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Abstract: Porous PZT films offer sinificant potential due to tunable electromechanical properties, yet
the polarization behavior remains insufficiently understood because of discontinuous morphology
and domain structures. In this work we study the impact of porosity on the spontaneous polarization
and electromechanical response of PZT thin films fabricated using a multilayer spin-coating
technique with various concentrations (0-14%) of polyvinylpyrrolidone (PVP) as a porogen. Atomic
force microscopy (AFM) and piezoresponse force microscopy (PFM) were employed to analyze the
local topography, domain distribution, and polarization behavior of the films. The results indicate
that increasing porosity leads to substantial changes in grain morphology, dielectric permittivity, and
polarization response. Films with higher porosity exhibit a more fragmented polarization
distribution and reduced piezoresponse, while certain orientations demonstrate enhanced domain
mobility. Despite the decrease in overall polarization, the local coercive field remains relatively stable,
suggesting structural stability during the local polarization switching. The findings highlight the
crucial role of grain boundaries and local charge redistribution in determining local polarization
behavior.

Keywords: porous PZT; piezoresponse force microscopy; spontaneous polarization; ferroelectric thin
films; charge lithography; domain structure; polarization switching; dielectric properties; grain
boundaries

1. Introduction

Dense PZT structures offer higher mechanical strength and thermal stability, making them ideal
for applications requiring durability and reliability, such as composite heterostructures [1], energy
harvesting devices [2], sensor technologies[3], ultrasonic devices [4], Micro-Electro-Mechanical
Systems (MEMS) [5], flexible electronics and actuators [6,7]. While BaTiOs; was historically used in
piezoelectric devices [8], PZT has become the preferred material due to its superior piezoelectric
properties and higher Curie temperature, ensuring better performance in various technological
applications. While the materials discussed above are typically utilized in their dense polycrystalline
form, there are studies that highlight the potential applications of porous ferroelectric materials in
energy technologies [9]. Porous piezoelectric ceramics [10,11], designed with controlled porosity,
offer several advantages over traditional dense ceramics, including enhanced piezoelectric
performance, improved mechanical flexibility, and tailored dielectric properties [12].

Local microstructural features of porous PZT piezoceramics significantly impact their
mechanical performance for practical applications, but by employing a multiscale regulation strategy,
a well-balanced mechanical performance in PZT piezoceramics have bee successfully achieved [13].
In particular, the gradient porous structure of PZT ceramics has been demonstrated to significantly
improve both mechanical and piezoelectric properties, which are essential for energy harvesting
applications [14,15]. The strategic alignment of porosity within PZT ceramics was found to enhance

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the pyroelectric and piezoelectric properties, thereby increasing their efficiency in various
technological applications [16].To optimize these properties, the introduction of an organic polymer
(or porogen) is proposed as a viable approach. During annealing, the porogen undergoes
decomposition, leading to the formation of a porous structure. Various porogens, such as
polyethyleneimine [17], polyvinylacetamide [18], polyethylene glycol [19], and polyvinylpyrrolidone
(PVP) [20,21], have been used for this purpose. Another promising method is the fabrication of
porous PZT ceramics using micro-stereolithography technology, which allows for high-precision
control of the microstructure and, as a result, improves the mechanical and electrical properties of
the material [22]. The resulting pores in these materials can be either open or closed. By adjusting the
porogen concentration, the pore size can be controlled, which in turn affects the final properties of
the functional material [23]. Currently the investigating the influence of structural porosity on the
piezoelectric properties of films, as well as examining the relationship between the porogen
parameters and the resulting pore characteristics in the films is an urgent and crucial task in this
direction of studies. Understanding these dependencies will enable the prediction of film quality
prior the fabrication. Compared to traditional dense films, porous films offer several advantages.
Firstly, increased porosity enhances the surface area and film thickness [24,35]. However, depending
on the geometry and number of pores, the ferroelectric properties of the material may also be altered
[25-27,35]. Additionally, due to their high energy density and enhanced conversion efficiency, porous
ferroelectric materials can outperform electromagnetic generators, particularly in compact and
miniaturized systems [28]. Ferroelectric materials can also be used as sensors to detect force, pressure,
and acceleration through the piezoelectric effect, as well as heat through the pyroelectric effect [3].
One key advantage of piezoelectric sensors is that they do not need an external power source,
allowing them to function as “self-powered sensors.” In recent years, porous ferroelectric composite
materials have gained significant attention in sensing applications due to their high piezoelectric
voltage coefficient and excellent mechanical flexibility. These materials have shown great potential
in wireless sensors [29], high-performance hydrophones [30], and strain measurement [31].

In this work, by using atomic force microscopy (AFM) and piezoresponse force microscopy
(PFM) methods we investigate the performance of PZT thin films via studying the surface
morphology and local piezoelectric properties in the presence of porogen polyvinylpyrrolidone
(PVP).

2. Materials and Methods

The Pb(Zr0,48Ti0,52) O3 (PZT) films were deposited on Si-SiO2-TiO2-Pt substrates using a
multilayer deposition method from precursor solutions with a 15% Pb excess and the addition of 0—
14% polyvinylpyrrolidone (PVP) with a molecular weight of 360000. The initial data for the studied
series are presented in Table 1.

Table 1. Samples parameters.

wt % Number Ellipsometry thickness,
n Relative porosity , % SEM thickness, nm
Nosample pyP360000 of layers nm

1 0 10 370 2.543 0.0 -

2 1 9 390 2.397 6.8 407-503

3 3 7 370 2.288 11.0 322 -347

4 6.6 4 390 1.829 33.3 375-378

5 14 3 400 - - 357 — 363

For the preparation of PZT film-forming solutions, dry lead acetate was used, synthesized from
PbO following the methodology described in [32]. Zirconium isopropoxide (99.9%, Aldrich) and
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titanium isopropoxide (99.999%, Aldrich) were used without additional purification. The Zr/Ti ratio
was maintained at 48/52.

To compensate for PbO loss during annealing, an excess of 14 mol.% Pb was added to the film-
forming solution relative to the stoichiometric composition. Polyvinylpyrrolidone (PVP) (CsHyON)n
with a molecular weight of 360,000 was used as the porogen. Various amounts of PVP, ranging from
1 to 14 wt.%, were added to the initial (matrix) PZT solution (Table 1).

The PZT films were deposited layer by layer to achieve the required thickness using a spin-
coating method on platinum-coated substrates with the following structure: Si-5iO, (300 nm)-TiO;
(10 nm)-Pt (150 nm) (Inostek, Korea). Each deposited layer was dried using an IR lamp at
approximately 200°C for 5 minutes (soft drying) and annealed at 400°C for 10 minutes to remove
organic residues. After applying the final layer, the PZT films were crystallized at 650°C for 15
minutes.

3. Results and Discussion

3.1. Analysis of Local Surface Morphology Using AFM

The effect of polymer porogen concentration on PZT film topography was analyzed using
commercial atomic force microscope (Ntegra Prima, NT-MDT) equipped with NSC15/Pt (resonance
frequency 325 kHz, spring constant 40 N/m, MikroMasch) and also employed in piezoresponse force
microscopy (PFM) mode for the study of local piezoelectric properties [33]. For this, an external
voltage in the range of 10 V was applied to the cantilever, while the sample structure remained
grounded.

Table 2. Topography of samples with different porosity.

wt % PVP 3D and 2D visualization of Pb(ZrosTios2)O3 topography
360000

25 nm
20
15
10

25nm

-22 nm

36 nm

36 nm

-36 nm
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6.6

14

The analysis of PZT film topography with varying polyvinylpyrrolidone (PVP) concentrations
revealed significant structural transformations depending on the porogen content (Table 2). The 0%
PVP sample exhibited a granular surface morphology with a maximum grain height of 18 nm and an
average grain boundary width of 15 nm. Porogen particles, highlighted in Table 2, ranged from 10 to
20 nm. With the addition of 1% PVP, the maximum surface height decreased to 15 nm, while the grain
boundary width increased to 35 nm. Porogen particles remained present, with some reaching heights
of up to 40 nm. Additionally, the formation of surface pores was observed, with an average depth of
20 nm and widths varying between 50 and 100 nm. At 3% PVP, the average grain boundary width
increased to 40 nm, with a higher concentration of pores compared to the 1% PVP sample. With 6.6%
PVP, the grain boundaries were almost entirely disrupted, leading to the formation of larger grains
with heights ranging from 60 to 100 nm and widths reaching approximately 300 nm. Finally, at 14%
PVP, the film exhibited a fine-grained structure, where grain boundaries were completely destroyed.
The characteristic grain sizes varied from 30 to 70 nm in height and 100 to 300 nm in width. These
findings indicate that an increasing PVP concentration leads to progressive microstructural changes,
transitioning from a well-defined granular morphology to a more porous and fine-grained structure.

A quantitative assessment of the average topography values was then performed based on
three key criteria: average roughness, root mean square (RMS) roughness, and the area occupied by
pores. The average roughness (Sa) represents the arithmetic mean deviation of the surface profile,
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while the RMS roughness (Sq) reflects the root mean square deviation of surface heights from the
mean plane. To calculate the air phase area (As) within the analyzed sample region, the average
height level of the topography was first determined. Then, all areas below this level were identified,
and their total surface area was measured. The results of the structural topography analysis are
summarized in Table 3.

Table 3. Comparison of topographical parameters.

PVI‘;\;téo(/:OOO Average roughness (Sa), nm RMS roughness (Sq), nm  Air phase area (As), mkm?2
0 5,28 6,56 0
1 4,25 5,55 0,506
3 10,31 13,49 1,624
6,6 16,38 20,10 2,619
14 16,03 20,05 1,637

The data analysis reveals distinct trends in surface roughness and porosity as a function of PVP
concentration. The average roughness (Sa) for the 0% PVP sample is 5.28 nm. With an increase in PVP
concentration to 1%, Sa decreases to 4.25 nm. However, at 3% PVP, the roughness significantly rises
to 10.31 nm. Further increasing the PVP concentration to 6.6% and 14% results in even higher
roughness values of 16.38 nm and 16.03 nm, respectively. The root mean square roughness (Sq)
follows a similar trend. For the 0% PVP sample, Sq is 6.56 nm, decreasing to 5.55 nm at 1% PVP.
However, with 3% PVP, S5q sharply increases to 13.49 nm. At 6.6% and 14% PVP, it reaches its highest
values of 20.10 nm and 20.05 nm, respectively. The air phase area (As) also exhibits significant
changes with increasing PVP concentration. In the 0% PVP sample, As is minimal and close to the
sensitivity threshold of the instrument. When the PVP concentration is increased to 1%, As expands
to 0.506 pm?2. In the 3% PVP sample, it grows further to 1.624 um?2. For 6.6% and 14% PVP, As reaches
2.619 um? and 1.637 um?, respectively. These results clearly demonstrate how PVP concentration
influences the surface topography of the films. As the polymer content increases, both average and
RMS roughness rise, alongside a significant expansion in pore-covered surface area. This indicates
the formation of a more porous and irregular structure, which directly affects the functional
properties of the material.

In Park et al. [34] and Choi et al. [35], PZN-PZT films with a 60/40 composition were
fabricated via sol-gel processes using PVP and 1,3-propanediol as additives. In both studies, an
optimal Pb:diol ratio of 1:10 and a controlled pyrolysis temperature of 250 °C were employed. This
approach yielded dense, crack-free films with a thickness of approximately 1 um and a strong (100)
preferred orientation (around 90%). SEM analysis in these works revealed that the optimized films
possess a smooth surface with large rosette-like grains and a columnar cross-sectional structure
containing only very small nanosized pores (5% by volume). Ferroelectric measurements (P-E
hysteresis loops) and the evaluation of the effective ds; coefficient (=70 pC/N) confirmed that these
films exhibit excellent ferroelectric and piezoelectric properties—comparable to or even slightly
exceeding those of films prepared by conventional multilayer sol-gel methods. In Rodriguez-Aranda
et al. [36], PZT films fabricated by the sol-gel acetic acid route also display a relatively uniform
surface morphology. SEM and AFM studies show grain clusters with a characteristic size of
approximately 400nm and very low surface roughness (1.2-1.6nm), reflecting excellent film
densification and optimal grain growth achieved through efficient nucleation and crystallization. In
contrast, our samples—with increased porosity achieved by higher PVP concentrations —exhibit a
more inhomogeneous and fragmented domain structure, accompanied by higher surface roughness
and larger pore areas. These microstructural modifications can adversely affect the uniformity of the
piezoelectric response. Moreover, the dense, columnar films reported by Nguyen et al. [37]
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demonstrate a stable, preferentially oriented domain structure that ensures a more uniform
distribution of electrical properties and superior performance.

3.2. Analysis of Local Piezoelectric Hysteresis Loops Using PFM

To perform PFM measurements, samples with 0%, 6.6%, and 14% PVP were selected. The 0%
PVP sample was chosen as the most densely packed structure, as it was expected to exhibit the most
uniform response. In contrast, the 6.6% and 14% PVP samples, due to their unique pore distribution,
were anticipated to demonstrate distinct local properties compared to dense structures with the same
chemical composition [38]. The PFM method was also being employed to obtain and analyze the
distribution of the local piezoelectric hysteresis loops on the samples surfaces. During scanning, two
signals were recorded: cantilever deflection from its initial position, which characterized piezoelectric
deformation in response to the applied field (the magnitude of PFM signal), and the shift in cantilever
vibration frequency relative to the lock-in detector frequency, indicating the direction of deformation
(the phase of PFM signal). The phase signal was used to determine polarization, as in ferroelectric
structures, there is a direct linear correlation between piezoelectric deformation and polarization.
This method provided insight into the local piezoelectric properties of the samples and how they are
influenced by the presence of porosity and structural heterogeneity.

Figure 1 presents the local piezoelectric hysteresis loops for the 0% PVP sample. Figure 1(a)
illustrates the scanned area, where different colors indicate contact regions between the probe and
the surface of the structure. To ensure experimental accuracy, various grains were selected, with their
boundaries marked by white dashed lines. Figures 1(b) and 1(c) depict the piezoelectric deformation
response and polarization distribution as functions of the applied electric field, respectively. The
colors of the curves correspond to the colored squares in the topography image. The results indicate
that the dense 0% PVP sample exhibits piezoelectric responses that are consistent within the
measurement uncertainty, suggesting that the material properties remain uniform across different
grains. This confirms the expected homogeneity of the dense structure, where the absence of pores
minimizes local variations in electromechanical behavior.
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Figure 1. Local hysteresis loops analysis for the 0% PVP sample, (a) topography of the selected region, where
colored squares indicate the probe’s contact points on the surface, (b) dependence of cantilever deflection on the
applied electric field, showing the local piezoelectric response, (c) frequency dependence of cantilever deflection

under the applied electric field.

In Figure 2(a), the surface is clearly composed of multiple grains, indicating a significant
structural transformation compared to the dense 0% PVP sample. These changes in microstructure
also introduce distortions in the piezoelectric response dependencies, as observed in Figures 2(b) and
2(c). Notably, the phase signal hysteresis loop at Point 1 (red line) exhibits a directional change
compared to other measurements on this sample, suggesting local variations in ferroelectric behavior.
Furthermore, the cantilever deflection due to piezoelectric deformation at Point 1 reaches 3 nm, the
highest recorded value, whereas in other cases, the deflection remains below 1 nm.
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Figure 2. Local hysteresis loop analysis for the 6% PVP sample, (a) topography of the selected region 3x3mkm,
where colored squares indicate the probe’s contact points on the surface, (b) dependence of cantilever deflection
on the applied electric field, illustrating local variations in the piezoelectric response, (c) frequency dependence

of cantilever deflection under the applied electric field.

The surface of the 14% PVP sample consists of distinct, well-defined grains, as shown in Figure
3(a). The local piezoelectric hysteresis loops results indicate that the deformation response at Points
1-3 is comparable to that of the dense 0% PVP sample, although slightly lower in magnitude. In
contrast, the responses at Points 4 and 5 are more similar to those observed in the 6% PVP sample, as
shown in Figure 3(b). The polarization hysteresis loops exhibit a similar trend across different
measurement points, except for Point 5, where an anomalous response is detected. The change in the
loop shape at this location is associated with a low piezoelectric deformation response, below 0.5 nm,
which is also observed at Points 4 and 5. However, the mirrored loop reversal, previously identified
in the 6% PVP sample, is only present at Point 5 in this case, as shown in Figure 3(c). These results
suggest that at higher PVP concentrations, the material develops localized electromechanical
variations, where some regions retain characteristics of a denser structure, while others behave

similarly to more porous configurations.
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Figure 3. Local hysteresis loop analysis for the 14% PVP sample, (a) topography of the selected region 3x3mkm,
where colored squares indicate the probe’s contact points on the surface, (b) dependence of cantilever deflection
on the applied electric field, showing the local piezoelectric response, (c) frequency dependence of cantilever

deflection under the applied electric field.

Changes in the magnitude and direction of the polarization hysteresis loops under the applied
field were observed exclusively in the 6.6% and 14% PVP samples. The piezoelectric deformation
loops of the dense material showed significant differences compared to Points 2-5 in the 6.6% PVP
sample and Point 5 in the 14% PVP sample. However, certain cases exhibited no loop reversal (e.g.,
Point 4 in the 14% PVP sample), yet a more than tenfold reduction in the piezoelectric deformation
signal was still observed. These results suggest that at higher PVP concentrations, the structural
modifications—particularly the redistribution of charge transport pathways and grain boundary
effects —strongly influence the local electromechanical response.

3.3. Analysis of Spontaneous Polarization Distribution Using PFM

The mapping of spontaneous polarization distribution was performed by applying an
alternating electric field to the probe. The study focused on probing the z-component of the signal,
meaning only the normal polarization distribution relative to the surface was recorded (out-of-plane
PFM). In Figures 5-9 (a, b), the red and blue regions represent two opposite polarization states in the
examined ferroelectric films. The blue color indicates a displacement directed outward from the
surface, while the red color corresponds to a displacement directed into the film. The white areas in
the images represent regions where the beam oscillation phase matches the frequency of the detector
oscillations, suggesting minimal or no local polarization contrast.

The predominance of the blue color in the initial polarization state, observed before the
polarization process, indicates that negatively polarized domains dominate over positively polarized
ones. To modify the polarization distribution profiles, charge lithography was employed. During this
process, voltages of opposite polarity were applied to the left and right sides of the mask. As a result,
within the masked area, a red region was induced by the application of a positive voltage, while a
blue region emerged due to the application of a negative voltage. This demonstrates the reversibility
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of polar states under the influence of an external electric field. The external areas in the images
represent the initial piezoresponse of the films before polarization modification, highlighting the
contrast between the pristine and electrically manipulated states.

The modification of ferroelectric materials inevitably leads to changes in their polarization
characteristics. This effect was previously demonstrated in the topography analysis, where the
addition of polymer altered the material's surface morphology. For further analysis of the
polarization images obtained using PFM, the scanning data from the polymer-free sample are used
as a reference standard. These baseline measurements serve as a benchmark for comparison and
normalization of the polarization response before and after the repolarization process. By utilizing
this approach, it is possible to quantify the influence of polymer-induced porosity on the local
polarization states and assess how structural modifications affect the ferroelectric switching behavior.

Figure 5(a) presents the piezoresponse mapping of the polymer-free sample, showing the initial
polarization state across the surface. The corresponding image in figure 5(b) demonstrates that the
structure undergoes effective repolarization in accordance with the applied charge lithography mask.
To further assess the polarization state before and after repolarization, a cross-sectional analysis along
the entire scan width was performed (figure 5(c)). Despite the presence of surface irregularities, the
results indicate that these variations do not significantly affect the polarization process. Although
PFM cannot directly determine the absolute polarization vector orientation, it enables the calculation
of frequency shifts in cantilever oscillations relative to the lock-in detector frequency during
scanning. This provides insight into the direction of deformation—either inward or outward—
relative to the surface normal. Due to the inverse relationship between piezoelectric deformation
direction and the polarization vector, these measurements allow for the effective evaluation of
polarization distribution. Based on the cross-sectional analysis, the maximum polarization response
was determined to be 127° for the positive orientation and 33° for the negative orientation.
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Figure 5. Cross-section and scanning results of the 3x3 mkm polymer-free sample (10 layers of PZT, thickness
370 nm, 0% porosity), (a) polarization contrast before repolarization, showing the initial distribution of

spontaneous polarization, (b) polarization contrast after repolarization, illustrating the effect of charge
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lithography on the ferroelectric domain structure, (c) cross-section along the scan width, highlighting

polarization variations before and after repolarization.

As previously noted, the introduction of 1% PVP results in the formation of pores on the sample
surface. Figure 6(a) presents the spontaneous polarization distribution map for the 1% PVP sample,
illustrating the altered domain structure compared to the dense reference sample. The piezoresponse
mapping for negative segments appears fragmented, with a noticeable lack of strong alignment with
the charge lithography mask (figure 6(b)). This suggests that the presence of porosity disrupts the
uniformity of polarization switching, likely due to local charge trapping or altered domain wall
motion. A significant reduction in the maximum polarization response is observed in this sample.
The maximum response for positive polarization is measured at 51°, which is 2.5 times lower than in
the reference (polymer-free) sample. Similarly, the response for negative domains also decreases,
reaching only 13°, as shown in figure 6(c). These findings indicate that even a small concentration of
PVP (1%) significantly affects the polarization behavior, weakening the piezoresponse and reducing
the effectiveness of domain reorientation under an external electric field.
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Figure 6. Cross-section and scanning results of the 3x3 mkm 1% PVP sample (9 layers of PZT, thickness 390 nm,
6.8% porosity), (a) polarization contrast before repolarization, illustrating the initial spontaneous polarization
distribution in the porous structure, (b) polarization contrast after repolarization, showing the altered domain
structure and its weaker response to charge lithography, (c) cross-section along the scan width, highlighting

polarization variations before and after repolarization.

The total porosity of the 3% PVP sample increased by 4.2% compared to the previous (1% PVP)
sample. This difference significantly impacts the formation of domains and the distribution of
spontaneous polarization, as illustrated in figure 7(a). A noticeable increase in pore concentration on
the surface further alters the material’s electromechanical response. The increased porosity likely
enhances conductivity, leading to a more chaotic polarization process, as seen in Figure 7(b). This
disruption is attributed to the presence of additional grain boundaries and charge accumulation
effects, which interfere with uniform domain switching. The maximum piezoresponse for positive
domains was measured at 51°, while for negative domains, it increased to 26°, as shown in figure 7(c).
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This suggests that while polarization switching is still achievable, the overall response remains
weaker and more irregular than in the denser reference samples.
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Figure 7. Cross-section and scanning results of the 3x3 mkm 3% PVP sample (7 layers of PZT, thickness 370 nm,
11% porosity), (a) polarization contrast before repolarization, illustrating the initial spontaneous polarization
distribution and the increased influence of porosity on domain formation, (b) polarization contrast after
repolarization, demonstrating the irregular and less stable polarization switching due to enhanced porosity, (c)

cross-section along the scan width, highlighting polarization variations before and after repolarization.

The PFM image presented in figure 8(a) for 6.6% PVP sample reveals that the overall domain
distribution and spatial coverage of regions polarized in the same direction resemble those observed
in a dense film. A similar trend is evident in the charge lithography process, as shown in figure 8(b).
Despite the structural similarities, the air-phase area (porous space) has increased by 2.6 times
compared to the polymer-free sample. These findings suggest that structures with a specific grain
orientation may exhibit a more efficient response to external electric stimuli, potentially due to the
alignment of polarization switching pathways within the material. The maximum piezoresponse
measured for positive domains was 171°, while for negative domains, it reached 45°, as shown in
figure 8(c).
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Figure 8. Cross-section and scanning results of the 3x3 mkm 6.6% PVP sample (4 layers of PZT, thickness 390
nm, 33.3% porosity), (a) polarization contrast before repolarization, showing the domain structure and
polarization distribution in a highly porous film, (b) polarization contrast after repolarization, demonstrating
the material’s response to charge lithography and the effectiveness of polarization switching, (c) cross-section
along the scan width, illustrating the variations in polarization response and the influence of increased porosity
on domain alignment.

The air-phase area in the analyzed region of the 14% PVP sample is 1.6 um?, which is comparable
to the porous area in the 3% PVP sample. This similarity can be attributed to the possibility of grains
being embedded within the pores, which reduces the fragmentation of the overall polarization
response, as shown in Figure 9(a). Due to the smaller grain sizes and the preferential distribution of
the electric field along their edges, a misalignment with the expected polarization pattern is observed,
as depicted in Figure 9(b). The maximum piezoresponse for positive domains reached 152°, while for
negative domains, it was 33°, as shown in Figure 9(c). These results indicate that at higher PVP
concentrations, the polarization response becomes less disrupted despite increased porosity.
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Figure 9. Cross-Section and scanning results of the 3x3mkm 14% PVP Sample (3 layers of PZT, approximate
thickness 400 nm, porosity not measured), (a) polarization contrast before repolarization, showing the domain
structure and polarization distribution in a highly porous film, (b) polarization contrast after repolarization,
demonstrating the material’s response to charge lithography and the effectiveness of polarization switching, (c)
cross-section along the scan width, illustrating the variations in polarization response and the influence of

increased porosity on domain alignment.

We found that an increase in porosity, caused by a high PVP content, leads to fragmentation of
the domain structure and a nonuniform distribution of polarization. The disruption of the grain
boundaries in the porous samples results in local variations in domain distribution, which negatively
affects the stability and uniformity of the piezoelectric response. In contrast, in the work by Cornelius
et al. [39] the films produced by the sol-gel method exhibit a more stable and uniformly oriented
domain structure, despite the presence of an imprint effect. PFM images demonstrate a consistent
distribution of polarization domains, which results in high effective dss;eff values. Moreover, the
dependence of dss eff on the measurement direction (e.g., [100] vs. [110]) and the observed asymmetry
between the values for positive and negative electric fields indicate that the optimized microstructure
promotes a more reliable and uniform piezoelectric response.

4. Conclusions

The electrophysical mechanisms governing spontaneous polarization in ferroelectric materials
play a crucial role in determining their functional properties. Unlike porous ferroelectric materials,
where the presence of pores introduces inhomogeneities in the electric field distribution, dense
ferroelectric films lack such variations, resulting in a more uniform polarization response. A key
factor influencing this behavior is the relative dielectric permittivity of the air phase, which is
significantly lower than that of the ferroelectric film. As a result, increasing porosity leads to a thicker
film, a reduction in dielectric permittivity, and a decrease in overall polarization. Despite these
changes, an important observation is that thelocal coercive field remains largely unchanged,
suggesting a relative stability in the material’s resistance to polarization switching. The internal field,
generated by internal charge displacement, can be oriented in both positive and negative directions,
potentially leading to either polarization or depolarization effects. In the case of the studied samples,
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the source of this internal field is the interaction between dipole structures, which are confined by
specific interfaces and geometrical constraints. These interactions dictate the local stability and
switching behavior of the polarization, further emphasizing the complex role of microstructure and
porosity in shaping the electromechanical properties of ferroelectric materials.
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