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Abstract

Lead ferrite (Pb,Fe;Os) is a promising multiferroic material that exhibits both ferroelectric
and magnetic properties at room temperature. This study investigates how substituting
niobium and adjusting the synthesis temperature affect the structural, morphological,
and ferroelectric properties of lead ferrite thin films deposited via reactive magnetron
sputtering. Niobium-substituted PFO films (PbyFe;(;_,)Nb2,Os), where x corresponds to
Nb,Os contents of 3 wt.%, 5 wt.% and 10 wt.%, were prepared for this study, and denoted
as PFONb3, PFONb5 and PFOND10, respectively. X-ray diffraction analysis confirmed the
formation of Nb-substituted PFO phases, while polarization-electric field measurements
demonstrated an increase in remnant polarization (P;), with higher Nb content reaching a
maximum P, of 65 uC/ cm? at 10 wt.% Nb and a substrate temperature of 500 °C. Scanning
electron microscopy and energy-dispersive spectroscopy revealed a uniform distribution
of elements and a well-defined surface structure. These results highlight the need to fine
tune synthesis parameters, such as temperature and substitution concentrations, to achieve
optimal ferroelectric characteristics.

Keywords: ferroelectrics; PboFe,Os; multiferroic; niobium-substituted; reactive magnetron
sputtering

1. Introduction

Materials in which electric and magnetic interactions occur simultaneously, related to
the crystal structure of the material, are called multiferroics [1-4]. These materials (BiFeOs
(BFO) [5], CoFe;Oy4 [6], BiMnO3 [7], YMnOj3 [8,9]) have aroused great interest and opti-
mism in considering the possibilities of elucidating the mechanism of these interactions,
thereby facilitating fundamental discoveries. The properties manifested in these materi-
als have given rise to countless ideas on how to use them in next-generation electronics
(spintronics), sensors, and solar cell applications [10-12]. Among them, a new generation
of memory devices that can be electrically written and magnetically read [13-15], due
to their high-speed operation and low energy consumption, could change the memory
market drastically. However, these hopes face challenges because in most multiferroics
characterized by acceptable polarization values, the magnetoelectric coupling is very weak,
or strong coupling appears in materials with a weak dielectric polarization. Even the most
widely studied bismuth ferrite has not yet met all the expectations placed on it due to the
overlap interactions of nearby memory cells and excessive leakage currents [5]. Therefore,
materials with strong magnetoelectric coupling and that are acceptable for practical ap-
plication of their electrical and magnetic properties at room temperature are one of the
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main tasks of materials science [16]. One such material as a potential candidate could be
(PbyFe;Os) thin films substituted by various rare or transitional elements. In our previous
work, we demonstrated the successful substitution of Fe* ions with Cr [17], Co [18] and
Ni [19] ions and the enhancement of multiferroic properties in PFO thin films. Crystal
structure, morphology, and thickness, which influence electrical and magnetic properties of
thin films, depend greatly on the method and parameters of phase growth, such as reactive
plasma conditions, deposition temperature, sputtering rate, ratio of deposited flows of
atoms coming from sputtered targets, etc. [17-19].

This work’s aim is to synthesize niobium-substituted lead ferrite thin films and exam-
ine how the deposition temperature and concentration of niobium affect the thin films’ fer-
roelectric characteristics, crystal structure, and surface morphology. Niobium-substituted
lead ferrite (PbyFe,Os) thin films are presented in this work as a unique method to improve
the ferroelectric characteristics of multiferroics at room temperature. The results give
fresh information about substitution techniques that can greatly enhance the ferroelectric
characteristics, which are essential for real-world uses.

2. Materials and Methods

Niobium-substituted PbyFe;O5 (PFO) thin films were synthesized by the reactive
magnetron sputtering deposition using layer-by-layer method. The films were deposited
on a platinized silicon substrate, consisting of a multilayer system of Pt/Ti/SiO,/Si with
respective thicknesses of 200 nm, 20 nm, 1 pm, and 380 um (Nanoshel Company, Cheshire,
UK). Platinized silicon was chosen for its excellent properties, including platinum’s chemi-
cal inertness, thermal expansion compatibility with ferroelectric films, and suitable crystal
lattice [20-22]. Each element—lead (Pb), iron (Fe), and niobium (Nb)—was deposited
using a dedicated magnetron equipped with high-purity targets (99.9%, 3-inch disc-shaped;
Kurt J. Lesker Company, Dresden, Germany). A 60 mm distance between the target and
substrate was set. A semi-circular moving path of the substrate above the three separate
targets was maintained throughout the synthesis process with a period of 2 s. To enhance
the adhesion of the PFO thin films to the substrate, a 5 nm titanium seeding layer was
deposited at 750 °C in an argon atmosphere with a pressure of 1.3 Pa [23]. After the seeding
layer was formed, the substrate temperature was reduced to one of three deposition tem-
peratures: 500 °C, 550 °C, or 600 °C. The process gas was switched to oxygen. The niobium
concentration in the PFO thin films was precisely controlled using an adjustable aperture,
placed over niobium target. The thin films deposition time was 60 min. Once the process
was complete, planar capacitors were formed with platinum as the bottom electrode and a
top Al electrode, which were deposited through via the thermal evaporation method on
the PFO film through a mask with 1.5 mm circular holes.

To control Nb concentration, the deposition rate of Nb oxide (NbyOs) was determined
by measuring the thickness of the films and calculating using volume, density and mass. The
following chemical Equation (1) was used to determine the Nb concentration (wt.%) in films:

2PbO + (1 - x>F6203 + XNbZOS =300 02;600 < szFé’z(l,x)szxO5 (1)

Niobium substituted PFO films (PbyFe;(1_,)Nb2,Os), where x corresponds to Nb,Os
contents of 3 wt.%, 5 wt.% and 10 wt.%, were prepared for this study, and denoted as
PFOND3, PFONb5 and PFONDb10, respectively.

To analyze the structural properties of the PFO films, X-ray diffraction (XRD) mea-
surements was performed using a Bruker D8 diffractometer (Bruker, Billerica, MA, USA)
with monochromatic CuK« radiation in Bragg—Brentano geometry. The Sawyer-Tower
method, using a circuit with a 1 k() resistor and a 150 nF reference capacitor at 50 Hz, under
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ambient conditions (20 °C), was utilized for ferroelectric hysteresis loop measurements. For
surface morphology analysis, the scanning electron microscope (5-3400N, Hitachi, Tokyo,
Japan) operated at 10 kV was used. The elemental distribution of Fe, Pb, Nb, and O within
the films was determined by energy-dispersive spectroscopy (EDS) using a Bruker Quad
5040 spectrometer (AXS Microanalysis GmbH, Hamburg, Germany).

3. Results and Discussion
3.1. XRD Analysis

The comparison of XRD spectra of PFO substituted with different niobium concen-
trations, synthesized at the same temperature of 500 °C, is presented in Figure 1. These
samples were selected for the XRD analysis because, as will be demonstrated later in this
paper, the best ferroelectric parameters were recorded at this synthesis temperature. The
peaks of the following PFO phases (220), (312), (400), and (424) are detected at 20 angles
of approximately 32°, 38°, 46°, and 56°, respectively [24]. It is noted that the PFO peaks
are slightly shifted to higher 20 angles in all Nb-doped samples compared to the undoped
PFO. This consistent shift may indicate a minor lattice contraction or strain introduced by
the initial incorporation of Nb into the PFO lattice. Due to the small difference in ionic radii
between Fe3* and Nb®*, the effect appears subtle and likely localized, rather than reflecting
a uniform change in lattice parameters across compositions [25,26].
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Figure 1. Comparison of XRD spectra of Nb-substituted PFO thin films with varying Nb concentra-
tions synthesized at 500 °C.

As with other samples, several peaks of PbO phases are detected at 26 angles of
approximately 30°, 33°, 34°, 35°, 36°, 52°, and 53°. The intensities of the PbO peaks also vary
with changes in niobium concentration, but no linear relationship with the concentration is
observed. A.M. Abakumov [27] and M. Wang [28] have shown that the synthesis process
leads to the formation of crystallographic planes, which results in variations in the chemical
formula of lead ferrite, represented as Pbg 9375F€O5 4375, PbgoFeO, 4, and Pby g75FeO5 375.
These variations are generalized by the formula PbFeO, 5.,PbO, where x equals 0.0625,
0.1, and 0.125. This supports the view that secondary PbO phases are nearly unavoidable
during synthesis, as reflected in the XRD spectrum in Figure 1. While PbO peaks are
present, the simultaneous detection of characteristic PFO reflections (such as the (220), (312),
(400) and (424) peaks) confirms the formation of the desired phase. In complex oxide thin
films, secondary PbO phases can form due to local stoichiometric imbalance, promoting
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lead enrichment or PbO segregation. The synthesis temperature of 500 °C may contribute
to partial lead volatilization, further affecting the PbO phase behavior. The increase in
remnant polarization with Nb concentration further supports that the PFO phase remains
the primary contributor to the observed ferroelectric properties.

A comparison of the XRD spectra for PFEONDb10, coatings synthesized at temperatures
ranging from 500 to 600 °C is presented in Figure 2. The PFONb10 was selected for this
analysis because it represents the highest Nb concentration used for substitution in PFO
films, which increases the likelihood of observing structural changes in the material. The
lead ferrite phase peaks (220), (312), and (424) are detected at 26 angles of approximately
32°, 38°, and 56°, respectively [24]. With increasing synthesis temperature, the observed
decrease in the intensity of the PFO (220) peak suggests microstructural modifications, likely
influenced by lead volatilization. The selective nature of this intensity change likely reflects
anisotropic crystal growth behavior, where certain crystallographic planes become more or less
dominant depending on the synthesis conditions. Peaks consistent with Nb,Os are observed at
20 ~ 33.5° in the XRD patterns of all samples, regardless of synthesis temperature.

0 Pb,Fe, O,

+Nb,O,
e PbO

Intensity (a.u.)

20 (°)
Figure 2. Comparison of XRD spectra of PFOND10 thin films synthesized at different temperatures.

Alongside the PFO and niobium oxide phases, PbO phase peaks were also identified,
located at 26 angles of approximately 30°, 33°, 34°, 35°, 36°, 37°, 51.5°, and 53°. The
intensity of these peaks varies only slightly with changes in synthesis temperature, except
for the peaks at 33°, 36° and 52° 20, which decrease as the temperature increases. This
selective reduction in intensity may not indicate the complete removal of the PbO phase, but
rather a redistribution or partial decomposition of Pb-containing phases due to temperature-
driven lead volatilization. Such localized changes are consistent with observations in lead-
based oxide thin films, where minor Pb loss or redistribution can occur without uniformly
suppressing all PbO-related reflections [29].

XRD results suggest that Nb is at least partially incorporated into the PFO lattice,
likely substituting for Fe>*. However, the appearance of a distinct peak at 33.5°, consistent
with Nb;,Os, particularly in the PEONb5 sample, indicates that some Nb may also form a
separate phase. This suggests that both substitution and secondary phase formation may
occur simultaneously, depending on the Nb concentration and synthesis conditions.
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3.2. Ferroelectric Properties

Figure 3 presents the comparison of polarization dependency on the electric field
(50 Hz) for coatings deposited at different temperatures and niobium concentrations at
room temperature. In Figure 3a, the family of hysteresis loops is shown for PFO coatings
formed at the same synthesis temperature of 500 °C with varying niobium concentrations.
It should be noted that below a 500 °C deposition temperature, no ferroelectric phase was
observed. None of the hysteresis loops reached polarization saturation or exhibited an
oval-shaped dependency. This may be attributed to leakage currents caused by oxygen
vacancies and other defects in the samples. Despite the presence of leakage currents
in the coatings, a noticeable increase in remnant polarization and coercive field values
with Nb concentration is observed. This effect can be attributed to Nb>* substitution for
Fe3*t, introducing a charge imbalance that alters the defect chemistry of the material. Nb
doping is known to suppress the formation of oxygen vacancies, which are the source of
leakage current and domain wall pinning, by charge compensation mechanisms. As a
result, domain switching becomes more stable and ferroelectric performance improves.
The introduction of Nb also promotes the formation of A-site (Pb-site) vacancies, which
relieve local mechanical stress during polarization reversal and support easier domain wall
movement [30]. With a further increase in Nb content (above 10%), the hysteresis displayed
unchanged ferroelectric properties.
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Figure 3. Comparison of P-E curves: effect of niobium concentration on substituted PFO, deposited
at 500 °C (a), and the synthesis temperature influence on PFONb10 samples (b).

In Figure 3b, the comparison of polarization hysteresis loops is presented for PFEONb10
coatings synthesized at different temperatures. The hysteresis loops of the coatings maintain
an oval shape, like the previous samples, and leakage currents could not be avoided. As the
synthesis temperature increases, a decline in ferroelectric parameters is observed, reflected
in the elongated and oval shape of the hysteresis loops. Both remnant polarization and
coercive field values decrease accordingly: P, from 65 nC/ cm? to 40 uC/cm?, and E.
from 92 kV/cm to 46 kV/cm. Unlike the P; and E. values, higher polarization saturation
values are recorded at elevated synthesis temperatures (600 °C), reaching approximately
125 kV /cm, compared to 90 kV/cm in the film formed at 500 °C.
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Figure 4 presents a comparison of the influence of synthesis temperature and Nb con-
tent in the PFO films. In Figure 4a, the comparison of ferroelectric parameters between PFO
coatings formed at different temperatures with the same Nb content is shown. As observed
in the hysteresis loops, this comparison also reveals a decrease in Pr and Ec values as the
synthesis temperature increases. For the PFONb10 coating, Pr decreased from 65 pC/cm?
to 49 uC/cm? and then to 41 uC/cm? at 500 °C, 550 °C, and 600 °C, respectively. The Ec
value exhibits a similar trend, changing from 92 kV/cm to 63 kV/cm and then to 45 kV/cm
at the same respective temperatures. The change in ferroelectric parameters is likely influ-
enced by partial lead volatilization during synthesis at higher temperatures, as commonly
reported for lead-based perovskites [29]. The lead evaporation may result in an increased
concentration of defects, which disrupts the long-range ferroelectric order, affecting film
polarization as well.
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Figure 4. PFOND10 film properties as a function of synthesis temperature (a) and effects of niobium
concentration on the ferroelectric properties of PFO films synthesized at 500 °C (b).

Figure 4b analyzes the influence of niobium content on the ferroelectric properties of
PFO thin films. A positive trend is observed as the niobium concentration in the coatings
increases. For the PFONb3, PFONb5, and PFONb10 samples, the achieved P, values
were 38 nC/cm?, 49 uC/cm?, and 65 pC/cm?, respectively, while the E. values changed to
51 kV/cm, 66 kV/cm, and 91 kV/cm. Remnant polarization increased by 75%, which can be
attributed to the substitution of smaller Fe3* ions (RFe>* = 0.065 nm) with larger Nb>* ions
(RNb°* = 0.072 nm) [25]. Although this difference is small, it can introduce localized lattice
distortions that enhance dipole alignment, thereby contributing to improved ferroelectric
polarization. The incorporation of Nb>* into iron-based perovskites is reported to influence
the valence state of Fe ions and reduce oxygen vacancy concentrations [31,32]. Nb>*
substitution can partially reduce Fe3* to Fe?* due to charge compensation mechanisms,
with Fe?* having a larger ionic radius, which introduces additional lattice distortion and
enhances the dipole moment. This effect, along with suppressed oxygen vacancy formation,
contributes to improved ferroelectric ordering and increased remnant polarization [31,32].
Excessive reduction of Fe3* can lead to charge imbalance, potentially introducing localized
states that trap carriers and increase leakage currents. For this reason, the optimized Nb
substitution for the PFO films is crucial to enhancing ferroelectric performance [31,32].

3.3. Morphology

Figure 5 shows SEM images of PFONDb10 coatings deposited at synthesis temperatures
ranging from 500 °C to 600 °C. In the sample formed at 500 °C (Figure 5a), closely packed,
stacked straw structures with well-defined boundaries are observed. At 550 °C (Figure 5b),
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the size and shape of the structures remain consistent, but their arrangement becomes more
compact. At 600 °C (Figure 5c), some of these columnar structures retain the morphology
seen at 550 °C, while others grow noticeably larger, suggesting increased atomic mobility
and coarsening effects at higher temperatures [33,34].

il BN, AN .

N L e , . N VA
0.15 0.20 0.25 0.30 3 0.16 0.20 024 0.28 010 015 020 025 030 035
Diameter (um) Diameter (umj Diameter (um)

Figure 5. Surface and cross-sectional SEM views of PFONb10 films formed at (a,d) 500 °C, (b,e) 550 °C,
and (c,f) 600 °C with column diameter distribution shown in (g—i).

Figure 5d—f shows a cross-sectional view of the PFOND10 films synthesized at a 500 °C
to 600 °C temperature range. Columnar structures that widen in diameter along the growth
direction are observed in all samples. The smaller structures are also present between the
larger columns in all samples, but are more pronounced in the sample synthesized at 500 °C
(Figure 5d), likely due to the lower synthesis temperature. As atoms reach the surface, they
tend to attach laterally to the sides of the growing columns. The ion flux may also contribute
to such an arrangement. This is attributed to the semicircular path of the substrate over
the magnetron, which leads to the deposition of atoms from various directions, resulting
in lateral atom localization on the column sides and shadowing adjacent columns [35].
At 550 °C (Figure 5e), the more compact column arrangement is observed. Although
the surface structures measured at this temperature are smaller, this could be related to
the column formation, where diameters increase along the growth direction. At 600 °C
(Figure 5f), the columns display similar characteristics to those at 550 °C, as confirmed by
surface images showing partially identical coating structures. However, larger columnar
structures are observed at 600 °C. The thicknesses of the films deposited at 500 °C, 550 °C,
and 600 °C are 790 nm, 490 nm, and 530 nm, respectively. The slightly increased thickness
at 600 °C, compared to the 550 °C sample, may be attributed to continued vertical column
growth or increased atomic mobility, which supports the formation of both taller and
coarser surface structures [33,35].

In Figure 5g—i, the surface structure size distribution is presented. At synthesis temper-
atures of 500 °C, 550 °C, and 600 °C, the sizes of the columnar structures are approximately
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220 nm, 181 nm, and 210 nm, respectively. Although the column width does not change
significantly with increasing temperature, it is observed that surface diffusion facilitates a
more compact arrangement of columns.

Figure 6 represents the elemental composition of a PFONb10 film synthesized at 550 °C.
The Fe and Pb elements appear uniformly distributed across the sample’s surface, with
no visible irregularities. A similar distribution is observed for the Nb element, although
its occurrence is less frequent. The EDS mapping confirms a consistent dispersion of
lead, niobium, and oxygen throughout the film. The niobium content was quantified at
9.9 £ 0.2 wt.%, while oxygen constituted 16.9 + 0.8 wt.%. Iron and lead were present at
25.5 + 0.8 wt.% and 47.6 & 1.2 wt.%, respectively.

Figure 6. EDX mapping of the PFOND10 film synthesized at 500 °C.

4. Conclusions

The structural, ferroelectric, and morphological properties of niobium-substituted
PFO thin films synthesized under varying niobium concentrations and synthesis tempera-
tures were investigated. The results show that niobium incorporation in PFO thin films
significantly influences their structural and ferroelectric behavior. According to XRD anal-
ysis, niobium substitution affects the intensity of PFO phase peaks, but does not prevent
the formation of secondary phases, such as PbO and Nb,Os. Ferroelectric measurements
displayed a positive correlation between Nb content and remnant polarization, with P,
increasing from 38 uC/ cm? (PFOND3) to 65 uC/cm? (PFONb10). In contrast, increasing
the synthesis temperature from 500 °C to 600 °C led to a decline in ferroelectric perfor-
mance, likely due to lead volatilization and temperature-induced structural alterations that
disturb long-range ferroelectric ordering. Although morphological features varied with
temperature, no consistent trend was found with Nb content. These findings showed that
optimizing both niobium content and synthesis temperature can significantly enhance the
ferroelectric properties of PFO thin films.
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