MICROSTRUCTURE DESIGN AND
MULTIFUNCTIONALITY OF BARIUM
ZIRCONATE TITANATE-BARIUM CALCIUM
TITANATE THIN FILMS PREPARED BY
CHEMICAL SOLUTION DEPOSITION

Sabi William Konsago



Doctoral Dissertation
Jozef Stefan International Postgraduate School
Ljubljana, Slovenia

Supervisor: Prof. Dr. Barbara Mali¢, Jozef Stefan Institute, Ljubljana, Slovenia
Co-Supervisor: Prof. Dr. Hana Ursi¢ Nemevsek, Jozef Stefan Institute, Ljubljana,
Slovenia

Evaluation Board:

Prof. Dr. Vid Bobnar, Chair, Jozef Stefan Institute, Ljubljana, Slovenia

Dr. Katarina Vojisavljevi¢, Member, Institute for Multidisciplinary Research, University
of Belgrade, Serbia.

Prof. Miguel Alguerdé Giménez, Member, Instituto de Ciencia de Materiales de Madrid,
Madrid, Spain



MEDNARODNA PODIPLOMSKA SOLA JOZEFA STEFANA
JOZEF STEFAN INTERNATIONAL POSTGRADUATE SCHOOL

Sabi William Konsago

MICROSTRUCTURE DESIGN AND
MULTIFUNCTIONALITY OF BARIUM ZIRCONATE
TITANATE-BARIUM CALCIUM TITANATE THIN
FILMS PREPARED BY CHEMICAL SOLUTION
DEPOSITION

Doctoral Dissertation

NACRTOVANJE MIKROSTRUKTURE IN
MULTIFUNKCIONALNOST TANKIH PLASTI
BARIJEVEGA CIRKONATA TITANATA-
BARIJEVEGA KALCIJEVEGA TITANATA,
PRIPRAVLJENIH S SINTEZO V RAZTOPINI

Doktorska disertacija

Supervisor: Prof. Dr. Barbara Mali¢

Co-Supervisor: Prof. Dr. Hana Ursi¢ Nemevsek

Ljubljana, Slovenia, December 2024






Acknowledgments

This PhD thesis at the Electronic Ceramics Department — K5 at the JoZef Stefan
Institute was a life-changing experience, and I would like to take time to acknowledge
people who made this experience possible, who have been a source of inspiration, helped,
and guided me during this five-years journey.

First of all, I would like to thank my supervisor Prof. Dr. Barbara Malic, and express my
sincere gratitude for giving me the opportunity to work at the Electronic Ceramics
Department, JozZef Stefan Institute, for the multitude of opportunities to visit foreign
laboratories, attend trainings, schools, international conferences. She exceeded the duties
of a PhD mentor and showed great support and patience in guiding a synthetic organic
chemistry student into the world of micro- and nanoelectronic ceramics. I am truly
grateful to her for her numerous advices, motivation, continuous guidance, and scientific
discussions.

I would like to thank Prof. Dr. Hana Ursic, my co-mentor, for numerous advices and
discussions related to atomic force microscopy (AFM), piezoelectric force microscopy
(PFM), and energy storage properties.

Prof. Dr. Andreja Bencan and Katarina Ziberna are gratefully acknowledged for their
help with scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), scanning transmission microscopy (STEM), and fruitful discussions.

Special thanks to Dr. Aleksander Matavz and Prof. Dr. Vid Bobnar (Condensed
Matter Physics Department, JoZef Stefan Institute) for dielectric measurements as a
function of temperature across a broad frequency range, macroscopic piezoelectric
measurements by double beam laser interferometry (DBLI); Dr. Jerney Ekar and Prof.
Dr. Janez Kovac (Department of Surface Engineering, JoZef Stefan Institute) for time-of-
flight secondary Ion mass spectrometry (ToF-SIMS) and X-ray photoelectron
spectroscopy (XPS) analyses.

My special thanks are extended to Brigita Kmet for her help with SEM and assistance
with cleanroom and electrical measurements equipment, Silvo Drnovsek for his help with
electrode depositions, Jena Cilensek for her help with thermal analysis and thermal
expansion coefficient measurements, Andrej Debevec for his help with bulk ceramics
processing and their properties measurements, Dr. Matej Sadl and Ivana Gorican for
their help with energy storage measurements, Val Fisinger for his help with conductive
AFM and PFM measurements, Maja Koblar for her assistance with the Aizacct system,
Dean Birmandcevié for his help with thin film depositions. Dr. Mirela Dragomir is
acknowledged for her help with XRD data analysis and training using X-ray
Diffractometer (Rigaku MiniFlex 600), and Edi Krajnc (National Institute of Chemistry)



vi

for the XRD measurements. I thank all my colleagues at the Electronic Ceramic
Department, especially Tina Rucigaj for a supportive and helpful atmosphere.

I want to acknowledge our international collaborators: Dr. Sebastjan Glinsek, Barnik
Mandal, and Dr. Yves Fleming from Luxembourg Institute of Science and Technology
(LIST) for their help with Grazing Incidence X-ray diffraction (GIXRD), pole-figure

XRD, and tilted angle XRD measurements, and the fruitful discussions; Prof. Geoff L.

Brennecka from Colorado School of Mines for his advice and fruitful discussions.

I would like to acknowledge Dr. Marco Deluca for hosting me at the Materials Center
in Leoben, Austria. My acknowledgments are extended to Dr. Harvey AMORIN for
hosting me at the Instituto de Ciencia de Materiales de Madrid, CSI, Spain.

I am also would like to express my gratitude to the Slovenian Research and
Innovation Agency (core funding P2-0105, S.W.K - young researcher programme), JECS
Trust fund, Erasmus+ programme, WTZ Slowenien S€T Slovenia 2020 21 for the
funding, NANOCENTER for access to FIB.

Finally, I would like to thank my family and friends for their support and
encouragement.

Najlepsa hvala!



vii

Abstract

Barium zirconate titanate-barium calcium titanate 0.5Ba(Zro2Tis)Os-0.5(BaoCaos)TiOs
(BZT-BCT) ceramic exhibits a high piezoelectric response in the vicinity of room
temperature. It is an environment-friendly alternative to Pb(Zri«Tix)Os (PZT), the most
used ceramic material in piezoelectric applications. Thin films meet the requirements
related to the miniaturization of electronic components such as in energy harvesting or
storage applications. Chemical solution deposition (CSD) of thin films steps out among
versatile physical or chemical vapour deposition routes due to the easy adaptation of the
chemical composition via the solution chemistry.

However, challenges related to CSD of BZT-BCT thin films prepared from the
conventional carboxylic-acid-based synthetic route include the instability of the coating
solution, fine-grained and porous microstructure, cracks and consequently non-optimal
functional properties. To resolve the challenges and establish the microstructure-properties
relation in BZT-BCT thin films, we developed an alternative synthetic approach. The new
procedure uses ethylene glycol (EG) and ethanol (EtOH) as solvents for alkaline-earth
acetates and transition-metal alkoxides, respectively. Barium titanate (BaTiOs, BT), the
prototype ferroelectric, was selected as a reference material. EG-EtOH-based BT coating
solution was stable for more than one year. Crack-free BT thin films with columnar
microstructure and thickness of about 130 nm on platinized silicon substrates (Pt/Si)
exhibit dielectric permittivity of 600, measured at room temperature (R.T.) and 1 kHz,
maximum polarization (Puax) of 26 pC-cm™ and survive electric fields of 2.4 MV-cm™.

The EG-EtOH synthesis was transferred to the BZT-BCT system. Achieving chemically
homogeneous BZT-BCT thin films with columnar microstructure and without interaction
with Pt/Si substrates required diluting the coating solution to 0.1 M and increasing the
annealing temperature to 850 °C.

Manganese doping (1 mole %) effectively reduced the leakage and enabled
measurements of macroscopic functional properties. About 120 nm thick BZT-BCT films
doped with manganese on Pt/Si substrates exhibit dielectric permittivity of 670 measured
at RT and 1 kHz, P of 32 uC-em™? at 1.15 MV-cm'!, piezoelectric ds; coefficient of 20
pm-V"' and strain (S) of 0.18 % measured using a double-beam laser interferometer. The
recoverable energy (U..) and energy storage efficiency (n) of 10 J-cm® and 69 %,
respectively, are obtained. The film thickness exceeding =120 nm on Pt/Si resulted in the
evolution of intergranular cracks due to the thermal expansion mismatch between the film
and silicon substrate. Using platinized sapphire (Pt/Sapp) substrates reduced the thermal
stress in the films due to the smaller difference in thermal expansion coefficients between
BZT-BCT and sapphire. Up to 680 nm thick crack-free BZT-BCT films doped with
manganese on Pt/Sapp substrates with columnar microstructure were obtained upon
multistep annealing at 850 °C. The 340 nm thick films are characterized by dielectric
permittivity of 930 at 1 kHz, ds3 of ~40 pm-V-, S of ~ 0.77 %, and Pu.x ~ 47 pC-cm™? at a
maximum electric field of about 3.5 MV-cm™. The energy storage efficiency of 89 % and
Uree ~ 46 J-cm™ make BZT-BCT films a promising option for energy storage applications.
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Povzetek

Keramika na osnovi barijevega cirkonata titanata-barijevega kalcijevega titanata
0,5Ba(Zro2Tios)03-0,5(Bag7Cas) TiOs (BZT-BCT) predstavlja okolju prijazno nadomestilo
komercialno najbolj razsirjeni svincevi piezoelektriéni keramiki Pb(Zri.Ti)Os (PZT).
Tanke plasti omogocajo miniaturizacijo elektronskih komponent, na primer v napravah za
zbiranje ali shranjevanje energije.

Priprava tankih plasti BZT-BCT s sintezo iz raztopine predstavlja izziv, saj je za plasti
znacilna porozna mikrostruktura z enakoosnimi zrni in razpoke po mejah med zrni, kar
posledi¢no omejuje doseganje dobrih funkcijskih lastnosti. Poleg tega lahko v raztopinah
za pripravo tankih plasti, ki kot topilo vsebujejo karboksilno kislino, potece delna hidroliza
alkoksidnih reagentov, kar vodi do izgube kemijske homogenosti.

Da bi raziskali povezavo med mikrostrukturo in funkcijskimi lastnostmi tankih plasti
BZT-BCT, smo razvili alternativno sintezo raztopin za nanasanje plasti. Nova sinteza
vkljucuje etilenglikol (EG) in etanol (EtOH) kot topili za zemljoalkalijska acetata in
alkoksida kovin prehoda. Najprej smo z novo kombinacijo topil pripravili tanke plasti
osnovne spojine barijevega titanata (BaTiO;, BT). Raztopina za nanasanje plasti je bila
obstojna ve¢ kot leto. Raztopino s koncentracijo 0,2 M smo nanesli na podlage
platiniziranega silicija (Pt/Si) z metodo vrtenja in po vsakem nanosu plast zgali pri 800
°C. Plasti BT z debelino =130 nm in stebri¢asto mikrostrukturo izkazujejo dielektri¢nost
~600 pri 1 kHz in sobni temperaturi ter najvecjo polarizacijo 26 pC-cm™? pri polju 2,4
MV:-em™.

Nadalje smo s sintezo s topiloma EG in EtOH pripravili tanke plasti BZT-BCT.
Izkazalo se je, da je bilo za plasti s kolumnarno mikrostrukturo potrebno znizati
koncentracijo raztopine za nanasanje plasti na 0,1 M in povisati temperaturo zganja na
850 °C. Tanke plasti s stebricasto mikrostrukturo so kemijsko homogene po preseku, brez
sekundarnih faz ali interakcij s podlago Pt/Si.

Tok puscanja v tankih plasteh BZT-BCT smo ucinkovito zmanjsali z dopiranjem z
manganom (1 molski %). Priblizno 120 nm debele plasti na podlagah Pt/Si izkazujejo
dielektriénost =670 pri 1 kHz in sobni temperaturi, najvecjo polarizacijo 32 puC-cm™ pri
polju 1,15 MV-cm™, piezoelektricni koeficient dz; 20 pm-V™ in deformacijo 0.18 %, izmerjeno
z dvozarkovnim laserskim interferometrom. Plasti so primerne za shranjevanje energije, pri
¢emer sta obnovljiva energija (Uw.) 10 J-cm™ in izkoristek (1) 69 %.

Ko je debelina plasti na podlagah Pt/Si presegla =120 nm, so se zacele pojavljati razpoke
po mejah med zrni kot posledica napetosti, ki se pojavijo zaradi velike razlike v
temperaturnih razteznostnih koeficientih (TEK) plasti in silicijeve podlage. Z uporabo
podlage platiniziranega safirja z nekajkrat vec¢jim TEK v primerjavi s silicijem smo moc¢no
zmanjSali napetosti v plasteh. Uspeli smo pripraviti do 680 nm debele plasti BZT-BCT,
dopirane z manganom in s stebricasto mikrostrukturo. Tanke plasti z debelino 340 nm
izkazujejo dielektricnost 930 pri 1 kHz in sobni temperaturi, najvecjo polarizacijo ~47
uC-cm™ pri polju 3,5 MV-cm™, piezoelektricni koeficient dz; 40 pm-V™ in deformacijo 0,77
%. Z izmerjeno obnovljivo energijo ~46 J-cm™ in izkoristkom 89 % predstavljajo tanke
plasti BZT-BCT obetavno moznost za shranjevanje energije.
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Chapter 1

Introduction

In the first part of this chapter, we describe barium titanate (BaTiO;, BT) as the prototype
ferroelectric material and its basic properties. We then describe BT-based materials, namely (1-
x)Ba(Zro2Tios)Os5x(BagCag3) TiOs (BZT—<BCT), as alternatives to lead-based materials for
piezoelectric applications. Selected physical properties of polar oxides related to this thesis are
summarized in Appendix B. The second part of the chapter describes the chemical solution
deposition (CSD) of functional-oxide thin films, including the chemistry of precursors, the
deposition techniques, and the heat treatment that leads to crystallization from the amorphous
phase. The last part of the chapter is dedicated to a short review of the microstructure evolution
in BT-based thin films, the relationship between the microstructure and functional properties of
BT, Ba(Zr.Tii«)Os(BZTy), (Bai«Cay)TiOs; (BCTy) and BZT-xBCT thin films. The main
functional properties of interest are dielectric, ferroelectric, and piezoelectric properties of
respective thin films, particularly those prepared by CSD.

1.1. Polar Oxide Materials and Their Basic Properties

1.1.1. Barium titanate: prototype ferroelectric material

Barium titanate (BaTiO;, BT) is a prototype ferroelectric oxide. It crystallizes in the perovskite
(ABOs) structure. Above the phase transition temperature or Curie temperature at 130 °C, the
structure of BT is centrosymmetric cubic. Upon cooling, the tetragonal distortion of the unit cell
occurs as a consequence of the non-centrosymmetric position of the B cation, as shown in Figure
1, which results in the generation of spontaneous polarization (Ps, electric dipole per unit volume)

(1], [2]-
5 ++
++
E
: = | ik

b=0.398 nm

Figure 1: Unit cell of BT showing the displacement of Ti** in the TiOg octahedron (from [2]).



2 Chapter 1. Introduction

BT undergoes phase transitions from tetragonal to orthorhombic and rhombohedral phase
upon further cooling. The ferroelectric phase transitions are accompanied by changes in the
dimensions of the unit cell and anomalies in spontaneous polarization, dielectric, and other
physical properties of the material [1], [3]. The sharp transitions observed in Figure 2 are
characteristic of BT single crystals. However, in polycrystalline bulk materials, the phase
transitions are diffuse, and the broadening of the dielectric permittivity peak depends on the
grain size [4], [5]. In polycrystalline thin films, especially with fine grain size, it is often challenging
to identify phase transitions [6], [7].

‘ rhomboedric  orthorhombic tetragonal cubic
T 404
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Figure 2: Phases and selected properties in BT single crystal as a function of temperature,
showing (a) lattice constants, (b) spontaneous polarization Ps, and (c) relative permittivity (from

[8])-

1.1.2. Barium titanate based materials as alternative to Pb(Zr,Ti)Os for
piezoelectric applications

Lead zirconate titanate (Pb(Zr,Ti)Os or PZT) is the most used ferroelectric ceramic material for
piezoelectric applications because of its high piezoelectric effect and high Curie temperature of
about 350 °C [9], [10], [11]. The piezoelectric charge coefficient ds; of PZT ranges from 200 to
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500 pC/N, depending on the type of heterovalent doping. Usually, donor cations such as La** or
Nb>" are doped on A or B sites, respectively, of the perovskite unit cell to soften the properties
or acceptor dopants such as Fe™ on the B sites to harden PZT. Hard PZT bulk ceramics are
characterized by low permittivity, low losses, and high mechanical quality factor, and they are
difficult to pole and depole. Soft PZT bulk ceramics, on the other hand, are easier to pole and
have a lower coercive field, high ds3, lower mechanical quality factor, high permittivity and losses
[12]. With such versatility in functional response, PZT has been and still is the most used material
in piezoelectric applications. However, the toxicity of lead is an environmental concern. In 2002,
the European Union introduced directives regulating using Pb and other toxic elements in
commercial products [13]. Since then, interest in lead-free piezoelectrics that could replace lead-
based materials has been growing. The piezoelectric ds; coefficient of BT bulk ceramics ranges
from about 100 pC/N to a few 100 pC/N and depends on grain size [14]. Research on lead-free
piezoelectric BT-based materials was triggered in 2009 by the paper of Liu and Ren [15] on
excellent piezoelectric properties in (1-x)Ba(Zro2Tios)Osx(Bao:Caos)TiOs (BZT-xBCT)' bulk
ceramic (ds3 of 620 pC/N for x = 0.5) with a high longitudinal electromechanical coupling
coefficient (ks3) of 0.65 which is similar to that of hard PZT showing a potential for actuator
applications. Furthermore, BZT-—xBCT is now investigated for energy storage, and as a potential
biocompatible material for medical applications [16], [17], [18].

The idea behind the design of BZT-xBCT was to create a morphotropic phase boundary
(MPB) composition, such as in PZT. The phase diagram of the PbZrO;PbTiOj; solid solution is
included in Figure 3. In the vicinity of the molar ratio of PbZrOs; and PbTiOs of 48/52, there is
a coexistence of a rhombohedral PbZrOsrich and tetragonal PbTiOsrich phase [19]. The MPB
compositions exhibit a peak in piezoelectric properties [20], [21].
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Figure 3: Phase diagram of PZT bulk ceramics (from [21]).

Similar to PZT, the BZT-xBCT solid solution was designed to have the coexistence of
rhombohedral Ba(Zro2Tios)O; (BZT)" and tetragonal (Bay:Caos)TiOs; (BCT)! phases as shown in
Figure 4. The MPB observed at the composition close to 50 mole % of BZT and 50 mole % of

! Ba(Zrn2Tio.s)Os, (BanrCao3)TiOs and 0.5Ba(Zw2Tios)Os — 0.5(BaorCaos)TiOs are designated as BZT, BCT
and BZT-BCT respectively. Solid solutions with different molar ratios of A- or B-site cations are written with
chemical formulas or abbreviations explained in the text.
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BCT was reported to be the reason for the high piezoelectric response in this material [15]. It is
noted that the Curie temperature of BZT-xBCT formulations close to MPB is below 100 °C. In
2014, the coexistence of another, third phase in the BZT-xBCT phase diagram, close to 50% of
BZT and 50 % of BCT, was reported [22], [23]. The updated phase diagram is shown in Figure
5. The piezoelectric properties peak close to this orthorhombic-tetragonal phase coexistence
region. The BZT-xBCT ceramic is considered one of the alternatives to PZT-based materials for
piezoelectric applications, especially for use in ambient environments. In BZT-BCT bulk
ceramics, the grain size strongly influences the piezoelectric properties and the phase transitions.
High piezoelectric responses were measured in BZT-BCT bulk ceramics with grain sizes above
10 um [24]. In microelectronics including nano-electro-mechanical systems (NEMS), micro-
electro-mechanical systems (MEMS), and micro-energy harvesters, the piezoelectric materials are
used in the form of thin films to meet the size constraints [25].
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Figure 4. Phase diagram of BZT-BCT ceramics (from [15]).
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Figure 5: Corrected phase diagram and piezoelectric response of BZT-xBCT bulk ceramics
(from [22]).

1.2. Chemical Solution Deposition of Ferroelectric Perovskite
Oxide Thin Films

Ferroelectric oxide thin films are prepared either by physical vapour deposition methods such as
sputtering, pulsed laser deposition, and evaporation or by chemical deposition methods, including
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liquid phase methods. Chemical solution deposition (CSD) offers several advantages over
physical deposition methods in terms of economic effectiveness, control of the stoichiometry in
coating solutions, simple and fast processing, and the possibility of upscaling [26], [27], [28].

CSD starts with synthesizing a chemically homogeneous coating solution containing the
desired ions (metal cations) as constituents of the metal-oxide film. Chemical reagents should be
well soluble in the solvents selected for the coating solution. The reagents should be able to
thermally oxidise into oxides or oxide compounds as the final products of the reaction without
harmful (toxic) residues. The commonly used metal reagents are metal carboxylates, metal
alkoxides, or metallo-organic compounds that are commercially available or can be synthesized.
Carboxylic acids and alcohols are commonly used solvents for carboxylates and alkoxides (theory
of like dissolves like) [29], [30]. The coating solution is deposited onto a substrate using one of
several deposition techniques, including spin coating. The selection of the substrate is based on
the compatibility of the film with the substrate, the processing temperature, thermal expansion
(mis)match between the film-material and the substrate, and it also depends on the application
the material is meant for [31]. Different substrates, such as metal-oxide single crystals, metal
foils, glass, etc., are used for thin film deposition. Polymer foils are also used for flexible devices.
After the deposition, the deposited film is exposed to a heat treatment to remove the remaining
solvents, decompose organic residues, and crystallize. A schematic description of the different
steps of CSD for metal-oxide thin films is presented in Figure 6.
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e Wet film
l Drying and pyrolysis

Amorphous film

I
l Annealing
) 0 7> Crystalline film

Repeated several times

Synthesis of the coating solution

Oxide thin film deposition and subsequent heat treatment

Figure 6: The schematic description of CSD of metal-oxide thin films.

1.2.1. Chemistry of BaTiOs-based precursors

The common procedure for the preparation of alkaline-earth perovskite, including BT-based thin
films relies on the use of alkaline earth (Ba, Ca, Sr...) carboxylates and transition metal (Ti, Zr...)
alkoxides as the starting reagents and carboxylic acids and alcohols (frequently 2-
methoxyethanol) as solvents for carboxylates and alkoxides respectively [26], [28], [30]. The
general formulas of alkaline earth carboxylates and transition metal alkoxides are M(COOR),
and M’(OR)4, respectively, where M and M’ are the alkaline earth and transition metal and R~
is the organic (alkyl) group. A schematic description of the preparation of the BT coating solution
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is included in Figure 7. Barium carboxylate is dissolved in a carboxylic acid at 60 °C, and
titanium alkoxide is diluted in an alcohol. Both solutions are mixed at room temperature (R.T.)
after the complete dissolution of the carboxylate. The storage and manipulation of the reagents
take place in a dry, inert atmosphere. Namely, the humidity in the ambient air could initiate the
hydrolysis of transition metal alkoxides.

Ba(OOC-R,), Ti(OR,),
In an inert
[}
AL60 °C I I atmosphere
R;-COOH R,-OH
Ba-solution Ti-solution

l 20 RT |
1

Barium titanate coating
solution

Figure 7: Procedure of the BT coating solution preparation.

In the BT coating solution synthesis, the reagents and the solvents are Ba(OOCR;), and
T(OR»)s, as well as R-COOH and RsOH. The principal reactions are alcohol exchange,
esterification, hydrolysis, and condensation. The reaction of Ti(ORz)s with the solvent R+-OH
depends on the nature of the organic group, but eventually, it leads to partial or complete alcohol
exchange [32], [33] as shown in Equation 1.

-0 O-R; R, 0. OR,
RITT F 4RGOH — = Tyt T+ 4R0H (1)

/N VA
R2—o Oo- R2 R40 OR4

After mixing the Ba- and Ti-solutions, the solvents carboxylic acid and alcohol slowly undergo
the reaction of esterification, yielding water as the side-product, as illustrated in Equation 2 [32],
(34].

OH

(0]
+ R;-OH —> (2)
Rs/go 4 RS)J\O,RAr + H,0

Then, depending on the reaction conditions (molar ratios of the reagents and solvents,
temperature), the in-situ formed water may initiate the reaction of hydrolysis of titanium
alkoxide followed by condensation. The respective reactions are collected below in Equations 3
and 4 [32], [33], [34], [35].

R,0, OR; R,O_OH
/TI N + HZO e /TI N RZOH (3)
Rzo OR2 RZO OR2
OH OR R0, OR2
RZO\TiI + RZO\TiI 2 —_— R.O O/TI\ORZ + Ron (4)
R,0° “OR, R,0° “OR, 2

7 ~
R,0° OR,
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The progressive reaction of esterification eventually increases the water content in the solution
which may promote precipitation in the coating solution®. Note that zirconium alkoxide is more
reactive than titanium alkoxide due to the lower electronegativity and larger coordination
number of the zirconium ion [33], [36].

Additives, such as acetylacetone and diethanolamine, are often used as chelating agents to
reduce the reactivity of transition metal alkoxides [37], [38], [39], [40]. However, an increased
fraction of organics leads to increased film porosity [41]. Some solvents could act as complexing
agents, thus avoiding additional carbon source additives. Diol-based chemistry has been used to
prepare stable solutions for deposition of lead-based perovskite oxide thin films by CSD [42], [43],
[44]. It was shown that 1,3-propanediol (HO-CH,-CH,-CH,-OH) coordinatively bonds to metal
ions [45]. In the case of BT-based thin films, diols were used mainly as additives to enhance the
stability of the coating solution and improve the film's morphology [46], [47].

1.2.2. Deposition, thermal decomposition, and crystallization of BaTiOs-
based thin films

Spin coating is the most frequently used thin film deposition technique as it is fast and enables
upscaling [48], [49]. The substrate surface should be clean and smooth to enable a homogenous
distribution of the solution and low roughness of the films, especially in films with low thickness.
After a small volume of the coating solution is dispensed on a substrate, the spin coater is
accelerated to a few thousand rotations per minute (rpm) for about 30-60 seconds. The high
rotation speed facilitates the complete coverage of the substrate and promotes evaporation of the
volatile compounds [48]. For optimum substrate coverage by the coating solution, the solution
should completely wet the surface, and the substrate should be thoroughly cleaned [50], [51], [52].
The as-deposited film contains organic groups bonded to the inorganic network and remaining
solvents. Evaporation of solvents, decomposition of organic residues and crystallization occur
during the drying, pyrolysis and rapid thermal annealing steps of the heat treatment process.
The drying step takes place in a temperature range from 100 °C to 250 °C depending on the
choice of the solvents, while the pyrolysis temperatures are from 250 °C to 400 °C [34]. In the
carboxylate-based CSD, organic components are mainly decomposed during the pyrolysis step
approximatively between 200 °C and 350 °C, as evidenced by thermogravimetry (TG),
differential thermal analysis (DTA), and evolved gas analysis (EGA) [53], [54]. The carbonate
and oxycarbonate species form during the pyrolysis as evidenced by Fourier transform infrared
(FTIR) spectroscopy and X-ray diffraction (XRD). An intermediate Ba,Ti:OsCOs was reported
to form at temperatures between 450 -600 °C before decomposing into BT perovskite at
temperatures of 600-750 °C [28], [55], [56]. Hasenkox et al studied the influence of the length of
the organic chain of barium carboxylates (i.e., acetate, propionate, etc.) on the decomposition of
the intermediate oxo-carbonate phase by FTIR as shown in Figure 8 a) and b). The precursors
were barium carboxylates and titanium alkoxide as reagents and carboxylic acid and alcohol as
solvents. The decomposition temperature of the oxo-carbonate phase increased as the length of
the organic chain decreased. The perovskite phase was formed at a 100 °C higher temperature in
the precursor prepared from Ba-propionate ([C;H;O4.Ba or CgHipBaO,) than Ba-2-
ethylhexanoate ([CH;(CH,);sCH(C,H;)CO,):Ba or CisH3BaOys), see Figure 8 ¢) and d) [28].

2 In the case of BZT-BCT, the stability of the coating solution containing alkaline earth carboxylates and
transition metal alkoxides is about one week.
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Figure 8: FTIR spectra of BT films prepared from a) Ba-2-ethylhexanoate and b) Ba-propionate
precursors and their respective XRD patterns in ¢) and d) (from [28]).

The amount of organics in the precursor and their decomposition behavior are crucial for the
crystallization path of the perovskite phase. Chelating agents are frequently used to reduce the
reactivity of transition metal alkoxides and avoid uncontrolled hydrolysis [37]. Aygin et al
prepared a BT coating solution from barium acetate, titanium isopropoxide as reagents, glacial
acetic acid and acetylacetone as solvents and diethanolamine as chelating agent for titanium
alkoxide. The XRD patterns of thin films deposited from this solution and annealed at different
temperatures are shown in Figure 9. The presence of carbonate species at 750 °C upshifts the
perovskite crystallization temperature to about 800 °C [57].
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Figure 9: (a) X-ray diffraction patterns (* corresponds to Ba,Ti:05CO3) of BT thin films prepared
at different temperatures (from [57]).

Crystallization consists of the nucleation and growth of the crystalline phase, as explained by
thermodynamic principles. There are two types of nucleation: homogeneous and heterogeneous
nucleation. The principles of crystallization of thin films from solutions were described in detail
by Schwartz et al. [34], [58], [59], [60]. The thin-film microstructure consisting of fine equiaxed
grains results from preferentially homogeneous nucleation from the amorphous phase. The nuclei
of the crystalline phase form within the bulk of the amorphous film and grow until they impinge
on neighbouring grains, resulting in equiaxed grains. Such a type of microstructure is also referred
to as granular. The columnar microstructure develops via preferentially heterogeneous nucleation.
Here, the nuclei preferentially form on the substrate, which serves as the nucleation layer and
they grow towards the top of the film [59], [60], [61], [62]. The study of the crystallization of
Pb(Zr,Ti)Os (PZT) and BT films revealed that PZT preferentially crystallizes via heterogeneous
nucleation, while the crystallization of BT proceeds via homogeneous nucleation [34]. The
evolution of granular and columnar microstructure is schematically illustrated in Figure 10.
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Figure 10: Mechanism of homogeneous (top) and heterogeneous (bottom) nucleation and growth
of solution-derived thin films. The cross-section micrographs of BT (top) and PZT (bottom) films
on platinized silicon substrates reveal the granular and columnar microstructure (from [61]).




10 Chapter 1. Introduction

BT thin films prepared by chemical solution deposition (CSD) crystallized through
homogeneous nucleation which results in equiaxed grain growth. However, films with a columnar
microstructure can be achieved by optimizing the processing which includes diluting the
concentration of coating solution and multistep annealing [28], [63], [64] as shown in Figure 11.
The mechanism behind this processing consists of crystallizing each deposited layer in one grain
in thickness, and the following layer follows the previous one thus promoting the columnar
growths of grains.

Figure 11: SEM micrographs of the cross-section and surface of two BaTiOs thin films prepared
with a) from 22 layers, 0.1 M solution, and b) six layers, 0.3 M solution (from [63]).

Another solution for promoting the columnar microstructure is optimizing the solution
chemistry that reduces the organic residue decomposition temperature, thus promoting the
crystallization at a relatively low temperature or by increasing the annealing temperature,
eventually leading to coarsening of grains. The latter alternative is limited by delamination of
the substrates, especially in the case of platinized silicon substrates, which are the most commonly
used in academia; the former seems to be beneficial since it reduces the processing thermal
budget.

1.3. Microstructure and Functional Properties of BaTiOs-
Based Thin Films

1.3.1. Microstructure and dielectric permittivity of BaTiOs thin films

Barium titanate (BaTiOs, BT) is one of the most studied dielectric materials. Discovered during
the Second World War, BT ceramic was developed for military use as a capacitor for radar
system development due to its high dielectric permittivity [65]. Nowadays, BT and BT-based
thin films are used in many applications, including advanced complementary metal oxide
semiconductor (CMOS) circuits [66]. They are extensively investigated and used for photonic
devices, dynamic random-access memory (DRAM), and non-volatile ferroelectric random-access
memory (FeRAM) devices [67], [68], [69]. In transistor technology, dielectrics such as BT are
used as dielectric gates of metal-oxide-semiconductor field-effect transistors (MOSFET) [70], [71].
The dielectric properties of BT depend on grain size in its bulk form or/and the shape of
grains in thin film form. The respective dependence is referred to as the grain size effect. For
example, in bulk BT ceramics with grains in the micron range, the relative permittivity increases
as the grain size decreases to about 1 pm, as shown in Figure 12 a). This effect was related to
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the increase of domain walls or internal stresses in each grain clamped by neighbouring grains
[8]. In BT thin films with granular and columnar microstructure, the relative permittivity
increases more than two times, from less than 400 to above 800, respectively, as shown in Figure
12 b). The dielectric permittivity of fine-grained and/or grainy BT thin films shows almost no
dependence on the temperature, while the columnar BT films have a relatively broad permittivity
peak. In BT bulk ceramics, the series of permittivity peaks indicates different phase transitions
with the evolution of the temperature [8].

The Curie temperature (7c) of BT materials is about 130 °C [72], [73]. However, in fine-
grained microstructure, the 7. of BT is diffuse [74]. The diffuse permittivity peak is explained by
the local tetragonality due to the grain size distribution which leads to a distribution of T. thus
resulting in broad 7t in BT-thin films with fine equiaxed grains [5].
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Figure 12: Temperature dependence of the permittivity in barium titanate for a) bulk ceramics
with different grain sizes and b) thin films with different grain sizes (from [8]).

Similar to dielectric properties, ferroelectric and piezoelectric properties are also influenced
by the grain size (GS) effect in BT bulk ceramics as shown in Figure 13 but also in BT thin films
forms. The maximum polarization (Py.) and remanent polarization (P;) in BT bulk ceramics
increase with increasing grain size (GS) up to about 2-3 pm while the coercive field (E.) decreases
with the increase of GS. The highest ds3 is reported in BT ceramics with GS of about 1 um and
gradually decreases with the increase of GS [75].

The GS dependence of polarization in thin films follows the same trend as in GS-permittivity as
shown by modeling. The polarization increases with the increase of GS as it is illustrated in
Figure 14 [77].
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remanent P and E. as functions of GS (b), from [76] and piezoelectric coefficient as a function

of GS (c) (from [75]).

Figure 14: The modelled GS dependence of polarization as function of electric field BT thin films
with columnar grains. The film thickness is 160 nm (from [77]).

1.3.2. Microstructure, dielectric and ferroelectric properties of Zr-
modified BaTiOs thin films

Modifying chemical composition by introducing Zr in the lattice of BT changes the material's
properties. The microstructure, dielectric permittivity, and phase transition temperature of
Ba(ZrT11:0)s (BZT,) films as a function of Zr amount are shown in Figure 15. All measured
quantities decrease with increasing amount of Zr [78], [79], [80]. As pointed out by Ihlefeld et
al., the decrease in permittivity of BZT films could be due to the decrease in grain size caused
by Zr-addition or Zr incorporation in the BT lattice [79]. Bulk BZT. ceramics with the Zr
content above 20% exhibit relaxor ferroelectric behaviour [81], [82], [83]. The ferroelectric-relaxor
crossover was observed in BZT thin films [79], and even at lower Zr fractions at 15%, evidenced
by the frequency dispersion of relative dielectric permittivity versus temperature [84].

The microstructure of BZT thin films prepared by CSD is usually characterized by fine and
equiaxed grains [78], [85]. To increase the lateral grain size, a high annealing temperature of up
to 1100 °C was needed [86], [87].
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Figure 15: Influence of Zr content on grain size and dielectric permittivity of BZT thin films
analyzed data (from [79]).

1.3.3. Microstructure, dielectric and ferroelectric properties of Ca-
modified BaTiOs thin films

Just like in BZT films, a similar trend in grain size effect on dielectric permittivity was observed
in calcium-modified barium titanate ((Bai<Cay)TiOs BCTy) prepared by CSD. The permittivity
decreases with the increase of calcium amount in the solid solution as shown in Figure 16 [88].
However, there is no available data on the microstructure of BCT thin films prepared by CSD
and its influence on dielectric properties.
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Figure 16: Electric field dependent dielectric permittivity and losses of BCT thin with different
amounts of Ca (from [88]).



14 Chapter 1. Introduction

Due to the low ferroelectric properties and leaky behavior of BCT materials as shown in
Figure 17 [89], there is not much study on BCT thin films that would give insight into the
relationship between the microstructure and ferroelectric or piezoelectric properties.
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Figure 17: P-E loops of (Bai«Cax)TiOs x = 0.1 (BCT10), X = 0.15 (BCT15), x = 0.20 (BCT20)
and x = 0.25 (BCT25), thin films annealed at 750 °C (from [89]).

1.3.4. (1-X)Ba(Ti(),sZI‘o,z)Og-X(Bao,7Cao.3)Ti03 (BZT-XBCT) thin films
1.3.4.1. Microstructure of BZT-xBCT thin films by CSD

Solution-derived (1-x)Ba(Zro2Tios)Os — x(Bag7Cag.3)TiOs (BZT-xBCT) thin films follow similar
processing steps as other BT-based thin films. The BZT-xBCT coating solutions are usually
prepared using alkaline earth carboxylates such as barium and calcium acetates as sources of A-
site cations and metal transition alkoxides including titanium, zirconium butoxides or propoxides
as sources of B-site cations [90], [91]. Additives are sometimes introduced to increase the stability
of the coating solution, but usually, they contribute to granular and porous microstructure, which
is presumably related to higher temperatures needed for their thermal decomposition. Some
modifications in solution chemistry were reported; for example, calcium carbonate was also used
instead of acetate by Reddy et al. The films annealed at 700 °C and 800 °C resulted in granular
and porous microstructure [92]. Some examples of BZT-BCT films with fine granular
microstructure are collected in Figure 18.
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Figure 18: Cross-section micrographs of CSD-derived BZT-BCT thin films a) deposited on
platinized silicon, b) deposited on platinized silicon with LaNiO; as a seed layer both annealed
at 750 °C [91], and c¢) BZT-BCT prepared using calcium carbonate as a source of Ca ion and
annealed at 800 °C (from [92]).

Kang and al. reported the formation of a pyrochlore phase that could not be eliminated even
by increasing the annealing temperature using BZT-BCT coating solutions prepared from barium
and calcium nitrates and transitions metal alkoxides as reagents. Furthermore, using metal
barium and calcium nitrate annealing up to 1000 °C resulted in films with granular
microstructure and cracks [93].

1.3.4.2. Functional properties of BZT-xBCT thin films by CSD

The BZT-xBCT films were deposited on seed layers such as LaNiOs; (LNO), PbysLag1CaoiTiOs
(PLCT), and (PbysCa2)TiOs (PCT) on platinized silicon substrate in an attempt to increase the
texture in the films and to improve dielectric properties [91], [94], [95], [96]. Thicker films were
also prepared with the purpose of increasing the functional properties [92], [97], [98]. The
literature data on dielectric properties of BZT-xBCT thin films are summarized in Table 1. While
the composition of the films at x = 0.5 does not have the highest relative permittivity, it exhibits
the lowest losses compared to other composition prepared at the same conditions. By introducing
a seed layer, the relative permittivity can be slightly increased and losses decreased. The relative
permittivity of the films prepared from a solution with a lower concentration (0.1 M) is higher
than of the films prepared with higher concentrations (0.2 M, 0.35 M or 0.67 M) even when the
annealing temperatures of the latter films are higher than of the former films. The thicker films
prepared from the 0.1 M coating solution and annealed at 700 °C exhibit a similar value of the
relative permittivity as the thinner films prepared from the same solution but annealed at higher
temperature of 850 °C. However, the comparison of relative permittivity of the films with the
same thickness (490 nm) and prepared from the same solution (0.1 M) but annealed at different
temperatures (700 °C and 800 °C), shows that a higher annealing temperature contributes to
higher relative permittivity due to the increase of crystallinity in the films [98]. The same trend
is observed in the films prepared from the 0.67 M coating solution [92]. The thickness effect in
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the films was explained in BST and PZT thin films by the existence of nonswitching or dead
layers which are located at the dielectric material-electrode interface, thus affecting the material
polarizability [99], [100], [101]. It was pointed out that, in thicker films, dielectric properties are
almost independent of the dead layer effect.

Table 1: Literature data of dielectric properties of BZT-xBCT thin films prepared by CSD and
deposited by spin coating. Molar concentration: Cy, annealing temperature: Tomea, relative
permittivity at 1 kHz: &', losses: tan 6, LNO: LaNiOs;, PLCT: PbgslLag:1Cag:1TiOs, and PCT:
(PbogC&oz)TiOg, and Pt(l11)/TiOQ/SiOQ/(1OO)/SiI Pt/Si.

Films substrate Cuw, Tomea, | Thickness, | €' tan & Ref.
mol/l °C nm
BZT-0.40BCT LNO/Pt/Si 0.35 750 ~200 ~365 ~0.06 [91]
BZT-0.45BCT LNO/Pt/Si 0.35 750 ~200 ~380 ~0.08
BZT-0.50BCT LNO/Pt/Si 0.35 750 ~200 ~280 ~0.04
BZT-0.55BCT LNO/Pt/Si 0.35 750 ~200 ~370 ~0.09
BZT-0.60BCT LNO/Pt/Si 0.35 750 ~200 ~280 ~0.1
BZT-0.50BCT Pt /Si 0.35 700 ~300 220 0.63 [94]
BZT-0.50BCT PLCT/Pt/Si 0.35 700 ~300 457 0.031
BZT-0.50BCT PLCT/Pt/Si 0.35 500 ~300 130 0.026
BZT-0.50BCT Pt /Si 0.2 950 380 420 NA [102]
BZT-0.50BCT Pt /Si 0.67 700 ~750 539 0.032 [92]
BZT-0.50BCT Pt/Si 0.67 800 ~750 602 0.026
BZT-0.40BCT | Pt/Si 0.2 700 ~400 341 | 0.033 | [97]
BZT-0.45BCT Pt/Si 0.2 700 ~400 444 0.027
BZT-0.50BCT Pt/Si 0.2 700 ~400 377 0.022
BZT-0.55BCT Pt/Si 0.2 700 ~400 462 0.028
BZT-0.50BCT | Pt/Si 035 | 700 ~450 157 | 0.037 | [96]
BZT-0.50BCT PCT/Pt/Si 0.35 700 ~450 259 0.024
BZT-0.50BCT | Pt/Si 0.1 700 ~490 | ~600 | ~0.05 | [9§]
BZT-0.50BCT Pt/Si 0.1 800 ~490 ~800 ~0.05
BZT-0.50BCT Pt/Si 0.1 850 ~290 ~600 ~0.03
BZT-0.50BCT Pt/Si 0.1 900 ~290 ~700 ~0.06

One of the characteristics of BZT-xBCT materials for considering applications is its Curie
Temperature (7). In the bulk form, the Tc of Ba(Zro2Tios)Os—(Bag Cao3)TiOs (BZT-BCT) was
reported to be about 85 °C - 93 °C depending on the grain size [15], [24], [103]. However, the
phase transition temperature in the films is difficult to determine especially if the microstructure
is fine-grained. Nevertheless, the T. of BZT-xBCT films for x between 0.4 and 0.6 prepared by
CSD was estimated by permittivity measurements as a function of temperature [91]. The
temperature of the broad permittivity peak increases as the molar ratio of BCT end member in
the solid solution increases as shown in Figure 19.

The electric field-dependent properties mainly ferroelectric, energy storage, and piezoelectric
properties in BZT-xBCT films were reported. Although electric field-dependent properties are
strongly tied to the microstructure and phase composition of the films, some works reported high
maximum polarization in BZT-xBCT thin films even in fine-grained  films [46], [91], [104].
However, there is no consensus about remanent polarization. This polarization could include the
contribution of leakage current which is often not investigated. For example, Li et al. reported
the ferroelectric properties of BZT-BCT films deposited on LNO seed layers prepared by CSD,
withstanding an electric of 1 MV /cm however, the P-E loops show no saturation see Figure 20
[91]. Similar results were reported by Wang et al. in the films also prepared by CSD [104].
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Nevertheless, the films with high polarization and withstanding large electric field show a good
potential for energy storage applications.
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Figure 19: The peak dielectric permittivity temperature 7T,, values in BZT-xBCT thin films
measured at 1 kHz (from [91]).
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Figure 20: P-E loops of BZT-xBCT/LNO thin films. (a) x = 0.40, (b) x = 0.45, (¢) x = 0.50,
(d) x = 0.55, and (e) x = 0.60 (from [91]).
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Microstructural or compositional defects such as intra- or intergranular cracks, and secondary
phases may contribute to increasing the leakage current in the film [46], [105], [106] thus
decreasing the energy storage efficiency. In BZT-xBCT films prepared by CSD, designing
columnar and crack-free microstructure will be the preconditions for achieving high energy
storage properties.

For piezoelectric applications such as actuators, sensors, or energy harvesting, the key
functional properties to consider are the piezoelectric coefficients, strain, dielectric permittivity,
and dielectric losses [107], [108]. These properties as also mentioned above are influenced by the
microstructural features of the films. To our knowledge, the piezoelectric properties of BZT-BCT
thin films have been measured only locally by piezo-response force microscopy (PFM) [46], [91],
[94], [109], [110], [111]. For use in devices, the macroscopic piezoelectric properties in BZT-BCT
films should be known. The films with a columnar microstructure are expected to exhibit better
piezoelectric properties than those with fine-grained microstructure.
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Chapter 2

Aims and Hypotheses

Chemical solution deposition (CSD) of thin films presents some advantages over vapour
deposition methods, including moderate investment in the equipment. It enables the control of
thin film characteristics such as grain size, phase purity, and chemical homogeneity, which
influence the functional properties of the films. The complex chemical composition of
0.5Ba(Zr2Ti0s)05-0.5(Bag:Caos) TiOs (BZT-BCT) makes the preparation of a stable
homogeneous coating solution challenging. In literature, BZT-BCT thin films prepared by the
conventional acetic acid-based CSD are often characterized by porous, fine-grained
microstructure, cracks, and poor functional properties.

In this dissertation, we aim for the following goals:

1. Synthesis of a stable coating solution for BaTiOs (BT) thin films as reference and transfer
of the procedure to BZT-BCT so that the respective coating solutions would exhibit good
temporal stability (weeks or months).

2. Optimization of the thermal decomposition and crystallization processes of the deposited
BZT-BCT films to yield single-phase, dense and chemically homogenous thin films.

3. Design of the microstructure of BZT-BCT films consisting of predominantly columnar
grains of a few 10 nm across.

4. Enhancing the functional response of BZT-BCT films using chemical modification and
changing the stress state of the films. This includes enhancing piezoelectric properties
and the electric breakdown field and reducing hysteretic losses needed to improve energy
harvesting and storage properties.

The following hypotheses are formulated for this dissertation based on the knowledge of the
solution chemistry of alkaline-earth and transition metal compounds and on the literature of BT
and (Ba,Sr)TiO; thin films prepared by CSD.

1. The slowly progressing esterification reaction between a carboxylic acid and an alcohol
used as solvents in the conventional carboxylic-acid-based synthesis of the BZT-BCT
coating solution leads to progressive evolution of water resulting in precipitation of
hydroxide products. Using the combination of solvents that would not release water
would increase the stability of the BZT-BCT coating solution

2. Adjusting the drying and pyrolysis temperatures and times of the as-deposited BZT-BCT
films so that the thermal decomposition of residual functional groups is completed at as
low temperature as possible will contribute to the crystallization of the pure perovskite
phase.

3. The dense and columnar microstructure of BZT-BCT films can be achieved by the
multistep annealing process.

4. The columnar microstructure contributes to enhanced functional properties of BZT-BCT
films.

5. Chemical modification of BZT-BCT, such as manganese doping, contributes to reduced
leakage of the BZT-BCT films
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The thermal expansion mismatch between the BZT-BCT film and silicon substrate
contributes to intergranular crack evolution in films with thicknesses above 120 nm.
Thicker crack-free BZT-BCT films can be prepared using substrates with a thermal
expansion coefficient closer to that of BZT-BCT.
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Chapter 3

Results and Discussion

3.1. Chemical Solution Deposition of Barium Titanate Thin Films
with Ethylene Glycol as Solvent for Barium Acetate

Porous and fine microstructure, intergranular cracks, and, notably, the instability of coating
solutions have often been reported as challenges in studying 0.5Ba(Zro2Tios)Os-
0.5(Bag7Cans)TiOs (BZT-BCT) thin films prepared by chemical solution deposition (CSD).
Consequently, the functional properties of CSD-derived BZT-BCT thin films could not be studied
and/or optimized from the viewpoint of the processing-microstructure-properties relationship.

In general, CSD of BaTiOs (BT) or BT-based thin films such as BZT-BCT, alkaline-earth
carboxylates, and transition-metal alkoxide are dissolved and diluted respectively in carboxylic-
acid and alcohol solvents. Depending on the reaction conditions, the esterification reaction of the
solvents leads to the evolution of water and, eventually, progressive hydrolysis of transition metal
alkoxide and precipitation. To resolve these problems, we developed a new synthesis route in
which ethylene glycol (EG) is used as the solvent for alkaline-earth carboxylate.

BT was selected as the reference material for BZT-BCT or, more generally, for complex BT-
based formulations with substitutions on A and/or B sites of the perovskite lattice. EG was the
solvent for barium acetate, and 2-methoxyethanol (MOE), EG, and ethanol (EtOH) were chosen
as the solvents for titanium butoxide. As a reference, BT coating solution was prepared following
the conventional procedure using acetic acid (AcOH) as the solvent for barium acetate and MOE
to dilute titanium butoxide.

The three EG-based BT coating solutions were stable for about one year, while the reference
AcOH-MOE BT solution was stable only for a few weeks. The thermal decomposition of the
dried precursors (xerogels) from EG-MOE and EG-EG solutions is concluded at a few 100 °C
higher temperatures than of the xerogels obtained from AcOH-MOE and EG-EtOH solutions
(about 700 °C). The ~100 nm thick films are prepared by multistep annealing at 800 °C from the
latter solutions and crystallize in a perovskite phase with columnar microstructure. The EG-
EtOH-derived BT films are characterized by polarization-electric field hysteresis loops at electric
fields of up to 2.4 MV /cm, while the AcOH-MOE-derived films are leaky.

This article addresses the first aim of the Thesis.

Published in: S. W. Konsago, K. Ziberna, B. Kmet, A. Ben¢an, H. Ursi¢, and B. Malic,
“Chemical solution deposition of barium titanate thin films with ethylene glycol as solvent for
barium acetate” J. Molecules, 27(12), 3753, 2022. (IF = 4.6, 2022)

My contribution: 1 synthesized the BT coating solutions, dried them to obtain xerogels and
prepared thin films by spin-coating and multistep annealing. I analysed the data obtained by
simultaneous thermal analysis coupled with mass spectrometry. I performed the Fourier
transform infrared spectroscopy, X-ray diffraction, atomic force microscopy (AFM), piezo-
response force microscopy, and conductive AFM of the films. I measured the dielectric and
ferroelectric properties of the films in metal-insulator-metal geometry. I prepared the paper
concept jointly with my supervisor and wrote the manuscript with all co-authors.
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Abstract: Chemical solution deposition (CSD) of BaTiO3 (BT) or BT-based thin films relies on using
a carboxylic acid and alcohol as the solvents for alkaline-earth carboxylate and transition-metal
alkoxide, respectively; however, the esterification reaction of the solvents may lead to in-situ water
formation and precipitation. To avoid such an uncontrolled reaction, we developed a route in which
ethylene glycol (EG) is used as the solvent for Ba-acetate. The EG-based BT coating solutions are
stable for at least a few months. The thermal decomposition of the BT xerogel obtained by drying
the EG-based solutions depends on the choice of the solvent for the Ti-alkoxide as well: in the case
of EG and 2-methoxyethanol solvents carbon residues are removed at only about 1100 °C, while in
the case of ethanol it is concluded at about 700 °C. About 100 nm thick BT films derived from the
EG-ethanol solution deposited on platinized silicon reveal dense, crack-free columnar microstructure.
They exhibit local ferro- and piezoelectric properties. The macroscopic polarization-electric field
loops were obtained up to a quite high electric field of about 2.4 MV /cm. The EG-ethanol based CSD
route is a viable alternative to the established acetic acid-alcohol route for BT and BT-based films.

Keywords: BaTiOj; thin films; solvent influence; chemical solution deposition; crystallinity; ferroelectric;
piezoelectric

1. Introduction

Among lead-free piezoelectric materials, barium titanate-based materials, especially
Ba(Zrg 2 Tip 8)O3-(Bag 7Cag 3) TiO3 solid solution or BZT-BCT, show outstanding piezoelectric
properties with a d3; coefficient exceeding the value of Pb(Zr, Ti)O; (PZT) based materi-
als [1-3]. Materials in the form of thin film are considered for the miniaturization of devices.
In the BZT-BCT formulation, barium titanate (BT) is the main component, so we can con-
sider it as the reference material for studies on the BZT-BCT. On the other hand, BT is the
end-member of (Ba, Sr)TiOj3 solid solution that has been proven to be a good candidate for
tunable microwave devices as well [4-6].

One of the most commonly used methods to fabricate BT-based thin films is chemical
solution deposition (CSD). This method offers several advantages, such as low capital
cost, control of the stoichiometry of the coating solutions, simple and fast preparation
procedures, the possibility of large-scale deposition, and control of the thickness of the
coatings [6-9]. We note that in the majority of CSD routes organic solvents have been used.
Recently, environmentally-friendlier water-based synthetic approaches have been reported,
which mainly focused on deposition on single-crystal perovskite substrates [10,11].

In CSD of BT as well as BT-based thin films, alkaline earth carboxylates and tran-
sition metal alkoxides are commonly used as starting materials to prepare the coating
solutions [12-15]. Normally, alkaline-earth metal carboxylates are dissolved in carboxylic
acids, and alkoxides are diluted with an alcohol [6,8,16]. As a side reaction, the slow

Molecules 2022, 27, 3753. https:/ /doi.org/10.3390/molecules27123753
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interaction between alcohol and carboxylic acid, i.e., the esterification reaction leads to the
progressive in-situ formation of water (Scheme 1).

OH le)
—
+ ROH )LO,ROH + H,0

Scheme 1. The esterification reaction leads to the progressive in-situ formation of water.

Transition metal alkoxides are very sensitive to water, leading to hydrolysis (Scheme 2)
and, hence, the precipitation of hydroxides.

RO, OR RG;_2H

,TI 2, + Hzo —_— /TI \
RO OR RO OR

+ ROH

Scheme 2. The hydrolysis reaction leads to the precipitation of hydroxides.

In the case of BZT-BCT, a higher reactivity of zirconium alkoxides towards water
compared to titanium may increase the possibility of precipitation [17,18]. Indeed, our
preliminary experiments on CSD of BZT-BCT revealed that the temporal stability of conven-
tionally synthesized solutions was only a few weeks. A possible solution would be to reduce
the reactivity of zirconium alkoxide by adding chelating agents such as acetylacetone, 3-
hydroxy-2-butanone or certain amine compounds [16,19]. However, the esterification
reaction and thus the possibility of hydrolysis would not be impeded.

Another possibility would be to replace acetic acid with another solvent for the alkaline
earth reagent to avoid the esterification reaction that could lead to the formation of water in
the coating solutions. Ethylene glycol (EG) was used to dissolve lead acetate in CSD of PZT
films [20]. We found that EG can dissolve Ba-acetate as well, which has not been reported
earlier. Otherwise, EG also serves as a solvent and chelating agent for Ti alkoxide [21,22].

In this work, we established a systematic study on CSD of BT films using EG as the
solvent for barium acetate instead of acetic acid. We note that in this case, the solvent
for the transition metal alkoxide was 2-methoxyethanol as reported in [6]. BT served
as the reference material for a more complicated BZT-BCT solid solution. Furthermore,
we also introduced different solvents for the transition-metal alkoxide. In addition to
2-methoxyethanol, we used EG as the common solvent for both metal compounds and
ethanol. Furthermore, we optimized the heat treatment conditions.

We find that the BT solutions containing EG, the alkaline-earth acetate solvent, are sta-
ble for months. The thermal decomposition of the dried solution that contains ethanol is con-
cluded at a lower temperature than the solutions containing EG or 2-methoxyethanol as the
solvent for the alkoxide. The films deposited from the EG-ethanol based solution yield per-
ovskite films with columnar microstructure and good dielectric and ferroelectric properties.

2. Results and Discussion
2.1. Thermal Decomposition of BT Xerogels

The BT coating solutions prepared with different solvents were dried at 200 °C for
12 h to yield xerogels. The gels and thin films obtained from respective solutions, namely
acetic acid-2-methoxyethanol, ethylene glycol, ethylene glycol-ethanol and ethylene glycol-
2-methoxyethanol are denoted as AcOH-MOE, EG, EG-EtOH and EG-MOE.

The FTIR spectra of the gels collected in Figure 1 reveal the absorption bands at
1565 cm ™! and 1419 cm ™! corresponding to acetate groups in agreement with [7,23]. The
FTIR spectra of the EG, EG-EtOH and EG-MOE gels contain weak bands at about 3500 and
2900 cm ™!, which we attribute to the presence of trace EG residues. The boiling point of
EGis 197 °C and it is possible that the solvent or its residues were not fully evaporated at
200 °C from the gel network which is not the case for the AcOH-MOE specimen.
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Figure 1. FTIR spectra of BT xerogels were obtained by drying the AcOH-MOE, EG, EG-EtOH and
EG-MOE coating solutions at 200 “C for 12 h. The I'T'IR spectrum of ethylene glycol is included as an inset.

The thermal decomposition of the xerogels was analyzed by thermogravimetry and
differential thermal analysis (TG and DTA) coupled with evolved gas analysis (IGA). TG,
DTA and EGA curves of the AcOH-MOL, EG-TitOH, EG and EG-MOL gels are shown
in Figures 2 and 3. In all samples, a small mass loss upon heating to about 100 °C ac-
companied by a slight endotherm and the evolution of water evident in the EGA curves
is attributed to evaporation of adsorbed humidity. Likewise, in EGA, trace amounts of
acetone (CH3COCH;) were recorded in all samples upon heating around 400 °C, sce
Figures S1 and S2 in Supplementary Materials. Acetone is a side product in the decomposi-
tion pathway of the acetate groups as documented in the literature [24-26].

The thermal decomposition of the AcOII-MOE sample takes place upon heating to
730 °C and is characterized by a two-step weight loss of 32.68%. The first weight loss of
19.01% from 280 °C to 402 °C is accompanied by an exothermic peak and simultaneous
evolution of HyO and CO; which indicates the thermal oxidation of organic groups [26].
In the interval from 620 °C to 734 °C, the weight loss of 13.67% is accompanied by a
series of weak exothermic peaks and the evolution of CO; corresponding to carbonate
decomposition. The decomposition pathway of the AcOH-MOLE sample agrees with carlier
reports [23].

The thermal decomposition of the EG-EtOH gel is concluded upon heating to 719 °C.
The weight loss of 18.49% from 280 °C to 422 °C is marked by a series of exothermic peaks,
with the strongest one at 402 “°C and the simultaneous evolution of 11,0 and CO,. We
observe a slight weight loss upon heating to about 580 °C where the evolution of both I1,0
and CO; indicates the decomposition of traces of organic residues. Between 585 and 719 °C,
an exothermic weight loss of 13.02% is due to carbonate groups decomposition. Clearly, the
decomposition pathways of the AcOH-MOE and EG-EtOH samples show similarities, the
organic groups are decomposed in the first step. The second step of mass loss in these two
samples is accompanied by a relatively small exothermic peak in DTA and by the evolution
of CO; due to the decomposition of carbonate that is concluded at about 700 “C.

In contrast, the thermal decomposition processes of the EG and EG-MOE samples
collected in Figure 3 are concluded at much higher temperatures, 1076 “C, and 1127 °C,
respectively. Upon heating from room temperature, we observe progressive weight loss
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with a series of exothermic peaks and evolution of HyO and CO; peaks up to about 600 °C.
Between 600 and 800 °C, only CO; is evolved indicating carbonate groups decomposition.

Upon further heating to the final temperature of 1200 °C, there is another weight loss,
upon which CO, is evolved.

It is worth mentioning that the important difference between these two samples and
the AcOH-MOE and EG-EtOH is that in the former group the final mass loss is concluded
only at about 1100 °C. We expect that the oxide material prepared from AcOH-MOE or EG-
EtOH could be consolidated at lower temperatures than that prepared from EG or EG-MOE
solvents as carbonaceous residues are decomposed at about 400 °C lower temperature.

To support the thermal analysis data, the xerogels were calcined at 900 °C for 15 min.
The FTIR analysis revealed the presence of metal-oxygen bonds in the AcOH-MOE and
EG-EtOH samples. The obvious band at wavenumber 1415 cm™! in the spectra of EG-MOE
and EG samples is attributed to the presence of carbonate groups [7], see Figure 4a. Quite
similarly, Ashiri detected weak carbonate bands in IR spectra of BT gels heated up to the
final temperature of 800 °C [23]. For the EG-MOE and EG samples, a higher calcination
temperature was required to yield the oxide phase only, as evident from Figure 4b.
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Figure 2. Thermal decomposition (TG, DTA) and EGA (H,O and CO;) of: (a) ACOH-MOE,
(b) EG-EtOH xerogels.



26

Molecuies 2022, 27, 3753

Chapter 3. Results and Discussion

50f 17

Ion current [A]

200 400

Temperature (°C)
(b) EG-MOE

-4 2{4
_3:;
-2 =
<
F1 =
a
L0
-1
L 4x1078
L 3x10°8
=ro [
L 2x10°8
F1x1078
-0
1000 1200
-4

Ton current [A]

T T
400 600

Temperature (°C)

T
1000
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2.2. Phase Composition, Microstructure and Properties of BT Thin Films

We spin-coated four BT solutions on platinized silicon substrates, dried and pyrolyzed
them at 250 °C for 2 min, and at 350 °C for 2 min, and annealed them at 800 °C. The
coating-heat treatment procedure was repeated four times. Multiple annealing steps were
introduced to enable crystallization of individually deposited layers with the thickness of a
few 10 nm via heterogeneous nucleation and, consequently, the formation of predominantly
columnar microstructure in agreement with earlier studies [27,28].

Figure 5 shows the XRD patterns of BT thin films. All films crystallize in the perovskite
phase (JCPDS 96-154-2141). We note that the peak of the (111) crystallographic plane
coincides with the (111) Pt peak of the substrate. In all films, the (110) peak is the most
intense, especially in the AcOH-MOE and EG-MOE; however, it should be noted that the
Pt (111) peak coincides with the BT (111) peak. A comparison of crystallite sizes calculated
from the (110) peak broadening using the Scherrer equation (see Supplementary Material,
Table S2) reveals almost two times larger values compared to the crystallite sizes of the
EG-EtOH and EG films, about 90 nm versus 55-60 nm.

-
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Figure 5. XRD diffraction patterns of BT thin films. The BT peaks are indexed according to the JCPDS
96-154-2141.

In Figure 6a—d, the plan-view and inset the cross-section micrographs of AcOH-MOE,
EG, EG-MOE, and EG-EtOH BT films are collected. The average thickness of all films is
about 100 nm, and the cross-section images reveal predominantly columnar microstruc-
tures. The plan-view images reveal dense microstructures with grains in the range of
50-100 nm across. However, in the AcOH-MOE and EG-MOE films, obvious intergranular
cracks are visible on the surface, which is not the case for the EG and EG-EtOH films. It
is worth mentioning that these four films were prepared under the same conditions, so
the cracks are presumably not associated with the material formulation, film thickness or
annealing, or phase-transition temperature-related thermal stresses. We speculate that the
cracks are due to the larger grain and crystallite sizes of the AcOH-MOE and EG-MOE
films (see Table 52 in Supplementary Material). In (Ba,Sr)TiO; thin films, the appearance
of intergranular cracks was related to the combined effects of increased grain size and
films thickness [6]. Local electrical measurements show that all these films are locally
ferroelectric/ piezoelectric active (see PFM images and local hysteresis loops in Supplemen-
tary Material, Figures S3 and S4). The dielectric permittivity and losses of the EG-EtOH
film measured at 1 kHz and room temperature were 495 and 0.2, respectively, while the
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i 104 nm

measurements of other films could not be reliably performed which we mainly attribute to
the presence of intergranular cracks.

500 nm

¢117nm

500 nm 500 nm

Figure 6. FE-SEM plan view and inset cross-section micrographs of: (a) AcOH-MOE, (b) EG-EtOH,
(¢) EG and (d) EG-MOE BT films deposited from corresponding coating solutions and annealed at
800 “C. The arrows on plan-view micrographs indicate intergranular cracks.

In the process of selecting the optimum EG-based coating solution formulation we
considered two arguments:

- The final temperature of the thermal decomposition of the xerogels was in the case of
EG and EG-MOE gels at about 1100 “C to ensure complete removal of carbonaceous
residues, while for the EG-EtOH gel the thermal decomposition was concluded at a
much lower temperature, about 700 °C, cf. Figures 2 and 3.

- Intergranular cracks developed in the EG-MOE film while the EG and EG-EtOH films
were crack-free.

In further work, we thus focused on the EG-EtOH films and compared them with the
AcOH-MOE films which served as reference.

Additionally, we increased the time of drying and pyrolysis steps of the EG-EtOH and
AcOH-MOE films from 2 min to 15 min so that we would ensure the complete removal
of residual organics. Namely, we observed that we needed quite long drying times of
coating solutions (12 h) to obtain reproducible thermal decompositions of xerogels, cf.
Figures 2 and 3. Furthermore, earlier reports on CSD of BT films indicated quite long times
for pyrolysis, for example, 7.5 min at 250 “C [29]. We prepared the films consisting of one
deposited layer only, and recorded FTIR patterns after the drying at 250 “C for 15 min,
pyrolysis at 350 “C for 15 min, and rapid-thermal annealing steps at 400 “C, 500 “C, 600 °C
and 700 °C. The acetate groups evidenced by the absorption bands at about 1430 cm ™! and
1580 cm ! for (COO-) symmetric and (COO-) asymmetric stretching vibrations could be
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identified in the dried and pyrolyzed films, see Figure 7, in agreement with [23]. In the
AcOH-MOE film, the band of the carbonate group was present upon heating to 600 °C,
and only at 700 °C did it disappear. The FTIR patterns of propionate-derived BT thin films
contained carbonate bands upon annealing to 650 °C while at 700 °C only metal-oxygen
bands were observed [7]. In the EG-EtOH film, the carbonates were decomposed between
500 and 600 °C, about 100 °C lower than in the AcOH-MOE films.
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Figure 7. FTIR of BT films at different temperatures prepared from: (a) AcOH-MOE and (b) EG-EtOH
solutions.

In Figure 8, XRD patterns of AcOH-MOE and EG-EtOH films prepared with 15 min
drying pyrolysis times and annealed at 800 °C, consisting of four deposited layers are
collected. The films crystallize in the perovskite phase (JCPDS 96-154-2141). We note that
the AcOH-MOE film is strongly (110) oriented. The crystallite size of the AcOH-MOE film is
91 nm, indicating only a slight increase compared to the film with shorter drying/pyrolysis
times (87 nm). A significant increase in the crystallite size is observed in the EG-EtOH film
if the drying/pyrolysis time increases from 2 to 15 min, namely from 59 nm to 76 nm (see
Table S1 in Supplementary Material).
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Figure 8. XRD patterns of AcOH-MOE and EG-EtOH BT films prepared with 15 min of drying
and pyrolysis times and annealed at 800 °C. The perovskite peaks are indexed according to JCPDS
96-154-2141.

The plan-view and cross-section microstructures of the AcOH-MOE and EG-EtOH
films are collected in Figure 9. In the surface microstructure of the AcOH-MOE film, some
intergranular cracks are observed, while the EG-EtOH film is crack-free. The grain size is
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50-100 nm in both cases. The cross-sections of about 100 nm thick films consist of predomi-
nantly columnar grains. In comparison with the films prepared with the short, 2 min drying
and pyrolysis steps, these films seem to have more pronounced columnar microstructures.

Figure 9. SEM plan-view micrographs of: (a) ACOH-MOE and (b) EG-EtOH films dried and
pyrolyzed for 15 min and annealed at 800 °C. Inset: cross-section microstructures. The arrows on the
plan-view micrograph in panel (a) indicate intergranular cracks.

A more detailed investigation of the AcOH-MOE and EG-EtOH films microstructure
was performed by transmission electron microscopy (TEM). In Figure 10a,b, the cross-
section microstructures of AcOH-MOE and EG-EtOH films, respectively, reveal predomi-
nantly columnar grains of about 50-100 nm across, in agreement with the SEM analysis.
Such microstructure formed as a result of sequential crystallization of individually de-
posited layers on top of pre-crystallized layers in the process of multistep annealing [27].
In some parts, we also observe smaller equiaxed grains. In Figure 10¢,d, the selected area
diffraction (SAED) patterns are shown together with the TEM images of the analyzed
regions. According to the diffraction data, grains in both films are preferentially [110] and
[111] oriented.

Local piezoelectric/ferroelectric properties of AcOH-MOE and EG-EtOH films were
investigated by PFM analysis. Figure 11a,b show the topography, PEM amplitude and
PFM phase images of 3 x 3 um? area scans of AcOH-MOE and EG-EtOH thin films. We
note that the topography (deflection mode) of both films agrees with the SEM micrographs
(Figure 9). From AFM height images it can be seen that AcOH-MOE and EG-EtOH films
are flat, with surface roughness values (Rq) of 2.1 nm and 2.0 nm, respectively. The peak-
to-valley values determined from the AFM height images shown in Figure 11 are 15.5 nm
and 17.9 nm. The PFM amplitude and phase images of both films show different contrast
under the applied voltage indicating the local piezoelectric/ferroelectric response. Local
PEM amplitude and phase hysteresis loops of AcOH-MOE and EG-EtOH samples show
the typical ferroelectric/piezoelectric behavior (see Figure 12a,b) indicating that both films
are locally ferroelectric.

The dielectric permittivity of the AcCOH-MOE film at 1 kHz and room temperature
is 536 while the value for the EG-EtOH film is 604, in both cases a slight decrease with
increasing frequency is observed. Both values agree with literature data for BT films with
similar grain sizes [29-32]. The dielectric losses are about 3.5% and 3% at 1 kHz in Figure 13.
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Figure 10. Bright-field scanning TEM image of a cross-section of: (a) AcOH-MOE, (b) EG-EtOH BT
thin film and SAED pattern of selected region (¢) and (d), respectively, of film substrate prepared
under optimized heating conditions (15 min for drying and pyrolysis processes and then annealed at
800 “C). Perpendicular to the film substrate the (110)gr and (111)gy planes in both films are parallel
to (111)p; planes. Direction perpendicular to the film substrate is indicated by a double arrow. Bars
mark 200 nm.

(a) AcOH-MOE

Figure 11. PFM analysis of BT films: topography—AFM height and deflection images, PFM amplitude
and phase images of: (a) AcOH-MOE, (b) EG-EtOH BT films prepared by drying at 250 “C for 15 min,
pyrolysis at 350 “C for 15 min and annealing at 800 “C.
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Figure 12. PFM amplitude and phase hysteresis loops of: (a) AcOH-MOE, (b) EG-FtOH optimized

BT films prepared by drying at 250 °C for 15 min, pyrolysis at 350 C for 15 min and annealing at
800 °C.
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Figure 13. The frequency dependence of dielectric permittivity and losses at room temperature of
AcOH-MOE and EG-EtOH BT thin films prepared by drying at 250 “C for 15 min, pyrolysis at 350 “C
for 15 min and annealing at 800 “C.
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The hysteresis loop of the AcOH-MOE film in Figure 14 a indicates leakage, which
could probably be explained by the presence of intergranular cracks observed in this film
(Figure 9). It is noted, nevertheless, that this film exhibited local ferro- and piezoelectric re-
sponses (Figure 12) and also local current measurements performed with CAFM confirmed
the absence of leakage currents higher than 1 pA (see Supplementary Material, Figure S5).
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Figure 14. Polarization as a function of electric field of (a) AcOH-MOE and (b) EG-EtOH BT thin
films prepared by drying at 250 °C for 15 min, pyrolysis at 350 °C for 15 min and annealing at 800 °C.
Note different x-axis scales.

In contrast, the EG-EtOH film exhibits a well-developed polarization-electric field
hysteresis loop shown in Figure 14 b confirming the macroscopic ferroelectric behavior
of the film. We note that the film survived a quite high electric field of about 2.4 MV /cm.
At the field amplitude of 1.4 MV /cm, the values of remnant and saturation polarizations
are 8 uC/cm? and 26 pC/cm?, respectively, and a coercive field of about 275 kV/cm. The
values cannot be compared with earlier works where the maximum electric fields were
about an order of magnitude lower, e.g., [31,33].

3. Materials and Methods

Barium titanate (BaTiOs, BT) thin films were prepared by chemical solution deposition
(CSD). Barium acetate (Ba(CH3COO)y, Ba(OAc),) with purity 99.999%, and titanium bu-
toxide (Ti(OC4Ho)s, TI{(OnBu)y) with purity 99.61% were used as reagents, both purchased
from Alfa Aesar, Karlsruhe, Germany. Four coating solutions were prepared by dissolving
these reagents in different combinations of solvents: acetic acid (CH3;COOH, AcOH, 100%,
Alfa Aesar, Karlsruhe, Germany), 2-methoxyethanol (CH;OCH;CH,OH, MOE, 99.3+%,
Sigma-Aldrich, St. Louis, USA), ethylene glycol (OHCH,CH,OH, EG 99.5%, Riedel-de
Haén, Seelze, Germany) and absolute ethanol (CH3CH,OH, EtOH 99.9%, Carlo Erba, Val-
de-Reuil, France). The manipulation of chemicals and chemical reactions took placeina
dry nitrogen atmosphere.

The coating solutions and samples prepared from these solutions are named accord-
ing to the solvents used for their preparation. The procedures are described below and
schematically summarized in Figure 15. In a typical experiment, 25 mL of the 0.2 M Ba-Ti
coating solution was prepared.
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Figure 15. The procedure of preparation of BT coating solutions.

The AcOH-MOE solution was prepared using AcOH and MOE as solvents following
the procedure described in earlier papers [6,28]. Ba(OAc), was dissolved in AcOH at 60 °C
and cooled to room temperature. Ti(OnBu), was diluted with MOE and mixed for >15 min.
Then the two solutions were mixed in the equimolar ratio for 2 h at room temperature and
the concentration was adjusted to 0.2 M. The AcOIl/MOE volume ratio was 3/2.

The solution denoted EG was prepared using EG as the only solvent. Ba(OAc), was
dissolved in EG at room temperature. The Ti(OnBu)y solution in EG was added to the
Ba(OAc); solution in the equimolar ratio. After mixing at room temperature for 2 h the
concentration of the Ba-Ti solution was adjusted to 0.2 M. In the solution denoted EG-EtOH,
Ti(OnBu)y was diluted with absolute EtOI at room temperature, mixed with the solution of
Ba(OAc), in EG in equimolar ratio for 2 h to yield the 0.2 M Ba-Ti solution. In the EG-MOE
solution, Ti(OnBu)s was diluted with MOI instead of IitOH. In EG/IitOH or EG/MOT the
volume ratio of respective solvents was 3/2.

BaTiOj; films were deposited from the four solutions on Pt(111)/'TiO, /SiO, /(100)/Si
substrates (Pt/Si, purchased from SINTEF, Oslo, Norway) by spin coating at 3000 rpm for
30 s (WS -400B-6NPP /LITE, North Wales, PA, Laurell). The as-deposited wet films were
dried at 250 °C for 2 min and pyrolyzed at 350 °C for 2 min on hot plates. For sclected
AcOI-MOE and EG-EtOT films, the times of drying and pyrolysis steps were prolonged
to 15 min. The films were annealed at 800 “C with heating and cooling rates of 13,33 °C/s
and 2,6 °C/s, respectively, in a rapid thermal annealing furnace (Mila 5000, Ulvac-Riko,
Yokohama, Japan) after each deposition-drying pyrolysis step. The annealing times for the
first and the last deposited layers were 15 min, and 5 min for intermediate layers. This
procedure was repeated four times to achieve a film thickness of about 100 nm. Please note
that the films have been named after the coating solutions they were deposited from.

The thermal decomposition of the xerogels obtained by drying the respective coating
solutions at 200 °C for 12 h was followed using a simultancous thermal analyzer coupled
with a mass spectrometer (STA 409, Netzsch, Selb, Germany + ThermoStar, Balzers Instru-
ments, Oerlikon, Switzerland). The samples with a mass of about 33 mg were heated in
Pt/Rh crucibles with a heating rate of 10 K/min. Thermogravimetric curves (TG), differen-
tial thermal analysis (DTA) and evolved gas analysis (EGA) were recorded up to 1200 °C,
in a flowing synthetic air atmosphere.

The BT gels, calcined at 900 “C for 15 min and the powder samples obtained after
the thermal analysis were collected for Fourier transform infrared spectroscopy (Perkin
Elmer FTIR Spectrum 100, Waltham, Massachusetts USA, 4000-380 cm 1), FTIR was also
used to follow the chemical composition of the AcOH-MOE and EG-EtOH films. The films
consisting of one spin-coated layer were dried at 250 °C for 15 min, pyrolyzed at 350 °C for
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15 min and then rapid-thermally annealed at 400 °C, 500 °C, 600 °C and 700 °C for 6 s. The
FTIR spectrum was recorded after each drying/pyrolysis/heating step.

XRD analysis of the prepared films was performed using a high-resolution diffrac-
tometer (X'Pert PRO, PANalytical, Cu Ko radiation, Almelo, The Netherlands) with
2 theta = 10-39, 40-65 deg, step = 0.016, time per step = 100 s, soller slit = 0.02, mask10.
Note that the 2-theta range was selected so that the Pt (111) peak was not recorded. The
XRD data were analyzed by X'Pert High Score Plus software for the phase analysis.

Scanning electron microscopy analysis was performed using field emission scanning
electron microscopes (FE-SEM) JSM-7600F (JEOL, Tokyo, Japan) with 10 kV accelerating
voltage and Verios 4G HP (Thermo Fischer, Waltham, Massachusetts, USA). To avoid
charging problems during analysis, the samples were pre-coated with 5 nm of carbon using
a Precise Etching and Coating System 628A (Gatan, Pleasanton, California, USA).

A detailed investigation of the thin film microstructure was performed using a
scanning-transmission electron microscope JEOL ARM 200 CF (JEOL Ltd., Tokyo, Japan)
operated at 200 kV. The cross-section specimens were prepared by a classical sandwich
technique—the films were cut with a diamond saw, glued face-to-face and mounted in
brass rings with epoxy. The samples were then ground, polished and dimpled. Electron
transparency was archived by Ar+ milling using a PIPS 691 ion milling system (Gatan,
Peasanton, California, USA).

Piezo-response force microscopy (PFM) and conductive atomic force microscopy (C-
AFM) were performed using Jupiter XR and MFP-3D atomic force microscopes (Asylum
Research, Santa Barbara, California, USA) equipped with a PFM and C-AFM modules.
For PFM and C-AFM scanning, a conductive tip with a diameter of about 15 nm made
of Ti/Ir layer coated on Si (Asyelec-01, Atomic Force F&E GmbH, Abingdon, UK) was
used. During PFM scanning in dual ac resonance tracking mode, an electric voltage of 3 V
and a frequency of ~350 kHz were applied between a conductive AFM tip and the bottom
electrode of the samples. The PFM amplitude and phase hysteresis loops were measured in
the off-electric-field switching spectroscopy mode with the pulsed dc step signal and the
superimposed ac drive signal, as described in [34]. The waveform parameters were: the
sequence of increasing dc step signal was driven at 20 Hz; the frequency of the triangular
envelope was 0.2 Hz; a superimposed sinusoidal ac signal with an amplitude of 3V and a
frequency of ~350 kHz was used. Three cycles were measured, the second cycle is shown
in Figure 12. CAFM measurements were performed with ORCA mode using dc signal of
upto25V.

Dielectric permittivity and losses as functions of frequency were measured using an
impedance analyzer at room temperature (HP 4284A) with a frequency range of 100 Hz
to 100 kHz. Ferroelectric hysteresis loops were measured using an Aixacct TF analyzer
2000 (Systems GmbH, Aachen, Germany) with a sinusoidal signal, a frequency of 1 kHz.
Gold electrodes with a diameter of 0.4 mm and 0.2 mm were deposited on the films by
magnetron sputtering (5 Pascal). The platinum bottom contact was reached by etching the
films with a mixture of HE, HCI and H>QO in the ratio (2:5:20).

4. Conclusions

Since early papers on CSD of BT and BT-based films, the synthesis of the coating
solution has involved a carboxylic acid as the solvent for alkaline-earth salt and an alcohol
as the solvent for the transition metal alkoxide. Such choice of the solvents unavoidably
results in slow but progressive in-situ evolution of water, which contributes to uncontrolled
hydrolysis of the alkoxide and reduces the stability of the solution.

By replacing acetic acid (AcOH) with ethylene glycol (EG) as the solvent for Ba-acetate
the stability of coating solutions was increased from weeks to months. We found that
the choice of the alcohol solvent for Ti-alkoxide influenced the course of the thermal
decomposition of the xerogels obtained by drying the respective coating solutions. In
the case of EG and 2-methoxyethanol (MOE), which can both act as chelating agents the
thermal decomposition of the xerogels was concluded only at about 1100 °C. The xerogel
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obtained from the EG-ethanol based solution was thermally decomposed into an oxide at
about 700 °C, which is comparable to the data for the acetic-acid derived xerogel.

BT thin films were deposited on platinized silicon substrates, dried, pyrolyzed and
rapid thermally annealed at 800 °C. The about 100 nm thick films crystallized in the
perovskite phase with predominantly columnar microstructures. Intergranular cracks were
observed in the BT films deposited from the AcOH-MOE and EG-MOE solutions, which
could be tentatively related to larger grain and crystallite sizes (about 90 nm) of respective
films compared to EG-ethanol derived films (about 60 nm).

The films prepared using the latter solvent formulation were considered for further
study and after optimizing the drying-pyrolysis conditions compared to the acetic-acid
derived films. PFM analysis revealed that the films show the local piezoelectric/ferroelectric
behavior. The room temperature dielectric permittivity values at 1 kHz of the EG-ethanol
and AcOH-MOE films are about 600 and 540, in agreement with the literature data. The EG-
EtOH film exhibits polarization-electric field loops up to the field amplitude of 2.4 MV /cm,
while the AcOH-MOE film revealed only leaky behavior presumably due to the presence
of cracks.

The present results are a good starting point for design of coating solutions containing
EG as the alkaline-earth reagent solvent in CSD of more complex BT-based formulations
such as lead-free piezoelectric Ba(ZryTi1.x)O3-(BaxCax)TiOj3 films. In these films the control
of chemical homogeneity, phase composition and microstructure are the preconditions for
the design of their functional properties.
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(c) EG, (d) EG-MOE films. [35] Figure S5. C-AFM analysis of: (a) AcOH-MOE, (b) EG-EtOH films.
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Supplement S1. Thermal analysis of BT xerogels.
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Supplement 52. Crystallite size of BaliOs (BT) thin films

In Table 51 crystallite sizes of BT thin films calculated using Scherrer equation
(1) from the {110) reflection are collected. The films were prepared by drying
at 250 °C, pyrolysis at 350 °C and rapid thermal annealing at at 800 °C.

Table S1. Crystallite size (d) of BT films

Film FWHM, radian d, nm

2 minutes of drying and 2 minutes of pyrolysis processes
AcOH-MOE 0.00160 87
EG-EtOH 0.00234 59
EG 0.00264 53
EG-MOE 0.00147 94

15 minutes of drying and 15 minutes of pyrolysis processes
AcOH-MOE 0.00152 91
EG-EtOH 0.00182 76

AcOH-MOE- BT film derived from the solution containing acetic acid and 2-
methoxyethanol solvents,

EG-EtOH- BT film derived from the solution containing ethylene glycol and
ethanol solvents,

EG- BT film derived from EG as the only solvent in BT coating solution,

EG-MOE- BT film derived from the solution containing ethylene glycol and 2-
methoxyethanol solvents.

K.A
L.cos® (1)

where d is the crystallite size, K is the Scherrer constant (0.9), A is the
wavelength of X-ray (0.15406 nm), L is the full width at half maximum
(FWHM, radian) and 9 is the peaks position of peak (radian).
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Supplement S3. PFM analysis of BT films

Figure 53 shows the results of PFM analysis of 3 x 3 um? area scans
of AcOH-MOE, EG-EtOH, EG, and EG-MOE BT films. In all cases,
topography deflection images agree with SEM images regarding the
grain size of the films. The PFM amplitude and phase images of all films
show the local piezoelectric/ferroelectric responses.

())AcOH-MOE _ (b)EG-EtOH (©EG  ())EG-MOE
| Topography deflection’ ' Topography deflection _}|. Topography deflection " | Topography deflection
AT EAY R A R €5k
(33 St
|

LI ‘.
- ! ).1/),

P 8 &y <
e ,Sﬂhmmﬁ

amplitude, and phase images of (a) AcOH-MOE, (b) EG-EtOH, (¢) EG, (d)
EG-MOE films.



44

PFM phase (°)

PFM phase (°)

PFM amplitude (a.u.)

PFM amplitude (a.u.)

Chapter 3. Results and Discussion

(a) AcOH-MOE (b) EG-Etog

PFM amplitude (a.u.)

PFM phase (°)

0 45 40 5 0 S5 10 15 20 20

20

Voltage (V) Voltage (V)

(d) EG-MOE

"

PFM phase (°)

20 -15 -10 £} 0 5 10 -] 20

Voltage (V) Voltage (V)
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(b) EG-EtOH, (¢) EG, (d) EG-MOE films.
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Supplement S4. Conductive AFM (C-AFM)

Figure S5 shows the results of C-AFM analysis of 3 x 3 um? area
scans of AcCOH-MOE and EG-EtOH films. As shown by the noise signal
in Figure S5, no local electric current was detected in either sample.
Therefore, the local current flowing through the samples was below ~1
pA, which is the detection limit of the C-AFM technique in ORCA mode
[35].

(a) AcOH-MOE

Figure S5. C-AFM analysis of (a) AcOH-MOE, (b) EG-EtOH films.

References

[35] ORCA - Conductive AFM, Asylum Rescarch. Available at
https://mundylab.umd.edu/wp-
content/uploads/ORCASupportNote rev1.pdf (accessed on 25 April
2022)
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3.2. Designing the Thermal Processing of Ba(TiosZro2)Os -
(Bap7Cao3)TiOs Thin Films from Ethylene Glycol-Derived
Precursor

Lead-free 0.5Ba(Zro2Tios)Os-0.5(Bag:Cans) TiOs (BZT-BCT) bulk ceramic is one of the potential
alternatives of Pb(Zr,Ti)O; (PZT) material for piezoelectric applications, especially at ambient-
temperatures. Due to its good piezoelectric properties, BZT-BCT is intensively investigated for
various applications, including micro- and nano-electromechanical systems, where the materials
are used as thin films. However, the researchers have faced some challenges in the chemical
solution deposition (CSD) of BZT-BCT thin films on platinized silicon substrates, including the
porous and fine microstructure and the evolution of intergranular cracks. Consequently, these
microstructural features hinder the functional properties of the films.

This article describes the design of the thermal processing, i.e., drying, pyrolysis and rapid
thermal annealing, of BZT-BCT thin films on platinized silicon substrates using the ethylene
glycol-based solution route introduced in our previous study (Chapter 3.1.). To gain insight into
the chemical processes in the precursor upon heating, the xerogel was analyzed by simultaneous
thermal analysis coupled with mass spectrometry. The carbon residues are decomposed at about
775 °C. Fourier Transform Infrared Spectroscopy (FTIR) and Time of Flight Secondary Ion Mass
Spectrometry of the films reveal that prolonging the time of the drying step at 250 °C and
pyrolysis at 350 °C from 2 minutes to 15 minutes and lowering the concentration of the coating
solution from 0.2 M to 0.1 M contribute to more complete thermal oxidation of organic residues.
Multistep annealed BZT-BCT films are deposited using the optimal processing conditions, i.e.,
0.1 M coating solution and drying and pyrolysis times of 15 minutes, and have a columnar
microstructure. Contrarily, the films deposited from a 0.2 M solution consist of fine equiaxed
grains. Furthermore, depth profiling by X-ray photoelectron Spectroscopy confirms that the
about 100 nm thick BZT-BCT film with columnar grains is chemically homogeneous over a large
area of about 0.1 mm?

The results of this article reveal that by designing the thermal processing of BZT-BCT films
and adequate dilution of the coating solution, chemically homogeneous BZT-BCT thin films with
a dense columnar microstructure are prepared by CSD.

This paper addresses the first three aims and confirms the first three hypotheses of the Thesis.

Published in: S. W. Konsago, K. Ziberna, J. Ekar, J. Kova¢, and B. Mali¢, “Designing the
thermal processing of Ba(TiysZro2)Os - (Bag:Cag3)TiOs thin films from ethylene glycol-derived
precursor” Journal of Materials Chemistry C, 12(36), 14658-14666, 2024. (IF = 5.7, 2023)

My contribution: I synthesized the BZT-BCT coating solutions and prepared the xerogels and
thin films. I performed the XRD and FTIR analysis of BZT-BCT samples. I analysed the XRD
and thermal analysis data. I prepared the paper concept jointly with my supervisor and wrote
the manuscript with all co-authors.



47

3.2.Designing the Thermal Processing of Ba(TiosZro2)Os-(BaorCags)TiOs Thin Films from Ethylene

Glycol-Derived Precursor

Journal of

Materials Chemistry C

W) Check for updates

Cite this: J. Mater. Cham. C,
2024, 12, 14658

Received 14th June 2024,
Accepted 8th August 2024

DOl 10.1039/d4tc02495h

rsc.li/materials-c

Introduction

™ LOYAL SOCIETY
agp OF CHEMISTRY

Designing the thermal processing of
Ba(Tig gZrg 2)Oz—(Bag 7Cag 3)TiO3z thin films from an
ethylene glycol-derived precursor

wab

Sabi William Konsago, Katarina Ziberna,®? Jernej Ekar,3* Janez Kova&®® and

Barbara Maljc*®

Lead-free ferrcelectric 0.5Ba(Tip g7t 2¥03—0.5(Bag Cag 3)Ti0s BZT-BCT) thin films on platinized silicon sub-
strates are prepared by a chemical solution deposition route. The solution chemistry involves the use of
ethylene glycol and ethanol as solvents for alkaline earth acetates and transition metal alkoxides, respectively.
The thermal decomposition of the BZT-BCT xerogel, the crystallization process of BZT-BCT thin films, and
their homogeneity are investigated. In the xerogel, the decomposition of the organic residues occurs
between 290 °C and 514 °C, followed by the formation of carbonate groups and their decomposition
between 580 °C and 775 °C. In the thin films, the sequence of drying and pyrolysis steps, and the concen-
tration of the coating solution influence the formation of carbonate groups and their decomposition upon
annealing. Extending the drying and pyrolysis times from 2 minutes to 15 minutes and lowering the concen-
tration of the coating solutiocn from 0.2 M to 0.1 M contribute to an easier thermal decomposition of the
carbon residues. Time-of-flight secondary ion mass spectrometry analysis reveals that upon rapid thermal
annealing, the decomposition of the carbonate residues in a few tens of nanometres thick BZT-BCT film
proceeds from the top downwards, resulting in a pure perovskite phase faster in the thinner films than in
thicker ones. The about 100 nm thick BZT-BCT film annealed at 850 °C exhibits a columnar microstructure
with a hormogeneous distribution of elements across the thickness of the film.

{CSD), which presents some advantages over physical vapor
deposition methods, including low-cost investment, the control

Barium zirconate titanate-barium calcium titanate {(Ba{Ti, ¢Zr, .}
03-{Ba, 7Cag 5)Ti0;, BZI-BCT) with an approximately equimolar
ratio of BZT to BCT has been recently intensively studied due to
the discovery of its large piezoelectric response as a lead-free
alternative to lead-based materials in applications."™ 'The origin of
the large piezoelectric response in this material has been essentially
explained by its chemical composition and the multiphase
coexistence.”® A high polarization and a low coercive field, in
addition to large piezoeleciric coefficients, indicate the multifunc-
tionality of BZT-BCT as an attractive material for potential
piezoelectric and energy storage applications.” The design of
actuators, sensors, transducers, etc. for nanoelectromechanical
systems (NEMS) requires a small-scale size of the functional
material where the materials are used in the thin film form."*"

For the successful design of thin film microstructures and
properties, especially using chemical solution deposition

# Jozef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia.
E-mail: sabiwilliam konsago@ijs.si, barbara malic@ijs.si

b]ﬂiefStqfan International Postgraduate School, Jamova cesta 39, 1000 Ljubljand,
Slovenia

14658 | J Mater Chem. C, 2024,12, 14658-14666

of stoichiometry, fast processing, and uniform surface coverage
over large areas, it is critical to control the chemistry of the
coating solution, and understand the thermal decomposition
process of the deposited film and the film-substrate interaction
upon heating. Such detailed studies of the decomposition
process, crystallization, and distribution of elements in BZT-
BCT thin films by CSD are still missing.

Barium titanate {BaTiOs, BT) is the reference material for
studying the processing and properties of BT-based composi-
tions such as BZT-BCT. In CSD, following the conventional
method using carboxylic acids, mainly acetic acid, and alcohols
as solvents for barium carboxylates and titanium alkoxides,
respectively,’ the perovskite BT phase is formed through
oxycarbonate intermediate phases, and temperatures above
650 °C are needed to decompose carbon residues.”>™* The
persistence of carbon residues in CSD-derived BT thin films,
even at temperatures up to 1000 °C, has been reported.’®®
Varying the solution chemistry and optimizing the processing
conditions could contribute to lowering the decomposition
temperatures of {oxy-)carbonate groups in BT-based films.
We reported a new CSD route for BT thin films using

This journal is © The Roval Society of Chemistry 2024
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ethylene glycol {EG) and ethanol {EtOH) as solvents, in which
the carbonate decomposition is concluded at about 600 °C as
evidenced by Fourier transform infrared (FTIR) spectroscopy."”
Furthermore, the BT coating solution prepared using the
combination of EG-EtOH solvents is stable for several months.

In the process of BZT-BCT film crystallization, in addition to
barium oxycarbonate as an intermediate, we expect calcium
oxycarbonate to form as well. Similar to barium carbonate, the
decomposition of calcium carbonate requires high temperatures
of 765-790 °C."*" Zirconium alkexides are more reactive than
their titanium counterparts due to the lower electronegativity
and larger coordination number of the former ion. The electro-
negativity values {Pauling scale) of titanium and zirconium are
1.54 and 1.33.2%%! The coordination numbers of respective
elements in n-alkoxides are 5 and 6, respectively,”?* and they
could react with other constituents of the coating solution
differently. Four cations in the solid solution make the control
of the solution chemistry, crystallization, microstructure, and
homogeneity of the BZT-BCT films very challenging.

The commonly reported microstructure of CSD-derived BZT-
BCT thin films, prepared by the conventional carboxylic acid-
based route with thicknesses of up to a few 100 nm consists of
fine equiaxed grains with sizes of about 10 nm to a few 10 nm,
intergranular pores and cracks.?*2® In an attempt to control the
microstructure of BZI-BCT films, barium metal, calcium nitrate,
and transition metal alkoxides were introduced as reagents, but
secondary phases in the films were reported.”” It was speculated
that the secondary calcium-zirconium-oxide phase is formed in a
BZT-BCT film on a Si-substrate prepared by a conventional
carboxylic acid-based CSD route and annealed at 800 °C due to
the diffusion of Ca and Zr from the perovskite phase and their
conseguent reaction with oxygen.*® Xu et al observed a TiO, peak
on the XRD pattern of the BZI-BCT film doped with 1 mol% Er*',
with a fine granular microstructure and annealed at 800 °C.**

In our previous work, BZT-BCT films with a columnar
microstructure with the preferred {111) perovskite orientation
were achieved via CSD from a 0.1 M coating solution based on
an EG-EtOH solvent combination and deposited on platinized
silicon substrates using a multistep deposition/annealing pro-
cess at 850 °C. Doping with manganese (1 mol%) significantly
reduced the leakage current and enabled good ferroelectric and
piezoelectric properties.”

In this work, the thermal processing of BZT-BCT thin films
prepared using the above-mentioned solution chemistry is
studied. The analysis of the thermal decomposition of the
xerogel helped to determine the optimal temperatures of dry-
ing, pyrolysis, and annealing. The functional group decomposi-
tion and crystallization process in the films, the homogeneity,
and distribution of elements across the thickness of selected
BZT-BCT thin films are investigated.

Experimental

The 0.5Ba{l1, gZrg ;)05-0.5{Ba, ;Ca5)Ti0; {BZI-BCT) precur-
sor was prepared using barium acetate {Ba{CHZCOO), with a

This journal is @ The Royal Society of Chemistry 2024
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purity of 99.97%, Sigma-Aldrich, St. Louis, Missouri, USA),
calcium acetate {Ca{CH;COO),, 99.999%, Alfa Aesar, Karlsruhe,
Germany), titanium n-butoxide (Ti{OC,Hs),, Ti{OnBu),),
99.61% and zirconium n-butoxide {(Zr(OC,H,), Zr{OnBul,),
80% both alkoxides purchased from Alfa Aesar, Karlsruhe,
Germany are used as reagents. Ethylene glycol {OHCH,CH,OH,
EG, 99.8%) and absolute ethanol (CH;CH,OH, EtOH 99.9%)
both from Sigma-Aldrich, St. Louis, USA and stored in the dry
box, were used to dissolve alkaline earth metal acetates and to
dilute transition metal alkoxides, respectively. Both solutions
were then mixed at room temperature for 2 hours, with the
concentration adjusted to 0.2 M and 0.1 M. All manipulations
of reagents were performed in a dry nitrogen atmosphere. The
BZT-BCT solutions were stored at 4 °C. The coating solutions
are stable for several months. For more details about the
synthesis, please refer to our previous study.*®

The BZT-BCT xerogel was prepared by drying the BZT-BCT
solution at 200 °C for 12 h. A thermal analyzer coupled with a
mass spectrometer (STA 409, Netzsch + ThermoStar, Balzers
Instruments) was used to investigate the thermal decomposi-
tion of the gel. The thermogravimetric curve {TG), and the
differential thermal analysis {DTA}, and evolved gas analysis
{EGA) were recorded from room temperature up to 1200 °C in
33.25 mg of BZT-BCT xerogel in a Pt/Rh crucible with a heating
rate of 10 K min " in a flowing synthetic air atmosphere. The
rest of the xerogel was calcined at 900 °C and X-ray diffraction
{XRD) of the obtained powder was recorded using an X-ray
diffractometer {Rigaku MiniFlex 600) with the following para-
meters: 2 theta = 20-60°, step = 0.034°, time per step = 100 s,
soller slit = 0.02, mask190.

BZT-BCT films were deposited by spin coating 0.2 M and
0.1 M BZT-BCT solutions on Pt{111)/Ti0,/510,/51{(100) sub-
strates {Pt/Si, purchased from SINTEF, Oslo, Norway) at
3000 rpm for 30 seconds. The as-deposited films were dried
at 250 °C for 2 minutes or 15 minutes and pyrolyzed at 350 °C
for 2 minutes or 15 minutes on hot plates. The pyrolysis step
was followed by rapid thermal annealing {RTA]} in the Mila 5000
furnace {Ulvac-Riko, Yokchama, Japan) at different tempera-
tures with a heating rate of 13.3 °C s ! between 500 °C and
800 °C with the hold-times of 6 seconds. The films consisting of
one deposited layer were prepared to study the decomposition
process of organics, the formation of carbonates, and their
decomposition. For simplification, the following designation is
used for these BZT-BCT films:

0.2M-2min: films deposited from the 0.2 M solution with
2 minutes of drying and pyrolysis;

0.2M-15min: films deposited from the 0.2 M solution with
15 minutes of drying and pyrolysis;

0.1M-15min: films deposited from the 0.1 M solution with
15 minutes of drying and pyrolysis.

Within the study of the microstructure and homogeneity,
BZT-BCT films were prepared from the 0.2 M and 0.1 M coating
solutions by repeating 4 and 10 times, respectively, the deposi-
tion/drying at 250 °C for 15 minutes/pyrolysis at 350 °C for
15 minutes/annealing at 600 °C, 700 °C, 800 °C and 850 °C with
the same heating rate of 13.3 °C s . The first and last layers
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Fig. 1 Schematic description of BZT-BCT solution synthesis, the processing of the gel, powder, thin films and the analyses of the samples.

were annealed for 15 minutes, and the intermediate layers were
annealed for 5 minutes at the corresponding temperatures. The
films prepared from the 0.2 M and 0.1 M coating solutions are
denoted as 0.2M-600, 0.2M-700, 0.2M-800, 0.2M-850, and 0.1M-
600, 0.1M-700, 0.1M-800 and 0.1M-850.

One-layer films prepared at different temperatures were
analyzed by attenuated total reflectance-Fourier transform
infrared spectroscopy {PerkinElmer ATR-FITR spectrum 100,
4000-380 cm ).

XRD of the BZT-BCT films were recorded on a high-
resolution diffractometer {X’Pert PRO, PANalytical, Almelo, The
Netherlands, Cu Ku radiation) using the following parameters: 2
theta = 10-39°, 40-65°, step = 0.034°, time per step = 100 s, soller
slit = 0.02, mask10. The X'pert high score plus software for the
phase analysis was used to analyze the XRD data.

The microstructure analyses of the films were performed on
a field-emission scanning electron microscope {SEM) Verios 4G
HP (Thermo Fischer, Waltham, Massachusetts, USA).

Time-of-flight secondary ion mass spectrometry {T'oF-SIMS)
dual-beamn depth profiling was performed on the TOF-SIMS 5
instrument from IONTOF (Minster, Germany). Bi" ions were
used for the analysis and Cs" ions for the depth profiling {crater

14660 | . Mater Cham. C, 2024, 12, 14858-14666

etching). The energy of the Bi" ion beam was 30 keV and the
current approximately 1.1 pA. The energy of the Cs™ ions was
1 keV and the current between 64 and 66 nA. The information
depth was around 2 nm and lateral resolution 5 wm. The
secondary ions were detected over the m/z range from 0 to
800 in the negative polarity. The analytical scanning area was of
the size of 100 pm x 100 pm in the center of the Cs-sputtering
generated crater of the size of 400 pm x 400 ym. The pressure
in the analytical chamber was in the range of 10 *° mbar.

The Xray photoelectron spectroscopy (XPS) analyses were
carried out on the PHI'TFA XPS spectrometer produced by Physical
Electronics Inc. equipped with an Almonochromatic source emit-
ting photons at the energy of 1486.6 ¢V. The analyzed area was
0.4 mm in diameter. Quantification of surface composition was
performed from XPS peak intensities taking into account relative
sensitivity factors provided by the instrument manufacturer.”" XpS
depth profiling was performed via a 3 keV Ar" ion beam rastering
over an area of 3 x 3 mm with an etching rate of 3.0 nm min *
measured on a Ni/Cr multilayer of known thickness.

Fig. 1 summarizes the procedure for BZT-BCT solution
synthesis, the processing of gel, powder, and thin films, and
the analyses of individual samples.

This journal is @ The Royal Society of Chemistry 2024
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Results and discussion

The thermal decomposition process of the BZT-BCT gel is
analyzed by using TG-DTA coupled with EGA, and the results
are shown in Fig. 2. A slight weight loss of about 1% from room
temperature to about 200 °C observed in the TG curve is
accompanied by a weak endothermic peak due to the evapora-
tion of captured moisture by the gel. This evaporation is
recorded in the EGA curve at about 100 °C. From 217 °C, we
ohserve a progressive weight loss of 31% accompanied by a
series of massive exothermic peaks at 290 °C, 316 °C, 410 °C
and 514 °C. The weight loss of 12% is concluded upon heating
from 514 °C to 775 °C, indicating the final decomposition of
carbon residues. On the other hand, the evolution of gases in
EGA curves shows two main characteristic steps in the decom-
position: the first step consists of simultaneous detection of
H,0 and CO,, indicating the thermal oxidation of CH-groups
from 217 °C to 514 °C, and the second step is the evolution of
only CO, gas indicating the decomposition of carbonate groups
in the interval 580 °C to 775 °C where the last CO, peak is
recorded. For comparison, the thermal decompositions of 2-
methoxyethanol-acetic acid- and 1-methoxy-2-propanol-acetic
acid-based gels were concluded at about 150 °C and 246 °C
higher temperatures, at 924 °C and 1021 °C, respectively.*”
Fig. 3 shows the XRD pattern of the BZT-BCT xerogel
calcined at 900 °C for 30 minutes demonstrating that the
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Fig. 2 Thermal decomposition of the BZT-BCT xerogel in synthetic air
followed by TG, DTA and EGA (H;O and CO;). |: ion current.
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Fig. 3 XRD pattern of BZT-BCT xerogel calcined at 900 °C. The peaksare
indexed according to PDF 01-074-4539 (BT cubic phase).

sample crystallizes in the perovskite phase. The result supports
the thermal analysis data.

The FTIR spectra of 0.2M-2min and 0.2M-15min films were
recorded after the pyrolysis and RTA steps at 500 °C, 600 °C,
700 °C, 750 °C and 800 °C and are shown in Fig. 4{a) and {b),
respectively. The thickness of such one-layer films is estimated
to be a few tens of nanometers. In 0.2M-2min and 0.2M-15min
films heated at 350 °C and at 500 °C, the acetate groups are
identified by the absorption bands at about 1428 em ' and
1571 em ' for {COO ) symmetric and (COO ) asymmetric
stretching vibrations. The obvious band of the carbonate
groups is recorded at 1446 em ! in both films upon heating
to 600 °C which agrees with the EGA data {¢f Fig. 2). At 750 °C,
the carbonate groups are almost fully decomposed in the 0.2M-
15min film while their presence is evident in the 0.2M-2min
film. In both films, the metal-oxygen (M-0O) band is evident at/
above 750 °C. This reveals that the drying and pyrolysis times
influence the decomposition process of organic residues and
could affect the microstructure.

Fig. 5 shows the time-of-flight secondary ion mass spectro-
metry {ToF-SIMS) analysis of 0.2M-2min and 0.2M-15min films
annealed at 500 °C, 600 °C and 750 °C. The detection of
carbonate ions during the sputtering reveals that up to
500 °C, there is almost no formation of carbonates in both
0.2M-2min and 0.2M-15min films, see Fig. 5{a) and {d). Note
that the signals at the beginning of sputtering are due to the
contamination of the sample surface. At 600 °C a significant
amount of carbonate ions is identified. Although the analysis is
not quantitative, the same secondary ions can be compared
between each other since we have very similar composition of
the samples. From the intensity ratios of carbonate CO; ions to
the intensity of BaO, ions, it is obvious that the 0.2M-2min film
contains more carbonaceous residues than the 0.2M-15min film
at the same temperature; compare Fig. 5{b) and (e). This
difference is attributed to insufficient drying and pyrolysis times

A Mater. Chem. C, 2024,12,14658-14666 | 14661
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Fig. 6 FTIR spectra of 0.1M-15min film annealed at different tempera-
tures for 6 seconds

to oxidize the major carbon residues. In both cases, the ToF-
SIMS analysis agrees with the FTIR and thermal analysis results
that the carbonates are predominantly formed upon annealing
at 600 °C. Upon annealing at 750 °C, up to the depth of
approximately 5 nm {0 to 60 seconds of sputtering in Fig. 5{c)
and (f}), some carbonate species are still present deeper in the

Chapter 3. Results and Discussion
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film. This suggests that upon heating in an RTA furnace, the
carbonates are decomposed starting from the top of the films,
leading to the inference that the thinner the film is, the faster the
carbonate groups will be decomposed. The broadening of the
interfaces between the films and the Pt-layer (curves for BaO,/Pts)
in the SIMS depth profiles in Fig. 5 is due to an artifact related to
the ion bombardment during SIMS depth profiling.

The concentration of the BZT-BCT coating solution was
found to influence the films’ microstructure. When processed
at the same drying/pyrolysis/fannealing conditions, the BZT-
BCT films deposited from 0.2 M or 0.1 M solutions have
granular or columnar microstructures, respectively.”® We used
FTIR to follow the thermal decomposition of the 0.1M-15min
films to see if there was any difference in the thermal decom-
position pathways of the films prepared from 0.1 M and 0.2 M
solutions.

The FTIR spectra of the 0.1M-15min films are shown in
Fig. 6. The band of the carbonate groups is present in the
film annealed at 600 °C while it almost disappears in the film
annealed at 700 °C. In this latter spectrum the M-O bands at
710 em ' and 458 cm ' are recorded, indicating the oxide
formation. Note that in the case of 0.2M-15min films, such a
FTIR spectrum is observed only upon annealing at 750 °C, as
shown in Fig. 4b. The influence of the concentration of the
coating solution on the thin film crystallization is not surpris-
ing since it has been reported that by decreasing the coating
solution concentration and thus reducing the individual layer
thickness, columnar grains can be achieved in BT, SrTiO;, and
{Ba, SK)TiO; films.?373¢

By repeating the spin-coating 0.2 M or 0.1 M solutions,
drying, pyrolysis and RTA steps 4 or 10 times, we prepared
the films at the final temperatures of 600, 700, 800 and 850 °C.
The phase composition of respective films is shown in Fig. 7.
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Fig. 7 XRD patterns of (a) 0.2M-600, 0.2M-700, 0.2M-800, and 0.1M-850
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~ 110 nm

Fig. 8 SEM (a)-(c) plan view micrographs of 0.1M-700, 0.1M-800 and 0.1M-850 films and (d)—-(f) their respective cross-sections.

In both 0.2M-600 and 0.1M-600 films, weak {110) and {211)
peaks are observed, indicating the onset of crystallization.
With increasing temperature, the intensity of the {110) peak
inecreases, indicating that a higher crystallinity and also lower-
intensity perovskite reflections emerge. Note that the perovskite
{111) peak cannot be distinguished as it coincides with the
Pt{111) peak. The intensity of the perovskite peaks in 0.1M-700,
0.1M-800, and 0.1M-850 films is stronger compared to the
0.2M-700, 0.2M-800, and 0.2M-850 films indicating higher
crystallinity in the former group.

In our previous study, we prepared BZT-BCT films from the
0.2 M solution and annealed them at 800, 850, and 900 °C. All
films had porous microstructures consisting of fine equiaxed
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etains.’® We analyzed the microstructure of 0.1M-700, 0.1M-
800, and 0.1M-850 thin films by using scanning electron
microscopy, see Fig. 8. The surface microstructures of the films
annealed at 700 °C and 800 °C are porous with fine grains of a
few 10 nm. The film thickness is about 130 nm. The surface
microstructure of the film annealed at 850 °C is dense, with
grains ranging from 60 to 100 nm. The cross-section micro-
graph reveals columnar grains extending through the film
thickness. The film thickness is about 110 nm, indicating
densification at this temperature.

We selected 0.1M-850 films to investigate the distribution of
the elements using XPS depth profiling across the area with a
diameter of 400 pm. The spectrum shown in Fig. 9 reveals that
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Fig. 9 XPS depth profile of the 0.1M-850 film.
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the film consists of Ba, Ca, Ti, Zr, and O with a thickness of
about 110 nm. The film’s surface is covered with a carbon-rich
layer of 2 nm, probably due to contamination. The distribution
of the elements throughout the film thickness is uniform. This
indicates that the crystallization from the amorphous phase
within each deposited BZT-BCT layer occurs without any
change in chemical composition or segregation, as is the case
in the erystallization of PZT thin films.?” The interface with the
Pt/Ti0,/810, substrate is sharp, indicating that there is no
chemical interaction between the film and the substrate.

We note that in our previous study, the manganese-doped
BZT-BCT film annealed at 850 °C with a columnar microstruc-
ture was analyzed by using scanning transmission electron
microscopy {STEM) and energy dispersive X-ray spectroscopy
{EDS). A homogeneous distribution of elements within one
columnar grain across the film thickness was observed. Mn-
dopant was added to BZT-BCT to reduce the leakage current,
and its addition did not influence the crystallization and
microstructure.® The results of STEM-EDS analysis are in a
very good agreement with the XPS analysis, confirming that
chemical homogeneity in the BZT-BCT films is achieved not
only within individual grains but also across the area of about
0.1 mm®.

Conclusions

The thermal processing of 0.5Ba{TiysZr.2)05-0.5{Bay-Cag )
TiO; (BZT-BCT) thin films from ethylene glycol-based precur-
sor solution and the homogeneity of the crystalline films on a
platinized silicon substrate were studied. Prolonging the drving
and pyrolysis times from 2 minutes to 15 minutes of the one-
layer films deposited from a 0.2 M solution contributes to the
completion of the thermal decomposition of carbon residues at
a lower temperature. By decreasing the concentration of the
coating solution from 0.2 M to 0.1 M, or in other words, by
reducing the deposited layer thickness to about 10 nm, the
thermal decomposition of carbonate groups is significantly
downshifted. Both approaches, extended drying and pyrolysis
times and reducing the coating solution concentration, con-
tribute to the perovskite crystallization at about 700 °C. Still, to
obtain a dense columnar microstructure of BZT-BCT films,
multi-step annealing at 850 °C was needed. Depth profiling
revealed a homogeneous distribution of constituent elements
across the thickness of the film. Our results show that proces-
sing optimization in the microstructure engineering of BZT-
BCT thin films is key to optimizing their functional properties.
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3.3. Engineering the Microstructure and Functional Properties of
0.5Ba(Zro2Ti0s)03-0.5(BaorCaos) TiOs Thin Films

Lead-free 0.5Ba(Zro2Ti0s)Os-0.5(Bao7Cags) TiOs (BZT-BCT) bulk ceramic exhibits piezoelectric
properties comparable to those of Pb(Zr,Ti)O; (PZT) close to room temperature. However,
frequently encountered microstructural features of BZT-BCT thin films prepared by chemical
solution deposition (CSD), including porous and fine microstructures and intergranular cracks,
contribute to poor functional properties of the films.

The article describes the design of the BZT-BCT thin film microstructure from granular, i.e.,
consisting of fine equiaxed grains, to columnar. Grazing-angle XRD and scanning transmission
electron microscopy analyses confirm the preferential (111) orientation of the perovskite phase
and orientational correspondence with the (111) Pt deposited on top of the silicon substrate,
indicating that it serves as the nucleation layer. Such orientational correspondence has not been
previously reported for BaTiOz;or BZT-BCT films.

The dielectric permittivity of the BZT-BCT film with the columnar microstructure is about
twice that of the film with the granular microstructure, which is in agreement with the dielectric
grain-size effect. Manganese doping (1 mol %) increases the room-temperature permittivity and
reduces the leakage current. Thin films exhibit high energy storage density and efficiency with
an almost fatigue-free response after 2 million cycles at 800 kV /cm. The macroscopic piezoelectric
response of BZT-BCT thin films is measured for the first time using double-beam laser
interferometry.

Our results reveal that by designing the microstructure of BZT-BCT films and adequate
doping, functional properties, such as low- and high-field dielectric properties and energy storage,
are improved.

The results of this article confirm hypotheses 2, 3, 4, and 5; and address aims 2, 3, and 4.

Published in: S. W. Konsago, K. Ziberna, A. Matavz, B. Mandal, S. Glinsek, Y. Fleming, A.
Bencan, G. L. Brennecka, H. Ursi¢, and B. Mali¢, “Engineering the Microstructure and
Functional Properties of 0.5Ba(Zro2Tios)0s-0.5(Bag:Caos)TiOs Thin Films”, ACS Applied
FElectronic Materials, Vol 6, Issue 6, pp. 4467 — 4477, 2024 (IF = 4.3, 2023)

My contribution: 1 synthesized the BZT-BCT coating solutions, and prepared the BZT-BCT
films. I performed the XRD data analysis and conducted AFM and PFM analyses. I measured
dielectric, ferroelectric, energy storage and leakage current measurements. I prepared the concept
of the paper jointly with my supervisor and wrote the manuscript with all co-authors.
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ABSTRACT: Lead-free piezoelectric 0.5Ba(Zrg,Tigs)O03-0.5(Bag,Cag;)TiOy (BZT—BCT) thin
films deposited by chemical solution deposition on platinized silicon substrates using ethylene
glycol and ethanol solvents for alkaline-earth carboxylates and transition-metal alkoxides,
respectively, are studied. Undoped and manganese-doped BZT-BC'T films prepared by repeated
deposition of a 0.1 M precursor solution and multistep annealing at 850 °C until reaching the
thickness of about 120 nm exhibit a predominantly columnar microstructure with preferential
(111) orientation of the perovskite phase. The Mn-doped films’ room-temperature permittivity is
about 670 at 1 kHz, which is ~#30% higher than the permittivity of their undoped counterparts at
the same frequency and temperature while maintaining a similar tan § = 0.02. Mn-doping
effectively reduces the leakage of BZT-BCT films, contributing to a saturated ferroelectric
hysteresis loop with a remnant polarization of 5 £C cm™* and a coercive field of 80 kV cm™". The
maximum polarization and recoverable energy storage density are about 32 ¢C cm™ and 10 ]
cm™, respectively, with 69% efficiency at 1160 kV cm™". The energy-storage properties remain
almost unaffected after 2 million cycles at a field of 800 kV em™. The piezoelectric dy; coefficient
measured by double-beam laser interferometry is about 20 pm V™" while the corrected value of dy; & 34 pm V™' taking into account
the ratio of the electrode size to substrate thickness being equal to unity.

KEYWORDS: Ba(Zr,,Tiy)O5(Bay,Cay ) TiO; thin films, chemical solution deposition, crystallinity, dielectric permittivity, ferroelectric,
piezoelectric responise, energy storage

500
E(kVem™)

1. INTRODUCTION ultrasound transducer was designed using BZT-BCT ceramics
and tested by X. Yan et al. in 2013."° Biocompatibility and good
piezoelectric properties make BZT-BCT attractive for bio-
medical applications."' BZT-BCT is becoming an interesting
material for energy storage applications. The performance of
energy storage capacitors is evaluated by energy storage density
and energy storage efficiency, which are related to high saturated
polarization, low remanent polarization, and low energy loss
d ensil’y.i2 A few articles reported good energy storage properties
of bulk ceramic and thin films of Ca- and Zr-modified barium
titanate (BT)."*7"°

BZT-BCT thin films are a viable option in terms of device
miniaturization. In chemical solution deposition (CSD) of BZT-
BCT thin films, the majority of studies followed the carboxylic
acid-based route originally applied for BT, witha carboxylic
(acetic) acid and alcohol serving as solvents for alkaline-earth
carboxylates and transition-metal alkoxides, respectively. How-

In the last two decades, legislation to restrict the use of certain
hazardous substances, including lead (Pb), in electrical and
electronic equipment by some countries, including the Euro-
pean Union, Japan, and the United States,' ™ has triggered
intensive research on lead-free piezoelectric ceramic materials
that could be an alternative to lead zirconate titanate
(Pb(Zr,Ti,_, )0, PZT), which is known for its excellent
piezoelectric properties.4 Barium zirconate titanate-barium
calcium titanate (0.5(Ba(Zr,,Tiy5)0;-0.5(Bay-Cagy4) TiOs,
BZT-BCT) is among the promising lead-free ferroelectric
materials with a piezoelectric response comparable to that of
PZT ceramic.” Its large piezoelectric response was attributed to
the morphotrapic phase boundary (MPB) separating rhombo-
hedral Ba(Zry,Ti;5)O; and tetragonal (Bag,Cag4)TiO4 by Liu
and Ren in 2009, Later, Keeble et al, reported the existence of a
bridging orthorhombic phase between the rhombohedral and
tetragonal phases.” Acosta et al. pointed out that the high-signal
piezoelectric coeflicients were related to the transition from Received:  March 26, 2024
tetragonal to orthorhombic phases.” Revised:  May 7, 2024
The large piezoelectric dy; coeflicient in BZT—BCT bulk Accepted: May 9, 2024
ceramic with the Curie temperature {T.) of about 85 °C (the Published: May 17, 2024
value depends on the grain size}” shows the potential of this
material for versatile applications. A prototype intravascular
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ever, BZT-BCT thin films by acetic-acid-based CSD often
exhibited porosity, fine equiaxed grains, cracks, and, in some
cases, chemical inhomogeneity.'" ™' BZT-BCT films prepared
by single, double-, or multistep annealing at temperatures of
750—950 °C consisted of equiaxed grains.””**~* Changes in
the solution chemistry, such as introducing complexing agents,
bi- or multifunctional solvents, or modifiers, were reported to
increase the stability of the coating solutions.'”*' On the other
hand, increasing the organic content in the precursor may
contribute to carbonaceous residues in the heterometallic
framework requiring high decomposition temperatures, thus
increasing the porosity in the films.””

A possible solution for obtaining a predominantly columnar
microstructure in BZT-BCT films that presumably contributes
to enhanced functional properties would be depositing a
strongly diluted coating solution combined with multistep
annealing as shown for BT thin films.”* Following a similar
procedure, a columnar microstructure was obtained in (Ba,Sr)-
TiO; films.””*' In Ba(Zr,Ti)O; thin films, the grain size
decreases with an increasing Zr content of 20% or more, with a
concomitant decrease of dielectric permittivity. The films were
prepared by a single annealing step at temperatures ranging from
900 to 1200 °C.”*** A similar trend of decreasing permittivity
with increasing Ca-fraction was observed in (Ba,Ca)TiO,
ﬁlms".‘_‘.:%b

In our preliminary studies on CSD of BZT-BCT films using
the acetic-acid-based route with alkaline-earth acetates and
transition-metal butoxides diluted with 2-methoxyethanol, the
precipitation of the coating solutions was observed after a few
days. This was presumably due to the uncontrolled hydrolysis of
the alkoxides by the in situ produced water in the esterification
reaction of the two solvents. We investigated BT as a reference
material for BZT-BCT thin films.*” A bifunctional alcohol,
ethylene glycol (OHCH,CH,0H, EG), was selected as the
solvent for barium acetate, thereby eliminating the possibility of
uncontrolled hydrolysis. The stability of the solution was
extended from weeks to more than one year. Furthermore,
introducing ethanol (EtOH) as the solvent for Ti-butoxide
instead of 2-methoxyethanol downshifted the temperature range
of organic residue decomposition for a few 100 °C. EG has
previously been used in CSD of BZT-BCT films as a modifier'”
but not as the solvent for alkaline-earth reagents. Livage et al.
used EG as the solvent for lead acetate in CSD of Pb(Zr, Ti)O,
films.*® (Note that both EG and EtOH quickly pick up water
from the atmosphere if they are not kept dry.)

In this study, BZT-BCT thin films are deposited from the EG-
EtOH-based coating solution. Upon multistep annealing at 850
°C, a predominantly columnar microstructure develops. With
manganese doping, the leakage current is reduced. The
dielectric, ferroelectric, energy-storage, and piezoelectric prop-
erties of the manganese-doped BZT-BCT films are reported.

2. EXPERIMENTAL METHODS

For the preparation of 0.5(Ba(Zry,Ti;5)04-0.5(Ba,-Cag,)TiO;,
BZT—BCT thin films, alkaline-earth acetates barium acetate (Ba-
(CH,CO0),, Ba(OAc),) with a purity of 99.97%, Sigma-Aldrich, St.
Louis, Missouri, USA, and calcium acetates (Ca(CH,COO),, Ca-
(OAc),) 99.999%, Alfa Aesar, Karlsruhe, Germany, and transition-
metal alkoxides: titanium butoxide (Ti(OC H,),, Ti(OnBu),) 99.61%
and zirconium butoxide (Zr(OC,H,),, Zr(OnBu),), 80% both
purchased from Alfa Aesar, Karlsruhe, Germany, are used as reagents.
The molar ratio of barium, calcium, zirconium, and titanium reagents is
0.85:0.15:0.1:0.9. Ethylene glycol (OHCH,CH,OH, EG, 99.8%) and
absolute ethanol (CH,CH,OH, EtOH 99.9%) both from Sigma-

Aldrich, St. Louis, Missouri, USA, were used to dissolve alkaline-earth
acetates and to dilute transition-metal alkoxides, respectively. The
volume ratio of EG/EtOH was kept at 3/2. The reagents and solvents
were kept and manipulated in an inert atmosphere (N,-filled glovebox).
The solutions of alkaline-earth acetates and transition-metal alkoxides
were mixed at room temperature, with the concentration adjusted to
either 0.2 or 0.1 M as described in Figure 1. Manganese acetate

a) b) BZT-BCT solutions

»
— » Substrate
- +Vacuum
— Vi
] 250 °c. 350 °C
|

02 M BZT-BCT, 0.1 M BZT-BCT } RIA
and 0.1 M BZT-BCT-Mn solutions \— I * Crystalline

[ Ba(OAc), ][ Ca(0Ac); ][ Ti(OnBu), H Z1(OnBu), ]

Repeated several times

Figure 1. (a) Schematic preparation of BZT-BCT and BZT-BCT-Mn
coating solutions. (b) BZT-BCT thin-film deposition. RTA: rapid
thermal annealing.

(Mn(CH,COO0), Mn(OAc),) 98%, Alfa Aesar, Karlsruhe, Germany,
in the amount of 1 mol % was included in the solution of alkaline-earth
acetates before mixing with the solution of transition-metal alkoxides.
The Mn dopant was added over stoichiometrically. The solution with a
0.1 M concentration, further denoted as 0.1 M BZT-BCT-Mn, was
prepared following the same procedure as described above.

The 0.2 M BZT-BCT coating solution was deposited on a 625 gm
thick Pt(111)/TiO,/Si0,/(100)/Si substrate (Pt/Si, purchased from
SINTEF, Oslo, Norway) by spin coating (WS-400B-6NPP/LITE,
Laurell, North Wales, PA, USA) at 3000 rpm for 30 s, followed by
drying, pyrolysis, and annealing steps. All steps were repeated four
times. The drying and pyrolysis steps were at 250 “C for 15 min and 350
°C for 15 min, respectively, on the hot plate. The annealing
temperatures were 800 “C, 850 °C, and 900 °C with a heating rate of
13.3 °C/second for all films, while the times were 15 min for the first
and the last deposited layer and § min for the intermediate ones in a
rapid thermal annealing furnace (Mila 5000, Ulvac-Riko, Yokohama,
Japan).

The 0.1 M BZT-BCT and BZT-BCT-Mn-0.1 M solutions were
deposited on Pt/Si following the same procedure as described above;
only the number of the deposition-heat-treatment steps increased to 10
to reach similar film thicknesses as for the 0.2 M solutions.

In further text, the films prepared from the 0.2 M BZT-BCT, 0.1 M
BZT-BCT,and 0.1 M BZT-BCT-Mn solutions are denoted BZT-BCT-
0.2 M, BZT-BCT-0.1 M, and BZT-BCT-Mn-0.1 M. The list of the
samples and their processing parameters are summarized in Table 1.

The phase composition of the films was characterized by XRD with
Cu Ka radiation performed in the 2 theta ranges of 10—39 deg and 40—
65 deg to avoid recording the Pt (111) peak on a high-resolution
diffractometer (X'Pert PRO, PANalytical, Almelo, The Netherlands)
with the following parameters: 128 channel detector X'Celerator with a
capture angle of 2.122°, step = 0.0347, time per step = 100 s, soller slit =
0.02 rad, mask 10 mm, divergence and antiscatter slit: 10 mm. The
phase analysis is performed using X'Pert High Score Plus software.

A Bruker D8 Discover instrument with Cu Ka radiation (4 = 0.154
nm) was used for grazing incidence X-ray diffraction {GIXRD). The
experiment was conducted with an incident angle of 0.5%, scanning the
20-range from 20 to 607 with a step of 0.02, and a time per step set of 4
s. The same tool was used for the ¥-scan (#—28 scan with different tilt
angles, ¥) with a 1 mm collimator. The measurement was performed in
a 20- and ¥-range from 38.57 to 39.3” and from 0 to 107, respectively.
The 20-step was 0.02, and the time per step was 90 s.

The plan-view and cross-sectional microstructure of the films were
imaged using a Verios 4G HP field emission scanning electron
microscope (Thermo Fischer, Waltham, Massachusetts, USA) with an
accelerating voltage of 10 kV. A 5 nm thick carbon was precoated using
a Precise Etching and Coating System 628A (Gatan, Pleasanton,

https://doi.org/10.1021/acsaelm.4c00530
ACS Appl. Electron. Mater. 2024, 6, 44674477
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Table 1. List of the Samples and Their Processing Parameters

film molar concentration
BZT-BCT-0.2M 0.2
BZT-BCT-0.2M 0.2
BZT-BCT-0.2M 0.2
BZT-BCT-0.1M 0.1
BZT-BCT-Mn-0.1M 0.1

number of depositions annealing temperature, °C
4 800
4 850
4 900
10 850
10 850

California, USA). The average lateral grain size of the BZT-BCT-0.1 M
and BZT-BCT-Mn-0.1 M films was determined on the obtained SEM
images sing the linear intercept method. At least 300 grains were
measured on each sample.

For scanning transmission electron microscopy (STEM) analysis,
the BZT-BCT-Mn-0.1 M thin film was prepared into lamella form using
a Ga'-source focused ion beam (FIB) Helios Nanolab 650 HP
(Thermo Fischer Scientific, Waltham, MA, USA). The structural
STEM analysis was performed with a Cs-corrected ARM200CF (Jeol,
Tokyo, Japan), operating at 200 kV. The 4D-STEM data set was
acquired with the Merlin pixelated detector (Quantum Detectors,
Oxford, U.K.).

The gold top electrodes with a diameter of 200 gm were deposited
on the films through a shadow mask by magnetron sputtering (S
Pascal). The contact to the bottom platinum electrode was made by
etchinga part of the film with a mixture of HF 40%, Alfa Aeser, HC1 37—
38%, J.T. Baker, and H,0 in a volume ratio (2:5:20).

The topography, roughness, and local ferroelectric/piezoelectric
properties were investigated using tapping atomic force microscopy
(AFM) mode and piezo-response force microscopy (PFM) mode on
Jupiter XR AFM (AFM, Asylum Research, Santa Barbara, California,
USA). The noncoated silicon tips (AC200TS, Oxford Instruments,
USA) with a radius of 7 nm were used for scanning in tapping (AC Air
Topography, Jupiter XR, Asylum Research, Santa Barbara, California,
USA) mode. The root-mean-square roughnesses {rms) were
determined in the 3 X 3 ym range. The PFM analyses were performed
using a Pt-coated Si tip with a diameter of about 15 nm (OMCL-
AC240TM, Olympus, Japan). For PEM scanning, an electrical voltage
with an amplitude of 3 Vand frequency of 300 kHz was applied between
the bottom electrode of the sample and the conductive tip in dual
alternating-current resonance tracking (DART) mode. The local
hysteresis loops were also measured by PEM as described in® using
DART switching spectroscopy mode at MFP-3D AFM (Asylum
Research, Santa Barbara, California, USA). The sequence of increasing
steps of the DC electric field was driven at 20 Hz, and a maximum
amplitude of 18 V was applied. The frequency of the triangular envelope
was .99 Hz. A superimposed sinusoidal AC signal with an amplitude of
3 Vand a frequency of ~350 kHz was used. Three cycles were measured
in off-electric field mode.

Animpedance analyzer (HP 4284A, Keysight, Santa Rosa, USA) was
used to measure the frequency dependence of the dielectric permittivity
and losses at room temperature across a frequency range from 100 Hz
to 1 MHz, and the dielectric permittivity and losses at temperatures
range of 25 to 150 °C from 33 Hz to 100 kHz. The Aixacct TF Analyzer
2000 (Aixacct Systems GmbH, Aachen, Germany) was used to measure
the ferroelectric polarization (P), current density (j), and strain (S)
hysteresis loops with a sinusoidal test signal at room temperature, In
addition, the energy storage properties, namely, energy storage density
(U,), recovered energy storage density (U,,.), energy loss (U,,,,), and
efficiency (17), were calculated from the unipolar electric field loop with
a magnitude of 1160 kV cm™ and a frequency of 1 kHz. Furthermore,
the thin-film sample was cycled 2 million times at room temperature
with an electric field amplitude of 800 kV em™. The two consecutive
unipolar hysteresis loops were measured at 1 kHz to monitor the energy
storage properties. The data of the unipolar loop of the first E-cycle can
be found in the main part of the paper, and the data of the second E-
cycle can be found in the Supporting Information. The capacitance as a
function of the DC field (C—Ep) was measured at 1 kHz with a small-
signal amplitude of S0 mV. The piezoelectric dy, coefficient was
measured at 1 kHz with a small-signal amplitude of 500 mV with a

double-beam laser interferometer (DBLI, Aixacct Systems GmbH,
Aachen, Germany).

3. RESULTS AND DISCUSSION

3.1. Phase Composition and Microstructure of BZT-
BCT-0.2 M Films. XRD patterns of the BZT-BCT-0.2 M films
annealed at 800, 850, and 900 °C are shown in Figure 2. All films

. 2
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Figure 2. XRD patterns of BZT-BCT-0.2 M films on Pt/8i annealed at
different temperatures. The peaks corresponding to the perovskite
phase are indexed according to the cubic BaTiO, phase (PDF 01-074-
4539). The question mark indicates an unidentified peak.

crystallized in the perovskite phase. The (110) peak has the
highest intensity; however, the Pt (111) peak overlaps with
BZT-BCT (111); consequently, the orientation cannot be
inferred. We note a low-intensity peak at 2 theta 26.6" in the film
annealed at 900 °C, which could indicate a possible reaction of
the film with the substrate.

The field emission scanning electron microscopy (FE-SEM)
cross-section, plan view, and AFM topography height images of
the BZT-BCT-0.2 M thin films are presented in Figure 3. The
thickness of the films annealed at 850 and 900 °C is about 120
nm, while the film annealed at 800 °C is about 10 nm thicker due
to porosity. In contrast to BT thin films, which at similar
deposition and annealing conditions crystallize in columnar
microstructure,”’ the BZT-BCT-0.2 M films annealed at 800
and 850 °C have fine equiaxed grains. Studies of BT precursors
revealed that the thermal decomposition was concluded at about
800 °C." In comparison, carbonaceous residues were detected
in a BZT-BCT precursor up to about 1000 °C."'

The surface microstructures reveal that the grain size of the
films slightly increases with increasing annealing temperature,
reaching about 50 nm at 900 °C, while the porosity decreases.
AFM topography height images support FE-SEM analysis. The
root-mean-square {rms) roughness of the films annealed at 800
and 850 °C is between 4 and S nm notwithstanding the
annealing temperature.

https://doi.org/10.1021/acsaelm.4c00530
ACS Appl. Electron. Mater. 2024, 6, 4467-4477
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| 850 °C

500 nm

900 °C

Figure 3. Crosssection (left) and plan-view (middle) FE-SEM
micrographs and AFM topography images (right) of BZT-BCT-0.2
M films annealed at 800, 850, and 900 °C.

The dielectric permittivity and losses of the film annealed at
850 °C are about 350 and 0.02 at 1 kHz, respectively, while the
films annealed at 800 and 900 °C exhibit lower permittivity of
about 260 and 250, respectively, with similar losses at lower
frequencies (Table 2). The lower relative permittivity of the film

Table 2. Dielectric Permittivity and Losses Measured at
Room Temperature and at 1 kHz of BZT-BCT-0.2M, BZT-
BCT-0.1M, and BZT-BCT-Mn-01M Films Compared with
Literature Data”

conc. of  annealing
film solution  temperature thickness E tan & ref

BZT-BCT 035 M 700 °C 300 nm 220 0.63 55
BZT-BCT 02 M 700 °C 400 nm 377 022 56
BZT-BCT 035 M 750 °C 200 nm 280 0.04 20
BZT-BCT 035 M 700 °C 450 nm 157 0.03 57
BZT-BCT- 02 M 800 °C 130 nm 260 0.02  this

0.2M work
BZT-BCT- 02 M 850 °C 120 nm 350 0.02  this

0.2M work
BZ1-BCT- 02 M 900 °C 120 nm 250 0.02  this

0.2M work
BZT-BCT- 0.1M 850 °C 120 nm ~510 0.02  this

0.1M work
BZT-BCT- 01 M 850 °C 120 nm ~670 0.02  this

Mn-0.1M work

“All films were deposited on Pt/Si substrates.

annealed at 800 °C compared to the film annealed at 850 °C
could be explained by lower crystallinity and high porosity, while
the lower relative permittivity of the film annealed at 900 °C is
most likely due to interaction between the film and the substrate
supported by a nonidentified low-intensity peak in the XRD
pattern, cf. Figure 2. The dielectric data of the films as a function
of the frequency are collected in Supporting Information S1.
The polarization-electric field (P-E) loops show no saturation
{see Supporting Information S2) in agreement with the
literature on BZT-BCT films prepared following a similar
procedure,”’ which could be related to fine grain size and/or
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leakage. We conclude that 830 °C is the optimal annealing
temperature for BZT-BCT thin films with a dense, smooth
microstructure without obvious impurities.

3.2. Optimization of the Microstructure of the Films.
Lowering the concentration of the coating solution and
sequential crystallization of individual layers by multistep
annealing enabled the formation of a predominantly columnar
microstructure of BT and SrTiO; thin films." Following such an
approach, we diluted the coating solutions to a 0.1 M
concentration. Also, we increased the number of deposited
layers from 4 to 10 to reach thicknesses similar to those in the
case of films deposited from the 0.2 M solution. Furthermore, we
introduced Mn-dopant {1 mol %) to reduce the leakage
current,”’ The BZT-BCT-0.1 M and BZT-BCT-Mn-0.1 M films
on Pt/Si substrates annealed at 850 °C crystallize in the
perovskite phase, with the (110) peak being the most intense in
both cases (XRD patterns recorded in Bragg—Brentano
geometry are collected in Supporting Information S3).

Further XRD analysis was performed to obtain deeper insight
into the crystalline orientation of the perovskite phase. GIXRD
was measured to enhance the signal coming from the film
(Figure 4a). The (111) peak is now nicely revealed, as the Pt

a) GIXRD | [b)  XRD (%)

(110)

Intensity (a. u.)

60 38.6 38.8 39.0 39.2
26 (%)

20

30

40
20 (°)

50

Figure 4. BZT-BCT-Mn-0.1 M film on Pt/Si annealed at 850 °C. (a)
GIXRD pattern. Peaks that are not denoted with Miller indices
correspond to the substrate. {b) XRD pattern around the (111) peak as
a function of a tilt angle (¥').

signal present in Figure 2 is strongly suppressed. However,
GIXRD is not a very convenient method to quantify the
orientation of the films, as the scattering vector changes durin
the 2@ scan and is not normal to the surface of the film,***
Therefore, tilt-angle (¥)-dependent XRD patterns were
measured around the (111) peak. This enables gradual probing
of the peak, going from completely out-of-plane (‘P = 0%) to
completely in-plane (‘¥ = 90°) conditions. The decrease of the
peak intensity at ¥ > 0° observed in Figure 4b, therefore
indicates a strong {111) out-of-plane orientation of the film. The
orientation was further confirmed with a (110) pole figure
measurement (see Supporting Information S4).

Figure 5 shows plan-view and cross-sectional FE-SEM
micrographs of BZT-BCT-0.1 M and BZT-BCT-Mn-0.1 M
films. There is no obvious difference in their microstructural
features. The surface microstructures are dense and uniform,
with average lateral grain sizes of 72 and 74 nm for BZT-BCT-
0.1 M and BZT-BCT-Mn-0.1 M, respectively. Their respective
thicknesses are about 110 and 120 nm,

https://doiorg/10.1021/acsaelm.4c00530
ACS Appl. Electron. Mater. 2024, 6, 44674477
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Figure §. Plan-view (left) and cross-section (right) FE-SEM micro-
graphs of BZT-BCT-0.1 M and BZT-BCT-Mn-0.1 M films on Pt/Si,
annealed at 850 °C.

We noticed the appearance of cracks in thicker films, which we
attributed to a large thermal expansion mismatch between the
film and the silicon substrate. BZT-BCT ceramic and silicon
thermal expansion coefficients are &#12 X 107%/K between 100
and 600 °C™ and ~3 x 107%/K,"’ respectively.

Figure 6a shows the STEM micrographs of the cross-section
of the BZT-BCT-Mn-0.1 M film at different magnification
scales. The microstructure consists of predominantly columnar
grains extending throughout the thickness of the film, as well as
some fine equiaxed grains. The bright-field STEM images of a
single columnar grain (center and far-right parts of panel a)
reveal boundaries between about 10 nm thick individual layers
that formed upon repeating the deposition/annealing steps.
Each newly deposited layers crystallize on top of preceding
layers, and such homoepitaxial growth within individual

columnar grains was previously observed in CSD-derived
barium and strontium titanate thin films."®

The selected area electron diffraction (SAED) pattern is
shown in Figure 6b. We note that the grains in the film are
preferentially [111] and to a minor degree [110] oriented,
according to SAED, in agreement with GIXRD analysis; see
Figure 4. The platinum substrate is [111] oriented and has a
smalllattice mismatch with the BZT-BCT film, so it may serve as
a nucleation layer for [111] oriented BZT-BCT columnar
grains, Jia and Urban found a [111] orientational relationship
between the Pt substrate and columnar grains in the SrTiO; film.
Interestingly, the microstructure of BaTiO, film on Pt substrate
was columnar but without texture, which was attributed to a
different mechanism of phase formation involving Ba-Ti-
oxycarbonate."®

Figure 6¢ shows the center of mass (CoM) vector magnitude
image.” Different contrast observed within individual grains
infers the existence of domain walls, as indicated by the arrows in
the CoM vector magnitude image. We may conclude that
columnar grains are multidomain.

Figure 7 shows the chemical analysis of the BZT-BCT-Mn-0.1
M film obtained by energy-dispersive X-ray spectroscopy (EDS)
mapping (STEM-EDS). The clear interface between the film
and the substrate evidence that the film does not react with the
substrate upon annealing at 850 °C. The EDS analysis reveals a
homogeneous distribution of elements across the film thickness.
This indicates that the crystallization from the amorphous phase
occurs without segregation, ie., the chemical homogeneity of
the amorphous phase is retained during the crystallization of the
perovskite phase. We note that manganese could not be detected
due to its low concentration, which implies that it is not
segregated but rather homogeneously distributed in the
perovskite matrix.

3.3. Functional Properties of BZT-BCT-0.1 M and BZT-
BCT-Mn-0.1 M Films. Figure 8 shows the dielectric
permittivity and losses of BZT-BCT-0.1 M and BZT-BCT-

a)
Pi- FIB
s

BZI-BCT i Wi

Pt

Out of plane

direction
-,

~,

I ~10 nm

Figure 6. (a) Bright-field STEM images of a cross-section of BZT-BCT-Mn-0.1 M film on Pt/Si at different magnifications. (b) SAED pattern (right)
of the selected region (left). Both the (110) and (111) planes of BZT-BCT-Mn, which are perpendicular to the film substrate, are parallel to the (111)
Pt planes. The direction perpendicular to the film substrate is indicated by a double arrow on the image of the selected region, which was taken across
~4 perovskite (p) and ~S Pt grains. (c) Magnitude map of the vector field calculated from the center of mass (CoM) image showing the existence of

different domains in the grains.
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film

S0

30,

Figure 7. EDS-STEM compositional analysis of the BZT-BCT-Mn-0.1
M film on a Pt/Si substrate. For the EDS mapping, the spectral lines O
K, CaK, Bal, Zr K, and Ti K were used. The upper layer of Pt is due to
FIB preparation.

Mn-0.1 M films at different frequencies in the 25 to 200 °C
temperature range. The room-temperature dielectric permittiv-
ity and tan & losses of the BZT-BCT-0.1 M film at 1 kHz are
about 510 and 0.02, respectively. It is diflicult to determine the
Curie temperature because the permittivity and losses also
increase with increasing temperature, which we connect to the
increased conductivity of the film. The hardly discernible
permittivity peak is estimated to be around 70—90 °C. This
temperature range is roughly comparable to the reported Curie
temperature in BZT-BCT bulk ceramic.”™’

The BZT-BCT-Mn-0.1 M film exhibits dielectric permittivity
of about 30% higher than its undoped counterpart while
maintaining a similar tan § & 0.02 at room temperature, With
increasing temperature, its los_sy behavior is effectively reduced
due to manganese doping’ >’ The strongly broadened
dielectric permittivity peak is at about 55—75 “C. Lowering

the Curie temperature upon manganese doping observed in the
studied films was also reported for other perovskite oxides.**"’
Despite a broad peak due to presumed phase transition, the
dielectric properties are almost temperature-independent (A¢ <
5% between 25 °C — 125 °C), which is favorable for implication
in many applications.

In Table 2, the room-temperature dielectric properties of our
films are compared with literature data.””>* ™" In our case, the
coating solution concentration and the film thickness are lower
and the annealing temperature is higher. Still, the dielectric
permittivity is about two times higher, and losses are comparable
orlower than the literature data. This increase in the permittivity
is attributed to the dense columnar microstructure.

Local ferro- and piezoelectric properties of both films BZT-
BCT-0.1 M and BZT-BCT-Mn-0.1 M are investigated by the
piezo-response force module of AFM (Figure 9). The
topography height and deflection AFM images reveal a dense,
uniform microstructure consistent with the FE-SEM micrograph
shown in Figure 5. The surface roughness is about 4.5 and 4 nm
for BZT-BCT-0.1 M and BZT-BCT-Mn-0.1 M films,
respectively. The PFM amplitude (c) and phase (d) images
show different contrasts under the applied voltage, indicating the
local piezoelectric/ferroelectric response in both films, which is
also confirmed by the PFM amplitude (e} and phase (f)
hysteresis loops.

Figure 10a shows the P-Eloops of BZT-BCT-0.1 M and BZT-
BCT-Mn-0.1 M films., The manganese-doped film has a
saturated P-E hysteresis loop, with remanent polarization P, of
5 uC em™, coercive field E, of 80 kV cm™, and maximum
polarization P, of 32 uC cm™ at an electric field of 1160 kV
cm™ . A saturated hysteresis P-E loop could not be obtained in
the undoped BZT-BCT-0.1 M film that only survived electric
fields below 300 kV cm™ without breakdown. To evaluate the
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Figure 9. AFM topography (a) height and (b) deflection images, PI'M (c) amplitude and (d) phase images, PFM (e) amplitude and (f) phase
hysteresis loops of (I) BZT-BCT-0.1 M and (II) BZT-BCT-Mn-0.1 M films on Pt/Si annealed at 850 °C. The second and third cycles are shown in

panels (e) and (f).
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Figure 10. (a) P-Eloops and (b) j-E dependence of BZT-BCT-0.1 M and BZT-BCT-Mn-0.1 M films on Pt/S$i. Top inset in panel (b): logarithmic y-
axis, bottom inset in panel (b): magnified linear y-axis. The P-E and j-E measurements were performed at 1 kHz.

effect of Mn doping on BZT-BCT film, the current density (j)
under an applied electric field was measured in both films, see
Figure 10b. The leakage current density in the BZT-BCT-0.1 M
film is about 15 mA-cm™ at the applied field of 500 kV cm™.
Manganese doping significantly reduces the leakage to about
0.18 mA cm™ in the same field. The effect of Mn-doping on the
leakage current at low fields is clearly seen on the logarithmic
scale; see the inset of Figure 10b.

Due to the slim P -E loop, high maximum polarization, high
breakdown field, and low current density, cf. Figure 10, the BZT-
BCT-Mn-0.1 M films could be considered for energy storage.
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Figure 11 shows the unipolar P-E loop measured at 1 kHz (first
cycle). The calculated energy storage density (U,), recovered
energy storage density (U,.), energy loss (U,,), and efficiency
(n) are 14.5, 10, 4.5 J cm™3, and 69%, respectively, at 1160 kV
cm™, These properties are comparable to the energy storage
properties of the PZT thin film deposited on (001) SrRuO,/
SrTiO,/Si by pulsed laser deposition (PLD).*® The U, of
(Ba,Ca)(Zr,Ti)O, films prepared by PLD and ion beam
sputtering deposition were reported to be 39 J-cm™ and 2.3 J-
cm™, respectively, with the respective 5 of 33% and 28.5%. 1,59

https://doi.org/10.1021/acsaelm.4c00530
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Figure 11. Energy storage properties obtained from the unipolar P-E
loop (first cycle) ofa BZT-BCT-Mn-0.1 M thin film on Pt/Si annealed
at 850 °C.

In our case, # is about twice as high as compared to the film
prepared by PLD, which has a higher U,

Furthermore, the BZT-BCT-Mn-0.1 M film’s endurance was
measured by electric field cycling two consecutive unipolar P-E
loops at 800 kV cm ™" with a frequency of 1 kHz, see Figure 12.
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Figure 12. (a) Unipolar P-Eloops and {(b) U,,.and  of BZT-BCT-Mn-
0.1 M film upon electric field cycling.

After 2 million cycles, there is no significant change in the P-E
loops. The U, of 5.3 ] cm™ is linear upon cycling, while the
efficiency of about 65% is slightly decreased down to 58% above
10° cycles. A similar value and linear behavior of U, are also
observed from the data calculated using the second-cycle P-E
loops (Supporting Information SS}. Here, the energy storage

efficiency (#) is slightly higher than the value from the first cycle.
This can be explained by the fact that in the second cycle, the
sample is already partially poled, reducing the charging energy
and increasing the efficiency.

The field-induced strain (S-E), capacitance tunability (C-E),
and the extracted piezoelectric d;; coefficient of BZT-BCT-Mn-
0.1 M film were obtained by double-beam laser interferometry
(DBLI), see Figure 13, The maximum field-induced strain is
0.18% at 1 MV-cm ™ measured at 1 kHz. A very similar value was
obtained at 100 Hz. The capacitance response to the electric
field indicates the switching behavior of domains, thus
confirming the ferroelectricity of the film." The calculated
and plotted relative permittivity as a function of the electric field
(see Figure 13b) matches the value of permittivity obtained by
temperature-dependent dielectric measurements. The small-
signal dy; coefficient of BZT-BCT-Mn-0.1 M measured on an
electrode with a diameter of 200 ym is about 22 pm V!, The
value of dy; is likely somewhat underestimated due to the small
ratio between the electrode size and the substrate thickness
(0.32). Ideally, the ratio should be around 1,* as also supported
by our previous study.”’ The corrected value, considering the
respective ratio of 1, is about 34 pm V™', To our knowledge,
macroscopic measurement of the field-induced strain of BZT-
BCT films has not been reported previously.

4. CONCLUSIONS AND OUTLOOK

In summary, we investigated the microstructure and functional
properties of BZT-BCT thin films deposited on the platinized
silicon substrates. The films were undoped or doped with
manganese. By carefully designed processing, which included
adapted solution chemistry that prevented uncontrolled
hydrolysis of transition-metal reagents, diluting the coating
solution to decrease the thickness of individual deposited layers,
and multistep annealing at 850 °C, BZT-BCT films crystallized
with a columnar microstructure. The perovskite phase was
preferentially (111) oriented, as shown by GIXRD and
supported by STEM analysis. The STEM-EDS analysis revealed
a homogeneous distribution of elements across the film
thickness, indicating that the homogeneity of the solid solution
was retained upon crystallization,

The room-temperature dielectric permittivity of the films with
a columnar microstructure was 510, almost twice as much as the
value obtained in the film with a fine, granular microstructure, in
agreement with the dielectric grain-size effect. Manganese
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Figure 13. Electric field dependence of (a) strain and (b} dielectric permittivity (¢,’) and small-signal piezoelectric d,; coefficient of BZT-BCT-Mn
film on Pt/Si prepared from 0.1 M coating solution and annealed at 850 "C measured by DBLIL
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doping contributed to a higher room-temperature dielectric
permittivity (670), a downshift of a very broad permittivity peak,
and a significant leakage reduction of BZT-BCT thin films. The
manganese-doped BZT-BCT films exhibit ferroelectric proper-
ties. A slim polarization-electric field loop, high maximum
polarization, high breakdown field, and almost fatigue-free
response after 2 million cycles at 800 kV ¢! make them good
candidates for energy-storage applications. The piezoelectric
response of BZT-BCT was confirmed by DBLL

Future research could focus on the multifunctionality of BZT-
BCT thin films following the proposed processing approach and
possibly using other substrates, such as platinized sapphire or
metal foils, for versatile energy conversion applications.
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Supplement Material S1. Dielectric data as a function of the frequency of the BZT-BCT-0.2M
films
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Figure S1. Frequency dependence of dielectric permittivity (&) and losses (tan 3) at room

temperature of BZT-BCT-0.2M annealed at different temperatures.
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Supporting Information

Supplement Material S2. The polarization-electric field (P-E) loops of the BZT-BCT-0.2M
films
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Figure S2. Electric-field dependence of the electrical polarization of BZT-BCT-0.2M films

annealed at different temperatures.
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Supporting Information

Supplement Material 53. XRD patterns recorded in Bragg-Brentano geometry of the BZT-
BCT-0.1M and BZT-BCT-Mn-0.1M films
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Figure 83. XRD patterns of a) BAT-BCT-0.1M and b) BZT-BCT-Mn-0.1M films on Pt/Si annealed

at 850 °C recorded in Bragg-Brentano geometry.
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Supporting Information

Supplement Material S4. (110) XRD pole figure of the BZT-BCT-Mn-0.1M film

A strong intensity ring is observed at a tilt angle ¥ =~35 °. As the angle between [111] and [110]
in (pseudo-)cubic systems is 35.3 ©, this further confirms (111) out-of-plane orientation of the film.
The fact that the intensity of the ring is constant at all rotational ¢ angles indicates random in-plane

orientation of the film.
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Figure S4. BZT-BCT-Mn-0.1M film on Pt/Si annealed at 850 °C. Pole figure of (110) peak.
Measurement conditions: The measurements were performed with 20 fixed at 31.5 °. Tilt angle ¥
was ranging from 0 to 72 © (step = 3 °) and rotational angle ¢ was ranging from 0 to 355 ° (step =
5 9). Collection time for each data point was 18 s. The measurement was performed with a 1 mm

collimator.
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Supporting Information

Supplement Material S4. The second-cycle unipolar (P-F) loops and calculated energy
storage properties of the BZT-BCT-Mn-0.1M film
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Figure 55. a) Unipolar P-E loops and b) recoverable energy density (Urec) and efficiency (i) of
BZT-BCT-Mn-0.1M film upon electric field cycling.

S6



74 Chapter 3. Results and Discussion

3.4. 0.5Ba(Zro2Tio.s)Os-0.5(Bag.7Cao.s)TiOs Thin Films on
Platinized Sapphire Substrates

3.4.1. High Energy Storage Density and Efficiency of 0.5Ba(Zro2Tios)Os-
0.5(Bao7Cao3)TiOs Thin Films on Platinized Sapphire Substrates

In our previous work, we prepared 0.5Ba(Zro2Tios)O3-0.5(Bag:Cas)TiOs (BZT-BCT) thin films
doped with manganese by chemical solution deposition on platinized silicon (Pt/Si) substrates.
The films showed promising energy storage properties. However, due to a large difference in
thermal expansion coefficient (TEC) of BZT-BCT and silicon substrate, intergranular cracks
evolved concurrent with decreased functional properties when the thickness of the films exceeded
about 120 nm (see Chapter 3.3).

In this study, we used platinized sapphire substrates, characterized by a much larger TEC
than Si, which allowed us to prepare crack-free BZT-BCT films with thicknesses up to 340 nm.
The multistep annealing resulted in the films with columnar microstructure. The tilt-angle (¥ )-
dependent XRD analysis revealed that the tensile stresses in the 100 nm and 340 nm thick films
are 649 MPa and 781 MPa, respectively.

The dielectric permittivity of the 340 nm thick film is about 820, =60 % higher than that of
the 100 nm thick film measured at 1 kHz and room temperature. The thinner film exhibits a
larger coercive field and remnant polarization of about 110 kV-em™ and 6 uC-cm™? at 1 MV-cm™
compared to 45 kV-em™ and 4 pC-cm™ for the thicker film. The improved properties of the 340
nm thick films are attributed to the dielectric grain size and film-thickness effects. Interestingly,
the 340 nm thick films conserve the ferroelectric properties from -75 °C to 150 °C, well beyond
the broad permittivity peak between 40 °C and 50 °C, indicating a relaxor-like behaviour. The
recoverable energy storage density of the films is about 46 J-cm™, and the energy storage efficiency
is 89%. The obtained values are above or comparable to those of lead-based and lead-free
perovskite relaxor or antiferroelectric thin films reported in the literature.

Our results reveal that by selecting the appropriate substrate and designing the
microstructure of the BZT-BCT films, high energy storage density and energy storage efficiency
are achieved in a wide temperature range. Such films show potential for energy storage
applications in different environments.

The results of this article confirm the hypotheses 5 and 6; and address the aims 3 and 4.

Published in: S. W. Konsago, K. Ziberna, A. Matavz, B. Mandal, S. Glinsek, Y. Fleming, A.
Bencan, G. L. Brennecka, H. Ursi¢, and B. Mali¢, “High Energy Storage Density and Efficiency
of 0.5Ba(Zrp2T1is)03-0.5(Bag;Cans)TiOs Thin Films on Platinized Sapphire Substrates”, RSC
Journal of Materials Chemistry A, Vol 13, Issue 4, pp. 2911 — 2919, 2025 (IF = 10.7)

My contribution: 1 synthesized the BZT-BCT coating solution and prepared the BZT-BCT
films. I performed the XRD data analysis. | measured dielectric, ferroelectric, and energy storage
properties. I prepared the concept of the paper jointly with my supervisor and wrote the
manuscript with all co-authors.
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High energy storage density and efficiency of
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Manganese-doped 0.5Ba(Zrg 2 Tio 8}03-0.5(Bag 7Cao 31 TiO3 (BZT-BCT) ferroelectric thin films deposited on
platinized sapphire substrates by chemical solution deposition and multistep-annealed at 850 °C, are
investigated. The 100 nm and 340 nm thick films are crack-free and have columnar microstructures with
average lateral grain sizes of 58 nm and 92 nm, respectively. The 340 nm thick films exhibit a relative
permittivity of about 820 at 1 kHz and room temperature, about 60% higher than the thinner films,
which is attributed to the dielectric grain size effect. The thinner films exhibit a larger coercive field and

Received 13th August 2024 N 1 _2 - _1
Accepted 4th Decernber 2024 remanent polarization of about 110 kV cm™ and 6 pC cm™* respectively, at 1 MV cm™ compared to 45
kV cm™ and 4 pC cm~2 for the thicker films. The 340 nm thick films exhibit a maximum polarization of
SR ESREGR S ariEEoRa about 47 pC cm™2 at 35 MV cm™ and slim polarization loops, resulting in high energy storage

rscli/materials-a properties with 46 J cm™> of recoverable energy storage density and 89% energy storage efficiency.

1. Introduction

Rapid development and massive use of electronics have
increased the demand for energy storage. Many efforts have
been made to improve existing energy storage technologies,
especially batteries and capacitors. In contrast to batteries,
capacitors are charged and can release the charged energy
within milliseconds or even nanoseconds with relatively high
efficiency.”” Due to the fast charging and release of electrical
energy or voltage, capacitors are increasingly required in many
medical devices such as pacemakers, defibrillators, and military
equipment such as ballistic missiles, radars, etc.>* In the group
of ferroics, ferroelectrics are not the optimum choice due to the
high remanent polarization and coercive field, thus low energy
storage efficiency, while antiferroelectrics and relaxor ferro-
electrics are among the most efficient materials for energy
storage.®” The thin film form of these materials with a higher
electric breakdown field than bulk and high polarization enable
high energy storage density and efficiency.**
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Lead-free  materials, including  0.5Ba{Zr.Tio )05~
0.5(Ba, ,Ca, ;)TiO; (BZT-BCT), which has been reported to be
a relaxor-like ferroelectric in its bulk form,'® are investigated for
energy storage applications.®® However, the microstructure and
ferroelectric/piezoelectric and energy storage properties of BZT-
BCT thin films prepared by chemical solution deposition {CSD),
are difficult to control."™*> An alternative ethylene glycol-based
CSD of barium titanate {BT) films instead of the conventional
carboxylic acid-based synthesis enables the decomposition of
organic residues at a relatively low temperature. It thus
contributes to decreasing the crystallization temperature and
controlling the microstructure of BaTiO; (BT) films.”

In our earlier study, we used a similar solution chemistry,
and by optimizing the processing conditions, we prepared BZT-
BCT films with a columnar microstructure upon multistep
annealing at 850 °C. However, crack-free BZT-BCT films could
only be obtained if the film thickness did not exceed about
100 nm. In contrast, in thicker films, the evolution of inter-
granular cracks was attributed to the biaxial stress stemming
from the thermal expansion mismatch between the ceramic
film and platinized silicon substrate. Note that BZT-BCT thin
films were doped with manganese {1 mol%) to reduce the
leakage current critical for electric field-dependent properties.**

In the present study, we report the energy storage properties
of BZT-BCT thin films. Using platinized sapphire substrates
with about three times the thermal expansion coefficient of
silicon allowed us to reduce the thermal stress and obtain crack-
free BZT-BCT films with a thickness of about 300 nm exhibiting
energy storage properties comparable to state-of-the-art lead-

. Mater. Chem. A, 2025, 13, 2911-2919 | 2911
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based relaxor and anti-ferroelectric films, with stable perfor-
mance across a wide temperature range.

2. Experimental part

The 0.5Ba(Zr, ,Tig 5)05-0.5(Bag 5Cay 3)TiO3, (BZT-BCT)
precursor is prepared from alkaline earth acetates (barium
acetate (Ba(CH3COO),, Ba(OAc),), 99.97%), calcium acetate
((Ca(CH3COO0),, Ca(0Ac),), 99.999%), purchased from Sigma-
Aldrich, St. Louis, Missouri, USA and Alfa Aesar, Karlsruhe,
Germany and transition metal alkoxides (zirconium butoxide
(zr(OC4Hg), or Zr(OnBu),), 80%) and titanium butoxide
((Ti(OC4H,)s or Ti(OnBu),), 99.61%) both purchased from Alfa
Aesar, Karlsruhe, Germany. The alkaline earth acetates are
dissolved in ethylene glycol (OHCH,CH,OH, EG, 99.8%, Sigma-
Aldrich, St. Louis, Missouri, USA) at room temperature sepa-
rately from the transition metal alkoxides, which are diluted in
ethanol (CH;CH,OH, EtOH 99.9%, Sigma-Aldrich, St. Louis,
Missouri, USA). Manganese acetate ((Mn(CH;COO),,
Mn(OAc),), 98%, Alfa Aesar, Karlsruhe, Germany) is added to
the solution of alkaline-earth acetates overstoichiometrically in
the amount of 1 mol% as a doping agent. After the complete
dissolution of acetates in EG, both solutions are mixed. The
concentration of BZT-BCT coating solution is adjusted to 0.1 M,
keeping the volume ratio of EG/EtOH at 3/2. The reagents are
manipulated in a nitrogen-filled glove box.

C-Sapphire (500 pm-thick, Siegert Wafer, Aachen, Ger-
many) was used as a substrate. 23 nm of HfO, was deposited
on top using atomic layer deposition (TFS-200, Beneq, Espoo,
Finland), followed by sputtering of Pt (100 nm, MED-020, Bal-
tec Leica, Wetzlar, Germany). The 0.1 M BZT-BCT coating
solution was deposited on platinized C-Sapphire substrates by
spin coating (WS-400B-6NPP/LITE, Laurell, North Wales,
Pennsylvania, USA) at 3000 rpm for 30 seconds, followed by
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drying at 250 °C for 15 minutes, pyrolysis at 350 °C for 15
minutes and annealing at 850 °C. The films were annealed
with a heating rate of 13.3 °C s~ ' after each deposition, and
the times were 15 min for the first and the last deposited layers
and 5 min for the intermediate layers. All steps were repeated
10 and 30 times to reach the BZT-BCT-Mn films with thick-
nesses of about 100 nm and 340 nm, respectively, denoted
BZT-BCT-100 and BZT-BCT-340.

The phase composition of the films was characterized by
XRD with Cu K« radiation performed in the 26 ranges of 10-39°
and 40-65° to avoid recording the Pt (111) peak on a high-
resolution diffractometer (X'Pert PRO, PANalytical, Almelo,
The Netherlands, step = 0.034°, time per step = 100 s, soller slit
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Fig.2 XRD patterns of (a) BZT-BCT-100, (b) BZT-BCT-340 films. The
diffraction peaks of the substrate were removed to have a better view
of the perovskite pattern.

Fig. 1

2912 | J Mater. Chem. A, 2025, 13, 2911-2919

SEM cross-section micrographs of (a) BZT-BCT-100, (b) BZT-BCT-340, and (c and d) their respective plan view micrographs.
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= 0.02 rad, mask10). The phase analysis was performed using
X'Pert High Score Plus software.

A Bruker D8 Discover with Cu Ko radiation was used for
grazing incidence X-ray diffraction (GIXRD). The experiment
was conducted with an incident angle of 0.5°, scanning the 26-
range from 20° to 60° with the step of 0.02°, and time per step
set of 4 s. The same tool was used for the ¥-scan (#-20 scan with
different tilt angles, ¥) with a 1 mm collimator. The measure-
ment was performed in a 26- and ¥-range from 30.5° to 32.5°
and from 0° to 50°, respectively. The 26-step was 0.02° and the
time per step was 90 s.

The microstructure was characterized using a Verios 4G HP
field emission scanning electron microscope (Thermo Fischer,
Waltham, Massachusetts, USA) with an accelerating voltage of
5 kV. Before SEM imaging, a 5 nm-thick carbon layer was
coated on the film using a Precise Etching and Coating System
628A (Gatan, Pleasanton, California, USA). The average grain
size was determined using the linear intercept method on the
obtained SEM images, measuring at least 400 grains on each
sample.

For the electrical measurements, top gold electrodes with
a diameter of 400 um were deposited on the films through
a shadow mask by magnetron sputtering (5 pascal, Trezzano
sul Naviglio, Milan, Italy). The films were etched at the edge
using a mixture of HF 40% (Alfa Aeser, Karlsruhe, Germany)
HCI 37-38% (J.T. Baker, Phillipsburg, New Jersey USA) and
deionized H,O in the volume ratio (2:5:20) to reach the
bottom electrode.

The dielectric properties as functions of frequency and
temperature were measured using an impedance analyzer (HP
4284A, Keysight, Santa Rosa, USA) from 1 kHz to 1 MHz at room
temperature and from —50 to 150 °C across a frequency range
from 33 Hz to 100 kHz.

The capacitance (C) and the polarization (P) as functions of
the electric field (F) were measured using the Aixacct TF
Analyzer 2000 (Aixacct Systems GmbH, Aachen, Germany) at 1
kHz with a small-signal amplitude of 50 mV for C-E
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measurement and with a sinusoidal signal for P-E measure-
ment, respectively. The BZT-BCT-340 film was selected to
investigate the ferroelectric properties at temperatures from
—75 to 150 °C.

3. Results and discussion

The SEM plan view and cross-section micrographs of BZT-BCT-
100, and BZT-BCT-340 films are shown in Fig. 1. The thick-
nesses of the films are about 100 nm and 340 nm, respectively,
as evident from the cross-sections shown in Fig. 1a and b. The
columnar microstructure results from the multistep annealing
strategy.'* Both films are crack-free and with very few pores. The
average lateral grain sizes are 58 nm and 92 nm for BZT-BCT-
100 and BZT-BCT-340 films, respectively. The increase of the
grain size with increasing thickness is in agreement with earlier
studies.'®"” Crack-free BZT-BCT films with thicknesses of up to
340 nm are achieved by using Pt/sapphire (Pt/Sa) as a substrate,
whose thermal expansion coefficient (TEC) is closer to that of
BZT-BCT. Previous works reported the evolution of cracks in
BZT-BCT films on Pt/Si substrates''*'®' with thicknesses of
about 100-200 nm. Generation of cracks is attributed to the
significant difference in TEC between BZT-BCT with a TEC
~12 x 10° K * (ref. 20) and the silicon with a TEC ~3 x 10™°
K ' (ref. 21 and 22) in the same temperature range 100-600 °C.
The sapphire substrate with a TEC ~8 x 10 ° K" (ref. 21)
contributes to substantially lower tensile stress in the film upon
cooling.

Table 1 Summary of strain and stress calculations. Fitted slope (see
Fig. 3c), calculated strain 11,2, stress a11/22, and adjusted R? of the fit

Slope Strain, €112z Stress, 011/22 Adjusted
Films (pm) (%) (MPa) R?
BZT-BCT-100 1.843 0.34 649 0.994
BZT-BCT-340 2.221 0.42 781 0.997
4 BZT-BCT-100 - dyy,
e BZT-BCT-340 - dy,,
BZT-BCT-100 - fit (R? 0.994)
e BZT-BCT- 340 - fit (R?0.997)
T T T T T T T
00 01 02 03 04 05 06
sin? (y)

Fig. 3 Tilt-angle ¥-dependent XRD patterns of (a) BZT-BCT-100 and (b) BZT-BCT-340 films. (c) Interplanar spacing di1p as a function of
sin?(¥). Different (yet both positive) slopes observed in (c) indicate different absolute values of residual biaxial strain in both films.

This journal is @ The Royal Society of Chemistry 2025
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The BZT-BCT films crystallize in the perovskite phase with
no preferential orientation indexed according to BaTiO; PDF 01-
074-4539, see Fig. 2.

To evaluate residual stresses in the films, the tilt-angle ¥-
dependent XRD patterns were measured around the (110) peak
(Fig. 3a and b). In both films, the (110) peak shifts towards lower
20 values with increasing y, suggesting the presence of tensile
stress. The interplanar d,, plot shown in Fig. 3c reveals a linear
dependence on sin* ¥ for both films, with a smaller slope (see
also Table 1) in the case of the thinner film.

To calculate biaxial strain ¢,,,,, and stress a,,,,, we used the
method described in detail by Schenk et al.*® We assumed
negligible shear strain and rotationally symmetric in-plane
stress. For the latter, see our previous publication, where the
(110) pole figure of the BZT-BCT film on platinized silicon
reveals constant intensity at all ¢ angles. Young's modulus and
Poisson ratio were estimated at 130 GPa and 0.3, respectively.*
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Results are collected in Table 1. The calculated strain (stress)
value for the BZT-BCT-100 is 0.34 (649 MPa), and it increases for
the BZT-BCT-340 film to 0.42 (781 MPa). Note that in both
cases, the adjusted R* is above 0.99. Residual tensile strain can
be ascribed to the difference in thermal expansion coefficients
between the film and the substrate (see the discussion above).

The dielectric properties of BZT-BCT-100 and BZT-BCT-340
films as functions of frequency, electric field, and temperature
are shown in Fig. 4. The relative permittivity of BZT-BCT-100 is
about 500 in the 100 Hz-1 MHz frequency range at room
temperature, while the permittivity of the thicker film, BZT-
BCT-340, is about 820, which is ~64% higher (Fig. 4a). The
smaller permittivity in the former film is attributed to the lower
film thickness and smaller grain size, i.e., the dielectric grain
size effect.??¢ The losses (tan ) from 1 kHz to about 100 kHz are
slightly higher in the thinner film and begin to increase at
frequencies lower than a few kHz, which indicates higher

Fig. 4 Room-temperature dielectric properties as a function of (a) frequency, and (b) electric field of BZT-BCT-100 and BZT-BCT-340 films.
The relative dielectric permittivity and losses of (c) BZT-BCT-100 and (d) BZT-BCT-340 films as functions of temperature at different

frequencies (v).

2914 | J. Mater. Chem. A, 2025, 13, 2911-2919
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conductivity of the thinner film. The increasing losses observed
at high frequencies are due to the parasitic LCR effect of the
measurement setup.

The double peak of the electric field-dependent relative
permittivity of the films indicates their ferroelectric behavior
(Fig. 4b)."**” The imprint nature of ¢, peaks can be due to the
different work functions of platinum bottom electrode and gold
top electrode.”® In addition, rf-sputtering which was used to
deposit electrodes can introduce charged defects that result in
asymmetry in the electric field-dependent capacitance
measurements.>°

The frequency-dependent dielectric permittivity curves of the
two films as a function of temperature are shown in Fig. 4c and
d. In the case of the BZT-BCT-100 film, there is no evident
permittivity peak, which we ascribe to its fine grain size and low
film thickness.”**** The losses increase with increasing
temperature, which is attributed to the increase in the film's
conductivity. However, in the BZT-BCT-340 film, a broad
permittivity peak is observed between 40 °C and 50 °C, which we
attribute to a diffuse phase transition.

In our previous study, about 110 nm thick films with the
same composition (1 mole% Mn dopant) but deposited on Pt/Si
substrates exhibited a broad dielectric permittivity peak with
transition temperature in the range from 55 to 75 °C.*
Compared to the phase transition temperatures of the films on
Pt/Si substrates, a further downshift of the permittivity peak of
the BZT-BCT-340 on the sapphire substrate is presumably
related to the tensile stress developed in the film due to thermal
expansion mismatch.” A weak frequency dispersion could
indicate a relaxor-like behaviour of the BZT-BCT-340 film."® The
tan of BZT-BCT-340 remains below 0.03 in the whole

— 100 nm
— 340 nm

—40-4
—1000

~500 0 500 1000
E (kV-em™)

Fig.5 P-E loops of BZT-BCT-100 and BZT-BCT-340 measured at 1
kHz and at room temperature.
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temperature range, up to 150 °C, while in the thinner film, it
noticeably increases above 100 °C.

The polarization as a function of the electric field (P-E) is
measured for both films at 1 kHz and is shown in Fig. 5.
Ferroelectric properties: remanent polarization (P,), coercive
field (E.), and maximum polarization (Pmay) of both films are
collected in Table 2. The thinner film has a lower Py, and
rounded tips of the loop indicate leakage contribution. The
thicker film has a higher P« and sharp tips. The higher
coercive field and remanent polarization in the thinner films
could be related to the existence of the so-called “dead layers” in
addition to the grain size effect and leakage contribution. The
dead or nonswitching layers are the interfacial discontinuity at
the electrode-ferroelectric material interface, affecting the
polarization and coercive field.**

The BZT-BCT-340 exhibits better dielectric and ferroelectric
properties with higher relative dielectric permittivity, lower
losses, and significantly higher maximum polarization than the
BZT-BCT-100. Due to its slim P-E loop, low remanent polari-
zation, small coercive field, and high saturated polarization, the
thicker BZT-BCT film can be considered a viable candidate for
energy storage applications.

Table 2 Ferroelectric properties BZT-BCT-100 and BZT-BCT-340
measured at 1 kHz

Ema.x Ec P, r P, max
Film Mvem™) (kvem ') (uCem™?)  (uCem?)
BZT-BCT-100 1 110 6 28
BZT-BCT-340 4 ¢ 45 4 36

30

0 1 1
=500 250 0 250 500
E (kV-cm™)

Fig.6 P-Eloops of BZT-BCT-340 at different temperatures at 1 kHz.

J. Mater. Chem. A, 2025, 13, 2911-2919 | 2915



80 Chapter 3. Results and Discussion

View Article Online

Journal of Materials Chemistry A Paper
a) b)
S - 20 'r_,.,ﬂ-—J"*""“'"--\,,_'
2 " . -a - a
L - 10
'.'E 1} TE of —=—E +kV-em™)
5 —a— P+ (uC-cm :) ; P Ec-(kV-cm")
03 ol ® P -(nC-em™) 5—10 -
by 2
R0} —— 1Y
“l1fe—g = e -
bl e 2 e -30F o
L ]
= L 1 1 1 1 _40 1 1 L 1 1
=50 0 50 100 150 =50 0 50 100 150
T(°C) T(°C)

Fig.7 (a) Remanent polarization (P,), and (b) coercive field (E.) of BZT-BCT-340 measured at different temperatures at the applied electric field
of 500 kV cm™,

We measured the P-E loops of the BZT-BCT-340 film at
different temperatures from —50 °C to 100 °C, as shown in
Fig. 6. The P-E loops do not show any significant change in the
shape in the whole temperature range. The temperature-
independent P-E loops of the film could suggest that the
polarization as a function of the electric field is rather gov-
erned by the existence of nano-domains, i.e., polar nano
regions in Mn-doped BZT-BCT films, indicating a relaxor-like
behavior as reported in NaNbO; films or BaTi, ;52r,.250;
ceramic,’* than the ferroelectric polar phase which should
disappear above the 7.. The P, and E. measurements from
~75 °C to 150 °C show the imprint behavior of P, and E,, i.e.,
asymmetry of positive and negative P, and E,, presumably due
to the different top and bottom electrodes, as shown in the
electric field-dependent dielectric permittivity, see Fig. 4b. A
progressive decrease of P, and E. with the increase in
temperature is observed in Fig. 7a and b, yet, these values are

not close to zero. It should be noted that at such high
temperatures, the conductivity in the films may increase,
contributing to the persistence of apparent E, and P,. Still, the
existence of the polar nano regions in BZT-BCT thin films
cannot be excluded.

Unipolar P-E loops of BZT-BCT-340 films were measured at
different electric fields to evaluate the energy storage (ES)
properties. Fig. 8 shows the unipolar P-E loops measured at
progressively higher electric fields up to 3.5 MV em " at 1 kHz
and a P-E loop at an E-field of 3.5 MV em ™" with calculated
recoverable energy and losses. The maximum polarization is
about 47 puC em 2. The calculated recoverable energy (Uye.) and
energy losses (Ujoss) are 46.0 J ecm- *and 5.5] em “‘, respectively.
The charging or stored energy (Us) is 51.5 ] cm *, and energy
storage efficiency (n) is 89.2%. The high energy storage perfor-
mance is due to the high maximum polarization and a high
electric field that the film survives without breakdown.
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Fig. 8 (a) Unipolar P-E loops (b) P-E and ES properties at £, of BZT-BCT-340. The measurements were performed at 1 kHz.
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Table 3 Recoverable energy density and efficiency of BZT-BCT-340 (this work} and barium-, lead- and bismuth-based perovskite oxide thin

films obtained by different methods reported in the literature

Film Dopant Substrate Thickness (nm) Method Epmax (MV em™) (A 0o ) 7 (%) Ref.
BZT-BCT — Pt/Si 150 IBSD 0.15 2.3 28.5 37

BCZT? — MgO 360 PLD 2.08 39 33 38

BCZT® La Pt/Si 280 CSD 3.335 15 93 39
BZT-BCT Mn Pt/Si 120 CSD 1.16 10 69 14

BZT Sm STO 1000 PLD 7 133 89 40
BFO-STO — STO 500 PLD 3.85 70 70 41

PCZ ey Pt/Si 300 CSD 2.8 50 83 42

PLZT La Ti-foil 1200 PLD 3 a1 80 43

PHO — ITO/glass 330 CSD 3 25 73 44
BZT-BCT Mn Pt/Sa 340 CSD 35 46 89 This work
BCZT™: (Baossscao. 045)(21'04 17Ti0.83)03- BCZT™: (Bao.904cao. 096)0. o775 T 0.0075 LaO.OLS(ZrO.E}BTiO. 864)03 , BZT: Ba(zro. 3 5Ti0.65)03 . BFO-STO:

0.4(BiFe0;)-0.6(SrTiO;), PCZ: Pbg gsCag.12Zt03, PLZT: PbgoLag.1(Zro.52Tio.45)03, PHO: PbHIO;, ITO/glass: indium tin oxide deposited on glass

substrate.

Compared to the energy storage properties of BZT-BCT thin
films with different cation molar ratios, or dopants, deposited
on different substrates or prepared with different deposition
techniques, including Pulsed Laser Deposition {PLD), Ion Beam
Sputtering (IBSD),*”* our BZT-BCT-340 film shows promising
performance. The comparison of the reported values with BZT-
BCT-340 is summarized in Table 3. For example, the
lanthanum-doped (BaO.904ca0.096)0.9775 # XLao.o15(Zro.136Tio.se4)
O; (BCZT) film reported by He et al. has a very high efficiency
of about 93%, which is attributed to almost no remanent
polarization and a maximum applied field of about 3.33
MV em *2° which is about 5% lower than the field applied to
our BZT-BCT-340.

The energy storage efficiency of our BZT-BCT-340 is above or
comparable to the values obtained by antiferroelectric and
relaxor barium-, lead- and bismuth-based perovskite thin films
which are considered to be the ideal candidates for energy
storage, for details, please refer to Table 3.

4. Conclusion

We prepared Mn-doped BZT-BCT thin films by chemical solu-
tion deposition on platinized sapphire substrates in a multistep
deposition and annealing process at 850 °C. The about 100 nm
and 340 nm thick crack-free films with columnar microstruc-
ture were achieved. The platinized sapphire substrate with
a thermal expansion coefficient closer to that of BZT-BCT is
a better choice for preparing crack-free BZT-BCT thin films with
a thickness of a few 100 nm compared to the commonly used
platinized silicon substrate with much lower thermal expansion
coefficient resulting in the crack-generation often observed in
BT-based thin films with thicknesses above 100 nm. The 100 nm
thick BZT-BCT film exhibits a dielectric permittivity of about
500 at 1 kHz, which is 64% lower than the permittivity of the
340 nm thick film. The latter film is characterized by a slim
polarization-electric field loop which persists well above the
dielectric permittivity peak between 40 °C and 50 °C, suggesting
its relaxor-like behavior. The recoverable energy of 46 ] cm® with

This journal is ® The Rayal Society of Chemistry 2025

an energy storage efficiency of about 89% was achieved at 3.5
MV em . The properties of the BZT-BCT thin films reveal their
promising potential for energy storage applications in a wide
temperature range from —75 °C up to about 150 °C.
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3.4.2. Electromechanical Properties and Tunability of 340-nm Thick
0.5Ba(Zr2Tis)0s-0.5(Bag7Cao3)TiOs Films on Platinized Sapphire
Substrates

This Chapter continues Chapter 3.4.1. It reports the electromechanical properties and
capacitance tunability of the 340 nm thick Mn-doped BZT-BCT films on platinized sapphire
substrates.

Materials and methods

The reagents, solution preparation procedure, and thin film processing are identical to those
described in Chapter 3.4.1. The unipolar strain (5) was measured using the Aixacct TF Analyzer
2000 (Aixacct Systems GmbH, Aachen, Germany) as described in Chapter 3.3. Also, the
piezoelectric ds; coefficient and the capacitance as a function of the DC field (C-E) were measured
at the same conditions as described in Chapter 3.3.

Results and discussion

Electromechanical properties and tunability of the 340 nm thick BZT-BCT films doped with 1
mole % of manganese deposited on platinized sapphire substrate (BZT-BCT-340) are summarized
in Figure 21. Panels a) and b) show the strain measured at different electric fields (S-F),
capacitance (C-E), and piezoelectric ds; coefficient measured at room temperature, while panel
¢) shows the large signal piezoelectric coefficient (d*s3) as function of temperature.

The maximum strain is about 0.77% at 3.5 MV-cm™. Such a large strain could be obtained in
PZT thin films with columnar microstructure and with thicknesses of about 2 um or above [112].
The obtained dj; is about 40 pm-V'. It is worth noting that there is no significant change in dj;
over a temperature range from -50 °C up to 150 °C which is well beyond the T. of BZT-BCT (as
evident from the measurement of the dielectric permittivity versus temperature; see Chapter
3.4.1, Figure 4). This implies a relaxor-like behaviour of BZT-BCT-340 as previously discussed
in Chapter 3.4.1. An extended temperature range of piezoelectric activity would be an advantage
for various MEMS applications, including bio-medical applications such as blood pressure sensors;
and piezoelectric haptic actuators in which PZT is still the most considered material [113], [114],
[115].
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Figure 21: The unipolar electric field dependence of strain (a), capacitance and small-signal
piezoelectric dss coefficient (b) and temperature dependence of large signal dss coefficient (c) of
BZT-BCT-340 films on Pt/sapphire measured by DBLI at 1 kHz.
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3.4.3. Mlicrostructure and Functional Properties of 680-nm Thick
0.5Ba(ZI‘0.2Ti0,3)03-0.5(Bao.7cao.3)TiO3 Films on Platinized
Sapphire Substrates

This Chapter reports the results of 680 nm thick BZT-BCT films doped with 1 mole % of
manganese deposited on platinized sapphire substrates and multistep annealed at 850 °C.

Materials and methods

The materials and solution preparation procedure are identical to the description included in
Chapter 3.4.1. The film is prepared under the same conditions as in the previous chapter, with
the exception of the number of depositions, which was increased to 60. The XRD and field-
emission scanning electron microscopy (FE-SEM) analyses and the measurements of the
functional properties were performed under the conditions described in parts 3.4.1 and 3.4.2.

Microstructure and properties of 680 nm thick films

The plan-view and cross-section SEM micrographs of the 680 nm thick BZT-BCT film show
crack-free and dense, predominantly columnar microstructure as shown in Figure 22. The average
lateral grain size of the film is 132 nm, obtained from the plan-view image using the linear
intercept method. The absence of intergranular cracks on the film's surface suggests that the
thermal expansion coefficient (TEC) mismatch between the film and sapphire substrate (TEC
~12.4 x 10° K for BZT-BCT and ~8.1 x 10% K™ for sapphire in the temperature ranges of 100
°C - 600 °C and 20 °C — 800 °C respectively) is low enough to suppress the evolution of cracks
[103], [116]. Contrarily, in the case of BZT-BCT films on Pt/Si, the thermal stress contributed
to intergranular crack generation even at much lower film thicknesses of about 120 nm (Chapter
3.3, Figure 5) due to the much lower TEC of silicon which is about 4 times lower than that of
BZT-BCT in the same temperature range [116], [117].

b)

Figure 22: FE-SEM a) plan view b) cross-section of the 680 nm thick BZT-BCT film deposited
on the platinized sapphire substrate and multistep annealed at 850 °C.

The relative permittivity and losses of 680 nm thick BZT-BCT films measured at 1 kHz and
at room temperature are 840 and 0.02, respectively, as shown in Figure 23 a). The permittivity
slightly decreases with the increase of frequency while the losses are constant up to 100 kHz and
then increase up to 0.07. The increase of losses at higher frequencies is due to the parasitic LCR
effect of the measurement setup. The dielectric permittivity of our film was 3 or even 5 times
higher than the reported values obtained in BZT-BCT thin films with thicknesses of a few 100
nm prepared from 0.35 M coating solutions and annealed at 700 °C and 750 °C [91], [94], [96].
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The relative permittivity measured as a function of temperature reaches peak values in the
temperatures range between 60 to 90 °C. There is no significant difference in the peak values of
dielectric permittivity of 680 nm and 340 nm thick films (see Chapter 3.4.2), but the broad
permittivity peak of the 680 nm thick film is upshifted for about 30 °C compared to that of the
340 nm thick BZT-BCT film. The T, of the 680 nm thick film is in the same temperature range
as bulk ceramic 90 °C [24].

The maximum polarization and strain of the 680 nm thick BZT-BCT film are 32 puC-cm™? and
0.35%, respectively, measured at 100 Hz under an applied field of 1.2 MV /cm as shown in Figure
23 c¢). The coercive field of about 40 kV/cm which is quite low compared to some other
ferroelectric perovskite thin films [118], [119], [120], indicating that BZT-BCT is a soft
ferroelectric material [12]. The sharp and saturated P-E loop indicates the film is not lossy, in
agreement with the low-field permittivity measurements as function of frequency. The
permittivity response to the applied electric field shows a good tunability and the permittivity
peaks around 30 kV-cm! confirm a low coercive field. The ds; of the film measured on gold
electrodes with a diameter of 400 um by DBLI is about 40 pm-V-. This value could be
underestimated due to the small size of the electrode as explained in Chapter 3.3., i.e the ratio
of the electrode diameter and the substrate thickness should be around 1, but in our case, it is
0.64 [121], [122]. The thickness of platinized sapphire is 623 pm.
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Figure 23: Dielectric properties of the 680 nm thick BZT-BCT film on the platinized sapphire
substrate measured as a function of a) frequency at room temperature, b) temperature at different
frequencies. The electric field dependent properties: ¢) P-E loops, S-E and b) the permittivity
tunability and piezoelectric ds; coefficient.
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Chapter 4

Summary, Conclusion and Outlook

In the thesis, we establish the processing - microstructure - properties relationship of
0.5Ba(Zro2Ti0s)05-0.5(Bag7Caos)TiOs (BZT-BCT) thin films prepared by chemical solution
deposition (CSD). To achieve this goal, we investigated BaTiOs; (BT) thin films as a reference
for BZT-BCT films. An alternative synthesis approach of BT-based coating solution, the
optimization of the CSD process, microstructure design using the multistep annealing, and
functional properties characterization of BT and BZT-BCT thin films are reported and discussed.

In CSD of BT thin films, the conventional coating solution synthesis involves barium
carboxylate and titanium alkoxide as reagents and carboxylic acid, mainly acetic acid (AcOH)
and alcohol, mainly 2-methoxyethanol (MOE) as solvents. BT coating solution with AcOH and
MOE solvents was used as a reference to compare with the solution in which ethylene glycol
(EG) was selected as a solvent for barium acetate. While EG is often used in CSD as a modifying
agent, it has not been previously reported to dissolve poorly soluble alkaline earth acetates. The
influence of the choice of the alcohol solvent for transition metal alkoxide on the stability of the
coating solutions, thermal decomposition of BT precursor (xerogel), and the microstructure of
BT films was studied.

We relate the instability of BT coating solution using AcOH-MOE solvents to progressive
esterification reaction between the solvents, resulting in water formation and eventual hydrolysis
of titanium alkoxide, leading to its precipitation. The stability of the coating solution increased
from weeks to more than a year using EG instead of AcOH-MOE. The combination of EG and
ethanol (EtOH) solvents for barium acetate and titanium butoxide led to the thermal
decomposition of carbon residues at 719 °C compared to 1076 °C for the xerogel in which EG
was used as a single solvent and 1127 °C for the xerogel derived from the combination of EG and
MOE solvents. The films were spin-coated on platinized silicon substrates (Pt/Si), dried at 250
°C, pyrolyzed at 350 °C for 15 minutes, and multistep annealed at 800 °C. The =100 nm thick
films have a dense columnar microstructure and good functional properties, with room-
temperature dielectric permittivity of about 600 at 1kHz, and withstand electric fields of up to
2.4 MV-em™ without breakdown.

The selected EG-EtOH solvent combination was used to synthesize the BZT-BCT coating
solution. Like BT, the BZT-BCT solution was stable for at least one year. The thermal analysis
of BZT-BCT xerogel revealed that the decomposition of carbon residues is completed at 775 °C.
Fourier transform infrared spectroscopy (FTIR) and Time of Flight Secondary Ion Mass
Spectrometry (ToF-SIMS) of BZT-BCT thin films deposited on Pt/Si reveal that increasing the
times of drying and pyrolysis at 250 °C and 350 °C from 2 minutes to 15 minutes and lowering
the coating solution concentration from 0.2 M to 0.1 M contribute to a more complete thermal
oxidation of trace organic residues. The 120 nm thick BZT-BCT films deposited on Pt/Si from
a 0.1 M coating solution and multistep annealed at 850 °C crystallize in a perovskite phase with
a columnar microstructure. In comparison, the films deposited from a 0.2 M solution consist of
fine equiaxed grains. X-ray Photoelectron Spectroscopy (XPS) and Scanning Transmission
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Electron Microscopy (STEM) analyses confirmed the chemical homogeneity of the films.
Grazing-angle XRD and STEM analyses revealed the preferential (111) orientation of the
perovskite phase and orientational correspondence with the (111) Pt, indicating that it serves as
a nucleation layer, which has not been previously observed.

The room-temperature dielectric permittivity of the BZT-BCT film with the columnar
microstructure is 510 at 1 kHz which is 46 % higher than that of the film with equiaxed grains,
in agreement with the dielectric grain-size effect. Doping with manganese (1 mol %) increases
the room-temperature permittivity and reduces the leakage current in columnar films. The
recoverable energy storage density and efficiency are 10 J-em™ and 69 % at 1.16 MV-cm™,
respectively. The films show an almost fatigue-free response after 2 million cycles at 0.8 MV-cm
!. The macroscopic piezoelectric response of BZT-BCT thin films measured on the top electrodes
with a diameter 200 um using double-beam laser interferometry is about 22 pm-V-'. The corrected
value, considering the ratio of the electrode size to the substrate’s thickness [121], [122], which is
0.32 (ideally should 1), is 34 pm-V™'.

Intergranular cracks in BZT-BCT films on Pt/Si with thicknesses exceeding =120 nm were
attributed to the stress that develops in the film due to the thermal expansion mismatch between
the film and Si substrate. To increase the film thickness, we used platinized sapphire substrates
(Pt/Sapp), characterized by an almost 3 times larger thermal expansion coefficient (TEC) than
Si. Using a sapphire substrate enabled us to prepare crack-free Mn-doped BZT-BCT films with
columnar microstructure with up to 680 nm thicknesses. The tilt-angle (¥)-dependent XRD
analysis revealed that the tensile stress in the 100 nm and 340 nm thick films is 649 MPa and
781 MPa, respectively. The stress in the 680 nm thick film was not evaluated. The dielectric
permittivity of the 340 nm and 680 nm thick films is =800, about 60 % higher than that of the
100 nm thick film measured at 1 kHz and room temperature. The increase in dielectric
permittivity is related to increased film thickness and concomitant lateral grain growth, i.e., the
film-thickness and dielectric grain-size effects. The film-thickness effect on functional properties
of BZT-BCT films is not linear, which agrees with the literature on PZT films [101]. The
permittivity of the 100 nm thick film is almost independent of temperature, while broad transition
peaks between 30 °C and 60 °C and between 60 °C and 90 °C can be observed for the 340 nm
and 680 nm thick films, respectively.

The 100 nm thick films exhibit a coercive field and remnant polarization of about 110 kV-cm

U'and 6 pC-cm™® at 1 MV-cm?! compared to 40-45 kV-cm! and 4 pC-cm™ for thicker films.
Unexpectedly, 340 nm thick films conserve the ferroelectric properties up to 150 °C, well beyond
the broad permittivity peak between 30 °C and 60 °C, indicating a relaxor-like behaviour as
previously observed in some BZT-BCT bulk ceramics [123]. The recoverable energy storage
density and the energy storage efficiency of the 340 nm thick films are =46 J-cm™and 89%. The
obtained values are comparable to those of lead-based and lead-free perovskite relaxor or
antiferroelectric thin films reported in the literature.
The piezoelectric ds; coefficient of the 100 nm thick film is about 20 pm-V™ (the corrected value
is 33 pm-V!), which is significantly lower than 40 pm-V* (54 pm-V™"') of the 340 nm and 680 nm
thick films. The piezoelectric ds; coefficient of CSD-derived BZT-BCT films has not been
previously reported. Our results reveal that BZT-BCT thin films could be used as active
components in micro-electro-mechanical systems operating even at temperatures well beyond the
Tc.

Functional properties of BZT-BCT films studied in the thesis are collected in Table 2. The
choice of the concentration of the coating solution and, thus, the type of the microstructure;
doping to reduce the leakage; heat treatment conditions influencing the removal of trace organic
residues; and the substrate that determines the stress state influence the film properties.
Dielectric permittivity, ferroelectric and energy storage properties and piezoelectric d33
coefficient are enhanced in about 300 nm thick Mn-doped BZT-BCT films deposited on Pt/Sapp
substrates with a columnar microstructure.
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Table 2: Functional properties of BZT-BCT thin films on Pt/Si and Pt/Sapp substrates dried at
250 °C for 15 minutes, pyrolyzed at 350 °C for 15 minutes and multistep annealed at 850 °C.

BZT-BCT films
Conc. (mol/1) 0.2 0.1 0.1 0.1 0.1 0.1
Doping - - Mn Mn Mn Mn
Substrate Pt/Si Pt/Si Pt/Si Pt/Sapp | Pt/Sapp | Pt/Sapp
Thickness, nm 120 120 120 100 340 680
Microstructure Equiaxed | Columnar | Columnar | Columnar | Columnar | Columnar
¢ at 1 kHz at R.T. 350 510 670 500 820 820
tand at 1 kHz at R.T. 0.02 0.02 0.02 0.03 0.02 0.02
Fruax (kV-cm™) - - 1160 1000 3500 1400
E. (kV-cm™) - - 80 110 45 40
P, (uC-cm™) - - 5 6 4 4
Puax (PC-cm®) - - 32 28 47 32
Uiee (J-cm®) - - 10 - 47 -
n (%) - - 69 - 89 -
dss (pm. V™) - - 22 (34) 20 (33) 40 (54) 40 (54)
1000 0.7
B -
B tan 5 06
800 X
- 0.5
600 | 0.4
- - [Z@]
@ - §
- 0.3
400
- 0.2
200 i
I - 0.1
e BN B BN BN N
1 Pt/Substrate Si Si Si Si Si Si Si Sapp Sapp = Sapp
2 Conc, (M) 0.35 0.2 0.35 0.35 0.67 0.1 0.1 0.1 0.1 0.1 01
3 T(°C) 700 700 750 700 800 700 800 850 850 850 850
4 T (nm) 300 400 200 450 750 490 490 120 100 340 680
5 Reference [94] | [97] [91] [96] [92] [98] This work

Figure 24: Comparison of dielectric properties of Mn-doped BZT-BCT from this thesis with data
from the literature on the films with the same composition prepared by CSD (1: Platinized
substrate, 2: concentration of coating solution, 3: annealing temperature, 4: the film thickness,
and 5: reference).
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Figure 24 compares the dielectric properties of BZT-BCT thin films studies in the thesis with
data from the literature. We selected BZT-BCT films deposited on Pt/Si substrates with different
thicknesses prepared by conventional carboxylic acid-acid-based CSD annealed at different
temperatures. Our results are comparable to or higher than the reported values for BZT-BCT
films; however, the comparison is not straightforward as the films' characteristics are very
different. We can conclude that a high annealing temperature and increasing film thickness
contribute to higher dielectric permittivity and low losses.

A comparison of energy storage properties of BZT-BCT films studied in the thesis with the
candidates for energy storage applications, lead-based antiferroelectric [124], [125], relaxor [126],
ferroelectric [127], and promising lead-free thin films [95], [106], [128], [129] reported in the
literature, with the energy storage properties of BZT-BCT films (BZT-BCT-1 and BZT-BCT-2)
measured in this thesis is shown in Figure 25. Table 3 summarizes the film deposition methods,
substrates, dopants, and electric fields at which the films were measured.

Our BZT-BCT thin films show comparable or even higher energy storage efficiency than lead-
based antiferroelectric films. They possess suitable properties for energy storage applications and
are a viable alternative to lead-based materials.

80 : , , , 100
g- U : This work
70 4 . B g
' ' ' L 80
60 -
s
r?E 50 4 L 60 .
Q X
— 40 - <
~ -
3
" 30 -

20 4

10 -

Thin films

Figure 25: Recoverable energy density (Us..) and efficiency (n) of BZT-BCT thin films from the
thesis and the films from the literature. For details, please refer to Table 3.
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Table 3: Characteristics of BZT-BCT films (this work) and barium-, lead- and bismuth-based
perovskite oxide thin films obtained by different methods reported in the literature.

Film Dopant Substrate | Thickness | Method Epax, Ref
(nm) (MV-cm™)

PHO - ITO/glass 330 CSD 3 [124]
PLZT La Ti-foil 1200 PLD 3 [126]
PCZ - Pt/Si 300 CSD 2.8 [125]
PZT - SRO/STO 1000 PLD 1 [127]
BZT-BCT - Pt/Si 150 IBSD 0.15 [129]
BCZT* - MgO 360 PLD 2.08 [106]
BZT-BCT** | La Pt/Si 280 CSD 3.335 [95]
BFO-STO - STO 500 PLD 3.85 [128]
BZT-BCT-1 | Mn Pt/Si 120 CSD 1.16 This
BZT-BCT-2 | Mn Pt/Sap. 340 CSD 3.5 work

PHO: PbeOg, PLZT: Pb(],gL&(],l(ZI‘(),52Ti(),48)03, PCZ: Pb(],ggC&o,nZI‘Og, BFO-STO: 04(B1F€O3)*
O6(SI"T103), BCZT*: (Bao_955cao_o45)(ZI‘()_UTio_gg)Og, BZT-BCT**:
(Bao_904cao_096)|)_977.5—|—0.0075La0_o15(Zro_136Tio_gG4)Og, ITO: IH—SH—OXide, SRO: SI"RUOg, STO: STTiOg,
PLD: pulsed layer deposition, IBSD: ion beam sputtering deposition.

Future work on BZT-BCT thin films could be focused on individual applications to optimize the
performance of the intended device. Here are some ideas:
e Doping with lanthanum could be introduced to reduce the remanant polarization and
coercive field, thus increasing the energy storage efficiency.
o Deposition of BZT-BCT thin films on flexible substrates, suitable for energy storage
and MEMS applications in wearable devices.
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Appendix A

Dielectric, Piezoelectric, and
Ferroelectric Materials

Dielectrics refer to insulating materials or very poor conductors of electric current. They can be
polarized by an external electric field. Dielectric materials are characterized by several physical
properties:

Dielectric polarization (P) is the separation of positive and negative charges induced by an
applied electric field (F) and is expressed by the following relationship:

P=¢(e-1)E=¢epxE (5)

Where P is the polarization, &, the dielectric permittivity of the vacuum, &' is the relative
dielectric permittivity, z.is the dielectric susceptibility, and E is the applied electric field.

The stored charge in a dielectric material under applied alternating voltage is the combination

of in-phase and out-of-phase components known as the real (¢') and imaginary (") parts of
permittivity. Therefore, the relative permittivity can be expressed as follows:

& =¢'-ig" (6)

The dielectric losses or tan & in a dielectric material is expressed as follows:

124

tand = — (7)
£

Another physical property of a dielectric material is dielectric displacement (D), which refers to
the total surface charge density induced in the material under an applied electric field.

D - 80 + P - 808r,E (8)

Piezoelectrics are a subgroup of dielectric materials that react to an applied mechanical stimulus
by generating electric charge (direct effect) or conversely, by applying an external electric field,
mechanical deformation is obtained (conversed effect). Piezoelectrics are characterized by crystal
structure with no center of symmetry (20 out of 32 crystal classes). Direct and converse
piezoelectric effects can be described by the following equations:

D= do 9)



94 Chapter 5. Appendix A

Where o is the applied stress, S is the induced strain, d is the piezoelectric coefficient and E is the
electric field.

Half (10 classes) of the piezoelectric crystal groups are pyroelectrics with spontaneous polarization
(P.), which changes with temperature in a given temperature range. A subgroup of pyroelectric
materials possesses a spontaneous polarization, the direction of which can be switched by an
external electric field. Those are ferroelectric materials. The hysteretic P-E dependences of a
perfect single-domain crystal and a polycrystalline material are shown in Figure 26. The
differences are due to individual grains and domains, i.e., crystal regions with uniformly oriented
spontaneous polarization, in the latter material [1], [8]. In polycrystalline ferroelectric materials,
the dipoles with unfavourable directions of polarization progressively switch in the direction of
the applied electric field as the electric field is increased. When the dipoles are orientated to the
highest extent, the P-E curve saturates. When the electric field decreases and finally reaches
zero, the polarization remains nonzero and is called remanent polarization (P;). The electric field
in the opposite direction called the coercive field (E.), must be applied to bring the polarisation
back to zero. As we further decrease the electric field, we induce a new alignment of dipoles in
the opposite direction and eventually reach saturation. In an ideal P-FE hysteresis, the positive
and negative coercive field and the positive and negative remanent polarization are equal in size.

Figure 26: P-FE loops of a single domain single ferroelectric crystal (dashed line) and a
polycrystalline ferroelectric (full line) (from [8]).

Another characteristic of ferroelectric materials is the tunability of the capacitance or
permittivity in response to an applied electric field. The equation (1) where y = €’ -1 is valid only
for small fields. If a large AC field is applied to a material in the paraelectric phase, the
permittivity response is non-linear [8]. In contrast, the material in the ferroelectric phase shows
the so-called sub-loops of hysteresis loops of permittivity or capacitance in response to the applied
large AC electric field, as shown in Figure 27, characteristic butterfly-shaped loops [8], [130],
[131], [132].



Dielectric, Piezoelectric, and Ferroelectric Materials 95

Paraelectric

Ferroelectric

b)

5
s

Figure 27: Electric field dependence of permittivity of a ferroelectric material in the paraelectric

phase a) and ferroelectric phase b) (from [133]).

For energy storage applications, high maximum polarization and breakdown field are desirable

for higher energy-storage density (Us). Low remanant polarization and coercive field contribute
to higher energy storage efficiency () [134], [135]. The Uy and recoverable energy (Uk.) in non-
linear dielectrics are calculated by integrating the area between the charge and discharge curves
respectively, and the polarization-electric field loop axis[136], [137], [138]. The energy dissipation
or loss (Uiss) is the integral area between the charge and discharge curves as shown in Figure 28.

Polarization
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Recoverable energy

Remanent polarization

Energy
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Energy
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Remanent polarization|

Recoverable energy
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Figure 28. Diagram of the energy storage for ferroelectric materials (from [138]).
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Appendix B

Linear Thermal Expansion of
0.5Ba(ZI‘0,2Ti0,8)Og-O.5(B&0,7C&0,3)TiO3

Bulk Ceramic

Barium zirconate titanate barium calcium titanate solid solution 0.5Ba(Zry2Tios)Os-
0.5(BagCans)TiOs (BZT-BCT) is one the most promising lead-free ferroelectric with piezoelectric
properties comparable to those of (Pb(Zr,Ti)Os; or PZT). In numerous miniature devices, such
as micro-electro-mechanical systems (MEMS) or energy harvesters, the space constraints favour
the use of piezoelectric ceramic elements in the form of thin or thick films. One of the key
parameters for designing such devices mentioned above includes the linear thermal expansion
coefficients of the constituent materials. To our knowledge, there has been no reported study on
the linear thermal expansion coefficient of BZT-BCT ceramic. Such data would contribute to
efficiently designing the processing of dense and crack-free BZT-BCT thin films on various
substrates (silicon, perovskite single crystals, sapphire) or thick films where the powder slurry is
screen-printed on a platinized alumina substrate. Such films could find applications in energy
harvesting or energy storage.

Published in: S. W. Konsago, A. Debevec, J. Cilensek, B. Kmet, and B. Mali¢, “Linear
Thermal Expansion of 0.5Ba(Zro2Tios)Os-0.5(Bao7Cans)TiOs Bulk Ceramic”, Informacije
MIDEM, vol.53, no.4, pp. 233-238, 2023 (IF = 1.2, 2022).

My contribution: Participation in the synthesis of the BZT-BCT powders, sintering of the
ceramics, polishing, and density measurements. I have performed the XRD data analysis and the
dielectric and ferroelectric data treatment. I have prepared the concept of the paper jointly with

my supervisor and wrote the manuscript with co-authors.
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Linear Thermal Expansion of 0.5Ba(Zr,,Tt,,)0.-
0.5(Ba,.Ca, )Ti0, Bulk Ceramuic

Sabi William Konsago'®, Andrej Debevec', Jena Cilen3ek!, Brigita Kmet'*, Barbara Mali¢'™?

IElectronic Ceramics Department, Jozef Stefan Institute, Ljubljana, Slovenia
JoZef Stefan International Postgraduate School, Ljubljana, Slovenia

Abstract: \We report the linear thermal expansion coefficient of lead-free ferroslectric ceramic barium zirconate titanate - barium
calcium titanate 0.5Ba(Zro,Ting)Os-0.5(Bag,Cags) Ti0: (BZT-BCT). The material was prepared by solid-state synthesis and consolidated by
sintering at 1450°C, BZT-BCT crystallizes in the perovskite phase The microstructure of the cerarmic with about 95 % relative density
consists of about 10 wrr-sized grains. The contact dilatometry of the ceramic specimen raveals the change of slope of the linear
thermal expansion curve at 84°C This is in good agreement with the peak of the dielectric permittivity versus temperature at about
85°C indicating the transition from the low-temperature polar ferroelectric phase to a high-temperature nonpolar phase or Curie
termperature. The thermal expansion coefficients of the polar tetragenal and nonpolar cubic phases of BZT-BCT are 7.69x10° K (40°C
- 80°C) and 12.39x10% K1 (100°C - 600°C), respectively. The thermal expansion data are among the material data needed in the design
cof thin- and thick-film structures for energy-harvesting and energy-storage applications,

Keywords: 0.5Ba(Zr0:Ti0s)0s-0.5(BansCans) Ti0s (BZT-BCT), lead-free, ferroelectric ceramic, linear thermal expansion

Linearni temperaturni raztezek volumenske

keramike 0.5Ba(Zr, ,11,,)0.,-0.5(Ba, Ca, )10,

lzvlecek:  delu porocamo ¢ linearnem temperaturnem raztezku volumenske keramike barijevega cirkonata titanata - barijevega
kalcijevega titanata 0.5BalZro»Ting) O:-0.5(Ba07 a3l TIO: (BZT-BCT ). Material smo pripravili s sintezo v trdnerm stanju in sintranjem pri
1450°C. BZT-BCT kristalizira v perowvskitnifazi. Mikrostrukture keramike s =95% relativno gostoto sestavljajo zrna velikosti okrog 10

. Linearni temperaturni raztezek keramike smo izmerili s kentaktne dilatormetrijo od scbne temperature do 600°C. Pri temperaturi
B4°C opazimo spremembo naklona krivulje raztezka. Ta podatek se ujerma s temperature maksimuma dislektriénostiv odvisnosti

od temperature, ki oznacuje prehod nizkoternperaturne polarne feroslektricne faze v visokotemperaturno nepolarne fazo oziroma
Curigjevo temperaturo. Vrednosti linearnega temperaturnega raztezka pelarne in nepolarne faze BZT-BCT sta 7.69x10% K1 (40°C - 80°C)
in 123904 K (100°C - 600°C). Podatke o temperaturnemn raztezku keramike potrebujemo pri nadrtovanju tanke- in debeloplastnih

struktur, namenjenih zbiranju in shranjevanju energije.

Kljuéne besede: 0.58a(7rq2Ti0s)0s-0.5(Bao7Cags) TiO: (BZT-BCT), brez svinca, feroelektricna keramika, linsarni tarmperaturni raztezek

* Corresponding Authors e-rnail: barbara. malic@ifs s

I Introduction

The discovery of the high piezoelectric properties of
the barium zirconate titanate - barium calcium titanate
solid solution 0.5Ba(Zr .Ti )C.-0.5(Ba Ca, )TiO, (BZT-
BCT) bulk ceramic has revealed its great potential for
many piezoelectric applications including actuators,
transducers, and energy harvesting devices [1] - [3].

As an example, an intravascular ultrasound transducer

made of BZT-BCT has been prototyped [4]. 1t is also be-
ing studied as a promising bioccompatible material for
bone regeneration [5], [6]. BZT-BCT has gained the at-
tention of the ferroelectric/piezoelectric communities
as one of the most promising environment-friendly
alternatives to commercially widely spread lead-based
piezoelectric ceramic materials such as Pb(ZrTi)Q,
{(PZT) due to the Restriction of Hazardous Substances

How to cite
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{RoHS) regulations [7] - [9]. Recently it has been report-
ed that it possesses promising energy storage proper-
ties [10], [11].

BZT-BCT exhibits a Curie temperature of about 85-90 °C.
In the proximity of room temperature, the coexistence
of rhombohedral, orthorhembic, and tetragonal phas-
es of solid sclutions of Ba(Zr ,Ti )0, and (Ba, ,Ca JTiO,
with the molar ratios close to unity contributes to en-
hanced piezoelectric properties [12], [13]. [t was shown
that the grain size strongly influences the piezoelectric
properties and the phase transitional behaviour of BZT-
BCT bulk ceramic; the enhanced piezoelectric response
was characteristic for grain sizes exceeding 10 pm [14].

In numerous miniature devices, such as microelectro-
mechanical systems (MEMS) or energy harvesters, the
space constraints favour the use of piezoelectric ce-
ramic elements in the form of thin or thick films [15],
[16]. One of the key parameters for designing such
devices includes the thermal expansion coefficients
of the constituent materials. In case of a large differ-
ence in thermal expansion coefficients of the film and
the substrate, the induced stresses may contribute to
lowering the piezoelectric response [17] - [19]. Clamp-
ing the screen-printed thick film by the substrate re-
sults in poor densification during sintering [20]. Tensile
stresses in the film that arise due to the thermal expan-
sion coefficient mismatch may lead to the evolution of
cracks [19]. Various effects of stresses generated by the
thermal expansion mismatch also affect other func-
tional properties, such as breakdown strength [21],
[22], which is important in energy storage applications.

There are some publications on the thermal expan-
sion coefficient of Ca- and Zr-modified barium titanate
ceramics [23] - [26] but to our knowledge, there is no
reported study on the linear thermal expansion coef-
ficient of BZT-BCT ceramic. Such data would contribute
to efficiently designing the processing of dense and
crack-free BZT-BCT thick films where the powder slurry
is screen-printed on a platinized alumina substrate.
Such films could find applications in energy harvesting.

Our study aims to prepare perovskite BZT-BCT ceramic
with a high relative density, uniform micrestructure,
and adequate low- and high-field dielectric properties.
The linear thermal expansion coefficient from room
temperature to 600 °C is measured.

2 Materials and methods

BZT-BCT powder was prepared using alkaline earth car-
bonates ((BaCO,, 92.8% and CaCO_, 99,25% both from
Alfa Aesar, Karlsruhe, Germany) and transition metal
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oxides (TiO,, 99.8% also from Alfa Aesar, Karlsruhe, Ger-
many and ZrQ,, 99.8% from Tosoh, Japan). The metal
content was checked gravimetrically. The 25 g batches
of stoichiometric fractions of the reagents were ho-
mogenized using isopropanol in a planetary mill (PM
400, Retsch) with yttria-stabilized zirconia milling bed-
ies (3 mm, Tosoh, Japan) for 2 h at 200 rpm. The median
particle size of the milled powder was 0.45 um as deter-
mined by laser granulometry (Microtrac S3500 Particle
Size Analyzer) using isopropanel as a dispersion liquid.
The calcination of the loosely pressed reagent mixture
(P = 50 MPa) teok place at 1300 °C for 4 hours in the air
with heating and cocling rates of 5 K/min. The powder
was again milled for 2h at 200 rpm in a planetary mill,
dried at 120 °C and sieved. The powder was shaped
into pellets (diameter: 8 mm) or bars (40 mmx =7 mm x
=5 mm) by uniaxial (P = 50 MPa) and isostatic pressing
(P = 300 MPa). The powder compacts were sintered at
1450 °C for 4 hours in the air with heating and cooling
rates of 5 K/min.

The phase composition of the calcined powders and
crushed sintered specimens was analyzed by X-ray dif-
fraction (XRD, X'Pert PRO MPD, PANanalytical, CuKa1 ra-
diation, time/step: 100 s, interval between data points:
0.0016°). The density of the sintered samples was de-
termined pycnometrically (Micromeritics, AccuPyc IlI
1340 Pycnometer).

The ceramic samples were ground and polished using
standard ceramographic techniques. Thermal etching
of the polished sections at 1350 °C fer a few minutes re-
vealed the grain boundaries. A field-emission scanning
electron microscope (FE-SEM JEOL JSM-7600) with an
energy-dispersive X-ray spectrometer (EDXS, INCA Ox-
ford 350 EDS SDD) was used for the analysis of the mi-
crostructure. The grain size was determined using the
Image Tool scftware.

For low- and high-field dielectric measurements, the
disks were cut to the thickness of 0.5 mm and polished.
An annealing step to 600 °C for 1 h followed by a slow
cooling (1 K/min) was used to release the stresses of
mechanical operations. The Au electrodes with a diam-
eter of 3 mm were RF-magnetron sputtered on the fac-
es of the disks (5 Pascal). The dielectric permittivity (g}
and losses (tan 8) were measured between +150°C and
-40°C with a cooling rate of 1 K/min (Agilent E4980A
Precision LCR meter, 1V). The polarization-electric field
hysteresis loops were measured at room temperature
with a sine voltage at the frequency of 50 Hz (Aixacct
TF analyzer 2000).

For the measurement of the thermal expansion, the
ceramic bars were cut to the dimensions of 25 mm x
5 mm x 4 mm. The faces cf the bars were plan-parallel
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paolished, Thermal stresses were released as described
above, The dimensional changes of the spedmen
upon heating and cooling were measured with a con-
tact dilatormetar with a corundum measuring system
(Matzach DIL 402 PC) betwean room temperature and
&00 °C with the heating and cooling rates of 5 kKfmin
in air.

3 Resulis and discussion

Figure 1 contains the XRD patterns of BZT-BCT pow-
der after the calcination at 1300°C (3) and the ceramic
sintered at 1450°C (b). The ¥RD patterns of both sam-
ples reveal a perovskite phase without any noticeatble
secondary phases, The unit cell distortion could naot be
determined using a standard ¥-ray diffractometer, syn-
chrotron radiation would be neaded to obfain a deeper
insight into the phase composition of the material, .f.
[12], [27] - [24]. According to the phase diagram [13],
the coexistence of the orthorhombic phase cannot
beexcluded at room temperature besides rhombohe-
dral and tetragonal phases in the morphotropic phase
baoundary region,

The relative density of EZT-BCT ceramic is 954 %. The
microstructure shown in Figure 2 &) is uniform, with a
unimodal grain size distribution and a mean grain size
of 9.66 + 4.84 pm (Figure 2b)). EDXS analysis confirmed
auniform distribution of elements within and betweean
individual grains (ECKS spectra are not shown), Trace
amounts of a secondary phase were observed atsome
grain junctions (see the inset of Figure 2 a)) but due to
their small size, their chemical composition could not
beraliably determined on thelevel of FE-SEM.
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Figure 1: XRD patterns of BZT-BECT powder calcined at
1200°C and ceramic sintered at 1450 °C, The peaks are
indexed according to the BaTiQs cubic phase (POF 01-
074-4539).
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Flgure 2: a) SEM micrograph of the microstructure of
BZT-BCT ceramic and by grain size distribution. Inset
in panal a) reveals an intergranular phase located at a
qrain junction,

Figure® shows the temperature dependence of the di-
electric permittivity and losses as a function of temper-
ature in the frequency range from 100 Hz to 100 kHz,
Dislectric permittivity and losses at room temperature
and 1 kHz are 3165 and 0.029 in agreement with re-
ported values for ceramics with similar grain sizes [14].
Thereis no significant change in the dielectric permit-
tivity in the frequency range from 100 Hz to 100 kHzZ in
the measured temperature range. The change of slope
at about 40 *C is attributed to the rhombohedral-te-
tragonal phase transition, and the diglectric permit
tivity peak at about 85 °C to franzition to the cubic
phase or Curie temperature The grain size influences
both phase transition temperatures; for the ceramic
with about 10 wm-sized grains, the respective values
ware 37 °C and 35 °C [14], Broadening of the permit-
tivity peak, characteristic of polycrystalline ferroelec
trics, is related to the micron size of the crystallites and
the presence of two cations on each cation sublattice
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site. We do not observe any noticeable frequency peak
shifting in the measured frequency range supporting
the ferroelectric nature of the BZT-BCT ceramic. It has
been shown that processing conditions and grain size
strongly influence the ferrelectric or relaxor nature of
BZT-BCT [14], [27].

Figure 4 shows the room temperature polarization—
electric field (P-£) hysteresis loops measured at 50 Hz.
The sample survived the maximum applied field of 70
kv/cm, indicating its good dielectric breakdown resist-
ance. The remnant polarization P, and coercive field E
are about 13 pC/om? and 5.2 kv/cm, respectively, indi-
cating a good ferroelectric response of BZT-BCT. Hao et
al obtained similar P.and E: values for the ceramic with
10 pm-sized grains [14].

Figure 5 shows the dilatometric curves of BZT-BCT ce-
ramic, revealing linear thermal expansion or contrac-
tion upon heating or cooling. There is not much dif-
ference between the heating and cooling curves. Two
main slopes are discemed in both caseswith the inflex-
ion point at 84.0 °C. The thermal hysteresis between
the heating and cooling runs is quite small. We note
that the inflexion temperature corresponds well to the
dielectric permittivity peak temperature, cf. Figure 3.
The thermal expansion coefficient (TEC = (AL/L }/AT),
detemined from the cooling curve in the tempera-
ture range from 40 °C to 80 °C, is 7.69x10° K. In this
temperature range the tetragonal phase prevails [13];
but the coexistence of a thombohedral phase cannot
be excluded judging from the evident change of slope
at about 40 °C in the dielectric permittivity curve (cf.
Figure 3). As the temperature increases, the TEC pro-
gressively increases as well. From 100 °C to the final
temperature of 600 °C, in the temperature range of the
cubic phase the TEC is 12.39x 105K,

As explained earlier we could not find the thermal
expansion data for BZT-BCT. The TEC of the base for-
mulation of BZT-BCT solid solution, the prototype fer-
roelectric BaTiO,, is 65x10°4 K" in the tetragonal phase
and 9.8x10° K in the cubic phase {125 °C - 200 °C)
measured by contact dilatometry [30]. It is noted that
thechange in the slope of the thermal expansion of Ba-
TiOQ, at the phase transition temperature is sharp and
accompanied by a noticeable shrinkage which is a fin-
gerprint of a first-order phase transition and is not the
case with BZT-BCT. Here, we observe only the changein
the slope of the thermal expansion. Tian et al. studied
{Ba,Ca)TiO,-Ba(Zr TO, with slightly different molar ra-
tios of cations compared to BZT-BCT formulation, and
they incorporated various rare-earth dopants. They
measured a TEC of about 5x10¢ K at lower tempera-
tures and aTEC of about 11x 104 K7 at higher tempera-
tures, the final temperature being 400 °C. The exact
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value of TEC and the TEC-inflexion point’s temperature
depended on the studied materials’chemical composi-
tion[31], [32]. Our results are in good agreement with
these latter dilatometric studies of the BaCaTio,-
Ba(Zr,Ti)O, solid solutions.
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