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The microstructure and crystalline orientation evolution of manganese-doped 0.5Ba(Zrg 2Tip.g)O3—0.5
(Bag 7Cag 3)TiO3 (BZT—BCT) thin films deposited on platinized sapphire and multistep-annealed at 850 °C are
reported. The crack-free 680 nm thick BZT—BCT films with an average lateral grain size of 140 nm exhibit
preferential {111} orientation on the surface confirmed by the electron backscatter diffraction (EBSD). Trans-
mission Kikuchi diffraction (TKD) analysis reveals the evolution of preferential {111} and {110} orientation of

columnar grains along the film thickness, that is, in the grain-growth direction. The formation of pores at the
interface of the film and substrate is observed and related to the migration of pores and grain boundaries. The
dielectric permittivity and losses of 840 and 0.02, respectively, at 1 kHz, are measured at room temperature. The
maximum polarization and strain at an electric field of 1.2 MVecm ! are about 32 pCecm 2 and 0.35 %,
respectively. The piezoelectric ds3 coefficient of 42 pmeV~! was measured by double-beam laser interferometry.

1. Introduction

The design and processing of lead-free 0.5Ba(Zrg2Tip.g)O3—0.5
(Bag.7Cag.3)TiO3 (BZT—BCT) piezoelectric ceramics and thin films with
enhanced functional properties as alternatives to lead-based materials in
piezoelectric applications have been extensively studied since Liu and
Ren in 2009 reported a high piezoelectric ds3 coefficient of 620 pC-N~*
for this composition [1]. In general, the interest in the development of
lead-free piezoelectric materials has been triggered by environmental
concerns due to the increase of heavy and toxic elements in the envi-
ronment [2,3] that led to the subsequent legislations that restrict the use
of toxic elements, including lead, in electronic and electrical devices [4,
5]. Therefore, developing lead-free ceramic materials to replace (Pb
(ZryTi1x)O3 (PZT) in commercial electronic devices has become one of
the pressing issues in the piezoelectric community. The BZT—BCT is one
of the most promising alternatives, especially for room temperature
piezoelectric applications. The processing-microstructure-functional
properties relationship has been extensively investigated in BZT—BCT

bulk ceramics [6—8]. However, macroscopic electromechanical prop-
erties of the thin film form of this material, suitable for micro-
electromechanical systems, are insufficiently reported. Furthermore, the
mechanism of microstructure evolution in BZT—BCT thin films is still to
be investigated. It is known that in chemical solution deposition (CSD) of
thin films, the columnar grain growth is favorable in materials that
crystallize via heterogeneous nucleation, such as PZT [9,10]. In contrast,
granular equiaxed grains evolve in the films that crystallize via homo-
geneous nucleation, such as BaTiOg (BT) [11]. Nevertheless, it has been
shown that columnar grains can be achieved in BT films by diluting the
concentration of the coating solution and multistep annealing [12,13].
In our earlier study, we have also demonstrated that the columnar
microstructure can be achieved in BZT—BCT thin films by CSD [14,15].
Functional properties, such as dielectric, ferroelectric/piezoelectric
properties, are dependent on the thin-film microstructure. These prop-
erties are a few times higher in BZT—BCT thin films with columnar
microstructure than in the films with equiaxed grains [14].

Higher functional properties in BT, SrTiOs, and (Ba,Sr)TiO3 (BST)
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thin films with preferred crystalline orientation than in randomly ori-
ented films have been reported [16—18]. In BST thin films deposited on
platinized silicon, the preferred orientation was thought to be related to
the orientation of the Pt (111) that served as a template. A variation of
the preferred orientation as a function of the film thickness in BT thin
films prepared by pulsed laser deposition was reported [19]. In that
case, it was believed that the change in the orientation was related to the
substrate influence and the different growth rate of grains with different
orientations, depending as well on the oxygen pressure during deposi-
tion. So, it is important to understand and establish the mechanism of
columnar grain growth and crystalline orientation in the BZT—BCT thin
films on platinized sapphire substrates prepared by CSD.

Macroscopic electromechanical properties of 120 nm BZT—BCT thin
films on platinized silicon substrates prepared by CSD and multi-step
annealed at 850°C, were reported in our earlier study [14]. However,
further increase of the film thickness resulted in the appearance of
intergranular cracks, thus not allowing the investigation of macroscopic
piezoelectric properties of thicker films, which are required in some
applications, such as actuators [20,21]. By introducing platinized sap-
phire substrates with a thermal expansion coefficient (TEC) closer to
that of BZT—BCT instead of platinized silicon, and thus reducing the
thermal expansion mismatch, we prepared BZT-BCT films with thick-
nesses of up to 340 nm [22]. With the aim to further increase the film
thickness, we managed to prepare crack-free 680 nm thick BZT-BCT
films on platinized sapphire substrates by multistep annealing. The
mechanism of columnar grain growth that leads to preferential crys-
tallographic orientation, and dielectric, ferroelectric, and electrome-
chanical properties of the films are discussed.

2. Experimental part

The manganese-doped 0.5(Ba(Zry 2Tipg)O3—0.5(Bag7Cap.3)TiO3
(BZT—BCT) coating solution with 0.1 M concentration is prepared from
alkaline earth acetates (barium acetate with a purity of 99.97 %, and
calcium acetate with a purity of 99.999 %, purchased respectively from
Sigma-Aldrich, St. Louis, Missouri, USA and Alfa Aesar, Karlsruhe,
Germany), transition metal alkoxides (zirconium butoxide with a purity
of 99.61 % and titanium butoxide with a purity of 80 % both purchased
from Alfa Aesar, Karlsruhe, Germany). Ethylene glycol with a purity of
99.8 % (Sigma-Aldrich, St. Louis, Missouri, USA) and ethanol with a
purity of 99.9 % (Sigma-Aldrich, St. Louis, Missouri, USA) are the
respective solvents for acetates and alkoxides. Manganese acetate with a
purity of 98 % (Alfa Aesar, Karlsruhe, Germany) is dissolved in the
ethylene glycol solution in the amount of 1 mol% before mixing the
acetates and alkoxides solutions. The Mn doping was introduced to
reduce the leakage current [14]. The detailed solution preparation
procedure was reported in our earlier work [15,22] and is described in
the Supplementary Material S1. The preparation of the platinized sap-
phire substrate (Pt/Sapp) includes the atomic layer deposition (TFS-200,
Beneq, Espoo, Finland) of 23 nm thick HfO5 on a 500 pm thick C-sap-
phire (c-(0001) crystallographic plane) wafer (Siegert Wafer, Aachen,
Germany). Finally, the top 100 nm thick platinum was deposited on the
HfO, layer by rf sputtering (MED-020, Bal-tec Leica, Wetzlar, Germany).

The BZT—BCT thin film was deposited on the Pt/Sapp by spin
coating (WS —400B-6NPP/ LITE, Laurell, North Wales, Pennsylvania,
USA) for 30 s at 3000 rpm. The wet film was dried at 250 °C for 15 min,
pyrolyzed at 350 °C for 15 min, and then the obtained amorphous film
was annealed at 850 °C in the synthetic air with the heating and cooling
rates of 13.3°C and 2.5°C per second, respectively. The processes of
deposition, drying, pyrolysis, and annealing were repeated 60 times to
prepare the film with the desired thickness. The annealing time was kept
for 15 min for the first and last layers, whereas the annealing time of the
intermediate layers was 5 min to reduce processing time.

A high-resolution diffractometer (X’Pert PRO, PANalytical, Almelo,
The Netherlands) with Cu Ka radiation was used for XRD in the 2 theta
ranges of 10-39 ° and 40-65 ° to avoid recording the Pt (111) peak of the

Journal of Alloys and Compounds 1047 (2025) 185124

substrate. The recording conditions were 0.016 step, 100 s per step,
mask 10, and Soller slit 0.02. The XRD raw data were analyzed using
X’Pert High Score Plus software.

Scanning electron microscopy (SEM) was conducted using a Verios
4 G HP field emission system (Thermo Fisher Scientific, Waltham, MA,
USA). Surface imaging of the BZT—BCT film was performed at an
accelerating voltage of 5 kV. Prior to SEM analysis, the film surface was
coated with a 5 nm thick carbon layer using a Precise Etching and
Coating System 628 A (Gatan, Pleasanton, CA, USA) to mitigate
charging effects. Plan-view SEM images were used to determine the
average grain size via the linear intercept method, based on measure-
ments of 453 grains.

Electron-transparent cross-sectional lamella was prepared from the
BZT—BCT film using a focused ion beam (FIB) system Helios Nanolab
650 HP (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a
Ga* ion source and a carbon gas injection system. Scanning transmission
electron microscopy (STEM) on the cross-sectional lamella was per-
formed using the annular STEM 3 + detector at 30 kV in the SEM Verios
4 G HP.

Crystallographic orientation analysis was performed using an Apreo
2 S field emission SEM (Thermo Fisher Scientific, Waltham, MA, USA)
equipped with a C-Swift+ CMOS camera (Oxford Instruments, Abing-
don, United Kingdom). Electron backscatter diffraction (EBSD) was
conducted on the film surface at a 70° tilt and a beam energy of 20 kV.
Transmission Kikuchi diffraction (TKD) was carried out on cross-
sectional lamellae at a 20° tilt and a beam energy of 30 kV, using an
off-axis TKD configuration. EBSD and TKD data were indexed using the
Hough transform method assuming a cubic crystal system with a lattice
parameter of 3.9 10\, corresponding to space group Pm-3m (No. 221).

For electrical measurements, gold electrodes with a 400 pm diameter
were deposited on the top of the BZT—BCT film through a shadow mask
by magnetron sputtering (5 Pascal, Trezzano sul Naviglio, Milan, Italy).
The edge of the film was etched to reach the bottom platinum using the
mixture of deionized water, HCl 37-38 % (J.T. Baker, Phillipsburg, New
Jersey, USA), and HF 40 % (Alfa Aesar, Karlsruhe, Germany) in a volume
ratio of 20:5:2, respectively.

The dielectric properties were measured at different frequencies as a
function of temperature from —50 °C to 150 °C by an impedance
analyzer (HP 4284 A, Keysight, Santa Rosa, USA).

The ferroelectric polarization loops and strain as a function of elec-
tric field, the piezoelectric coefficient dss, the dielectric permittivity as a
function of electric field were measured at 1 kHz by a double-beam laser
interferometer (DBLI, Aixacct Systems GmbH, Aachen, Germany).

3. Results and discussion

The XRD of the BZT—BCT film reveals that the film crystallized in
pure perovskite phase with a low crystallographic (111) texture (f(111) is
0.228, for details see Supplementary Material S2). The cross-sectional
microstructure of the film investigated by SEM and STEM shows the
BZT—BCT film with preferentially columnar grains across the thickness
of about 680 nm, Fig. 1a, ¢, and d. The plan-view image shown in
Fig. 1b) reveals a dense and crack-free surface microstructure. The
preparation of a crack-free BZT—BCT film with such high thickness was
enabled by a relatively small difference in the thermal expansion coef-
ficient (TEC) between the film and the sapphire substrate. The respective
TECs are ~ 12 x 107% K™! and ~ 8 x 1075 K™! [23,24]. Note that
BZT—BCT films deposited on platinized silicon substrates and annealed
at 850 °C contain intergranular cracks at a thickness of about 120 nm,
which is related to a large TEC mismatch between the film and the
substrate [14]. The TEC of the silicon is about 3 x 107 K~! [24].

The lateral grain size obtained by image analysis is 140 nm. By
comparing this value with the grain sizes of thinner BZT-BCT films on
platinized sapphire substrates and annealed at the same temperatures
from our earlier study [22], namely 58 nm and 92 nm for the 100 nm
and 340 nm thick BZT-BCT films, we observe the trend of increasing
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l / 500 nm

500 nm

Fig. 1. SEM cross-section (a) and plan-view (b) micrographs of the BZT—BCT thin film. Outset images show magnified sections of the cross-section and plan-view
micrographs. Dark field (DF) STEM (c) and bright field (BF) STEM (d) images. The white arrows indicate the position of the pores in (a), (c), and (d). The circles in the
outset of the (a) image indicate the pores.

grain size with increasing film thickness. For comparison, see also In cross-sections of both SEM and STEM images shown in Fig. 1a, c,
Supplementary Material S3 Figure S2. Such a phenomenon was previ- and d, small pores are present at the interface between the film and the
ously observed in (BagsSros)TiO3 films [25—27] and related to the substrate. This phenomenon could be related to the mobility of grain
coarsening of grains during the multistep annealing. boundaries and pores [28,29]. With increasing film thickness, the pores

500 nm

Fig. 2. Crystallographic orientation analysis is shown using IPFs. The image a) presents EBSD data with the IPF aligned along the Z-direction (surface normal, grain
growth direction), while the image b) displays TKD data from the cross-section, with the IPF oriented along the Y-direction (grain growth direction). Grain
boundaries with misorientation angles of 2° or greater are highlighted with black lines. The colored triangle inset in the plan-view image represents the standard IPF
color key, indicating the crystallographic orientation of individual grains. A schematic of the cubic unit cell is overlaid on every grain to graphically view the
orientation.
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are dragged alongside grain boundaries and are accumulated at the
interface with the substrate due to the different migration kinetics of
grains and pores [30,31].

The crystallographic orientation analysis (Figure S3, Supplementary
Material S4) provided insight into the mechanism of the columnar grain
growth in the BZT—BCT film. The EBSD inverse pole figure (IPF) image
of the film surface shown in Fig. 2a reveals the {111} preferred orien-
tation. This result is in agreement with the earlier reported grazing angle
and pole figure measurement of a 120 nm thick BZT—BCT film on Pt/Si
substrate [14]. The TKD IPF image of the cross-section in Fig. 2b,
however, shows a rather complex crystallographic structure of the film.
At the bottom of the film, no preferential orientation can be observed,
which agrees with our previous work on BZT—BCT thin films on plati-
nized sapphire substrates. Indeed, no preferential orientation was
observed in the 100 nm and 340 nm thick BZT—BCT films [22]. How-
ever, as evident in Fig. 2b, at a thickness of about 250 nm from the
substrate, the grains with {111} and {110} orientations grow in both
lateral direction and upwards, while other grains with different orien-
tations almost stop growing. The crystallites with different orientations
compete in the growth process. The fastest-growing crystallites with
{111} and {110} orientations grow at the expense of the crystallites with
other orientations. As a result, at the top of the film, the grains with
predominant {111} orientation are observed, in agreement with Fig. 2a.
The phenomenon of grain growth with a preferential crystalline orien-
tation was modelled for polycrystalline thin films grown by vapour
deposition [32—34].

We compare the microstructure evolution of BZT—BCT films with
the well-understood cases of PZT and BT thin films, as shown in Fig. 3.
The PZT films crystallize via heterogeneous nucleation, where the nuclei
preferentially form on the substrate, serve as the nucleation layer, and
grow towards the top of the film, resulting in a columnar microstructure
[11]. BT thin films, in contrast, crystallize via homogeneous nucleation
where the nuclei form within the bulk of the amorphous deposited film
and grow until they impinge on neighboring grains, leading to a gran-
ular microstructure [11]. Note that the described mechanisms of both
PZT and BT film growth occur in the single annealing step (SAS) pro-
cesses. The BZT—BCT and BT thin films prepared by a SAS show a
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similar equiaxed grain and porous microstructure [35,36].

In BZT—BCT, as in BT, with a low concentration of the coating so-
lution, the material crystallizes within one grain via the formation of one
layer of nuclei with different orientations on the substrate due to the
small amount of material deposited. The following layer crystallizes on
top of the previous one, thus resulting in the columnar grain growth in a
multi-annealing step (MAS) process [13,14]. However, nuclei with
different orientations formed during the first deposition have different
growth rates at a given temperature. During the multistep deposition
and annealing, the grains growing in a favorable orientation occupy
more space at the expense of the less-favorably oriented crystallites. As a
result, the film develops a preferred orientation.

The temperature-dependent dielectric permittivity and losses are
measured as a function of frequency from 33 Hz to 100 kHz and are

900 0.20
800
0.15
700
) —=—33 e 100 "
% —A—330 —v— 1000 40.105
43300 < 10000 -
600 - —p— 33000 —— 100000
40.05
500 F /'
400 1 [ 1 1 1
-50 0 50 100 150
T(°O

Fig. 4. Relative dielectric permittivity and losses of 680 nm thick BZT—BCT
film measured as a function of (a) frequency and (b) temperature.

Substrate Substrate

MAS

Fig. 3. Mechanism of heterogeneous nucleation and growth that leads to columnar microstructure of PZT thin films (a), homogeneous nucleation and grain growth
that leads to granular microstructure of BT thin films (b) in single annealing step (SAS) processes. The engineered heterogeneous nucleation via multiple deposition-
annealing steps (MAS) that lead to columnar microstructure of BZT—BCT thin films (c). The white spots in sketches b) and c) represent pores.
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shown in Fig. 4. The values of the relative permittivity and losses at
1 kHz are 840 and 0.02, respectively, at about 20 °C, which is similar to
the reported values in our previous work on 340 nm thick BZT—BCT
films on Pt/Sapp (820 and 0.02, respectively) [22]. Note that the rela-
tive permittivity (157-280) of BZT—BCT thin films on Pt/Si substrate
with fine grains and thickness ranging from 200 nm to 450 nm reported
in the literature is 3-5 times lower [35,37,38]. We relate the high
relative dielectric permittivity in our BZT—BCT to the grain size effect
[39—41].

The dielectric permittivity measured as a function of temperature
shows a broad transition peak in the temperature range between 60 °C
and 90 °C, as shown in Fig. 4, which is much higher than the transition
peak of the 340 nm thick film at 40 °C—50 °C reported in our earlier
work [14]. This upshift may be related to stress relaxation in the thicker
film. It has been reported that the tensile stresses in thin films decrease
with increasing film thickness in BST and Ba(Sng 15Tip.g)O3 [27,42].
Note that the Curie temperature (T¢) of BZT—BCT bulk ceramic is
around 85 °C, depending on the grain size [6].

The macroscopic electric field-dependent properties were measured
by double-beam laser interferometry (DBLI) at room temperature. Fig. 5
shows the polarization coupled with strain as a function of electric field
(a) and the dielectric tunability and piezoelectric coefficient dsg (b). The
maximum polarization and strain measured up to the maximum electric
field of 1.2 MVecm ™ are 32 pCecm™2 and 0.35 %, respectively, as shown
in Fig. 5a. The low remanent polarization and coercive field of about 4
pCecm 2 and 40 kVecm™, respectively, align with earlier reported data
of ferroelectric properties of BZT-BCT films on Pt/Sapp substrate, as
well as their dielectric tunability [22]. However, the ds3 in the 680 nm
thick BZT—BCT film is about 42 pmeV !, which is about two times
higher than the ds3 of 120 nm thick BZT—BCT films deposited on Pt/Si
substrate at the same conditions (concentration of coating solution,
heating rate, and annealing temperature). This illustrates the depen-
dence of the ds3 on the film thickness and probably orientation and
stress state in the films. Furthermore, note that the gold electrodes used
for the measurement by DBLI have a diameter of 400 pm, while the
substrate thickness is about 500 pm. It has been demonstrated that for
the optimal and accurate ds3 measurement, the ratio of the electrode
diameter and the substrate thickness should be around 1 [43,44].
Therefore, the measured dss value could be slightly underestimated due
to the smaller size of the electrode. The corrected value of ds3, consid-
ering the ratio of the electrode size to the thickness of the substrate
around 1, is about 54 pmeV ™! (see Supplementary Material S5 for more
details). The piezoelectric d33 coefficient of 42 pmo\fl of the 680 nm
thick film is comparable to the d33 of 40 pm/V measured in the 340 nm
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thick BZT—BCT film on the platinized sapphire [45].

To compare the macroscopic piezoelectric properties of the
BZT—BCT thin film to other promising lead-free piezoelectric materials
such as (KQ_5N30_5)Nb03 (KNN), 1—X(Bio_5N30_5)Ti03—XBaTi03
(BNT-BT); the d33 measured by either DBLI, Laser Doppler Vibrometer
(LDV), or laser scanning vibrometer (LSV) on different lead-free oxide
thin films and deposited with different techniques including Pulsed
Laser Deposition (PLD), RF Magnetron Sputtering (RF Sputt), CSD [14,
46-52] is collected in Table 1. We note that we could not find the data
for BZT-BCT films. Our BZT—BCT film shows a promising macroscopic
ds3, considering the film thickness is about 680 nm, which is up to a few
times lower than the thickness of some films collected in Table 1. The
use of LaNiO3/Lag 5Srg.5C003 (LNO/LSCo) or (LSCo/LNO) electrodes on
Pt/Si substrates has contributed to achieving a high ds3 reported in
1600 nm and 2000 nm thick (BNT-BT) films [50,52]. We speculate that
the dss in BZT-BCT films could be optimized by increasing the film
thickness and/or introducing buffer layers on the Pt/Sapp substrates.

4. Summary

In summary, the microstructure and macroscopic piezoelectric
properties of BZT—BCT thin films prepared by Chemical Solution
Deposition were investigated. Crack-free 680 nm thick films crystallized
in the perovskite phase. The crystallographic orientation analysis
showed the preferential {111} orientation of the columnar grains at the
film surface, presumably due to the fast growth of {111} crystallites
compared to others. The dielectric permittivity as a function of tem-
perature measured at different frequencies showed that the Curie tem-
perature of such large-grained films is similar to the Curie temperature
of the BZT—BCT bulk ceramic, with the frequency-dependent maximum
dielectric permittivity of about 840 at 1 kHz at room temperature and
reaching 900 at 33 Hz around the maximum dielectric permittivity
peak. The maximum polarization and the electric field-induced strain
are 32 pCecm 2 and 0.35 %, respectively, at the maximum field of
1.2MVecm!. The effective macroscopic piezoelectric coefficient
measured by DBLI is about 40 pmeV~!, while the corrected value is
54 pmeV . These results show a clear BZT—BCT microstructure evo-
lution mechanism on platinized sapphire substrates and the macroscopic
electromechanical properties, showing a great potential of BZT—BCT
thin films among other lead-free materials for MEMS applications.
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