¥® ROYAL SOCIETY

Journal of
PP OF CHEMISTRY

Materials Chemistry C

View Article Online

View Journal | View Issue

Designing the thermal processing of
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Lead-free ferroelectric 0.5Ba(Tig gZrg 2)O3—0.5(Bag7Cag 3)TiOs (BZT-BCT) thin films on platinized silicon sub-
strates are prepared by a chemical solution deposition route. The solution chemistry involves the use of
ethylene glycol and ethanol as solvents for alkaline earth acetates and transition metal alkoxides, respectively.
The thermal decomposition of the BZT—-BCT xerogel, the crystallization process of BZT-BCT thin films, and
their homogeneity are investigated. In the xerogel, the decomposition of the organic residues occurs
between 290 °C and 514 °C, followed by the formation of carbonate groups and their decomposition
between 580 °C and 775 °C. In the thin films, the sequence of drying and pyrolysis steps, and the concen-
tration of the coating solution influence the formation of carbonate groups and their decomposition upon
annealing. Extending the drying and pyrolysis times from 2 minutes to 15 minutes and lowering the concen-
tration of the coating solution from 0.2 M to 0.1 M contribute to an easier thermal decomposition of the
carbon residues. Time-of-flight secondary ion mass spectrometry analysis reveals that upon rapid thermal
annealing, the decomposition of the carbonate residues in a few tens of nanometres thick BZT-BCT film
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proceeds from the top downwards, resulting in a pure perovskite phase faster in the thinner films than in
thicker ones. The about 100 nm thick BZT-BCT film annealed at 850 °C exhibits a columnar microstructure
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Introduction

Barium zirconate titanate-barium calcium titanate (Ba(Tiy gZr,.,)-
03-(Ba, ,Cay 3)TiO3, BZT-BCT) with an approximately equimolar
ratio of BZT to BCT has been recently intensively studied due to
the discovery of its large piezoelectric response as a lead-free
alternative to lead-based materials in applications. ™ The origin of
the large piezoelectric response in this material has been essentially
explained by its chemical composition and the multiphase
coexistence.”>® A high polarization and a low coercive field, in
addition to large piezoelectric coefficients, indicate the multifunc-
tionality of BZT-BCT as an attractive material for potential
piezoelectric and energy storage applications.” The design of
actuators, sensors, transducers, etc. for nanoelectromechanical
systems (NEMS) requires a small-scale size of the functional
material where the materials are used in the thin film form.'®**

For the successful design of thin film microstructures and
properties, especially using chemical solution deposition
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with a homogeneous distribution of elements across the thickness of the film.

(CSD), which presents some advantages over physical vapor
deposition methods, including low-cost investment, the control
of stoichiometry, fast processing, and uniform surface coverage
over large areas, it is critical to control the chemistry of the
coating solution, and understand the thermal decomposition
process of the deposited film and the film-substrate interaction
upon heating. Such detailed studies of the decomposition
process, crystallization, and distribution of elements in BZT-
BCT thin films by CSD are still missing.

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

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

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

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

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

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

Experimental

The 0.5Ba(Tiy gZry.,)03-0.5(Bay ;Cay 3)TiO; (BZT-BCT) precur-
sor was prepared using barium acetate (Ba(CH3COO), with a
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purity of 99.97%, Sigma-Aldrich, St. Louis, Missouri, USA),
calcium acetate (Ca(CH3COO),, 99.999%, Alfa Aesar, Karlsruhe,
Germany), titanium n-butoxide (Ti(OC4Hs)s, Ti(OnBu),),
99.61% and zirconium n-butoxide (Zr(OC4Hy), Zr(OnBu)),
80% both alkoxides purchased from Alfa Aesar, Karlsruhe,
Germany are used as reagents. Ethylene glycol (OHCH,CH,OH,
EG, 99.8%) and absolute ethanol (CH;CH,OH, EtOH 99.9%)
both from Sigma-Aldrich, St. Louis, USA and stored in the dry
box, were used to dissolve alkaline earth metal acetates and to
dilute transition metal alkoxides, respectively. Both solutions
were then mixed at room temperature for 2 hours, with the
concentration adjusted to 0.2 M and 0.1 M. All manipulations
of reagents were performed in a dry nitrogen atmosphere. The
BZT-BCT solutions were stored at 4 °C. The coating solutions
are stable for several months. For more details about the
synthesis, please refer to our previous study.*®

The BZT-BCT xerogel was prepared by drying the BZT-BCT
solution at 200 °C for 12 h. A thermal analyzer coupled with a
mass spectrometer (STA 409, Netzsch + ThermoStar, Balzers
Instruments) was used to investigate the thermal decomposi-
tion of the gel. The thermogravimetric curve (TG), and the
differential thermal analysis (DTA), and evolved gas analysis
(EGA) were recorded from room temperature up to 1200 °C in
33.25 mg of BZT-BCT xerogel in a Pt/Rh crucible with a heating
rate of 10 K min~" in a flowing synthetic air atmosphere. The
rest of the xerogel was calcined at 900 °C and X-ray diffraction
(XRD) of the obtained powder was recorded using an X-ray
diffractometer (Rigaku MiniFlex 600) with the following para-
meters: 2 theta = 20-60°, step = 0.034°, time per step = 100 s,
soller slit = 0.02, mask10.

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

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

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

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

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

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

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

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

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

Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
dual-beam depth profiling was performed on the TOF-SIMS 5
instrument from IONTOF (Miinster, Germany). Bi' ions were
used for the analysis and Cs" ions for the depth profiling (crater

14660 | J. Mater. Chem. C, 2024, 12,14658-14666

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

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

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

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

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

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

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

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

J. Mater. Chem. C, 2024, 12,14658-14666 | 14661
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Fig. 4 FTIR spectra of the (a) 0.2M-2min and (b) 0.2M-15min films heated at different temperatures for 6 seconds.
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to oxidize the major carbon residues. In both cases, the ToF-
SIMS analysis agrees with the FTIR and thermal analysis results
that the carbonates are predominantly formed upon annealing
at 600 °C. Upon annealing at 750 °C, up to the depth of
approximately 5 nm (0 to 60 seconds of sputtering in Fig. 5(c)
and (f)), some carbonate species are still present deeper in the
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Fig. 7 XRD patterns of (a) 0.2M-600, 0.2M-700, 0.2M-800, and 0.1M-850 thin films and (b) 0.1M-600, 0.1IM-700, 0.1M-800, and 0.1M-850 thin films.
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film. This suggests that upon heating in an RTA furnace, the
carbonates are decomposed starting from the top of the films,
leading to the inference that the thinner the film is, the faster the
carbonate groups will be decomposed. The broadening of the
interfaces between the films and the Pt-layer (curves for BaO,/Pt;)
in the SIMS depth profiles in Fig. 5 is due to an artifact related to
the ion bombardment during SIMS depth profiling.

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

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

By repeating the spin-coating 0.2 M or 0.1 M solutions,
drying, pyrolysis and RTA steps 4 or 10 times, we prepared
the films at the final temperatures of 600, 700, 800 and 850 °C.
The phase composition of respective films is shown in Fig. 7.
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In both 0.2M-600 and 0.1M-600 films, weak (110) and (211)
peaks are observed, indicating the onset of crystallization.
With increasing temperature, the intensity of the (110) peak
increases, indicating that a higher crystallinity and also lower-
intensity perovskite reflections emerge. Note that the perovskite
(111) peak cannot be distinguished as it coincides with the
Pt(111) peak. The intensity of the perovskite peaks in 0.1M-700,
0.1M-800, and 0.1M-850 films is stronger compared to the
0.2M-700, 0.2M-800, and 0.2M-850 films indicating higher
crystallinity in the former group.

In our previous study, we prepared BZT-BCT films from the
0.2 M solution and annealed them at 800, 850, and 900 °C. All
films had porous microstructures consisting of fine equiaxed

100

Concentration (at.%)

View Article Online
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c) plan view micrographs of 0.1M-700, 0.1M-800 and 0.1M-850 films and (d)—(f) their respective cross-sections.

grains.>® We analyzed the microstructure of 0.1M-700, 0.1M-
800, and 0.1M-850 thin films by using scanning electron
microscopy, see Fig. 8. The surface microstructures of the films
annealed at 700 °C and 800 °C are porous with fine grains of a
few 10 nm. The film thickness is about 130 nm. The surface
microstructure of the film annealed at 850 °C is dense, with
grains ranging from 60 to 100 nm. The cross-section micro-
graph reveals columnar grains extending through the film
thickness. The film thickness is about 110 nm, indicating
densification at this temperature.

We selected 0.1M-850 films to investigate the distribution of
the elements using XPS depth profiling across the area with a
diameter of 400 um. The spectrum shown in Fig. 9 reveals that

—-—C
-0
Si
Ca
—>*—Ti
——Zr
——Ba
—Pt

250

Depth (nm)

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

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

Conclusions

The thermal processing of 0.5Ba(Tiy gZr,,)O03-0.5(Bay ,Cag.3)-
TiO; (BZT-BCT) thin films from ethylene glycol-based precur-
sor solution and the homogeneity of the crystalline films on a
platinized silicon substrate were studied. Prolonging the drying
and pyrolysis times from 2 minutes to 15 minutes of the one-
layer films deposited from a 0.2 M solution contributes to the
completion of the thermal decomposition of carbon residues at
a lower temperature. By decreasing the concentration of the
coating solution from 0.2 M to 0.1 M, or in other words, by
reducing the deposited layer thickness to about 10 nm, the
thermal decomposition of carbonate groups is significantly
downshifted. Both approaches, extended drying and pyrolysis
times and reducing the coating solution concentration, con-
tribute to the perovskite crystallization at about 700 °C. Still, to
obtain a dense columnar microstructure of BZT-BCT films,
multi-step annealing at 850 °C was needed. Depth profiling
revealed a homogeneous distribution of constituent elements
across the thickness of the film. Our results show that proces-
sing optimization in the microstructure engineering of BZT-
BCT thin films is key to optimizing their functional properties.
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