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Abstract 

 Propelled by the urgent demand for high energy-storage performance of dielectric 

materials, the exploration on alternative colossal permittivity (CP)-based capacitors has 

arisen increasing attention. In order to meet the specifications of the current modern 

electronic systems and applications, they require high dielectric permittivity, low 

dielectric loss and relatively weak dependence of frequency and temperature. Research 

progress on several types of CP materials have been studied, still, it is an arduous task to 

ameliorate these materials in two aspects: their temperature/frequency dependent 

properties and high dielectric loss. Recently, remarkable dielectric behaviour has been 

found in (In+Nb) co-doped rutile titanium dioxide (TiO2). It exhibits giant temperature 

and frequency independent CP and low dielectric loss. These superior dielectric 

properties are attributed to electron-pinned defect-dipole model.  

 This thesis studies synthesis and characterization of the new CP behaviour of 

rutile TiO2 material co-doped with niobium and erbium, (Er0.5Nb0.5)xTi1-xO2 in details. 

The purpose of the work is to investigate the relationship among the processing 

parameters, structural analysis, electrical and dielectric properties of the material for high-

energy-density storage applications. The effects of niobium and erbium dopants on the 

dielectric properties were examined, making effort for further improving the desired 

functional properties. Excellent dielectric properties were observed in the ceramics. Large 

dielectric constant (~ 8.6 × 104), sufficiently low dielectric loss (0.04), as well as 

relatively stable of frequency and temperature behaviours were achieved in a doping level 

of 5 mol%(Er+Nb) co-doped TiO2 ceramics. In addition, the up/down photoluminescence 
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(PL) was observed in the visible (Vis) and near-infrared region (NIR) from the material 

under 980 nm laser diode excitation. The upconversion emissions are ascribed to the 

energy transfer between Er ions in the excited states. These findings explored the 

existence of both interesting luminescence and dielectric characteristics in the modified 

ceramics. 

 As there is a trend towards size reduction of microelectronic devices, optimum 

dielectric properties of the ceramics target were selected for fabricating the composite 

films. Studies on (Er+Nb) co-doped TiO2 ceramic were extended to multi-layer-

structured ceramic/polymer composite films processed by solution casting and hot 

pressing method. Herein, suspending surface modified co-doped TiO2 ceramic powders 

as 0-dimensional fillers into poly(vinylidene fluoride-trifluoroethylene) (P(VDF–TrFE)) 

55/45 mol% as 3-dimensional continuative copolymer matrix resulted in improved 

dielectric properties and breakdown strength. At room temperature, it is found that 4-

layer composite with 50 wt% surface hydroxylated 2.5%(Er+Nb) ceramic fillers co-

doped TiO2 /P(VDF-TrFE) achieved integrated performances with a large dielectric 

constant (300), approximately 19 and 4 times higher than that of pure copolymer and the 

single layer composite, respectively. The dielectric loss was down to 0.04 at 1 kHz. It 

displayed the highest energy density of 8.9 J/cm3 at 82 MV/m. These findings are 

comparable with other composites. Consequently, it is believed that both co-doped TiO2 

ceramics and composite films might be attractive for potential solid-state capacitors and 

energy-density storage applications. 
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Chapter 1 Introduction and Literature Review 

1.1 Motivation 

As the world is facing several challenges, including the reduction of fossil based 

energy resources, air pollution and climate change, tremendous need for energy supply 

from renewable and non-conventional resources will continue to grow. Researchers are 

working to develop suitable dielectric materials with increased energy and power density 

that can meet the requirements of modern electronic industry. Furthermore, extensive 

work have been studied for efficient electric energy storage [1]–[3].  

High-performance dielectric materials are highly desired in miniaturization of 

electronic and energy storage devices [4]. They should also satisfy three requirements. 

Firstly, CP (>103), meaning that they can store a lot of energy. Secondly, low dielectric 

loss (tan  <10-1), that is energy does not leak out and is wasted. Thirdly, high reliability, 

the materials can work across a broad range of temperatures and frequency.  

Several types of CP materials have been studied but it is still challengeable to 

maximize their performance. The reason is because most of the approaches would 

improve one dielectric parameter but simultaneously degrade the others [5]. On one hand, 

the typical ferroelectric materials, barium titanate (BaTiO3)-based perovskites, can only 

attain CP at the tetragonal-cubic phase transition temperature (Tc ~120 oC) [6]. The strong 

temperature dependence of the ferroelectric materials may limit their applications to the 

devices working in a wide temperature range. It has been proven that doping certain rare-

earth (RE) ions, such as Er3+, Yb3+, Dy3+ and Ho3+ into BaTiO3 are effective for tuning 
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dielectric and optical properties [7], [8]. On the other hand, the non-ferroelectric material 

CaCu3Ti4O12 (CCTO) accomplishes giant dielectric constant [9]. Unfortunately, the 

origin of CP existing in CCTO is still unclear. Although high temperature-independent 

permittivity (>105) can be achieved, tan  of CCTO is relatively high (>10-1). There is an 

ongoing need for further research to design high-performance CP material systems using 

appropriate acceptor-donor co-doping [10]. In this thesis, we aim to develop new CP 

behavior of rutile TiO2 material co-doped with niobium and erbium with PL properties. 

 Ceramic materials generally have high dielectric permittivity and low dielectric 

loss. However, they are brittle in nature and have relatively small breakdown strengths. 

These lead to a difficulty in the fabrication of complex shapes. Polymers are easily 

processed into large area films and have relatively high breakdown field strengths. 

However, they have low dielectric constants and thus low energy densities. The 

difficulties can be avoided by incorporating high permittivity inorganic ceramic particles 

into a polymer matrix. This is the second objective in this thesis. In fact, the 

ceramic/polymer composite is considered as a new class of materials for energy storage 

applications. They exhibit the combined advantages of ceramics and polymers, which 

could fulfil the increasing demands for high performance materials, for instance, higher 

capacitance densities and breakdown strengths, in modern electronics. Dielectric 

properties of ceramic/polymer composite materials are strongly influenced by the 

interfacial region of filler materials. Therefore, chemical modification of the surface of 

ceramic powders should be performed for suppressing particle aggregation and 

accomplishing homogeneous composites.  
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1.2 Dielectric materials 

1.2.1 Fundamentals of dielectrics 

The relationship between dielectrics, piezoelectric, pyroelectrics and 

ferroelectrics is shown in Figure 1.1. All piezoelectrics possess dielectric properties and 

ferroelectrics are piezoelectric. However, the reverse may not be true [11], [12]. A 

material is classified as dielectrics if it stores energy when an external electric field is 

applied. A dielectric is an electric insulating material. The electrons are tightly bound to 

their parent molecules. The forbidden energy band gap for dielectrics is more than 3 eV. 

It is not possible for electrons in the valence band to excite to the conduction band with 

normal voltage or thermal energy. A dielectric has high resistivity and negative 

temperature coefficient of resistance [13], [14]. Under the influence of an electric field, 

electrostatic dipoles form in the dielectrics. The charges do not move but only shift 

slightly from the equilibrium position, resulting in the dielectric polarization. 

 

Figure 1.1 The relationship between dielectrics, piezoelectric, pyroelectrics and 

ferroelectrics. 

Permittivity () expresses the ability of a material to be polarized under an applied 

field. It is the ratio of the permittivity of the dielectric to the permittivity of a vacuum. 

Dielectrics

Piezoelectric

Pyroelectrics 

Ferroelectrics
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The greater dielectric constant of a material, the greater polarization will be developed in 

an applied field. Dielectric constant or the relative permittivity (r) depends on frequency 

of applied electric field, chemical structure, imperfections and temperature of materials. 

The permittivity could be expressed as the following [15]: 

  = 0 r (1.1) 

where 0 is the permittivity of vacuum (8.854 x 10-12 Fm-1). Permittivity, describing the 

interaction of a material with an electric field is a complex quantity: 

 r
 = r – jr (1.2) 

where r and r are the real and imaginary parts of the relative permittivity, respectively 

and j = √−1. r measures how much energy from an external electric field is stored in a 

material, while r refers to the loss factor, measuring how dissipative a material to an 

external electric field. r is always greater than zero but much smaller than r. It includes 

the effects of both dielectric loss and conductivity.  

The dielectric loss, tan , represents the efficiency of the material converting 

absorbed energy into heat. It is also used to describe the dielectric response as shown in 

the equation [16]: 

 
tan  =  

𝑟

𝑟 
 

(1.3) 

It is defined as the ratio of the imaginary part of the dielectric constant to the real part. 

The angle 𝛿  is the phase difference between the oscillating electric field and the 

polarization of the material. As the polarization of a material under an applied electric 

field varies, some of the field energy is dissipated due to charge migration (conduction) 

or conversion into thermal energy, for example, molecular vibration. It is essential to 
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minimize the dielectric loss for an energy storage [17]. 

Colossal permittivity (CP)-based capacitors are promising candidates for energy 

storage devices due to high-power density and fast charge/discharge time (> 1 μs). The 

dielectric is polarized by electrical energy and thus stores the energy in form of localized 

electric field or dipole moments inside the capacitor [18], [19]. They therefore have 

applications in all modern electronic and electrical devices; ranging from electric 

powered automobiles, drive trains and motors, to mobile communication devices and 

microwave generation [20], [21]. 

Capacitors are expected to have high power density and energy density; good 

discharge efficiency, and low dielectric losses associated with its practical applications 

[21]–[24]. Moreover, they should have thermal stability and endurance against electrical 

and mechanical fatigue [20], [22]. As a result, they enable to satisfy the needs of the field 

of power electronics, allowing for rapid miniaturization of modern electronic devices and 

improving the performance of electric vehicles. 

A capacitor consists of two conducting surfaces and a dielectric media between 

the electrodes, preventing the charges from flowing between the electrodes (Figure 1.2). 

It is commonly in the parallel-plate form. Capacitance presents the energy-stored ability 

of a capacitor, which is only determined by the physical dimension of the conductors and 

the permittivity of the dielectrics. It is independent of the potential difference between the 

conductors and the total charge on them. The capacitance of a parallel-plate capacitor 

constructed of two parallel plates with dielectrics is [18]: 
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𝐶 =  휀𝑟휀0

𝐴

𝑑
 

(1.4) 

where C is the capacitance, A is the area of overlap of the two plates, 휀𝑟 is the relative 

permittivity, 휀0 is the electric constant (8.85 x 10-12 Fm-1), and d is the distance between 

the plates. Under an external voltage, a capacitor was polarized because of charge 

separation. Positives and negative charges with equivalent amount accumulating on the 

two plates, respectively. This will be completed when electrical potential caused by the 

accrued charge ±Q on both plates is identical to the external applied voltage V. In some 

cases, the relative permittivity of the dielectrics is changed by the external bias, leading 

to the change of capacitance, the C is defined in terms of incremental change [18]: 

 
C =  

𝑑𝑞

𝑑𝑣
 

(1.5) 

 

Figure 1.2 Diagram of charge separation in parallel-plate capacitor under an external 

electric field. 

1.2.2 Different types of dielectric polarization 

Different types of dielectric polarization are described as below. Not every 
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insulator is a dielectric; the necessary condition for dielectric polarization is the presence 

of polar molecules. Electronegativity and the structure of the atoms in the molecules 

decide if it is polar or nonpolar molecules. 

A nonpolar molecule does not have a dipole, which are with equally distributed 

charges. They are symmetric in nature. A dielectric nonpolar material experiences 

induced dipole moment under an applied electric field. Because of their opposite 

polarities, the positive and negative charges experience forces in opposite directions. This 

causes the electron cloud of a nonpolar molecule shifts slightly and goes on until the 

internal forces of the molecule balance the attraction by the electric field [13], [14]. The 

dipole moment is induced in the direction of the field and directly proportional to the 

strength of the electric field. 

 

Figure 1.3 Non-polar molecules. 

For polar molecules, they are already with electric dipoles and the dipole is not 

induced. Owing to thermal agitation, the dipoles in a polar material are oriented randomly 

[14]. Net dipole moment is zero if they cancel out. When applying an electric field, the 

individual dipole moments align themselves in the direction of the electric field. When 

summing up this alignment over all the molecules, a net dipole moment in the direction 

of the electric field is resulted. There are two factors relating to the polarization and 
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alignment polar molecules: one is the strength of the external field and other is the thermal 

energy that breaks this alignment. This already existing dipoles rotate to align with the 

electric field is classified as dipolar polarization or orientation polarization.  

 

Figure 1.4 Polar molecules. 

Both polar and nonpolar molecule experience polarization under the applied 

electric field but nonpolar molecules are induced with a dipole by current, whereas polar 

molecules have permanent dipoles. Due to the induced polarity or the removal of the 

electric field, a nonpolar material loses its polarity and returns to its original state. The 

dipole moment per net unit volume is called polarization. 

1.2.3 Mechanisms of dielectric polarization 

Dielectric polarization is the displacement of charged particles under an external 

electric field. Four major microscopic mechanisms are responsible for electric 

polarization in specific frequency ranges. These mechanisms are depicted in Figure 1.5. 

For electronic polarization, the electron cloud of an isolated neutral atom is 

distorted in one direction under the applied electric filed, while the nucleus moves the 

opposite direction. This resulting in a dipole moment. Electronic polarization is not 

permanent and dissipated once without the applied electric field. It is common in all 
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dielectric materials. 

Ionic or atomic polarization is due to the relative displacements of the positive 

and negative ions or atoms in molecules and crystal structures from their equilibrium 

lattice sites. It is not like electronic polarization where only displacement of the electron 

charges surrounding the nuclei occurs. The displacement is independent of temperature. 

Alkali halides, for instance, potassium fluoride, potassium chloride, sodium fluoride, 

sodium chloride and combinations of elements from Groups I and VII of the periodic 

table are examples of crystals for ionic polarization [13], [16]. 

Orientation or dipolar polarization occurs because of the polar molecule in the 

medium. Under the external electric field, permanent dipole moments in molecules rotate 

for aligning with the electric filed. They also align with each other. Dipole moments no 

longer cancel out, having a net polarization [13], [16]. In microwave frequencies, the 

dipoles rotate to align to respond the alternating electric field; however, a phase difference 

exists between the orientation of the field and that of the dipole. As the dipoles do not 

have sufficient time to respond to the rapidly fluctuating field. This phase difference 

causes dielectric heating from the molecules upon random collision with other molecules 

[25]. 

Maxwell–Wagner is also known as interfacial polarization or space charge 

polarization. It occurs when diffusion of charges (electrons or ions) along the field 

direction redistribute in the dielectrics [25]. They may be trapped and accumulated at 

physical barriers, such as defects, voids, impurities, grain or phase boundaries; and at the 

electrode interfaces where the materials have different charge transportation properties 
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(e.g. conductivity) [16]. The accrued charges distort the local electric field and changes 

in permittivity. Interfacial polarization is particularly important in heterogeneous or 

multiphase systems such as ceramic/polymer nanocomposites. Normally this polarization 

occurs in ferrites and semiconductors is few [16]. 

Total polarizability of dielectrics involves the above four polarizations. The 

average dipole moment per molecule is [14]:  

 P = αEloc (1.6) 

and the electric polarization is [16]: 

 P = NαEloc (1.7) 

where α = αelectronic + αionic + αorientational + αinterfacial, N is the number density, and Eloc is the 

local electric field intensity of each molecule which is referred to as the local or the 

internal field.  
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Figure 1.5 Four major microscopic polarization mechanisms [16]. 

The above four major microscopic mechanisms of dielectric polarization are 

frequency dependent, which is presented in Figure 1.6. A dielectric is polarized in an 

external electric field. If the direction of the field is changed, the direction of the 

polarization will also switch to align with the new field. For orientation polarization, time 

for charges movement or dipoles rotation (the relaxation time) are ~10-11 s [26]. Therefore, 

if the electric field changes direction at a frequency higher than ~1011 Hz, the dipole 

orientation cannot ‘keep up’ with the alternating field, the polarization direction could not 

remain align with the field. This polarization stop for contributing to the polarization of 

the dielectric[16], [25]. 
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The frequency dependence is determined by resonance phenomena. At the 

resonance frequencies of each polarizations, there is a dip followed by each resonance 

peak. The responses are ascribed to each polarizations lags behind the field [16]. When 

frequency increases, the material’s net polarization drops as each polarization mechanism 

ceases to contribute. Dielectric constant then drops. At sufficiently high frequencies 

(above ~1015 Hz), none of the polarization mechanisms would switch rapidly enough to 

remain in step with the field. The material no longer can polarize. At a result, the dielectric 

constant drops to one, as the same as a vacuum. 

Electrons have little inertia because they are relatively small. They can follow the 

alternating electric fields up to high frequencies in the visible light of the electromagnetic 

spectrum [16]. The vibration of atoms and ions dependents on the thermal energy 

available. The frequencies of these vibrations correspond to the infrared region of the 

electromagnetic spectrum. Molecules with permanent dipole moments may have 

considerable mass so orientation polarization occurs at lower frequencies. Because 

interfacial polarization requires the movement and accumulation of charges across the 

body of a material, the process occurs at much lower frequencies. In general, dielectrics 

using microwaves depends primarily on dipolar and interfacial polarization [13]. 
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Figure 1.6 Frequency dependence of the polarization mechanisms for dielectrics [16]. 

1.3 Dielectrics performance in the previous works  

1.3.1 Ceramic dielectrics 

Generally, ceramic materials have high dielectric permittivity and low dielectric 

loss. However, they are brittle and relatively small breakdown strengths, which results in 

low energy density. Moreover, it is difficult to manufacture ceramic capacitors with high 

capacity for energy storage [27]. Table 1 shows the dielectric constant of common 

ceramics for capacitors [17].  

Table 1 Dielectric permittivity of commonly used ceramics for capacitors [17].  

PMN–PT (65/35) is the abbreviation for 65 % Lead magnesium niobate and 35 % Lead 

titanate. 

Ceramic Dielectric permittivity 

La1.8Sr0.2NiO4 ~100,000 

CaCu3Ti4O12 ~60,000 

PMN–PT (65/35) 3,640 



Chapter 1  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
14 

 

 

 

 

 

Recently, an excellent dielectric performances has been found by Liu’s group [10], 

it is reported that (In+Nb) co-doped TiO2 exhibited large temperature and frequency 

independence CP (>104) as well as a low dielectric loss (<0.05). They have proposed an 

electron-pinned, defect-dipole model to design CP behavior, where hopping electrons are 

localized by designated lattice defect states to generate defect-dipoles, resulting in CP 

materials. Doping of extrinsic trivalent ions and other cations in equivalent stoichiometric 

proportion has also been investigated. (Al+Nb) co-doped rutile TiO2 ceramics have been 

synthesized by Hu and co-authors [28]. The ceramic samples exhibited a colossal 

dielectric permittivity (>∼104) with an acceptably low dielectric loss (∼0.1) after 

optimization of the processing conditions. It is found that a conventional surface barrier 

layer capacitor effect contributing to the observed CP is not the dominant effect. They 

claim there exists the Ti3+ concentration gradient layer with the absence of oxygen 

vacancies, bring out a free-electron-poor surface region and an inner free-electron-rich 

region. Based on Wei’s work [29], Zn, Nb co-doped TiO2 can yield CP properties in the 

forms of rutile ceramics, amorphous and anatase thin films. The ceramics showed an 

independent dielectric response with a CP (~3 104), and a relatively low dielectric loss 

SrTiO3 2,000 

BaTiO3 1,700 

PbNb2O6 225 

TiO2 80 

La2O3 30 

ZrO2 25 

Ta2O5 22 

Al2O3 9 

SiO2 3.9 
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(~0.05) at 102106 Hz and room temperature. Cheng et al. [30] demonstrated a group 

trivalent cation (Pr, Dy, Sm, Gd, Yb, Ga, Al or Sc) with niobium in TiO2 ceramics. A 

very large dielectric constant (~4.2  104) and a low dielectric loss (0.083) were observed 

for (Bi0.5Nb0.5)xTi1-xO2 ceramics when measured at 1 kHz. 

1.3.2 Polymer dielectrics 

Polymers have aroused interest in the miniaturization of modern electronic 

devices owing to their relatively high breakdown field strengths, flexibility, better 

resistance to chemical attack and easily operation into large area films [13], [17], [31]–

[33]. Unfortunately, they also have low dielectric constants because they have low dipole 

moments of the chemical bonds.  

As early as mid-60’s polymers, polyvinyl fluoride and aromatic-containing 

polymers [13] were used as dielectric materials in capacitors. Polymers are fabricated 

easily into thin film by solution casting and spin coating, immersion in organic substrate, 

electron or UV radiation and glow discharge methods [33]. This is mainly due to lower 

thermal properties such as glass transition and melting temperature, which contribute to 

a lower temperature processing. Their solubility could be controlled without offsetting 

their intrinsic properties. In the case of inorganic materials and ceramics, they have much 

higher thermal properties. However, polymers are susceptible to atmospheric and 

hydrolytic degradation. Table 2 and 3 demonstrate the dielectric permittivity and strength 

of common polymers used as dielectrics.  

Table 2 Dielectric permittivity of polymers in capacitors [17]. 

Polymer Dielectric permittivity 
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Poly(phenyl quinoxaline) 2.8 

Poly(arylene ether oxazole) 2.6-2.8 

Poly(arylene ether) 2.9 

Polyquinoline 2.8 

Silsesquioxane 2.8-3.0 

Poly(norborene) 2.4 

Perfluorocyclobutane polyether 2.4 

Fluorinated poly(arylene ether) 2.7 

Polynaphthalene 2.2 

Poly(tetrafluoroethylene) 1.9 

Polystyrene 2.6 

Poly(vinylidene fluoride-co-hexafluoropropylene) ~12 

Poly(ether ketone ketone) ~3.5 

Table 3 Dielectric strengths of polymers [17]. 

Polymer Dielectric Strength(V/μm) 

Polyethylene (LD) 200 

Polyethylene (HD) 200 

Polyethylene (XL) 220 

Polypropylene (Biaxially oriented) 200 

Polystyrene 200 

Polytetrafluoroethylene 88-176 

Poly(vinylidene fluoride) 10.2 

Polycarbonate 252 

Polyester 300 

Polyimide 280 

Epoxy resin 25-45 

 In this study, PVDF–based polymers is used due to its high dielectric constant (~ 

12) and high breakdown strength (>700 MV/m) [31], [32]. PVDF is a semicrystalline 

ferroelectric polymer with multiple crystalline phases. It has a chemical formula (CH2–
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CF2)n. In the structure, fluorine atoms are very high electronegative (4.193) and very 

small size (the van der Waals radius, 1.35Å > that of hydrogen, 1.2 Å). This gives a high 

dipole moment (μ = 1.92 D) and high packing density for C–F bonds [34]. According to 

the study by Chen et al. [32], “The most favorable torsional bond arrangements in a PVDF 

chain are trans (T) and gauche± (G±), where the adjacent CH2 and CF2 units form 180 or 

±60 angles with respect to each other.”. The dipole moment of a chain is low because of 

the orientations of the highly polar CF2 groups. In Figure 1.7 (b), the CF2 groups are 

aligned in the same direction, which is the all-trans chain conformation. This leads the 

highest single chain dipole moment. In the α phase, chains with the trans-gauche 

conformation are packed in opposite directions, resulting in zero net dipole. Chains with 

the all-trans conformation are oriented in the same direction of β phase, producing a large 

net polarization. P(VDF–TrFE), is the copolymer of PVDF. It achieves higher 

crystallinity than PVDF and directly crystallizes into the β phase [35], whereas PVDF 

typically involves the α phase when cooled from the melt. PVDF and its copolymers, 

TrFE have been extensively studied as high performance actuators [36], nonvolatile 

memory devices[37], energy harvesters [38], and artificial organs [32]. These polymers 

can crystallize into four different phases: 𝛽, 𝛼, 𝛾, and 𝛿 .[13], [32], [33], [35]. Only the 𝛽 

phase is ferroelectric. It consists of an all-trans configuration. The dominant phase can 

be controlled by manipulating the deposition method, thermal treatment, or mechanical 

treatment of the polymer [13], [32]. It is reported that the addition of TrFE within the 

range of 1050% increases and stabilizes the 𝛽 phases [39]. The ferroelectric properties 

of PVDF–TrFE are determined by its crystallinity. Crystallinity is usually increased by 

annealing PVDF–TrFE copolymers between the Curie temperature (110 °C) and melting 

temperature (150 °C) [40].  



Chapter 1  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
18 

 

Figure 1.7 Chemical structure, molecular conformation, and crystalline phases of PVDF. 

(a) The trans-gauche chain conformation. (b) The all-trans chain conformation. (c) The 

α phase. (d) The β phase. g denotes gauche, and t denotes trans [32], [34]. 

PVDF–TrFE exhibits a ferroelectric-paraelectric (F-P) transition (conversion of 

all-trans chains to a mixture of trans and gauche bonds, varies from composition range 

with VDF content between 50 and 85 mol% [41]–[43]. The phase diagram of P(VDF–

TrFE) copolymer system is shown in Figure 1.8 [41], [44]. The molecular conformation 

of these copolymers in the ferroelectric phase consists of all trans planar zigzag chains 

while above the Curie temperature, this conformation changes to random sequences of 

trans and gauche bonds, resulting in a nonpolar phase (paraelectric phase) [42], [43]. 

PVDF–TrFE films are generally annealed between the Curie and melting temperature 

because the chain mobility is higher in the paraelectric phase as compared to the 

ferroelectric phase [45]. 
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Figure 1.8 The phase diagram for VDF/TrFE copolymer system. Tc denotes the F-P 

transition and Tm is the melting transition [41], [44]. 

1.3.3 Ceramic/polymer composites 

Significant developments have been made in high-energy-density composites 

containing inorganic particles embedded into polymer matrixes. Polymers are known for 

their high breakdown strengths, whereas inorganic materials (e.g., ceramics) can achieve 

very high dielectric constant [27]. Combining the two materials could offer an alternative 

material of synergistic properties that are impossible for the individual materials to 

achieve. The composites display a tremendous improvement in dielectric properties with 

high flexibility and ease of processing. Their combination could readily geared towards 

miniaturization of electronic devices fabrication. The dielectric behavior of composite 

materials depends on a number of factors, such as interfaces between inorganic filler and 

the polymer matrix, weight percent of ceramics particles and polymer matrix. Besides, 

the large contrast between the dielectric constants of the polymer matrix and those of the 
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inorganic filler leads to a significant enhancement of local electric field, which may 

reduce the breakdown strength of the composites. These challenges need to be addressed 

through proper design and control of the morphology and electrical or chemical properties 

of the composites.  

Most of the current studies of dielectric polymer composites focus on the 

enhancement of the dielectric permittivity using ferroelectric metal oxides Pb(Zr,Ti)O3 

(PZT), Pb(Mg0.33Nb0.77)O3PbTiO3 (PMNT), and BaTiO3 (BT) [13], [18], [23], [32]. Yu 

et al. [46] performed a work on the energy-storage properties of homogeneous 

ceramics/polymer nanocomposites. Surface treated BaTiO3 particles act as fillers and 

PVDF polymer as matrix fabricated by a solution casting process. r of the composite was 

gradually increased from 9.9 to 53.9 when increasing BaTiO3 particles from 0 to 50 vol%. 

Furthermore, with the 20 vol% BT concentration, an energy density of 3.54 J/cm3 was 

obtained under an electric field of 200 MV/m. 

During the last decade, non-ferroelectric ceramics with high dielectric constant 

have been discovered. Calcium copper titanate, CCTO, a perovskite-like (ABO3) body-

centered cubic oxide, has attracted great attention for its giant dielectric constant as high 

as 105 and is almost independent of temperature over a board temperature range [47]–

[49]. In CCTO, Ca and Cu ions reside at the A–sites, while Ti cations occupy the B–site. 

However, the origin of the giant dielectric constant in CCTO is still debated. In the range 

of 100 K to 600 K, the origin of the CP is argued to be owing to both extrinsic and intrinsic 

factors, where the most widely accepted mechanism is the presence of an internal barrier 

layer capacitor (IBLC) [9], [49]–[51]. The IBLC theory suggests that the CP is due to the 

oxidized insulating boundaries formed between the semiconducting grains. More 
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interestingly, these ceramics have a very weak electromechanical effect since they do not 

possess piezoelectric effect [52]. Therefore, the development of these ceramics opens a 

new window for the development of CP composites. At room temperature, it was reported 

that the dielectric constant was 610 at 1 kHz for a composition of fixed concentration: 50 

vol.% CCTO and 50 vol.% PVDF–TrFE [52].The findings stated r increases as the 

CCTO content increases in the polymer and decreases as the frequency increases [48], 

[52], [53].  

1.4 Titanium dioxide 

Titanium dioxide (TiO2), known as titania, is an n-type semiconductor. It has been 

extensively studied in various applications due to the stability of its biocompatibility, 

chemical structure, physical, optical, and electrical properties. Its photocatalytic 

properties are used in environmental applications for removing contaminants from both 

water and air [54]–[56]. 

Amorphous, anatase, and rutile are three mineral compounds of TiO2. Rutile is the 

stable phase, while anatase and amorphous are metastable. Anatase and rutile are typically 

used in engineering applications. Amorphous is more difficult to fabricate so its potential 

applications are not fully explored [57]. Table 4 displays the crystal structure data for 

TiO2. Both anatase, space group I41/amd, and rutile, space group P42/mnm, are tetragonal 

in structure [58]. Unit cell structures of them are in terms of chains of TiO6 octahedra, 

where each Ti4+ ion is surrounded by an octahedron of six O2- ions, sharing four edges in 

anatase and two in rutile [59], [60]. According to the report [61], “In anatase, the Ti–Ti 

distances is larger and each octahedron is in contact with eight neighbors, whereas in 
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rutile the Ti–O distances is larger than anatase and each octahedron is in contact with ten 

neighbor octahedrons.” This implies the deviations in the distortion of each octahedron 

and the pattern of the octahedra chains make their lattice structures differ in mass densities 

and electronic band structures. 

Table 4 Crystal structure data for TiO2 [62], [63]. 

Properties Rutile Anatase Amorphous 

Crystal structure Tetragonal Tetragonal Orthorhombic 

Lattice constant (Å) 

 

a = 4.5936 

c =2.9587 

 

a = 3.784 

c = 9.515 

 

a = 9.184 

b = 5.447 

c = 5.154 

Molecule (cell) 2 2 4 

Density (g cm–3) 4.13 3.79 3.99 

Anatase is mainly used as a photocatalyst under UV irradiation. It exhibits a 

significantly higher photocatalytic activity than the rutile. Several reasons could be 

explained: anatase phase has a higher charge-carrier mobility, which is 80 cm2 V-1 s-1 [64] 

and 89 times faster than in rutile [65]; anatase (3.2 eV) as a larger band-gap than rutile 

(3.0 eV) so that anatase has a higher redox potential. Besides, anatase has a higher area 

density of surface hydroxyls, which slows the recombination of photogenerated electron 

hole pairs. It transforms irreversibly to rutile at high temperatures. 



Chapter 1  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
23 

 

Figure 1.9 Crystal structures of the rutile and anatase phases of TiO2 [66]. 

Rutile is the most thermodynamically stable state of TiO2. It has a refractive index 

of about 2.9. It is considered as a potential dielectric material for high energy density 

capacitors applications [62] due to its relatively high relative permittivity (>100) and high 

dielectric breakdown strength (BDS, >500kV/cm for flat sample; BDS>1500kV/cm for 

dimpled sample). The anatase to rutile transformation is reconstructive that means the 

bonds could be broken and reformed [57]. It is reported that the anatase to rutile 

transformation involves a contraction of the c-axis and an overall volume contraction of 

8% [57]. This volume contraction explains rutile has a higher density than anatase. The 

transformation may differ in temperature, processes and preparation methods.[67]. Figure 

1.10 suggests the acceptable reaction boundaries of phase transitions in TiO2. 
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Figure 1.10 Reaction boundaries of phase transitions in TiO2 [57]. 

Electronic and optical properties of the nonstoichiometric oxides may be affected 

by defect structures in the materials. It is well known that TiO2–based ceramics could be 

reduced easily. Oxygen vacancies, Ti4+ interstitials or Ti3+ interstitials may easily form in 

octahedral lattice sites of pure TiO2 [62], [68]. For avoiding structural changes through 

the thermal process, rutile TiO2 is used in this study. In fact, dielectric and electric 

properties of TiO2–based ceramics are quite sensitive to processing conditions such as 

oxygen partial pressure, temperature, time and the presence of impurities and dopants 

[54], [57], [62]. The resulting color centers are from initially transparent to light to dark 

blue, eventually (coring effect) [55], [66]. This is an n-type doping. The intrinsic defects 

make the materials with high conductivity. For instance, it is reported that sintering TiO2 

in H2 atmosphere leads a highly reduced TinO2n-1 (4<n<9) compound [69]. When TiO2 is 

sintered at high temperature in air, there is a partial reduction of Ti4+ into Ti3+ [67], [70]. 

This partial reduction, associated with point defects formation (oxygen vacancies and 

interstitials) induces semi-conduction behavior and loss factor degradation. It has been 

proposed that the presence of ion2+ in solid solution prevents Ti4+ from reduction by a 
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compensation mechanism [70]. However, solute addition may cause undesirable effects 

such as electro migration, ageing phenomenon or leakage current, etc. especially under 

high electric field. 

1.5 Luminescence 

1.5.1 Classification of luminescence 

Luminescence is the emission of light, which is not an effect of high temperature. 

In contrast with light emitted from incandescent bodies, such as burning wood, molten 

iron, and wire heated by an electric current, luminescence is a cold body radiation. 

Historically, luminescence characterized by temperature-independent decay was called 

fluorescence, while that exhibiting temperature-dependent decay was known as 

phosphorescence. However, based on modern conventions, fluorescence is “fast” with 

lifetime (10-6–10-12 s), while phosphorescence is “slow” (up to hours or even days) [71]. 

The following energy diagram presents the absorption of light and the processes involved 

in the emission of light as fluorescence and phosphorescence. 

Fluorescence is the emission of visible light by a material under the stimulus of 

shorter wavelength radiation. If the fluorescent persists for a noticeable time after the 

stimulating rays are cut off, this afterglow is classified as phosphorescence. Sometimes, 

phosphorescence may vary from the original color of fluorescence. A further 

classification of the phenomenon is according to the source of excitation. Table 5 

summarizes the main types of luminescence emission phenomena. 
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Figure 1.11 Energy diagram of the processes involved in the emission of light as 

fluorescence and phosphorescence. 

Table 5 Types of luminescence and corresponding excitation methods. 

Types of luminescence Excitation methods 

Photoluminescence Absorption of photons (UV, Vis light, IR 

light, etc.) 

Cathodoluminescence High energy electron beam 

Electroluminescence Electric current 

Chemiluminescence Chemical reactions 

Bioluminescence Chemical reactions in living things 

Triboluminescence Electricity generated by mechanical 

action 

Thermoluminescence Phosphorescence triggered by 

temperatures above a certain point. 

Ionoluminescence Energetic ions interacting with solid 

matter 
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The luminescent materials known as phosphors convert energy into 

electromagnetic radiation, usually in the visible energy range. Phosphors are solid 

luminescent materials that emit photons when excited by an external energy source, such 

as an electron beam (cathodoluminescence) or ultraviolet light (photoluminescence). The 

basic luminescence mechanisms in luminescent centers are illustrated in Figure 1.12. In 

the host lattice with activator, the activator is directly excited by incoming energy; the 

electron on it absorbs energy and is raised to an excited state. The excited state returns to 

the ground state by emission of radiation [72]. 

 

Figure 1.12 Schematic diagram showing (a) direct excitation of the activator and (b) 

indirect excitation followed by energy transfer from the sensitizer or host to the activator 

[71]. 

1.5.2 Photoluminescence 

Electrons are forbidden to escape from the valence to conduction bands under 

normal conditions. If energy of an incoming photon is greater than the band gap energy, 

then it can be absorbed and raises an electron from the valence band to the conduction 



Chapter 1  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
28 

band. In this process of photoexcitation, the electron has excess energy; it loses before 

coming to the lowest energy in the conduction band. Eventually, the electron falls down 

to the valence band. When it falls down, the energy is converted into a luminescent photon 

that is emitted from the material. Therefore, the energy of the emitted photon is a direct 

measure of the band gap energy Eg. The process of photon excitation followed by photon 

emission is called photoluminescence, as shown in Figure 1.13. 

 

Figure 1.13 Photoluminescence process. 

1.5.3 Upconvension 

There are linear optics and non-linear optics for optical process. For linear optics, 

optical property of materials is independent of the intensity of the incident light, while 

non-linear optical process is describing the dependence of the optical material on the 

intensity of the incoming radiation [73], [74]. 
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Upconversion luminescence (UCL) has been known since the 1960s [75]. It is an 

effective physical mechanism, which is characterized by the successive absorption of two 

or more pump photons via intermediate long-lived energy states followed by the emission 

of the output radiation at a shorter wavelength than the pump one. This nonlinear optical 

process can be performed by low power and incoherent excitation sources, such as 

continuous-wave (CW) lasers, standard xenon or halogen lamps, or even focused sunlight. 

The predominant mechanisms of upconversion in these materials are two-step excitation 

(excitation to the ground state followed by excited state absorption, GSA/ESA) and 

subsequent energy transfer upconversion (ETU). GSA/ESA is a single ion based process, 

whereas ETU always involves at least two ions.  

Four fundamental energy transfer processes are described in Figure 1.14. In the 

first process, excited state absorption (ESA), an ion absorbs a near-infrared (NIR) pump 

photon, which excites the ion from the ground state to E2. Then it absorbs another photon, 

exciting to E3. The excited ion returns to the ground state at last and gives off radiation 

with energy (E3–E1). The second process, cross relaxation (CR), involves two ions; each 

of them is initially excited by a pump photon to E2. Ion 1 transfers energy to Ion 2, 

resulting in one ground state ion and one ion excited to E3. The excited ion then releases 

the energy in the form of a photon. Ion 1 donates energy referred to sensitizers, while Ion 

2 receives energy and emits radiation called activators. For the third mechanism, energy 

transfer upconversion (ETU) involves three ions (two sensitizers and one activator). Two 

sensitizer ions absorb pump photons to reach E2. Both ions transfer energy to a third ion, 

exciting it to E3. The activator gives off a photon and returns to the ground state. It is 

noticed that ETU is the most efficient UC mechanism because it prefers resonant 
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absorption, which leads to long excitation lifetimes and increases the probability of UC. 

The fourth process, photon avalanche, is more complex than others and only occurs when 

the pump photon intensity reaches a critical level. If the incident light is sufficiently 

intense, ions populated via non-resonant ground state absorption to the first excited state, 

E2. The increased populated E2 states causes the transparency of higher energy states to 

decrease, leading to a greater number of ESA events. As more ESA occurs, some of the 

ions excited to E3 transfer energy to surrounding ground state ions, further increasing the 

population of E2 states and causing an “avalanche” effect of creating more and more 

excited ions.  

 

Figure 1.14 Four basic energy transfer mechanisms: (a) excited state absorption; (b) cross 

relaxation; (c) energy transfer upconversion and (d) photon avalanche [76]. 
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1.5.4 Rare-earth-doped luminescent materials 

Rare-earth (RE)-doped luminescent materials have shown applications in 

phosphors, light-emitting display, lasers, X-ray imaging, biological labeling, 

optoelectronic devices and amplifiers for fiber-optic communications [74], [76]–[78]. 

The radiative transitions of their ions have received academic and industrial attention 

because they exhibit not only down conversion (Stokes type) but also UC luminescence 

(anti-Stokes type) [74], [76]–[81]. The characteristic absorption and emission spectra of 

RE-doped luminescent materials in visible, near-ultraviolet, and infrared are ascribed to 

transitions between 4f levels due to sharp line with oscillators strengths typically of the 

order of 10-6 [81]. The rare earths have 17 members, including 15 lanthanides (Ln), 

scandium and yttrium. Ln have optical properties, which are starting from lanthanum (Z 

= 57) to lutetium (Z = 71). The electronic structure of the ground state of lanthanides is a 

xenon core: 1s22s22p63s23p63d104s24p64d105s25p6 with two or three outer electrons (6s2 

or 6s25d1) and a 4f shell, which is gradually filled from 0 to 14 when moving along the 

series of elements. When the lanthanides are situated in solids they are usually triply 

ionized [73], [74], [76]. 

The partly filled 4f shell is responsible for the unique optical and magnetic 

properties. The transition probabilities for f orbital are forbidden by Laporte rule and 

become partially allowed either by mixing f with 5d orbital or with a charge transfer states 

of the surrounding host materials. There are 14 over n possible configurations and all 

configurations can have different energies. This brings about a rich energy level structure 

in the near-infrared (NIR), visible (Vis) and ultraviolet (UV) spectral range [74]. As the 

outer 5s and 5p shells shield the 4f inner shell and the weak coupling of the f–f transition 
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with the local crystal field provided by the host lattice, the electronic transitions are 

independent of the surrounding host materials. The trivalent ions may be doped in 

different host materials, varying from fluorides to oxides, depending on the application. 

The large variety of absorption and emission wavelengths, the independence of host 

materials and low vibration energy losses make lanthanide ions ideal for spectral 

conversion. Each lanthanide ion has a unique set of energy levels and generally exhibits 

a set of sharp emission peaks with distinguishable spectroscopic fingerprints (Figure 1.15) 

[74].  

 

Figure 1.15 Energy level of the trivalent lanthanides [82]. 

Erbium, as a famous lanthanide, has been extensively used in optical 

communication, biosensor, and luminescent materials [83]. Er3+ has equally spaced long-

lived excited states, which is favorable for the frequency upconversion. It has a 
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1s22s22p63s23p63d104s24p64d104f125s25p66s2 electron configuration. It commonly exists 

as a stable trivalent ion with a 1s22s22p63s23p63d104s24p64d104f115s25p6. 

Lanthanide ions with a ladder-like energy level structure for metastable storage of 

pump photon energy, which are suitable for the single doping system for Er3+. The 

efficiency of the UC process is particularly high for single doping with Er3+, where a 

similar energy gap of about 1.27 eV (~980 nm) exists between two subsequent pairs of 

energy levels, namely between 4I11/2 and 4I15/2 states and between 4I11/2 and the 4f7/2 states. 

Thus, the energy levels of 4I15/2, 
4I11/2, and 4f7/2 could be used to generate UCL using 980 

nm excitation. Instead of being directly excited to the 4f7/2state, Er3+ ions in the 4I11/2 state 

can relax to the 4I13/2 state, followed by excitation to the 4F9/2 state with phonon assisted 

energy transfer. Thus, at least three different transitions in Er3+ ions would be induced by 

980 nm photons of the same energy. First, emission of green at around 525/545 nm from 

the transitions 2H11/2/
4S3/2–

4I15/2. Secondly, red at ~660 nm from the transition 4F9/2–
4I15/2 

after the sequential absorption of two photons  Besides, the infrared (IR) fluorescence 

spectra of Er3+ ions exhibits the bands at about 1500–1600 nm (4I13/2 → 4I15/2 transition) 

which are suitable for the application of optical communication [78], [83]–[85]. 

In fact, two major factors may influence UC processes, which are the distance 

between two neighboring activator ions and the absorption cross-section of the ions. High 

doping levels can lead to cross-relaxation, resulting in quenching of excitation energy. 

The concentration of activator ions should be kept low and precisely adjusted to avoid 

the quenching effect. The upper limit of concentration depends on the exact distance of 

the lattice sites occupied by lanthanide ions [86]–[89]. 
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1.6 Scope of the thesis 

This thesis is organized according to the purpose described with five main 

chapters. 

Chapter 1 gives an introduction, involving motivation and the organization of the 

project. Background knowledge for the study areas with four major reviews would be 

provided in the following sequences: (1) Dielectric materials, defining the fundamentals 

of permittivity, dielectric loss and capacitor. Then, different types of dielectric 

polarization are described, followed by the mechanisms of dielectric polarization, the 

concept of frequency dependences of the dielectric permittivity and loss. (2) Dielectrics 

performance in the previous works are introduced, involving ceramic, polymer and 

ceramic/polymer composite systems. (3) Titanium dioxide is described as aimed as a host 

material in this research. (4) Luminescence, introducing the concept photoluminescence 

and various mechanism for UC. The RE ions, Er3+ would also be discussed in detail as 

an important dopant on the optical and dielectric properties. 

Chapter 2 introduces fabrication method of ceramics and composite films. The 

characterization instruments and techniques, such as X-ray diffraction (XRD), Raman 

spectroscopy, Thermogravimetric analysis and Differential scanning calorimetry (TGA 

and DSC), field emission scanning electron microscopy (FESEM), Fourier transform 

infrared (FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS) are described 

respectively. Various methods of measurements, including dielectric, optical and PL are 

presented. 

Chapter 3 reports the structural, dielectric and optical results of (Er+Nb) co-doped 
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TiO2 ceramics. Characterizations of specimens including valence states and 

photoluminescence are analyzed. The photoluminescence mechanism using the observed 

luminescent properties of ceramics has been thoroughly discussed. Detailed analysis on 

the pumping power dependence and required lifetime are mentioned. 

In Chapter 4, XRD, FTIR spectrophotometer, FESEM was used for material 

morphology and crystal structure characterization. Frequency and temperature 

dependence of dielectric behavior for composites were well investigated. Various 

theoretical models have been highlighted for comparing the experimental findings. 

Further, electrical properties of composite films have been emphasized in order to 

measure the energy storage density. 

Chapter 5 summarizes the results discussed above and highlights the probable 

areas for the future recommendation. 



Chapter 2  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
36 

Chapter 2 Methods of Fabrication and 

Characterization 

2.1 Introduction 

This section will be dedicated to review methods used for synthesizing (Er+Nb) 

co-doped TiO2 ceramic powders. After obtaining the powders, sintering method and hot 

pressing are discussed. It is well known that sintering process in the ceramics is a crucial 

step to produce materials with high performance properties. This is related to the changes 

in the grain size, density, and appearance of secondary phases, liquid phase, and the 

functional properties. Several characterization techniques are used to analyze the 

structural, electrical, optical and PL properties of (Er+Nb) co-doped TiO2 ceramics and 

composite films. 

2.2 Fabrication procedures of ceramics 

Conventional solid-state sintering method is extensively used to product ceramic 

materials. It is composed of mixing carbonates and oxide powders of the desired elements. 

The process is conducted in a conventional ball mill that supplies more energy by the 

wearing down or high-energy mills. The purpose is to obtain a homogeneous mixture of 

the powders [90].  

First, the process is performed in liquid media, such as absolute ethanol and 

acetone for a better mixing. Absolute ethanol is cheaper and with low toxicity, compared 

with acetone. Secondly, during grinding, the powders reduce grain size and become 
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amorphous. Thirdly, the mixture is calcined at various adequate temperatures for several 

hours, which depends on composition. Finally, the crystalline powders are grinded again 

to reduce the particle size for pressing and sintering. Conventional solid-state sintering 

method usually needs high temperature calcinations and longtime of heat treatments. This 

might result in loss of alkaline elements. In conventional sintering, two steps are 

commonly used: first, the binder burn out at 400-500°C, or even higher for evaporating 

the organic compounds; Then, the green pellets are sintered at a high temperature furnace 

from 1 to 12 hours. The sintering temperature and duration time are depended on the 

composition for samples. This method is simple and economic comparing with hot 

pressing or spark plasma sintering.  

The main fabrication procedure was summarized in Figure 2.1. (Er0.5Nb0.5)xTi1-

xO2 (x = 0, 0.25%, 0.5%, 1%, 2.5%, 5%, 7.5% and 10%) were prepared by solid state 

sintering method. Rutile TiO2 (99.90%, Sigma-Aldrich), Nb2O5 (99.99%, Sigma-Aldrich) 

and Er2O3 (99.5%) was used as the starting materials. All the above materials were 

weighed in appropriate amount according to their chemical compositions. The mixing 

and grinding processes were conducted by ball-milling using zirconia balls for 8 h in 

ethanol. All of the mixed powders were calcined at 970 °C for 4 h in air after analyzing 

by thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). 

The calcined powders were mixed with a 5 wt% polyvinyl alcohol (PVA) binder 

solution to provide strength to green body by forming bridges between particles. The 

green samples were pressed by uniaxial pressing at 3.5–4 tons for 15 s. By inserting the 

powders into a 12 mm diameter die, disc-shaped powders compact was ejected from the 

die cavity, approximately 0.35 g in weight and 1 mm in thickness. Then, the binders in 
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the samples were completely burned out at 800 °C for 2 h with a slow increasing 

temperature. 

In order to achieve full densification of the green powder compacts, sintering was 

required. The samples were sintered at various temperatures from 1200 C to 1500 C, 

for 10 h in air to obtain dense ceramics. This provided the necessary energy to encourage 

the individual powder particles to bond together, removing any organic substances and 

porosity present from the compaction stage. It was important to control the heating rate 

carefully as it influenced the grain growth rate and therefore affected the microstructure 

and density of the sintered ceramics. It is well known that a long dwell time may lead to 

excessive grain growth, whereas too short would result in insufficient densification. 

Therefore, the samples were sintered with a dwell time of 10 h. The sintered samples 

were pasted with silver on both sides and annealed at 750 °C for 30 min in air for further 

measurements and characterizations. 
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Figure 2.1 Fabrication procedure of ceramics in this study. 

2.3 Surface modification of ceramic powders 

The interfacial properties between ceramic fillers and host material influence the 

dielectric properties and leakage current density of the composites. It is essential to 

control the interfacial energy, otherwise composites might be inhomogeneous mixtures 

with agglomeration and phase separation [90]. Therefore, homogeneity of composite has 

a direct impact on the dielectric properties. In general, only simple mixing ceramic 

powder in a polymer host obtain a poor quality films, mainly due to the agglomeration of 

the particles [91]. Chemical modification is highly desirable to modify the surface of 

particle fillers. It has the following advantages. Firstly, suppressing particle aggregation 

in order to accomplish homogeneous composites. Secondly, improving the compatibility 

of particle fillers in host materials by modifying the structure of particle fillers. Thirdly, 

cooperating other chemical functionality for further processing and other applications. 

Lastly, the surface modification method can be applied to other similar systems. 

Surface modification of particles can be obtained by using suitable surfactants 

that yield an adsorptive interface or by grafting organic groups on the surface of metal 

oxide particles, e.g., using phosphates, phosphonates or silanes as coupling agents or 

dispersants which yields stable and complex organic oxide interface [92], [93]. It has been 

suggested that phosphonic acids could modify TiO2, ZrO2, and indium tin oxide surfaces 

[94]–[96]. They are thought to couple to the surface of metal oxides either by 

heterocondensation with surface hydroxyl groups (M–OH) or coordination to metal ions 

on the surface [95], [96]. It is reported that carboxylic acid could be used in preparation 
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of organo-capped BaTiO3 [97].  Sulfonic acid groups may also bind to the surface in a 

similar manner. 

2.4 Fabrication procedures of ceramic/polymer composite 

films 

Studies on (Er+Nb) co-doped TiO2 ceramics were extended to multi-layer-

structured ceramic/polymer composite films. First, ceramic powders, (Er0.5Nb0.5)xTi1–xO2 

at x=2.5% and 7.5% (2.5%(Er+Nb) and 7.5%(Er+Nb)) were prepared by a solid state 

sintering method. Rutile TiO2 (99.90%, Sigma-Aldrich), Nb2O5 (99.99%, Sigma-Aldrich), 

and Er2O3 (99.5%) were used as received. All of the mixed powders were calcined at 970 

C for 4 h in air. Then, they were sintered at the temperatures of 1450–1500 C for 10 h 

to obtain dense microstructures. The ceramic powders were milled to even smaller size 

powders by using a ball miller.  

Then, the sintered ceramic powders were undergone surface modification. They 

were dispersed in an aqueous solution of hydrogen peroxide (H2O2, 35% w/v, Acros 

Organics) with stirring and heating at 100 C for 3 h. The suspensions were subsequently 

centrifuged at 3000 rpm for 5 min. The collected powder were washed with distilled water 

and ethanol. Finally, surface hydroxylated ceramic powders ((Er+Nb)–OH) were 

obtained by drying overnight at 70 C in an oven. 
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Figure 2.2 Schematic diagram of the hydroxylation of ceramic powders and formation of 

hydrogen bond in (Er+Nb) co-doped TiO2 ceramic/P(VDF-TrFE) composites. 

Ceramic-polymer composite samples were fabricated by combining solution 

casting and hot-pressing method. PVDF–TrFE (55/45 mol%) copolymer powder 

purchased from Piezotech was utilized as the matrix because the copolymer has very 

weak piezoelectric effect and a high dielectric constant (ca. 15) at room temperature. To 

begin with, P(VDF–TrFE) copolymer powder was dissolved in a dimethylformamide 

(DMF) without further purification to obtain a solution with 10 wt% concentration. 

Different weight ratios (0 wt%, 30 wt% and 50 wt%) of 2.5%(Er+Nb)–OH or 

7.5%(Er+Nb)–OH were ultrasonically dispersed in DMF. Next. They were introduced 

into P(VDF-TrFE) solution with constantly stirring at 50 C for 8 h. They were sonicated 

for about 30 min to form stable suspensions. As-deposited composite films were 

subsequently dried on a hotplate at 70 C. The film was annealed at 120 C overnight in 

an oven and then allowed to cool to room temperature. After that, the solution-cast film 

was hot-pressed at 200 °C. By using hot pressing, in which pressure and temperature are 

simultaneously applied, the ceramic/polymer composites would obtain uniform surface, 

less pinholes and voids. During the HP, solution-cast films was packed in a “sandwich” 

figuration. The top of a solution cast film faced the top of another solution-cast film in 
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the stack, while the bottom of the cast film faced the bottom of another cast film. The 2–, 

4–, 6–layer number of the solution-cast films were obtained. Gold layers were deposited 

on the films by sputtering to serve as top electrode layers for electrical measurements. 

 

Figure 2.3 Schematic illustration for fabrication of ceramic/polymer composite films. 

2.5 Characterization methods 

2.5.1 Structural measurements 

In the study, calcined powders, sintered ceramics and composite films were 

investigated by X-Ray diffraction (XRD) analysis with 0.154 nm for Cu Kα radiation 

(SmartLab; Rigaku Co., Japan). X-ray diffraction is a non-destructive technique to 

analyze the crystallographic structure, chemical composition and physical properties of 

materials and films. Here, XRD was used to identify the crystalline phases present after 

calcination. It is an important step to confirm that the powders can be used in fabricating 

ceramics. 

The basic principle is that an X-ray beam is generated by a cathode ray tube. It is 



Chapter 2  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
43 

filtered to produce monochromatic radiation, collimated to concentrate and directed 

towards the samples. The diffraction crystalline planes at each angle interfere with each 

other, indexing to standard XRD patterns, is known as Bragg’s law. 

 2dhkl sinθhkl = nλ (2.1) 

where h, k, l are Miller indices, dhkl is the spacing between lattice planes of crystal, θhkl is 

the angle of incident of the beam, n is the order of diffraction, and λ is the wavelength of 

the X-ray (0.154 nm for Cu Kα radiation). Planes going through areas with high electron 

density will reflect strongly, planes with low electron density will give weak intensities; 

as a result, XRD measurement can be obtained. 

 

Figure 2.4 Diffraction of x-ray by a crystal. 

Raman spectroscopy is an extensively used tool that provides information about 

molecular vibrations for sample identification, structural characterization and 

quantitation. It has several advantages over mid-IR and near-IR spectroscopy. For 

example, sample preparation is unnecessary. Raman bands can be easily related to 

chemical structure as fundamental modes. They are narrower and combination bands are 

generally weak. The standard spectral range reaches well below 400 cm-1, which is 
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suitable for both organic and inorganic species. Strong monochromatic light (e.g. laser) 

is usually used in the Raman measurement.  

This technique consists of shining a monochromatic light source on a sample and 

detecting the scattered light. The majority of the scattered light is of the same frequency 

as the excitation source; this is Rayleigh or elastic scattering. A very small amount of the 

scattered light is shifted in energy from the laser frequency due to interactions between 

the incident electromagnetic waves and the vibrational energy levels of the molecules in 

the sample. This is inelastic scattering. When inelastically scattered photons emitting 

frequencies lower than the incident photons, they are called Stokes Raman scattering. On 

the other hands, if inelastically scattered photons emitting frequencies higher than the 

incident photons, they are named Anti-Stokes Raman scattering [98]. 

In this study, Raman spectra of the sintered (Er+Nb) co-doped TiO2 ceramics 

samples at different doping levels were measured by a grating spectrometer (Jobin-Yvon 

Horiba HR800, France) under excitation with a 488 nm Ar+ laser at room temperature. 

During the measurement, a laser light beam is incident on the sample surface and it was 

focused to a small spot of diameter ~1 μm on the sample surface by the high-

magnification microscopic objectives. Energy exchange with the material would be 

induced. The scattered light then loses or gains certain amount of energy. Plotting the 

intensity of this "shifted" light versus frequency results in a Raman spectrum of the 

sample with the energy levels of different functional group vibrations.  

Fourier transform infrared (FTIR) spectroscopy is utilized to conduct qualitative 

and quantitative analysis of organic compounds. It determines the chemical structure of 
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inorganic compounds. The FTIR microscope accessory can analyze the samples as small 

as a few microns in diameter.  

As chemical bonds of samples absorb IR energy at specific 

frequencies/wavelengths, the basic structure of compounds can be determined by the 

spectral locations of their IR absorptions. Only a few milligrams of material is able to 

conduct the experiment with little sample preparation. In addition, many contaminants 

present on reflective surfaces, such as solder pads or printed circuitry, are readily analyzed 

in situ using the FTIR microscope in reflectance mode. 

In this study, FTIR spectrophotometer analyze the structures of the composites in 

attenuated total reflectance mode (ATR). Samples were placed on top of the ATR set and 

scanned from 4000 to 600 cm-1. A total number of 16 scans were collected for signal 

averaging. Infrared absorption bands arise from an interaction between light and the 

oscillating dipole moment of a vibrating molecule. By plotting the films’ IR transmission 

versus frequency, which compared to reference spectra in air, the structure of compounds 

could be obtained.  

In X-ray photoelectron spectroscopy (XPS), X-ray photoelectron spectrum refers 

intensities of photoelectrons versus binding energy (EB) or kinetic energy (KE). It gives 

elemental identification, chemical state of element; relative composition of the 

constituents in the surface region and valence band structure. Samples should be solid 

and vacuum compatible. 

The principle of X-ray is based on the measurement of kinetic energy of 

photoelectrons generated by the sample. Ultrahigh vacuum system < 10-9 Torr (< 10-7 Pa)  
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is needed for detection of electrons and avoiding surface reactions/contaminations. 

The low kinetic energy (0–1500 eV) of emitted photoelectrons limit the depth so that XPS 

is a very surface-sensitive technique. The average sample depth of analysis is in the range 

of few nanometers. Photoelectrons are collected and analyzed by the instrument to 

produce a spectrum of emission intensity verse electron binding energy. An electron 

energy analyzer is used to measure the energy of the emitted photoelectrons. Small shifts 

in the elemental binding energies provide information about the chemical state of the 

elements on the surface. Therefore, the high-resolution XPS studies can provide the 

chemical state information of the surface.  

 In this work, XPS analysis was conducted on the system of a Sengyang SKL-12 

electron spectrometer equipped with a VG CLAM 4MCD electron energy analyzer. Mg 

Kα source (1253.6 eV) was operated as available excitation mode. By checking peak 

positions and relative peak intensities of two or more peaks of an element; spin orbital 

splitting and area ratios for p, d, f peaks; the binding energy and intensity of a 

photoelectron peak, the elemental identity, chemical state, and quantity of a detected 

element can be determined. 

2.5.2 Thermogravimetric analysis and differential scanning calorimetry  

Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

are methods to investigate the thermal characteristics of substances. The temperature-

dependent weight change in bulk samples can be monitored using TGA [99]. The sample 

is heated under nitrogen or synthetic air with constant heat rate while the difference of 

the mass during this process is measured. A mass loss indicates that a degradation of the 
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measured substance takes place. The reaction with oxygen from the synthetic air for 

example could lead an increase of mass. The DSC can be used to obtain the thermal 

critical points like melting point, enthalpy specific heat or glass transition temperature of 

substances. The sample and an empty reference crucible is heated at constant heat flow. 

A difference of the temperature of both crucibles is caused by the thermal critical points 

of the sample, which can be detected. The measurement signal is the energy absorbed by 

or released by the sample in milliwatts. 

The thermal gravimetric analysis and differential scanning calorimetry (Mettler 

Toledo TGA/DSC3+) analysis of ceramic and composite samples were conducted at a 

heating rate of 10 oC/min in N2 flow (20 mL/min). 

2.5.3 Morphological measurements 

Scanning electron microscopy (SEM) provides morphological and elemental 

information of the substances. In general, SEM applications include materials evaluation, 

such as, grain size, surface roughness, porosity, particle size distributions and material 

homogeneity. While field emission scanning electron microscopy (FESEM) is applied in 

semiconductor device cross section analyses for gate widths, gate oxides, film thicknesses, 

and construction details; small contamination feature geometry and elemental 

composition measurement. Compared with SEM, FESEM produces clearer, less 

electrostatically distorted images with spatial resolution down to 1.5 nanometers. 

The theory of operation is that a finely focused electron beam scanned across the 

surface of the sample, generating secondary electrons, backscattered electrons, and 

characteristic X-rays. Signals are collected by detectors to form sample images, which 
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are displayed on a cathode ray tube screen. Features seen in the SEM image are then 

analyzed for elemental composition using energy dispersive spectroscopy (EDS). 

Secondary electron imaging shows the topography of surface features with a few 

nanometers across. Backscattered electron imaging shows the spatial distribution of 

elements or compounds within the top of the sample. For FESEM, a field-emission 

cathode in the electron gun of a scanning electron microscope provides narrower probing 

beams as well as high electron energy, resulting in both improved spatial resolution and 

minimized sample charging and damage.  

The microstructures of ceramics and composite films were examined by JEOL 

Model JSM-6490 and JEOL JSM-6335F, respectively. Sample preparation involved 

attaching the samples to stainless steel stubs using carbon adhesive tape. A thin layer of 

gold or platinum was sputtered onto the sample surface before examination. 

 

Figure 2.5 Schematic diagram of SEM system. 

Energy Dispersive Spectroscopy (EDS) identifies the elemental composition of 

materials imaged in a scanning electron microscope. The principal of EDS is when the 
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electron beam of the SEM is scanned across the sample surface; it generates X-ray 

fluorescence from the atoms in its path.  The energy of each X-ray photon is characteristic 

of the element that produced it. The EDS microanalysis system collects the X-rays, sorts 

and plots them by energy, and automatically identifies and labels the elements responsible 

for the peaks in this energy distribution. The collected data are compared with either 

known or computer-generated standards to produce a full quantitative analysis showing 

the sample composition. Data output includes plots of the original spectrum, showing the 

number of X-rays collected at each energy. Maps of element distributions over areas of 

interest and quantitative composition tables can also be produced. 

2.5.4 Dielectric measurements 

The ceramics and composites were painted with silver electrode or sputtered with 

gold before measuring the properties. The dielectric properties of ceramic samples, 

including the capacitance (C) and the dielectric loss (tan δ), were measured as a function 

of frequency using an impedance analyzer (HP 4294A; Agilent Technologies Inc., Palo 

Alto, CA). The relative permittivity (εr) was calculated by: 

 
0 r A

C
d

 
  

(2.2) 

where ε0 is the permittivity of vacuum, A is the electrode area of sample, and d is the 

thickness of sample. εr can be expressed as εr = ε' - ε'', where ε' is the real part of the 

relative permittivity and ε'' the imaginary part. The dielectric loss tan δ is given by the 

following equation:  

 
tan  =  

𝑟

𝑟 
 

(2.3) 
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Figure 2.6 illustrates the experimental setup for the dielectric measurements at 

high temperature (298–750 K). Samples were connected to the impedance analyzer inside 

a Carbolite furnace. A cryostat was used to characterize low temperature dependencies of 

dielectric parameters in the range of 80–296 K. 

 

Figure 2.6 Schematic diagram of the dielectric measurements at high temperature. 

For dielectric breakdown strength measurements, a high voltage power supply 

(model P0621, TREK, Inc.) was used for the breakdown strength measurement. All 

samples were kept inside a 400 mL beaker filled with silicon oil to limit moisture 

influence on testing results and sparking while applying high voltage. 

2.5.5 Optical measurements 

Before measuring the optical transmission, the ceramics were polished. The 

optical transmittance was measured in the range of 200-900 nm using a UV-Vis 

spectrophotometer (UV-2550, Shimadzu Co., Japan). The spectrophotometer is in double 

beam configuration. The initial beam is split into two beams before reaching the ceramic 

sample: one acts as reference beam and is assumed 100 % transmission, and the other is 

sent to the sample. The finally obtained transmittance is the comparison of the intensity 
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of two beams. 

 The luminescence properties (PLE and lifetime) of the ceramics were 

recorded at the same geometry by using a commercial PL spectrometer (FLSP920, 

Edinburgh Instruments, UK), shown in Figure 2.7. A 980 nm diode laser (MDL-III, CNI 

Optoelectronics Tech. Co., China) was used for visible upconversion and 

downconversion NIR emissions at room temperature. The PL system involves a 

computer-controlled spectrofluorimeter for measuring steady state luminescence spectra 

in the UV–NIR spectral range. Two optical detectors, the visible light photomultiplier 

tube (PMT) and NIR PMT are responsible for detecting ranges from 200 to 900 nm and 

400 nm to 1700 nm respectively. Powder, liquid and thin film samples can be measured 

on the testing platform by using quartz holders. 

 

Figure 2.7 Photograph of exterior structure of the photoluminescent spectrometer system. 
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Chapter 3  (Er+Nb) Co-doped Rutile TiO2 Ceramics 

Target 

3.1 Introduction 

In this part, rutile TiO2 ceramics target co-doped with niobium and erbium, 

(Er0.5Nb0.5)xTi1-xO2, (x = 0, 0.25%, 0.5%, 1%, 2.5%, 5%, 7.5% and 10%) were synthesized 

by the solid-state sintering method. Rutile-type TiO2 with a P42/mnm, tetragonal structure 

was used as the parent oxide [100]–[102]. Improved r, low tan , less frequency- and 

temperature-dependence were achieved in (Er0.5Nb0.5)xTi1-xO2 ceramics. According to an 

electron-pinned defect-dipole mechanism [10], Nb5+ is the substitution donor and Er3+ 

acts as activator for an effective decrease in the loss tangent of dielectrics. The evolutions 

of their microstructures with secondary phases and dielectric properties were 

systematically investigated in this ceramic system. A large ɛr (~86000) and sufficient low 

tan δ (0.04) were simultaneously observed in the 5 mol% (Er+Nb) modified TiO2 

ceramics. The origin physical mechanisms were also discussed in detail. This new high-

performance CP ceramics might have potential applications in miniaturization of 

electronic and energy storage devices. 

3.2 Structural properties of the modified ceramics target 

The results of an XRD measurement show phases present (peak positions), phase 

concentrations (peak heights), amorphous content (background hump) and crystallite 

size/strain (peak widths). 



Chapter 3  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
53 

Figure 3.1 displays the XRD patterns (2θ = 20–75°) of the dried (Er+Nb) co-

doped TiO2 ceramic calcined ceramic powders at 970 °C for 4 h. The diffraction peaks 

were indexed as rutile phase. It was observed from x = 0 to 2.5%, the diffraction patterns 

of specimens exhibited pure phase formation and no secondary phases were found. The 

specimens did not show phase of Er2O3 (JCPDS #26-0604) up to x = 2.5%.  

 

Figure 3.1 XRD patterns of the dried (Er+Nb) co-doped TiO2 ceramic calcined ceramic 

powders heat-treated at 970 °C. 

The phase structural evolution (2θ = 20–75°) of the sintered (Er+Nb) co-doped 

TiO2 ceramics are revealed in Figure 3.2 (a) and (b). Equally, the results showed that the 

ceramics were completed crystallization and well-developed rutile phase, implying the 

Er3+ and Nb5+ would diffuse into TiO2 lattices to form a solid solution rutile 

(Er0.5Nb0.5)xTi1-xO2 ceramics. There was a small shifting towards low diffraction angle, 

resulting in an increased lattice strain [103]. Er2O3 (JCPDS #26-0604) and Er2Ti2O7 

(JCPDS #18-0499) as secondary phases were seen in the ceramics, especially when the 
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dopant of Er3+ was greater than 2.5%. In tetragonal rutile crystals, Ti4+ (radius 0.745 Å) 

associated with six O2- (radius 1.26 Å) forms [TiO6] octahedron [104]. Dopants, Er3+ 

(radius 1.03 Å) and Nb5+ (radius 0.78 Å) [104] replace Ti4+ in lattice to form [ErO6] and 

[NbO6] octahedrons, respectively for maintaining the charge neutrality [105]. As Nb5+ has 

similar ionic size as Ti4+, it substituted at the Ti4+ sites, while Er3+ occupied the interstitial 

sites. This finding demonstrates that only a small amount of Er3+ could be easily doped 

into the Ti4+ sites and the excess Er3+ became the secondary phase. In addition, a pure 

rutile phase was seen for the ceramics doped with 0.5% only Nb, shown in Figure 3.2 (b). 

 

Figure 3.2 XRD patterns of (Er+Nb) co-doped TiO2 sintered ceramics: (a) x = 0.25%, 

0.5%, 1%, 2.5%, 7.5% and 10%, (b) x = 0%, 0.5% only Nb and 0.5% only Er. 
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Raman spectra of the sintered (Er+Nb) co-doped TiO2 ceramics at different doping 

levels under excitation with a 488 nm Ar+ laser at room temperature were presented in 

Figure 3.3(a) and (b). Four Raman active fundamental modes in pure rutile TiO2: B1g (143 

cm-1), Eg (447 cm-1), A1g (612 cm-1), and B2g (826 cm-1) were similar to the previous 

results [30], [105]. B1g is the O–Ti–O bond bending mode, A1g corresponds to Ti–O 

stretch mode while Eg mode responds to oxygen atom liberation along the c-axis out of 

phase [105]. The peak around 240 cm-1 was multi-phonon peak for second-order effect 

(SOE) [106]. It is generally believed that this peak was caused by the internal stress or 

strain and partial reduction of the TiO2 grains [103]. However, there was a slight shift for 

Eg and A1g in the ceramics, which might arise from the lattice deformation owing to using 

elements with different radii.[107]. The Raman spectroscopy analysis was accord to with 

the XRD phase evaluations. The result suggests that only the ceramics doped at low 

amount of Er3+ had a pure rutile phase; otherwise, secondary phases might appear. It is 

worth noting that all the ceramics showed a rutile phase even if some secondary phases 

were formed. 
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Figure 3.3 Raman spectra: (a) TiO2 ceramics doped with various contents of Er and Nb, 

(b) pure TiO2 ceramic. 

3.3 Surface morphologies of the modified ceramics target 

SEM images, element mapping and EDS of them were conducted to clarify the 

surface morphology and elemental distributions of ceramic samples. Figure 3.4 shows the 

morphology of the ceramics. The grain size of pure TiO2 ceramic was spherical; the 

average crystallite size had a uniform size distribution of ~3.5 μm. All of the ceramics 

had a dense microstructure with increased grain sizes at x = 0.25% (Figure 3.4 (b)) and 

then gradually decreased with increasing content (at values of x ≥ 1%) (Figure 3.4 (b)–

(f)). Two microstructure regions differed in grain size and phase composition. Besides, 
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the distribution of non-homogeneous phase composition increased with x. Based on the 

results of XRD patterns, the secondary phases were generated in the ceramics with x > 

0.25%. It implies that the decreased grain sizes could be ascribed to the existence of 

secondary phases. The ceramic with x = 5% (Figure 3.4 (e)) had a denser structure and 

smaller grain size distribution, responding to its high permittivity performance in the 

succeeding dielectric properties. 

Figure 3.4 (g) and (h) show the surface images of 0.5% Nb or Er singly doped 

TiO2 ceramics, respectively. With respect to pure TiO2 ceramics, low concentration of 

Nb5+ and Er3+ enhanced grain growth while they inhibited grain growth above the dopant 

solubility [103]. It was proposed that Er3+ (about 90%) located in the interstitial position 

[21], [22]. The observations suggest that the extra Er3+ might easily locate at the grain 

boundaries, which is an important approach for the inhibition of grain boundary mobility, 

resulting in the reduced grain sizes [103]. 
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Figure 3.4 Surface morphologies of the (Er+Nb) co-doped TiO2 ceramics with different 

doping contents: (a) x = 0%, (b) x = 0.25%, (c) x = 1%, (d) x = 2.5%, (e) x = 5%, (f) x = 

7.5%, (g) 0.5% only Nb and (h) 0.5% only Er. 

Furthermore, the formation mechanisms of secondary phases, elemental mapping 

and EDS were performed as shown in Figure 3.5 (a)–(c). The results indicate that only 

Nb5+ were homogeneously distributed throughout the ceramics, regardless of the grain 

size [103]. Two different regions were observed (indicated by blue spot), in which one 

was rich in Er3+, other was not. This observation is similar to CCTO, where Cu2+ 
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segregation was reported [49], [50], [110], [111]. In addition, grain boundary segregation 

behavior is presented in several dopants (Ca [112], Mn [101], Zn [113] and Y [114]) of 

TiO2 ceramics. Therefore, segregation of the Er3+ is likely to occur at the grain boundary 

areas. More evident could be seen in Figure 3.5 (a)–(c), that is the segregation may 

intensify at higher content x. The result confirms that there is considerably higher 

Er3+containing secondary phases owing to ionic radius misfit of Ti4+. 

 

Figure 3.5 Element mapping and EDS of the ceramics across entire section with (a) x = 

0.25%, (b) x = 2.5% and (c) x = 7.5%. 
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3.4 Dielectric properties of the modified ceramics target 

Figure 3.6 (a) and (b) illustrate the dielectric properties of the ceramics at different 

dopant content x, measured at 1 kHz and room temperature. As it can be seen, a pure TiO2 

ceramic has a relatively low ɛr (~ 800) and tan δ (~ 2%). ɛr of samples was significantly 

enhanced initially and then steadily increased with x. Besides, their corresponding tan δ 

fluctuated as x changed. It was found that a doping level of 5 mol% had the optimum 

overall dielectric properties with large ɛr (~ 8.6 × 104) and sufficiently low tan δ (4%). 

More importantly, lower tan δ would be found in most ceramics, when compared with the 

reported standard model in (In+Nb) or (Bi+Nb)-modified TiO2 ceramics [30], [105]. The 

results from SEM illustrate that both CP and low tan δ could be accomplished regardless 

of the aggregation of Er3+ at the grain boundaries, differing from the previous findings 

where the dopants were homogeneously distributed across the grains and grain 

boundaries [10], [30], [105], [115]. Otherwise, an acute deterioration of tan δ might be 

resulted. It is concluded that low tan δ achieved in the (Er+Nb)-modified TiO2 ceramics 

was possibly related to the formation of secondary phases. 

In order to familiarize the grounds for the enhanced dielectric behaviors, Figure 3.6 

(b) shows that the ceramics co-doped with Er3+ and Nb5+ have better dielectric properties 

than the singly doped ones. The addition of a small amount of Nb5+ can induce a large ɛr 

(~ 7 × 104) in TiO2 ceramics but failed to control the corresponding tan δ, whereas the 

addition of Er3+ enabled to suppress tan δ to ~ 1.4% without contributing to the 

improvement of ɛr [103]. This result shows that high ɛr with acceptable tan δ could not be 

done if only Er3+ or Nb5+ was doped. It was reported that the addition of trivalent elements 

can reduce tan δ of TiO2-based ceramics [30], [105], [115] Therefore, the co-doping Er 
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and Nb can give enhanced dielectric properties, where Nb5+ ions contribute to a large ɛr 

and Er3+ ions decrease tan δ. 

 

 

Figure 3.6 Dielectric properties: (a) (Er0.5Nb0.5)xTi1-xO2 ceramics as a function of doped 

content x, (b) doped 0.5% only Nb, 0.5% only Er and 0.5% (Er+Nb) co-doped TiO2 

ceramics, measured at 1 kHz and room temperature. 

To further reveal the frequency and temperature dependent dielectric properties, 

Figure 3.7 (a) and (b) present the frequency dependence of dielectric properties. The ɛr of 

the ceramics was almost steady in the frequency range of 102 Hz to 105 Hz; their tan δ 
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also remained nearly unchanged under different frequencies. The results indicate weak 

frequency dependence of the ceramics. Noteworthy, despite the fact that ceramic at x = 

1% did not exhibit the highest ɛr (~ 3.8 × 104), it had the lowest level of dielectric loss (~ 

1.5%) and high frequency independence which are essential for practical applications. 

 

Figure 3.7 Dielectric permittivity (a) and dielectric loss (b) of all ceramics in the 

frequency range of 102 to 105 Hz, measured at room temperature. 

Figure 3.8 (a) and (b) demonstrate temperature dependence of dielectric properties 

for 0.25 mol% TiO2 ceramic. From 80 up to 450 K, a stable CP was observed in the 

ceramics. The polaron dielectric relaxation was observed around 273 K due to electron 
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hopping motions between Ti4+ and Ti3+ [116]. The high-temperature dielectric relaxation 

observed above 450 K is argued to be a Maxwell-Wagner interfacial polarization [103], 

[105], [117]. Figure 3.8 (c) and (d) show the similar dielectric performance in x = 0.5% 

and 1%, respectively. They had a less stable temperature independence of tan δ. These 

results imply that ɛr of the doped ceramics in this work were relatively stable over a wide 

temperature range, which are similar to that reported by Liu's group [10]. It is noticed that 

the tan δ changed a lot with temperature. Based on the previous study [105], [118], the 

other possible mechanisms could also be contributed to CP.  

 

Figure 3.8 Temperatures dependence of dielectric properties. Dielectric permittivity (a) 

and dielectric loss (b) of ceramic with x = 0.25%, measured from 80 to 750 K at given 

frequencies. A narrow data break occurs near the room temperature region (approximately 

296-298 K), as two experimental set-ups were used for the low-temperature and high-
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temperature measurements, respectively. Dielectric permittivity (c) and dielectric loss (d) 

of various doping level of ceramics, measured from 80 to 423 K and at 1 kHz. 

3.5 XPS properties of the modified ceramics target 

XPS spectra of (Er+Nb) co-doped TiO2 ceramics with various doping level are 

presented in Figure 3.9 (a)–(i). It reveals the physical mechanism behind the observations 

from the material system. The peaks at the binding energies of 167.7 eV and 168.3 eV for 

Er 4d5/2 gave an evident for an oxidation state of +3 for Er. There was a slight shift binding 

energy due to the presence of Er2O3 (secondary phases) which was in accord with XRD 

results. The binding energies of Nb 3d electrons were 207.7 eV and 210.4 eV for 3d5/2 

and 3d3/2, respectively without the presence of other 3d5/2 low binding energy. Their spin-

orbit splitting of 2.7 eV was consistent with that of Nb5+ doped TiO2 materials [10], [30], 

[103], [110]. The result suggests that there was only one Nb 3d environment present in 

the ceramic. And thus, the oxidation state of this Nb was +5 [10]. As the same time, the 

position of the Ti 2p with 2p3/2 and 2p1/2 corresponded to the binding energies of 458.4 

eV and 464.1 eV, respectively [119]. It is noticeable that Ti3+ signals increased with 

content x. The incorporation of Nb5+ was the probable cause for the partial reduction of 

Ti4+ to Ti3+ in the ceramic as follows [10]:  

 Nb2O5 + 2TiO2 → 2𝑇𝑖𝑇𝑖
′  + 2𝑁𝑏𝑇𝑖

•  + 8OO + 1/2O2 (3.1) 

 Ti4+ + e → Ti3+ (3.2) 

The O 1s profile of a pure TiO2 ceramics is presented in Figure 3.9 (g). It consists 

of three components, including 529.5 eV for bulk Ti–O, 530.8 eV associated with oxygen 

vacancies and surface hydroxyl (OH), and 532 eV for adsorbed surface H2O. Previously, 
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it was reported that an increase in the doping level would result in a higher concentration 

of oxygen vacancies. However, in this experiment, the concentration of oxygen vacancies 

decreased from 14.6% to 9% as x increased. In principle, doping Er3+ as acceptors 

requires oxygen vacancies to meet charge compensation condition, as given in the 

following equation: 

 Er2O3 + 2TiO2 → 2𝐸𝑟𝑇𝑖
′  + 𝑉𝑜

•• + 3Oo (3.3) 

According to the results of SEM and element mapping, as Er3+ had a larger ionic 

radius and lower valence than Ti4+, the solubility of it in TiO2 was very low. The excess 

Er3+ tended to segregate at the TiO2 grain boundary to reduce elastic strain energy [120]. 

Direct evidence was previously given that Er is stable on tetrahedral interstitial sites 

infloat-zone Si [108]. It was also confirmed that rare-earth atoms strongly interacted with 

oxygen, which finally leads to their incorporation on low-symmetry lattice sites in 

Czochralski Si [121], [122]. In this context, it would be plausible that Er3+ ions act as an 

acceptor-type impurity at grain boundaries to restrict the electron drift [103]. As a result, 

electrons are unable to undergo lattice hopping through the structure, low dielectric loss 

is able to be achieved. In this study, the dopant, Nb5+ capture an electron by the reduction 

of Ti4+ to Ti3+, whereas Er3+ ions need oxygen vacancies for charge compensation. 

Extrinsic defects might serve as an obstacle for inhibiting the inter-grain electron hopping. 

As a result, Ti4+ ion still remains the same [30], [123], described by: 

 2𝑇𝑖𝑇𝑖
′  + 𝑉𝑜

•• →TiO2 (3.4) 
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Figure 3.9 Valence states of the elements in the ceramic with x = 0.25%: Er 4d (b), Ti 2p 

(e), O 1s (h). Valence states of the elements in the ceramic with x = 7.5%: Nb 3d (a), Er 

4d (c), Ti 2p (f), O 1s (i). Valence states of the elements in the pure TiO2 ceramic: Ti 2p 

(d), O 1s (g). The solid lines are consistent with the peaks, in which the green line stands 

for background, for Er element, red lines are the raw data. 

3.6 Optical properties of the modified ceramics target 

Optical absorption spectrum (Figure 3.10) of the ceramics was measured in the UV-

to-NIR region ranging from 200 to 900 nm. The absorption bands corresponding to the 

electronic transitions from the 4I15/2 ground state to the higher levels 4I9/2, 
4F9/2, 

4S3/2, 
2H11/2, 
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and 4F7/2 were labeled, respectively [30]. Apparently, the absorption band edge of pure 

TiO2 ceramic was present at around 380 nm. The finding suggested introduction of Er3+ 

ions into the TiO2 lattice showed an extended absorption characteristic into the visible 

region. This might originate from the defects via Er-doping associated with oxygen 

vacancies that give rise to F-type color center [30], [105]. Compared to pure TiO2, 

absorbance band edge of the sample (Er0.5Nb0.5)0.1Ti0.9O2 ceramics was increased to 392 

nm. It is due to the generation of additional energy levels by the inclusion of impurities 

within the band gap coupled with oxygen vacancies by metal ion doping. This might 

contribute to the observed visible light absorption of the co-doped TiO2 samples [124].  

Figure 3.10 (b) demonstrates the band gap of pure TiO2 and (Er0.5Nb0.5)0.1Ti0.9O2 

ceramics derived from the absorption spectrum. The values were estimated by assuming 

that the optical absorption of the direct bandgap materials can obey Kubelka–Munk 

function and Tauc relationship [125]. By extrapolating the linear part of the curve 

[F(R)hν]1⁄2vs hν at [F(R)hν]1⁄2 = 0, pure TiO2 ceramic shows the band gap of 3.04 eV, 

whereas the bandgap of the ceramic at x = 10% is decreased to 2.97 eV. The narrowing 

in band gap after Er doping is strongly related to the absorption band of Er3+ due to the 

energy transition of 4I15/2 to 4G11/2 [103]. 
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Figure 3.10 (a) Optical absorption spectrum and (b) Band gap estimation of 

(Er0.5Nb0.5)xTi1-xO2 (x = 0 and 10%) ceramics. 

3.7 PL properties of the modified ceramics target 

Luminescent properties of the materials could be applied in potential applications, 

such as, photonic and biomedicine fields. Visible UC and NIR downshifting (DS) 

emissions of the (Er0.5Nb0.5)0.1Ti0.9O2 samples are shown in Figure 3.11 (a) and (b), 

respectively. Two strong green bands were observed in 510–541 nm and 541–580 nm 

while a weak red band was seen in 640–690 nm under 980 nm diode laser excitation. The 

green bands corresponded to the transitions of 2H11/2→4I15/2 and 4S3/2→4I15/2, respectively. 

The red emission was due to the 4F9/2→4I15/2 transition while the NIR emission band in 

1450–1630 nm was due to the 4I13/2→4I15/2 transition of Er3+. These emission wavelengths 

are well-known for modern optical communication and optoelectronic devices. All the 

emission bands were split into two obvious peaks, which were ascribed to the Stark 

splitting of the degenerate 4f levels under the crystal field [126].  

Pumping power dependence of visible UC and NIR DS intensity was investigated 

to understand the PL nature. For an unsaturated UC process, the number of photon that is 
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necessary to populate the upper emitting state can be obtained by IUC α (𝑃pump)n [127] 

where IUC is the integrated fluorescence intensity, Ppump is the pumping power, and n is 

the number of laser photon required to produce one UC photon. Insets of Figure 3.11 (a) 

and (b) show the double logarithmic plots of the overall emissions at 522, 557, 656 and 

1492 nm as a function of pumping power. The n value could be calculated from the slope 

of the linear fit (Inset of Figure 3.11 (a)). The obtained n of the samples for the green 

transitions of 2H11/2→4I15/2 and 4S3/2→4I15/2 was 1.48 and 1.27, respectively, implying the 

two photon processes of the green UC PL [128]. The slope value of 4F9/2→4I15/2 transition 

was 1.13. This decreased n value could be explained by the cross relaxation of the 4F9/2 

level [128]. For the 4I13/2→4I15/2 transition, the slope value with n = 1 shows that this state 

was populated via single photon absorption from the ground state for NIR DS emission. 

Temporal behavior of UC PL under a pulse excitation is another useful tool to 

investigate the PL mechanism. This technique allows one to distinguish between excited 

state absorption (ESA) and energy transfer upconversion (ETU) process [129]. The 

typical signature of an ESA process is an exponential decay, while the signature of an 

ETU process is a rise followed by an exponential decay. Figure 3.11 (c) shows the 

temporal behavior of UC PL from the 2H11/2, 
4S3/2 and 4F9/2 levels under the laser 

excitation at 980 nm, the inset displays decay curves of the sample at 522, 557 and 656 

nm. The decay time was established from the slope of a plot of log I (t) versus t. The 

curve was well fitted by the double exponential equation [130]: 

 

𝐼(t) = 𝐼0 + 𝐴𝑓𝑒
(−

𝑡−𝑡0
𝑓

)
+  𝐴𝑠𝑒

(−
𝑡−𝑡0
𝑠

)
 

(3.5) 

where I is the luminescence intensity, f and s are the fast and slow components of the 

luminescent lifetimes, Af  and As are the mass factors of the two components, respectively 
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and t0 is the initial delay of the measurement. The average lifetime of the non-exponential 

decay curve is determined by the expression [130]: 

 

𝑎𝑣𝑒 =  
𝐴𝑓 𝑓

2  +  𝐴𝑠 𝑠
2

𝐴𝑓 𝑓  +  𝐴𝑠 𝑠

 
(3.6) 

Typical ETU behaviors for both green and red UC emissions were observed (Figure 3.11 

(c)). The temporal behavior of UC PL from the 2H11/2, 
4S3/2 and 4F9/2 levels showed an 

increase profile at initial stage followed by a double exponential decay behavior. Two 

time components of the decay were conspicuous in the semi-logarithmic plot (Inset of 

Figure 3.11 (c)). The fast component derived a lifetime of 35 μs, while the lifetime of the 

slow component was found to be 107 μs for 2H11/2→4I15/2 transition. The fitting results 

linked with 4S3/2→4I15/2 showed f = 36 μs and s = 105 μs, whereas f = 33 μs and s = 94 

μs correspond to 4F9/2→ 4I15/2. The above analysis demonstrated the presence of two 

emitting species. It implies that ETU was a principal mechanism for the UC emissions in 

the material system yet ESA process could not be excluded. 
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Figure 3.11 (a) Visible UC and (b) NIR DS emission spectra of the (Er0.5Nb0.5)0.1Ti0.9O2 

ceramic under 980 nm laser excitation with various pumping power; the inset shows the 

respective log-log plots in visible UC and NIR DS emission intensity versus excitation 
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power density in the ceramics and (c) Temporal behavior of UC PL from the 2H11/2, 
4S3/2 

and 4F9/2 levels under the 980 nm laser excitation in a semi-logarithmic representation, 

the inset shows various UC PL decay curves of Er3+ ions with the fitting (solid lines). 

Based on the results of pump power dependence and decay curves, a simplified energy 

level diagram is recommended to illustrate the mechanisms. Upon the pumping with a 

980 nm laser, the Er3+ ion absorbs one laser photon and jump from the ground state to the 

4I11/2 state. This state has a much longer lifetime than others, which favors the excitation 

of Er3+fromthis level to 4F7/2 through energy transfer (ET). Then, Er3+ can populate the 

4F7/2 level through ESA or ET process. Subsequently, the Er3+ ion then relaxes 

nonradiatively to the 2H11/2, 
4S3/2 state by multiphonon relaxation, and thus leading to the 

UC green emissions (2H11/2 / 
4S3/2

4I15/2).  

The power UC efficiency for green emission was predominant in this material, 

whereas red UC emissions from the 4F9/2 state were relatively weak. It might be due to a 

relatively large energy separation between the 4F9/2 and 4S3/2 state, which was about five 

times the phonon energy of the TiO2 lattice (612 cm−1). Therefore, the red emission state 

of4F9/2 might be populated another route. Figure 3.12 shows several representative 

processes of the cross relaxation (CR) processes. First, CR1, i.e. 4F7/2 + 4I11/2
4F9/2 + 

4F9/2. As Er3+ ion populated to 4F7/2 level would relax to the 2H11/2, 
4S3/2 state by multi 

phonon relaxation, the state density of 4F7/2 state for CR1 was low, this process might not 

be the foremost one for the red emission. Second, 2H11/2 / 
4S3/2 + 4I15/2

4I9/2 +
4I13/2 for 

CR2. The Er3+ ions at 4I13/2 state through ET populated the 4F9/2 state. As the green 

emissions for Er3+ were relatively high, it implies that state density of the 2H11/2 / 
4S3/2 

states was high. CR2 might result to the red emission efficiently. Thirdly, CR between 



Chapter 3  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
73 

lower states, CR3: 4I11/2 +
4I13/2

4F9/2 + 4I15/2 or CR4: 4I13/2 +
4I11/2 

4F9/2 + 4I15/2. If CR3 

was tenable, the intensity of red emission should be higher than that of green one. As was 

described in the diagram, low population is in 4I13/2, neither CR3 nor CR4 would not be 

the dominant CR process for the red emission. In other word, CR from lower states forms 

a minor process for the red emission. It can be concluded that the red UC emission was 

attributed to the CR2 (2H11/2 / 
4S3/2 + 4I15/2

4I9/2 +
4I13/2). Most of the Er3+ ions in the 4I13/2 

level would eventually relax radiatively to the 4I15/2 level, generating the 1.55μm NIR 

emission. As most of the Er3+ ions were expected to excite to the higher energy levels, the 

low photon transition probability of 4I13/2 levels was small. Eventually, the NIR emissions 

became very weak. The observed luminescent properties of the (Er+Nb) co-doped TiO2 

are similar to other reports, such as Er3+-doped BaTiO3 and Er3+/Yb3+ co-doped PbTiO3 

[75]. 

 

Figure 3.12 Simplified energy level diagram of Er3+ion for the various UC and NIR DS 

emissions under 980 nm excitation. 
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3.8 Mechanism of the (Er+Nb) co-doped TiO2 ceramics 

As mentioned before, other possible mechanisms could also be contributed to CP 

and low loss of the present ceramic system. We conducted a new series of the （EryNb1-

y）0.0375Ti0.9625O2 ceramics in order to explore the required mechanism. The series of 

（EryNb1-y）0.0375Ti0.9625O2 ceramics were without secondary phases, using different 

doping ratios of Nb and Er ions so that the role of secondary phases could be revealed.  

Figure 3.13 shows the XRD patterns of the sintered ceramics and calcined 

powders. It demonstrated the ceramics were of pure rutile phases. We chose the samples 

without secondary phases for further investigations.  

 

Figure 3.13 XRD patterns of the (Er0.025Nb0.975)0.0375Ti0.9625O2, 

(Er0.05Nb0.95)0.0375Ti0.9625O2 and (Er0.1Nb0.9)0.0375Ti0.9625O2 sintered ceramics, 
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(Er0.2Nb0.8)0.0375Ti0.9625O2 and (Er0.4Nb0.6)0.0375Ti0.9625O2 calcined powder. 

The surface morphologies of the ceramics without secondary phases were 

exhibited in Figure 3.14. Figure 3.15 shows that the dopant Er3+ ions for the ceramics 

were homogeneously distributed in the TiO2 matrix, which was unlike the (Er0.5Nb0.5)xTi1-

xO2 ceramic system. Therefore, if the without secondary phases ceramic system displayed 

a different dielectric behavior, it could prove secondary phases are essential for high CP 

performance and acceptable dielectric loss. These findings may suggest the dopants did 

not need to distribute homogeneously in the lattice and impurity at the grain boundary 

could have a position effect on CP.  

 

Figure 3.14 Surface morphologies of the (Nb+Er) co-doepd TiO2 ceramics without 

secondary phases at different doping contents: (a) (Er0.025Nb0.975)0.0375Ti0.9625O2 and (b) 

(Er0.1Nb0.9)0.0375Ti0.9625O2. 
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Figure 3.15 Element mapping and EDS of the ceramics across entire section with (a) 

(Er0.025Nb0.975)0.0375Ti0.9625O2 and (b) (Er0.1Nb0.9)0.0375Ti0.9625O2. 

The below diagrams compare the dielectric permittivity (a) and dielectric loss (b) 

of the ceramics with different doping level of Er and Nb ions. The results imply that the 

(EryNb1-y)0.0375Ti0.9625O2 ceramics, y = 0.025, 0.05 and 0.1 ceramics, without secondary 

phases exhibited both higher CP and tan δ due to uneven ratio of Er3+ and Nb5+ ions. 

Besides, their tan δ were higher than those with secondary phases. It is believed the 

secondary phases had a significant role in determining the dielectric properties in this 

system. Extrinsic defects might serve as an obstacle for inhibiting the inter-grain electron 

hopping. With intrinsic defect dipoles and extrinsic defects, the sufficiently low dielectric 

loss could be accomplished. 
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Figure 3.16 (a) Dielectric properties of various doping level of (Er+Nb) co-doped TiO2 

ceramics, measured at 1 kHz and room temperature; Dielectric permittivity (b) and 

dielectric loss (c) of (Er+Nb) co-doped TiO2 ceramics in the frequency range of 102 to 

105 Hz, measured at room temperature. 
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The complex impedance spectrum is used for distinguishing the intrinsic (bulk) 

properties from the extrinsic one, such as grain boundaries, surface layers, and electrode 

contacts [51]. This technique provides the information about the resistive (real part) and 

reactive (imaginary part) components of the ceramics. Figure 3.17 displays the room 

temperature complex impedance for the various samples as a function of frequency. For 

the (EryNb1-y)0.0375Ti0.9625O2 ceramics, y = 0.025, 0.05 and 0.1, the impedance spectra 

could be well fitted by a RC model. It had a bulk resistance and capacitance. It is seen 

that the samples showed single semicircle arc with centers lying below the real axis. The 

semicircle indicated the dominance of grain effect on the grain boundary and effect 

electrode [131]. For the ceramics of (Er0.5Nb0.5)xTi0.95O2, x = 2.5% and 5%, the impedance 

spectrum could not fitted by using one parallel RC model. With the combination of XDR 

patterns and SEM images results, these ceramics are assumed to be made up of parallel 

grains separated by secondary phases, which were modeled by two parallel RC equivalent 

circuits in series as shown in Figure 3.17 (c). Two arcs were observed for the 

(Er0.5Nb0.5)xTi0.95O2, x = 2.5% and 5% ceramics. Therefore, it can concluded that both 

intrinsic (electron-pinned defect-dipole) and extrinsic mechanisms contributed to the CP 

in our system. 
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Figure 3.17 (a) The complex impedance for the various samples as a function of 

frequency at room temperature, (b) The magnifications of the complex impedance for the 

ceramics and (c) Two parallel RC equivalent circuits in series. 

3.9 Summary  

Synthesis optimization, structural analysis and characterization of the dielectric 

properties were systematically investigated in the (Er+Nb) co-doped TiO2 ceramics. CP 

performances with acceptable low dielectric loss were achieved in the rutile TiO2 

ceramics doped with Er3+ and Nb5+. They were prepared by solid-state sintering method. 

It was found that a doping level of 5 mol% had the optimum overall dielectric properties. 

Large ɛr (~ 8.6 × 104) and sufficiently low tan δ (4%) were attained. The presence of 

secondary phases at the grain boundary was observed by SEM, EDS and elemental 

mapping. Besides, the general relationship between larger ionic radii of the acceptor ion 

and the presence or absence of a defect dipole effect were discussed.  

 Based on the impedance Cole-Cole plot and the results of dielectric properties for 

the new series (EryNb1-y)0.0375Ti0.9625O2 ceramic system, both intrinsic (electron-pinned 

defect-dipole) and extrinsic mechanisms were responsible for the observed high-

performance CP. In this system, there exists both intrinsic defect-dipole complex/cluster 
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in TiO2: 𝐸𝑟𝑇𝑖
′ →𝑁𝑏𝑇𝑖

• , 𝐸𝑟𝑇𝑖
′ →𝑉𝑜

••←𝐸𝑟𝑇𝑖
′ , 𝐸𝑟𝑇𝑖

′ →𝑉𝑜
••←𝑇𝑖𝑇𝑖

′ , 𝑁𝑏𝑇𝑖
• →𝑇𝑖𝑇𝑖

′ , 𝑇𝑖𝑇𝑖
′ →𝑉𝑜

••←𝑇𝑖𝑇𝑖
′  

and extrinsic defects: (𝐸𝑟𝑇𝑖
′ , 𝑉𝑜

••) . The formation of defect pairs depends on the ionic 

radius of the dopant. Er3+ has a larger different ionic radius than In3+ and Ti4+, this is 

therefore indicated that the formation of electron-pinned defect dipole clusters needs to 

take into account the relation between the ionic radii of the acceptor, donor, and host ions 

for developing high-performance CP materials.  
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Chapter 4 Ceramic/polymer Composite Films 

4.1 Introduction 

Traditionally, the conventional dielectric capacitors are mainly made of dielectric 

polymers or dielectric ceramics, which usually have an energy density less than 2 J/cm3 

[132]. To mitigate this issue, incorporating high permittivity inorganic ceramics into 

polymer matrix could be an attractive candidate for thick film capacitors. Recently, much 

work have been performed on the composites, using PVDF and its copolymer (TrFE) as 

matrix material with CaCu3Ti4O12 (CCTO) as ceramic fillers.[48], [52], [53] A dielectric 

constant for the flexible composite with 50 vol% ceramic fillers composites at room 

temperature reaches more than 610 and 330 at 100 Hz and 1 kHz, respectively, after the 

thermal-annealing process [52]. Stimulated by the superior dielectric properties with large 

temperature and frequency independence in (In+Nb) co-doped rutile TiO2 [10], we have 

successfully fabricated (Er+Nb)-modified TiO2 ceramics target [103]. In this part, The 

P(VDF–TrFE) 55/45 mol% copolymer was utilized as the polymer matrix because the it 

has a very weak piezoelectric effect and a high dielectric constant (~15) at room 

temperature. In addition, it has a relatively low F-P transition temperature (70 oC) and 

small polarization hysteresis compared with composition with higher VDF mole content 

[52]. For the ceramic filler, (Er+Nb)-modified TiO2 ceramic powders were used.  

Ceramic/polymer composite was fabricated by solution casting and HP method. The 

surface of ceramic particles was chemically modified by H2O2 to introduce hydroxyl 

groups. The major purpose in this study is to optimize the permittivity and the energy 

density of the composites. X-ray Diffraction (XRD), Fourier transform infrared (FTIR) 
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spectrophotometer, field emission scanning electron microscopy (FESEM) were used for 

material morphology and crystal structure characterization. Frequency and temperature 

dependence of dielectric behavior for composites were well investigated. Maxwell and 

Garnett, Furukawa and Rayleigh’s models, logarithmic mixture rule, the effective 

medium theory (EMT) and Yamada model were employed to analyze the theoretical 

predication and experimental results. At room temperature, it was found that 4-layer 

composites with 50 wt% surface hydroxylated 2.5%(Er+Nb) ceramic fillers co-doped 

TiO2 /P(VDF-TrFE) displayed the highest energy density of 8.9 J/cm3 at 82 MV/m. Its 

dielectric constant (300) was approximately 4 times higher than the single layer 

composite. Its dielectric loss was as low as 0.04 at 1 kHz. Our composites thick films are 

considered to have a great potential for ceramic capacitors and energy storage 

applications. 

4.2 Structural properties of the composites films 

The XRD patterns of the as-synthesized P(VDFTrFE) film and hot-pressed 

composite samples doped with different weight ratios (30% and 50%) of 2.5% and 

7.5%(Er+Nb)OH are presented in the 2θ range from 10º to 75º (Figure 4.1). As-

synthesized P(VDF–TrFE) film showed broad peak centered at around 2θ = 19º. This 

indicates the co-existence of crystalline non-polar  and polar  phases of the 

P(VDFTrFE) copolymer, corresponding to the orientation planes of (020) at 18.7º and 

(110) at 19.2º, respectively [133]. The intensity of copolymer peaks for all hot-pressed 

composites were suppressed by strong peaks of ceramic structure. The composite samples 

were of the rutile phase. There was a small shift towards a low diffraction angle, which 

was ascribed to the doping of Er3+ and Nb5+ ions into the TiO2 host lattice, resulting in an 
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increased lattice strain. A small amount of secondary phases, Er2Ti2O7 (JCPDS #18-0499), 

was seen in the composites [103]. 

 

Figure 4.1 XRD patterns of the as-synthesized P(VDF-TrFE) film and hot-pressed 

composite samples doped with different weight ratios of 2.5% and 7.5%(Er+Nb)OH 

ceramic fillers.  

In addition to XRD studies, FTIR spectroscopy is a powerful and reliable 

technique used to identify the structure of polymers, study the characterization of 

chemical bonds, chain conformation and crystallinity order of the composite samples by 

monitoring the absorption of infrared (IR) energy. An FTIR spectrum in the attenuated 

total reflectance (ATR) mode of the untreated and surface modified ceramic powders are 

shown in Figure 4.2, ranging from 600 to 4000 cm–1. Absorption bands OH groups at 



Chapter 4  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
85 

around 3400 cm–1 confirmed the surface modification of ceramic powders [134]. They 

were recognized to O–H stretching. This result indicated that hydroxyl was introduced 

onto the surface of ceramic powder after treatment with H2O2. The peaks from 690–900 

cm-1 were aromatic CH. The peaks at around 1440 and 1700 cm–1 were assigned to C=O 

stretching. C–C in-plane vibration could be observed at 1528 cm-1. It is noticed that all 

intensity of vibrational stretching corresponding to the surface modified ceramic powders 

was enhanced, compared with that of untreated one. 

 

Figure 4.2 FTIR spectra in the ATR mode of the untreated and surface modified ceramic 

powder. 

Figure 4.3 illustrates serval  phase associated intense bands, with 848 and 1288 

cm-1, attributing to the CF2 symmetric stretching with the dipole moments parallel to the 

polar b axis. The 1400 cm-1 band was assigned to the CF2 bending mode within TTT 

segments of the chain and the wagging vibration of CH2 [134]. Moreover, the 
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characteristic absorption bands at 1080 cm-1 (C–C stretching band), 1288 cm-1 (trans 

band), and 1430 cm-1 (CH2 bending) were corresponded to the all-trans  conformations 

[135]–[140]. The peak at 612 cm-1 was belonged to the  phase (in-plane bending or 

rocking) for the pure P(VDF–TrFE) powder and film. However, it was decreased in the 

hot-pressed composite samples [141]. 

 

Figure 4.3 FTIR spectra in the ATR mode of the pure P(VDF–TrFE) powder, as-

synthesized P(VDF–TrFE) film and hot-pressed composite samples doped with different 

weight ratios of 2.5% and 7.5%(Er+Nb)OH. The arrows indicate the characteristic 

absorption bands of the  and  phase structure.  

4.3 Thermogravimetric analysis 

The thermal properties of the untreated, surface modified ceramic powders, pure 

P(VDF–TrFE) film and 50 wt% of 2.5%(Er+Nb))–OH ceramic fillers composite films 
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were investigated by using TGA. Figure 4.4 (a) and (b) provided further evidence of the 

presence of the hydroxyl groups. There was a difference in the weight loss between the 

untreated and surface modified ceramic powders. The weight loss of the (Er+Nb)–OH 

was larger than that of the untreated one, which could be attributed to the vaporization of 

the hydroxyl groups [19]. The finding indirectly confirmed that the hydroxyl groups were 

successfully introduced onto the surface of the ceramic powders as a relatively large 

weight loss before 300 °C [142]. From Figure 4.4 (b), it can be seen that both weight of 

P(VDF–TrFE) film and composite film with 50 wt% of 2.5%(Er+Nb)–OH ceramic fillers 

were relatively stable below 450 °C. However, there was an obvious weight loss and 

decomposition for the copolymer at around 500 °C, whereas composite exhibited better 

stability behaviors. This might be due to the presence of ceramic fillers in copolymer 

matrix. 

 

Figure 4.4 TGA curves of (a) the untreated and surface modified ceramic powders; (b) 

the pure P(VDF–TrFE) film and composite film with 50 wt% of 2.5%(Er+Nb)–OH 

ceramic fillers.  
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4.4 Surface modification and morphologies of the composites 

films 

After using H2O2 to modify (Er+Nb) co-doped TiO2 ceramic fillers, the stability 

of the dispersions of surface-modified powders for each host polymer in N,N-

dimethylformamide solutions had improved, whereas unmodified ceramic fillers showed 

relatively rapid sedimentation, as shown in the digital photograph images of the 

dispersions (Figure 4.5). Actually, dielectric properties of ceramic/polymer composite 

materials are strongly dependent on surface activity and its distribution in polymer matrix. 

 

Figure 4.5 Digital photographs of suspensions of surface modified and unmodified 

(Er+Nb) co-doped TiO2 ceramic powders in polymer solutions taken at various times. 

As shown in Figure 4.6 (a), the ceramic powders had a spherical morphology with 

an average size of about 1 μm. To make clear the possible origin in respect of 

microstructure and morphology of the samples, FESEM was used to observe the surface 

morphology of the specimens. It can be noticed that the composites with (Er+Nb)–OH 

showed better combination with P(VDF–TrFE) than the untreated one. The  findings were 

similar with the previous report [1]. This result implies the surface hydroxylation could 

not only facilitate uniform dispersion of ceramic particles in the polymer matrix, less 
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voids and pinholes in the composites but also form strong interfacial adhesion with the 

polymer matrix [143]. More importantly, surface modification promotes the 

accumulation of charge carriers at an interface, offers stronger interfacial polarization and 

enlarging the mean electric field acting on ceramic particles. This could benefit high-

energy storage density of the composites [143], [144].  

 

Figure 4.6 (a) The FESEM images of the (Er+Nb) co-doped rutile TiO2 ceramic powders; 

(b) surface morphology of composites filled with the untreated ceramic powders and (c) 

composites filled with the surface modified ceramic powders. 

Figure 4.7 (a)–(d) show the cross-sectional FESEM images of the composites 

containing 50 wt% of 2.5%(Er+Nb)–OH ceramic fillers. Composites were hot pressed 

for improving the uniformity and avoiding the pinholes. The composites filled with 

untreated ceramic powdesr was also prepared in the same procedure as comparison. A 

sandwich configuration was used to form a stack of multilayers [53]. 2, 4, and 6–layer of 

as solution-cast composites would be obtained in the HP process. The images indicate 

that the composites made by 4 and 6–layers in HP process had a good uniformity. The 

ceramic fillers were homogeneously dispersed in the polymer matrix. This indicates that 

the composites with a better uniformity exhibit a higher r, which is in accord with 

experimental results. The thickness of the as solution-cast composite films, 2 ,4, 6–layer 

as solution-cast composite films after HP process were 22, 30, 11, 24 μm, respectively. 
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Figure 4.7 Cross sectional FEEM images of composites with 2.5%(Er+Nb)–OH with 50 

wt% ceramic fillers prepared under different condition: (a) as solution-cast composite 

film; (b) 2–layer as solution-cast composite film after HP process (c) 4–layer as solution-

cast composite film after HP process and (d) 6–layer as solution-cast composite film after 

HP process. 

4.5 Dielectric properties of the composites films 

For the dielectric behavior, four aspects would be examined, firstly, the influence 

of the surface modification of ceramic fillers; secondly, the percentage of co-dopant 

(Er+Nb) ions in the ceramic fillers (2.5% and 7.5%); thirdly, the 0, 30 and 50 wt% of 

ceramic fillers in the polymer matrix; lastly, numbers of as solution-cast composite layers 

(2, 4, 6–layer) by HP.  

(c) 4-layer 
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The frequency dependent dielectric behaviors of 1 layer solution-cast composite 

film without HP (0, 30, 50 wt%) at room temperature are identified in the Figure 4.8 (a) 

and (b). The pure P(VDF–TrFE) film had a relatively low r of 16 and tan  (0.03). All 

composites suspended (Er+Nb)–OH had larger dielectric constants with lower losses than 

those with the untreated one. This should be attributed to the effect of the surface 

modification. As discussed above, hydroxyl groups on surface of the (Er+Nb)–OH 

facilitated homogenous particle distribution in the polymer matrix. Therefore, the films 

exhibited less agglomeration and defects, leading to relatively large dielectric permittivity 

[145], [146]. Besides, their r gradually increases with increasing percentage of co-dopant 

(Er+Nb) ions in the ceramic fillers and filler contents. Composite with 50 wt% 

7.5%(Er+Nb)–OH ceramic fillers exhibited the highest value, where r is 88 at 1 kHz and 

room temperature. All the specimens had acceptable dielectric loss, slightly increased in 

the higher frequency range.  
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Figure 4.8 (a) Dielectric permittivity and (b) loss at room temperature as a function of 

frequency from 100 Hz to 100 kHz for the 1 layer solution-cast composite film samples 

without HP. 

Figure 4.9 demonstrates the dielectric behavior of the composite samples with 

2.5% and 7.5% co-dopant (Er+Nb) ions room temperature. First, r of the composites 

remained stable up in the lower frequency range, whereas they were decreased in the 

higher frequency range, especially for the composites filling with 50 wt% ceramic fillers 

(Figure 4.9 (a) and (c)). It is reported that the decrease of r at high frequency was mainly 

caused by the reduction in Maxwell-Wagner-Sillars (MWS) polarization and space charge 

polarization [147], [148]. Secondly, r of composites filled with 50 wt% ceramic fillers 

was larger than that of 30 wt% and the untreated one, which is consistent with the previous 

report [149]. Besides, tan  of composites filled with 50 wt% ceramic fillers was much 

lower than that of 30 wt% and the untreated one, An excellent dielectric behavior at 1 
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kHz was achieved in the composites filled 50 wt% 2.5%(Er+Nb)–OH ceramic fillers, 

where r and tan  are 300 and 0.04, respectively. Thirdly, as expected, r of hot-pressed 

composites was significantly higher than that without hot-pressed composites, 

particularly for 4-layer composites with 50 wt% 2.5%(Er+Nb)–OH ceramic fillers 

(Figure 4.9 (a)). For example, it had a r of 300 at 1 k Hz, meanwhile, at the same 

frequency, the r of 4 layers untreated one only reached about 52. The value r of 

composites filled 2.5% and 7.5%(Er+Nb)–OH ceramic fillers was significantly enhanced 

with the number of layers used in HP process, then saturates and drops. For example, they 

reached the largest r at 1 kHz is 300 and 142 with the 4–layer and 2–layer, respectively. 

These results imply that when increasing the number of layers used in the HP, the 

interfacial interaction between the polymer matrix and ceramic fillers should be also 

considered for the dielectric permittivity. These results are consistent with the previous 

work [52], [53], [145]. It is noteworthy that tan  would be still within an acceptable range 

found in most composites. The results from FESEM illustrated both satisfactory r and 

low tan  could be accomplished in homogeneous film. 
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Figure 4.9 (a), (c) Dielectric permittivity and (b), (d) loss as a function of frequency from 

100 Hz to 100 kHz for various composite films. The different content of the (Er+Nb) co-

doped rutile TiO2 ceramic fillers are specified in the figure, “1 layer” composite is the 

same as one shown in Figure. Other composites are the hot-pressed samples. 

The following figure shows the temperature dependence of dielectric behaviors 

of the composites with 1and 2–layer 2.5%(Er+Nb)–OH ceramic fillers, measured at 1 
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kHz and 10 kHz. As can be seen, compared to pure P(VDF–TrFE), the composites possess 

high dielectric constant and loss. It is observed that the value of r reaches its maximum 

at 70 °C, which is the transformation temperature between the ferroelectric and 

paraelectric phases for the P(VDF–TrFE) 55/45 mol% polymer matrix [52]. It is well 

known that for PVDF–based ferroelectric polymers, the dielectric constant at the 

ferroelectric-to-paelectric phase-transition temperature is much higher than that at room 

temperature [52], [150]. On one hand, for the copolymer used here, the r of copolymer 

at 1 kHz is around 30 at 70 °C, whereas it is 16 at room temperature. This implies that the 

temperature dependence of dielectric constant observed in the composites was caused by 

the influence of the dielectric behavior of the polymer matrix on the composites [52]. On 

the other hand, the r of the 2–layer composites exhibited 274 and 181 at 70 °C, 1 kHz 

and 10k Hz, respectively. A steady tan  could be found in the composites. 
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Figure 4.10 Temperature dependence of dielectric behaviors of the composites with 1 

layer and 2–layer 2.5%(Er+Nb)–OH ceramic fillers, measured at 1 kHz and 10 kHz. For 

comparison, the r of the P(VDF–TrFE) 55/45 mol% copolymer prepared using the same 

process is also shown in the figure. 

Using various theoretical models, the 휀𝑒𝑓𝑓 of l and 4–layer hot-pressed composites 

with2.5%(Er+Nb)–OH ceramic fillers were estimated and are depicted in Figure 4.11 

with respect to the corresponding experimental values.  

The first model was proposed by Maxwell and Garnett in 1904 [151]. They 

suggested that the ceramic material of spherical geometry is randomly immersed in the 

polymeric matrix without any kind of interaction between the different materials. The 

dielectric response of the composites is given by: 
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휀𝑒𝑓𝑓 =  휀11 +

3𝑞[(휀2 − 휀1)/(휀2 + 2휀1)]

1 − 𝑞[(휀2 − 휀1)/(휀2 + 2휀1)]
 

(4.1) 

where ε1 and ε2 are the εr of the polymer and filler, respectively, q is the concentration of 

the filler [152], [153]. The second model for biphasic composites with 0–3 connectivity 

was proposed by Furukawa. The model assumed that the filler crystallites are spherical 

and uniformly dispersed in the polymer matrix. The dielectric constant of the composites 

depends on the dielectric constant of the matrix [154], [155]. The effective dielectric 

constant is given by: 

 
휀𝑒𝑓𝑓 =  휀1

1 + 2𝑞

1 − 𝑞
 

(4.2) 

where ε1 is the εr of polymer matrix, q is the concentration of the spherical ceramic 

particles. Then, Rayleigh developed a model according to the one of Maxwell–Garnett 

and Furukawa for biphasic composite materials containing minor spherical filler. In this 

model, the dielectric behavior is given by[155]: 

 
휀𝑒𝑓𝑓 =  휀1

2휀1 + 휀2 + 2𝑞(휀2 − 휀1)

2휀1 + 휀2 − 𝑞(휀2 − 휀1)
 

(4.3) 

where ε1 and ε2 are the εr of the polymer and filler, respectively, q is the concentration of 

the filler. 

Aside from the above models, the logarithmic mixture rule, EMT, and the Yamada 

model were also utilized to predict the dielectric permittivity of the composites [152]. For 

the logarithmic mixture rule, 𝑞1  and 𝑞2  are fractions of polymer matrix and ceramic 

fillers, respectively; while 휀1 and 휀2 are the dielectric constants of polymer matrix and 

ceramic fillers, respectively: 

 log휀𝑒𝑓𝑓 = 𝑞1log휀1 + 𝑞2log휀2 (4.4) 
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The EMT model is similar to the Maxwell–Garnett model, in which filler particles are 

homogenously distributed, non-interacting and roughly spherical surrounded by a 

concentric matrix layer: 

 
휀𝑒𝑓𝑓 =  휀11 +

𝑞(휀2 − 휀1)

휀1 + 𝑛[1 − 𝑞)(휀2 − 휀1)]
 

(4.5) 

where n is the fitting parameter or the morphology factor. 

Yamada et al.[154] proposed the most general model for describing the dielectric 

behavior of composites. It was based on the properties of the individual materials and 

considers a factor (n = 4π/m) related with the shape and relative orientation of the filler, 

while others authors only work with spherical particles [154]. The equation that describes 

the model: 

 
휀𝑒𝑓𝑓 =  휀11 +

𝑛𝑞(휀2 − 휀1)

𝑛휀1 + [1 − 𝑞)(휀2 − 휀1)]
 

(4.6) 

As shown in the Figure 4.11, the model of logarithmic mixture rule was ineffective 

because the predicted value of 휀𝑒𝑓𝑓  deviated from the experimental value for all the 

composites. However, theoretical 휀𝑒𝑓𝑓   using Maxwell and Garnett, Furukawa and 

Rayleigh’s models were comparable to the experimental results. The values substituted 

for ε2 and ε1 were 72400 and 16 (1 kHz and room temperature). The difference between 

the experimental data and the predicted value was less than 5%. It is reported that 

Maxwell and Garnett, Furukawa et al., and Rayleigh [151], [155] created models based 

on spherical fillers randomly immersed at the polymeric matrix. Since the (Er+Nb)–OH 

particles were approximately spherical as observed by FESEM, the predicted value of 

휀𝑒𝑓𝑓 was closer to that of the experimental value [151], [154], [155]. Using EMT model, 

the experimental value fitted well with the shape parameter n = 0.28. The difference 



Chapter 4  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

Tse Mei Yan 
100 

between the experimental data and the predicted value for 1–layer was 3% and 16% with 

the 50 and 30 wt% ceramic fillers, respectively. It is reported that this model is suitable 

for the ceramic particles less than 1 m and depends on their morphology. The small 

value of n indicates the filler particles was in near-spherical shape, while a high value of 

n indicates non-spherically shaped particles. The ceramic particle size used in this work 

is around 1 m. Therefore, the close agreement was found between the experimental and 

theoretical values. Figure 4.12 displays the schematic drawing of the (Er+Nb) co-doped 

TiO2/P(VDF-TrFE) composite model with labeling. Spherical hydroxylated 2.5%(Er+Nb) 

co-doped TiO2 ceramic fillers were dispersed homogeneously in P(VDF-TrFE) matrix. 

Simple inner structure of composite is described in the figure [103], [126]. It is reported 

that CP as well as low loss in dielectric materials are the consequence of the formation of 

defect-dipole complex [10]. 

As expected, the experimental value was closed with the Yamada model by taking 

into account the shape factor [154]. The shape factor reflects asymmetry, orientation, and 

distribution of the ceramic particles in the matrix. In our case, n value is 3.6 as obtained 

from the best fit. It was claimed that an n value of 3.5 was found for a PZT particle size 

of 1.5 μm by the work of Gregorio et al .[156]. Our result (1μm of the ceramic fillers) 

was in good agreement of it. However, all those models mentioned above had the 

limitation that interfacial physical and chemical properties of composites are not taken 

into account. Since the microstructure and chemistry of interfaces controls the mechanical, 

physical and electrical properties of composite materials. Thus, the dielectric behavior of 

the composites needs to be studied in detail under the consideration of interfacial effect. 

Accordingly, the comparison of the experimental and theoretical dielectric permittivity 
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of 4–layer hot-pressed composites are also shown in the Figure 4.11. It was clearly 

observed the predicted value of r in the higher concentration of ceramic filler deviates 

from all the models, while it still fit in the lower concentration of ceramic fillers. It should 

be concluded that the effective dielectric constant of composite material was not only 

dependent on r of the polymer and the filler, size and shape of the filler and the volume 

fraction of the filler, but also the interphase region [157]–[160]. In order to improve 

dielectric properties of composites, the above aspects should not be neglected [48], [161], 

[162]. 

 

Figure 4.11 Comparison of experimental and theoretical dielectric permittivity of the 

composite films at 1 kHz and room temperature as a function of l, 4–layer hot-pressed 

composites with 50 wt% 2.5%(Er+Nb)–OH ceramic filler. 
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Figure 4.12 Schematic drawing of the (Er+Nb) co-doped TiO2/P(VDF-TrFE) composite 

model with labeling. 

4.6 Breakdown strengths and energy density performances  

Figure 4.13 illustrates the I-V behaviors for various composites at room 

temperature The linear I-V behavior was observed, following the Ohm law. 

 

Figure 4.13 Current density-electric field characteristics for various composites at room 

temperature.  
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Figure 4.14 shows breakdown strengths of various composite samples. The 

finding implies that HP method could improve breakdown strength of the composite films. 

Compared with different layers of composite with 50 wt% 2.5%(Er+Nb)–OH ceramic 

fillers, 1 layer without HP composite obtain the lowest breakdown strength and energy 

density. The FESEM images (Figure 4.15) displayed the surface morphology of HP and 

without HP composite film with 50 wt% 2.5%(Er+Nb)–OH ceramic fillers, revealing that 

HP method could decrease the defects such as voids in the composites. This bring on the 

homogenous distribution of ceramic fillers in the polymer matrix and the improvement 

of the breakdown strength of the composites. In fact, breakdown strength is strongly 

influenced by morphology of ceramic fillers, interface areas, agglomerations, increasing 

air voids, and the large difference of the dielectric constant between the ceramic fillers 

and the polymer.[143] It was stated that the level of the breakdown field is difficult to 

predict exactly and no systematic thickness dependence of the breakdown field as 

observed in the 0–3 composites.[163], [164] 

 

Figure 4.14 Breakdown strengths of various composites samples. 
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Figure 4.15 FESEM images of the surface morphology of composite film with 50 wt% 

2.5%(Er+Nb)–OH ceramic fillers, (a)1 layer without HP and (b) 4-layer HP samples. 

The hot-pressed composites may be promising candidates for possible applications 

of electric energy storage devices. The released energy density (energy storage per unit 

volume) of a dielectric material can be expressed as: 

 
𝑈𝑒 = ∫ 𝐸 𝑑𝐷

0

𝐷𝑚𝑎𝑥

 
(4.7) 

where E is the electric field and Dmax is the electric displacement at the highest field. The 

maximum stored energy density for a linear dielectric as the composites studied, U is 

given by[21], [165]: 

 
U =

1

2
휀𝑟휀0𝐸𝑚𝑎𝑥

2  
(4.8) 

where E is the electric breakdown strength, and εr and ε0 are the material’s dielectric 

constant and the vacuum dielectric constant, respectively. In Figure 4.16(a), the energy 

density as a function of the applied field of the composites was calculated based on the 

Equations 4.8. It is observed that the breakdown strength increased with the ceramic 

fillers. The result was similar with the previous report. [1] Obviously, 4–layer hot-pressed 
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composite with 50 wt% 2.5%(Er+Nb)–OH ceramic fillers can reach about the largest 

energy density with a value of 8.9 J/cm3 (at 82 MV/m). This should be attributed to the 

both increased in dielectric constant and breakdown strength. This value is higher than 

that of the pure PVDF (2.8 J/cm3) at 400 MV/m. For 1 and 6–layer hot-pressed composite 

with 50 wt% 2.5%(Er+Nb)–OH ceramic fillers and 4–layer hot-pressed composite with 

30 wt% 2.5%(Er+Nb)–OH ceramic fillers, the largest energy density is 0.36 J/cm3 (at 33 

MV/m), 1.12 J/cm3 (at 43 MV/m) and 0.57 J/cm3 (at 60 MV/m), respectively. To further 

make a clear comparison of energy density, Figure 4.16(b) demonstrates energy density 

at 10MV/m between previous work [1] and our work. It is suggested that the lower 

electric field (not excess 10MV/m) is more valuable for practical use for device reliability 

and stability. [1], [166], [167] It is observed that our sample d presented the largest 

energy-density storage than the others, of 129 10-3 J/cm3. It was almost 19 times 

compared with the pure PVDF. [1] 
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Figure 4.16 (a) Energy density as a function of applied field of various composites, inset  

is the magnification of lower part of applied field and (b) the comparison of energy  

density at 10MV/m between previous work[1] (Sample a to c) and our work (Sample d 

and e).  

Table 1 summarized some previously reported parameters of composites with 

ceramic particle fillers at room temperature and 1 kHz for energy storage. It can be 

observed that using ferroelectric ceramics as ceramic fillers could exhibit higher 

breakdown strengths, but generally have lower dielectric constant. In our work, CP 

ceramic fillers were utilized, and the maximum energy density was comparable with those 

nanocomposites. It is reported that the microsized particles have a higher dielectric 

constant than the nanosized one.[1], [53] Besides, fabrication process for nanosize 

materials is complicated; this production capacity might not suitable for mass production-

scale. The process developed in this work was simple and would be a low cost and mass 

production for the composite since the ceramic powders were fabricated by conventional 

solid-state sintering method. For CP-based composites, although 50 vol% 
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CCTO/P(VDF–TrFE) exhibited a large dielectric constant (610) [52] it has a relatively 

high loss, too. Moreover, they did not investigate the properties of breakdown strength 

and energy storage. On the other hand, our sample achieved a relatively high r with low 

tan . 

Table 6 The parameters of composites with ceramic particle fillers at room temperature 

and 1 kHz for energy storage. 

Materials eff tan  Breakdown 

Strength 

(MV/m) 

Calculated 

maximum 

energy 

density 

(J/cm3) 

Ref. 

Nanocomposites 

with ceramic 

particle fillers 

10 vol% TiO2/ 

P(VDF-TrFE-

CTFE) 

43 <0.1 200 6.9 [168] 

BCTa)/P(VDF) 35 <0.1 175 4.72 [169] 

BZTb)/P(VDF) 28 <0.1 250 7.74 [169] 

 5 vol% 

BSTc)/PVDF 

10 <0.03 250 3.9 [19] 

BTO/P(VDF) 15 <0.1 225 3.24 [169] 

30 vol% BTO/ 

P(VDF–TrFE–

CTFE) 

50 <0.25 150 7 [170] 

50 vol% BTO/ 

P(VDF–HFP) 

43 0.07 210 6.1 [171] 

30 vol% 

BTO/P(VDF) 

~40 0.03 183 4.2 [172] 

Sandwich-

Structured 20 

vol% BTO/PVDF 

~18 <0.05 470 18.8 [173] 
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Nanocomposites  

with nanofibers 

3 vol% BZT-BCT 

NFs/PVDF 

~13 <0.02 310 ~7.86 [174] 

3 vol% 

BTO@TiO2 

nanofibers/PVDF 

– – 646 20 [175] 

Emergent CP  

materials-based  

multi-layer 

structure 

composites 

50 vol% CCTO/ 

P(VDF–TrFE) 

610 <0.4 – – [52] 

50 vol% CCTO/ 

P(VDF–TrFE) 

62 0.05 – – [53] 

50 wt% 

(Er,Nb)TiO2/ 

P(VDF–TrFE) 

300 0.04 82 8.9 Our 

work 

4.7 Summary  

Multi-layer-structured composites with various weight ratios were developed by 

solution-cast and hot-pressing method for high-energy storage density. Surface 

hydroxylation of ceramic fillers benefited dielectric properties, breakdown strength and 

energy storage densities of the P(VDF–TrFE)-based composites. A maximum dielectric 

constant of 300 (1 kHz) and 0.04 dielectric loss were achieved in the 4-layer composites 

with 50 wt% surface hydroxylated 2.5%(Er+Nb) ceramic fillers co-doped TiO2 /P(VDF-

TrFE). At room temperature, the sample had a breakdown strength of 82 MV/m and 

energy density of 8.9 J/cm3, which was almost 4 times higher than that of the pure PVDF 

polymer (2.42 J/cm3). . Its dielectric loss was as low as 0.04 at 1 kHz. It is believed that 

the finding of this study could be extended to other composites in order to achieve high-

energy storage density for potential applications in power capacitor devices.
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Chapter 5 Conclusions and Future Recommendation 

In addition to the conclusions presented in the previous chapters, general 

conclusions would be drawn from the thesis that deserve consideration. 

5.1 Conclusions 

The rutile TiO2 ceramics co-doped with niobium and erbium, (Er0.5Nb0.5)xTi1-xO2, 

(x = 0, 0.25%, 0.5%, 1%, 2.5%, 5%, 7.5% and 10%) were successfully synthesized by 

the solid-state sintering method. The crystal structures and their key functional properties 

of ceramics were characterized by a variety of techniques. This study was an attempt to 

investigate the relationship between the processing parameters, microstructure of the 

ceramics and their key functional properties. The effects of acceptor-donor doping and 

optimizing dielectric properties at elevated temperatures were studied. Elemental 

mapping and EDS verified that Er ions induced secondary phases. The complex 

impedance spectrum provided indirect evidence that distribution of Er3+ aggregating at 

grain boundaries may form extrinsic defects. Based on the analysis of the electron-pinned 

defect-dipole mechanism, Nb5+ dopant is the substitution donor, while Er3+ dopant acts 

as electron acceptor leading to an effective decrease in the loss tangent of dielectrics. It 

was concluded that both intrinsic (electron-pinned defect-dipole) and extrinsic 

mechanisms might be responsible for the observed high-performance CP. Besides, the 

general relationship between larger ionic radii of the acceptor ion and the presence a 

defect dipole effect had been investigated. The results obtained suggest that ionic radii 

might influence the formation of defect dipole clusters as well as the overall dielectric 

properties. At room temperature and 1 kHz, a large dielectric constant (~86000) and 
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sufficiently loss (0.04) were simultaneously observed in the 5 mol% of (Er+Nb) co-doped 

TiO2 ceramics. 

A detailed investigation on UC and DS PL processes of rutile TiO2 doped with Nb 

and Er was reported. In particular, this study had sought to observe PL in the Vis and NIR 

region under 980 nm laser diode excitation. The UC emissions were attributed to the 

energy transfer between Er ions in the excited states. It had been found that there were 

two strong green bands in 510–541 nm and 541–580 nm; while there was a weak red band 

in 640–690 nm for visible UC emissions. A NIR DS emission band in 1450–1630 nm was 

also observed. All the emission bands were split into two obvious peaks due to the Stark 

splitting of the degenerate 4f levels under the crystal field. Finally, by analyzing of the 

pump power dependence and temporal behavior of UC PL under a pulse excitation, the 

PL mechanism was studied. The phenomena were investigated in detail and their impact 

on device operation perspectives were analyzed and discussed.  

Ceramic/polymer composite films were processed by solution casting and hot-

pressing method. Surface modified co-doped TiO2 ceramic powders as 0-dimensional 

fillers was mixed with P(VDF–TrFE) 55/45 mol% in a highly polar solvent (DMF) on 

weight percent basis. In this study, first is to modify ceramic fillers for strong interfacial 

adhesion with the polymer matrix; second is to develop the new system of dielectric 

materials with a reasonably high dielectric constant and breakdown strength. Based on 

the results of FESEM, the surface modification was found to be effective to improve the 

interface between ceramic particles and polymer matrix. In Chapter 4, the dielectric 

properties, breakdown strength and energy storage density were revealed in the 

composites. It was found that the overall performances of the composites made from 
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surface hydroxylation of ceramic fillers was significantly improved. At 1 kHz and room 

temperature, the dielectric constant of the composite containing 50 wt% 2.5%(Er+Nb)–

OH ceramic fillers was enhanced markedly from 27 to 76. Its dielectric loss drops from 

0.1 drops to 0.05, compared with that of the untreated one. Under the influence of HP, an 

improved densification, uniform dispersion of ceramic particles in the polymer matrix 

were achieved simultaneously in the multi-layer-structured composites. An optimum 

dielectric behavior of composite was achieved by studying the numbers of as solution-

cast hot-pressed composite layer (2, 4, 6–layer). At room temperature and 1 kHz, 4–layer 

HP composite with 50 wt% 2.5%(Er+Nb)–OH ceramic fillers exhibited a maximum 

dielectric constant of 300 and 0.04 dielectric loss. The dielectric constant (300) was 

approximately 4 times higher than the single layer composite. It has a breakdown strength 

of 82 MV/m and energy density of 8.9 J/cm3, which is much higher than that of 

unmodified P(VDF–TrFE) and other dielectric polymers for capacitor applications. 

The searching for materials with CP is imperative, for not only academic research, 

but also microelectronic industry owing to their promising applications in the areas of 

device miniaturization and energy storage. Our results evaluate that both co-doped TiO2 

ceramics and composite films are promising dielectrics for energy storage applications 

and offer compositional flexibility to achieve maximum dielectric behavior. 

5.2 Future recommendation 

The exploration of dielectrics with high energy density will continue to grow. As 

shown in this thesis, some attractive findings were obtained in (Er+Nb) co-doped TiO2 

material, but a considerable research effort is still needed in order to propel the application 
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of energy storage capacitors in practice. Therefore, in this part, some key aspects are 

presented to further light on this investigation. 

It is well known that increasing ceramic fillers contents in the polymer matrix 

would lead to a reduction of the breakdown field. Thus, it is expected the ceramic fillers 

should be used as small as possible. Another effective way is to control the shape of the 

fillers, the fibers owned two advantages over the spherical particles: first, they could 

increase the dielectric constant of the composites at much lower volume fraction due to 

their large dipole moments; second, the fibers reduce the surface energy, which prevented 

them agglomerating in the polymer matrix.  

The interfacial layer between ceramic filler and polymer matrix of the composite 

systems are still not well understood. For instance, how the interfacial properties affect 

dielectric properties. Through further study and understanding, the contribution from the 

interface to energy density can be revealed. 

In addition to the interfaces in the composite materials, another interface 

phenomenon of the grain boundaries and grain needs to further study. As shown by the 

experimental results of dielectric properties, the grain boundaries play a very important 

role in those properties. Other methodologies have to be conducted in order to 

characterize and observe. For example, to explore the origin of CP in the present co-doped 

TiO2 system, the I-V behavior is suggested to study for grain and grain boundary. Due to 

the limited equipment at the present, the microcapacitance of thin grain boundary and 

grain, current flow between individual grains and within grains could not be measured in 

our study. More work needs to be conducted for better understanding the phenomenon of 
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CP performance, chemistry and structure of the filler/polymer interface and its influence 

on composites’ dielectric permittivity and breakdown strength. 
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