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Abstract: Lead ferrite PbyFe,Os5 (PFO) is a potential multiferroic material due its exhibition
of ferroelectric and ferromagnetic properties. The effects of the substitution with nickel
and synthesis temperature on the structural, morphological, and ferroelectric properties of
lead ferrite thin films were investigated through the use of reactive magnetron sputtering
deposition. Nickel loading concentrations were systematically varied (3%, 5%, and 10% by
wt.%). X-ray diffraction analysis confirmed the formation of Ni-substituted distorted PFO
lattices, while scanning electron microscopy and energy-dispersive spectroscopy indicated
a uniform elemental distribution and surface morphology. Polarization vs. electrical
field (P—E) measurements showed improved remnant polarization (P;) with increasing Ni
content and synthesis temperatures, achieving a maximum P; of 66.7 uC/cm? at 5 wt.% The
Ni loading and substrate (Pt/Ti/SiO, /Si, Nanoshel Company, Cheshire, UK) temperature
were 600 °C. These findings suggest that optimizing the synthesis parameters such as
temperature and substitution content is crucial for controlling the ferroelectric properties
of PFO thin films.

Keywords: multiferroic; ferroelectrics; PbyFe,Os; nickel-substituted; reactive magnetron
sputtering

1. Introduction

Materials that exhibit the interaction of several basic ferroic features, including ferro-
electricity, ferromagnetism, and ferroelasticity, are known as multiferroic materials [1-4].
Developing a variety of applications for non-volatile memory devices, transducers, mag-
netic field sensors, etc., is made possible by the ability to regulate both ferroelectric and
magnetic properties in the same phase [5-10]. Particular focus is given to solid-state memo-
ries, which have low power consumption and great storage density due to the ability of
multiferroics to write and read data electrically and magnetically. Two processes take place
at the same time: magnetism requires transition metal ions with partially filled d orbitals,
whereas ferroelectricity results from transition ions with empty d orbitals.

Significant strides have been made in the discovery and development of multifer-
roics over the last 20 years. There are a lot of materials with coexisting ferroelectric
and magnetic order phenomena. One of the most important classes are manganites
YMnOj; [11-14], TbMn,Os5 [15,16], SrtMnO3 [17], HoMnOj [18], and BiMnOg3 [19] and fer-
rites BiFeO3 (BFO) [20], CoFepO4 [21], LuFe;O4 [22], etc. Despite the fact that the most
studied multiferroic is BiFeO3; (BFO) [20], frequent modification with various substitutions
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or combinations with others in composites has not yet led to the required multiferroic prop-
erties for the practical application of these materials in high-density memory devices. Lead
ferrite PbyFe;Os (PFO) is one of the promising ferrite materials, showing simultaneous
ferroelectric and magnetic characteristics at room temperature [23-25]. This material’s po-
larization originated from the FeOg octahedra in the perovskite-based structure of PbyFe;O5
as well as the off-centers of displaced Pb?* ions [25]. While the B site produces magnetism,
the non-centrosymmetric structures, which are impacted by the existence of 6s> lone pairs
and covalent Pb-O bonds, contribute to ferroelectricity (Fe>*) [15].

High leakage current and low magnetoelectric coupling coefficients are two major
issues that must be resolved. This issue could be resolved by substituting Pb or Fe with
different metal atoms. It is recognized that such changing of the characteristics of multifer-
roics is a successful strategy. Pb2* (A-site) and Fe3* (B-site) ion substitution can change the
characteristics of PFO, just like with BFO. The radius of the Fe** (0.64 A) ion is comparable
to that of Cr3* (0.76 A) [26,27], Ti** (0.68 A) [28,29], and Mn®* (0.72 A) [30-32] ions, which
might take the place of the Fe** ion at the B-site.

But when using aliovalent elements, it is important to think about the charge compen-
sation of altered cations. As a result, ions like Cr3*, Ni?*, Co%*, or Nb° might be used to
preserve charge neutrality and potentially prevent oxygen vacancies [33-36]. The cation—
oxygen octahedral configuration may be distorted in this case due to the random occupancy
of the B-site by both Fe3* and other element ions. Different super exchange interactions
between the Fe-O polyhedra at the corners and adjacent units along the shared edges of
the Fe-Os tetrahedral pyramids are caused by this arrangement. In our previous work, we
demonstrated the successful substitution of Fe>* ions with Cr [37] and Co [38] ions and the
enhancing of multiferroic properties in PFO thin films.

This work’s aim was to synthesize nickel-substituted lead ferrite thin films and ex-
amine how the deposition temperature and concentration of nickel affected the thin films’
ferroelectric characteristics, crystal structure, and surface morphology.

Nickel-substituted lead ferrite (Pb,Fe;Os) thin films are presented in this work as a
unique method to improve the ferroelectric characteristics of multiferroics at room tem-
perature. The results give fresh information about substitution techniques that can greatly
enhance the ferroelectric characteristics, which is essential for real-world uses.

2. Materials and Methods

Lead ferrite (PbyFe;Os) substituted with Ni thin films were synthesized using the
developed layer-by-layer direct current reactive magnetron sputtering technique (pacituoti).
A platinized silicon Pt/Ti/SiO02/Si (200 nm, 20 nm, 1 pm, and 380 pm thickness; Nanoshel
Company, Cheshire, UK) multilayer system was used as a substrate. Platinized substrates
are widely used for ferroelectric thin film deposition. Its usefulness relies on several factors,
such as platinum’s chemical inertness, its closeness to major ferroelectric film temperature
expansion coefficients and crystal lattice sizes. As stated above, the thickness of each
layer in this system is based on the best platinum surface (least roughness) formation.
It was determined [39] that the Ti adhesion layer (which is necessary) of 20 nm least
influenced the platinum surface roughness. On the other hand, the aim is to make the
platinum electrode as thin as possible, but the roughness is the lowest at a thickness of at
least 200 nm. The silicon oxide layer (1 pm of oxidated silicon wafer) is used as barrier
layer for preventing interdiffusion between the silicon and upper material phase. Finally,
platinum serves as a highly beneficial bottom electrode material for a planar capacitor in
this context. High-purity targets (Kurt J. Lesker Company, Dresden, Germany, 3 inches in
diameter, with a disc shape and purity of 99.9%) for single elements (Pb, Fe, and Ni) were
used for each magnetron. The starting pressure was 5-10~% Pa. The target-to-substrate



Coatings 2025, 15, 143

30f12

distance was set at 60 mm. For the improvement of adhesion of PFO on platinum, the
seeding layer [40—-42] of titanium was deposited via magnetron sputtering at 1.3 Pa working
pressure in a pure argon environment. The temperature at which this layer was deposited
was 750 °C, achieving a thickness of 5 nm. Following the seeding layer deposition, the
temperature of the substrate was lowered to the chosen deposition temperature (500 °C,
550 °C, and 600 °C), and the process gas was switched to oxygen while maintaining a
working pressure of 1.3 Pa. The PFO films were then formed with deposition carried out in
situ for a 1 h period. The amount of nickel was regulated using a controlled-width aperture
above the Ni target. After the PFO thin film formation, the aluminum top electrodes were
deposited using the thermal evaporation method, thus making a capacitor for the analysis
of ferroelectric properties.

The Ni concentration was controlled by determining the deposition rate of Ni oxide
(which in our case was identified as NiyO3), measuring the thickness and calculating using
the volume and the density, the mass. Using the following chemical Equation (1), which
appears on the surface, x (wt.%) was determined.

2PbO + (1 — x)FeyOs + xNinO3 =2 %C, py, Fey g ) Nin,Os (1)

Thin films of PbyFey(1_y)NizOs (Where x corresponds to Nip O3 content of 3 wt.%, 5 wt.%,
and 10 wt.%) were prepared, referred to as PFONi3, PFONi5, and PFONi10, respectively.

In order to examine the PFO films’ structural characteristics, X-ray diffraction (XRD)
with a Bruker D8 diffractometer (Bruker, Bruker, Billerica, MA, USA), with monochromatic
CuK« radiation in Bragg—Brentano geometry was used. Ferroelectric hysteresis loops were
measured using the Sawyer—Tower method [43] with a circuit incorporting a 1 k() resistor
and a 150 nF reference capacitor at a frequency of 50 Hz and at an ambient temperature
of 25 °C. The surface morphology of the films was examined using a scanning electron
microscope (S-3400N, Hitachi, Tokyo, Japan) at an operating voltage of 10 kV. Elemental dis-
tribution of Fe, Pb, Ni, and O in the films was analyzed via energy-dispersive spectroscopy
using a Bruker Quad 5040 spectrometer (AXS Microanalysis GmbH, Hamburg, Germany).

3. Results

Thin films of Ni-Ni-substituted PFO were deposited using heated substrates starting
at 550 °C. Figure 1 displays the XRD patterns of pure and substituted nickel lead ferrite
thin films. The Pb,Fe,O5 peaks can be observed at 31.5°, 38.2°, 43.0°, and 46.5° in the
20 of the unsubstituted PFO. These diffraction peaks correspond to the (220), (312), (400),
and (424) crystallographic planes, respectively (JCPDS-ICDD File No 33-0756) [23,25]. In
PFONIi3 and PFON:;5 thin films only the (312) and (424) planes of the Pb,Fe;Os5 phase are
present, and a low-intensity (220) phase peak is observable in the PFONil0 XRD pattern.
In Figure 1, the inset shows a slight shift of the PFO phase (312) peaks in the direction of
greater 20 angles. This shift appears due to the disparity between the ionic radii of Ni**
(0.69 A) and Fe3* (0.64 A), where substitution between these ions results in a small lattice
distortion. The variations in the structure can be an indication of the coexistence of pure
and Ni-substituted PFO lattices [44,45]. The crystallite size, calculated using the Scherrer
equation was 34 nm (PFONi3), 36 nm (PFONi5), and 37 nm (PFONi10).

The reduction in the intensity of the primary Pb,Fe;O5 peaks in the XRD patterns of
Ni-substituted PFO thin films can be attributed to several factors. Since their ionic radii are
similar, yet slightly different, nickel ions take the place of iron ions when they are integrated
into the PFO lattice. This substitution induces lattice distortions, as Ni%* ions are larger
than Fe®* ions, disrupting the regular crystal structure and resulting in reduced crystallinity.
Due to these distortions, the diffraction peak intensities may be affected. Additionally,
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variations in the preferred orientation of the crystals might occur due to the presence of
Ni, leading to altered crystal growth and orientation. Owing to these factors, some peaks
diminish or disappear entirely, while others become more prominent (Figure 1).
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Figure 1. The XRD pattern of the Ni-substituted PFO thin films synthesized at 550 °C.

To evaluate the effect of synthesis temperature, the PFONi5 sample was chosen.
We selected the PFONi5 sample to evaluate the temperature influence on the properties
because it represents an intermediate nickel content level, providing a balance between
the low content in PFONi3 and the higher content in PFONi10. This choice allows us to
investigate how temperature affects a sample with moderate nickel substitution, where
potential property enhancements due to substitution are neither minimal nor extreme.
The deposition of thin films was performed at 500 °C, 550 °C, and 600 °C. It should be
mentioned that no PFO phases were observed below 500 °C (for example, at 450 °C).
Figure 2 displays the XRD spectra for these films at temperatures between 500 and 600 °C.
At 20 angles of 32.5°, 38.2°, and 46.5°, peaks representing the PFO phases (220), (312),
and (400) were detected. For samples synthesized at 500 °C and 600 °C the (220) PFO
peak is observed, but its intensity diminished when the temperature of deposition reached
600 °C (Figure 2). The (312) peak became more pronounced and broadened with rising
temperature, likely due to lead desorption and evaporation disrupting the stoichiometry.
Crystallite size, calculated by the Scherrer equation was 27 nm (500 °C), 36 nm (550 °C),
and 51 nm (600 °C).

The presence of a Ni;O3 phase was identified at 34.5° in the XRD pattern (JCPDS Card
Number 014-01481). As the synthesis temperature increased to 550 °C, the intensity of this
phase decreased, suggesting a more effective substitution of Fe3* ions with Ni?* ions at
higher temperatures. Peaks representing the PbO phases were found at 30°, 36°, 37°, and
54° 26 (JCPDS Card Number 76-1796). A clearly visible peak appeared at 54 only in the
film synthesized between 500 °C and 550 °C [46]. While the intensities of these PbO peaks
fluctuated with temperature, their positions remained consistent. This intensity variation is
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a result of altered film stoichiometry caused by a higher temperature, which enhanced lead
evaporation and desorption. The angle and intensity of the PFO phase remained consistent
when the deposition temperature was raised from 500 °C to 600 °C, except for the PFO
(220) phase peak, which significantly reduced in the sample synthesized at 600 °C. Changes
in coating stoichiometry are the cause of this peak-intensity movement [47].
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Figure 2. XRD spectra of PFONi5 films deposited at different temperatures.

The study focused on achieving a pure PFO crystallographic phase with changes in
lattice distortion, using changes in Ni substitution concentration and synthesis temperature.
However, this goal has not yet been realized, because remnant phases of single oxides (PbO
and NiyO3) were observed. Abakumov et al. [48] and Wang et al. [25] determined in their
research the chemical composition of lead ferrite that can be expressed as PbFeO, 5_,PbO
(where x = 0.0625, 0.1, or 0.125), a result of crystallographic shear planes and defect
formation during synthesis. This generalized formula indicates the complexity of forming
pure PFO phases and avoiding secondary lead oxide phases. This research focused on
understanding what specific factors affect the PFO phase formation and revealed that
avoiding the presence of residual phases remains a challenge. Adjustments to the synthesis
parameters, such as reducing the deposition rate, applying a bias voltage, or using an
argon-oxygen mixture instead of pure oxygen, may be necessary [49,50].

The Ni-substituted PFO thin film’s surface morphological characteristics were inves-
tigated using SEM images. Figure 3 presents images of Ni-substituted PFO thin films
synthesized at different temperatures (within the range of 500 °C to 600 °C) and with vary-
ing Ni content. In Figure 3a—c, surface images are presented, the distinct structures with
well-defined intercrystalline boundaries (except for the sample synthesized at 600 °C) are
observed. Relatively prominent boundaries between grains are visible in the film deposited
at 550 °C. The density of the grains rises with the synthesis temperature, producing a
remarkably homogeneous and dense surface at 600 °C. In Figure 3b, it is observed that the
structures start to form clusters, leading to an expansion along the short axis of the grain.
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As seen in Figure 3¢, for the PFO films synthesized at 600 °C, it was difficult to measure the
size of individual grains due to the formation of very dense structures.
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Figure 3. Surface and cross-sectional SEM views of PFONi5 films formed at (a,d) 500 °C, (b,e) 550 °C,
and (c,f) 600 °C with grain size distribution shown in (g-i). Surface views of PFONi3 (j), PFONi5 (k),
and PFONI10 (1) films formed at 550 °C.

The cross-sectional view of the thin films is presented in Figure 3d—f. These images
reveal columnar growth during film formation. When comparing the samples made at
500 °C and 550 °C (Figure 3d and e, respectively), it is clear that the columns get wider as
the synthesis temperature rises. At a synthesis temperature of 600 °C (Figure 3f), dense
structures are observed, making it difficult to determine the dimensions of the separate
columns. The dependence of structure density on temperature can be explained similarly to
the case of Cr-substituted PFO [37]; at high synthesis temperatures, atoms gain more energy
and can diffuse further along the surface to the growth centers, resulting in dense structures.
The variation in film thickness can also be attributed to this increased atomic mobility,
which influences density. The thin film synthesized at 600 °C reaches 410 nm in thickness,
whereas samples deposited at 550 °C and 500 °C, with less dense grain structures, exhibit
thicknesses of 550 nm and 840 nm, respectively. Another factor contributing to thinner
films at higher synthesis temperatures is lead evaporation. Because of its relatively low
melting point, (~327 °C), higher synthesis temperatures, such as 600 °C, give lead atoms
more kinetic energy, which causes them to evaporate and desorb from the film’s surface
during the growing process [51,52]. The result of that is a decrease in the lead deposition
rate and thickness in general. The grain size distributions are shown in Figure 3g—i for
the thin films deposited at 500 °C, 550 °C, and 600 °C, indicating average grain sizes of
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approximately 245 nm, 235 nm, and 99 nm, respectively. The SEM images in Figure 3j-1
of PFONi3, PFONi5, and PFONi10 samples synthesized at 550 °C exhibit similar surface
morphologies, with no significant variations in grain structure across the different Ni
concentrations. The uniformity in grain size and distribution suggests that the Ni doping
levels do not substantially influence the grain structure, indicating that the crystallization
process remains consistent regardless of the Ni content.

Figure 4 displays the elemental distribution in a PFONi5 film that was formed at 550 °C.
It is observed that iron and lead are densely and uniformly distributed across the sample’s
surface, with no observable artifacts. Nickel is uniformly distributed across the surface as
well; however, because of its lower concentration, it occurs less frequently than iron and
lead. The even dispersion of elements, as indicated by EDS mapping, demonstrates that
lead, nickel, and oxygen are homogeneously distributed throughout the film. The nickel
content was measured at 4.9 & 0.4 wt.%, and oxygen accounted for 17.8 £ 1.3 wt.%. The
iron and lead concentrations were determined to be 48.1 + 1.2 wt.% and 29.1 + 0.4 wt.%,
respectively. The phases identified with XRD, such as Ni;Os and PbO, are present in an
evenly dispersed or nanocrystalline state, which is observed in the EDS mapping.

SEM image

Figure 4. Views of the EDX mapping of the PFONi5 film synthesized at 550 °C.

As illustrated in Figure 5, ferroelectric (P-E) hysteresis loops were tested at room
temperature to examine the impact of the substitution concentration and deposition tem-
perature on the ferroelectric properties of PFO. It can be observed that the nickel-substituted
ferroelectric characteristics of PbyFe,Os thin films demonstrate a dependence on the substi-
tution concentration and deposition temperature. Figure 5a shows how the nickel content
impacts the ferroelectric properties of PFO thin films that were synthesized at 550 °C. The
remnant polarization in the PFONi10 thin film is 63.2 uC/ cm?, which is significantly higher
than in the lower Ni content PFONi3 sample with Py of 53.3 pC/cm?.

The reason for this enhancement is that substituting Fe>* ions with larger Ni?* ions
within the Fe-O octahedron induces lattice distortions and a larger non-centrosymmetry,
leading to increased ferroelectric polarization in general [53,54]. It should be mentioned,
that increasing the concentration over 10% (by wt.%) did not make changes to the remnant
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polarization value. Higher substitution concentrations can introduce structural disorder,
disrupting the long-range ferroelectric order and leading to saturated remnant polariza-
tion [55,56]. Although the remnant polarization values increased with an increase in the Ni
content, the P-E loops exhibit a rounded shape indicating the unsaturated sample nature.
This could be the result of the leakage currents in the films. The placing of Ni?* in prox-
imity to the Fe3* ions is compensated for by the substituted lower valence Ni?*, resulting
in the generation of vacancies of oxygen, which results in an increased density of un-
bound charges. Oxygen vacancies act as the pinning centers, thus preventing polarization
switching, resulting in increased coercive field values [54,57].

150 150
(a) (b)
1004 1004
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Figure 5. Comparison of P—E curves showing the nickel concentration influence on substituted PFO,
deposited at 550 °C (a), and the synthesis temperature influence on PFONi5 samples (b).

Figure 5b shows how the ferroelectric characteristics of PFONi5 samples are affected by
the synthesis temperature, which is between 500 and 600 °C. When PFONi5 is synthesized at
500 °C, its coercive field (E.) is 85.7 kV/m and its remnant polarization (P;) is 58.7 uC/ cm?.
The coercive field stays almost constant at 85.6 kV/m, while the remnant polarization
of PFONi5 increases by around 12% when the temperature is raised to 550 °C. At the
maximum temperature of 600 °C of synthesis, the dielectric properties reach the upper
limit, with Py reaching 66.7 pC/cm? and E. increasing to 102.9 kV/m. The P-E hysteresis
exhibits a similar oval shape as in the samples represented in Figure 5a, which may indicate
the same reasons for such behavior. The samples deposited at temperatures above 600 °C
did not exhibit ferroelectric hysteresis.

Figure 6 represents the ferroelectric properties’ dependence on the synthesis
properties—substitution concentration and synthesis temperature. The impact of Ni con-
centration on the PFO structure is seen in Figure 6a. Remnant polarization and coercive
field values were found to rise with Ni concentration; for the PFONi3 sample, they start at
a P; of 53.3 uC/cm? and E. of 64 kV/m, and for the PEONi10 sample, they reach a P, of
63.2 uC/cm? and an E, of 86 kV/m. Such a trend can be explained as the Ni?** ion substi-
tuting for Fe*. This causes the Fe-O octahedron to have a larger ion off-center. Although a
positive change in remnant polarization is observed, the increase in remnant polarization
diminishes at higher Ni content. This can be attributed to an increased defect concentration,
which disrupts the long-range ferroelectric order [55,56].

Figure 6b displays the ferroelectric properties of the PFONi5 samples’ dependence on
the synthesis temperature within a range of 500 °C to 600 °C. The thin film synthesized
at the lowest temperature of 500 °C exhibits a P; of 58.7 uC/ cm? and an E. of 85.7 kV/m,
respectively. The ferroelectric properties increase with the synthesis temperature; addition-
ally, the P, and E, values reach 66.7 uC/ cm? and 102.9 kV/m, respectively, at 600 °C. These
ferroelectric properties can be attributed to structural film properties. From the results
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in Table 1 and Figure 6b, we see clearly that the structure of the thin films impacts the
ferroelectric properties drastically. It can be explained by the grain size effect and compacti-
fication (density) of the material. As we saw when the grains were larger, the density of
the structure is smaller and vice versa (Figure 3a—f). Physically, the size of ferroelectric
domains can be limited by grain size, but in dense structures, grains are merging, which
leads to the merging of domains, thereby increasing the general polarization.

100 70 105 70
|t (b) .
90 100
| - - - 65
— |
€ 80 c £ 95 -
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; L . ~ 60 L:)L i_
w70 ot w90
|- 55
60 85
n
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3 6 9 12 500 550 600
Ni conc., % Temperature, °C

Figure 6. Effects of varying nickel concentrations on the ferroelectric characteristics of PFO
films synthesized at 550 °C (a), and PFONI5 film ferroelectric properties (b) as a function of
synthesis temperature.

Table 1. Comparative characteristics of Ni-substituted and pure PFO thin films.

Ni Concentration

o Thickness, = Grain  Crystallite P;, E.,
PFONi5 500 840 245 27 5 10 9.3 58.7 85.7
PFONi5 550 550 235 36 5 10 9.3 60.1 85.6
PFONI5 600 410 99 51 5 10 9.3 66.7 102.9
PFONi3 550 550 235 34 3 6 4.8 53.3 64
PFONil10 550 550 235 37 10 20 21.2 63.2 86
PFO [23] 550 550 243 16 0 0 0 49.6 429

The density of grain boundaries and other defects, such as oxygen vacancies, which
act as pinning centers and affect polarization, can be minimized at elevated synthesis
temperatures. Furthermore, the higher synthesis temperatures can improve ion mobility
resulting in better distribution and ordering of substitution ions [54].

To summarize the investigation of the ferroelectric properties of Ni-substituted PFO
thin films, it should be noted that these properties can be controlled by varying both the
substitution concentration and the synthesis temperature (Table 1).

4. Conclusions

The study demonstrated that Ni-substituted PbyFe,O5 (PFO) thin films exhibit no-
table changes in structural, morphological, and ferroelectric properties depending on the
added Ni concentration and synthesis temperature. Thin films of PbFeOs substituted with
Ni are composed of PbyFe;Os5 and PbO phases, along with a minor presence of Ni;O3
phases. Higher synthesis temperatures primarily influenced the formation of PbO phases.
Increasing the synthesis temperature resulted in denser grain structures and reduced film
thickness, attributed to lead evaporation. Surface analysis revealed a uniform distribution
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of Ni, Pb, Fe, and O. Ferroelectric property analysis showed that higher Ni concentrations
and synthesis temperatures enhanced the remnant polarization and coercive field. The
highest values of remnant polarization (66.7 uC/cm?) and coercive field (102.9 kV/m)
were observed at 600 °C with 5 wt.% Ni substitution. P-E hysteresis curves also indicated
leakage currents caused by oxygen vacancies. The findings suggest that optimizing synthe-
sis parameters such as temperature and substitution content is crucial for controlling the
ferroelectric properties of PFO thin films.
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