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ABSTRACT

	Ferroelectric materials, although they have their origin many decades ago , have been expanding and developing. These materials find their application in every branch of Science. This article aims to explore the latest applications of ferroelectric Materials. Electro-thermally induced ferroelectric phase transition in percolative ferroelectric polymer nanocomposites to achieve high strain performance in electric-field-driven actuation materials. Researchers are working hard on their newer applications. Some latest applications include Energy storage devices, wearable electronics, Field effect transistors, Infrared detectors, Memristors, Photodetection, Neuromodulation and Electro-optic applications. With the latest technology, it is possible to engineer grain size, grain growth and domains. Truss-based metamaterials can be ultralight and ultrastiff. These modified metamaterials can be used in non-contact sensors, wearable electronics, etc. The resonant current amplitude and voltage are tunable by the switchable polarisation of the BaTiO3 ferroelectric, with the NDR ratio modulated by ≈3 orders of magnitude and an OFF/ON resistance ratio exceeding a factor of 2 × 104. Some of the latest applications are in energy storage, tunnel field effect transistor (TFET), memristor, infrared detector, photodetector, neuromorphic computing, stretchable devices, microelectrode, etc.
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1. INTRODUCTION

Over the decades since ferroelectricity was revealed, ferroelectric materials have emerged as a cornerstone for a wide spectrum of semiconductor technology and electronic device applications, particularly in state-of-the-art complementary metal oxide semiconductor (CMOS) logic circuits and digital information storage media (Khosla & Sharma, 2021; Kim et al., 2023). Ferroelectric materials possess spontaneous polarisation that can be switched by an applied electric field. Conventionally, ferroelectric materials are used in Capacitors, Actuators, Sensors, Memory Devices, Thermistors, Switches, Oscillators, Filters [1-4], etc. Although Ferroelectric Materials have been used for several decades scientists are still exploring their applications. The application of ferroelectric materials covers many areas of modern technologies, from high dielectric constant capacitors to non-volatile memories and integrated optic devices. Ferroelectric materials are deeply involved in topiezoelectric applications due to the discovery of the electrical poling process that aligns the internal polarisation of all crystallites within the ceramic and causes it to act very similarly to a single crystal (Tawfik et al., 2018). This manuscript summarises some of the latest applications of ferroelectric materials. 


2 Ferroelectric materials in Energy storage applications 
Liu et al. [5] have used electro-thermally induced ferroelectric phase transition in percolative ferroelectric polymer nanocomposites to achieve high strain performance in electric-field-driven actuation materials. They demonstrate a strain of over 8% and an output mechanical energy density of 11.3 J cm−3 at an electric field of 40 MV m−1 in the composite.
 
Yang et al. [6] have explored PbZr0.52Ti0.48O3 (PZT)/PbZrO3 (PZ) composite films, prepared by the sol-gel method for energy storage applications. These films possess the high energy storage density of 10.0 J cm−3 and the energy storage efficiency of 84.8%. 

Pappachan et al. [7] have examined Lead-free ternary solid solutions of (1−2x) K0.5Bi0.5TiO3-xBaTiO3-xLiNbO3 (KBLN100x) with x = 0.03, 0.05, 0.07, and 0.09. A recoverable energy density of 1.3 J/cm3 was achieved for the KBLN7 sample, making it a potential candidate for energy storage applications.





3. FERROELECTRIC MATERIALS IN FIELD EFFECT TRANSISTOR (FET) APPLICATION
Zhu et al. [8] have used a single vertical nanowire ferroelectric tunnel field-effect transistor (ferro-TFET) that can modulate an input signal with diverse modes, including signal transmission, phase shift, frequency doubling, and mixing, with significant suppression of undesired harmonics for reconfigurable analogue applications. Conventional Ferroelectric Materials cannot be used directly in making CMOS devices due to their fatigue nature; however, Chen et al. [9] demonstrated the use of hafnium-based ferroelectric material in making high-density and high-performance devices. 

Liu et al. [10] have used the ferroelectric material in the insulator gate in the TFT Structure to form ferroelectric field effect transistors. Li et al. [11] have demonstrated the high-performance wearable ferroelectric field effect transistors. In this, Zr-doped HfO2 was linked with an ultra-thin layer of Indium Tin Oxide (ITO). The device can be used as a highly flexible wearable memory. The device exhibits a thermal budget of 400 °C, a memory window of 2.78 V, a current on/off ratio of 108, a bending reliability of 5×105 pulse cycles with a bending radius of 5 mm and high endurance of 2×107 cycles. This resulted in a highly bendable and transparent memory device.

Razumnaya et al. [12] have used a ferroelectric logic unit comprising multiple nanodots stacked between two electrodes and coated by dielectric material in a novel topologically-controlled implementation of discrete synaptic states in neuromorphic computing. They have devised the integration of the ferroelectric logic unit, providing topologically configurable non-binary logic into a gate stack of the field-effect transistor as an analogue-like device with resistive states. By controlling the charge of the gate, they demonstrated the various routes of the topological switchings between different polarisation configurations in ferroelectric nano-dots. Hysteresis loops were considered for finding the switching routes between different logic levels. Different logic levels were achieved by varying the external fields and temperature used for measuring hysteresis loops.

4. FERROELECTRIC MATERIALS IN MEMORY APPLICATION
Xue et al. [13] have demonstrated the origin of ferroelectric resistance switching using planar vander Walls ferroelectric memristors and volatile and nonvolatile ferroelectric memristors, with large on/off ratios above 104.
Wen et al. [14] developed an electro-optic memristor based on a ferroelectric PMN-PT system. These can be used in programmable photonic integrated circuits and are based on the electro-optic effect. The phase of light is modified without affecting its transparency. Non-volatile wave plate shifts the phase of the light by 90°. The resulting memristor possesses energy consumption of switching 234 nJ, and acquired states are retained up to 12 h without needing any static power consumption.

5. FERROELECTRIC MATERIALS IN OPTICAL APPLICATION
Whatmore et al. [15] have tested various ferroelectric materials such as Pb[(Mg⅓Nb⅔)xTi1−x]O3  and Na½Bi½TiO3–K½Bi½TiO3 based lead-free crystals and ceramics system for Pyroelectric Infrared Detectors in the wide frequency range of 0.1 to 100 Hz. 
He et al. [16] have studied the TiO2/BFO/WO3 device in the form of a Core-Shell Ferroelectric Nanowire for Photovoltaic applications. These films exhibit an open-circuit voltage (Voc) and short-circuit current density (Jsc) of 1.32 V and 1.14 mA/cm2, respectively, when the scanning bias is 1.75 V with a photoelectric conversion efficiency of 0.93%. Wu et al. [17] have explored ferroelectric crystals of KTa1−xNbxO3 (KTN) for ultraviolet photodetection. Head-to-head domain structure was achieved by tuning the Curie temperature (Tc), producing charged domains, hence a conducting channel for electrons and holes. This resulted in giant photoresponsivity and a high electro-optic coefficient. This material finds potential application in all optical devices and photonic chips.
Jadhav et al. [18] studied the role of Hf-doped BaTiO3 nanoparticles on the electro-optic and dielectric properties of ferroelectric liquid crystal. It was observed that these nanoparticles significantly modify various properties of KCFLC 7S liquid crystal, such as photoluminescence and spontaneous polarisation, resulting in the application of these crystals in liquid crystal displays.
Pal et al. [19] investigated light-controlled modification in polarisation in free-standing BaTiO3 membranes. These membranes exhibit optical-controlled polarisation switching, which is 1200 times faster than their clamped counterparts. Information and Communication Technology largely benefits from these materials, resulting in wireless sensing. The resistance of these membranes changes as a result of polarisation reversal caused by illumination.
Liu et al. [20] have studied the application of ferroelectric material Relaxor-lead titanate (PbTiO3) crystals for electro-optic applications. Generally, the optical transparency of ferroelectric materials is very low due to scattering and reflection of light by domain walls, limiting their electro-optic applications. Through synergistic design of a ferroelectric phase, crystal orientation, and poling technique, light scattering by domains was significantly reduced. High transmittance of 99.6% in antireflection film-coated crystals with an ultrahigh electro-optic coefficient of 900 pm/V was obtained, which is almost 30% of conventionally used crystals.

Han et al. [21] utilised the property of ferroelectric polarisation in photocatalytic degradation of nitrogen-containing heterocyclic compound quinoline, which acts as a pollutant in cooking wastewater. BaTiO3/CuFe2O4 is used in a Photocatalytic system. Polarised BaTiO3 resulted in directional flow of photogenerated electrons and enhanced adsorption and activation due to polarised surface sites. This resulted in 99.65% removal of quinoline from wastewater.

6. FERROELECTRIC MATERIALS IN WEARABLE ELECTRONICS AND BIOMEDICAL APPLICATIONS
Ito et al. [22] have tested the use of soft functional polymers in stretchable devices used in wearable tactile electronics. Blend ratio of copolymer PMMA-PBA has been considered with a ferroelectric polymer PVDF-TrFE). By making a capacitor-like device, these films can stretch up to 400%. Ren et al. [23] have developed flexible piezoelectric nano-generator (PENG) devices based on PZT resulting in wearable electronic devices which can convert biomechanical energy to useful electrical energy. PENG device was prepared from free-standing orientation-controlled, single-crystalline Lead Zirconate Titanate membranes supported by water-soluble polydimethylsiloxane (PDMS) polymer layer. PZT membranes designed this way exhibit better properties than their clamped version.  Fig. 1 illustrates the use of this PENG device in a wearable electronics application.  These nano-generators exhibit very high output density, a strain tolerance factor of more than 3.4 % and superior mechanical stability in cycling tests of more than 60000. 
[image: D:\New Publication\Ferroelectric Paper Data\123.jpg]
Fig. 1(a) Measured output voltage of the PENG device in forward connection (top) and reverse connection (bottom). (b) Variation of output voltage with strain ratio. (c) Output electrical signal test by attaching the PENG to different body parts (from top to bottom: finger, wrist, elbow), demonstrating its versatility and performance. (d) The durability of the flexible PZT energy harvester is shown over 60,000 bending cycles, highlighting its mechanical stability. (e) A photograph demonstrating the ability of the device to power commercial LEDs to display the letters “HIT” using the electrical energy generated from bending the human hand. (Reprinted from [23] with permission from Nature Communications

Das et al. [24] have developed Piezoelectric Nano Generator (PENG) devices based on MWCNTs/BSTO/PVDF system. These nano-composites can generate energy from waste heat and human motion. These resulted in sustainable, renewable and eco-friendly sources of Energy. It was observed that these devices give a power output of 31.5μW and output current of 9μA, which is enough to power a small electronic device.
Zhang et al. [25] have designed Potassium Sodium Niobate-based miniaturised ultrasonic devices having variable frequency for neuromodulation of the brain i.e. for biomedical applications due to its high piezoelectric coefficient (~680 pC/N). These heterojunctions resulted in an adjustable focus-based ultrasonic device. Even these perform better than traditionally available PZT-based heterojunctions.
Becker et al. [26] demonstrated ferroelectric material for microelectrodes in bioelectronics and bipolar impedance switching. This behavior was studied in 18 nm thick BaTiO3 film in an electrolyte–ferroelectric–semiconductor (EFS) configuration. Cyclic voltammetry measurements in EFS configuration, with a phosphate-buffered saline solution acting as the liquid electrolyte top contact, indicate characteristic ferroelectric switching peaks in the bipolar current–voltage loop. Further, a maximum ratio of two different impedance magnitudes of ~1.5 was observed at a frequency of 100 Hz.

Shi et al. [27] have given revolutionary idea of fabricating dense ferroelectric metamaterials using the latest technology, just as 3D printing, resulting in ceramics with superior properties than their bulk counterparts and naturally occurring or chemically obtained materials. With the latest technology, it is possible to engineer grain size, grain growth and domains. Truss-based metamaterials can be ultralight and ultrastiff. These modified metamaterials can be used in non-contact sensors, wearable electronics, etc.


7. FERROELECTRIC MATERIALS IN SOME OTHER IMPORTANT APPLICATIONS
Spandana et al. [28] have examined PLZT ceramics for ferroelectric cathode applications. PLZT was prepared by a unique method of uniaxial pressing followed by high-energy mechanical activation method. This results in high current density, high dielectric constant (~5195) and low piezoelectric coefficient, so it can be a potential candidate for cathode applications.

Ma et al. [29] have studied room temperature ferroelectric modulated tunnelling and negative differential resistance behaviour in BaTiO3/SrRuO3/BaTiO3 Quantum-Well Structures. The resonant current amplitude and voltage are tunable by the switchable polarisation of the BaTiO3 ferroelectric, with the NDR ratio modulated by ≈3 orders of magnitude and an OFF/ON resistance ratio exceeding a factor of 2 × 104. 

 Zakeri et al. [30] have tested Al-Ce co-doped BaTiO3 for application as an electrode in electrochemical energy conversion and storage devices. This material possesses excellent electrocatalytic properties due to its high conductivity and inherent oxygen vacancies. Since fossil fuels cause excessive environmental issues, there is an urgent need to shift to supercapacitors and water splitting cells. These can convert renewable sources into electricity. Al-Ce co-doped BaTiO3 nanofiber can act as an effective electrode for abundantly present water via oxygen evolution reaction (OER) and hydrogen evolution reaction (HER), indicated by their low onset potential of 11 mV and -174 mV vs. RHE, respectively and overpotentials of -894  mV and -570 mV, respectively. This electrode exhibits capacitance of 224.18F/g at a scan rate of 10mV/s.

Park et al. [31] explored ferroelectric material PMN-PT for thermal switch application. Their behaviour is tested at high temperature and low frequency poling, resulting in reduced EC. These materials show 25 % modulation at low electric field.

8. Conclusion

Though Scientists are working hard to discover new ferroelectric materials, various methods of preparation of ferroelectric materials have been studied for several decades. But the factor which is more prominent is the application of these materials in daily life. In addition to traditional applications, scientists are continuously working on the latest applications of these materials. Some of the latest applications are in energy storage, tunnel field effect transistor (TFET), memristor, infrared detector, photodetector, neuromorphic computing, stretchable devices, microelectrode, etc.
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