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Victor Regis a,b , Matej Šadl a , Val Fǐsinger a, Nejc Suban a,b , Brigita Kmet a,  
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A B S T R A C T

Integrating functional ceramic thick films onto metal substrates for advanced electronic applications is chal
lenging due to the high sintering temperatures. To address this issue, low-temperature processing methods such 
as aerosol deposition (AD) offer an effective solution. In this study, lead-free 0.5Ba(Zr0.2Ti0.8)O3–0.5(Ba0.7Ca0.3) 
TiO3 (BZT–BCT) thick films were prepared on low-cost stainless-steel substrates using the AD method. The as- 
deposited films exhibited a dense microstructure and excellent adhesion to the substrate. After deposition, the 
films were annealed at 500 ◦C and 800 ◦C. The films annealed at 800 ◦C demonstrated enhanced ferroelectric 
behavior compared to both the as-deposited films and those annealed at 500 ◦C. These films also exhibit a high 
dielectric breakdown strength exceeding 1400 kV⋅cm− 1, making them promising for energy storage applications. 
The recovered energy density and energy efficiency reach 9.5 J⋅cm− 3 and 84 %, respectively, at 1500 kV⋅cm− 1. 
Moreover, the recovered energy density demonstrated excellent electric-field cycling stability up to 100 million 
cycles, as well as thermal stability from − 50 ◦C to 200 ◦C at 400 kV⋅cm− 1. The field-induced strain response of 
the films annealed at 800 ◦C demonstrated an electromechanical performance with a maximum strain of 0.05 % 
at 350 kV⋅cm− 1, corresponding to a converse effective piezoelectric coefficient of 15.5 pm⋅V− 1. The dominating 
factor for such a relatively low value is most likely the fine microstructure. Overall, the results highlight the 
potential of integrating lead-free ceramic films onto low-cost stainless-steel substrates to form functional 
structures, especially for energy storage applications, where good thermal and electrical cycling stability is 
essential.

1. Introduction

Piezoceramics such as Pb(Zr,Ti)O3 (PZT) dominate in microelec
tronics, medical diagnostics, sensors and actuators devices. However, 
due to the high toxicity of lead and increasing restrictions on lead- 
containing materials by the European Union, Japan, and the United 
States, research has focused on developing lead-free alternatives with 
similar piezoelectric properties [1–3]. The (1–x)BaZr0.2Ti0.8O3–xBa0.7

Ca0.3TiO3 morphotropic phase boundary composition, where x = 0.5 (in 
the further text noted as BZT–BCT) is reported to be one of the best 
lead-free piezoelectric materials, achieving a piezoelectric coefficient 
(d33) of up to ~600 pC⋅N-1 [4–9]. Such high piezoelectric performance 

was first attributed to the morphotropic phase boundary (MPB) between 
the rhombohedral and tetragonal phases. Later, an intermediate ortho
rhombic phase between the rhombohedral and tetragonal phases was 
identified in the phase diagram of the BZT–BCT system [10]. The high 
piezoelectric performance was then ascribed to the MPB between the 
orthorhombic and tetragonal phases [11].

Furthermore, ceramics with the promise for capacitive storage ap
plications are of high interest. Dielectric capacitors store and release 
energy through charge displacement stimulated by an external electric 
field, resulting in high power density, excellent stability, and ultrafast 
charge/discharge performance, which are crucial for pulsed-power ap
plications [12,13]. In general, the energy storage performance of 

* Corresponding author at: Electronic Ceramics Department, Jožef Stefan Institute, Jamova cesta 39, 1000 Ljubljana, Slovenia.
E-mail address: hana.ursic@ijs.si (H. Uršič). 
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dielectric capacitors is deduced from the recovered storage density (Urec) 
and energy storage efficiency (η), which require high saturated polari
zation (Ps), low remanent polarization (Pr), low energy loss density 
(Uloss), and high dielectric breakdown strength (DBS) [14]. So far, a wide 
scientific community has been focuced on the preparation of materials 
for energy storage, and ceramic materials with extremely large Urec 
values (> 10 J⋅cm-3) have been developed [15–22]. The aforementioned 
BZT–BCT-based compositions have also been reported to be promising 
to store energy, especially when prepared as thin films (Urec values > 45 
J⋅cm-3) [23–25].

In comparison with thin film technologies, where films are prepared 
from solutions [26,27], thick film technologies are based on powders 
[28–30]. Nevertheless, the integration of ceramic thick films on 
low-melting-point substrates remains challenging due to conventional 
deposition methods, such as screen printing [31], which require high 
temperatures, often exceeding 1000 ◦C. These high temperatures are 
crucial for densifying ceramic thick films and for achieving strong 
adhesion to the substrates. However, this requirement hinders the 
integration of ceramics with temperature-sensitive materials such as 
polymers, metals and alloys.

To address the integration challenge, the aerosol deposition (AD) 
method, a room-temperature spray-coating technique, can serve as an 
innovative solution. This deposition method produces highly dense films 
(>95 %) with thicknesses up to several hundred micrometers on various 
substrates [32,33]. The AD method outperform conventional film 
deposition routes in processing time and cost. It allows the integration of 
ceramic films on low-melting point substrates such as, metals, glasses, or 
polymers [32,34–39]. In AD, the powder is mixed with a carrier gas to 
form an aerosol, which is then accelerated through a nozzle into the 
deposition chamber. The particles collide with the substrate surface, 
break, and form a film [32,33]. During this process, stresses are formed 
in the direction of particle movement (vertical direction within the 
films). These stresses are found to be in the range of MPa–GPa [40–42] 
and can hinder the functional properties of the films. The stresses can be 
reduced by thermal treatment, usually at a few hundred degrees [34,40,
42]. Such annealing results in lower internal residual stresses, an in
crease in crystallinity, pore redistribution and grain growth compared to 
as-deposited films [34,35,42–48].

For energy applications, the integration of metals and their alloys as 
substrates for functional thick films is highly advantageous due to their 
excellent electrical conductivity and mechanical stability [34,49]. 
Stainless steel (SS), in particular, is a durable, corrosion and 
wear-resistant metal. It is also cost-effective and easily accessible. It is of 
great importance for buildings, power stations, medicine, vehicles, 
space crafts, etc. [50–53]. Functional thick films prepared on 
stainless-steel substrates would open up significant opportunities for use 
in these fields. For example, integrating electronic structures directly to 
the buildings, bridges, railways, trains, space shuttles, or medical de
vices would be possible if we were able to develop functional electronics 
on stainless steel. Aerosol deposition is a suitable method for this pur
pose, as ceramic powders could be directly integrated into various 
stainless-steel surfaces in the future. For these reasons, stainless steel is 
also one of the standard materials used for aerosol deposition of a variety 
of materials [40,54–59], including BaTiO3 (BT)-based materials.

BT films exhibit a piezoelectric coefficient d31 within the range from 
− 40 pm⋅V− 1 to − 56 pm⋅V− 1 [55,60] and energy storage properties, 
namely Urec of 6.8 J⋅cm− ³ with an η of 83 % at 1 MV⋅cm− 1 [61]. 
Meanwhile, it was reported that annealing of aerosol-deposited BT thick 
films on SS substrates at 750 ◦C improves the dielectric properties by 
promoting grain growth [62]. Furthermore, in the literature two reports 
can be found on aerosol-deposited BZT–BCT thick films on SS substrates 
[59,63]. In the first one, the authors prepared 11-μm-thick BZT–BCT 
films on SS substrates and annealed them at 600 ◦C. In the second report, 
80-μm-thick BZT–BCT films were prepared on SS substrates and 
annealed at 500 ◦C. The polarization versus electric field measurements 
showed an almost linear dielectric response in both cases. Furthermore, 

the films in ref․ [63] exhibited no piezoelectric response, and no 
piezoelectric measurements were reported in ref․ [59]. In addition, 
free-standing BZT–BCT thick films were prepared and annealed at 
higher temperatures. The films, annealed at 1000 ◦C, showed a potential 
for energy storage capacitors, since the Urec and η of 1.34 J⋅cm− 3 and 82 
%, respectively at 200 kV⋅cm− 1 were determined [59]. In summary, 
annealing the BZT–BCT films at 500 ◦C and 600 ◦C resulted in poor 
functional properties, while annealing at 1000 ◦C improved the energy 
storage properties, suggesting that the annealing temperature plays an 
important role in the development of good functional properties for 
BZT–BCT thick films.

In this study, BZT–BCT thick films were deposited on stainless steel 
substrates using the AD method. The composition was chosen due to the 
previously mentioned promise of multifunctionality. After deposition, 
the films were annealed at 500 ◦C to allow comparison with the litera
ture and also at 800 ◦C to improve the functional properties. The 
structural, microstructural, dielectric, ferroelectric and electromechan
ical properties of the as-deposited and annealed thick films were 
investigated. The BZT–BCT thick films annealed at 800 ◦C exhibited a 
significantly enhanced ferroelectric response compared to both the as- 
deposited films and those annealed at 500 ◦C. Consequently, our 
research focused on the energy storage and electromechanical proper
ties of the thick films annealed at 800 ◦C. The films exhibited multi
functional behaviour, highlighting their potential for use in future 
electronic applications.

2. Experimental procedure

0.5BaZr0.2Ti0.8O3–0.5Ba0.7Ca0.3TiO3 (abbreviated BZT–BCT) 
ceramic powder was prepared by the conventional solid-state method 
using BaCO3 (99.8 %, Alfa Aesar, Karlsruhe, Germany), CaCO3 (99.95 %, 
Alfa Aesar, Karlsruhe, Germany), TiO2 (99.8 %, Alfa Aesar, Karlsruhe, 
Germany) and ZrO2 (99.8 %, Tosoh, Japan) as starting powders. BaCO3, 
CaCO3, ZrO2 and TiO2 were stoichiometrically weighed, mixed and 
homogenized using isopropanol, in a planetary mill (PM 400, Retsch) 
with yttria-stabilized zirconia milling bodies (3 mm, Tosoh, Japan) for 1 
h at 200 rpm. The homogenized powder was then dried at 110 ◦C and 
sieved. The BZT–BCT powder mixture was calcined at 1300 ◦C for 4 h in 
the air with heating and cooling rates of 5 K⋅min− 1. The calcined powder 
was wet-milled in isopropanol using a planetary mill for 1 h at 200 rpm, 
dried at 120 ◦C and sieved. The prepared batch of BZT–BCT weighed 100 
g.

Particle size analysis was performed using a light-scattering laser 
granulometer (S3500, Microtrac, USA) with isopropanol as the medium. 
Prior to the measurement, the powder suspended in the liquid medium 
was placed in an ultrasonic bath (PRO 50, ASonic, China) for a few 
minutes to break up the agglomerates. A powder with a particle size in 
the range of a few hundred nanometres to micrometres was used for the 
preparation of thick films by AD process. The d50 and d90 values of the 
used powder were determined to be 0.68 μm and 2.75 μm, respectively. 
The particle size distribution is shown in Supplementary material S1.

Prior to the deposition, the powder was sieved through an 80-µm 
mesh and vacuum dried at 100 ◦C for 12 h and at 10 mbar. The prepared 
powder was deposited onto a commercial stainless-steel substrate (SS, 
no. 304, American Iron and Steel Institute, USA) with a bright, polished 
surface (A480: No. 8, American Society for Testing and Materials) and 
dimensions of 15 mm × 15 mm × 0.8 mm. 10 g of the BZT–BCT powder 
were used to prepare ten thick-film samples. The AD equipment was 
provided by InVerTec, Germany, and it is schematically shown in ref․ 
[64]. The process parameters during AD are presented in Supplementary 
material S2. After deposition, the obtained thick films were cleaned with 
ethanol and annealed at different temperatures in order to release the 
internal stresses developed in the material during deposition. The 
as-deposited films will be further referred to as “ADep” films. The films 
were then annealed at 500 ◦C for 1 h (further referred to as “PA-500″), 
followed by annealing at 800 ◦C for 2 h (further referred to as “PA-800”). 
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The heating and cooling rates of 5 K⋅min− 1 were used.
The X-ray diffraction (XRD) patterns of the samples were measured 

with a high-resolution diffractometer (X’Pert PRO, PANalytical, 
Netherlands) with Cu–Kα1 radiation. Diffraction patterns were recorded 
over the 2θ-range 10–90◦ with a step size of 0.017◦ and an integration 
time of 100 s per step. The phase structure of BZT–BCT was determined 
on a powder sample using FullProf Suite (version 7.95, Institute Laue- 
Langevin, France) through the Rietveld refinement approach [65], 
which is presented in Supplementary material S3. The crystallite size 
and microstrain were determined using the Williamson-Hall method 
based on the Full Width at Half Maximum (FWHM) of the XRD peaks 
[66,67].

The microstructures of the powder and thick films were analyzed 
using a field-emission scanning electron microscope (FE-SEM, JSM- 
7600F, JEOL, Japan) equipped with a backscattered electron (BE) de
tector and an energy-dispersive X-ray spectrometer (EDXS, Inca Oxford 
350 EDS SSD, Oxford Instruments, UK). The EDXS spectra were acquired 
at 10 keV. In order to analyze the cross-section of the thick films, the 
samples were cut, embedded in epoxy resin, ground, polished with 
diamond paste and fine-polished using a colloidal SiO2 suspension. Prior 
to the SEM analysis, a 3 nm-thick carbon coating was deposited on the 
samples using a Precision Etching and Coating System (PECS 682, 
Gatan, USA). The images were acquired using an accelerating voltage of 
15.00 kV, an emission current of ~73 µA and a tilting angle of 0 ◦. The 
thickness of the thick films was evaluated from SEM cross-sectional 
images and was found to be ~ 6 µm. The cross-sectional EDXS anal
ysis of the PA-500 films are presented in Supplementary material S4.

Atomic force microscopy (AFM) was used to determine the surface 
roughness (Rq) of the films. Details of the measurements and results can 
be found in Supplementary material S5. Furthermore, an AFM and 
piezo-response force microscopy (PFM) analyses were performed on as- 
deposited and annealed thick films at the polished cross-sectional sur
face, as described in ref․ [68]. An atomic force microscope (MFP-3D, 
Asylum Research, USA) and Ti/Ir coated silicon tips (Asyelec 01 R2, 
Oxford Instruments, Germany) were used for recording the topography 
(height image, contact mode) and PFM images. To examine the samples 
in the cross-section, electric voltages of 2–5 V, and frequencies of 
approximately 300–360 kHz were applied in the virtual ground regime, 
as previously described in ref․ [68]. After the PFM scans, the PFM phase 
hysteresis loops were measured by switching spectroscopy with the 
pulsed DC step signal and the superimposed AC drive signal, as 
described in ref․ [69]. The waveform parameters were driven at 20 Hz 
and a maximum amplitude of 30 V; the frequency of the triangular en
velope was 0.99 Hz; a superimposed sinusoidal AC signal with an 
amplitude of 3 V and a frequency of ~ 330 kHz was used. Three cycles 
were measured in an off-electric-field mode.

For the macroscopic electrical measurements, the SS substrate acted 
as a bottom electrode, while the top Au electrodes of a diameter of 0.5 
mm were deposited by RF-magnetron sputtering machine (5 Pascal, 
Trezzano sul Naviglio, Italy). The relative dielectric permittivity (εr) and 
dielectric loss (tan δ) as a function of temperature were analyzed during 
cooling from 200 ◦C to 0 ◦C using an aixACCT TF analyzer 2000 (aix
ACCT Systems GmbH, Aachen, Germany) coupled with a HP 4284A 
Precision LCR impedance meter (Hewlett-Packard, California, USA). 
The measurements were performed in a frequency range of 0.1–10 kHz 
for ADep and PA-500 films and in a frequency range of 0.1–100 kHz for 
PA-800 samples. The frequency dispersion of the peak-permittivity 
temperatures was analyzed as discussed in Supplementary material S6.

Polarization–electric field (P–E) hysteresis loops were recorded using 
an aixACCT TF analyzer 2000 by applying a bipolar single sinusoidal 
waveform with an amplitude of up to 1.4 MV⋅cm− 1 and a frequency of 
100 Hz at room temperature (RT). In order to determine the electric field 
dependence of the energy storage properties for the PA-800 sample, 
three consecutive unipolar E cycles of the hysteresis loops (P–E) were 
measured using sinusoidal waveforms with an amplitude of 1.5 
MV⋅cm− 1 and a frequency of 100 Hz at RT. The second E cycle was then 

used for the calculations of energy storage performance as explained in 
Supplementary material S7. Furthermore, temperature-dependence of 
the unipolar hysteresis P–E loops was measured from 200 ◦C to − 50 ◦C, 
using unipolar sinusoidal-like waveforms with an amplitude of 400 
kV⋅cm− 1 and a frequency of 100 Hz. The energy storage properties were 
calculated as explained above.

Fatigue measurements were performed by applying to the sample a 
total of 100 million unipolar sinusoidal-like field cycles with a frequency 
of 1 kHz and an amplitude of 400 kV⋅cm⁻1. Within each decade of fatigue 
pulses, 3 monitoring measurements were performed to determine the 
energy storage properties. In the monitoring measurements, two 
consecutive unipolar E cycles of the hysteresis loops (P–E) were 
measured, and the second E cycle was used for the calculations of energy 
storage performance. For these measurements, a frequency of 50 Hz and 
an electric field amplitude of 400 kV⋅cm⁻1 was used. Furthermore, the 
fatigue measurements were performed at 750 kV⋅cm− 1, and the results 
are presented in Supplementary material S8.

The DBS measurements were investigated using an aixACCT TF 
analyzer 2000 by using the Breakdown Measurement mode. The Weibull 
distribution was used for the determination of the DBS, as presented in 
Supplementary material S9.

Furthermore, RT strain–electric field (S–E) hysteresis loops were 
measured with Au electrodes of size 1 mm x 2 mm using an aixACCT TF 
analyzer 2000 equipped with a single-beam laser interferometer. The 
applied E had a triangular waveform with an amplitude of 220, 300 and 
350 kV⋅cm− 1 and a frequency of 100 Hz. To confirm the results, an 
aixACCT TF analyzer 2000 equipped with a double-beam laser inter
ferometer was also used. To ensure a flat surface and laser reflection, an 
SS foil was attached to the part of the Au electrode. For a similar reason, 
a gold foil was placed below the SS substrate, which acts as the bottom 
electrode of the sample. The applied E had a triangular waveform with 
an amplitude of 220 kV⋅cm− 1 and a frequency of 100 Hz. The compar
ison of the results obtained with the two instruments is presented in 
Supplementary material S10.

3. Results and discussions

3.1. Structural and microstructural properties

The structural properties of BZT–BCT powder and as-deposited and 
annealed thick films were investigated by XRD analysis. In the XRD 
patterns, peaks corresponding mainly to the perovskite phase are 
observed (Fig. 1). Minor additional peaks corresponding to the CaTiO3 
secondary phase are also visible. The phase structure of the BZT–BCT 
powder was analyzed using Rietveld refinement, as shown in Fig. S3 of 
Supplementary material S3. The best fit was obtained with 85 % of the 
orthorhombic Amm2 symmetry and 15 % of the tetragonal P4mm sym
metry. The coexistence of these two phases was previously reported for 
BZT–BCT [70]. The agreement factors of the Rietveld analysis, along 
with the cell parameters, are given in Table S3 in Supplementary ma
terial S3. In the XRD patterns of the films, the additional peaks marked 
as SS peaks are attributed to the SS substrate. The XRD pattern of the 
PA-800 film exhibits minor peaks (marked with a plus sign), most 
probably due to the reaction of the film with the substrate. The peak 
positions closely resemble those of the BaCrO4 compound (PDF 
04–020–6542 [71]), which will be discussed in more detail later in 
correlation with the EDXS analysis.

As the particles, which may be monocrystalline or polycrystalline, 
break during the aerosol deposition process, the crystallites inside the 
particles also fracture. However, the crystallite size can increase if the 
samples are annealed [37]. As the annealing temperature increases, the 
crystallinity of the samples improves as indicated by the perovskite 
peaks in the XRD patterns (Fig. 1a), which become narrower. Further
more, annealing the samples reduces the stresses in the 
aerosol-deposited films [34,42], which is reflected by a decrease in 
microstrain. The influence of annealing temperature on crystallite size 
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and microstrains was determined using the Williamson-Hall method, as 
shown in Fig. 1b, c. The obtained values indicate that with increasing 
annealing temperature, the crystallite size increases from 26.8 nm ± 4.1 
nm to 36.5 nm ± 7.2 nm for ADep and PA-800 films, respectively. In 
addition, the microstrain value decreases for 43 %, namely from 55⋅10–4 

± 5.5⋅10–4 to 31.3⋅10–4 ± 5.1⋅10–4 for the ADep and PA-800 films, 
respectively. However, the thermal expansion coefficients (TECs) are 
~12⋅10–6 K-1 [72] and ~17⋅10–6 K-1 [73] for BZT–BCT and SS, respec
tively. BZT–BCT has a lower TEC compared to the substrate, which 

Fig. 1. (a) XRD diffraction patterns for BZT–BCT powder, ADep, PA-500 and PA-800 films. For the convenience of visualization, the diffraction peaks were indexed 
using the pseudocubic setting according to the space group Pm3m (PDF 01–074–4539 [74]). The diffraction peaks marked by multiplication sign correspond to the 
CaTiO3 (PDF 01–082–0229 [75]) secondary phase. The additional peaks marked with SS are attributed to the surrounding stainless-steel substrates. The plus sign in 
the XRD pattern of the PA-800 film indicates the peaks corresponding to the secondary phase due to the reaction between the film and the substrate. The corre
sponding (b) crystallite size and (c) microstrain were determined by the Williamson-Hall method.

Fig. 2. BE–SEM images of (a, d) the ADep, (b, e) PA-500 and (c, f) PA-800 films in surface (a–c) and cross-sectional (d–f) views. Thick solid arrow in panel (f) marks 
the interface layer between the stainless-steel substrate and the film. The dark inclusions in panel (f) are pores (marked by thin dashed arrows).
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results in compressive stresses [26].
The microstructural properties of the as-deposited and annealed 

thick films were analyzed by BE–SEM in surface and cross-sectional 
views (Fig. 2). The surface view of all the samples reveals a typical 
surface produced by the AD method, characterized by a dense micro
structure with nano-sized, powder-like particles scattered across the 
surface (Fig. 2a–c). Compared to Adep, slight grain growth is observed 
on the surfaces of the annealed films, especially for the PA-800 film 
(Fig. 2c). However, the grains in our films remain in the nanometre 
range even after annealing at 800 ◦C, making it difficult to determine 
their average size. Our results are in agreement with the literature [48], 
where slight grain growth was observed for Pb(Mg1/3Nb2/3)O3–PbTiO3 
aerosol-deposited samples annealed at 500 ◦C. Furthermore, the Rq 
values of the film surfaces were determined and found to be comparable 
for all films. Details are provided in Supplementary material S5.

In cross-sectional view, both the ADep and PA-500 films exhibit a 
dense microstructure, excellent adhesion to the substrate, and no visible 
degradation of either the film or the substrate due to the annealing, as 
shown in Fig. 2d, e. Similarly, the PA-800 film also exhibits a dense 
microstructure; however, in this case, a clearly defined film-substrate 
interface layer with a thickness of ~ 500 nm is observed as shown in 
Fig. 2f. An additional Ca-rich secondary phase was observed in all films, 
which is in agreement with the XRD analysis (Fig. 1). The EDXS analysis 
of this phase is shown in Supplementary material S4. Further compari
son of the film cross-sections also reveals that annealing of the films 
affects a pore distribution, which is in consistent with the literature [48]. 
In the case of ADep and PA-500 films, the pores are in nano-metre range, 
while in the PA-800 films, due to pore redistribution, the pores become a 
bit larger but are still in the range of tens to a hundred nanometres, as 
shown by the white arrows in Fig. 2f. We cannot exclude the possibility 
that annealing the samples may also lead to slight densification of the 
films, particularly in the case of the PA-800 films.

To examine the cross-section of the PA-800 films in more detail, an 
EDXS line scan was performed from the substrate through the film 
thickness as shown in Fig. 3a. The resulting concentration profiles for 
the chemical elements (Ba, Ti, Ca, Zr, Cr, Fe and Ni) are also presented in 
Fig. 3a. The results indicate the formation of a distinct film-substrate 
interface layer, mainly rich in chromium and iron, with a minor pres
ence of nickel. These elements, which are alloying components of 
stainless steel, suggest diffusion into the thick film in regions close to the 
substrate. These results are supported by a cross-sectional EDXS analysis 

performed in two locations, namely in the interface layer region 
(marked by a red cross) as well as in the BZT–BCT matrix (marked by a 
blue cross), as shown in Fig. 3a. The EDXS spectrum corresponding to 
the matrix (blue color) shows pronounced peaks corresponding to 
BZT–BCT composition elements (Ba, Ca, Zr, Ti and O), while the spec
trum from the interface layer (red color) also reveals pronounced peaks 
for stainless-steel alloying elements, especially chromium and iron 
(Fig. 3b). Please note that the interaction volume of the EDXS analysis is 
approximately 1 μm in width, while the thickness of the interface layer is 
around 500 nm.

According to the EDXS analysis, the interface layer contains iron and 
chromium, in addition to the elements of the BZT–BCT composition. In 
the XRD pattern of the PA-800 films (Fig. 1), besides the perovskite 
peaks and the peaks of the CaTiO3 secondary phase, additional peaks 
marked with (?) can also be observed. These peaks could not be indexed 
using existing XRD reference cards that cover all the mentioned ele
ments. However, as mentioned previously, their positions closely 
resemble those of the BaCrO4 compound (PDF 04–020–6542 [71]). This 
suggests that the additional peaks observed in the XRD diffraction of the 
PA-800 films are likely associated with the interface layer. The thickness 
of the films is ~ 6 µm, while calculations in the HighScore Plus program 
estimate the penetration depth of X-rays in BZT–BCT could be up to 9 
µm.

3.2. Local ferroelectric properties

Microstructural features and piezoelectric performance across the 
film thicknesses were investigated using atomic force microscopy (AFM) 
with an attached piezo-response force microscopy (PFM) module. The 
topographic height and deflection AFM images, along with the PFM out- 
of-plane amplitude images of the as-deposited and annealed thick films 
in the cross-section, are shown in Fig. 4. All thick films present a dense 
microstructure, as shown in the topography height (Fig. 4a–c) and 
deflection (Fig. 4d–f) images, and are piezoelectrically active over their 
entire thickness (bright regions), as displayed in the PFM out-of-plane 
amplitude images (Fig. 4g–i). The SS substrates do not exhibit any 
piezoelectric response, as evidenced by the dark regions in the PFM 
amplitude images. Similarly, the interface layer in the PA-800 film does 
not show any piezoelectric performance, as shown in Fig. 4i. It is worth 
mentioning that the piezoelectric response is enhanced by increasing the 
annealing temperature of the films, as demonstrated by increased PFM 

Fig. 3. (a) Cross-sectional BE–SEM image of the PA-800 film, including the EDXS line scan profile along a selected straight line (indicated by the white arrow), 
showing the variation of Ba, Ti, Ca, Zr, Cr, Fe and Ni elements across the stainless-steel substrate, the interface and the PA-800 film. (b) The corresponding EDXS 
spectra of the PA-800 films. The crosses in panel (a) mark the matrix phase (BZT–BCT) and interface layer regions. Please note that all peaks were normalized to the 
highly intense Ba/Ti peak. Additionally, some peaks in the spectra overlap, so multiple elements are indicated near these peaks.
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amplitude and the expanding bright regions within the film cross sec
tions (Fig. 4g–i). Additionally, a PFM local switching spectroscopy 
experiment was recorded in as-deposited and annealed films, as pre
sented in Fig. 4j–o. These results reveal local PFM amplitude and phase 
hysteresis loops typical of piezoelectric/ferroelectric materials, indi
cating effective switching of ferroelectric domains in all films.

3.3. Macroscopic electrical properties

3.3.1. Dielectric properties
The relative dielectric permittivity (εr) and the dielectric losses (tan 

δ) of the ADep, PA-500 and PA-800 films are shown in Fig. 5. For the 
ADep films, the εr value at room temperature was found to be ~ 94 at 1 
kHz (Fig. 5a), which increases to ~134 after annealing at 500 ◦C 
(Fig. 5b). The ADep and PA-500 films exhibit a tan δ < 0.05 at 1 kHz and 
room temperature. As the temperature increases to 200 ◦C, the ADep 
films show an increase in tan δ to ~ 0.35 at 1 kHz, while the PA-500 
films show a decrease in tanδ to 0.12 at 1 kHz. The increase in tan δ 
with rising temperature in both the ADep and PA-500 films could be 
related to the relaxation of space charges that become mobile at higher 
temperatures. Similar behaviors has also been observed in other aerosol- 
deposited thick films [34,61].

Further annealing at 800 ◦C, results in an increase in εr to ~ 562 at 1 
kHz and room temperature. These films show a tan δ ~ 0.12 at 1 kHz and 
room temperature, while the tan δ values maintain < 0.1 at 200 ◦C at all 
used frequencies (Fig. 5c). The PA-800 films exhibit broad, frequency- 
dependent permittivity peaks as a function of temperature, indicating 
a relaxor-like behavior. The frequency dispersion of the peak- 
permittivity temperatures was analyzed by evaluating the temperature 
derivative of the dielectric permittivity. Details can be found in Sup
plementary material S6. The difference between the peak-permittivity 
temperature at 0.1 kHz and 100 kHz is determined to be ~ 55 ◦C. At 
1 kHz, the maximum permittivity is 640 at ~ 115 ◦C, which is ~ 25 ◦C 
higher compared to that observed in BZT–BCT bulk ceramics, where the 
Curie temperature (Tc) between tetragonal and cubic phases occurs at ~ 
90 ◦C at 1 kHz [4,72]. The shift to higher temperatures is presumably 
related to the above mentioned compressive stresses formed in the 
samples [76]. Furthermore, in BZT–BCT ceramics, enhanced relaxor 

behavior is observed in the samples with an average grain size below 
micrometer [77], which is also the case in prepared aerosol-deposited 
films [32].

The frequency dispersion at the maximum peak and the broadening 
of the permittivity peak have been observed in other lead-based and 
lead-free aerosol-deposited films and are likely attributed to residual 
stresses formed during aerosol deposition, as well as microstructural 
differences compared to their bulk ceramic counterparts [34,58,61,
78–80].

3.3.2. Ferroelectric properties and energy-storage performance
The ferroelectric properties of the ADep, PA-500 and PA-800 films 

were studied. Room temperature bipolar polarization–electric field 
(P–E) hysteresis loops measured at 800 kV⋅cm− 1 are shown in Fig. 6a. 
Both the ADep and PA-500 films show a hysteretic dielectric-like 
behavior. In contrast, the PA-800 films demonstrate ferroelectric prop
erties, exhibiting a larger maximum polarization (Pmax) compared to the 
ADep and PA-500 films. Note that the relative dielectric permittivity is 
also improved by annealing at 800 ◦C, as shown above in Fig. 5c. 
Furthermore, during the P–E measurements, the 800 ◦C films withstand 
the highest electric field of 1.4 MV⋅cm− 1 and reach a Pmax of 28.5 
µC⋅cm− 2, as shown in Fig. 6b. These ferroelectric properties are 
enhanced compared to already published ones for BaTiO3 thick films on 
SS substrates annealed at 750 ◦C with a Pmax ~ 5.3 µC⋅cm− 2 at 500 
kV⋅cm− 1 [62]. Since the PA-800 films withstand the highest electric field 
and exhibit better ferroelectric performance than the ADep and the 
PA-500 films, we have focused specifically on the functional properties 
of the PA-800 films in the following sections, i.e., their ferroelectric, 
energy storage, and electromechanical performance were investigated 
in more detail. The improved electrical properties in PA-800 films are 
likely related to the residual stresses in the films, which are reduced 
most at the highest annealing temperature as shown in Fig. 1c. This is 
also in agreement with the literature, which demonstrates that anneal
ing at 500 ◦C leads to enhanced electrical properties compared to both 
as-deposited films and films annealed at 300 ◦C [42]. Since a 
film-substrate interface layer can be observed in PA-800 films, we 
cannot exclude an influence of this layer on the functional properties of 
the films.

Fig. 4. AFM (a–c) topography height and (d–f) deflection and (g–i) PFM out-of-plane amplitude images of (a, d, g) ADep, (b, e, h) PA-500 and (c, f, i) PA-800 films on 
stainless-steel substrate in cross-section. The arrow in panel (c) marks the interface layer between the stainless-steel substrate and the PA-800 film. Switching 
spectroscopy experiment; (j–l) local amplitude and (m–o) phase hysteresis loops.
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Fig. 5. The εr (solid line) and tan δ (dashed line) as a function of temperature for (a) ADep, (b) PA-500 and (c) PA-800 films. The black arrow represents the 
frequency dependence of the permittivity peaks. For better visualization, a zoomed-in inset is provided. Note the differences in the scale.

Fig. 6. RT bipolar (a) P–E hysteresis loops of ADep, PA-500 and PA-800 films at 800 kV⋅cm− 1. (b) Electric field-dependent bipolar P–E hysteresis loops measured up 
to 1.4 MV⋅cm− 1 for PA-800 films.
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The energy storage properties of the PA-800 films were determined 
based on the recorded unipolar P–E hysteresis loops as shown in Fig. 7a. 
The corresponding energy storage parameters are presented in Fig. 7b. 
At 1.5 MV⋅cm− 1, Urec and η reach 9.5 J⋅cm− 3 and 84 %, respectively. To 
investigate the applicability of the prepared PA-800 films for energy- 
storage applications, we investigated the fatigue resistance and 

temperature stability of the energy-storage performance. First, we tested 
the fatigue behaviors by recording unipolar P–E loops at an electric field 
of 400 kV⋅cm− 1 (Fig. 7c), to evaluate the cycling reliability of the energy 
storage properties. The sample endured 100 million cycles, during 
which Pmax decreases from 18.6 μC⋅cm–2 in the first cycle to 16.2 
μC⋅cm–2 in the 100 million cycles (ΔPmax = 2.4 μC⋅cm–2) without 

Fig. 7. (a) The first three unipolar P–E hysteresis loops of PA-800 films measured at 1.5 MV⋅cm− 1 and RT. (c) Electric-field cycling dependence and (e) temperature- 
dependence of the P–E hysteresis loops measured at 400 kV⋅cm− 1. (b, d, f) The corresponding Urec and η properties. The vertical arrows in panels (c) and (e) mark the 
increase in the number of E cycles and temperature from − 50 ◦C to 200 ◦C, respectively.
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breakdown. Accordingly, Urec decreases from 2.0 J⋅cm− 3 to 1.8 J⋅cm− 3, 
while η increases from 77.4 % to 81.5 % as shown in Fig. 7d. Further
more, the fatigue stability of the energy storage properties of PA-800 
films at 750 kV⋅cm-1 is provided in Supplementary material S8. Sec
ondly, we investigated the thermal-stability of the energy storage per
formance of PA-800 films by measuring the P–E loops at 400 kV⋅cm− 1 in 
the temperature range from − 50 ◦C to 200 ◦C (Fig. 7e). As the tem
perature increases from − 50 ◦C to 200 ◦C, a continuous decrease in 
polarization and a narrowing of the P–E loops are observed. The tem
perature dependence of the energy storage parameters is shown in 
Fig. 7f, where the values of Urec and η gradually increase with temper
ature. The Urec changes from 1.69 J⋅cm− 3 to 2.06 J⋅cm− 3, while η 
changes from 76.6 % to 86.9 %, indicating temperature-stable energy 
storage properties in the wide temperature range, namely from –50 ◦C to 
200 ◦C at 400 kV⋅cm-1. The thermal stability makes them promising for 
applications in hybrid electric vehicles that require high thermal sta
bility over a broad temperature range of ~ 140 K [81,82].

Since pulsed-power energy-storage systems usually operate under 
high applied voltages to maximize energy storage, it is important to 
investigate the DBS of dielectric capacitors [83]. The DBS was evaluated 
using Weibull analysis and was found to be 1413 kV⋅cm− 1. The results of 
the Weibull analysis can be seen in Fig. 8. Further details can be found in 
Supplementary material S9.

For comparison with the literature, Table 1 presents the energy 
storage properties of our BZT–BCT films with other BZT–BCT-based bulk 
ceramic, thick films and thin films. The Urec values are in general the 
highest for thin films, slightly lower for thick films, and the lowest for 
bulk ceramic samples, as expected and in agreement with the literature 
[13]. The lower energy storage properties of PA-800 films compared to 
BZT–BCT-based thin films [23–25] are most likely related to the 
powder-based thick-film technology, specifically in this case, the aerosol 
deposition method. Another possible reason for the difference in Urec 
values is the difference in used electric fields. ref․ [23–25] report mea
surements of BZT–BCT-based thin films at higher electric fields 
(2000–3500 kV⋅cm− 1) compared to our measurements (1500 kV⋅cm− 1). 
Nevertheless, the advantage of aerosol deposition is that the process is 
cost-efficient, easy to perform, and fast, enabling the preparation of 
many samples within a few minutes. For industrial purposes, this could 
be beneficial and offset the lower functional performance compared to 
more time-consuming and expensive thin- and thick-film methods [32,
33].

3.3.3. Macroscopic electromechanical properties
The macroscopic electromechanical properties of the PA-800 films 

were determined using the aixACCT instrument equipped with a single- 
beam laser interferometer. For such samples, the electromechanical 
properties are more suitable to be determined with an instument 
equipped with a double-beam laser interferometer. Therefore, the 
single-laser-beam method was first validated by comparing the results 
obtained with the double-beam interferometer. As shown in Supple
mentary material S10, the responses using the two methods are com
parable. The results obtained with the aixACCT instrument equipped by 
single-beam laser interferometer at three different E are shown in Fig. 9. 
An S–E loops with a maximum of 0.026, 0.044 and 0.052 % were ob
tained at 220, 300 and 350 kV⋅cm− 1, respectively. The converse effec
tive piezoelectric coefficient values, d∗

33 eff were estimated from the 

Fig. 8. Weibull distribution analysis of the dielectric breakdown field mea
surements of the PA-800 films. The dashed blue line represents the linear fit of 
the measured data points.

Table 1 
Comparison of the energy storage properties of BZT–BCT-based samples pre
pared in different forms.

Form Thickness 
(μm)

Urec (J/ 
cm3)

η 
(%)

E (kV/ 
cm)

Ref.

Ceramica 310 0.075 37 25 [84]
Ceramica - 0.079 87 20 [8]
Ceramicb 200 0.274 88 50 [85]
Ceramica 340 0.367 67 60 [86]
Ceramicc - 0.67 83 90 [87]
Ceramicd - 3.71 95 395 [88]
Ceramice 100–120 9.12 95 480 [89]
Thick film (tape casting)f 50 2.35 86 410 [90]
Thick film (electrophoretic 

deposition)a
4.3 7.30 75 294 [91]

Thick film (aerosol 
deposition, free 
standing)a

90 1.34 82 200 [59]

Thick film (aerosol 
deposition)a

6 9.50 84 1500 This 
work

Thin film (sol-gel)g 0.34 46.00 89 3500 [23]
Thin film (sol-gel)a 0.20 64.80 73 2000 [24]
Thin film (pulsed laser 

deposition)a
0.36 93.52 43 3470 [25]

a : (Ba0.85Ca0.15Zr0.10Ti0.90)O3.
b : measurements under − 160 MPa.
c : 0.97(Ba0.85Ca0.15Zr0.10Ti0.90)O3–0.03La(Mg0.5Ti0.5)O3.
d : 0.91(Ba0.85Ca0.15Zr0.10Ti0.90)O3–0.09Bi2/3(Al1/2Nb1/2)O3.
e : 0.7225Ba0.85Ca0.15Zr0.1Ti0.9O3–0.1275Bi(Zn2/3Ta1/3)O3–0.15NaNbO3.
f : 0.85(Ba0.85Ca0.15Zr0.10Ti0.90)O3–0.15Bi(Zn0.5Zr0.5)O3.
g : Ba0.85Ca0.15Zr0.10Ti0.90O3 doped by 1 mol % of Mn.

Fig. 9. S–E hysteresis loops of PA-800 films measured with a single-beam laser 
interferometer.
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slope of the S–E loops by linear regression. The average d∗
33 eff values 

from right and left side of the loops were found to be 12.4, 15.3 and 15.5 
pm⋅V− 1 at 220, 300 and 350 kV⋅cm− 1, respectively. The loops present 
small negative strain, meaning small remanence and thus weak per
manent ferroelastic swithing behavior, consistent with the broad 
temperature-dependent permittvitiy of this sample (Fig. 5c). The small 
negative strain, the previously shown frequency dispersion of the 
permittivity peaks (Fig. 5c) as well as slim and tilted P–E hysteresis loops 
(Fig. 7) with low remanence all indicate the relaxor-like behaviour of a 
PA-800 films.

The literature [7] reports that the piezoelectric response of BZT–BCT 
bulk ceramics with an average grain size of up to several μm decreases 
with decreasing grain size. For example, the d∗

33 eff value decreases from 
1400 pm⋅V− 1 to 190 pm⋅V− 1 for the samples with an average grain size 
of 5 μm and 1 μm, respectively. Since the grain size of the 
aerosol-deposited films is in the range of tens to hundred of nanometers 
and assuming a linear relation between grain size and piezoelectric 
coefficient, in our case d∗

33 eff is expected to be roughly an order of 
magnitude lower, meaning on the level of tens of pm/V, which is 
consistent with our results. A similar behavior was observed for 
PMN–35PT, where the piezoelectric response of the bulk ceramic was 
300 pC⋅ N⁻¹ [92], while for aerosol-deposited thick films on SS it was ~ 
25 pC⋅N⁻¹ [58], which is about ten times lower. While it appears as grain 
size is crucial, other influences on the reduced electromechanical ac
tivity of the films, such as substrate clamping effects or pinning by point 
defects [93,94] cannot be ruled out.

4. Conclusions

This work demonstrates the successful deposition of dense lead-free 
BZT–BCT thick films with excellent adhesion onto cost-effective stain
less-steel substrates using the aerosol deposition technique. Annealing 
treatments at 500 ◦C and 800 ◦C were employed in order to release the 
internal residual stresses and further improve the functional properties 
of the films. The films annealed at 800 ◦C exhibit a reduced microstrain 
by 43 % compared to the as-deposited films, a homogeneous piezo
electric behavior over the entire thickness, and promising ferroelectric 
properties with a well developed polarization–electric field loop, and a 
high DBS of >1400 kV⋅cm− 1. These films show Urec and η of 9.5 J⋅cm− 3 

and 84 %, respectively, and demonstrated excellent endurance up to 100 
million electric field cycles at 400 kV⋅cm− 1 without significant degra
dation. Furthermore, their energy storage performance remained reli
able across a broad temperature range of − 50 ◦C to 200 ◦C at 400 
kV⋅cm− 1. The strain versus electric field measurements showed a 
maximum strain value of 0.05 % at 350 kV⋅cm− 1, which corresponds to a 
d∗

33 eff of 15.5 pm⋅V− 1. This relatively low value is most likely due to the 
fine microstructure, as previously reported for BZT–BCT bulk ceramics 
[7].

To conclude, lead-free BZT–BCT thick films on a cost-effective 
stainless-steel substrate demonstrate multifunctional capabilities for 
energy storage and piezoelectric applications, making them promising 
candidates for advancing next-generation microelectronic systems. 
Furthermore, due to their thermal stability, these films are promising for 
applications in hybrid electric vehicles that require high thermal sta
bility over a broad temperature range.
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