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A B S T R A C T

The incorporation of lead-free BaTiO3 particles into P(VDF-TrFE) provides a versatile way for tuning dielectric
and piezoelectric properties. Screen-printing enables the easy production of flexible capacitors. To prevent
particle aggregation, the BaTiO3 particles are functionalized with a surfactant. Initially, 60 % vol. BaTiO3 par-
ticles are deposited in the second layer out of three layers. After annealing and cooling, the particle distribution is
successfully homogeneous in the whole film. After poling at 80 ◦C, the relative permittivity and the piezoelectric
coefficient d33 significantly increase up to 159 and 8 pC/N respectively. In situ/operando spatially-resolved X-ray
techniques allow exploring the structural evolution of the composite device during annealing and during an
applied electric field. The application of an electric field leads to the quasi-disappearance of the P(VDF-TrFE)
ferroelectric state. As a matter of fact, the interactions between the P(VDF-TrFE) and the surfactant may limit
the rotation of P(VDF-TrFE) chains near the particles. Hence, paraelectric polymers could be chosen on a me-
chanical or economic basis for the matrix in piezoelectric composite devices. Regarding BaTiO3, the lattice strain
evolves from an extrinsic strain at RT to an intrinsic strain after annealing and cooling. At the cooled state, the
tetragonality c/a is higher than 1.01, leading to improved piezoelectric properties. The increase of the average
domain size leads to the increase of the composite permittivity. Finally this knowledge facilitates the develop-
ment of tailored flexible piezoelectric composite devices.

1. Introduction

Composite materials are increasingly studied due to their diverse
properties leading to various applications, such as cathodes for batteries
[1,2], coatings [3,4], electromagnetic interference shielding film [5],
microspheres for artificial photosynthesis [6], photodetectors [7,8], and
gas sensors [9].

Lead-free BaTiO3 is a well-used polycrystalline ceramic, which is
paraelectric (resp. ferroelectric) in case of a cubic (resp. tetragonal)
lattice [10]. With the application of an electric field, the deformations
can originate from the intrinsic strain of the lattice, induced by piezo-
electric effects, and the extrinsic strain, on a length scale larger than a
unit cell, originating from the motion of the boundary between two
domains, called a domain wall (DW). The DWs are characterized by the
angle of polarization axes between two adjacent domains, such as 180◦

and 90◦ DWs [11], existing in a tetragonal phase of BaTiO3 [12]. After

the removal of the electric field, the DWmovement is irreversible, as the
induced strain. Unfortunately, the poor flexibility of BaTiO3 limits ap-
plications for large-scale fabrication, flexible devices, and deposition on
3D surfaces. Hence, BaTiO3 particles have been mixed with polymers,
like the semicrystalline polyvinylidene fluoride trifluoroethylene P
(VDF-TrFE) copolymer. Flexible BaTiO3/PVDF based capacitors are
used as actuators, sensors [13], and energy storage devices [14,15].
Among the different crystalline forms of P(VDF-TrFE), the β phase is
ferroelectric, whereas the α phase is paraelectric [16]. The ceramics
exhibit significantly higher dielectric properties compared to pure P
(VDF-TrFE). The dielectric constant of BaTiO3 is maximum for grain
sizes near 1 μm, namely 5000 for grain sizes ranging from 0.7 to 1 μm
[17]. On the contrary, the dielectric constant of P(VDF-TrFE) is very low,
approximately 10 [18,19]. These contrasting permittivity values make
these materials promising candidates for applications requiring high
dielectric properties.
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The screen-printing technique is increasingly used for depositing thin
films due to its quick, easy, low-cost nature, and the possibility of
depositing on plastic substrates in order to obtain flexible devices [20,
21]. This technique was recently used to deposit films of BaTiO3/P
(VDF-TrFE) [22]. Due to the high surface energy of BaTiO3 particles, the
particles can agglomerate in PVDF based films. Heterogeneous disper-
sion and porosity weaken dielectric and piezoelectric properties, as well
as mechanical strength. In order to prevent particles from agglomeration
in the polymeric matrix, particles are coated with a surfactant. With
traditional deposition methods, BaTiO3 particles are found much more
at the bottom than at the top of PVDF based films [23]. Moreover, P
(VDF-TrFE) films with a high percentage of BaTiO3 can have a rough
surface. In order to avoid these two drawbacks, an innovative deposition
method is tried i.e. 60 % vol. particles are deposited only in the second
layer out of three layers. The third deposited layer made of P(VDF-TrFE)
fills the gaps between the particles and yields a smooth surface. After the
deposition, annealing may lead to a homogeneous distribution of the
particles. Regarding the material properties, a significant increase in
both permittivity and piezoelectricity is obtained after high-temperature
poling [22].

Optimizing the performance of the printed materials is a key issue.
To start with, the homogeneous distribution of the particles has to be
assessed after the elaboration process. Then the structure of the polymer
and of the particles has to be determined during annealing and during
the application of an electric field, similarly to what happens during
poling. Finally the correlation structure/property has to be clearly
established in order to optimize further the capacitor performance. In
situ/operando High Resolution X-Ray Diffraction (HRXRD) [24,25] and
simultaneous fluorescence spectromicrography were used to study the
structure evolution of the capacitors as a function of the film depth.
Transmission HRXRD performed with a submicrometer synchrotron
radiation X-ray beam allows probing regions successively in the top
electrode, the active layer, the bottom electrode, and the substrate. The
uniqueness of this study consists in using high quality transmission
HRXRD through the capacitor, from top to bottom, with a sub-
micrometer X-ray beam and without any substrate background. This
allows addressing the structural evolution of the particles and of the
polymer as a function of the film depth, annealing, and the applied
electric field. We think that the combination of HRXRD/fluor-
escence/Fourier Transform InfraRed spectroscopy (FTIR) studies could
explain the significant changes in both permittivity and piezoelectricity
as a function of thermal states.

In this study, the dielectric and piezoelectric properties are presented
as a function of the amount of BaTiO3. The structure of the BaTiO3/P
(VDF-TrFE) capacitor is then studied as a function of annealing and of
the applied electric field, before being correlated to the dielectric and
piezoelectric properties.

2. Experimental section

2.1. Materials

The polyimide (PI) substrate (25 µm) was washed with acetone and
propanol. The substrate was then exposed to a UV lamp during 1 min. In
order to ensure a good adhesiveness of the screen-printed material, a
fluorinated treatment (SF6 plasma) was made on the substrate. The
electrodes were made of CLEVIOS™ S V4 STAB poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) synthe-
sized by Heraeus. A PEDOT:PSS electrode was deposited with an EKRA®
X5-STS (Global BizTeK Co., Gyeonggido, South Korea) screen-printer on
the substrate. To perform solvent evaporation, each layer was annealed
on a heating plate. The electrode was annealed at 150 ◦C during 25 min.
A fluorinated treatment (SF6 plasma) was also made on the electrode.
We used the FC20P grade of P(VDF-TrFE) (80–20) synthesized by
ARKEMA-Piezotech. The solvent used to dissolve P(VDF-TrFE) is triethyl
phosphate (TEP). Commercial BaTiO3 powder from Sigma Aldrich®
(Darmstadt, Germany) was used. The average particle diameter was less
than 1 μm. The BaTiO3 particles were functionalized with the 3-Fluoro-
4-(trifluoromethyl)benzoic acid surfactant called 3 F-met. The func-
tionalized particles and the polymer solution were added, gradually and
alternatively, into a mixer (Heidolph, RZR 2020, Germany). Mixing was
performed at 1500 rpm during 1.25 h. The BaTiO3/P(VDF-TrFE) sam-
ples were fabricated by screen-printing on PEDOT:PSS with three
deposition steps. The first and third deposits consisted only of P(VDF-
TrFE) and the second one consisted of P(VDF-TrFE) with 60 % vol. of
BaTiO3. Between each deposited layer, a partial solvent evaporation was
made at 150 ◦C during 5 min. After the composite film deposition, a
solvent evaporation was performed at 150 ◦C during 2 hours. Fig. S1
shows Scanning Electron Microscope (SEM) views of the particles
without/with surfactant. Finally the 19-μm thick film is sandwiched
between two PEDOT:PSS electrodes, each with a thickness of 1 μm [22].
The contacts with the device were realized with an Ag-paste (EMS
CI-1001, Nagase Engineered Materials Systems Inc., USA) characterized
by an electrical resistance smaller than 15 mΩ.

2.2. Characterization

The relative permittivity εr was obtained with the relation [26]:

C =
ε0εrS
d

(1)

Here, C is the device capacitance, ε0 the vacuum permittivity, S the
capacitance area, d the film thickness. Measurements were performed
with an Agilent E4980A LCR meter under an AC voltage level of 1 V.

The piezoelectric coefficient d33 was measured with a setup
composed of a dynamic oscillator (PI 246–50) coupled with a waveform
generator (33522B, Keysight Technologies Inc., Santa Rosa, CA, USA)
together with a voltage amplifier (Model 20/20 C, TREK Inc., Novi, MI,
USA). This enables generating a sinusoidal force with a tunable ampli-
tude and frequency. The setup comprised also a C11 force sensor (HBM,
Darmstadt, Germany) and a charge sensor (KISTLER, Type 5015, Win-
terthur, Switzerland). The measurements were performed at a frequency
of 1 Hz, with a force amplitude of about 700 N and a bias of 70–100 N.
Finally real-time signals were simultaneously recorded using DEWE
platform (Sirius, 8XSGT, SI-1420 Trbovlje, Slovenia). Here, CPP and FPP
are respectively the peak-to-peak charge and force amplitudes, AC is the
area on which the charge accumulates, and AF is the area on which the
force is applied. The piezoelectric charge coefficient d33 is determined
by [27]:

d33 = (CPP / AC) / (FPP / AF) (2)

The large-scale homogeneity of screen-printing was tested. Devices
originating from different locations of a screen-printed sheet yielded

Fig. 1. Relative permittivity εr at 10 kHz and piezoelectric coefficient d33 of the
composites after poling at 80 ◦C as a function of the BaTiO3 fraction up to 0.7,
near the densest close-packing of equal spheres.
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similar relative permittivity and piezoelectric coefficient values
(Fig. S2).

The HRXRD method is described in the Supplementary Information
(Fig. S3).

Infrared (IR) spectroscopy reflectance spectra were recorded over the
spectral range 500 – 4000 cm− 1 with 128 scans and the spectral reso-
lution of these measurements was ± 4 cm− 1. IR measurements were
performed on a Bruker IFS55 Fourier transform spectrometer using a
reflective Cassegrain microscope objective.

3. Results and discussion

3.1. Dielectric and piezoelectric properties

Before poling, the composite capacitor is not piezoelectric. Fig. 1
shows the evolution of the relative permittivity and of the piezoelectric
coefficient of the composites after poling at 80 ◦C as a function of the
BaTiO3 fraction.

The relative permittivity of pure P(VDF-TrFE) is 12, similar to the
values of 10 for PVDF at 10 Hz [28] and 16 for P(VDF-TrFE) at 100 Hz
[19]. When the percentage of BaTiO3 increases, the relative permittivity
also increases, in agreement with a study conducted on PVDF with a low
percentage of BaTiO3 [28]. At 60 % BaTiO3, the relative permittivity
reaches 159, which is larger than the previous values in the range of

Fig. 2. HRXRD patterns of the composite film collected at RT during the vertical scan of the sample from top to bottom at (a) 0 V/μm and (b) 3.15 V/μm. Inset:
Schematic of the composite capacitor with the inorganic particles in the center of the organic matrix. (a) Prior to the application of an electric field, the distribution of
the dipoles is random in the copolymer and in the particles. (b) With the application of an electric field, the dipoles are oriented only in the particles. The presented
HRXRD measurements correspond only to the region with BaTiO3 particles (in grey) from 10 to 21 μm of the support translation. The intensity is on a log scale. All
the referenced peaks correspond to BaTiO3 except the α and β peaks.
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100–130 [29].
The piezoelectric coefficient for pure P(VDF-TrFE) is − 30 pC/N,

which is larger in absolute value than − 22.3 pC/N for P(VDF-TrFE) (70/
30) [30] and − 24.5 pC/N with dimethyl sulfoxide (DMSO) solvent [31].
Even with a small amount of ceramic particles, the piezoelectric coef-
ficient becomes positive like that of the ceramic, suggesting that the
ceramic particles play a key role in the piezoelectric properties. The
piezoelectric coefficient becomes 8 pC/N with 60 % BaTiO3. As the
piezoelectric coefficient of the composite capacitor increases with the
BaTiO3 percentage, the study focusses on a large amount of BaTiO3.

3.2. Overall structure of the composite

As the coercive field Ec is 2.4 V/μm for 60 % BaTiO3 and 2 V/μm for
40 % BaTiO3 [32], operando HRXRD experiments were conducted
below Ec at 0 V/μm (Figs. 2a) and 1.05 V/μm, near Ec at 2.10 V/μm, and
above Ec at 3.15 V/μm (Fig. 2b) in order to explore the different

ferroelectric regimes. The success of the transmission HRXRD experi-
ment with a submicron X-ray beam is a proof of the high quality and
planarity of the flexible device with a 2 mm width.

Fig. 2 shows BaTiO3 peaks [28] and α or β P(VDF-TrFE) peaks [33].
Prior to the application of an electric field, the α and β phases are pre-
sent, whereas no α phase is clearly present in pure P(VDF-TrFE)
(Fig. S4). This indicates that the particles favor the crystallization of
the α phase. With the application of an electric field, the β peaks
disappear, whereas the α peaks remain and an additional α peak even
appears. This indicates that the β phase disappears, whereas the α phase
is favored. Moreover, some peaks shift from top to bottom and the Full
Width Half Maximum (FWHM) of the peaks may evolve as a function of
depth, indicating domain size variations. These changes may come from
a thermal gradient during annealing on the heating plate or from strains.
Later on, these peak modifications are studied in details, on the one
hand, for P(VDF-TrFE) and, on the other hand, for BaTiO3.

Fig. 3. HRXRD patterns of P(VDF-TrFE) at the middle of the composite film collected at (a) RT, (b) 80 ◦C, and (c) at the cooled state at different electric fields.
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3.3. Structure of P(VDF-TrFE) in the composite

HRXRD patterns of the P(VDF-TrFE) are displayed in Fig. 3 at the
middle of the BaTiO3/P(VDF-TrFE) film (depth = 9.5 μm) at RT, at 80
◦C, and at the cooled state at different electric fields.

Prior to the application of an electric field, the FWHM of the β peak is
0.06 Å− 1 at RT, yielding a domain size of 10 nm, similar to that in pure P
(VDF-TrFE) (Fig. S4). The lattice parameters of the β phase are deduced
from the HRXRD peaks as a function of the thermal states (Fig. S5).
However, the β peak decreases significantly with the application of an
electric field as low as ~1 V/μm, indicating unambiguously the quasi-
disappearance of the ferroelectric state of P(VDF-TrFE). One possible
explanation is that the P(VDF-TrFE) chains form bonds with the sur-
factant at the surface of the BaTiO3 particles. When an electric field is
applied, these bonds may hinder the rotation of P(VDF-TrFE) chains
near the particles, leading to a decrease of the crystallinity.

To investigate possible bonds between the P(VDF-TrFE) chains and

the surfactant, FTIR experiments were performed on P(VDF-TrFE) in the
presence of 10 % surfactant. Previous FTIR spectra of BaTiO3 with the
3 F-met surfactant put in evidence interactions of the surfactant mole-
cules with the particles. The –C––O group of the surfactant disappears to
form a –COO- group [22].

In Fig. 4a, the IR spectrum of the copolymer P(VDF-TrFE) shows
characteristic bands that have been reported in literature [34]. These
bands include peaks at 842 cm− 1 associated with -CF2 symmetrical
stretching, 880 cm− 1 associated with -CF2 antisymmetric stretching, and
1400 cm− 1 associated with -CH2 wagging and CC stretching, indicating
the presence of a β-phase crystalline structure. These bands are still
present in the IR spectrum of the copolymer with the addition of the
3 F-met surfactant (Fig. 4b), suggesting that the surfactant does not
affect the β-phase crystalline structure. Additional significant peaks,
attributed to the surfactant, are associated with the –CF3 group at 1050
and 1310 cm− 1, –C-C stretching in the benzene ring at 1500 and
1630 cm− 1, and a –C––O carbonyl peak at 1700 cm− 1. Additionally, a

Fig. 4. FTIR reflectance spectra of P(VDF-TrFE) (a) without surfactant, (b) with 10 % of 3 F-met surfactant. (c) proposed interaction between the surfactant and the P
(VDF-TrFE).
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peak near 1130 cm− 1 could correspond to the stretching vibration of the
C-O group in an ester, suggesting that the surfactant is linked to the
copolymer through the formation of an ester functional group.
Furthermore, the intensity of the band at 1330 cm− 1, which is a marker
of TrFE units (-CF stretch), is reduced in the presence of the surfactant,
indicating a potential interaction between the TrFE block and the sur-
factant (Fig. 4c). When the –C––O group of the surfactant is not linked to
the particle, this group may be linked to the TrFE block, hindering the
rotation of the copolymer during the application of an electric field.
When the –C––O group of the surfactant is linked to the particle, it is
probable that the hydrophobic regions of the surfactant and P
(VDF-TrFE) interact by either hydrophobic bonds or Van der Waals
forces. Overall, the functionalization of BaTiO3 with the surfactant im-
plies the quasi-amorphization of the P(VDF-TrFE).

3.4. Structure of the BaTiO3 particles in the P(VDF-TrFE) matrix

As the P(VDF-TrFE) matrix is not ferroelectric during the application
of an electric field, it is essential to study the BaTiO3 particles that drive
the ferroelectric properties in the composite.

Fig. 5 shows the fluorescence line intensities as a function of depth at
RT, 80 ◦C and at the cooled state.

At RT, the Ba fluorescence profile is well-centered in the matrix film
from 6 to 14 μm, i.e. with a FWHM of 8 μm. At 80 ◦C, the profile dras-
tically shifts by 3 μm towards the bottom. As the temperature of the
heating plate increases, the polymer in the bottom layer and the parti-
cles in the middle layer diffuse according to Arrhenius law [35]. With
the required thermal activation energy, the species can escape their
surroundings and move to neighboring environments [36]. Hence, the
polymer of the bottom layer and particles of the middle layer are
partially transferred in opposite directions leading to mutual diffusion.
At the cooled state, Ba is also present in the top of the film and so finally
from 2.5 to 16.5 μm, i.e. over 14 μm, nearly twice the initial range. At the
end of heating, a similar process occurs between the polymer in the top
layer and the underneath particles. This dynamic behavior of the par-
ticles is attributed to changes in the viscosity of the polymer at different
temperatures, allowing the particles to move more freely. At this state,
the percentage of 60 % vol. particles in the second layer is equivalent to
34 % vol. particles in the range where particles are present. Finally due

to the 3 F-met surfactant and adequate annealing, the particles are well
distributed in the P(VDF-TrFE) film. This clarifies the dependence of the
effective permittivity on the distribution of embedded particles [37] and
establishes that a homogeneous distribution of particles increases the
effective permittivity.

The HRXRD patterns of BaTiO3 exhibit structural changes as function
of applied thermal states and electric fields (Fig. 6, Fig. S6, Fig. S7).
Splitting of the (002) and (200) peaks has its origin in the tetragonality
c/a of BaTiO3. With sufficiently large compressive strains, BaTiO3 has a
tetragonal symmetry with polarization parallel to the elongated direc-
tion [38]. Upon applied electric field, DWs move in order to maximize
domains with polarization parallel to the electric field. Hence, the (002)
and (200) peaks evolve as a function of the applied electric field,
reflecting the exchange of volume fractions of ferroelectric domains due
to the 90◦ DW motion in perovskite ferroelectrics [39,40]. In contrast,
domain switching saturates upon an applied electric field at the cooled
state.

The lattice parameters a and c are deduced from the (200) and (002)
peak positions in the top and bottom regions at depths of 5 and 14 μm,
respectively, as a function of the electric field at different thermal states
(Fig. S8). The lattice is larger in the bottom region compared to the top
one, due to a thermal gradient during annealing on a heating plate. The
average lattice parameters are slightly smaller than the lattice parame-
ters of BaTiO3 particles sintered at 600 ◦C [41].

Fig. 7 shows the tetragonality c/a at the middle of the top and bottom
regions at depths 5 and 14 μm, respectively. The tetragonality is
approximately 1.01, in agreement with literature sources [41− 44].
More precisely, at 80 ◦C, the tetragonality is quite small, especially at
low electric field. Indeed, the transition from tetragonal to cubic struc-
tural phase occurs at 121 ◦C [45]. Hence, at 80 ◦C, the tetragonal
structure evolves towards the cubic one with c/a=1. On the contrary, at
the cooled state and whatever the applied electric field, the tetragonality
is even larger than 1.01, due to large strains, leading to improved
ferroelectric properties.

The lattice strain SE during the application of an electric field E is
[40]:

SE = (dE – d0) / d0 (3)

where dE and d0 are the lattice spacing parameters during the

Fig. 5. Fluorescence line intensities of Ba Kα1 as a function of depth at RT, at 80 ◦C, and at the cooled state.
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application of an electric field E and at zero field respectively. The lattice
strain coefficient dlattice is given by [10]:

dlattice =SE /E (4)

The coefficients for (200) and (002), noted da and dc, are displayed in
Fig. 8a-c and the domain sizes for (200) and (002), noted Da and Dc, are
displayed in Fig. 8d-f as a function of the electric field at different
thermal states.

At RT, the lattice strain coefficients and the domain sizes are
maximum near Ec. Both parameters evolve similarly, indicating that the
lattice strain originates from the motion of DWs and is an extrinsic
process. The domain size is in average 20 nm. At 80 ◦C, it increases to
approximately 25 nm, indicating that annealing contributes to the for-
mation of larger domains. The lattice strain coefficients are globally
smaller at 80 ◦C than at RT and evolve quite similarly as the domain size
above 1 V/μm, suggesting that the lattice strain is mainly extrinsic. At
the cooled state, the increase of the domain size, with respect to the
initial state, is to be correlated to the permittivity increase of the com-
posite, confirming the literature [46]. The strain coefficients are
approximately zero at Ec and become slightly positive above Ec. The
lattice strain coefficient does not evolve systematically as the domain
size, suggesting that the lattice strain is mainly intrinsic and corresponds
to the spontaneous strain induced by piezoelectric effects. Cooling re-
leases the extrinsic strain due to the motion of DWs, transitioning the
strain from extrinsic to intrinsic. The strain coefficient for the c-axis,
approximately parallel to E above Ec, corresponds to d33 and is equal to
80 pm/V, corresponding to typical d33 values of BaTiO3 particles [47].
This intrinsic strain coefficient is nearly 30 times smaller than the
extrinsic strain coefficient maximum obtained at the beginning of
poling, in agreement with the literature [48]. However, the composite
device has a much smaller effective piezoelectric coefficient due to a
poor strain transmission from the BaTiO3 particles to the
quasi-amorphous P(VDF-TrFE). Improving the transmission of the par-
ticle strain in the polymer matrix is crucial to benefit fully from the
piezoelectric properties of the ceramic particles.

High-temperature poling not only improves the tetragonality of
BaTiO3, but also promotes intrinsic strains and piezoelectric effects.

4. Conclusion

With 60 % vol. BaTiO3 particles initially in the middle layer, the
particle distribution becomes successfully homogeneous in P(VDF-TrFE)
at the cooled state. After poling at 80 ◦C, the relative permittivity and the
piezoelectric coefficient d33 of the composite reach 159 and 8 pC/N
respectively. With the application of an electric field, the α phase of P
(VDF-TrFE) is still present, whereas the β phase disappears. The study
highlights the importance of understanding the interactions between
organic and inorganic components in composite materials. The presence
of surfactant interactions between the polymer and inorganic particles
can significantly affect the material properties, such as the ferroelectric
state. By adjusting the surfactant interactions, onemay be able to control
and enhance the performance of composites for technological applica-
tions. This study suggests that other polymers, not ferroelectric, could be
used for the matrix in a piezoelectric device. At RT, the lattice strain of
the particles is initially extrinsic and becomes intrinsic after annealing
and cooling. At the cooled state, the particle tetragonality is larger than
1.01, leading to improved piezoelectric properties. Moreover, the
ceramic lattice is compressed in the top region compared to the bottom
one. Hence, capacitors annealed on a heating plate may have regions in
which properties are enhanced or reduced. At the cooled state, larger
particle domains in the whole film lead to greater permittivity. The
established relationships facilitate the development of customized flex-
ible piezoelectric composite devices. The combined HRXRD/fluores-
cence method used in this study can be applied to other devices.
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