54  DOI: 10.17344/acsi.2025.9607 Acta Chim. Slov. 2026, 73, 54-61

Scientific paper

Study of thermal decomposition of (Ba, ;Ca,;)TiO;
and Ba(Zr ,Ti, 3)O; xerogels and thin films

Sabi William Konsago,">*® Dean Birmancevi¢,! Jena Cilensek,! Brigita Kmet,!2
Katarina Ziberna,? Barbara Mali¢b2*

! JoZef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia
2 Jozef Stefan International Postgraduate School, Jamova cesta 39, 1000 Ljubljana, Slovenia

* Corresponding author: E-mail: sabi.william.konsago@ijs.si,
Barbara.Malic@ijs.si

Received: 11-08-2025

Dedicated to the memory of Prof. Dr. Boris Zemva

Abstract

Understanding the thermal decomposition and perovskite phase crystallization enables the design of the desired micro-
structure of BaTiOs-based thin films prepared by chemical solution deposition. We prepared xerogels from (Ba,,Ca, 3)
TiO; (BCT) and Ba(Zr,,Tiy3)O3 (BZT) coating solutions, as well as BCT and BZT thin films, to investigate their thermal
decomposition. The oxycarbonates, formed during the heating of BCT and BZT xerogels, are fully decomposed at 780
°C and 720 °C, respectively. The thermal decomposition of carbonate residues in BCT and BZT thin films is completed
at 750 °C and 700 °C, respectively. The approximately 120 nm thick BCT and BZT films annealed at 850 °C crystallize in

the perovskite phase.
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1. Introduction

Barium titanate (BaTiO;, BT) is a prototype ferroe-
lectric material, one of the most studied dielectric materi-
als in bulk ceramic, multilayer, thick or thin film forms.
Essentially used as capacitors in the radar systems during
the Second World War, BT and its derivatives, nowadays,
are used for various applications, including microelectro-
mechanical systems (MEMS) such as actuators, sensors,
dynamic and non-volatile ferroelectric random-access
memories (DRAM and FeRAM), energy storage, etc.!>In
the latter applications, the active materials are mainly used
in their thin film forms.

Chemical solution deposition (CSD) of thin films
enables chemical modification and control of stoichiome-
try in thin-film processing, allowing control over the ma-
terials' chemical composition and homogeneity.* The
physical properties of functional oxide thin films, such as
BT and its derivatives, depend on their chemical composi-
tion, defects, and microstructure. These parameters can be
controlled by understanding the solution chemistry and
the chemistry at each processing stage to achieve the de-
sired microstructural features and functional properties of

the oxide thin films. Hoffman et al. prepared SrTiO; and
BT thin films on platinized silicon substrates consisting of
columnar grains by decreasing the concentration of the
coating solution to 0.1 M and by multistep annealing at
800 °C, i.e., by repeating the solution deposition, drying,
pyrolysis, and annealing steps until the required thickness
was achieved.® Note that the standard procedure for BT
coating solution preparation involves carboxylic acid and
2-methoxyethanol solvents, the latter of which is toxic to
humans and the environment.® In our earlier work, BT
thin films with a columnar microstructure were prepared
at 800 °C using a coating solution with a two times higher
concentration (0.2 M) and employing ethylene glycol and
ethanol as solvents for Ba-acetate and Ti-butoxide, respec-
tively. This combination of solvents increased the stability
of the coating solution. The decomposition temperature of
the organic residues in BT thin films was about 600 °C,
which is almost 100 °C lower than in the conventional ace-
tic acid-alcohol-based route.”

In 2009, it was reported that an equimolar solid solu-
tion of tetragonal Ca-modified BT and rhombohedral
Zr-modified BT, 0.5Ba(Zry,Ti,5)O03—0.5(Bay;Ca,3)TiO;,
denoted BZT-BCT, resulted in a bulk ceramic material
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with extraordinarily high piezoelectric properties, making
it a potential lead-free alternative to lead-based piezoelec-
tric ceramics.® Phase relations in the BT-CaTiO; (CT)-
BaZrOj; (BZ) system were studied as early as the 1950s.° A
limited solid solubility of CT in BT was observed (up to
about 25 mol % CT), while the BZ-BT solid solution was
stable within the whole compositional range. The Curie
temperature of BT-CT within its solid solubility range re-
mains almost the same, at about 130 °C, while in the BZ-
BT solid solution it decreases with increasing BZ content,
reaching room temperature at slightly above 20 mol % BZ.
BT-CT exhibits dielectric and ferroelectric properties that
are lower than in BT, while BT-BZ exhibits a ferroelec-
tric-relaxor crossover at about 20 mol % BZ.19-12 There are
only a few reports of functional properties in BCT and
BZT thin films, and with limited or nonexisting micro-
structural details.!*!6 For example, it has been reported
that the relaxor-like properties of Ba(Zr,Ti, )O; with x >
0.2 make it a promising material for energy storage appli-
cations.!’

The good ferroelectric and piezoelectric properties
of BZT-BCT make it a suitable lead-free candidate for
MEMS or energy harvesting applications, where the active
material is in a cantilever form.® 1#1° However, BZT-BCT
thin films with a granular and porous microstructure were
obtained following the conventional BT film processing
conditions. To achieve the columnar thin films, the BZT—
BCT coating solution was diluted to 0.1 M, and the an-
nealing temperature was increased to 850 °C.#° The ob-
served differences between BT and BZT-BCT films could
only be explained by the changes in solution chemistry,
which influence the thermal decomposition and conse-
quent perovskite crystallization pathways resulting from
the addition of Ca-acetate or Ti-butoxide to the BT coating
solution, or by the combination of both. In the study, the
thermal decomposition of Ba,,Caj;TiO; (BCT) and
Ba(Zr,,Tiy5)O; (BZT) xerogels and films is investigated
and compared to that of BT and BZT-BCT. We analysed
BCT and BZT xerogels by thermogravimetry, differential
thermal analysis, and evolved gas analysis, and the as-de-
posited films by Fourier transform infrared (FTIR) spec-
troscopy. The crystallinity and microstructure of the films
are reported.

2. Experimental part

(Bag,Ca3)TiO; (BCT), and Ba(TiygZr;,)0; (BZT)
coating solutions were prepared following the established
procedure for BT published previously.” BCT coating solu-
tion is prepared using barium acetate (Ba(CH;COO), with
a purity of 99.97% from Sigma-Aldrich, St. Louis, Mis-
souri, USA), calcium acetate (Ca(CH3;COO),, 99.999%,
Alfa Aesar, Karlsruhe, Germany), and titanium n-butoxide
(Ti(OC Hy)y, with a purity of 99.61% from Alfa Aesar,
Karlsruhe, Germany) as precursors. The barium and calci-

um acetates are dissolved together in ethylene glycol
(HOCH,CH,O0H, EG, with a purity of 99.8% from Sig-
ma-Aldrich, St. Louis, Missouri, USA) at room tempera-
ture in a conical flask. At the same time, the titanium n-bu-
toxide is diluted in absolute ethanol (CH;CH,OH, EtOH,
with a purity of 99.9% from Sigma-Aldrich, St. Louis, Mis-
souri, USA) under a nitrogen atmosphere in a round flask.
Both acetates and titanium solutions are then mixed at
room temperature for 2 hours. The concentration of the
solution is adjusted to 0.1 M for BCT films deposition.

The BZT coating solution was prepared following
the same procedure, using zirconium n-butoxide
(Zr(OC4Hy),, Zr(OnBu),), 80% purchased from Alfa Ae-
sar, Karlsruhe, Germany, and the above-mentioned
Ba(CH;COO0), and Ti(OC4Hy),. Titanium and zirconium
alkoxides are diluted with ethanol together in a round flask
under a nitrogen atmosphere before adding the completely
dissolved barium acetate in ethylene glycol. The concen-
tration of the solution is adjusted to 0.1 M for BZT film
deposition.

For the thermal analysis, BCT and BZT xerogels were
obtained by drying the respective solutions at 200 °C for 12
hours. The thermal analysis of the xerogels was performed
using a thermal analyzer coupled with a mass spectrometer
(STA 409, Netzsch + ThermoStar, Balzers Instruments).
The thermogravimetric curve (TG), differential thermal
analysis (DTA), and evolved gas analysis (EGA) of both
BCT and BZT samples using 40.5 mg and 34.6 mg of the
respective xerogels in Pt/Rh crucibles were recorded at a
heating rate of 10 °C/min in a flowing synthetic air atmos-
phere from room temperature up to 1200 °C.

Single-layer films of both BCT and BZT were depos-
ited on Pt(111)/TiO,/Si0,/Si(100) substrates (Pt/Si, pur-
chased from SINTEE Oslo, Norway) by spin coating at
3000 rpm for 30 seconds. The films were dried at 250 °C
for 15 minutes and pyrolyzed at 350 °C for 15 minutes on
hot plates. FTIR analysis was performed after the pyrolysis
step and after each temperature increase during rapid
thermal annealing (RTA) in the Mila 5000 furnace (Ul-
vac-Riko, Yokohama, Japan), with a heating rate of 13.3 °C
per second between 400 °C and 750 °C, and hold times of
6 seconds at each temperature increase step until the full
decomposition of organic residue. After pyrolysis, the
temperature was increased in 100 °C steps to 500 °C, then
in 50 °C steps until the full decomposition of carbon resi-
dues was achieved. The FTIR spectra were recorded using
Attenuated Total Reflectance-Fourier Transform Infrared
spectroscopy (Perkin Elmer ATR-FTIR Spectrum 100,
4000-380 cm™!). The purpose of the FTIR analysis of the
single-layer films was to study the decomposition of or-
ganics, the formation of carbonates, and their subsequent
decomposition.

The BCT and BZT films were deposited by spin coat-
ing the 0.1 M coating solutions onto Pt/Si substrates at
3000 rpm for 30 seconds. The as-deposited films were
dried at 250 °C for 15 minutes, pyrolyzed at 350 °C for 15
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minutes on hot plates, and then annealed at 850 °C in a
rapid thermal annealing furnace with a heating rate of 13.3
°C per second. The first and last layers were annealed for
15 minutes, while the intermediate layers were annealed
for 5 minutes. The films consisted of ten deposited layers.

The XRD diffraction patterns of the crystalline sam-
ples were recorded using a high-resolution diftractometer
(X'Pert PRO, PANalytical, Almelo, The Netherlands, Cu
Ka radiation) in the following conditions: 26 = 10-39°,
40-65 °, step = 0.034°, time per step = 100 seconds, Soller
slit = 0.02, mask10. The recorded data were analysis using
X’Pert High Score Plus software.

Scanning electron microscopy (SEM) was used to
analyse the surface microstructure and cross-section of
the films using a field-emission SEM Verios 4G HP (Ther-
mo Fisher, Waltham, Massachusetts, USA).

3. Results and Discussion

BZT and BCT xerogels were prepared by drying the
respective coating solutions at 200 °C to constant mass.
The thermal decomposition of the xerogels was monitored

by thermogravimetry (TG), differential thermal analysis
(DTA), and evolved gas analysis (EGA). The recorded data
were thoroughly analyzed.

The TG, DTA, and EGA curves recorded during the
thermal decomposition of the BCT xerogel from room
temperature to 1200 °C are shown in Figure 1. On the TG
curve, the total mass loss of the sample during heating from
room temperature to 780 °C is 39%. During heating to 200
°C, the mass loss is approximately 3%, coinciding with a
slight endothermic peak on the DTA curve, attributed to
the evaporation of residual solvent and/or adsorbed mois-
ture. This is confirmed by the detection of H,0O on the EGA
curve in the same temperature range. From 220 °C to 490
°C, the mass loss is approximately 23%, accompanied by
strong exothermic peaks on the DTA curve at 300 °C, 340
°C, and 488 °C. The evolution of H,0O, CO,, and acetone
(CH;COCH;) is recorded by EGA, indicating the thermal
oxidation of organic groups. CH;COCH; is a side product
of the thermal oxidation of the acetate to the oxide via the
carbonate as an intermediate product.??? In BT xerogels
prepared using the same procedure, CH;COCHj; was de-
tected only at approximately 400 °C’ In BCT, two
CH;COCH; peaks are recorded, one with a higher intensi-

Figure 1. Thermal analysis: TG, DTA, and EGA curves of the BCT xerogel recorded from room temperature to 1200 °C.
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ty at around 300 °C and the second, lower one at about 420
°C. The first peak is attributed to the decomposition of
Ca(CH;COO0),, and the second peak to the decomposition
of Ba(CH;COO), This indicates that the acetates do not
decompose simultaneously; consequently, the respective
carbonates would form at different temperatures.

Upon heating from 490 °C to 780 °C, the sample los-
es approximately 13% of its mass, which coincides with a
series of exothermic peaks on the DTA curve and the de-
tection of CO, peaks without H,O, indicating thermal de-
composition of carbonate groups. Upon heating to 1200
°C, the mass of the sample remains unchanged.

On the other hand, the final mass loss of the BZT
xerogel occurs at a temperature of approximately 720 °C,
which is 60 °C lower than that of BCT at 780 °C. The total
mass loss of the BZT sample is approximately 33%, as
shown in Figure 2. Similar to the BCT sample, upon heat-
ing from room temperature to 200 °C, the mass loss is ap-
proximately 4%, which coincides with a slight endother-
mic deflection of the DTA curve and the detection of H,O
in the EGA curve at 120 °C, which is attributed to the
evaporation of residual solvent and/or adsorbed moisture.
From approximately 250 °C to =720 °C, the sample loses
29% of its mass, coinciding with a series of exothermic

peaks on the DTA curve at 390 °C, 460 °C, and 570 °C. The
evolution of H,0, CO, and CH;COCH; is also recorded
in this temperature range. This mass loss is attributed to
the thermal oxidation of the functional groups. Note that
the peak of CH;COCH; around 300 °C is not recorded in
BZT, thus confirming that it is the fingerprint of the
Ca(CH;COO0), decomposition in the BCT sample. The
progressive mass loss of the BZT sample upon heating
from 500 °C to 720 °C is accompanied by an exothermic
DTA peak and the evolution of CO, due to the decompo-
sition of carbonate groups.

The thermal decomposition of BT and BZT-BCT
xerogels previously prepared using the same procedure
and the same combination of reagents and solvents was
concluded at 719 °C and 775 °C, respec:tively.”“7 We ob-
serve that the thermal decomposition of BT and BZT xe-
rogels is concluded at about 720 °C, and at about 60 °C
higher temperature, at 780 °C, in BCT and BZT-BCT xe-
rogels. We can therefore attribute the temperature increase
of the thermal decomposition of BCT and BZT-BCT to
Ca(CH;CO0),.

FTIR analysis of single-layer films was performed to
support the thermal analysis and further investigate the
formation of carbonate groups and their subsequent de-

Figure 2. Thermal analysis: TG, DTA, and EGA curves of the BZT xerogels recorded from room temperature to 1200 °C.
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composition. Note that the estimated thickness of the sin-
gle-layer films was about 10 nm. The single-layer BCT and
BZT film samples were dried at 250 °C and pyrolyzed at
350 °C on a hot plate. The FTIR spectra were recorded at
temperatures ranging from 350 °C to 700 °C or 750 °C in
50 °C or 100 °C increments.

In the spectra of the films heated to 350 °C and 400
°C, absorption bands appear at 1563 cm™! and 1463 cm™},
as shown in Figure 3, characteristic of the symmetric and
asymmetric vibrations of the acetate group (COO), and at
866 cm™!, characteristic of the C-O bond.®** The broad,
indistinct absorption band below 800 cm™! is attributed to
vibrations of the Ti-O and Zr-O bonds, which form after
decomposition of the alkoxide precursors.*

After heating the BCT film to 500 °C, the carboxylate
group bands persist in the spectrum, suggesting that the
carboxylate groups are not completely decomposed at 500
°C. The carbonate group absorption band is pronounced
in the films heated between 600 °C and 700 °C, and disap-
pears only after the film is heated to 750 °C, see Figure 3a).
At this temperature, only the characteristic metal-oxygen
bond bands are observed.

In contrast, in BZT, the carbonate group band is
present in the FTIR spectra upon heating to 650 °C. In the
spectrum of the sample heated at 700 °C, only pronounced
absorption bands at 704 cm™! and 452 cm™, characteristic
of the Ti-O/Zr-0O and Ba-O bonds, are observed, see Fig-
ure 3b).

In the FTIR spectra of the single-layer BZT and BCT
films, carboxylate groups are present upon heating to tem-
peratures from 350 °C to 500 °C, while carbonate groups

are detected at higher temperatures. The latter groups de-
compose at 700 °C in the BZT film, and at 750 °C in BCT,
which is 50 °C higher. A similar trend of upshifting the
thermal decomposition temperature is observed in BT and
BZT-BCT thin films prepared with the same solution
chemistry. In BT and BZT-BCT thin films, the thermal
decomposition of the carbonate groups is concluded at
about 600 °C and above 750 °C, respectively.*’

The FTIR analysis of the samples confirms the ther-
mal analysis data, revealing that the thermal oxidation of
BCT occurs at a higher temperature than that of BZT. It
should be noted that, in BT films, the thermal oxidation of
carbonate groups was concluded at 100 °C (BZT) and 150
°C (BCT) lower temperatures. According to literature, in
solution-derived BT thin films, the perovskite phase crys-
tallizes through an intermediate Ba,Ti,0s;CO;3 oxycar-
bonate phase?* following Eq. 1.

(1)

Similarly, we assume that in the presence of Ca-spe-
cies, the perovskite would be formed via an intermediate
bimetallic oxycarbonate (Ba,Ca),Ti,05CO; phase or, pos-
sibly, a mixture of single-alkaline-earth metal oxycar-
bonates, Ca,Ti,05CO; and Ba,Ti,05CO;, which may re-
quire higher thermal energy for the decomposition of
the carbonate groups and the perovskite crystallization
than Ba-Ti-oxycarbonate. We may assume a similar situa-
tion in the case of BZT, namely the formation of a mixed
Ba,(Ti,Zr),05CO; intermediate phase or a mixture of
Ba,Ti,0;CO; and Ba,Zr,0;CO;. Two or more different

Figure 3. FTIR of single-layer a) BCT and b) BZT films after heating to different temperatures
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Figure 4. XRD patterns of a) BCT and b) BZT thin films. The perovskite phase peaks are indexed according to PDF-01-074-4539 (cubic BaTiO;).

oxycarbonates may upshift the decomposition tempera-
ture of organic residues, and subsequently the crystalliza-
tion of the perovskite phase and the densification of the
thin film.

Figure 4 shows the XRD patterns of BCT and BZT
thin films prepared by repeated deposition-drying-pyroly-

sis-annealing at 850 °C. Both samples crystallize in the
perovskite phase (PDF-01-074-4539), with the strongest
diffraction peak being (110) in both cases. In both films, Pt
(111) peak of the substrate coincides with the (111) per-
ovskite peak; therefore, we cannot quantify the crystalline
orientation of the films.

Figure 5. SEM plan view of: (a) BCT and (c) BZT thin films and their respective cross-section (b) and (d).
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Figure 5 shows the surface and cross-section micro-
structures of BCT and BZT films. From the cross-sectional
images, the film thickness is approximately 120 nm. The
surface microstructure of both films is dense and consists
of grains a few tens of nanometers across. Intergranular
cracks are observed on both surfaces, the origin of which
was previously related to thermal stresses developed in the
BZT-BCT film as a consequence of the thermal expansion
mismatch between the film and the substrate.?>?° We ex-
pect that the thermal expansion coefficients of BCT and
BZT would be close to those of BZT-BCT.

4. Conclusion

(Bag,Cag3)TiO; (BCT) and Ba(Zr,,Tiy5)O3 (BZT)
are end members of the BZT-BCT solid solution, which
exhibits excellent piezoelectric properties at the equimolar
BZT/BCT ratio and is a strong lead-free candidate to re-
place lead-based piezoelectric ceramic materials. The
study provides a detailed insight into the decomposition
pathways of xerogels obtained from coating solutions for
BCT and BZT thin films, as analyzed by thermal analysis
and Fourier transform infrared spectroscopy. The car-
bonate residues formed from BCT and BZT xerogels are
fully decomposed upon heating to 780 °C and 720 °C, re-
spectively. The thermal decomposition of the carbonate
residues in BCT and BZT thin films is concluded at 750 °C
and 700 °C, respectively. The thermal analysis of xerogels
and FTIR spectroscopy of the films indicate that Ca-spe-
cies, most probably Ca-oxycarbonate, contribute to the
increase in the decomposition temperature of carbonate
residues in BCT xerogels and thin films compared to BZT.
BCT and BZT films annealed at 850 °C crystallize in the
perovskite phase. The microstructure of the films is char-
acterized by a grain size of a few tens of nanometers.
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Povzetek

Razumevanje termi¢nega razpada in kristalizacije perovskitne faze omogoc¢a naértovanje mikrostrukture tankih plasti
na osnovi BaTiOs, pripravljenih s sintezo v raztopini. Iz raztopin prekurzorjev (Ba,;Ca,3)TiO; (BCT) in Ba(Zr,,Tij )
O3 (BZT) smo pripravili ustrezna kserogela s suSenjem pri 200 °C in tanke plasti BCT in BZT z nanasanjem na podlage z
metodo vrtenja. Termic¢ni razpad organskih skupin v kserogelih potece preko oksikarbonatnih skupin, ki razpadejo Sele
po segrevanju pri temperaturah 780 °C (BCT) oziroma 720 °C (BZT). V tankih plasteh BCT in BZT po segrevanju pri
750 °C oziroma 700 °C na zaznamo ve¢ sledov ogljikovih faz. Priblizno 120 nm debele plasti BCT in BZT kristalizirajo v
perovskitni fazi po segrevanju pri 850 °C.
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