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Abstract 

Barium zirconate titanate-barium calcium titanate 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 
(BZT-BCT) ceramic exhibits a high piezoelectric response in the vicinity of room 
temperature. It is an environment-friendly alternative to Pb(Zr1-xTix)O3 (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 (BaTiO3, 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 (Pmax) of 26 μC∙cm-2 and survive electric fields of 2.4 MV∙cm-1.  

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, Pmax of 32 μC∙cm-2 at 1.15 MV∙cm-1, piezoelectric d33 coefficient of 20 
pm∙V-1 and strain (S) of 0.18 % measured using a double-beam laser interferometer. The 
recoverable energy (Urec) and energy storage efficiency (η) of 10 J∙cm-3 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, d33 of ~40 pm∙V-1, S of ~ 0.77 %, and Pmax ~ 47 μC∙cm-2 at a 
maximum electric field of about 3.5 MV∙cm-1. The energy storage efficiency of 89 % and 
Urec ~ 46 J∙cm-3 make BZT-BCT films a promising option for energy storage applications. 
 



viii  

 

  



 ix 

Povzetek 

Keramika na osnovi barijevega cirkonata titanata-barijevega kalcijevega titanata 
0,5Ba(Zr0,2Ti0,8)O3-0,5(Ba0,7Ca0,3)TiO3 (BZT-BCT) predstavlja okolju prijazno nadomestilo 
komercialno najbolj razširjeni svinčevi piezoelektrični keramiki Pb(Zr1-xTix)O3 (PZT). 
Tanke plasti omogočajo 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 
značilna porozna mikrostruktura z enakoosnimi zrni in razpoke po mejah med zrni, kar 
posledično omejuje doseganje dobrih funkcijskih lastnosti. Poleg tega lahko v raztopinah 
za pripravo tankih plasti, ki kot topilo vsebujejo karboksilno kislino, poteče 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 nanašanje plasti. Nova sinteza 
vključuje 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 (BaTiO3, BT). Raztopina za nanašanje plasti je bila 
obstojna več kot leto. Raztopino s koncentracijo 0,2 M smo nanesli na podlage 
platiniziranega silicija (Pt/Si) z metodo vrtenja in po vsakem nanosu plast žgali pri 800 
°C. Plasti BT z debelino ≈130 nm in stebričasto mikrostrukturo izkazujejo dielektričnost 
≈600 pri 1 kHz in sobni temperaturi ter največjo polarizacijo 26 μC∙cm-2 pri polju 2,4 
MV∙cm-1.  

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 znižati 
koncentracijo raztopine za nanašanje plasti na 0,1 M in povišati temperaturo žganja na 
850 °C. Tanke plasti s stebričasto mikrostrukturo so kemijsko homogene po preseku, brez 
sekundarnih faz ali interakcij s podlago Pt/Si.  

Tok puščanja v tankih plasteh BZT-BCT smo učinkovito zmanjšali z dopiranjem z 
manganom (1 molski %). Približno 120 nm debele plasti na podlagah Pt/Si izkazujejo 
dielektričnost ≈670 pri 1 kHz in sobni temperaturi, največjo polarizacijo 32 μC∙cm-2 pri 
polju 1,15 MV∙cm-1, piezoelektrični koeficient d33 20 pm∙V-1 in deformacijo 0.18 %, izmerjeno 
z dvožarkovnim laserskim interferometrom. Plasti so primerne za shranjevanje energije, pri 
čemer sta obnovljiva energija (Urec) 10 J∙cm-3 in izkoristek (η) 69 %. 

Ko je debelina plasti na podlagah Pt/Si presegla ≈120 nm, so se začele 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 večjim TEK v primerjavi s silicijem smo močno 
zmanjšali napetosti v plasteh. Uspeli smo pripraviti do 680 nm debele plasti BZT-BCT, 
dopirane z manganom in s stebričasto mikrostrukturo. Tanke plasti z debelino 340 nm 
izkazujejo dielektričnost 930 pri 1 kHz in sobni temperaturi, največjo polarizacijo ~47 
μC∙cm-2 pri polju 3,5 MV∙cm-1, piezoelektrični koeficient d33 40 pm∙V-1 in deformacijo 0,77 
%. Z izmerjeno obnovljivo energijo  ~46 J∙cm-3 in izkoristkom 89 % predstavljajo tanke 
plasti BZT-BCT obetavno možnost za shranjevanje energije. 
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 1 

Chapter 1 

1 Introduction 

In the first part of this chapter, we describe barium titanate (BaTiO3, BT) as the prototype 
ferroelectric material and its basic properties. We then describe BT-based materials, namely (1-
x)Ba(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 (BZT–xBCT), 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(ZrxTi1-x)O3(BZTx),  (Ba1-xCax)TiO3 (BCTx) 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 (BaTiO3, BT) is a prototype ferroelectric oxide. It crystallizes in the perovskite 
(ABO3) 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].  
 

 

Figure 1: Unit cell of BT showing the displacement of Ti+4 in the TiO6 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].  

 

 

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)O3 for 

piezoelectric applications 
 
Lead zirconate titanate (Pb(Zr,Ti)O3 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 d33 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 La3+ or 
Nb5+ are doped on A or B sites, respectively, of the perovskite unit cell to soften the properties 
or acceptor dopants such as Fe+3 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 d33, 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 d33 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(Zr0.2Ti0.8)O3-x(Ba0.7Ca0.3)TiO3 (BZT–xBCT)1 bulk 
ceramic (d33 of 620 pC/N for x = 0.5) with a high longitudinal electromechanical coupling 
coefficient (k33) 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 PbZrO3-PbTiO3 solid solution is 
included in Figure 3. In the vicinity of the molar ratio of PbZrO3 and PbTiO3 of 48/52, there is 
a coexistence of a rhombohedral PbZrO3-rich and tetragonal PbTiO3-rich phase [19]. The MPB 
compositions exhibit a peak in piezoelectric properties [20], [21]. 

 

 

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(Zr0.2Ti0.8)O3 (BZT)1 and tetragonal (Ba0.7Ca0.3)TiO3 (BCT)1 phases as shown in 
Figure 4. The MPB observed at the composition close to 50 mole % of BZT and 50 mole % of 

                                         
1 Ba(Zr02TiO.8)O3, (Ba0.7Ca0.3)TiO3 and 0.5Ba(Zr0.2Ti0.8)O3 – 0.5(Ba0.7Ca0.3)TiO3 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 μm [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]. 

 

 

Figure 4. Phase diagram of BZT-BCT ceramics (from [15]). 

 

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. 

 

 

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

 

1.2.1. Chemistry of BaTiO3-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)2 
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.  

 

Figure 7: Procedure of the BT coating solution preparation. 

 In the BT coating solution synthesis, the reagents and the solvents are Ba(OOCR1)2 and 
T(OR2)4, as well as R3-COOH and R4-OH. The principal reactions are alcohol exchange, 
esterification, hydrolysis, and condensation. The reaction of Ti(OR2)4 with the solvent R4-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. 

 
  

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]. 

 

 
 

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].  
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The progressive reaction of esterification eventually increases the water content in the solution 
which may promote precipitation in the coating solution2. 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-CH2-CH2-CH2-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 BaTiO3-

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 Ba2Ti2O5CO3 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 ([C3H5O4]2Ba or C6H10BaO4) than Ba-2-
ethylhexanoate ([CH3(CH2)3CH(C2H5)CO2]2Ba or C16H30BaO4), see Figure 8 c) 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 c) 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]. Aygün 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 Ba2Ti2O5CO3) 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)O3 (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.  

 

 

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]). 
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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 BaTiO3 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 BaTiO3-

Based Thin Films  
 

1.3.1. Microstructure and dielectric permittivity of BaTiO3 thin films 
 

Barium titanate (BaTiO3, 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 μm, 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 (Tc) of BT materials is about 130 °C [72], [73]. However, in fine-
grained microstructure, the Tc 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 Tc thus 
resulting in broad Tc in BT-thin films with fine equiaxed grains [5]. 

 

 
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 (Pmax) and remanent polarization (Pr) in BT bulk ceramics 
increase with increasing grain size (GS) up to about 2-3 μm while the coercive field (Ec) decreases 
with the increase of GS. The highest d33 is reported in BT ceramics with GS of about 1 μm 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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Figure 13: P-E hysteresis loops of the BT ceramics with different GS (a) and evolutions of 

remanent Pr and Ec 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 BaTiO3 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(ZrxTi1-xO)3 (BZTx) 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 BZTx 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 BaTiO3 thin films 
 

Just like in BZT films, a similar trend in grain size effect on dielectric permittivity was observed 
in calcium-modified barium titanate ((Ba1-xCax)TiO3, BCTx) 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. 

 

 

Figure 16: Electric field dependent dielectric permittivity and losses of BCT thin with different 
amounts of Ca (from [88]). 
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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.  

 

 

Figure 17: P-E loops of (Ba1-xCax)TiO3, 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(Ti0.8Zr0.2)O3-x(Ba0.7Ca0.3)TiO3 (BZT-xBCT) thin films 

1.3.4.1. Microstructure of BZT-xBCT thin films by CSD 

 

Solution-derived (1-x)Ba(Zr0.2Ti0.8)O3 – x(Ba0.7Ca0.3)TiO3 (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 LaNiO3 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 LaNiO3 (LNO), Pb0.8La0.1Ca0.1TiO3 

(PLCT), and (Pb0.8Ca0.2)TiO3 (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: CM, annealing temperature: Tanneal, relative 
permittivity at 1 kHz: εr', losses: tan δ, LNO: LaNiO3, PLCT: Pb0.8La0.1Ca0.1TiO3, and PCT: 
(Pb0.8Ca0.2)TiO3, and Pt(111)/TiO2/SiO2/(100)/Si: Pt/Si. 

Films substrate CM, 
mol/l 

Tanneal, 
°C 

Thickness, 
nm 

ε' tan δ Ref. 

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 0.35 700 ~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 [98] 

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 (Tc). In the bulk form, the Tc of Ba(Zr0.2Ti0.8)O3–(Ba0.7Ca0.3)TiO3 (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 Tc 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.  

 

 

Figure 19: The peak dielectric permittivity temperature Tm values in BZT-xBCT thin films 
measured at 1 kHz (from [91]). 

 

Figure 20: P–E loops of BZT–xBCT/LNO thin films. (a) x = 0.40, (b) x = 0.45, (c) 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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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(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 (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 BaTiO3 (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)TiO3 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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6. 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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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(Zr0.2Ti0.8)O3-
0.5(Ba0.7Ca0.3)TiO3 (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 BaTiO3 (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. Žiberna, B. Kmet, A. Benčan, H. Uršič, and B. Malič, 

“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: I 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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3.2. Designing the Thermal Processing of Ba(Ti0.8Zr0.2)O3 - 

(Ba0.7Ca0.3)TiO3 Thin Films from Ethylene Glycol-Derived 

Precursor  

 

Lead-free 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 (BZT–BCT) bulk ceramic is one of the potential 
alternatives of Pb(Zr,Ti)O3 (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 mm2.  

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. Žiberna, J. Ekar, J. Kovač, and B. Malič, “Designing the 

thermal processing of Ba(Ti0.8Zr0.2)O3 - (Ba0.7Ca0.3)TiO3 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.   
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3.3. Engineering the Microstructure and Functional Properties of 

0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 Thin Films   

 

Lead-free 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 (BZT–BCT) bulk ceramic exhibits piezoelectric 
properties comparable to those of Pb(Zr,Ti)O3 (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 BaTiO3 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. Žiberna, A. Matavž, B. Mandal, S. Glinšek, Y. Fleming, A. 

Benčan, G. L. Brennecka, H. Uršič, and B. Malič, “Engineering the Microstructure and 
Functional Properties of 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 Thin Films”, ACS Applied 
Electronic Materials, Vol 6, Issue 6, pp. 4467 – 4477, 2024 (IF = 4.3, 2023) 

 
My contribution: I 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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3.4. 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 Thin Films on 

Platinized Sapphire Substrates 

3.4.1. High Energy Storage Density and Efficiency of 0.5Ba(Zr0.2Ti0.8)O3-

0.5(Ba0.7Ca0.3)TiO3 Thin Films on Platinized Sapphire Substrates   

 

In our previous work, we prepared 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 (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 (Ψ)-
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∙cm-1 and 6 μC∙cm-2 at 1 MV∙cm-1 
compared to 45 kV∙cm-1 and 4 μC∙cm-2 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-3, 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. Žiberna, A. Matavž, B. Mandal, S. Glinšek, Y. Fleming, A. 

Benčan, G. L. Brennecka, H. Uršič, and B. Malič, “High Energy Storage Density and Efficiency 
of 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 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: I synthesized the BZT-BCT coating solution and prepared the BZT-BCT 

films. I performed the XRD data analysis. I 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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3.4.2. Electromechanical Properties and Tunability of 340-nm Thick 
0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 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 (S) was measured using the Aixacct TF Analyzer 
2000 (Aixacct Systems GmbH, Aachen, Germany) as described in Chapter 3.3. Also, the 
piezoelectric d33 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-E), 
capacitance (C-E), and piezoelectric d33 coefficient measured at room temperature, while panel 
c) shows the large signal piezoelectric coefficient (dLS

33) as function of temperature.  
The maximum strain is about 0.77% at 3.5 MV∙cm-1. Such a large strain could be obtained in 

PZT thin films with columnar microstructure and with thicknesses of about 2 μm or above [112]. 
The obtained d33 is about 40 pm∙V-1. It is worth noting that there is no significant change in d33 
over a temperature range from -50 °C up to 150 °C which is well beyond the Tc 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]. 
 

 

Figure 21: The unipolar electric field dependence of strain (a), capacitance and small-signal 
piezoelectric d33 coefficient (b) and temperature dependence of large signal d33 coefficient (c) of 
BZT-BCT-340 films on Pt/sapphire measured by DBLI at 1 kHz. 
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3.4.3. Microstructure and Functional Properties of 680-nm Thick 
0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)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 10-6 K-1 for BZT-BCT and ~8.1 x 10-6 K-1 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]. 

 

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 Tc 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 μC∙cm-2 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-1 confirm a low coercive field. The d33 of the film measured on gold 
electrodes with a diameter of 400 μm by DBLI is about 40 pm∙V-1. 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 μm.  

 

 

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: c) P-E loops, S-E and b) the permittivity 
tunability and piezoelectric d33 coefficient.
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Chapter 4  

4 Summary, Conclusion and Outlook  

In the thesis, we establish the processing - microstructure - properties relationship of 
0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 (BZT–BCT) thin films prepared by chemical solution 
deposition (CSD). To achieve this goal, we investigated BaTiO3 (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∙cm-1 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∙cm-3 and 69 % at 1.16 MV∙cm-1, 
respectively. The films show an almost fatigue-free response after 2 million cycles at 0.8 MV∙cm-

1. The macroscopic piezoelectric response of BZT-BCT thin films measured on the top electrodes 
with a diameter 200 μm using double-beam laser interferometry is about 22 pm∙V-1. 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-1.  

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 (Ψ)-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-

1 and 6 μC∙cm-2 at 1 MV∙cm-1 compared to 40-45 kV∙cm-1 and 4 μC∙cm-2 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-3and 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 d33 coefficient of the 100 nm thick film is about 20 pm∙V-1 (the corrected value 
is 33 pm∙V-1), which is significantly lower than 40 pm∙V-1 (54 pm∙V-1) of the 340 nm and 680 nm 
thick films. The piezoelectric d33 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/l) 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 

ε′ at 1 kHz at R.T. 350 510 670 500 820 820 

tanδ at 1 kHz at R.T. 0.02 0.02 0.02 0.03 0.02 0.02 

Emax (kV∙cm-1) - - 1160 1000 3500 1400 

Ec (kV∙cm-1) - - 80 110 45 40 

Pr (μC∙cm-2) - - 5 6 4 4 

Pmax (μC∙cm-2) - - 32 28 47 32 

Urec (J∙cm-3) - - 10 - 47 - 

η (%) - - 69 - 89 - 

d33 (pm.V-1) - - 22 (34) 20 (33) 40 (54) 40 (54) 

 

 
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.  

 
 
 

 

Figure 25: Recoverable energy density (Urec) and efficiency (η) 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 
(nm) 

Method Emax, 

(MV∙cm-1) 
Ref 

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 
work BZT-BCT-2 Mn Pt/Sap. 340 CSD 3.5 

 
PHO: PbHfO3, PLZT: Pb0.9La0.1(Zr0.52Ti0.48)O3, PCZ: Pb0.88Ca0.12ZrO3, BFO-STO: 0.4(BiFeO3)–
0.6(SrTiO3),  BCZT*: (Ba0.955Ca0.045)(Zr0.17Ti0.83)O3, BZT-BCT**: 
(Ba0.904Ca0.096)0.9775+0.0075La0.015(Zr0.136Ti0.864)O3,  ITO: In-Sn-oxide, SRO: SrRuO3, STO: SrTiO3, 
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: 

• Doping with lanthanum could be introduced to reduce the remanant polarization and 
coercive field, thus increasing the energy storage efficiency.  

• Deposition of BZT-BCT thin films on flexible substrates, suitable for energy storage 
and MEMS applications in wearable devices.  
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5 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 (E) and is expressed by the following relationship:  

 

P = εo(εr′-1) E = εo e E  (5) 

 
Where P is the polarization, εo the dielectric permittivity of the vacuum, εr′ is the relative 
dielectric permittivity, e 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 (ε′) and imaginary (ε′′) parts of 
permittivity. Therefore, the relative permittivity can be expressed as follows:  

 

εr′ = ε′ - iε′′ (6) 

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

 

tan𝛿 =
𝜀′′

𝜀′
 

 

(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 = εo + P = εoεr′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 = d∙σ (9) 
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S = d∙E (10) 

 
Where σ 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 
(Ps), 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 (Pr). The electric field 
in the opposite direction called the coercive field (Ec), 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-E hysteresis, the positive 
and negative coercive field and the positive and negative remanent polarization are equal in size. 
 

 

Figure 26: P-E 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 χ = ε′ -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].  
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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 (Ust). Low remanant polarization and coercive field contribute 

to higher energy storage efficiency (η) [134], [135]. The Ust and recoverable energy (Urec) 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 (Uloss) is the integral area between the charge and discharge curves as shown in Figure 28.   

 

 

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

Linear Thermal Expansion of 

0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 

Bulk Ceramic 
 

Barium zirconate titanate barium calcium titanate solid solution 0.5Ba(Zr0.2Ti0.8)O3-

0.5(Ba0.7Ca0.3)TiO3 (BZT-BCT) is one the most promising lead-free ferroelectric with piezoelectric 

properties comparable to those of (Pb(Zr,Ti)O3 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. Cilenšek, B. Kmet, and B. Malič, “Linear 

Thermal Expansion of 0.5Ba(Zr0.2Ti0.8)O3-0.5(Ba0.7Ca0.3)TiO3 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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❖ The 5th Japan-Slovenia web workshop on piezoelectric thin films, online via Zoom 

June 10th 2022
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❖ Workshop Energy Harvesting: Materials and Applications, Maribor, Slovenia, 

September 15th 2022.  

❖ ECerS Summer School: Advanced Characterization Techniques. June 29th – 30th , 

2023, Lyon, France 

❖ The 7th International School of Oxide Electronics: August 29th  -September 8th, 

2023, Cargèse, France. 

❖ Workshop Energy Harvesting: Materials and Applications, Lipica, Slovenia, 

September 28th, 2023.  

❖ Workshop Versatile usefulness of ferroic materials, November 21st -22nd, 2023, 

Ankaran, Slovenia. 

❖ The 8th Japan-Slovenia web workshop on piezoelectric thin films, online via Zoom 

December, 1st, 2023. 

❖ Electroceramics Summer School on "Advanced characterisation on Electroceramics" 

August 17- 18th,2024, Vilnius, Lithuania. 

❖ Workshop Electromagnetic Compatibility: From Theory to Practice, October 2nd - 

4th, 2024, Rimske Toplice, Slovenia. 

❖ FerroSchool 2024: November 18th - 21st, 2024, at Jožef Stefan Institute, Ljubljana, 

Slovenia. 


