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ABSTRACT: The development of new electromechanically active Advanced PFM - Clu sfe"'ng

materials has garnered significant attention in materials science,
particularly in the pursuit of lead-free alternatives. Most current
research focuses on macroscale characterization, leaving a gap in
the understanding of nanoscale behavior, particularly the individual
ferroelectric characteristics of complex hybrid systems. In this
study, bismuth ferrite (BiFeO5 or BFO) nanoparticles, successfully
synthesized using a sol—gel method, are employed as a nanofiller
to prepare polyvinylidene fluoride trifluoroethylene (PVDE-
TrFE)-based ferroelectric nanocomposites. Advanced scanning
probe microscopy (SPM) characterization techniques, including
piezoresponse force microscopy (PFM), dual-frequency resonance
tracking PFM (DFRT-PFM), switching spectroscopy PFM (ssPFM), and DataCube-PFM, are utilized to probe the nanoscale
interactions and properties of the composite materials. The study reveals distinct ferroelectric behaviors in both components, with
BFO exhibiting a clockwise hysteresis loop indicative of a positive piezoelectric coefficient, while the polymer displays a
counterclockwise loop corresponding to a negative coeflicient. Notably, some BFO regions show nonswitchable characteristics due
to insufficient local polarization voltage. The apparent piezoelectric coefficients are quantified, showing consistent values for the
polymer matrix and highly variable responses for the BFO aggregates. This research highlights the importance of nanoscale
characterization in understanding the complex interactions within hybrid materials, thereby paving the way for future advancements
in flexible electronics and energy-storage applications. The findings underline the necessity of comprehensive mapping of
piezoelectric responses to guide the improved design and enhanced functionality of polymer-based nanocomposites.

1. INTRODUCTION Today, the most widespread piezoelectric materials are lead
zirconium titanate (PZT) ceramics,” materials that exhibit
strong piezoelectric response but that contain lead and raise
concern regarding health and environmental safety with the
risk of heavy-metal poisoning. The development of lead-free
alternatives has become a significant focus within materials
science.’ The leading alternative candidates are barium titanate
(BTO), potassium bismuth titanate (KBT), or bismuth ferrite
(BiFeO, or BFO).” Among those, bismuth ferrite stand out as
a well-known multiferroic material at room temperature.”’
This unique characteristic positions BFO as a promising
component for various ?plications, including memory storage,
sensors, and actuators.'*™'? However, the intricate processing
requirements associated with ceramic materials often impede

The recent years have been highlighted by an energy crisis
always more pressing, emphasizing the urgent need to shift
toward alternative energy sources. Traditional fossil fuels and
their negative environmental impacts have raised major
concerns, triggering the development of cleaner and more
sustainable energy options such as thermal, wind, vibrational,
and solar energy.1 Moreover, technological advancement in
electronic device miniaturization and energy-eficient tech-
nologies has led to the creation of low-power systems
operating with minimal energy consumption. For this reason,
mechanical energy harvesting has emerged as a promising
approach for powering low-power sensor networks and
wearable electronics.”” Piezoelectric apparatuses can be used
to transform vibrational mechanical energy, ubiquitous in our
environment, into electrical energy through the direct
piezoelectric effect. Consequently, piezoelectric materials
have garnered significant interest in recent years for the
creation of piezoelectric harvesters.” Because of their
straightforward design, they are easily integrated into sensors
and other electronic devices.
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their practical utilization."”'* To address this challenge,
polymer-based nanocomposites have gained attraction, as
they can retain the advantageous properties of BFO while
simultaneously enhancing the attributes of the polymer
matrix.”'>'® These composites present multiple advantages:
lightweight architectures, corrosion resistance, flexibility, cost
effectiveness, and ease of manufacturing.'” Polyvinylidene
fluoride (PVDF) and its copolymers as the structural matrix of
nanocomposites have attracted a lot of interest due to their
intrinsic piezoelectric, pyroelectric, and ferroelectric proper-
ties."* 7>

The integration of BFO nanoparticles within a PVDF
polymer matrix results in a composite material exhibiting
improved functional properties and broadening its applicability
in piezoelectric, ferroelectric, dielectric and mechanical energy
harvestin% devices, as well as in self-powered electronic
systems.” >* Research on PVDE/BFO composites have
further expanded well beyond simple piezoelectric harvesting
or sensor devices. Several studies highlight the multifunction-
ality of such composites, as multistimuli-responsive materials
for energy harvesting and catalysis,” or anticorrosion proper-
ties,”® and as a decomposing agent for salt in lithium battery.”’

Even though a large portion of the research carried out on
these systems focuses on macroscopic characterization,”"*%*’
very few take into consideration the nanoscopic character-
ization. The nanoscopic nature of these systems underscores
the critical importance of understanding interfacial and local
electromechanical behaviors at the nanoscale, where polymer—
nanoparticle interactions, phase distribution, and local domain
configurations can strongly influence the macroscopic perform-
ance. Understanding interactions at the nanoscale can provide
insights into the mechanisms driving the enhanced properties,
ultimately guiding future material design and engineering
efforts.

The invention of atomic force microscopy (AFM) made it
possible to characterize the material properties at the
microscopic scale. After decades of extensive development,
the functions of AFM have been greatly expanded, capable of
interrogating a wide range of localized phenomena, ranging
from mechanical®™®' to electrical.”*** Among these, piezores-
ponse force microscopy (PEM)** has emerged as a powerful
tool to measure weak piezoelectric displacement. This mode
has risen as a robust technique for the detailed characterization
of surface properties at this scale, especially for energy
harvesting.’**° Tt is used on different systems for a global
ferroelectric assessment.'”***” Some other studies have used
the high spatial resolution of this mode to try access different
responses in composite systems on single localization.”>*”
Nevertheless, no study has shown a complete cartography of
the different ferroelectric structures and properties inside both
phases of this kind of complex system simultaneously.

However, the quantification of surface displacement arising
from piezoelectric effect at the nanoscale is an ongoing debate
in the PEM community. Even though some studies have used a
PFM setup mimicking macroscale measurement to evaluate
the piezoelectric coefficient,”’™" the presence of numerous
parasitic signals intrinsic to PFM tends to question the
reliability of these results. These include electrostatic forces,
surface electrochemical effects, electrostriction, Joule heating,
and flexoelectric contributions.**

Among these factors, electrostatic interactions are generally
considered the most significant source of artifacts as they may
even dominate the measured signal under certain conditions.

Electrostatic forces arise from the interaction between the
charged probe and the surface potential of the sample, which
can induce a cantilever deflection without any actual surface
displacement. As a result, the measured response may reflect
only the intrinsic piezoelectric behavior of the material.
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Figure 1. X-ray diffraction spectrum of BFO particles synthesized
using the sol—gel method.

To minimize these contributions, several experimental
precautions were typically implemented. These include
operating at relatively low excitation voltages and ensuring
stable mechanical contact by using stiff cantilevers and
sufficiently high contact set points. In addition, a practical
approach reported in the literature to reduce the sensitivity of
the measurement to electrostatic effects consists of optimizing
the optical beam deflection (OBD) detection system at the
electrostatic blind spot (ESBS) position.*®

Such precautions are essential to ensuring that the apparent
surface displacement measured by the PFM setup remains as
close as possible to the true piezoelectric surface displacement.

Different approaches are to extract piezoelectric coefficients
from PFM measurements, including extracting surface
displacement from PEM images,” converting amplitude or
piezoresponse loops, either on-field'¥*”** or off-field,” and
determining the slope of amplitude versus V,. at selected
locations.””*”*® Among these techniques, fixed-position
measurements are generally regarded as the most reliable, as
they minimize topographic crosstalk, while the force-spectros-
copy approach provides improved mechanical stability during
the measurement. Since ssPFM inherently acquires data at a
fixed tip location and includes single harmonic oscillator
(SHO) fitting of the piezoresponse, converting ssPFM data is a
straightforward and robust approach to estimate the apparent
displacement.

This study aims to present a methodology for the
characterization of complex hybrid ferroelectric systems by
PEM to distinguish and attribute the electromechanical
properties of each constitutive component of the hybrid
material, broadening the range of nanoscale interaction
comprehension. Thin films of the PVDF-TrFE/BFO nano-
composite are prepared by spin coating. Samples of isolated
constituents were also prepared following the same procedure
for the sake of comparability. BFO particles are synthesized
following a sol—gel process. The polymer and BFO were spin-
coated together on top of conductive indium tin oxide (ITO)
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Figure 2. (a, b) eSEM images of BFO—PVDF-TrFE nanocomposites prepared by spin coating. (c) Peak force tapping topographic image of the

same sample.

substrates. The local properties are investigated using various
scanning probe microscopy (SPM) techniques focusing on
piezoresponse force microscopy mode (PFM) and its
derivatives’' including switching spectroscopy PEM (ssPFM)
for more precise ferroelectric evaluation. ssPFM data analysis is
carried out with the help of PyssPFM software.’> The
evaluation of the dynamic surface displacement distribution
is based on a spectroscopic mapping reconstruction facilitated
by the DataCube-PFM mode from Bruker.*®

2. MATERIALS AND METHODS

2.1. Sample Preparation

2.1.1. BFO Powder Synthesis. The sol—gel method was used to
prepare BiFeQ; particles.'"® A precursor solution was prepared by
mixing an equimolar proportion of bismuth nitrate pentahydrate
[Bi(NO,;);-SH,0] (Aldrich) with iron nitrate nonahydrate [Fe-
(NO,);39H,0] (Aldrich) in ethylene glycol. The solution was stirred
for 2 h at 80 °C. The reddish solution was dried at 150 °C for half an
hour until the formation of a yellowish gel. This powder was annealed
at 600 °C for 1 h in an N, atmosphere in a furnace. These conditions
are known to favor the synthesis of the ferroelectric rhombohedral
phase of BFO.>* The resulting powder was ground inside a mortar
before being leached with diluted nitric acid (1 M) to remove phase
impurities. The final powder was washed with distilled water
eliminated by a centrifugation process. Crystal structures of BFO
powder were investigated by X-ray diffraction (XRD; Bruker DS000).
The crystal structure of the BFO powder was investigated by X-ray
diffraction (XRD). Measurements were performed using a Panalytical
Empyrean diffractometer equipped with a Cu Ka radiation source (4,
= 1.54056 A and 1, = 1.54443 A) and a PIXcellD (RTMS) detector.
The diffraction patterns were used to determine the crystalline phases
of the BFO particles, and the reflections were assigned to the
rhombohedral BiFeO; phase (JCPDS No. 71-2494).

2.1.2. Thin-Film Preparation. Pure PVDF-T+FE thin films were
prepared using a S wt % solution of PVDF-TrFE 70:30 (Piezotech,
Arkema) dissolved in a DMF—acetone (2/3—1/3) mixture (Aldrich).
This solution was magnetically stirred for several hours to ensure
complete dissolution of the polymer. The samples were then spin-
coated at 4000 rpm for 30 s with an acceleration of 300 rpm/s onto
conductive ITO-coated glass substrates (R = 70—100 Q/sq, Aldrich).
The substrates were previously cleaned in an RBS bath, rinsed with
distilled water, and dried under N, flux.

PVDEF-TrFE/BFO composite thin films were fabricated using the
same polymer solution (S wt %), with the addition of BFO powder to
obtain a composite containing S wt % BFO relative to PVDF-TrFE.
This proportion produced relatively small and well-dispersed particle
aggregates in the matrix.'® The mixture was sonicated to achieve a
uniform dispersion of the particles prior to spin coating onto ITO
substrates. The same spin-coating parameters as those for the pure
PVDEF-TrFE films were used.

BFO particles were also prepared as composites embedded in a
conductive polymer matrix. This matrix served to mechanically
stabilize the particles during AFM measurements while ensuring an
electrical connection between the polymer and the ITO surface. An
aqueous solution of poly(3,4-ethylenedioxythiophene) polystyrene-
sulfonate (PEDOT:PSS) was chosen for this purpose. BFO powder
was added to reach 0.25 wt %, and the mixture was sonicated to
ensure uniform dispersion of the particles before spin coating onto
ITO substrates.

All thin-film samples were annealed at 140 °C for 2 h, with a
heating and cooling rate of 1 °C/min. For the PVDE-TrFE-based
films, annealing at this temperature increases the proportion of the j-
crystalline phase (Figure S1),°° thereby enhancing the intrinsic
ferroelectric properties of the polymer.”*®” For the PEDOT:PSS-
based films, annealing at this temperature decreases the resistivity of
PEDOT:PSS.”*

No supplementary poling procedure was necessary to observe
ferroelectric domains in the PVDF-TTFE films. Film thicknesses were
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Figure 3. DFRT-PFM imaging of the PVDF—T1FE film. Vertical mode (CR frequency 250—350 kHz): (a) topography, (b) amplitude, and (c)
phase. Lateral mode (CR frequency 600—800 kHz): (d) amplitude and (e) phase.

measured using an AFM scratch test (Figure S2). The film thickness
was evaluated to be between 20 and 60 nm depending on the region.

2.2. Nanoscale Measurements

All atomic force microscopy (AFM) measurements were performed
using a Dimension Icon AFM (Bruker Nano Inc., Santa Barbara,
California, USA). Data were analyzed using Nanoscope Analysis 3.0
(Bruker, Santa Barbara, USA) and Mountains 11.1 (DigitalSurf,
Besangon, France) software. Electrical contact was established
between the conductive AFM tip (top electrode) and the ITO-
coated glass substrate (bottom electrode), with a metallic pin
connecting an exposed area of the ITO to the AFM circuitry.

Local mechanical properties were assessed using PeakForce
Quantitative Nanomechanical Mapping (PF-QNM). Measurements
employed RTESPA-300 cantilevers (Bruker Nanoprobes), nominal

spring constant ~40 N/m, tip radius <10 nm. Deflection sensitivity
and effective spring constant were calibrated on a rigid sapphire
reference (Figure S3). Indentation depths of a few nanometers were
achieved by setting an oscillation amplitude of 40 nm, a scan rate of
~0.4 Hz, and a force set point of 50 nN. Images were collected at 256
X 256 or 512 X 512 pixel resolution.

Local conductivity was measured using conductive AFM (C-AFM)
with PETUNA probes (Bruker Nanoprobes) (spring constant ~ 0.4
N/m). A current preamplifier enabled detection in the picoampere
range. Full I—V maps were acquired (32 X 32 or 64 X 64 pixels) with
a set point of 20 nN and a hold time of 50 ms per point, to assess
potential electrical breakdown in the studied polarization range (—10
to 10 V).
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Figure 4. DFRT-PFM imaging of a BFO aggregate in the PEDOT:PSS matrix. Vertical mode (250—350 kHz): (a) topography, (b) amplitude, and

(c) phase. Lateral mode (600—800 kHz): (d) amplitude and (e) phase.

Piezoelectric and ferroelectric responses were investigated using
piezoresponse force microscopy (PFM).*” SCM-PIT-V2 tips (Bruker
Nanoprobes) (spring constant 3 N/m) were used for all PFM modes,
with a set point force of SO nN. Measurements included vertical
(VPFM) and lateral (LPFM) responses in contact-resonance mode.*
Resonance frequencies ranged from 200 to 350 kHz (vertical) and
from 600 to 800 kHz (lateral). Unless stated otherwise, the probing
voltage for all measurements was set at 1 V. Prior to measurement, the
tip was mechanically calibrated in the same manner as for PF-QNM.
To minimize the electrostatic noise contribution to the signal, the
laser was aligned at the electrostatic blind spot (ESBS) (Figure S4) S
and phase calibration was performed using a PZT reference with well-
defined ferroelectric domains (Figure $5).°

PFM imaging was performed in dual-frequency resonance tracking
(DFRT) mode, with a Zurich HF2LI lock-in amplifier (Zurich
Instruments, Zurich, Switzerland) enabling real-time resonance
tracking during imaging. DFRT-PFM images were collected at 256
X 256 or 512 X 512 pixels, in both vertical and lateral modes.*

Ferroelectric switchin§ was characterized using switching spectros-
copy PFM (ssPFM).”" In this mode, hysteresis curves were
reconstructed from a series of polarization (on-field) and non-
polarization (off-field) voltage steps while continuously recording the
piezoresponse. Each measurement consisted of 10 loop cycles, each
containing SO steps (Figure S6). Each step involved a frequency
sweep with a single harmonic oscillator (SHO) fit applied to extract
amplitude, phase, and quality factor. The data are extracted following
the Lorentzian model coupled with symmetric least-square fit (Figure
S7). Data are presented as mean loops across the cycles. ssPFM data
were collected as grids (4 X 4 up to 10 X 10), analyzed using
PyssPEM  software,”> which incorporates a clustering option to
visualize the main behavior in each cluster. Both on-field and off-field
results were used to verify the ferroelectric nature of the signal
Supplementary single-position measurements at different reading
voltage Vy values were also performed to reconstruct contact Kelvin
probe force microscopy (cKPFM) data for further confirmation.®>**
The presence of two stable states at reading polarization voltage
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Figure 5. DFRT-PFM imaging of an isolated BFO particle embedded in PVDF—TrFE. Vertical mode (250—350 kHz): (a) topography, (b)
amplitude, and (c) phase. Lateral mode (600—800 kHz): (d) amplitude and (e) phase.

exceeding the positive and negative coercive fields is used as a
criterion for ferroelectric behavior. Conversely, the absence of such
bistability indicates a nonferroelectric or nonswitchable response
(Figure S8). These verifications are illustrated on known ferroelectric
and nonferroelectric samples in Figure S9.

Different approaches exist to extract piezoelectric coefficients from
PFM measurements, including extracting surface displacement from
PFM images,*® converting amplitude or piezoresponse loops, either
on-field">*7*® or off-field,** and determining of the slope of amplitude
versus V,_ at selected locations.*”*”*° Among these techniques, fixed-
position measurements remain the most reliable as they avoid
topographic crosstalk. Since ssPFM inherently acquires data at a fixed
tip location and includes SHO fitting of the piezoresponse, converting
ssPFM data is a straightforward and robust approach to estimate the
apparent displacement.

Local apparent d;; evaluations (d33app) were collected on
preidentified regions of interest. Successive SHO measurements
were performed after local polarization.®’ Using the ssPFM function
with zero-polarization voltage, thousands of SHO fits could be
collected in a single measurement, while reducing the presence of
electrostatic forces. Apparent surface displacement D was extracted
from SHO data using the following equation: D = V,. X A X Q X
sin(¢)), where A is the amplitude, Q the quality factor, ¢ the phase,
and V. the probing voltage. The use of the sine function instead of
the cosine arises from the phase convention adopted in this study,
where the up and down polarization states are defined at —90 and
+90°, respectively. This choice minimizes potential phase overshoot
effects during the measurements.

dy3,p, Was determined from the linear regression of D as a function
of V.. For each voltage step, the distribution of D values remains
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Figure 6. DFRT-PFM imaging of a multigrain BFO aggregate embedded in PVDF—TFE. Vertical mode (250—350 kHz): (a) topography, (b)
amplitude, and (c) phase. Lateral mode (600—800 kHz): (d) amplitude and (e) phase.

consistent, with a typical standard deviation below 10% of the mean
value, as shown in Figure S10.

The distribution of apparent surface displacement across samples
was further investigated using DataCube-PFM (DataCube-PFM or
FFV PEM).> In this spectroscopic mode, force curves were collected
at each pixel, maintaining a short contact period (30 ms), during
which a frequency sweep was applied. The resulting parameter maps
allowed reconstruction of D as well as access to local mechanical
parameters such as adhesion and local contact resonance.

To ensure consistency between measurements, each probe was
calibrated using a reference material with a well-established d;; value.
A ZnO thin film with a known piezoelectric coefficient (d;; = 5.8 +
1.3 pm/V), previously determined by interferometric measurements,
was used as the reference sample (Figure S1la). The apparent
piezoelectric coefficients measured in this study were normalized
using a correction factor derived from preliminary measurements

performed on the ZnO reference film (Figure S11b), allowing
comparison between different probes and measurement sessions.

3. RESULTS AND DISCUSSION

3.1. X-ray Diffraction

The X-ray diffraction pattern of the sol—gel synthesized BFO
powder is presented in Figure 1. The main phase readily
identified is the rhombohedral (R-phase), which is the main
ferroelectric phase of the BiFeO; perovskite. Besides the
formation of the main BFO R-phase, some remanent traces of
cubic phase BFO (Bi,sFe,,O5,) and bismuth oxide (Bi,O;) are
detected from the XRD analysis after the different cleaning
procedures.
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3.2. Morphology

Typical environmental scanning electron microscopy (eSEM)
images of the nanocomposite samples are presented in Figure
2. The polymer matrix is easily identifiable from its fibrillar
“Rice-like” structuration, which arises when the system is
annealed at 140 °C.%° The same type of observation is reported
on the pure PVDF-TrFE thin film (Figure S12a). BFO
particles are dispersed in form of aggregates of variable size,
embedded inside the polymer. Many of those particles exhibit
an exposed, polymer-free surface on the z-axis, which is
suitable for PFM measurements. Although the film is
considered macroscopically homogeneous, some small varia-
tions are locally observed. On the left top size, one can observe
areas where the ITO substrate surface becomes visible,
probably arising from the rearrangement of the polymers
during drying or from particle ejection during the spin-coating
process.

From Figure 2b, the actual size of the particles can be
estimated to be around 50—150 nm, as expected with this
synthesis route. Even though many larger aggregates are
observed inside the structure aggregates, single particles
trapped inside the polymer can also be seen. The same kind
of observations are made for the BFO trapped in the
PEDOT:PSS sample (Figure S12b).

Local scratch test on the nanocomposite revealed a thickness
variation of the polymer between 20 and 60 nm. Comple-
mentary, C-AFM measurements for both the polymer (Figure

S13) and the particles (Figure S14) in the studied voltage
range (+10 V), indicating that all measurements are performed
without risk of electrical breakdown. A summary table of the
different sample thickness, surface roughness, and typical
exposure of studied BFO aggregates is presented in Figure S15.

3.3. DFRT-PFM Imaging

DFRT-PFM imaging of the PVDFE-T1FE thin films is presented
in Figure 3. Both the vertical and lateral results are presented.
The sample exhibits ferroelectric domain structures in both
imaging modes, without any prior poling. These maps reveal
randomly distributed polarized domains with elongated shapes,
10—50 nm in width and extending over several hundred
nanometers. No relation is observed between the orientation of
the in-plane (Figure 3b,c) and out-of-plane domains (Figure
3d,e), nor between either of those with the topography. The
presence of ferroelectric domains in both in-plane and out-of-
plane orientations in PVDE-TrFE was reported previously.*®
The same kind of distribution of the ferroelectric domains is
observable on the BFO particles. Figure 4 focuses on half-
micrometer-wide BFO aggregates embedded in the PE-
DOT:PSS matrix. Notable variations in the response are
observed. Regions corresponding to the polymer matrix are
identified as nonactive, corresponding only to amplitude walls
in the visible phase domain structure, while some phase
changes are observable on larger particles without the
corresponding amplitude walls. These most likely arise from
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loop.

phase flips during the measurement because the DFRT-PID
gain does not have enough time to perform proper tracking.

Figure S presents results for the hybrid ferroelectric
nanocomposites, focusing on an isolated particle. The vertical
and lateral PFM responses, in both amplitude and phase, are
consistent with those observed for the corresponding isolated
components.

Bigger BFO clusters show the same disparity of measure-
ment on the particles Figure S16. Some domains in phase
images do not present their counterparts in amplitude images
(Figure 6). Those “domains” changes with the scan direction
(Figure S17). Increasing the phase scale reveals that they
exceed the normal phase limitation (+90°) confirming there
are artifactual flip, likely originating from the mechanical and
roughness variation of the sample.

To our knowledge, no study has presented images showing
simultaneous ferroelectric domains of both components inside
a ferroelectric nanocomposite. The mechanical difference
between the filler and the matrix (Figure S18) leads to an
important difference of resonance frequency between the two
components (Figure S19), limiting the use of the conventional
PFM technique. These findings highlight the critical
importance of resonance frequency tracking for PFM imaging,
particularly in samples with significant disparities in the
mechanical properties. Although DFRT constitutes an
improvement over conventional PFM, it remains sensitive to
rough surface contact conditions, as present in any SPM
measurement, limiting measurement stability.

3.4. ssPFM

The distribution of ferroelectric properties is further
investigated using ssPFM. Each ssPFM measurement consists
of 10 consecutive cycles, of which 9 are averaged. The first
cycle is systematically discarded, as it corresponds to the initial
unpoled state of the system (Figure S20). Both on-field and
off-field data are recorded for each measurement. The data are
acquired as X—Y grids of piezoresponse curves over defined
spatial areas, enabling spatially resolved analysis. The
piezoresponse loops within each grid are analyzed using a K-
means clustering algorithm, which classifies the data based on
distinct loop characteristics. A representative mean curve is
then generated for each cluster.

The ferroelectric response distribution in the BFO-in-
PEDOT:PSS samples is shown in Figure 7. The polymer
matrix and BFO aggregates are readily identified from the
topographic image (Figure 7a). When the data set is processed
using PyssPFM with a fixed number of clusters (k = 2), the
clustering clearly separates the two phases: cluster 0
corresponds to PEDOT:PSS and cluster 1 to BFO (Figure
7b). The BFO regions exhibit the expected well-defined
ferroelectric hysteresis loops in off-field measurements (cluster
1).

Interestingly, PEDOT:PSS also appears to exhibit a
ferroelectric-like loop when considering only the off-field
piezoelectric response. However, the analysis of the on-field
loops provides further insight. Both materials show elongated
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loops indicative of strong electrostatic contributions (Figure
7¢c). Nevertheless, a pronounced shrinking of the loop between
on-field and off-field conditions is observed for PEDOT:PSS.
This behavior is consistent with previous reports,”* where
nonferroelectric materials may exhibit apparent ferroelectric-
like loops due to electrostatic artifacts. The strong reduction of
the piezoresponse between on- and off-field conditions is
therefore used here as a criterion to identify nonferroelectric
behavior.

Furthermore, analysis of individual point measurements
within the PEDOT:PSS region reveals a complete disappear-
ance of hysteresis in amplitude, phase, and piezoresponse
signals (Figure S21a—d). The slight opening observed in the
mean on-field loop of cluster 0 is attributed to the averaging
process and to imperfect clustering, which may include a small
contribution from BFO regions.

Increasing the number of clusters reveals additional
complexity within the BFO phase (Figure 8). A main cluster
similar to the initial one and a second cluster exhibiting an off-
centered response were observed. This second cluster is likely
associated with particles exhibiting unfavorable crystallographic
orientations or partial coating by PEDOT:PSS, which can
hinder the polarization switching within the accessible voltage
range.

At first glance, the piezoresponse loops of this second cluster
may suggest a phase-calibration artifact. However, analysis of
single-point measurements in these regions shows a stable
phase signal without inversion, while the amplitude exhibits an
open, non-butterfly-like response, likely due to a limited

polarization range (Figure S21h—j). The corresponding phase
images acquired before and after ssPFM measurements (Figure
S22a,b) confirm the absence of phase inversion, consistent
with nonswitchable behavior. Statistical analysis further reveals
a relatively narrow distribution of coercive fields for cluster 1
and a broader distribution for cluster 2 (Figure S22c,d).

For the hybrid ferroelectric nanocomposite (Figure 9), the
ferroelectric response distribution became more distinct. The
two components can be clearly identified on the basis of the
orientation of their hysteresis loops. The polymer exhibits a
counterclockwise loop orientation (cluster 0), consistent with a
negative piezoelectric coeflicient, while the inorganic compo-
nent displays a clockwise loop orientation (cluster 1),
indicative of a positive piezoelectric coefficient. The on-field
loops retain a pinched shape characteristic of electrostatic
contributions while preserving clear hysteresis behavior in both
cases.

A third population (cluster 2) is identified within BFO
aggregates, characterized by off-centered loops with strong
piezoresponse amplitude but no phase inversion under an
applied field (Figure S23). These regions exhibit non-
switchable yet electromechanically active behavior, observed
across multiple grains in the composite. The orientation of this
fixed piezoresponse is directly correlated with the local phase
orientation.

Importantly, these nonswitchable regions do not show a
clear correlation with particle size, as particles of similar
apparent dimensions (100—200 nm) may exhibit either
switchable or nonswitchable behavior. This suggests that the
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phenomenon is not solely governed by size effects. A more
plausible explanation involves local electrical boundary
conditions, including incomplete electrical coupling to the
bottom electrode and dielectric screening effects induced by
the PVDF-TrFE matrix, which may locally reduce the effective
electric field. The possible presence of secondary nonferro-
electric phases in BFO may also contribute, although the
persistence of a strong piezoresponse suggests that this is not
the dominant mechanism.

Usualloy, ssPFM studies are performed at a single
location,®’ % providing a global assessment of ferroelectric
response. In contrast, relatively few studies exploit the
cartographic capabilities of ssPFM.”’ In nanocomposite
systems, it is also common to report only a single
representative loop per component.”®** In this work, the use
of PyssPFM enables spatially resolved mapping of ferroelectric
behavior over extended areas, allowing the identification of
local variations within a complex heterostructure (Figures S22
and S24).

Although the comparison between on-field and off-field
mean loops provides a useful indicator of ferroelectric
behavior, the averaging process may reduce sensitivity to
local variations. Therefore, local comparisons of amplitude and
phase images before and after switching are used as a more

robust criterion, showing clear hysteresis preservation in BFO
and PVDE-TTFE regions, despite the presence of electrostatic
contributions.

Finally, complementary cKPFM measurements are used to
confirm the ferroelectric nature of the signal (Figure S25). In
both PVDF-TrFE and switchable BFO regions, two stable
states are observed at the two extreme of reading voltage,
consistent with ferroelectric bistability (Figure S25b,c), similar
to reference PZT samples (Figure S9¢). In contrast, non-
switchable BFO regions exhibit a single stable state,
distinguishing them from nonferroelectric materials, which
typically show a linear response (Figure S9d). This indicates
that these regions are likely ferroelectric but require higher
electric fields to achieve polarization switching within the
explored voltage range.

3.5. Local d35P Evaluation

Evaluation of the local d3§? on the nanocomposite samples is
illustrated in Figure 10. All measurements are performed after a
local poling. The apparent piezoelectric coeflicients in the
polymer matrix are consistent with one another, with a mean
value of around —20.2 pm/V, as expected for this material.”""*

On the other hand, the BFO aggregates present a wide range
of responses, from no response to up to 34.4 pm/V. Some
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areas present negative d3¥f, —18.5 pm/V. Analysis of the
postpolarization phase images, after calibration, indicates that
these negative d3§f values are associated with a nonpolarizable
area of the aggregates and with a negative phase orientation
(Figure S26). The dispersity of responses most likely arises
from the random orientation of the BFO particles as no
alignment procedure was performed. As a consequence, the
projection of the polarization axis along the vertical measure-
ment direction can vary locally, which may naturally lead to a
broad distribution of the apparent piezoelectric coefficients.

From those results, it emerges that single-position measure-
ments are not recommended for measuring local d35° on such
samples. It is recommended to map the spectroscopic response
of the nanocomposites.

The d35 range of measurements on polarized BFO particles
is between 10 and 40 pm/V whether in the PVDF-TFE matrix
or in PEDOT:PSS in our study. Compared to bulk BFO
materials, our values appear relatively underestimated (45—S0
pm/V).”” However, it has been reported that direct
comparison with bulk material responses should be avoided
because the response tends to change with the shrinking of the
material.”* Furthermore, additional carefulness is recommen-
ded. Several studies present relatively high piezoelectric
coeflicients between 60 and 80 pm/V but collected only
with on-field measurements identifiable by the characteristic
“pinched” shape and lack of saturation of their piezo loops. It
strongly undermines their reliability.”>’® More consistent
studies includin(g those combining direct and indirect PFM
measurements’’ and theoretical predictions”’ place the

intrinsic coeflicient of BFO particles closer to 20—40 pm/
V,”® as we observe.

3.6. DataCube-PFM Mapping

DataCube-PFM mapping of the same region of the ferro-
electric nanocomposite in its pristine state presented in Figure
S is presented in Figures 11 and 12. DataCube measurements
are based on the collection of force curves. They give access to
mechanical properties, such as adhesion. This property is
visibly different between both components of the composites
(Figure 11 and Figure S18b). This distinction is used as the
basis for data clustering with the PyCAROS software from our
lab (Figure 11b). Using the latter on the CR frequency
mapping, it appears that those have a relatively large
distribution of value for both components (Figure 11c). The
frequency shows a shift of several dozen kHz on the particles.
This is consistent with the rough topography. The uniform
matrix also presents kHz variation (Figure 11d).

The amplitude, phase, and amplification factor are extracted
for each pixel from the SHO fit (Figure 12a—c), and the
apparent surface displacement D is reconstructed from all these
channels (Figure 12d). The polymer matrix shows a very weak
surface displacement in its pristine state (Figure 12e), and the
particles present a wide range of responses (Figure 12f). The
central right region of the aggregate is unresponsive, and the
rest of this part shows a negative pristine response. Left:
Positive orientation.

Apparent surface displacement D is reconstructed after a
local polarization at +10 V from the same parameters as before
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Figure 12. DataCube-PFM imaging of a multigrain BFO aggregate embedded in PVDF—T1FE in pristine state. (a) Amplitude, (b) phase, (c) Q-
factor. (d) Reconstructed apparent surface displacement D. Histograms of D for clustered regions: (e) cluster 0 and (f) cluster 1 (unpoled state).

(Figure 13a—d). The matrix shows a global uniformization of
its responses in every DataCube channel, resulting in a global
decrease of its apparent surface displacement to a value around
20 pm (Figure 13e). This D value agrees with the measured
di® (Figure 10c). The particle aggregates show a partial
reorientation, with some of the previously down area switching
up (Figure 13b), with a global augmentation of the D value
(Figure 13f). The nonresponsive central region stays non-
responsive. The rest of the cluster switches up, while a small
region stays with a down orientation. This is the same area that
showed a negative d3§f (Figure 10c). The pointwise d3§® value
and polarized mapping show consistent values.

Another advantage of working in DataCube-PFM is the
possibility to obtain quality PFM images on rough structures.
The comparison of the DFRT image (Figure 6b,c) and
DataCube-PFM one (Figure 12a,b) shows an identical
ferroelectric domain structure in the matrix. For the domains
on top of the particles, the phase image is far more stable in
DataCube. There is no longer the phase overshoot and
instability reported in DFRT-PFM. This arises from the force-
curve aspect driving the measurement, allowing for a more

stable approach. The main drawback is the acquisition time of
the DataCube measurement. For a resolution four times lower
than the DFRT images, the measurement in DataCube takes
around 60 min, while the DFRT image only took 20 min.

4. CONCLUSIONS

BFO nanoparticles are successfully synthesized using a sol—gel
method and are incorporated inside a PVDEF-TTFE ferroelectric
polymer matrix. The dominance of the rhombohedral
ferroelectric phases was demonstrated by XRD. Thin films of
nanocomposites were prepared using spin coating. The size
and dispersion of BFO aggregates inside the nanocomposites
were observed by SEM measurements.

Various PFM modes were used to investigate the piezo- and
ferroelectric properties of the nanocomposite samples. The
ferroelectric pristine structures of both parts are unveiled
simultaneously through their mechanical disparities using
DFRT-PFM, in both vertical and lateral modes.

The specific ferroelectric loop tendencies of the nano-
composites are investigated by PyssPEM mapping. The loop
orientation identifies the nanocomposite constituents from
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Figure 13. DataCube-PFM imaging of a multigrain BFO aggregate embedded in PVDF—TFE after polarization at +10 V. (a) Amplitude, (b)
phase, and (c) Q-factor. (d) Reconstructed apparent surface displacement D. Histograms of polarized D: (e) cluster 0 and (f) cluster 1.

their respective piezoelectric coefficient: a clockwise orienta-
tion for the perovskite phase and a counterclockwise
orientation for the polymer. A third population emerges
from the nanoparticles, corresponding to nonswitchable areas.
This nonreversibility likely arises from the insulating character-
istics of both present materials. Their local superposition
prevents polarization in the studied voltage range.

Local evaluation of the apparent dj; presents a uniform
response inside the polymer matrix with a mean value around
—20 pm/V. BFO particles show a wider range of responses
from 10 to 40 pm/V. Some unswitchable areas present a
negative d35\.

Data cube PFM images are used to further investigate the

5P distribution by reconstruction of the local apparent surface
displacement over an area where each pixel is a spectroscopic
measurement. The D value distribution is consistent with the
local d3{? measurements. DataCube imaging proves to be an
effective approach for analyzing PFM responses in complex 3D
structures without the risk of phase overshoot and loss of

stability.

In conclusion, this study explores different ways to assess
piezo- and ferroelectric responses of complex nanostructured
systems combining imaging, local spectroscopic, and imaging
spectroscopic techniques. The complex and complete range of
responses of hybrid ferroelectric nanomaterials is demon-
strated for PVDF-TrFE/BFO nanocomposites. This work
advances the understanding of ferroelectric behavior in
nanocomposite systems and strengthens their potential for
future technological applications.
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