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Abstract

The relaxation behavior of self-assembled polyvinylidene fluoride (PVDF) nanodots on glass substrate
with 220 nm thickness, after electrical poling was systematically investigated using piezo response
force microscopy (PFM). Time progression of - 10 V (UP) and + 10 V (DOWN) polarized domains of
PVDF film kept at room temperature revealed destabilization of already-established polarized
ferroelectric domains. Following the PVDF films poled UP and DOWN, the self-polarization effect first
produces a uniform UP polarization. UP-polarized domains start to form during the next 2.30 hours of
relaxation, which reflects a slow shift in the material's vertical response. Electrical poling under + 10
biases induced a clear 180° phase contrast, confirming reversible ferroelectric polarization switching,
coercive voltages - 0.5 V to 2.3 V and strong piezoelectric coupling with a maximum local d,; value of ~
6.65 nm/V. Furthermore, information from hysteresis loops, butterfly curves, and surface potential
measurements show that the migration of mobile space charges is a major factor in speeding up this
relaxation process. The temporal evolution of polarization was well described by a stretched exponential
model, revealing excellent stability. These findings, analogous to electric stimulate shape-memory
systems, highlighting their potential for advanced ferroelectric and flexible electronic applications.

Highlights

¢ Highly ordered PVDF nanodot arrays were fabricated via a simple spin-coating process.

e Clear 180° ferroelectric phase switching was achieved under +10 V electrical poling.

¢ A maximum local piezoelectric response of ~6.65 nm/V was obtained by PFM analysis.

e Depolarized domains exhibited reduced piezo response governed by dipolar relaxation dynamics.

¢ Nanoscale piezoelectric switching in PVDF parallels bulk shape-memory—induced modulation.

Introduction

Ferroelectric substances are gaining major attention due to their potential applications in nonvolatile
random-access memories (NVRAMS), sensors, actuators, transducers, and display panels. Their high
memory density, prolonged retention times, and quick read/write speeds are the reasons for this [1-4].
Ferroelectric nanostructures have sparked significant theoretical and commercial interest as the
demand for miniaturized electronic devices has increased [5, 6]. The growing use of a ferroelectric
nanostructures in storage systems has resulted in a surge in research into the kinetics of polarization [7].
To improve the performance of nanoscale devices, ferroelectric polarization in nanostructures must be
precisely controlled [8, 9]. The slow loss of polarization brought on by the creation of a depolarized field
is a major obstacle to using a ferroelectric capacitor in electrical devices [10-12]. Many studies
concentrated on understanding polarization stability through substrate-induced compressed strain [13,
14], selecting materials for electrodes with a shorter screening length [15,16] and using initial-principles
calculations to design interfaces [17-19].
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Early ferroelectric non-volatile storage investigation made use of small films of a ferroelectric perovskite
oxide, which have bistable polarization states (0 and 1) at zero bias [20-22]. Ferroelectric memory
devices are categorized as either destructive or non-destructive. Destructive devices, such as
ferroelectric capacitor-based memory elements, switch between polarization states to store data.
However, reading data in the destructive mode erases one polarization state, necessitating a rewriting
cycle. This process increases access time, requires a larger memory cell area for additional circuitry, and
shortens operational life [23-26]. Another class of responsive materials are shape memory polymers
(SMPs) that distinguish themselves by their ability to be deformed to a temporary shape that is fixed
until a suitable trigger (e.g., temperature, light, pH) is added to initiate the recovery process back to their
original, permanent shape. Current research is striving for designs of new SMPs that change more than
just their shape upon triggering [27].

In particular, most devices are built using Pb-containing compounds like PZT, owing to their outstanding
ferroelectric properties [28,29]. However, since PZT poses health risks, scientists are trying to substitute
it in gadgets with eco-friendly substances that have identical or better ferro and their piezoelectric
attributes. Most studies show that domain retention behavior is significantly influenced by making
voltage width and height, domain size, film depth, strain within the film, atmosphere humidity, and
temperature, as well as other factors. Among organic materials, PVDF has shown great promise because
of its flexible piezoelectric coefficient, superior thermal stability, and no toxicity [30,31]. There are five
semi crystalline polymorphs of PVDF: q, B, v, 6, and €. The most often studied and utilized are q, 3, and y.
After cooling from the melt, the most stable and common form is the a-phase, so it exhibits a semi-
helical their structure. However, it is non-polar and lacks electroactive properties. The polar 3, y, and 6
phases have aligned molecular dipoles, created a net dipole moment and allowed for electroactive
behavior [32-33].

So far, only limited efforts have been devoted to investigating nanoscale ferroelectric domain relaxation
in PVDF bulk materials and thin films [30]. Ferroelectric switching mechanisms in PVDF are strongly
influenced by molecular dipole orientation, polymer confinement, and structural imperfections
associated with its crystalline phases. To probe trapped polarization energy and ferroelectric domain-—
based information storage in PVDF thin films, piezo response force microscopy (PFM) was employed
owing to its high lateral resolution, nondestructive nature, and ability to locally manipulate polarization
states. To the best of our knowledge, solvent-dependent ferroelectric domain relaxation in lead-free
PVDF thin films has not yet been reported. The choice of solvent plays a critical role in determining
crystalline phase formation and dipole mobility, thereby directly affecting polarization stability and
relaxation times. In particular, DMF-induced crystallization can promote electroactive B-phase formation,
analogous to mechanically driven crystal phase transitions observed in shape-memory PVDF systems,
where reversible deformation modulates piezoelectric response. In this work, we investigate surface
screening energy dynamics in interconnected PVDF nanodots and their dependence on nanoscale
ferroelectric switching and relaxation behavior using real-time PFM. Furthermore, the relaxation kinetics
are quantitatively analyzed using an exponential time-dependent model to elucidate the underlying dipole
relaxation mechanisms.
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Experimental part

The PVDF powder (Sigma-Aldrich) dissolved in Dimethylformamide (DMF) and stirred at 60°C for over 60
minutes until transparent, yielding a 5ml solution was made by dissolving 2 wt.% PVDF solution
(molecular weight 534,000 g/mol) and a density of 1.74 grams per milliliter in type of powder (purity of
99.99%; Sigma Aldrich), in DMF solvent. Moreover, the solution was coated to a specifically on Polar
Industrial Cooperation-1 (PIC-1) micro slides from the Blue Star brand, with dimensions of 1 x 1 cm?,
PVDF thin film thickness 218nm. To create PVDF interconnected nanodots, the solution was dropped
onto an in-situ annealed glass substrate (130°C) and spun for one minute at 6000 rpm with a homemade
spin coater. During deposition and annealing, the distance between the substrate and the halogen lamp
was kept constant at 5 cm. The spin coater, built around a DC motor, was controlled by a 555 timer with
pulse-width modulation. This process was carried out under a unique Still & Hot (SH) atmosphere, where
deposition occurred on a heated substrate [30]. Its surface morphology, height, roughness, ferroelectric
and piezoelectric characteristics, and local relaxation kinetics were investigated using Piezo force mode
of Bruker MM8 scanning force microscopy. The ferroelectric domains underwent 180° phase reversal
when different DC voltages (10 V) biased and alternating current (AC) amplitudes (2 kHz) were

applied to visualize the interconnected nanodots responses.

Result and Discussion

According to initially reports, the films showed that the peaks at 824 cm™ and 1176 cm™ their
corresponding B and y phases cm™ in FTIR-ATR measurements indicated that the film showed a polar
phase [30]. This method measures the mechanical vibrations of a conductive AFM tip that comes into
contact with the sample. Applying a low amplitude alternating electric potential between the tip and the
bottom electrode causes the sample to periodically deform via the converse piezoelectric effect. Fig.1

shows PFM scanned height and phase images of 6 x 6 pm? without polling. Within 6 x 6 pm?, 3 x 3 pm?
were selected and poled at -10Vdc, within 3 x 3 um? were selected 1 x1 pm? and poled at +10 Ve and

after poled, the same 6 x 6 um? area was scanned again. The observation of heights images Fig. 1(a; &

a,) reveals that the entire region 6 x 6 um? no leakage current and damage after poled +10 V4c Sample
response after applied 10V, as shown Fig.1(b,& b,) indicates the expansion of polymer interconnected
nanodots in the application -10 V., UP polarization has been clearly seen. DOWN polarization has been
shown in Fig.1(b3) in that image the interconnected nanodots were strained towards glass substrate.
Overall polarization of both +10 V4, was scanned by 10 V. as shown in Fig.1 (b,), which shows both
white and dark contrast as UP and DOWN polarization. These results proved the interconnected
nanodots has reversible polarization and exhibits ferroelectric nature which was proved by piezo
response hysteresis loop (Phase vs DC Bias). The butterfly curve (Amplitude vs. DC Bias) was used to
study the piezoelectric coefficient (ds3) of 6.3 nm/V of out-of-plane direction Fig.2. The intrinsic polarity

Page 5/17



of the interconnected nanodots in the PVDF thin film gets the UP-polarization state to be dominant. The
time-lapse pictures of the UP and DOWN polarized domains in the poled regions of the film, taken at 2
kHz with a 10 V. voltage, are shown in Fig.1 [34]. Self-polarized regions are possible at ferroelectric
electrode interfaces [35, 36].

As illustrated in Fig.3 the motion of the tip is tracked at various points after polling in order to measure
the amplitude and phase of the mechanical vibration and produce images that reveal the direction of the
local polarization. The bright UP polarized state is able to overcome the screening molecule energy at
the boundary because of the influence of electrode interface effects on the DOWN (DARK) polarized
state. Fig.3(a;, a,, a3, & a,) PFM phase images demonstrate, over a few hours, the DARK areas
progressively change into BRIGHT areas. This change may be due to a spontaneous reorientation of the
polarization direction caused by the strain gradient at the domain boundary molecules [37-40], which
have been clearly seen in Fig.3(b;, b,, b; & b,) amplitude images. Nanoscale switching measurements

were used to investigate the switching kinetics [41-45].
Reversible kinetics of 6000 rpm PVDF film

The image in Fig. 3 PFM depicts a dynamic study of polarization changes over time, particularly in bright
and dark regions. The distinct PFM images Fig. 4 (a4), (a), (a3) & (a,) and labels (d;), (dy), (d3), (d4), and
(sq) most likely correspond to different spatial points or regions within the analyzed sample.

Fig.4 (a;) att, = 0.00 hr indicated the beginning state of polarized states, in that states there was no

changes in the states of polarizations. This frame depicts the initial polarization state, probably under
unified terms. The analysis appears to be focused on a central feature the red marked region.

In down polarization, dark regions correspond to bright regions in up polarization Fig.4(a4). In Fig.4 (a,),
(t,) = 1.00 hr that means after one hour the DOWN polarized state of domains present in the corners of
the dark regions were switching towards BRIGHT regions of up polarized states of domains as
mentioned as (d,), (d,) & (ds3). After 2 hours, a similar process occurs, but the left corner (d; & d,) and
the right corner (d, & dj) differ notably at Fig.4 (a). By 2.40 hours, as depicted in Fig. 4(a,), more parts

of the down polarization have completely transformed, with high levels of up polarization dominating the
structure but till some molecular chains were not oriented UP direction as mentioned as red circle
(S4). The(d,), (d,), (d3) & (d,) domains penetration from DOWN polarized state into UP polarized state

were completed at 2.00 hr but S; domains of DOWN polarized state remains up to 2.40 hr as shown in
the Fig.5-time V, penetration length.

Application

To understand the piezo and ferroelectric nature of depolarized domains from DARK to BRIGHT after
poling +10V (Yellow circle in Fig.6(a,), partially depolarized domain (Rose circle in Fig.6(a,), and not
depolarized domain (White circle in Fig.6(a,), selected respective three domains and applied +10 V by

utilizing ramp technique as shown in Fig.6. In Fig.6(a;) indicated that phase image at T=2.00 hr, in that 1
Page 6/17



x 1 um? poled +10 V dc after poling (white square box) as shown in Fig.6(a,). The depolarized domain
from DARK to BRIGHT showed symmetric ferroelectric and piezoelectric coefficient d;3=3.85 nm/V as
shown Fig.6(a3). The partially depolarized domain from DARK to BRIGHT showed non symmetric
ferroelectric due to piezoelectric coefficient d33=4.55 nm/V as shown Fig.6 (a,). The not depolarized
domain showed symmetric ferroelectric and piezoelectric coefficient d;3=4.00 nm/V as shown Fig. 6
(as). All of the steps displayed that the bright UP polarization state influence the DOWN (DARK) polarized
state to get around the screening molecule energy at the boundary because of the results of the
interface of the electrodes. One possible explanation for the polarization directions spontaneous
orientation is the strain gradient at the domain's boundary molecules. The best fit was given by the
stretched exponential function model f=1-e-k(t-ty) n, as shown in Fig. (7) k, n, and to (time taken to start

the reversible polarization) are the critical parameters in this model, where "f" stands for the size of the
segment in the reversed domains [30, 46]. The Fig .1 displays a series of AFM images captured at
various time intervals during a rotation process. The first image was taken before rotation, and the
subsequent images show how the surface changed after 41, 52, and 60 minutes of rotation.

The switchable piezoelectric behavior observed in shape-memory-programmed PVDF systems is
fundamentally governed by the evolution of electroactive B-phase crystals and their associated dipole
alignment. In CP1 samples, the piezoelectric coefficient (d;) exhibited a periodic variation during
different shape memory stages, reaching a maximum value of ~9 pC/N in the fixation state due to
enhanced B-phase formation induced by mechanical stretching, while significantly lower values were
observed in the original and recovery states [47]. A similar mechanism operates at the nanoscale in
interconnected PVDF nanodot films, where electrical poling induces reversible polarization switching
confirmed by 180° phase contrast in PFM measurements. The maximum local piezoelectric response
(ds; = 6.65 nm/V) arises from efficient dipole alignment within highly ordered nanodots, whereas partially
and fully depolarized domains exhibit reduced responses due to dipolar relaxation. The stretched-
exponential relaxation behavior further highlights the intrinsic stability and time-dependent evolution of
polarization states. Collectively, these results demonstrate that both mechanically and electrically
induced switchable piezoelectricity in PVDF originate from controllable crystal phase transitions and
dipole dynamics, spanning from bulk shape-memory systems to nanoscale ferroelectric architectures.

The graph compares experimental data with a stretched exponential function fit to show the fraction of
reversed domains over time. The fraction of reversed domains is displayed on the y-axis, varying from 0
to 1, while the x-axis shows time in minutes, from 0 to 200. This behavior is simulated using a stretched
exponential in nature activity, represented by a red dashed a line. To simulate this behavior, a stretched
exponential function is utilized, which is symbolized by the red dashed line. This function includes two
parameters, k and n. The graph focuses on values for k = 2.48 x 10%and n = 2.5. The strain gradient at
the domain boundary molecules may be the cause of the polarization direction's spontaneous
orientation. f=1-e-k(t-ty) n, the model of the stretched exponentially activity, gave the best fit, as shown in
Fig. (7) Critical parameters in this model are k, n, and to (time taken to start the reversible polarization),
where f stands for the area fraction of the reversed domains.
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Conclusion

The study of interconnected PVDF nanodots formed by spin coating at 6000 rpm revealed excellent
ferroelectric and piezoelectric properties, before polling, after polling, depolarized domains and partially
depolarized domains as confirmed by piezo force microscopy. A distinct 180° phase reversal was
observed in poling experiments at -10 V (UP polarization) and + 10 V (DOWN polarization), suggesting
robust polarization behavior. Interestingly, the domain reversal kinetics demonstrated a natural tendency
toward UP polarization in individual nanodots when switched to the DOWN state. Depolarized domains
hysteresis and butterfly curves illustrated that molecular chain alien their original position after reversal.
Partially depolarized domains asymmetric hysteresis and butterfly curves illustrated that molecular
chains were not alien their original position after reversal. A stretched exponential model utilized to
accurately describe the relaxation kinetics, emphasizing time-dependent domain dynamics. These
findings indicate the 6000 rpm PVDF films potential for advanced applications in ferroelectric shape
memory systems and flexible electronic devices, owing to their superior structural and functional
characteristics.
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Figures

Height

Figure 1

(a;). PFM height image before polling, (a,) Height image of -10 V poled area (a3) Height image of +10 V
poled area and (a,) Height image of after poled (b,), (b,), (b3) and (b,) PFM Phase images before polling
-10 V poled, + 10 V poled and after poled respectively on interconnected PVDF nanodots.
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(aq), (ay) (a3) and (a,) PFM phase images and (b,), (b,) (b3) and (b,) amplitude images of relaxation
kinetics of interconnected PVDF nanodots taken over time.
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(aq), (ay) (a3) and (a4) are time-lapsed PFM phase images show domain kinetics at (t;), (t,), (t3), and (t4)

for 2.40 hr of interconnected PVDF nanodots.

Page 14/17



800

600

400

e

200

Penetration length (nm)

= =

0 1 2 240 3

Time hr

Figure 5

Penetration length of domains derived as a function of time of interconnected nanodots.

Page 15/17



149° & 160
b, k140
5 120
_ L100 _
- °
R +80 —
v - -
@ L -
=3 -
= k40
=
Ez. k20
k0
14 dy,=3.85 om/V 20
T30 " T T T T T T T T T T T T T 40
o 4210 -8 6 4 -2 0 2 4 6 8 10 12
DCBias(V)
64 by L160 2 160
-1d0" 2 b 140
;5- 120 _ T30 E 8 120
E‘. L 100 3 ;, 54 -|E|El___
- 80 o E =
Y Lso 8 13 H -
= o E P4
: L40 < 3l o =
o 24 L20 b= 20
14 . o 2] -
dy;=4.00 nm/ V [ 20 N dyy=4.55 nm/V L .20
L s e s e e e r—r—r—rr—r—r-r—r—r—r—r—r %
4210 8 6 4 2 0 2 4 6 8 10 12 a2 0 8 6 4 -2 0D 2 4 6 8 10 12
DC Bias (V) DCBias (V)

Figure 6

(a;) PFM phase image at T=2.00 hr (a,) Phase image of 1 x 1 ym? poled +10 V dc after penetration of UP
polarization, (b;) Hysteresis and Butter fly curves of depolarization UP domain (b,) Hysteresis and Butter
fly curves of partially depolarization UP domain and (b3) Hysteresis and Butter fly curves of not
depolarization DOWN domain.
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®
®  Experimental data
5 ressees, Stretched Exponential "“‘,‘ )
function "“,:
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Time-dependent fractional area of inverted domains for downward depolarization from DOWN to UP

polarizations fitted to stretched exponential function of interconnected PVDF nanodots.
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