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Abstract: Advancements in nanotechnology and materials science have led to the development of a variety of 
nanogenerator materials with improved properties, making energy harvesting technologies increasingly viable for 
various applications, such as powering wearable devices, remote sensors, and even small electronic gadgets in the 
future. The evolution of hybrid materials consisting of polymers and nanoparticles as efficient energy harvesters and 
energy storage devices is in high demand nowadays. Most investigations on organic ferroelectric P(VDF-TrFE) as a 
polymer host of polymer nanocomposite devices were primally focused on the β phase due to its excellent electrical 
properties for various application purposes. Nanofiller is also introduced into the polymer host to produce a polymer 
nanocomposite with enhanced properties. A brief description of various physical quantities related to ferroelectric, 
dielectric, pyroelectric effects and Thermally Stimulated Current (TSC) for energy harvesting applications in 
nanogenerator materials is presented. This article explores the different materials and uses of various nanogenerators. It 
explains the basics of the pyroelectric effect and the structure of pyroelectric nanogenerators (PNGs), as well as recent 
advancements in micro/nanoscale devices. Additionally, it discusses how the performance of ferroelectric, dielectric, 
pyroelectric, and TSC are impacted by the annealing treatment of P(VDF-TrFE) polymer. 
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1. INTRODUCTION  

The advancement of smart materials with excellent 
properties, lower cost and low dimensions is essential 
in designing energy-harvesting nanogenerators. 
Research in energy conversion has grown rapidly to 
harness the waste of energy sources in the 
environment. Energy harvesting conversion 
mechanisms are exploited such as piezoelectric, 
pyroelectric, triboelectric and others. The potential of 
nanogenerators to power small electronic devices and 
sensors is being driven by advances in nanotechnology 
and materials science. The effectiveness and viability 
of these devices for harvesting applications are greatly 
influenced by the characteristics or properties of the 
materials used in nanogenerators. Pyroelectric 
nanogenerators (PNGs) are a type of 
energy-harvesting device that harvests energy using 
the pyroelectric effect. A material's ability to generate a 
temporal voltage with time corresponds to the 
temperature fluctuation that is based on polarization, 
called the pyroelectric effect. The pyroelectric effect is 
usually observed in polymeric materials. PNGs offer 
several advantages, including the ability to harvest 
energy from naturally occurring temperature 
fluctuations and integrate into many applications such 
as self-powered sensors, wearable devices [1] and 
Internet of Things (IoT) devices [2,3]. At present, 
researchers are extensively studying a hybrid energy 
harvesting  system  that  utilizes   a   triboelectric 
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nanogenerator (TENG) [4-8]. TENG is a technology 
that merges the principles of triboelectricity with other 
energy harvesting methods to capture mechanical 
energy from various sources and convert it into 
electrical energy. For instance, a solar panel and 
piezoelectric generator can be incorporated to harvest 
energy from sunlight and mechanical vibrations, 
respectively. This integration enables the system to 
draw energy from multiple sources, enhancing its 
efficiency and reliability. However, creating efficient 
TENGs can be a complicated process, and developing 
TENGs is more challenging than some other energy 
harvesting technologies. To achieve optimal trib- 
oelectric pairings, careful engineering and experi- 
mentation are necessary to identify the right materials 
and geometries for specific applications [9]. In recent 
years, several designs of triboelectric, piezoelectric, 
electromagnetic, and pyroelectric energy harvesters 
have been introduced, based on biocompatible and 
eco-friendly natural materials [10-13]. 

The evolution of hybrid materials consisting of 
polymers (organic) and nanoparticles (inorganic) as 
efficient energy harvesters and energy storage devices 
is of critical importance these days. The polymer 
nanocomposites are categorized as hybrid materials 
which contain nanofillers embedded into the polymer 
matrix. Spin-coating is a common approach in the 
deposition of nanocomposite thin films before energy 
harvesting and energy storage applications. To 
fabricate a thermal or infrared sensor, a material must 
have excellent ferroelectric properties, high pyroelectric 
constant, low dielectric loss, and low specific heat and 
thermal conductivity [14,15].  
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A team of researchers, led by Ojha et al., has 
developed a flexible device called a piezoelectric 
nanogenerator (PENG) using ZnO microrods blended 
with polyvinylidene fluoride (PVDF) through the 
supersonic spraying method [16]. The PENG was 
placed on various parts of the human body, such as the 
elbows, palms, knees, and feet, as shown in Figure 1. 
To measure the electric signals and performance of the 
device, a periodic tapping test was conducted under a 
tapping force of 20  N at 5  Hz. The ZP5-based PENG 
was found to work effectively as a touch sensor and 
LED lighting, with a maximum power of 112.5  µW 
obtained at 0.08  MΩ. The power density of the PENG 
was 12.5  µW  cm–2 with an area of 3 cm × 3 cm. The 
study suggests that ZnO micro rods can serve as a 
nucleating agent that induces strong local interactions 
on the contact surface with PVDF, promoting β  phase 
transformation in PVDF. Therefore, the PVDF/ZnO 
composite has the potential to power small electronic 
devices [16,17]. 

Current research focuses on the inclusion of 
nanocrystals or quantum dots (QDs) into polymer 
matrix for various applications; perovskite quantum 
dots-embedded polydimethylsiloxane (PQDP) 
film-based triboelectric nanogenerator (TENG) on the 

bottom monocrystalline Si solar cell towards harvesting 
raindrop energy and solar energy [18], the composite 
P(VDF-TrFE) doped with CsPbBr3 QDs for 
piezoelectric nanogenerators [19] and carbon dots 
(C-dots) in conducting polymers (polypyrrole (PPy) and 
polyaniline (PANI)) for energy storage applications [20]. 
Three main issues must be addressed for any polymer 
nanocomposite to be useful as an energy harvester as 
reported in our previous work [21]: the agglomeration of 
quantum dots (QDs), toxicity and energy harvesting 
performance. Surface modification using a capping 
agent is essential for controlling the as-synthesized QD 
size and preventing rapid agglomeration due to the 
high surface energy. Therefore, due to the excellent 
progression in the development of nanogenerators 
based on QDs, this paper presents the origin and 
history of ferroelectric materials such as polymer, 
nanocrystal-semiconductor filler and polymer-quantum 
dots composites focusing on pyroelectric 
nanogenerators. The theoretical mechanism that plays 
a role in the polarization of ferroelectric, dielectric and 
pyroelectric are discussed in this paper which are 
important characteristics of energy harvesting 
nanogenerators. Basic principles and theoretical 
background of Thermally Stimulated Current will also 

 
Figure 1: Fabrication process and application of the ZnO/PVDF (ZP)-based PENG (a) synthesis process of ZnO microrods (b) 
supersonic spraying of the ZP composite (c) fabrication and LED test of ZP5-based PENG (d) energy harvesting using the PENG 
via body movements [16].  
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be elucidated as well. This article reviews ongoing 
research on PVDF-based composites or its copolymer 
P(VDF-TrFE)-based to improve the efficiency and 
versatility of pyroelectric nanogenerators for a wider 
range of applications. 

2. FERROELECTRIC CRYSTALS 

The ferroelectric and pyroelectric originated from 
the asymmetry of the crystal structure. The structural 
symmetry of a crystal depends on its lattice structure 
and it affects geometrically the structure and physical 
properties of the crystal such as dielectric, mechanical, 
piezoelectric, ferroelectric, nonlinear optical properties, 
etc. [22]. The lattice structure is described by the 
Bravais unit cell of the crystal. There are only thirty-two 
macroscopic symmetry types of crystals (32-point 
groups) and thousands of crystals in nature. The 

natural world contains thousands of crystal, with 32 
macroscopic symmetry types of crystal as illustrated in 
Table 1. In a point group, the eight symmetry elements 
(excluding translation symmetry) consist of rotation 
axes such as 1 (without rotation), 2 (rotation diad), 3 
(rotation triad), 4 (rotation tetrad), 6 (rotation hexad), 4   
(rotation-inversion tetrad axis), I (inversion centre) and 
m (reflection mirror), respectively [22]. 

Among the 32-point groups, 11-point groups are 
centrosymmetry with a symmetry centre. A symmetric 
crystal does not have any polarity and possesses one 
or more crystallographically unique direction axis. 
Among these, 20-point groups exhibit piezoelectricity, 
while 10-point groups have only one unique direction 
axis. A crystal with point-group symmetry has a unique 
rotation axis but does not have any mirror 
perpendicular to this axis. Along a unique rotation axis, 

Table 1:  Symbol of the 32-point groups on crystallography. Remarks: (*) implies that the piezoelectric effect may be 
exhibited and (+) implies that pyroelectric and ferroelectric effects may be exhibited (adapted from [22]) 

Crystal system International notation Sc!nflies’ notation Remarks 

Triclinic 1 
1 

C1 

C1 (S2) 
*+ 
- 

Monoclinic 2 
m(2) 
2/m 

C2 
Cs(C1h) 

C2h 

*+ 
*+ 
- 

Orthorhombic 2mm 
222 

mmm 

C2v 
D2(V) 

D2h(Vh) 

*+ 
* 
- 

Tetragonal 4 
4 
42m 
422 

4mm 
4/m 

4/mmm 

C4 
S4 

D2d(Vd) 
D4 
C4v 
C4h 
D4h 

*+ 
* 
* 
* 

*+ 
- 
- 

Trigonal 
(Rhombohedral) 

3 
3 

3m 
32 
3m 

C3 
C31(S6) 

C3v 
D3 
D3d 

*+ 
- 

*+ 
* 
- 

Hexagonal 6 
6 

6mm 
6/m 
622 

C6 
C3h 

C6v 
C6h 
D6 

*+ 
* 

*+ 
- 
* 

Hexagonal 6m2 
6/mmm 

D6h 
D6h 

* 
- 

Cubic 23 
43m 
m3 
43 

m3m 

T 
Td 
Th 
O 
Oh 

* 
* 
- 
- 
- 
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the atomic arrangement at one end is different from the 
other opposite end. These crystals are called polar 
crystals and exhibit spontaneous polarization. 

Polar crystals that have at least two equilibrium 
orientations for the spontaneous polarization vector in 
the absence of an external electric field and that can 
have their spontaneous polarization switched between 
these two equilibrium orientations by an applied 
external electric field are regarded as ferroelectric 
materials. The ferroelectric crystal is also defined as a 
dielectric material that has a net dipole moment even in 
the absence of an external electric field. This net dipole 
moment is due to the centre of the positive charge in 
the crystal not coinciding with the centre of the negative 
charge due to its crystalline structure, which is referred 
to as spontaneous polarization, Ps [10]. Based on the 
crystallographic point groups, all ferroelectrics are 
pyroelectric, and all pyroelectrics are piezoelectric, 
which generally belong to the dielectric. However, not 
all piezoelectrics are pyroelectric, and not all 
pyroelectrics are ferroelectric [23]. The relationship 
between ferroelectric, pyroelectric and piezoelectric 
together with their subgroups based on symmetry are 
summarized in Figure 2. 

 
Figure 2: The interrelationship of ferroelectric and subgroups 
based on symmetry. 

2.1. Ferroelectric Polymers and Nanofiller 

Ferroelectric polymers and nanofillers are two 
different materials that can be combined to form 
composites with enhanced properties. Ferroelectric 
polymers are a type of polymers that have a 
ferroelectric effect, which implies that they have a 
spontaneous electrical polarization that can be 
reversed by an external electric field due to the 
asymmetric arrangement of the polymer’s molecular 
dipoles. Nanofillers are low-dimensional particles or 

nanoscale particles that can be dispersed in a polymer 
matrix to improve their properties. Metal nanoparticles, 
metal oxide nanoparticles, carbon-based materials 
(e.g., carbon nanotubes, graphene), and ceramics are 
examples of nanofillers. Nanofillers, when 
disseminated in a polymer matrix, can add new 
functionalities and improve the mechanical, electrical, 
and thermal properties of the composite. 

2.1.1. Polyvinylidene Fluoride (PVDF) and Its 
Copolymer Polyvinylidene Fluoride 
Triflouroethylene P(VDF-TrFE)  

Polyvinylidene fluoride (PVDF) and its copolymer 
with trifluoroethylene (TrFE) are ideal candidates for 
ferroelectric polymers because of their superior 
ferroelectric performance and ease of processing into 
thin films [24]. It was around 1970 when Kawaii 
discovered PVDF in the form of electret [25]. Poling the 
polymer PVDF with a high electric field induces 
orientation of the permanent dipoles and possibly 
creates a space charge by injection of free charge 
carriers between the electrodes to robust the electrical 
properties of a polymer. Soon after, Bergman reported 
the discovery of pyroelectricity and non-linear optical 
properties of PVDF in 1971 [26]. Lando and Doll 
proposed in 1968 that direct crystallization of polar 
PVDF can be induced by incorporating a small amount 
of trifluoroethylene (TrFE) and tetrafluoroethylene 
(TeFE) into PVDF from melt crystallization [27]. 

PVDF is a fluorocarbon polymer, which results from 
the polymerization of vinylidene fluoride (VDF) 
monomers with a chemical formula (–CH2–CF2–). This 
(-CH2-CF2-) monomer is built up from positively 
charged H-atoms and negatively charged F-atoms 
which are aligned in one direction and perpendicular to 
the chain axis (backbone). A dipole moment in PVDF 
perpendicular to the chain in each monomer originating 
from its high electronegativity of a fluorine atom and 
hydrogen atom and has a vacuum dipole moment of µv 
= 7 ×  10-30 Cm (2.1 Debyes). The dipole moment 
orientation is subjected to the conformation and 
packing of molecules as shown in Figure 3 for the polar 
unit, all-trans chain conformations and parallel packing 
of PVDF structure [28, 29]. Arrows indicate the dipole 
direction normal to carbon chains. If the molecule 
emerges as β phase (Form I) which has an all-trans 
(TTT) planar zigzag chain conformations (refer to 
Figure 3b) with a parallel packing (see Figure 3c), the 
dipoles are aligned in one direction, perpendicular to 
the carbon chain. β phase crystals arranged in a 
parallel packing, also known as a 
quasi-hexagonal-symmetry structure (Figure 3c), 
exhibit the greatest spontaneous polarization in the unit 
cell and are hence of particular importance for electrical 
properties. Higher spontaneous polarization, !! 
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reflects greater ferroelectric behaviour which can be 
experimentally determined by D-E hysteresis 
measurements. The lattice constants of such a 
quasi-hexagonal-symmetry unit cell are a = 0.850 nm, 
b = 0.491 nm, and c = 0.256 nm [28, 29]. The sum of 
dipole moment over a unit volume, µv yields a large 
crystalline polarization,  !!. 

!! =   
!  !!
!"#

= 130  !"/!!        (1) 

where a, b and c are the lattice constants with a = 
0.858 nm, b = 0.491 nm and c = 0.256 nm, respectively. 
The dipoles in the β phase conformation are switchable 
by applying an electric field, thus the β phase is 
responsible for the PVDF’s ferroelectricity [28]. 

 
Figure 3: (a) unit, (b) molecule and (c) crystal structures of 
PVDF. Adapted from [28]. 

Ferroelectric behaviour observed in PVDF polymer 
is closely related to the alignment and orientation of its 
crystalline polymorph crystals. The thermal, 
mechanical and electrical treatments produce a 
specific crystalline polymorph of PVDF [30]. 
Melt-crystallization produces the α phase film as the 
most stable polymorph. P(VDF-TrFE) has been 
reported to crystallize into four types of crystalline 
phases which are β, α, γ and δ. P(VDF-TrFE) exhibits a 
much higher crystalline β phase compared to that of 
the pure PVDF and thus it tends to crystallize in the 
polar β phase by annealing at a temperature between 
the Curie transition temperature (Tc) and the melting 
temperature (Tm) without the need for mechanical 

stretching [30, 31]. As P(VDF-TrFE) content is higher 
than 20 mol%, then it can directly be crystallized into 
the polar β phase [32]. Figure 4 shows the dipole 
orientation of monomer TrFE. 

 
Figure 4: Dipole orientation of monomer TrFE. 

The synthesis procedure of P(VDF-TrFE) films 
primarily for energy storage and energy harvesting 
applications involves several steps such as dispersing 
the P(VDF-TrFE) solution onto substrates using 
various techniques such as spin-coating [33, 34], 
dip-coating [35, 36], casting [37] and inkjet printing [38, 
39], followed by film treatment and poling to enhance 
the ferroelectric properties. Films prepared with low 
evaporation rates and high boiling points solvents such 
as dimethylformamide (DMF), dimethyl sulfoxide 
(DMSO), and polar solvents such as diethyl carbonate 
(DEC) and methyl ethyl ketone (MEK) are favored for 
the formation of the polar phase PVDF. Annealing and 
poling treatments on P(VDF-TrFE) are former 
techniques to align polar domains in the films to 
increase their crystallinity. Mahdi et al. investigated the 
effect of annealing temperature on the crystalline 
structure of P(VDF-TrFE) (70/30) thin films using a hot 
plate with a wide range of annealing temperature (80 
-140 °C) below and above the Curie temperature to 
optimize the crystalline structure [41]. The ferroelectric 
hysteresis analysis for film annealed at 100 °C 
demonstrates that the annealing treatment has the 
highest remnant polarization due to the highest 
percentage of crystallinity proven through XRD 
analysis. Even though spin-coating is a common 
method for thin film deposition, 2D and 3D printing 
processes such as screen printing and inkjet printing of 
polymer-based become a current need for device 
development for energy harvesting purposes. A review 
by Rodrigues-Marinho et al. reported that PVDF and its 
copolymer P(VDF-TrFE) were the most used polymers 
with barium-titanate as filler for piezoelectric 
nanogenerators fabricated by printing technologies 
[41].  

2.1.2. Zinc Oxide Quantum Dots (ZnO QDs) 
Nanofiller 

Because of their tunable physical dimensions and 
good optoelectronic capabilities due to size 
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confinement and anisotropic geometry, QDs have 
received a lot of attention as nanofillers. A quantum dot 
is a zero-dimensional relative to the bulk and the 
limited number of electrons results in discrete 
quantized energies in the density of states (DOS) for 
nonaggregate zero-dimensional structures. 
Semiconductor quantum dots with a particle size 
similar to that of the exciton Bohr radius has attracted 
significant attention to nanotechnology research 
nowadays because of their unique size-dependent 
optical and electronic properties. Among the II-VI 
binary compound semiconductors, ZnO QDs are of 
great importance due to their prominent features such 
as a wide direct energy gap of ~ 3.4 eV at room 
temperature, a large exciton binding energy of 60 meV 
and non-toxicity [42]. ZnO QDs are well known for their 
green, low-cost, simple and stable synthesis [43, 44] 
with excellent optical, electrical and electronic 
properties for a wide range of applications from 
optoelectronic to healthcare [45, 46]. An additional 
increase in the energy band gap leads to a smaller 
particle size of QDs. The extensive applications of ZnO 
QDs are attributed to their piezoelectricity, chemical 
stability and biocompatibility [47]. 

The crystal structures that emerged by ZnO are 
rock salt (or Rochelle salt), zinc blende and wurtzite as 
illustrated in Figure 5. The thermodynamically stable 
phase under ambient conditions is wurtzite symmetry. 
The wurtzite ZnO structure is composed of two 
interpenetrating hexagonal close-packed (hcp) 
sublattices and made up of alternating planes of Zn2+ 
and O2- ions that are tetrahedrally coordinated along 
the threefold c-axis in fractional coordinates.  

The wurtzite structure consists of a hexagonal unit 
cell with two lattice parameters a = 3.25 Å and c = 5.21 
Å. This lattice type is classified by its point group 6 mm 
(international notation) or !!!  (Schoenflies notation) 
and the space group !!!!  in the Schoenflies notation 
and P63mc in the Hermann–Mauguin notation [49]. The 
space group P63mc is non-centrosymmetric and is 

allowed to exhibit ferroelectricity, although no 
polarization-electric field (D-E) loop has been observed 
until the melting point. Each zinc ion is surrounded by a 
tetrahedron of four oxygen ions and similarly, each 
oxygen ion is coordinated by a tetrahedron of four zinc 
ions. The arrangement of this tetrahedral coordination 
exhibits ZnO as a polar character, giving rise to 
spontaneous electric polarization, Ps [50]. ZnO QDs 
have distinguishable pyroelectric and piezoelectric 
properties due to the non-centre-symmetry in the 
wurtzite, which is used in piezoelectric sensors, 
mechanical actuators, and QD solar cells [51].  

Several synthesis methods for preparing ZnO QDs, 
such as the sol-gel method, spray pyrolysis, 
precipitation, vapour phase transport process (VPT), 
thermal decomposition, hydrothermal synthesis and 
electrochemical growth. The sol-gel approach drew the 
most attention among these techniques due to its 
simplicity, low cost and scalability [52, 53]. There have 
been few reports on the use of quantum dots for 
pyroelectric applications. Recently, pyroelectric thin 
films with spherically symmetric PbS QDs that have an 
asymmetric ligand shell called Janus-ligand shell 
showed a pyroelectric coefficient, Pi of 1.97 ×  10−7 
C/m2K [54, 55]. Meanwhile, light-induced 
photodetectors based on the pyroelectric effect appear 
to be a current research trend [56-59]. An ultrafast 
self-powered CsPbBr3 QDs photodetector based on 
light-induced pyroelectric effect has been 
demonstrated with a maximum pyroelectric current of 
82.6 nA under the light intensity 98 mWcm−2 [60]. 
However, these materials contain lead, which causes a 
major environmental impact. Exposure to 
environmental pollution should be avoided by using 
non-toxic or lead-free pyroelectric materials. ZnO 
nanorods (NRs) and nanowires (NWs) are well-known 
non-toxic materials for piezoelectric energy harvesting 
devices and are commonly synthesized by 
hydrothermal [61]. While ZnO nanorods have shown 
great promise for energy harvesting, it is important to 
note that their performance can be influenced by 

 
Figure 5: Zinc oxide crystal structure (a) cubic rock salt, (b) cubic zinc blende and (c) hexagonal wurtzite. Red and black colour 
indicate the oxygen and zinc atoms, respectively. Adapted from [48].  
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factors such as the dimensions of the nanorods, 
orientation, crystal structure and surface treatments 
and passivation [62-65]. The dimensions of the ZnO 
NRs or NWs, such as length, diameter and aspect ratio, 
can influence their pyroelectric response [66]. Li et al. 
reported that reducing the diameter size of the 
nanowires from 7 µm to 1.5 µm improved the 
piezoelectric coefficient from 18.2 to 46.9 pmV-1 [67, 
61]. The increase of polarization per unit volume as the 
diameters of the NWs reduced is responsible for the 
improvement of the piezoelectric coefficient. By 
reducing surface defects, the stability and performance 
of ZnO NWs or NRs could be enhanced by surface 
treatments and passivation layers [68]. Recently, Rohul 
et al. were able to synthesize triethanolamine 
(TEA)-stabilized monodisperse ZnO QDs with an 
average size of 2.4 nm [69]. TEA ligands tend to 
encapsulate the surface of ZnO and hence lead to a 
smaller size of the QDs. Therefore, it is essential to 
investigate low-dimensional materials in pyroelectric 
energy harvesting, such as ZnO QDs, since they can 
contribute to enhancing the performance of functional 
devices in future research. 

2.1.3. Ferroelectric Composites 

Polymer composites comprising of ferroelectric 
particles embedded in polymer materials with different 
connectivity have generated great interest among 
known pyroelectric infrared detecting materials such as 
lead titanate (PT), lead zirconate titanate (PZT), barium 
titanate (BT) and triglycine sulfate (TGS) with 
poly-vinylidene fluoride (PVDF) or polyvinylidene 
fluoride-trifluoroethylene P(VDF-TrFE) as polymer host 
[70]. The properties of these composites depend on the 
following factors: (i) the properties of its constituents, 
(ii) the volume fraction of each constituent, (iii) the 
polarizability of particles and (iv) the nature of 
interconnecting these particles that make them 
promising materials for energy harvesting purposes 
[71]. As technology advances, ferroelectric composites 
are projected to play an important role in providing 
sustainable and environmentally friendly energy 

sources for a wide range of electronic devices and 
sensors. Polyvinylidene fluoride (PVDF)-based 
triboelectric nanogenerators (TENGs) have been 
explored extensively as promising electric energy 
harvesting devices [72-74]. Recently, the fabricated 
PVDF-Ar.HBP-3/polyurethane (PU)-based TENG can 
power 12 LEDs without using a capacitor or rectifier 
when operating under a load and frequency of 10 N at 
1 Hz. One of the reasons is due to the successfully 
improved polar β-phase of PVDF by the 
electrospinning approach, which is facilitated by the 
dipole interaction between the functional groups 
present in PVDF and Ar.HBP-G3 [75]. 

On the other hand, the introduction of 
zero-dimensional nanofiller into ferroelectric polymer 
hosts is of great interest nowadays to investigate the 
particle size’s effect on their structural and physical 
properties. Nevertheless, the studies on the effect of 
embedding QDs into the ferroelectric polymer for 
energy storage and energy harvesting purposes are 
considered new due to the lack of reported works (as 
listed in Table 2). Table 2 remarks an electrical output 
of several composite films embedded with quantum 
dots filler. The filler aspect ratio, filler dispersion, filler 
alignment and orientation, polymer-polymer interaction, 
polymers and filler interaction, and the poling status are 
the key variables that determine the attributes of the 
ferroelectric nanocomposite. The extensive surface 
area of the filler may present benefits or limitations for 
such a system. The covalent bonding between the 
chains of capping ligands and the surface of quantum 
dots may lead to steric hindrance which can provide 
essential stability to the nanocomposite [76].  

3. PROPERTIES OF MATERIALS FOR ENERGY 
HARVESTING 

3.1. Dielectric Properties 

There are two types of dielectrics which are polar 
and non-polar. The polar dielectrics have permanent 
dipole moments while the non-polar dielectrics do not 
possess any permanent dipole moment. Electric 

Table 2: Ferroelectric Studies of Polymer Nanocomposite Films Embedded with QDs 

Material Method Remark Ref. 

CdSe QDs/P(VDF–TrFE) Langmuir-Blodgett Exhibit approximately 6 µCm-2 for 60 nm composite films through D-E 
hysteresis loop 

[77] 

PMMA/carbon quantum dots 
(CDs)/PEDOT:PSS 

Spin coating Enlargement of the memory window with obvious Isc and Voc values in 
hysteretic I-V characteristic is due to the increment of dipole moment and 

spatial ordering in sandwiched multilayer which further increased the 
polarization electric field 

[78] 

CdSe/ZnS quantum dots/PVC Solution casting The lowest concentration of CdSe/ZnS in PVC (0.083 wt%) had the 
highest value of the dielectric constant compared with the concentration 

[79] 

Cd1−xZnxSe1−ySy nanodots/ 
P(VDF-HFP) 

Solution casting Largest discharged energy density, Ue ~ 26 Jcm-3 among reported works 
so far in the polymer nanocomposites with low filler contents 

[80] 
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polarization denotes an occurrence of the relative 
displacement of the negative and positive charges of 
atoms or molecules, the orientation of existing dipoles 
toward the direction of the field, or the separation of 
mobile charge carriers at the interfaces of impurities or 
other defect boundaries, caused by an external electric 
field [81]. The polarization (dipole moment per unit 
volume) of a dielectric material arises from four 
different mechanisms: i. Electronic polarization, ii. Ionic 
polarization, iii. Orientation dipolar polarization, iv. 
Space charge interfacial polarization or the 
Maxwell-Wagner effect. 

The schematic structure of electrical polarization 
due to electrons, ions, dipoles and space charges with 
the applied field is illustrated in Figure 6. Electronic 
polarization originates from minor shifts in electron 
clouds from any atom within the dielectric 
corresponding to its positive nucleus. It is also 
occurring due to the polarization of localized electrons. 
Ionic polarization is caused by an electrical field that 
deforms the atomic nuclei arrangement or distortion of 
atomic position in a molecule or lattice. In the case of 
dipolar polarization, there is a tendency for permanent 
dipole to align by the electric field to give a net 
polarization in that direction. Space charge polarization 
can occur at the interface of metal to the dielectric, at 
grain boundaries in ceramics and at domain walls in 
ferroelectrics and is induced by migration charge 
carriers. 

The total electric polarization of dielectric material is 
equal to the sum of electronic, ionic and orientation (if 

there are some influences of impurities in the system) 
polarizations. The average polarization, !  has 
resulted from N amounts of electric dipole moments, ! 
which are all aligned per unit volume, V can be 
described by [84]: 

! = !
!

!!!
!!!          (2) 

where i is the number of dipole moments in the system.  

Dielectric properties are generally denoted by a 
dielectric constant (represents polarization) and 
dielectric loss (represents relaxation). A dielectric 
relaxation phenomenon is observed in the orientation 
polarization or molecular fluctuation of dipoles due to 
the molecules. The dielectric relaxation phenomenon is 
due to the exponential decay of the polarization with 
time, with the removal of the external electric field in a 
dielectric substance. Meanwhile, a resonance effect is 
found in electronic or ionic polarization.  

One of the important elements in dielectric 
spectroscopy is an investigation of the relaxation 
process of a material. Relaxation processes are due to 
rotational fluctuations of molecular dipoles and are 
characterized by a peak in the imaginary part, !!! and 
a step-like decrease in the real part, !! of the complex 
dielectric permittivity, !∗  increasing frequency, as 
shown in Figure 7 [84, 85]. Conversely, as the 
imaginary part of the dielectric function increases with 
decreasing frequency, hence conduction phenomenon 
can be observed. The real part of a complex dielectric 
function for pure ohmic conduction is independent of 

 
Figure 6: Schematic illustrations of electronic, orientation, ionic and space charge polarization mechanisms. Adapted from [82, 
83]. 
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frequency while the imaginary part increases with 
decreasing frequency.  

 
Figure 7: The real, !!(black line) and imaginary,  !!! (red line) 
part of the complex dielectric function for a copolymer 
P(VDF-TrFE) 75/25 relaxation process at -20 °C. Adapted 
from [86]. 

Many reports show that the annealing treatment of 
ferroelectric polymers such as PVDF and its copolymer 
P(VDF-TrFE) enhanced the degree of crystallinity and 
β crystalline domain of the materials and hence 
improved the dielectric, ferroelectric and pyroelectric 
properties. The study of annealed P(VDF-TrFE) by 
Mahdi et al. indicates that the optimized crystalline 
structure was achieved at around 100 °C when the thin 
films were annealed with a hot plate and the 
morphology measurement by FESEM revealed the 
elongated rod-like crystallite structure as β crystalline 
phase (refer Figure 8b). Figure 8a illustrates the room 
temperature dielectric frequency spectra of 

P(VDF-TrFE) treated with various annealing 
temperatures. The highest dielectric constant of 
P(VDF-TrFE) thin films ε′ = 10.5 when annealed at 
100 °C by using a hot plate [41]. The inclusion of fillers 
into a ferroelectric polymer to form composite materials 
could embark on the greater performance of 
energy-harvesting nanogenerators. PVDF with 7% 
MgO nanofiller showed the highest dielectric constant 
value ε′ = 22 compared to unfilled P(VDF-TrFE) as 
shown in Figure 9 [87]. This is due to the polarizability 
of PVDF upon application of the electric field, which is 
caused by an increase in polarized charges due to the 
dipolar contribution of the MgO nanofiller. Dielectric 
responses originating from the dipole-oriented 
polarization in the frequency range of 1 to 106 Hz play 
an important role in non-linear dielectric polymers. 
Fe-doped ZnO/P(VDF-TrFE) composite films 
reinforced the surface or interface polarization and 
resulted in a higher dielectric constant in composite 
films as compared to pure PVDF-TrFE films [88]. With 
the inclusion of Fe, in the presence of an external 
electric field, the freely moving charges in the 
conductive phases would be interrupted when passing 
through the resistance phases. This would result in a 
cloud of charge at the interface between the conducting 
phase and the resistive phase, which would manifest 
itself in increased polarization [88]. 

The effect of ZnO nanoparticles (NPs) in the PVDF 
matrix was studied in detail on unpoled and poled 
dielectric properties [89]. Tan et al. reported that the 
value ε′ in the low-frequency region for 0.25 wt% 
PVDF/ZnO nanocomposite thin films increases faster 
than the value for PVDF thin films due to the presence 

 
Figure 8: (a) Room temperature dielectric frequency spectra of P(VDF-TrFE) treated with various annealing temperatures (b) 
FESEM images of P(VDF-TrFE) annealed at 100 °C [41].  
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of ZnO nanoparticles after the poling process. This 
causes more charge carriers to be captured and as a 
result; the direct current conduction of the 
nanocomposite thin film has increased. Vo-Shi model 
[89, 90] fits well with the experimental data where k = 
65 and ε2 = 2000 give the best fit. The high k values 
indicate a strong interaction between the functional 
groups of the polymer and the surface of the 
nanoparticles. Since a smaller particle size has a larger 
fraction of interphase volume, this indicates a stronger 
polarization in the interphase surface. Therefore, the 
study concludes that the dielectric constant of the 
PVDF/ZnO nanocomposites can be increased 
tremendously although by doping with a very small 
amount and extremely small size of ZnO NPs. 

Thus, the dielectric properties of materials are 
critical concerns in the design and application of 
nanogenerators. High-dielectric strength materials are 
preferred for industrial purposes to ensure that the 
nanogenerator can operate under various conditions 
without electrical breakdown. 

3.2. Ferroelectric Properties 

Ferroelectricity is a property of materials that have a 
spontaneous electric polarization that can be reversed 
by the application of an external electric field. A crystal 
is composed of a definite chemical composition in 
which the molecules are made up of positive ions and 
negative ions occupying lattice sites to constitute a 
crystal structure lattice. The smallest repeating unit of 
the lattice is called the unit cell and the specific 
symmetry of the unit cell identifies whether the crystal 
exhibits ferroelectric, piezoelectric, pyroelectric or 

electro-optic effects [81]. Ferroelectric materials have 
received intensive investigation nowadays in exploring 
the uniqueness of their structural transformation 
phenomena. Generally, ferroelectric crystals possess 
one or more ferroelectric phases. The ferroelectric 
phase is a state that exhibits spontaneous polarization, 
Ps in a certain temperature range and the direction of 
the spontaneous polarization can be reoriented by an 
external electric field. Meanwhile, spontaneous 
polarization is defined by the value of the dipole 
moment per unit volume, or the value of the charge per 
unit area on the surface perpendicular to the axis of the 
spontaneous polarization or also referred to as the 
crystal axis. A spontaneous polarization can be written 
as: 

!! =
∭ !  !"
!"#$%&

          (3) 

where !  is the dipole moment per unit volume. 
Ferroelectricity usually vanishes above a certain 
temperature called Curie or transition temperature, Tc. 
At the Tc, the crystal undergoes a phase transition from 
the polar state to the non-polar state. Above the 
transition temperature Tc, the crystal is said to be in the 
paraelectric state.  

A ferroelectric crystal generally consists of regions 
called domains of homogeneous polarization, within 
each of which the polarization is in the same direction, 
but in the adjacent domains, the polarization is in 
different directions so that the net polarization of the 
specimen is equal to zero in the beginning when no 
electric field is applied. However, a strong field may 
reverse the spontaneous polarization of the domain 

 
Figure 9: Dielectric constant versus frequency of PVDF-TrFE unfilled, PVDF-TrFE/MgO (1%), PVDF-TrFE/MgO (3%), 
PVDF-TrFE/MgO (5%), and PVDF-TrFE/MgO (7%) [87].  
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and this phenomenon is known as domain switching. 
Ferroelectrics are the most typical nonlinear dielectrics 
with switchable spontaneous polarization. The 
switching ability of the ferroelectric polarization can be 
observed by measuring the dielectric displacement 
current in response to a cyclic electric field which gives 
rise to a hysteresis loop (see Figure 10), the 
designation of ferroelectricity. At large signals, both the 
electric displacement, D and the polarization, P are 
nonlinear functions of the electric field, E was given as 
the linear equation below: 

! = ! + !!!        (4) 

where !! is the permittivity of free space (8.85 × 10-12 
C/Vm).  

Applying a small amount of electric field on the 
ferroelectric crystal will exhibit only a linear relationship 
of P and E since the applied field is not enough to 
switch any domain or dipoles and the ferroelectric 
crystal will behave as a normal dielectric material 
(paraelectric). When the electric field is increasing, the 
dipoles begin to line up with the field (points 1 to 3 in 
Figure 10). Eventually, the field aligns all of the dipoles 
until all the domains are aligned in the positive direction 
and the maximum polarization is obtained. This state is 
the saturation state in which the crystal is composed of 
just a single domain. As the electric field strength 
decreases and reduces to zero, the polarization will 
generally decrease (at point 4) but does not return to 
zero, because some of the domains will remain aligned 
in the positive direction and the crystal will exhibit a 
remanent polarization, Pr. The ability to retain 
polarization permits the ferroelectric material to retain 
information, making the material useful in computer 
circuitry. The extrapolation of the linear line from point 

3 back to the polarization axis (zero electric fields at 
point E) represents the value of the spontaneous 
polarization, Ps. When the electric field is applied in the 
opposite direction, the dipoles are reversed. A coercive 
field, Ec must be applied to remove the polarization and 
randomize the dipoles (point 5). Switching of 
ferroelectric polarization from one state to another can 
be achieved by applying an electric field higher than a 
threshold value, commonly known as the coercive field, 
Ec. It is also defined as the strength of the electric field 
required to reduce polarization to zero. Further 
increase of the electric field in the negative direction 
will cause saturation to occur in the opposite 
polarization (point 6). Thus, the cycle of the hysteresis 
loop can be completed by reversing the electric field 
direction once again.  

As an electric field is applied to a ferroelectric 
crystal in an isothermal cycle, Joule heating disposes 
of the electrical flow to the system. The energy 
dissipated (W) per unit volume (V) of the ferroelectric 
crystal is equal to the area enclosed by the D-E 
schematic of the hysteresis loop which can be utilized 
for energy harvesting purposes [23]: 

!
!
= !"#          (5) 

Due to the outstanding electrical properties close to 
the morphotropic phase boundary, lead-free 
ferroelectric ceramics have become a preferred choice 
for filler materials in ferroelectric nanocomposite 
[92-94]. Recently, the ternary BNT-BKT-BT-system 
included in P(VDF-TrFE) matrix results in higher 
ferroelectric and pyroelectric as compared to binary 
BNT-BT composition [92]. The value of remnant 
polarization, Pr was successfully increased by  ≈  65% 

 
Figure 10: Typical P-E ferroelectric hysteresis loop. Circles with arrows represent the polarization state of the material at the 
indicated fields. Adapted from [91]. 
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where Pr value increased from 85  mC/m2 to 130  mC/m2 
when the volume fraction of BNT-BKT-BT increased 
from Ø  =  0 to Ø  =  0.20 as depicted in Figure 11a. The 
findings suggest that the increment of Pr is because of 
the enhanced polarization from dipole to dipole 
interaction of closely packed nanofiller as well as 
crack-free and defect-free composite formation in the 
polymer thin films [92, 95]. The discharged electric 
energy densities, Ue of P(VDF-TrFE)-BNT-BKT-BT 
nanocomposite films were integrated based on D-E 
hysteresis loop; 

!! = !"!          (6) 

Figure 11b shows that the discharged Ue of 
1.25  J/cm3 at 175  MV/m for the composite with Ø  =  0.20 
is 85% higher than that of the P(VDF-TrFE). The result 
indicates that the values of discharged energy density 
depend on the remnant of polarization of the D-E 
hysteresis loop [92]. Our previous work has 
successfully enhanced the ferroelectric properties of 
P(VDF-TrFE) with higher remnant polarization and 
discharged energy density by incorporating 0.15 wt% 
of ZnO QDs [96]. It is assumed that ZnO QDs filled in 
the P(VDF-TrFE) matrix locally induce additional dipole 
moments. These local dipoles coupled with polymer 
dipoles are speculated to cause an increase in 
ferroelectricity [96]. Meanwhile, one-dimensional (1D) 
multiferroic BiFeO3 and P(VDF-TrFE) exhibited a 
saturated hysteresis loop with the highest remnant 
polarization, Pr = 9.7 mC/m2 at 2 MV/m for BFO-50 
vol % [97]. BFO fillers in the composite enhanced the 
remnant polarization due to the larger polarization 
nature of BFO as compared to PVDF. The higher 
remnant polarization in PVDF/BFO composites can be 
attributed to the enhanced polarization due to the 
dipole-dipole interaction of closely packed powders. 
Thus, ferroelectric materials, especially related to 
pyroelectric nanogenerators (PNGs) have promising 
applications and implications for various industries. 

3.3. Pyroelectric Properties 

The pyroelectric effect was first discovered in 
tourmaline by Teophrast [98]. Pyroelectric materials 
are dielectric materials that possess spontaneous 
electrical polarization and appear even in the absence 
of an applied electrical field or stress. All ferroelectric 
materials exhibit pyroelectricity but not all pyroelectric 
materials exhibit ferroelectricity. The pyroelectricity of a 
material is measured by the pyroelectric coefficient, !!. 
A small change in temperature, Δ T in the crystal, 
results in a change in the spontaneous polarization 
vector, ∆!! and can be written as: 

∆!! = !!∆!         (7) 

The pyroelectric coefficient, !!  is a vector with 
three components and describes the change in the 
electrical charge per unit surface area during heating or 
cooling. The unit of a pyroelectric coefficient is 
represented by C/m2K or !C/m2K [99]. In general, a 
homogeneous pyroelectric material with a constant 
pyroelectric coefficient throughout the temperature at 
any time is uniform, and the electric current generated 
from the pyroelectric effect is expressed as [100]:  

!! =
!"
!"
= !!!

!"
!"

         (8) 

where the equation above denotes pyroelectric charge 
(Q), pyroelectric current ( !! ), rate of temperature 
change (dT/dt), the surface area of the pyroelectric 
material (A) and pyroelectric coefficient (!!).  

Based on the thermodynamic diagram in Figure 12 
illustrates the thermodynamically reversible 
interactions that may occur among the thermal, 
mechanical, and electrical properties of a crystal [101]. 
Variables S, D, and ε in the inner circles denote entropy, 
dielectric displacement, and strain, respectively. 
Pyroelectricity is a coupled effect where a change in 
temperature causes a change in electric displacement, 

 
Figure 11: (a) D-E hysteresis loops (b) Charged and discharged energy densities, of pure P(VDF-TrFE) and P(VDF-TrFE) 
nanocomposite thin films as a function of ceramic volume fraction, Ø [92].  
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D (C/m2). There are two routes to the pyroelectric effect. 
The primary route is shown by a solid red line and the 
second route is indicated by a dotted red line. In the 
first route, the primary pyroelectric effect is caused by a 
change in temperature, which leads to a change in the 
electric displacement in a crystal under constant strain 
σ, rigidly clamped to prevent expansion or contraction 
(in other words, the shape and size of a crystal held 
fixed during heating). The primary pyroelectric effect 
signifies a direct coupling between polarization and 
temperature. In the second route, the secondary 
pyroelectric effect is a result of crystal deformation 
which means that the crystal may be in free form, thus 
the thermal expansion occurs freely. The total 
pyroelectric coefficient mechanically free condition is 
given as [102]: 

!!,! = !!,!   +   !!"!!"!!!!        (9) 

where the first term on the right-hand side of the 
equation shows the primary pyroelectric coefficient 
under constant strain conditions while the second term 
represents the secondary pyroelectric coefficient, 
which tensors !!" , !!"!  and !!!  are the piezoelectric 
coefficient, elastic constant and thermal expansion 
coefficient, respectively.  

Another pyroelectric effect obtained from the 
pyroelectricity arises from the path ! → ! → !  as 
shown in Figure 12. As a result, when the crystal is free 
to deform or expand, an electrical displacement, D 
obtained from thermal expansion. This causes a strain 
(! → !), which in turn by the piezoelectric path (! → !) 
contributes to the electrical displacement, D. This is 
called the pseudo pyroelectric effect or false 
pyroelectric of the first kind. Temperature changes in 
lattice constant are related to the changes of 
elementary dipole moments, consequently resulting in 
polarization [103]. 

 
Figure 12: The relationships between the thermal 
(temperature), mechanical (strain) and electrical (field) 
properties of a crystal. Adapted from [101]. 

A typical temperature and pyroelectric current wave 
profile versus time obtained during the heating and 
cooling of the pyroelectric sample at a linear rate is 
shown in Figure 13. The rate of temperature change is 
calculated from the gradient of the triangular wave of 
the sample temperature, while the pyroelectric current 
can be obtained from the amplitude of the square wave 
profile [104]. 

 
Figure 13: Ideal rectangular short-circuited pyroelectric 
current spectra in response to triangular temperature wave. 
Adapted from [105]. 

Pyroelectric properties of polymer and 
nanocomposite materials such as pyroelectric 
coefficient (!!), dielectric constant (ε´), detectivity (FD) 
and energy harvesting (FE) of the figure of merit and 
discharged electric energy densities (Ue) with -PVDF 
as polymer host are listed in Table 3. The composite 
film of P(VDF-TrFE)–BNT–BKT–BT [106] shows the 
highest pyroelectric coefficient and significant 
performance of FD among all reported works in Table 3. 
Although ceramic fillers like BNT exhibit high 
pyroelectric properties as indicated in Table 3, it is 
essential to study quantum size effects like ZnO QDs 
on the electrical (ferroelectric, dielectric and 
pyroelectric) performance of energy harvesting and 
storage devices. Our previous work [96] shows that 
0.15 wt% of ZnO QDs in P(VDF-TrFE) could contribute 
about half of the pyroelectric coefficient reported by 
[96] with a QDs size in the range of ~2.5 – 3 nm. The 
interfacial polarization may arise from the interaction 
between the nanofiller and the polymer matrix during 
the poling process and contribute to the increase in the 
remnant polarization and pyroelectric coefficient 
achieved in this work. The surface morphology of 
P(VDF-TrFE) with ZnO QDs fillers shows the 
distribution of spherically shaped crystalline micelles 
embedded inside the elongated rod-like structures as 
shown in Figure 14a. Among all the variants of films 
embedded with ZnO QDs, 0.15 wt% films had the 
longest average length of elongated rod-like shape. As 
a result, the polarization of the nanocomposite films, 
which contributes to the ferroelectric performance, 
depends proportionally on the length of the elongated 
rod-shaped structure of P(VDF-TrFE) [106]. The figure 
of merit (FOM), FE is an indicator for assessing the 
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energy harvesting performance of the pyroelectric 
device, expressed by equation (10) [107]; 

!! =
!!!

!!!!
       (10) 

where εo is the permittivity of free space (8.854 × 10−12 
Fm−1) and εr is the permittivity of the pyroelectric 
material. The maximum FE calculated at 1 kHz is 19.5 
Jm−3K2, for 0.15 wt% P(VDF-TrFE)/ZnO QD composite 
film as depicted in Figure 14b. Therefore, the addition 
of ZnO QDs improved the energy harvesting 
performance of nanocomposite devices substantially. 
Another type of FOM is the detectivity without division 
of the specific heat capacity, FD [108], which is normally 
used for thermal sensors. The expression is stated as: 

!! =
!!

!!!"#$
         (11) 

where !!, ε′ and tan δ are the pyroelectric coefficient, 
dielectric constant and tangent loss, respectively. 

Figure 14b shows that FD reaches a maximum of 93 
C/m2K at 0.15 wt% ZnO QDs. This study indicates that 
a device made with P(VDF-TrFE)/ZnO QDs showed 
good functionality for energy harvesting and thermal 
sensing with less than 1% ZnO QDs in the 
P(VDF-TrFE) copolymer. Thus, it is believed that 
varying the quantum dots' size may open the possibility 
to control the pyroelectric properties of polymer 
nanocomposites. Hence, in the future, the investigation 
of the quantum size effect of ZnO QDs in different size 
ranges on P(VDF-TrFE) is necessary to explore their 
potential ferroelectric, dielectric and pyroelectric 
properties.  

Wearable electronic devices based on PNGs onto 
the human body is one of the current interests among 
researchers. A few factors need to be considered such 
as flexibility, stretchability, or fibrous materials, in order 
to use PNGs as wearable devices [111]. Xue et al. 
reported integrated a N95 respirator and a PVDF thin 
film PNGs for harvesting energy of human respiration 

Table 3: Pyroelectric Properties of ZnO, QDs and Nanocomposite Polymer Films 

Material Ø or wt% !! 
(µCm-2K-1) 

ε´ FD 
(µCm-2K-1) 

FE 
(Jm-3K2) 

UE 
(Jcm-3) 

Ref. 

ZnO NW - 12 - - - - [109] 

ZnO bulk - 9.4 - - - - [101] 

PbS QDs - 0.197 - - - - [54] 

PVDF/ La2O3 3.0 wt% 42 ~8 86 - - [108]  

P(VDF-TrFE)–
BNT–BKT–BT 

Ø = 0.20 95 ~20 137.99 - - [106]  

PVDF/ ZnO NRs - - - - - Pr  

= 0.2188 µC/m2 
[110] 

PVDF/ZnO NPs 0.25 wt% 29 15 - - -
 [89] 

P(VDF–
TrFE)/ZnO QDs 0.15 wt% 49 13.9 93 19.5 

1.18 

Pr = 10.02 µCm
-2

 

[96] 

 

 
Figure 14: (a) FESEM images of 0.15 wt% of P(VDFTrFE)/ZnO QD films annealed at 100 °C, (b) Pyroelectric coefficient and 
energy harvesting and detectivity figure of merit (FE and FD) against ZnO QDs variations [96].  
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[111, 112]. Self-powered breathing sensor was 
demonstrated using a flexible PVDF film installed on a 
common respirator for sustainable energy harvesting 
and self-powered breathing monitoring. The 30 µ m 
PVDF thin film was exposed by the body exhaled gas 
that had the same temperature of the body. The 
temperature-changing rate of the PNGs by human 
exhaled gas was 13 °Cs−1 and the corresponding peak 
output current and voltage of the PNGs was 2.5 µA and 
42 V, respectively. The maximum output performance 
of the PNGs was 8.31 µW at the load resistance of 50 
MΩ and the PNGs showed stable output performance 
after ten days without power degradation [111, 112]. 
Therefore, the development of pyroelectric 
nanogenerators is proven to be crucial for the 
commercialization of electronic devices as they provide 
a renewable and self-sufficient energy source. 

3.4. Thermally Stimulated Current (TSC) 

Thermally stimulated current, TSC measurement is 
extensively studied in diverse fields, i.e., physics, 
electronics, electrical engineering, chemistry, ceramics 
and biology. TSC is a method to investigate the 
molecular relaxations phenomena of dielectric and 
semiconducting materials which are generally involving 
the study of thermally activated charge, electron trap 
and activation energy of a material. TSC operates as 
short-circuit current that flows during heating due to the 
displacement of positive and negative charges (e.g., 
electrons, holes, ions) as well as to the rotational 
motion of permanent dipoles in samples, due to the 
phase transition of materials (e.g., the glass 
polarization phase, Curie point, etc.) [113].  

TSC measurement involves the emergence of 
temporal thermoelectrets. An electret is defined as a 
piece of dielectric material having quasi-permanent 
electrical charges. There are various ways to form 
electrets in a dielectric material either by the application 
of an electric field between metallic electrodes, or by 
the application of a strong static magnetic field, or 
simply by a thermal process without both fields and 
also by the application of mechanical pressure to the 
dielectric material. The sources of electrets are 
commonly from both dipole polarization and space 
charges. These kinds of charges can be trapped within 

the materials or with time they may form layers of 
surface charges (see Figure 15). An electret also could 
be formed as a carrier that is transferred in a molecular 
or domain structure throughout the dielectric. The 
trapped positive and negative carriers may be formed 
as layers of space charges which are often positioned 
close to the two surfaces of the electrets [114]. 

Reliable mechanisms for TSC include several 
processes that contribute to the discharge of electrets, 
where restoration of charge neutrality is essentially a 
driving force for all the processes. These processes 
can be classified into two main categories [114-116]: 

1. Disorientation of Dipoles 

By redistributing all dipoles at random, this 
technique tends to eradicate persistent dipole 
polarization. It entails the rotation of a couple of 
positive and negative charges, which necessitates the 
expenditure of a specific quantity of energy known as 
activation energy. It could be a few eV per dipole in a 
solid dielectric. Dipole disorientation is thus a thermally 
induced phenomenon that can be increased by heating. 
The activation energy of each dipole in electrets is 
generally different from one another. As a result, as 
illustrated in Figure 16, current–temperature plots 
reveal several relaxation peaks. At low temperatures, 
dipoles with low activation energy will disorient. Those 
polarized dipoles with high activation energy, on the 
other hand, will disorient at a higher temperature. The 
peaks associated with dipoles include the following: 

(a) γ and β Peaks 

The disorientation of dipoles at low temperatures is 
represented by these peaks. Individual peaks might 
overlap and merge into a broad peak due to small 
changes in activation energy. Β peak is a term used in 
polymers to describe a broad peak. Depolarization 
activities by polar side groups with continuous 
distribution activation energies is attributed to this 
peak. 

(b) α Peak 

This is another broad peak that has formed because 
of overlapping peaks. The origin, on the other hand, 
identifies this relaxation peak, with small variations in 

 
Figure 15: Schematic configuration of typical electrets with aligned dipoles and space charges. Adapted from [115]. 
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dipole rotational mass causing the peak to arise. When 
polymers are heated to their softening temperature, for 
example. The mobility of major chain segments within 
the polymers causes the dipoles to become disoriented. 
The α  peak in Figure 16 is produced by disorientation 
by various dipoles, and it is positioned at the 
glass-rubber transition temperatures Tg of the 
polymers. 

2. Space Charges – ρ Peak 

In electrets, immobilized space charges are stored 
in a non-uniform manner and are frequently seen 
around electrodes. The heating process, on the other 
hand, gives energy to these carriers, allowing them to 
migrate and neutralize at the electrodes and within the 
electrets. The recombination of charges with opposite 
signs is involved in these neutralization processes. The 
drift in the local electric field and diffusion, which tends 
to remove the charge concentration gradient, are the 
driving forces. The emergence of ρ peaks in Figure 16 
characterizes this relaxation effect. When compared to 
the temperatures of β and α peaks, it appears at a 
higher temperature. This is because dipole 
disorientation only requires local rotation. The 
neutralization of space charges, on the other hand, 
necessitates their transit over many atomic distances. 
As a result, space charges should have sufficient 
energy to operate at a higher temperature.  

There are limited recent studies based on the TSC 
of ferroelectric polymer P(VDF-TrFE) and its composite. 
However, it is crucial to discuss the relaxation 
behaviour during the phase transition of copolymers, 
especially at a glass transition and Curie temperature, 
as well as the effect of nanofillers on these two 
relaxation peaks. In 2013, TSC study of P(VDF-TrFE) 
copolymer by Capsal et al. showed two relaxations 
spectra, α and ρ (Curie mode) which are centered 
around Tα = −24 °C and Tρ = 103 °C, respectively [118]. 
The α mode is attributed to the dielectric manifestation 
of the glass transition. The activation enthalpies for 
relaxation are given in the range from 100 kJ/mol to 
280 kJ/mol. The relaxation associated with the Curie 

transition has been assigned to dipolar reorientations in 
the crystalline phase of these semi-crystalline polymers. 
Activation enthalpies of the Curie relaxation are higher 
than for the α mode. 

Our previous study on TSC of annealed 
P(VDF-TrFE) revealed three depolarization peaks 
which are β, α and ρ [119]. The low intensity β peak 
emerges at a lower temperature region of -75.5 °C, 
which is associated with the relaxation of the side 
chains on the polymer backbone in the amorphous 
phase [120]. The data fitting for the first-order kinetic 
theory [121] known as the decomposition or 
deconvolution technique is used to determine the type 
of relaxation processes that participated in the 
formation of the TSC peaks, as well as the activation 
energies involved in each of the relaxation peaks. 
Decomposition analysis can reveal some well-known 
relaxation phenomena such as space charge (Curie 
mode, ρ) (0.85 eV, 1.1 eV) [122], segmental 
relaxations (Tg peak) (1.0 – 2.9 eV) [118, 123] and 
dipole group (β peak) (0.18 eV, 1.17 eV) [124, 116] 
with their respective activation energies. The 
respective values of activation energy are referred for 
PVDF and its copolymer P(VDF-TrFE) as reported by 
others. Dipoles with low activation energies will 
disorient at low temperatures, while polarized dipoles 
with high activation energies will disorient at relatively 
high temperatures. The study demonstrates that the 
dipoles of the annealed P(VDF-TrFE) film with a frozen 
backbone chain have low activation energies of 
approximately 0.3 eV to 4.1 eV as depicted in Figure 
17a. These values correspond to the energy needed 
for localized polarization of the copolymer side chains. 
As the TSC heating process crosses their Tg (α1), the 
segmental molecules receive enough thermal energy 
to assist the mobility of polarized and frozen main 
chains to depolarize and then randomize. This process 
involves the motion of about 40 to 50 carbon atoms on 
polymer backbones. The relaxation mode of α 1 as 
shown in Figure 17b can be fitted by three 
decomposed peaks with activation energies in the 
range  of  2.4  to  9.8 eV. Further heating above Tg 

 
Figure 16: Schematic illustration of typical TSC result for PMMA. The symbols γ, β, α  and ρ indicate relaxation peaks in the 
material. Adapted from [117]. 
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Figure 17: Decomposition of the TSC spectrum of the annealed P(VDF-TrFE) at 100 °C for β, α1, α2 and ρ relaxation peaks. 
Adapted from [119]. 

reveals a second relaxation peak, α 2, as shown in 
Figure 17c, but with a very low intensity and energy of 

approximately 0.7 to 8 eV. According to Teyssendre et 
al., this peak represents the molecular mobility of 
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amorphous domains constrained by crystallites [126]. 
The Curie mode ρ peak associated with the molecular 
motion of the polarized dipole moments, together with 
the injected space charge, is shown in Figure 17d. The 
maximum calculated activation energy for the ρ peak is 
3.6 eV. The findings state that all the relaxation modes 
of β, α1, α 2 and ρ  can be associated with deep traps 
due to the highly polar molecular structure of 
P(VDF-TrFE) and trapping of charge carriers on the 
surface region of the copolymer [119]. 

Understanding TSC behavior in nanomaterials can 
be valuable for materials development. TSC can be 
used to identify charge carrier mobility, which is a 
crucial factor in semiconductor manufacturing. TSC 
can help enhance the electrical characteristics of 
materials used in optoelectronic devices such as LEDs 
and photodetectors, boosting their performance and 
reliability [127, 128]. 

4. CONCLUSION 

The basic properties of nanogenerator materials 
such as ferroelectric, dielectric, pyroelectric and 
Thermally Stimulated Current are reviewed. PVDF and 
its copolymers P(VDF-TrFE) are the most suitable 
candidates for polymer hosts in the fabrication of 
polymer nanocomposite devices due to the high 
pyroelectric coefficient, which is contributed by their 
oriented molecular dipoles. The ferroelectric and 
pyroelectric properties of copolymer thin films 
P(VDF-TrFE) that employed in sensor and energy 
harvesting applications are influenced by crystallinity, 
surface morphology, molecular chain orientation, and 
polarization. Furthermore, QDs such as ZnO have 
shown good potential for biocompatible 
nanogenerators and can be used as a nanofiller in 
P(VDF-TrFE) polymer host. The inclusion of 
non-centrosymmetric nanocrystal ZnO as fillers into the 
copolymer matrix may increase the polarization of the 
polymer nanocomposite due to the dipole-dipole 
interaction of closely packed nanoparticles and 
interfacial polarization and consequently increase the 
current generated from pyroelectric activities. A 
significant improvement in ferroelectric and dielectric 
properties can also be observed as a result of 
synergistic interactions between the QDs with the 
polymer host. The quantum size effect of ZnO QDs on 
the energy harvesting capability of this polymer 
nanocomposite can be further explored and 
investigated to obtain optimized performance. It is 
crucial to investigate the particle size effect (at different 
size ranges) of ZnO QDs in P(VDF-TrFE) to discover 
the highest functional properties as energy harvester 
nanogenerator. Although PVDF-based polymers have 
high biocompatibility and are promising candidates, as 
wearable or even implantable electronics, the security 

of devices is the most important factor. The 
compatibility and user-friendliness of the devices must 
also be considered in the manufacturing process. With 
new materials, new structures and new methods being 
successively applied to the design of PVDF-based 
nanogenerators, thereby driving the commercial 
application of a new self-driven sensing and energy 
harvester is hopefully reliable and sustainable in the 
future.  
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