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ABSTRACT

The growing demand for high-performance consumer electronics and telecommunication devices has driven the development of
advanced, efficient, and high-speed data storage solutions. While silicon-based technologies have long dominated the memory
market, their physical and performance limitations have spurred interest in alternative materials. Ferroelectric materials,
characterized by their ability to exhibit spontaneous and reversible polarization, have emerged as promising candidates for next-
generation memory technologies. Among these, polyvinylidene fluoride (PVDF), an organic ferroelectric polymer, has gained
attention due to its mechanical flexibility, lightweight nature, non-toxicity, scalability, and ease of fabrication. This review critically
evaluates the ferroelectric properties of PVDF and its potential for memory and emerging applications. PVDF’s molecular
structure, fabrication techniques, and performance in conventional memory technologies, such as FeRAM and FeFETs, are
assessed, alongside its limitations compared to inorganic ferroelectrics like lead zirconium titanate (PZT) and hafnium zirconium
oxide (HZO). Beyond conventional memory, PVDF’s applications in neuromorphic computing and sensing technologies are
discussed, where its ferroelectric, piezoelectric, and pyroelectric properties enable artificial synaptic plasticity, real-time detection,
and transient data storage. Additionally, PVDF-based composites are examined, highlighting their ability to overcome intrinsic
limitations of pure PVDF through the integration of organic and inorganic fillers. While PVDF may not yet match the performance
of inorganic ferroelectrics in traditional metrics such as polarization strength and cycle endurance, its versatility, flexibility, and
scalability make it a compelling candidate for applications in flexible electronics, biomedical devices, and the Internet of Things
(TIoT). This review provides a comprehensive assessment of PVDF’s role in advancing next-generation memory technologies and
multifunctional electronic applications.

1 | Introduction advanced computing systems. Historically, innovation in

ICs was driven by the miniaturization of silicon-based devices.

Integrated circuits (ICs) have evolved significantly over the
last century, becoming increasingly complex and powerful
while steadily decreasing in size. Once confined to research
laboratories, ICs are now ubiquitous in modern life, powering
consumer electronics, telecommunication devices, and

However, as silicon technologies approach their physical and
performance limits, material science research has shifted
toward the development and integration of functional materials
to address challenges related to speed, density, size, and
cost.
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Among these functional materials, ferroelectric materials have
emerged as promising candidates for next-generation memory
technologies. These materials are characterized by their ability
to exhibit spontaneous electric polarization that can be reversed
by applying an external electric field that exceeds a material-
dependent coercive field [1, 2]. This unique property makes
ferroelectric materials attractive for memory devices, which are
specialized ICs designed for binary data storage and retrieval.

Ferroelectric materials can be broadly classified into perovskites,
other oxides, nitrides, and organic materials, each offering unique
properties and challenges for various applications. Perovskite-
based systems such as lead zirconium titanate (PZT) and bar-
ium titanate (BaTiO;) have long dominated the field due to
their exceptional performance [3]. However, their reliance on
toxic heavy elements like lead (Pb) and barium (Ba), along
with brittleness and high-temperature processing requirements,
limits their applicability in flexible, biocompatible, and envi-
ronmentally friendly systems. Other oxides, such as potassium
niobate (KNbO;), which avoids heavy elements, have gained
attention, while hafnium zirconium oxide (HZO) has emerged
as a CMOS-compatible option. Despite its promise, HZO faces
challenges with processing, reproducibility, and material fatigue
[4]. More recently, nitrides such as aluminium scandium nitride
(Al(Sc)N) have shown potential for integration into microelec-
tronics but require high processing temperatures and specific
substrates.

Organic ferroelectric materials offer unique advantages, includ-
ing lightweight designs, flexibility, non-toxicity, and smooth
interfacing with biological systems. They are classified into three
categories based on molecular structures: small-molecule organic
ferroelectrics, polymer-based ferroelectrics, and supramolecular
ferroelectrics [5]. Among polymers, PVDF stands out due to its
well-studied ferroelectric phase and ease of processing through
chemical derivatives. Here, we focus on PVDF due to its potential
for integrating polymeric materials into biocompatible, flexible
applications in emerging man-machine technologies, as well
as its ability to form structures beyond planar thin films [6,
7]. Furthermore, its tunable ferroelectric properties, achieved
through fabrication techniques such as mechanical stretching,
electrical poling, and copolymerization, make it highly suitable
for advanced memory applications [8-11].

This review critically examines the ferroelectric properties of
PVDF and its role in memory and emerging applications, high-
lighting its potential as a versatile material for next-generation
technologies. Section 2 introduces the fundamental principles of
ferroelectricity, focusing on dielectric and ferroelectric properties,
polarization response and hysteresis, and memory retention
and polarization stability. Section 3 examines memory device
architectures and operational principles, covering both volatile
and non-volatile memory types and memory cell designs. Sec-
tion 4 categorizes ferroelectric materials into perovskites, oxides,
nitrides, and organic ferroelectrics, with a detailed focus on
PVDF’s molecular structure, polymorphic phases, and fabrication
techniques. Section 5 provides a comparative analysis of PVDF-
based composites and non-PVDF ferroelectric materials, such
as transition metal dichalcogenides and 2D perovskites, high-
lighting their respective advantages, challenges, and potential
for advanced memory applications. Finally, Section 6 explores

PVDF’s applications beyond conventional memory, including
flexible and ferroelectric storage, neuromorphic computing, and
sensing technologies. Together, these sections present a compre-
hensive assessment of PVDF’s role in advancing memory and
multifunctional electronic technologies.

2 | Memory Devices: Architectures and
Operational Principles

2.1 | Volatile and Non-Volatile Memory Types

Memory devices store information that can be electronically
accessed on demand. The smallest component of a memory
device is the memory cell, which can switch between two stable,
distinct states with a single operation. This bistable nature
enables the storage of information in binary form, represented as
either 0 or 1. A single binary digit is called a bit, and eight bits
make up a Byte. Data communication occurs through an external
processing unit, which supplies power to read and write bits.

Memory devices are broadly categorized into volatile and
non-volatile types. Volatile memory, such as Static Random
Access Memory (SRAM) and Dynamic Random Access Mem-
ory (DRAM), offers rapid data access but requires a constant
power supply to retain information. Non-volatile memory, such
as Flash and Ferroelectric Random Access Memory (FeRAM),
can retain data without power, making it ideal for applications
requiring extended data retention, large storage capacity, and
low power consumption [12-14]. Each type of memory serves
distinct purposes in computer systems. For example, read-only
memory (ROM) is used to reliably retain small amounts of data
required for basic functions before the operating system boots
up. Meanwhile, Flash memory provides long-term storage, and
SRAM and DRAM enable rapid data access and processing.
The circuit diagrams of common memory devices are shown in
Figure 1.

Volatile RAM is characterized by rapid, short-term storage capa-
bilities, allowing data to be written or read in any order. The
simplest RAM cell architecture consists of a single transistor
and a capacitor, although more complex architectures exist [15].
However, adding extra components within a cell reduces memory
density by increasing cell size, which also raises costs. DRAM,
with its simpler architecture, requires periodic refreshing of
stored data due to charge leakage in the capacitor. In contrast,
SRAM eliminates the need for refreshing but relies on a more
complex architecture, enabling faster read/write operations at
the expense of higher power consumption and lower memory
density. A qualitative overview comparing the characteristic
memory parameters for SRAM, DRAM, Flash, and FeRAM is
shown in Figure le. Emerging variations of RAM, such as
FeRAM, Magneto-Resistive RAM (MRAM), and Phase-Change
RAM (P(C)RAM), offer promising alternatives but are not yet
commercially available [16, 17].

Non-volatile memory is primarily used for long-term data storage
and is slower than volatile memory. Flash memory, one of the
most widely used non-volatile formats, consists of an array of
memory cells resembling floating-gate MOSFETs (Metal-Oxide
Semiconductor Field Effect Transistors). Flash memory cells
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FIGURE 1 | Circuitdiagrams for a) DRAM, b) Flash, c) FeRAM, and d) SRAM single memory cells. Electrodes and extra circuit elements shown in
d) are left out in this schematic representation. e) Qualitative overview of the characteristic memory parameters for SRAM, DRAM, Flash, and FeRAM.

include a control gate stacked above the floating gate, which acts
as a voltage-dependent switch to inject charge into the floating
gate, where information is stored via trapped charge [18]. Flash
memory can retain multiple bits of data in a single cell, known as
multi-level cells (MLC), which can be further extended to triple-
level cells, quad-level cells, and penta-level cells [2, 19]. However,
Flash memory cannot write and erase data in any order; an entire
data block must be erased before new data can be recorded.
Additionally, Flash memory has a finite number of erase cycles
(<10° P/E cycles), although advances in self-healing materials
may improve this parameter [20]. Despite its lower cost per bit
and resistance to material defects, Flash memory is one to two
orders of magnitude slower than volatile memory, making it less
suitable for repetitive tasks requiring high-speed operation.

2.2 | Memory Cell Architectures

Memory cells are composed of transistors (T) and capacitors (C),
which serve as the fundamental units for writing, reading, and
storing data. Common architectures include DRAM and FeRAM,
which consist of a single capacitor and transistor, although more
complex configurations such as 2T-2C or 2T-1C also exist [17].
SRAM cells are more sophisticated, often incorporating 4-10
transistors, and may include additional resistors (2R) to enhance
functionality [18]. Consequently, SRAM cells are approximately
six times larger than DRAM cells, limiting their memory density.

Memory cells are typically integrated into multi-cell structures,
such as crossbar arrays. These arrays consist of memory cells
packed into a 2D grid sandwiched between perpendicular word-
lines and bitlines. Stacked arrays enable high-capacity memory
devices, although memory density is constrained by the physical
distance between individual cells. Wordlines provide access to
specific cells in the array, while bitlines deliver the voltage
required for reading and writing data. Despite architectural
similarities between DRAM and FeRAM, FeRAM requires an
additional plateline or driveline to regulate the electric field
across the ferroelectric capacitor during memory cycles. The
plateline acts as a global electrode, assisting in both reading and
writing operations [21]

In complex memory architectures, the minimum cell size (F) is
often relatively large, which limits memory density. High-density
memory is essential for applications requiring substantial storage
capacity and compact form factors, such as data centers and
smartphones. For applications with lower data capacity, reducing
cell size may seem less critical from a user perspective. However,
from a design standpoint, shrinking cell size remains relevant as
it enables new form factors, reduces cost per bit, and unlocks
additional use cases.

Among ferroelectric memory devices, FeRAM and ferroelec-
tric field-effect transistors (FeFET) are the most intensively
researched [22]. FeRAM relies on the polarization state of ferro-
electric materials for data storage, rather than charge storage in a
capacitor. FERAM combines many desirable properties, including
compact size, relatively high speed, and low cell complexity.
While its memory density is lower than Flash memory, it is
comparable to DRAM. FeRAM consumes significantly less power
than DRAM, as ferroelectric dielectrics retain data without
requiring a constant voltage [23]. In contrast, DRAM retains
its charged state only when an external voltage is maintained.
FeRAM has already found applications in radio-frequency (RF)
tags and microprocessors [24]. Notably, FeRAM was used in
Toshiba’s Emotion Engine CPU for the Sony PlayStation 2 in 2000.
However, subsequent gaming consoles reverted to DRAM-based
CPUs, and FeRAM has since seen limited use in mainstream
consumer electronics [25, 26].

FeRAM’s read cycle is destructive, requiring an additional rewrit-
ing step that increases switching events and potentially limits its
lifetime. FeFETSs, on the other hand, execute read-out via channel
conductance modulation, eliminating the need for data rewriting
and reducing switching events. This mechanism relaxes the
remanent polarization (P,) requirements but is still constrained
by polarization fatigue, imprint, and switching kinetics, which
impact endurance and speed [27, 28]. Due to FeRAM’s slow
data transmission, conventional high-speed memory solutions
like SRAM and Flash remain faster than FeRAM. Flash memory
also offers higher memory density at a lower cost. Despite
these advantages, FeRAM suffers from material fatigue in the
ferroelectric layer, which typically manifests after far more P/E
cycles than Flash endurance (10°-10'2 cycles for FeRAM vs.

Macromolecular Chemistry and Physics, 2026

30f16

85U8017 SUOWIWOD SAIERID (dedl|dde auyy Aq peueob aJe Sapiie O 8sN JO S8|nJ Joj AkeigiauljuQ AB]1/M UO (SUONIPUOD-PUR-SLLIBIW0D A8 | Im Ake.d 1 jBul{Uo//SdnL) SUORIPUOD pue Swis 1 81 88S *[9202/70/20] Uo Ariqiiauliuo Ae|im ‘gd| sejoyune.d Aq 682005202 dIew/Z00T OT/I0p/wo0 A8 | Aleiq1ul|uoy/:sdny Wwolj pepeoiumod ‘Z ‘9202 ‘SE6ETZST



TABLE 1 | Overview of the characteristic memory parameters for commonly used memory architectures (SRAM, DRAM, Flash) and emerging

memory devices.[90, 97-99]

Qualitative comparison of memory devices (DRAM, SRAM, Flash, and FeERAM)

DRAM SRAM Flash FeRAM
Architecture 1T-1C/ 2T-2C / 2T-1C/  6-10T-2C / 4T-2R-2C 1T 2T-2C / 2T-1C
3T-1C (Intel 1103)
Cell size (F?) [23] 8-12 50-80 4-11 4-16
Memory density Medium high Low Very High Medium
Write speed [23] Medium Fast Slow Medium
Read speed [23] Medium Fast Medium Medium
Erase speed [23] Medium Fast Very Slow (Entire block) Medium
Read cycle 1T: Destructive Non-destructive Non-destructive Destructive
3T: Non-destructive
Write Latency [44, 57, Low Low Medium (NOR)/High High
100] (NAND)
Overwrite [23] Direct Direct Indirect Direct
Cycle endurance Unlimited Unlimited 10°-108 10" cycles
Memory Density Medium Low High Medium
Volatility volatile Volatile nonvolatile Nonvolatile
Power usage High Low-high (depending on Very low Very Low
accessing frequency)
Scalability limits [23] Capacitor 6 Transistors High voltage/Tunnel Capacitor
oxide

10*-10% cycles for Flash) [4]. Direct cycle-count comparisons  which gives rise to polarization (P):

should be interpreted cautiously, as the failure mechanisms differ

fundamentally. Table 1 summarizes the parameters of different

P=¢Ey (3)

memory architectures.

3 | Ferroelectricity: Principles and Mechanisms
3.1 | Dielectric and Ferroelectric Properties

The electrical polarization of a material under an externally
applied electric field is a fundamental phenomenon that under-
pins the operation of solid-state devices. In conductors, the
applied electric field induces the flow of charge, dissipating
electrical energy. In dielectrics, however, the electric field causes
a change in the material’s polarization, which depends on its
polarizability (cr). Polarizability is defined as:

a=p/E @

where p is the total dipole moment in the solid, and E is the
applied electric field. Microscopically, polarizability is linked to
the displacement of ionic (atomic) or dipolar (molecular) species.
When a static electric field is applied, dielectric materials exhibit
charge displacement (D):

D =¢E )

where ¢ is the static permittivity and y is the susceptibility
of the material. The total polarization is determined by the
alignment of individual dipole moments within the bulk. For
linear dielectrics, D and P are directly proportional to the strength
of the applied electric field. When the field is removed, the
polarization vectors relax to an anisotropic state, resulting in P
=0.

In contrast, ferroelectric materials exhibit a non-centrosymmetric
crystalline phase, which leads to anisotropic polarization vectors
and a non-zero net polarization even in the absence of an
external electric field. Two critical parameters define ferro-
electric behavior: the coercive field (E,), which is the electric
field strength required to reverse the direction of spontaneous
polarization, and the Curie temperature (7,), which marks the
transition from the ferroelectric phase to the paraelectric phase.
Above T, dipole moments are distributed isotropically, and as
the temperature approaches T, E. decreases, resulting in a nar-
rower hysteresis loop. Relaxor ferroelectrics, which contain small,
unstable ferroelectric domains, exhibit polarization relaxation
over time, decreasing the total polarization. These materials are
advantageous for applications requiring low-voltage operation
or high-energy storage density, although they often require
material engineering to ensure polarization stability for memory
applications [29].
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FIGURE 2 | a) Polarization curve of a ferroelectric relaxor (solid line) and a conventional ferroelectric (dashed line) [17]. b) Two ferroelectric

hysteresis curves observed in experiments. The axis can be represented as either ferroelectric parameters (black) or the closely related parameters (blue,
related via V= Ed, g = PA) relevant at reading operations in FeRAM. The fraction of the slopes of the state-dependent capacitance (C = q/V) scales with
the retention time of the current (I, /Is). Therefore, the black curve contains a higher retention time of I, /I g [15, 49].

The difference between a relaxor and a conventional ferroelectric
is depicted in Figure 2a. The advantage of relaxor ferroelectrics
for device applications (e.g., ferroelectric tunnel junction [30])
is that polarization can be switched at lower voltages compared
to conventional ferroelectrics. While this enables applications
requiring low-voltage operation or high-energy storage density,
it often necessitates specific material engineering to ensure
sufficient polarization stability for memory applications.

3.2 | Polarization Response and Hysteresis

The polarization response of ferroelectric materials is commonly
represented by a quasi-static polarization-electric field (PE) hys-
teresis loop. This loop is measured by applying a slow (<1 Hz)
alternating electric field to induce polarization switching. The
hysteresis loop provides key parameters, including the coercive
field (E,), remanent polarization (P,), and saturated polarization
(Py). E. is defined as the field strength at P = 0, P, is the polar-
ization at E = 0, and P, is the maximum polarization achieved
at the highest applied field. The magnitude of P, depends
on the external field strength used during measurement. For
device applications, the applied voltage (V) is plotted on the
y-axis instead of E, where E = V/d and d is the thickness of
the ferroelectric layer [31-33]. A common representation of the
polarization response is shown in Figure 2b, which is a quasi-
static PE hysteresis loop measured while applying a slow (< 1 Hz)
alternating electric field to switch the polarization.

The switching dynamics of polarization can be evaluated by
varying the frequency of the alternating voltage. The highest
frequency at which ferroelectric switching occurs corresponds
to the polarization switching frequency. The time-dependent
polarization change can be described by the Merz equation:

T =Ae(%a) 4)

where 7 is the ferroelectric switching time constant, A is the lower
limit of switching time (E — ), E, is the activation field for
switching, and E is the applied field. The evolution of polarization

over time P(t) can be expressed as:
P(t) = 2P, <1—e‘(¥) ) (5)

where 7 is the switching time constant, and n is the Avrami
index, which is sample-dependent. Experimental hysteresis loops
of ferroelectrics align well with this equation, providing insights
into switching kinetics and polarization stability [34].

3.3 | Memory Retention and Polarization Stability

Memory retention is a key parameter that determines the
operational lifetime of memory cells. It refers to the duration
over which binary states remain distinguishable and is directly
correlated with P,. To probe the polarization state, a reading
voltage pulse (V,) is applied. In FeRAM, V;, is typically equal to
the switching pulse. If the initial polarization state is parallel
to the electric field induced by V, (Off state), the polarization
remains unchanged, and the reading process is non-destructive.
Conversely, if the initial polarization is antiparallel to the field
(On state), the polarization switches, making the reading process
destructive. For reliable operation, the current retention ratio
(Ion/Io) must be sufficiently large to allow the sense amplifier
to differentiate between binary states [35, 36]. The retention time
of the current (I,,/I,5) is compared for two hysteresis curves in
Figure 2b.

Memory retention can degrade due to phenomena such as fatigue,
aging, imprinting, or elevated temperatures. Fatigue refers to
the gradual decrease in P, as a function of polarization cycles,
which is irreversible in FeRAM due to its destructive read-
out mechanism. Aging is the loss of polarizability over time,
accompanied by an increase in hysteresis, which reduces the
difference between bistable states. Imprinting occurs when one
bistable state loses polarizability after prolonged retention in
the opposite state. Elevated temperatures can further degrade
performance by lowering E, and transforming the ferroelectric
phase into the paraelectric phase [21].

Macromolecular Chemistry and Physics, 2026

50f16

85U8017 SUOWIWOD SAIERID (dedl|dde auyy Aq peueob aJe Sapiie O 8sN JO S8|nJ Joj AkeigiauljuQ AB]1/M UO (SUONIPUOD-PUR-SLLIBIW0D A8 | Im Ake.d 1 jBul{Uo//SdnL) SUORIPUOD pue Swis 1 81 88S *[9202/70/20] Uo Ariqiiauliuo Ae|im ‘gd| sejoyune.d Aq 682005202 dIew/Z00T OT/I0p/wo0 A8 | Aleiq1ul|uoy/:sdny Wwolj pepeoiumod ‘Z ‘9202 ‘SE6ETZST



”\ zﬁisorder' =
Order

333

Dipolar ion/molecule

Displacement
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To evaluate the lifetime of FeRAM devices, consecutive polariza-
tion switching cycles (P/E cycles) are applied to monitor fatigue
and aging. The cycle-by-cycle response is typically summarized as
a plot of the current ratio (I,,,/ ;) versus time at a fixed operation
frequency. Reported endurance windows for FeERAM vary widely,
ranging from 10° to 10'> P/E cycles, depending on the material.
PZT-based devices often achieve higher endurance, while HZO-
based devices excel in scalability and low-voltage operation [1, 37,
38]. Accelerated tests, conducted at operation frequencies of up to
~1 MHz, provide insights into long-term device reliability.

4 | Classes of Ferroelectric Materials

Ferroelectric materials, characterized by their spontaneous and
reversible electric polarization, have garnered significant atten-
tion for their applications in memory devices, sensors, actuators,
and energy harvesting systems. These materials can be broadly
classified into four major categories: perovskites, oxides, nitrides,
and organic ferroelectrics. Each class exhibits unique structural
and functional properties, offering distinct advantages and chal-
lenges for various applications. At the microscopic level, there
are different mechanisms through which these materials achieve
ferroelectricity, i.e., spontaneous polarization due to (i) the
permanent dipoles of molecules or ions (e.g., NaNO,, PVDF), (ii)
relative displacement of ions (e.g., perovskites such as BaTiO;), or
(iii) dynamic protons in hydrogen bonds (e.g., KH,PO, (KDP)).
In Figure 3, schematic drawings of the ferroelectric materials
assessed in this review are presented [9].

A special class of ferroelectric materials is the molecular fer-
roelectrics, which, owing to their advantages of lightweight,
biocompatibility, structural tunability, and mechanical flexibility,
have emerged in the past decade as promising complementary
materials to commercial inorganic ferroelectrics. Here, we won’t
address this class in detail [39].

4.1 | Perovskite Ferroelectrics
Perovskites, with the general formula ABO;, are among the most

extensively studied ferroelectric materials due to their highly
tunable crystal structure, which allows for a wide range of

compositions and properties. Prominent examples include PZT,
barium titanate (BaTiO;), and strontium titanate (SrTiOs). These
materials are characterized by high dielectric constants, strong
piezoelectric and pyroelectric properties, and robust ferroelec-
tric behavior, making them essential for applications such as
non-volatile memories, capacitors, actuators, and transducers.
However, the presence of lead in PZT raises environmental
concerns, driving efforts to develop lead-free alternatives. Addi-
tionally, perovskites often require high-temperature processing,
with PZT, for instance, necessitating annealing temperatures of
around 600°C. Despite these challenges, perovskites remain a
cornerstone of ferroelectric research and applications due to their
exceptional performance [3, 40].

4.2 | Oxide Ferroelectrics

Oxide ferroelectrics include a diverse range of materials, such
as tungsten bronzes, layered perovskites, and binary oxides like
hafnium oxide (HfO,). The most notable example is HZO, which
is highly valued for its thermal stability, compatibility with semi-
conductor processing, and potential for miniaturization, making
it widely used in microelectronics, energy storage devices, and
sensors. However, it often requires high-temperature processing,
necessitating annealing temperatures of around 400°C, which
limits its compatibility with flexible substrates and low-cost
fabrication methods. Additionally, challenges such as complex
manufacturing processes and potential fatigue or degradation
over time must be overcome to fully unlock its potential in
advanced applications [4].

4.3 | Nitride Ferroelectrics

Nitride ferroelectrics, such as aluminium scandium nitride
(AI(Sc)N), represent an emerging class of materials with promis-
ing properties. These materials typically exhibit a wurtzite crystal
structure and combine ferroelectricity with high mechanical
robustness and chemical stability. Al(Sc)N, in particular, has
shown potential for integration into microelectronics due to its
compatibility with existing fabrication processes. Applications
include piezoelectric sensors, actuators, and RF devices. How-
ever, the high processing temperatures and the requirement for
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specific substrates pose challenges for large-scale production and
integration [41].

4.4 | Organic Ferroelectrics

Organic ferroelectrics, including small-molecule crystals, poly-
mers, and supramolecular structures, are increasingly studied
for their lightweight, flexible, and biocompatible properties [43,
44]. Their ferroelectric behavior arises from mechanisms such as
molecular dipole alignment, hydrogen bonding, or self-assembly
[5]. Among these, polyvinylidene fluoride (PVDF) and its copoly-
mers are particularly notable due to their ease of processing
and tunable ferroelectric properties, which can be optimized
through techniques like mechanical stretching, electrical poling,
and copolymerization. However, organic ferroelectrics typically
have lower thermal stability and dielectric constants compared
to inorganic materials, which limits their application in high-
performance systems. To address this, researchers have explored
3D electrode architectures to enhance storage density, where
organic ferroelectrics like PVDF offer distinct advantages due
to their versatile processing capabilities and ability to form
high-density 3D structures [42-47].

4.4.1 | PVDF

In contrast to inorganic and organic crystals, polymers offer
unique advantages, including mechanical flexibility, lightweight
properties, low-temperature processability, and chemical sta-
bility. These features make PVDF particularly attractive for
applications such as wearable electronics, biomedical devices,
and IoT technologies, where conventional materials like PZT and
HZO face significant limitations [6, 9, 10].

PVDF is polymorphic, and the electroactive properties, including
ferroelectricity, arise from the B-phase. This phase is charac-
terized by a non-centrosymmetric crystal structure that enables
spontaneous polarization and switching behavior under an elec-
tric field [26]. Other phases of PVDF, such as «, y, &, and ¢,
are more difficult to fabricate and lack significant ferroelectric
performance, making them unsuitable for memory applications
[48-51]. PVDF’s distinct phases are shown in Figure 4a,b.

PVDF chains can adopt different conformations depending
on the crystalline phase, including trans (T) and gauche (G)
configurations [52]. For example:

a-phase: TGTG’ conformation, thermodynamically stable but
non-ferroelectric due to its centrosymmetric structure.

B-phase: TTTT conformation, non-centrosymmetric with
strong ferroelectric, piezoelectric, and pyroelectric
properties.

y-phase: TTTGTTTG’ conformation, ferroelectric but less stud-
ied and less pronounced in properties compared to the
B-phase.

The unit cell of the S-phase, shown in Figure 4c, belongs to the
orthorhombic crystal system (space group Cc2m) and exhibits

TABLE 2 | Lattice constants for the B-phase of PVDF and
PVDF:TrFE.[73, 75, 101]

Lattice constants

a(A) b (A) c(A)
PVDF 8.58 4.90 512
PVDF-TrFE (80:20) 8.90 5.05 5.10
PVDF-TrFE (70:30) 9.05 512 510

*Numbers for c-axis in PVDF (80:20) and (70:30) are reported to be ¢ = 2.55 A,
but here we assume a “double” unit cell (cdoubled = 2-c = 5.10 A).

lattice dimensions a = 8.58 A, b = 4.90 A, and ¢ = 2.26A,
where c is parallel to the longitudinal chain direction. The
zigzag structure of PVDF chains results in deflection angles (o),
which increase the intrachain fluorine distance from 2.50 to
2.60 A, further influencing the packing density and polarization
properties of the material. This unique molecular arrangement
highlights the structural basis for PVDF’s ferroelectric behavior
and its potential for flexible and scalable electronic applications
[52]. However, achieving a high fraction of S-phase crystallinity
is challenging, as PVDF naturally crystallizes in its thermo-
dynamically stable a-phase, which lacks ferroelectric proper-
ties. Specialized fabrication techniques, such as mechanical
stretching, electrical poling, and copolymerization with trifluo-
roethylene (TrFE), are critical for inducing and stabilizing the
B-phase [53, 54].

A fundamental challenge associated with PVDF in memory
applications is that very large electric fields are required to
induce polarization inversion. In contrast to ionic displacement in
inorganic ferroelectrics, polarization inversion involves rotation
of the polymer unit cell, and the dynamics involve a much higher
energy barrier (for PVDF, E. > 100 MV/m) than for inorganic
piezoelectrics. Mechanical stretching aligns PVDF chains along
the stretching direction, promoting -phase formation. Electrical
poling applies a high electric field to orient dipoles and enhance
ferroelectric behavior. Copolymerization with TrFE modifies
PVDF’s molecular structure, reducing steric hindrance and stabi-
lizing the B-phase [28, 55]. Altering the chemical structure of the
PVDF chain is a common strategy to decrease the coercive field,
e.g., with the addition of functionalized monomers within the
PVDF backbone. Commonly used functional monomer groups
are TrFE or Chlorofluoroethylene (CFE), in which a fluoride
and chlorine replace one hydrogen atom, respectively. As a
consequence, the S-phase unit cell increases slightly with respect
to that of PVDF. In Table 2, the lattice constants for the fj-
phase of PVDF and PVDF:TrFE at different concentrations are
shown.

Additionally, PVDF-based composites incorporating inorganic
fillers (e.g., Cu,0) or hybrid materials have emerged as viable
strategies to further enhance ferroelectric performance [56].
These techniques have been foundational in optimizing
PVDF’s ferroelectric properties, enabling its application
in advanced electronic devices. However, new strategies
have emerged to enhance f-phase formation and stability,
including the use of PVDF-based composites with inorganic,
organic, or hybrid fillers. These advancements, along with
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their results and associated challenges, are assessed in
Section 5.1.

Compared to well-studied ferroelectric oxides like PZT and HZO,
PVDF provides several unique advantages. Its lightweight nature,
mechanical flexibility, and compatibility with low-temperature
processing make it particularly well-suited for applications
requiring flexible or wearable electronics. PVDF’s chemical sta-
bility and non-toxicity provide a distinct edge for biocompatible
and environmentally sustainable technologies [6, 7, 11, 24, 57]. A
test of the state bistability of a PVDF/SiO, FeFET is shown in
Figure 5a, probed by measuring the source-drain current Iy, as
the gate voltage V, increases: flat saturation currents are an indi-
cation of low leakage. Figure 5b shows measurements of device
capacitance C versus gate voltage V, in a metal-ferroelectric-
insulator-semiconductor MFIS. Accumulation is attained at
negative gate bias, resulting in a high device capacitance, while
depletion is achieved at positive gate bias, resulting in low
capacitance. [58]

MFIS) stack diode. Adapted with permission. [58] 2010, American Institute of

Nevertheless, PVDF’s ferroelectric performance is less competi-
tive than that of PZT and HZO in key metrics. For example:

PZT: P, values of 30-75 uC/cm?, E, as low as 5-10 MV/m, and
cycle endurance exceeding 10'° switching events [6].

HZO: P, values of 10-30 uC/cm?, E, values of ~200 MV/m, and
scalability to ultrathin layers as small as 5 nm [7].

PVDF: P, values of 0.1-10 uC/cm?, E, values of 50-200 MV/m,
and cycle endurance comparable to Flash memory (~107
cycles) [34, 59].

These performance limitations stem from PVDF’s polymer
backbone, as ferroelectric switching relies on chain
rotation for polarization inversion, resulting in higher
energy barriers and slow times for switching. In contrast,
ferroelectric switching in inorganic crystals relies on ionic
displacement.
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PVDF’s ferroelectric properties stem from its molecular structure
combined with optimized fabrication routes. This may pose a lim-
itation in conventional ferroelectric applications, such as FERAM
and FeFETs, but can enable tailoring to application-specific
challenges. PVDF’s unique properties have potential for adoption
in emerging fields such as neuromorphic computing and sensing
technologies, which are discussed in Section 6. These applications
leverage PVDF’s ferroelectric, piezoelectric, and pyroelectric
properties to achieve functionalities that extend beyond tradi-
tional memory storage. In the next Section, we provide a compar-
ison of the achievements and challenges of PVDF vs alternative
ferroelectrics.

5 | PVDF Versus Alternative Ferroelectrics: A
Comparative Analysis for Memory and Emerging
Applications

As the demand for higher performance, scalability, and mul-
tifunctionality in emerging memory applications continues
to grow, researchers are intensively investigating new mate-
rial classes with distinct properties that offer advantages and
limitations in different application scenarios. We categorize
emerging ferroelectrics into two principal groups here: PVDF-
based composites and non-PVDF-based ferroelectric materials.
In the case of PVDF-based composites, the filler materials,
which can be either inorganic or hybrid organic-inorganic,
are employed to enhance the properties of the PVDF matrix.
For non-PVDF-based ferroelectric materials, the alternatives are
typically fabricated as single layers, with 2D materials emerging
as the most promising within this category. In this section,
we provide a comparative analysis, highlighting their potential
to address the limitations of pure PVDF in advanced memory
applications.

5.1 | PVDF-Based Composites: Enhancing PVDF’s
Ferroelectric Limitations

While pure PVDF exhibits specific attributes, such as mechan-
ical resilience and suitability for flexible device architectures,
its relatively low dielectric constant, limited energy density,
and polarization strength restrict its performance in high-
capacity and energy-efficient memory systems. To overcome
these limitations, PVDF-based composites incorporating organic
and inorganic fillers have emerged as a promising solution.
By integrating materials such as BaTiO;, ZnO, and 2D per-
ovskites, these composites exhibit enhanced piezoelectric coef-
ficients, increased B-phase content, and improved dielectric
properties, enabling superior functionality for advanced memory
applications.

According to the effective medium theory, the incorporation
of piezoelectric materials with a high dielectric constant and
piezoelectric coefficient significantly influences the molecular
alignment and polarization within the polymer matrix. This
interaction leads to a substantial enhancement in the piezo-
electric performance of the composite material [60]. Already
in 1996, Gregorio et al. demonstrated that the addition of
BaTiO; into PVDF composites resulted in a 40 vol.% increase
in B-phase content compared to pure PVDF. This increase in -

phase content corresponded to an improvement in the relative
permittivity of the material, highlighting the effectiveness of
BaTiO; as a functional filler in enhancing polymer matrix
properties [61].

Further advancements were reported in 2020 by Park et al,,
who showed that these changes in molecular polarization led to
a 1.5-fold enhancement in overall polarization and a dielectric
constant that was 101% higher than BaTiO;-free samples. This
significant improvement positioned PVDF-BaTiO; composites as
a highly suitable material for high-capacitive storage applications
[62]. Another noteworthy example is zinc oxide (ZnO), which is
widely recognized as an effective inorganic piezoelectric material
with a high dielectric constant and piezoelectric coefficient.
In 2023, Joshi et al. demonstrated that the incorporation of
ZnO nanoflowers into the polymer matrix led to a substan-
tial increase in output voltage from 500 to 600 mV. This
enhancement in output voltage enabled the material to achieve
more robust polarization states, which are critical for reliable
data retention in non-volatile memory applications such as
FeRAM [63].

Two-dimensional (2D) perovskites have recently gained atten-
tion as promising ferroelectric materials due to their unique
crystalline structure, which promotes well-aligned molecular
dipoles. This arrangement enables exceptional properties, such
as intrinsic ferroelectricity, spontaneous polarization, and high
piezoelectric responses, making them ideal for advanced fer-
roelectric PVDF-based composites [64]. In 2024, Chen et al.
reported that embedding 2D (C,H,NHj;),CsPb,Br; perovskite
nanosheets into PVDF resulted in a 92.8% electroactive S-phase
content and a nearly 1600% increase in output voltage. The
composite exhibited a high piezoelectric coefficient (ds;) of
63.3 pm/V, which is 2.9 times higher than that of pure PVDF
(21.7 pm/V), demonstrating its suitability for applications in
wireless sensing networks and actuating devices [65]. Further-
more, in 2025, Son et al. developed a self-rectifying resistive
memory device. This resistive memory, composed of Ag/PVDF-
TrFE:(BA,)Pbl,/indium tin oxide, demonstrated a high resistance
switching ratio of >10° programmable at +0.4 V, along with
an excellent rectification ratio of >10° at +0.1 V, long data
retention, and stable endurance cycles, showcasing its potential
for high-performance non-volatile memory applications [66].

Antiferroelectric materials, particularly single-crystalline sys-
tems, have been employed as inorganic fillers to enhance density
and improve energy storage performance in PVDF-based com-
posites. In 2023, Chen et al. successfully incorporated PbZrO,
membranes into a PVDF matrix to develop a 2D-2D type com-
posite, achieving an ultrahigh energy density of 43.3 J/cm? at
750 MV/m, which was 238% higher than that of pure PVDF (18.2
J/cm?® at 500 MV/m) [67]. This higher energy density enables
piezoelectric materials to store and release more energy per
unit volume, directly influencing polarization switching behav-
ior, which is critical for data storage and retrieval in memory
applications.

PVDF-based composites represent an important step forward in
addressing the performance limitations of pristine PVDF, offering
improved ferroelectric and piezoelectric properties through the
integration of organic and inorganic fillers. These enhancements
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open up the possibility for application of PVDF in memory appli-
cations that require high energy density, improved polarization,
and increased dielectric performance. However, the complex fab-
rication, including maintaining filler dispersion and interfacial
stability, poses significant barriers for scalability. Further, the
incorporation of heavy elements in the fillers limits applica-
tion in technologies requiring biocompatibility and non-toxicity.
PVDF:TRFE copolymers, while less flexible in terms of property
customization, provide simplified, scalable fabrication combined
with reliable performance for flexible device architectures that do
not require superior ferroelectric performance.

5.2 | Emerging Non-PVDF Ferroelectrics:
Comparative Advantages and Challenges

While PVDF-based ferroelectrics offer unique advantages such as
mechanical flexibility, lightweight design, and low-temperature
processability, emerging non-PVDF ferroelectric materials,
including transition metal dichalcogenides (TMDs), perovskite
oxides, and 2D hybrid organic-inorganic perovskites (HOIPs),
have demonstrated superior performance in key metrics.
These materials exhibit higher dielectric constants, stronger
polarization, and enhanced thermal stability, making them
attractive for high-density, energy-efficient memory applications.

TMDs, such as molybdenum disulfide (MoS,), are characterized
by diverse crystal structures (e.g., 2H, 3R, and 1T polytypes)
and properties like large hysteresis, high ON/OFF ratios, and
stable retention, which make them suitable for various mem-
ory technologies, including FeRAM and Flash memory [68].
Similarly, perovskite ferroelectrics, such as PbZr,Ti, _,O; (PZT),
are widely used due to their exceptional polarization (up to
75 uC/cm?), reliable operation over 10*° cycles, and potential
for neuromorphic computing applications [69, 70]. However,
their reliance on toxic heavy metals and high-temperature pro-
cessing limits their applicability in flexible and biocompatible
devices.

2D HOIPs have emerged as promising candidates for ferroelectric
applications due to their high Curie temperatures and large
piezoelectric responses. Recent advancements, such as the devel-
opment of (4,4-difluoropiperidinium),GeBr, with a saturation
polarization of 15 uC/cm? and a Curie temperature of 401 K,
highlight their potential for high-performance memory devices
[71]. Despite these improvements, challenges such as low spon-
taneous polarization, environmental sensitivity, and scalability
remain barriers to their widespread adoption.

Although non-PVDF-based ferroelectrics outperform PVDF
in traditional metrics, their complex fabrication processes
and limited flexibility restrict their use in applications
requiring lightweight, adaptable, and biocompatible materials.
PVDF:TRFE, while less competitive in polarization and energy
density, offers ease of processing, mechanical flexibility, and
reliability in wearable and low-power devices. The choice
between PVDF and non-PVDF ferroelectrics ultimately depends
on application-specific requirements, with PVDF excelling in
flexible electronics and bio-inspired technologies, while non-
PVDF materials are better suited for high-performance memory
applications.

6 | Applications of PVDF Beyond Conventional
Memory

6.1 | Flexible and Ferroelectric Storage

Research on PVDF-based memory devices has focused on
enhancing remanent polarization (P,) and current retention.
For example, functionalization of PVDF with TrFE has been
shown to significantly improve its ferroelectric performance.
Inclusion of 20%-30% TrFE reduces the coercive field (E,)
to ~70 MV/m and increases P, to ~9 uC/cm2. However,
higher TrFE fractions (>50%) destabilize ferroelectric
behavior, reducing the hysteresis loop width to resemble
relaxor ferroelectrics and ultimately diminishing ferroelectric
performance [72-76].

Applications of PVDF-based FeFETs have demonstrated promis-
ing results. For instance, Park et al. reported a PVDF-TrFE FeFET
device with an organic gate that achieved P, values of ~9.8
uC/cm?® and an I,,,/I, ratio exceeding 10° for 15 h under ambient
conditions [27]. The ferroelectric PVDF-TrFE layer contained an
improved remanent polarization (9.8 uC/cm?) w.r.t. PVDF-TrFE
in FeFETs using conventional gates. With a gate voltage of +30V
and source-drain voltage of —5V, they achieved I,,/I, ratio hys-
teresis larger than 103 for 15h under ambient conditions. Extrap-
olating the current retention indicates potential stability up to 10
years. However, the operating frequency of the current retention
measurements was 1 Hz, meaning that 10 years corresponds to
roughly 3.2 10® completed switching cycles, which is well below
the endurance of competing emerging memory devices [28]. Like-
wise, introducing interfacial layers in FeFETs has been shown
to influence the carrier mobility through semiconductor-PVDF
interactions, enhancing the process of charge accumulation in the
source/drain channel [77]. As a consequence, the reading time of
the system has been significantly reduced from 50 to 5 ms. Al-
Hazmi et al. investigated doping of Cu,O nanoparticles into the
PVDF-TrFE film, managing to increase the remanent polarization
to 11.2 uC/cm? [56].

Despite these advancements, challenges remain, such as the
high electric fields required for polarization inversion, which are
inherent to the polymeric unit cell. This higher energy barrier
necessitates ultrathin films (0.9-10 um) to achieve acceptable
operating voltages [35, 59].

6.2 | Neuromorphic Computing: Emulating
Synaptic Plasticity

PVDF has recently gained interest in the field of Neuromorphic
(NM) computing, i.e., non-von Neumann memory architectures.
In NM computing, the central processing unit and memory
are no longer two distinctive components, but instead use a
delocalized model, analogous to a simplified brain [17, 78-82].
As a consequence, the high coercive field, slow switching, and
low lifetime are less significant. Human reasoning and language
abilities rely on pattern recognition of impulses through our
neural network. Non-von Neumann systems are neurally inspired
architectures, such as neuromorphic and in-memory systems.
The neural network embodies one unit, consisting of ~10U
neurons connected by ~10% synapses, which operate at extremely
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low power. Neurons modulate memory through the flow of
Calcium ions from pre- to postsynaptic membranes. The inter-
action strength between two neurons is defined as the synaptic
weight and should be able to be modulated in a neuromorphic
device. Specifically, the synaptic weight is modulated through
a variant time difference between neural spikes, called time-
dependent synaptic plasticity (TDSP), which is fundamental
for the development of memory systems capable of mimicking
brain memory formation, also known as Hebbian learning [83].
Figure 6a,b shows applications of PVDF in neuromorphic com-
puting; diagrams of the devices, SEM images, and ferroelectric
responses are included.

In 2018, Tian et al. showed that a FeFET device consisting
of a PVDF-TrFE ferroelectric layer and MoS, channel showed
synaptic plasticity behavior, meaning that different conductance
states might be regulated through the source and drain terminals.
Through polarization reversal, more than one hundred stable
conductance states were shown to be accessible, which reflects
the artificial synaptic plasticity. The device exhibited stable cur-
rent retention up to 107 cycles and an operating voltage window
of —17 to +12 V. The timescale in which conductance modulation
occurred was in the order of ~100 ms, which is similar to the
time lapse with which synaptic events occur in the human
brain [80].

In 2019, Majumdar et al. reported an organic tunnel junction
for emulating synaptic plasticity, with PVDF as the insulating
layer. Through alteration of the voltage amplitude, artificial
synapses were implemented with ultrafast response (10~° s)
[84]. In 2021, Cheng et al. demonstrated the implementation
of synaptic functions of organic ferroelectric tunnel junctions
(OFTIJs) based on PVDF, which showed long-term potentiation
and depression (LTP/LTD), and multi-memory function [85]. In
2023, Jin et al. used a PVDF-TrFE thin film as an interlayer
in a Li* electrolyte-gated transistor. A reduced charge trans-
fer resistance due to ferroelectric polarization of domains was
shown, which is crucial to developing an EGT-based artificial
synapse [86].

Recently, in 2025, Restuccia et al. tested the synaptic character-
istics of PVDF-based organic FETs on training and recognition
performance by using 20 x 20 images of handwritten digits. The
FETs operated below 7 V, with a dielectric layer thickness of ~50
nm (Figure 6a) [87]. Later the same year, Poddar et al. developed
multifunctional, flexible PCSB composites for use in self-powered
piezoelectric sensors and photonic neuromorphic computing by
utilizing CuBO,_,S, and PVDF (PCSB). The optimized piezoelec-
tric nanogenerator produced an electrical output of V. ~21.8
V and Iy ~0.42 pA, under a 4 kHz frequency and 6.1 MPa
pressure. Furthermore, the PCSB composite was used to fabricate
an optoelectronic synaptic device for neuromorphic computing
[88].

These studies collectively highlight a new paradigm that leverages
PVDF-based polymers for neuromorphic computing applica-
tions, showcasing that despite limitations in conventional mem-
ory applications, versatility and potential in enabling artificial
synaptic functions, high endurance, ultrafast response times, and
multifunctional device integration.

6.3 | Sensing Applications: Real-Time Detection
and Transient Data Storage

PVDF is a smart material, meaning two or more of its phys-
ical properties can be modulated through external stimuli. In
addition to ferroelectricity, PVDF demonstrates properties like
piezo- and pyroelectricity. Hence, PVDF has been suggested as
a pressure (piezoelectric effect) and temperature sensor (pyro-
electric response) [89-91]. Smart materials are different from
digital memory, but in some way comparable to the CPU: smart
sensors receive external stimuli, from which electrical signals
can be further processed by an external circuit. The absence of
constant operation by voltage pulses is both favorable from an
environmental perspective and the desired automatization, i.e.,
Internet of Things (IoT). The method of communicating data
through a smart material (external stimuli — reading (probing)
— processing signal) is very efficient compared to that of von
Neumann computers (external operation — writing (pulse) —
reading (pulse) — processing signal). Figure 6c,d shows applica-
tions of PVDF in sensing applications; diagrams of the devices
depicting the sensing mechanism, and the ferroelectric responses
are included.

Currently, leading technology companies such as Apple and
Samsung are investing in research of novel biomedical devices
using smart materials, e.g., smart watches. Such devices can
monitor physiological parameters without the physical pres-
ence of a doctor, facilitating some degree of self-healthcare.
The response of the smart material to an external stimulus
is converted to binary data (“0” and “1”) after which it can
be communicated to a central unit, such as the smart watch.
Some of these monitoring devices require implementation on
the skin (or even subdermal), for which PVDF offers the
advantages.

In 2016, Yi et al. explored the potential of the piezoelectric prop-
erty of PVDF for the development of prosthetic limbs. Continuous
analogue electric signals were recorded from vibratory stimuli,
converted into spike trains using the spiking neural model, and
successfully compared to those measured from functional skin of
monkeys subjected to the same stimuli [92]. In 2020, Lee et al.
reported a flexible, artificial, intrinsic-synaptic tactile sensory
organ that mimics synapse-like connections using an organic
FET nanocomposite of BaTiO; nanoparticles into a PVDF-
TrFE matrix. The group successfully mimicked the synapse-like
connection in a sensory organ, thereby endowing the sensor
itself with intrinsic intelligence without linking it to a neuronal
processor (Figure 6¢) [93].

In 2021, Oh et al., inspired by hippocampal synapses, developed
a dual-gate organic synaptic transistor platform with a pho-
toconductive polymer semiconductor, a ferroelectric insulator
of PVDF-TrFE, and an extended-gate electrode functionalized
with boronic acid, to simultaneously detect the neurotransmitter
dopamine and light [94]. In 2025, Liu et al. demonstrated a
PVDF-based bionic finger for texture recognition with percep-
tion comparable to that of a human finger [95]. Later, the
same year, Long et al. synthesized quantum dots functionalized
with thiol-terminated PVDF ligands and employed them as the
photo-sensitive floating gate in an organic synaptic transistor.
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FIGURE 6 | Applications of PVDF as ferroelectric material in emerging applications: a) Synaptic transistor for neural image recognition networks,

adapted with permission. [87] 2025, John Wiley and Sons Ltd. b) Organic memristor based on the P(VDF-TrFE) functional layer for neuromorphic
computing, adapted with permission. [83] 2023, KeAi Communications Co. ¢) Flexible artificial intrinsic-synaptic tactile sensory organ, adapted with
permission. [93] 2020, Nature Publishing Group. d) Ferroelectric quantum dots for retinomorphic in-sensor computing, adapted with permission. [96]

2025, Wiley-Blackwell.

According to the authors, when a polarization voltage was
applied to the organic synaptic transistors, the generated electric
field counteracted exciton confinement and led to 100% accu-
racy in detecting simulated car motion in low-light conditions
(Figure 6d) [96].

These studies highlight the innovative use of PVDF-based
materials in bio-inspired technologies, showcasing their ability
to emulate complex biological functions such as tactile sens-
ing, neurotransmitter detection, and texture recognition. The
advancements in PVDF-based devices demonstrate the potential
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to exploit material multi-functionality for smart sensoric systems,
such as intelligent prosthetics, adaptive sensory systems, and
high-precision motion detection in challenging environments.

7 | Summary

The continuous demand for advanced memory technologies has
propelled ferroelectric materials into the spotlight due to their
potential to address critical challenges such as energy efficiency,
scalability, and multifunctionality. This review critically assessed
the advancements of polyvinylidene fluoride (PVDF) and its
derivatives in the context of emerging memory and related
applications.

To address material scientists and chemists, we begin by exploring
the fundamental principles of ferroelectricity and memory archi-
tectures, highlighting the unique operational mechanisms of
ferroelectric memories, such as polarization switching, coercive
field, and hysteresis behavior. Conventional ferroelectric mate-
rials like lead zirconium titanate (PZT) and hafnium zirconium
oxide (HZO) have long dominated memory technologies due
to their excellent performance metrics, including high polar-
ization, low coercive fields, and robust cycle endurance. How-
ever, other limitations—such as toxicity, brittleness, and high-
temperature processing—restrict their use in flexible and biocom-
patible devices. PVDF, with its mechanical flexibility, lightweight
nature, and low-cost processability, has emerged as a promis-
ing alternative, particularly for wearable electronics, biomedical
devices, and IoT applications where conventional materials fall
short.

PVDF’s ferroelectric properties arise in the S-phase, which
exhibits the non-centrosymmetric structure required for ferro-
electricity. Due to the polymorphic nature of PVDF, achieving
reliable high $-phase content is challenging, as PVDF naturally
crystallizes in the non-ferroelectric a-phase. Techniques such as
mechanical stretching, electrical poling, and copolymerization
with trifluoroethylene (TrFE) have been widely adopted to induce
and stabilize the S-phase. However, PVDF’s ferroelectric perfor-
mance is less competitive than that of inorganic ferroelectrics like
PZT and HZO for memory applications in terms of polarization
strength, energy density, and cycle endurance. Despite these
limitations, we argue that versatility in PVDF fabrication routes
combined with multifunctional electroactive properties make it
an interesting choice for more specialized applications beyond
conventional memory technologies.

Studies in the field of neuromorphic computing have shown
that PVDF-based materials can mimic biological synaptic func-
tions, enabling artificial synaptic plasticity, ultrafast response
times, and long-term potentiation and depression (LTP/LTD).
These properties make PVDF an attractive material for non-
Von Neumann architectures, which aim to emulate brain-like
memory and processing systems. In sensing applications, PVDF’s
combined piezoelectric and pyroelectric properties have been
leveraged for real-time detection and transient data storage.
Innovations such as bionic fingers, neurotransmitter detection
systems, and intelligent prosthetics showcase PVDF’s ability
to emulate complex biological functions and its potential for
bio-inspired technologies.

The review further examined PVDF-based composites, which
integrate organic and inorganic fillers such as BaTiO;, ZnO, and
2D perovskites to enhance PVDF’s ferroelectric and piezoelec-
tric properties. These composites have demonstrated significant
improvements in polarization, dielectric constant, and energy
density, making them promising candidates for advanced mem-
ory applications. However, challenges such as filler dispersion,
interfacial stability, and scalability remain critical obstacles to
their widespread adoption. In contrast, emerging non-PVDF-
based ferroelectric materials—such as transition metal dichalco-
genides (TMDs), perovskite oxides, and 2D hybrid organic-
inorganic perovskites—have shown superior performance in
terms of dielectric constants, polarization strength, and thermal
stability, making them highly suitable for high-density and
energy-efficient memory applications. Nonetheless, their inte-
gration into practical devices is constrained by environmental
sensitivity and complex fabrication processes.

In conclusion, PVDF and its derivatives represent a versatile
and promising class of materials for emerging memory applica-
tions, particularly in areas where flexibility, lightweight design,
and low-cost processing are critical. While PVDF may not yet
match the performance of inorganic ferroelectric materials in
traditional metrics, its unique properties enable novel oppor-
tunities in flexible electronics, neuromorphic computing, and
sensing applications. Future research should focus on addressing
challenges related to phase stability, endurance, and scalability,
while exploring hybrid materials that combine the strengths of
PVDF and inorganic ferroelectrics. With sustained innovation
in material engineering and device integration, PVDF-based
systems could be poised to play a transformative role in next-
generation memory technologies, particularly in applications
demanding multifunctionality and adaptability.
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