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CHARACTERIZATION OF POLYVINYLIDENE FLUORIDE 

TRIFLUOROETHYLENE/ZINC OXIDE QUANTUM DOTS 

COMPOSITE THIN FILMS FOR PYROELECTRIC 

NANOGENERATOR APPLICATIONS 

 

ABSTRACT 
 

In the first part of this study, the copolymer P(VDF-TrFE) thin films prepared by sol-gel 

method were annealed in the range of Curie temperature up to the melting point  

[80 °C – 140 °C] to increase their crystallinity. A remnant polarization, Pr of 76.7 mCm-2, 

which gives a pyroelectric coefficient of 31 µCm-2K-1 and a figure of merit (FOM) FD of 86 

µCm-2K-1 (1 kHz) was obtained for the sample annealed at 100 °C, where the phase was about 

to transit from ferroelectric to paraelectric. In the second part, a novel P(VDF-TrFE) / ZnO 

QDs nanocomposite films stabilized with organic ligands (TEA) were fabricated using a spin-

coating technique with fillers composition; 0, 0.15, 0.25, 0.35 and 0.50 wt%. Particle size 

analysis with UV-Vis and TEM confirmed that the QDs size is in the range ~2.5 - 3 nm. 

Incorporation of 0.15 wt% ZnO QDs into copolymer achieved optimum ferroelectric, 

dielectric and pyroelectric properties which gives the highest value of remnant polarization 

(Pr = 10.02 µC/cm2), dielectric constant (εʹ = 13.9) and pyroelectric coefficient (49 μC/m2K). 

The significant enhancement of these properties is because of the morphological structure of 

P(VDF-TrFE) which demonstrates higher distribution of micelle-like crystallite and growth 

of elongated rod-like crystallite. Including ZnO QDs in the polymer matrix induces local 

dipole moment due to its polar character giving rise to spontaneous polarization. Further 

measurement of the ferroelectric hysteresis loop leads to energy storage density, Ue is  

8.2 J/cm3 and from pyroelectric activity, energy harvesting Figure of merit (FOM), FE is 19.5 

Jm-3K2 obtained at 1 kHz for 0.15 wt%. The polarization of the non-centrosymmetric crystal 

structure of ZnO interacts synergistically with the P(VDF-TrFE) polymer host which 

contributes to the increase in ferroelectric and pyroelectric properties up to 0.15 wt% 
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composition. The addition of ZnO QDs of more than 0.25 wt% in P(VDF-TrFE) degrades the 

ferroelectric properties due to excessive leakage current density and the emergence of 

saturated agglomeration as micelle-like hole structure on the surface of Si substrate, which 

cause the energy harvesting and storage performance to deteriorate. The Thermally Stimulated 

Current (TSC) study was performed to investigate the molecular motions of the crystalline 

copolymer P(VDF-TrFE) and its polymer composite P(VDF-TrFE) / ZnO QDs. The TSC 

measurement mainly revealed three depolarization peaks, which are known as the β, α and 

Curie mode (ρ) peaks in P(VDF-TrFE). The TSC spectrum’s relaxation peaks revealed 

spontaneous polarization or a switching characteristic of P(VDF-TrFE) observed at a specific 

temperature of Tg and the Curie mode. The involvement of space charges injection at the 

polymer/semiconductor interface and molecular-ions deep traps during the poling process of 

TSC can result in the decomposition the of TSC spectrum with high activation energy at most 

relaxation peaks of P(VDF-TrFE) / ZnO QDs. The pyroelectric nanogenerator developed in 

this research can be exploited to robust its performance in energy storage and energy 

harvesting applications. 

Keywords: Polarization, P(VDF-TrFE), Ferroelectric, Pyroelectric, Thermally Stimulated 

Current (TSC) 
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PENCIRIAN FILEM NIPIS KOMPOSIT POLIVINILIDENA FLORIDA 

TRIFLOROETILENA/TITIK KUANTUM ZINK OKSIDA UNTUK 

APLIKASI NANOGENERATOR PIROELEKTRIK  

 

ABSTRAK 
 

Pada bahagian pertama kajian ini, filem nipis kopolimer P(VDF-TrFE) disediakan 

menggunakan kaedah pemprosesan sol-gel yang disepuhlindapkan dalam julat suhu Curie 

sehingga takat lebur [80 °C – 140 °C] untuk meningkatkan kehablurannya. Pengutuban 

remanen ialah 76.7 mCm-2, yang memberikan pekali piroelektrik 31 µCm-2K-1 dan angka 

merit (FOM) FD 86 µCm-2K-1 (1 kHz), diperoleh daripada sampel yang disepuhlindapkan pada 

100 °C, di mana fasa akan beralih daripada ferroelektrik kepada paraelektrik. Dalam bahagian 

kedua kajian, filem nanokomposit novel P(VDF-TrFE) / ZnO QDs yang distabilkan dengan 

ligan organik (TEA) telah dihasilkan melalui teknik salutan putaran dengan mengubah 

komposisi pengedopan; 0, 0.15, 0.25, 0.35 dan 0.50 wt%. Analisis saiz zarah dengan UV-Vis 

dan TEM mengesahkan saiz QDs adalah dalam julat ~2.5 - 3 nm. Penggabungan 0.15 wt% 

ZnO QDs ke dalam kopolimer mencapai sifat ferroelektrik, dielektrik dan piroelektrik 

optimum yang menghasilkan nilai tertinggi untuk pengutuban remanen (Pr = 10.02 µC/cm2), 

pemalar dielektrik (εʹ = 13.9) dan pekali piroelektrik (49 µC/m2K). Peningkatan ketara sifat-

sifat ini adalah kerana struktur morfologi P(VDF-TrFE) yang menunjukkan penyebaran kristal 

seperti misel dan pengembangan kristal seperti batang memanjang yang lebih tinggi. 

Penggabungan ZnO QDs dalam matriks polimer mendorong momen dipol tempatan kerana 

sifat kutubnya yang menimbulkan polarisasi spontan. Pengukuran lanjut gelung histerisis 

ferroelektrik membawa kepada ketumpatan penyimpanan tenaga, Ue sebanyak 8.2 J/cm3 dan 

daripada aktiviti piroelektrik, penuaian tenaga angka merit (FOM), FE ialah 19.5 Jm-3K2 yang 

diperolehi pada 1 kHz untuk 0.15 wt%. Polarisasi struktur hablur tak simetri pusat ZnO 

berinteraksi secara sinergistik dengan hos polimer P(VDF-TrFE) yang menyumbang kepada 
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peningkatan sifat ferroelektrik dan piroelektrik sehingga komposisi 0.15 wt%. Peningkatan 

ZnO QDs selanjutnya, melebihi 0.25 wt% dalam P(VDF-TrFE) merosotkan sifat ferroelektrik 

disebabkan oleh ketumpatan arus bocor yang terlalu tinggi dan kemunculan aglomerasi tepu 

sebagai struktur lubang seperti misel pada permukaan substrat Si, di mana akan menyebabkan 

prestasi penuaian dan penyimpanan tenaga merosot. Kajian Arus Terangsang Terma (TSC) 

telah dijalankan untuk menyiasat pergerakan molekul kopolimer kristal P(VDF-TrFE) dan 

komposit polimernya P(VDF-TrFE) / ZnO QDs. Pengukuran TSC mendedahkan terutamanya 

tiga puncak depolarisasi, yang dikenali sebagai puncak β, α dan mod Curie (ρ) dalam P(VDF-

TrFE). Puncak kelonggaran spektrum TSC mendedahkan fenomena polarisasi spontan atau 

ciri pensuisan P(VDF-TrFE) yang diperhatikan pada suhu tertentu Tg dan mod Curie. 

Penglibatan suntikan cas ruang pada antara muka polimer / semikonduktor dan perangkap 

dalam ion molekul semasa proses poling TSC boleh mengakibatkan penguraian spektrum 

TSC dengan tenaga pengaktifan tinggi pada kebanyakan puncak kelonggaran P(VDF-TrFE) / 

ZnO QD. Penjana nano piroelektrik yang dibangunkan dalam penyelidikan ini boleh 

dieksploitasi untuk memperkukuh prestasinya dalam aplikasi penyimpanan tenaga dan 

penuaian tenaga. 

Kata kunci: Pengutuban, P(VDF-TrFE), Ferroelektrik, Piroelektrik, Arus Terangsang Terma 

(TSC) 
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CHAPTER 1: INTRODUCTION 
 

 

1.1 Introduction 

The development of smart materials with superior properties, lower cost and smaller 

dimensions is vital in designing energy harvesting nanogenerators. Researchers' interest in 

energy conversion has grown over the past decade to harness the waste of many forms of 

energy sources in the environment. Many energy conversion mechanisms are exploited, 

including piezoelectric, pyroelectric, triboelectric and others. The ability of a material to 

produce a temporal voltage corresponds to the temperature fluctuation, which is based on 

polarization, which is called the pyroelectric effect. This effect is commonly observed in 

polymeric materials. To fabricate a thermal or infrared sensor, it is essential that a material 

has a high pyroelectric constant, low dielectric loss, and low specific heat and thermal 

conductivity (Gan & Majid, 2015; Jayalakshmy & Philip, 2015; Zhang et al., 2017). Recently, 

Yang et al. (2012) reported a ZnO nanowire array for a pyroelectric nanogenerator with the 

pyroelectric current and voltage coefficients of ∼ 1.2 − 1.5 nC/cm2K and  

∼ 2.5 − 4.0 ×104 V/mK, respectively. The development of hybrid materials consisting of 

polymers (organic) and nanoparticles (inorganic) as efficient energy harvesters and energy 

storage devices is of critical importance nowadays. 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. 

The quasi-hexagonal symmetry structure of P(VDF-TrFE) β phase crystal exhibits the most 

crystalline phase with the greatest spontaneous polarization in the unit cell and is a good 

feature in electrical properties (Furukawa, 1989). In this study, the copolymer P(VDF-TrFE) 

with great characteristics such as stable polarization and short switching time is favourable as 

a polymer matrix in the fabrication of polymer nanocomposite devices. Semiconductor 
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quantum dots (QDs) or nanocrystals were used as nanofillers in a copolymer host to develop 

polymer nanocomposite devices. Because of their tunable physical dimensions and good 

optoelectronic capabilities due to size confinement and anisotropic geometry, QDs have 

received a lot of attention as nanofillers. 

  

1.2 Historical backgrounds 

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. It was around 1970 when Kawaii discovered PVDF in the 

form of electret (Kawai, 1969). 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 (Bergman et al., 1971). 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 

(Doll & Lando, 1970). 

Current research focuses on the inclusion of nanocrystals into polymer matrix for various 

applications; indium phosphide (InP) QDs in polydimethylsiloxane (PDMS) for solar energy 

harvesting (Sadeghi et al., 2020), CsPbBr3 QDs-NOA63 NC with PDMS as a passivation layer 

for piezoelectric nanogenerator (Lee et al., 2021) and carbon dots (C-dots) in conducting 

polymers (polypyrrole (PPy) and polyaniline (PANI)) for energy storage applications 

(Devadas & Imae, 2018). Sadeghi et al. (2020) in his work, copper doping of a zinc 

carboxylate-passivated InP core and nanoengineering of the ZnSe shell; were used to produce 

a high in-device quantum efficiency of QDs of more than 80%. Polymer nanocomposites, on 

the other hand, exhibit high reabsorption and low external quantum efficiency in host 

materials, making them unsuitable for electro-optical measurements. Moreover, the cost of 
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the polymer host (PDMS) and QD synthesis chemicals may limit large-scale production. 

According to Lee et al., (2021), CsPbBr3 QDs-NOA63 polymer nanocomposites have a higher 

output voltage of piezoelectric nanogenerators (PENGs), which is ascribed to the very high 

piezoelectric coupling between the QDs and the polymer matrix. Embedment of CsPbBr3 QDs 

into NOA63 polymer matrix avoided the formation of pinholes on the surface of the polymer 

nanocomposites while also increasing the thickness of the piezoelectric layer. It has also been 

reported that the specific capacity and long-term stability of carbon-dot (C-dot) polymer 

nanocomposites in conducting polymers of polypyrrole (PPy) and polyaniline (PANI) 

increase due to the synergistic effect of polymers and C-dots (Devadas & Imae, 2018). The 

limited mechanical stability and cycle life of conducting polymers, which results in poor 

charge/discharge capabilities, has been overcome in this case by embedding C-dots in the 

conducting polymer matrix. 

From the literature review thus far, no research work on zinc oxide QDs acting as a zero-

dimensional nanofiller in a ferroelectric polymer host such as polyvinylidene difluoride 

(PVDF) or its copolymer P(VDF-TrFE) has been reported, with a focus on the electrical 

properties related to the energy storage performance of the polymer nanocomposite. It is of 

great interest to investigate ZnO QDs-P(VDF-TrFE) due to the particle size effect on its 

structural and physical properties, which will impact its electrical properties and energy 

storage performance. 

Three main issues must be addressed for any polymer nanocomposite to be useful as an 

energy harvester: 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. 

Ligand-stabilized ZnO QDs have been thoroughly investigated to control their electrical and 

optical properties. Adnan et al. have demonstrated the ability to synthesise monodisperse ZnO 

QDs stabilised using triethanolamine (TEA) with an average size of 2.4 nm (Adnan et al., 

2017). TEA ligands tend to encapsulate the surface of ZnO and hence result in smaller QDs. 
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TEA is also highly soluble in polar solvents like ethanol. Among the II-VI binary compound 

semiconductors, ZnO QDs are of particular interest due to their distinctive properties, which 

include a wide direct energy gap of ~ 3.4 eV at room temperature, a large exciton binding 

energy of 60 meV, and nontoxicity (Alim et al., 2005).  ZnO QDs are known as green 

materials, with low-cost and stable synthesis (Fu et al., 2007). Broadband metal oxide 

semiconductors like ZnO offer unique characteristics such as a wide bandgap, high electron 

mobility, and appropriate light absorption. As a result, they are suitable for high-temperature 

and high-power electrical devices, as well as UV optoelectronics (Galdámez-Martinez et al, 

2020). Furthermore, due to the noncentral symmetry in the wurtzite of ZnO QDs, this material 

exhibits pyroelectric and piezoelectric characteristics and is frequently utilized in piezoelectric 

sensors, mechanical actuators, and QD solar cells (Mohamed et al., 2021). ZnO’s hexagonal 

wurtzite crystal structure is the thermodynamically stable phase under ambient conditions. 

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 (Huang et al., 2021; Kołodziejczak-Radzimska et al., 2012). These 

materials, however, include lead, which causes major environmental pollution. Exposure to 

environmental pollution should be avoided using nontoxic or lead-free pyroelectric materials.  

For piezoelectric energy harvesting devices, ZnO nanorods (NRs) and nanowires (NWs) are 

well-known non-toxic materials that are frequently produced by hydrothermal synthesis 

(Bhadwal et al., 2023). ZnO nanorods have demonstrated a great deal of promise in the field 

of energy harvesting; however, it is important to remember that many factors can affect how 

well they work, including the nanorods' dimensions, orientation, crystal structure, surface 

treatments, and passivation (He et al., 2012; AbuBakar et al., 2023; Obreja et al., 2019; Jalali 

et al, 2013). The ZnO NRs or NWs' pyroelectric response may depend on their dimensions, 

including length, diameter, and aspect ratio (Consonni et al., 2021). Li et al. (2015) 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 (Bhadwal et al., 2023). The increase of 
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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 (Sánchez-Godoy et al., 2022). Therefore, incorporating ZnO QDs as fillers in the 

fabrication of polymer nanocomposites device is a feasible strategy due to its nontoxicity. 

There are several chemical routes 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. Among these techniques, the sol-gel 

method has received particular interest due to its simplicity, inexpensiveness, and easy 

scalability. 

 

1.3 Research objectives 
 

The initial phase of the research work is to study the effect of thermal annealing of the 

copolymer P(VDF-TrFE) through the thermally stimulated current (TSC) method and to 

explore the relations of the observed TSC spectra with the structural, morphological, 

ferroelectric, dielectric and pyroelectric properties as parameters for the energy harvesting 

figure of merit. Later, in this study, the inclusion of ZnO QDs as a filler in the optimally 

annealed P(VDF-TrFE) copolymer films was developed as potential energy storage and 

energy harvesting nanogenerators. It is hypothesised that adding nanocrystal ZnO nanofillers 

to the copolymer matrix will boost polarisation and hence the current generated by 

pyroelectric activities. The energy storage ability of the P(VDF-TrFE) / ZnO QD 

nanocomposite and its prospective application as an energy harvesting device, will be 

evaluated using the ferroelectric hysteresis loop and pyroelectric activities. Therefore, the 

specific objectives of this research are: 
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[1] To increase the crystallinity and polarization of P(VDF-TrFE) and to obtain the 

optimum remnant polarization, Pr, dielectric constant and pyroelectric coefficient, Pi 

of P(VDF-TrFE). 

[2] To investigate the effects of annealing treatment on the polarization of copolymer 

P(VDF-TrFE) free films by Thermal Stimulated Current (TSC).  

[3] To determine the size of synthesized ZnO QDs and to investigate the effect of 

semiconductive filler ZnO QDs in P(VDF-TrFE) matrix on ferroelectric, dielectric 

and pyroelectric properties together the performance energy storage and energy 

harvesting nanogenerator of P(VDF-TrFE) / ZnO QDs device. 

[4] To investigate the relaxations revealed by Thermal Stimulated Current (TSC) for 

nanocomposite P(VDF-TrFE) / ZnO QDs films. 

 

1.4 Dissertation outline 

In Chapter 1, a brief introduction to ferroelectric materials and semiconducting quantum 

dots and their potential application is given. This chapter also includes the historical 

development of ferroelectric materials. It is followed by the research objectives, which 

emphasise the importance of understanding the structure and electrical properties of the 

copolymer P(VDF-TrFE) and ZnO quantum dots to improve the performance of ferroelectric 

materials. 

Chapter 2 of this thesis gives a comprehensive overview of the background of the materials, 

including the ferroelectric polymer P(VDF-TrFE), semiconductor ZnO nanocrystals or 

quantum dots and composites. The mechanism involved in the polarization of dielectric, 

ferroelectric, and pyroelectric materials, including the thermally stimulated current, is also 

discussed. Chapter 3 outlines the methodology and theoretical aspects of the experiment. The 

annealing treatment of the copolymer films, the synthesis of ZnO QDs using the sol-gel 

method, the fabrication of nanocomposites, and the preparation of the samples for electrical 
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and TSC measurements are discussed in detail. The principle and equipment setup for the 

electrical and TSC measurement used in this study were also explained. 

In Chapter 4, the structural and morphological of copolymer P(VDF-TrFE), ZnO QDs and 

nanocomposite films of P(VDF-TrFE) embedded with less than 1 wt% nanofiller ZnO QDs 

are elaborated. The optical studies of ligand-stabilized quantum dots are explained in detail. 

The copolymer P(VDF-TrFE) was annealed at various annealing temperatures during the 

initial phase of research to study the relationship between the structure and crystallinity of the 

sample. In the fabrication of polymer nanocomposite nanogenerators, the best-annealed 

copolymer films are used as polymer hosts. Chapter 5 discusses the physical functional 

properties (ferroelectric and leakage current) of the copolymer and the polymer 

nanocomposite. The hysteresis loop obtained in the ferroelectric measurement was further 

analyzed to investigate the performance of P(VDF-TrFE) / ZnO QDs nanogenerators in 

energy storage.  

Chapter 6 focuses on the dielectric (room temperature and temperature dependence 

measurement) and pyroelectric of the annealed copolymer and polymer nanocomposite. The 

study also examined P(VDF-TrFE) films and P(VDF-TrFE) / ZnO QDs nanogenerators for 

energy harvesting and sensor figure of merit based on the dielectric and pyroelectric properties 

of the samples. The ferroelectric, dielectric and pyroelectric properties are strongly influenced 

by the degree of crystallinity. 

Chapter 7 discussed the Thermal Stimulated Current study of P(VDF-TrFE) and P(VDF-

TrFE) / ZnO QDs. Both samples were analyzed using a decomposition technique that reveals 

some well-known relaxation phenomena such as space charge, dipole group and segmental 

relaxations with their respective activation energies. Finally, chapter eight summarises the 

findings of the overall study in this thesis and suggests several possible research works that 

can be explored in the future. Figure 1.1 shows the flow chart of the research methodology in 

this work. 
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Figure 1.1: Research methodology flow chart. 
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CHAPTER 2: LITERATURE REVIEW 
 

 

2.1 Introduction 
 

This chapter presents the origin and history of ferroelectric materials such as polymer, 

semiconductor filler and polymer-semiconductor composites. The theoretical mechanism that 

plays role in the polarization of ferroelectric, dielectric and pyroelectric are discussed in this 

chapter. Basic principles and theoretical background of Thermally Stimulated Current will be 

elucidated as well.  

 

2.2 Ferroelectric materials 
 

The terms dielectric, ferroelectric and pyroelectric are frequently mentioned in this 

dissertation. All the above terms originate 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 (Xu, 2013). 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) that exist as illustrated in Table 2.1, among 

thousands of crystals in nature. 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 (Xu, 2013). 

According to Neumann’s principle, the symmetry group of the physical properties in a 

crystal refers generally to the 32-point groups derived from the crystal forms. Thus, if a crystal 

has a physical parameter subjected to a symmetrical operation, the value of this physical 

parameter should remain unchanged. Among the 32-point groups, 11-point groups are 

centrosymmetry with a symmetry centre. A symmetric crystal does not have any polarity and 
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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, 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 (Xu, 2013). 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 (Batra & Aggarwal, 2013). The relationship between 

ferroelectric, pyroelectric and piezoelectric together with their subgroups based on symmetry 

are summarized in Figure 2.1. 
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Table 2.1: 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 Xu, 2013) 

 
Crystal system International 

notation 
Sc𝑜̈nflies’ 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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Figure 2.1: The interrelationship of ferroelectric and subgroups based on symmetry. 
 

2.2.1 Polyvinylidene fluoride Triflouroethylene P(VDF-TrFE) Polymer  
 

Ferroelectric polymers such as aromatic polyamides (Liu et al., 2014; Murata et al., 1993), 

polyureas (Tasaka et al., 1992; Yanaka et al., 2020), polyurethane (Dai et al., 2021; Tasaka et 

al., 1994) and polyvinylidene fluoride have gained great interest since last four decades due 

to their high functional materials suitable for energy storage and transducer (Alkan et al., 

2012; Ren et al., 2020). 

Polyvinylidene fluoride (PVDF) and its copolymer with trifluoroethylene (TrFE) are an 

ideal candidate for ferroelectric polymers because of their superior ferroelectric performance 

and ease of processing into thin films (Mai et al, 2015). Polyvinylidene fluoride (PVDF) was 

discovered by Kawai in 1969 (Fukada, 1989). It is a fluorocarbon polymer, which results from 

the polymerization of vinylidene fluoride (VDF) monomers with a chemical formula  

(–CH2–CF2–). This (-CH2CF2-) monomer is built up from positively charged H-atoms and 

 

32 Crystallographic 
point groups 

21 Non-centrosymmetric 11 Centrosymmetric 

20 PIEZOELECTRIC 

(polarized under stress) 

1 Non-piezoelectric 

10 PYROELECTRIC 

(spontaneously polarized) 

FERROELECTRIC 

(reversible spontaneous 
polarization) 
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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 2.2 for the polar 

unit, all-trans chain conformations and parallel packing of PVDF structure (Furukawa, 1997; 

Zhu et al., 2008). 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 2.2(b)) with a parallel packing (see Figure 2.2(c)), 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 2.2(c)), exhibit the 

greatest spontaneous polarization in the unit cell and are hence of particular importance for 

electrical properties. Higher spontaneous polarization, 𝑃𝑠 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 (Furukawa, 1997; Zhu et al., 2008). The sum of dipole moment over a 

unit volume, μv yields a large crystalline polarization, 𝑃𝑠 . 

 

 𝑃𝑠 = 
2 𝜇𝑣

𝑎𝑏𝑐
= 130 mC/m2                                                       (2.1)  

          

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 (Furukawa, 1997). 
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(a) Polar unit 

 

(b) All-trans conformation 

 

(c) Parallel packing 

 

Figure 2.2:  (a) unit, (b) molecule and (c) crystal structures of PVDF (Furukawa, 1997). 
 

PVDF is a semicrystalline polymer that consists of 50% crystallinity and coexists with an 

amorphous phase. PVDF exhibits four crystalline polymorphs; Form I (β phase), Form II (α 

phase), Form III (γ phase) and Form IV (δ phase), which are related to the molecular chain 

conformations as shown in Figure 2.3 (Li & Wang, 2016; Lovinger, 1983; Shepelin et al., 

2019; Wu et al., 2020). Their packing fashions play a dominant role in the overall polarity of 

the PVDF crystalline phase. The α phase of PVDF has a trans-gauche (TGTG´) molecule 

packed in an antiparallel packing (Figure 2.4(b), and among the four polymorphs, only this 

phase is nonpolar, while the remaining three are polar crystalline. The dipole components in 

the α phase neutralize each other due to antiparallel packing and hence no polarity is found in 

this phase. The macromolecular chains of the γ phase have a TTTGTTTG′ conformation and 

an intermediate between the α and β phases, which form a polar crystalline due to its parallel 
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packing. Form IV polymorph or δ phase is a different packing structure of α phase which 

consist of parallel packing of TGTG´. The parallel and antiparallel molecular packing is 

related to the dipole orientation in the direction perpendicular to the chain axis. From a vector 

sum of the constituent dipoles, the spontaneous polarization, Ps of the γ and δ is around one-

half of the β phase. 

 
                     Chain conformations 

 

(a) TTT 
 

    

                           
 

 
(b) TGTG´ 

 

 

       
 

 
 

 
(c) 

TTTGTTTG´ 
 

 

 

     
 
Figure 2.3: The three chain conformations of PVDF in different polymorphs: (a) TTT 
planar zigzag, (b) TGTG´ and (c) TTTGTTTG´. Green, yellow and grey colours 
indicate the fluorine, hydrogen and carbon atom, respectively. 
 
 

Ferroelectric behaviour observed in PVDF polymer is closely related to the alignment and 

orientation of its crystalline polymorph crystals. The α phase is the most common polymorph 

of PVDF mainly attained during crystallization from the melt at moderate or high supercooling 

(Jurczuk et al., 2015). Besides that, the crystal structure of a ferroelectric material can be 

transformed into another crystal structure by applying appropriate stress, heat or electric field. 

Special treatments like high-pressure crystallization and ultra-drawing could increase the 

crystallinity of the β phase and Pr to 100 mC/m2. Figure 2.5 shows the phase transformation 

schemes of crystalline polymorph PVDF. The thermal, mechanical and electrical treatments 

Form I 

(β phase) 

Form II 

(α phase) 

Form III 

(γ phase) 
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produce a specific crystalline polymorph of PVDF (Furukawa, 1989). Melt-crystallization 

produces the α phase film as the most stable polymorph. Annealing of the α phase film at an 

appropriate temperature induces transformation to the  phase. Mechanical drawing stretches 

the chain molecules and thus causes the conversion of α phase to β phase, where the chain 

elongates from TGTG´ conformation extend to all-trans conformation. Annealing under high 

pressure and temperature causes the conversion of the  phase into the β phase due to the close 

packing of the molecules. Whilst the transformation of the α phase into its polar,  phase is 

obtained by applying a high electric field, greater than 500 MV/m (Matsushige et al., 1980). 

Further increase in applied electric fields will induce additional conversion into the β phase 

via the   phase (Das Gupta & Doughty, 1977; Davis et al., 1978). The δ phase is obtained by 

polarizing α phase crystals at a high electric field, 500 MV/m (Furukawa, 1989).  

Londo and Doll in 1968 suggested that the introduction of a small amount of 

trifluoroethylene (TrFE) and tetrafluoroethylene (TeFE) into PVDF induces direct 

crystallization into the polar β phase from the melt crystallization (Lando & Doll, 1968). The 

dipole moment of the TrFE monomer is reduced by half of PVDF ~ 1.05 Debyes as shown in 

Figure 2.6. Therefore, the dipole moment per unit cell reduces as TrFE content increases (Li 

et al., 2014). Like PVDF, P(VDF-TrFE) has been reported to crystallize into four types of 

crystalline phases which are β, α,   and δ. Overall, 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  (Furukawa, 1989; 

Weber et al., 2010). As PVDF-TrFE content is higher than 20 mol%, then it can directly be 

crystallized into the polar β phase (Jia et al., 2017). 
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                          Crystal structures 
 

 (a) TTT 

                      

 
 

 
 

 
 
 

 
 

 
 
 
 
 
 
 
 
 
 

(b) TGTG´ 
 

 
 

 
 
 
 
 

 
(c)  

 
TTTGTTTG´ 

 
Figure 2.4: The three crystal structures of PVDF in different polymorphs (a) TTT 
planar zigzag, (b) TGTG´ and (c) TTTGTTTG´ (Li et al., 2021). 
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Figure 2.5: Schematic diagram of crystallization transformation among polymorphs of 
PVDF due to electrical, mechanical and thermal treatments. 

 

Through this research, P(VDF-TrFE) is selected as a polymer matrix to form a layer film 

of polymer nanocomposite deposited onto glass substrates with the ZnO quantum dots as 

nanofillers since it easily forms the β phase conformation compared to PVDF (Takeo 

Furukawa, Nakajima, & Takahashi, 2006). Films prepared with a low evaporation rate and a 

high boiling point solvents such as dimethylformamide (DMF), dimethyl sulfoxide (DMSO) 

and polar solvent of diethyl carbonate (DEC) and methyl ethyl ketone (MEK) are favourable 

to form the polar β phase PVDF. Therefore, MEK was chosen due to rapid dissolving in 

PVDF-TrFE.  
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Figure 2.6:  Dipole orientation of monomer TrFE. 

 

2.2.2 Zinc oxide quantum dots (ZnO QDs) 
 

The quantum dots (QDs) are initially discovered in the early 1980s by Brus, Efros, and 

Ekimov and their discovery is recognized by the Optical Society of America (Ekimov & 

Onushchenko, 1981; Wagner et al., 2019). Because of their tunable physical dimensions and 

good optoelectronic capabilities due to size 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. The density of states, ρ is the 

number of states per interval of energy at each energy level that can be occupied by electrons. 

The density of states as a function of energy is illustrated in Figure 2.7 for bulk materials, 

quantum wells, quantum wires and QDs. When the length of a semiconductor is reduced to 

the same order as the exciton radius, for example, to a few nanometers, the quantum 

confinement effect occurs and the exciton properties are modified. Depending on the 

dimension of the confinement, three kinds of confined structures are defined: quantum well 

(2D), quantum wire (1D) and quantum dot (0D). The energy band gap is separated between 

the finite energy level of conduction and the valance band. When an electron from the valance 

band achieves sufficient energy to overcome the energy gap, due to thermal excitation or 

absorption of a photon, and it goes to the conduction band, a hole is created on the left behind 

of the valance band. The combination of the electron and hole pair leads to the formation of 
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excitons. Due to the different polarity charges and the Coulomb force exchange interaction, 

the attractive connection between the electron-hole pair is called a quasiparticle which is 

named exciton (Ramalingam et al., 2020). Thus, excitons are coupled of electron-hole pairs 

via Coulomb attraction in semiconductor nanomaterials. 

 

 

 
Figure 2.7:  The density of states in different confinement configurations: (a) bulk, (b) 
quantum well, (c) quantum wire and (d) quantum dots (Sahu, 2019). 

 
 
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 ~ 3.4 eV at room temperature, a large exciton binding energy of 60 

meV and non-toxicity (Alim et al., 2005). ZnO QDs is well known for its green, low-cost, 

simple and stable synthesis (Fu et al., 2007; Singh et al., 2018) with excellent optical, electrical 

and electronic properties for a wide range of applications from optoelectronic to healthcare 

(Kamruzzaman, 2020; Park et al., 2020).  Further increase in energy band gap leads to a 
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smaller particle size of QDs. The extensive applications of ZnO QDs are contributed from its 

piezoelectricity, chemical stability and biocompatibility (Schoenhalz et al., 2010). 

The crystal structures that emerged by ZnO are rock salt (or Rochelle salt), zinc blende and 

wurtzite as illustrated in Figure 2.8. The thermodynamically stable phase under ambient 

conditions is wurtzite symmetry. ZnO with the wurtzite hexagonal crystal structure is formed 

in this work. 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. Zinc has the 

electron configuration (1s)2(2s)2(2p)6(3s)2(3p)6(3d)10(4s)2; the oxygen configuration is 

(1s)2(2s)2(2p)4. The ZnO binding in its crystal lattice involves a sp3 hybridization of the 

electron states, leading to four equivalent orbitals, directed in a tetrahedral geometry. In the 

resulting semiconducting crystal, the bonding sp3 states constitute the valence band, while the 

conduction band originates from its antibonding counterpart (Geurts, 2010). 

           

Figure 2.8:  Zinc oxide crystal structure (a) cubic rock salt, (b) cubic zinc blende and (c) 
hexagonal wurtzite.  Red and black colour indicates the oxygen and zinc atoms, 
respectively (Özgür et al., 2005). 
 
 

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 𝐶6𝑣 (Schoenflies notation) and the space group 𝐶6𝑣
4  in the Schoenflies notation 

and P63mc in the Hermann–Mauguin notation (Morkoç & Özgür, 2008).  The space group 
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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 (see Figure 2.9). The arrangement of this 

tetrahedral coordination exhibits ZnO as a polar character, giving rise to spontaneous electric 

polarization, Ps (Rahman, 2019). The orientation of axes and faces in a wurtzite lattice is 

denoted by four-digit Miller indices hkl. The c-axis direction is referred to as [0001], and the 

surface perpendicular to the c-axis is the hexagonal (0001) plane (Geurts, 2010). 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 (Mohamed et al., 2021).  

 

Figure 2.9:  Lattice structure of wurtzite ZnO. The direction of the dipole is illustrated 
with a vector P (Photo sourced from https://en.wikipedia.org/wiki/Zinc_oxide). 

 

Several chemical routes 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. Among these techniques, the sol-gel 

method received particular interest due to its simplicity, inexpensiveness, and scalability 

(Asok et al., 2012; Chen et al., 2011). In recent years, surface modification with a capping 

agent is crucial to control the as-synthesized quantum dots size as well as an attempt to prevent 
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rapid agglomeration due to the high surface energy. The surface ligands such as organic 

ligands or inorganic shells act as stoppers to control the QD growth and surface-passivating 

ligands prohibit the formation of dangling bonds which would lead to broadband of surface 

states just below the conduction band-edge. The commonly used head groups of the ligands 

are carboxyl, amino, thiol, phosphate group, etc (Shang & Ning, 2017; Shi et al., 2011). 

Recently, Adnan et al. (2017) were able to synthesize monodisperse ZnO QDs stabilized with 

triethanolamine (TEA) with an average size of 2.4 nm. TEA ligands tend to encapsulate the 

surface of ZnO and therefore result in a smaller size of QDs. TEA also shows high solubility 

in polar solvents like ethanol which is used as a solvent to synthesize QDs in this work (Jacob 

& Thomas, 2014).   

 

2.2.3 Ferroelectric Composites 
 

Significant attention to research on the production and development of hybrid materials 

consisting of polymer (organic) and nanoparticles (inorganic) is essential in assembling 

superior multifunctional properties for broad spectrums of application. The polymer 

nanocomposites are categorized as hybrid materials which contain nanofillers embedded into 

the polymer matrix. The unique combination feature of a polymer such as flexibility, easy 

processing; and nanofillers such as high thermal stability, chemical stability, high refractive 

index; have potentially emerged in a wide range of applications including memory devices, 

integrated capacitors, full cells and optical devices (Adnan et al., 2018).  

The development of hybrid materials as efficient energy harvesters and energy storage 

devices is of critical importance nowadays. Spin-coating is a common approach in the 

deposition of nanocomposite thin films before energy harvesting and energy storage 

applications. Spin-coating provides an easy way to coat a monolayer of either polymers or 

nanoparticles or complete dissolution of both materials onto a clean surface of a substrate 

using a spin-coater machine. The thickness of the coated components can be controlled by 

adjusting the coating speed.  
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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 (Dias & Das-Gupta, 1996). 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 inter-connecting these particles (Guggilla & Batra, 2011). Ferroelectric 

polymers are highly flexible but with low density and weak piezoelectric properties. The 

desirable combination of both components (i.e., polymer and nanofillers) by coupling them in 

the right manner will maximize the characteristic advantages of composite.  

Recently, a group of researchers headed 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 (Ojha et al., 2023). 

The PENG was applied to various body parts, including the elbows, palms, knees, and feet. 

The device's performance and electric signals were measured using a periodic tapping 

test with a tapping force of 20 N at 5 Hz. The ZP5-based PENG demonstrated good 

performance as an LED lighting and touch sensor, achieving a maximum power of 112.5 µW 

at 0.08 MΩ. The PENG has a power density of 12.5 µWcm–2 with an area of 3 cm × 3 cm. 

According to the study, ZnO microrods can act as a nucleating agent to create strong local 

interactions with PVDF on the contact surface, thereby promoting PVDF's  phase 

transformation. The PVDF/ZnO composite could therefore be used to power tiny electronic 

devices (Ojha et al., 2023; Zhang et al., 2023).  

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 
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considered new due to the lack of reported works (as listed in Table 2.2). Table 2.2 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 (Javed et al., 2020). 

In this study, ZnO quantum dots capped with organic ligand TEA synthesized by the sol-

gel method will be embedded into copolymer P(VDF-TrFE) with various concentrations to 

form nanocomposite films. The functional electrical properties of the nanocomposite films 

P(VDF-TrFE) / ZnO QDs will be thoroughly investigated.  

 

Table 2.2: Ferroelectric studies of polymer nanocomposite films embedded with 
quantum dots. 

 
Material Method Remark Reference 

CdSe 
QDs/P(VDF–

TrFE) 

Langmuir-
Blodgett 

Exhibit approximately  
6 µCm-2 for 60 nm composite films 
through D-E hysteresis loop 

(Korlacki et al., 
2011) 

PMMA/carbon 
quantum dots 

(CDs)/PEDOT:
PSS 

Spin coating Enlargement of 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. 

(Zhang et al., 
2016) 

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. 

(Ahmed & 
Morsi, 2017) 

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. 

(Li et al., 
2020) 
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2.3  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. Dielectrics are insulating materials that do not conduct electric current due to 

the very low density of free charge carriers. Molecules or particles exhibit dipole moment if 

the electric centres of gravity of positive and negative charges do not match. As an example, 

for a system with a positive charge +q and negative charge –q being separated by distance 𝑟  

with the dipole moment of 𝑝  = q𝑟 . For any distribution of density chargers ρe (𝑟 ), the dipole 

moment can be expressed by (Kremer & Schönhals, 2002):  

 

 𝑝 =  ∫ 𝑟 𝜌𝑒( 𝑟 )𝑑
3 𝑟 

𝑣𝑜𝑙𝑢𝑚𝑒
                                                             (2.2) 

 

Electric 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 (Chi, 2004). Figure 2.10 shows the 

dependence of each polarization mechanism which contributes to the overall polarization of 

materials on the frequency of the applied electric field. The polarization (dipole moment per 

unit volume) of a dielectric material arises from four different mechanisms: 

i. Electronic polarization  

Electronic polarization exists in all dielectric materials. It originates from the 

displacement of the negatively charged electron shell against the positively charged 

core under the influence of an external field.  

ii. Ionic polarization 

Both electronic and ionic polarization occurs in the resonance regime above the 

infrared frequencies. An ionic polarization occurs in ionic materials such as NaCI. The 
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application of an external electric field leads to small displacements of ions from their 

equilibrium positions which consequently increase the net dipole moment.  

iii. Orientation dipolar polarization  

Orientation polarization describes the rotation of permanent dipoles as a function of 

the applied electric field. The orientation polarization is exhibited only in materials 

that possess permanent dipole moments. It results in a dielectric relaxation 

phenomenon that is associated with the molecular motion of the material. The 

dielectric constant of orientation dipolar polarization is affected by the phase 

structures. For example, the dipole orientation of polyvinylidene fluoride, and PVDF 

derivatives leads to the formation of a β phase, thereby increasing the dielectric 

constant. 

iv. Space charge interfacial polarization  

Space charge interfacial polarization also called the Maxwell-Wagner effect, appears 

at low frequencies due to the low mass of the electron. It is related to the confined 

motions of charges resulting in an accumulation of charge at the interfaces of a multi-

component system which creates space-charge separations under an applied electric 

field. It exists due to the space charges that are trapped in electrodes and at the 

heterogeneous structure of grain boundaries. 
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Figure 2.10: Different types of polarization as a function of frequency in polymers 
together with relaxations and resonance regimes following the EM spectrum (Zhu & 
Wang, 2012). 
 

The schematic structure of electrical polarization due to electrons, ions, dipoles and space 

charges with the applied field is illustrated in Figure 2.11. 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 domain walls in ferroelectrics and is induced by migration 

charge carriers. 
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Figure 2.11: Schematic illustrations of electronic, orientation, ionic and space charge 
polarization mechanisms. 

 
 

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, 𝑃⃗  is resulted from N amounts of electric dipole moments, 𝑝   which are 

all aligned per unit volume, V can be described by (Kremer & Schönhals, 2002): 

 

      𝑃⃗ =
1

𝑉
∑ 𝑝 𝑖

𝑁
𝑖=0                                                                 (2.3) 

 

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

Investigation of the dielectric properties of a presented material provides beneficial 

information for understanding the mechanism of electric polarization and the relaxation 

phenomenon of the system. Dielectric properties are generally denoted by a dielectric constant 

(represents polarization) and dielectric loss (represents relaxation). Both dielectric constant 
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and dielectric loss of substances vary with frequency. A dielectric relaxation phenomenon is 

observed in the orientation polarization or molecular fluctuation of dipoles due to the 

molecules. When an external electric field is applied to the substance, it causes a lag in 

attaining an equilibrium state. 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.  

Orientation polarization of molecular dipoles is a much more languid process seen at the 

lower range frequency range compared to electronic and atomic polarization. To obtain 

equilibrium maximum orientation polarization, sufficient time is required to permit the 

applied electric field to be realized in the dielectric material. Should a sufficient duration 

elapses during the measurement (at low frequency), then the relative permittivity is known as 

static dielectric permittivity, εs will be observed. Conversely, should polarization be measured 

instantaneously when the field is applied, then a low magnitude of instantaneous relative 

permittivity, ε∞ will be produced.  

The polarization phenomenon is scrutinized by considering the applied alternating electric 

field, E with an amplitude, 𝐸0, angular frequency, ω and time, t across a dielectric material.  

 

The applied electric field, E is given as: 

 

  𝐸 = 𝐸0𝑐𝑜𝑠𝜔𝑡                                                                    (2.4) 

 

Polarization emerges when the frequency reaches a certain threshold. The orientation of any 

dipoles will ineluctably lag the applied field. The phase lag in the electric displacement, D can 

be expressed as: 

 

        𝐷 = 𝐷0 𝑐𝑜𝑠 𝑐𝑜𝑠 (𝜔𝑡 − 𝛿)                                                     (2.5) 

 

where δ is the phase lag. The electric displacement can be rewritten as: 
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   𝐷 = 𝐷1𝑐𝑜𝑠𝜔𝑡 − 𝐷2 𝑠𝑖𝑛 𝑠𝑖𝑛 𝜔𝑡                                                          (2.6) 

 

where 𝐷1 = 𝐷0𝑐𝑜𝑠𝛿 and 𝐷2 = 𝐷0 𝑠𝑖𝑛 𝑠𝑖𝑛 𝛿 . 

Hence, the real permittivity, 𝜀′ and imaginary permittivity, 𝜀′′ can be obtained as: 

 

        𝜀′ =
𝐷1

𝜀0𝐸0
       and         𝜀′′ =

𝐷2

𝜀0𝐸0
                                                  (2.7) 

 

The dispersion of the dielectric response of each contribution leads to dielectric losses of the 

substance which can be mathematically expressed by a complex dielectric permittivity:  

 

        𝜀∗ = 𝜀′ − 𝑖𝜀′′                                                                         (2.8) 

 

Therefore, the tangent loss can also relate as: 

 

        𝛿 =
𝜀′′

𝜀′
~

𝑡ℎ𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒

𝑒𝑛𝑒𝑟𝑔𝑦 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
                                                  (2.9)                                           

 

The real and imaginary parts will be much profound understood when considering material in 

a capacitor, where 𝜀′ is the real part which indicates relative permittivity used for calculation 

of capacitance, 𝜀′′ is the imaginary part that represents the energy loss in the dielectric medium 

and 𝜀0 is the permittivity of free space. The current, I flow in the external circuit due to applied 

alternating voltage is given by the real part of 𝑉(𝑉 = 𝑉0𝑒
𝑖𝜔𝑡), is evaluated from the complex 

relative permittivity: 

 

        𝐼 = 𝜀∗𝐶0
𝑑𝑉

𝑑𝑡
= 𝑖𝜔𝜀∗𝐶0𝑉 = 𝜔𝐶0(𝜀

′′ + 𝑖𝜀′)𝑉                                       (2.10) 

 

a capacitive component of the current leads the voltage by 90 ° is given by: 
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       𝐼𝑐 = 𝑖𝜔𝐶0𝜀
′𝑉                                                               (2.11) 

 

where a resistive component is in phase with the voltage: 

 

       𝐼𝑅 = 𝜔𝐶0𝜀
′′𝑉                                                               (2.12) 

 

The relaxation time, τ is defined as the duration of the reduction of the polarization value 

to 1/e of its initial value, where e is the natural logarithm base. It is a measure of the time 

when the dipoles become oriented with the electric field. The relaxation time, τ is expressed 

by: 

           𝑓(𝜏) =
1

𝑒
                                                              (2.13) 

 

For the maximum loss factor, the angular frequency, 𝜔𝑚 is written as: 

 

  𝜔𝑚 =
1

𝜏
                                                                            (2.14) 

 

Materials in solid and liquid form which were initially in a condensed molecular state 

experienced restricted movement in the presence of an electric field. Constant collisions of 

molecules cause internal friction; thus, the molecules turn slowly and exponentially approach 

the final state of the orientation polarization with a relaxation time constant. When the electric 

field becomes zero, the sequence is reversed and random distribution is restored at the same 

time constant. The critical frequency, fm can be expressed in terms of angular frequency, 𝜔𝑚 

as: 

       𝑓𝑚 =
𝜔𝑚

2𝜋
=

1

2𝜋𝜏
                                                         (2.15)  

 
The complex dielectric permittivity, 𝜀∗ is introduced to allow for dielectric losses due to 

the friction accompanying polarization and orientation of electric dipoles. It is dependent on 

the frequency and temperature. The emergence is contributed by different processes such as 

microscopic fluctuations of molecular dipoles (rotational diffusion), the propagation of mobile 
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charge carriers (translational diffusion of electrons, holes or ions), and the separation of 

charges at interfaces, which gives rise to additional polarizations (Kremer & Schönhals, 

2002).  

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, 𝜀′′ and a step-like 

decrease of the real part, 𝜀′ of the complex dielectric permittivity, 𝜀∗ (refer Equation 2.8) with 

increasing frequency, as shown in Figure 2.12). 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 frequency while the imaginary part increases with decreasing frequency.  

At a low-frequency regime, the alternating electric field is slow enough so that the dipoles 

can move smoothly with the field variations. The dielectric loss, 𝜀′′ is directly proportional to 

the frequency if the polarization is fully established. As the frequency increases, dielectric 

loss, 𝜀′′ keep increasing. However, the storage of the real part of the dielectric constant, 𝜀′ 

starts to decrease because of the phase lag between the dipole alignment and the electric field. 

At a high-frequency regime, which is above the relaxation frequency, the 𝜀′ and 𝜀′′ decrease 

as the electric field is too fast to influence the dipole rotation and eventually, the orientation 

polarization disappears. The dielectric spectrum of 75/25 mol ratio of P(VDF-TrF)E observed 

in this work as shown in Figure 2.12, is equivalent to other reported work (Furukawa & 

Johnson, 1981; Kremer & Schönhals, 2002). 
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Figure 2.12: The real, 𝜀′ (black line) and imaginary, 𝜀′′ (red line) part of the complex 

dielectric function for a copolymer P(VDF-TrFE) 75/25 relaxation process at -20 °C. 

 

 

Dielectric relaxation processes are usually analyzed using several model functions. Debye 

function is a fundamental theoretical function where both the frequency and the time domain 

have been suggested to describe the experimentally observed spectra. The Debye function for 

the frequency dependence of 𝜀∗ is written as: 

   𝜀∗ = 𝜀∞ +
∆𝜀

1+𝑖𝜔𝜏𝐷
                                                           (2.16)   

 

where 𝛥𝜀 = 𝜀𝑆 − 𝜀∞ is the dielectric relaxation strength, where  𝜀𝑆 is the static dielectric 

permittivity, 𝜀∞ is the infinite relative dielectric and 𝜏𝐷 is the Debye relaxation time where the 

maximal loss occurs. The relaxation peaks are asymmetrical and display a high-frequency tail 

where its half-width of measured loss peaks is much broader as predicted by the Debye 

function and it is referred to as a non-Debye (non –ideal) relaxation behaviour. As a result, 

the broadening of the dielectric function can be described by the Cole-Cole function (Kremer 

& Schönhals, 2002): 
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         𝜀∗ = 𝜀∞ +
∆𝜀

1+(𝑖𝜔𝜏𝑐𝑐)𝛼
                                                        (2.17) 

 

where 𝛼 denotes the symmetrical broadening of the relaxation peaks. In the Debye function, 

𝛼 = 1 while in the Cole-Cole function 𝛼 is 0 < 𝛼 ≤ 1. The Cole-Cole relaxation time, 𝜏𝑐𝑐 

denotes the position of a maximal loss by 𝜔 =1/𝜏𝑐𝑐. 

The complex dielectric function can have an asymmetric broadening peak and depicted by 

the Cole-Davidson function (Kremer & Schönhals, 2002): 

 

     𝜀∗ = 𝜀∞ +
∆𝜀

(1+𝑖𝜔𝜏𝐶𝐷)𝛽
                                                    (2.18) 

 

The parameter 𝛽(0 < 𝛽 ≤ 1) describes an asymmetric broadening for the relaxation 

function. The Debye function is obtained when 𝛽 =1. It should be noted that the characteristic 

relaxation time of this asymmetric model function like the Cole- Davidson function does not 

coincide with the relaxation time which is related to the position of maximal loss. The 

relationship of both quantities depends on the shape parameter.  

A more general model was then introduced by Havriliak and Negami (HN-function) which 

is an incorporation of the Cole-Cole and the Cole-Davidson function (Kremer & Schönhals, 

2002): 

     𝜀∗ = 𝜀∞ +
∆𝜀

(1+(𝑖𝜔𝜏𝐶𝐷)𝛼)𝛽
                                                (2.19) 

For the fractional shape parameters 𝛼 and 𝛽 which represent the symmetric and asymmetric 

broadening of the complex dielectric function, where 0 < 𝛼, 𝛼𝛽 ≤ 1 holds. The parameters 

𝛼 and 𝛽 are related to the limiting behaviour of the complex dielectric function at low and 

high frequencies. The HN function provides a better fitting scheme for a complete description 

of the isolated regions involved in the system. Analysis study on the frequency and 

temperature dependence of the complex permittivity allows the dielectric strength, phase 

transition, transition temperature and frequency relaxation involved in the system to be 

determined. 
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2.4 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 (Kao, 2004). 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: 

        𝑃𝑠 =
(∭ 𝜇 𝑑𝑉)

𝑣𝑜𝑙𝑢𝑚𝑒
                                                (2.20) 

 

where 𝜇 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.  

The uniform alignment of electric dipoles or uniform polarization regions is called 

ferroelectric domains. The interface between the two domains is known as the domain wall. 

The orientation of the dipoles usually coincides with the direction of the spontaneous 

polarization.  The ferroelectric domain structure depends on the structure of the ferroelectric 

crystal. A ferroelectric crystal generally consists of regions called domains of homogeneous 
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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 and this phenomenon is known as domain 

switching. When an electric field, E is applied, the velocity of the domain wall motion 𝑣 can 

be written as: 

         𝑣 = 𝜗𝐸                                                            (2.21) 

 

where 𝜗 is the mobility of the domain wall. The motion of the domain wall is contributed by 

the stress distribution, space charges and defects in the crystal (Xu, 1991). 

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 2.13), 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: 

 

     

       𝐷 = 𝑃 + 𝜀0𝐸                                                              (2.22) 

 

where 𝜀0 is the permittivity of free space (8.85 × 10-12 C/Vm). For most ferroelectric materials, 

the second term on the right-hand side in the above equation is negligible, and a D-E and P-E 

loop becomes interchangeable.  

 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 2.13). Eventually, the field aligns all of the dipoles until all the domains are aligned 
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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 decrease and reduce 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 (Batra & Aggarwal, 2013): 

 

            𝑊
𝑉

= ∫ 𝑑𝐷𝐸                                   (2.23) 
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Figure 2.13: Typical P-E ferroelectric hysteresis loop. Circles with arrows represent the 

polarization state of the material at the indicated fields (Askeland, 1996). 

 

 
2.5 Pyroelectric properties 

 
A pyroelectric phenomenon is the transformation of the temperature dependence of 

spontaneous polarization on a single crystal or poly-crystalline aggregates. As the temperature 

of the material fluctuates, the internal polarization of the material changes, which generates a 

flow of charges across the surface of the material. The pyroelectric effect was first discovered 

in tourmaline by Teophrast (Lang, 1974). 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, 𝑃𝑖. A small change in temperature, ΔT in the crystal, results in the 

change in the spontaneous polarization vector, ∆𝑃𝑠 and can be written as: 

 

           ∆𝑃𝑠 = 𝑃𝑖∆𝑇                                                              (2.24) 
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The pyroelectric coefficient, 𝑃𝑖 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 𝜇C/m2K (Furukawa et al., 1984).  

The generation of charges or pyroelectric current during heating and cooling in a 

pyroelectric sample is graphically shown in Figure 2.14. In general, a homogeneous 

pyroelectric material with a constant pyroelectric coefficient throughout the temperature at 

any time is uniform, the electric current generated (see Figure 2.14(c)(d)) from the pyroelectric 

effect is expressed as (Bowen et al., 2014):  

 

     𝑖𝑝 =
𝑑𝑄

𝑑𝑡
= 𝑃𝑖𝐴

𝑑𝑇

𝑑𝑡
                          (2.25) 

 

where the equation above denotes pyroelectric charge (Q), pyroelectric current (𝑖𝑝), rate of 

temperature change (dT/dt), the surface area of the pyroelectric material (A) and pyroelectric 

coefficient (𝑃𝑖).              

The arrangement of polarization due to the pyroelectric effect in a pyroelectric material is 

explained by the following conditions (Batra & Aggarwal, 2013):  

1. Before the attachment of electrodes: Pyroelectric sample consists of dipole moments 

that add up in the direction perpendicular to the flat surfaces which bestow 

spontaneous polarization. Spontaneous polarization of the pyroelectric sample attracts 

free charges (ions that are represented as positive and negative circles) to the material’s 

surface, thereby masking the charges (Figure 2.14(a)). 

2. Sample as attached to electrodes and connected to an ammeter for measuring current: 

The temperature of the pyroelectric sample with electrodes is held constant, so the 

spontaneous polarization is constant and no current flows through the external circuit 

(Figure 2.14(b)).  

3. Heating pyroelectric sample: As the sample with electrodes is heated, the spontaneous 

polarization is reduced (shown by Ps arrow length). A reduction in dipole movement 
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toward polar alignment caused a decrease in the number of bound charges at the 

electrodes. Therefore, redistribution of free charges to compensate for the change in 

bound charge leads to ejection of bound charges which emerges as the current flowing 

through the external circuit and is termed as pyroelectric current, ip (Figure 2.14(c)).  

4. Cooling pyroelectric sample:  Spontaneous polarization is increased if the sample with 

the electrodes is cooled, engaging ambient charges to the surface of the electrodes, 

which leads to a current generation in the circuit with opposite signs (Figure 2.14(d)). 

 

 

Figure 2.14: Pyroelectric sample with dipoles and polarization vector: (a) spontaneous 
polarization without electrodes, (b) with two conductive electrodes and connected to an 
ammeter at a constant temperature, (c) while being heated, and (d) while cooling (Batra 
& Aggarwal, 2013; Bowen et al., 2015). 
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Based on the thermodynamic diagram (Lang, 2005) in Figure 2.15 illustrates the 

thermodynamic reversible interactions that may occur among the thermal, mechanical, and 

electrical properties of a crystal. 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, 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 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 (Kishore & Priya, 2018): 

 

       𝑝𝜎,𝐸 = 𝑝𝜀,𝐸  +  𝑑𝑖𝑗𝑒𝑖𝑗
𝐸𝜆𝑖

𝐸                         (2.26) 

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 𝑑𝑖𝑗, 𝑒𝑖𝑗
𝐸  and 𝜆𝑖

𝐸 are the piezoelectric coefficient, elastic 

constant and thermal expansion coefficient, respectively. When 𝜕𝜎 = 0, the above equation 

could further be written as: 

                     primary      secondary 

         (
𝜕𝐷

𝜕𝑇
)
𝜎

= (
𝜕𝐷

𝜕𝑇
)
𝜀
+ (

𝜕𝐷

𝜕𝜀
)
𝑇
(
𝜕𝜀

𝜕𝑇
)
𝜎

                                                     (2.27) 

 

This equation shows the measured effect divided by primary and secondary pyroelectric 

effects. In the first term, (𝜕𝐷

𝜕𝑇
)
𝜀
 in the system refers to the primary (true) pyroelectric effect at 
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constant strain when the crystal is under the clamped condition as explained in Equation 

(2.26). This phenomenon is related to the crystal lattice reconstruction (without any 

deformation of the crystal) due to the temperature change. The second term is the secondary 

pyroelectric effect, which describes both thermal expansion and piezoelectric effects. The 

term of (𝜕𝜀

𝜕𝑇
)
𝜎
 is defined as the pyroelectric effect measured at constant stress when the crystal 

is free to change its shape. Another pyroelectric effect obtained from the pyroelectricity arises 

from the path 𝑇 → 𝜀 → 𝐷 as shown in Figure 2.15. As a result, when the crystal is free to 

deform or expand, an electrical displacement, D obtained from thermal expansion. This causes 

a strain (𝑇 → 𝜀), which in turn by the piezoelectric path (𝜀 → 𝐷) 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 (Tichý et al., 2010). 

 

 

Figure 2.15: The relationships between the thermal (temperature), mechanical (strain) 
and electrical (field) properties of a crystal (Tichý et al., 2010). 

 

A typical temperature and pyroelectric current wave profile versus time obtained during 

heating and cooling of the pyroelectric sample at a linear rate is shown in Figure 2.16. The 
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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 (Majid et al., 2000). 

Pyroelectric properties of polymer and nanocomposite materials such as pyroelectric 

coefficient (𝑃𝑖), dielectric constant (ε´), tangent loss (Tan δ) and detectivity of the figure of 

merit, FD are listed in Table 2.2. The composite film of P(VDF-TrFE)–BNT–BKT–BT (Mahdi 

& Majid, 2016) shows the highest pyroelectric coefficient and significant performance of FD 

among all reported works in Table 2.2. Although ceramic fillers like BNT exhibit high 

pyroelectric properties as indicated in Table 2.2, 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. In this work, 0.15 wt% of ZnO QDs in P(VDF-TrFE) 

could contribute about half of the pyroelectric coefficient reported by Mahdi & Majid (2016) 

with a QDs size in the range of ~2.5 – 3 nm. 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. 

 

Figure 2.16: Ideal rectangular short-circuited pyroelectric current spectra in response 
to triangular temperature wave (WC & Majid, 2009). 
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Table 2.3: Pyroelectric properties of thin polymer and nanocomposite films observed at 
frequency 1 kHz. 

 
Material Volume 

fraction, Ø 
or weight 

percentage, 
wt% 

𝑷𝒊 
(µCm-2K-1) 

ε´ Tan δ FD 
(µCm-2K-1) 

Ref. 

P(VDF–
TrFE)/ZnO 

QDs 

0.15 wt% 49 13.9 0.02 93 This work 

P(VDF-
TrFE)–BNT–

BKT–BT 

Ø = 0.20 95 ~20 - 137.99 (Mahdi & 
Majid, 
2016) 

PVDF/ La2O3 3.0 wt% 42 ~8 - 86 (Gan & 
Majid, 
2015) 

ФSBN–(1–
Ф)PVDF 

Ø = 0.3 13.5 28 0.016 20.13 (Kumar & 
Kumar, 
2013) 

 

2.6 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 transition phase, Curie point, etc.) (Iwamoto & Taguchi, 2018). 

TSC study was able to show a close correlation between the carrier detrapping process and 

molecular motion in a polymer (Ito & Nakakita, 1980).  

TSC measurement involves the emergence of temporal thermoelectrets. An electret is 

defined as a piece of dielectric material having quasi-permanent electrical charges. A piece of 

the poled ferroelectric material can also be considered an electret. The term quasi-permanent 

is regarding the charges decay time which the process is very slow and takes much longer than 
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the time in which studies are performed with the electret (Kao, 2004). 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 2.17). 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 (Van Turnhout, 1971). 

 

 

Figure 2.17: Schematic configuration of typical electrets with aligned dipoles and 
space charges (Van Turnhout, 1971) 
 

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 (Belana et al., 1981; 

Van Turnhout, 1971): 

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 
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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 2.18, 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 

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 2.18 

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 
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ρ peaks in Figure 2.18 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.  

 

 
 

Figure 2.18: Schematic illustration of typical TSC result for PMMA. The symbols γ, 
β, α and ρ indicate relaxation peaks in the material (Van Turnhout, 1980). 
 
 
Bucci and Fieschi (Vanderschueren & Gasiot, 1979) developed the first consistent theory 

on dipolar processes in the TSC technique in 1964. It was based on several studies on 

crystalline materials with dipolar ionic defects. They discovered that dipole reorientation in 

materials strictly follows the first-order kinetic theory. It means that charge recombination, 

rather than retrapping, dominated depolarizations within an electret system. Bucci and his 

coworker used the Debye relaxation model (Van Turnhout, 1980; Vanderschueren & Gasiot, 

1979) to describe the system, which assumed electrets were composed of non-interacting 

dipoles with a single relaxation time. The polarization process performed on these dipoles by 

the applied electric field Fp at temperature Tp during time t results in the accumulation of 

polarization density P in unit volume, which gives:   

 

        𝑃(𝑡) = 𝑃𝑒 [1 − 𝑒𝑥𝑝 (
−𝑡

𝜏
)]                                  (2.28) 
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where 𝑃𝑒 is the equilibrium or steady-state polarisation and τ is the dipolar relaxation time. 

According to Langevin function for all cases except the lowest temperature and highest field 

(Vanderschueren et al., 1980);  

   

             𝑃𝑒 =
𝑠𝑁𝑑𝑝𝜇

2𝜅𝐹𝑝

𝑘𝑇𝑝
                                                                                  (2.29) 

Geometrical factor s in this relation depends on the possible dipolar orientation. Where for 

free rotating dipoles s =1/3, while for nearest-neighbour face-centred vacancy within ionic 

crystal s = 2/3. Nd represents the concentration of dipoles, where pµ is the electrical moment, 

k for Boltzmann’s constant and 𝜅𝐹𝑝 for the local DC electrical field that operates on the 

dipoles. Assuming that the relaxation times for both polarization and depolarization processes 

on dipoles are the same, the decay of polarization after field removal at t = ∞ is given by: 

 

            𝑃(𝑡) = 𝑃𝑒𝑒𝑥𝑝 (
−𝑡

𝜏
)                                             (2.30) 

 

The first order kinetic equation that governs the process thus describes the corresponding 

depolarization current as follow,  

        𝐽(𝑡) = −
𝑑𝑃(𝑡)

𝑑𝑡
=

𝑃(𝑡)

𝜏
                                                                            (2.31) 

where h = dT/dt is the heating rate; and rewriting Equation (2.31) will give  

      𝑃(𝑡) = 𝑃𝑒 [𝑒𝑥𝑝 (−∫
𝑑𝑡

𝜏

𝑡

0
)]               (2.32)  

This equation is based on some postulate, which are:  

a) this relation also holds for varying temperature  

b) the initially frozen-in polarization P(To) is equal to the equilibrium polarization reach 

at the polarizing temperature Pe(Tp)  
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c) the temperature variation of 𝜏 is given by an Arrhenius-type equation  

                𝜏 = 𝜏𝑜𝑒𝑥𝑝 (
𝐸

𝑘𝑇
)                                                                                          (2.33)  

where 𝜏o is the relaxation time at infinite temperature and E is the activation energy for dipolar 

orientation and disorientation. It is to be noted that fo = 1/ 𝜏o is the characteristic frequency 

factor or natural frequency and normally associated to the vibrational frequency of a material. 

The current density JD from TSC measurement which represents an asymmetrical curve or 

peak in TSC thermogram is given by (Kitis et al., 1998; Mudarra, Belana et al., 1998): 

 

             𝐽𝐷(𝑇) =
𝑃𝑒(𝑇𝑝)

𝜏𝑜
𝑒𝑥𝑝 (

−𝐸

𝑘𝑇
) 𝑒𝑥𝑝 [−

1

ℎ𝜏𝑜
∫ 𝑒𝑥𝑝 [

−𝐸

𝑘𝑇′
] 𝑑𝑇′𝑇

𝑇𝑜
]                                     (2.34) 

 

At low temperatures, the first exponential dominates and is responsible for the initial rise in 

current with temperature, whereas, at high temperatures, the second exponential dominates 

and eventually slows down the current growth. As a result, the generated current rapidly 

diminishes, especially when the activation energy is high. It then generates a relaxation peak, 

the shape of which is strongly influenced by the heating rate h, frequency factor fo, and 

activation energy E. Differentiating Equation (2.34) yields an equation that depicts their 

effects on a peak's maximum temperature. 

        𝑇𝑚 = [
𝐸

𝑘
ℎ𝜏𝑜𝑒𝑥𝑝 (

𝐸

𝑘𝑇𝑚
)]

1

2                                           (2.35) 

 
The activation energy E, relaxation time τ and frequency factor fo can be calculated 

mathematically and used to show relaxation effects in TSC data. Furthermore, the information 

gleaned from these parameters will be useful in deducing putative mechanisms underlying the 

formation of TSC peaks, such as high activation energy, which is frequently greater than  

4 eV, implying that space charge release is involved in TSC peak formation. 
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Decomposition analysis can reveal some known relaxation phenomena such as space 

charge (Curie mode, ρ) [0.85 eV, 1.1 eV] (Yamada et al. , 1982), segmental relaxations (Tg 

peak) [1.0 – 2.9 eV] (Capsal et al., 2013; Teyssedre & Lacabanne, 1995) and dipole group (β 

peak) [0.18 eV, 1.17 eV] (Eliasson, 1985; Mizutani et al., 1981) 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. The value of activation energy E can be 

estimated via a technique known as the initial rise method. The initial rise method which was 

introduced by Garlick and Gibson focuses on the initial currents that form a TSC peak (Garlick 

& Gibson, 1948). It is because the integrals term in the JD (T) function (Equation 2.34) is 

negligible at T<< Tmax. The first exponential thus dominates the temperature rise of the initial 

current, so that at the beginning of a peak the TSC current becomes. 

 𝐽𝐷(𝑇) =
𝑃𝑒(𝑇𝑝)

𝜏𝑜
𝑒𝑥𝑝 (

−𝐸

𝑘𝑇
)                                         (2.36) 

where 𝑃𝑒 is equilibrium polarization reach at the polarizing temperature, 𝑇𝑝. 

or 

 ln 𝐽𝐷(𝑇) ≈ 𝑐𝑜𝑛𝑠𝑡. [
−𝐸

𝑘𝑇′]                     (2.37)                       

Therefore, the activation energy E values can be estimated by plotting the Arrhenius type 

equation with the ln JD (T) against (1/T). 

 

2.7 Summary 
 

Most investigations on organic ferroelectric P(VDF-TrFE) were primally focused on the β 

phase due to its excellent electrical properties for various application purposes. A brief 

description of various physical quantities related to ferroelectric, dielectric and pyroelectric 

effects in polymer and composite materials is presented in this chapter. In the present work, 

the ferroelectric switching characteristics, dielectric and pyroelectric properties of highly 

crystalline P(VDF-TrFE) films and the effect of ZnO quantum dots embedded into copolymer 
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matrix prepared by the spin-coating technique are investigated. TSC measurement takes place 

to investigate the relaxation behaviour of P(VDF-TrFE) and through TSC analysis, the 

correlation between the surface morphologies, phase transition, crystallinity and so forth, can 

be achieved. To date, no details of ferroelectric, dielectric and pyroelectric analysis on ZnO 

QDs doped with P(VDF-TrFE) nanocomposite film has been reported and thus this thesis 

provides detailed information in fundamental structural and electrical properties of the 

composite thin films with potential application in energy harvesting devices. 
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CHAPTER 3: EXPERIMENTAL METHODOLOGY 
 

 

3.1 Introduction 
 
This chapter provides a detailed overview of the experimental and sample preparation 

techniques used for the study. It comprises three main sections. The sample preparation of 

copolymer P(VDF-TrFE) thin and cast films treated with annealing process, the sol-gel 

method for synthesizing ZnO QDs and the fabrication of P(VDF-TrFE) / ZnO QDs 

nanocomposite in thin or cast films are briefly described. In order to produce composite 

materials with a polymer matrix, the P(VDF-TrFE) films prepared at the first stage need to go 

through the annealing process to find their optimum properties as a pyroelectric material 

before they can be used as a polymer host. The structural analysis and surface morphology of 

the samples are presented in Section 3.3. Details of the electrical measurement including 

Thermally Stimulated Current measurement and the experimental set-up of the samples to 

serve as pyroelectric energy harvesting materials are discussed in Section 3.4 of this chapter.  

 

3.2  Sample preparation  
 

3.2.1 P(VDF-TrFE) copolymer thin films 
 
Copolymer P(VDF-TrFE) with a molar ratio of 75/25 in powder form was supplied by 

Kureha Corporation, Japan. The polar solvent for the polymer used in this experiment is 

Methyl Ethyl Ketone (MEK, 99 %) from Sigma-Aldrich.  

The P(VDF-TrFE) powders were dissolved in MEK to form polymer solutions of 5 wt%. 

The solutions undergo a stirring process at 800 rpm and 80 °C for 3 hours using a magnetic 

stirrer.  Solutions of P(VDF-TrFE) were dropped onto the Aluminium (Al) coated glass 

substrate surface using a pipette and then spin-coated with a speed of 5,000 rpm for 30 s. The 

spin-coated films were dried in the oven overnight at 70 °C to remove the residual solvent. 

Then, the as-deposited films were subjected to an annealing treatment at various temperatures 
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in the range of 80 °C to 140 °C each for 1 hour purposely for increasing the film crystallinity 

by using a hot plate. The films were annealed at different temperatures before the deposition 

of the top electrodes. Finally, (1 × 1) mm2 area aluminium electrodes were then coated onto 

the films by thermal evaporation method through a metal mask to produce a metal-insulator-

metal (MIM) thin-film device (see Figure 3.1) prior to electrical characterizations such as 

dielectric, ferroelectric and pyroelectric of copolymer films.  The thickness of the thin films 

was measured using a KLA Tencor P-6 mechanical profiler which can measure films with 

thickness in the range of 200 - 300 nm. The flow chart showing the procedure for preparing 

PVDF-TrFE thin films is depicted in Figure 3.2. 

 

 

Figure 3.1: MIM structure of P(VDF-TrFE) thin films. 

 

Figure 3.2: Fabrication flowchart of the spin coating polymer thin films. 

 

3.2.2 P(VDF-TrFE) copolymer thick films 
 

Synthesis protocol as mentioned in earlier work (Section 3.2.1) was followed to obtain 5 

wt% of copolymer PVDF-TrFE solution.  Films of P(VDF/TrFE) were cast from 5 wt% MEK 

 

P(VDF-TrFE) 75/25 + Methyl Ethyl Ketone (MEK) solvent 

Spin coat (5000 rpm, 30 s) 

Dry in oven (overnight, 70 °C) 

Anneal (80 °C - 140 °C, 1 hour) 

Stir (800 rpm, 3 hours, 80 °C) 
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solution onto glass Petri dishes. The annealing and drying process for cast films are similar to 

the thin films as described in Figure 3.2 above. Subsequently, the films were peeled off from 

the glass petri dish at room temperature. Freestanding copolymer films with an average 

thickness of 30 μm and 2 cm × 2 cm dimensions were prepared as shown in Figure 3.3 as a 

requirement for Thermal Stimulated Current (TSC) measurement. 

 

 

Figure 3.3: P(VDF-TrFE) cast films via solution casting. 

 

3.2.3 ZnO Quantum Dots stabilized with organic ligand TEA 
 

Zinc acetate dihydrate (Zn(OAc)2•2H2O) was sourced from Sigma–Aldrich. Lithium 

hydroxide monohydrate (LiOH•H2O) and acetone (99.5 %) were supplied by Friendemann 

Schmidt. Triethanolamine (TEA) of 99 % purity was purchased from Merck, while Ethanol 

(99.9 %) was purchased from J. Kollin Chemicals.  

ZnO QDs were prepared according to the reported synthesis by Adnan et al. (2017). The 

raw material, Zn(OAc)2•2H2O (0.5488 g) was dissolved in 25 mL ethanol using the refluxing 

method at 80 °C for 30 minutes at speed 1200 rpm. Afterwards, a specific amount (66.3 μL) 

of Triethanolamine (TEA) was added to the Zn2+ precursor solution and then allowed to reflux 

(see Figure 3.4(a)) for another 30 minutes. Meanwhile, LiOH•H2O (0.2623 g) was dissolved 

in 25 mL ethanol using an ultrasonic bath at room temperature for 30 minutes.  The two 
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solutions were then cooled down to room temperature (refer to Figure 3.4(b)). The LiOH 

solution was added rapidly to the Zn2+ precursor solution and then the mixture was stirred 

vigorously at 1200 rpm for 10 minutes to form ZnO / TEA QDs. The ZnO / TEA QDs were 

eventually collected by precipitating with acetone and centrifuging process at 5000 rpm for 3 

minutes, as shown in Figure 3.4(c). Then, the solid ZnO QDs were kept in the freezer at -20 

°C for future use. The flow chart showing the procedure for synthesizing ZnO QDs is shown 

in Figure 3.5. 

 

 
 
Figure 3.4: ZnO QDs (a) synthesised using reflux method (b) final solution (c) after 
precipitation and centrifuge process. 
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Figure 3.5: Flowcharts of ZnO / TEA QDs synthesis by sol-gel method. 

 

3.2.4 P(VDF-TrFE) / ZnO QDs thin nanocomposite films 
 
The starting material was copolymer P(VDF-TrFE) with a molar ratio of 75/25 powder 

form was purchased from Kureha Corporation, Japan. Methyl Ethyl Ketone (MEK, 99 %, 

Sigma-Aldrich) was used as the polar solvent for the polymer.  

Before forming nanocomposite film, ZnO QDs produced from Section 3.2.3 were dried 

using purified nitrogen gas. The P(VDF-TrFE) and ZnO QDs powders were dispersed at 

different weightage percentages from 0.15 to 0.50 with 5 wt% of MEK (refer to Figure 3.6). 

Figure 3.7 shows the fabrication flowchart of the P(VDF-TrFE) / ZnO QDs nanocomposite 

thin films. Nanocomposites of P(VDF-TrFE) / ZnO QDs were prepared by dispersing the 

ceramic powder in a solution of polymer for 1 hour at 70 °C using a magnetic stirrer. 
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Subsequently, the final solution was agitated for up to 8 hours at 50 °C by ultrasonic bath until 

complete polymer dissolution. The solution was stirred for another 30 minutes at 50 °C using 

a magnetic stirrer to ensure complete mixing and dissolution of the solutions. The 

compositions were varied as 0, 0.15, 0.25, 0.35 and 0.50 wt%, and spin-coated at 5000 rpm 

for 30 seconds onto a clean glass which initially evaporated with Al electrode.  To remove 

residual solvent, the films were dried overnight in a 70 °C oven. The thin films were then 

annealed for 1 hour at 100 °C to induce higher crystallinity structures of P(VDF-TrFE). 

Finally, the top electrode with effective (1 × 1) mm2 is deposited on the thin films prior to 

electrical measurement, using the thermal evaporation method to produce a metal-insulator-

metal (MIM) thin-film device (refer to Figure 3.8). The thickness of the thin film was 

measured using KLA Tencor P-6 mechanical profiler. The thickness of the films was in the 

range of 250 to 300 nm.  

 

 

Figure 3.6: Solutions of nanocomposite viewed under UV lamp 365 nm with different 
weightage percentage. From right, 0, 0.15, 0.25, 0.35 and 0.50 wt% of P(VDF-TrFE) / 
ZnO QDs. 
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Figure 3.7: Fabrication flowchart of the polymer / quantum dots nanocomposite thin 
films. 
 

 
 

 
 

Figure 3.8: Thin-film configuration of P(VDF-TrFE) / ZnO QDs composite films on a 
glass substrate (a) real picture (b) schematic diagram. 

 
 
 
3.2.5 P(VDF-TrFE) / ZnO QDs thick nanocomposite films 

 
These composite films were also prepared for Thermal Stimulated Current (TSC) 

measurement for the purpose of investigating their molecular ability of both the amorphous 

and crystalline phase. The free-standing films of the P(VDF-TrFE) / ZnO QDs nanocomposite 

were prepared for the TSC measurement. P(VDF-TrFE) powders were dissolved in 5 wt% 

MEK solvents. The selected compositions and synthesis procedure are the same as the 
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preparation of thin nanocomposite films as mentioned in Section 3.2.4. The resulting 

composite solutions were poured into an open glass container and dried in the oven for one 

day at 70 °C. The bulk composites were annealed at 100 °C for one hour to enhance the 

crystallinity of the polymer. Prior to TSC characterization, the films with a thickness of  

~ 30 μm were then peeled off from the glass petri dish at room temperature and were evenly 

cut with dimensions of 2 × 2 cm2. Figure 3.9 shows the P(VDF-TrFE) / ZnO QDs thick 

nanocomposite film with various weightage percentages. 

 

 

 Figure 3.9: The P(VDF-TrFE) / ZnO QDs thick nanocomposite film. 

 

3.2.6 Annealing process 
 

The pyroelectric behaviour of a material is caused by the contribution of the most crystalline 

phase of PVDF with a strong dipole moment, which is referred to as the β phase. The dipole 

arrangement is perpendicular to the direction of the polymer chain axis, resulting in a highly 

polar conformation recognized as the all-trans (TTTT) conformation, which was discussed in 

detail in the previous chapter. Many efforts have been undertaken to increase the crystallinity 
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of copolymer P(VDF-TrFE) films, such as by applying a poling process to (Roggero et al., 

2017; Viola et al., 2018), applying an annealing treatment to (Mahdi et al., 2014; Spampinato 

et al., 2018) or mechanically stretching (Khoon-Keat et al., 2018; Ma et al., 2018) the polymer. 

To form the desired β phase crystalline films, the prepared films in this work are subjected to 

an annealing treatment at specific temperatures for a specific duration of processing. 

Copolymer P(VDF-TrFE) can be directly crystallized into the β phase by heat treatment at a 

temperature between the Curie transition temperature (Tc) and the melting temperature (Tm) 

(Nan Jia et al., 2017). In the first phase of the study, copolymer films are subjected to various 

annealing temperature, Ta where Tc < Ta < Tm. The selected annealing temperatures are 80 °C, 

90 °C, 100 °C, 110 °C, 120 °C, 130 °C and 140 °C. All copolymer films are annealed for one 

hour which is sufficient to obtain high β phase fraction (Mahdi et al., 2014). At the second stage 

of study, the best annealed copolymer films which gives an optimum pyroelectric coefficient, 

better remnant polarization and dielectric constant is chosen to act as a polymer matrix to be 

embedded with semiconductive filler, ZnO QDs to form nanocomposite device films.  

 

3.2.7 Poling process 
 

A poling process is an essential procedure prior to the observation of the ferroelectric and 

pyroelectric activity of the samples. The poling process is needed to obtain a greater 

ferroelectric domain, which is a microscopic area within the material where all the electric 

dipoles are oriented in the same direction as a result of the applied electric field. It can be 

achieved via placing a crystal inside a continuing force field that can interact with all dipoles 

in uniform alignment. As a result of the poling process, the polar axes of the dipoles are 

realigned in the direction of the applied electric field. When the electric field is removed, the 

dipoles remain aligned to some extent. The field necessary to facilitate the alignment of 

dipoles is called the coercive field, Ec. It should also be noted that the degree of alignment of 

the dipoles decreases with time after polling. In this dissertation, an electric field of 200 MV/m 

was applied to the P(VDF-TrFE) films (applied to all P(VDF-TrFE) at various annealing 
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temperatures) for 10 minutes at room temperature using a DC power supply. Meanwhile, the 

composite films were poled at 166 MV at the same temperature and duration of polling. It is 

important to note that the samples treated under a high electric field during the polling process 

led to dielectric breakdown. To avoid permanent damage to the samples by arcs or dielectric 

breakdowns, the samples were immersed in the silicone oil bath. Samples are short-circuited 

and discharged immediately after the polling process to eliminate excessive loads. 

 

3.3 Structural analysis 
 

3.3.1 X-ray diffraction  
 

X-ray diffraction (XRD) characterization utilizes an X-ray beam that is projected onto the 

sample. X-ray diffraction measurement was carried out to examine the phase and crystalline 

structure of copolymer, semiconductive filler ZnO QDs and its polymer composite. XRD 

measurement was carried out using a PANalytical-Empyrean diffractometer with CuKα 

radiation (λ = 1.54060 Å) over a wide range of 2θ (5° to 70°) with a step size of 0.02°. The 

crystallite size of the ZnO QDs was determined through X-ray line broadening method using 

Scherrer equation:  

 d = kλ/ βhkl cos θ                           (3.1) 

where d is the crystallite size in nanometers, λ is the wavelength of the radiation, k is the shape 

factor (k = 0.89), βhkl is the broadening of the hkl diffraction peak at half-maximum intensity 

(in radians) and θ is the Bragg diffraction angle. When a crystal is bombarded with X-rays of 

a fixed wavelength (corresponding to the spacing of the atomic-scale crystal lattice planes) 

and at certain incident angles, intense reflected X-rays are produced when the wavelengths of 

the scattered X-rays constructively interfere. The differences in the travel path must be integer 

multiples of the wavelength for the waves to interfere constructively. When this constructive 

interference occurs, an X-ray diffracted beam leaves the crystal at the same angle as the 
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incident beam as illustrated in Figure 3.10. The fundamental principle described above is 

based on Bragg’s law:  

 nλ = 2d sin θ                            (3.2) 

whereby λ is the incident wavelength, θ is the angle of incident and d is the inter-planar spacing 

of atomic planes. The crystallite size obtained through XRD measurement is also compared 

with the value obtained from the TEM characterization. 

 

 

Figure 3.10: A beam of parallel X-ray penetrating atomic planes in a crystalline material. 
 
 

3.3.2 Fourier transform infrared spectroscopy  
 

Fourier transform infrared (FTIR) spectroscopy is the study of matter interacting with 

electromagnetic fields in the infrared radiation (IR) region as a function of photon frequency. 

IR radiation comprises a broad electromagnetic spectrum from visible to microwave regions, 

with wavenumbers ranging from 4000 to 400 cm-1. This method can identify the chemical 

bonding of the organic and inorganic materials through molecular vibration in the wavelength 

of the infrared absorption spectrum. When a material is exposed to infrared radiation, the 

sample molecules absorb radiation of a certain wavelength causing a change in the dipole 

moment of the molecules. Some of the infrared radiation is transmitted by the sample and part 

of it is absorbed. As a result, the vibrational energy level of the sample molecule shifts from 

the ground state to the excited state. The molecular chemical bonds have the characteristic 

absorption frequency from the wavelength of the infrared absorption spectrum. Therefore, the 

resulting spectrum of FTIR shows the transmission and absorption of sample molecules which 
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generates a molecular fingerprint of the chemical bonds in the sample. In this study, Perkin 

Elmer 2000 FTIR spectroscopy system has been employed to ascertain the chemical bonding 

of the P(VDF-TrFE) and nanocomposite thin films in the transmission mode. 

 

3.3.3 Differential scanning calorimetry  
 

Differential scanning calorimetry (DSC) is an analytical technique to determine the thermal 

properties of a material. DSC thermograms were recorded using a Mettler Toledo 822 

instrument to analyze the thermal transitions of the copolymer and nanocomposite films. 

About 5 mg sample was encapsulated in an aluminium pan before the measurement. The 

P(VDF-TrFE) (75/25) cast film was subjected to spectroscopy DSC analysis by raising the 

temperature from -40 °C to 200 °C and then reducing it back to -40 °C. The heating and 

cooling rates were performed at ± 10 °C/min. It is operated under a nitrogen gas atmosphere 

to reduce thermo-oxidative degradation. The Curie point, Tc and crystalline melting point, Tm 

of the polymer were examined through this technique. 

 

3.3.4 High-resolution transmission electron microscope 
 

The high-resolution transmission electron microscope (HRTEM) is a powerful tool to 

characterize the microstructures of materials at a very high spatial resolution. HRTEM is used 

to observe the crystal structures, interfaces and defects in crystalline materials such as 

dislocations, stacking faults and grain boundaries (Möbus, 2003). TEM incorporates a high-

energy electron beam that passes through an ultra-thin sample, then the transmitted part of the 

electron beam is focused and magnified by an electromagnetic lens to form a diffraction 

pattern or image. TEM images of ZnO QDs were captured using a Hitachi HT-7700 TEM 

operating at 120 kV and statistical analysis was performed by measuring particles from 

various areas on the Formvar with carbon coating on a 300 mesh Cu grid. Prior to HRTEM 

measurement, a copper grid was dipped into a very dilute ZnO QDs solution and dried at room 

temperature. 
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3.3.5 Field emission scanning electron microscopy 
 
The morphological characteristics of copolymer at different annealing temperatures and 

nanocomposite films at various weightage percentages were viewed in a field electron 

scanning electron microscopy, FESEM. In the present work, the microscope was operated at 

high vacuum mode using a Hitachi (SU8220) field electron scanning electron microscopy and 

provided images from resolutions of 1 μm to 300 nm. A field emission cathode in the electron 

gun generates electrons that are supplied to the sample surface in FESEM. The sample surface 

produces lower energy secondary electrons. The surface image of the sample is constructed 

by measuring the secondary electron intensity as a function of the position of the primary 

scanning electron beam. Using the Image J software, the average size of the particles is 

calculated from the surface morphology image of the samples. Moreover, energy dispersive 

X-ray spectrometry was performed to determine the presence of ZnO QDs in composite films.   

 
 

3.4 Optical analysis 
 

3.4.1 Ultraviolet-visible spectroscopy 
 
Ultraviolet-visible (UV-Vis) spectroscopy is an analytical technique that determines the 

number of discrete wavelengths of UV or visible light absorbed or transmitted by a sample.  

To promote electrons in a substance to a higher energy state, which is detected as absorption, 

a specific amount of energy is required. Electrons in different bonding environments in a 

substance require a different amount of energy to be promoted to a higher energy state. Thus, 

light absorbs at different wavelengths in different substances. Optical absorption 

measurements within the UV-visible range of ZnO QDs dispersed in ethanol were performed 

at room temperature using Perkin Elmer Lambda 750 UV-vis spectrometer. The wavelength 

range used in the experiment was 200 to 400 nm. The observed spectrum from UV-visible 

spectroscopy can be displayed as a graph of absorbance, optical density or transmittance 
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versus wavelength. Moreover, the UV-visible absorption measurement was further used to 

determine the bandgap using the Tauc plot equation:  

(𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔)    (3.3) 

where α is the absorption coefficient near the absorption edge, h is a Plank’s constant, ν is a 

frequency vibration, 𝐴 is the edge-width parameter and 𝐸𝑔 is the optical band-gap energy. 

 
 

3.4.2 Photoluminescence spectroscopy 
 

Photoluminescence (PL) spectroscopy involves a form of light emission spectroscopy as a 

result of a process known as photoexcitation. When light is directed onto a sample, the energy 

is absorbed by the electrons within the material and becomes excited, a process called 

excitation. When electrons return to their equilibrium states from excited states, energy can 

be released in the form of light and is called the relaxation process. In this work, 

photoluminescence studies were carried out on dried films of ZnO QDs dispersed in ethanol. 

The photoluminescence spectra were recorded using Perkin Elmer LS 50B luminescence 

spectrometer. 

 

3.5 Electrical measurements 
 

3.5.1 Dielectric measurements 
 

The impedance analyzer is equipped with an integrated system to measure the real and 

imaginary parts of an impedance vector of the samples. In this study, the dielectric properties 

of the copolymer P(VDF-TrFE) and the nanocomposites were measured using Impedance 

Analyzer (Agilent 4294A) at the frequency range of 40 Hz to 110 MHz. The dielectric results 

were expressed in terms of either the complex permittivity:  

           ε* = ε′ – i ε′′                                                                          (3.4) 

 

or the complex conductivity: 
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         σ* = σ′ + i σ′′                                                           (3.5) 

 

The free relative dielectric permittivity, ε′ is defined as the ratio of the material permittivity 

to the permittivity of free space while the imaginary permittivity, 𝜀′′ is calculated from the 

equation below: 

 

                                                        𝜀′′ =𝑡𝑎𝑛 𝜀′𝑡𝑎𝑛 𝛿                                                     (3.6) 

 

where tan 𝛿 is the dissipation factor. The measurements were carried out in the temperature 

dependence for copolymer to investigate the Curie point at different annealing temperatures 

and to observe the effect of ZnO QDs filler in composite films. 

 

3.5.2 Ferroelectric measurements 
 
The ferroelectric hysteresis loop was characterized using Radiant Technology Precision 

LC Analyzer at room temperature. The P-E hysteresis loop is observed by a Sawyer-Tower 

circuit. The ferroelectric D-E hysteresis loops were measured with step amplitude of an 

applied electric field at 100 Hz or with a pulse width of 10 ms for all samples. The voltage 

step size was gradually increased for each 5 V for P(VDF-TrFE) and its nanocomposite films. 

 

3.5.3 Pyroelectric measurements 
 
Due to the non-centrosymmetric crystalline structure of the copolymer P(VDF-TrFE) thin 

film, dipole polarization can be spontaneous and temperature-dependent. Therefore, the 

pyroelectric effect of copolymers was also investigated in this work. The pyroelectric 

coefficient of the annealed copolymer and its nanocomposite P(VDF-TrFE) / ZnO QDs thin 

films were measured using the quasi-static measurement method. The sample was mounted 

on a Peltier heater that was connected to the temperature controller. The temperature of the 

thin films was measured with a highly sensitive silicon diode sensor. Triangular temperature 

waveforms with five heating rates utilized in this experiment by a Lakeshore 331 temperature 
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controller were 0.01 °Cs-1, 0.015 °Cs-1, 0.02 °Cs-1, 0.025 °Cs-1 and 0.03 °Cs-1 at a temperature 

in the range of 26 °C to 29 °C. While the heating rates and temperature range for 

nanocomposite variants are as follows; 0.02 °Cs-1, 0.025 °Cs-1, 0.03 °Cs-1, 0.035 °Cs-1, 0.04 

°Cs-1, and 0.05 °Cs-1 at a temperature of 26 °C to 30 °C. Pyroelectric system equipped with 

LAB VIEW 12 software for data acquisition and the IEE-488 GPIB interface was used to 

enable the computer to control and receive data from the two instruments (temperature 

controller and electrometer). The schematic representation of the experimental setup for the 

quasi-static pyroelectric measurement is shown in Figure 3.11. The resulting pyroelectric 

short-circuited current, Ip was measured with a Keithley 617 Electrometer and then was 

evaluated using the equation below: 

       𝐼𝑝 = 𝑃𝑖𝐴
𝛥𝑇

𝛥𝑡
                                                                (3.7) 

 

where 𝐼𝑝 is the peak-to-peak pyroelectric current, 𝑃𝑖 =
∆𝑃

∆𝑇
 is the pyroelectric coefficient, 𝐴 is 

the area of the sample and 𝛥𝑇

𝛥𝑡
 is the temperature gradient.   

 

 

 

Figure 3.11: Schematic drawing of the pyroelectric measurement. 
 
 

 

 

Univ
ers

iti 
Mala

ya



69 
 

3.5.4 Thermally Stimulated Current measurements 
 

Thermally stimulated current (TSC) studies of polar materials such as polyvinylidene 

fluoride (PVDF) and its copolymer poly(vinylidene fluoride-co-trifluoroethylene), P(VDF-

TrFE) materials have received a lot of attention because they exhibit highly polarized 

behaviour when subjected to an electric field, with the positive end of the dipole aligned with 

the negative charges. In the present work, the TSC technique was carried out to investigate 

the molecular motions of the crystalline copolymer P(VDF-TrFE) and its nanocomposites. 

Generally, in TSC, the spectrum monitored is the electric current that is generated from 

the depolarization process in a sample, previously frozen in after an electric field polarizing 

process. The principles employed in the TSC system are sketched in Figure 3.12 and explained 

as follows (Van Turnhout, 1980): 

1. Polarization 

The sample is initially heated above its glass transition temperature, Tg, to form an 

artificial thermoelectret. It follows with polarization by applying direct current D.C 

electrical field Ep for tp minutes.  

2. Quenching 

Polarized charges are then frozen by cooling the sample in the polarization field, Ep to 

lower temperature, To. These charges are considered to be practically stationary at this 

temperature. 

3. Removal of electric field 

For this process, the poling electric field Ep at To is typically reduced to 0 Vm-1. The 

sample is now stabilized for ts minutes at To temperature. The electret charges that 

emerged in the sample are converted into a thermoelectret. 

4. Depolarization 

Finally, the electrets sample is short-circuited and reheated at a constant rate, such as at 

1 °C/min. The resultant dipole relaxation is observed and it is detected as 

a depolarization current as a function of temperature. As an outcome, the depolarization 
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process of the activated electret charges produces the discharge current. TSC, or 

thermally stimulated current, is measured with an electrometer and recorded as a 

function of temperature by a computer. 

 

 

Figure 3.12: Schematic drawing of the TSC principle. 

 
TSC measurements were conducted in a laboratory-developed by Abdul Halim (2010). 

Inside the cryostat or vacuum chamber, a sample of (P(VDF-TrFE) cast film with an average 

thickness of 30 µm and dimensions of 2 × 2 cm2 was clamped between a pair of electrodes 

(see Figure 3.13(a)). This cryostat can be evacuated via a special opening that is directly 

connected to a vacuum pump. It also comes with a nozzle on the top that is linked to a liquid 

nitrogen tank. On the side of the nozzle, there is a special opening for pressure relief from 

liquid nitrogen. Firstly, the sample was heated to a poling temperature Tp, which must be 

higher than the glass transition temperature Tg of the copolymer, to eliminate the surface and 

volume charges. The sample was then subjected to an electric field, called a poling field, of  

20 MV/m for 20 minutes (tp) to allow orientation of molecular dipoles and charge polarization. 

Next, the sample was quenched (rapidly cooled) with liquid nitrogen to a minimum 

temperature, Tmin = -140 °C and the polarizations were thus frozen in. After that, both 

electrodes were short-circuited for 5 minutes to remove any stray charges. Polarization decay 
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was induced by gradually increasing the temperature from the minimum to the maximum 

temperature, Tmax = 130 °C, at a constant rate of dT/dt = 5 °C/min. An ammeter connected in 

series to a Keithley 6517 electrometer was used to measure the depolarization current as a 

function of temperature. The LakeShore TC330 temperature controller is used in this system 

and it comes with an IEEE-488 interface card that allows it to be integrated into a computer 

system. The entire functioning TSC system is shown in Figure 3.13(b). 

 
 

Figure 3.13: The experimental setup of TSC system. 
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3.6 Summary 
 

The sample preparation of copolymer P(VDF-TrFE) thin and cast films annealed at various 

temperatures, the sol-gel method for synthesizing ZnO QDs and the fabrication of P(VDF-

TrFE) / ZnO QDs nanocomposite in thin or cast films were discussed and the characterization 

techniques used were explained. The annealing procedure for all samples is compulsory to 

enhance the film’s crystallinity and robust electrical performance of the device. Observations 

revealed that the presence of a nearby object close to TSC setup can interfere with the 

measurement of the TSC current, which is significantly low, ranging from 10-15 to 10-9 A. This 

effect may be related to the electric field produced by the human body (Abdul Halim, 2010). 
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CHAPTER 4:  STRUCTURAL AND OPTICAL ANALYSIS OF COPOLYMER  

P(VDF-TrFE), ZnO QDs AND NANOCOMPOSITE THIN FILMS 

P(VDF-TrFE) / ZnO QDs 

 

4.1 Introduction 
 

The poling process (Roggero et al., 2017; Viola et al., 2018), the annealing treatment 

(Mahdi et al., 2014; Spampinato et al., 2018) and the mechanical stretching (Khoon-Keat et 

al., 2018; Ma et al., 2018) of the copolymer have all been employed to increase the 

crystallinity of the copolymer β phase. Among the initiatives, thermal annealing is the easiest, 

direct and efficient to alter molecules arrangement and therefore enhance the β phase domains. 

Heat treatments were applied in between the Curie transition temperature (Tc) and the melting 

temperature (Tm). In this chapter, copolymer P(VDF-TrFE) thin films were prepared via spin 

coating and meanwhile cast films via drop-casting method. The copolymer structure and the 

electrical properties which include ferroelectric, dielectric, pyroelectric and Thermal 

Stimulated Current (TSC) were thoroughly analyzed and reported. The optimum annealed 

P(VDF-TrFE) film which shows the highest remnant polarization and pyroelectric coefficient 

was chosen as a polymer host to form nanocomposite films with ZnO QDs. 

 

4.2 Copolymer P(VDF-TrFE) at different annealing temperatures 
 

The copolymer thin films were annealed at various temperatures 80 °C, 90 °C, 100 °C,  

110 °C, 120 °C, 130 °C and 140 °C using a hot plate. Spin coating films deposited on Si wafer 

prior to structural and morphological measurement were annealed using the same procedure. 

4.2.1 XRD analysis and determination of percentage of crystallinity 
 
 At the atomic scale, XRD is used to observe the crystal structure and identify the phases 

of P(VDF-TrFE) thin film. The diffraction angle represents the inter-planar spacing and 

orientation of the crystal planes, while the diffraction intensity represents the quantity of the 
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corresponding crystal planes, which is related to the degree of crystallinity. The crystal 

structure of P(VDFTrFE) is normally affected by the annealing process (Mao et al., 2011). 

Figure 4.1 depicts the X-ray diffraction patterns of 75/25 copolymer P(VDF-TrFE) films 

deposited on silicon substrates at various annealing temperatures. In all crystalline samples, 

the (110)/(200) peak at 2θ = 19.9° corresponds to the β phase orientation planes remains 

conspicuous (Cheon et al., 2018; J. Choi et al., 2000; Choi et al., 2010; Fu et al., 2016). The 

unit cell in the β crystal phase of P(VDF-TrFE) is orthorhombic, which has an all-trans (TTT) 

planar zigzag chain conformations perpendicular to the carbon chain. Each beta phase chain 

is aligned and packed with the CF2 groups parallel to the b-axis. In P(VDF-TrFE) copolymer 

thin films, the intensity of a diffraction peak in Figure 4.1 is directly proportional to the degree 

of crystallinity of the β phase. The diffraction peaks become noticeably sharper as the thermal 

annealing temperature rises to 100 °C. However, when the annealing temperature reaches 120 

°C, the absorption intensity decreases, implying that there is an optimal range of thermal 

annealing temperature for crystallization of P(VDF-TrFE) copolymer films. Therefore, X-ray 

diffraction techniques demonstrated that the annealing temperature has a strong influence on 

the crystallisation of P(VDF-TrFE) films. The increase in the ferroelectric β phase content of 

P(VDF-TrFE) thin film was further verified using the deconvolution technique. 
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Figure 4.1: XRD pattern of P(VDF-TrFE) films annealed at 80 °C to 140 °C with 10 °C 
temperature increments. 

 

 
 Deconvolution of the peak for all annealing temperatures was carried out by fitting to a 

superposition of Gaussian functions, which made it possible to determine the integrated peak 

area and to refine the peak position. Figure 4.2(a)-(g) represents the deconvolution of XRD 

spectra for annealed P(VDF-TrFE) films at temperatures ranging from 80 °C to 140 °C. The 

patterns of deconvolution spectra were consistent across all annealing temperatures. 

The results of the deconvolution analysis were extracted and shown in Figure 4.3. This 

indicates that the percentage of crystallinity, Xc, was high in the annealing temperature ranges 

of 90 °C to 10 °C, which is close to the Curie point. However, above the annealing temperature 

of 100 °C, the β phase crystallization is retarded, with Xc decreasing dramatically as the 

annealing temperature rises. The optimal annealing temperature is around 100 °C, which 

produces a crystallinity of 75.3% in the P(VDF-TrFE) thin film. Therefore, the annealing 

temperature has a significant influence on the crystallization of the β phase, which is consistent 

with other reported work (Fu et al., 2016).  
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Figure 4.2: Peak fitting and deconvolution of XRD curve for P(VDF-TrFE) thin films at 
different annealing temperature (a) 80 °C (b) 90 °C (c) 100 °C (d) 110 °C (e) 120 °C (f) 
130 °C (g) 140 °C. 
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Figure 4.3: Dependence of the percentage of the crystalline structure as a function of 
annealing temperature. 

 

4.2.2 FTIR analysis 
 

FTIR studies were carried out to investigate the β phase formation due to the chosen 

annealing temperature. Infrared spectroscopy reveals the fact that the molecule's electrical 

dipole moment changes during rotation or vibration at certain frequencies that correspond to 

discrete energy levels. A change in the bond length (stretching) or the bond angle (bending) 

causes the molecules to vibrate. Some bonds can stretch in-phase (symmetrical stretch) or out 

of phase (asymmetrical stretch). As shown in Figure 4.4, three characteristic absorption bands 

of the crystalline β phase or the all-trans ferroelectric phase together with vibrational modes 

were identified at 840 cm-1, 1288 cm-1 and 1400 cm-1. The bands of 840 cm-1 and 1288 cm-1 

are assigned to the –C–F symmetrical stretching with dipole moments parallel to the polar  

b-axis in the orthorhombic unit cell (Arshad et al., 2019); while the band at 1400 cm-1 is 

assigned to the C–C stretching and wagging vibration of CH2 with the dipole moment along 

the c-axis (Valiyaneerilakkal et al., 2017). When the copolymer thin films were annealed at 

80 °C and 100 °C, the high thermal energy allowed the polymer chains to reorient and align 

parallel to the substrate, as indicated by the IR absorption at 840 cm-1 and 1288 cm-1. However, 
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when the thin films were annealed at elevated temperatures of 120 °C and 140 °C, which is 

closer to the melting point, the intensity of the IR absorption at 1400 cm-1 increases, suggesting 

that the polymer chains are starting to rotate and partially align themselves normally to the 

substrate. The rotation has resulted in a decrease in the β phase crystalline region of P(VDF-

TrFE) copolymer films (Mao et al., 2011).  
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Figure 4.4: FTIR absorbance spectra of P(VDF-TrFE) at the different annealing 
temperatures. 
 

 
4.2.3 DSC analysis 

 
The DSC analysis of the cast film made of P(VDF-TrFE) (75/25) was carried out by 

increasing the temperature from -40 °C to 200 °C and then decreasing it again to  

-40 °C. Both the heating and cooling rates were ±10 °C/min.  The influence of the annealing 

temperature on the ferroelectric-paraelectric transition and the melting behaviour of the 

samples were investigated and shown in Figure 4.5. Initially, the film annealed at  

80 °C was subjected to DSC measurement up to its minimum temperature of -100 °C in order 
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to observe Tg but no peak appeared during the endothermic process as shown in Figure 4.5. 

Therefore, the DSC scan was set to a minimum temperature of -40 C for all other samples. 

 

Figure 4.5: Differential scanning calorimetry (DSC) thermogram of annealed P(VDF-
TrFE) 72/25 at 80 °C. 

 

For all films, two endothermic peaks are identified during the heating (endothermic) 

process, ranging from 116.8 °C to 121.4 °C and 148.7 °C to 152.9 °C, respectively (refer 

Figure 4.6). The lower temperature peak corresponds to the Curie temperature TC1, at which 

the copolymers showed a Curie transition from the ferroelectric (FE) phase to the paraelectric 

(PE) phase. The higher temperature peak corresponds to the melting temperature Tm. This FE-

PE phase transition is associated with the crystalline phase change from the polar phase to the 

non-polar phase and the copolymer conformation changes from all-trans to trans-gauche 

(Bharti & Zhang, 2001; Poulsen & Ducharme, 2010). During the cooling (exothermic) the 

P`(VDF-TrFE) films showed peaks at ~ 138.1 °C to 135.8 °C and ~ 74.6 °C to 67.7 °C, which 

is the crystallization temperature Tcryst and the Curie temperature TC2 (Arifin & Ruan, 2018; 

Roggero et al., 2017). The TC2 peak represents the PE-FE phase transition. Figure 4.6 also 
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shows that the FE-PE phase transition occurred at a higher temperature when heated than the 

PE-FE phase transition when cooling, which Furukawa (1997) stated as the first-order 

transition (Furukawa, 1997). When the annealing temperature is increased to a higher value 

up to 100 °C, the intensity of the Curie and melting peaks increases due to the increase in the 

crystallinity of the thin films. Both cast and all annealed P(VDF-TrFE) films show no obvious 

glass transition in the DSC thermogram, hence the glass transition temperature Tg cannot be 

determined from these spectra. 

 

 
 
Figure 4.6: Differential scanning calorimetry (DSC) thermogram of as-cast and 
annealed P(VDF-TrFE) 72/25. 
 
 

4.2.4 FESEM analysis 
 
The morphology of the copolymer was investigated using FESEM technology with a 

magnification of 5 k to 200 k and a resolution of 1 µm to 100 nm. Figure 4.7(a) to (e)((i), (ii) 

and (iii)) show the FESEM surface images of the cast (without annealing treatment) and 

annealed copolymer P(VDF-TrFE) layers on Si substrates. The surface morphology of the 

film annealed at 80 °C and 100 °C was covered by spherical crystalline micelles embedded in 
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the elongated rod-shaped structures, as shown in Figure 4.7(b)(iii) and (c)(iii). The observed 

micellar crystalline structure of P(VDF-TrFE) as shown in Figure 4.7(a)(ii) to (c)(ii), recently 

reported by others works with TEM measurements (Meereboer et al., 2019; Terzic et al., 

2018). The diameter of the spherical micelle-like structure increases with increasing annealing 

temperature from 0.29 ± 0.07 µm to 0.5 ± 0.1 µm. The distribution of the micelle-like structure 

is uniform in the thin film, which indicates that the polymer is completely dissolved in a very 

homogeneous manner since it can be observed that the micelle-like crystallites expand and 

grow as a function of the temperature of the heat treatment. The image observed in Figure 

4.7(a)(iii) shows the high resolution of the undefined crystallite structures of the as-cast 

copolymer thin film. The film annealed at 80 °C as shown in Figure 4.7(b)(iii) showed very 

small grains of crystallite structures, and the size was not measurable from the FESEM image. 

However, when the annealing temperature was raised to 100 °C, the elongated rod-shaped 

crystallite structure with an average size of 95.1 ± 0.1 nm long and 33 nm wide can be 

observed, as shown in Figure 4.7(c)(iii) (El Hami et al., 2001). The elongated crystallite rod-

like structures are tightly packed together. They are ascribed to the β phase crystallites of 

P(VDF-TrFE). The copolymer thin film received more thermal energy when annealed at 100 

°C than when not annealed or annealed at 80 °C. This allowed the molecular chains to reorient 

and align parallel to the substrate, resulting in an all-trans (TTTT) conformation. When the 

copolymer thin film is annealed at 120 °C, the micelle-like crystallite disappears and the 

acicular crystallite is observed, as shown in Figure 4.7(d)(i). For the copolymer thin film 

annealed at this temperature (120 °C), the average size of the acicular crystallite increases to 

1.5 μm. As the micelle-like and elongated rod-like crystallites begin to coalesce, several 

different structures emerge. At this 120 °C annealing temperature, which is above the Curie 

point, the films were in the transition phase from ferroelectric to paraelectric, therefore the 

small needle-like crystallite appears in the edge-on of the large acicular crystallite structure 

(Lau, Liu, Chen, & Withers, 2013). The small needle-like structure can be clearly seen in the 

high-resolution image of Figure 4.7(d)((ii) and (iii)). When the copolymer thin film was 
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annealed at the higher temperature of 140 °C, as shown in Figure 4.7(e)((i)-(iii)), the length 

of the crystallite gradually increased to 1.8 µm and the area in which the needle-like crystallite 

formed increased as the annealing temperature approaches the melting point of the copolymer. 

At this stage, the thermal energy absorbed by the thin film was sufficient to cause the chain 

axis of the molecular structure to be reoriented perpendicular to the substrate surface, and 

consequently the flexibility of movement increases. The existence of the micelle-like 

crystallites embedded on the elongated rod-like crystallites contributed to the favourable 

electrical properties in the copolymer thin films and this will be explained in more detail in 

the next section. The morphological structure of the as-cast and annealed P(VDF-TrFE) are 

agreeable with the results obtained from XRD, FTIR and DSC.  
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Figure 4.7: FESEM microstructure of (a) as-cast and (b)-(e) annealed P(VDF-TrFE) at 
different temperature from 80 °C to 140 °C at magnification and resolution (i) 5 k, 1 µm 
(ii) 50 k, 100nm and (iii) 200 k, 100 nm. 
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4.3  Ligand stabilized zinc oxide quantum dots ZnO / TEA. 
 
Recently, monodisperse ZnO QDs stabilized with triethanolamine (TEA) were produced 

with an average size of 2.4 nm (Adnan et al., 2017). TEA ligands tend to encapsulate the 

surface of ZnO, resulting in a smaller size of QDs. TEA also shows high solubility in polar 

solvents such as ethanol. The synthesized ZnO QDs were evaluated with XRD, UV‒Vis and 

TEM for particle size analysis. 

 

4.3.1 XRD analysis 
 
The X-ray diffraction patterns of the as-grown ZnO QD films are shown in Figure 4.8 

demonstrating that all the diffraction peaks can be indexed as typical hexagonal wurtzite ZnO 

crystal structures. The diffraction peaks of hexagonal wurtzite ZnO at scattering angles (2θ) 

correspond to (100), (002), (101), (102), (110), (103) and (112) crystal planes. According to 

Debye–Scherrer formula (4.1),  

          𝐷 =
𝐾𝜆

(𝛽𝑐𝑜𝑠𝑐𝑜𝑠 𝜃 )
                                   (4.1) 

where D is the crystallite size, K is Scherrer’s coefficient equal to 0.89, λ is the wavelength of 

X-rays (1.54056Å), β is the full width at half maximum and θ is the Bragg’s angle. The 

average crystallite size, D of synthesized ZnO QDs using the Scherrer equation at crystal 

planes (002), (101) and (103), respectively, is 2.0 ± 0.5 nm which was further verified by the 

TEM image. 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 (Geurts, 2010). 

The wurtzite structure consists of a hexagonal unit cell with two lattice parameters a = 3.25 Å 

and c = 5.21 Å. 
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Figure 4.8: X-ray diffraction pattern of wurtzite crystalline ZnO QDs on a glass 
substrate. 
 

 

4.3.2 UV-Vis analysis and determination of ZnO / TEA bandgap 
 
The UV-Vis absorption spectra of ZnO QDs capped with TEA and dispersed in ethanol is 

presented in Figure 4.9. It shows that the optical absorption spectra of ZnO have an absorption 

edge 321 nm in the ultraviolet region with the absorption maxima at 281 nm. The inset in 

Figure 4.9 is the photograph of the as-synthesized ZnO QDs capped with TEA under a UV 

lamp (365 nm). The blue luminescence light (the inset figure in Figure 4.9) is observed, which 

is simultaneously evidenced by the blue-shifted absorption edge at 321 nm in Figure 4.9 

assigned to the ZnO QDs compared to the bulk material at 370 nm (Farzana et al., 2018). 
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Figure 4.9: Optical absorption spectra for ZnO quantum dots capped with TEA. The 
inset figure is the photoemission color of the as-synthesized ZnO QDs capped with TEA 
under a UV lamp. 
 

For a direct bandgap semiconductor of ZnO, the bandgap energy can be expressed by 

Equation (4.2), 

          (𝛼ℎ𝜈)2 = 𝐴(ℎ𝜈 − 𝐸𝑔)                                                                       (4.2) 

where the absorption coefficient (α) near the absorption edge is related to the excitation energy 

(hν), 𝐴 is the edge-width parameter and 𝐸𝑔 is the optical bandgap energy. The band gap was 

calculated using an extrapolating method (Tauc approach) which requires the absorption 

spectra of ZnO QDs. Figure 4.10 depicts the extrapolation of the linear part in the (αhν)2 vs 

hν curves of the sample and the intersection of the dashed line with the hν axis gives the value 

of the optical energy bandgap. The obtained bandgap is 3.81 eV. The energy bandgap is 

comparable with the results presented by Asok et al. (2012) at a particular range of the molar 

ratio of ZnO / LiOH. The band gap increases with decreasing particle size due to nanoscale 

electron confinement, the so-called quantum size effect. When the particle size reaches the 
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nanoscale, where each particle consists of only a very small number of atoms or molecules, 

the number of overlaps of orbitals or energy levels decreases, and the width of the band 

becomes narrower. This leads to an increase in the energy gap between the valence and 

conduction bands. 

The average particle size can be determined from the absorption onset of UV-Vis 

absorption spectra (Figure 4.9) by using effective mass model (Brus 1986; Berger, 1996) 

where the bandgap E* can be approximated by Equation (4.3): 

 

𝐸∗ = 𝐸𝑔,𝑏𝑢𝑙𝑘 +
ℎ2𝜋2

2𝑒𝑟2
(

1

𝑚𝑒
∗𝑚𝑜

+
1

𝑚ℎ
∗ 𝑚𝑜

) −
1.8𝑒

4𝜋𝜀𝜀0𝑟
−

0.124𝑒3

ℎ2(4𝜋𝜀𝜀0)2
(

1

𝑚𝑒
∗𝑚𝑜

+
1

𝑚ℎ
∗ 𝑚𝑜

)
−1

               (4.3) 

 

where 𝐸𝑔,𝑏𝑢𝑙𝑘 is the bulk bandgap in eV, ℎ is Planck’s constant, 𝑟 is a particle radius, 𝑚𝑒
∗  is 

the electron effective mass, 𝑚ℎ
∗  is the hole effective mass, 𝑚𝑜 is free electron mass, e is the 

electron charge, ε is the relative permittivity and εo is the permittivity of free space. Due to 

relatively small effective masses (𝑚𝑒
∗  = 0.26, 𝑚ℎ

∗  = 0.59) of ZnO, bandgap enlargement is 

expected for particles with radii less than about 4 nm (Oskam, Hu, Penn, Pesika, & Searson, 

2002). Therefore, the average particle size of the nanoparticles can be determined by using 

the mathematical model of the effective mass approximation Equation (4.4) (Singh & 

Vishwakarma, 2015):  

 

             𝑟(𝑛𝑚) =
−0.3049 +√−26.23012 + 

10240.72

𝜆𝑝

−6.3829 + 
2483.2

𝜆𝑝

                                      (4.4) 

where r is radius of the particle and λp is the peak absorbance wavelength for monodispersed 

ZnO nanoparticles. The absorbance peak of the prepared ZnO QDs is at 281 nm, indicating 

that the calculated radius of ZnO quantum dots is 1.18 nm. Hence the particle size estimated 

as 2R is 2.36 nm. The obtained value is in line with XRD analysis and HRTEM analysis in 

Section 4.3.5. 
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Figure 4.10: Determination of the bandgap as the intercept between the photon energy 
and the extrapolation of the linear region of the square of the absorption. 

 
 
 
4.3.3 PL analysis  
 
The photoluminescence spectra of ZnO QDs capped with TEA is shown in Figure 4.11. 

The emission band centred at 480 nm is obtained under the 330 nm excitation band confirming 

the blue luminescence obtained from the ZnO QDs prepared in this work. The origin of visible 

emission of ZnO QDs present in this work can be ascribed by surface oxygen vacancies which 

are agreed with other reported work (Asok et al., 2012). Surface defects, such as a high surface 

to volume ratio and surface passivation, are caused by the binding of TEA molecules on the 

surface of ZnO quantum dots. Blue emission has been reported and attributed to electron 

transfer from the shallow donor level of the oxygen vacancies (Eg = ~ 2.8 eV) and the zinc 

interstitial (Eg = ~ 2.7 eV) to the valence band (Oliva et al., 2015). In addition, the introduction 

of TEA induced a higher emission intensity. Furthermore, the presence of LiOH precursors 

and amino alcohol ligands promotes the formation of oxygen vacancies. The Coulomb 

interactions between the partial charge of the ZnO dangling bonds at the surface of ZnO QDs 

and the TEA ligand hinder Zn2+ from diffusing through the ligands to the surface of ZnO 
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(Adnan et al., 2017; Schoenhalz et al., 2010). Therefore, the particle size can be controlled 

through surface passivated ligands. A low intensity UV emission peak appeared near 360 nm 

is originated from the recombination of free excitons in near-band-edge (NBE) of ZnO (Li et 

al., 2017). This peak is frequently attributed to the direct recombination of electrons in the 

conduction band and holes in the valence band (Panigraphy et al., 2012). 
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Figure 4.11: PL spectra of ZnO QDs capped with TEA. 

 

4.3.4 FESEM and EDX analysis 
 
FESEM images of the as-cast and annealed ZnO QDs are demonstrated in Figure 4.12. 

Nearly the same morphology of ZnO QDs at elevated magnification as shown in Figure 

4.12(i)(b) and (ii)(b)) has been reported for annealed ZnO QDs prepared by the sol-gel method 

(Al-Asedy et al., 2016). Al-Asedy (2016) described that the morphology performed through 

FESEM shows the dot appearance and the distributions are coarsened during the annealing 

process at the temperature range of 425 °C to 500 °C. The dot distributions became visible 

with increasing annealing temperatures. The coarsening mechanism is due to the Ostwald 
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ripening which in turn increases the quantum dots size with increasing temperature. In this 

present work, the samples of nanocomposites P(VDF-TrFE) / ZnO QDs were subjected to an 

annealing process at the optimum temperature of 100 °C as the crystallinity is maximum for 

P(VDF-TrFE). The inclusion of TEA passivated the growth of QDs size. Therefore, the 

distribution or morphology of the dots is not much different between the as-cast and the 

annealed ZnO QDs 

 

 
 

Figure 4.12: FESEM images of (i) as-cast ZnO QDs and (ii) anneal ZnO QDs at 100 ºC 
spin coat on Si wafer at different magnification and resolution. 

 
 
In order to determine the chemical composition of P(VDF-TrFE) and P(VDF-TrFE) / ZnO 

QDs nanocomposites (refer to Section 4.4.4), the energy dispersive X-ray (EDX) spectra were 

recorded. The EDX spectrum of the ZnO quantum dots is illustrated in Figure 4.13. EDX can 

measure the composition and amount of heavy metal ions of nanoparticles located near or on 
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the surface of a sample, while elements with an atomic number below 11 are difficult to detect 

with EDX (Scimeca et al., 2018). The EDX spectrum confirms the presence of ZnO in both 

the as-synthesised and annealed samples by the elemental mapping images. Al-Asedy et al. 

(2016) reported that the annealing process decreases the peak intensity of O due to the 

diffusion of Zn into the Si substrate, which creates more oxygen vacancies. In Figure 4.13, 

the atomic percentages of O and Zn (insert table) show zero percentages for the as-

synthesized ZnO QDs and low percentages of less than 1% for the annealed ZnO 

QDs. However, the peak intensities of Zn and O in both samples are almost similar. The excess 

oxygen percentages demonstrate that the Si substrate and Zn are both responsible for the 

emergence of the O peak in the annealed ZnO QD sample, which has a Zn/O atomic 

percentage ratio that is greater than 1. Therefore, the ratio of atomic % of Zn to O from EDX 

cannot be used to conclude the existence of oxygen vacancies in the thin film. 

     

Figure 4.13: EDX spectra of (a) as-cast ZnO QDs and (ii) anneal ZnO QDs. 
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4.3.5 TEM analysis 
 
The corresponding TEM image of ZnO / TEA QDs are in a quasi-spherical shape with a 

particle distribution of 3.4 ± 0.6 nm and 3.0 ± 0.5 nm as shown in Figure 4.14(a) to (d) together 

with their histogram distribution, respectively. The HRTEM image (see Figure 4.14(e)) shows 

lattice fringes with a spacing of 0.28 ± 0.03 nm spacing which corresponds to the (100) plane 

of the hexagonal wurtzite structure (Adnan et al., 2017). The interplanar spacing deduced from 

the line profile of the QDs is very close to the spacing of (100) planes in the hexagonal wurtzite 

structure of ZnO (Adnan et al., 2017; Zhang et al., 2021). The particle size analysis through 

UV-Vis, XRD and TEM confirmed the QDs size obtained in this work is in the range of 2-3.5 

nm. The TEM pattern of ZnO QDs presented in this work shows resemblances with other 

work on the sol-gel technique (Adnan et al., 2017; Zhang et al., 2021), wet chemistry method 

(Fonoberov et al., 2006) and spray pyrolysis method (Rajappan-Achary et al., 2011). As an 

aminoalcohol ligand, TEA can interact with the surface of ZnO QDs via amine (–NH) and 

hydroxy (–OH) groups. Because of its large number of hydroxy branches, TEA has a strong 

steric effect. According to Adnan et al. (2017), the stability of TEA-capped ZnO QDs results 

from a combination of steric and electronic effects that facilitates the formation of ultrasmall, 

monodisperse ZnO QDs via a digestive ripening process. 

Differences in particle size analyzed using Brus' model from UV-Vis and TEM images 

may have various causes. While TEM is an experimental method that directly images 

nanoparticles, Brus' model is usually used to refer to a theoretical model used to estimate the 

size of nanoparticles based on their optical properties. Here are a few explanations for 

the differences: TEM physically measured ZnO quantum dots capped with a TEA ligand, 

therefore the size is greater than the measurement performed by theoretical calculation of the 

Brus model. Furthermore, ligands may not contribute to the peak absorption in the calculation 

of the Brus model. As a result, TEM measurements show a slightly larger size. On the other 

hand, the Brus model makes several assumptions about the nanoparticles, including 

their spherical shape, uniform composition, and a clearly defined dielectric constant. It also 
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assumes that the nanoparticles are individual and non-agglomerated. Therefore, comparing 

the results from various methods can help validate and refine the size measurements of the 

QDs presented in this work. In addition, the spherical shape of TEM images of as-synthesized 

ZnO QDs presented in this work are quite blurry possibly due to the instrument’s limitation 

factor. Therefore, it is essential to accurately analyze the particle size at least from two 

distributions as depicted in Figure 4.14(a) and (c). 

 

Figure 4.14: TEM micrograph (a) and (c) and histogram (b) and (d) of particle size 
distribution for ZnO QDs and (e) the lattice fringe of ZnO QDs wurtzite plane. 
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4.4 Nanocomposite films with various weightage percentages of ZnO QDs 
 
The dried solid ZnO QDs were dispersed in polymer solution to form 5 wt% of 

nanocomposites of P(VDF-TrFE) / ZnO QDs with various weightage percentages; 

0, 0.15, 0.25, 0.35 and 0.50. Nanocomposite films were annealed at 100 °C which is close to 

Curie temperature to form a highly crystalline structured film. Chen et al. (2011) reported that 

annealing wurtzite ZnO QDs without doping any element in nitrogen, vacuum, and air 

increased the size of ZnO QDs and a reduction in their photoluminescence. This indicates that 

the diameter increases of the ZnO QDs after annealing had a larger influence on their emission 

intensity than the enhancement of their crystallinity (Chen et al., 2011). The structural and 

morphological studies of nanocomposite films were presented in subsections below. 

 

4.4.1 XRD analysis 
  
Figure 4.15 shows the XRD pattern of the P(VDF-TrFE) / ZnO QDs nanocomposite films 

with various ZnO QDs concentrations. The characteristic peak at 2θ = 19.9° represents the 

crystalline β phase of P(VDF-TrFE) with (110/200) orientation plane. The unit cell of the β 

phase is orthorhombic which has been explained in detail in an earlier section (refer to Section 

4.2.1). With the inclusion of ZnO QDs into the copolymer shifted the peaks slightly to the 

right, suggesting that the ZnO QDs act as a dopant in the polymer host. Therefore, ZnO Qds 

changes the polymer interstitial. The characteristic peaks of wurtzite ZnO (002), (102), (110) 

and (103) are only clearly visible in the nanocomposite films with 0.50 wt% of ZnO QDs 

(Qiao et al., 2016; Oliva et al., 2015; Jacob et al., 2014). The crystallinity of P (VDF-TrFE), 

based on the peak intensity at 19.9°, is consistent in nanocomposite films as the concentration 

of ZnO QDs increases to 0.25 wt%. A further increase in the QDs filler (> 0.25 wt%) 

deteriorates the crystallinity of the films as referred to the peak intensity of P(VDF-TrFE) and 

is expected to impair their ferroelectric and pyroelectric properties.  
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Figure 4.15: XRD pattern of P(VDF-TrFE) and nanocomposite films with various 
concentrations of ZnO QDs. 
 
 
 

4.4.2 FTIR analysis 
 
FTIR characterization as depicted in Figure 4.16 was analyzed to explore the functional 

groups on the surface of the ZnO QDs and the nanocomposite films. The vibrational peaks 

located at 1291 cm-1 and 1402 cm-1 are corresponding to the β phase of P(VDF-TrFE). The 

presence of a nonpolar α phase is responsible for the appearance of a vibration band at 884 

cm−1. The assignment attributed to copolymer peaks was explained earlier in Section 4.2.2. 

The broad absorption band at 550 cm-1 is due to the stretching mode of hexagonal ZnO. 

Contrarily, the existence of TEA on the surface of ZnO was not detected by FTIR 

measurements, as reported by Oliva et al. (2015), in which the TEA-associated bands are 

centred at 2926 cm-1, 1065 cm-1, 893 cm-1 and 613 cm-1. Others reported that the band assigned 

at 1410 cm-1 is due to asymmetric and symmetric stretching vibrations of the carbonyl group 

(COO–Zn coordination) (Vidhya et al., 2015). C–H groups’ stretching vibration peaks are at 
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about 2851–2922 cm-1 (Gayathri et al., 2015; Hosseini Largani & Akbarzadeh Pasha, 2017; 

Kołodziejczak-Radzimska et al., 2012). Moreover, an absorption peak at 470 cm−1, 

corresponding to the Zn–O stretching vibrations also cannot be detected due to instrument 

limitation. No absorption band observed around 550 cm-1 for the nanocomposite P(VDF-

TrFE) / ZnO QDs thin films. The results indicate that the incorporation of ZnO QDs into 

P(VDF-TrFE) with different compositions do not show any significant changes in the phase 

transition of the initial copolymer. This suggests that ZnO did not affect the structure or 

crystalline phase of PVDF-TrFE. 
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Figure 4.16: FTIR spectra of copolymer P(VDF-TrFE), ZnO QDs and nanocomposite 
thin films. 

 

4.4.3 FESEM and EDX analysis 
 
FESEM images of the nanocomposite P(VDF-TrFE) / ZnO QDs films are shown in Figure 

4.17. An annealing treatment at 100 °C significantly improves the polarization of copolymer 
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P(VDF-TrFE) films as indicated in our previous work (Ahmad et al, 2020). Therefore, the 

composite films were purposely annealed at this temperature in this work to enhance the 

crystallinity and to achieve a dominant β phase in the films. Surface morphology shows the 

distribution of spherically shaped crystalline micelles embedded inside the elongated rod-like 

structures and can be observed in all composite films as shown in Figure 4.17(a)(i)-(d)(i). 

Similar morphology has been reported by others which investigate the PVDF / ZnO hybrid 

membranes and the ‘hole’ that appeared in the morphology is called the pores structure of 

PVDF (Zhang et al., 2014).  

As illustrated in Table 4.1, the dimensions of both spherical micelle-like structure and 

elongated rod-like structure were taken into consideration in findings of the correlation 

between morphological and polarization aspects for these nanocomposite films. Table 4.1 

shows that films of 0.15 wt% assembled with the greatest average length of elongated rod-

like structure among all variations of films doped with ZnO QDs. The polarization of 

composite films which helps in the performance of ferroelectric is most probably proportional 

to the length dimension of the elongated rod-like structure. The coalescence of crystallite 

micelle-like structure surrounded with elongated rod-like structure may get saturated at films 

doped with more than 0.25 wt% of ZnO QDs (see Figure 4.17((c)(i) and (d)(i)). The spherical 

micelle-like structure becomes a micelle-like hole structure as depicted by Zhang et al. (2014) 

and Figure 4.17((c)(i) and (d)(ii)) clearly show the micelle-like hole structure on the surface 

of Si substrate. The distribution of this saturated agglomeration was found to increase with 

increasing ZnO QD concentration exceeding 0.25 wt%. 
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Figure 4.17: FESEM images of P(VDF-TrFE) / ZnO QDs films anneal at 100 °C spin 
coat on Si wafer (a) 0.15 wt% (b) 0.25 wt% (c) 0.35 wt% and (d) 0.50 wt% with 
magnification and resolution of (i) 5 k, 10 μm (ii) 50 k, 1 μm (iii) 100k,  
500 nm. 
 

Table 4.1. Distribution of structures observed in nanocomposite films of P(VDF-TrFE) 
/ ZnO. 

 
Morphology 

(average) 0 wt% 0.15 
wt% 

0.25 
wt% 

0.35 
wt% 

0.50 
wt% 

Diameter of spherical 
micelle-like structure 

(±0.01) 
0.51 µm 0.51 µm 0.29 µm 0.47 µm 0.57 µm 

Length of elongated 
rod-like structure 

(±0.1) 
95.1 nm 103.9 nm 86.3 nm 97.9 nm 92.0 nm 

Width of elongated 
rod-like structure 

(±0.1) 
32.7 nm 37.8 nm 36.5 nm 38.8 nm 40.7 nm 
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Energy-dispersive X-ray spectroscopy (EDX) was evaluated to determine the elemental 

composition of the polymer nanocomposite P(VDF-TrFE) / ZnO QDs on the Si substrate. 

Figure 4.18 shows the EDX spectrum of P(VDF-TrFE) / ZnO nanocomposite, which reveals 

the strong signals from Zn, O, C and F atoms without any impurity peaks. Furthermore, the 

presence of Zn, O, C, and F atoms was confirmed by the elemental mapping images and the 

atomic percentage of each element (insert Table) is also presented in Figure 4.18. The Zn and 

Si atomic wt % for 0.35 wt% thin film appear to be higher than the rest of the films due to the 

saturated micelle-like hole structure at which the EDX was probed, which will be explained 

further in Chapter 6 when surface morphology is analysed and discussed. 
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Figure 4.18: EDX spectra of P(VDF-TrFE) / ZnO QDs films at (a) 0.15 wt% (b) 0.25 
wt% (c) 0.35 wt% and (d) 0.50 wt%. 
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4.5 Conclusion 
 
The study of the annealing effect in copolymer films in the first phase of this research work 

shows that the polarization of copolymer P(VDF-TrFE) thin films is significantly influenced 

by an annealing treatment in a certain temperature range (from 80 °C to 140 °C), which can 

therefore contribute to the improvement of electrical performance, such as ferroelectrics, 

dielectric and pyroelectrics. Spin-coated copolymer P(VDF-TrFE) thin films annealed at 100 

°C give the highest percentage of crystallinity (75.3%), which is further confirmed by the 

existence of the homogeneous micelle-like crystallites embedded on the elongated rod-like 

crystallites identified by FESEM measurement. The domains belong to the β phase of 

copolymer P(VDF-TrFE) which is the most dominant ferroelectric phase in the film and is 

attributed to the all-trans (TTTT) conformation of the polymer chain alignment. The transition 

phase from ferroelectric to paraelectric phase, Tc occurs at 116.8 °C. Therefore, further 

increment of annealing temperature above Tc which is closer to the melting point, caused the 

polymer chains to start to rotate and partially align normal to the substrate, hence acicular and 

needle-like structures were emerged and decreased the spontaneous polarization of the films.  

In this study, ZnO quantum dots were incorporated into P(VDF-TrFE) to enhance its 

ferroelectricity and pyroelectricity. Various analyses of particle size from UV-Vis, XRD and 

TEM proved the size of wurtzite ZnO quantum dots synthesized in this work in the range of 

~ 2.5 to 3 nm. 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. The inclusion of ZnO QDs into the polymer matrix is considered to induce 

local extra dipole moments. These extra local dipoles coupled with parent dipoles could 

induce ferroelectricity and pyroelectricity. The emergence of spherical micelle-like crystallite 

embedded with elongated rod-like crystallite at a concentration of ZnO QDs of more than 0.25 

wt% appeared to be a micelle-like hole structure and the hole is deepened until the surface of 

Si substrate as clearly observed in Figure 4.17(c)(i) and (d)(ii). The distribution of this micelle-
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like hole structure deteriorates the net polarization of the films and affect the performance of 

ferroelectric and pyroelectric of composite films, which will be explained further in the 

Chapter 5.  
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CHAPTER 5:  FERROELECTRIC PROPERTIES OF COPOLYMER P(VDF-

TrFE) AND NANOCOMPOSITE THIN FILMS OF P(VDF-TrFE) / 

ZnO QDs 

 

 

5.1 Introduction 
 

In this chapter, the ferroelectric characterization of the copolymer and composite films of 

P(VDF-TrFE) / ZnO QDs was presented. The analysis from the polarization hysteresis loop 

(D-E) gives the properties of remnant polarization, coercive field, and orientation of dipoles 

with the switching of an applied electric field. The obtained results will be discussed in this 

chapter which would focus on the contribution of the semiconductive filler to enhance the 

ferroelectric properties of the polymer matrix. Further analysis of ferroelectric loops will 

determine the potential use of nanocomposites as energy storage devices.  

 

5.2 Ferroelectric of P(VDF-TrFE) copolymer at different annealing temperatures 
 
The polarization hysteresis loop is established to characterize ferroelectrics. Figure 5.1 

shows the room temperature polarization-electric field (D-E) hysteresis loop of the P(VDF-

TrFE) films annealed at 80 °C until 140 °C. The sweeping voltage is ± 65 V and the frequency 

is 100 Hz. The poling voltage for all annealed films increased from 5 V to 65 V to polarize 

the dipoles as shown in Figure 5.1. When the applied voltage V is less than 20 V, the D-E 

relationship is almost linear. As E increases, a squared hysteresis loop rapidly begins to 

appear. The polarization of the electric field shown in the figure is consistent and stable for 

all samples annealed from 80 °C to 140 °C. The intercept on the polarization axis gives a 

remnant polarization (Pr) and that on E-axis gives a coercive field (Ec). From the D-E 

hysteresis loop, the changes in remnant polarization and coercive field with different 

annealing temperatures are investigated. The maximum remnant polarization Pr, 76.7 mC/m2 

with the coercive field Ec, 74 MV/m is observed for the sample annealed at 100 °C. This is in 
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good agreement with the previously reported results for P(VDF-TrFE) (Choi et al., 2011; Choi 

et al., 2010; Mahdi et al., 2014).  

The diagram shown in Figure 5.2 indicates that the thermal treatment enhances the 

ferroelectric nature of the polymer material due to the increment of the ferroelectric β phase, 

as the polymer chains (c-axis) should be aligned parallel to the film substrate since the 

polarization dipole moment is induced perpendicular (b-axis) to the substrate or chain axis. 

As shown by FESEM in morphological studies in Chapter 4, the enhancement of ferroelectric 

properties is exhibited from the emergence of elongated rod-like crystallite embedded into a 

micelle-like crystallite structure. Films annealed at 100 °C show the highest remnant 

polarization with the highest crystalline β phase, which was first proven by X-ray diffraction 

analysis in the earlier chapter. The hysteresis implies that the orientation of the crystal dipole 

moment changes with the application of electric fields. Its rotation to the applied electric field 

leads to a switching of the molecular dipole. The sharp edge observed at the saturation point 

(top and bottom of the hysteresis loop) indicates the rapid switching or spontaneous 

polarization of dipoles with the applied electric field (Mai et al., 2019). The Ec remained 

almost unchanged within this variation of annealing temperatures. 
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Figure 5.1: Hysteresis of the polarization of P(VDF-TrFE) copolymer thin films at room 
temperature as a function of the electric poling field. 
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Figure 5.2: D-E hysteresis loops of P(VDF-TrFE) copolymer thin films as measured at 
room temperature for various annealing temperatures at 60 V applied voltage. 
 
 

Remnant polarizations are plotted in Figure 5.3 together with their percentage of 

crystallinity for copolymer films obtained by XRD against the annealing temperature. The 

figure shows that both remnant polarization and the percentage of crystallinity of P(VDF-

TrFE) films increase in parallel with the increment of annealing temperature. A significant 

increment of remnant polarization from 49.1 to 76.7 mC/m2 of the thin films was observed 

when they were annealed at 80 °C and 100 °C. However, Pr was dramatically decreased to 

41.9 mC/m2 at 140 °C when the thin film was annealed at a temperature above 100 °C. The 

result indicates that copolymer films with a higher degree of crystallinity will exhibit higher 

remnant polarization. Therefore, the pyroelectric coefficient is also expected to be the highest 

for the film annealed at 100 °C.   
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Figure 5.3: Dependence of remnant polarization with the percentage of film's 
crystallinity on the various annealing temperature. 

 

5.3 Ferroelectric and energy performance of composite P(VDF-TrFE) / ZnO QDs 
 
Before observing ferroelectric behaviour, all deposited films are initially subjected to 

poling process. The composite films were immersed in silicon oil and poled using DC voltage 

at room temperature. The poling process is needed to obtain a greater ferroelectric domain, 

which is a microscopic area within the material where all-electric dipoles are oriented in the 

same direction as a result of the applied electric field. Electric dipole moment per unit volume 

known as polarization (P), is related to dielectric displacement D through the linear expression 

(Equation 5.1).  

  𝐷 = 𝑃 + 𝜀𝑜𝐸                   (5.1) 

where 𝜀𝑜 is the permittivity of free space. The ferroelectric D-E hysteresis loops measured 

with the step amplitude of an applied electric field at 100 Hz for all composite films are 

presented in Figure 5.4(a). The loops are close to rectangular, and 0.15 wt% composite has 
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the biggest area of loops with the highest remnant polarization, 10.02 µC/cm2. The result as 

depicted in Figure 5.4(b) shows that the incorporation of ZnO quantum dots considerably 

improves the remnant polarization of the nanocomposites, which the composite films of 0.15 

wt% demonstrate an increment of remnant polarization of about 16.5% from the undoped 

P(VDF-TrFE). ZnO QDs filled in the P(VDF-TrFE) matrix are considered to induce extra 

dipole moments locally. It is deliberated that these local dipoles couple with polymer dipoles 

and trigger to induce an enhancement of ferroelectricity. 

 

Figure 5.4: (a) D-E hysteresis loops at 100 Hz and (b) Remnant polarization, Pr of 
P(VDF-TrFE) / ZnO QDs composite films with various compositions. 
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Poly (vinylidene fluoride)-based dielectric materials are promising candidates for high-

power density electric storage applications because of their ferroelectric nature, high dielectric 

breakdown strength, and superior workability. The polarization-field hysteresis loops 

obtained through ferroelectric measurement in Section 5.3 were further investigated for 

energy storage characteristics, as described by Equation (5.2) (Galdámez-Martinez et al., 

2020) 

   𝑈𝑒 = ∫ 𝐸 𝑑𝐷                                                               (5.2) 

where Ue is discharged (stored) electric energy density, E is the external electric field and D is 

the electric displacement. The shaded area in the hysteresis loop in Figure 5.5(a) indicates the 

energy storage density (orange-shaded) and energy loss density (blue-shaded) calculated using 

Equation (5.2). The integration of the energy charging and discharging density for each 

composite film is shown in Figure 5.5(b). The energy storage density is 1.12 J/cm3 for pure 

copolymer P(VDF-TrFE) measured at 100 Hz frequency. According to Tsutsumi et al. (2020), 

the estimated value for the energy storage density of annealed P(VDF-TrFE) at 150 MV/m, at 

100 Hz is equal to 1 Jcm-3. The obtained value was approximately comparable to that in 

another work, which uses the copolymer, P(VDF-TrFE) as the polymer matrix and is 

presented in Table 6.1, Chapter 6, Section 6.8. Figure 5.5(b) shows that the energy storage 

and energy loss density for the composite film increases at 0.15 wt% of ZnO QDs compared 

to that of the copolymer film, reaching a maximum value of 1.18 J/cm3 and 9.71 J/cm3, 

respectively. Further doping of ZnO QDs shows a decrease in remnant polarization, parallel 

with both the discharge and charge energy density trends, possibly due to the higher 

conductivity value of the composite film coming from a higher leakage current (refer to Figure 

5.6 in Section 5.4).  
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Figure 5.5: (a) D-E hysteresis loops at 100 Hz and (b) Energy discharge and charging 
density of P(VDF-TrFE) / ZnO QDs composite films with various compositions. 

 
 
 
Nevertheless, the studies on the effect of embedding QDs into the ferroelectric polymer for 

energy storage and energy harvesting purposes (as listed in Table 5.1) are considered new due 

to the lack of reported work. Li et al. (Li et al., 2020) demonstrated that CdSe / Cd1-xZnxS 
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QDs with a wide-bandgap dual-ligand surface structure encapsulated in a fluoropolymer, 

poly(vinylidene fluoride-co-hexafluoropropylene) (P(VDF-HFP)) exhibit the greatest 

discharged energy density, Ue ~ 21.4 J/cm3 among the previously reported works in the 

polymer nanocomposites with low filler contents.  The QDs synthesized by Li et al. (2000) 

were grafted with short mercaptopropionic acid (MPA) ligands and 0.42 mmol 1H,1H,2H,2H-

perfluorooctyltriethoxysilane (POTS, 99%) was added in the process, denotes as QDs-M-P. 

Films of pure P(VDF-HFP) and P(VDF-HFP)/0.82 vol% QDs-M-P nanocomposite were 

tested for their hysteresis and discharge energy density. The results showed that both D-E 

loops of the nanocomposite films exhibited slim hysteresis and a large area of discharge 

energy density compared to P(VDF-TrFE) with ZnO QDs fillers used in the same study. This 

makes them some of the most outstanding ferroelectric polymer-based dielectric materials 

reported so far, with excellent energy storage performance. However, CdSe/Cd1-xZnxS QDs 

may have an environmental issue due to their toxicity and thus ZnO QDs remain an alternative 

QD to be embedded in a ferroelectric polymer as a poly nanocomposite P(VDF-TrFE) / ZnO 

QDs for energy harvesting applications due to their nontoxicity, flexibility, moderate energy 

storage and high display of remnant polarization. 

 
Table 5.1. Ferroelectric studies of polymer nanocomposite films embedded with 
quantum dots. 

 

Material Method Energy 
storage 

density, Ue 

Ref. 

CdSe QDs/P(VDF–
TrFE) Langmuir-Blodgett - (Korlacki et al., 

2011) 
PMMA/carbon quantum 
dots (CDs)/PEDOT:PSS Spin coating - (Zhang et al., 

2016) 
CdSe/ZnS quantum 

dots/PVC Solution casting - (Ahmed & Morsi, 
2017) 

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

Solution casting ~ 21.4 J/cm3 (Li et al., 2020) 
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5.4 Leakage current analysis of composite films 
 

The leakage current density, J against the applied electric field, E is shown in Figure 

5.6. The leakage current plays a crucial role in the performance of ferroelectric devices. 

The leakage current increased with an increasing electric field. The J of P(VDF-TrFE) is 

in the range of 10-12 to 10-10 A/cm2 with an increasing field up to 140 MV/m. The J of the 

composites increased from 10-11 to 10-7 A/cm2 when the ZnO quantum dot fillers increased 

up to 0.25 wt%. This suggests that further increases in the ZnO QDs in PVDF-TrFE 

deteriorate the ferroelectric properties due to the excessively high leakage current density, 

which will be a disadvantage for potential applications (Korlacki et al., 2011). Further 

increments of ZnO QDs greater than 0.25 wt% show that the leakage current density 

increases to a maximum of approximately 10-3 A/cm2 and saturates above 20 MV/m. It is 

important to note that the 0.35 wt% graph overlaps with the 0.50 wt%. The poor 

ferroelectric performance due to the high leakage current density demonstrated by the thin 

films with ZnO QD nanofillers exceeding 0.25 wt% can be related to the appearance of 

deep micelle-like hole structures distributed in the polymer nanocomposite, as indicated by 

FESEM characterization. Hence, the 0.15 wt% P(VDF-TrFE) / ZnO QD device, which 

exhibits the highest remnant polarization and can store the largest amount of energy, may 

be useful in an energy harvesting application (elaborated in Chapter 6). 
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Figure 5.6:    Leakage current curve of P(VDF-TrFE) / ZnO QD composite films. 

 

 

5.5 Conclusion 
 

An annealing treatment significantly improves the polarization of copolymer P(VDF-

TrFE) thin films and therefore helps to improve the ferroelectric properties. Spin-coated thin 

films of copolymer P(VDF-TrFE) annealed at 100 °C yield the highest remnant polarization 

(76.7 mC/m2) due to the dominance of the ferroelectric beta phase and showed the highest 

percentage of crystallinity (75.3%), which was revealed by deconvolution technique by XRD 

in Chapter 4. ZnO quantum dots were added to P(VDF-TrFE) to improve its ferroelectricity. 

Incorporation of 0.15 wt% ZnO QDs into the polymer host significantly enhanced the remnant 

polarization (Pr = 10.02 µC/cm2) compared to the pure P(VDF-TrFE), which is largely 

composed of homogeneous micelle-like crystallite and the growth of elongated rod-like 

crystallite. The maximum energy storage density calculated at 100 Hz is 1.18 J/cm3 obtained 

from the 0.15 wt% P(VDF-TrFE) / ZnO QD polymer nanocomposite. The incorporation of 

ZnO QDs as filler into copolymer does not reinforce the energy storage characteristics of the 

nanocomposite. The poor ferroelectric performance of the thin films with ZnO QDs fillers 

exceeding 0.25 wt% may be related to the high leakage current density and the occurrence of 
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micelle-like hole structure and the hole are deep to the surface of the Si substrate as shown by 

FESEM characterization. The non-centrosymmetric crystal structure of ZnO consists of 

alternating layers of positive and negative ions that result in spontaneous polarization along 

the c-axis, could induce extra local dipole moments in the films and thus help in the increment 

of ferroelectric until up to 0.15 wt% composition. The surface morphology and polarization 

are interrelated and influence the ferroelectric properties of the nanocomposite device.  
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CHAPTER 6:  DIELECTRIC AND PYROLECTRIC PROPERTIES OF  

COPOLYMER P(VDF-TrFE) AND NANOCOMPOSITE THIN 

FILMS P(VDF-TrFE) / ZnO QDs 

 

6.1 Introduction 
 

The dielectric and pyroelectric characterizations of the fabricated copolymer P(VDF-TrFE) 

and composite device P(VDF-TrFE) / ZnO QDs were presented.  The annealing treatment 

applied is normally close to Curie temperature, Tc since the material is in between the 

ferroelectric phase and the paraelectric phase. The study of polymers as a function of 

frequency and temperature can be employed to elucidate the effects owing to intermolecular 

cooperative motions and hindered dielectric rotations. It is expected that improvement in the 

functional properties can occur when semiconductive ZnO quantum dots are incorporated to 

that of pure P(VDF-TrFE). The obtained result suggests that the contribution of the 

ferroelectric nanofiller would enhance the dielectric and pyroelectric properties of the polymer 

matrix. Further investigation on the energy harvesting performance of composite devices is 

elaborated in this chapter. 

 

6.2 Dielectric of copolymer P(VDF-TrFE) at different annealing temperatures 
 
Figure 6.1 shows the room temperature (30 °C) frequency dependence of the real, ε′, and 

imaginary, ε″, parts of the dielectric permittivity for the copolymer P(VDF-TrFE) thin films 

annealed at 80 °C to 140 °C. The applied frequency ranged from 100 Hz to 1 MHz. The 

dielectric constant increases from 9.4 to 10.3 as the annealing temperature increases from 80 

°C to 100 °C. The dielectric constant of the 100 °C annealed thin film at 1 kHz has the highest 

value of approximately ε′ = 10.3 and the loss is ε″ = 0.1. The higher degree of crystallinity in 

the 80 °C to 100 °C annealed copolymer P(VDF-TrFE) thin films, initially confirmed by the 

XRD (see section 4.2.1), has caused the dipole moments to align in an ordered conformation, 

contributing to an increase in the dielectric constant. As the annealing temperature reached 
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100 °C, micelle-like and elongated rod-like crystallites were formed homogeneously on the 

surface of the copolymer thin films P(VDF-TrFE) as depicted from morphological 

characterization in Chapter 4 (see section 4.2.4). However, as the annealing temperature was 

further increased, ε′ began to decrease. This decrease in the dielectric constant is observed for 

frequencies from 104 Hz to 106 Hz (high frequency), above which the value saturates. The 

film annealed at 140 °C shows the lowest dielectric constant, 7.7 at 1 kHz.  
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Figure 6.1: Room temperature dielectric frequency spectra of P(VDF-TrFE) films at 
various annealing temperatures. 
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The thin film annealed at 100 °C, which exhibits the highest dielectric constant as measured 

at room temperature, was then subjected to a frequency dependence measurement and the 

spectrum is shown in Figure 6.2. The dielectric constant ε′ of the 100 °C annealed films 

increase significantly from room temperature until 110 °C. The rapid increase in ε′ between 

90 °C and 110 °C is attributed to the onset of cooperative dipolar motions, leading to an FE-

PE transition, as mentioned by Furukawa (Takeo Furukawa, 1997). The dielectric constant, ε′ 

is related to the ability of molecular dipoles of the polymer chains to oscillate in an alternating 

field. With increasing temperature, the thermal oscillations intensify and dipoles follow the 

alternating field more freely, which leads to an increase in the dielectric constant. The 

spectrum of dielectric constant temperature dependence measurement in Figure 6.3 at 1 kHz 

frequency is extracted from frequency dependence spectra of film annealed at 100 °C in Figure 

6.2. Further heating (above 110 °C) causes the dipoles to lose their cooperativity, and as a 

result, the dielectric constant ε′ decreases to 6.6 at 140 °C. The temperature at which the 

dielectric constant, ε′, is the highest is correlated to the Curie temperature, Tc. The Tc peak (at 

approximately 110 °C) observed in the dielectric constant ε′ temperature dependence spectrum 

is in good agreement with the corresponding TSC data (as discussed in Chapter 7), which is 

attributed to the dipolar relaxation mode in the crystalline phase (Arifin & Ruan, 2018; Sutani 

et al., 2021). The coalescence of the micelle-like and elongated rod-like crystallites formed 

into acicular grains with some smaller needle-like crystallites inside the grains at film structure 

annealed above 100 °C is the major factor in the deterioration of dielectric constant of 

copolymer thin films annealed at temperatures above Tc as the copolymer experience phase 

changes from the ferroelectric to the paraelectric phase.  
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Figure 6.2: Dielectric frequency spectra for the P(VDF-TrFE) thin film annealed at  
100 °C and measured at a temperature step size of 10 °C from room temperature (RT) 
to 120 °C. 
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Figure 6.3: Dielectric constant of P(VDF-TrFE) film annealed at 100 °C as a function of 
temperature with a step size of 10 °C. 
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6.3 Pyroelectric coefficient of copolymer P(VDF-TrFE) at different annealing  
temperatures 

 
In this study, the pyroelectric coefficient, 𝑃𝑖 of the P(VDF-TrFE) copolymer thin film was 

measured using the quasi-static measurement method. The pyroelectric coefficient, 𝑃𝑖, was 

obtained by measuring the pyroelectric current Ip induced during the heating of the sample 

from 26 °C to 29 °C, with an effective area of 1 mm2 for all samples. The heating rates used 

in this experiment were 0.015 °Cs1, 0.02 °Cs-1, 0.025 °Cs-1 and 0.03 °Cs-1. A rectangular 

waveform of pyroelectric current was obtained when a triangular temperature waveform was 

applied to the P(VDF-TrFE) thin films, with different annealing temperatures, as shown in 

Figure 6.4(a), which depicts the pyroelectric coefficients of the thin film annealed at different 

annealing temperatures. Equation (6.1) describes the relationship between the pyroelectric 

coefficient (𝑃𝑖), generated pyroelectric current (Ip), rate of temperature change (dT/dt) and 

surface area (A) of the element (Bowen et al., 2015; G. Chen & Majid, 2006; Li & Ohigashi, 

1992).  

     𝑃𝑖 =
𝐼𝑝

𝐴(
𝑑𝑇

𝑑𝑡
)
                               (6.1)  

When the temperature gradient changes from heating to cooling or vice versa,  

C-F dipoles in the PVDF unit cell are orientated to a slightly disordered state. The disordered 

state of the dipoles reduces the spontaneous polarisation of the samples and changes the bound 

charge on the material surface. The free charges at the aluminium electrodes were then 

redistributed themselves to compensate for the change in the bound charges, causing the 

pyroelectric current to flow. Plotting the Ip versus ΔT/Δt graph (see Figure 6.4(b)) allows the 

pyroelectric coefficients of the poled P(VDF-TrFE) films to be determined. Therefore, the 

pyroelectric coefficients of poled P(VDF-TrFE) copolymer thin films annealed at different 

temperatures were evaluated.  
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Figure 6.4: (a) Change in pyroelectric current with time and temperature of the P(VDF-
TrFE) thin film and (b) graph of Ip versus rate of temperature change, dT/dt for poled 
P(VDF-TrFE) thin film annealed at 100 °C. 

 

The dependences of the pyroelectric coefficient, remnant polarization and degree of 

crystallinity of the copolymer thin films on the annealing temperature were plotted and are 

shown in Figure 6.5. The annealing temperature of 100 °C is the optimum temperature, with 

a pyroelectric coefficient of 31 μC/m2K. Above the optimum annealing temperature, the 

0 500 1000 1500 2000 2500

22

23

24

25

26

27

28

29

 

Time (s)

Te
m

pe
ra

tu
re

 (o C
)

0

1

2

3

4

5

6

7

8

 P
yr

oe
le

ct
ric

 c
ur

re
nt

, I
p (

pA
)

(a)

 

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07

0.0

0.5

1.0

1.5

2.0

Pe
ak

-to
-p

ea
k 

py
ro

el
ec

tri
c 

cu
rre

nt
, I

p 
(p

A)

Rate of temperature change, ΔT/Δt (oC/s) 

(b)

Univ
ers

iti 
Mala

ya



121 
 

pyroelectric coefficients for the copolymer thin films deteriorate. The pyroelectric coefficient 

for the thin film annealed at 140 °C is reduced to 18 μC/m2K. The higher the percentage of 

crystallinity is, the better the pyroelectric performance, as illustrated in Figure 6.5. At the 

optimum annealing temperature of 100 °C, the pyroelectric coefficient, remnant polarization 

and percentage of crystallinity all give maximum values of 31 μC/m2K, 76.7 mC/m2 and 

75.3%, respectively. The degree of crystallinity in the β phase of the copolymer decreases 

dramatically at higher annealing temperatures above 100 °C (in the paraelectric phase), as the 

polymer molecular chains tend to align normally to the substrate, which will decrease the 

polarization of the copolymer thin film. The poor pyroelectric performance exhibited by the 

thin films annealed above 100 °C can be related to the low percentage of crystalline β phase, 

as thoroughly shown in the XRD, FTIR and ferroelectric results in Chapter 4. The micelle-

like crystallites coalesce with the elongated rod-like crystallites to form acicular grains with 

small needle-like structures inside the grain, which may cause the copolymer thin film to lose 

some of its ferroelectric and pyroelectric properties. The C-F bonds in the P(VDF-TrFE) 

copolymer are highly polar, with a large dipole moment, D, of 6.4×10-30 Cm (Navid & Pilon, 

2011). If the crystalline structure of the copolymer thin film is non-centrosymmetric, then the 

polarization of the dipoles can be spontaneous and temperature dependent. Therefore, the 

copolymer was also investigated for its pyroelectric effect (Joshi & Dawar, 1982; Lang, 2005; 

Navid et al., 2010). 
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Figure 6.5: Pyroelectric coefficient (𝑃𝑖) of P(VDF-TrFE) thin films plotted together with 
their respective remnant polarization and percentage crystalline for various annealing 
temperatures. 

 

6.4 Energy harvesting and sensor Figure of Merit (FOM) of copolymer films 
 
Figures of merit (FOMs) can be used to assess the performance of pyroelectric devices for 

thermal or infrared sensor and energy harvesting applications. FOMs are numerical values for 

measuring the efficiency and performance of a transducer and a sensor. For better performance 

of pyroelectric materials, the thermal conductivity and specific heat capacity should be low to 

enhance their figures of merit (Jayalakshmy & Philip, 2015). Here, two types of FOM can be 

used to quantify the performance of a pyroelectric material for thermal sensing and energy 

harvesting. The first type of FOM is the detectivity without division of the specific heat 

capacity, FD (Gan & Majid, 2015), which is normally used for thermal sensors. The expression 

is stated as: 

      𝐹𝐷 =
𝑃𝑖

√𝜀′𝑡𝑎𝑛𝛿
                               (6.2) 
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where 𝑃𝑖, ε′ and tan δ are the pyroelectric coefficient, dielectric constant and tangent loss, 

respectively. The values of ε′ and tan δ were measured at 1 kHz, 10 kHz and 100 kHz. The 

second FOM, FE, is used for energy harvesting and represents the amount of electrical power 

that can be harvested from the hot source of a pyroelectric material, and it can be defined as: 

    𝐹𝐸 =
𝑃𝑖

2

𝜀𝑜𝜀𝑟
                  (6.3)  

where 𝜀𝑜 is the vacuum permittivity (8.854 × 10−12 Fm−1) and 𝜀𝑟 is the permittivity of the 

pyroelectric material (Navid & Pilon, 2011; Yamanaka et al., 2017). 

The spectra of FD and FE calculated at 1 kHz are shown in Figure 6.6. FD increases from 

61 to 84 μC/m2K when the annealing temperature of the P(VDF-TrFE) thin films is increased 

from 80 °C to 100 °C. The variations in FD and FE at the higher frequencies of 10 kHz and 

100 kHz are similar to those at 1 kHz and thus are not reproduced here. FD starts to decrease 

at annealing temperatures above 100 °C up to 140 °C until the value reaches 48 μC/m2K. The 

maximum FE calculated at 1 kHz is 10.9 Jm-3K2, obtained from P(VDF-TrFE) thin films 

annealed at 90 °C, and it decreases to 10.3 Jm-3K2 for 100 °C annealed films. Although FE is 

highest at an annealing temperature of 90 °C, the percentage difference is only 5.7% for FE 

annealed at 100 °C compared to the large difference in FD at these two annealing temperatures. 

Therefore, based on the spectra in Figure 6.6, P(VDF-TrFE) thin films annealed at  

100 °C are still the optimum films for use in both sensor and energy harvesting applications.   
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Figure 6.6: Dependence of pyroelectric coefficient (Pi) with two figures of merit (FOMs), 
FD and FE on various annealing temperatures of P(VDF-TrFE) thin films. 

 

 

6.5 Dielectric of composite P(VDF-TrFE) / ZnO QDs 
 
The dielectric spectra of copolymers without ZnO QDs are shown in Figure 6.7(a). The 

incorporation of ZnO QDs into the PVDF-TrFE matrix amends the dielectric spectra with the 

increasing temperature from room temperature (RT) to 140 °C as depicted in Figure 6.7(b)-

(e). At low frequency, both ε′ and ε′′ of nanocomposites thin films increases for all 

composition until up to 100 °C. The enhancement in the dielectric constant dielectric loss 

values at low frequencies can be ascribed to Maxwell–Wagner–Sillars polarization arising 

from charge carriers accumulated at the interphase between amorphous and crystalline regions 

(P. Xu & Zhang, 2011). The increasing trend of dielectric loss in the frequency range 10 kHz 

to 1 MHz is convincing evidence of the dielectric relaxation peak corresponding to β 

relaxation induced by the micro-Brownian motion of non-crystalline chain segments in 

P(VDF-TrFE) (Mahdi & Majid, 2016). The increase in the real permittivity of the composite 

up to 0.25 wt% ZnO QDs is attributed to the large permittivity of ZnO which enhanced the 
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polarization from dipole-dipole interaction of closely packed nanoparticles and may be due to 

interfacial polarization which increases the polarizability of the samples at the interface. 

Dipole-dipole interactions arise from the alignment of permanent dipoles within the molecules 

or atoms of the material. The molecules with permanent dipoles attract each other 

electrostatically; the positive end of one molecule attracts the negative end of another 

molecule, and so on, leading to an alignment of the molecules (Moeller, 2012). When the 

dipoles are aligned with an applied electric field, they increase the polarization of the material 

and increase its dielectric constant. The material responds to the electric field by generating 

its own dipole moments. On the other hand, interfacial polarization mechanism also known as 

Maxwell-Wagnar gives rise to the increase in the dielectric permittivity at low frequencies. 

Toor (2017) reported that the ligand coating on the nanoparticle surface provides local 

electrical resistance, so these nanoparticles could still be incorporated at a high-volume ratio 

in the polymer scaffold without compromising the breakdown strength and causing an 

increase in the dielectric loss of the polymer nanocomposite. The interfacial ligand/surface 

functionalization layer can restrict electron transfer between the nanoparticles, resulting in a 

more gradual increase in dielectric permittivity with increasing nanoparticle concentration. 

The dielectric loss, ε′′ increases due to the increment of conductivity of ZnO QD itself. The 

dielectric loss distortion in Figure 6.7(e) for 0.50 wt% composite films at room temperature 

to 50 °C is probably caused by a problem with the aluminium electrode attached to the sample. 

Few studies reported that the dielectric properties of ZnO may be attributed to the 

hybridization between the Zn 3d-electron and the O 2p-electron based on the first principle 

(Albertsson et al., 1989; Dal Corso et al., 1994; Onodera & Takesada, 2012). One of the 

theoretical studies also includes DFT based study of ZnO nanostructure adopting Local 

Density Approximation (LDA) and Generalized Gradient Approximation (GGA) correlation 

function.  
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Figure 6.7: Real (ε′) and imaginary (ε″) dielectric spectra of P(VDF-TrFE) / ZnO QDs 
(a) 0 wt% (b) 0.15 wt% (c) 0.25 wt% (d) 0.35 wt% and (e) 0.50 wt%. 
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Figure 6.7, continued. 
 

Figure 6.8 shows the temperature dependence of ε′ and ε′′ for various wt% of ZnO at 1 

kHz. It is observed that ε′ and ε′′ increase with the increase of ZnO wt% in composite up to 

0.25 wt% ZnO QDs. The increase in the real permittivity of the polymer nanocomposite is 

attributed to the polarization from dipole-dipole interaction of closely packed nanoparticles 

and may also be due to interfacial polarization which increases the polarizability of the 

samples at the interface (Tan et al., 2014). As ZnO quantum dots have a high surface 

area/volume ratio, the interface becomes larger with the increase of ZnO content. Meanwhile, 

the dielectric loss, ε′′ was shifted to lower frequencies as the nanofiller content increased. 

Although composite films of 0.25 wt% have the highest dielectric constant, they also result in 

the highest dielectric loss, hence the optimized composite films are more suitable for device 

operation at 0.15 wt%. 
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Figure 6.8: Frequency dependence of dielectric spectra, real (ε′) and imaginary (ε″) of 
P(VDF-TrFE) / ZnO QDs composites with different filler contents at room temperature. 

 
 
The increase in ε′ and ε′′ for the P(VDF-TrFE) / ZnO QD polymer nanocomposite thin 

films in the low-frequency range (Figure 6.8) is due to the inclusion of ZnO QDs with higher 

conductivity, embedded in the polymer matrix. In polymer nanocomposites with conductive 

fillers, the polarization properties of the matrix molecule, the conductive filler, and their 

interface, together play a decisive role in the dielectric properties. The high dielectric 

relaxations occurring at low frequencies referred to as Maxwell-Wagner relaxations are 

normally generated due to the interfacial effects between the fillers and the polymer matrix 

(Parangusan et al., 2018). According to percolation theory and the Maxwell-Wagner-Sillars 
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interfacial polarization effect, the charge carriers in the composites depend on the transport of 

the polymer matrix to the conductive fillers, which leads to the accumulation of space charge 

polarization at their interface. Meanwhile, the dielectric constant decreases with increasing 

frequency. A similar pattern was observed and reported in reference (Gao et al., 2019; Halim 

& Halim, 2018; Han et al., 2019; Wu et al., 2022; Xu et al., 2018). The dipoles struggled to 

align in the direction of the applied field at higher frequencies, but at lower frequencies, the 

dipoles had enough time to align with the applied field. Therefore, the reduction in the 

dielectric constant at higher frequencies is due to the gradual decrease in the speed of 

movement of the charges in response to the applied electric field (Han et al., 2019). The Curie 

temperature is increased by approximately 10 °C with the addition of ZnO QDs compared to 

that of the pure copolymer as shown in Figure 6.9 which indicates that the semiconductor 

filler enhanced the ferroelectric phase of a nanocomposite device. 
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Figure 6.9: Temperature dependence of real (ε′) of dielectric spectra for various wt% 
of ZnO at 1 kHz. 
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6.6 Room temperature dielectric models 
 
The nanocomposite films can be modelled by a two-phase dispersion system consisting of 

a polymer matrix P(VDF-TrFE) and semiconductive inclusions (ZnO QDs). To predict the 

effective dielectric constant of the P(VDF-TrFE) / ZnO nanocomposites, a set of theoretical 

models were applied to the dielectric experimental results. Figure 6.10 shows the comparison 

of Vo-Shi, EMT, Claussius-Mossoti, Maxwell-Wagner and Furukawa model predictions with 

experimental data of the P(VDF-TrFE) / ZnO QD nanocomposite at room temperature with 

various weight percentages of ZnO QDs as measured at 10 kHz. From the theoretical models 

employed above, it is seen in Figure 6.10 that the Vo-Shi and EMT models gave the best-fit 

parameters. The experimental value fits well with the Vo-Shi up to 0.25 wt% ZnO QDs 

because this model assumes that the effective dielectric constant of the polymer/filler 

composite depends on the interfacial region between the polymer and the filler as well as 

depends on the size of the filler (Vo & Shi, 2002). Vo and Shi calculated the effective 

dielectric constant of a three-component system consisting of polymer, interphase and filler:

  

𝜀𝑐 =
ℎ+2𝑙

ℎ−𝑙
                                                                                                (6.4)  

 

where h and l are given by: 

 

        ℎ = 1 + 2
(𝜀1−𝜀3)(𝜀3−𝜀2)

(2𝜀1+𝜀3)(2𝜀3+𝜀2)

𝑎3

𝑏3 − 2
(𝜀1−1)(𝜀1−𝜀3)

(𝜀1+2)(2𝜀1+𝜀3)

𝑏3

𝑐3 − 2
(𝜀1−1)(𝜀1+2𝜀3)(𝜀3−𝜀2)

(𝜀1+2)(2𝜀1+𝜀3)(2𝜀3+𝜀2)

𝑎3

𝑐3             (6.5)   

 

        𝑙 =
(𝜀1−1)

(𝜀1+2)
𝑗 −

(2𝜀1+1)𝑚

(𝜀1+2)(2𝜀1+𝜀3)

𝑏3

𝑐3                 (6.6) 

 

where j and m are given by: 

        𝑗 = 1 + 2
(𝜀1−𝜀3)(𝜀3−𝜀2)

(2𝜀1+𝜀3)(2𝜀3+𝜀2)

𝑎3

𝑏3                 (6.7)
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𝑚 = (𝜀1 − 𝜀3) +
(𝜀1+2𝜀3)(𝜀3−𝜀2)

(2𝜀3+𝜀2)

𝑎3

𝑏3                                              (6.8) 

In Equations 6.7 and 6.8, ε1, ε2, and ε3 are the dielectric constants of polymer, filler and 

interphase composite respectively, and a is the radius of filler, (b-a) is the thickness of the 

interphase region and c is the radius of the equivalent composite as shown in Figure 6.11. 

a3/b3, b3/c3 and a3/c3 are given respectively by: 

𝑎3

𝑏3 =
1+𝑘Ø

1+𝑘
                   (6.9) 

        𝑏
3

𝑐3 = Ø [1 + 𝑘
(1−Ø)

(1+𝑘Ø)
]                          (6.10) 

 

        𝑎
3

𝑐3
= Ø                                      (6.11) 

 

where k is a parameter related to the size of the filler and ∅F is the volume fraction of the filler. 

Moreover, the value of k also reflects the matrix/filler interaction strength. All parameters 

mentioned above are known, except for k and ε3, which need to be fitted. The known 

parameters obtained from the experimental results are ε1, = 11.05 and ε2 = 35.6 at 10 kHz. The 

Vo-Shi model fits the experimental data well, with k = 55 and ε3 = 10 giving the best fit.  
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Figure 6.10: Various models of the effective dielectric permittivity (ε′) as a function of 
the weightage of ZnO QDs, wt% at room temperature and 1 kHz. 

 

The high k values propose a strong interaction between the functional groups of the 

polymer and the surface of the filler which cannot be detected through FTIR results. Figure 

6.11 shows the schematic diagram of polymer/filler composite materials consisting of filler 

particles, interphase and polymer matrix. Therefore, the obtained effective dielectric constant 

could be attributed to the size of the filler used in this work. For a given volume fraction of 

filler, smaller particle size has a larger fraction of the interphase volume, that is the area 

between the filler and the polymer matrix which indicates more polarization in the interphase 

surface (Nioua et al., 2017; Tan et al., 2014).  
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Figure 6.11: Schematic diagram of polymer / filler composite materials consisting of 
filler particle, interphase and matrix (Vo & Shi, 2002). 

 

The effective medium theory (EMT) model has been established by taking into 

consideration the morphology of the inclusions. The effective dielectric response of the EMT 

model is given by; 

          𝜀 = 𝜀1 [1 +
∅(𝜀2−𝜀1)

𝜀1+𝑛(𝜀2−𝜀1)(1−∅)
]                                         (6.12) 

where n is the morphology fitting constant, corresponds to the shape of the ellipsoidal particle 

and their orientation with composite film surface material. The value of n is greatly affected 

by the change in the morphology factor. The experimental values were found to fit this model 

with the shape parameter n = 0.9. A high value of n indicates largely non-spherical particles, 

which is inconsistent with the picture of ZnO quantum dots shown by nearly spherical TEM 

results. Therefore, the prediction of a near-spherical filler shape in the nanocomposite P(VDF-

TrFE) / ZnO QDs that contribute to the improvement of the dielectric is not supported in the 

present work. Moreover, when more than 0.25 deteriorates are doped into the copolymer 

P(VDF-TrFE), both Vo-Shi and EMT models no longer fit the experimental data due to the 

high leakage current (see Figure 5.6) and the appearance of micelle-like hole structures as 

shown by FESEM in Figure 4.18 which deteriorates the functional properties of composite 

devices. 
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A model developed by Clausius Mossotti (Thomas et al., 2010), was used to predict the 

effective dielectric constant using the following equation:  

  𝜀 = 𝜀1 [1 + 3∅
(𝜀2−𝜀1)

(𝜀2+2𝜀1)
]                                                    (6.13) 

where ε1, ε2 and ∅ refer to the dielectric constants of the polymer matrix and filler and the 

volume fraction of the filler, respectively. However, the predicted effective dielectric constant 

from this model deviates from the experimental value. 

The Maxwell-Wagner model is also used to fit the experimental result. This model assumes 

that the equal-sized spherical fillers are isolated from each other and will not experience a 

field induced by other spherical fillers. The formula is given by (Thomas et al., 2010): 

   𝜀 =
𝜀1[1+3∅

(𝜀2−𝜀1)

(𝜀2+2𝜀1)
]

(1−Ø)(
2

3
+

𝜀2
3𝜀1

)+Ø
                                                (6.14) 

where ε1, ε2 and ∅ refer to the dielectric constants of the polymer matrix and filler and the 

volume fraction of the filler, respectively. However, the predicted values from this model, 

however, appear to deviate by large orders of magnitude from the observed experimental data 

for filler volume fractions greater than 0.25 wt%. The experimental data cannot fit well into 

Claussius-Mossotti and Maxwell-Wagner because these models do not consider the presence 

of interphase, which exists between the polymer and filler. 

 

6.7 Pyroelectric activity of P(VDF-TrFE) / ZnO QDs nanocomposite thin film 
 
The pyroelectric coefficient of the P(VDF-TrFE) / ZnO QDs nanocomposite thin films was 

measured using the quasi-static measurement method. The experimental procedures 

mentioned in the earlier section (Section 6.3) including the temperature range and equation 

for the pyroelectric coefficient are followed. Triangular temperature waveforms with six 

heating rates utilized in this experiment by a Lakeshore 331 temperature controller were  

0.02 °Cs-1, 0.025 °Cs-1, 0.03 °Cs-1, 0.035 °Cs-1, 0.04 °Cs-1 and 0.05 °Cs-1. Pyroelectric 

materials respond to changes in temperature which cause internal strain and in turn, result in 
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an electrical charge on the material surface. Figure 6.12 shows that the pyroelectric coefficient 

improved by 50% from pure PVDF-TrFE from 31 to 49 μC/m2K at 0.15 wt% P(VDF-TrFE) 

/ ZnO QDs. The inset figure shows the pyroelectric signal observed in all composite films. 

Galsin (Galsin, 2019) reported that the ZnO wurtzite structure has non-centrosymmetric and 

anisotropic crystalline which may contribute to piezoelectric and pyroelectric. The wurtzite 

structure was formed by tetrahedral unit cells where the zinc atom is located at the centre and 

the oxygen atoms at the four corners. All the tetrahedral units are stacked and oriented in one 

direction, assembling the wurtzite hexagonal symmetry which is known as the non-central 

symmetric crystal structures of wurtzite ZnO (Sadeghi et al., 2020). Besides that, the polar 

surfaces of ZnO itself where the oppositely charged ions produced positively charged Zn+ and 

negatively charged O- surfaces, which result in a normal dipole moment and spontaneous 

polarization along the axis (Huang et al., 2021). The interfacial polarization may arise from 

the interaction between the nanofiller and polymer matrix through poling process and may 

contribute to the increment of remnant polarization and pyroelectric coefficient obtained in 

this work. Tan et al. (Tan et al., 2014) suggested that the addition of ZnO nanoparticles in the 

nanocomposite thin films enhances the local electric field during the poling process in the 

polymer matrix at the boundary of the ZnO nanoparticle. The above-mentioned paper reported 

that doping a pure PVDF thin film with a higher wt% ZnO did not increase the pyroelectric 

coefficient of the nanocomposite thin film but caused the thin film to deteriorate due to the 

increase in DC conductivity during the poling process. When the weight percentage of the 

ZnO QD was greater than 0.15 by weight, it was found that its pyroelectric coefficient 

deteriorated which is paralleled to that of ferroelectric properties.  
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Figure 6.12: The pyroelectric coefficient (𝑃𝑖) with a respective filler content of 
nanocomposite films. The inset figure shows the pyroelectric current waveform.  

 
 
 
6.8 Energy harvesting and sensor Figure of Merit (FOM) of nanocomposite films 

 P(VDF-TrFE) / ZnO QDs 
 
The results obtained by pyroelectric measurement were further analyzed for potential 

energy harvesting applications. The figure of merit (FOM), FE is an indicator used to perceive 

the energy harvesting performance of a pyroelectric device which is expressed in Equation 

(6.3) in Section 6.3.1. The spectrum of FE calculated at 1 kHz is shown in Figure 6.13 below. 

The maximum FE calculated at 1 kHz is 19.5 Jm-3K2, obtained from P(VDF-TrFE) / ZnO QDs 

composite film at 0.15 wt%, and it decreases to 11.2 Jm-3K2 for 0.50 wt%. FD reaches a 

maximum of 93 μC/m2K at 0.15 wt% of ZnO QDs. The inclusions of ZnO QDs significantly 

improved the energy harvesting performance and thermal sensing of nanocomposite devices 

and were optimum for the films incorporated with 0.15 wt% of ZnO QDs (Navid et al., 2010). 
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Figure 6.13: Dependence of pyroelectric coefficient (Pi) with energy harvesting figure of 
merit (FE) and detectivity figure of merit (FD) on various of P(VDF-TrFE) / ZnO QDs 
nanocomposite films. 

 

The performance of the developed P(VDF-TrFE) / ZnO QDs nanocomposite compared 

with other reported works is presented in Table 6.1. The calculated discharged energy density 

for the polymer matrix using P(VDF-TrFE) in this work (elaborated in Chapter 5) is 

comparable with other reported work. This study indicates that a device made with P(VDF-

TrFE) / ZnO QDs showed good functionality with less than 1% ZnO QDs in the P(VDF-TrFE) 

copolymer. 
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Table 6.1. The PVDF and P(VDF-TrFE) based composite systems 

Polymer 
matrix 

Filler Pr 
(mC/m2) 

Ec 
(MV/m) 

Pi 
(μC/m2K) 

FOM, FE 

(Jm-3K2) 
Discharge 

energy 
density 
(J/cm3) 

Ref. 

PVDF ZnO - - 29 - - (Tan et al., 
2014) 

PVDF La2O3 84 300 42 - - (Gan & 
Majid, 
2015) 

PVDF-
TrFE 

Ca-
doped 
ZnO 

6.04 41 - - 1.19 (Sahoo et 
al., 2020) 

PVDF-
TrFE 

BNT 
CeO2 

166 55 43 - - (Halim & 
Halim, 
2018) 

PVDF-
TrFE 

BNT-
BKT-

BT 

130 70 90 - 1.25 (Mahdi et 
al., 2018) 

PVDF-
TrFE 

ZnO 
QDs 

102 64 49 19.5 1.18 This work 

 

6.9 Conclusion 
 
In this study, 2–3.5 nm ZnO quantum dots were embedded into P (VDF-TrFE) to enhance 

their dielectric and pyroelectricity. By monitoring the pyroelectric current in response to the 

applied temperature, the pyroelectric coefficient of P(VDF-TrFE) and its nanocomposite films 

were extracted based on Equation 6.1. The incorporation of 0.15 wt% ZnO QDs into the 

polymer host significantly enhanced the dielectric constant (ε′ = 13.9) and pyroelectric 

coefficient (49 μC/m2K) compared to those of pure P(VDF-TrFE) due to the greater 

distribution of micelle-like crystallites and the growth of elongated rod-like crystallites. The 

maximum FE and FD calculated at 1 kHz obtained from P(VDF-TrFE) / ZnO QDs composite 

film at 0.15 wt% are 19.5 Jm-3K2 and 93 μC/m2K, respectively. The polarization of the 

noncentrosymmetric crystal structure of ZnO interacts synergistically with the P(VDF-TrFE) 

polymer host which contributes to the increase in ferroelectric and pyroelectric properties up 

to 0.15 wt% composition. As with the ferroelectric observation, the poor pyroelectric 

performance exhibited by the thin films with ZnO QD fillers above 0.25 wt% may also be 

related to the high leakage current density and the occurrence and distribution of a micelle-
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like hole structure, as indicated by FESEM characterization. The surface morphology and 

polarization are interrelated and influence the ferroelectric (refer to Chapter 5) and 

pyroelectric properties of the nanocomposite device. The new advanced materials developed 

in this research can be exploited to design a pertinent device that is suitable for energy storage 

and energy harvesting applications. 
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CHAPTER 7:  THERMALLY STIMULATED CURRENT (TSC) OF 

COPOLYMER P(VDF-TrFE) AND COMPOSITE FILMS 

 
 

 

7.1 Introduction 
 
Thermally stimulated current (TSC) studies are carried out on cast and annealed samples 

of P(VDF-TrFE) copolymers and P(VDF-TrFE) / ZnO QDs nanocomposite films as the final 

goals of this research work. Basic evaluations on TSC thermograms of P(VDF-TrFE) are 

performed by comparing the results with those from the DSC technique. The preliminary 

analysis in this chapter is also very important to demonstrate the sensitivity and reliability of 

the TSC technique. TSC results from an electric current observed during heating caused by 

the thermally initiated relaxation of the frozen electric polarization of a sample. TSC is 

commonly performed to provide information about molecular mobility in the solid state and 

as a result to characterize phase transitions related to thermal transitions in the crystalline and 

amorphous phases. Therefore, it is crucial to investigate possible relaxation spectra and 

activation energies and other thermal features in the thermogram of P(VDF-TrFE) and 

nanocomposite P(VDF-TrFE) / ZnO QDs films to find the correlation with the thermal 

transition, morphological and other properties.  

 

7.2 TSC analysis of copolymer P(VDF-TrFE) at different annealing temperatures 
 
The measurement procedure and settings were explained in detail in Section 3.5.4. Many 

attempts at TSC measurement have been made to find optimized setting parameters for 

P(VDF-TrFE) films as illustrated in Figure 7.1 and Figure 7.2. The annealed films at 100 °C 

were subjected to TSC measurement for a preliminary test at selected poling temperatures, Tp; 

40 °C, 60 °C and 80 °C as shown in Figure 7.1(a). The sample is subjected to a static electric 

field of about 5 MV/m at the selected polarization temperature for a poling time of tp = 2 mins 

which allows the orientation of the dipolar units of P(VDF-TrFE) (Menegotto et al., 1999). 

Univ
ers

iti 
Mala

ya



141 
 

The depolarized current gives the best spectrum (TSC peaks appear with greater intensity and 

emerged at possible relaxation peaks as reported by Teyssedre et al.(1993a) with the same 

mol ratio of P(VDF-TrFE)) at a poling temperature of 60 °C. Therefore, the measurements 

were continued to find the optimal poling time at Tp = 60 °C and an electric field of 5 MV/m 

(see Figure 7.1(b)). However, it seems that 10 minutes (for Figure 7.1(b)) and 5 MV/m electric 

fields for the depolarization process of P(VDF-TrFE) were not sufficient to give the best 

appearance of Tg and Tc peaks. All samples were then subjected to various TSC measurement 

conditions as shown in Figure 7.2 to observe the relaxation behaviour, particularly around Tg 

and Tc peaks. The TSC spectrum for all samples as indicated in Figure 7.2(a) were observed 

at setting parameters; Tp = 60 °C, tp = 2 min, E = 5 MV/m and heating rate 5 °C/min. Figure 

7.2(b) is the TSC spectrum for P(VDF-TrFE) with setting parameters; Tp = 60 °C, tp = 10 min, 

E = 10 MV/m and heating rate 5 °C/min. The spectrum could show Tg and Tc relaxation peaks 

for all samples, but since the coercivity field of ferroelectric polymers is typically higher than 

50 MV/m, the poling time was increased to 20 minutes and the poling field to 20 MV/m, 

which far below the coercive field (refer to Figure 7.2(c)) (Bai et al., 2003). Various dipoles 

and space charges relaxations of as-cast and annealed semi-crystalline copolymer P(VDF-

TrFE) films were observed in the optimized TSC complex spectrum as shown in Figure 7.2(c), 

with the appearance of β, α and ρ peaks.  
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Figure 7.1: TSC complex spectrum of P(VDF-TrFE) 72/25 for 100 °C anneal films at (a) 
vary poling temperatures (b) varied times of poling. 
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Figure 7.2 TSC complex spectrum of P(VDF-TrFE) 72/25 for as-cast film and all anneal 
films at various setting parameters (a) Tp = 60 °C, tp = 2 min, E = 5 MV/m  
(b) Tp = 60 °C, tp = 10 min, E = 10 MV/m and (c) Tp = 60 °C, tp = 20 min, E = 20 MV/m. 
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The obtained peaks of depolarization current from Figure 7.2(c) are compared with other 

works and tabulated in Table 7.1. The α-PVDF and β-PVDF films with poling temperature of 

80 °C observed by Teyssedre et al. (1993b) show no depolarization peak below Tg (Tg labeled 

as α1 peak in Table 7.1). Teyssedre et al. (1993b) reported a broadening of the α1 peak (glass 

transition temperature) and a decrease in its intensity observed for β-PVDF compared to α-

PVDF which is due to the increase in the crystallinity phase of β-PVDF after stretching. This 

phenomenon is observed in the TSC spectrum of annealed P(VDF-TrFE) as depicted in Figure 

7.2(a)-(c). The annealing process affected the intensity of the TSC peak at Tg due to the 

increment of crystalline phase in the samples. The α2 relaxation peak for both α-PVDF and β-

PVDF observed by Teyssedre et al. suggests that the molecular motions at the surface of the 

crystalline lamellae might be preferentially oriented perpendicularly to the films. With the 

addition of TrFE into PVDF, it shows that the Tg or α1 peak shifted to the higher temperature 

and the Curie peak Tc or ρ emerged at ~ 100 °C. The reported glass transition temperature 

value, Tg for P(VDF-TrFE) is ~ -39 °C (Furukawa, 1997). The TSC setting parameters of the 

present work were equivalent to the work reported by Bai et al. (2003). However, this work 

managed to observe the lower temperature relaxation peaks (β and α1) and the higher 

temperature relaxation peaks (α2 and ρ) that occurred at lower temperatures compared to that 

reported by Bai et al.(2003). The relaxation peaks are of β, α1, α2 and ρ of this work is 

equivalent to the work reported by Teyssedre & Lacabanne (1993) using the same molar ratio 

of the copolymer P(VDF-TrFE). The TSC relaxation peaks in Table 7.1 shift to higher 

temperatures as the molar content of TrFE increases for as-cast P(VDF-TrFE) films by 

Teyssedre et al.  (Teyssedre et al., 1993a) and Capsal (Capsal et al , 2013). 
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Table 7.1: TSC parameters of copolymer films 
 

P(VDF) & Mol 
Ratio of P(VDF-

TrFE)  
  

Poling 
Temp.  

(°C)  
  

Poling  
Field  

(MV/m)  

Poling  
Time  
(min)  

 Peak Position 
(°C)  

  Ref.  

β      α1  
(Tg) 

α2  ρ  
(Curie) 

 

α-PVDF  
 

β-PVDF  
80 5 2 

-  
 
- 
 

-50 
 

-50 
  

50 
 

50 
 

-  
 
- 
 

(Teyssedre 
et al., 

1993b) 

70/30  P(VDF-TrFE) 
As-cast 110  3  *  - -24 - 103 

(Capsal, et 
al., 2013) 

75/25 P(VDF-TrFE)   
As-cast  

  
75/25 P(VDF-TrFE)  

Anneal 140 °C  

100  5  2  

-  
  
 

-80   

-34  
  
 

-34  

50  
  
 

102  

-  
  

 
100  

(Teyssedre 
et al., 

1993a) 

70/30 P(VDF-TrFE) 
Anneal 125-130 °C 60 20 20 * * 63 113 (Bai et al., 

2003) 

65/35 P(VDF-TrFE) 
Ascast 40  5  2  -120  -33  35  110  (Menegotto 

et al., 1999) 

75/25 P(VDF-TrFE)  
As-cast  

  
75/25 P(VDF-TrFE)  

Anneal 100 °C  

60  20  20  

-  
  
 

-75.5  

-29.8 
 
 

-23.8 

21.9  
  

 
27.4  

  

97.3 
  
 

96.3  

  
Present 
work  

* no information  
 

The DSC and the complex TSC thermograms of P(VDF-TrFE) were plotted in the same 

graph as shown in Figure 7.3(a)-(e) which constituted from the thermal behaviour of both 

crystalline and amorphous phase with poling temperature of 60 °C and poling field of 20 

MV/m. No thermal transition was observed within the range of known Tg (-40 °C to -0 °C) 

for all samples in the DSC spectrum, which depicted as α peak or related to the amorphous 

region of P(VDF-TrFE). The DSC scan for all films was discussed earlier in section 4.2.3 in 

Chapter 4 (see Figure 4.7). For the as-cast copolymer film, with no preheat or annealing 

history, three relaxation modes appeared in the TSC spectrum as shown in Figure 7.3(a). The 

α1, α2 and ρ relaxations are centred at -29.8 °C, 21.9 °C and 97.3 °C respectively. The α1 mode 
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corresponds to the glass rubber transition attributed to dipolar relaxation in the amorphous 

phase. This peak is in good agreement with the same molar ratio copolymer film as reported 

by Teyssendre et al. (Teyssedre et al., 1993a). TSC measurement is capable of revealing glass 

transition temperature, Tg which was initially undetected from DSC spectra. In the high-

temperature range, a broad peak around 100 °C is depicted as ρ peak. This mode is associated 

with Curie transition (from ferroelectric to paraelectric transition) due to dipolar relaxation in 

the crystalline phase of the copolymer. A shoulder appears at 21.9 °C known as α2 which is 

ascribed as the upper component of the amorphous phase constrained by crystallites 

(Teyssedre et al., 1993a). Upon annealing at 100 °C, β peak emerged at a lower temperature 

region of ~ -80 °C as shown in Figure 7.3(c). Moreover, the magnitude of Tg at -25 °C (from 

TSC) decreases whilst that of Tc increases. This phenomenon is due to enhancement of 

crystallinity of the film. Benrekaa et al. (Benrekaa et al, 2004) observed that the higher 

annealing temperature applied to the polyethylene terephthalate (PET) films have caused the 

reduction of peak intensity due to the amorphous phase (α relaxation mode) and the emergence 

of a secondary peak corresponding to semi-crystalline phase. All other annealed films were 

consistently showing a Tg peak of ~ -30 °C except for the film annealed at 80 °C where the 

peak seems to vanish from the spectrum. Further, at a higher heating temperature, the Curie 

mode for the film annealed at 80 °C was separated into two peaks of ρ1 and ρ2. A similar trend 

is observed in the DSC thermogram for the sample. Broaden peaks of β, α1, α2 and ρ are 

observed for the film annealed at 120 °C as shown in Figure 7.3(d). This is the annealing 

temperature at which, the molecule structure of P(VDF-TrFE) was in transition from 

ferroelectric to paraelectric phase. It can be observed that the mode of α2
 is shifted to a higher 

temperature and the Curie peak becomes sharper at 104 °C when the film was annealed above 

100 °C as shown by the TSC spectrum in Figure 7.3(d) and (e). The temperature shift is 

probably due to the increment of α phase (trans-gauge conformation) of PVDF (Mizutani et 

al., 1981) of the copolymer.   
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The α1 peak representing the glass transition of the copolymer in the TSC complex 

spectrum for all samples appears in the direction of negative depolarization current while 

Curie peaks are on the positive sides of the depolarization current for all the copolymer 

samples. This phenomenon is probably due to polarity reversal which indicates the 

polarization-switching characteristics of P(VDF-TrFE) at a specific temperature. This is 

the first TSC spectrum of copolymer P(VDF-TrFE) which reveals this unique feature.     
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Figure 7.3: DSC (endothermic process) and TSC measurements for the (a) as-cast and, 
(b)-(e) Anneal P(VDF-TrFE) films. 

 
 
7.3 Decomposition on TSC peaks of As-cast and Anneal P(VDF-TrFE) at 100 °C 
 
TSC peaks shown in Figure 7.2 were decomposed using the first-order kinetic theory to 

determine the type of relaxation processes that participated in the formation of TSC peaks 

(Sature et al., 1971). The equation used is stated below:  
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𝐼(𝑇) = 𝐼𝑚𝑒𝑥𝑝 [1 + (
𝐸

𝑘𝑇
)

(𝑇−𝑇𝑚𝑎𝑥)

𝑇𝑚𝑎𝑥
−

𝑇2

𝑇𝑚𝑎𝑥
2 × 𝑒𝑥𝑝 (

𝐸

𝑘𝑇
)

(𝑇−𝑇𝑚𝑎𝑥)

𝑇𝑚𝑎𝑥
(1 − ∆) − ∆𝑚𝑎𝑥]            (7.1) 

where 𝐼𝑚, 𝐸, 𝑘, 𝑇, 𝑇𝑚𝑎𝑥 are the maximum current, activation energy, Boltzmann constant, 

temperature, maximum temperature and ∆= 2𝑘𝑇⁄𝐸, ∆𝑚𝑎𝑥= 2𝑘𝑇𝑚𝑎𝑥⁄𝐸, respectively (Poulsen 

& Ducharme, 2010). This fitting method requires the utilisation of the temperature (T) from 

TSC experimental data along with appropriate values for the activation energy (𝐸), the 

maximum current (𝐼𝑚) and the maximum temperature (𝑇𝑚𝑎𝑥) to generate a peak. 

Simultaneously monitoring the sum of current, (T) values from the peaks to fit the TSC 

current, 𝐼. The activation energy (𝐸) is known as the amount of energy needed for a pair of 

positive and negative charges to rotate during the depolarization process, which for the 

copolymer film corresponds to hydrogen and fluorine as positive and negative charges to the 

carbon atom. Dipoles with low activation energies will disorient at low temperatures, while 

those polarized dipoles with high activation energies will disorient at relatively high 

temperatures.  

The TSC complex spectrum for copolymer films is necessary to undergo baseline 

subtraction and shifting of the negative peaks to the positive sides as part of the peak 

deconvolution procedure. Only the as-cast and film annealed at 100 °C were deconvoluted 

since these two films gave a consistent TSC spectrum. The α1, α2 and Curie peaks for the as-

cast film are centered at -29.8 °C, 21.9 °C and 97.3 °C respectively. Data fitting in Figure 

7.4(a) to (c) shows the experimental peaks, decomposed peaks and summation of the peaks 

for the as-cast copolymer film. 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. However, the observed peak is sharp and intense, with 

a relatively high activation energy around 4.3 to 7 eV which is in contrast with that reported 

by (Capsal et al., 2013)(Teyssedre et al., 1993). This is probably due to the contribution of 
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space charges injected at the sample-electrodes interfaces during the TSC poling process.  The 

space charges are trapped within localized polarization in the polymers (Indolia & Gaur, 2013) 

or trapped along the chains or at the crystalline-amorphous boundaries (Eliasson, 1985). 

Further heating to 21.9 °C exhibits a peak known as α2 peak. According to Teyssendre et al., 

this peak represents the molecular mobility of amorphous domains constrained by crystallites 

(Teyssedre et al., 1993). An increment in the heat supply gives enough activation energy 

around 1.7 to 9 eV for the polarized space charges to be released in the process. The sensitivity 

of the TSC system due to the temperature change enables it to reveal a transition called Curie 

mode (ρ peak), as also shown in the corresponding DSC spectrum. The activation energies of 

the decomposed peaks in this temperature region are around 0.7 to 8 eV. At this transition 

temperature, the activation energy involves the rotational motion of the molecules within the 

paraelectric crystalline phase (Napolitano, 2015).  

The decomposed TSC peaks of the copolymer of P(VDF-TrFE) annealed at  

100 °C are shown in Figure 7.5(a) to (d). There is a low intense peak observed at  

-75.5 °C which is around 52 °C below the glass transition temperature, Tg, for the film 

annealed at 100 °C as shown in Figure 7.5(a). This peak is identified as β peak. It is associated 

with the relaxation of side chains on the polymer backbone of the amorphous phase (Diogo & 

Ramos, 2008; Mzabi et al., 2009). This peak is contributed by nine decomposed peaks with 

various activation energies. The data fitting also demonstrates that the dipoles of the annealed 

film with frozen backbone chains have low activation energies around 0.3 eV to 4.1 eV. The 

values correspond to the energy movement needed for the localized polarization of the 

copolymer side chains. The relaxation mode of α1 can be fitted from three decomposed peaks 

with activation energies in the range of 2.4 to 9.8 eV. The activation energy calculated is 

higher compared to that of as-cast film. It is because of the high crystallinity of the annealed 

copolymer used in this work. Further heating above Tg reveals the second relaxation peak, α2 

as shown in Figure 7.5(b), but with a very low intensity peak and the energy is around 0.7 to 

8 eV. The molecular motion of the polarized dipole moments together with the injected space 
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charge at Curie mode, ρ is shown in Figure 7.5(d). The maximum activation energy for the ρ 

peak calculated is 3.6 eV.  

 

 (a)    

  

Peak 
Tmax (°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
     

1 -28 4.20E-12 4.8 
2 -29.8 6.40E-11 4.3 
3 -34.2 5.80E-12 7 

α1 -29.85* 6.56E-11*   

*measured 

 (b)   

     
 

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 16.5 1.30E-12 4 
2 20 9.00E-13 9 
3 21.9 7.20E-12 4.3 
4 24 2.20E-12 4.2 
5 26.3 2.90E-12 1.7 
6 32 4.50E-12 4 

α2  22.72* 1.03E-11*   

*measured 

 (c) 

 
 

Peak 
Tmax (°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 65 1.70E-11 0.7 
2 81 7.00E-12 1.6 
3 92 1.50E-11 1.3 
4 100 4.70E-11 1.3 
5 112.5 2.30E-11 8 
 ρ 97.87* 5.67E-11*   

*measured   

 

Figure 7.4: Decomposition of the TSC spectrum of the as-cast P(VDF-TrFE) film for α1, 
α2 and ρ relaxation peaks.  
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 (a)     

 

Peak 

Tmax 
(°C) 

± 0.01 
  

Imax (A) 
± 0.01 

  

Efitt 
(eV) 

  

1 -95 1.45E-13 1 
2 -94.9 4.80E-13 1 
3 -92 6.80E-13 0.3 
4 -87.2 6.00E-13 1.5 
5 -83 8.50E-13 1.4 
6 -77.5 1.55E-12 1.3 
7 -75 1.00E-12 4.1 
8 -73.6 2.07E-12 2.5 
9 -63 3.10E-12 0.5 
β -74.2* 4.28E-12*  

*measured 
 

 (b) 

             

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -22.4 3.50E-12 2.4 
2 -23.4 2.18E-11 6.3 
3 -24.8 6.30E-12 9.8 
α1 -23.77* 2.32E-11*  

*measured 

 (c) 

 

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
     

1 11 3.50E-12 1.1 
2 19.5 1.00E-13 8 
3 20 4.00E-12 1.5 
4 23.5 6.00E-13 12 
5 27.6 3.50E-12 3.7 
6 31 1.60E-12 2.9 
7 33.5 1.00E-12 4 
8 43 1.50E-11 0.7 
α2 28.66* 1.32E-11*   

*measured   

 (d) 

  

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 62 2.55E-11 0.4 
2 81 9.50E-12 1.4 
3 94.1 3.80E-11 1.52 
4 108 4.95E-11 1.5 
5 121 1.48E-10 3.6 
ρ 96.34* 6.68E-11*   

*measured 
   

 
Figure 7.5: Decomposition of the TSC spectrum of the annealed P(VDF-TrFE) at 100 °C 
for β, α1, α2 and ρ relaxation peaks. 
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7.4 TSC analysis of composite P(VDF-TrFE) / ZnO QDs 
 
TSC measurements of nanocomposite P(VDF-TrFE) / ZnO QDs films at 0, 0.15, 0.25, 0.35 

and 0.50 wt% were performed at a poling temperature, Tp = 60 °C, subjected to a static electric 

field of about 20 MV/m for a poling time, tp = 20 min. The TSC complex spectra of the 

P(VDF-TrFE) / ZnO QDs films are presented in Figure 7.6(b). Sharp and intense peaks of Tg 

were observed for copolymer P(VDF-TrFE) and 0.15 wt% P(VDF-TrFE) / ZnO QDs films, 

at -39.4 °C and -30.9 °C, respectively. The glass transition peak, Tg is shifted to a higher 

temperature with higher intensity by the addition of ZnO QDs. However, the Tg peak seems 

to vanish with higher content of ZnO QDs, of more than 0.15 wt%. The thickness of the 

composite film series was 5 µm thicker compared to the annealed film series (as presented in 

Section 7.2). The TSC spectrum of copolymer P(VDF-TrFE) prepared during the annealing 

series and composite series (commonly written as 0 wt%) was presented in Figure 7.6(a). The 

Tg and Curie peaks shifted to lower temperatures with the increase in the film thickness. The 

Tg intensity is similar for both films, but the 30 µm film is closer to the reported Tg ~ -39 °C 

(Furukawa, 1997). In addition, the Curie peak emerged at a greater intensity of the 

depolarization current for the 30 µm film of P(VDF-TrFE). Therefore, the TSC of composite 

films (0.15, 0.25, 0.35 and 0.50 wt%) P(VDF-TrFE) / ZnO QDs were measured at an average 

thickness of 30 µm, Tp = 60 °C, Ep = 20 MV/m and tp = 20 min. Similar TSC settings were 

used by Yang et al. for biaxially oriented PVDF (Yang et al., 2015). These TSC setting 

parameters (Tp, Ep and tp) for the composite films are used for all the annealed composite thin 

films.  
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Figure 7.6: TSC complex spectrum of (a) copolymer P(VDF-TrFE) at different thickness 
and (b) nanocomposite P(VDF-TrFE) / ZnO QDs of 30 µm thickness. 
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7.5 Decomposition of composite P(VDF-TrFE) / ZnO QDs films 
 
The decomposition analysis of nanocomposite films of P(VDF-TrFE) / ZnO QDs was 

constructed using Equation (7.1) (refer to Section 7.3) and presented in Figure 7.7-7.11. The 

TSC peak positions and activation energy of composite films P(VDF-TrFE) / ZnO QDs  

(0 –0.50 wt%) through the decomposition technique are presented in Table 7.2. 

 As explained earlier in Section 7.3, the β peak observed through decomposition analysis 

is attributed to the relaxation of side chains on the polymer P(VDF-TrFE) backbone of the 

amorphous phase meanwhile the glass transition (α1 relaxation) peak is associated with the 

segmental molecules for the mobility of polarized and frozen main chains to depolarize and 

then randomize. The rotational motion of the molecules within the paraelectric crystalline 

phase attributed to Curie peak (ρ relaxation) is observed at elevated temperatures. In between 

α1 and ρ relaxation, the emergence of the α2 peak represents the molecular mobility of 

amorphous domains constrained by crystallites. However, there are two relaxations of α2 

(named α2-1 and α2-2) observed in the composite films of P(VDF-TrFE) / ZnO QDs during 

decomposition analysis. 

The addition of ZnO QDs into polymer matrix P(VDF-TrFE) significantly increases the 

activation energy of the decomposed peaks at all relaxation (β, α1, α2-1, α2-2 and ρ) peaks. The 

β peak is shifted to a lower temperature until 0.25 wt% of ZnO and emerged at a higher 

temperature for 0.35 wt% and 0.50 wt% ZnO films. The trend is quite similar to the α1 

relaxation peak for composite films. α2-1 relaxation peak is shifted to higher temperature with 

the addition of ZnO QDs and the peak seems diminished for 0.50 wt% of ZnO films. A wide 

range of α2-2 and ρ relaxation peaks are observed in the composite P(VDF-TrFE) / ZnO QDs 

films. The increase of the leakage current is responsible for the elevated activation energy 

observed in 0.35 wt% and 0.50 wt% P(VDF-TrFE) / ZnO QDs films. From the literature 

review, no research on zinc oxide QDs acting as a nanofiller in a ferroelectric copolymer 

P(VDF-TrFE) host has been reported so far, with a focus on the Thermally Stimulated Current 

of polymer nanocomposite. 
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 (a)  

  

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -89 8.00E-15 1 
2 -87.8 2.20E-14 2 
3 -86.1 4.00E-14 2.4 
4 -85.26 1.80E-13 2.6 
5 -82.65 6.70E-14 2.25 
β -85.13* 2.35E-13*   

*measured   

 (b) 

  

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -43 2.00E-13 2 
2 -39.25 1.62E-11 7.5 
3 -36 1.95E-12 1.3 
4 -28.2 3.10E-12 1.1 
α1 -39.43* 1.78E-11*   

*measured   

 (c) 

  

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 38.8 1.00E-13 1.2 
2 40.7 1.45E-11 36 
3 41.54 1.30E-12 15 
α2 40.33* 7.06E-12*   

*measured   

 (d) 

 

Peak 
Tmax (°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 37 1.00E-13 1 
2 83.5 2.05E-10 0.55 
3 117 1.00E-10 2.5 
ρ 84.64* 2.04e-10*   

*measured   

 
Figure 7.7: Decomposition of the TSC spectrum of the 0 wt% P(VDF-TrFE) / ZnO QDs 
films.  
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 (a)  

  

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -76.72 5.50E-14 6 
2 -74.32 1.15E-13 9.5 
3 -73.8 8.00E-14 11 
4 -72.6 2.15E-14 2.5 
β -74.05* 1.56E-13*   

*measured   

 (b)  

  

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -37 1.00E-13 3 
2 -34.4 2.45E-12 3 
3 -31.75 1.10E-11 3.5 
4 -30.88 4.35E-11 8.6 
5 -29 1.60E-12 3 

α1 -30.63* 4.74E-11*   

*measured   

 (c) 

 

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 13 1.50E-12 0.7 
2 16 5.00E-13 0.5 
3 18.15 2.80E-12 10 
4 20 1.55E-12 3 
5 21 3.00E-12 1.4 
6 25 3.20E-12 0.6 
7 27.5 2.00E-12 0.3 
8 32 2.02E-11 1.65 

α2 17.99* 1.57E-11*   
*measured   

 (d)  

 

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 12 1.00E-15 0.5 
2 35 5.70E-12 0.85 
3 48.5 1.30E-11 0.9 
4 74 3.18E-11 0.37 
5 81 1.85E-11 0.45 
ρ 82.91* 4.92E-11*   

*measured 
  

 
Figure 7.8: Decomposition of the TSC spectrum of the 0.15 wt% P(VDF-TrFE) / ZnO 
QDs films.  
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 (a)  

 

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -72.65 2.28E-13 4 
2 -70.14 2.50E-12 12 
3 -70 2.00E-14 4 
4 -69.8 1.00E-13 5 
5 -69.2 2.00E-13 4.4 
β -70.63* 1.23E-12*   

*measured   

 (b)       

  

Peak 
Tmax (°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -43 1.00E-12 1 
2 -34.7 2.40E-12 1.5 
3 -31.3 1.10E-11 3.5 
4 -30.1 4.60E-11 8 
5 -26 2.00E-12 1.8 
α1 -29.87* 4.94E-11*   

*measured   

 (c) 

  

Peak Tmax 
(°C) Imax (A) Efitt 

  ± 0.01 ± 0.01 (eV) 
        
1 14.15 1.20E-12 11.5 
2 15.6 7.50E-13 10 
3 18.3 1.15E-12 11.5 
4 20.9 9.50E-13 10 
5 23.9 3.80E-12 5 
6 26.70 2.10E-12 5.4 
α2 24.1* 1.71E-11*   

*measured   

 (d) 

 

Peak 
Tmax (°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 31.5 2.38E-12 0.05 
2 32.12 5.10E-12 10.8 
3 34.13 1.15E-12 17.5 
4 36.27 8.80E-12 7.4 
5 38.8 6.50E-12 10 
6 41.00 1.00E-11 5 
α2 34.03* 1.71E-11*  

*measured 
   

 
Figure 7.9: Decomposition of the TSC spectrum of the 0.25 wt% P(VDF-TrFE) / ZnO 
QDs films . 
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(e) 

  

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 81 1.85E-11 0.45 
2 127 1.00E-13 0.1 
3 128 2.00E-10 4 
4 134 1.00E-09 2 
5 138 8.50E-10 2 
ρ 133.81* 1.68E-9*   

*measured 
    

Figure 7.9, continued 
 
 

 (a)  

  

Peak 
Tmax (°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -77.5 2.00E-14 5 
2 -76.5 3.00E-14 4 
3 -75.1 3.00E-13 9 
4 -74.5 5.00E-13 9 
5 -74.2 1.70E-12 12 
6 -73.95 2.00E-13 6 
β -74.19* 2.23E-12*   

*measured   

 (b) 

  

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -27.75 1.15E-11 55 
2 -27.35 1.10E-12 40 
α1 -27.84* 8.25E-12*   

*measured   

 (c)

 

 
(c)Pe

ak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 30.8 3.00E-13 3 
2 32.53 1.30E-12 45 
3 33.85 5.80E-12 55 
4 33.7 3.00E-13 40 
5 34.1 1.80E-12 18 
6 35.25 3.00E-13 27 

α2-1 33.68* 5.23E-12*   
*measured   

 
Figure 7.10: Decomposition of the TSC spectrum of the 0.35 wt% P(VDF-TrFE) / ZnO 
QDs films.  
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(d) 

  

Peak Tmax (°C) Imax (A) Efitt 
  ± 0.01 ± 0.01 (eV) 
        
1 31 7.00E-13 6 
2 32.5 2.00E-12 20 
3 33.8 6.10E-12 28 
4 34.1 1.00E-12 5 
5 36 3.30E-12 7 
6 38.35 2.20E-12 50 
7 40.3 6.00E-12 55 
8 43.00 1.60E-11 2 

α2-2 40.3* 1.95E-11*   
*measured   

 (e) 

 

Peak 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 58.8 3.50E-11 0.51 
2 27 2.00E-11 0.5 
3 114.2 7.00E-10 1.7 
ρ 55.76* 5.58E-11*   

*measured 
    

 
Figure 7.10, continued 
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 (a)  

  

k 

Tmax 
(°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -85 5.00E-13 0.9 
2 -82.7 1.10E-12 10 
3 -82 1.00E-12 3 
4 -81.5 8.80E-12 14 
5 -78.9 5.00E-13 9.5 
6 -77.6 3.00E-13 3 
β -81.32* 6.77E-12*   

*measured   

 (b) 

 

Peak 
Tmax (°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 -38.3 1.00E-13 6 
2 -35.75 3.50E-12 30 
3 -34.2 2.00E-13 15 
α1 -35.66* 2.89E-12*   

*measured 
  

(c) 
 

Peak 
Tmax (°C) Imax (A) Efitt 

± 0.01 ± 0.01 (eV) 
      

1 110 2.00E-13 2 
2 111.7 1.10E-11 25 
3 113.8 1.50E-12 12 
4 116 2.80E-12 3 
5 121.7 3.90E-12 27 
6 123.8 4.40E-12 10 
7 126 2.00E-13 10 
8 128.3 6.50E-12 12 
9 131 5.00E-12 9 

10 132.7 8.50E-12 35 
11 134.5 2.85E-11 35 
ρ 111.68* 1.38E-11*   

*measured   
   

 
Figure 7.11: Decomposition of the TSC spectrum of the 0.50 wt% P(VDF-TrFE) / ZnO 
QDs films.  
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Table 7.2: TSC peak positions and activation energy of copolymer and composite films 
through the decomposition technique presented in this work. 

 
 

Sample 

Peak Position (°C) 
[Activation energy, E (eV)] 

 
β α1 α2-1 α2-2 ρ 

P(VDF-TrFE) 

As-cast 
- 

-29.8 

[4.3 – 7] 

21.9 

[1.7 – 9] 
- 

97.3 

[0.7 – 8] 

P(VDF-TrFE) 

Anneal 100 °C 

-75.5 

[0.3 – 4.1] 

-23.8 

[2.4 – 9.8] 

27.4 

[0.7 – 8] 
- 

96.3 

[0.4 – 3.6] 

0 wt% P(VDF-

TrFE) / ZnO QDs  

Anneal 100 °C 

-85.13 

[1 – 2.6] 

-39.43 

[1.1 – 7.5] 
- 

40.33 

[1.2 – 36] 

84.64 

[0.55 – 2.5] 

0.15 wt% P(VDF-

TrFE) / ZnO QDs 

Anneal 100 °C 

-74.05 

[2.5 – 11] 

-30.63 

[3 – 8.6] 

17.99 

[0.3 – 10] 
- 

82.91 

[0.37 – 0.9] 

0.25 wt% P(VDF-

TrFE) / ZnO QDs 

Anneal 100 °C 

-70.63 

[4 – 12] 

-29.87 

[1 – 8] 

24.1 

[5 – 11.5] 

34.03 

[0.05 – 

17.5] 

133.81 

[0.1 – 4] 

0.35 wt% P(VDF-

TrFE) / ZnO QDs 

Anneal 100 °C 

-74.19 

[4 – 12] 

-27.84 

[40 – 55] 

33.68 

[3 – 55] 

40.3 

[2 – 55] 

55.76 

[0.5 – 1.7] 

0.50 wt% P(VDF-

TrFE) / ZnO QDs 

Anneal 100 °C 

-81.32 

[0.9 – 14] 

-35.66 

[6 – 30] 
- - 

111.68 

[2 – 35] 

 
 
The high activation energy (> 3 eV) observed at almost all the decomposed peaks is 

probably due to the contribution of space charges injected at the sample-electrodes interfaces 

during the TSC poling process.  The space charges are trapped within localized polarization 

in the polymers (Indolia & Gaur, 2013). The relaxation modes of β, α1, α2 and ρ can also be 

associated with deep traps due to the highly polar molecular structure of P(VDF-TrFE) and 

the trapping of charge carriers on the surface region of the copolymer (Indolia & Gaur, 2013). 

Thermal stimulated discharged current (TSDC) behaviour of PVDF / ZnO at poling condition 
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(5 MV/m, 60 °C) studied by Indolia & Gaur (2013) suggested that the peaks were contributed 

from both the interfacial phenomena as well as space charge properties. TSDC peak current 

of the PVDF / ZnO nanocomposite increased and shifted toward the higher temperature side 

as the ZnO content in the nanocomposites was increased. However, the trend is not similar 

for P(VDF-TrFE) / ZnO QDs presented in this work. Indolia & Gaur suggest that the charge 

carriers tend to be trapped on top surface of the polymer after the addition of ZnO nanofiller. 

If these trapped carriers induce homocharge layers near the electrodes, space charge formation 

would be enhanced. This explains the fact that the amount of charge in nanocomposites with 

a suitable dispersion of ZnO nanoparticles is higher than in pure PVDF (Indolia & Gaur, 

2013). 

 As elaborated in Chapter 2 (Section 2.6), TSC measurement involves the emergence of 

thermoelectrets which usually originate from both dipole polarization and space charges. An 

electret could also be formed as carriers transferred through the dielectric in a molecular or 

domain structure. In theory, the existence of electrets as a permanently polarized dielectric 

was predicted as early as 1892 by the British physicist Heaviside. The electrets can be 

obtained by applying high electric fields to polar dielectrics. Polarization induces the 

alignment of dipoles; thus, heterocharges are formed on the surface (Kestelman et al., 2000). 

Moreover, space charge polarization is observed when charge carriers are accumulated at the 

interface and grain boundaries in dielectrics with heterogeneous structures. Therefore, the 

current observed in TSC is generally described as the result of polarized chain mobility and 

space charges released. Figure 7.12 shows schematically the current generated from the flows 

of initially induced image charges by injected charge (homocharges) as well as by dipole and 

space charge (heterocharges) in an electret. These induced charges leave both electrodes in 

the direction of an electrometer. The flows take place due to the release of image charges. It 

occurs after the release of trapped charge or the disorientation of dipoles which has taken 

place to restore charge neutrality within the electrets (Abdul Halim, 2010; Van Turnhout, 

2005). The dipole reorientation is believed to involve the rotations of a coupled pair of positive 
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and negative charges. It, therefore, requires a certain amount of energy for depolarization, 

which can be up to a few eV in the case of solids (Sessler & Shahi, 1980). 

 

 

Figure 7.12: Schematic representation of the image charges on electrodes released by 
depolarization of dipoles, space charges and homocharges within the electrets (Abdul 
Halim, 2010; Van Turnhout, 1971). 
 
 

The process of phase change of the copolymer P(VDF-TrFE) from glassy to rubbery state 

(Tg) may lead to the release of trapped space charges when their polymer chains (main chain) 

loosen, thus contributing to the large amount of activation energy observed at Tg relaxation 

peaks and onwards (α1, α2-1 and α2-2) for nanocomposite P(VDF-TrFE) / ZnO QDs as 
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presented in Table 7.2. Heterocharges within polymer electrets can be either ionic which 

comes from impurities within a polymer or electrons and holes (Fleming, 1999; Taraskin & 

Henn, 2008). These electronic charges are non-uniformly distributed and are often located 

near the electrodes which are believed to be trapped in localized traps (Abdul Halim, 2010). 

The molecular-ion model proposed by Duke and Fabish probably can support the 

occurrence of high activation energy of decomposed peaks around > 3 eV, which indicates 

the existence of a molecular-ion deep trap (Duke & Fabish, 1976; Fabish & Duke, 1977). The 

model was employed to demonstrate the presence of an electronic acceptor (or donor) state in 

polymers. The model suggested that if there were proper acceptors or donors present within a 

polymer, then the injected electronic carriers can create molecular-ions with them (Cui et al., 

2009; Mellinger et al., 2004). The charge acceptors or donors could be in the form of polar 

and pendant groups. High energy deep trap is equivalent to the ionization energy Eg implies 

the formations of molecular ions within the materials during the polarization process. These 

molecular ions could have trapped charge carriers, which turned them into localized traps with 

high activation energy inside the electret materials. However, no work reported on molecular 

ion traps of P(VDF-TrFE) in TSC. Meanwhile, Thermally stimulated discharge conductivity 

study of zinc oxide thermoelectrets by Sangawar et al. explained that the ZnO crystals exhibit 

strong n-type conductivity due to intrinsic defects (oxygen vacancy and interstitial zinc 

atoms). These defects introduce donor states in the forbidden band slightly below the 

conduction band and hence result in the conducting behaviour of ZnO (Sangawar & Golchha, 

2014). It was found that the activation energy of ZnO thermoelectrets increases with 

increasing polarization field. 

Gaur et al. reported TSC of nanocomposite (5% ZnO-filled polycarbonate (PC)) at poling 

field 10 MVm-1 (Gaur et al., 2010). It has been observed that the increment of depolarization 

current of TSC nanocomposite at the high charging field and temperature is due to te 

formation of a charge-transfer complex (CTC) between inorganic and organic molecules. The 

CTC is an interaction between two or more molecules or different parts of a very large 
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molecule, in which the attraction between the molecules (or parts) is generated by an 

electronic/ionic transition to an excited state, transferring charge friction (e.g., ions) between 

molecules. Since ZnO nanoparticles introduce ionic species into the PC matrix, which 

contribute ionic charge carriers. Therefore, work reported by Gaur et al. may suggest that the 

ionization process takes place during the TSC measurements. These friction charges rapidly 

tunnel from the inorganic phase to the organic phase and are responsible for leakage or 

breakdown current (Gaur et al., 2010). TSC studies by Wang et al. reported that the 

introduction of ZnO nanoparticles into epoxy resin will introduce a large number of interface 

traps and its high surface energy will limit the movement of polymer molecular segments. 

With the increase of nanoparticles, since agglomeration occurs between particles, 

nanoparticles will introduce a large number of traps as impurities. In addition, the increase in 

nanoparticles rapidly increases the volume of the internal interface of the material, which 

allows the capture of a large number of space charges and the formation of a large number of 

traps (Wang et al., 2019). 

Therefore, it may conclude that the high activation energies observed at all compositions 

of P(VDF-TrFE) / ZnO QDs may involve space charges injection at the 

polymer/semiconductor interface and molecular-ions deep traps. At more than 0.25 wt% ZnO 

QDs fillers, the leakage current takes place based on the extreme activation energy at almost 

all decomposition peaks and possibly due to the appearance of a micelle-like hole structure as 

observed in the FESEM measurement. 

 

7.6 Conclusion 
 
Decomposition analysis using first-order kinetic theory to determine the type of relaxation 

processes involved in the formation of TSC peaks, as follows; the β peak is attributed to the 

relaxation of side chains on the polymer P(VDF-TrFE) backbone of the amorphous phase, 

while glass transition (α1 relaxation) peak is associated by the segmental molecules for the 

mobility of polarized and frozen main chains and at elevated temperature, a rotational motion 
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of the molecules within the paraelectric crystalline phase is observed, which is attributed to 

Curie peak (ρ relaxation). In between α1 and ρ relaxation, the emergence of the α2 peak 

represents the molecular mobility of amorphous domains constrained by crystallites. The 

relaxation peak of the TSC spectrum showed the phenomenon of spontaneous polarization or 

switching characteristics of P(VDF-TrFE) observed at a specific temperature of Tg and Curie 

mode. The elevated activation energies for as-cast and annealed film at 100 °C from the 

deconvolution process is probably due to the high electronegativity between carbon, hydrogen 

and fluorine atoms of P(VDF-TrFE) and may also be due to the injection of trapping charge 

carriers of the copolymer thin film which is mostly covered by homogeneous micelle-like 

crystallites surrounded by elongated rod-like crystallites.  

Doping of ZnO QDs in P(VDF-TrFE) revealed two relaxations of α2 (named α2-1 and α2-2) 

instead of just one relaxation, α2, of P(VDF-TrFE) during decomposition analysis. The 

interaction of semiconducting ZnO QDs with carbonate groups of copolymers during the 

poling process can result in heterocharges (space charges and dipoles) being trapped in 

localized traps due to ionization and thus decomposed with high activation energy (> 3 eV) at 

most relaxation peaks of P(VDF-TrFE) / ZnO QDs. So far, no study on ZnO quantum dots in 

the Thermally Stimulated Current measurements has been reported, which makes it quite 

difficult to discuss the high activation energy observed in this work. 
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CHAPTER 8: CONCLUSION 
 
 
 

8.1 Conclusion 
 
The goal of this research is to develop a new polymer nanocomposite device consisting of 

a zero-dimensional nanofiller in a ferroelectric polymer host that acts as a nanogenerator for 

energy harvesting. The research shows that it is possible to improve the multifunctional 

properties of the copolymer P(VDF-TrFE) and conduct a thorough investigation of novel 

polymer-nanocomposite devices in terms of both physical and electrical properties. 

The study is mainly divided into two parts; annealing series of copolymer P(VDF-TrFE) 

and a polymer nanocomposite of P(VDF-TrFE) embedded with ZnO quantum dots. The first 

part focused on the preparation and analysis of the physical (structural and morphological) 

and electrical (ferroelectric, pyroelectric and TSC) properties of P(VDF-TrFE) at various 

annealing temperatures. The optimum annealed sample with the best physical and electrical 

properties was found and employed as the polymer matrix in the nanocomposite films in the 

second part of the study. 

The spin-coated P(VDF-TrFE) film with the highest degree of crystallinity corresponds to 

all trans (TTTT) conformation of the copolymer chain alignment or known as β phase, 

achieved at an annealing temperature of 100 °C using the XRD spectra deconvolution 

technique. A thermal annealing treatment on P(VDF-TrFE) films was applied between 80 °C 

to 140 °C, which is in the range of the Curie temperature, Tc and the melting point, Tm of the 

material. The films were annealed between the ferroelectric and paraelectric phases. The 

annealing temperature close to the Curie point induces the crystallization of the β phase, which 

leads to the largest spontaneous polarization, Ps in the unit cell of the copolymer. The surface 

morphology of the as-cast and the film of P(VDF-TrFE) annealed at 80 °C and 100 °C was 

covered by homogeneous spherical crystalline micelles embedded in the elongated rod-shaped 

structures and it can be observed that the micelle-like crystallites expand and grow as a 

function of the temperature of the heat treatment. A larger domain of β phase and micelle-like 
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crystallites with the elongated rod structures of the annealed copolymer are the important 

properties which contribute to a higher remnant polarization and pyroelectric coefficient 

observed in ferroelectric and pyroelectric measurements, respectively. Copolymer P(VDF-

TrFE) annealed at 100 °C gives the highest remnant polarization = 76.7 mC/m2, the highest 

value of the dielectric constant of about ε′ = 10.3 and the loss of ε″ = 0.1 at 1 kHz and the 

highest pyroelectric coefficient of 31 μC/m2K together with the maximum energy harvesting 

FOM, FE = 10.3 Jm-3K2 calculated at 1 kHz. When the copolymer thin film is annealed at 120 

°C which is above Curie point, the micelle-like crystallite disappears and the acicular 

crystallite is observed. The transformation of morphology from micelle-like crystallite with 

elongated rod into acicular crystallite structure is due to the phase transition from ferroelectric 

to paraelectric phase. Simultaneously, the remnant polarization, dielectric constant and 

pyroelectric coefficient were decreased due to this phase transition. 

Subsequently, the TSC technique was carried out to investigate the molecular motions of 

the crystalline copolymer P(VDF-TrFE). The relaxation peaks of the TSC spectrum revealed 

the phenomenon of spontaneous polarization or a switching characteristic of P(VDF-TrFE) 

observed at a specific temperature of Tg and the Curie mode. The elevated activation energies 

obtained from the deconvolution process for the as-cast film and film annealed at 100 °C are 

due to the high electronegativity between the carbon, hydrogen and fluorine atoms of P(VDF-

TrFE) and may also be due to the injection and trapping of charge carriers in the copolymer 

thin film, which is mostly covered by homogeneous micelle-like crystallites surrounded by 

elongated rod-like crystallites. Therefore, the crystallinity, surface morphology, molecular 

chain orientation and polarization are interrelated and influence the ferroelectric and 

pyroelectric properties of the copolymer thin films that may be used in sensor and energy 

harvesting applications. 

In the second part of this work, non-toxic ZnO QDs stabilized with TEA were synthesized 

using the sol-gel method and embedded into a copolymer matrix, P(VDF-TrFE) to investigate 

the functional properties of the novel polymer nanocomposite in terms of energy harvesting 

Univ
ers

iti 
Mala

ya



170 
 

nanogenerator purposes. Various particle size analyses from UV-Vis, XRD and TEM proved 

that the size of the wurtzite-ZnO quantum dots synthesized in this work is in the range from 

~2.5 to 3 nm. Encapsulation between TEA ligands with the surface of ZnO leads to smaller 

size QDs. A smaller particle size has a larger fraction of the interphase volume, i.e., the region 

between the filler and the polymer matrix, which implies more polarization in the interphase 

surface. A significant improvement in ferroelectric, dielectric and pyroelectric properties was 

demonstrated when 0.15 wt% ZnO QDs were dispersed in copolymer P(VDF-TrFE). Since 

quantum dots have a high surface area to volume ratio, only a few weight per cent additions 

is required to intensify the properties of the polymer. The maximum energy storage density 

calculated at 100 Hz of the ferroelectric hysteresis loop is 1.18 J/cm3 for the 0.15 wt% P(VDF-

TrFE) / ZnO QD polymer nanocomposite. Again, the incorporation of 0.15 wt% ZnO QDs 

into the polymer host significantly enhanced the dielectric constant and pyroelectric 

coefficient together with their FE and FD compared to those of pure P(VDF-TrFE) due to the 

greater distribution of micelle-like crystallites and the growth of elongated rod-like 

crystallites. The polarization of the non-centrosymmetric crystal structure of ZnO interacts 

synergistically with the P(VDF-TrFE) polymer host which contributes to the increase in 

ferroelectric and pyroelectric properties up to 0.15 wt% composition. The experimental value 

in dielectric measurement fits well with the Vo-Shi up to 0.25 wt% ZnO QDs because this 

model assumes that the effective dielectric constant of the polymer/filler composite depends 

on the interfacial region between the polymer and the filler as well as the size of the filler. The 

value of k also reflects the matrix/filler interaction strength. The Vo-Shi model matches the 

experimental data well, with the best-fit k = 55 and ε3 = 10. 

The poor ferroelectric performance of thin films containing more than 0.25 wt% ZnO QDs 

fillers may be attributed to the high leakage current density which is related to the presence of 

micelle-like hole structures that are deep to the Si substrate's surface. The involvement of 

space charges injection at the polymer/semiconductor interface and molecular-ions deep traps 
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during the poling process of TSC can result in the decomposition the of TSC spectrum with 

high activation energy at most relaxation peaks of P(VDF-TrFE) / ZnO QDs.  

 

8.2 Future work 
 
ZnO QDs are synthesized on a very small scale utilizing the sol-gel process to form 

polymer nanocomposite. For industry, an optimization of the manufacturing process for mass 

production is necessary. The P(VDF-TrFE) / ZnO QDs nanogenerator demonstrated the best 

ferroelectric and pyroelectric properties at 0.15 wt%. The pyroelectric smart device or 

nanogenerator developed in this work is a recent paradigm in nanotechnology that is crucial 

for sensing and energy harvesting purposes. The ZnO quantum dots with particle size in the 

range of 2.5 – 3 nm significantly contribute to the enhancement of energy storage and energy 

harvesting figure of merits from ferroelectric and pyroelectric characterizations of P(VDF-

TrFE) / ZnO QDs. It is important to investigate the particle size effect (at different size ranges) 

of ZnO QDs in P(VDF-TrFE) to discover the highest ferroelectric and pyroelectric properties. 

Harvesting electrical energy from the human body waste heat like thermoelectric generators 

(TEGs) to power portable electronic devices is an inspiration of current researchers. However, 

further improvement is still possible, in particular, to improve the pyroelectric properties by 

varying the poling method or varying the particle size of the nanofiller. As ZnO QDs mixed 

into ferroelectric polymers, they form interfacial interactions between the polymer chains and 

quantum dots. More research is needed to understand the effect of nanofiller addition on 

dielectric and TSC relaxation of polymer composite, which will contribute to knowledge 

advancement and better characterization in the future. 

The determination of electrical and mechanical properties plays an essential role in the 

characterization of the piezoelectric material. Since ZnO is often cited as a promising 

candidate for piezoelectric materials, it is good to also explore the potential of P(VDF-TrFE) 

/ ZnO QDs as piezoelectric nanogenerators. For this suggestion, the samples can be prepared 
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in a thick film with proper electrodes evaporated on both sides of the film and therefore can 

be analyzed using the piezoelectric resonance method. 
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