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A B S T R A C T

(1–x)Pb(Fe0.5Nb0.5)O3–xBiFeO3 (PFN–100xBFO) ceramics exhibit versatile functional properties, from ferro
electric, relaxor to antiferroelectric behaviour, but have not yet been prepared as ceramic thick films, which are 
the key to miniaturization of electronic components. In this work, screen-printed thick films of PFN–30BFO were 
prepared on gold-coated alumina substrates and sintered at 800 ◦C, 850 ◦C and 930 ◦C. The impact of the sin
tering temperature on their properties was studied. The films annealed at 930 ◦C exhibited excessive electrical 
conductivity. In contrast, well developed polarization versus electric field hysteresis loops were observed in the 
films treated at 800 ◦C and 850 ◦C. The films annealed at 800 ◦C had the smallest grain size and dielectric 
permittivity values but achieved the highest dielectric breakdown strength. The findings of this study highlight 
the potential of PFN–30BFO screen-printed films, sintered at 800 ◦C, for use in miniaturized high-voltage 
electronic devices.

1. Introduction

Thick-film technologies are powder-based technologies that enable 
the preparation of films with typical thicknesses between one and a few 
hundred micrometres. They allow the miniaturization of electronic 
components and direct deposition of films on various substrates. The 
most widely used thick-film method is screen printing, which is also 
suitable for ceramic materials. In this technique, a thick film paste 
composed of ceramic powder and organic binders is pressed through a 
screen onto the substrate to produce a thick green film, which is then 
densified at a high temperature, usually above 900 ◦C. Screen printing is 
particularly advantageous as it enables the production of a wide range of 
materials, including insulators such as dielectrics, semiconductors and 
conductors, e.g. metal electrodes [1–3].

Pb(Fe0.5Nb0.5)O3 (PFN), which crystallizes in monoclinic symmetry 
with space group Cm [4–6], and BiFeO3 (BFO) ceramics, which crys
tallizes in rhombohedral symmetry with space group R3c [7–9] are 
well-known single-phase multiferroic materials. The scientific commu
nity has also shown considerable interest in the properties of their solid 

solutions, namely (1− x)Pb(Fe0.5Nb0.5)O3–xBiFeO3 (PFN–100xBFO) [4, 
9–11]. The addition of BFO to PFN gradually leads to the formation of a 
pseudocubic symmetry indexed with space group Pm-3m, which results 
in enhanced relaxor-like characteristics of the materials. In compositions 
with a BFO content of x = 0.05–0.1, a pseudocubic and a monoclinic 
phase coexist. However, when the BFO content is 0.2 ≤ x ≤ 0.5, only a 
pseudocubic phase is present [4]. A transition to rhombohedral sym
metry occurs in compositions where the BFO content is x > 0.6 [7,9].

Unlike the canonical relaxor Pb(Mg1/3Nb2/3)O3 [12], unmodified 
PFN exhibits a weakly-frequency dependent peak-permittivity temper
ature for frequencies below 1 MHz [13,14]. In contrast, PFN–10BFO and 
PFN–20BFO show a more pronounced relaxor behaviour with a 
permittivity peak near room temperature (RT), making them promising 
candidates for caloric applications [4]. A further study confirmed that 
PFN–20BFO-based ceramics exhibit excellent electrocaloric and mag
netocaloric properties, resulting to be one of the best single-phase 
multicaloric materials. For PFN–20BFO doped with 0.5 mol% Mn, the 
maximum electrocaloric temperature change (ΔTEC) of 1.8 ◦C was 
observed at 76 ◦C. The magnetocaloric temperature change (ΔTMC) was 
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found to be 0.15 ◦C at –270 ◦C. Further doping with 12 mol% Gd 
additionally improved the ΔTMC and reached a maximum of 2.2 ◦C at 
–270 ◦C [15].

For the compositions with higher BFO content (0.3 ≤ x ≤ 0.5), the 
frequency and temperature dependence of the permittivity exhibits 
increased complexity compared to PFN–20BFO, i.e., more than one peak 
appears in the dielectric permittivity versus temperature curve. An 
increased electrical conductivity is observed at elevated temperatures. 
The P–E hysteresis loops are observed to be pinched, for which there are 
several possible contributions. It could be related to the reorganization 
of the polar nanoregions under the applied electric field, which could 
induce a transition between the ferroelectric and the relaxor phase. 
Additionally, the pinching might arise from antiferroelectric ordering 
and/or the presence of charged point defects acting as pinning centres 
[4].

The P–E hysteresis loops of the PFN–60BFO and PFN–70BFO ce
ramics show ferroelectric behaviour. Compared to the compositions 
with a BFO content of 0.3 ≤ x ≤ 0.5, the frequency and temperature 
dependence of the dielectric permittivity becomes less complex with 
only one observed permittivity peak [16]. Pure BFO exhibits an elec
trically conductive ferroelectric P–E hysteresis loop, which is reported in 
the literature as either pinched [17] or more open [18] depending on the 
state of the charged defects. It has been reported that rapid cooling in 
water from T > Tc leads to the opening of the hysteresis loop [17]. As 
expected, the aforementioned increased electrical conductivity is also 

reflected in enhanced dielectric losses [19].
Besides relaxor-ferroelectric properties, PFN exhibits antiferromag

netic properties, which upon heating above approximately –120 ◦C 
transition to the paramagnetic state. The temperature of this transition is 
known as a Néel temperature (TN) [20,21]. The addition of BFO in
creases the TN of the ceramics. In compositions with a BFO content of 
x < 0.1, below TN the antiferromagnetic phase is still observed. In 
compositions with BFO content of 0.1 ≤ x ≤ 0.2, depending on the 
temperature, two different types of ferromagnetic states are observed, 
while for compositions with x ≥ 0.25, the system transitions back to an 
antiferromagnetic state [10]. For pure BFO, the TN is approximately 370 
◦C [22].

Despite the promising and intriguing features for functional appli
cations, thick films of PFN–100xBFO (0 < x < 1) prepared using a 
powder-based technologies have not yet been reported. Besides the bulk 
ceramic samples, only the properties of PFN–5BFO single crystals [23]
and PFN–50BFO thin films prepared by the RF-cathode sputtering 
method [24] have been studied so far. In this work, we investigated the 
structural, microstructural, dielectric and ferroelectric properties of 
PFN–30BFO thick films prepared by the screen-printing method. The 
thick-film paste was screen printed on gold-coated alumina substrates 
and thermally treated at 800 ◦C, 850 ◦C and 930 ◦C. Among the films, 
those sintered at 800 ◦C were found to be the most promising for po
tential applications in electronic devices.

Fig. 1. Comparison of XRD patterns of S800 (blue solid line), S850 (red solid line) and S930 films (green solid line) in the 2θ range of 10–70◦. To illustrate the 
absence of secondary phases, the intensities are expressed on a logarithmic scale.
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2. Materials and methods

The PFN–30BFO powder was prepared by mechanochemical syn
thesis using PbO (99.9%, Alfa Aesar, Germany), Fe2O3 (99.9%, Alfa 
Aesar, Germany), Nb2O5 (99.9%, Aldrich, Germany) and Bi2O3 
(99.999%, Alfa Aesar, Germany). The stoichiometric starting oxide 
mixture was homogenized in a planetary ball mill at 200 min⁻¹ for 4 h in 
ethanol using yttria-stabilized zirconia (YSZ) balls. After drying, it was 
mechanochemically activated in the same mill for 14 h at 400 min⁻¹ in a 
tungsten carbide container with tungsten carbide balls. The activated 
mixture was then milled again in ethanol at 200 min⁻¹ for 4 h using YSZ 
balls. Details on the preparation of the powder can be found in the 
reference [4]. The powder was additionally heated to 800 ◦C for 1 h. The 
thick-film paste was prepared by mixing the PFN–30BFO powder with 
an organic vehicle consisting of alpha-terpineol (≥98%, Merck, Ger
many), 2–2-butoxy-ethoxy-ethyl acetate (≥ 98%, Merck, Germany) and 
ethyl cellulose (48% ethoxyl, Sigma Aldrich, USA) in a mass ratio of 
60:25:15 [25].

The 3-mm-thick Al2O3 substrates were prepared by the slip casting 
from Alcoa A-16. The substrates were then sintered at 1600 ◦C for 4 h. In 
the next step, the PbZr0.53Ti0.47O3 (PZT) barrier layer was printed on the 
top of the substrates and thermally treated at 500 ◦C for 1 h to evaporate 
the organic compounds and additionally sintered at 1100 ◦C for 2 h, as 
explained in [25]. The barrier layer was prepared to minimize possible 
chemical interactions between the substrate and the functional layers, as 
suggested in [25,26]. Finally, the thick-film Au paste (8884-G, ESL, 
USA) was printed on the PZT layer and thermally treated at 850 ◦C for 
1 h as suggested in [27].

The PFN–30BFO thick-film paste was printed twice on the Au/PZT/ 
Al2O3 substrates. Intermediate drying for each printing step was carried 
out at 150 ◦C for 15 min. The prepared samples were then thermally 
treated at 600 ◦C for 1 h to remove an organic vehicle. The thickness of 
the prepared samples was 15 μm. Finally, the samples were annealed at 
800 ◦C, 850 ◦C and 930 ◦C for 2 h in an oxygen atmosphere and in the 
presence of the Pb(Fe0.5Nb0.5)O3 packing powder. Further in the text, 
these films are referred to as S800, S850 and S930, respectively.

Fig. 2. SEM microstructures of (a)–(c) surfaces and (d)–(f) cross-sections of S800, S850 and S930 films. In (f), the visible secondary phases are marked with 
rectangles. Zoomed-in views of these secondary phases (g)–(i) reveal a Cu-rich phase (marked in red), a Pb/Bi-rich phase (marked in blue) and a Fe-rich phase 
(marked in green), respectively. For better visualisation, only the Cu-rich phase of the S930 film is enlarged; however, this secondary phase is also observed in the 
S800 and S850 films.

I. Goričan et al.                                                                                                                                                                                                                                 Journal of the European Ceramic Society 46 (2026) 118317 

3 



The PFN–30BFO powder and the thick films were analysed with the 
X-ray diffractometer (XRD, X’Pert PRO, PANalytical, Netherlands) using 
Cu-Kα1 radiation in the 2θ range of 10◦–70◦. The step size of the mea
surements was 0.034◦ and the time of the steps was 100 s. Phase iden
tification was performed using the PDF-4+ database. Since the PDF card 
of PFN–30BFO is not available, the PDF cards of PFN (no. 00-066-0292, 
Cm space group [28]) and PFN–60BFO (no. 04-018-7360, Pm-3m space 
group [29]) were used. The XRD peaks of the prepared thick films were 
also compared with the perovskite peaks of the PFN–30BFO bulk ce
ramics reported in [4]. Structural determinations were carried out using 
the MAUD program (Multiple Analysis Using Diffraction) through the 
Rietveld refinement method [30].

The microstructures of the surfaces and cross-sections of the samples 
were analysed using a field-emission scanning electron microscope (FE- 
SEM, JSM 7600F, Jeol Ltd., Japan) equipped with an energy dispersive 
X-ray spectrometer (EDXS, Inca Oxford 350 EDS SSD, Oxford In
struments, U.K.). The spectra were acquired at 15 keV. The cross-section 
samples were mounted in epoxy resin and polished prior to analysis. The 
average grain size was estimated from the SEM images of the sample 
surfaces. For the analysis, Feret diameters [31] of ~300 grains were 
determined using Image Tool software (UTHSCSA Image Tool Version 
3.00. 2002) [32]. The porosity of the films was estimated from their 
cross-sections using Image Tool software. Three different images were 
analysed for each film.

The topography and root-mean-square surface roughness (Rq) of the 
samples were analysed using an atomic force microscope (AFM, MFP- 
3D, Asylum Research, USA). Images were acquired in AC air topog
raphy mode using a Pt-coated Si tip (OMCL-AC240TM-R3, Olympus, 

Japan). Local electrical conductivity was investigated using a conduc
tive AFM (cAFM) module (ORCA module). Measurements were per
formed by applying a DC voltage of 7 V between the conductive tip and 
the bottom Au electrode. Piezoresponse force microscopy (PFM) was 
performed in dual-ac resonance tracking (DART) mode by atomic force 
microscope (AFM, Jupiter XR, Asylum Research, USA). A Ti/Pt-coated Si 
tip (OMCL-AC240TM-R3, Olympus, Japan) was used for the measure
ments. A voltage signal with an amplitude of 0.1 V and 2 V and a fre
quency of 290–300 kHz was applied to the samples.

For the electrical measurements, Au top electrodes with a diameter 
of 0.5 mm were deposited on the surface of the thick films by RF 
magnetron sputtering (5 Pascal, Trezzano sul Naviglio, Italy). The 
dielectric permittivity (ε′) and dielectric losses (tgδ) were determined 
using the HP 4284A precision LCR impedance meter (Hewlett-Packard, 
USA). The measurements were performed at frequencies of 1–100 kHz 
during cooling from 200 ◦C to –50 ◦C. For the measurements of the AC 
current density versus electric field (J–E), the aixACCT TF analyser 2000 
(aixACCT Systems GmbH, Germany) was used. Polarization versus 
electric field (P–E) hysteresis loops were automatically obtained by the 
integration of current signal. These measurements were performed at RT 
with a sinusoidal waveform at 100 Hz and an E of up to 200 kV⋅cm− 1 for 
the S850 and S930 films and up to 350 kV⋅cm− 1 for the S800 films. The 
aixACCT TF analyser 2000 with the Breakdown measurements mode 
was used for the determination of the dielectric breakdown strength 
(DBS). The DBS was determined by applying an increasing DC voltage 
signal with a step of 1.5 V and a duration of 1 s for each step. Ten Au 
electrodes of each sample were measured and the Weibull distribution 
[33–35] was used to evaluate the results.

Fig. 3. EDXS spectra of the S930 films, namely (a) matrix, (b) Cu-rich phase, (c) Pb/Bi-rich phase, (d) Fe-rich phase and (e) Fe/Cu-rich phase.
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The linear thermal expansion coefficient (α) of the PFN–30BFO was 
determined using a bulk ceramic cylinder with a diameter of 
2r = 6.3 mm and a length of 12.8 mm. The measurement of the sample 
expansion as a function of temperature was carried out with a dila
tometer (DIL 402EP, Netzsch, Germany) in the temperature range of 
100–560 ◦C with a step of 5 K⋅min− 1. The α value of a material is re
ported for the cooling cycle.

3. Results and discussion

The comparison of the XRD patterns of the S800, S850 and S950 
films is shown in Fig. 1. In the XRD patterns of all samples, only the 
peaks belonging to the perovskite phase are visible and no additional 
peaks belonging to the secondary phases are detected. The Rietveld 
refinement analysis shows that all thick films exhibit pseudocubic 
symmetry indexed with space group Pm-3m, similar to the PFN–30BFO 
bulk ceramics [4]. Details can be found in Supplementary material A.

The SEM microstructures of the surfaces of the S800, S850 and S930 
films are shown in Fig. 2(a–c). Due to the lowest sintering temperature 
among the samples, the average grain size of the S800 is the smallest, 
namely (0.6 ± 0.3) μm. The grain size of the samples increases with 
increasing sintering temperature and is (1.0 ± 0.5) μm and (2.2 ± 1.2) 
μm for the S850 and S930 films, respectively. The cross-sections of the 
films in Fig. 2(d–f) show that there are no microstructural gradients 
through the film thickness; for example, the pores are homogeneously 
distributed across the cross-sections. Furthermore, a comparison of the 
grain size determined from the film surface and the thermally-etched 
cross-section was performed. The results reveal a homogeneous distri
bution of different grain sizes through the film thickness, providing 
further evidence for the absence of any microstructural gradients. De
tails can be found in Supplementary material B. The porosity of the 
samples is estimated to be 7%, 6% and 2% for S800, S850 and S930 
films, respectively. The Rq value of the thick films increases slightly with 
increasing grain size and is, on average, 207 nm, 215 nm and 240 nm for 
S800, S850 and S930 films, respectively. Details can be found in Sup
plementary material C.

The SEM images of the cross-section of the thick films shown in Fig. 2
(d–f) reveal the presence of secondary phases, which are enlarged in 
Fig. 2(g–i). In order to investigate their chemical composition, the thick- 
film matrix and the secondary phases were examined by EDXS analysis, 
as shown in Fig. 3. In the EDXS spectrum of the matrix (Fig. 3(a)), the 
peaks belonging to the Pb, Fe, Nb, Bi and O elements can be clearly 
observed. Since the spectra of the matrix of the S800, S850 and S930 
films are comparable, only one spectrum is shown. The spectra of all 
thick films are shown in Supplementary material D. Furthermore, as 
explained below, a common secondary phase rich in Cu appears in all 
the films, while additional secondary phases may be observed in the 
S930 film.

In all thick films a secondary phase is observed at the interface be
tween the Au electrode and the functional layer. The EDXS spectrum of 
the secondary phase (Fig. 3(b)) shows the presence of Cu and Au ele
ments. The Au peaks can be attributed to the close proximity of an 
investigated secondary phase to the Au electrode. The secondary phase 
is therefore referred to as a Cu-rich phase (marked in red in Fig. 2(d–f), 
with a detailed zoomed-in view shown in Fig. 2(g)). Cu was found to be 
the main impurity in the commercially available electrode paste that we 
used (Au 8884-G, ESL, USA). A secondary phase rich in Cu was also 
observed in BFO thick films on Au/Al2O3 substrates [36].

Three additional secondary phases are observed in cross-sections of 
S930 films. The first one is visible as bright areas and inclusions at the 
grain boundaries (marked by the blue rectangle in Fig. 2(f) with a 
zoomed-in view in Fig. 2(h)), suggesting the formation of the liquid 
phase. From the EDXS spectrum (Fig. 3(c)), it can be seen that the phase 
is rich in Pb/Bi elements; therefore, from now on, referred to as a Pb/Bi- 
rich phase. This liquid phase is most likely a eutectic mixture of PbO and 
Bi2O3. According to the phase diagram [37], the temperature of its 
formation is 635 ◦C. This means that some of the phase could also have 
formed in the S800 and S850 films, but the amount is not high enough to 
be detected in these two samples. The EDXS spectrum of the second 
secondary phase (marked by the green rectangle in Fig. 2(f) with a 
zoomed-in view in Fig. 2(i)), can be seen in Fig. 3(d). The results show 
that the phase is rich in Fe; therefore, it is further referred to as a Fe-rich 
phase. The third secondary phase is visible only in some parts of the 
S930 films (not visible in Fig. 2(f)). It is shown in Fig. 3(e) with the 
results of its EDXS analysis. The phase is rich in Fe, but also contains Cu 
(from now on, referred to as a Fe/Cu-rich phase). Other elements can 

Fig. 4. Frequency and temperature dependence of ε′ (solid lines) and tgδ 
(dashed lines) of (a) S800, (b) S850 and (c) S930 films.
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also be observed in the spectrum, namely Pb, Bi, O and a small amount of 
Nb. This could be due to their presence in this secondary phase, or due to 
the proximity of the film matrix.

The secondary phases observed in the cross-sections of the thick films 
in Fig. 2 were not detected by the XRD technique, as shown in Fig. 1. 
According to the calculations in the HighScore Plus program, the 
penetration depth of the X-rays (incident angle between 10◦ and 70◦) 
reaches up to ~ 8 μm in depth. The thick films used in this work have a 
thickness of 15 μm, so the penetration depth of the X-rays is only about 
half the film's thickness. Since the secondary phases are present in small 
quantities and are not segregated in the upper part of the thick films, 
they do not contribute to the XRD diffractions. Another possible expla
nation for the absence of secondary phases in the XRD results is that 
these phases may exist in an amorphous state and/or in quantities below 
the detection limit of XRD, or may be localised at the grain boundaries 
[38].

The frequency and temperature dependence of ε′ and tgδ of S800, 
S850 and S930 films are shown in Fig. 4. The permittivity peaks are 
broad and frequency dependent. As frequency increases, the magnitude 
of the permittivity values decreases. In all samples, however, as fre
quency increases, the peak permittivity temperatures (Tε,max) shift to
wards lower values, not higher values, which is expected for canonical 
relaxor behaviour [12]. The inverse relationship between Tε,max and 
frequency (f) form that is expected for relaxors is rare but has already 
been reported for other materials. For example, Ref. [39] reports such 
behaviour for Na0.5Bi0.5TiO3-based ceramics. Despite lacking explana
tions, it can be observed in that study that the apparent inverse Tε, 

max-versus-f relation occurs in the temperature region where electrical 
conductivity starts to dominate the dielectric response. Furthermore, in 
Ref. [40], this particular dielectric relaxation behaviour in BaTi0.85Z
r0.15O3-based ceramics is linked to the presence of inhomogeneous 

distribution of local electrical conductivity between grains and grain 
boundaries, which typically leads to dielectric Maxwell-Wagner effects 
and a positive temperature coefficient of resistivity (PTCR). Similar 
unusual dielectric behaviour has also been observed in spinel 
Cu-ferrites, where it has been attributed to the similarity between the 
mechanisms of polarization and electrical conduction [41]. While the 
exact origin of the shift of Tε,max to lower temperatures with increasing 
frequency for the thick films studied here is still unknown, based on the 
presented literature cases it is likely associated with an emerging effect 
involving electrical conduction. Furthermore, it should be also noted 
that the Tε,max values of all films are lower than those of relaxor-like 
PFN–30BFO bulk ceramic at all frequencies [4]. The depletion of the 
dielectric permittivity most likely arises from a combination of at least 
two effects. Firstly, it could be attributed to the presence of a Cu-rich 
secondary phase at the film-substrate interface. Such an interfacial 
secondary phase may act as a series electrical element, resulting in a 
reduction of the measured dielectric permittivity. At the same time, the 
observed behaviour could also be attributed to residual stresses in the 
films. The maximum ε′ values of the thick films reach 1910, 3890 and 
3980 for the S800, S850 and S930 films, respectively, at 1 kHz. A 
decrease in maximum permittivity values among the samples can also be 
attributed to the decreasing grain size. As the S800 films have the 
smallest grain size, they exhibit the lowest permittivity values, while the 
highest values are observed for films with the largest grain size, namely 
the S930 films. This is consistent with the literature, which shows that 
grain size strongly affects the electrical properties of ferroelectric 
ceramic materials [42–48].

The tgδ values are 0.01, 0.01 and 0.02 at room temperature and 
1 kHz for S800, S850 and S930 films, respectively. The differences in the 
tgδ values of the thick films become more pronounced above 100 ◦C, 
which is related to the thermally activated electrical conductivity of the 

Fig. 5. Temperature dependence of (a) the dilatometric cooling curve dL/L0, (b) the calculated α values of the PFN–30BFO ceramic and (c) the thermal stresses in 
PFN–30BFO thick films formed during the sintering process. The arrow indicates the direction of the measurement.
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films. It can be observed that the S800 films have the lowest tgδ values 
among the thick films, while the tgδ values of the S930 films are the 
highest. It is worth noting, that the tgδ values for all thick films remain 
below 0.3 even at temperatures as high as 200 ◦C. In comparison, the tgδ 
values in the PFN–30BFO bulk ceramic are significantly higher at this 
temperature, indicating a lowered conductivity in films with respect to 
bulk samples [4].

The aforementioned residual stresses in the films are formed during 
the cooling part of the thermal treatment, which is due to the mismatch 
of the thermal expansion coefficient (α) between the film and the sub
strate [49]. This has been previously reported for various materials [25, 
50–53]. The α value of PFN–30BFO is not yet reported in the literature, 
so we performed the dilatometric measurements to determine it. The 
temperature dependence of a dilatometric cooling curve is shown in 
Fig. 5(a). The dL/L0 value decreases with decreasing temperature. The 
corresponding α(T) values (Fig. 5(b)) of the material reach their mini
mum at ~150 ◦C, which corresponds to the materials permittivity 
anomaly [4]. At temperatures below 150 ◦C, the α(T) values increase 
steeply. Details on the calculation of the α values from the dilatometric 
curve can be found in Supplementary material E. The average α value of 

PFN–30BFO was determined to be ~11⋅10–6 K− 1 (in the temperature 
range 100–560 ◦C). According to the literature, the α value of α-Al2O3 is 
reported to be ~8⋅10− 6 K− 1 (in the temperature range 40–l000 ◦C) [54]. 
The α values of PFN–30BFO are higher than the α values of the substrate 
in the whole measured temperature range, which means that tensile 
stresses are formed during the cooling process [55]. The magnitude of 
the stresses as a function of temperature is shown in Fig. 5(c). The stress 
magnitude reaches a maximum value of ~70 MPa. Details on the 
calculation of the stresses can be found in Supplementary material F.

PFM was used to investigate the local domain structure of films at 
RT. The results are shown in Fig. 6. At 0.1 V, the domains in all films are 
small and not completely formed, resembling clusters of polar nano
regions as previously reported for other materials with relaxor-like 
features [56–58], including PFN–30BFO bulk ceramic [4]. At higher 
applied voltages, namely 2 V, the ferroelectric domains are formed. The 
higher magnification of PFM amplitude images is shown in Fig. 7. In all 
films, a few hundred to a few tens of nanometres large wedge-like do
mains (marked by dashed red arrows) and irregularly shaped domains 
(marked by solid yellow arrows) are observed. In addition, residuals of 
clusters of polar nanoregions are still present (marked by green 

Fig. 6. AFM topography height (first column) and out-of-plane PFM amplitude images obtained at 100 mV (second column) and 2 V (third column) for (a) S800, (b) 
S850 and (c) S930 films. For better visualisation, the grain boundaries are outlined with blue dashed lines.
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rectangles). The out-of-plane PFM phase images can be found in Sup
plementary material G.

The most pronounced difference in the results of the electrical 
measurements between the films can be seen in the P–E hysteresis loops. 
The bipolar P–E and J–E hysteresis loops of the S800, S850 and S930 
films are shown in Fig. 8. The loops of the S800 and S850 films are slim 

and appear to be slightly pinched (Fig. 8(a, b)), which is also supported 
by the J–E (Fig. 8(d, e)) loops that reveal a splitting of peaks (marked by 
red arrows). The pinching and splitting of the P–E and J–E loop were also 
previously observed in the PFN–30BFO bulk ceramic [4]. The P–E hys
teresis loops of S930 films (Fig. 8(c)) are round, indicating enhanced 
electrical conductivity in comparison with S800 (Fig. 8(a)) and S850 
films (Fig. 8(b)). Due to this, the pinching is not clearly observed, but the 
J–E loops (Fig. 8(f)) reveal a splitting of peaks also in this case.

A reason for enhanced electrical conductivity in S930 films was 
investigated using cAFM. In order to find areas with an increased con
ductivity compared to the PFN–30BFO matrix, three secondary phases, 
namely the Pb/Bi-rich, Fe-rich and Fe/Cu-rich phases (Fig. 3(c–e)), were 
considered for the investigation. Since the cAFM measurements can only 
be performed on the surface of the thick films, as explained in Supple
mentary material H, we first tried to locate these three secondary phases 
on the sample surface using an SEM microscope. Only the Fe/Cu-rich 
phase was detected on the surface of the films in a small amount and 
at only one location. Therefore, the cAFM analysis was performed at this 
location, as shown schematically in Fig. 9(a). The SEM image with the 
corresponding AFM deflection image and the cAFM local electrical 
current image of the investigated location are shown in Fig. 9(b–d). The 
cAFM results reveal an increased electrical conductivity of the Fe/Cu- 
rich secondary phase with local electrical currents of up to 10 pA. No 
cAFM signal is detected in the matrix, indicating that its conductivity is 
below the detection limit of the instrument. For our instrument (AFM, 
MFP-3D, Asylum Research, USA, ORCA module), the measured RMS 
current noise is below 1 pA, specifically in the range of a few hundred 
femtoamperes [59]. This indicates that the enhancement in electrical 
conductivity in S930 films can be attributed to the presence of a 
conductive Fe/Cu-rich secondary phase. Other two secondary phases, 
namely the Pb/Bi-rich and Fe-rich phases, might also contribute to an 
enhanced conductivity of the S930 films, but since we could not observe 
them on the films surface, it was not possible to perform cAFM analysis 
on them. Furthermore, the electrical conductivity of the matrix was 
investigated in more detail. Literature [60] reports the impact of the 
different electrical conductivity of the grain boundaries compared with 
the grains on the electrical properties of the 0.67BiFeO3–0.33BaTiO3 
samples. However, our results show that both the grain boundaries and 
the domain walls exhibit no enhanced (or reduced) electrical conduc
tivity compared to that of the matrix; therefore, we can probably exclude 
their major impact on the electrical properties of the samples. Details 
can be found in Supplementary material I.

The DBS of thick films was determined by applying an increasing DC 
voltage to the samples. The Weibull distribution of the measured 
dielectric breakdown fields (EB) is shown in Fig. 10. The details on the 
determination of DBS can be found in Supplementary material J. The 
DBS of the S800 films (marked in red in Fig. 10) is the highest, namely 
433 kV⋅cm− 1, which is in agreement with the results obtained by 
measuring the P–E hysteresis loops, where the S800 films survived the 
highest electric field, namely 350 kV⋅cm− 1. This is more than 
100 kV⋅cm− 1 higher than for the S850 films (marked in green in Fig. 10), 
which have a DBS of 304 kV⋅cm− 1. The DBS of the S930 films (marked in 
blue in Fig. 10) is the lowest, namely 228 kV⋅cm− 1. The results can be 
correlated with the grain size of the samples (Fig. 2); namely, the highest 
DBS is obtained in the films with the smallest grain size, as previously 
reported in [61–63]. In the S930 films, the Fe/Cu-rich secondary phase, 
which is more electrically conductive than the PFN–30BFO matrix 
(Fig. 9), contributes to the lower DBS of these films compared to the 
S800 and S850 films.

Fig. 7. High magnification PFM amplitude images obtained at 2 V for (a) S800, 
(b) S850 and (c) S930 films. Irregularly shaped and wedge-like domains are 
marked by solid yellow and dashed red arrows, respectively. The clusters of 
polar nanoregions are marked by green rectangles. For better visualisation, the 
grain boundaries are outlined with blue dashed lines.
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4. Conclusions

In this work, PFN–30BFO thick films were successfully prepared by 
screen-printing method and sintered at 800 ◦C, 850 ◦C and 930 ◦C. The 
sintering temperature had no impact on the crystal structure of the thick 
films, which is pseudocubic indexed with the space group Pm-3m at RT. 
As the sintering temperature increased, the average grain size grew from 
~0.6 μm for S800 to ~1.0 μm and ~2.2 μm for S850 and S930 films, 
respectively.

The maximum dielectric permittivity values of the S800, S850 and 
S930 films were determined to be ~2000 and ~4000 and ~4000, 
respectively. All thick films exhibited a broad frequency dependent 
permittivity peak. Piezoresponse force microscopy revealed clusters of 
polar nanoregions at both lower (0.1 V) and higher (2 V) voltages at RT, 
which is an indication of a relaxor-like behaviour in the films. In 

addition, wedge-like and irregularly- shaped ferroelectric domains were 
also observed at 2 V.

The peak permittivity temperatures of the thick films were found to 
be lower than those of the PFN–30BFO bulk ceramic. This shift can be 
attributed to the residual stresses formed in the films during the thermal 
treatment. To estimate the stresses, the thermal expansion coefficient of 
PFN–30BFO was measured and found to be ~11⋅10–6 K− 1. Further cal
culations showed that tensile stresses with a maximum value of 
~70 MPa (at 100 ◦C) were formed in the films during cooling part of the 
sintering process.

The S800 and S850 films showed well-developed polarization versus 
electric field hysteresis loops compared to the S930 films, which 
exhibited round hysteresis loops due to excessive electrical conductivity. 
This excessive electrical conductivity was attributed to the Fe/Cu-rich 
phase that showed an increased electrical conductivity compared to 

Fig. 8. Bipolar P–E hysteresis loops of (a) S800, (b) S850 and (c) S930 films. J–E hysteresis loops of (d) S800, (e) S850 and (f) S930 films. Red arrows indicate double 
current peaks.
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Fig. 9. (a) Schematic representation of the experimental setup for the cAFM measurements, (b) SEM microstructure, (c) AFM topography deflection image and (d) 
cAFM image of the Fe/Cu-rich secondary phase on the surface of the S930 films. The solid red lines are only a guide for the eyes, marking the border of the Fe/Cu-rich 
secondary phase. The dashed yellow boxes indicate an area studied by cAFM.

Fig. 10. Weibull distribution of the measured EB of S800 (red dots), S850 (green squares) and S930 films (blue triangles). p is the cumulative failure probability. The 
dashed lines belong to the linear regression. The solid black line at ln(-ln(1-p)) = 0 is needed to determine the DBS.
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the film matrix. For this reason and due to the largest grain size, these 
films had the lowest dielectric breakdown strength among the prepared 
thick films, i.e., 228 kV⋅cm− 1. Due to the smallest grain size, the highest 
dielectric breakdown strength was determined for the S800 films, 
namely 433 kV⋅cm− 1, which is more than 100 kV⋅cm− 1 higher than that 
of the S850 films.

In conclusion, to achieve screen-printed PFN–30BFO thick films with 
optimal functionality, the films should be sintered at a low temperature, 
namely 800 ◦C. This results in low electrical conductivity and small 
grain size, leading to high dielectric breakdown strength. These films 
could be promising for future electronic device applications, particularly 
those requiring high dielectric breakdown strength.
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viany and Teodora Vujić are gratefully acknowledged for their help in 
the laboratory.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jeurceramsoc.2026.118317.

Data availability

The data that support the findings of this study are available at 
Zenodo repository [64].

References

[1] R.A. Dorey, Ceramic Thick Films for MEMS and Microdevices, Elsevier, United 
Kingdom, 2012 (ISBN 978-1-4377-7817-5).

[2] B. Malic, D. Kuscer, M. Vrabelj, J. Koruza, Review of methods for powder-based 
processing, in: G. Korotcenkov (Ed.), Chapter 5 in the Book Magnetic, Ferroelectric, 
and Multiferroic Metal Oxides, Elsevier, 2018 (ISBN 978-0-12-811180-2).

[3] M. Kosec, D. Kuscer, J. Holc, Processing of ferroelectric ceramic thick films, in: 
L. Pardo, J. Ricote (Eds.), Chapter 2 in the Book Multifunctional Polycrystalline 
Ferroelectric Materials – Processing and Properties, Springer, 2011 (ISBN 978-90- 
481-2874-7).

[4] U. Prah, M. Dragomir, T. Rojac, A. Benčan, R. Broughton, C.-C. Chung, J.L. Jones, 
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I. Goričan et al.                                                                                                                                                                                                                                 Journal of the European Ceramic Society 46 (2026) 118317 

12 

https://doi.org/10.1017/S0885715617000276
https://doi.org/10.1017/S0885715617000276
https://doi.org/10.1038/162329B0
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref32
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref32
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref33
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref33
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref34
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref34
https://doi.org/10.1088/0022-3727/39/19/020
https://doi.org/10.1088/0022-3727/39/19/020
https://doi.org/10.1016/j.jeurceramsoc.2015.07.001
https://doi.org/10.1016/j.jeurceramsoc.2015.07.001
https://doi.org/10.1111/j.1151-2916.1981.tb10253.x
https://doi.org/10.1111/j.1151-2916.1981.tb10253.x
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref38
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref38
https://doi.org/10.1021/acsomega.3c04490
https://doi.org/10.1021/cm050145a
https://doi.org/10.1002/pssa.200306638
https://doi.org/10.1002/pssa.200306638
https://doi.org/10.1063/1.2778471
https://doi.org/10.1039/d3tc01555f
https://doi.org/10.1002/aelm.202300556
https://doi.org/10.1016/j.actamat.2025.121749
https://doi.org/10.1103/PhysRevB.72.174115
https://doi.org/10.1103/PhysRevB.78.094103
https://doi.org/10.1016/j.scriptamat.2010.09.023
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref49
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref49
https://doi.org/10.1016/j.ceramint.2025.08.093
https://doi.org/10.1016/j.ceramint.2025.08.093
https://doi.org/10.1111/jace.18158
https://doi.org/10.1111/jace.18158
https://doi.org/10.1063/1.3669384
https://doi.org/10.1016/j.ceramint.2018.06.027
https://doi.org/10.1016/j.ceramint.2018.06.027
https://doi.org/10.2298/PAC1802111Z
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref55
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref55
http://refhub.elsevier.com/S0955-2219(26)00193-7/sbref55
https://doi.org/10.1063/1.3474962
https://doi.org/10.1063/1.3680599
https://doi.org/10.1063/1.3680599
https://doi.org/10.1016/j.jmat.2025.101014
https://doi.org/10.1016/j.jeurceramsoc.2024.04.046
https://doi.org/10.1007/BF00275336
https://doi.org/10.1007/BF00275336
https://doi.org/10.1143/JJAP.19.867
https://doi.org/10.1143/JJAP.19.867
https://doi.org/10.1080/00150190600694415
https://doi.org/10.1080/00150190600694415
https://doi.org/10.5281/zenodo.17818575

	Impact of sintering temperature on structural, microstructural and electrical properties of screen-printed 0.7Pb(Fe0.5Nb0.5 ...
	1 Introduction
	2 Materials and methods
	3 Results and discussion
	4 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supporting information
	Data availability
	References


