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Featured Application: Shapeable piezo-magnetic sensors.

Abstract: This work aimed to study the influence of the hybrid interface in polyvinylidene fluoride
(PVDF)-based composite thin films on the local piezoelectric response. Our results provide evidence
of a surprising contradiction: the optimization process of the β-phase content using nano-inclusions
did not correspond to the expected nanoscale piezoelectric optimization. A large piezoelectric loss
was observed at the nanoscale level, which contrasts with the macroscopic polarization measurement
observations. Our main goal was to show that the dispersion of metallic ferromagnetic nano-
inclusions inside the PVDF films allows for the partial recovery of the local piezoelectric properties.
From a dielectric point of view, it is not trivial to expect that keeping the same amount of the metallic
volume inside the dielectric PVDF matrix would bring a better piezoelectric response by simply
dispersing this phase. On the local resonance measured by PFM, this should be the worst due to the
homogeneous distribution of the nano-inclusions. Both neat PVDF films and hybrid ones (0.5% in
wt of nanoparticles included into the polymer matrix) showed, as-deposited (un-poled), a similar
β-phase content. Although the piezoelectric coefficient in the case of the hybrid films was one order
of magnitude lower than that for the neat PVDF films, the robustness of the polarized areas was
reported 24 h after the polarization process and after several images scanning. We thus succeeded
in demonstrating that un-poled polymer thin films can show the same piezoelectric coefficient as
the poled one (i.e., 10 pm/V). In addition, low electric field switching (50 MV/m) was used here
compared to the typical values reported in the literature (100–150 MV/m).

Keywords: PVDF; hybrid film; piezoelectric response; PFM; nano-inclusions dispersion

1. Introduction

Hybrid films based on electroactive polymer with improved dielectric properties have
drawn tremendous interest due to the fact of their diverse applications in the develop-
ment of film based sensors and actuators [1–3]. Their flexible, printable and stretchable
properties are the building blocks for the next generation of a smart nanotechnology [4–7].
The latter includes devices that mimic nature’s multifunctionalities and appearance. Re-
cently, magnetic hybrid devices reproducing the ability of some organisms to detect and
respond to a small magnetic field (i.e., orientate themselves with respect to the Earth’s
magnetic field for navigation purposes) have been realized and reported in parallel to
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the successful elaboration of multifunctional foils that mimic imperceptible magnetic skin.
This may help human skin to experience unfamiliar senses [5,7]. As a matter of fact, the
development of nanocomposites will benefit a variety of wearable electronics that have
functionalities from healthcare monitoring and functional medical implants up to the re-
covery of mechanical movements and the early diagnose of heart dysfunctions (see [4]
and the references therein). In order to achieve large-scale use of these smart devices aimed
at revolutionizing common electronics, it is necessary to perfectly control the artificial
combination of a flexible electroactive polymer phase with a magnetostrictive nanometric
one. Coupling together two phases presenting two different chemical natures (i.e., organic
and inorganic) and physical properties (i.e., piezoelectric and magnetostrictive) opens
the way to either modulating a dielectric polarization with an external magnetic field or
inducing magnetization by an applied electric field [8–11] through the medium of the strain.
With this type of strain-mediated magnetoelectric (ME) nanomaterials, the dimensional
change of one phase has to be efficiently transmitted to the other in order to present a
strong ME coupling coefficient at room temperature and to be suitable for practical appli-
cations. Therefore, the phase connectivity at the interphase of the two phases has to be
robust, and the electrostrictive and magnetostrictive properties of each phase should be
optimized as well. Among polymers, poly (vinylidene fluoride) (PVDF)-based polymers
and co-polymers have demonstrated high piezoelectric and electrostrictive qualities due
to the fact of their semi-crystalline nature coming from the crystallization of the polar
β-phase [12–15]. Thanks to the maximization of the latter at the expense of the other PVDF
non-polar phases, laminated hybrid geometry (2–2 composites)-based PVDF–TrFE/Metglas
have shown a high ME coupling coefficient of 320 V cm−1 Oe−1. At the same time, this
2–2 configuration has provided evidence of the weakness of the connectivity between the
two phases due to the need for a binder (usually epoxy) that is relatively brittle together
with a nonlinear ME response at low magnetic field [16,17]. These characteristics make them
non-adaptable to future applications. These results have opened the way for an increasing
number of works focusing on 0–3 particulate nanocomposites that allow for exploiting the
possibility of dispersing high magnetostrictive nanoparticles within a piezoelectric PVDF
matrix. This 0–3 configuration retains good flexibility for the nanocomposite together with
a well-controlled connectivity [18–22]. Mostly, the groups of Lanceros-Mendez and Martins
have made large efforts and published a great number of works on the development and
optimization of PVDF and co-polymers based on 0–3 composites using ferrite magnetic
nanoparticles [18–29]. The latter are the preferred candidate for ME nanocomposites, as
they show high magnetostrictive coefficient λs at room temperature as well as stable mag-
netic properties due to the fact of their high Curie temperature [23]. Both λ and TC are
strongly dependent on the crystal and size properties of the ferrite nanoparticles as well as
on the substitution of the divalent ion (Co, Ni, Mn) [24,25], thus allowing for tight control
of the magnetostrictive properties. Unfortunately, they have shown that in order to maxi-
mize the ME coupling coefficient in these nanocomposites, a high loading of nanoparticles
has to be used (over 40 wt%), which inevitably sacrifices the flexibility of the composite
material, introduces a high porosity of the hybrid nanostructure, and also compromises
the dielectric and piezoelectric properties of the polymer due to the metallic properties
of the magnetic nanoparticles. As a matter of fact, an increase in the conductivity of the
composite is observed with an increase of the number of nanoparticles agglomerates at the
expense of the piezoelectric properties of the hybrid material. A recent article [30] showed
that the dispersion of ultra-small CoFe2O4 nanoparticles (i.e., smaller than 7 nm) using
a 1H, 1H, 2H, and 2H-perfluorooctyltriethoxysilane (POTS) functionalization, not only
ensured the flexibility of ME nanocomposites but also enhanced the interplay between the
magnetostrictive phase and the piezoelectric one by allowing for the optimization of an ME
coupling coefficient of 34 mV cm−1 Oe−1 using a low content of magnetic nanoparticles
(i.e., 20 wt%). The authors report that POTS’ long fluoric chains together with the small size
of the nanoparticles (matching the size of PVDF–TrFE crystals) are beneficial for the polar
phase crystallization of the polymer and also for the robustness of the 0–3 connectivity
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among the two phases and, thus, the strain transfer at their interphase. The dielectric
measurements showed a stable dielectric constant at low frequency (between 100 Hz and
10 KHz) with low dielectric loss accompanied by optimized ferroelectric polarization cycles.
This study confirmed previously published magneto-capacitive measurements reported
for Fe3O4–PVDF composite films [31], showing the importance of the electrical-insulated
coating of Fe3O4 nanoparticles obtained using a very thin silica layer. The dielectric proper-
ties were again clearly optimized in this case thanks to the control of the current density
leakage. The presence of insulated coated metallic nanoparticles enabled the stabilization
of the dielectric loss. This was recently confirmed also in the case of a lower loading of the
metallic nano-inclusions inside the polymer film [32]. The authors showed the possibil-
ity of optimizing the dielectric properties by using an ultra-small load of well-dispersed
nanoparticles (i.e., <1% in volume). Despite these efforts, it is important to underline that
all these results were obtained on mainly thick micrometer films (i.e., 30–40 µm), annealed
for 1 or a few hours at high temperature (>100 ◦C) and often poled during the elaboration
process at high electric field in order to maximize the crystalline β-phase content. These
treatments are well known not to be compatible with the integration of these hybrid films
into standard technology processes. In addition, although there have been a considerable
number of works measuring their dielectric, piezoelectric, and magnetoelectric properties
that undeniably support the idea of their optimization being directly linked to the dis-
persion of the magnetic nano-inclusions, currently, there is still an important lack of the
characterization of the local electroactive and magnetostrictive properties. Several studies
have shown the local piezoelectric properties of PVDF–TrFE copolymer neat films [33]
as well as hybrid films based on the artificial mixing of the PVDF and copolymer phase
with non-magnetic nano-phases (e.g., CNTs, ZnO, (Pb,Ba)(Zr,Ti)O3, graphene) [34–39].
Only very recent studies [40,41] have shown the possibility of using the magnetic phase
organization inside the polymer matrix to improve the local PFM properties under the
application of a magnetic field. Currently, these local PFM results have not provided the
opportunity to understand the connection between the optimization of the macroscopic
dielectric properties and the local electroactive one, both in the case of low loading and
for the dispersion of the magnetic nanoparticles. In this work, we aimed to show that the
optimization of the β-phase content in hybrid thin films surprisingly does not correspond
to an increase in the local piezoelectric behavior of the PVDF. Rather, it causes a huge
piezoelectric coefficient loss. We also show that the dispersion of the metallic ferromag-
netic nano-inclusions inside the PVDF allowed for the partial recovery of the piezoelectric
properties. In order to foresee the practical applications, we show our results on as-grown
and un-poled 0–3 nanocomposite ultra-thin films (thickness < 100 nm), displaying the
robustness of the local polarization as a function of time. With this aim, we compared the
piezoelectric response of hybrid films with functionalized and non-functionalized nanopar-
ticles to that of neat PVDF films presenting similar β-phase content. Keeping in mind the
needs of microelectronic applications, we focused our studies on very thin (mean thickness
of approximately 100 nm) and smooth PVDF and hybrid PVDF films (mean roughness of
approximately 10 nm), containing the smallest possible percentage of inorganic nanopar-
ticles (0.5 wt%) in order to keep the flexible characteristics of the polymer and to at the
same time optimize the electroactive phase content. Although more studies should be
undertaken to determine the right balance between the optimization of the ME coupling
and the dispersion of the magnetic nano-inclusions as well as of the easy elaboration of
these hybrid nanostructures, our results show the potentiality of this 0 nano-composites for
the next generation of multifunctional devices.

2. Materials and Methods

All the chemicals used in this work were of analytical grade and used as purchased
from Sigma–Aldrich. Poly (vinylidene fluoride) with a molecular weight of 180,000 phos-
phonic acid molecules was used for the grafting, and a N,N-dimethyl formamide (DMF)
solution, acetone, isopropanol, tetrahydrofurane (THF) solution was thus used for the



Appl. Sci. 2022, 12, 1589 4 of 14

fabrication of the polymer-based films. The silicon substrates were pretreated before the
film deposition in order to remove all contaminants using a standard clean room procedure.
All details for the thin films’ elaboration can be found in our previous work [42] and are
summarized briefly in Figure 1.
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Figure 1. Sketches of neat PVDF and hybrid PVDF–nanoparticle deposition on conductive pretreated
substrates by spin coating technique.

All the films presented in this work were deposited by a standard spin coating
technique on conductive substrates in order to properly perform the local piezoelec-
tric characterization. In the case of neat PVDF film, a specific number of PVDF pellets
(MPVDF = 180,000), Mw PVDF = 180,000 g·mol−1, were completely dissolved in DMF for
3 h at 70 ◦C before adding acetone. This PVDF solution was then drop casted onto the
pretreated substrate and put in rotation at various speeds to allow for the spreading of the
solution [42]. Very flat neat PVDF films with a mean roughness between 3 and 14 nm and
homogeneous microstructures were obtained after the optimization of the spin coating
process and parameters (see Supplementary Materials Figures S1 and S2, Table S1). In the
case of the hybrid films, we decided to use a low concentration of pellets (2% weight of
PVDF) in order to elaborate very thin films with a similar approach used for the neat PVDF
ones. To control the dispersion of the nano-inclusions inside the PVDF matrix as well as
the connectivity between the two phases, we used 2 categories of nanoparticles: function-
alized and non-functionalized one [42]. The Ni0.5Zn0.5Fe2O4 nanoparticles (NZFO-NPs)
used to elaborate our hybrid thin films were synthesized using a soft chemistry polyol
route in 1,2-propandiol as reported elsewhere [43–45]. In order to avoid their agglom-
eration as much as possible and to promote their dispersion in the hydrophobic matrix,
we functionalized them with specific molecules. The procedure for the functionalization
of the nanoparticles was conducted on the basis of a previously reported process [46,47].
Again, very flat films were obtained with a mean roughness of 5 nm and homogeneous
microstructures (see Supplementary Materials Figures S1 and S2, Table S1). All the films
studied in this work presented a mean thickness between 75 and 100 nm, and they were
not poled during the elaboration process. In the case of the hybrid films, the nanoparticles
content was kept at 0.5% wt for both the functionalized and non-functionalized cases (see
Supplementary Materials Table S1). More details on the optimization of the films can be
found in [42]. The X-ray diffraction patterns acquired from the four samples studied are
reported in Figure S3 in the Supplementary Materials. The main Bragg peaks of the PVDF
crystalline phases were evidenced and clearly showed the presence of several phases (α, β,
and γ). The diffraction lines associated with the nanoparticles’ crystalline peaks are not
reported here, as they have already been analyzed in Reference [42] for both F-PVDF and
NF-PVDF thin films. The spherical morphology, mean size, and magnetization behavior of
the nanoparticles are reported in Figure S4a–c of the Supplementary Materials. Infrared
(IR) spectroscopy (Thermo Nicolet, AVATAR 370 FTIR) was carried out over a range of
700–1500 cm−1 and used to quantify the electroactive phase content of PVDF. The surface
structures and film roughness were analyzed by statistical studies of high-resolution AFM
images (AFM, Brucker D3100). The microstructure of the NZFO/PVDF 0–3 nanocomposites
was studied by scanning electron microscope (SEM, QUANTA FEI 200, FEG-ESEM) in the
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low-vacuum mode (LV-water vapor injection) using an acceleration voltage of 10–15 kV
and under a pressure of 50–60 Pa. The samples were analyzed both in an in plane and
cross-sectional configuration. The out-of-plane piezoelectric response was measured using
an Agilent 5500 SPM with the AC Mode III accessory. The out of the resonance frequency
for the PFM measurements under AC voltage applied, was set at 20 kHz in order to avoid
possible artifacts related to the contact frequency resonance of the tip. All the images and
the piezoelectric measurements were acquired in low ambient humidity conditions of less
than 10%. Measurements were performed using Pt-coated Si tips (RMN, spring constant
k ≈ 0.08 N/m). Images were acquired using a modulation voltage of 5 Vp.p.. The polar-
ization process of opposite squared area was conducted, respectively, with positive and
negative 5 V applied. Thus, the maximum electric field applied for the neat PVDF films was
50 MV/m and 66 MV/m for the functionalized hybrid ones. Piezoelectric coefficients (d33)
were obtained by varying the applied voltage up to a maximum of 10 V (i.e., by applying a
maximum field of 100 MV/m for the thickest film and 133 MV/m for the thinnest one).

3. Phase Content and Dispersion of Nano-Inclusions

PVDF films (neat and hybrid ones) were deposited on conductive substrates using
the natural stretching mechanism applied by the spin coating technique, and we adjusted
the elaboration parameters (i.e., speed, steps, density of the PVDF-based solution, and
temperature) in order to optimize the β-phase content [42]. We present here four dif-
ferent samples: two neat PVDF films (hereafter referred to as PVDF-20 and PVDF-80)
with similar thicknesses obtained by the same spin coating process using two different
elaboration temperatures (see Supplementary Materials Table S1). The structural and elec-
troactive properties of these two samples were compared to those of PVDF hybrid films
with 0.5% wt of non-functionalized nanoparticles (hereafter referred to as NF-PVDF) and
to a PVDF hybrid one with 0.5% wt of functionalized nanoparticles (hereafter referred to
as F-PVDF). Details on the elaboration and XRD diffraction patterns of the four samples
can be found in [42]. The surface microstructure comparison of the four films obtained
by SEM and AFM analysis is shown in the Supplementary Materials Figures S1 and S2.
The results show a homogeneous morphology of the large surfaces observed by SEM tech-
nique and confirmed by local surface AFM measurements. The characteristic micrometric
spherulitic structures were visible with additional sub-micron fiber structures in agreement
with the previously reported morphology of PVDF films presenting a majority of the β-
phase content [48,49]. The whole set of films presented a mean thickness in the range of
75–100 nm and a mean roughness in the range of 3–14 nm. To study the effect of the
nanoparticle interface organization on the PVDF β-phase nucleation, FTIR was used, as this
method is proven to be as suitable as X-ray diffraction for the determination of the different
phases of PVDF. As already reported [42], for the very thin PVDF films, the diffracted in-
tensity was too low. This makes it useful for qualitative identification of the corresponding
phase (see Supplementary Materials Figure S3), but it hinders quantitative studies. On
the contrary, specific bands of FTIR transmittance in a wavelength range between 500 and
1500 cm−1 have previously been identified to be clearly characteristic of the different phases’
content [13,14] and demonstrated to be able to quantify the electroactive phase content in
PVDF materials. We thus recorded the FTIR spectra of the four films at room temperature
in the 600−1500 cm−1 wavenumber range. A baseline recorded at room temperature was
subtracted from the corresponding spectrum using the spectrometer software. We also
took into account the Si substrate’s transmittance in order to avoid any dependencies of
our analysis on the substrate. In Figure 2, we report FTIR normalized spectra presenting
the characteristic bands of the α and β phases for the four films.
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Figure 2. Infrared absorption bands typical of the β and α phases were identified, and they are
presented separately for neat PVDF films (PVDF-20 and PVDF-80) and hybrid ones with non-
functionalized nanoparticles (NF-PVDF) and functionalized nanoparticles (F-PVDF).

Several bands located at 840, 870, 1275, 1340, and 1403 cm−1 were clearly identified
and characterized the β phase (see Figure 2) [13,14,48]. These bands were related to
the sequences of more than three and/or four trans-conformations [13,14] of the polar
phases. In Figure 2, the characteristic absorption peak at 840 cm−1 was used to quantify
the β-phase content, showing similar absorbance characteristics among the four samples.
Non-polar α-phase absorptions were still visible, even though they were less intense, at
766, 795, and 1211 cm−1. The FTIR spectra also showed the presence of several absorption
bands at 1070 and 1175 cm−1. These latter bands were characteristic of the vibrations
of the carbon–carbon skeleton in the polymer [13,14,48]. Again, the intensities of these
bands seemed not to evolve as a function of the thermal treatment and the presence of the
nanoparticles, emphasizing a good organization of the polymer structure for all our samples.
The quantification of the γ phase was more difficult, as exclusive FTIR bands corresponding
to the γ phase appeared as shoulders (see Figure 2). Gregorio et al. [14,49] analyzed FTIR
absorptions by assuming the Lambert–Beer law and calculated the absorption coefficients,
Kα and Kβ, at the respective wave numbers of 766 and 840 cm−1. In this manner, according
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to [14,49], the relative fraction of the β-phase content in a sample containing mainly α and
β phases is:

F(β) =
Aβ(

Kβ/Kα

)
Aα + Aβ

=
Aβ

1.26Aα + Aβ
(1)

where F(β) represents the β-phase content; Kα and Kβ are the absorption coefficients with
respective values of 6.1 × 104 and 7.7 × 104 cm2mol−1; Aα and Aβ are the absorbances at
766 and 840 cm−1 calculated using the incident and transmitted intensities of the IR waves.

An = log
I0
n
I

n = α, β (2)

This expression has been widely used in the literature [13,14,18–22,48], and in our case,
it gives the following values for the β-phase content in the four samples (see Figure 3):
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Figure 3. β-phase content for neat PVDF films (PVDF-20 and PVDF-80) and hybrid ones with
non-functionalized nanoparticles (NF-PVDF) and functionalized nanoparticles (F-PVDF).

IR observations support the conclusion that both neat PVDF films and hybrid ones
presented a similar content of electroactive phase with a slight increase (as expected) in
the presence of the nano-inclusions. As reported before [42], we decided to use as nano-
fillers the isotropic nanoparticles of Ni0.5Zn0.5Fe2O4 (NZFO-NPs). Previous work has
already demonstrated that the interaction between the negatively charged surface of the
NZFO-NPs and the positively charged polymer CH2 groups promotes nucleation of the β

phase in PVDF [19]. Remarkably, when hydrophilic molecules functionalize the surface
of the nano-fillers, a uniform dispersion of the nano-fillers is obtained. These hydrophilic
parts interact with the C–F polar bonds in the PVDF matrix through hydrogen bonding,
and all dipoles along the molecular chains of the polymer can align. Consequently, the
β-phase content is enhanced [30,31] as well as the polymer structure. In order not to destroy
the flexible properties of the PVDF, we worked at a very low loading mass percentage
(<1% wt) [42] with very small nanoparticles of average diameter of 3.5 nm (see Figure 4a–c
in the Supplementary Materials for more details on the nanoparticles’ morphological and
magnetic characterizations). It is worth noticing here that ferromagnetic nanoparticles
behave like strong nano-magnets; thus, as soon as they are sufficiently nearby (closer than
10 nm) they attract each other. Once they agglomerate, it is very difficult to disperse them.
The four samples were studied using SEM images of both backscattered and secondary
electrons, BSEs and SEs, respectively. Figure 4a presents the SEM image obtained for
the neat PVDF film (PVDF-20) in which no contrast can be seen for both the BSE and
SE images. In Figure 4b,c, we compare non-functionalized NPs embedded in the PVDF
film (NF-PVDF) with their functionalized NPs (F-PVDF) counterparts. The BSE images
provide a clean view of the dispersion of the nanoparticles, as they are related to the Z
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number of the material imaged. We found that functionalization was a key parameter for
dispersing the magnetic nanoparticles in the film. The cross-section of the film shown in
Figure 4d shows that the NPs were homogeneously dispersed through the thickness of
film and not just dispersed on its surface and forming aggregates in depth. A statistical
analysis of the distribution of the NPs was conducted using the ImageJ program and
provides evidence for the homogeneous distribution of NP agglomerates with their surface
size reduced by one order of magnitude between the NF-PVDF and F-PVDF samples
(see Supplementary Materials Figure S5).
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4. Recoveries and Robustness of Local Piezoelectric Properties

Comparison between the functionalized and non-functionalized hybrid films allowed
us to study the effect of the dispersion of the nanoparticles inside the matrix, not only over
the optimization of the interface between the two phases but also over the local piezoelectric
properties of the polymer. As we reported before, to efficiently stress the magnetostrictive
phase of the NPs, thus controlling their moment orientation by applying an electric field
on the piezoelectric polymer, is a major key parameter for using these hybrid thin films in
new magnetic sensors. In this frame, the study of the local piezoelectric response of the
polymer by piezoelectric force microscopy is of primary importance. In Figure 5, we show
the piezoelectric response, which was measured by applying an alternative electric bias
field through the use of a nanometric-probing tip. The latter is in contact with the surface
of the polymer and applies the field through the thickness of the film (i.e., the conductive
substrate was maintained at 0 V). This electric bias resulted in sample deformation due to
the converse piezoelectric effect. Piezoelectric surface displacement was detected by the
reflection of a laser beam on the photodiode of the microscope that records the cantilever
vibration/position. The out-of-plane piezoelectric response was thus measured when an
AC voltage was applied through the tip with an amplitude vibration in the range of 0–10 V.
The voltage was increased by a step of 2 V as can be seen in Figure 5a.
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Figure 5. (a) Tip vibration as a function of the frequency for an AC voltage within 0–10 V by a step
of 2 V; (b) linear piezoelectric response of the four samples; (c) PFM amplitude (top) and phase
(bottom) of the PVDF-20 film; (d) PFM amplitude (top) and phase (bottom) of the F-PVDF film. The
maximum electric field applied at 10 V was 133 MV/m for the NF-PVDF thin film (75 nm thick)
and 100 MV/m for PVDF-20 (99 nm thick). For details on the thickness of all the samples, see
Supplementary Materials Table S1. The polarized opposite squared areas in (c) and (d) were obtained
by applying a positive and negative DC voltage of 5 V, respectively, for a 10 × 10 µm square and a
5 × 5 µm one. Thus, the maximum electric field applied for the (c) PVDF-20 film was ±50 MV/m and
±66 MV/m for the (d) F-PVDF. The PFM amplitude and phase for both samples were then imaged
using a AC modulation voltage of 5 V.

Measurement of the tip vibration is given as a function of the tip frequency in Figure 5a.
The scan rate was 0.5 Hz, and the scan area was 1 × 1 µm2. Figure 5a shows the out-of-
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plane piezoelectric response for the whole set of samples. These results confirm a linear
piezoelectric effect in the neat PVDF films as well as in the hybrid ones. This is in agreement
with the presence of a polar phase in all our samples. However, in the case of hybrid-PVDF
films (i.e., NF-PVDF and F-PVDF), the vibration amplitude was very small, showing a large
loss of the piezoelectric response compared to the neat PVDF films. Figure 5b shows the
measured displacement vs. the applied AC voltage of the analyzed samples. As can be seen,
we obtained good linear behavior that is in agreement with the converse piezoelectric effect
theory, according to which the displacement of the material is proportional to the applied
AC voltage. The d33 value was estimated using a periodic poled lithium niobate (PPLN) test
sample. The obtained d33 values are reported in the inset of Figure 5b. First, we can observe
that the slight difference between the linear piezoelectric responses of the two neat PVDF
films did not present a higher slope in the case of the PVDF-20 which had higher β-phase
content (see Figure 3). This can be attributed to its local roughness of one order of magnitude
higher than the one for PVDF-80 and which is well known to affect the PFM response
(see Supplementary Materials Table S1). Surprisingly, NP inclusions strongly affected
the local piezoelectric response of the hybrid films in contrast with the constant β-phase
content measured. Locally, in the case of the NF-PVDF sample, the agglomerate nano-fillers
destroyed the charge polarization of the PVDF and prevented us from measuring the
piezoelectric coefficient. Thanks to the dispersion of the functionalized NPs in the F-PVDF
film, we could recover 10% of the piezoelectric response observed in the neat PVDF films. In
Figure 5a, the tip vibration presented a better-defined resonance in the case of the F-PVDF
film compared to the NF-PVDF (see the zoomed in areas in 5a). This promoted the local
dispersion of the nanoparticles as a possible way to reduce the observed piezoelectric losses
due to the presence of nano-inclusions and to re-enhance coupling performances for the
next generation of magnetoelectric nanostructures. It is important to stress at this point that
the piezoelectric coefficient values of approximately 10 pm/V measured in our un-poled
neat PVDF films were in the low range of the piezoelectric coefficient values reported in the
literature (between 13 and 28 pm/V) for poled PVDF and its co-polymer [19,48,50–52]. The
mixing of the non-electroactive phase (α) with the electroactive one (β) was considered at
the origin of an intrinsic polymer chain disorder. In the case of poled films, the application
of an electric field during the elaboration process, can help orient (polarized) polymer
along the electric field lines and, thus, giving rise to the higher piezoelectric coefficient
reported in the literature (between 13 and 28 pm/V) [19,48,50–52]. In our case, the un-
poled elaboration procedure as well as the presence of sub-micrometer agglomerates of
metallic nanoparticles may have increased the polymer disorder and facilitated leakage
of the current effect at the same time. The latter decreased the measurable piezoelectric
coefficient value in the hybrid thin film. This can be observed in Figure 5b in which the
NF-PVDF film shows a non-detectable d33. The partial recovery of this d33 coefficient can
be attributed to the effect of the dispersion of the nano-inclusions by following the easy
scheme reported in [52]. The application of an applied electric field gives rise to the possible
mechanism of coupling between electric properties of the PVDF and the magnetic one of the
nanoparticles. The electric field poling in the z-direction induced strain in the PVDF matrix
in the x- and y-directions and, consequently, the magnetic moments were locked in the x-
and y-directions. When the hybrid films were electrically poled, the electric dipoles inside
the ferroelectric layer could align in the applied field direction only if the nanoparticles
were dispersed and locked. This is why, although the amount of electroactive phase was
always approximately 50%, the polarization of the F-PVDF sample was successful. We
could thus measure a local piezoelectric coefficient and show its partial recovery compared
to the NF-PVDF sample. To investigate the robustness of the polarization switching, a DC
bias was applied while scanning the surface in order to polarize several confined areas.
First, a squared area of 10 × 10 µm was polarized in one direction by the application of
a DC bias while scanning 256 lines at 1 line/s. Then a smaller squared area of 5 × 5 µm
was poled in the opposite direction by the application of a DC bias of opposite polarity,
and the entire region was imaged using an AC bias. The PFM amplitude and phase thus
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obtained are shown in Figure 5c,d. The amplitude (top) and phase (bottom) images of the
PVDF-20 film are shown in Figure 5c, while the ones for the F-PVDF sample are illustrated
in Figure 5d. In both cases, we can clearly see domains of opposite polarization giving
rise to bright and dark areas well delimited by the square profile. The regions of uniform
polarization were rough and irregular, and they corresponded well to the topographic
structure shown by the colored squares (i.e., AFM topographic images) reported on the
bottom right side of the PFM amplitude images.

These irregular PFM images suggest that polarization switching occurred one grain
at a time rather than on a multiple grain basis. The less uniform pattern in Figure 5d is
indicative of the presence of NPs, which not only affected the topography of the film but
also the local piezoelectric contrast. These images demonstrate the possibility of nanoscale
polarization control in un-poled neat PVDF and F-PVDF hybrid very thin films. To study
the robustness of this control, we imaged several times the polarized area 24 h after the
polarization process described above. The PFM amplitude and phase images are shown
in Figure 6a,b for the samples shown, respectively, in Figure 5c,d. As a matter of fact,
despite the small d33 values of 1 pm/V for the F-PVDF film, the domain polarization
process was highly robust, as even the domain irregularities were kept at exactly the
same places after 24 h. Again, our un-poled thin films showed piezoelectric coefficients
values in good agreement with previous results reported in the literature for poled films
at high temperature [32–40] without metallic nano-inclusions. In addition, in our case the
PFM phase switching occurred at a lower electric field (50 MV/m) than the typical values
reported in the literature (100–150 MV/m).
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5. Conclusions

In conclusion, we demonstrated that hybrid thin films based on PVDF polymer showed
that similar β-phase content, flat characteristics, and mean thicknesses of approximately
80 nm can present very different local piezoelectric responses. Linear piezoelectric effects
for both the neat PVDF films and the hybrid ones were observed. Surprisingly, the hybrid
samples presenting a similar percentage of β-phase content compared to the neat PVDF
films did not show a similar piezoelectric resonance, evidencing a local polarization disorder
promoted by the presence of the nano-inclusions. This effect was visible even though the
number of nanoparticles was extremely low (<1wt%). We succeeded in partially recovering
the nanoscale piezoelectric properties by uniformly dispersing the nanoparticles inside the
polymer matrix. The functionalization of the nano-inclusions improved the piezoelectric
coefficient of 10%. Typical piezoelectric coefficient values of 10 pm/V were measured for
the neat PVDF films. The robustness of the polarized domains was demonstrated vs. time
by PFM images obtained after several scans. Thus, hybrid interphase optimization opens
a possible way for the control of piezoelectric losses in magnetoelectric polymer-based
thin films.
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tion characteristics of the studied samples; Figure S3: XRD spectra; Figure S4: Agglomerates
ImageJ analysis; Figure S5: ImageJ processing and analysis of the SEM images.
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