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Abstract

:

Piezoelectric polymers are a class of material that belong to carbon–hydrogen-based organic materials with a long polymer chain. They fill the void where single crystals and ceramics fail to perform. This characteristic of piezoelectric polymers made them unique. Their piezoelectric stress constant is higher than ceramics and the piezoelectric strain is lower compared to ceramics. This study’s goal is to present the most recent information on poly(vinylidene fluoride) with trifluoroethylene P(VDF-TrFE), a major copolymer of poly(vinylidene fluoride) PVDF with piezoelectric, pyroelectric, and ferroelectric characteristics. The fabrication of P(VDF-TrFE) composites and their usage in a variety of applications, including in actuators, transducers, generators, and energy harvesting, are the primary topics of this work. The report provides an analysis of how the addition of fillers improves some of the features of P(VDF-TrFE). Commonly utilized polymer composite preparation techniques, including spinning, Langmuir–Blodgett (LB), solution casting, melt extrusion, and electrospinning are described, along with their effects on the pertinent characteristics of the polymer composite. A brief discussion on the literature related to different applications (such as bio-electronic devices, sensors and high energy-density piezoelectric generators, low mechanical damping, and easy voltage rectifiers of the polymer composite is also presented.
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1. Introduction


Piezoelectric materials are widely exploited in electronics and biotechnology for their unique features. Piezoelectric ceramics are widely accepted among the piezoelectric materials because of their strong piezoelectric properties. However, piezoelectric polymer served as a better alternative for piezoelectric ceramic to overcome some of the disadvantage like brittleness, high density, rigidity, stiffness, and high leakage current. Piezoelectric polymers have high dielectric breakdown strength, flexibility, and cost-effective fabrication routes. Even though they have comparatively low piezoelectric coefficient than ceramics, their high mechanical flexibility and biocompatibility help them to find a place in various technical application [1,2,3,4,5,6].



Numerous studies on piezoelectric polymer composite provide desirable results as they combine the merits of fillers and polymers. They are used to store energy from ambient vibrations as well as for energy harvesting [7]. In addition, these compounds are widely used in different electronic device like sensors, actuators, transducers, and generators. Biological technology gained benefits by fabricating various biological devices which proved to be a boon to the living form.



This review mainly focuses on a particular copolymer, (PVDF-TrFE) and its composite. It mainly emphasis on the most followed technique for the fabrication of polymer composite film along with their applications. The effect of fillers in the polymer matrix for the improvement of physical and chemical properties are also discussed.



1.1. Piezoelectric Effect


Jacques Curie along with Pierre Curie, in 1880 discovered piezoelectricity, charge generation which is formed due to the deformation of solid material and vice versa. Piezoelectricity is used to describe the coupling amongst electrical and mechanical performance of materials. The word piezo derived from a Greek word meaning to press [8,9,10,11,12,13,14]. Gabriel Lippmann (1881) derived the converse piezoelectric effect mathematically from the thermodynamic principle. The same was confirmed by Curie’s very immediately [12]. The piezoelectric effect expresses the linear relationship amongst the mechanical and electrical field that is detected in certain classes of materials. The linear relationship between the output electrical signal and the mechanical stress is given by:   x = d E  , where   d   is the reverse piezoelectric strain constant,   E   is the electric and   x   is the strain. Piezoelectricity exists in noncentrosymmetric dielectric materials. When mechanical force is applied, shifting of ions takes place and dipoles are formed. Charges are formed at the two ends of the material due to accumulation of dipoles in a particular direction. The charges thus formed can be made available externally by connecting electrodes to both end of the material. This effect is known as direct piezoelectric effect. The expansion of material resulted in negative charge whereas the compression of material in positive charge. Direct Piezoelectric Effect leads to a particular crystal arrangement with spontaneous polarization [15]. Diagrammatic representation of direct and converse piezoelectric effect is shown in Figure 1. The piezoelectric effect is often signified by linear constitutive equations as given below:


  S =   S   E   T + d E  



(1)






  D = d T +   ε   T   E  



(2)




where




	
S: the strain, relative deformation



	
    S   E    : compliance, inverse of elasticity, under constant electric field



	
T: applied stress



	
d: piezoelectric charge constant



	
E: applied electric field



	
D: dielectric displacement



	
    ε   T    : dielectric constant under constant stress








The piezoelectric materials are classified in different categories depending mainly on the material arrangement and the manufacturing as ceramics, single crystals, and polymers.




1.2. Piezoelectric and Ferroelectric Polymer


Piezoelectric polymers are organic compounds with a high molecular weight and long-range order. The materials are more resilient and flexible than those in other classes. They are flexible, tough, lightweight and easily processed. They have high dielectric breakdown and operating field strength with a few limitations, such as low dielectric constant, density, elastic stiffness, and acoustic/mechanical impedance. They are usually semi-crystalline materials with an amorphous matrix. Stretching of these polymers is required to convert nonpolar phase to the polar phase and poling is required for the alignment of the dipoles. Many polymers show polarization hysteresis due to induced polarization. They have a polar unit cell, and an electric field can reverse the direction of its polarization. Polymers like PVDF and copolymers, odd nylons, polyacrylonitrile, polyurea, liquid crystal are some of the more attractive ferroelectric polymers [16,17,18,19,20].



In 1969, Kawai discovered the piezoelectric effect in PVDF film. The ferroelectric property of PVDF was discovered in the late 1970s. Among the polymers, PVDF and its copolymers are widely used for various applications because of their low leakage current, large spontaneous polarization, chemical stability, large dielectric constant, low processing temperature, and flexibility. It is a white crystalline thermoplastic fluoropolymer with a density of 1.78 g/cm3. The polymer has a melting point temperature of 171–180 °C. The crystallization temperature lies between 141–151 °C, according to the literature [21]. PVDF exhibits a moderate piezoelectric effect, which can be further enhanced by stretching and polarization. The PVDF polymer is inherently polar and the chemical formula of PVDF is (CH2-CF2)n. In the polymer chain, hydrogen and fluorine atoms are dispositioned symmetrically. This distribution of atoms influences the electromechanical response, solubility, dielectric property, crystal morphology, and dielectric constant. PVDF is chemically inert, tough, and has good stability when exposed to the sun. It has low permittivity and low density. The dielectric constant of PVDF is about 10, which is the highest among the polymers useful for device applications. The glass transition temperature of the amorphous phase is −35 °C, which is below room temperature. PVDF has five crystal phases (α, β, γ, δ and Ɛ) [22]. The α, β, δ crystal phases are shown in Figure 2. The phases β, γ and δ have a polar nature. The phase, ‘α’ can be obtained by casting PVDF from the melt, whereas by stretching the non-polar α phase at an elevated temperature, it can be changed into a β phase. The δ phase can be obtained by rotating the molecular chain axis in the presence of a high electric field. The β phase has an orthorhombic structure with trans-molecule conformation with large spontaneous polarization, resulting in ferroelectric and piezoelectric properties. The phase has a planar zigzag chain with lattice parameters of   a =   9.12 Å,   b =   5.25 Å and   c =   2.55 Å. The β phase is the only polar phase having polarization along the C–F dipole moment and is perpendicular to the polymer chain direction. In all trans phases, the hydrogen atoms face one direction and the fluorine atoms face the other direction, thus producing a net dipole moment. Due to the mutual repulsion of fluorine atoms, this all-Trans conformation is not stable, and changes occur above the Curie temperature where the thermal kinetic energy is sufficient to cause segmental rotation. The α phase is a nonpolar phase with molecules in a distorted trans-gauche-trans-gauche’ (TGTG’) configuration, a state with the lowest energy. In the β phase, all molecules are in all-Trans (TTT) configurations and the polarization of this phase is given in Figure 3. The γ phase is also a polar phase, where the molecules are oriented in (T3GT3G’) a configuration with a small dipole moment. The δ phase configuration is similar to that of the α phase but is oriented in a different way. Different processing conditions are used to achieve different phases of P(VDF-TrFE) [23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41].



P(VDF-TrFE) is formed by the addition of TrFE (-CF2-CFH-) to PVDF, as shown in Figure 4. The interplanar distance and unit cell of the ferroelectric phase is modified by the addition of TrFE. The reduction in the interaction between each cell and dipole results in the lowering of the Curie temperature below melting temperature. The VDF/TrFE ratio is important in determining the phase change and structure of the copolymer. P(VDF-TrFE) crystallizes directly into the β phase. The ferroelectric property of P(VDF-TrFE) originates from the prominent variation in electro-negativity between fluorine, carbon, and hydrogen. The Pauling’s value of fluorine is 4, the carbon value is 2.5, and the hydrogen value is 2.1. The fluorine atom attracts all the electrons to its side, thereby creating polarization. The all-trans zig-zag planar configuration contributes to the generation of high polarization along the b axis. The formation of the phase can be varied through thermal treatments and deposition methods. The concentration of TrFE plays an important role in phase formation. The copolymer has higher remnant polarization and crystallinity than the monomer. The Curie temperature is 116–145 °C, and depends on the composition of VDF/TrFE. The inherent β phase of the copolymer is due to the extra fluorine atom, which in turn improves dielectric property of the copolymer. The interplanar spacing b is 0.45 nm, and, in the copolymer, ferroelectric to paraelectric change occurs at the Curie temperature. The inherent piezoelectricity of the polymer and copolymer is caused by the highly aligned dipole moments in the crystals. The copolymer has many advantages, such as ferroelectric phase transition, high electromechanical coupling factor, mechanical stability and spontaneous polarization. A comparative study of the dielectric constant and     d   33     value of different polymers is listed in Table 1 and the P-E loop study of PVDF and the copolymer is shown in Figure 5 [44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60].




1.3. General Mechanism to Enhance the Properties of Polymer


The last two decades have seen widespread studies conducted to improve the properties of polymers. Polymer composite fabrication is studied by various researchers to improve chemical as well as physical properties. Composites are categorized depending upon the types of matrix materials. Glass-fiber-reinforced polymer composites are useful for the manufacturing of plastic and industrial items like pipe, floorings, containers etc. Carbon-fiber-reinforced polymer composites are mainly used whenever there is a need for a high strength-to-weight ratio and stiffness, such as in the aerospace, automotive, and superstructure industries. Carbon fiber reinforcements have very high elasticity and can withstand high temperatures [70]. The different types of composites are illustrated in Figure 6.



The addition of functional fillers and reinforcements improves the friction and wear performance of polymer composites. This advantage of polymer composites is used in many industrial applications. Polymer composites can be guided magnetically by controlling the displacement through a magnetic field gradient in a system consisting of magnetic materials associated with a polymeric matrix. It aids, as a multifunctional structure, to bind different species. This approach has proved to be very productive in the biomedical field dealing with cell delivery for diagnostic purposes. Because of their low weight, high strength, toughness, thermomechanical stability, and corrosion resistance behavior, they have found applications in other fields [71]. Newnham et al. presented the concept of connectivity for classifying various ceramic polymer composites. For a two-phase composite, the connectivity can be identified, i.e., if a phase is self-connected in all three directions, then it is called 3 and if it is connected in the Z direction it is called 1. A diphasic composite has 10 types of connectivity (0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2-2, 3-2, 3-3). If the self-connection is only in the Z direction it is called 1 and if the X, Y, and Z directions are self-connected, it is called 3. The 0-0 composite comprises two alternating hatched and unhatched cubes. Phase 1 is connected along the Z direction in a 1-0 composite, whereas fillers are arranged in a three-dimensionally connected polymer matrix. The 3-1 composite is a honeycomb-shaped filler that contains a one-dimensionally connected polymer base. In the 2-2 composite, fillers and polymer sheets are stacked alternatively. Several research studies have demonstrated the enhancement of dielectric behaviors, and the piezoelectric and ferroelectric properties of P(VDF-TrFE) after the addition of fillers into a polymer matrix [72,73,74,75,76]. The addition of a third conductive phase to the polymer is also a method to increase the conductivity of the composite, which in turn increases polarization to the desired extent [77,78]. Two-phase composites with respect to connectivity are presented in Figure 7.



A literature review showed that the piezoelectric and ferroelectric properties can be altered by the inclusion of fillers as well as a third conductive phase. In a 1-3 composite, the polymer composite is randomly arranged as rods in the film, whereas in 0-3, the nanoscale fillers are arranged in a matrix. For 3-3 composites, the particle is well-separated and not in contact. This article presents an overview of current advances in P(VDF-TrFE) composites. The main focus of review is on the most followed synthesis techniques of P(VDF-TrFE) composites and the changes in properties of the composites compared to that of polymer and fillers. The article has highlighted morphological changes, the influence of individual phases, the solvents used, variations in results, and the application of P(VDF-TrFE) composites in different technologies.





2. Synthesis Methods of P(VDF-TrFE) Composite and Their Applications


The literature focusing on the preparation of two- and three-phase PVDF-TrFE composites using different processing techniques has highlighted a wide improvement in the physiochemical properties of the composite. Researchers have shown extensive interest in studying the effects of the inclusion of fillers/nanofillers to enhance the β phase of the copolymer P(VDF-TrFE) along with other physiochemical properties. This paper focuses on studies where commonly used synthesis methods of polymer composites, like the spin-coating method, solution casting method, LB method, and melt extrusion were used and the effects of the inclusion of a second phase like zinc oxide(ZnO), magnesium oxide(MgO), Bi0.5Na0.5TiO3(BNT), BaTiO3, polydopamine-modified BaTiO3, calcium-modified lead titanate, La0.7Ba0.3MnO3, CaCuTi4O12, and BCZT on their physical as well as chemical properties. According to the literature, the substrates generally used by researchers for the fabrication of various power devices along with the copolymer include SiO2, Al2O3, pyrolytic graphite, polyamide, and stainless steel. This review mainly focused on the improvement of parameters, such as the dielectric, piezoelectric and ferroelectric properties of the polymer composite and the favorable utilization of these changes in various applications. We also discuss recently reported studies regarding applications of the polymer composite, such as sensor, energy harvesters, nanogenerators, transducers, resonators, and biomedical applications.



2.1. Composite Prepared from Spin-Coating Method


The spin-coating method has become one of the main choices in the preparation of films by researchers in various fields owing to its good results, simple procedure, and comparatively inexpensive instruments. It is the simplest method for the fabrication of uniform thin films in substrates with thicknesses varying from micro- to nanometers. The spin-coated film consists of large crystalline grains and their molecular axes are arranged parallel to the film’s surface. A diagrammatic representation of the spin-coating method is shown in Figure 8. P(VDF-TrFE) composites synthesized by the spin-coating method have a wide range of applications in different fields of technology, such as sensing and transducing technologies, because of their uniformity and thickness. Research on P(VDF-TrFE) composites encompassing this method mainly focus on changing various parameters, including the annealing temperature and speed of spin-coating for better results [79,80,81].



Dahan et al. [82] prepared spin-coated single and bilayer 0–3 film of P(VDF-TrFE) dissolved in zinc oxide dispersed methyl ethyl ketone (MEK). The methodology included the dissolution of P(VDF-TrFE) and zinc oxide on MEK individually. Various load percentages of ZnO were dissolved in a P(VDF-TrFE) solution and stirred for 24 h. The single layer and bilayer solutions were spin-coated on an Al substrate at 1500 rpm for 90 s. For the bilayer preparation, the solution was annealed at 80 °C for 10 min before spin-coating. The thickness of the film obtained for 3% of the ZnO loading was 241 nm for a single layer and 316 nm for bilayer. The 3% loading film had a relatively high β phase. The study displayed improved resistivity properties for a minor loading percentage of ZnO fillers. For 3 wt%, the resistivity property was 3.42 × 105 Ω cm for a single layer and two times that of the single layer resistivity for the double layer. The enhancement of resistivity resulted in its utilization in a storage device as a dielectric film. The thermal treatment method for organization of β phase P(VDF-TrFE) was studied by Lau et al. [83]. The P(VDF-TrFE) (70:30 mol%) powder was dissolved in butan-2-one to obtain a solution with a 1 wt.% concentration. The solution was spin-coated onto an Au sputtered glass slide. The film was annealed at 125 °C, 150 °C and 80 °C for 4 h in an oven and then allowed to cool to room temperature. The crystallinity of P(VDF-TrFE) was increased by annealing at a temperature between the Curie temperature and melting point. The increase in annealing temperature changed the grain size from relatively small to coalesce at a grain size of 160 nm at 150 °C. The chain mobility was higher in the paraelectric phase compared to the ferroelectric phase. The morphology of the film annealed below the melting point showed edges on crystalline lamellae grains whereas the grain size enlarged with increases in temperature. The study of the influence of various annealing temperatures on the morphology of P(VDF-TrFE) by Rozana et al. [84] demonstrated needle-like crystallite at the melting point. The film was prepared by dissolving P(VDF-TrFE) of 70:30 mol% in methyl ethyl ketone and stirred for 24 h followed by sonication for 1 h using an ultrasonic bath. The thickness of the film was 150 nm. The film annealed at the Curie temperature had a distinct crystalline structure and a dielectric constant of 7.8 at 104 Hz was obtained for the film recrystallized at     T   C    . Tingting et al. studied the property enhancement of P(VDF-TrFE) films with a formation of two 0-3 composites, BaTiO3/P(VDF-TrFE) and polydopamine-modified BaTiO3/P(VDF-TrFE) films using spin-coating methods [85]. The dried films (60 °C for 4 h) were annealed at 140 °C for 24 h. The study showed an improvement in the β phase and crystallinity by adding BaTiO3(BT) and polydopamine-modified BT. The size of the nanofillers were 35.9 nm and 39.4 nm for BaTiO3/P(VDF-TrFE) and polydopamine-modified BaTiO3/P(VDF-TrFE), respectively. The enhancement of the β phase was due to the induced TTTT chain packing of the copolymer because of the presence of polar -OH on the polydopamine. The comparative investigation of the structural and ferroelectric properties of PVDF and P(VDF-TrFE) (72:28) thin film (1.1 μm) by the spin-coating method was conducted by Chen et al. [86]. To improve the β phase of PVDF, Mg (NO3)2 6H2O was added to the polymer. The addition of hydrated salt made all-Trans conformation more promising for PVDF, with the hydrogen atom bonding between the water for crystallization. A morphology study showed that the dense surface of the PVDF was due to tiny granular features from the hydrated salt. The P(VDF-TrFE) had crystallized to a rod-like shape consisting of multiple stacks of lamellar crystals with gaps between them. The properties of PVDF and its copolymer P(VDF-TrFE) are listed in Table 2 and show that lo- cost PVDF homopolymers can be used as a substitute for P(VDF-TrFE). The study also showed that the     P   r     and     E   C    , at 150 °C, are 7.5 μC/cm2 and 15 V, respectively.



Park et al. [87] reported on spin-coated epitaxially grown P(VDF-TrFE) thin films on polytetrafluoroethylene substrates. The morphological study indicated the crystal formation of a substantially ordered structure with its chain-axis parallel to that of PTFE. Hafiz et al. [88] studied a spin-coated 0-3 phase P(VDF-TrFE) film with MgO. An increase in MgO to the matrix produced a drop in crystallinity and a shift in the XRD peak from 19.20 to 17.50 from 5% to 7% at 1200 °C, depicting the α phase presence in the film. At a 3% loading of MgO, the presence of these fillers acted as a hindrance and obtained fine packing of crystalline in the form of elongated packed crystalline, resulting in low-porosity films. The film exhibited an elevated dielectric constant value (13.7 at 1 kHz) compared to the unfilled copolymer. However, the ferroelectric and dielectric characteristics above the 3% MgO loading of the composite decreased due to agglomeration. The pyroelectric and ferroelectric properties of a P(VDF-TrFE)-Bi0.5Na0.5TiO3 nanocomposite spin-coated film, annealed at 100 °C, showed the presence of the β phase, as shown in the study by Mahdi et al. [76]. The P(VDF-TrFE)-Bi0.5Na0.5TiO3 nanocomposite reported large rod-like crystal grains and agglomeration when the volume of BNT was increased to 0.30. With the increase in BNT particles, the dielectric value started to increase due to the increment in the dielectric constant of BNT and was approximately 15.5 for a BNT volume fraction of 0.2. The remnant polarization of the copolymer also increased for the volume fraction of 0.2 of BNT. The fast-switching speed of the capacitor from downward polarization to upward polarization supported the conclusion that graphene electrodes provide fast polarization switching when used in an ferroelectric capacitor. The dielectric layer’s influence on the ferroelectric switching of spin-coated P(VDF-TrFE) film was investigated by Manfang et al. [89]. The dielectric layer of Al2O3 grown thermally above the Al bottom electrodes and the characteristics with different thickness were studied, indicating that, with the increase in thickness of the Al2O3 layer, the hysteresis loop tends, indicating a decrease in the polarization layer with the oxide layer. The negative slope in the hysteresis loop indicates a region where differential capacitance is negative during switching. The ferroelectric can operate in a negative capacitance regime due to the shift in the switching point. The depolarization can cause the shift in the switching point. With the increase in the dielectric layer, the polarization became broader and the switching time also increased.



Yang et al. [90] studied the shear stress induced enhancement of piezoelectric properties of P(VDF-TrFE) films during high spin rate. With the increased spin speed, the grain size progressively grown to a particular direction due to more shear stress and at 6000 rpm where the film revealed the largest grain size with a different orientation. The piezoelectric property which increases with spin rate started to degrade with excessive spin rate owing to dipole alignment degradation and crystallinity. The piezoelectric coefficient amplified about 138% by optimizing the speed of spin coating and the remnant polarization also increased showing highest 2    P   r    . The influence of cluster size and surface functionalization of ZnO nanoparticle in the thermomechanical and piezoelectric properties of P(VDF-TrFE) 0-3 nanocomposite film prepared by spin-coating method was studied by Nguyen et al. [91]. The young’s modulus of the polymer was at∼1.6 Gpa at 25 °C and 4.5 Gpa at −90 °C. The enhancement in mechanical properties with increase in volume of nanoparticle may be due to strong interfacial interaction amongst the nanoparticles and P(VDF-TrFE). A decrease of 6% in storage modulus was observed at temperature −90 °C and 25 °C with addition of ZnO (30 wt%) compared to that of 10 wt%. The area of interphase between nanoparticles and the matrix decrease with the increase in cluster size, and hence the reinforcement effect of nano particles was lesser. The     d   33     value increased with increase in weight percentage of ZnO up to 30 wt% as listed in Table 3.



The degradation and nanopatterning of P(VDF-TrFE) thin films fabricated by spin-coating were studied by Zhu et al. [92]. The β phase of P(VDF-TrFE) transformed into a paraelectric intermediate lattice upon irradiation with 100 eV electron radiation and then transformed to an amorphous lattice subsequently. The work reported irreversible degradation of ferroelectricity due to medium-energy electron irradiation (<10 keV). The first-order electromechanical coupling in the P(VDF-TrFE) showed that films became non-ferroelectric after metal deposition in an electron beam evaporator and the degradation process was slowed down by lowering the energy. The polydimethylsiloxane/P(VDF-TrFE) blended film with embedded polystyrene fabricated by Zhang et al. [93] for an electro0wetting device showed an enhancement in dielectric and hydrophobic properties. The roughness of the composite increased with the weight percentage of polydimethylsiloxane to 25 wt%, after which it indicated decrements, showing a supersaturated state and that excess would be precipitated. Polystyrene has a heterogeneous nucleation effect on the copolymers, which increases the nucleation temperature of crystal and hinders crystal growth. The melting temperature shifts to the lower side upon the addition of polydimethylsiloxane, whereas the Curie temperature of the polymer remains unchanged.



Usman et al. studied [94] the effect of surface-treated multi-walled carbon nanotubes (MWCNT) (15 mg, 35 mg, and 55 mg) and BaTiO3 (5 mL) nanoparticles on the dielectric properties of a P(VDF-TrFE) matrix. Spin-coated three-phase films of different weight percentages (0.01, 0.03, 0.05) of single-walled carbon nanotubes (SMWCNT) with BaTiO3 in polymer were prepared. The XRD of 0.01 and 0.03 wt% of MWCNT showed no significant changes in the crystal quality of P(VDF-TrFE) after the addition of MWCNT due to the formation of an insulation layer on the surface of MWNCT. The dielectric value of 0.03% showed the highest value of 71 at 1 kHz as the dipoles have enough time to align and hence obtain a high value. The dielectric loss of 0.03 wt% was 0.045 at 1 KHz. A stable and suitable barrier junction was formed on the surface covering of the surface-treated BaTiO3 and MWCNT and sustained the charges by forming a thick insulation layer. The insulation layer increases the resistance of the thin film by imparting OH groups, which decreases the dielectric loss and increases the breakdown strength of the material. Marco et al. fabricated a spin-coated P(VDF-TrFE)/CoFe2O4 nanocomposite [95]. Upon subjection of DC magnetic poling at 50 mT the nanocomposite reported d33 of 39 pm/V. The increase in the value can be attributed to the strong interaction between the chain of the nanocomposite and the magnetic field as well as the drag effect produced by the filler used.



Wang et al. studied the trifluroethylene bond enrichment in P(VDF-TrFE) copolymers by plasma fluorination on bottom electrodes of P(VDF-TrFE)-metal-ferroelectric-metal capacitor [96]. The capacitor shows a charge trapping level of 0.154–0.22 eV emission at 213–273 K for the bottom electrode compared to that of top electrode because of passivation of deep traps by fluorine atoms that diffused from N-type silicon wafers. The β phase of bottom of the polymer film led to the asymmetric remnant polarization and negative internal bias field. The treatment of CF4 for 1 min gave 2    P   r     of 6.55 μC/cm2 and Ec of 0.47 mV/cm making it suitable for nonvolatile memory applications. Yoonho et al. studied the enhancement of the ferroelectric properties of P(VDF-TrFE) (70/30) films from Nb nanopin electrodes and Nb films [97]. The P(VDF-TrFE) spin-coated film of 200 nm prepared with methyl ethyl ketone as solvent was deposited over the Nb array as well as on Nb thin films. The thin film developed showed the formation of the β phase. The use of an Nb nanopin showed improvement in the ferroelectric property. The formation of nanotemplets of P(VDF-TrFE)/Nb nanopin/SiO/Si substrate and the characterization of the film are shown in Figure 9 and Figure 10.



Spin-coating method is an extensively used method for MEMS fabrication owing to its compatible nature and traditional fabrication method. Research studies showed that the thickness of the film depends on the spin speed and concentration of the solution. The β phase concentration of the film is improved by adjusting various parameters such as the rotational speed, increasing the temperature of substrate, and other post-treatment methods. The selection of solvents with high dipole moments enhances the piezoelectric properties of the prepared film.




2.2. Composite Prepared from Solution Casting Method


In the solution casting method, to obtain a viscous solution, the polymer is dissolved in a suitable solvent. This viscous solution is poured onto a flat or non-adhesive surface. The solvent is permitted to evaporate, and the dry film is peeled out from the flat surface. The solvent evaporates at room temperature or above. Small-scale polymers can be prepared by scattering the polymer solution over a glass surface and being rolled with a glass rod. For large-scale preparations, the solution is fed through a slit die, which is passed in between two oppositely rotating metal drums. The diagrammatic representation of the solution casting method is given in Figure 11.



The solvents are evaporated during rotation and the dry film of the polymer is formed. The solution casting method is based on Stoke’s Law. This method is widely used for the preparation of PVDF copolymer-based composite films. Various studies of this method indicate that a temperature above 70 °C is rarely required for the dissolution of the copolymer in the organic solvent. However, in the absence of spontaneous dissolution, ultrasonication and stirring can be applied [98,99,100,101,102]



A nanocomposite film of P(VDF-TrFE) embedded in La0.7Ba0.3MnO3 (30 μm) (LBMO) was fabricated by Korner et al. [103]. The nanoparticle was dispersed in the copolymer solution and was cast to a glass plate. The study showed a dielectric constant of approximately 7 for the 0-3 composite with a 15% volume fraction of LBMO at 100 Hz. The CaCuTi4O12-P(VDF-TrFE) 0-3 nanocomposite [104] exhibited a giant dielectric constant 62 for 50% CCTO and a loss of 0.05 at room temperature at 1 kHz. A composite of novel BCZT, Ba0.95Ca0.05Ti0.8Zr0.2O3/P(VDF-TrFE) [47] 0-3 composite prepared by the solvent casting method and hot-pressing method showed a high dielectric constant near 90 and a dielectric loss down to 0.024 at 1 kHz for a BCZT volume fraction of 0.4. The study revealed that an increase in filler fraction induces greater space charge, which in turn increases the dielectric constant and loss at a low frequency, whereas at a high frequency both parameters decrease due to the relaxation of the copolymer. A 40 μm film formed by polydopamine-coated barium titanate/P(VDF-TrFE) 0-3 nanocomposite [48] showed an increase in dielectric constant with the addition of BaTiO3 and a decrease in the breakdown field. The introduction of polydopamine increased the breakdown strength. A dielectric constant of 46.4 was obtained for 100 Hz with a dielectric loss of 0.07 for 15 wt% of the nanocomposite due to the strong interfacial compatibility raised due to the hydrogen bond between the polydopamine segment and molecular chain. The energy density of 3.3 J/cm3 at 225 MV/m for 5 wt% of the composite film was attributed to the large content of the electroactive phase and interfacial polarization.



Pereira et al. fabricated P(VDF-TrFE) film using green solvent (1,3 dioxolane(DXL)) by solvent casting method [49]. The comparison study of green film using DMF solvent reported no change in mechanical and thermal properties. The piezoelectric and dielectric responses were not affected by the solvent and evaporation time. The green sample were characterized by dielectric constant of 11 and piezoelectric coefficient −21 pC/N which are stable over time and temperature till 100 °C. The interface-dominated time-dependent behavior of BaTiO3/P(VDF-TrFE) composite and its time dependence on 0-3 composite films prepared by solvent casting method consisting of 15 vol.% and 60 vol.% of pristine ceramic particles amino silane and flurosilane was studied by Dalle et al. [50]. The materials were poled with two different poling procedures. In the first method of poling, the field was applied for 30 min at 110 °C for 1 h, whereas the cooling down was done for approximately 30 °C. In the second method, the electric field was switched off during the 1 h period and cooled for about 30 °C. The time dependence of     d   33     of P(VDF–TrFE) and composites with 15 vol.% of BaTiO3, poled at 100 kV/cm at 110 °C for 30 min and further cooling at room temperature for 60 min was reported to be −3 to −2 pC/N for 100 days. The 15 vol. % of the BaTiO3 composite film was reported to be a     d   33     value of 1 to 3 pC/N initially, but changed within the first day to −1 to −3 pC/N. For 60 vol%, the     d   33    , measured within the first 5 min from the first poling method, was between 25 and 28 pC/N, which decreased and was 10 pC/N for all composites after 100 days at room temperature. The improvement of the ferro- and piezoelectric properties of hydrogenated P(VDF-TrFE) film by annealing at elevated temperature was studied by Wang et al. [51]. Films with a thickness of 10–20 μm were prepared via the casting method and annealed at various temperatures. The absorption intensity showed no visible change by annealing the film at elevated temperatures. With respect to its low cost, facile fabrication conditions, the hydrogenated P(VDF-TrFE) copolymer VDF/TrFE 80/20 (mol%) provided good dielectric and piezoelectric properties. The fabrication of a quasi-two-dimensional neat α phase P(VDF-TrFE) film in a AlOX/Al-coated SiO2/Si substrate was conducted by Qian et al. [52]. A study of the morphology showed that the film exhibited a polycrystalline phase with a grain size of 30 nm and roughness of 0.76 nm. The     d   33     value was reported to be 46.14 and 41.7 pm/V for α phase and β phase, respectively, with coercive voltage values of (+3.7, −2.3) and (+2, −3.6) V.



The solution casting method mainly depends on the temperature of dissolution. Room temperature is not ideal sometimes, and sonication for several hours is required. The increase in the temperature of the evaporation of solvents will increase the crystallinity and β phase. Studies have pointed out that the permittivity of the film increases due to the increase in temperature and the conductivity of the composite film only depends on the amount of filler added.




2.3. Composite Prepared from Langmuir–Blodgett Method


The Langmuir–Blodgett method technique is used to prepare ultrathin organic, metal–organic, and polymer layers. The Langmuir films are two- or three-dimensional monomolecular assemblies, amphiphilic molecules at the air–water interface or on the water’s surface. These molecules possess a hydrophobic tail and head and can be arranged at the liquid–gas interface. The water-soluble amphiphilic molecules are spread onto an aqueous phase resulting in partial solubilization of the head group. The process includes the application of pressure using a barrier in a Langmuir trough to achieve a film with the desired combination. The film undergoes a series of phase transitions to finally result in a highly ordered film. The properties of the film largely depend on the substrate used to transfer the Langmuir films. The transfer is conducted by dipping the substrate vertically through the spread monolayer at a constant pressure. The quality of the film largely depends on the parameters, like the PH value of the sub-phase, temperature, speed of dipping, manner of dipping the material, surface pressure of lifting, and speed of compression of the barrier [53,105,106,107]. A diagrammatic representation of the LB method is shown in Figure 12.



The effects of external electric field on the ferroelectric–paraelectric phase transition of P(VDF-TrFE) polymer Langmuir–Blodgett film by Poulsen et al. [53] showed an increase in transition temperature with increases in the applied field. The sample showed a decrease in β phase at a bias of 11.25 V and saturation at 20 V. At 15 V, the paraelectric peak intensity increases with an increase in the ferroelectric peak. The measurement obtained points to the fact that all trans (ferroelectric phases) can be obtained by applying an external field of 265 MV/m. On removal of the electric field, the film returns to a paraelectric state. The zero-field phase transition temperature of the P(VDF-TrFE) was decreased whilst using the LB deposition method. A comparison of the electrocaloric and pyroelectric application of LB-deposited and spin-coated P(VDF-TrFE) was studied by Lindemann et al. [54]. The diffraction pattern of the spin-coated film showed an isotropic texture and the presence of a secondary peak which corresponded to the 110 planes of the α phase of the copolymer. The study indicated that the LB-deposited film has greater phase purity in the ferroelectric β-phase. The α-phase of spin-cast films is paraelectric, which in turn reduces the film polarizability. A P(VDF-TrFE) deposited in an Al substrate was studied by Bystrov et al. with a hysteresis loop of a coercive voltage of about 12 V [105].



Ultrathin films prepared by the LB method are widely used in self-power devices. The loss of materials can be solved by depositing the solution in small drops, providing adequate time for the drops to settle down. Amphiphilic characteristics are not required for the LB method. The orientation of molecules in this method is highly ordered, with high surface pressure assembly, as the fluid sub-phases are completing the adsorption. Studies show that, after annealing, LB films have high crystallinity.




2.4. Composite Prepared from Melt Extrusion Method


In this method, the polymer is melted through a combination of applied heat and friction. It is a solvent-free process. The physical properties of the raw materials are changed by pushing them through the die of the preferred cross-section under elevated controlled temperature and pressure. For fluoropolymer film fabrication, the polymer is loaded into a feed hopper and is gravity-fed into a heated barrel. The polymer is melted gradually and is pushed through the barrel. Through the front end, the molten plastic enters the die. The die gives the final product and is so designed that the molten plastic evenly flows from the cylindrical profile to the profile shape. The extruded film is then cooled to set the film [108,109]. A diagrammatic representation of the melt extrusion method is shown in Figure 13.



A comparison of the electro-activity behavior of PVDF blended with P(VDF-TrFE) using melt extrusion at 205 °C at different weight ratios of the polymers was conducted by Meng et al. [110]. The blend crystalized to a fine scale of ~40 nm without the appearance of a distinct phase separation. The dielectric value of the blended film increased due to interfacial polarization of the PVDF and P(VDF-TrFE). For blended film Ec decreases from 83 kVmm−1 to 32 kVmm−1 with increasing P(VDF-TrFE) from 10 wt% to 40 wt%. The presence of P(VDF-TrFE) enhanced the Pr of the blended film to 0.077 cm−2 with a P(VDF-TrFE) of 40 wt%. Meng et al. fabricated PVDF, P(VDF-TrFE) and a blend of the two (50/50 wt%) using the melt extrusion and hot-pressing method [111]. This blended film showed high values of Pr due to the highly crystalline β Phase. The dielectric constant of the blended polymer was higher while using the hot press method as well as the extruded film compared to the individual polymers.



The requirements of polymer to withstand shear stress whilst undergoing melt extrusion is the main requirement of the method. The non-requirement of a solvent is the highlight of this method. Even though the method is used in biomedical applications, very few pharmaceutical agents are resistant to the required high temperatures. The pore size of the scaffold produced using the melt extrusion method is not consistent in all directions.




2.5. Composite Prepared from Electrospinning Method


The electrospinning method is one of the finest methods to prepare ultrathin fibers. It is basically an electro-hydrodynamic process in which electrification converts a liquid droplet into a jet, which is stretched and elongated to generate fibers. The main component of the setup consists of a syringe, power supply, spinneret, and collective conductor. The main advantage of this method is that the poling and stretching process can be achieved by electric force. Heat treatments for the formation of a desired crystallinity can also be applied accordingly. The type of solvent and molecular weight of the polymer contribute to successful outcomes using the electrospinning method [112,113,114,115,116,117]. A diagrammatic representation of the electrospinning method is shown in Figure 14.



Laura et al. fabricated nanogenerators compatible with biomedical applications using the electrospinning method [112]. In this method, the nanofibers were produced with 15 wt% of P(VDF-TrFE) and an MEK solution as solvent. The copolymer was loaded in a syringe with a 20-gauge needle and the collector was placed at a distance of 10 cm. A high voltage power was provided, which was connected to the needle and the collector. The solution pump rate was set at 0.5 to 0.9 m L/h and the voltage applied was 10 kV. The nanogenerator reported −0.4 to 0.4 V, at a pressure of 2 and 3 Hz. The piezoelectricity was enhanced with the addition of dH2O to the MEK. The polymide/P(VDF-TrFE) composite triboelectric nanogenerator fabricated by Yeongjum et al. using the electrospinning method reported an output voltage of 364 V and a short-circuit current of 17.2 μA [113]. The multi-nozzle drum-system-based nanofiber demonstrated excellent electrical behavior, which can be used in wearable energy harvesters. A comparative study of electrospin speed and the concentration of solution on fabricated electrospun nanofibers was conducted by Pourbafrani et al. [114]. The voltage selected was 20 kV, and the collector distance was 15 cm. The study revealed that, at a constant feed rate, the increase in solution concentration increased the diameter of the fibers. The diameter of the fibers also increased with the feed rate due to the lower stretching capacity of the solution. The study also reported that the piezoelectric measurement of nanofibers with lower diameters generated a very high output voltage. An experimental setup for the fabrication of highly aligned P(VDF-TrFE) by Jiang et al. [115] consisted of microfabricated parallel electrons on a substrate as a collector. The grounded electrode of the collector was kept open with a gap. P(VDF-TrFE) dissolved in MEK was stirred at 60 °C followed by an ultrasonic bath for 2 min to form a homogeneous solution. A syringe loaded with the copolymer was connected to a high-power supply. The fabricated fiber was highly aligned across the gap, considering the electrostatic force from the grounded electron. The relative magnitude of the field’s horizontal component was increased by increasing the gap between the electrodes, contributing to the alignment of fibers across the gap. Ico et al. [116] reported electrospun P(VDF-TrFE) dissolved in N-N dimethylformamide and acetone after stirring the solution for 1 h. The solution was filled in a syringe of 10 mL with a needle diameter of 250 μm. The feed rate was set at 0.5 mL/h. The collector distance was 20 cm from the needle and a positive 0.5 kV was applied to the collector, with negative 14 kV to the syringe. The study revealed that the reduction in dimension resulted in an increase in the electroactive phase content and degree of crystallinity. The reduction in dimension also decreased the Young’s modulus. The increase in the piezoelectric component and Young’s modulus enhanced the piezoelectric and electrical properties of the nanofiber. Kibra et al. used the electrospinning method for the fabrication of a P(VDF-TrFE)-based sensor for biomedical applications [117]. Nanofiber sensors with different pore diameters, shapes, and sizes were prepared with polydimethylsiloxane. The sensitivity of the sensor was related to the pore diameter; a nanofiber with 250 nm exhibited a sensitivity of 10 VPa−1. The pressure sensor fabricated by Arsalon et al. with PEDOT-CNT/rGO composites reported an electrical conductivity of 3916 S/cm for a hybrid nanocomposite and a sensor sensitivity of 67.4 kPa [118].



The electrospinning method consists of a simple setup; however, the mechanism is a complicated one. Although the outcome of the product can be modified by modifying various setup parameters, temperature and humidity are also important factors. Research has pointed out the importance of setup parameters in delivering a fine product, such as the tip-to-collector distance, which is used to determine the diameter of the fiber. A low solution concentration can influence the outcome of electro-spraying, as with a high viscous solution, fiber formation is very rare. Instability during spinning is now widely addressed by researchers, as this can affect the molecular orientation of the fiber. The advantages and disadvantages of the synthesis method are summarized in Table 4.





3. Application of Piezoelectric P(VDF-TRFE) Composite


The ultrasonic submarine detector fabricated by Langevin was the first application using the piezo-electric effect with quartz crystal during the First World War. As time progressed, piezoelectric composite materials paved the way for the fabrication of a wide range of electronic devices, owing to their individual properties. With properties that include high energy density, low mechanical damping, and easy voltage rectification, P(VDF-TrFE) is a flexible piezoelectric polymer that can be recommended for use in bio-electronic devices, sensors. and in piezoelectric generators. A high piezoelectric charge constant and electromagnetic coupling coefficient are required to obtain maximum power density from a piezoelectric energy harvester. A diagram depicting different synthesis methods and their applications is shown in Figure 15.



3.1. Energy Harvesting and Nanogenerators


The principle of the conversion of external kinetic energy into electrical energy is used in self-powered electronic devices. Piezoelectric energy harvesters, being highly flexible, compact in size, and having a simple processing technique, have found a firm position among energy scavenging techniques. The excellent piezoelectric and electrostatic properties of P(VDF-TrFE) are a motivating factor for the wide use of polymers in energy harvesting. The performance of nanogenerators prepared by (Na,K)NbO3 NKN (30–105 nm) embedded in a P(VDF-TrFE) matrix was studied by Kang et al. [119]. Tetradecylphosphonic acid was used for the proper adhesion of nanoparticles with the polymer. The results revealed an increase in the piezoelectric effect of the composite. The output voltage measured was 0.98 V and the output current was ~78 nA, which was increased due to the increase in NKN. Optimization of a PZN/PZT (54 nm) embedded in a P(VDF-TrFE) matrix was conducted by Liu et al. [120] using the electrospinning process for energy harvesting performance. The generator exhibited an output voltage of 3.4 V and a 240 nA output current for a 20% volume of nanoparticles. The piezoelectricity of the composite was found to be five times higher than that of the polymer matrix. The generator exhibited a low resonant frequency (119.56 Hz), a large bandwidth (40.28 Hz), and high-power density (158.33 μW/cm3).



A nanofiber generator based on BZT-BCT and P(VDF-TrFE) of 0-3 composite was proposed by Liu et al. [121] and was prepared by the electrospinning method. BZT-BCT nanoparticles with 10, 20, 30, 40, 50 wt% were mixed into a 40/60 mixture of DMF and acetone. The XRD pattern of the 1-3 composite is shown in Figure 13. The nanofiber mats were prepared by electrospinning with an electric field parameter of 120 V/mm and a spinning speed of 0.2 mL/hr. The generator, with a 40-weight percentage content of BZT-BCT exhibited an admirable output voltage of 13.01 V. The schematic diagram for the experimental setup for characterization of the nanogenerator is represented in Figure 16 and the XRD of the P(VDF-TrFE)/BZT-BCT nanowires is presented in Figure 17.



The flexible triboelectric and piezoelectric hybrid nanogenerator was fabricated by Wang et al. [122]. It consisted of a PDMS/MWCNT membrane and P(VDF-TrFE) nanofibers made by the electrospinning method for wearable and implantable devices and for portable electronic devices. In the open circuit, under a pressure of 5 N, the triboelectric voltage of TPENG was reported to be 25 V and the piezoelectric output peak voltage was 2.5 V. A triboelectric output power and power density of 98.56 μW and 1.98 mW/cm3 were observed while connecting to a resistance of 5 MΩ. The piezoelectric output power was reported to be 9.747 μW, whereas the power density was 0.689 mW/cm3 for a resistance of 30 MΩ. A piezoelectric nanogenerator P(VDF-TrFE) polymer was fabricated by Turdakyn et al. using the electrospinning method [123]. The device showed an outstanding peak-to-peak voltage of ∼25 V under a 3 N applied force and power density of ∼125 nW cm−2 at a 6 N load. The study confirmed the effective use of copolymer in PENG, as the power output received is adequate for its use in low-power electronic devices. Nanogenerators fabricated by Linda et al. used both aligned and random nanofibers fabricated through the electrospinning method [124]. The generated output voltage is proportional to the stress amplitude applied. The nanogenerator, loaded in bending mode, reported a voltage of 270 mV while the compression mode generated a potential of 7 V under an applied force of about 36 N.



Toprak et al. fabricated an energy harvester (cantilever) using multiple piezoelectric polymer layers [125]. A multiple layer of spin coated P(VDF-TrFE) is used to overcome the breakdown voltage of structure layers. A challenge was faced to reduce the resonance frequency to match with frequency range below 250 Hz by decreasing layer thickness. The power output of a film (1800 μm × 2000 μm) was measured at 0.1 μW under an input acceleration of 1.0 g at its resonance frequency of 192.5 Hz. The half-power bandwidth was measured as 2.9 Hz. P(VDF-TrFE)-film-based energy harvesting device on PDMS (polydimethylsiloxane) substrate was demonstrated by Kim et al. [126]. Ti/Ni metal stacks were deposited on the substrate. The device reported a power density of 6.62 mW/cm3 for an area of 4 cm2 with an average voltage of 5.8 V and current of 3.2 μA at 30 Hz and 1.75 g acceleration. The performance of the device was found better than the other flexible energy harvesters. The role of reduced graphene oxide (RGO) as a poling medium in P(VDF-TrFE) was studied by Reheman et al. [127]. The aggregation of RGO in the matrix is due to its large specific surface energy and the existence of an oxygen functional group that optimizes the inter-molecular interaction with the copolymer chain. This results in the formation of a strong bond between the conductor and insulator. The PENG with 0.1% RGO contents reported a maximum open-circuit voltage of 2.4 V and the highest peak of short-circuit current of around 0.8 μA at an applied force of 2 N. The maximum power output of 3.2 μW was exhibited at 1.8 MΩ load resistance. Yong et al. fabricated an energy harvester with a highly aligned P(VDF-TrFE) fabricated by adjusting the airflow to induce rapid rotation of the drum of the collector [128]. This contributed to the stretching of the fiber and an increase in the β phase. The output voltage produced by the harvester was 116.6 V with an output power of 13.6 μW. Berkay et al. fabricated an energy harvester with P(VDF-TrFE)/polyethylene terephthalate for health-monitoring purposes [129]. A wind test setup was also added to the device. The generator power output was capable of driving a power sensor with a current output of 291.34 μA and a voltage of 937.0 l mV; under wind pressure conditions, the reported power output was 272.99 μW.




3.2. Sensor Application


Sensors are devices used to sense various types of physical phenomenon from the environment. The electrical signal output generated will be proportional to the applied input. Sometimes this output is used to calibrate the input. The output signal can be transmitted for further processing also. The application of sensors spread wide range from industrial purpose to medical field. A sensor which works on the principle of piezoelectricity is known as a piezoelectric sensor. P(VDF-TrFE), which is both pyroelectric and piezoelectric, is widely used in pressure sensor and temperature sensors. P(VDF-TrFE) sensors are used in health science as they are biocompatible and lightweight. The sensors are also used for the measurement of various physical quantities owing to their wide-frequency response, excellent mechanical properties, cost-effectiveness, and pressure sensitivity.



Three types of sensors were prepared by Zhang et al. [130] using calcium-modified lead titanate (˂100 nm) ingrained in a P(VDF-TrFE) matrix to form a 0-3 composite by spin-coating. Configuration 1 consisted of a sensing element deposited on a 380 μm thick Si wafer coated with 1.5 μm thick Si dioxide and a 0.6 μm thick Al electrode. Configuration 2 was similar to 1 with an additional 8 μm thickness. The polyamide layer was deposited between the sensing element and the Si substrate. Configuration 3 had the same structure as configuration 2, with the Si substrate etched away. The specific detectivity showed a maximum value of 1.3 × 107 cm Hz’/2/W for the sensor with configuration 1 and 2.1 × 107 cm Hz’/2/W at about 300 Hz for the sensor with configuration 2. The relative permittivity and pyroelectric coefficient of the prepared polyamides were found to be 14 and 50 μC/m2. Pecora et al. fabricated a P(VDF-TrFE) pyroelectric sensor driven by a polysilicon thin film transistor on an ultra-thin polyamide substrate [55]. A Cr-Au/P(VDF-TrFE)/Cr structure was fabricated with Al, forming an insulating region. No electrical breakdown was observed up to 160 V, and a leakage current of 1 × 10−6 A was observed. The pyroelectric sensor capacitor was coupled to a LTPS-TFT (low temperature polycrystalline silicon thin film transistor) in a common source amplifier configuration with an optimized external load resistance of 33 kΩ. Analysis of the sensor behavior of the IR chopped radiation provided by a laser with a maximum power of 5 mW was conducted. The maximum sensor output obtained was a frequency of 10 Hz and an R bias of 2 MΩ.



The     R   l o a d     was kept constant at an optimized value of 33 KΩ while the sensor response was collected for three different     R   b i a s    . The peak-to-peak output voltage measured at increasing frequencies (10, 100, 300, 500 and 700 Hz) of the IR laser radiation is given in Figure 18. In the fabrication of a tactical sensor by Hong et al. [56] with a deionized water dissociation treatment on the stainless-steel substrate surface on a P(VDF-TrFE) film by the spin-coating method, a change in remnant polarization with an increase in voltage was observed. The remnant polarization decreased from 5.6 μC/cm2 to 4.61 μC/cm2 for a change of voltage between −5 V and −60 V. A coercive field of 1000 KV/cm was obtained at −15 V. For the substrate treated at 0 V, the     d   33     value reported was approximately −10.7 pC/N and it reached a minimum of −5 pC/N at −60 V. Mahdi et al. studied the ferroelectric properties of a thin P(VDF-TrFE) (70/30) film for sensors and actuators at low temperatures by hot plate annealing [57]. The β phase can be crystallized by providing heat treatment to the copolymer. A high remnant polarization (    P   r    ) of 94 mC/m2, pyroelectric constant (p) of 24 μC/m2 K, and a highly crystalline β phase with a rod-like crystal structure were seen at an annealing temperature of 100 °C, slightly above the Curie temperature (    T   C    ).



Lie et al. [58] studied the improvement in charge collection of mechanical/thermal sensor fabricated from P(VDF-TrFE) via an electrode interface mechanism. The reported piezoelectric coefficient was −86 pC/N. The interconnected interface between poly(3,4-ethylene dioythiophene) doped with a polystyrene sulfonate layer and a copolymer film collected the chargers. Sharma et al. [59] used a spin-coated P(VDF-TrFE) thin film with a high β phase content to fabricate a pressure sensor device using a standard lithography process. The sensor reported a fast recovery time of 0.17 S and is applicable for catheter applications. Marchiori et al. developed a sensor for E-skin application. Spin-coated P(VDF-TrFE) was sandwiched between highly stretchable poly (3,4-ethylene dioythiophene) and a polystyrene sulfonate layer [60]. A sensitivity of approximately 7 pF/°C up to 35% was found, with a pyroelectric peak of 13 mV to an IR illumination of 5 Mv at 830 nm. Wang et al. fabricated an electrospun P(VDF-TrFE)/MXene nanofiber mat [131]. The sensor for 20 wt% of MXene showed output power density of approximately 3.64 mW/m2 under 20 N pressure and frequency at 1 Hz. The addition of MXene improved the polarization of the copolymer while electrospinning thereby making it highly suitable for health care and environmental study application. Shoubhik et al. fabricated a P(VDF-TrFE)/BaTiO3 sensor for touch and temperature sensing [132]. The sensor reported a high temperature sensitivity of 15.34 mV/°C with a sensitivity to force/pressure of 670 Mv/N/7.36 mV/N.




3.3. Biomedical Application


Nadzrinahamin et al. studied the electron and proton conductive properties of Nafion/P(VDF-TrFE [133]. The Nafion/P(VDF-TrFE) blends showing an hourglass-type phase diagram. The P(VDF-TrFE) copolymer exhibited a change from a capacitor to an insulator nature with increasing temperatures. The structural properties of PVDF and P(VDF-TrFE) with natural polymers or starch as additives by compression and annealing were investigated by Simones et al. [134]. It was observed that the polymers do not interact chemically with the additives, whereas the adhesion of starch is better in the copolymer. The density values of the blended films are between 1.5 and 2.0 g/cm3 and thermal conductivity was in the range of 0.17–0.32 W/mK. Li et al. fabricated electrospun P(VDF-TrFE) scaffolds for bone and neural tissue engineering [135]. The scaffolds produced electrical charges during mechanical deformation and hence provided stimulation to repair the defective bones and damaged nerves. A similar study was conducted by Orkwis et al. [136] for nerve repair applications using electrospun P(VDF-TrFE) scaffolds. The study was conducted with scaffolds with a conduit design that was applicable for peripheral nervous system repair. Adadi et al. designed electrospun P(VDF-TrFE) scaffolds for cardiac tissue engineering [137]. The P(VDF-TrFE) scaffolds function as a sensor, which in turn supports cardiac myocytes culture and promotes the assembly of cardiac tissues, generating contractions.




3.4. Transducer and Resonator


P(VDF-TrFE) is the most promising polymer for the fabrication of transducers and resonators. The copolymer is widely used in microelectromechanical systems (MEMS), especially transducers and resonators, due to its high piezoelectric and electromechanical nature. The large electromechanical coupling factor is due to the high crystallinity and remnant polarization of the copolymer. FBAR (thin-film-based acoustic resonators) are used in radiofrequency filters and oscillators. The application of a P(VDF-TrFE) film in ultrasonic transducers was studied by Hiroji et al. [138]. For usage as a transducer, a P(VDF-TrFE) thin film was coated with a backing electrode using the spin-coating method. After heat treatment and the deposition of a suitable electrode, poling was conducted. The resonance curve indicated that piezoelectric activity persisted at a low temperature. The elastic constant and mechanical quality factor increased with decreases in temperature, whereas the dielectric constant and mechanical loss factor both decreased with decreasing temperatures. The temperature-independent kt (electro-mechanical coupling factor) and its thermal stability up to a Curie temperature confirmed that the piezoelectricity of the copolymer originated from the ferroelectric nature of the crystal, the polarization of which was oriented as normal to the film surface. The value of kt for the copolymer film was independent of temperature in the ranged from 120–350 K to 120–370 K. The film material is highly effective against thermal strain and the acoustic impedance is less than that of other organic piezoelectric materials and could be used as an ultrasonic transducer in acoustic applications for solids and liquids at low temperatures. The methodical optimization of various processing conditions for P(VDF-TrFE) thin films through integrated transducers in a MEMS resonator was studied by Pierre et al. [139]. The samples were annealed at 140 °C after spin-coating. The results of the poling showed that the     d   33     value depends only on the field applied but not on the duration of poling, whereas the optimal annealing temperature must be between the Curie temperature and melting temperature. The paraelectric phase allowed for better chain mobility which in turn led to high crystallinity. High mobility of the copolymer chain occurs during annealing and only a few minutes of annealing were required to obtain the piezoelectric effect of the sample. The study showed that the ideal poling electric field at room temperature was 100 V μm−1, beyond which there was no improvement in the piezoelectric property. Kaneko et al. studied the development of a bulk acoustic resonator [140]. A PVDF-TrFE/SiO2 composite FBAR (film bulk acoustic wave resonator) was designed, simulated, and developed. After poling, the thickness expansion mode was observed at 387.4 MHz. The impedance ratio was 4.95–10.3 dB, the electromechanical coupling factor was 6.05–7.95% and the mechanical quality factor was 20–33 and was also radius-dependent. The increase in the radius of the device increased the impedance ratio, coupling coefficient (k2), mechanical quality factor (    Q   m    ), and figure of merit of the device. The maximum     Q   m     was 33 for an 80 μm radius of the device and the residual film stress of P(VDF-TrFE) was reported to be 34.8 MPa for tensile mean stress and −79.7 kPa for gradient stress.



Takahashi et al. investigated the properties and characteristics of P(VDF/TrFE) transducers in the MHz-range ultrasound in air [141]. Piezoelectric polymer transducers with high operating frequencies at 4,6 and 10 MHz were fabricated using the solution casting method. A 57 dB transducer operating at 6 MHz was fabricated on the backing plate/electrode; at 6 MHz a kt value of 0.27 was obtained.



Low-voltage-operated polymer transistors with a high-capacitance P(VDF-TrFE)/(PVDF) film as a gate dielectric layer were fabricated by Jung et al. [142]. The surface morphologies and crystallinity of the film changed when PVDF was included. The pure P(VDF-TrFE) film crystal had long rod-like features. The diameter of the rigid rod-like crystals decreased with the addition of PVDF. The root mean square roughness of the P(VDF-TrFE)/(PVDF) (60:40) and (20:80) were 5.93 nm and 6.7 nm, respectively. The study of P-E characterization of the MFM capacitor showed a decrease in remnant polarization by increasing the concentration of PVDF, as shown in Table 5, and the comparative study of the XRD patterns of different compositions of PVDF/PDF-TrFE is shown in Figure 19. Properties of the P(VDF-TrFE)/PVDF film and F8T2 top-gate transistors with a P(VDF-TrFE)/PVDF gate dielectric layer are given in Table 5.



The various synthesis processes of composite films and their outcomes are presented in Table 6.





4. Conclusions and Future Scope


This review mainly concentrates on the different processing methods of P(VDF-TrFE) composites and their applications. P(VDF-TrFE)-based polymer composites are widely used in sensors, generators, transducers, and biomedical applications. Studies have widely investigated the energy harvesting applications of the polymer composite with increases in piezoelectricity, output current, and voltage achieved with the addition of fillers. High flexibility and power density are the two main highlights of piezoelectric vibrational harvesters. A change in relatively low pressure can be detected by piezoelectric sensors, as their sensitivity is determined mostly by their piezoelectricity and permittivity. They are most frequently used in tissue engineering applications.



The spin-coating technique is one of the simplest and easiest cost-effective routes for uniform polymer composite film fabrication, which makes it ideal for research and other electronic applications. Variations in annealing temperatures play a significant role in the crystallization of the film. Studies have emphasized that the lower spinning speed of the system favors the formation of a ferroelectric phase. The solution casting method is widely used for the fabrication of films with complex shapes. Here, the properties of the composite depend on the solvent used in the method. P(VDF-TrFE)-based film fabricated by the LB method has provided many new opportunities in microelectronics. Single and multi-molecular films of desired thicknesses can be formed by the Langmuir–Blodgett method, with a polarization switching mechanism. The electrospinning method is mainly used for the fabrication of piezoelectric nanogenerators because of the large β phase content. Fillers improve the crystallinity, β phase, and grain growth of the polymer composite by annealing it at temperatures between the Curie temperature and melting point. Stretching and polarization of the polymer composite are among the prominent processes used to enhance the piezoelectric effect.



The fabrication process plays a vital role in the final properties of PVDF-TrFE composites. The excellent ferroelectric and piezoelectric properties of the composites play a significant role in energy harvesting and in the medical field. Although widespread studies are in progress for the enhancement of their physical and chemical properties using different fabrication methods, the electrospinning method has emerged as the most promising method for piezoelectric devices. Despite advances, the choice of additives and the amounts used are significant for the enhancement of desired properties. Future research may lead to the commercial production of devices, mainly in the medical field and for self-charging technologies.
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Figure 1. Piezoelectric effect [15]. 
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Figure 2. Different crystal phases of PVDF [42]. 
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Figure 3. Polarization of β phase on compression and traction [43]. 
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Figure 4. Polymerization of TrFE and VDF [45]. 
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Figure 5. P-E loops of PVDF and P(VDF-TrFE) from LB films [46]. 
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Figure 6. Types of composites [70]. 
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Figure 7. Two-phase composites with respect to connectivity [73]. 
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Figure 8. Diagrammatic representation of spin-coating method. 
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Figure 9. (a–c) forming process for Nb nanopin electrodes using an AAO nanotemplate method; and (d) P(VDF-TrFE)/Nb nanopin/SiO/Si substrate-spin-coating technique [97]. 
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Figure 10. (a) XRD of the P(VDF-TrFE) Film: (b) AFM image of the P(VDF-TrFE) film; (c) PFM image of the P(VDF-TrFE) film; (d) domain wall speed vs. inverse applied electric field curves of the P(VDF-TrFE) films; (e) PFM images of ferroelectric polarization bits switched by 5, 8, and 12 V bias with pulse widths for the P(VDF-TrFE) thin film with Nb nanopin electrode; and (f) PFM images of ferroelectric polarization bits switched by different voltage biases with pulse widths for the P(VDF-TrFE) film with Nb thin-film electrode [97]. 
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Figure 11. Diagrammatic representation of solution casting method. 
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Figure 12. Diagrammatic representation of LB method. 
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Figure 13. Diagrammatic representation of melt extrusion method. 
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Figure 14. Diagrammatic representation of electrospinning method. 
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Figure 15. Synthesis method of P(VDF-TrFE) film and application. 
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Figure 16. Experimental set up for the characterization of nanogenerator [121]. 
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Figure 17. XRD of P(VDF-TrFE)/BZT-BCT nanowires [119]. 
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Figure 18. Peak-to-peak output voltage measured at increasing frequencies (10, 100, 300, 500 and 700 Hz) of the IR laser radiation [55]. 
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Figure 19. X-ray diffraction pattern of (a) bare P(VDF-TrFE) film and P(VDF-TrFE)/PVDF films: (b) 80/20, (c) 60/40 and (d) 20:80 blends [142]. 
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Table 1. Comparative study of d33 and dielectric constant values of different polymers.
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	Sr No
	Polymer
	Dielectric Constant
	d33
	References





	1
	Polyamides
	2.78–3.48
	2 pC/N
	[39,40]



	2
	Polyurea
	5.82
	5.51 pm/V
	[61,62,63]



	3
	Polyvinylidene chloride
	5
	-
	[64]



	4
	PVDF
	10
	49.6 pm/V
	[65,66]



	5
	PVDF-CTFE
	15(91:9 mol%)
	−4 pC/N

(18.66 wt% of CTFE)
	[65,67]



	6
	PVDF-HPF(96:4 mol%)
	14(96:4 mol%)
	17.7 pm/V
	[68,69]










 





Table 2. Properties of P(VDF-TrFE) [86].
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	Property
	PVDF
	P(VDF-TrFE)





	Dielectric constant (1 kHz at 25 °C)
	12.5
	13.2



	Dielectric loss
	0.031
	0.023



	d33 (pC/N)
	−15
	−17.8



	Breakdown Strength (MV/m)
	523 ± 25
	402 ± 25










 





Table 3. Piezoelectric coefficient of 3-μm spin-coating films for P(VDF-TrFE) and P(VDF-TrFE)/ZnO [91].
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	Sample
	d33 (pC/N)





	P(VDF-TrFE)
	21



	P(VDF-TrFE)/ZnO (1)
	21



	P(VDF-TrFE)/ZnO (3)
	22



	P(VDF-TrFE)/ZnO (4)
	19










 





Table 4. Advantages and disadvantages of the synthesis method.
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	Synthesis Method
	Advantages
	Disadvantages





	Electrospinning method
	1. Preparation of ultra-thin films with uniformity

2. Piezoelectric behaviour of sample without poling and stretching

3. Preparation of sample with desired mechanical properties by the fine tuning of heat process

4. Higher β phase fibre preparation by adjusting electrospinning parameters.
	1. Requirement of high electric source

2. Use of halogenated and toxic organic solvents



	Spin-coating method
	1. Fast and easy to operate

2. Preparation of thin films

3. High reproducibility

4. Uniformity of films
	1. Porosity and agglomeration

2. Crystallization depends on substrate temperature

3. Poling of film is generally required for higher piezoelectric nature.

4. Annealing is required for β Phase.



	Solution casting
	1. Normally dissolution undergoes at room temperature

2. Fabrication of complex shapes

3. Dimensional stability

4. Lower cost and minimal setup time
	1. Application of high temperature and electric filed for production of β Phase

2. Poling is generally required for higher piezoelectric nature

3. Sometimes high temperature is required to improve dissolution.



	Melt Extrusion
	1. Solvent-free method

2. Uniformity
	1. Degradation of polymer due to high stress.

2. Polymers with high temperature resistance is required.



	LB technique
	1. Preparation of ultra-thin films

2. Deposition of single or multi-layer

3. Film has high tunability and polarization switching
	1. Complicated and time consuming

2. High hydrophobicity

3. Low efficiency in reproducibility










 





Table 5. Properties of P(VDF-TrFE)/PVDF film and F8T2 top-gate transistors with P(VDF-TrFE)/PVDF gate dielectric layer [142].
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	PVDF Concentration (%)
	Roughness (nm)
	Ε
	Remnant Polarization (mC/cm2)





	0
	5.93
	8.6
	8.4



	20
	5.36
	9
	5.5



	40
	4.11
	9.4
	4.3



	80
	6.70
	10.2
	0.2










 





Table 6. Synthesis and Outcome of P(VDF-TrFE) and P(VDF-TrFE) composites.
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	Sr No
	Sample Prepared
	Method of Preparation
	Dielectric Out come
	Ferroelectric Outcome
	Piezoelectric Outcome
	Electrical Outcome
	Reference





	1
	Fe(0.05) doped ZnO/P(VDF-TrFE)
	Solvent casting
	21.03 at 1 kHZ
	Pr:

0.125 μC/cm2
	-
	Output voltage ~ 7 V
	R Sahoo et al. [143]



	2
	Ca doped ZnO/P(VDF-TrFE
	Solvent casting
	15.3
	Pr:

0.125 μC/cm2

Ec 41 MV/m
	-
	Output voltage 3 V
	R Sahoo et al. [144]



	3
	CO/P(VDF-TrFe)/PDMS/Nylon/Ag
	Electro

Spinning
	-
	-
	d33: −20 pmV−1
	3.9 V (10 pieces of C-PEG)

9.5 V (20 pieces of C-PEG)
	J H Kim et al. [145]



	4
	P(VDF-TrFE)
	Solution casting
	12 (VDF:TrFE-71:29)

11 (VDF:TrFE-72.2:27.8)
	Pr:

5.7 μC/cm2

Ec 56.8 MV/m(VDF:TrFE-71:29)

Pr:

6.5 μC/cm2

Ec 54.7 MV/m(VDF:TrFE-71:29)
	d33: −58 p C/N

(VDF:TrFE-72.2:27.8)
	-
	A Aliane et al. [146]



	5
	P(VDF-TrFE)/NiFe2O4
	Spin Coating
	-
	-
	d33: 32 p C/N(NF 1 wt%)

26 p C/N(NF 0.5 wt%)
	Output Voltage—1.4 V, Power density—0.05 Μw/cm3
	Sujoy Kumar et al. [147]



	6
	P(VDF-TrFE)
	Solution Casting
	11.9
	Pr:

11.4 μC/cm2
	d33:25 p C/N
	-
	Q.Q Sun et al. [148]



	7
	P(VDF-TrFE)/FeCoSiB
	Solution casting
	-
	-
	d33: 34.87 p C/N
	ME voltage-111 V/cm.Oe
	Dandan Wen et al. [149]



	8
	P(VDF-TrFE)/BiFeO3-NaNbO3)
	Spin Coating
	
	PS:

8 μC/cm2 for 5% vol % of BiFeO3-NaNbO3
	d33: 34 p C/N for 5 vol % of BiFeO3-NaNbO3

d33: 38 p C/N for 10 vol % of BiFeO3-NaNbO3
	--
	R P Ummer et al. [150]



	9
	P(VDF-TrFE)/Carbon Nanotubes
	Solution Casting
	-
	-
	d33 26.4 ± 1.3 pC/N
	Voltage—2.7 V
	Jia Wun Li et al. [151]



	10
	P(VDF-TrFE)/

Polysterene
	Solution casting
	18.8 at 103 Hz for 10 wt% of CTAB modified PS.
	-
	-
	Short circuit current density 47.45 mA, Peak power density: 7.88 W/m2
	Liqin Yao et al. [152]



	11
	P(VDF-TrFE)
	Electro Spinning
	-
	-
	d31 22.88 pC/N
	Voltage 1.7 V

Current 41.5 nA
	Aochen Wang et al. [153]



	12
	P(VDF-TrFE)
	Spin Coating
	-
	2Pr:

5.55 μC/cm2
	-
	Open circuit output Voltage—4.02 V
	Yi Pei Jang et al. [154]



	13
	P(VDF-TrFE),

PEDOT:PSS
	Electro

Spinning
	-
	-
	d33eff ~ 31.5 pmV−1

(no core sample)

d33eff ~ 58.3 pmV−1

(0.65:1) sample
	Output voltage 8.76 V,

Current 547 nA
	Ju Han et al. [155]



	14
	P(VDF-TrFE)/Neodymium/Cobalt
	Spin Coating
	30–40
	
	d33 26.4 ± 1.3 pC/N
	Conductivity 3 × 106–1 × 109
	N Hernandez et al. [156]



	15
	P(VDF-TrFE)
	Spin Coating
	-
	Pr:

6.1 μC/cm2

Ec 74.9 V/μm
	-
	Output Power 35.1 pW, Power Output Density—97.5 pW/mm2
	Alperen Toprak et al. [157]



	16
	P(VDF-TrFE)
	Spin Coating
	-
	Ec 55 V/μw
	d33 23.9 pm/V
	-
	Alperen Toprak et al. [158]



	17
	P(VDF-TrFE)
	Solution Casting
	-
	-
	d33—28 Pc/N
	Output Voltage 8.7 V
	X Hu et al. [159]



	18
	P(VDF-TrFE)
	Spin Coating
	-
	Pr:

5.6 μC/cm2 at −5 V

Pr:

4.61 μC/cm2 at −60 V

Ec 1000 kV/cm at −15 V
	d33—10.7 pC/N at 0 V

d33—5 pC/N at −60 V
	-
	H J Tseng et al. [56]



	19
	P(VDF-TrFE)
	Solution casting
	
	
	d33 10.7 pC/N
	Output Voltage 8.7 V
	G Ahn et al. [160]



	20
	P(VDF-TrFE)
	Spin Casting
	
	Pr:

4.7 µC/cm2

Ec 53 Vμm−1
	d33 −29.8 pmV−1
	
	D Dishan et al. [161]
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