicone rubber,
epoxies, PU, PI), glasses (e.g. quartz, fused silica and borosilicate) and ceram-
ics (e.g. alumina, sapphire and ruby) are also used.?%279330 Hermetic packaging
of implantable medical devices has some drawbacks, as the protective cover in-
creases the size of the device and attenuates signals to and from the device. Non-
hermetic micro-packaging, using thin layers of polymer coatings, is currently re-
searched as a possible alternative to hermetical packaging.331:332 Researchers
are also developing bioresorbable electronic implants intended for short-term ap-

plications. 333334

(iii) Size-restriction: Implantable electronic devices have always been subjected

to strict size-restrictions due to the limited space inside the human body.?? It
is generally accepted that the total weight of the implant should not exceed 2 %
of the hosts body weight to minimize discomfort and to make it compatible with
normal human activity, and the device should also have a specific gravity (den-
sity) similar to the surrounding tissue.?® Having a small size is also beneficial
for the power consumption of the device, as smaller electrical components use
less power. 4459324 A reduction in implant size will also decrease foreign body

responses, inflammatory responses and overall wound healing time. 335336 Im-
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plantable device sizes have gone down orders of magnitude since they entered
clinical use 60 years ago, but current implant sizes are still too large for many
application areas. 58?27 Historically, engineers have avoided size limitations by
dividing implants into locally situated sensors and/or stimulators that are con-
nected to a central battery and circuitry hub via wiring (e.g. cochlear implants,
ICDs and pacemakers).?’ The shrinking of electronic circuits and the use of
application-specific integrated circuits (ASIC) has reduced the electronic implant
sizes.?® However, the power source (battery) and device packaging have always
been, and still are, the major contributors to implant size and weight.® While
device packaging can be further reduced using micro-packaging, 331332 battery
technology is seemingly reaching a finite size with today’s technology.2”? One of
the prominent solutions to reduce the size of the power sources is energy harvest-

ing/scavenging as described above, 44:58:324,327-329

(iv) Cybersecurity and privacy issues: Many implantable electronic medical de-

vices today have telemetric systems that allow medical personnel to track
power/battery level, read stored patient records captured by the device and/or
change implant settings. 321:323:337-339 Moreover, there is a trend for new devices
to have networking-functions for 24/7 monitoring and direct communication with
the user/host. 321323 These advances in wireless communication are improving
the lives of millions of patients with electronic implants, but the cybersecurity
measures for the software in these medical devices have been shown to be highly
vulnerable towards cyber threats from third parties.?21:323:337-339 Today cyber-
security weaknesses have been found in over a hundred electronic medical de-
vices.32! Although there is an urgent need for better security measures for elec-
tronic medical devices, experts are debating how strong the possible counter-
measures (e.g. encryption) should be, especially regarding authentication to ac-
cess in case of medical emergency. 338

Current research on implantable electronic medical devices

Research and new technology in the field of implantable electronics have in
the last two decades been dominated by development of micro- and nano-
electronics. 322 For biosensor technology, nano-sensors have gained a lot of atten-
tion due to their small size, low power consumption and accuracy. °7-322,340,341

Developing micro-sized chemical sensors has been a challenge for the last 30
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years in the development of total chemical analysis systems (TAS), but such de-
vices are now expected to enter clinical use in the near future.?354%% The devel-
opment of micro-electromechanical systems for biological applications, bioMEMS,
has also gained considerable attention the last two decades. 4%-°9342:343 BioMEMS
are being used to develop micro-devices for drug delivery and possibly closed-loop
micro-systems that can both diagnose and treat the user automatically in real

time 49,343,344

Piezoelectric materials in medical implants

Piezoelectricity for tissue regeneration
Piezoelectric behavior is observed in many biological tissues and notably in

bones, 95:345

and the generation of local potential gradients on bone is linked to
osteogenesis. 4 In general, electrical stimulation has been shown to affect cel-
lular behavior, including cell adhesion, migration, orientation, proliferation and
differentiation.3*"-3%1 Because of this, piezoelectric materials have been clini-
cally tested as bioactive implants for orthopedic applications since the 1970s with
varying results. 2527356 However, recent studies have found piezoelectric ceramics
to enhance cellular responses both in vitro and in vivo, and they remain highly
relevant for future bone implant coatings.?°"-25% The recent interest in tissue
engineering has called for the development of bioactive scaffolds, 282290292 and
piezoelectric materials have been proposed as potential “smart” scaffold materi-
als due to their electrical stimulation properties.®1369-367 Especially piezoelectric
polymers have received much attention due to their light weight, low price, high
chemical resistance, thermal and mechanical stability, biocompatibility with both
hard and soft tissue, and their compatibility with other organic and inorganic

materials to form hybrid systems/composites. ?1:362.366

Piezoelectricity for implantable electronics

Hearing implants: Piezoelectric materials are used in middle-ear hearing im-

plants (e.g. Envoy Medical’s Esteem®)39%:368 and bone-conduction hearing im-
plants (e.g. Cochlear’s Osia®)36%370  For the middle-ear implants, a processor
behind the ear picks up sound and transfer it to a subcutaneous receiver using
radio-frequency signals, and the receiver translates these signals into electrical

signals and sends them to a piezoelectric or electromagnetic transducer. 392368
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The transducer, which is anchored to one of the bones in the middle-ear, trans-
fers the electrical signal to the cochlea and the hearing nerve by vibration. For
the bone-conduction hearing implants, the transducer is either percutaneously
or subcutaneously fixed to the outer skull.?%?7" The bone-conduction hearing
implants are thus less invasive than the middle-ear implants, but the percuta-
neous devices can be susceptible to infections and site complications since they
penetrate the skin. 305369

Sensors: Piezoelectric materials are currently used as activity sensors in artifi-
cial cardiac pacemakers (e.g. Medtronic’s Kappa 400™).4248:49 A piezoelectric
crystal in the activity sensor detects physical movement, and the sensor can
then help regulate the pacing-rate of the artificial pacemaker. Some artificial
pacemakers are also supplied with piezoelectric sensors on the pacing lead for
right ventricular pressure monitoring.*> Current research on implantable piezo-
electric sensors is dominated by nanotechnology, and researchers are developing
piezoelectric thin films, nano-wires and nano-cantilevers for sensing of vibra-

tions, force/pressure, flow, acceleration, mass and humidity. 47-?-196,341,364,365

Microfluidic systems: Researchers are currently developing piezoelectric ac-

tuators for implantable microfluidic systems such as biomedical micro-
electromechanical systems (bioMEMS), lab-on-a-chip (LOC) and micro total anal-
ysis systems (UTAS). 4956 Piezo-actuated microvalves, -pumps and -mixers have
been developed since the 1980s,59%3:54 but recent advances in piezoelectric sur-
face acoustic wave (SAW) technology have enabled researchers to size modulate,
split, trap, tweeze, pump, mix, jet and nebulize droplets down to picolitre sizes.°®
For “classical” piezoelectric actuation, the micropumps are usually designed with
an out-of-plane fluctuating piezoelectric membrane on top of a thin liquid reser-
voir.?%52 Debiotech™has developed an implantable drug injection device called

MIP that utilizes such piezoelectric actuation. %2307

Energy harvesters: The chronic need of power is one of the main
44,58,59,324

challenges with implantable electronics, and a lot of re-
search is conducted on using piezoelectric materials for energy harvest-
ing/scavenging, 44-46:47,196,327,329,364,365,371 Mgt research is focused on piezoelec-

tric nano-wires/-fibers of ZnO, BaTiO; and PVDF-based polymers 46:47,364,365,371
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or PZT- and PMN-PT-based flexible thin films. *6:47-196.364 Although many proto-
types have been made, the small size required for implantable energy harvesters
limits the power output of the devices.***72 A minimum requirement for appli-
cation of an energy harvester disc with the size of a quarter size dollar coin is set
to 100 pW (0.124 pyWmm3) of continuous power from low frequency (<100 Hz)
ambient vibrations, and research is currently closing in on this benchmark. 372

2.3.2 Biocompatibility

The concept of biocompatibility

Definition

In materials science biocompatibility is concerned with the performance of a ma-
terial in a specific biological context, %! but the use of the term is controversial. 73
In its broadest context, biocompatibility is defined by IUPAC as the “ability to be
in contact with a living system without producing an adverse effect”. %2 In context
of using materials for biomedical therapy, the biocompatibility is usually defined
as “the ability of a material to perform with an appropriate host response in a spe-
cific application”. 5963265 Although being short, the definition is underpinned by
three principles: 163 (i) The material itself must perform with a desired function
in the medical therapy situation (i.e. the material must tolerate the specific bio-
logic environment). (ii) The material must induce an appropriate response from
the biological host (i.e. the material must not cause harm to the biologic environ-
ment). (iii) The response from the material-biological host system is application
specific and may vary from one situation to another (i.e. biocompatibility is not a
universal material property). As such, biocompatibility should be regarded as a
characteristic of a specific material-biological host system, not a descriptor for a
material. 1373 A material can never be “biocompatible”, but it can have excellent

biocompatibility in one or more situations.3"?

For medical implants a practical measure of the biocompatibility associated with
the implant-biological host system is to look at to which degree the homeo-
static mechanisms of the biological host are perturbed upon implantation. 332374
This can be achieved by quantifying the extent of pathophysiologic processes

activated, and how fast these are resolved, after the implant is placed in the
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host. The characteristic pathophysiologic process associated with implants is the

foreign-body reaction.33%374-377

Host response to implants: Wound healing and the foreign-body reaction

The generic host reaction to a medical implant is rooted in the fact that (almost)
all implants are composed by materials that are foreign to the biological host,
and the initial interaction between implant and biological host is directly influ-
encing the characteristics of the long-term implant-host system.374376:377 The
placement of a medical implant in a biological environment requires injection,
insertion or surgical implantation. In all cases the surrounding biological tissue
is injured, which onsets a series of mechanisms by the host to maintain home-
ostasis (sometimes referred to as wound healing). This continuum of mechanisms
can be divided into individual stages based on the molecular, cellular and/or sys-
temic processes involved:33°374-378 (1) Implantation/injury, (2) blood-biomaterial
interactions, (3) provisional matrix formation, (4) acute inflammation, (5) chronic
inflammation, (6) granulation tissue formation, (7) foreign-body reaction, (8) fi-
brosis/fibrous capsule development. While the first stages (stage (1) to (6)) are
similar for all wound healing processes following tissue injury, the last stages
of the healing process ((7) and (8)) are exclusive to implants. The duration for
each stage varies greatly, from a few minutes to days or weeks.?’* It is impor-
tant to note that the list of individual stages is a simplified model of a continuum
of complex processes.3’4376-378 The stages are also closely linked to each other,
and they often occur simultaneously or with overlapping onsets. A schematic of
the stages and processes is presented in Figure 2.20. A summary of the effect of
implant material on local tissue is presented in Table 2.9.

Table 2.9: Implant materials and the response of surrounding tissue.

Implant material Tissue response

Toxic Surrounding tissue dies

Bioinert (non-porous)  Fibrous encapsulation

Bioinert (porous) Implant-tissue bond formation, tissue ingrowth
Bioactive Implant-tissue bond formation

Bioresorbable Surrounding tissue replaces material
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Figure 2.20: Overview of cell activities and processes after implantation of a medical
device. Adapted from 379 with permission from Springer Nature, © 2017.

(1) Implantation/injury: The medical implant is placed at site of function through

injection, insertion or surgical implantation. Vascularized tissue around the im-
376,377

plant is injured in the process.

(2) Blood-biomaterial interactions: Following implantation, blood stream from
the vascular system into the injured tissue (exudation).?* The blood leak from
the injured tissue and encounter the implant/biomaterial. As blood encounter
the implant, fibrin (blood clotting protein) and other proteins in the blood imme-

diately adsorbs to the surface of the implant, forming binding sites for protein-
335,377

specific receptors on cells.

(3) Provisional matrix formation: Cells and platelets start binding to the pro-
335,377 A

tein layer, releasing signaling molecules and inflammatory mediators.
blood-based transient provisional matrix (thrombus), consisting of fibrin, acti-
vated blood platelets, inflammatory products, inflammatory cells and endothelial

cells, forms within minutes or hours of implantation. 374376377
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(4) Acute inflammation: Acute inflammation proceed by the immune response

from leukocytes (white blood cells).?35374-377 Neutrophils, the predominant
leukocyte in the blood, and mononuclear cells (i.e. monocytes and lympho-
cytes) arrive in large numbers, releasing granules filled with cytotoxic enzymes
(degranulation) and start adsorbing to the surface of the implant in effort in-
gest/engulf it (phagocytosis). 374376377380 Macrophages, another leukocyte, start
accumulating and adsorbing on the surface. Acute inflammation resolves within

minutes, hours or a few days. 3"

(5) Chronic inflammation: Persistent inflammatory stimuli, such as the contin-

uous presence of an implant, lead to chronic inflammation.?3°374-377 Chronic
inflammation is mainly perpetuated by macrophages, but monocytes and lym-
phocytes are also present.33%375-377 Chronic inflammation is usually resolved
within days due to granulation tissue formation around the implant, and persis-

tent chronic inflammation (> 3 weeks) is usually an indication of infection. 76377

(6) Granulation tissue formation: The wound healing process, primarily involv-

ing formation of granulation tissue (scar tissue), is initiated within a day after
implantation. 374276377 Microphages, initially present as inflammation response,
mediate the healing process by releasing enzymes, cytokines and growth factors
that are important for tissue reorganization and fibroblast/vascular endothelial
cell migration and proliferation.?””3% The fibroblasts and endothelial cells start
developing granulation tissue by forming connective tissue and microscopic blood
vessels (neovascularization), respectively, 3-5 days after implantation. 374376 The
total healing process involving granulation tissue formation is dependent on the

extent of injury inflicted during implantation.374:376:377

(7) Foreign-body reaction: The foreign-body reaction (FBR) is unique to implants

and other large foreign bodies in wound healing. Microphages can only phago-
cytose foreign bodies smaller than 10 pm. 38 When the microphages are unable
to phagocytose the implant, they coalesce into foreign-body giant cells (FBGC,
Langhans cells). 335:374,376,377,380 Mhege cells continue attempting to phagocytose
the implant by adhering to the surface (frustrated phagocytosis), sometimes
for the entire lifetime of the implant.374380 Together with granulation tissue,
macrophages, fibroblast and endothelial cells, the FBGCs form a layer around
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the implant. The composition and thickness of this layer are directly dependent
on the implant, e.g. its size, shape, porosity, surface roughness and composi-
tion. 335374 Formation of FBGCs is usually observed after 7-14 days.3"® For im-
plants composed by bioactive materials or porous bioinert materials, formation of
the FBR layer and possibly ingrowth of local tissue is the end-stage in the healing
process.>™ For implants made of bioresorbable materials, enzymes and reactive
oxygen species (ROS) released by the FBGCs will gradually degrade the implant,
eventually causing adsorption of the implant.3””

(8) Fibrous encapsulation: In the case of implants with smooth, bioinert surfaces,
335,374,376,377 | ike the

fibrous encapsulation (fibrosis) is initiated by the FBGCs.
macrophages, the FBGC may start releasing cytokines and growth factors that
stimulate surrounding fibroblasts and endothelial cells.3”” This triggers fibrob-
lasts to overproduce extracellular matrix proteins, forming a collagen-rich con-
nective tissue that encapsulates the implant. 374376377 This capsule forms an iso-
lating seal between the FBR layer/implant and the surrounding tissue that reg-
ulates and sometimes contain inflammatory mediators and signaling molecules
from the macrophages and FBGCs at the implant interface.3"4376377 Fibrosis

usually occurs over months. 33

Minimizing the foreign-body reaction

Minimizing the foreign-body reaction will not only speed up the healing time
for the host, but also relieve the implant of long-term chemical hostility that
can degrade its components and limit the degree of fibrosis around the implant
which can compromise its functionality. 23>377 The duration and intensity of the
foreign-body reaction is mainly dependent on the host’s physiological condition,
the implantation procedure, the type of tissue at the implant site, and the im-
plant design. 61335374377 For the implant design, a range of variables can influ-
ence the foreign-body reaction: Size, shape, mechanical properties, bulk mate-
rial composition, macro-/micro-/nano-porosity, surface material composition, sur-
face topography, surface energy, surface electrical properties, corrosion parame-
ters and metal ion toxicity (for metal implants), degradation profile and degra-
dation product/leaching chemical toxicity (for polymeric implants) and dissolu-
tion/degradation profile and degradation product toxicity (for ceramic implants).
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The implant surface has a central role in the inflammation response and heal-
ing process during the first two to four weeks after implantation.®”% Most tech-
niques for modulating the foreign-body reaction are based on surface modification
of the implant to reduce the inflammatory response. 339376377 These techniques
can be divided into passive and active modulation.3”” Passive modulation can
be achieved through chemical or topographic modifications of the implant. 376377
Active modulation involves direct stimulation of the cells involved in the inflam-
matory processes and the foreign-body reaction using bioactive molecules and

coatings. 335377

Testing biocompatibility

From the laboratory to the patient

To truly know the biocompatibility of an implant or an implant material, its per-
formance and effect on the biological host must be evaluated in the specific situ-
ation in which it is designed to perform, i.e. in clinical trials with human hosts.
However, testing new biomaterials and medical implants directly in human sub-
jects is both impractical and unethical. Therefore, new devices/materials usually
go through a series of tests before entering clinical trials. The testing starts with
basic chemical and physical assessments and gradually go through various in
vitro cell tests before being assessed in vivo through animal trials and clinical
trials, as illustrated in Figure 2.21.320:381,382

Chemical and physical In vitro
characterization biological evaluation

Figure 2.21: Testing hierarchy for medical devices/materials.
There exist no universal set of tests and assays to evaluate biocompatibility. 278
Different governments and agencies worldwide operate with different sets of reg-
ulations and standards.320-383-385 However, the International Organization for
Standardization (ISO) has developed a set of recommended standards in the pro-
cess of evaluating the safety of medical devices.®® These include standards for
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quality management (ISO 13485),%8 risk management (ISO 14971),387 biologi-
cal evaluation (ISO 10933)388 and clinical trials (ISO 14155).389

For a first approximation to biocompatibility through biological tests, the biolog-
ical evaluation standards (ISO 10933 part 1-20) are usually used. The 10993
standard series includes a list of assays to be considered to use when testing
medical devices.?8 Of the medical devices listed in the standard, the long-term
implantable medical devices (>30 days) have the most assays suggested to be con-
sidered. These include: Cytotoxicity, sensitization, irritation or intracutaneous
reactivity, material mediated pyrogenicity, acute systemic toxicity, subacute toxi-
city, subchronic toxicity, chronic toxicity, implantation effects, hemocompatibility,
genotoxicity, carcinogenicity, reproductive/developmental toxicity and degrada-
tion assay. The evaluation suggests not only to test the medical device itself, but
also to assess degradation products and leachables (ISO 10933 part 13-17).390-3%4
There is also a guidance of how to use the other parts of the 10993 standard se-
ries in the case of medical devices composed by or containing nanomaterials (ISO
10993-22).3%

Chemical and physical assays for testing biocompatibility

Knowing the chemical and physical properties of the medical device/material is
an important first step in assessing its biological safety. 282 The components mak-
ing up the device should not be toxic, nor react or degrade to form toxic products.
Depending on the application, the device/material surface should be engineered
to interact appropriately with the surroundings. The device/material must also
have a chemical and mechanical stability appropriate for the application. An
overview of chemical, physio-chemical, morphological and topological characteri-
zation standards is described in ISO 10993-183% and 10993-19.%97 Selected as-
says for device/material characteristics associated with affecting biocompatibility
are described below.

Release of degradation products/leachables:  Release of degradation prod-

ucts/leachables test the device/material in solutions to quantify release prod-
ucts like ions, molecules or particles. The device/material is typically placed in a
medium over long periods (e.g. distilled water, phosphate-buffered saline (PBS),
simulated body fluid), while the solution is regularly screened for released ion,
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molecules, debris/particles etc. 398

Wettability: For inflammatory cells to attach to a device/material, proteins need
to adsorb to the surface to make binding sites for the cells.3”” The initial non-
specific protein adsorption is dependent on the wettability of the surface, and pro-
teins like fibrin, albumin and immuglobin G bind to the implant surface through
hydrophobic interactions.3%?4°° Hydrophobic surfaces are therefore associated
with more intense foreign-body responses upon implantation. Hydrophobicity
can be assessed by measuring contact angle of a liquid.

Protein adsorption: Affinity for protein adsorption on device/material is linked

to biocompatibility (see Wettability).?9?4%0 Protein adsorption on the de-
vice/material can be measured directly using several different techniques, in-
cluding solution depletion assays, optical analysis and spectroscopy. 4!

Topography: Surface topography can affect biocompatibility, as the topogra-
phy of the surface of a device/material can dictate protein adsorption and -
unfolding*?° in addition to facilitating cell orientation/adhesion, morphology, dif-
ferentiation and proliferation as nanosized roughness can mimic extracellular
matrices. 377-400:402:403 Sy rface topography can be measured using scanning elec-
tron microscopy (SEM) or atomic force microscopy (AFM).

In vitro assays for testing biocompatibility

In vitro biological evaluations can give a prediction of biocompatibility by identi-
fying if there are any potential hazards for specific cells growing in the presence
of the device/material. 381382404 1y yitro assays are popular due to the relative
low complexity and expense of these tests but results from in vitro assays need to
be validated through in vivo assays and clinical trials before a device or material
can be regarded as safe for medical implantation.

In vitro cytotoxicity: In vitro cytotoxicity testing is described in ISO 10933-

5:2009%% and is the most common assessment of biocompatibility in litera-
ture. 335:382,404,406 1, 15110 cytotoxicity testing assesses cell viability (e.g. activity
(adherence, differentiation, metabolism, proliferation, secretion of trophic fac-
tors), damage, death, growth, morphology) during direct or indirect contact with
the device/material or device/material extract.
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Cell death, metabolic activity and reproductive activity/proliferation can be as-
sessed through four different assays:%°4%%6 dye exclusion assays, colorimetric
assays, fluorometric assays and luminometric assays. (i) Dye exclusion assays
probe the resistance of cells to exclude a dye (Figure 2.23 (a)). Whereas viable
cells will exclude dyes, dead or dying cells have lost their membrane integrity
and will be stained by the dye. Examples of common staining dyes include try-
pan blue, eosin, Congo red and erythrosine. (ii) Colorimetric assays probe the
metabolic/mitochondrial activity of cells. Most of these assays are based on spec-
trophotometric detection of colored metabolic products of various tetrazolium
salts, including 3-(4,5-dimethylthiazol -2-yl1)-2,5-diphenyltetrazolium bromide
(MTT), 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-
tetrazolium (WST-8/CCK-8) and lactate dehydrogenase (LDH), see Figure 2.22.
Assays not based on tetrazolium salts include alkaline phosphatase assay
(ALP/pNPP), sulforhodamine B assay (SRB), neutral red uptake (NRU) and crys-
tal violet assay (CVS). (iii) Fluorometric assays probe the capacity of enzymes
in viable cells to convert nonfluorescent markers to fluorescent dyes. The con-
version is quantified by fluorescent microscopy. Examples include alamarBlue,
CFDA-AM and GF-AFC. (iv) Luminometric assays probe the presence of the cell
energy carrier molecule adenosine triphosphate (ATP) through a luminescent re-
action with luciferin. Since ATP concentration is cells is directly related to cell
viability, luminescent microscopy of the luciferin/ATP reaction give a quantita-
tive measure of the number of viable cells present. 4

Cell morphology, growth, adherence and differentiation can be assessed visually
using optical microscopy, SEM and immunofluorescence microscopy. For trans-
parent samples or device/material extracts, optical confocal microscopy can be
used non-invasively and directly to visually inspect cell appearance. For SEM
characterization (Figure 2.23 (b)), the cells need to be fixated and dehydrated be-
fore imaging. Immunofluorescence microscopy uses antibodies to anchor fluores-
cent dyes to specific cell structures (Figure 2.23 (¢)). Common fluorescent stains
include DAPI which binds to adenine-thymine rich regions in DNA and thereby
stain cell nuclei, 3-tubulin which binds to microtubules and thereby stain cell
cytoskeletons, and various cell-specific markers (e.g. GFAP which binds to glial
cells). Figure 2.23 illustrates the three different imaging techniques immunoflu-
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Figure 2.22: Confocal microscope image of 161BR fibroblast cells O h (left) and 4 h (right)
after the addition of MTT solution. Dark purple formazan crystals can be observed inside
and around the cells after 4 h.

orescence microscopy, SEM and regular optical microscopy.
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Figure 2.23: (a) Optical microscopy of PC12 cells stained with trypan blue (dye exclusion
assay). (b) SEM image of SH-SY5Y neuronal cells. (¢) Immunofluorescence microscopy of
rat Schwann cells stained with -tubulin (green) and DAPI (blue).

In vitro genotoxicity: In vitro genotoxicity testing is described in ISO 10933-

3:2014%%7 and is targeted if there are components in the device/material that
can potentially interact with genetic material.?3? The tests applied should probe
three critical measures of mutagenicity: Gene mutations, structural chromosome
aberrations and numerical chromosome aberrations. Testing for in vivo genotox-
icity and carcinogenic potential should be targeted in the event of a positive in
vitro genotoxicity test.
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In vitro hemocompatibility: In vitro hemocompatibility evaluation is described
in ISO 10993-4:20174%% and is necessary for devices/materials that potentially
will be in contact with blood. 382 Depending on the application of the medical de-

vice/material, five different assays should be considered: hemolysis, thrombosis,
coagulation, platelets, hematology and the complement system. For implants,
both in vitro and in vivo hemocompatibility studies should conducted.

In vitro irritation: In vitro irritation evaluation is described in ISO 10933-23 (un-

der development at time of writing) and is a complimentary assessment to in vivo
irritation evaluation. 82 In vitro irritation evaluation assesses the viability of re-
constructed tissue in contact with the device/material. Tissue viability is deter-
mined using colorimetric assays (e.g. MTT, WST-8 etc.) and the test is run with
both positive and negative controls. The tissue used is a reconstructed model
using live cells on a supporting matrix. Although reconstructed skin models are
the most commonly used for in vitro irritation analysis, eye and mucosal models
are available. Negative in vitro irritation test results must be confirmed with in
vivo assays.

In vivo assays for testing biocompatibility

Chemical/physical characterization and in vitro biological evaluations using cell-
based assays can give predictions for the biocompatibility of a medical de-
vice/material, but such tests can never capture the full systemic response from a
biological host. 381382 The in vivo assays are designed to either confirm/refute cor-
responding in vitro assays, e.g. in vivo genotoxicity assays (ISO 10933-3:2014), 407
in vivo hemocompatibility assays (ISO 10993-4:2017)%%8 and in vivo irritation
assays (ISO 10993-10:20104%? and ISO 10993-23 (under development at time of
writing)), or to complement the in vitro assays, e.g. in vivo carcinogenicity assays
(ISO 10933-3:2014%°7 and ISO/TR 10993-33:2015),%10 in vivo implantation as-
says (ISO 10993-6:2016), 4! in vivo sensitization assays (ISO 10993-10:2010)409
and in vivo systematic toxicity assays (ISO 10993-11:2017). 412

Biocompatibility of piezoelectric ceramics and KNN

The effect of piezoelectricity and ferroelectricity on biocompatibility
Electrical gradients and potentials formed by ion concentration differences across
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cell membranes play a central role in cell behavior. 347349 As mentioned in Piezo-
electricity for tissue regeneration on page 72, external electrical stimulation of
tissue has been shown to be able to promote cell migration, orientation, prolifer-
ation and differentiation. 347351 Because of this, electrical potentials formed by
piezoelectric and ferroelectric ceramics can strongly influence the biocompatibil-
ity of the material-cell system.?”#13-422 Pjezoelectric stimulation using ceramic
nanoparticles and films has been demonstrated to influence cell growth and ex-

413415 and osteogenic cells16-418

pression of neuronal cells in vitro. To promote
the polarization in these ceramics, the system was mechanically stimulated us-
ing vibrations or ultrasound in the range of 100-1000000 Hz. For ferroelectric
ceramics, a mechanical stimulus is not necessary to promote electrical polariza-
tion, and researchers have demonstrated enhanced proliferation and expression
of cells grown on poled ferroelectric ceramics.*?° The direction of the ferroelec-
tric polarization has been shown to influence cell behavior as different cell types
are attracted to different polarities. #2122 For example, macrophage and fibrob-
last cells are attracted to positive and negative potentials, respectively. 3% Re-
searchers have also shown that cells are affected by strong polarization gradi-
ents between ferroelectric domains with opposite direction, as illustrated in Fig-
ure 2.24.41° For cell stimulation using either piezoelectric and ferroelectric polar-
ization, screening charges must be considered, as these will reverse the potential

of the surface polarity. 423424

Biocompatibility studies on piezoelectric ceramics

Ceramics in general usually exhibit excellent biocompatibility with biologi-
cal systems due to their chemical inertness.?66-273276.280 Thig entails many
piezoelectric ceramics, and a wide range of these materials have been
tested for biocompatibility both in vitro and in vivo, including KNN, PZT,
PMN-PT, BaTiO;, Ba; Ca /Zr; Ti O3 (BCZT), KNbO,, LiNbO;, LiTaOs,

KTiOPO,, 0.94Na, ;Bi, ,TiO,—0.06BaTiO;, Bis La TizFeO,;, ZnO, AIN and
BN, 203,204,206,208,352-356,359,413-422,425-445

Lead-based ceramics: Lead-based piezoelectric ceramics like PZT and PMN-PT
have both been studied in vivo2°8355 and in vitro. 296425426 Neither PZT or PMN-
PT induce acute cytotoxic responses in biological tissue, but these materials re-

lease lead ions when subjected to aqueous environments and are therefore potent
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Figure 2.24: Phase contrast image of REF52 fibroblast cells on periodically poled ferro-

electric LiTaO, (left). The cells avoid positioning their nuclei on the ferroelectric domain

419

walls/boarders (right). Reprinted from**”, with permission from American Vacuum Soci-

ety, © 2013.

of causing chronic cytotoxic damage. 206-426446

BaTiOg4-based ceramics: The biocompatibility of BaTiO4-based ceramics like
BaTiO; and BCZT has been readily tested both in vivo3°2-3%4 and in

vitro. 203,359,414,426,430-432,439 BaTiO4 composites with other ceramics like TiO,
356,427-429

and hydroxyapatite or polymers415417418433434 have also been stud-
ied. Overall, BaTiO;-based ceramics mostly perform on par or better than con-

trols.

Other piezoelectric ceramics: The ferroelectric ceramics LiNbO; and LiTaO,

are often used as model systems for testing the effect surface polariza-
tion on cells due to their high remanent polarizations, and the materials
perform well in in vitro cytotoxicity tests.?19422430 The studies on KNbO,
nanoparticles and films, 430435 Bi; La Ti;FeO;5; (x = 0, 1) nanofibers, *36
0.94Na, ;Bi, ;TiO;—0.06 BaTiO; pellets*?® and AIN films?** are limited but
show promising results. Dispersions of BN nanotubes exhibit cytocompatibil-
ity in in vitro studies with PC12 cells.*13 KTiOPO, and ZnO nanoparticles are

found to be somewhat and highly cytotoxic, respectively. 43¢
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Biocompatibility studies on KNN-based ceramics

Biocompatibility studies have been performed on various forms of KNN ce-

437,440,441,443,445,447

ramics, including bulk samples/pellets, powders and powder

438,439,444 gnd films.206442 The studies cover both chemical/physical

206,438,439,444

extracts,

protein adsorption®*3), in vitro
206,437,440,445

characterization (chemical stability,

biological evaluation (cell adhesion and morphology,
iy, 206,438,439,443 )206,437,440-443 445
’

ation. 2% Antibacterial properties of KNN samples have also been studied. 44144

cytotoxic-

cell proliferation and in vivo biological evalu-

Chemical stability/ion release: The chemical stability of KNN ceramics has been
206,438,439,444 KNN

studied by ion release tests in aqueous solutions for 4-28 days.

ceramics are prone to lose ions to solutions, and K*/Na* release from KNN

444

powders is reported to be as high as 20-80 ppm in distilled water*** and up to

10000 ppm in saline solutions at 37 °C.438:439 K* and Na* more readily leach from
KNN than Nb%* due to their lower cation field strength, and Nb®* release from
KNN is in the range of 0.1-10 ppm. 206:438:439.444 N5+ pelease from KNN ceramics
is 2 to 3 orders of magnitude lower than Pb?* release from PZT ceramics.2°¢ The
ion release from KNN is pH dependent, and K*/Na* release is increased in acidic

environments while Nb®* release is increased in basic solutions. 444

Protein adsorption: The adsorption of bovine serum albumin (BSA) proteins on

poled and unpoled KNN ceramics has been studied using the bicinchoninic acid
assay. 4 Due to the isoelectric point of BSA protein being around pH 4.7 and
testing was conducted around pH 7.4, protein adsorption was higher for the poled
KNN samples compared to the unpoled sample. The increased protein adsorption
was linked to increased MC3T3-E1 osteoblast cell proliferation on the poled sam-
ples.

Cytotoxicity: Acute cytotoxicity for KNN ceramics after 24 h has been evaluated

using powder extracts and MTT assays 38439

and pellet/film surfaces and fluoro-
metric assays. 2°6443 The former assays are quantitative and found a cell viability
of ~80 % for KNN compared to the control. 38439 The latter assays are qualita-
tive and found low toxicity after 24 h.2%6:443 Subacute cytotoxicity for KNN films

after 7 days using a fluorometric assay found a 99 % viability of neuronal cells. 42

Cell proliferation: Cell proliferation on KNN ceramics up to 7 days has been stud-
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ied for several cell lines. 206:437,440,441,443,445 KNN thin films have been reported
to induce similar proliferation rates of MG-63 cells to PZT films and controls af-
ter 1, 3 and 5 days.2% Studies comparing KNN and hydroxyapatite pellets have
found cell proliferation to be higher on KNN samples for human osteoblast-like
cells (Saos-2 cells),**? and higher on hydroxyapatite samples for rat mesenchy-
mal stem cells.**! The effect of surface polarization on proliferation rates has
also been targeted for KNN ceramics, and poled KNN pellets have been reported
to induce higher proliferation rates compared to unpoled KNN. 437-441,443,445 T
strength of the surface polarization is also reported to be positively correlated
with cell proliferation. **®> The polarization direction (positive/negative) also influ-
ence cell proliferation, and studies have found that KNN samples with a positive

443

polarization yields higher proliferation of MC3T3-E1 osteoblast cells while

KNN samples with a negative polarization yields higher proliferation of rat mes-

enchymal stem cells. 4!

Cell adhesion and morphology: Cell adhesion and morphology of various cell
440,445

lines have been studied on both dense KNN samples, porous KNN sam-
ples*37 and KNN thin films.2°® Human osteoblast-like cells (Saos-2) have been
reported to adhere and spread out equally well on KNN and hydroxyapatite sam-
ples, *40 and MG-63 cells have been reported to adhere well to KNN thin films. 206
Surface polarization is reported to affect cell morphology for both porous and
dense KNN samples.*3744% In one study, SEM images of rat osteoblast cells
on poled and unpoled porous KNN samples showed more well-defined three-

437 In another study, rat mes-

dimensional cell structures on the poled samples.
enchymal stem cells stained with fluorescent dyes had a more spread out mor-
phology and longer pseudopodia on the poled KNN samples compared to the cells
on the unpoled KNN sample.*4? The cell spreading was also dependent on the
strength of the surface polarization, and the largest spreading area was observed

on the sample with the strongest polarization.

In vivo assays: One study has investigated in vivo implantation of KNN.2% The
work studied the histological effect of implantation of KNN in rat thighs for 7
days and the performance of a KNN energy harvester prototype on a porcine
heart. The study found no inflammation after 7 days of implantation in the mus-
cular tissue around the implant in the rat models, and demonstration of energy
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harvesting from the porcine heart using the KNN prototype was successful.

Antibacterial studies: Antibacterial assays have been reported for dense KNN

samples. 441445447 Tpy these studies, poled KNN samples with positive polariza-
tion showed significant antibacterial properties towards Staphylococcus aureus

and Escherichia coli. A positive correlation between surface polarization strength

and antibacterial properties was demonstrated in two of the studies.**>*47 The

antibacterial properties were linked with formation of reactive oxygen species

(ROS) on the surfaces of the samples, 441445447
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3.1 Synthesis

3.1.1 Preparation of solutions

A complete list of the chemicals used to prepare the precursor solutions is pre-
sented in Table 3.1.

Table 3.1: List of chemicals used in the preparation of the precursor solutions.

Chemical name Chemical formula Purity [%] Supplier
. . Sigma-Aldrich,
i’;‘;:;’:ify‘;’rzl‘;k’gzgéx) NH,NbO(C,0,),xH,0  99.99 St Lo, MO,
Ag. ammonia solution NH 4OH (aq) 25 mﬁoihszi({?éz
Aq. ammonia solution NH,OH (aq) 30 Sigma-Aldrich
Barium nitrate Ba(NO,), 99.9 Sigma-Aldrich
Calsium nitrate hydrate Ca(NO,4),4H,0 99 Sigma-Aldrich
Citric acid (CA) CeHgO, 99.5 Sigma-Aldrich
DL-malic acid (MA) C,HgOq 99 Sigma-Aldrich
ey ™ CygH N, 0y 98 Sigma-Aldrich
Alfa Aesar,
Potassium nitrate KNO, 929 Haverhill, MA,
USA
Sodium nitrate NaNO4 99 Sigma-Aldrich
Ti-isopropoxide Ti[OCH(CH3 )2 1 4 97 Sigma-Aldrich

Zinc oxide Zn0O 99 Sigma-Aldrich
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KNN precursor solutions

Oxalic acid-complexed solution (KNN-Ox)

The oxalic acid-complexed solutions, hereafter referred to as KNN-Ox, were pre-
pared based on the synthesis reported by Pham and coworkers.®* A flow dia-
gram of the route is given in Figure 3.1. NH,NbO(C,0,),-xH,,O was dissolved in
deionized water for 16 h at 80 °C. The niobium concentration of the solutions was
determined by thermogravimetric standardization at 1100 °C. Pre-dried NaNO,
and KNO, were added to the niobium solutions with a 5mol% excess of alkali
metals, and the solutions were stirred for 2h at 70°C. The niobium concentra-
tions of the final solutions were typically ~0.25 M.

Malic acid-complexed solution (KNN-MA)

The malic acid-complexed solutions, hereafter referred to as KNN-MA, were pre-
pared based on the synthesis reported by Madaro. 124 A flow diagram of the route
is given in Figure 3.1. NH,NbO(C,0,),-xH,0 was dissolved in deionized water
for 4h at 70°C, followed by precipitation of niobic acid by adjusting the pH to
~11 by addition of ammonia (25 %). The solutions was stirred for 2h at 80 °C and
then aged at room temperature for 12 h. The precipitated niobic acid was washed
three times with ammonia (1 %), and then dissolved in an aqueous solution of DL-
malic acid with a molar ratio corresponding to 1:2 (Nb:malic acid). The pH was
adjusted to ~7-8 by addition of ammonia (25 %), and the solutions were stirred
for 2-12h at 70°C. The niobium concentration of the solutions was determined
by thermogravimetric standardization at 1100 °C. Finally, pre-dried NaNO; and
KNO, were added to the solutions with a 5mol% excess of Na™ and K, and the
solutions were stirred for 1h at 50°C. The niobium concentrations of the final
solutions were typically ~0.1 M.

Doping with Ca®* and CaTiO,

KNN solutions with 0.5 mol% Ca?* doping and 0.5 mol% CaTiO4 doping, here-
after referred to as KNN-Ca?* and KNN-CaTiO, respectively, were prepared by
adding aqueous solutions of calcium and titanium to KNN-MA solutions. To pre-
pare the calcium solution, Ca(NO;),-4H,O was dissolved in an aqueous solution
of ethylenediaminetetraacetic acid (EDTA) with a molar ratio corresponding to
1:2 (Ca:EDTA). The solution was stirred for 1 h at 60 °C and the pH was adjusted
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Oxalic acid route Malic acid route

NH,NbO(C,0,), k NH,NbO(C,0,),

Stirring at 80 °C for 16 h Stirring at 70 °C for 4 h
NaNO,, KNO, 25 % NH,0H
pH=11
Stirring at 70 °C for 2 h Stirring at 80 °C for 2 h

! !
Aging at 2510(: for 12k

k 1 % NH,0H

Stirring, centrifuging, decanting

3x

C,H O,

o, 4 5
25 % NH,OH Malic acid

pH = 7-8 & 2:1 malic acid:Nb

Stirring at 70 °C for 2-12 h

k NaNO,, KNO,

Stirring at 50 °C for 1 h

!

\ KNN-MA solution \

Figure 3.1: Float diagram of the oxalic acid route (left) and malic acid route (right) to
aqueous KNN solutions.

to ~8 by addition of ammonia (25 %). The concentration of the calcium solution
was 3.23-10"2 M, determined by thermogravimetric analysis by measuring re-
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maining weigh after heat treatment at 800 °C. To prepare the titanium solution,
Ti-isopropoxide was added to an aqueous solution of citric acid (CA) with a mo-
lar ratio corresponding to 1:3 (Ti:CA). The solution was stirred for 12h at 80°C
and the pH was adjusted to ~7 by addition of ammonia (30 %). The concentra-
tion of the titanium solution was 7.52-10"1 M, determined by thermogravimetric
analysis at 1000 °C.

ZnO precursor solutions

ZnO solutions were prepared by dissolving ZnO in an aqueous solution of citric
acid (CA) with a molar ratio corresponding to 1:1 (Zn:CA). The pH was adjusted
until the solutions became transparent (~9) by addition of ammonia (25 %) at
70 °C. The concentration of the ZnO solutions were typically ~0.28 M, determined
by the final volume of the solution.

BaTiO4 (BT) precursor solution

The BT precursors solution was prepared based on the synthesis reported by
Reeder and coworkers, *48 where aqueous solutions of barium and titanium were
mixed in stoichiometric amount corresponding to BaTiO,. The titanium solution
was prepared by the method described previously in the section on doping of
KNN solutions (page 94). To prepare the barium solution, EDTA was dissolved in
deionized water at 60 °C and the pH of the solution was adjusted to ~7 by addition
of ammonia (30 %). Pre-dried Ba(NO,), was dissolved in the EDTA solution, and
CA was added to the solution as a secondary complexing agent. The pH was
then readjusted to ~7 by addition of ammonia (30 %). The molar ratio of Ba2* to
complexing agents was 1:1:2 (Ba:EDTA:CA). The concentration of the BT solution
was 0.13 M.

3.1.2 Preparation of films

Fabrication of thin films was achieved by spin coating of the aqueous precursor
solutions, as illustrated in Figure 2.15 on page 46. The thicknesses of the films
were engineered by repeating the deposition and heat treatment steps from 2 to
30 times. An overview of all the films prepared is presented in Table 3.2.
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Substrates and supports

The different types of substrates used for thin film fabrication is presented in
Table 3.3. The elastomer for the flexible polydimethylsiloxane (PDMS) support
is included in the table. Prior to deposition the SiPt substrates were sonicated in
isopropanol and rinsed with acetone, and both the SiPt and SrTiO4-based sub-
strates were cleaned with oxygen plasma (Femto, Diener Electronic, Ebhausen,
Germany).

Table 3.3: List of substrates and supports used in the thin film preparation.

Substrate Dimensions Supplier
(100) StTi0,, STO 10x10x0.5 mm? Crystal-GmbH,
3 Berlin, Germany
100 nmPt(111)/30 nmTiO,/ 10%10%0.7 mm3 SINTEF MiNaLab,
500 nmSi0,/Si(100), SiPt ’ Oslo, Norway
Dow Europe GmbH,

Sylgard 184 silicone elastomer, PDMS N/A Horgen, Switzerland

Deposition of solutions

Droplets of the solutions were transferred to the substrates using a filtered sy-
ringe (0.2 1m cellulose acetate membrane) and a thin layer of the solution was
deposited on the substrates by using a spin coater (WS-400A-6NPP/C-1 or WS-
400B-6NPP-LITE/AS, Laurell Technologies, Montgomery, PA, USA) operating at
3500 rpm for 40s. Prior to heat treatment the deposited films were dried on a
hotplate at 200 °C for 3 min.

Heat treatment

The deposited films were subjected to pyrolysis and annealing in rapid thermal
processing (RTP) furnaces. Three different furnaces (RTP-1, RTP-2, RTP-3) were
used, see Table 3.4. RTP-1 and RTP-2 were used in Paper I, RTP-2 was used in
Paper II, and RTP-3 was used in Manuscript I and Manuscript II.
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Table 3.4: List of RTP furnaces used for thin film preparation.

RTP

furnace Model name Atmosphere Supplier
Jetfirst 200 mm _ leele.c, Semco Tech-
RTP-1 .. Flowing O nologies,
(radiation furnace) 2 .
Montpellier, France
. . . . Custom made, de-
RTP-2 Rapid heating plate Ambient (air) scribed in 449
RTP-3 gcci’fherin(()lfgimf . Flowing synthetic air Allwin21, Morgan Hill,
) ey IR (80%/20% of Ny/Op)  CA, USA

The heating programs for the different films are displayed in Figure 3.2. For
the KNN films in Paper I and II and Manuscript I and II and ZnO films in
Manuscript I a two-step heating program was used, involving pyrolysis for each
deposited layer (550°C, 5min) and a final annealing after all the depositions
were completed (700 °C, 10 min), using a heating and cooling rate of 100 °C min !
(Figure 3.2 (a)). For the BT films in Manuscript I a one-step heating program
with both pyrolysis and annealing was used for each deposited layer (Figure 3.2
(b)). The BT heating program involved heating to 455 °C using a heating rate of
90°Cmin~!, then heating to 588 °C using a heating rate of 40 °Cmin~!, and then
to 710°C using a heating rate of 300 °Cmin~!. 710°C was held for 5 min, before

cooling back to room temperature using a cooling rate of 100 °Cmin .

Lift-off technique for flexible films

The lift-off technique was performed by depositing a ZnO release layer and a
KNN film on a SiPt substrate by conventional CSD, based on the method reported
by Liu and coworkers.®® A schematic of the synthesis process to flexible KNN
films is presented in Figure 3.3. The deposition of the ZnO release layer, the BT
buffer layer and the KNN films (step I and II in Figure 3.3) was performed using
aqueous CSD.

Before deposition of the flexible polymer support (step III in Figure 3.3), the KNN
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(a) 550 °C, 5 min 3
100 °C mﬂoc minl
25°C
700 °C, 10 min — Two-step, KNN and ZnO
100 °C min’! 100 °C min’!
25°C J
(b) 710 °C, 5 min
300 °C min!

40 °C minl 100 °C min! onE'step; BT

Figure 3.2: (a) Two-step heating program (pyrolysis and annealing in separate steps) for
KNN and ZnO films. (b) One-step heating program (pyrolysis and annealing in same step)
for BT films.

PDMS PDMS
Zn0O Zn0 Zn0O Zn0
- » . I»I - » I -~ I » PDMS

SiPt | siee sirt | siPt
|. Deposition 11. Deposition of 11l. Deposition IV. Release V. Flexible
of ZnO piezoelectric of flexible process with piezoelectric
release layer KNN film PDMS support acetic acid KNN film

Figure 3.3: Synthesis process of flexible KNN films. Step I and II: High-temperature
CSD processing of ZnO release layer, BT buffer layer and KNN film. Step III: Deopisition
of flexible PDMS support. Step IV: Release of KNN-PDMS composite by dissolving the
ZnO layer in acetic acid.

film was cleaned with oxygen plasma for 2 min. A PDMS elastomer solution was
made by mixing 1 part curing agent and 5 parts base. The elastomer solution
was degassed for 40 min in a vacuum desiccator prior to deposition. ~0.5 mL of
degassed elastomer solution was added to the KNN-ZnO sample and deposited
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onto the KNN film using a spin coater operating at 500 rpm for 30s. The elas-
tomer solution was then cured for 7d at room temperature. After curing, excess
PDMS along the edges of the sample was removed using a scalpel. The sample
was immersed in an aqueous solution of 33 vol% acetic acid (100 %, Merck KGaA,
Darmstadt, Germany) preheated to 60°C (step IV in Figure 3.3), and kept in
the acidic solution until the ZnO layer was dissolved (1-3h). After release, the
free-standing KNN film was rinsed in deionized water.

3.1.3 Preparation of powders

Powders were prepared from the solutions by first drying the precursor solutions
in a sol-gel furnace (Carbolite Gero, Nabertherm, Lilienthal, Germany) for 8-24 h
at 100-200 °C. The dried powders where then crushed in a mortar and calcined
in a muffle furnace (T 15/12/P330, Nabertherm, Lilienthal, Germany), using a
heating rate of 200°Ch™!. The temperature and hold time of the calcinations
were varied depending on the type of the subsequent characterization.
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3.2 Characterization

3.2.1 Thin film characterization

X-ray diffraction

X-ray diffraction (XRD) patters of thin films were recorded using two different se-
tups. Gracing incidence X-ray diffraction (GIXRD) patterns were recorded using
a 2° incidence angle and Cu K« radiation (D8 Advance, Bruker, Billerica, MA,
USA). Conventional Bragg-Brentano X-ray diffraction (0-20 XRD) patterns were
recorded parallel to the (100) direction of the substrates using monochromatic Cu
K« radiation (D5005, Siemens, Karlsruhe, Germany).

Scanning electron microscopy

Scanning electron microscopy (SEM) of thin films was performed using an ac-
celeration voltage of 10kV and an in-lens detector (Ultra 55, Carl Zeiss AG,
Oberkochen, Germany). For cross sectional images the films were cleaved using
a combined diamond tip scriber and impulse breaker apparatus (DXIII, Dynatex,
Santa Rosa, CA, USA).

Transmission electron microscopy

Transmission electron microscopy (TEM) of thin films was performed in both
bright field imaging (BFI) and high resolution (HR) mode, using an acceleration
voltage of 200kV (JEM-2100 and JEM-2100F, Jeol, Tokyo, Japan). Fast Fourier
transform (FFT) algorithms were applied to selected areas in the HR-TEM mi-
crographs to analyze the local crystal structure close to the interface of the films
and substrates. Scanning precession electron diffraction (SPED) was used to ob-
tain crystal orientation maps of the samples, and structural misorientation of
the films relative to the substrates was calculated from the recorded precession
electron diffraction (PED) data. Acquisition and template matching of the PED
patterns were performed using TEM orientation imaging hardware and software
(ASTAR, NanoMEGAS, Brussels, Belgium). A pseudo-cubic crystal structure for
KNN was used as template for the PED pattern matching, see Table 3.5. Prepa-
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ration of TEM samples was performed by using a focused ion beam (FIB) sys-
tem and a standard lift-out technique (Helios Nanolab DualBeam, FEI Company,
Hillsboro, OR, USA).

Table 3.5: Atomic positions and unit cell parameters of the pseudo-cubic crystal structure
of KNN used as template in the PED pattern matching.

Element x y z Occ.
K 0.0 0.0 0.0 0.5
Na 0.0 0.0 0.0 0.5
Nb 0.5 0.5 0.5 1.0
(0) 0.0 0.5 0.5 1.0

Unit cell lengths: a=b=c=3983A

Unit cell angles: a=pf=y=90°

Infrared spectroscopy

Infrared (IR) spectroscopy of thin films was performed using a diffuse reflection
cell (Praying Mantis, Harrick Scientific, Ossining, NY, USA) and a Fourier trans-
form infrared (FTIR) spectrometer (VERTEX 80v, Bruker). An aperture of 8 mm
and a resolution of 4cm™! was used. Substrates with no deposited films were
used as backgrounds.

Atomic force microscopy

Atomic force microscopy (AFM) was used to study surface topography of thin
films (Multimode V, Veeco Metrology, Plainview, NY, USA). Surface roughness of
the films was calculated based on measurements of areas of 5x5 pm? at the center
and edges of the films.

Contact angle measurements

The contact angle of droplets of deionized water on thin films were measured at
37°C to assess surface hydrofobocity (DSA100, KRUSS, Hamburg, Germany).
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Electrical characterization

Deposition of electrodes

Deposition of interdigitated electrodes (IDE) was performed through a lift-off pro-
cess using a negative UV-photoresist (ma-N 400 series, Micro Resist Technology,
Berlin, Germany) and a maskless aligner (MLA 150, Heidelberg Instruments,
Heidelberg, Germany). E-beam evaporation was used to deposit a 5 nm titanium
bonding layer and 20nm platinum electrodes (Custom ATC-2200V, AJA Inter-
national Inc., Scituate, MA, USA). 100 electrode fingers with length of 900 jim,
width of 3.311 pm and distance of 6.689 pym were deposited.

Deposition of regular 100 nm thick platinum top and bottom electrodes was per-
formed using a shadow mask and e-beam evaporation (Custom ATC-2200V, AJA
International Inc.). Prior to deposition the films were cleaned with oxygen plasma
for 2min (Femto, Diener Electronic). The diameters of the circular top electrodes
were 0.5 and 1.0mm. After deposition the films with the electrodes were an-
nealed in flowing O, at 400 °C for 2.5h (AccuThermo AW610, Allwin21).

Polarization and capacitance versus electric field

A piezoelectric evaluation system was used to measure polarization and capac-
itance as a function of electric field at room temperature (aixPES, aixACCT,
Aachen, Germany). Polarization versus electric field (P-E) was measured us-
ing frequencies from 0.1 to 5000 Hz. Capacitance versus electric field (C-E) was
measured at 500 Hz using AC amplitudes of 50 mV.

Permittivity versus temperature and frequency

Impedance spectroscopy was performed on the films using a rapid heating plate
(RTP-2) to measure dielectric permittivity in the temperature range 150 to 420 °C
and the frequency range of 1 to 10° Hz (Alpha-A High Performance Frequency
Analyzer, Novocontrol Technologies, Montabaur, Germany). Measurements were
performed using AC amplitudes of 50 mV.
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3.2.2 Powder characterization

X-ray powder diffraction

X-ray powder diffraction patterns were recorded Cu Ko radiation (D8 Advance,
Bruker). Curve fitting using the Pawley method was performed on the diffraction
patterns. The patterns were fitted to a monoclinic space group (Pm) with starting
lattice parameters a = ¢ = 4.000A, b = 3.950 A and f = 90.33°.

Infrared spectroscopy

IR spectroscopy was performed using a diamond attenuated total reflection cell
(Platinum ATR, Bruker) and a FTIR spectrometer (VERTEX 80v, Bruker). An

1

aperture of 5 mm and a resolution of 4 cm™ was used.

Thermogravimetric analysis and mass spectroscopy

Thermogravimetric analysis (TGA) was used to analyze the thermal decomposi-
tion of the dried precursor solutions (STA 449C, Netzsch, Selb, Germany). A mass
spectrometer was used in combination with the TGA measurements (QMS 403C,
Netzsch). The measurements were performed with flowing O, and synthetic air

in the temperature range 100 to 725 °C using a heating rate of 10 °Cmin 1.
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3.3 In vitro studies

3.3.1 Cell culturing

Human 161BR fibroblast cells, rat Schwann cells and human SH-SY5Y neurob-
lastoma cells were cultured in 3 mL media in T25 flasks at 37°C and 5% CO,
until confluent. The media used for the different cell lines were as following:

¢ 161BR fibroblast cells: Eagle’s MEM with 15 % fetal bovine serum (FBS),
2mM L-Glutamine, 1% non-essential amino acids (NEAA) and 1% Peni-
cillin Streptomycin (Pen-Strep).

e Rat Schwann cells: Ham’s F12 with 10 % FBS, 2mM L-Glutamine and
1% Pen-Strep.

e SH-SY5Y neuroblastoma cells: Ham’s F12/Dulbecco’'s MEM (1:1) with
10% FBS, 1% sodium pyruvate, 1% 1M HEPES, 1% NEAA, 1% sodium
bicarbonate, 1 % Pen-Strep.

All media and components were purchased from Sigma-Aldrich (Seven Hills,
NSW, Australia). The media was changed every 3 days. When confluent, the
cells were lifted from the T25 flask using 0.025 % trypsin (in 1xPBS no calcium,
no magnesium) and seeded onto 13 mm diameter glass coverslips (control; Hurst
Scientific, WA, Australia), SiPt, KNN/SiPt and KNN-CaTiO4/SiPt in a 24-well
plate along with 500 pL. media. Three samples were used for each material and
control.

3.3.2 Sample sterilization

Three types of samples were used in the in vitro studies; undoped KNN films
(~50 nm) on SiPt substrates (KNN/SiPt), KNN films co-doped with 0.5 mol% CaZ*
and Ti** (~50nm) on SiPt substrates (KNN-CaTiO4/SiPt), and SiPt substrates
without deposited films. The samples were sterilized using 25 kGy of gamma
irradiation from a cobalt-60 source. The glass control samples were sterilized
by dipping in ethanol and flaming over a Bunsen burner. All the samples and
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control samples were rinsed once with 1X phosphate buffered saline (PBS, Sigma-
Aldrich) before cell seeding.

3.3.3 In vitro assays
MTT proliferation assays

Cell proliferation of 161BR fibroblast and Schwann cells was assessed using MTT
colorimetric assays. The cells were grown for up to 7 days in media at 37 celsius
and 5% CO,, and the media was changed every 2 days after seeding. MTT col-
orimetric assays were performed on the cells after 1, 3, 5 and 7 days of culturing.
The colorimetric assays were performed by first removing the culture media and
then adding 50 pL of an MTT solution (5gL~! MTT (VWR/Amresco) in 1X PBS)
and 450 nL of serum-free Eagle’s MEM (161BR fibroblast cells) or serum-free
Ham’s F12 medium (Schwann cells) to the wells. After incubating the cells for
4hat 37°C and 5 % CO,, the MTT solution was carefully removed and the formed
formazan crystals were dissolved in isopropanol with 4 mM HCI and 0.1 % Non-
idet P-40 (VWR/Amresco) using a mixer for 10 min. The isopropanol with the
dissolved formazan was then transferred to a 96-well plate for spectrophotomet-
ric analysis at A = 560 nm (Chameleon Multilabel, Hidex, Turku, Finland). The
one-way ANOVA analysis method was used to determine the statistical signifi-
cance of the data.

Morphology assays

Cell morphology of 161BR fibroblast cells, Schwann cells and SH-SY5Y cells was
studied using SEM. The cells were grown for 3-5 days in media at 37°C and 5%
CO,, after which the cells were washed twice with 500 pL. 1X PBS and fixed with
300 pL glutaraldehyde (3 % in 1X PBS, Sigma-Aldrich), both preheated to 37 °C.
The well plate was then placed in zip lock bag to prevent loss of glutaraldehyde
through evaporation and stored at 4 °C for 20h. The glutaraldehyde was then
removed, and the cells were washed twice with 300 nL 1X PBS at 4 °C for 10 min.
The cells were hydrated twice with deionized water for 10 min prior to the dehy-
dration procedure. To gradually dehydrate the cells, ethanol-water washes with
an increasing concentration of ethanol were used. The concentrations used were
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30, 50, 70, 80, 90 and 100 vol% ethanol. Each washed was performed for 12 min,
and the 100 vol% ethanol wash was performed twice. The cells were then left for
the ethanol to evaporate over a period of 24 h. SEM of the dehydrated cells was
performed using an acceleration voltage of 5kV and mixed detection of backscat-
ter and secondary electrons (TM3030Plus, Hitachi, Tokyo, Japan).

Immunofluorescence microscopy

Cell viability of 161BR fibroblast and Schwann cells was studied using immunoflu-
orescent microscopy. The cells were grown in media at 37°C and 5% CO, un-
til ~90 % confluency (3-5 days), after which the cells were washed twice with
600 pL 1X PBS and fixed with 300 pL paraformaldehyde (4 % in 1X PBS, Sigma-
Aldrich), both preheated to 37°C. The well plate was then placed in a zip lock
bag to prevent loss of paraformaldehyde through evaporation and incubated at
37°C for 10 min. The paraformaldehyde was then removed, and the cells were
washed three times with 300 pL. 1X PBS. To allow for antibody penetration into
the cells, the cells were permeabilized with 300 pL Triton X-100 in 1X PBS (0.1 %)
for 15 min at room temperature. After, the cells were washed three times with
300 L 1X PBS. To prevent non-specific antibody-protein interaction, the cells
were blocked using 300 L bovine serum albumin (BSA) in 1X PBS (1%) for
60 min at room temperature. The cell cytoskeletons were immunostained with
300 1L monoclonal (3-Tubulin primary antibody (1:5000 dilution in PBS, Sigma-
Aldrich) for 16 h at 4°C. The primary antibody was removed, and the cells were
washed three times with 300 uL. 1X PBS. To detect the (3-Tubulin primary an-
tibodies 300 nL of Alexa Fluor® 488-conjugated rabbit anti-mouse IgG (H+L)
secondary antibody (1:5000 dilution in PBS, Life Technologies) was added and
left in for 45 min in room temperature and away from light. After, the cells
were washed once with 300 uL. 1X PBS. The cell nuclei were immunostained
with 50 pL 4’,6-diamidino-2-phenylindole (DAPI, 0.1gL~! PBS, Sigma-Aldrich)
for 3min at room temperature. The cells were then washed twice with 300 uL
1X PBS, and the samples were mounted on glass coverslips using dibutyl ph-
thalate in xylene (DPX). The immunostained cells were imaged using confocal
microscopy (LSM800, Zeiss).
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This chapter gives a summary of the main results from the PhD work. The chap-
ter is divided into five sections. Sections 4.1-4.4 are each dedicated to the main
findings of one of the four papers and manuscripts included in the dissertation.
In the last section (Section 4.5) the thesis is summarized combined with a brief
outlook.

4.1 Aqueous processing of
KNN films (Paper I)

4.1.1 Precursor chemistry, decomposition and phase purity

The first objective of the project was to develop a synthesis platform to KNN thin
films based on aqueous CSD. Two water-based chemical solutions, an oxalic acid-
complexed solution (KNN-Ox) and a malic acid-complexed solution (KNN-MA),
were chosen based on previous work on these precursor solutions. 64124450 The

preparation of these solutions is described in Section 3.1.1 on page 94.

XRD patterns of dried powders from the KNN-Ox and KNN-MA precursor so-
lutions calcined at various temperatures are presented in Figure 4.1, The data
demonstrate that phase pure KNN powder can be synthesized from both precur-
sor solutions by thermal treatment at 700 °C. This is in accordance with previous
reports on these solutions. 24450 The XRD patterns also show that dried powders
from the KNN-Ox solution start crystallizing at a lower temperature (~450 °C)
than powders from the KNN-MA solution (~500°C). Furthermore, a parasitic
alkali metal deficient phase, K,NbyO,,, crystallized together with the perovskite
phase in the KNN-Ox powder at 450°C. This phase was not present in KNN-
Ox powders calcined at 500 °C or above, and it was not observed in any of the
KNN-MA powders.

The two solutions were further used to prepare films described by the procedure
given in Section 3.1.2 on page 96. GIXRD patterns of pyrolyzed (500 °C) and an-
nealed (700 °C) KNN thin films deposited on (100) single crystal STO substrates
from the two precursor solutions are presented in Figure 4.2. The diffraction
patterns of the films demonstrate the presence of KNN, but the diffraction pat-
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Figure 4.1: XRD patterns of powders from the (a) KNN-Ox and (b) KNN-MA solutions cal-
cined at various temperatures. Reflections from the K,Nb;O,, phase are indicated with *.

Reference patterns for K, ;Na, ;\NbO, (blue, PDF card 00-061-0315) 118 and K NbgO,,
(purple, PDF card 04-009-6408) %1 are included.

terns of the films prepared by the KNN-Ox precursor solution contained also
reflections due to the presence of the alkali metal deficient phases (K,Nb;O,5,
K,Nb,O4;). The presence of secondary phases in films derived from the KNN-Ox
solutions is in line with previous work.%* The films made from the KNN-MA pre-
cursor solution were phase pure when processed in air (Figure 4.2 (d)), while they
contained secondary phases when processed in O, (Figure 4.2 (b)). The GIXRD
results suggest that it is impossible to remove alkali metal deficient phases from
the films once they are formed, opposite of what was observed for calcined pow-
ders from the KNN-Ox solution. This is probably due to a higher loss of alkali
metals through evaporation during thermal processing of the films compared to
powders, leading to an irreversible change in the overall cation stoichiometry in
the film.

The phase compositions of calcined powders and thin films from the KNN-Ox
and KNN-MA precursor solutions were demonstrated to be governed by the ther-
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mal decomposition of the carbon and nitrogen containing amorphous network in
the precursors upon calcination/pyrolysis. Thermal analysis of the dried powder
from the KNN-MA solution revealed a delayed decomposition compared to pow-
ders from the KNN-Ox solution, as shown by the TGA-MS data in Figure 4.3.
Combined with the XRD patterns in Figures 4.1 and 4.2, the presence of carbon
containing residues around 450-550 °C in the KNN-MA precursor was shown to
suppress the nucleation of K,Nb;O,; and to shift the nucleation temperature
of the perovskite phase upwards compared to the KNN-Ox precursor. It was
demonstrated that an increase in the partial pressure of oxygen promotes an
earlier decomposition of the residues in the KNN-MA precursor around 500 °C,
leading to the formation of parasitic phases also in the films made from that pre-
cursor solution in O, (Figure 4.2 (b)). These combined results demonstrate that
the nucleation kinetics and thereby the phase composition can be controlled by
thermal processing of the KNN films including both temperature-time profile and
atmosphere.

4.1.2 Microstructure and texturing

Dense KNN films were prepared by spin coating using both the KNN-Ox and
KNN-MA precursor solutions. The thickness of the films on the (100) STO sub-
strates were uniform as shown in Figure 4.4. The film thickness per deposition
for the KNN-MA solution was ~17 nm, inferred from the SEM micrographs in
Figures 4.4.

A columnar microstructure was observed in the KNN films prepared from the
KNN-MA precursor solution on the (100) STO substrate. This is shown in the
TEM micrographs in Figure 4.5. The columnar grains grew throughout the
thickness of the film, except for a 1-3 nm thick epitaxial layer towards the film-
substrate interface. The local in-plane orientation of the columnar grains were
demonstrated to have a polycrystalline symmetry based on pole figures and PED
misorientation mappings (Figures 5 and A.3 in Paper I), but the average out-
of-plane orientation was determined to have substantial (100) texturing, as ob-
served by the XRD patterns in Figure 4.6. A proposed nucleation mechanism for
the observed microstructure of the films is a mixed heteroepitaxial and homo-
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Figure 4.2: GIXRD patterns of thin films from the (a), (¢c) KNN-Ox and (b), (d) KNN-MA
precursor solutions thermally processed in (a), (b) O2 and (c), (d) air. Reference patterns
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Figure 4.3: Thermogravimetric analyses with mass spectroscopy (TGA-MS) of dried pow-
ders from the (a) KNN-Ox and (b) KNN-MA solutions. Differential scanning calorimetry
(DSC) curves from the measurements are included.

geneous nucleation and growth in the first deposited layer, and heterogeneous

nucleation and growth in the subsequent layers.

Epitaxial growth of KNN films from CSD on STO substrates has previously been

demonstrated by avoiding crystallization during pyrolysis and by the use of a
high heating rate (40-50 °Cs™1) up to the final annealing stage.4?4° Application

of such a thermal processing program could be an interesting topic for further
optimization of the fabrication of the KNN films.
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Figure 4.4: SEM micrographs of KNN films prepared from the (a)-(d) KNN-Ox and (e)-(h)
KNN-MA precursor solutions.
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Figure 4.5: (a) Bright field imaging and (b) high-resolution TEM micrographs of a KNN
film prepared from the KNN-MA solution in air on (100) STO illustrating the columnar
microstructure of the films. Electron diffraction patterns from the film (I), the STO sub-
strate (III) and the interface (II) is included. Reprinted from 4°3.



118 Chapter 4. Summary of results

Intensity [a.u.]

] | Ko.sNag.sNbO3
\ |I \ I \ il L Ll

20 30 40 50 60 70
260 [°]
Figure 4.6: 0-20 XRD of pyrolyzed and annealed KNN films prepared from the KNN-
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00-061-0315) 118 is included.
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4.2 Compositional engineering
and ferroelectric characteriza-
tion (Paper II)

4.2.1 Introduction of dopants and silicon substrates

Based on the synthesis platform developed in Paper I, compositional engineering
of KNN films was targeted with the aim of improving the stability and ferro-
electric properties of the films. Two different heterovalent substitutions were

investigated, namely Ca?* doping and Ca?*-Ti**

co-doping (CaTiO4 doping). The
malic acid-complexed solution (KNN-MA) described in Paper I was chosen as the
fundament for this work to avoid secondary phases. Platinized silicon (SiPt) was

also introduced since silicon is the standard substrate in electronics industry.

Aqueous solutions corresponding to KNN with 0.5mol% Ca?* doping and
0.5mol% CaTiO4 doping were prepared by adding appropriate amounts of Ca?*-
and Ti**-solutions to the KNN-MA precursor solution, as described in Sec-
tion 3.1.1 on page 94. XRD analysis of calcined powders from the doped pre-
cursor solutions showed no additional reflections, but minor changes in the unit
cell parameters were observed, indicating that the dopants were incorporated
into the KNN crystal lattice (Figures 1 and S.1 in Paper II). Only reflections
from the perovskite phase were observed in the GIXRD patterns, as seen in Fig-
ure 4.7. SEM micrographs of the films, presented in Figure 4.8, demonstrate
dense and uniform microstructures in all compositions. A reduction in grain size
with doping can be inferred from the top-view SEM images in Figure 4.8 and the
powder XRD patterns, suggesting that Ca?* and Ti** reduce the cation mobility
and grain growth during thermal processing. In contrast to KNN films deposited
on (100) STO, which had significant (100) texturing, the KNN films deposited
on SiPt were polycrystalline without crystallographic texture (Figure S.3 in Pa-
per II). The XRD and SEM results demonstrate that both undoped and doped
high-quality KNN films can be fabricated on SiPt substrates by aqueous CSD.
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Figure 4.7: GIXRD patterns of undoped, Ca2* doped and CaTiO4 doped KNN thin films
deposited on SiPt substrates. Reference pattern for K, ;Na, ;NbO, (blue, PDF card 00-

061-0315) 118 is included. Figure reprinted from *>* with permission from The Royal Soci-
ety of Chemistry.

4.2.2 Ferroelectric characterization

Ferroelectric characterization of the KNN films on SiPt substrates was carried
out by depositing circular Pt electrodes on top of the films, as described in Sec-
tion 3.2.1 on page 104. The polarization as a function of electric field for the three
KNN films measured at 10 Hz and using 100kVem ™! bias (Figure 4.9), demon-
strates ferroelectric polarization switching in the doped films. This was not ob-
served for the undoped KNN films regardless of applied frequency and field bias.
The frequency dependency of P-E loops from the doped KNN films is presented
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Figure 4.8: Cross-section SEM micrographs of (a) undoped, (b) Ca®* doped and (c)
CaTiO4 doped KNN thin films deposited on SiPt substrates. The films were prepared
by deposition of 15 layers. The insets show top-view images of the microstructure. Figure
reprinted from %24 with permission from The Royal Society of Chemistry.

in Figure 4.10 and shows a decrease in polarization with increasing frequency.
The remanent polarization measured for the KNN-CaTiO, film is comparable to
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previous reports on KNN films from CSD.211:214,219,221,235,237,242,249
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Figure 4.9: Polarization as a function of electric field for the films with the three KNN
compositions, measured at 10 Hz and using 100 kVem ™! bias. The current fluxes dur-
ing measurement is included. Figure reprinted from 454 with permission from The Royal
Society of Chemistry.

Doping with Ca?* and CaTiO4 was also shown to influence the dielectric permit-
tivity of the films. The permittivity of the films as a function of temperature is
displayed in Figure 4.11. An increase of ~15 and ~30°C was observed for the
Ca®" and CaTiOg4 doped films compared to undoped KNN, respectively, at 150 °C.
The same increase was observed in capacitance versus electric field measure-
ments at room temperature (Figure 6 in Paper II). The values for the dielectric
permittivity presented in Figure 4.11 are among the highest reported for KNN
films from CSD., 215:217,218,221,235,240,241,243,244,248,250,253,254,257,258,260 The dopants
were not found to have a significant influence on the phase transitions induced
from the permittivity measurements, as previously reported for KNN ceramics
doped with CaTiO,. 455-459

The improved ferroelectric properties of the doped KNN films compared to the
undoped films is argued to be caused by the dopants’ influence on the point de-
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Figure 4.10: Polarization as a function of electric field for (a) CaZt doped and (b) CaTiO3
doped KNN films, measured at frequencies between 50 and 5000 Hz. Measured remanent
polarizations are included in the figures. Figure reprinted from 454 with permission from
The Royal Society of Chemistry.

fect concentration in the films. Charged defects like oxygen vacancies have been
reported to pin the ferroelectric domain walls and thereby reduce the ferroelec-
tric response. 469461 Co-doping with Ca®* and Ti** should increase the energy
of formation for lattice defects, as the formation energy of oxygen vacancies is
higher in CaTiO4 than in KNbO?’.‘“SQ’463 Based on ionic radius and charge, Ca?*
is expected to enter the A-site in KNN, in which case some mechanism for charge
compensation must take place. Three mechanisms for incorporation of Ca* on
the A-site in KNN were suggested, leading to A-site deficiency (A < B), stoichio-
metric A : B ratio (A = B) and A-site excess (A > B), respectively:

CaO(s)+2A} — A,0(s) +Caj + V), (4.1)
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Figure 4.11: Dielectric permittivity as a function of temperature for the three KNN com-
positions, measured at 1 kHz between 150 and 420 °C, using a 50 mV AC amplitude. The
loss tangent (tand) of the measurement is provided in the inset. Arrows indicate heat-
ing/cooling. Figure reprinted from % with permission from The Royal Society of Chem-
istry.

2Ca0(s) + Nb,O,(s) + V5 — 2Ca} +2Nbj, +70% (4.2)
CaO(s) + V) + Vi — Caj + 05, (4.3)

For low-temperature processing of KNN and when using an excess of alkali met-
als, both of which were the case in this work, Equations 4.2 and 4.3 are the likely
mechanisms for Ca?* incorporation. These mechanisms reduce the amount of
oxygen vacancies and could therefore explain the improved ferroelectric proper-
ties in the Ca?* doped KNN films compared to the undoped films.
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4.3 Processing of flexible KNN films
(Manuscript I)

4.3.1 Development of processing route

The aqueous synthesis platform of KNN films established in the first part of
the work was further developed with the aim to fabricate KNN films on flexible
substrates. The processing was based on a lift-off technique reported by Liu and
coworkers®® and the aqueous CSD synthesis platform developed in Paper I and
II. In the process, KNN films were deposited and thermally processed on rigid
substrates followed by transferring of the ceramic films to a polymeric support by
etching of a ZnO release layer between the substrate and the film. A description
of the processing route is presented in Section 3.1.2 on page 99.

SiPt substrates were used as supports during thermal processing of the films.
PDMS was chosen as flexible support based on the chemical stability, tunable
mechanical properties and biocompatibility of silicones.** The ZnO release lay-
ers*% and BT buffer layers**8 were deposited from aqueous solutions described
previously, and the KNN films were made from the KNN-MA precursor solution
described in Paper I and II.

Successful release of KNN films on PDMS supports was demonstrated by selec-
tive etching of the ZnO release layer using acetic acid. The KNN films without
Pt bottom electrodes were semi-transparent, as shown in Figure 4.12. GIXRD
patterns, presented in Figure 4.13, identify the flexible films to be KNN as they
only contain Bragg reflections from the (100) and (110) planes of orthorhombic
KNN in addition to the reflections from Pt. A SEM micrograph of a flexible KNN
film is presented in Figure 4.14, showing a homogenous and dense KNN layer on
top of a Pt bottom electrode and PDMS.

Top and bottom Pt electrodes were deposited on the flexible films for ferroelec-
tric characterization (Figure S.3 in Manuscript I), but the measurements were
dominated by leakage currents (S.6 in Manuscript I).
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Figure 4.12: Images of a semi-transparent flexible KNN film on PDMS.

4.3.2 Phase composition

The ZnO release layer crystallized in the wurtzite structure as evident from
the GIXRD pattern in Figure 4.15. Some (103) orientation is observed in the
ZnO layer, as evident from the reflection at 20 = 62.7°. Successful deposition
of BT was also demonstrated using GIXRD (Figure 4.15) and IR (Figure S.2 in
Manuscript I). Introduction of a BT buffer layer was shown to be detrimental to
obtain phase pure KNN films on the ZnO release layer. Deposition of KNN films
directly onto ZnO resulted in formation of the alkali metal deficient secondary
phase K;Nb;O,,, as demonstrated by the GIXRD patterns and SEM images in
Figure 4.15. Several explanations for the formation of the K,Nb;O;, phase were
discussed. The ZnO layer was demonstrated to have (103) preferential orien-
tation (Figure 4.15), and K,Nb;O,,; was suggested to be induced by templated
nucleation on the ZnO surface. Another suggestion was a reduction of the de-
composition temperature of the KNN precursor solution on ZnO, resulting in
less suppressed nucleation as discussed in Paper I. Reactions between the ZnO
and the alkali metals in the KNN precursor was disregarded as mechanism for
K,Nb;O,, formation due to the absent of stable compounds in the K,0-ZnO and

Na,0-ZnO binary systems. 466467
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Figure 4.13: GIXRD patterns of flexible KNN films on PDMS. Reflections from the KNN
film and Pt electrode are marked. Reference pattern for K, ;Na, ;NbO, (green, PDF card

00-061-0315) 118 is included.

4.3.3 Microstructure and further optimization

The microstructure of the flexible KNN films revealed that several defects and
cracks were introduced in the films during the process (Figure S.4 in Manuscript
I). Introduction of a Pt bottom electrode greatly decreased the number of defects.
However, there was still induced cracks in the KNN films with Pt electrodes,
as evident from the SEM micrographs in Figure 4.16. The origin of these flaws
was argued to be strain in the film introduced during handling after the release
from the rigid substrate. Such stresses could be avoided by more careful han-
dling and by fixing the flexible film to a carrier substrate after release (e.g. as in
Figure S.3 in Manuscript I). Another factor could be built-up strains from mis-
match of the thermal expansion coefficients during thermal processing of the
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Figure 4.14: SEM micrograph of flexible KNN film on PDMS. The KNN film has a thin
BT buffer layer deposited on top. A Pt bottom electrode was deposited between the PDMS
support and the KNN film.

layers on the silicon-based substrate. The thermal expansion coefficient of Si
(2.59-107% K~1)468 i5 smaller than the coefficients for ZnO (5.7-1076 K1) 469
BT (11.34-107% K~1)*70 and KNN (4.72-1078 K1), 125 causing these layers to be
under tensile strain after cooling.

The leaky behavior of the films during ferroelectric characterization (Figure S.6
in Manuscript I) is likely due to short circuiting between top and bottom elec-
trodes due to the micro-cracking of the films. Further optimization of the syn-
thesis could avoid defect formation in the films and result in crack free films
with good piezoelectric properties. As such, the lift-off technique described in
Manuscript I holds the potential for environmentally friendly and cost-effective
piezoelectric KNN micro-components with high output performance. The synthe-
sis route is also possible to apply to other ceramic material systems, e.g. other

ferroelectric material, 447! transparent conductive materials 72473

474

and optical
active materials.
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Figure 4.15: GIXRD patterns and top-view SEM micrographs of KNN films deposited on
SiPt substrates. The arrows mark a reflection at ~10° and elongated grains in the diffrac-
tion pattern and microstructure, respectively, of KNN films without a buffer layer (blue),
both of which are assigned to the K,Nb;O,, phase. The KNN films with the BT buffer
layer (cyan) did not contain the secondary phase. * indicates an unidentified reflection.
Diffraction patterns from the substrate, the ZnO release layer and the BT buffer layer
are also shown (grey). Reference patterns for K, .Na, ;NbO, (green, PDF card 00-061-

0315)118 and K,Nb,O, ; (purple, 04-009-6408)**! are included.
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Figure 4.16: SEM micrographs of the surface of the flexible KNN films on PDMS with Pt
bottom electrode. (a) Macroscopic defects are present in the film. (b) Areas with no defects
are observed in the local microstructure.
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4.4 In vitro biocompatibility testing
of KNN films (Manuscript II)

In the final part of this thesis, in vitro cytotoxicity testing was performed on KNN
films in order to assess the biocompatibility of the films with three different cell
lines. The biological testing was performed with undoped and 0.5 mol% CaTiO4
doped KNN films on SiPt substrates, of which the synthesis and ferroelectric
characterization were described in Paper II. SiPt substrates with no film were
also tested in order to deconvolute the effect from the films and the substrates.
Phase composition, surface roughness and surface hydrophobicity of the samples
were analyzed prior to the in vitro testing. The three cell lines used in the bio-
logical studies were human 161BR fibroblast cells, rat (glial) Schwann cells and
human SH-SY5Y neuroblastoma cells. Glass coverslips were used as negative
controls as they have been reported to support cell attachment and proliferation
for both fibroblast*2147% and glial cells.*’%47” The in vitro assays performed are
described in Section 3.3.3 on page 107.

4.4.1 Characterization of the films prior to in vitro testing

The undoped and 0.5mol% CaTiO4 doped KNN films on SiPt substrates were
phase pure (Figure S.1 in Manuscript II) and had uniform and dense microstruc-
tures with an average thickness of ~50 nm (Figure 1 in Manuscript II). The sur-
face roughness of the KNN films was substantially higher than the roughness of
the SiPt substrates and glass controls (Figure 4.17 (a)), owing to the grain struc-
ture of the films (Figure 2 in Manuscript II). The surface hydrophobicity is more
uniform between the samples (Figure 4.17 (b)), and all the samples have surfaces
that are moderately hydrophilic with contact angles between 50 and 60°.

4.4.2 Assessment of biocompatibility

The results from the colorimetric assays on fibroblast and glial cells, presented
in Figure 4.18 (a) and (b) respectively, demonstrated that both KNN film com-
positions support cell proliferation equally well or better than the glass control
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Figure 4.17: (a) RMS surface roughness (Sq) calculated from AFM measurements scan-
ning areas of 5x51m on the samples. (b) Contact angle measurements of distilled water
droplets on the sample surfaces at 37 °C.

samples. The Schwan cell proliferation rates on undoped KNN films after 3 and
5 days were significantly better than on the control samples. Moreover, the SiPt
substrates accommodated consistently the highest proliferation rates for both cell

lines.
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Figure 4.18: Proliferation rates after 1, 3, 5 and 7 days for (a) human 161BR fibroblast
cells and (b) rat Schwann cells grown on glass coverslips (control), SiPt substrates, KNN
films and KNN-CaTiO3 films. Statistical significance is indicated (x = p <0.05, %% = p <
0.01). ## refers to a difference of p <0.01 between SiPt and each of the other samples.
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Cell viability and morphology after being cultured on the KNN films and SiPt
substrates were assessed using immunofluorescence microscopy and SEM (Fig-
ure 4.19). The 161BR fibroblast cells were observed to spread out more on the
SiPt substrates and undoped KNN films compared to the KNN-CaTiO, films and
the glass controls. The cell density of Schwann cells was observed to be higher on
the SiPt substrates and undoped KNN films compared to the KNN-CaTiO, films
and the glass controls. Preliminary morphology results of neuronal cells show ex-
cellent adhesion and neurite outgrowth on all samples (Figure S.2 in Manuscript
1D).

The results from the in vitro experiments demonstrate that KNN is a non-
cytotoxic ceramic that exhibits biocompatibility with a wide range of cell
lines. This is in agreement with previous in vitro studies on KNN ceram-
ics, 206,437,489,439-443,445,447 1, the best of our knowledge our results are also the
first to establish platinized silicon substrates as non-cytotoxic. Combined with
the AFM and hydrophobicity measurements (Figure 4.17) the results further sug-
gest that fibroblast and glial cells are indifferent to differences in surface rough-
ness between 0.3 and 3.3 nm, and that these cell types respond well to moderately
hydrophilic surfaces (6 ~ 50-60°).
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Figure 4.19: SEM micrographs and confocal immunofluorescence images of 161BR fi-
broblast and Schwann cells after being grown on glass coverslips, SiPt substrates, KNN
thin films and KNN-CaTiOg thin films for 5 (161BR fibroblast cells) and 3 days (Schwann
cells). Cell cytoskeletons and nuclei are stained with (3-tublin (green) and DAPI (blue),
respectively.
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4.5 Overview and outlook

The aim of this project was to develop an aqueous synthesis platform to lead-
free ferroelectric KNN thin films for biomedical applications. A major part of
the thesis was devoted to the development of the environmentally friendly and
cost-effective synthesis route to KNN films. The project included the exploration
of film fabrication on single crystal (100) oriented STO substrates, industry-
compatible Si-based substrates and flexible polymeric supports for high-output
applications. Advanced structural and functional characterization of the films
were also carried out. A correlation between the precursor chemistry and the
phase composition of the films was established, and a link between thermal pro-
cessing parameters and the resulting film texture. The ferroelectric performance
of the films was improved with the introduction of dopants. Finally, comprehen-
sive in vitro biocompatibility studies were performed to demonstrate the cytocom-
patibility of the films. Are the KNN films developed in this project ready to enter
service in vivo? There is still a way to go, but this study has definitely nudged
the world some nanometers closer to practical use of piezoelectric KNN films in
biomedical applications. The aim to develop an aqueous synthesis platform to
lead-free ferroelectric KNN thin films was successful. The thesis work has also
demonstrated excellent biocompatibility of KNN films on SiPt with cells in vitro.

Several aspects of the work would be interesting to investigate further. Firstly,
the link between film texture and thermal processing would be interesting to
explore in depth. Pham and coworkers reported on epitaxial growth in KNN
films from a KNN-Ox precursor solution by avoiding nucleation during pyrolysis
and using a rapid temperature ramp during annealing and crystallization of the
films. %4 It would be interesting to see if this could be replicated for the KNN-MA
precursor solution developed in Paper I, which could result in epitaxial and phase
pure KNN films. Secondly, the water-based synthesis platform developed in this
project holds room for expansion into more complex compositions to further im-
prove the functional properties of the KNN films. There are also possibilities to
use other material systems in parts of the work, as demonstrated with BaTiO,4
on the flexible supports. Thirdly, piezoelectric characterization measuring dss
of the KNN films on SiPt and flexible supports could further demonstrate the
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promising qualities of these materials for future applications. Lastly, the inter-
play between cells and films could be further explored by studying the effect of
ferroelectric poling and mechanical loading on cell behavior.

At the time of writing this thesis it has been more than 60 years since ferro-
electricity was first observed in solid solutions of KNbO4; and NaNbOs, 5 and 16
years since Saito and coworkers measured an astonishingly high piezoelectric co-
efficient of 416 pCN~! in chemically and structurally modified KNN.3? The first
Restriction of Hazardous Substances Directive (RoHS 1) banning the use of lead
in consumer electronics was adapted by the European Union 17 years ago,”’ and
a tremendous amount of research has been focused on developing lead-free piezo-
electric materials over the last two decades.?'~2? So, where do we stand today in
terms of lead-free piezoelectric materials? And what are the prospects for the
future of this technology?

The PZTs are still the dominant class of materials on the piezoelectric market, 478

and the amended exception to the RoHS 2 directive from 2018 (Exemption 7(c)-
)8 is expected to be prolonged when it is up for evaluation in 2021.%° How-
ever, significant advances in the development of lead-free materials have been
made, including inorganic (e.g. KNN, BNT, BT) and organic (e.g. PVDF) alter-
natives. 27478 Prototypes of some of these materials have been reported to have
piezoelectric properties better than commercial PZT. Despite this, the overall
properties of these materials (electromechanical coupling factor, thermal stabil-
ity, mechanical properties) still need improvement in order to compete with the
PZTs.4™8

For KNN specifically, the upcoming years look promising. KNN ceramics have
been applied in shear mode inkjet printer heads and multilayer actuators for
some years now. *”® From 2013 to 2018 around 200 patent applications were filed
for KNN, 3® and around 40 new applications have been filed since then.” Around
40 % of these patents are for KNN films, and companies like Intel, TDK Electron-
ics and Hitachi metal are among the KNN film patent owners.>* Judging by the
number of new patent applications, the use of KNN films is expected to increase

» o« » o«

T“Groogle patents” search engine,*80 keywords: “lead-free”, “piezoelectric”, “potassium sodium
niobate”, and “ceramic”.
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over the next years. Yet, the research on KNN film synthesis is deemed under-
developed compared to bulk synthesis,?® suggesting that more research on film
fabrication is still necessary to bring KNN films to the market.
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Abstract: Aqueous chemical solution deposition (CSD) of lead-free ferroelectric KysNagsNbO3
(KNN) thin films has a great potential for cost-effective and environmentally friendly components in
microelectronics. Phase purity of KNN is, however, a persistent challenge due to the volatility of
alkali metal oxides, usually countered by using excess alkali metals in the precursor solutions. Here,
we report on the development of two different aqueous precursor solutions for CSD of KNN films,
and we demonstrate that the decomposition process during thermal processing of the films is of
detrimental importance for promoting nucleation of KNN and suppressing the formation of secondary
phases. Based on thermal analysis, X-ray diffraction and IR spectroscopy of films as well as powders
prepared from the solutions, it was revealed that the decomposition temperature can be controlled by
chemistry resulting in phase pure KNN films. A columnar microstructure with out-of-plane texturing
was observed in the phase pure KNN films, demonstrating that the microstructure is directly coupled
to the thermal processing of the films.

Keywords: KNN; thin film; aqueous chemical solution deposition

1. Introduction

Piezoelectric Kgs5NagsNbOs-based (KNN) ceramics have been extensively studied the last
decade to replace the state-of-the-art piezoelectric materials based on PbZr,Ti;_O5; (PZT) [1-3].
In addition to the environmental advantage of being lead-free, KNN-based ceramics benefit from
having relatively high piezoelectric coefficients [4] and high Curie temperatures [1]. Moreover, KNN has
shown promising results with respect to ion release and cytotoxicity tests [5,6], which make KNN a
potential candidate for biomedical applications. Investigations on bulk KNN have been dominated
by compositional engineering to enhance piezoelectric performance. Fabrication of KNN thin films
for incorporation in electronic devices has also been investigated [7-9]. Preparation of thin films of
KNN has successfully been performed by physical vapor deposition (PVD) [10,11] and chemical vapor
deposition (CVD) [12,13]. Fabrication of KNN thin films by chemical solution deposition (CSD) has
also been targeted, and 2-methoxyethanol based solutions with cation ethoxides and acetates are by
far the most used, giving KNN thin films with varying degree of texture [7,14-25]. Aqueous CSD
of KNN opens for more environmentally friendly precursors and chemistry [16,22,26]. A persistent
challenge in CSD synthesis of KNN thin films is the formation of alkali metal deficient secondary
phases, most notably K4NbsO;7. Measures to avoid formation of such parasitic phases are usually
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implemented by using an excess amount of alkali metal in the precursor solution and by optimization
of the synthesis temperature [14,20,21,23].

The ferroelectric performance of thin films is strongly correlated with the microstructure. Of special
interest is the ability to tailor the degree of texturing in ferroelectric thin films, since the ferroelectric
performance is coupled directly to the microstructural orientation [27]. Both polycrystalline and epitaxial
KNN thin films have been prepared by CSD by tailoring the thermal processing to favor either homogeneous
or heterogeneous nucleation, respectively [25]. The crystallization kinetics can also be controlled chemically
by altering the nucleation temperature through modification of the precursor chemistry [16,28,29].

An aqueous niobium(V) precursor solution has recently been applied in aqueous based synthesis
of KNN ceramics [30-32]. This precursor solution has further been used to prepare KNN thin films by
CSD [26]. Both polycrystalline and highly epitaxial KNN thin films were prepared on SrTiO3 (STO)
substrates. Two distinct regions of were observed in KNN thin films on (100) oriented STO, where the
majority of the films was polycrystalline with a thin epitaxial layer close to the substrate. A secondary
K,Nb4O41 phase was observed, particularly at the surface of the films. NaCl/KCl was included in the
precursor solution to form a salt flux, which suppressed the formation of K;Nb4Oy; although it was
not completely eliminated in films deposited on (100) STO. The epitaxial layer was obtained through a
thermal treatment avoiding nucleation during pyrolysis (400 °C) and using a rapid heating rate up to
the annealing temperature (40 K s71, 800 °C).

Here, we report on developments of the aqueous CSD route to phase pure KNN thin films. A new
solution based on malic acid [33] was developed, and it was demonstrated that phase purity and
microstructure can be controlled by modification of the sol-gel chemistry and the thermal processing,
which alter the decomposition and crystallization kinetics during pyrolysis of the films. Finally, the in-plane
ferroelectric properties of the films were characterized by using interdigitated Pt electrodes.

2. Materials and Methods

2.1. Materials Synthesis

The oxalic acid-complexed solution, referred to as KNN-Ox in the following, was prepared
based on the synthesis reported by Pham et al. [26]. NH4NbO(C04)>-xH,0 (99.99%, Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in distilled water, and dried NaNO3 (99%, Sigma-Aldrich) and
KNOj (99%, Alfa Aesar, Haverhill, MA, USA) were added to the niobium solution in a molar ratio of
1:0.525:0.525 (Nb:Na:K), giving 5 mol% excess of alkali metals. The solution was stirred on a hotplate
at 70 °C for 2 h. The concentration of the final solution was 0.25 M with respect to Nb.

The malic acid-complexed solution, referred to as KNN-MA in the following, was prepared based
on the synthesis described by Madaro [32]. A niobic acid precipitate was dissolved in distilled water
with 0.33 M DL-malic acid (99%, Sigma-Aldrich) with a molar ratio of 1:2 (Nb:malic acid) during
vigorous stirring at 70 °C, and the pH of the solution was finally adjusted to 7-8 by addition of NH3
solution. Finally, dried NaNOj; (99%, Sigma-Aldrich) and KNO3 (99%, Alfa Aesar) were added to the
malic acid-complexed niobium solution in a ratio of 1:0.525:0.525 (Nb:Na:K), giving 5 mol% excess of
alkali metals. The final solution had a Nb concentration of 0.14 M.

KNN thin films were deposited on (100) oriented SrTiOj single crystal (Crystal GmbH, Berlin,
Germany) substrates. Prior to deposition, the substrates were rinsed with ethanol (96%), heat-treated
at 550 °C for 5 min in a rapid thermal processing (RTP) oven (RTP-1, Jipelec Jetfirst 200 mm, Semco
Technologies, Montpellier, France) to remove any organic residues, before the substrate surface was
activated in an oxygen plasma cleaner (Femto, Diener Electronics, Ebhausen, Germany), improving the
wettability. The KNN precursor solutions were then deposited on the substrates, using a spin coater
(WS-400B-6NPP-LITE/AS, Laurell Technologies, Montgomery, PA, USA) at 3500 rpm for 40 s, followed
by drying on a hotplate at 200 °C for 3 min. The films were then pyrolyzed at 550 °C for 5 min in either
flowing O, (RTP-1) or in air using a rapid heating plate (RTP-2) as described by Blichfeld et al. [34] at
a heating rate of 100 K min~!. Deposition was repeated until a desired film thickness was obtained
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(15 layers deposited if not otherwise specified). Finally, the thin films were annealed at 700 °C for
10 min in O, (RTP-1) or air (RTP-2), at a heating rate of 100 K min~!.

Powders from the two precursor solutions were prepared by drying the KNN-Ox and KNN-MA
precursor solutions at 100 °C and 200 °C, respectively, for 24 h, followed by hand milling. The powders
were heat-treated at various temperatures for further characterization.

2.2. Characterization

The thermal decomposition of the gel powders was analyzed with thermogravimetric analysis
combined with mass spectroscopy (TGA-MS, TGA: STA 449C, Netzsch, MS: QMS 403C, Netzsch, Selb,
Germany) up to 725 °C in flowing synthetic air and O, using a heating rate of 10 Kmin~!. Fourier-transform
infrared spectroscopy (FTIR, Vertex 80v, Bruker, Billerica, MA, USA), using an attenuated total reflection
(ATR) cell, was performed of the gel powders heat-treated in air at various temperatures. The phase
composition of the powders was determined using X-ray diffraction (XRD, D8 Advance, Bruker). The phase
composition of the prepared KNN films was studied using gracing incidence X-ray diffraction (GI-XRD,
D8 A25 Advance, Bruker) with an incidence angle of 2°, and the average microstructure of the films was
analyzed using regular X-ray diffraction (6-20 XRD, D5005, Siemens, Karlsruhe, Germany) with scanning
geometry parallel to the (100) direction of the substrate. The film thickness and local microstructure were
studied using scanning electron microscopy (SEM, Ultra 55, Carl Zeiss AG, Oberkochen, Germany) and
transmission electron microscopy (TEM, JEM-2100 and JEM-2100E, Jeol, Tokyo, Japan, both operated at
200 kV). Cross-sectional SEM samples were prepared by scribing and breaking the films using a diamond
tip scriber (DX-III, Dynatex International, Santa Rosa, CA, USA). The SEM imaging was performed
using an in-lens detector and an acceleration voltage of 10 kV. The TEM samples were prepared using
focused ion beam (FIB, Helios Nanolab DualBeam, FEI Company, Hillsboro, OR, USA) using a standard
lift-out technique. TEM imaging was performed in both bright field imaging (BFI) and high resolution
(HR) mode. Fast Fourier transforms (FFTs) were applied to selected areas in the high resolution TEM
(HRTEM) images to obtain information on the local crystal structure of the substrate, the thin film and the
interface. Crystal orientation maps were obtained by performing scanning precession electron diffraction
(SPED). The recorded data was used to calculate misorientation in the film relative to the substrate.
Nanomegas ASTAR hardware and software were used for acquisition and template matching of the
precession electron diffraction (PED) patterns. The template used for KNN was based on a pseudo-cubic
crystal structure (data in Table A1, Appendix A). The in-plane ferroelectric response of the films was
analyzed by measuring polarization-electric field (P-E) hysteresis loops, using a piezoelectric evaluation
system (PES, aixPES, aixACCT, Aachen, Germany), and interdigitated Pt electrodes (electrode dimensions
described in Table A2, Appendix A) deposited on top of the films. The measurements were performed at
0.1 and 0.3 Hz, using an electric field bias of 4 kV cm L.

3. Results

3.1. Deposition of KNN Thin Films

KNN thin films were successfully prepared by spin coating using both precursor solutions.
The solutions wetted the substrates well, resulting in dense films with uniform thickness as evident
from the SEM images shown in Figure 1. The final film thickness per deposition was ~23 and ~17 nm
for the KNN-Ox and KNN-MA films, respectively. The main shrinkage of the deposited films took
place during pyrolysis, while the thickness remained relatively constant during the final annealing
step. The grain size of the annealed films, determined from the surface images (Figure 1), varied from
30 to 170 nm, with average values of 110 and 105 nm for the KNN-Ox and KNN-MA films, respectively.
Good adhesion of the films to the substrate was observed as no delamination occurred during film
handling and characterization or sample preparation for TEM.

GI-XRD patterns of KNN-Ox and KNN-MA films are shown in Figure 2, demonstrating the
presence of Bragg reflections of KNN for films pyrolized at 550 °C and annealed at 700 °C. The diffraction



190 Paper 1

Materials 2019, 12, 2042 40of16

lines of the films become sharper by annealing at 700 °C. It is important to note that secondary phases
(K4NbgO17, K;NbyOq1) are present in the two KNN-Ox films and the KNN-MA film prepared in
O, (RTP-1), while the KNN-MA film prepared in air (RTP-2) is phase pure according to GI-XRD.
The secondary phases were also present in KNN-Ox films prepared in air (RTP-2) and pyrolized at
450 °C (Figure A1, Appendix A).

) T O i |

Figure 1. SEM micrographs of KNN films prepared by spin coating of the two precursor solutions
(a,b,e,f) KNN-Ox (15 depositions) and (c¢,d,g,h) KNN-MA (10 depositions). (a—d) are cross-sectional
images of the thin films. (e-h) are top-view images of the surface of the films.
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Figure 2. GI-XRD patterns of pyrolyzed (550 °C) and annealed (700 °C) 15-layer thick films from the
precursor solutions (a), (¢c) KNN-Ox and (b), (d) KNN-MA. (a,b) are films thermally processed in O,
(RTP-1) and (c,d) are films prepared in air (RTP-2). An incident angle of 2° was used. Reference patterns
for Ky 5sNay sNbO; (blue, PDF card 00-061-0315), K4NbgO;7 (red, PDF card 04-009-6408) and KyNb4O1;
(green, from Madaro et al. [35]) are included in the figure.
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0-20 X-ray diffraction patterns of the KNN-MA film prepared in air is presented in Figure 3,
including the diffraction pattern of the STO substrate. The patterns confirm the phase purity of KNN
prepared from the KNN-Ma solution and thermal treatment in air. The insets in Figure 3 highlight the
(100) and (200) Bragg reflections of the KNN films. The pseudo-cubic (100), (110) and (200) reflections of
KNN are clearly present for the KNN-MA film, and the relative intensity of the pseudo-cubic (100) and
(110) reflections demonstrate substantial texturing. The (100):(110) intensity ratio of the KNN-MA film
annealed at 700 °C is approximately 5.2, compared to the theoretical ratio of 0.67 for KNN powders.

Intensity [a.u.]

KNN-MA film ——
STO ——
PDF: KNN ——

1 P Ll
15 20 25 30 gh 40 45 50 55 60 65 70

28 [°]

Figure 3. 020 XRD patterns of pyrolyzed (550 °C) and annealed (700 °C) 15 layer thick KNN films
prepared from the precursor solution KNN-MA and thermally processed in air (RTP-2). The insets
highlight the pseudo-cubic (100) and (200) KNN reflections close to the corresponding STO reflections.
The diffraction pattern of the (100) STO substrate is included. Reference pattern for Ky 5NagsNbO3
(blue, PDF card 00-061-0315) is included.

The microstructure of the KNN-MA film annealed at 700 °C in air (RTP-2) is shown in Figure 4.
The phase purity of the films was confirmed by electron microscopy and electron diffraction.
The microstructure is dominated by continuous columnar KNN grains through the film. The average
thickness for each deposition was 17 + 1 nm based on electron microscopy (SEM and TEM). A thin
interfacial layer of 1-3 nm was observed between the substrate and the KNN-MA film (Figure 4a).
An orientation map with reconstructed grains is presented in Figure 5a. The coloring gives the
misorientation relative to the substrate (blue-yellow, low-high), demonstrating a polycrystalline
microstructure. This is supported by the figures presented in Figure 5b, showing no in-plane texturing
in the calculated orientation distribution function (ODF) probability plot and only some clustering of
crystal coordinates originating from the substrate in the pole figures.
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KNN 255 nm

SrTiO,

Figure 4. TEM images of the KNN film from the KNN-MA precursor solution prepared in air (RTP-2).
(a) Bright field image (BFI) of the thin film cross section. Grain boundaries are highlighted with
yellow lines. (b) High resolution TEM image (HRTEM) from the cross section with electron diffraction
patterns from three selected areas (I-11I). The electron diffraction pattern from Area Il also contained
the diffraction spots from Areas I and III.

Figure 5. Misorientation mapping of 15-layer thick KNN film pyrolyzed at 550 °C and annealed at
700 °C in air (RTP-2), from the KNN-MA precursor solution; (a) Map of misorientation relative to the
mean orientation of the substrate, with reconstructed grain boundaries. The substrate is located at
the bottom; (b) Oriented pole figures of crystal coordinates (top), and calculated ODFs with colors
indicating the probability density (bottom).
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P-E hysteresis loops of the KNN-MA film prepared in air (RTP-2) at 0.1 and 0.3 Hz are presented in
Figure 6a with the current flow for these measurements in Figure 6b. Ferroelectric polarization switching
is present at both frequencies, indicated by current spikes at the coercive field (~2.2-2.7 kV cm~l)in
Figure 6b. The ferroelectric switching is obscured by leakage current. At higher frequencies (<10 HZ)
ferroelectric switching was not observed, also when the applied field was increased to 120 kV cm ™"

(Figure A2, Appendix A).
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Figure 6. (a) P-E hysteresis loops of KNN-MA films prepared in air (RTP-2) at 0.1 and 0.3 Hz, using an
electric field bias of 4 kV em™!; (b) The correspond current flows during the measurements.

3.2. Preparation of KNN Powders

Powders prepared from the precursor solutions were investigated to give additional information
concerning the decomposition/crystallization kinetics. XRD patterns of the two heat-treated powders
from the precursor solutions (KNN-Ox and KNN-MA) are given in Figure 7. Crystallization of the KNN
perovskite phase appeared at 450 °C in both powders, although the crystallinity is more prominent
in the KNN-Ox powder at this temperature. Phase pure KNN powders were obtained from 500 °C
and 550 °C for KNN-Ox and KNN-MA, respectively. Notably, K4NbO17 was formed at 450 °C in the
KNN-Ox powder, but this phase vanished after heat treatment at 500 °C.

The thermal decomposition of the powders from the precursor solutions was further studied by
TGA-MS in synthetic air and O,, and the data are shown in Figure 8. The KNN-Ox precursor (Figure 8a)
decomposes in the temperature interval 200 to 400 °C, compared to the two-step decomposition of
the KNN-MA precursor at 200 to 400 °C and 500 to 550 °C, Figure 8b. The mass loss in the KNN-Ox
precursor powder before 200 °C is mainly assigned to evaporation of water, followed by an endothermic
decomposition between 200 °C and 300 °C. The mass loss observed at 350400 °C is mostly due to
combustion of carbon species and decomposition of nitrates, as evident from the MS-signatures and
the exothermic dip at this temperature interval. The thermogravimetric (TG) data for the KNN-Ox
powders in air and O, are more or less identical from 400 °C and above. The overall mass loss in the
KNN-Ox precursor is ~55 wt.%. The first decomposition step (200 to 400 °C) of the KNN-MA precursor
powder is analogous to the decomposition of the KNN-Ox powder between 200 and 300 °C, although
the overall energy flux is exothermic in this step. The second decomposition step is an exothermic
combustion of carbon and decomposition of nitrates, shifted up in temperature to 500-550 °C compared
to the same decomposition in the KNN-Ox gel (350-400 °C). This decomposition step is notably steeper
for the KNN-MA powder in oxygen atmosphere (500-515 °C) than in synthetic air (500-550 °C).
The overall mass loss of the KNN-MA precursor is ~65 wt.%, where ~20 wt.% is lost in the second
decomposition step.
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Figure 7. Powder X-ray diffraction patterns of heat-treated powder from the precursor solutions
(a) KNN-Ox and (b) KNN-MA. Reference patterns for Ko sNag5NbOj3 (blue, PDF card 00-061-0315)
and K4NbgO17 (red, PDF card 04-009-6408) are included.
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Figure 8. Thermogravimetric analyses of powders from the precursor solutions (a) KNN-Ox and

(b) KNN-MA. The top panels contain mass loss curves (solid) from the TG and gas signatures (dotted)

from the MS. The gas signatures are from the measurements in synthetic air. The lower panels contain

the differential scanning calorimetry (DSC) signals from the measurements.

Fourier-transform infrared spectra of the powders heat-treated at different temperatures, presented
inFigure 9, suggest no precursor decomposition at 200 °C as the vibrational modes are mostly resembling
the modes of the complexing agents, i.e., oxalic and malic acid for KNN-Ox and KNN-MA, respectively.
The IR spectra show diminished and shifted vibrational modes of the initial bands for both powders
after heat treatment at 300 °C. At 400 °C, only bands corresponding to Nb-O (~525 cm™1) are observed in
the KNN-Ox powder in addition to C-O/O-C=0 (~1300 cm™!) and C=0 (~1600 cm™!), corresponding
to carbonates. A broad band at 1100-1700 cm™! in the temperature range 400-500 °C is observed
in the KNN-MA powder, marked with horizontal arrows in Figure 9b. This band is confirming the
presence of residuals of organics in line with the second mass loss in the TGA data (Figure 8b) and an
amorphous phase at 450 °C in the powder XRD (Figure 7b). This is in coherence with the powder going
from a brown to white color between 500 and 550 °C. The characteristic perovskite band at ~525 cm™!
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show the formation of crystalline KNN after heat treatment at 500 and 550 °C for the KNN-Ox powder
and KNN-MA powder, respectively.
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Figure 9. FTIR spectra of heat-treated powders from the precursor solutions (a) KNN-Ox and
(b) KNN-MA. Characteristic vibrational modes are assigned. The horizontal arrows in (b) highlight the
broad band at 1100-1700 cm ™!, corresponding to residuals of organic species.

4. Discussion

4.1. Phase Purity

Both precursor solutions yielded phase pure KNN by thermal treatment of powders from
the solutions (Figure 7), which is in accordance with previous work [30,32]. However, only the
KNN-MA solution heat-treated in air gave phase pure KNN thin films, as evident from the GI-XRD
patterns in Figure 2. Alkali metal deficient secondary phases (K4NbsO17, K;NbsOq1) formed in
the films synthesized from the KNN-Ox and the KNN-MA solution in O,. Both these secondary
phases have been reported previously in relation to KNN synthesis [36], however, for KNN thin film
synthesis K4NbgO;7 is the most frequently reported due to the low nucleation temperature [20,37]
and the instability of K;Nb4Oj; at lower temperatures [35,38]. Previous work using a similar oxalic
acid-complexed niobium precursor solution reported formation of the K;Nb4Oy; secondary phase
in ceramics sintered at 1100 °C [31] and in thin films heat-treated at 800 °C [26]. K4NbgO;7 was also
observed in the 450 °C in heat-treated KNN-Ox powder (Figure 7a), but the phase was eliminated by
further heat treatment at 500 °C or higher. The presence of K4NbsO;7 in both the KNN-Ox powder
and KNN-Ox films, and the elimination of this phase in the powder and not in the films, can be
explained by two phenomena: (i) Nucleation kinetics of the crystalline phases and (ii) volatilization
of alkali metals. The results presented here demonstrate that both phenomena are dependent on the
precursor chemistry and atmosphere during thermal treatment. More specific, the nucleation kinetics
and evolution of secondary phases are dependent on the precursor decomposition temperature relative
to the nucleation temperature. In general, the precursor decomposition is observed to be completed
before the nucleation of KNN in the KNN-Ox system, whereas the decomposition is not yet completed
when nucleation of KNN takes place in the KNN-MA system.
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4.1.1. Nucleation Kinetics

Nucleation of the targeted KNN phase occurred at around 450 °C in both the KNN-Ox and
KNN-MA powders (Figure 7), although the crystallinity was higher in the KNN-Ox powder. Phase
pure KNN was obtained at 500 °C and 550 °C in the KNN-Ox and KNN-MA powders, respectively.
However, K4NbgO17 was also formed at 450 °C in the KNN-Ox powder. At the temperature when
KNN was first formed (450 °C), the KNN-Ox powder mostly consists of amorphous niobium oxide
and alkali metal carbonates in addition to KNN, whereas the thermal decomposition of the organic
residuals in the KNN-MA powder was not completed, as evident from the TGA and FTIR data (Figure 8;
Figure 9, respectively). In the KNN-MA powder, the nucleation of crystalline phases was affected by
the delayed decomposition process, thus shifting the nucleation temperature upwards and suppressing
the formation of the K4NbsO17 secondary phase. In case of the KNN-Ox powder, the nucleation of the
K4NbgO;7 secondary phase was not suppressed in the same manner and nucleation of both KNN and
K4NbgO17 occurred at 450 °C. These observations from the KNN powders are in line with the GI-XRD
patterns in Figure 3, as alkali metal poor secondary phases are formed in the films from the KNN-Ox
precursor solution. Reduction of the pyrolysis temperature during processing of the KNN-Ox films
was also attempted (Figure A1, Appendix A), but this did not affect the phase composition of the films
compared to the films pyrolyzed at 550 °C. Traces of a secondary phase are also observed in the films
from the KNN-MA precursor solution heat-treated in oxygen. This is expected due to a more efficient
decomposition of the residual mass in the system around 500 °C, as observed in the TGA measurement
(Figure 8), thus enabling nucleation of K4NbsO17 during pyrolysis in oxygen. In short, elevation of
the nucleation temperature, e.g., by engineering of the decomposition mechanisms of the precursor
solution, is crucial to avoid nucleation of secondary phases during synthesis of KNN from solutions.

4.1.2. Alkali Metal Volatility

The absence of alkali metal poor phases in the KNN-MA powder at 450 °C was rationalized
by the presence of residuals of organics. The volatility of alkali metals oxides must also be taken
into consideration to explain the evolution of the secondary phases in the KNN-Ox powder and thin
films. As evident from the XRD in Figure 7a, the secondary phase formed at 450 °C in the KNN-Ox
powder could be removed by further heat treatment at 500 °C. The disappearance of this secondary
phase at higher temperatures in the powder suggests that K4NbgO17 is metastable and will react with
residual alkali carbonates in the powder to form KNN when the reaction kinetics (temperature) is
increased. Alkali metal carbonates are present in the KNN-Ox powder at 450 °C, as seen in the KNN-Ox
IR-spectrum (Figure 9a) at 400 °C where C-O/O-C=0 and C=0 modes are observed. The reaction
involving the secondary phase can be formulated as

K4NbeO17 (s) + K,CO3 (s) — 6 KNbO; (s) + CO; (g) (@)

where the presence of Na is neglected for simplicity.

In the case of KNN films, the surface area is significantly higher than for the powder, and diffusion
of volatile species away from a flat surface with purging furnace atmosphere is higher compared to
evaporation from a porous powder compact. Alkali metal carbonates are volatile and pose a constant
challenge in KNN synthesis due to loss through evaporation [1-3]. Therefore, loss of alkali metal
carbonates due to evaporation during the heat treatment of the thin films will result in irreversible
changes in the cation stoichiometry, and K4NbgO17 cannot react to form KNN according to Reaction (1).
This demonstrates that once K4NbO;y is formed during film pyrolysis, it cannot be removed by
Reaction (1) by further thermal treatment if irreversible changes in the alkali metal to niobium
stoichiometry has taken place due to evaporation of alkali metal carbonates. Similar observations
have been reported by Wang et al. [39], where the loss of alkali metals was suppressed by addition of
organic stabilizing agents (MEA, DEA and EDTA) to the precursor solution.
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4.2. Texture and Microstructure

The TEM characterization of the KNN-MA film synthesized in air (Figures 4 and 5) revealed a
1-3 nm thick epitaxial interface layer between the substrate and the KNN film, followed by a columnar
microstructure throughout the film thickness. Fast Fourier transform of the interface area (Inset II
in Figure 4) give information from the combination of Areas I and III, but the TEM misorientation
mapping (Figure 5a) demonstrate that this layer is epitaxial KNN (thin blue area at the bottom). The thin
epitaxial layer corresponds to the inner part of the first deposited layer (17 nm). The 0-20 diffractions
of the KNN-MA films demonstrated that the films have out-of-plane texturing (Figure 3. This is due to
preferential orientation of the columnar grains, despite that the PED pattern mapping indicate a local
in-plane polycrystalline microstructure. No symmetry pointing towards texturing can be observed
in the pole figures (Figure 5b). This is further supported by plotting misorientation of PED patterns
relative to the substrate (Figure A3, Appendix A), where the misorientation follows the Mackenzie
distribution of polycrystalline materials [40]. This suggests a mixed heteroepitaxial and somewhat
oriented homogeneous nucleation and growth in the first deposited layer [41]. The crystallization
mechanism of the subsequent layers is dominated by heterogeneous nucleation, forming a thin epitaxial
interface and columnar grains with out-of-plane preferential orientation. Using a thermal treatment
program with a low pyrolysis temperature (400 °C) and a high heating rate and annealing temperature
(40 K's™1, 800 °C), Pham et al. [26] obtained highly textured KNN films using an oxalic acid-complexed
niobium precursor (KNN-Ox) similar to the one presented in this work. Pyrolysis at 400 °C prevents
nucleation of KNN until the final annealing, and combined with the use of a salt flux, strongly textured
growth of the film was promoted. Therefore, the thermal processing during synthesis dictates the
degree of texturing/epitaxy of the final films, which is in line with Yu et al. [25]. This suggests that
phase pure epitaxial KNN films should be obtainable from the KNN-MA precursor solution by altering
the thermal processing during synthesis

4.3. In-Plane Ferroelectric Strain

A ferroelectric response in the polarization-electric field measurements (Figure 6) of the KNN-MA
film was only obtained at low frequencies (0.1 and 0.3 Hz) and field (4 kV ecm™!). At higher frequencies,
the film exhibited a capacitive behavior (Figure A2, Appendix A). However, at the conditions presented
in Figure 6 (0.1 and 0.3 Hz, 4 kV em™),a leakage current is clearly present. The polarization observed in
these measurements are expected to be due to (i) strain-induced out-of-plane preferential polarization,
which is normal to the in-plane electric field used in this study and (ii) a parasitic contribution from the
leakage current.

(i) Strain-induced preferential polarization: Synthesis of a thin film on a dissimilar substrate will
cause misfit strain in the film due to different lattice parameters and thermal expansion coefficients
in the two materials. The lattice parameter of bulk STO is smaller than the pseudo-cubic lattice
parameter of KNN [42,43], and the thermal expansion coefficient of STO is higher than that of
KNN [44,45]. The KNN film will thus experience compressive in-plane strain promoting out-of-plane
polarization [46]. Consequently, only a minor polarization switching was observed (Figure 6). Growing
the KNN films on a substrate giving tensile in-plane strain (e.g., STRuO3/Pt/MgO [47], Pt/SrTiO3 [48]) will
promote in-plane polarization and should therefore promote polarization saturation when conducting
in-plane measurements.

(ii) Leakage current: Current leakage is a persistent challenge in KNN thin films due to formation
of conductive electron holes (4°) in the films [49]. It is proposed that the electron holes form due to
oxidation of the KNN films, enabled by the presence of oxygen vacancies in the films that originate
from loss of alkali oxides (K,O or Na,O) at the film surface during synthesis. Mn-doping is usually
applied in KNN to reduce the leakage current [49,50]. Dopants manipulating phase boundaries in
KNN to enhance the ferroelectric properties has been thoroughly investigated by others [1] and might
also be necessary to observe a stronger ferroelectric behavior in KNN thin films.
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5. Conclusions

An environmentally friendly synthesis route to phase pure KNN films by aqueous chemical
solution deposition was successfully developed. The phase purity of KNN films from two different
precursor solutions, differentiated by the complexing agent for niobium, was demonstrated to be related
to the decomposition temperature of the precursors during synthesis. Phase pure, dense KNN films
were obtained from the solution with malic acid as complexing agent (KNN-MA) and when processed in
air due to suppressed nucleation of the secondary phase due incomplete thermal decomposition of the
deposited film. The decomposition of the precursors during thermal treatment of the KNN-MA films
was completed at 550 °C (air) and 515 °C (O;), and ~20 wt.% of undecomposed mass remained at the
nucleation temperature. The phase pure KNN-MA films were shown to have an out-of-plane textured
columnar microstructure and to have ferroelectric properties. Finally, KNN films containing secondary
phases (K4NbgO17, KoNbyO;1) was obtained from the solution with oxalic acid as complexing agent
(KNN-Ox) due to limited suppression of nucleation of the secondary phase due to a lower thermal
decomposition temperature in this case. The work demonstrates the importance of chemistry for
nucleation and growth and phase purity of thin films prepared by chemical solution deposition.
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Appendix A

Details of the pseudo-cubic crystal structure for KNN used for template matching of PED patterns
are given in Table Al.

Table Al. Lattice position of atoms, lattice parameters and unit cell angles in pseudo-cubic KNN used
as template for precession electron diffraction (PED) pattern matching.

Element X Y z Occ.
K 0.0 0.0 0.0 0.5
Na 0.0 0.0 0.0 0.5
Nb 0.5 0.5 0.5 1.0
O 0.0 0.5 0.5 1.0

Lattice parameters and angles a=b=c=3983A x=p=y=90°

Details of the interdigitated Pt electrodes used for P-E measurements are given in Table A2.

Table A2. Dimensions of interdigitated Pt electrodes.

Dimension Size
Finger length 900 pm
Finger width 3.311 pm
Finger distance 6.689 um
Number of fingers 100

Figure A1 shows GI-XRD patterns of pyrolyzed (450 °C) and annealed (700 °C) KNN-Ox films.
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Figure A1. GI-XRD pattern of pyrolyzed (450 °C) and annealed (700 °C) KNN-Ox films (5 depositions)
prepared in air (RTP-2). An incident angle of 2° was used. Reference patterns for Kj5Nag5NbO3
(blue, PDF card 00-061-0315), K4NbgO7 (red, PDF card 04-009-6408) and K,Nb,Oq; (green, from
Madaro et al. [35]) are included in the figure.

P-E hysteresis loops of the KNN-MA film prepared in air (RTP-2) at different frequencies and
electric fields is shown in Figure A2.
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Figure A2. P-E hysteresis loops of the KNN-MA film prepared in air (RTP-2) (a) at 10, 100 and 1000
Hz, using an electric field bias of 80 kV cm™! and (b) at 40, 80 and 120 kV cm™, using a frequency of
100 Hz. Insets: Current flows during the measurements.

Figure A3 illustrates misorientation of PED patterns relative to the substrate, based on results
presented in Figure 5a.
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Figure A3. Misorientation of PED patterns relative to the substrate of 15 layer thick KNN film pyrolyzed
in air (RTP-2) at 550 °C and annealed at 700 °C, from the KNN-MA precursor solution.
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Chemical solution deposition (CSD) of KgsNagsNbO3 (KNN) thin films on silicon-based substrates is an
interesting technology for fabrication of lead-free ferroelectric thin films. Here, we report on improved
ferroelectric and dielectric properties of KNN thin films prepared by CSD through Caz*—doping and
Ca?*-Ti** (CaTiO3) co-doping. Undoped KNN, 0.5 mol% Ca®*-doped and 0.5 mol% CaTiOs-doped KNN
films were deposited on platinized silicon substrates by aqueous CSD. X-ray diffraction of the films as
well as powders, prepared from the precursor solutions, confirmed that the three KNN materials were
single phase solid solutions. A smaller grain size was observed for the doped relative to undoped KNN
films. In contrast to the pure KNN films, the Ca®*- and CaTiOs-doping was observed to promote
ferroelectric switching, with a low leakage current and remnant polarization of 6.37 + 0.47 and 7.40 +
0.09 uC cm2 of the Ca®*- and CaTiOs-doped films, respectively. The dielectric constants of the films
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Introduction

Potassium sodium niobate-based (K, sNay sNbO3, KNN) piezo-
electric ceramics have received considerable attention as an
environmentally friendly alternative to lead zirconate titanate-
based materials (PbZr,Ti; ,0s;, PZT)."™ Lead-free, non-toxic
and biocompatible alternatives to PZT are especially important
for in vivo biomedical applications,” and KNN has shown
promising results in biocompatibility tests.®** Materials in
form of thin films are desired in many of these applications
and there has been a considerable focus on development of
KNN thin films."*™® To bring lead-free piezoelectric ceramics to
the marked, economically viable large-scale industrial fabrication
routes are required.” Chemical solution deposition (CSD) is a
cheap and reliable synthesis technique capable of high-volume
production of oxide thin films."” Synthesis of KNN thin films by
CSD is usually performed using niobium ethoxide and alkali
ethoxides or acetates as precursors, and 2-methoxyethanol as the
solvent.”®™** In only a few studies other solvents have been used,
e.g. propionic acid,™ ethanol,”* water”>*” and other.*** Due to
low cost and the ubiquity of Si in electronics, platinized silicon
(SiPt, Pt/TiO,/SiO,/Si) is by far the most used substrate in ferro-
electric oxide thin film CSD synthesis.'” KNN thin film synthesis is
no exception, and the majority of studies of KNN thin films are
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were among the highest measured for KNN films from CSD and span from 1800 to 3200 at 1 kHz.

based on using SiPt substrates,'?>425736,40-43,46748,52,53 yhjle a few

other studies are reported using other substrates like SiO,/
Si,%8°%%9  7r0,/si,"""* LaNi0s/Si,”” Pt/MgO,*® Pt/Al0s,"*
metals®®* and SrTiO, (STO)~18,25727,37,55,56

Compositional engineering is readily used to improve the
functional properties of bulk KNN ceramics.”* Compositional
engineering is typically applied to reduce the leakage current in
KNN thin films by doping with Mn2* 18-20,25,28-30,34,36,37,42,43,48
or Co”",***® or to improve the ferroelectric properties by altering
phase boundaries using Li*,?*?7?%2132 T3> 1921 1 i* and T2 20
or Li", Ta®" and Sb*".** Except for Ta’*, these dopants are toxic,
and alternative dopants are required when developing KNN-
based ceramics for certain technologies, e.g. in vivo biomedical
applications.”® Ca®" and Ti*" are both non-toxic, and therefore
suitable for in vivo applications.®™** Ca®" doping is reported to
have a softening effect on the ferroelectric properties of bulk
KNN,® improve dielectric properties® and to increase the piezo-
electric coefficient (ds; or ds;*) compared to undoped KNN.**%°
Enhanced ferroelectric performance has been reported for bulk
KNN doped with 0.55, 1 and 5 mol% CaTiO5.””””* These dopants
have also been reported to increase the densification® "7 and
to reduce ion-release from KNN in aqueous media.*® Finally,
Tkeuchi et al.”> demonstrated improved piezoelectric properties in
RF magnetron sputtered KNN films doped with 0-6.5 mol% CaTiO;.

Here, we report on improved ferroelectric and dielectric
properties of KNN thin films doped with Ca®>" and co-doping
with stoichiometric amount of Ca*" and Ti*' corresponding to
CaTiO;. KNN films doped with 0.5 mol% Ca®* and 0.5 mol%

This journal is © The Royal Society of Chemistry 2020
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CaTiO; were prepared on SiPt substrates by aqueous CSD,
previously applied to fabricate KNN thin films on STO
substrates.”® Powders were also prepared from the same solutions
to provide information concerning crystal structure and coarsening
during thermal annealing. We demonstrate that this doping of the
KNN films significantly improves the ferroelectric properties, which
is discussed in relation to microstructure, dielectric properties and
possible point defects in the doped KNN materials.

Experimental
Materials synthesis

Precursor solutions for the materials with the acronyms KNN,
KNN-Ca®" and KNN-CaTiOs, summarized in Table 1, were pre-
pared using an aqueous malic acid-complexed niobium solution
as described previously.”® The niobium solution was prepared
by first precipitating niobic acid by adding an ammonia
solution (25 wt%, VWR Chemicals, Radnor, PA, USA) to an
aqueous solution of NH4NbO(C,0,),-xH,O (99.99%, Sigma-
Aldrich, St. Louis, MO, USA). The niobic acid precipitate was
dissolved in a solution of deionized water and pr-malic acid
(99%, Sigma-Aldrich) with a molar ratio corresponding to 1:2
(Nb:malic acid). Pre-dried NaNO; (99%, Sigma-Aldrich) and
KNO; (99%, Alfa Aesar, Haverhill, MA, USA) were dissolved in
the niobium solution, and the pH was adjusted to ~7 using
ammonia solution. 5 mol% excess of Na" and K" was used in all
the solutions, and the concentration of the Nb in the final
solutions was ~0.09 M. The KNN-Ca®* and KNN-CaTiO; pre-
cursor solutions were prepared by adding solutions of Ca*" and
Ti*" to the KNN solution. Ca(NO;),-4H,0 (99%, Sigma Aldrich)
was dissolved in deionized water using ethylenediaminetetraacetic
acid (EDTA, 99%, Sigma Aldrich) as complexing agent in the ratio of
1:2 (Ca®:EDTA). The pH was adjusted to 8 using ammonia
solution, and the final concentration of the Ca®"-solution was
3.23 x 10 > M. Ti-4-isopropoxide (97%, Sigma-Aldrich) was
dissolved in deionized water at 80 °C using citric acid (CA,
99%, Sigma Aldrich) as complexing agent with a ratio of 1:3
(Ti*": CA). The pH was adjusted to 8 using ammonia solution,
and the final concentration of the Ti*"-solution was determined
by thermogravimetric analysis to be 7.52 x 10" M.

The solutions were deposited on platinized silicon (SiPt,
Pt(111)/TiO,/Si0,/Si(100), SINTEF MiNaLab, Oslo, Norway) sub-
strates. Prior to the deposition, the substrates were activated in
an oxygen plasma cleaner (Femto, Diener Electronics, Ebhausen,
Germany) to increase the wettability. The deposition was per-
formed using a spin coater (WS-400A-6NPP/C-1, Laurell Tech-
nologies, Montgomery, PA, USA), operating at 3500 rpm for 40 s.
The deposited films were dried on a hotplate at 200 °C for 3 min
and pyrolyzed on a rapid heating plate (descried in*®) at 550 °C

View Article Online
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for 5 min using a heating rate of 100 °C min~". The deposition
and heat treatment were repeated 15 and 30 times. The films
were post-annealed at 700 °C for 10 min using a heating rate of
100 °C min ™.

KNN powders were prepared by drying the precursor solutions
at 160 °C for 8 h. The dried precursor solutions were calcined and
coarsened in air at 700 and 850 °C, respectively, for 4 h (LT 15/12/
P330, Nabertherm, Lilienthal, Germany).

Characterization

X-ray diffraction (XRD) patterns of the powders were recorded
using Cu Ko radiation (D8 Advance, Bruker, Billerica, MA, USA).
Gracing incidence X-ray diffraction (GIXRD, D8 Advance, Bruker)
of the films were recorded using Cu Ko radiation and a 2°
incidence angle, while conventional Bragg-Brentano XRD of the
films were measured using monochromatic Cu Ko radiation
(D5005, Siemens, Karlsruhe, Germany). Scanning electron micro-
scopy (SEM, Ultra 55, Carl Zeiss AG, Oberkochen, Germany) of
the thin films was performed using an in-lens detector and
acceleration voltage of 10 kV. For electric characterization of the
films, Pt top electrodes (thickness 100 nm) with diameters of 0.5
and 1.0 mm were deposited by e-beam evaporation (Custom
ATC-2200V, AJA International Inc., Scituate, MA, USA) through a
shadow mask. Prior to the measurements, the films with the
electrodes were heat treated at 400 °C for 2.5 h in flowing oxygen
(AccuThermo AW-610, Allwin21, Morgan Hill, CA, USA). Film
polarization and capacitance as a function of electric field at
room temperature were analyzed with a piezoelectric evaluation
system (aixACCT, Aachen, Germany). Relative permittivity as a
function of temperature and frequency was studied using AC
impedance spectroscopy (Alpha-A High Performance Frequency
Analyzer, Novocontrol Technologies, Montabaur, Germany) with
a rapid heating plate as temperature controller.>®

Results

The powders calcined at 700 and 850 °C were phase pure based
on the diffraction patterns shown in Fig. 1. All the Bragg
reflections can be assigned to monoclinic KNN, and Pawley
fits of the diffraction patterns are summarized in Table S1 in
ESL{ A coarsening was observed for the powders going from
700 to 850 °C especially for undoped KNN (Table S1, ESIT),
while no major changes in the unit cell parameters were
observed by increasing the calcination temperature. A minor
contraction of the unit cell volume and the ¢ lattice parameter,
and an increase in B-distortion of the unit cell, were observed
due to the doping (Table S1, ESIf), but no apparent change in
symmetry by doping can be inferred from the diffraction
patterns.

Table 1 Overview of the chemical compositions and acronyms of the KNN-based thin films prepared in this work

Acronym Chemical formula Doping

KNN (Ko.5Nag 5)NDO; —

KNN-Ca** (Ko.405N20,495C20,005)NDO3 0.5 mol% Ca>*

KNN-CaTiO; (Ko.1975N20,4975C0.005)NDo,005Ti0,00503 0.5 mol% Ca*" and 0.5 mol% Ti*"

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 XRD patterns of powders from precursor solutions calcined at
700 and 850 °C, respectively, for 4 h. Percent increase in crystallite size
from 700 to 850 °C is marked in the figure above each composition.
Reference pattern for Ko sNagsNbOs (blue, PDF card 00-061-03157) is
included

Electron micrographs of cross sections and the top surfaces
of the three different KNN films are shown in Fig. 2. Dense and
uniform films were successfully deposited on the SiPt substrates.
An average thickness of ~11 nm per deposition was inferred
from the SEM images. The top surface of the films (insets Fig. 2)
demonstrate coarser grains in the undoped KNN film (~ 85 nm)
compared to the films doped with Ca*" and CaTiO; (~70 and
~60 nm respectively). No evidence for columnar growth was
observed in the cross sections, in agreement with the polycrystal-
line nature of the films as discussed below.

GIXRD patterns of the films after pyrolysis (550 °C) and
annealing (700 °C) presented in Fig. 3 show only reflections
indexed to KNN and the films appeared phase pure and
polycrystalline. The low degree of texture and polycrystalline
nature of the films was confirmed by conventional XRD for the
undoped KNN film, shown in Fig. S3 (ESIf).

The ferroelectric behaviour of the films was analysed by
measuring polarization as a function of electric field. Polarization—
electric field loops measured using a frequency of 10 Hz and an
electric field bias of 100 kv em ™" are given in Fig. 4. Ferroelectric
polarization switching is observed for the doped films (KNN-Ca*',
KNN-CaTiO;), demonstrated by the onset of polarization saturation
at increasing field and switching current spikes in the current flux
shown in the inset in Fig. 4. Ferroelectric polarization switching was
not observed for the undoped KNN film regardless of the frequency
and field applied.

The frequency dependency of polarization-electric field
hysteresis loops of the doped KNN films between 50 and 5000 Hz
is presented in Fig. 5. Electric field biases of 125 and 142 kV em ™"
were used for the KNN-Ca?* and KNN-CaTiO; films, respectively. A
decrease in polarization is observed with increasing frequency. The
remnant polarization (P,) at 50 and 1000 Hz is 6.37 + 0.47 and
4.67 £ 0.04 pC cm ™2 for the KNN-Ca** film and 7.40 =+ 0.09 and

5104 | J. Mater. Chem. C, 2020, 8, 5102-5111
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Fig. 2 Cross section and top-view SEM micrographs of KNN films
prepared by 15 layers. (a) undoped (KNN), (b) 0.5 mol% Ca®* doped
(KNN-Ca?*) and (c) 0.5 mol% CaTiO5 doped (KNN-CaTiOs).

6.20 £ 0.51 pC em? for the KNN-CaTiO; film. A complete list
of remnant polarization (P,), maximum polarization (Pmax)
and coercive field (E.) from Fig. 4 and 5 is given in Table S2
in the ESL{

The capacitances of the films as a function of electric field,
displayed in Fig. 6, were measured using an electric (DC) field
of 100 kv em ™, a frequency of 500 Hz and an AC amplitude of
50 mV. The highest overall capacitance is observed in the film
doped with CaTiO;, followed by the film doped with Ca*'.
Capacitance peaks at the coercive fields are modest and most
predominant in the CaTiO;-doped film. The dielectric loss

This journal is © The Royal Society of Chemistry 2020




Published on 09 March 2020. Downloaded by Norwegian University of Science and Technology on 4/23/2020 9:46:35 AM.

208

Paper I1

Paper
700°C 4 J KNN-CaTiO3 A
550 °C } \ A A A
3
A
g ke K S ORI, AP, W
2 | ssooc )\ N A A A
i)
S
700 °C l KNN A A A
[#eias
550 °C \ A A A
| ] Ko.5Nao sNbO3 I
I . 1 T

20 30 40 50 60
26 [°]
Fig. 3 GIXRD patterns of pyrolyzed (550 °C) and annealed (700 °C) KNN films

on SiPt. Reference pattern for Ko sNag sNbOs (blue, PDF card 00-061-0315") is
included. The films were prepared by 30 repeating spin coatings.
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Fig. 4 Polarization as a function of electric field for the KNN films.
Ferroelectric polarization switching is observed for the doped films. The
current fluxes during the measurements are included in the figure. A
frequency of 10 Hz and an electric field bias of 100 kV cm™* was used.

tangent (tan 6) for the measurement is included in the insert of
Fig. 6, demonstrating low losses in all the three films.

The dielectric permittivity (¢') of the films as a function of
temperature from 150 to 420 °C is presented in Fig. 7. The data
are shown for 1 kHz and an AC amplitude of 50 mV. A shallow
maximum around ~ 210 °C and more pronounced maximum at
375 °C were observed for all the three compositions. The
temperature at the maxima is not significantly shifted by
doping KNN, indicating no major shift in the phase transition
temperatures of KNN by the minor doping used in this study.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Polarization as a function of electric field measured at different
frequencies for (a) Ca®*-doped and (b) CaTiO3z-doped KNN films. The
measured remnant polarization plotted against frequency is provided as
insets. Electric field biases of 125 kV cm™ (KNN-Ca?*) and 142 kV cm™
(KNN-CaTiOs3) were used for the measurements.

Reproducible data below 150 °C could not be obtained and are
therefore not shown. Frequency dependency of the permittivity
at 150 °C is plotted in Fig. S4 in the ESL¥

Discussion

This study has demonstrated that both undoped and doped
KNN films can be fabricated on SiPt substrates by aqueous CSD.

J. Mater. Chem. C, 2020, 8, 5102-5111 | 5105
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Fig. 6 Capacitance as a function of electric field for the KNN films. The
loss tangent is included as inset. An electric field of 100 kV cm % a
frequency of 500 Hz and an AC amplitude of 50 mV was used for the

measurements.
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Fig. 7 Real part of the dielectric permittivity at 1 kHz as a function of
temperature of the three KNN films. Arrows indicate heating/cooling.
Insert: The loss tangent measured at the same frequency. An AC amplitude
of 50 mV was used in the measurements.
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The KNN films were homogenous, dense and phase pure as
demonstrated by the scanning electron micrographs (Fig. 2) and
the GIXRD patterns (Fig. 3). This is in line with our previous
work on KNN films using (100) oriented SrTiO; (STO) single
crystal substrates® and demonstrates that the aqueous precursor
solution developed is suitable for fabricating high-quality KNN
films on several types of substrates. Moreover, it was demon-
strated that the aqueous precursor solution can be chemically

5106 | J. Mater. Chem. C, 2020, 8, 5102-5111
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modified to allow for compositional engineering of the KNN
films. In this work complexes of Ca®" and Ti*' dissolved in water
were used as dopants, but further doping with alkaline earth and
rare earth elements should be possible. We have shown previously
that aqueous precursor solutions can be applied to fabricate thin
films of a whole range of different functional materials ranging
from ferroelectric,”*”® transparent conducting’®”” and optical
active materials.”®

Based on their ionic radii’® and charge, Ca** and Ti*" are
proposed to be incorporated in the KNN lattice on the A- and
B-site, respectively. Incorporation of the dopants in the KNN
perovskite lattice was confirmed since no additional reflections
in the diffraction patterns were observed for the powders from
the precursor solutions (Fig. 1) or the thin films (Fig. 3 and
Fig. S2, ESIt). A decrease in the ¢ lattice parameter and the unit
cell volume, and an increase in the monoclinic B-distortion of
the unit cell, were also observed in the doped KNN powders
(Fig. S1 and Table S1, ESIY), supporting the formation of solid
solutions. The decrease in unit cell volume is expected due to
the smaller sizes of the dopant cations compared to the
inherent cations of KNN. The increase in crystallite size was
much more prominent for the undoped KNN powder after heat
treatment at 850 °C (Fig. 1), suggesting that the doping strongly
influences the mobility of the cations and reduces the grain
growth in the doped KNN thin films (Fig. 2). Suppressed grain
growth has been observed in bulk samples doped with Ca** and
CaTiO;,°® and in thin films doped with CazZrO; *° and SrTiO;.*®
The coarsening is also influenced by the alkali excess, which
has been shown to strongly promote grain growth in KNN.*
The alkali excess cannot however explain the difference in grain
growth observed for the two doped materials since all three
solutions used contained a considerable alkali excess.

The XRD patterns (Fig. 3 and Fig. 3, ESIT) demonstrated that
the KNN films were polycrystalline in nature with no preferential
orientation or crystallographic texture. Textured films can possibly
be obtained by tuning the processing conditions. We have pre-
viously reported on KNN films with (100) texture using (100)
oriented single crystal STO substrates and the same precursor
solution as used in this work.>® Promoting texture in KNN films on
SiPt substrates has also been reported for both 2-methoxyethanol-
and water-based CSD syntheses by tuning the processing tem-
perature or atmosphere.***”

Ferroelectric switching was clearly observed for the doped
KNN films (Fig. 4). A ferroelectric response was not observed for
the undoped KNN film at any electric fields or frequencies, which is
in line with our previous work using the same precursor solution,
where only a weak ferroelectric response was obtained for undoped
KNN films on STO substrates.”® Moreover, the hysteresis loops were
also conducted at higher electric fields without breakdown for the
CaTiOs-doped films compared to the Ca*'-doped films, resulting in
higher remnant polarizations for these two compositions (Fig. 5).
The maximum remnant polarization measured for the KNN-CaTiO;
film (7.40 + 0.09 uC em ™) is comparable with previous reports on
KNN thin ﬁ]mS.19,23,25.29,36,40,47,48

Doping increases the capacitance of the KNN films by
~14.3% (Ca*'-doping) and ~29.1% (CaTiO,-doping) at zero

This journal is © The Royal Society of Chemistry 2020
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DC field, according to the data presented in Fig. 6. This is in
accordance with the permittivity shown in Fig. 7, where the increases
in permittivity were 15.4% (Ca>'-doping) and 32.0% (CaTiO;-doping)
at 150 “C. The values of the dielectric permittivity of the films as a
function of temperature (Fig. 7) are among the highest reported for
KNN films from CSD.ZO,Z1,2&28,30,31,33,34,36,42,4{),47,51,53,54 The dielectric
loss of the three films (insets in Fig. 6 and 7) showed only minor
variations and were low for all three compositions.

0.5% doping with Ca®" and CaTiO; only induced minor
changes in the leakage current (inset Fig. 4). The round-
shaped P-E loop measured for undoped KNN (Fig. 4) is a strong
indication of high leakage currents, however the leakage was
initiated at around 70 kV em ™, which is well above the coercive
field of KNN. This demonstrates that the absence of ferroelectric
switching is not due to low resistivity of the undoped KNN film.
Hagh et al.®" reported an increase in resistivity by doping with 0.5~
1.5 mol% Ba>" in bulk KNN, implying that Ba>" acts as a donor
dopant in KNN. A similar effect might be expected for doping with
other alkali earth metals, such as Ca®", but this was not observed
in the present work or in literature on bulk KNN.*%*

Only negligible changes due to doping were observed for the
phase transitions induced from the permittivity (Fig. 7). CaTiO3-
doping has been reported to decrease and diffuse/blur out the
onset temperatures for the monoclinic to tetragonal (Ty.r) and
tetragonal to cubic (Tg) phase transitions in bulk KNN and
thereby improve ferroelectric polarization.®”””" This was not
observed in this work as evident from the permittivity measure-
ments shown in Fig. 7.

Despite a low doping concentration (0.5 mol%), a significant
effect was observed in the ferroelectric response. The origin is
suggested to be related to the dopants’ influence on the
concentration of point defects in the crystal lattice although a
difference in the dielectric loss could not be correlated with the
doping. Charged defects like oxygen vacancies are associated
with domain wall pinning and dampening of the ferroelectric
properties,®*** and doping may influence on the concentration
of oxygen vacancies. For co-doping with Ca>*/Ti*" (CaTiOs-doping),
this can possibly be explained in terms of increased energy of
formation for lattice defects, as defects like oxygen vacancies have a
higher energy of formation in CaTiO; than in KNbO,.*** For Ca®'-
doping, a reduction in defect concentration can be explained in
terms of charge compensation. As mentioned above, Ca*" cations
enter on the A-site in KNN. We propose three possible point defect
equilibria for the incorporation of Ca*", leading to A-site deficiency
(A < B), stoichiometric A: B ratio (A = B) or A-site excess (A > B) in
ABO. In all cases Ca>* on the A-site, Caj},, will have a formal charge
of +1, which needs to be charge compensated.

(1) A < B, (K,Na), ,,Ca,NbO;:

When incorporated into the lattice, Ca®" can form Assite defi-
ciency according to eqn (1). Here the Ca®" is charge compensated by
the formation of an A-site vacancy, changing the A:B stoichiometry
corresponding to (K,Na);_,,Ca,NbO;, as proposed by Malic et al®

CaO(s) + 2A% — A,O(s) + Cajy + V) 1)

(2) A = B, (K,Na); ,Ca,NbO;,:

This journal is © The Royal Society of Chemistry 2020
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Alternatively, Ca,, can be incorporated in KNN according to
eqn (2), where Ca® is charge compensated by removal of
oxygen vacancies in the lattice. In this case, the A:B stoichio-
metry is maintained (A:B =1:1).

2Ca0(s) + NbyOs(s) + Vi — 2Ca} +2NbY, + 708 (2)

(3) A > B, (K,Na)Ca,NbO3,,:

The third possibility involves charge compensation by
removal of both an A-site vacancy and an oxygen vacancy as
shown in eqn (3). This will form an excess on A-site (A > B)
corresponding to (K,Na)Ca,NbO;..

CaO(s) + V), + Vg — Caj + O, 3)

During electrical characterization, no effect from Ca*'-doping
was observed for the current flux (Fig. 4) or the dielectric losses
(insets in Fig. 6 and 7), compared to undoped and CaTiOs-doped
KNN. This suggests that the overall concentration of mobile point
defects like electron holes (h*) is not affected by Ca®*-doping, and
that the minor variations in the dielectric losses cannot be
explained by the defect equilibria presented here. However, the
ferroelectric properties (Fig. 4) are improved with Ca*-doping,
and one explanation for this could be elimination of charged
defects like oxygen and alkali vacancies, Vg and Vy. As men-
tioned, such defects can pin ferroelectric domain walls and
thereby reduce the ferroelectric response.®** In eqn (1), an alkali
vacancy is formed, while in eqn (2) and (3) an oxygen vacancy is
removed, suggesting that the latter mechanisms could reduce
domain wall pinning. The number of A-site and oxygen vacancies
increases at elevated temperatures due to increased evaporation
of alkali metals,* which means that eqn (1) is most relevant for
high-temperature processing of KNN. For low-temperature pro-
cessing of KNN, or when using high amounts of excess alkali
metals, eqn (2) and (3) are more likely. In this work, a low
processing temperature (700 °C, 10 min) and an alkali excess
(5 mol% Na' and K') was used, making eqn (2) and (3) the
most plausible point defect equilibria for Ca®" incorporation.
Following this, Ca**-doping is proposed to have a positive
influence on reduction of domain wall pinning in KNN, as
reflected in the improved ferroelectric properties presented in
this work (Fig. 4 and 5).

Conclusions

Phase pure KNN thin films with three different compositions
(undoped KNN, 0.5 mol% Ca*"-doped KNN, 0.5 mol% Ca*'-Ti**
co-doped KNN) were successfully fabricated on platinized silicon
substrates by aqueous CSD. Reduced grain growth was observed
in the doped films and powders prepared from the precursor
solutions, suggesting that the dopants reduce cation mobility.
A reduction in unit cell volume was observed in the doped
KNN powders. The effect of 0.5 mol% Ca**-doping and
0.5 mol% Ca**~Ti*" co-doping on the ferroelectric and dielectric
properties of the KNN films was measured using Pt top electro-
des. Polarization switching was observed in the doped KNN
films in the frequency range 10 to 5000 Hz, with peak remnant
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polarization of 6.37 + 0.47 and 7.40 + 0.09 pC cm ™ for Ca**- and
CaTiOs-doping, respectively. Polarization switching was not
observed in the undoped KNN films. All films had exceptionally
high dielectric constants, ranging from 1800 to 3200, measured
at 1 kHz in the temperature range 150 to 420 °C. The capacitance
of the doped films was ~15% (Ca**-doping) and ~30% (CaTiOs-
doping) higher than the undoped KNN films. No significant
difference in leakage currents or phase transition temperatures
was observed between the films. The improved ferroelectric
properties from doping is suggested to be linked to reduced
defect concentration due to higher energies of formation
(CaTiO,-doping) or shifted defect equilibrium (Ca®-doping).
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XRD curve fitting using the Pawley method

The Pawley method was used for curve fitting of the X-ray diffractograms from powders calcined
at 700 and 850 °C for 4 h after calcination. The patterns were fitted to the monoclinic space group
Pm, using a=c=4.000 A, b=3.950 and 8=90.33° as starting parameters. Calculated unit cell
parameters and unit cell volumes from the Pawley fitting are presented in Table S.1 and plotted
in Figure S.1. Pawley method fitted curves to powder X-ray diffractograms are givenin Figure S.2.

Table S.1: Lattice parameters, unit cell volumes, crystallite sizes and weighted profile R-factors from Pawley method
fitting of X-ray diffractograms from the KNN powders.

alA] | bIA] | c[A] 8[] v [A3] Crystallite size [nm] Rwp [%]
KNN-700°C 4005 | 3.949 | 3.989 | 90.19 | 63.089 263 10.04
KNN-850°C 4.004 | 3.943 | 3.998 | 9022 | 63.119 56.5 13.48
KNN-Ca?*-700°C 4001 | 3.945 | 3.981 | 9052 | 62.833 18.4 10.32
KNN-Ca?*-850°C 3.997 | 3.944 | 3.981 | 90.42 | 62.755 236 10.66
KNN-CaTi03-700°C 4.000 | 3.943 | 3977 | 90.78 | 62.712 214 14.48
KNN-CaTi03-850°C 3.998 | 3.945 | 3.979 | 9053 | 62.755 23.1 10.76
—
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Figure S.1: Unit cell parameters and unit cell volumes from the Pawley method fitting of XRD
patterns of the powder (values in Table A.1).
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Figure S.2: Pawley method fitting of powder X-ray diffractograms from (a), (b)
undoped, (c), (d) Ca%*-doped and (e), (f) CaTiO3-doped KNN powders. Figures (a),
(c)and (e) are from powders heat treated at 700 °C and figures (b), (d) and (f) from
powders heat treated at 850 °C. Crystallite sizes and weighted profile R-factors
(Rwp) for the fits are given in each plot. Reference pattern for Ko.sNaosNbOs (blue,
PDF card 00-061-0315 (1)) is included.
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Conventional XRD of KNN films

Conventional XRD diffraction patterns (8-26 mode) of the KNN films after pyrolysis (550 °C) and
annealing (700 °C) are presented in Figure S.3. The intensities of the Bragg reflections of the
annealed KNN filmsare comparable to those of the reference pattern of bulk KNN, demonstrating
the films are polycrystalline and with no degree of texture. The pyrolyzed films have some (100)
preferential orientation (inset) which might be caused by the film not being completely

crystallized.
‘ T T ‘ T
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Figure S.3: Conventional XRD patterns of pyrolyzed (550 °C) and annealed (700 °C) KNN films on SiPt. The
pattern of a blanc SiPt substrate is included for comparison. Reference pattern for KosNaosNbOs (blue,
PDF card 00-061-0315 (1)) is included. The films were prepared by 30 repeating spin coatings.
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Pr, Pmax and E. from polarization-electric field measurements

Remnant polarization (P;), maximum polarization (Pmax) and coercive field (Ec) from the
polarization vs. electric field measurements of the films at 10 to 5000 Hz (Figure 4 and 5) are
presented in Table S.2. The values at 10 Hz are measured using an electric field of 100 kV cm™™.
The values at 50 to 5000 Hz are measured using an electric field of 125 and 142 kV cm - for KNN-
CaZ* and KNN-CaTiOs, respectively.

Table S.2: Remnant polarization (Pr), maximum polarization (Pmax) and coercive field (Ec) of KNN-based films from 10

to 5000 Hz.
10 Hz 50 Hz 100 Hz 500 Hz 1000 Hz 5000Hz

KNN 5.47+2.25 - - - - -

(e ,:::n'z] KNN-Ca?* 4.24+0.47 6.37+0.94 | 5.69+0.37 | 4.90+0.05 | 4.69+0.07 | 4.90+0.46
KNN-CaTiO3 6.65+1.44 7.4040.17 | 6.88+0.96 | 6.37+0.57 | 6.20£1.02 6.95+0.80
KNN 13.80+2.00 | - - - - -

[H:::‘{'zl KNN-Ca?* 18.20+0.00 | 21.45+0.50 | 20.70+0.20 | 19.70+0.00 | 19.00+0.00 | 17.85+0.30
KNN-CaTiO3 22.20+0.20 | 26.45+0.10 | 25.60+0.40 | 24.90+0.20 | 24.20+0.20 | 23.35+0.50
KNN 47.08+12.83 | - - - - -

kv f:tm'll KNN-Ca?* 18.42+4.17 | 22.00+8.67 | 22.58+3.50 | 24.08+0.17 | 23.00+0.67 | 26.58+1.83
KNN-CaTiO3 17.92+41.17 | 27.7544.50 | 27.83+3.00 | 27.08+5.50 | 28.2546.50 | 31.00+4.33
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Frequency dependency of dielectric permittivity

The frequency dependency of the dielectric permittivity from 1 to 10° Hz is presented in
Figure S.4. The measurements were performed at 150 °C (upon heating), using an AC amplitude
of 50 mV. The dielectric loss tangent (tan §) for the measurements isincluded in the figure.
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Figure S.4: Dielectric permittivity as afunction of frequency for the three KNN-based films,
measured at 150 °C and using an ACamplitude of 50 mV. Inset: The loss tangent recorded
during the measurement.



Paper I1 221

References:

1. Tellier J, Malic B, Dkhil B, Jenko D, Cilensek J, Kosec M. Crystal structure and phase
transitions of sodium potassium niobate perovskites. Solid State Sci. 2009;11(2):320-4.




222 Paper I1
















	112538_PhDCover_Nikolai_Helth_Gaukås
	112538_PhD_Nikolai_Helth_Gaukås_83_NY2



