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Abstract: Cobalt-doped lead ferrite (Pb2Fe2O5) thin films were deposited by reactive magnetron
sputtering. The influence of the cobalt concentration and synthesis temperature on the structure,
phase composition and ferroelectric properties of Pb2Fe2O5 thin films was investigated. It was
determined that the increase in deposition temperature increased the grain size and density of the
Co-doped PFO thin films. The XRD data demonstrated that the Co-doped Pb2Fe2O5 thin films
consisted of Pb2Fe2O5 and PbO phases with a low amount of CoO and Co3O4 phases. The increase
in the cobalt concentration in the Pb2Fe2O5 films slightly enhanced the cobalt oxide phase content.
Polarization dependence on electric field measurement demonstrated that the highest ferroelectric
properties of the Co-doped Pb2Fe2O5 films were obtained when the synthesis was performed at
550 ◦C temperatures. The increase in the cobalt concentration in the films enhanced the remnant
polarization and coercive field values. It was found that the Co-doped Pb2Fe2O5 film deposited at
550 ◦C temperature and containing 10% cobalt had the highest remnant polarization (72 µC/cm2)
and coercive electric field (105 kV/cm).

Keywords: ferroelectrics; cobalt-doped lead ferrite; magnetron sputtering; remnant polarization

1. Introduction

Multiferroic materials are multifunctional materials that demonstrate the interaction
of different primary ferroic properties such as ferroelectricity, ferromagnetism, and ferroe-
lasticity [1–4]. Among the diverse interactions of ferroic properties, significant attention
has been given to the relationship between ferroelectric and magnetic characteristics. [5].
The possibility to control the ferroelectric and magnetic properties in the same phase pro-
vides the ability to develop a wide range of applications on non-volatile memory devices,
transducers, magnetic field sensors, etc. [6–11]. Special attention is paid to the solid-state
memories where multiferroics enable the possibility to write data electrically and read
magnetically and this results in high storage density and low-power consumptions. Two
simultaneous mechanisms occur: ferroelectricity arises from transition ions possessing
empty d orbitals, while magnetism necessitates transition metal ions with partially filled d
orbitals. Consequently, these two ordered states mutually exclude each other. Most multi-
ferroic materials suffer some shortcomings such as low Neel temperature, which narrows
the group of materials that can be integrated into applications used at room temperature;
therefore, the need to search for new multiferroics or improve those already discovered
remains [12,13]. In the past 15 years, great progress towards discovering and developing
multiferroics has been made. Lead ferrite Pb2Fe2O5 (PFO) is recognized as a promising
multiferroic material known for exhibiting concurrent ferroelectric and magnetic properties
under ambient conditions [14–16]. Even though the current–voltage loops and measure-
ments with voltage pulses [17,18] are not reported in the literature, the entire body of work
performed on this material strongly supports ferroelectricity with the remnant polarization
estimated to be Pr ~ 0.22 µC/cm2 at room temperature [15]. The non-centrosymmetric
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structures, influenced by the presence of 6s2 lone pairs and covalent Pb-O bonds, contribute
to ferroelectricity, whereas magnetism arises from the B site (Fe3+) [15].

Although the results are promising, there is always room for improvement. There
are some key problems such as high leakage current and lower magnetoelectric coupling
coefficients that need to be overcome. In order to solve this problem, the doping with
additional metal may be used. Altering the core properties of multiferroics is acknowledged
as an effective approach. PFO properties could be modified by substitution of Pb2+ (A-site)
and Fe3+ (B-site) ions. Fe3+ (0.64 Å) ion has a similar radius as Cr3+ (0.76 Å), Ti4+ (0.68 Å),
and Mn3+ (0.72 Å) ions, which could substitute the Fe3+ ion at B-site [19–21]. However,
using aliovalent as dopants, a charge compensation with respect to changing the cation
valance should be considered. Therefore, the charge neutrality would be maintained and
possibly the oxygen vacancies would be avoided using isovalent ion such as Cr3+, Ni2+,
Co2+, or Nb5+ [20,22–24]. Here, both Fe3+ and dopant ions occupy the B-site randomly,
potentially leading to distortions in the cation–oxygen octahedral arrangement. This
structure leads to varied superexchange interactions among the Fe-O polyhedra at the
corners and neighboring units along the shared edges of the Fe–O5 tetrahedral pyramids.

The aim of this work was to synthesize the cobalt-doped lead ferrite thin films and
to investigate the influence of the cobalt concentration and synthesis temperature on the
surface morphology, phase structure and ferroelectric properties of the lead ferrite thin
films. This study introduces cobalt-doped lead ferrite (Pb2Fe2O5) thin films, a novel
approach to enhance the ferroelectric properties of multiferroics at ambient conditions. By
varying the cobalt concentration and synthesis temperature, we systematically investigate
their effects on the surface morphology, phase structure, and ferroelectric properties. This
work addresses key challenges such as high leakage current, aiming to optimize PFO’s
performance for functional materials applications. The findings provide new insights into
doping strategies to significantly improve the ferroelectric properties, which is crucial for
practical applications.

2. Materials and Methods

Cobalt-doped lead ferrite Pb2Fe2O5 was deposited using the reactive magnetron
sputtering technique [25,26]. Platinized silicon Pt/Ti/SiO2/Si multilayer system with
layers thickness of 200 nm, 20 nm, 1 µm and 380 µm, respectively, was used as the substrate
for thin film synthesis. Each element (Pb, Fe and Co) had a separate high-purity target
(99.99%). The distance between the target and substrate was maintained at 60 mm. A crucial
component in achieving high-quality films is the seeding layer, for which titanium was
chosen. The titanium seeding layer was produced using reactive magnetron sputtering in a
pure argon gas atmosphere at an operating pressure of 1.3 Pa. To achieve a layer thickness
of 5 nm, the synthesis temperature was maintained at 750 ◦C, with the duration carefully
adjusted. After depositing the seeding layer, the substrate temperature was reduced to
500 ◦C, and the gas environment was switched to O2, with a constant working pressure
of 1.3 Pa. [27]. Three magnetrons were utilized for each element to form the lead ferrite
thin films in situ over a period of 1 h. The dopant content was regulated by using slits
of different widths over the dopant magnetron. For measuring the material properties,
the capacitor was constructed with an aluminum top electrode. These electrodes were
deposited using thermal evaporation. The films of PFO with cobalt concentrations of 3%,
5%, and 10% (by %wt), denoted as PFOCo3, PFOCo5, and PFOCo10, respectively, have
been prepared.

X-ray diffraction patterns of the PFO films were registered with a Bruker D8 series
diffractometer using monochromatic CuKα radiation with Bragg–Brentano geometry. The
ferroelectric hysteresis loop measurements of films were examined using Sawyer and Tower
method (resistance of 1 kΩ and reference capacitor of 150 nF was used in the circuit at
50 Hz frequency and 25 ◦C) [26,28]. Scanning electron microscopy (SEM) imaging was
performed by the S-3400N measurement system using a 10 kV operating voltage. The EDS
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measurements of Co distribution were performed by Bruker Quad 5040 spectrometer (AXS
Microanalysis GmbH, Hamburg, Germany).

3. Results

The Co-doped PFO thin films were deposited on the heated substrates at 550 ◦C
temperature. The X-ray diffraction patterns of the formed undoped and cobalt-doped lead
ferrite thin films are given in Figure 1. It was obtained that the peaks obtained at 32◦, 38.2◦,
46◦and 56◦ 2θ angles are attributed to Pb2Fe2O5 phase in the undoped PFO film [14,16].
The diffraction peaks at 32◦, 38.2◦, 46◦and 56◦ are attributed to (220), (312), (400) and (424)
crystallographic planes, respectively [16]. Meanwhile, only the (312) and (424) planes of
the Pb2Fe2O5 phase were obtained in the Co-doped PFO thin films (Figure 1). The decrease
in the main peak of Pb2Fe2O5 (PFO) in X-ray diffraction (XRD) measurements with the
addition of Co dopant can be attributed to several interrelated factors. When the cobalt
ions are introduced into the PFO lattice, they replace iron ions due to their similar but
not identical ionic radii. This substitution creates lattice distortions because Co2+ ions are
slightly larger than Fe3+ ions, disrupting the regular crystal structure. These distortions
lead to a decrease in the crystallinity, causing the change in the diffraction peaks. Changes
in the preferred orientation of the crystals could also contribute to the peak reduction.
Doping with Co might alter the way the crystals grow and orient themselves, resulting in
a redistribution of peak intensities where some peaks become less pronounced or nearly
disappear, while others might become more noticeable (Figure 1).
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Figure 1. The XRD pattern of the Co-doped PFO thin films synthesized at 550 ◦C.

The XRD data indicated that the intensity of the PFO diffraction peaks remained un-
changed with the increase in the cobalt concentration. Additionally, the cobalt oxide phases
were obtained in the Co-doped PFO films. The peaks observed at 32.5◦ and 35◦ correspond
to the Co3O4 and CoO phases, respectively. The intensity of the CoO peak does not change
with the increase in the cobalt concentration from 3% to 5% [29]. Meanwhile, the CoO
peak intensity was reduced when the highest concentration of cobalt was used (Figure 1).
The EDS measurements indicated that the concentration of the cobalt was ~3.5 wt.% and
~10.3 wt.% for the PFOCo3 and PFOCo10 films, respectively. The peaks at 30.5◦, 34◦, 36◦,
37◦ and 54◦ 2θ angles are due to the formation of the PbO phase [30]. The intensity of the
PbO phase peaks throughout all Co-doped PFO films was very similar. The phase distri-
bution within the PFOCo3 film was evaluated using XRD peak area integration, focusing
on the PbO, Co3O4, CoO, and PFO phases. The Pt phase, being the substrate material,
was excluded from the analysis. It was found that PbO peaks collectively contributed to
43.1% of the integrated area, the Co3O4 peak contributed only to 0.9% of the integrated area,
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and the CoO phase peak was dominant and resulted in 51.5%. The peaks attributed to the
PFO phase contributed to 4.5% of the integrated area. These results indicate a significant
presence of cobalt and lead oxides in the Co-doped PFO films.

The PFO phase peaks exhibit a slight shift to higher 2θ angles, as indicated by the
dashed line in the inset of Figure 1. This minor shift can be attributed to the ionic radius of
Co2+ (0.61 Å) being similar to that of Fe3+ (0.64 Å). This similarity in ionic radii permits the
substitution of Co2+ for Fe3+ without inducing significant lattice distortion. Consequently,
the minimal lattice strain results in largely unaffected peak positions. Both undoped and
doped PFO lattices exist in the structures, resulting in a corresponding variation. Another
very important aspect is related to an iron ion of different valence (Fe3+ and Fe2+). Such
conversion of Fe leads to the appearance of oxygen vacancies in the coatings. When the
films are doped with cobalt, the charge compensation occurs as Fe3+ ions are replaced by
Co2+ ions [31–34].

To investigate the influence of synthesis temperature, the PFOCo10 thin film, which
has the highest cobalt content, was selected. The films were deposited at 500 ◦C, 550 ◦C
and 600 ◦C temperatures. A comparison of the XRD spectra of PFOCo10 coatings within
the temperature range of 500–600 ◦C is presented in Figure 2. The peaks attributed to the
PFO phases (220), (312), (440) and (424) are detected at 2θ angles of 32◦, 38◦, 46◦ and 56◦,
respectively [14,16]. At a synthesis temperature of 500 ◦C, the most intense peak is related
to (220) PFO phase and the intensity of this peak decreases with increasing the deposition
temperature (Figure 2). The intensity of the (312) peak increased, and peak became broader
with the increase in the deposition temperature. Such a change in the peak intensities may
be due to the process of lead backscattering (due to desorption and evaporation), when
the stoichiometry is violated. A Co3O4 phase at 32.5◦ is also presented in XRD pattern,
in addition to the CoO peak (35◦) detected in the previous Co-doped PFO films. As the
synthesis temperature was enhanced to 550 ◦C, a low-intensity peak at 58◦ was formed
and is attributed to the Co3O4 phase. As the synthesis temperature was increased, the
peak intensity of the Co3O4 phase at 32.5◦ was drastically reduced [29]. It indicated that
the possibility of the substitution of Fe3+ ions with Co2+ ions takes place more efficiently
at lower deposition temperatures [31,34,35]. The peaks of PbO phases are detected at 2θ
angles of 30◦, 34◦, 36◦, 37◦ and 54◦, with an additional peak at 53◦ observed exclusively in
the film synthesized at 500 ◦C [30]. As the temperature increased, their intensities slightly
varied, but the peak positions remained unchanged. This variation in peak intensity of
the PbO phase can be attributed to changes in the stoichiometry of the film resulting from
different synthesis temperatures, due to a higher lead desorption and evaporation at higher
temperatures. It should be noted that the PFO phase remained unchanged with the increase
in the synthesis temperature from 550 ◦C to 600 ◦C.

SEM surface and cross-section views of PFOCo10 films deposited in the temperature
range of 500–600 ◦C are given in Figure 3. Grain structures and their boundaries are
clearly visible in all as-deposited thin films (Figure 3a–c). In the film deposited at 500 ◦C,
agglomerates of smaller structures have formed, resulting in larger size grains. The gaps
and voids are visible on the surface between the grains, which indicates the low density
of the film. The shape of the grains is influenced by the direction of ion flow during the
magnetron sputtering [36]. The sample holder on which the coatings are formed moves
in a semicircular trajectory over the cathodes of the magnetron, so the direction of the
ion flow is varied. For this reason, the formation of structures of various shapes occurs,
which is also analyzed in the study of Bairagi et al. [37]. As the synthesis temperature was
enhanced to 550 ◦C (Figure 3b), the formation into clusters disappeared, and the grains
became denser with noticeable sparsely spaced spaces between them. As the temperature
of film synthesis was enhanced, the dimensions of the grains also increased, which filled
the previous gaps and formed a dense structure. The average dimensions of the grains at
the synthesis temperatures of 500 ◦C, 550 ◦C and 600 ◦C were 105 nm, 290 nm and 340 nm,
respectively. The larger grain dimensions in the films at higher synthesis temperatures are
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determined by higher adatom energy; thus, the atoms will diffuse larger distances to the
growth centers and will lead to the growth of more dense structures [38–40].
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In the films deposited at 500 ◦C (Figure 3d), the cross-sectional view shows a cone-
shaped columnar growth. The column has the same diameter for half of its height, but
as it continues to grow, its diameter begins to widen, forming a cone-like structure. Such
structure formation can be caused by a lower temperature, as a result of which the atoms
do not diffuse and immediately localize when they reach the film. After reaching these
structures, the following atoms also immediately form bonds and do not diffuse, so some
atoms can be localized on the sides of the column as if they were hanging. As the synthesis
temperature increases to 550 ◦C (Figure 3e), a dense arrangement of columns is observed,
and cone-shaped structures are no longer observed. As the temperature further increases
to 600 ◦C (Figure 3f), even denser and larger columns are formed. Columns are well
blended with each other; in some places, it is difficult to see the grain boundaries. The
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formation of structures at temperatures of 550 ◦C and 600 ◦C can be determined by the
higher energy of the atoms. Atoms that reach the substrate can diffuse, thus forming
denser structures [31,38–40]. It should be noted that the lead has a relatively low melting
temperature (~327 ◦C). At higher temperatures, such as 600 ◦C, lead atoms will gain more
kinetic energy, which increases their tendency to evaporate, desorb, or sublimate from the
film’s surface. The lead, iron, or cobalt atoms on the surface will gain more kinetic energy
at higher temperatures. It will enhance the surface diffusion and mobility of atoms on the
substrate and result in the formation of more dense but lower-thickness films. The average
thickness of the films decreased with the increase in the synthesis temperature due to the
formation of denser structures. It was determined that the thickness of the Co-doped PFO
films were 770 nm, 510 nm and 460 nm when the synthesis temperatures were 500 ◦C,
550 ◦C and 600 ◦C, respectively.

The distribution of major elements in a PFOCo10 film deposited at 550 ◦C is given in
Figure 4. As can be seen, Fe and Pb metals are densely and evenly distributed over the entire
surface of the film, with no additional artifacts observed. Cobalt is also evenly distributed
but appears less frequently compared to iron and lead due to its lower concentration. The
uniform distribution of elements observed in the EDS mapping indicates that elements
such as Pb, Co, and O are evenly dispersed throughout the film. It was found that the
cobalt concentration was 10.3 ± 0.5 wt.%. The amount of oxygen was 17.9 ± 0.9 wt.%.
Meanwhile, the iron and lead concentrations were 43.9 ± 1.5 wt.% and 27.8 ± 1.3 wt. %,
respectively. The phases detected by XRD, such as CoO, PbO, and Co3O4, are likely present
in a finely dispersed or nanocrystalline form, which aligns with the uniform appearance in
EDS mapping images.
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The authors aimed to obtain a pure PFO phase, but so far, using the existing parameters
(substrate temperature and Co dopants concentration), the pure PFO phases were not
formed. The purpose of the research was to show the peculiarities of the formation of
PFO phases, which showed that it is not possible to avoid the formation of the residual
phases so far. It may be necessary to change or introduce other process parameters, such
as reducing the deposition rate, using a bias voltage, using the HIPIMS method, using a
mixture of argon and oxygen instead of pure oxygen, etc. On the other hand, Abakumov
et al. [41] and Wang et al. [16] observed that the chemical formula of lead ferrite is defined
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as PbFeO2,5−xPbO (where x = 0.0625, 0.1 and 0.125) due to the formation of crystallographic
shear planes and the appearance of defects during synthesis. As can be seen from the
general formula, it is difficult to avoid the formation of a secondary lead oxide phase and to
determine whether the PbO are individual crystallites or a component of the shear planes.

P-E hysteresis loop dependence on the applied electrical field of cobalt-doped PFO
films was measured by using a Sawyer and Tower circuit at room temperature. The P-E
hysteresis loop of Co-doped PFO thin films deposited with the various cobalt concentrations
and synthesis temperatures are presented in Figure 5. It should be noted that all deposited
films demonstrated the oval forms of hysteresis loops. It indicates that the full saturation
was not reached due to too relatively high leakage currents (Figure 5). The complete
polarization saturation was not achieved for the Co-doped PFO films deposited at 500 ◦C.
The saturation of polarization decreased from 129 µC/cm2 to 115 µC/cm2 with the increase
in cobalt concentration from 3 to 10% (Figure 5a). By increasing the concentration of
cobalt, a significant increase in the remnant polarization and the coercive field values was
observed. This increase in the remnant polarization and coercive field is likely related to
both structural deformations in the Co-doped PFO lattice and possible variations in phase
compositions. While structural deformations due to cobalt incorporation can contribute to
the changes in ferroelectric properties, the presence of different phases, as detected in XRD
analysis, may also play a significant role. A similar trend in ferroelectric properties occurs in
the films formed at 550 ◦C temperatures. The highest polarization value of 121 µC/cm2 was
obtained for the PFO film with the lowest concentration of the cobalt. A slight reduction in
the polarization down to 103 µC/cm2 was observed when the highest amount of cobalt
was used (Figure 5b). However, the remnant polarization and the coercive field values
were enhanced with the increase in Co concentration in the PFO films. As the deposition
temperature was increased to 600 ◦C, the saturation level of the P-E hysteresis loops of
Co-doped PFO thin films was slightly reduced (Figure 5c). It should be noted that the
increase in deposition temperatures leads to a slight transformation of the P-E hysteresis
loops from an oval shape into a more rectangular shape. The leakage currents in all thin
films possibly occurred due to the existing defects in the Co-doped PFO films and the
substitution of the valence of the Fe3+ ion for the Fe2+ ion, which determined the generation
of oxygen vacancies in the crystal lattice [19,42].

The comparison of the remnant polarization and coercive electric field values of the Co-
doped PFO films depending on the cobalt concentration at various synthesis temperatures
is given in Figure 6. Our previous investigations [14,28] demonstrated that with an increase
in synthesis temperature, the ferroelectric properties of Pb2Fe2O5 gradually deteriorate. The
remnant polarization was reduced from 54 µC/cm2 to ~38 µC/cm2 and the coercive field
from ~69 kV/cm to ~23 kV/cm. Meanwhile, the doping of PFO films with cobalt leads to an
improvement in the ferroelectric properties. The remnant polarization was enhanced from
9 µC/cm2 to 63 µC/cm2, and the coercive field from 15 kV/cm to 90 kV/cm, when the Co
concentration was increased from 3% to 10%, for the films deposited at 500 ◦C (Figure 6a).
The ferroelectric properties were enhanced as the synthesis temperature of Co-doped PFO
films was enhanced to 550 ◦C. The remnant polarization and coercive field were increased
from 29 µC/cm2 to 72 µC/cm2 and from 39 kV/cm to 105 kV/cm, respectively. The
increase in the synthesis temperature up to 600 ◦C indicates that the ferroelectric properties
of the Co-doped PFO films were slightly enhanced when the cobalt concentrations were
3% and 5% (Figure 6c). However, the remnant polarization and coercive field values
of the PFO film with 10% cobalt were 67 µC/cm2 and 94 kV/cm, respectively, which is
slightly lower compared to the Co-doped PFO film deposited at 550 ◦C temperature. The
increase in spontaneous polarization in all films with the enhancement of the cobalt content
can be related to the difference in sizes of transition metal ions: RFe3+ = 0.645 Å and
RCo2+ = 0.65 Å, which leads to the lattice distortions [42,43].
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The summary of the main results presented in Figure 6 showed that the deposition
temperature as well as the cobalt concentration have a huge effect on the ferroelectric
properties of the films. It was observed that the highest values of the remnant polarization
(72 µC/cm2) and coercive field (105 kV/cm) were when the synthesis temperature was
550 ◦C. Such a non-linear variation in the ferroelectric properties of the films could be due to
the ineffective exchange of Fe3+ ions with Co2+ in the lattice. Those results were confirmed
by the XRD data analysis of the films (Figures 1 and 2). The formation of a low amount of
cobalt oxide phases at a temperature of 500 ◦C. As the temperature increased, the content of
the CoO phase was reduced, and the ferroelectric properties were enhanced. However, the
evaporation of the lead was enhanced with the increase in the deposition temperature up to
600 ◦C [14]. When lead deficiency appeared, additional defects were formed together with
oxygen vacancies, which probably led to slightly higher leakage currents and a reduction
in remnant polarization values for the Co-doped PFO film with 10% of cobalt. It should
be highlighted that the final ferroelectric properties of the Co-doped PFO films could be
controlled by the cobalt concentration and the synthesis temperature [19].

4. Conclusions

Cobalt-doped lead ferrite thin films were deposited at various temperatures using
layer-by-layer reactive magnetron sputtering. The Co-doped PFO thin films consisted of
the Pb2Fe2O5 and PbO phases; additionally, a small amount of CoO and Co3O4 phases
were observed. The increase in the synthesis temperature from 500 ◦C to 600 ◦C resulted in
the reduction in the Co3O4 phase in the films. The increase in the synthesis temperature
led to the formation of the larger size grains and thinner Co-doped PFO thin films. It
was observed that the density, crystallite sizes, and electrical properties of Co-doped PFO
films strongly depended on the synthesis temperature and cobalt concentration. The
remnant polarization and coercive field of the PFOCo3 films increased from 9 µC/cm2 to
38 µC/cm2 and from 15 kV/cm to 54 kV/cm, respectively, with the increase in the synthesis
temperature. The increase in the cobalt content in the PFO films enhanced the electrical
properties of the films. It was observed that the PFO film with 10% cobalt deposited at
550 ◦C temperature demonstrated the highest values of remnant polarization (72 µC/cm2)
and coercive field (105 kV/cm). The performed study showed that the electrical properties
of the co-doped PFO films could be controlled by changing the dopant concentration and
synthesis temperature.
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