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Abstract

The continuous scaling of conventional memory technologies is increasingly constrained by limitations
in power consumption, speed, endurance, and integration density. As data-intensive applications such
as artificial intelligence, Internet of Things, and edge computing demand fast and energy-efficient
memory solutions, alternative non-volatile memory technologies have gained significant attention.
Ferroelectric materials, characterized by their reversible spontaneous polarization, offer a promising
pathway toward next-generation non-volatile memory due to their intrinsic non-volatility, low
operating voltage, and rapid switching capability. This paper presents a comprehensive study of
ferroelectric materials and their application in emerging non-volatile memory devices. The
fundamental principles of ferroelectricity, including spontaneous polarization, domain switching, and
polarization—electric field hysteresis behavior, are discussed to establish the physical basis for memory
operation. Both conventional ferroelectric materials and recently developed hafnium oxide-based
ferroelectrics are reviewed, with emphasis on their material properties, scalability, and compatibility
with advanced complementary metal-oxide—semiconductor (CMOS) technology. Furthermore, the
paper examines key ferroelectric memory architectures such as ferroelectric random-access memory
(FeRAM), ferroelectric field-effect transistors (FeFETSs), and ferroelectric tunnel junctions (FTJs),
highlighting their operating mechanisms, advantages, and limitations. Fabrication techniques,
performance metrics including endurance and retention, and critical reliability challenges such as
wake-up and fatigue effects are also addressed. Finally, recent advancements and future trends in
ferroelectric memory technologies are discussed, emphasizing their potential impact on low-power
electronics, neuromorphic computing, and next-generation information processing systems.
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polarization states without power. Ferroelectric-based memories combine non-volatility with fast
switching speeds and low-power consumption. Early ferroelectric memory technologies faced
challenges related to scalability and CMOS integration; however, recent discoveries of ferroelectricity
in hafnium oxide-based thin films have revitalized research in this field.

This paper aims to present a detailed overview of ferroelectric materials and their applications in
next-generation non-volatile memory devices. The limitations of conventional memory technologies
such as DRAM and Flash memory have motivated the development of alternative non-volatile memory
solutions [6—8].

FUNDAMENTALS OF FERROELECTRICITY

Ferroelectricity is a fundamental property of certain dielectric materials, characterized by the
presence of spontaneous electric polarization that can be reversed by applying an external electric field.
This phenomenon arises from a non-centrosymmetric crystal structure in which the centers of positive
and negative charges do not coincide.

The reversible polarization behavior of ferroelectric materials makes them highly suitable for non-
volatile memory applications, where information can be stored in stable polarization states without a
continuous power supply [9-11].

Spontaneous Polarization and Crystal Structure

In ferroelectric materials, spontaneous polarization originates from the displacement of ions within
the unit cell, leading to a permanent electric dipole moment even in the absence of an external electric
field. This behavior is typically observed in perovskite-type materials, where a slight shift of the central
cation relative to the surrounding anions breaks inversion symmetry.

The magnitude and direction of spontaneous polarization depend strongly on the crystal symmetry
and lattice distortions. Only materials belonging to specific non-centrosymmetric point groups exhibit
ferroelectric behavior. The atomic-scale origin of spontaneous polarization and its dependence on the
crystal structure are schematically illustrated in Figure 1.

P-E Hysteresis loop of a ferroelectric material

Y T T T ; ‘ i : :
2 T - i
- Rermanent
1 F polarization |
>
g N -
2
S o0
3
B 0 -
=~
" _Rermanent ' =
I-polarization L Coercive 1
£ —E; field
-1 -Ec — 7
Il 1 1 1 | 1 L |
i -1 0 15 10

Electric field (E) kV/cm
Figure 1. P-E Hysteresis loop.
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Polarization—Electric Field Hysteresis

A defining characteristic of ferroelectric materials is the polarization—electric field (P—E) hysteresis
loop, which describes the nonlinear relationship between polarization and applied electric field. When
an electric field is applied, the ferroelectric domains align with the field direction, resulting in saturation
polarization. Upon removal of the field, a remnant polarization remains, which is a key requirement for
non-volatile memory operation. Reversing the electric field causes polarization switching, producing a
hysteresis loop, as shown in Figure 3. The coercive field represents the minimum electric field required
to switch the polarization direction of the film. The presence of two stable remanent polarization states
enables binary data storage, where each state corresponds to a logic “0” or “1” [12—15].

Ferroelectric Domains and Switching Mechanism

Ferroelectric materials consist of regions known as domains, within which the polarization vectors
are uniformly aligned. Domain formation minimizes the overall electrostatic and elastic energies of a
material (Figure 2). Polarization switching does not occur through uniform rotation but rather through
domain nucleation and wall motion [16].

Phase Transitions and Curie Temperature

Ferroelectric materials undergo a phase transition from a ferroelectric phase to a paraelectric phase
at a critical temperature known as the Curie temperature. Below the Curie temperature, the material
exhibits spontaneous polarization, while above this temperature, thermal energy disrupts long-range
dipole ordering, eliminating ferroelectric behavior [17].
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Figure 2. Ferromagnetic domain and switching.
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Figure 3. Crystal structure comparison.

© STM Journals 2026. All Rights Reserved 3



Ferroelectric Materials for Next-Generation Non-Volatile Memory Ghodake et al.

This phase transition is often accompanied by changes in crystal symmetry and dielectric properties.
The temperature dependence of the polarization and dielectric constant plays a crucial role in
determining the operational stability and reliability of ferroelectric memory devices, particularly in
high-temperature environments [18].

Thin-Film Ferroelectricity and Size Effects

Ferroelectric materials are typically employed in thin films in modern memory devices. As film
thickness is reduced to the nanometer scale, size effects such as depolarization fields, interface defects,
and strain significantly influence ferroelectric behavior. These effects can suppress the polarization or
alter the switching characteristics [19-20].

Interestingly, certain materials, such as hafnium oxide-based ferroelectrics, exhibit enhanced
ferroelectricity at reduced thicknesses owing to the stabilization of non-centrosymmetric phases. This
unique behavior has enabled the development of highly scalable ferroelectric memory devices that are
compatible with advanced CMOS technologies [21-23].

Significance of Ferroelectricity in Non-Volatile Memory

The fundamental properties of ferroelectric materials — bistable polarization states, fast switching,
and non-volatility — form the physical basis for ferroelectric memory technologies. Understanding
ferroelectric phenomena at both the material and device levels is essential for optimizing memory
performance, reliability, and scalability. A clear understanding of the fundamental mechanisms
discussed in this section provides a foundation for the device architectures and applications explored in
the subsequent sections of this paper [24].

FERROELECTRIC MATERIALS FOR MEMORY APPLICATIONS
Conventional Ferroelectric Materials

Traditional ferroelectric materials such as lead zirconate titanate (PZT) and strontium bismuth
tantalate (SBT) have been extensively studied and implemented in early ferroelectric random-access
memory (FERAM) devices. These materials exhibit strong ferroelectric polarization and excellent
endurance properties. However, issues such as lead toxicity, high processing temperatures, and poor
scalability have limited their adoption in advanced technology nodes.

Traditional ferroelectric materials, such as PZT and SBT, possess strong polarization characteristics
but suffer from scalability and integration challenges. Figure 3 compares the structural differences
between conventional ferroelectric materials and modern hafnium oxide-based ferroelectrics.

Hafnium Oxide-Based Ferroelectrics

The discovery of ferroelectricity in doped hafnium oxide (HfO:) thin films has marked a significant
breakthrough in ferroelectric memory research. Hafnium oxide-based ferroelectrics, such as HfZrO-,
offer several advantages, including CMOS compatibility, low processing temperature, and excellent
scalability down to nanometer thicknesses. These materials enable seamless integration with modern
semiconductor fabrication processes and are considered key enablers of next-generation non-volatile
memory devices.

The ferroelectric behavior of hafnium oxide-based thin films originates from the stabilization of the
non-centrosymmetric orthorhombic phase. The formation of this ferroelectric phase through doping and
annealing is illustrated in Figure 4.

Ferroelectric Non-Volatile Memory Devices
Ferroelectric non-volatile memory devices utilize the reversible spontaneous polarization of
ferroelectric materials to store digital information without a continuous power supply. Unlike charge-
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based storage mechanisms, ferroelectric memories rely on polarization orientation, which offers fast
switching speeds, low-power consumption, and excellent endurance. Based on the device architecture
and operating principles, ferroelectric memories can be broadly classified into FeERAM, ferroelectric
field-effect transistors (FeFETs), and ferroelectric tunnel junctions (FTJs).

Ferroelectric Random-Access Memory

FeRAM is one of the earliest commercial implementations of ferroelectric memory technology. In
FeRAM, data are stored in a ferroelectric capacitor, where the binary states “0” and “1” correspond to
the two stable polarization directions of the ferroelectric material. A typical FERAM cell consists of a
ferroelectric capacitor integrated with an access transistor, as shown in Figure 5.

During the write operation, an electric field is applied across the ferroelectric capacitor to orient the
polarization in the desired direction. The read operation involves applying a voltage and sensing the
charge displacement caused by the polarization switching. However, this process is inherently
destructive and requires the data to be rewritten after each read cycle. Despite this limitation, FeRAM
offers significant advantages, such as fast read/write speeds (on the order of nanoseconds), low
operating voltage, and
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Figure 5. Schematic of a Ferroelectric RAM (FeRAM) cell.
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high endurance exceeding 10' cycles. The scalability of FERAM is constrained by the need for
relatively thick ferroelectric films to maintain sufficient polarization and integration challenges with
advanced CMOS processes. These limitations have shifted the research focus toward alternative
ferroelectric memory architectures.

Ferroelectric Field-Effect Transistors (FeFETs)

Ferroelectric field-effect transistors (FeFETs) represent a promising evolution of ferroelectric
memory technology by integrating a ferroelectric layer directly into the gate stack of a transistor. In
FeFETs, the polarization state of the ferroelectric material modulates the threshold voltage of the
transistor, thereby controlling the channel conductivity. The basic device structure is illustrated in Figure
6.

Unlike FeRAMs, FeFETs enable non-destructive read operations, which significantly improve device
reliability and reduce power consumption. The two polarization states of the ferroelectric layer
correspond to distinct threshold voltage levels, allowing binary information to be stored and read
electrically. FeFETs also exhibit excellent scalability, particularly when using hafnium oxide-based
ferroelectric materials compatible with modern CMOS technology nodes.

Recent research has demonstrated FeFET arrays with high endurance, long retention times, and multi-
level cell (MLC) capability, enabling higher data density. Moreover, FeFETs are being actively
explored for in-memory computing and neuromorphic applications, where analog polarization states
can be used to emulate synaptic behavior.

Ferroelectric Tunnel Junctions

FTJs are emerging memory devices that exploit quantum mechanical tunneling through ultrathin
ferroelectric barriers. An FTJ typically consists of a nanometer scale ferroelectric film sandwiched
between two metallic electrodes, as illustrated in Figure 7. The tunneling current across the junction
strongly depends on the polarization direction of the ferroelectric layer.

Polarization reversal modifies the potential energy profile of the tunnel barrier, resulting in a
significant change in the tunneling resistance, a phenomenon known as tunneling electroresistance
(TER). This enables the realization of high- and low-resistance states corresponding to binary data
storage. FTJs offer ultralow power operation, high switching speed, and excellent scalability owing to
their simple two-terminal structure.

Although FTJs are still largely in the research phase, they show strong potential for applications in
high-density memory and neuromorphic computing. However, challenges such as device variability,
retention stability, and large-scale integration remain active areas of research.
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Figure 6. Cross-sectional schematic of a ferroelectric field-effect transistor (FeFET).
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Figure 7. Ferroelectric tunnel junction.

Comparative Analysis of Ferroelectric Memory Devices

Each ferroelectric memory architecture offers distinct advantages and limitations. FeERAM provides
high endurance and fast operation but suffers from destructive readout and scaling issues. FeFETs
overcome many of these limitations by enabling non-destructive readout and CMOS compeatibility,
making them suitable for future logic-memory integration. FTJs, on the other hand, offer extreme
scaling potential and ultra-low-power consumption, although further development is required for
commercial deployment. A comprehensive comparison of these ferroelectric memory devices
highlights the versatility of ferroelectric materials and their suitability for diverse memory and
computing applications.

FABRICATION TECHNIQUES

Ferroelectric thin films for memory applications are typically fabricated using techniques such as
sol—gel deposition, sputtering, chemical vapor deposition, and atomic layer deposition (ALD). Among
these, ALD is particularly suitable for hafnium oxide-based ferroelectrics because of its excellent
thickness control and uniformity. Post-deposition annealing plays a crucial role in inducing the desired
ferroelectric phase and optimizing the device performance.

PERFORMANCE PARAMETERS AND CHARACTERIZATION

The key performance metrics of ferroelectric memory devices include retention, endurance,
switching speed, and power consumption. Electrical characterization techniques, such as P—E loop
measurements, capacitance—voltage analysis, and pulse switching tests, are commonly employed.
Ferroelectric memories demonstrate excellent endurance exceeding 10 cycles and data retention of
more than ten years, making them suitable for long-term data storage applications.

CHALLENGES AND RELIABILITY ISSUES

Despite significant progress, several challenges remain in the development of ferroelectric memory
technologies. Reliability issues, such as the wake-up effect, fatigue, imprint, and leakage current
degradation, must be addressed. Interface engineering, defect control, and optimized material
composition are critical for improving device reliability and uniformity, particularly at advanced
technology nodes.

Recent Advances and Future Trends
Recent research has focused on the three-dimensional integration of ferroelectric memory devices to
enable higher memory density. Ferroelectric materials are also being explored for neuromorphic
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computing, wherein analog polarization switching can mimic synaptic behavior. Additionally, the
integration of ferroelectric memories with Al accelerators and low-power loT devices highlights their
growing importance in future computing architectures.

CONCLUSION

Ferroelectric materials represent a promising solution for next-generation non-volatile memory
technologies due to their fast switching, low-power consumption, and excellent scalability. The
emergence of hafnium oxide-based ferroelectrics has significantly improved CMOS compatibility and
renewed interest in ferroelectric memory research. Although challenges related to reliability and
variability remain, ongoing advancements in material engineering and device design are expected to
enable the widespread adoption of ferroelectric memories in future electronic systems.
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