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A B S T R A C T   

Lead-free Ba0.85Ca0.15Ti0.9Zr0.1O3 (BCZT) bulk ceramics have recently gained attention as one of the attractive 
candidates for electrocaloric cooling due to their large heat absorption capacity induced by electro-structural 
phase transition near room temperature. However, adiabatic temperature change (ΔT) at room temperature in 
ceramics has been limited by their relatively low dielectric breakdown strength. Thick films, in this respect, 
possess the advantages of ceramics (volume) and thin films (thickness). In this work, a systematic ferroelectric 
and electrocaloric investigation of BCZT thick films, fabricated by electrophoretic deposition combined with 
laser annealing, has been carried out. Laser annealing at an optimized energy density of 398 W/cm2 has resulted 
in densely packed grain morphology with no compositional heterogeneities. Analysis of the scaling behavior of 
dynamic hysteresis revealed that ferroelectric domain reversal in BCZT/Pt has good stability and low energy 
consumption in the saturation region. The present thick films exhibited larger breakdown strength of 294 kV/cm 
and recoverable energy storage density of ~7.3 J/cm3, at least five-fold enhancement compared to the bulk 
which is stable up to a 4 mm bending radius. The indirect electrocaloric measurements displayed parameters 
such as a ΔT and entropy change (ΔS) of 2.94 K and 3.1 J kg− 1 K− 1 respectively, for 205 kV/cm which are more 
than two orders increased compared to the bulk. Higher values of ΔT (1.9 K) at 25 ◦C, refrigerant capacity of 249 
J/kg, and responsivity of 0.143 K mm/kV for BCZT/Pt film compared to relevant lead-free ferroelectric thick 
films elucidate the potential use of these films for solid-state refrigeration applications. The work also presents 
electrophoretic deposition with laser annealing as an alternative technique to widely studied tape-casting of thick 
films for electrocaloric studies.   

1. Introduction 

The development of lead-free piezoelectrics has gained tremendous 
attention in the past decade given their various energy conversion ap
plications as sensors, actuators, ultrasonic transducers, resonators, etc. 
in electronics, aerospace, communications, and medical treatments 
[1–3]. In this direction, aliovalent doped BaTiO3 (BTO) and solid solu
tions having morphotropic phase boundary (MPB) were found to show 
excellent piezoelectric properties [4]. The ceramic composition of 0.5 
(Ba0.7Ca0.3)TiO3-0.5Ba(Zr0.2Ti0.8)O3 (BCZT) coined by Liu and Ren has 
emerged as a material that can be comparable to the Pb(Zr, Ti)O3 (PZT) 

[5]. Detailed microscopic studies revealed that the emergence of a 
single-domain state formed due to the field-induced transition to the 
orthorhombic phase and elastic softening were responsible for unusual 
piezoelectricity in BCZT [6]. Due to the coexistence of multiple struc
tures in close proximity to room temperature, it is conisidered as one of 
the primary candidates for electrocaloric studies. 

Refrigeration by electric fields based on the electrocaloric effect 
(ECE) is a promising alternative to the cooling by conventional vapor 
compression cycle that can curb CO2 emissions. The ECE of a ferro
electric material is parameterized by changes in temperature (ΔT) and/ 
or entropy (ΔS) induced by polarization state variations with the 

* Corresponding authors. 
E-mail addresses: venkataramanaesk@rediffmail.com (E.V. Ramana), nvp1969@rediffmail.com (N.V. Prasad).  

Contents lists available at ScienceDirect 

Surfaces and Interfaces 

journal homepage: www.sciencedirect.com/journal/surfaces-and-interfaces 

https://doi.org/10.1016/j.surfin.2022.102257 
Received 31 May 2022; Received in revised form 17 July 2022; Accepted 28 July 2022   

mailto:venkataramanaesk@rediffmail.com
mailto:nvp1969@rediffmail.com
www.sciencedirect.com/science/journal/24680230
https://www.sciencedirect.com/journal/surfaces-and-interfaces
https://doi.org/10.1016/j.surfin.2022.102257
https://doi.org/10.1016/j.surfin.2022.102257
https://doi.org/10.1016/j.surfin.2022.102257
http://crossmark.crossref.org/dialog/?doi=10.1016/j.surfin.2022.102257&domain=pdf


Surfaces and Interfaces 33 (2022) 102257

2

application or removal of an electric field [7]. Achieving and main
taining larger ΔT and ΔS values over a wide temperature range is key for 
intriguing electrocaloric cooling. PZT or Pb(Mg,Nb)O3 (PMN) - based 
thin films, ceramics, and multilayer capacitors have exhibited excellent 
electrocaloric performance with a higher coefficient of performance 
useful for applications, with a maximum ΔT in the range 1-8 K [8–10]. 
However, due to environmental hazards posed by the processing of 
lead-based oxides sustainable lead-free alternatives are in great demand. 

BTO-family of piezoelectrics, in this regard, has received prominence 
due to the coexistence of polymorphic transitions, with a relaxor-like 
nature, in close proximity which can be tunable to the practical oper
ating temperatures. For example, a large ΔT of 2.4 K was observed for Ba 
(Zr0.05Ti0.95)O3 ceramics at 386 K with first-order phase transition [11]. 
By driving the BTO into a relaxor-state, ΔT > 0.2 K was maintained over 
45 – 60 ◦C in Ba(Ti0.89Sn0.11)O3-(Ba0.7Ca0.3)TiO3 solid solution [12]. 
Similarly, Ba(HfxTi1-x)O3 exhibited improved ΔT of 1.64 K (117 ◦C) 
[13]. However, stronger ECE of ceramics was observed only around 
phase transitions with poor room temperature ΔT or ΔS values. Thin 
films or thick films of multilayer ceramic capacitors, on the otherhand, 
exhibit marked room temperature performance. Thick films of 
Ba0.95Ca0.05Ti0.94Sn0.06O3 composition were reported to exhibit stronger 
room temperature ΔT of 1.6 K with improved breakdown strength [14]. 
One of the significant factors that contribute to improved ECE perfor
mance in thick/thin films compared to ceramics has been dielectric 
breakdown strength originating from the oxygen non-stoichiometry and 
density subjected to different processing conditions. 

Interesting electrocaloric properties have been reported for BCZT 
ceramics and single crystals [15–18]. Singh et al. reported an ECE 
strength of 0.38 K mm/kV with a ΔT of 0.46 K (131 ◦C) in 0.55 
(Ba0.7Ca0.3)TiO3-0.5Ba(Zr0.2Ti0.8)O3 single crystals [19]. Sanlialp et al. 
[20] by direct measurement obtained an ECE strength of 0.165 K cm/kV 
(65 ◦C) in BCZT ceramics. In the flux-grown single crystals of BCZT, Liu 
et al. reported extraordinary ECE strength of 1.05 K mm/kV largest ever 
reported in bulk. ECE in BCZT is quite sensitive to compositional fluc
tuations relative to that of the MPB. In our previous study, we reported 
ΔT values of 0.95 - 1.3 K and ECE strength of 0.43 K mm/kV for fiber 
crystals and ceramics by fine-tuning the chemical composition by laser 
processing [15]. In ceramics and single crystals, limitations such as 
maximum applied electric field and geometry limit the ECE strength. 
Recently, lead-free thick films and multilayers grown by tape-casting 
were reported to show largely improved electrocaloric performance. 
Du et al. observed a larger room temperature ΔT= 1.6 K at 180 kV/cm 
for 200 μm thick films of (Ba0.95Ca0.05)(Ti0.94Sn0.06)O3 fabricated by 
tape-casting [14]. Ye et al. reported largely enhanced ΔT of -7 K around 
the phase transition in 12 μm BaZr0.2Ti0.8O3 thick film structure [21]. 
Zhao et al. found a five-fold enhancement of ECE properties and a larger 
temperature span of 65 K in 250 μm thick films of potassium-sodium 
niobate solid solutions compared to their ceramic counterparts [22]. 
Li et al. found a ΔT = 5.2 K for 13 μm Ba(Zr0.20Ti0.80)O3 - Ba(Sn0.11Ti0.89) 
O3 bilayer thick films [23]. However, irrespective of potentiality for 
refrigeration, there have been no reports on ECE studies of BCZT thick 
films fabricated by any method. Recently, Barman et al. found a colossal 
increase in ECE parameters, ΔT = 13.5 K and ΔS = 16.9 J kg− 1 K− 1 at 
157 ◦C, in epitaxial BCZT films mediated by larger tetragonal strain 
[24]. Inspired by the study and considering the advantages of thick films 
(volume, geometry, and enough material in the active refrigerant 
compared to thin films) we attempted to study detailed ferroelectric 
characteristics of BCZT thick films. The stability of polarization states, 
energy dissipation within one period of domain reversal, and ECE 
properties of BCZT thick films have been investigated. 

The thick film approach is also known to be the low-cost approach 
for micron-sized films that can have the advantages of ceramics and thin 
films that can facilitate intermediate breakdown strength. Electropho
retic deposition (EPD) is one such method that uses powder technology 
to produce uniform thick films on metal. In this method, deposition 
occurs when the electric field-driven colloidal particles of fluid 

suspension migrate towards the electrode of the liquid-liquid interface 
[25]. EPD has maintained its relevance as an industrial as well as 
academically scalable technique for multiple applications. However, the 
finished product, post-annealing, endures a high degree of porosity 
which is detrimental to ECE. 

In our previous work, we reported on the optimization of growth 
parameters for uniform deposition of thick films and the effect of laser 
power & exposure time on microstructure as well as local domain 
switching measured by the piezoresponse force microscope [26]. The 
present work is aimed to study the detailed ferroelectric and electro
caloric properties of BCZT thick films, obtained by the combination of 
EPD growth and laser annealing, as a function of temperature. The work 
also presents a key kinetic picture of domain reversal by dynamic scaling 
behavior of BCZT/Pt film in comparison with the literature on 
BTO-based materials. We found improved room temperature ECE and 
refrigerant capacity of thick films relative to ceramics. 

2. Experimental 

BCZT thick films were fabricated by the EPD process using powder 
particles processed by the ceramic method, reported elsewhere [27]. For 
this, high purity (99.9%) stoichiometric reagents BaCO3, CaCO3, TiO2, 
and ZrO2 were ball milled for 18 h in an ethanol medium with a speed of 
500 rpm (Retzsch, GmbH). The resulting slurries were dried and 
calcined twice at 1300 ◦C for 4 h. The powder was then milled again for 
24 h and sieved to 1-micron size. The particle size of 0.55 μm (Fig. S1 a) 
was estimated using the particle size analyzer (Mastersizer 3000, Mal
vern Panalytical). A highly stable suspension of particles in acetone 
(0.70 g/100 ml.) was obtained and thick films were deposited on Pt foil 
by applying a voltage of 60 V for 2 min. The zeta potential of the powder 
suspension (pH=9) was measured to be 31 mV. The electrode surface 
area was 1.2 cm2 and the working distance between the opposite plat
inum electrodes (Fig. 1a) was kept at 20 mm during the deposition. A 
detailed description of stable suspension preparation and the EPD 
deposition process was presented in our previous work [26]. 

Wet films, thus obtained, were dried in the oven at 60 ◦C for 24 h. 
BCZT films were subjected to raster scanning of the chosen area of the 
film using the continuous CO2 SLC laser (GSI Spectron, λ = 10.6 μm) [15, 
26,28] with a spot size of 4 mm. The laser beam was focused over the 
target area of 5 mm x 5 mm and mounted on an X-Y stage where the 
scanning speed was optimized to be 0.1 mm/s. The laser power was 
optimized to be 50 W which corresponds to the laser power density of 
~398 W/cm2 (we arrived at this conclusion after initial annealing ex
periments under 199 – 597 W for 5 – 30 min.). The schematic of laser 
annealing of BCZT thick films is presented in Fig. 1(b). For the com
parison of different structural properties, ceramic samples were pre
pared from the BCZT powder: it is mixed with a 2% polyvinyl alcohol 
(PVA) binder, pressed into discs of 7 mm diameter, and sintered at 1520 
◦C for 4 h. 

Structural studies of thick film samples were carried out by grazing 
incidence (0.5o) X-ray diffraction (GIXRD, X́Pert-PRO diffractometer, 
equipped with graphite monochromated Cu Kα radiation. Surface and 
cross-sectional microstructure, and elemental mapping were carried out 
by a scanning electron microscope (SEM, Hitachi SU70) equipped with 
energy-dispersive X-ray spectroscopy (EDS). The grain size was analyzed 
using the Image J software. The film thickness was measured using a 
step profiler (Dektak 150, Veeco). Chemical composition was also 
assessed from the electron probe microanalysis (EPMA) measured by 
field emission SEM (Zeiss Gemini 2 with wavelength dispersive spec
troscopy, WDS, detector, Oxford instruments) with prior calibration of 
211 × 285 mm area using a standard basis for different chemical ele
ments (with ref. 9877 from Micro-Analysis Consultant Ltd) [29]. 

To study electrical properties by capacitor geometry, square-shaped 
Au top electrodes (300 × 300 µm) were deposited using DC sputtering 
and a shadow metal mask. Temperature (from -150 to 200 ◦C) depen
dent dielectric measurements were carried out in the frequency range 
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100–106 Hz using an impedance analyzer (Agilent 4294A). Polarization- 
electric field (P – E) hysteresis loops were measured using the hysteresis 
loop tracer TF-Analyzer (aixACCT) at different frequencies in the range 
0.5–12 kHz. Loops were also measured as a function of temperature up 
to 190 ◦C with a step size of 5 ◦C. The electrocaloric performance of 
BCZT/Pt films was assessed based on the P-E-T relations. Local piezor
esponse (PFM) measurements were carried out using a commercial 
atomic force microscope (Veeco AFM Multimode Nanoscope-IV 
MMAFM-2). For PFM imaging, phosphorus-doped Si cantilevers with 
the resistivity 0.01− 0.02 Ω-cm and tip apex radius less than 10 nm with 

spring constant = 7.4 N/m were used (Nanosensors). AC voltage of 5 V 
at a frequency of 35 kHz was applied. Experimental details of structural 
and electrical characterization are presented in the supplementary. 

3. Results and discussion 

Fig. 2(a) presents GIXRD analysis of laser annealed BCZT/Pt film in 
comparison to the as-grown film and ceramic with optimized composi
tion as well as sintering temperature. BCZT film exhibits all the perov
skite peaks, with no preferential orientation, which can be indexed 

Fig. 1. Processing of BCZT thick films. (a) Schematic representation of electrophoretic deposition of powder particles. (b) Laser annealing of thick film using the 
continuous laser beam with a scanning speed of 0.1 mm/s. 

Fig. 2. (a) Grazing incidence X-ray diffraction of BCZT/Pt thick film. XRD data of ceramic is also presented for reference. (b) GIXRD with fittings of BCZT/Pt film 
after laser annealing (1) compared to the as-grown film (2). (c) Williamson-Hall plots for the film and ceramic. 
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based on different polymorphs of BTO with a dominant tetragonal phase 
(P4mm). It was observed that 2θ positions of laser annealed film shifted 
towards the higher angle side compared to as-grown and ceramic sam
ples indicating material-laser interactions. The presence of peaks cor
responding to Pt and BCZT indicates that laser annealing has possibly 
resulted in the grain growth of the expected phase during the laser-solid 
reaction. A small (~1%) minor peak (*), merged in the background, 
observed around 2θ=48◦ can be due to the presence of BaTi2O5. 

In order to understand the contribution of different BTO-based 
crystalline phases of the BCZT precursor and to estimate lattice pa
rameters, we performed Rietveld refinements, to the powder XRD of 
ceramic, using the GSAS software. The resulting graphic output is pre
sented in Fig. 2(a) while the fitting analysis and agreement factors along 
with the phase compositions are presented in Table S1. The inclusion of 
tetragonal (T), rhombohedral (R, R3m), and orthorhombic (O, Amm2) in 
the refinement step has resulted in the best fits with RP =9.17%, RWP 
=4.11%, and χ2 =3.78. The phase composition of the T, R, and O phases 
were estimated to be 57.8%, 13.3%, and 28.9%, respectively. This phase 
distribution agrees well with the literature on BCZT ceramics with 
optimized piezoelectric properties (T: R: O as 56: 32: 12) [15,30]. 

The annealed thick film, however, exhibited broader peaks with the 

clear splitting of peaks around 2θ = 31, 45, and 66 o that could be fitted 
with the Lorentzian function. A detailed image is presented in Fig. 2(b) 
where changes in as-grown and annealed films were also shown. These 
features correspond to the morphotropic phase boundary of BCZT 
nominal composition and signify no major alterations to the crystallo
graphic phases. Unit cell parameters calculated for the film were a =
3.962±0.007 and c =3.978±0.003 Å in comparison to the bulk (a =
4.007, c = 4.025 Å) [5]. The difference in lattice parameters indicates a 
significant lattice strain due to different thermal expansions of dissimilar 
materials (Pt and ceramic BCZT). It can also be seen that the BCZT film 
experiences a compressive in-plane strain of ~ -1%. This can be due to 
the lattice mismatch of 1.7% (between BCZT & Pt) and different thermal 
expansion coefficients (CTE). Considering the CTEBTO=5.3 and 7.5 
ppm/K for O and T phases, respectively [31] and CTE of cubic Pt ~ 9 
ppm/K, it is likely that a significant in-plane compressive stress develops 
in the BCZT films on Pt foil, during the laser annealing and rapid cooling 
processes. These strains are expected to alter the polarization behavior 
of the film significantly, as observed in previous studies of ferroelectrics 
on metal foils [32,33]. 

The effect of laser annealing and subsequent changes to BCZT lattice 
have been analyzed from the thin film strain calculations in comparison 

Fig. 3. Scanning electron micrographs of BCZT thick film. Surface morphology of (a) as grown BCZT/Pt film, (b) laser annealed BCZT/Pt film with densely packed 
grain microstructure and (c) cross-sectional SEM image that represents typical film thickness. Numbers 1 and 2 represent the film BCZT and substrate Pt. (d) SEM-EDS 
compositional map of BCZT/Pt film. 
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to the free-standing case (ceramic). The peak broadening observed in 
thick films can be due to factors such as finite thickness induced inho
mogeneous strain and the instrumental resolution of the diffractometer. 
The latter has been taken care of by means of calibration using a 
reference single crystal while the former is estimated by looking at the 
peak width for different reflections and fitting the results using a 
Williamson-Hall (W-H) relation [34] given by βhklcosθ = Kλ

D + 4ϵsinθ 
where λ is the x-ray wavelength (1.54056 Å), K is the geometric constant 
equal to 0.91, D is the coherence length along the scattering vector, 
perpendicular to the thin film surface, βhkl is measured peak width at 
half-maximum intensity (FWHM), ε is the microstrain and θ is the X-ray 
angle. The inhomogeneous strain has been extracted from the slope of 
the linear fit of βcosθ vs. 4sinθ plot (Fig. 2c). The ε values for BCZT film 
and ceramic are 0.15% and 0.068% respectively. The film exhibits a 
larger microstrain compared to the relaxed state (ceramic). In addition 
to the rapid annealing process, the microstrain could also be created due 
to lattice distortion as a result of surface clamping effects that are re
flected as the broader peak. This analysis is plausible considering that 
the BCZT film on the Pt substrate is polycrystalline and has no preferred 
orientation, similar to the W-H analysis reported for polycrystalline (Ba, 
Sr)TiO3 films on stainless-steel substrate [35]. 

General grain morphology of the precursor BCZT powder, as-grown 
and laser annealed BCZT films are presented in Fig. S1 (a), Fig. 3(a) and 
Fig. (3b, S1 b) respectively, measured by the SEM. Densely packed grain 
structure with well-defined boundaries can be seen due to laser 

annealing, which, otherwise results in higher porosity when the films 
are thermally treated in a conventional furnace for 1400 ◦C for 2 h. The 
laser irradiation of 15 min. was enough to transform the green bodies 
into well-densified films with no visible liquid phase. The average grain 
size of the film, estimated from the statistics of histograms (inset of 
Fig. 3b), was 2.35 μm. When the films were laser annealed at higher 
power densities (>500 W/cm2) larger grains with needle-like in
terstitials were observed which is caused by the excess liquid phase. The 
SEM image of thick film annealed at 598 W/cm2 is presented in Fig. S1 
(c) in comparison to the optimized condition. The morphological dif
ferences observed in the films of optimized conditions and higher laser 
power are attributed to additional phases and compositional heteroge
neities. During the laser annealing when the incident photon energy (hν) 
is higher than the materiaĺs bandgap (Eg), the surface absorbs the radi
ation effectively (Taućs relation). Since the BCZT is semi-transparent to 
visible light (Eg > 3.5 eV), the laser energy is absorbed by the surface of 
the film and heated up indirectly due to thermal diffusion. By the choice 
of laser and exposure time, the penetration depth can be tuned to the 
film thickness. The cross-sectional SEM image (Fig. 3c) presents a clean 
metal-thin film interface indicating adequate penetration of laser irra
diation with no damage to the substrate. The average thickness of the 
processed film of Fig. 3b was found to be 4.3 μm. SEM-EDS images 
measured on the surface of BCZT/Pt thick film (Fig. 3d) display the 
presence of expected elements that are distributed uniformly across all 
the grains of measured area. A detailed quantitative analysis of different 

Fig. 4. EPMA estimated compositional percentage of elements (in mol.) measured for as-grown (1), annealed at optimized (2), and higher (3) laser energy density 
(598 W/cm2). Here horizontal dotted lines (yellow) represent expected mol.%. 
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elements is presented below. 
The chemical composition of the laser annealed film was estimated 

from the EPMA measurements. The area scans were performed on 
different regions of the film and Ba, Ca, Ti, Zr, and O were estimated by 
scanning reference targets BaF2, CaF2, Ti-metal, Zr-metal, and MgO 
respectively. In our recent studies, we found that BCZT solid-laser in
teractions can cause heterogeneity in different cations, especially the Zr, 
based on the laser energy and exposure times [15,26]. Fig. 4 presents the 
estimated composition (symbols) with reference to the expected cationic 
percentages (lines) of three different films: as-grown (1), optimized (2), 
and higher laser power density (3). The results indicate that the opti
mized laser energy density maintained the cationic ratios of the MPB 
composition while the one annealed at higher power presented 
compositional heterogeneities with excess Ti and Zr-deficient regions. 
Based on this observation we chose the optimized BCZT thick film for 
electrical characterization. 

Fig. 5(a) presents the polarization switching characteristics of BCZT 
films as a function of electric field (E0) at a fixed frequency. P-E loops 
measured at 500 Hz exhibit saturation behavior within the E0 range of 
0–205 kV/cm. The remanent polarization (Pr), polarization maximum 
(Pmax), and coercive field vs. E0 plots (Fig. 5b) demonstrate that the laser 
annealed film has soft ferroelectric nature, conforming to bulk BCZT. 
The Pr and EC values of 14 μC/cm2 and 13.5 kV/cm respectively, are 
distinct from BCZT films grown by chemical or physical techniques 
where the coercivity is larger arising from nanometre-sized grains [36, 
37]. Moreover, improved polarization maximum and lower EC 
compared to thin films stems from the easier domain rotation due to the 
lower number of domain walls in micrometer-sized grains. Thus the 
present ceramic films possess unique advantages of ceramics and thin 
films that can withstand up to larger electric fields. The polarization 
current exhibits maxima during positive and negative field drives indi
cating 180 o domain reversal. The observation of peak splitting in IP can 
be due to the existence of polar nanoregions (PNRs) due to relaxor-like 
ferroelectric order which is also the case for single-crystalline BCZT fiber 
crystals reported by us recently, due to inhomogeneous cationic ratios 

that occur in the mixture of Zr- and Ti-rich matrices [15]. However, in 
the present case, the thick film sample does not show such compositional 
heterogeneities. From the analysis of temperature-dependent permit
tivity of BCZT/Pt film, we observed that the phase transition was 
diffused (Tm at 103 ◦C), accompanied by no significant dispersion in Tm 
with frequency, and the degree of diffusivity (γ) was 1.84 (Fig. S2). 
Relaxor-like behavior of BCZT has been observed previously in epitaxial 
and polycrystalline thin films grown by the PLD [24,37,38]. In contrast 
to thin films of nanometre-sized grains, the physical properties of laser 
annealed films can be compared to the thick films derived by 
tape-casting or screen printing due to the microstructural correlations. 
Improved Pmax of 38 μC/cm2 compared to the bulk is identical to the few 
micron-sized BCZT film processed by the screen-printing on Pt/Si sub
strate, where Pmax and Pr were reported to be 35 and 22 μC/cm2 

respectively for a loop which is relatively “fat” [39]. BCZT thick films 
produced by the tape-casting technique were reported to possess Pmax 
and Pr of 17 and 8 μC/cm2 respectively [40]. However, compared to the 
above film processing techniques that involve longer heat treatment 
protocols and related porosity, unfavorable to the polarization for 
electronic applications, the optimized laser treatment is beneficial in 
terms of time as well as larger areas. 

To understand the stability of domain switching against external 
electric fields in our insulator/metal thin films, P-E loops under various 
E0 and frequencies were analyzed. The polarization reversal is a dy
namic process of domain walls and is closely related to the frequency at 
which E0 is applied. Fig. 5(c) demonstrates pronounced changes to the P- 
E loop at different fixed frequencies in the range 0.5-12 kHz at a 
maximum E0=205 kV/cm: (1) there has been a negative correlation 
between the Pmax (or Pr) and the measuring f and (2) the EC gets 
significantly larger. At the same time, the hysteresis area also shows a 
progressive but monotonous decrease with the frequency. To find the 
correlation between polarization and electric field dynamic hysteresis 
analysis has been performed: area under the ferroelectric loop <A>, E0 
and f are related by the power-law relation 〈A〉∝fmE0

n where the pa
rameters m and n are controlled by domain states and polarization 

Fig. 5. Room temperature polarization - electric field hysteresis loops of BCZT/Pt thick film: (a) P-E relation under different E0 and IP at E0 max measured at 500 Hz. 
(b) E0 vs. Pmax, Pr, and EC. (c) frequency dependence of polarization at E0 max. (d) Variation of hysteresis loop area as a function of E0 at different fixed frequencies. 
(e) <A> vs frequency at fixed E0. (f) The relationship between log<A> and logE0 measured at fixed frequencies, 0.5 and 12 kHz. 

E.V. Ramana et al.                                                                                                                                                                                                                             



Surfaces and Interfaces 33 (2022) 102257

7

switching characteristics [41,42]. This relation indirectly reflects the 
kinetic behavior of domains such as nucleation, growth, their motion, 
and the corresponding polarization reversal process. Power-law expo
nents m and n refer to the switching time required by domains at a 
specific E0 and the ability of domains by which they respond to changes 
in E0 direction, respectively. The value of m is considered to be a func
tion of charge defects and space charges and its higher negative value 
represents higher domain switching time. Similarly, a higher n means 
sharper response and higher polarization. 

Fig. 5(d) presents the relation between the E0 and <A> at different 
fixed f which shows an increasing trend of the area with the applied field 
though the increase is distinct at different E0 ranges: 20-60 kV/cm (4EC) 
and up to 205 kV/cm. Similarly, the hysteresis area was found to 
decrease with the increase in f at different fixed E0. The power-law co
efficients m and n were calculated from the relations 〈A〉∝fm and 〈A〉∝E0

n. 
From Fig. 5(d) and 5(f) it is evident that the loop area at a fixed f rises 
rapidly in the range of 20 – 60 kV/cm (sub-saturated field) and then 
slowly in the saturated region (70–205 kV/cm). It is understood that the 
domain reversal occurs mainly below 70 kV/cm (E0 ≥ 4EC) where the 
energy dissipation increases rapidly, resulting in the raise in <A>. It is 
noteworthy that BCZT at room temperature is relaxor-like, the switching 
of 180o domains and the reorientation of PNRs oriented parallel towards 
E0 is also expected. With the increase in electric field in the range sub- 
saturated to saturated region, the reorientation of nanodomains or 
PNRs would facilitate the polarization rotation of the nearby domains 
[43]. Similar results were also found in other relaxor-like ceramic 94% 
(Bi0.5Na0.5)TiO3-6%BaTiO3 [42], PMN-PT [44,45] and BaTiO3 ceramic 
[46] at 25 ◦C where 2 (or 3)-stage scaling behavior was observed. With 
further increase in E0 towards saturation results in lower n, as the ma
jority of domains are already reversed, leaving a few domains which 
have either difficulty in reversal or pinned. In this way, newly added 
reversed domains are smaller and the growth of <A> slows down. For 
instance, in this stage, since the E0 is large enough to switch all 180◦

domains the reduced rate of increase in <A> mainly results from the 
continuous rotation of activated non-180◦ domains toward the field 
direction, similar to the behaviour observed in (Na0.5Bi0.5)TiO3-based 
relaxor ceramic [47]. 

Frequency-dependent scaling relationship obtained at different fixed 
E0 values is presented in Fig. 5(e). The hysteresis area was found to 
decrease gradually with increasing frequency and log<A> vs. log f fol
lows a linear relation. When f increases from 0.5 to 12 kHz, <A> de
creases by ~22% and 10-12% for sub-saturated fields (60 kV/cm) and 
saturated fields respectively. The change in <A> is controlled by the 
competition between the period of electric field (1/f) and the charac
teristic time period (τ) taken to complete the domain reversal. The τ is 
expressed as τ∝ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅τn × τg

√ , τn = 1/νn, τg = 1/νg where νn is the domain 
nucleation rate, νg is the domain boundary growth velocity. At lower 
frequencies (1/f >τ), domains can reverse under lower fields in enough 
time and consume less energy. Furthermore, when the period of E0 <τ, 
the domain reversal cannot catch up with the variation in E0 conse
quently the <A> or the consumed energy by domain reversal in each 
cycle of the field decreases with the increase in f. It is observed in this 
study that when the E0 was around 60 kV/cm, there has been a higher 
slope change (in log<A> vs log f plot) and at higher E0, near saturation, 
the slope change decreases by half. A higher electric field is required for 
domain switching at high frequencies than at lower frequencies result
ing in the increased EC. 

The evolution of <A> with respect to E0 and f can thus be scaled to 
relations: < A> ∝ f− 0.07E1.7 in the sub-saturation region and < A> ∝ 
f− 0.04E1.1 in the saturated region. From the temperature-dependent dy
namic scaling study, values of exponents m and n for BTO were reported 
to be different for different structures: -0.16 & 3.04, -0.28 & 3.04 (-0.16 
& 1.38), -0.3 & 3.49 (-0.28 & 0.86) for R, O and T phases in the sub- 
saturation (saturation) regions, respectively [46]. Hence, the values of 
m and n are thus related to the symmetry and dimensional changes of a 

given ferroelectric. It can be inferred here that the absolute value of m 
refers to better stability of domain reversal around the frequency of the 
experiment. The coexistence of R, O & T at room temperature and thick 
film microstrain have resulted in different scaling behaviour, typical to 
the MPB composition of BCZT. At the same time, the lower value of 
exponent n for BCZT/Pt suggests that the domain reversal consumes less 
energy under higher electric fields, compared to classical BTO. 

The energy storage performance of BCZT/Pt thick films is described 
in Fig. 6(a). From the P-E loop measured at 1 kHz, the energy density 

was calculated using the following relations: Wtot =

∫Pm

0

EdP, Wr =

∫Pm

Pr

EdP, η = Wr
Wtot

. Here, Wtot, Wr and η corresponds to total energy den

sity, the recoverable energy density, and the efficiency of the dielectric 
capacitor. The film exhibits Wr and η values of ~7.3 J/cm3 and 75%, 
respectively compared to 0.7 J/cm3 and 71% observed for BCZT ceramic 

Fig. 6. (a) Energy storage characteristics of BCZT/Pt film. Symbols represent 
storage parameters under compression. Insert: image of the thick film in the 
compressed state with a 4 mm bending radius. (b) Weibull distribution plots of 
the breakdown strength of BCZT thick film and ceramic. 
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[15]. These values are on the lower side compared to nano-grained BCZT 
thin films [48] and at the same time marked enhancement compared to 
ceramics, which is the feature of thick films of EPD growth or tape-caste 
layers. The integration of ferroelectric ceramic with the metal as a thick 
film has facilitated the enhancement of maximum E0 that can be applied 
for driving the ceramic into a saturation state. Additionally, owing to 
thick films’ flexibility, energy density measurements were conducted up 
to a bending radius of 4 mm (compressed state, inset of Fig. 6a), and no 
significant difference in Wr values was observed within the experimental 
error range. 

The breakdown strength (BDS) is an important parameter for the 
energy storage performance of the dielectric capacitors since the storage 
density is strongly dependent on the maximum applied electric field. To 
determine the BDS of present samples widely employed two-parameter 
Weibull distribution has been employed which is governed by the 
following expressions: 

P = 1 − exp

[

−

(
Ei

Eb

)β
]

,

Xi = ln(Ei),

Yi = ln
(
ln(1 − Pi)

− 1)
,

Pi =
i

n + 1 

The symbols P/Pi, Ei, n, i, Eb, and β represent the breakdown proba
bility of the sample, breakdown strength of capacitor i in a series of n (n 
= 8 – 10) devices of the same type (E1, E2..En), mean BDS, and shape 
parameter respectively. -βlnEb is equal to the intercept that signifies the 
magnitude of BDS. From the linear fitting of Yi vs Xi, the BDS, as well as ß 
of BCZT samples (thick film & ceramic), are calculated and the results 
are presented in Fig. 6(b). 

The breakdown strength values, extracted from the intercept of line 
with the line Y=0, for thick film and ceramics were found to be 294 kV/ 
cm and 140 kV/cm respectively. At the same time, the values of β > 6 for 
ceramic and thick films indicate reliable fitting of Weibull distribution. 
The BDS values observed in BCZT films should be the characteristic 
pertinent to thick films on account of the grain size, porosity, geometry 
(BDS increases exponentially with the decrease in thickness), and 
composition, in conjunction with the literature on thick films grown by 
tape casting [49]. The BDS of 140 kV/cm for the ceramic sample is 
comparable to BCZT ceramics observed in literature having high density 
and precisely controlled composition: 118 kV/cm for pristine BCZT, 
Sm-doped BCZT [50], 140 kV/cm for 0.1BCT-0.9BZT [51]. The 
improved quality of BCZT thick films subjected to the rapid annealing 
process by the laser also contributes significantly to the improved stor
age performance since the EPD grown thick films with conventional 

Fig. 7. Piezoresponse force microscopic results of the optimized BCZT/Pt thick film. (a) Surface topography, (b) vertical (out-of-plane) piezoresponse and poling 
results (under +75 & -75 V). (c) Piezoresponse comparison under 50 (red) and 75 V (blue), green is original. (d) Local PFM hysteresis loops. 
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sintering typically results in porosity [52]. 
Local piezoresponse (PR) of BCZT thick films on Pt foil was assessed 

with the help of an atomic force microscope operating in PFM mode. 
Fig. 7(a), topography, describes the grain morphology pertinent to laser 
annealing under optimized conditions that encompasses a rough surface 
(root mean square roughness of 50 nm) and grain size of 2.4 μm, on 
average. Lateral and vertical PFM responses were measured to under
stand periodic changes in polarization of observed ferroelectric grains. 
The presence of polar domains with boundaries has been evidenced by 
the vertical piezoresponse image (Fig. 7b) which also illustrates the 
morphological relation. Given the inherent rough surface of the thick 
film, the cross-talk of the piezoresponse to morphological features can 
be a possibility. Predominantly out-of-plane polarization and a weaker 
lateral PFM response (not shown) observed in this sample can be due to 
lower d15. Domain reversal has been studied by local poling experiments 
which revealed a strong imprint of positive and negative bias. Increased 
piezoresponse after poling at different fields can also be found in the PR 
profiles (Fig. 7c,d). Local hysteresis loops further describe the switch
able polar domains for voltages under 100 V. The observation of broader 
loops indicates the influence of a stronger inner depolarization field and 

screening potential from the neighbouring domains. In addition, asym
metric d33 loops can also be due to metallic substrate due to the different 
work functions. However, this can be neglected on account of Pt coated 
tip as a top electrode and Pt bottom electrode during the measurement. 
According to the literature, a delocalized built-in field that arises from 
the inequivalent interfaces of the ferroelectric layer, and the localized 
fields arising from charged defects inherent to the ferroelectric 
contribute to the asymmetry in local hysteresis loops [53,54]. The ef
fects of internal fields are noticeable under the electrostatic field of a 
sharp metal probe in the nanoscale volume under the probe compared to 
bulk polarization which is a collective effect of domain nucleation and 
domain wall motion. The PFM response of thick films under higher laser 
power (Fig. S3) exhibited fibrous grains with isolated domains, 
completely different from the optimized one. The results indicate that 
BCZT/Pt film exhibited inherent polarization with a strong correlation 
to annealing conditions, distinct from the stronger PFM response 
observed for BCZT ceramics [15]. 

To evaluate the electrocaloric response of BCZT thick film, temper
ature dependent hysteresis loops of 1 kHz were recorded in the range of 
18–190 ◦C with an interval of 5 ◦C and the results are displayed in Fig. 8. 

Fig. 8. P-E-T characteristics of BCZT/Pt film. (a) Polarization hysteresis loops measured at 1 kHz at fixed temperatures in the range 18–190 ◦C, (b) temperature 
evolution of polarization at different electric fields, (c) adiabatic temperature change and (d) isothermal entropy changed at fixed electric fields. 
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With the increase in temperature P-E loops become narrower (Fig. 8a) 
where Pr, Pm, and EC values display continuous reduction, more signif
icantly above 80 ◦C. The T vs. P relation (Fig. 8b) exhibits a clear change 
in polarization by means of slope change around 120 ◦C for lower 
electric fields and the degree of curve bending seems to be weaker at 
higher electric fields. Thus, the increase in temperature above 80 ◦C 
initiates the disorder of ferroelectric domains, or thermal fluctuation 
resulting in an increased entropy change around phase transition 
temperature. 

The noteworthy change in entropy is also associated with the higher 
phase transition temperature detected by permittivity which is higher 
compared to the bulk and this change follows the relation: 

θi =
θ − 4ϵ0C(Δα)T ′[Q12/(s11 + s12)]

1 − 4ϵ0C(Δα)[Q12/(s11 + s12)]

Here, θi is the effective change in phase transition temperature of the 
film, θ is the Curie-Weiss temperature of BCZT bulk, C is the Curie 
constant, Δα is CTE, and Q’s are elements of the electrostrictive tensor 
under constant stress and s are elements of elastic compliance tensor. 

It can be seen that the phase transition temperature occurs at around 
120 ◦C, relatively higher compared to the temperature of the permit
tivity maximum (Fig. S2). This discrepancy is the characteristic of ma
terials with diffused phase transition as previously observed in BCZT and 
other ferroelectrics with a relaxor nature [15,55], which arises from the 
existence of random local PNRs in the paraelectric phase. The ECE pa
rameters such as the changes in adiabatic temperature (ΔT) and entropy 
(ΔS) were calculated by the indirect method, using the relations based 
on the Maxwell thermodynamic relations 

( ∂P
∂T
)

E =
( ∂S

∂T
)

T: 

ΔTECE = −
T

Cpρ

∫Emax

0

(
∂P
∂T

)

E
dE  

ΔSECE =
1
ρ

∫Emax

0

(
∂P
∂T

)

E
dE  

where Cp,ρ, PandEmax refers to the heat capacity, density of the material, 
polarization, and applied electric field maximum respectively. From 
Fig. 8(b), P vs. T, numerical values of pyroelectric coefficient 

( ∂P
∂T
)

were 
obtained from the seventh order polynomial fit and corresponding ΔT 
and ΔS were calculated. The Cpand ρ values were taken to be 0.45 J g− 1 

K− 1 and 5.53 g/cm3 respectively, as per the calculations from our pre
vious study on BCZT ceramics [15]. 

Fig. 8(c) displays temperature-dependent ΔT at different electric 
fields in the range of 20-205 kV/cm. At any fixed electric field ΔT in
creases progressively with the temperature and presents a broad 
maximum around 120 ◦C and then shows a drop. The peak position 
shifts towards higher temperatures with the increase in E0, similar to 
that in bulk ceramics. This feature can be attributed to the field-induced 
phase transition in BCZT. A similar trend can be seen in ΔS vs. T plot 
(Fig. 8d) whose maxima span over a relatively broader temperature 
range. The maximum ECE parameters thus were found to be ΔT = 2.94 K 
and ΔS = 3.1 J kg− 1 K− 1 at 205 kV/cm. These parameters are signifi
cantly larger compared to previous reports on the BCZT-family of 
ferroelectric ceramics. ECE parameters of various BTO-based ceramics 
and thick films reported in the literature are enlisted in Table 1. 

The magnitude of electrocaloric responsivity ξ= ΔT/E is considered 
to be the measure of the ECE strength of the material. The maximum 
value of ξ for the BCZT/Pt film at 205 kV/cm is 0.141 K mm/kV, which is 
comparable to that of epitaxial thin films of BCZT [24] and other 
BTO-based thick films. We observed that ΔT as well as ξ values (at room 
temperature or any other temperature), increase progressively with the 
continuous increase in the electric field, and attain saturation around 
E0max, a trend consistent with other relaxor-like ferroelectrics. In gen
eral, for ceramics and single crystals, theΔT increase is larger around 

phase transition. It is interesting to note that the room temperature ΔT 
value of our sample seems to be significantly enhanced, 1.9 K at 205 
kV/cm, larger than tapes of Sn-containing BTO [14]. 

Since the breakdown field of differently processed films is important 
to achieve larger ΔT values, ECE potential is compared by considering ξ 
as a function of the studied electric field. A comparison of the ECE 
strength at room temperature of various lead-free thick films processed 
by other methods described in the literature is shown in Fig. 9. The ξ of 
BCZT films correlates well with other BTO-based thick films. The higher 
ECE around room temperature and broader ΔT peaks observed in this 
study are of significance in terms of the operational temperatures. The 
improved physical properties of the BCZT/Pt film can be attributed to 
the higher electric fields applied compared to BCZT or other lead-free 
ceramics, due to its uniform and compact microstructure. In addition, 
since the BCZT composition is very sensitive to minor differences in the 
cationic ratios, more specifically in the Zr-content, better composition 
control by surface laser annealing has played a significant role in 
improved polarization. 

The efficiency of the present thick films for ECE cooling applications 
can also be assessed from the refrigerant capacity (RC), determined from 

the ΔS vs. T plot by following the relation: RC =

∫T2

T1

ΔS(T)dT. The value 

of RC is 249 J/kg which is almost 70% higher than that of its bulk 
counterpart [15,16]. The efficiency of ECE material can also be evalu
ated by calculating the relative cooling capacity (RCP) in addition to ΔT, 
which is a measure of the peak broadening or the temperature at which a 
larger ECE can be maintained (Tspan). Larger RCP values are obtained for 
higher values of the full width at half maximum of the ΔT curves 

(δTFWHM) which are related as RCP =

∫T2

T1

|ΔT|δTFWHM. The calculated 

RCP value at E0=205 kV/cm was 236 K2, which is superior to its bulk 
counterpart, on account of the larger TSpan (81 K) of BCZT thick film. The 
observation of higher ΔT with peak broadening is not satisfied in ce
ramics. Recently, higher ΔT (at 60 ◦C) of 2.59 K and Tspan = 60 K were 
reported for Na0.5Bi0.5TiO3-Sr0.85Bi0.10TiO3 multilayer stacked struc
tures with relaxor character [58] and Tspan= 65 K for KNN-based mul
tilayers. These studies demonstrate that better composition and 
microstructural control during the growth processes enable larger 
breakdown fields for greater caloric performance. The present results of 
thick films with distorted unit cell compared to the bulk, due to lower 

Table 1 
Comparison of observed electrocaloric parameters with the reported literature.  

Sample Tm 

(◦C) 
ΔT 
(K) 

ΔE 
(kV/ 
cm) 

ξ (K 
mm/ 
kV) 

Refs. 

Ceramic/crystal      
BCZT ceramic 90 1.32 30 0.43/ 

0.42* 
[15] 

0.45BZT-0.55BCTsingle- crystal 109 0.46 12 0.38 [19] 
Ba0.786Ca0.214Ti0.994Zr0.006 single 

crystal 
122 1.05 60 0.133* [56] 

BCZT ceramic (hydrothermal) 94 1.48 60 0.246 [16] 
Ba(Zr0.05Ti0.95)O3 ceramica 113 2.4 30 0.8* [11] 
Thin/thick film      
BCZT/Pt thick film (2.8 μm) 120 2.94 205 0.143 Our 

work 
Ba(Zr0.2Ti0.8)O3 thick filmb (12 

μm) 
80 7.0 195 0.36 [21] 

Multilayers of BTO thick film 
(180 × 1.4 μm)b  

1.8 176 0.102 [57] 

Ba(Zr0.2Ti0.8)O3-Ba(Sn0.11Ti0.89) 
O3 thick film (13 μm)b 

0 5.2 330 0.162 [23] 

BCZT/LSMO/STO (100 nm) 157 13.5 1000 0.14 [24]        

* Direct ECE, a-First order phase transition, b-Tape-casting 
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lattice-mismatched Pt, are of greater advantage in view of practical 
applications. The observation of moderate polarization, lower loss, and 
higher Tspan illustrate the fact that BCZT/Pt films have superior prop
erties compared to their bulk counterparts. Through the cost-effective 
deposition of thick films with EPD followed by laser annealing one 
can find the tuning between the growth process and the quality of thick 
films. This method can be considered as an alternative for flexible thick 
film structures for the integration of ferroelectrics with metals for future 
caloric applications under electric fields. 

4. Conclusions 

High-quality thick films of BCZT on flexible Pt foil were obtained by 
the combination of EPD and laser annealing at an optimized energy 
density. The resulting film exhibited a clear coexistence of rhombohe
dral, orthorhombic, and tetragonal phases, a characteristic of BCZT at 
MPB. A uniform grain morphology that is similar to the bulk nature 
(micrometre-sized grains) was observed in the annealed films. Electron 
probe microanalysis was used to determine the chemical composition of 
the film, which was consistent with the expected cationic ratios. Hys
teresis loops under higher electric fields demonstrated saturation char
acteristics with Pr = 14 μC/cm2, PS = 38 μC/cm2, and EC = 13.5 kV/cm, 
considered to be significantly “softer” compared to nano-granular thin 
films. Dynamic hysteresis scaling was investigated from the polarization 
behavior at different E0 and f that follows relation < A> ∝ f− 0.07E1.7 in 
the sub-saturation region and < A>∝f− 0.04E1.1 in the saturated regions. 
The lower exponent value of frequency indicates that the domain 
reversal consumes less energy than classical BTO at higher electric 
fields. Marked improvement of energy storage density of 7.3 J/cm3 

compared to the high-density ceramic samples was observed. From the 
ECE studies improved parameters such as ΔT = 2.94 K at the phase 
transition temperature and a higher Tspan of 81 K were observed which 
translates to larger RCP = 236 K2 and RC = 249 J/kg. 
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M. Vrabelj, A. Poredoš, Z. Kutnjak, Bulk relaxor ferroelectric ceramics as a working 
body for an electrocaloric cooling device, Appl. Phys. Lett. 106 (2015), 043903. 

[11] X.D. Jian, B. Lu, D.D. Li, Y.B. Yao, T. Tao, B. Liang, J.H. Guo, Y.J. Zeng, J.L. Chen, 
S.G. Lu, Direct measurement of large electrocaloric effect in Ba(ZrxTi1–x)O3 
ceramics, ACS Appl. Mater. Interfaces 10 (2018) 4801–4807. 

[12] C.L. Zhao, J.L. Yang, Y.L. Huang, X.H. Hao, J.G. Wu, Broad-temperature-span and 
large electrocaloric effect in lead-free ceramics utilizing successive and metastable 
phase transitions, J. Mater. Chem. A 7 (2019) 25526–25536. 

[13] M.D. Li, X.G. Tang, S.M. Zeng, Q.X. Liu, Y.P. Jiang, T.F. Zhang, W.H. Li, Large 
electrocaloric effect in lead-free Ba(HfxTi1–x)O3 ferroelectric ceramics for clean 
energy applications, ACS Sustain. Chem. Eng. 6 (2018) 8920–8925. 

[14] H. Du, Y. Chang, C. Li, Q. Hu, J. Pang, Y. Sun, F. Weyland, N. Novak, L. Jin, 
Ultrahigh room temperature electrocaloric response in lead-free bulk ceramics via 
tape casting, J. Mater. Chem. C 7 (2019) 6860–6866. 

[15] E.V. Ramana, N.M. Ferreira, A. Mahajan, D.M. Tobaldi, I. Bdikin, B. Rožič, 
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