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ABSTRACT 

 

Processibility and dielectric properties of Barium Titanate (BaTiO3), which is an excellent 

dielectric material, were enhanced by preparing its composite with conducting 

polythiophene(PTh) polymer. Composite, possessing polythiophene encapsulated Barium 

Titanate  nanoparticles was prepared via heterogeneous oxidative polymerization of thiophene by 

copper (II) Sulphate in presence of BaTiO3 nanoparticles with average size of 60nm. The 

purpose of using BaTiO3 nanoparticles of 60nm size was to increase BaTiO3-Pth interphase and 

reduce number of voids and pores to get uniform dielectric behavior. The morphology of the 

Composite was studied by SEM, proving the presence of Core-shell structures. FTIR and XRD 

confirmed the formation of composite. Dielectric loss and dielectric constant of pressed pellets of 

composites with different BaTiO3-PTh ratios were measured by LCR meter. Coating of 

polythiophene on BaTiO3 nanoparticles decreased the dielectric loss from 0.04 for pure BaTiO3 

up to 0.008 with 40% PTh at 1.2 MHz. Maximum Dielectric constant of 30 at low frequency for 

20%polythiophene and 80% BaTiO3 was observed. Moreover, the resultant composite shows 

quite stability in dielectric properties in the range of 10 GHz to 15GHz. Electrophoretic 

deposition technique was employed to form thin films of polythiophene coated BaTiO3 

nanoparticles on conducting substrates (ITO, Cu, Stainless steel). Uniform films with average 

roughness of 9 nm by AFM and thickness of 360 nm by SEM and AFM were observed. 

Chemical nature of films was confirmed by FTIR and EDS.  
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CHAPTER 1 

1 INTRODUCTION 
 

Dielectric materials are used to store electrical energy in the form of charge separation when 

polarized by an external electric filed. Ceramic based inorganic dielectric materials have 

traditionally been used in ceramic capacitors for pulse power application and in Field Effect 

transistors. Several materials have been used as dielectric materials such as BaTiO3, PbTiO3, 

PbNb2O6, PLZT and SrTiO3[1]. In spite of having high dielectric constant, ceramic capacitors 

have low break down field strength, which results in low energy density. Additionally, 

processing of ceramics for use in capacitors and FETs at room temperature is difficult[2]. To 

overcome this problem, Polymer/ceramic nanocomposite is the best option. Polymers have low 

permittivity but high breakdown field strength, low dielectric loss and high mechanical 

characteristics. These characteristics of polymers can be combined with ceramics in a composite 

system. Not all the properties but a compromise between the two will be possible. Use of   

nanoceramics increases the polymer-inorganic interphase which results better and homogeneous 

characteristics. To choose ceramic filler, the one with high dielectric constant should be chosen 

as the polymer matrix reduces the overall dielectric constant of the composite. Barium 

Titanate(BaTiO3) is the most efficient dielectric material whose dielectric constant ranges up to 

1700[1]. Many Barium Titanate(BT)-Polymer nanocomposites have been investigated. Some of 

them are BaTiO3-polyimide[3], BaTiO3-polyaniline[4], BaTiO3-PVDF, BaTiO3-epoxy[5]. The 

resultant composites have good processibility, high breakdown field strength and high dielectric 

constant. Dang et al reported about BaTiO3/polyimide nanocomposite films with high dielectric 

constant (~20), high breakdown strength (~67 MV) and high thermal stability by in-situ 

polymerization process. A very thin polymer layer (about 5 nm) was coated on the surface of  

BaTiO3 nanoparticles to form a core–shell-like structure, which can guarantee homogeneous 

dispersion of the BaTiO3 particles in the Polyimide matrix[3]. Moreover, for BaTiO3/epoxy 

composites thin film, dielectric constant of about 40 at 1 kHz and loss factor of less than 0.035 

over a wide range of frequency has been achieved by Liang et al. [5] 
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In this research work, composite of Barium Titanate(BaTiO3) /polythiophene(PTh) is prepared 

by encapsulating BaTiO3with PTh. To the best of our knowledge coating of polythiophene on 

BaTiO3 has not yet been reported in the literature.  The purpose of this research work was to 

enhance the processability of BaTiO3 on addition of PTh and also studied the effect of 

BaTiO3percentage on dielectric properties of Polythiophene. In our work, composites with 

different BaTiO3-PTh ratio were synthesized by in-situ oxidative polymerization of thiophene[6] 

in the presence of BaTiO3 nanoparticles with average size of 60nm. The resultant composite was 

found fruitful as addition of BaTiO3 into PTh drastically enhanced the dielectric constant. The 

two extreme percentages of BaTiO3 and PTh have all the composition between them where 

desired dielectric properties containing composite can be selected. Secondly, a homogenous and 

uniform thin film was prepared through Electrophoretic Deposition technique.  

 

The morphology of the composite is studied by Scanning electron microscopy (SEM). SEM 

analysis confirmed the presence of core-shell structures of the BaTiO3-PTh composite. FTIR and 

XRD confirmed the formation of composite. Dielectric loss tangent and dielectric constant of 

pressed pellets of composites with different ratio of BaTiO3 and polythiophene is studied by LCR 

meter.  

 

Electrophoretic deposition technique is employed to form thin film of polythiophene coated 

BaTiO3 nanoparticles on various conducting substrates such as ITO, Cu and Stainless steel. Film 

thickness is confirmed by atomic force microscopy (AFM ) and SEM respectively. 
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CHAPTER 2 

2 LITERATURE REVIEW 

2.1 DIELECTRIC MATERIALS 

 

Dielectric Materials are widely being used in storage devices, power systems, pulse power 

applications and Field Effect Transistors[1, 7] .Capacitor is a passive component of electronic 

devices and is used in these applications to store energy. In addition to advancement of active 

electronics there is a need of capacitors which can store more energy and can deliver it rapidly. 

The one way to increase the energy density is by using efficient dielectric materials [8]. 

2.1.1 WHAT ARE DIELECTRICS 

 

Dielectric materials are insulators which store electrical energy when polarized by an external 

electric field in the form of charge separation [8]. 

Relative permittivity ( εr ) or dielectric constant expresses the ability of a dielectric materials to 

store charge. Dielectric constant of a material is measured in the form of dielectric displacement 

D when electric field of strength E is applied. Mathematically: 

 

εr = �
��

��
�E=0       Equation (2.1) 

 

Dielectric Displacement is related to polarization (P) as shown in equation below; 

 

D = E + 4πP       Equation (2.2) 

 

So, permittivity can be expressed as 

 

εr= E + 4π
��

��
       Equation (2.3) 



4 
 

The Different types of polarization mechanisms are: 

 Electronic Polarization:  stretching or shifting of electronic cloud around a nucleus.  

 Ionic Polarization: separation of oppositely charge species by electric field.  

 Dipole Polarization: alignments of dipole species along the applied electric field 

 Space Charge Polarization:  polarization due to orientation of charged defects in the 

material in response to external electric field. 

 

The total polarization is the sum of all these polarization and collectively contributes to the 

permittivity. At low frequency all mechanisms contribute except electronic polarization which is 

effective only at higher frequencies where others are not as shown in Figure 2.1[9]. 

 

 

FIG. 2.1 Effective contribution of different polarization mechanisms to the permittivity 

 

The complex permittivity of a dielectric can be written as: 

 

 ε* = ε’ - j ε’’       Equation (2.4) 

Here ε’ is real and ε’’ is imaginary part of the complex permittivity.  Imaginary part of the 

complex permittivity is also called dielectric loss of the material.  Dielectric loss of the material 

can also be expressed in terms of loss tangent which is equal to: 
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   tan �  = 
�’’	

�’
        Equation (2.5) 

Capacitance of a parallel plate capacitor depends on area of the plate A and thickness d of the 

dielectric material between the two plates. Mathematically it can be expressed as: 

 

C = εo εr A/d       Equation (2.6) 

 

Energy stored by a capacitor depends on breakdown voltage Vbd: 

 

W = 
�	

�
CV2

bd        Equation (2.7) 

 

2.1.2 INORGANIC DIELECTRIC MATERIALS 

 

There are numbers of inorganic dielectric materials which are investigated till the day. Different 

types of inorganic dielectric materials are classified as [10]: 

 

 Ferroelectric (BaTiO3, PbTiO3 etc) 

 Relaxor Ferroelectric (PbZrO3, LaTiO3, LaZrO3 etc) 

 Anti-ferroelectric (PbZrO3) 

 Linear dielectrics (Glass, Al2O3) 

 

Ferroelectric materials are those materials which show spontaneous polarization when subjected 

to electric field. While Anti ferroelectric materials are those which have two sub-lattices and 

when subjected to electric field, polarize spontaneously in anti parallel direction. Linear 

dielectrics are with constant permittivity and in case of relaxor ferroelectrics they used to have 

domains of the order of nanosize. Below Fig 2.1 shows the P-E diagrams of all four kinds of 

dielectrics [10]. 
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Fig. 2.2 P-E (Hysteresis) diagram of (a) Ferroelectric (FE) (b) Relaxor Ferroelectric (RFE) (c) Anti-

ferroelectric (AFE) (d) Linear dielectrics (LD) 

 

Ceramic capacitors have high dielectric constant but low breakdown field strength. Thus results 

low energy density. In addition, their manufacturing is difficult. Below is shown the Table 2.1 of 

different inorganic dielectrics with their permittivity values. 
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Table 2.1 Dielectric constants of some useful inorganic dielectric materials [1]. 

 

 

2.1.3 BARIUM TITANATE 

 

Barium Titanate is a ferroelectric material whose ferroelectricity was first discovered in 1945 in 

Russia and then in 1946 in United States independently. Vul et al. reported non-linear behavior 

of permittivity in Barium Titanate when subjected to electric field but they did not classify 

BaTiO3 as ferroelectric [11]. After analyzing the work of Megaw and on observation of 

hysteresis in Barium Titanate they concluded that it was a ferroelectric material [12]. Since the 

discovery of ferroelectricity in Barium Titanate, it is widely being used in Passive electronics as 

energy storage and in Field effect transistors. 

2.1.3.1 PEROVSKITE STRUCTURE 

 

Barium Titanate belongs to a family called “perovskite” whose general formula is ABO3. The 

name perovskite is taken from the mineral “Perovskite”, CaTiO3. ABO3 type of crystalline 

structure in primitive cubic form has A-cation at the corner (mono,di,tri-valent), B-cation in the 

centre of cube (penta,tetra,tri-valent) and O-oxygen anion in the face centre. In Barium Titanate 
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(BaTiO3) A is Barium and B is Titanium. There are two approaches to consider perovskite 

structure of Barium Titanate. It may be considered as 3-D array of BO6 in the form of octahedral 

(Fig. 2.3a) or can be dealt as cubic closed packed array of A and O where B is located at the 

interstices (Fig, 2.3 b)[13-15]. 

 

 

 

(a)                                                                (b) 

Fig. 2.3 Perovskite structure of BaTiO3:  a) BO6 Octahedra (blue=Ba, green=oxide) b) unit cell (blue=Ba, 

green=oxide, red= Ti)[16]  

 

Barium Titanate exists in five crystalline forms at different temperature ranges. Different 

crystalline forms with their transition temperature are given below: 

 

Below are the figures that show different crystallographic changes in perovskite structure of 

Barium Titanate[11]. 
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Fig. 2.4 Phases of Barium Titanate a) Cubic b) Tetragonal c) Orthorhombic d) Rhombohedral 

 

The temperature at which tetragonal to cubic phase transition takes place is called as Curie 

temperature. Curie temperature of Barium Titanate is 120oC. This is the temperature above 

which primitive perovskite cubic structure is stable. 

2.1.3.2 FERROELECTRICITY 

 

Barium Titanate is a ferroelectric material and shows spontaneous polarization. This spontaneous 

polarization is due to non-centrosymmetry in the unit cell which creates dipole moment. 

Orientation of these dipoles in the same direction generates small polarized regions called as 

domains. Above Curie temperature, Barium Titanate behaves as paraelectric due to 

centrosymmetric cubic structure. But below this temperature it exists in non-centrosymmetric 

tetragonal phase thus spontaneously polarized electric domains are generated. When ferroelectric 

Barium Titanate is kept under electric field, change in polarization is observed. Below is shown 

effect of electric field on polarization (Hysteresis Loop) [9, 11, 15].   
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Fig. 2.5 Hysteresis Loop for typical ferroelectric  

 

 

 

Fig. 2.6 Hysteresis Loop of BaTiO3 [17] 

 

When electric field is applied, initially those domains which are not oriented along the field 

reverse their direction. In hysteresis loop, it shows a linear behavior. When electric field 

becomes high, saturation occurs. But when electric field is decreased to zero, still polarization is 
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observed in the material known as remnant polarization, PR. While value of polarization at 

saturation point is called spontaneous polarization, PS . The Ec is the coercive field, required to 

nullify the polarization [11-15]. 

2.1.3.3 DIELECTRIC PROPERTIES 

 

Since the discovery of ferroelectricity in Barium Titanate, it is the most demanding dielectric 

material in electronic industries due to high value of dielectric constant. Its dielectric constant 

changes with synthesis route, density, crystalline nature and particle size[7]. Temperature, 

frequency and dopants are some other factors which affect the dielectric behavior. 

Various researchers reported the effect of synthesis route on dielectric constant of barium 

Titanate. Some of them are shown below in Table 2.2. 

 

Table 2.2 Effect of synthesis method on dielectric constant. 

 

Synthesis Route 

 

Dielectric 

Constant 

 

Frequency 

 

Reference 

Sol-gel method 1300 1kHz M Cernea [18] 

Hydrothermal 

method 

2000 1kHz Boulos et al. [19] 

Co-precipitation 

method 

665 10kHz Testinion et al. [20] 

Polymeric 

Precursor method 

1700 1kHz V. Vinothini et al.[21]  

 

 

Usually in ferroelectrics, it has been observed that by decreasing the grain size up to 1 micron, 

dielectric constant increases. But further reduction causes a decrease in dielectric permittivity 

[22].It has been reported that the critical size for ferroelectric to show polarization is on the order 

of 30 unit cells. The reason is that by decreasing the size up to limit, paraelectric/ferroelectric 

transition temperature needed would be below 0 K [23]. 
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Dielectric constant of Barium Tiatanate increases starting from 5 micron with average size of 

1500 up to 6000 for 1 micron [24, 25]. For larger than 5 micron grain size, dielectric constant up 

to 2000 has been reported [25]. Arlt et al. [26] reported the effect of grain size on the permittivity 

of polycrystalline materials. For this purpose they prepared Barium Titanate particle of different 

sizes between 0.3 and 50 micron. A graph between permittivity at room temperature and   

average grain size plotted by Arlt et al. is shown below in Fig. 2.7. 

 

Fig. 2.7 Effect of grain size on relative permittivity of Barium Titanate. 

 

Below 100nm size, the probability of finding tetragonality in Barium Titanate reduces due to 

lowering of phase transition temperature for cubic/tetragonal.  Different values of critical particle 

size, below which Barium Titanate does not show ferroelectricity and only exists in cubic phase 

(paraelectric), has been reported which ranges up to 40 nm [27]. 

Effect of temperature on relative permittivity for different grain size has been reported by Frey et 

al. [22]. Below is shown the graph Fig. 2.8. 
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Fig. 2.8 Effect of temperature on relative permittivity of different grain size Barium Titanate[22] 

  

2.1.4 POLYMERIC DIELECTRIC MATERIALS 

 

Polymers are macromolecules with repeating units called monomers. Polymers are known for 

their ease to synthesize, process to any form, flexibility, strength and stable in harsh environment 

with wide range of properties finds its application in almost any field. In the same way it finds its 

way in passive electronics due good isolative properties and easy to manufacture with good 

mechanical strength. There are numbers of polymers which are being used in capacitors both as 

high-k and low-k dielectric materials. Some of them are listed below with the values of dielectric 

constants [1]. 
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Table 2.3 Polymers with dielectric constants commoly used in capacitors[1] 

 

  

 

Polymers have high break down field strength, low dielectric loss and easy to process. But the 

disadvantage is that they have low dielectric constant. 

Breakdown field strength is the ability of an insulating material to with stand high electric field 

beyond which it become conductor. Polymers are the good candidates having high breakdown 

field strength. Some of them are listed in table 2.4. The reasons behind this breakdown are the 

three mechanisms viz Ionization, intrinsic mechanism and thermal mechanism [28, 29]. 
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Table 2.4 Breakdown field strength of common polymers [30]. 

 

 

2.1.5 POLYTHIOPHENE 

 

Polythiophene being conducting finds its applications in electronic industry such as in 

photovoltaic cells, electrode materials in pseudo capacitors, supercapacitors, batteries, diodes and 

also used as chemical sensors [31-33]. Polythiophene consists of sulphur based hetercyclic 

thiophene monomers. It is insulator in pure form. Its conductivity can be set from semiconductor 

to complete conductor through doping process. The presence of conjugated pi-backbone makes it 

conducting when electron is added or removed from this backbone. Due its conductivity it is also 

named as synthetic metals [34]. 

Polythiophene is the most efficient conducting polymer due to its stability in p-doped state which 

is because of low oxidation potential. Polythiophene is an extrinsic conducting polymer as it 

needs oxidizing or reducing agent to make it conductive. When electron is removed it is called as 

p-doped and when electron is added to system it becomes n-doped. Structural changes are 

observed when electrons are added. For instance when electron is removed from polythiophene 

molecule, it generates mobile charge thus forms cation, polaron. Removal of second electron by 

further oxidation results the formation of bipolaron.  

Structural changes occurs when it is oxidized are shown below in Fig. 2.9. 
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Fig. 2.9 Mechanism of formation of Polaron and Bipolaron 

 

2.1.5.1 ELECTROCHEMICAL PSEUDOCAPACITANCE 

 

Polythiophene and its derivatives are used as electrode material in supercapacitors due to their 

pseudocapacitive behavior.  

Pseudocapacitors store electrical energy through reversible faradic oxidation reduction reactions 

by charge transfer between electrode and electrolyte. Transfer of charge is a three step 

mechanism that is electrosorption, redox reaction, and intercalation. Together with electric 

double layer, pseudocapacitor forms supercapacitor [35]. 

Supercapacitors are potentially being used in electronic industry where short term charge and 

discharge cycle is required instead of long term cycle i.e. static random access memory (SRAM), 

pulse laser, vehicles, cranes etc [36]. Polythiophene is best option to be used as electrode 

material in supercapacitors as compared to other electrode materials i.e metal oxide and 

conducting polymers due three properties viz (i) short charge and discharge cycle, (ii) stability in 
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its oxidation state (iii) and high specific capacitance [37-39]. B. Senthilkumar et al.[40] 

investigated the pseudocapacitive behavior of polythiophene. They first synthesized 

polythiophene nanoparticles and then placed on graphite strip with 30 % carbon black and 5 % 

PVDF to make an electrochemical electrode. Thus prepared electrode was subjected to cyclic 

voltammetry and results were quite fruitful. Specific capacitance of 117F/g for PTh-TRI was 

reported.  

2.1.6 DIELECTRIC POLYMER COMPOSITES 

 

Inorganic/ceramic dielectrics have high dielectric permittivity but low breakdown field strength 

which results low energy density and their processiblity is very low. On the other hand polymers 

have low dielectric permittivity but high breakdown field strength and they are easy to be 

processed and shape to any form to be used as dielectric material. Both the properties of high 

dielectric constant of ceramics and high break down field strength of polymers can be combined 

by using ceramics as filler in polymer matrix. The resultant composite has high dielectric 

constant and high break down field strength thus results high energy density.   

There are number of researches that have been carried out to make such composites where 

ceramics fillers were used to enhanced dielectric constant of polymer matrix. Not all the 

properties but a compromise between the two has been achieved due large differences among the 

dielectric permittivities of ceramics and polymers. Such differences results in-homogeneity and 

need to be resolved by working on filler-polymer interphase.  

 

2.1.7 DIELECTRIC NANOCOMPOSITES 

 

Dielectric constant of composites can be improved by increasing the filler-polymer interphase. 

Filler polymer interphase can be increased by increasing the surface area of fillers which can 

attain by decreasing the size of fillers.  

Different theoretical models have been proposed to study the effect of filler size on dielectric 

constant of polymer matrix. Lewis et al. proposed that by decreasing the size of fillers upto 

nanometer scale, polymer-filler interphase properties dominates the individual properties [30, 41, 

42]. By using the same concept, Sun et al. prepared Silica-Epoxy composite and studied the 

effect of silica particle size on dielectric constant. They found that by decreasing the size of silica 

particles from micro to nano size, dielectric permittivity and dielectric loss increases at low 

frequencies.  

Another model by Tanaka et al. was proposed where they suggested that by modifying the 

surface of filler, filler-polymer matrix interphase can be enhanced and better results can be 
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achieved [43]. In their model they explained that for spherical fillers there are three regions of 

filler-polymer matrix interphase:  

(i) bonded layer: polymer is in direct contact with the surface of filler 

(ii) bounded layer: interfacial region 

(iii)  and loose layer: bulk polymer 

 

Fig. 2.10 Polymer –filler matrix 

 

Second and third layer are more influential and affects the dielectric properties of composite 

more. These two layers can be modified by attaching some organic groups on the surface of 

filler. 

2.1.8 BARIUM TITANATE –POLYMER NANOCOMPOSITES 

 

There are number of polymers such as epoxy resins, methyl-metacrylate, polyvinylidene, 

polycarbonates and polyimides [44-46] are being used as matrix with Barium Titanate to 

enhance the overall energy density of the composite. To increase the polymer-Barium Titanate 

interphase interaction, surfactant such as phosphonic acid are used by many researches as 

suggested by Tanaka et al. [43-47].  

Barium Titanate-epoxy composite for thin film capacitor was synthesized by Liang et al.[47]. A 

very good dispersion of Barium Titanate in epoxy resin was achieved by modifying BT 

nanoparticles surface with N-phenyloamine trimethoxysilane. Kim et al. reported that 

phosphonic acid modified BT nanoparticles well disperse in polymer matrices [46]. They choose 

two type of polymer matrices viz polycarbonate and PVDF-HFP to test with surface modified 

BT nanoparticles. Good dispersion of surface modified BT nanoparticles resulted high dielectric 

constant and low dielectric loss at 1MHz frequency for both polymers. Fig. 2.7 shows SEM 

images of thin films both modified and non-modified BT dispersed in Polycarbonate and PVDF. 



19 
 

 

 

Fig. 2.11  SEM images of (a) BT-PC (non-modified),  (b) BT-PC (modified), (c) BT-PVDF (modified) 

and (d) BT-PVDF (non-modified) 

 

2.1.9 BARIUM TITANATE THINFILMS 

 

Barium Titanate thinfilms have wide use in electronic industries such as in pulse power 

application and passive electronics i.e. Multilayered ceramic capacitors (MLCC), dynamic 

random access memory (DRAM) and tunable microwave devices [48-50]. 

First thinfilm of Barium Titanate was prepared by Feldman by vacuum deposition [51]. There 

are two classes of methods applied to prepare Barium Titanate thinfilms viz (i) physical methods: 

vapour deposition, dip coating, spin coating, spray coating and sputtering; and (ii) Chemical 

methods: sol-gel method and electrophoretic deposition methods [52]. 

With the miniaturization of electronics, the need of small size capacitors is drastically increased. 

For small size and high permittivity of  apacitors, dielectric materials must be cast in the form of 

thinfilms. Barium Titanate processing is very difficult. Moreover for defects free thinfilms 

preparation, sintering at high temperature is required which increases the risk of reaction of 

substrate material with Barium Titanate. Other drawbacks are poor mechanical strength and 

adherence to substrates is worth mention. To overcome such problems use of polymeric 

materials with Barium Titanate are introduced. Low dielectric loss, high breakdown field 

strength and good processability of polymers combine with high dielectric permittivity of 
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Barium Titanate in a composite. Barium Titanate composite can be easily processed into thinfims 

of nano size thickness and smooth surface.  

There are many researches on thinfilm preparation of Barium Titanate nanocomposite which 

includes BT-epoxy resin, BT-polycarbonates, BT-PMMA, BT-PVDF and many more [44-48, 

52]. 
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CHAPTER 3 

3 SYNTHESIS METHODS AND CHARACTERIZATION TECHNIQUES 

3.1 SYNTHESIS METHODS OF BARIUM TITANATE  

 

Many researches have been made to synthesize Barium Titanate of different size, shape and 

morphology. There are many routes to prepare BT depends on initial reactants and way of 

reaction. These methods include: 

I. Solid state method 

II. Chemical route 

3.1.1 SOLID STATE METHOD FOR BARIUM TITANATE SYNTHESIS 

 

This method of synthesis involves mixing of BaCO3 or BaO with TiO2 with the help of Ball 

milling. After proper mixing the prepared powder is calcined at 800 to 1300 oC [53]. Solid state 

method has some disadvantages of agglomeration, large particle size and in homogeneity. Due to 

high sintering temperature Barium Titanate often reacts with substrate and cause of impurity 

which results poor dielectric properties.   

3.1.2 CHEMICAL ROUTES FOR BARIUM TITANATE SYNTHESIS 
 

Barium Titanate synthesized through chemical route has homogeneous composition thus results 

homogeneous dielectric properties. Chemical routes provide more versatility where Barium 

Titanate of both micro and nano size of any shape and morphology can be prepared. Different 

chemical routes are enlisted below.   

I. Sol-gel method 

II. Hydrothermal method 

III. Co-precipitation method 

IV. Polymeric Precursor method 

3.1.2.1 SOL-GEL METHOD 
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Sol-gel method involves two steps mechanism: (i) sol formation by partial hydrolysis of Barium 

alkoxide and alkyl Titanate and subsequent condensation into oligomer, (ii) and gel formation 

which is done by further hydrolysis through process of aging which results cross-linking and 

formation of 3-D matrix. The resultant sol-gel is dried and upon pyrolysis gives crystalline 

Barium Titanate [54, 55]. 

3.1.2.2 HYDROTHERMAL METHOD 

 

In hydrothermal method Barium Titanate crystals are synthesized at temperature greater than 25 

oC and pressure higher than 100 kpa in aqueous media. Ba precursors (naitrate, chloride, 

hydroxide) and Ti precusrsors are used as starting material dissolved in aqueous media. Reaction 

is carried out in autoclave at autogeneous pressure which is saturated vapor pressure of the 

solution at specific temperature and composition. By changing the temperature, pressure and 

solvent, different size particles and morphology can be achieved. Hydrothermal method of 

synthesis is more attractive method as it involves less time and energy consumption because 

mixing, milling and high temperature calcination is minimized or sometime not necessary. 

Moreover, as the crystals are directly formed from aqueous ionic solution, nucleation and growth 

can be regulated to get desirable morphology and size [56].   

3.1.2.3 CO-PRECIPITATION METHOD 

 

Both Barium ion and Titanium ion is precipitated simultaneously from their ionic solution in the 

form of carbonates or hydroxide. These carbonates or hydroxide are converted into Barium 

Titanate by thermal treatment. Precipitation is generally carried out through hydrolysis at 

ambient temperature. Clabaugh and modified Clabaugh process[57] are known precipitation 

method for Barium Titanate synthesis. In this process, Barium titanyl oxalate particles are 

precipitated by mixing BaCl2, TiCl4 and oxalic acid in a suitable ratio. Then these particles are 

subjected to thermal treatment to get Barium Titanate particles. 
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3.1.2.4 POLYMERIC PRECURSOR METHOD 

 

Polymeric precursor of both Barium and Titanium is prepared by polymerization of citric acid, 

metal ion and ethylene glycol. The resultant polymeric network is thermally decomposed to 

remove organic part and crystalline Barium Titanate particles are formed.  In a well known 

pechini method [21], Barium citrate and Titanium citrate is first prepared and then mixed with 

ethylene glycol. The prepared solution is heated up to 140 oC till dark glassy mass is obtained. 

This black mass is first heated in oven at 200 and 300 oC and then calcined at 500 oC for 4h, at 

700 oC for 3 h and for 2h at 750 oC. Agglomerates are ball milled into powder. Cubic Barium 

Titanate particles are formed in this method. 

 

3.2 SYNTHESIS METHODS OF POLYTHIOPHENE 

 

Polythiophene can be synthesized by two main methods: 

I. Chemical synthesis methods 

II. Electrochemical methods 

Detail of these methods is described below. 

 

3.2.1 CHEMICAL SYNTHESIS  

 

Chemical synthesis methods are further categorized into (i)metal catalyzed and (ii) oxidative 

polymerization. 

 First metal catalyzed chemical synthesis of unsubstituted polythiophene was reported by 

Yamamato et al. in 1980 [58]. In their research work they synthesized polythiophene by reacting 

2,5-dibromo-thiophene with Magnesium in the presence of Ni(bipy)Cl2 catalyst. Magnesium 

reacts with 2,5-dibromo-thiophene and forms 2-bromo-5-magnesiothiophne. 2-bromo-5-

magnesiothiophene couples with Ni and forms dimer which further propagates and forms low 

molecular weight polythiophene.  Lin et al. synthesized polythiophene by treating metal 

acetylacetonate with Grignard reagent prepared from 2,5-dibromothiophene and magnesium(1:1) 

in Tetrahydrofuran media [59].  
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Yoshino et al. reported in their research work that unsubstituted thiophene can be polymerized 

by FeCl3 in the presence of chloroform [60]. Fe+3 catalyzed oxidative polymerization of 

thiophene in aqueous media was first reported by Kim et al [61]. They first dispersed thiophene 

monomer in aqueous media by surfactant SDS which resulted formation of thiophene micelles. 

These micelles were then transformed into polythiophene by oxidizing thiophene through Fe+3 

catalysts.  Fe+3 ions were regenerated by using Hydrogen Peroxide (H2O2) which enables to use 

less amount of catalyst. 

  

3.2.2 ELECTROCHEMICAL SYNTHESIS 

 

Electrochemical synthesis involves use of electrical energy to convert thiophene monomer in to 

polythiophene. In this method polythiophene is obtained in the form of polythiophene thinfilm 

on anode in an electrochemical cell. A suitable electrolyte is used to maintain the conductivity of 

solution. Length of polymer and thickness of polymer film can be adjusted by using different 

electrode material, current density, voltage, electrolyte, solvent and side chain of thiophene 

monomer. 

3.3 ELECTROPHORETIC DEPOSITION 

 

Electrophoretic deposition technique is the most effective technique for ceramic coatings and processing and widely 

been used and gaining more interest in the field of ceramic industry. This technique has advantages of high 

versatility of material use, cost effective, tailored and simplicity. First study of Electrophoretic deposition was 

reported by Russian scientist in 1808 where he observed movement of clay particles in water when electric potential 

is applied. Detail study and experimental work was performed by Hamaker in 1940 [62]. 

Electrophoretic deposition (EPD) is the deposition of charged particles either negative or positive 

on respective electrode when suitable DC potential is applied across the electrodes. In this 

method, particles of desired substance are charged positively or negatively in a solution and 

homogeneous and stable suspension of these particles is made. Movement of these particles 

towards electrode is made by applying DC across the electrode. Electrophoretic deposition 

differs from electrolytic deposition as the former involves deposition of charged particles without 

any redox reaction while the later is deposition of ions by redox reaction [63].Below is the table 

that shows the difference between the two. 
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Table 3.1  Difference between Electrophoretic and Electrolytic Deposition [63] 

 

 

On the base of deposition of positively charged or negatively charged particles they are classified 

as cathodic and anodic EPD respectively. Other classification is based on type of solvent viz 

aqueous and non-aqueous EPD.  

Mechanism of EPD explained by Bouyer and Foissy[64, 65] proposed that it is a two step 

mechanism.First step is migration and depends on bulk properties of the suspended particles i.e. 

viscosity, conductivity, concentration, size distribution and surface charge density. Next step is 

deposition of particles on electrode that needs particles to lose their charge when reached at 

electrode.  

Factors that influence the EPD are[64, 65]: 

(i) Parameters related to suspended particles; particle size, dielectric constant of liquid, 

conductivity, viscosity, zeta potential, stability of suspension,  

(ii) Physical parameters; deposition time, applied voltage, conductivity of substrate,  

These controlling parameters can be adjusted to get films of any thickness for almost any 

material. 

 

3.4 CHARACTERIZATION  TECHNIQUES 

3.4.1 FTIR SPECTROSCOPY 

 

IR spectroscopy is a qualitative analysis technique where both determination and verification of 

structure of a compound is carried out. IR spectroscopy utilizes a frequency range from 4000 to 

400cm-1. Bonds in a molecule are in a constant state of vibration. It is the intrinsic property of 

molecules that they absorb electromagnetic radiations in infrared region when the frequency of 

infrared radiation matches the natural frequency of vibration of a bond. Thus every peak in an IR 
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spectrum is result of absorption of IR radiation by specific bond in a molecule. IR spectrum is 

graph of absorption intensity versus frequency [66].   

Each bond in a molecule vibrates with different natural frequency. As same bond in two different 

molecules exhibits different surrounding environment thus absorbs different frequency 

radiations. So every molecule has different infrared absorption spectrum. Absorption spectrum 

can act as finger print for determination of a molecule. By comparing spectrum of a sample with 

the known spectrum, if they resembles peak by peak, then both substances are thought to be 

identical.  

 Fourier transform infrared spectroscopy (FTIR) works on the principle that time-domain 

spectrum is converted into frequency-domain by using mathematical operation that is fourier-

transform. Advantage of FTIR is that analysis of a sample can be performed in less than second. 

Infrared spectrophotometer is an instrument that is used to determine the absorption spectrum of 

a sample. There are two types of infrared spectrophotometers are being used: Fourier transform 

and dispersive instrument. FT-spectrometer works faster than dispersive spectrometer [66]. A 

typical FT-spectrometer and schematic diagram is shown below in figure 3.1. 

 

 

Fig. 3.1a   FT-spectrometer 
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Fig. 3.1b  Schematic diagram of Fourier Transform Infrared spectrophotometer[66]. 

3.4.2 X-RAY DIFFRACTION (XRD) 

 

X-ray diffraction technique is a non-destructive technique employed for both qualitative and 

quantitative analysis as well as for structural studies of crystalline substances. It is the most 

valuable technique based on diffraction pattern of material where a small amount of sample is 

needed to get identification and structural information.  

X-ray diffraction works on the principle that when monochromatic x-ray light interacts with the 

planes of crystalline substance, scattering of x-rays from these planes undergo constructive and 

destructive interference. This phenomenon is called diffraction. Diffraction through crystalline 

substances is described by Bragg’s Law: 

2dsin � = nλ    (Equation 3.1) 

Where 

λ = wavelength of incident light 

ϴ = angle of incidence 

d = interplanar distance 

n = order of diffraction    Fig. 3.2 Diffraction through crystal lattice 
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Diffraction direction depends on the type of unit cell of a crystalline substance while intensity of 

diffracted rays depends on the orientation of atoms in a crystalline substance. For polycrystalline 

material, when x-ray beam is subjected, it will scattered through all possible interatomic planes. 

By changing the detectors angle, all diffraction peaks from the material can be detected[67, 68]. 

Instrument to measure x-ray diffraction is called diffractometer. On the basis of type of sample it 

is classified as single crystal diffractometer and powder diffractometer. Generally a 

diffractometer consist of a source of radiation, monochromator, sample on a turntable, a slit, and 

detector. A beam of x-rays first passes through monochromator where single wavelength light is 

chosen and then it strikes the sample. After diffraction from sample the scattered light is detected 

by detector. Schematic diagram of a typical diffractometer is shown below[67, 68]. 

 

                  

Fig. 3.3 (a) X-Ray Diffractometer STOE θ-θ,         (b) Schematic diagram of Diffractometer 

 

X-ray diffraction analysis of Barium Titanate, polythiophene and composite was performed by 

STOE diffractometer. Scan from 2theta value of 5o to 80o was carried out at the scan rate of 0.04 

for above samples. 
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3.4.3 SCANNING ELECTRON MICROSCOPE (SEM) 

 

Scanning electron microscopy utilizes beam of high energy electrons. When high energy 

electrons interacts with the surface of solid sample, the signals received give information 

regarding surface morphology of the sample, crystalline structure, shape geometry and particle 

size of materials. Signals received from the surface of a sample when high energy electron is 

rasted over the surface is interpreted by generating two dimensional images. Area of 1 cm to 5 

microns can be analyzed through SEM. Image of a sample can be magnified up to 300,000 with 

resolution range of 50 to 100nm[69, 70].   

Interaction of electrons with sample generates three types of signals viz secondary electrons 

(generates SEM images), back scattered electrons and photons which are characteristic x-rays 

used for elemental analysis (EDS)[69, 70].  

A typical Electron Microscope consists of electron gun, magnetic lenses, sample stage, 

secondary electron detector. Schematic diagram of SEM is illustrated below.  

JEOL Scanning Electron Microscope (model JSM 6490LA) was used to take SEM images of 

Barium Titanate, Polythiophene and composite. SEM images at different magnification and 

resolution were taken at different operating voltage 10 to 20 kV.. 

 

 

Fig. 3.4. (a) Scanning Electron Microscope (JSM 6490LA), (b) SEM Schematic. 
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3.4.4 ATOMIC FORCE MICROSCOPE (AFM)  

 

Atomic force microscope is a type of probe microscope where interaction between nano size tip 

mounted on a cantilever and sample surface gives the information regarding surface topography 

in the form of image. Images generated through AFM gives details up to atomic level. Tip 

mounted on cantilever when brought near the surface of sample, it repels or attracts the tip and 

deflection of cantilever occurs. This deflection is measured by a laser beam reflected from the 

surface of cantilever on to the photodiode. A feedback mechanism is applied to maintain the 

constant force between the tip and surface by adjusting the distance between sample and tip. 

Adjustment of distance is carried through piezoelectric stage by feedback mechanism that moves 

the tip or sample in x,y and z directions. Signals obtained from movement of cantilever through 

photodiode are color mapped into an image. An AFM can be operated in both contact and non-

contact mode[71, 72]. 

A typical Atomic Force Microscope consists of a cantilever, nanosize tip, detector, xyz 

piezoelectric drive, controllers and plotter[72]. Below is shown a schematic diagram of AFM. 

 

    

Fig. 3.5. (a)AFM JEOL (JSPM-5200), (b) Schematic diagram of AFM 
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Surface topography of thin film of composite prepared through EPD technique was carried out 

through AFM (JSPM-5200) in tapping mode.  

3.4.5 LCR METER 

 

In an LCR meter, press pellet of sample of known thickness is placed in a copper holder. A 

source of DC apllies the direct current through press pellet and current changes with voltage is 

plotted in a graph. Through these values,dielectric properties of material can be calculated. 

Dielectric properties of pressed pellets of composites at room temperature and ambient 

atmosphere were studied by Waynekerr impedance analyzer 6505 an LCR meter shown below. 

 

 

Fig.3.6 Waynekerr impedance analyzer 6505 
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CHAPTER 4 

4 EXPERIMENTAL WORK 

4.1 BARIUM TITANATE SYNTHESIS 

 

Ba(OH)2.8H2O(Merck) as Barium precursor and TiO2(Scharlau Spain) as Titanium precursor are  

used for Hydrothermal synthesis of Barium Titanate (BaTiO3). Both Ba(OH)2.8H2O and TiO2 are 

used in 1:1 ratio as BaTiO3 formation consumes equimolar ratio. Both precursors dissolved in 

60ml of DD water are kept in Teflon vessels. The pH adjustment is not required as concentration 

of Ba(OH)2 in solution is sufficient to reach the alkalinity(pH: 9-10) necessary to precipitate out 

BaTiO3. Reaction is performed  in an autoclave at 120oC for 24 hrs [73]. The obtained slurry was 

washed with 1 M formic acid and distilled water to remove BaCO3. Washed slurry was dried at 

120 ˚C in a furnace for 24 hr. The resulted product was grinded to get BaTiO3 powder. 

4.2 PTH/ BATIO3 COMPOSITE SYNTHESIS 

 

The PTh/BaTiO3 hybrid composite was synthesized by in situ heterogeneous Cu(ll) catalyzed 

oxidative polymerization of thiophene[6] in presence of Barium Titanate nanoparticles. First 

BaTiO3 nanoparticles were functionalized with SDS and then dispersed in 60ml of DD water 

through sonication. After that thiophene monomer was added to BaTiO3 dispersion and sonicated 

for 1h to adsorb monomer on the surface of BaTiO3. Temperature was raised up to 50oC. Then 

9g of 30%H2O2 solution (Sharlau Spain) and 0.2mmol Cu(ll) sulphate pentahydrate dissolved in 

5ml water were added in one portion. A color change from white to off white was observed 

which indicated the formation of polymer. The reaction was allowed to proceed for 7h. After 7h, 

off white precipitates were obtained. The product was washed with water and ethanol 

alternatively to remove Cu (II) salt and unreacted thiophene. After that it was dried for 24h at 

50oC under vacuum condition in a vacuum oven. Different fractions of BaTiO3 nanoparticles in 

BaTiO3-PTh composites were employed. 

 



 

 

Fig. 4.1 Schematic drawing of core shell formation process.

4.3 ELECTROPHORETIC THINFILM 

 

4.3.1 SUBSTRATES USED FOR E

 

For electrophoretic depositition of 

Therefore two types of substrates were used:

 First one was ITO on Glass

 And Second one polished Cu strips

4.3.2 CLEANING OF SUBSTRATE

 

Substrates were cleaned from dust and organic matters to get smoo

For this purpose, it was soaked in acetone and sonicated for 30min. After that it was dried with 

dry and hot air.  

4.3.3 SOLVENTS USED FOR SUSPENSION

 

Numerous solvents and combinations were used to get a better suspensi

Different solvents tested are as follows:

Schematic drawing of core shell formation process. 

 

HINFILM DEPOSITION OF PTH/BATIO3   

ELECTROPHORETIC DEPOSITION 

For electrophoretic depositition of Composite, it is necessary that substrate must be conductive. 

Therefore two types of substrates were used: 

ITO on Glass 

And Second one polished Cu strips 

UBSTRATE 

Substrates were cleaned from dust and organic matters to get smooth and well adhered thinfilm. 

For this purpose, it was soaked in acetone and sonicated for 30min. After that it was dried with 

USPENSION PREPARATION 

Numerous solvents and combinations were used to get a better suspension of composite. 

Different solvents tested are as follows: 
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Composite, it is necessary that substrate must be conductive. 

th and well adhered thinfilm. 

For this purpose, it was soaked in acetone and sonicated for 30min. After that it was dried with 

on of composite. 
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 Water 
 Ethanol 
 Propanol 
 Acetone 
 THF 
 Ethanol-Propanol Mix(1:1) 

 

About 0.05g of composite material was dispersed in 50ml of above mentioned solvents. 2ml of 

0.1M acetic acid was added to get the pH of 3.5. Dispersion was homogenized by sonication for 

1 hour. The suspension was allowed to stand for 1 day before use. The suspension was quite 

stable after 24hr. 

 

 

Fig. 4.2 Suspension of composite in Propanol-Water Mixture 

 

4.3.4 ELECTROPHORETIC DEPOSITION OF THINFILM 

The process was carried out in a beaker with two electrodes; platinum anode and a cathode (ITO, 

Cu) using DC power source (0.1-60V). Multimeter (Kiethlay) was used for recording the current. 

Deposition was performed at room temperature and ambient atmosphere. The dispersion was 

stirred continuously during the deposition. The Schematic arrangement of EPD cell is shown in 

figure 4.3. 
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Fig. 4.3 Schematic diagram of cell for Electrophoretic Deposition 

 

4.3.5 VACUUM DRYING 

 

The resulted thinfilm was dried in a vacuum oven at 50oC for 24hr to remove all the moisture.  

4.3.6 ANNEALING 

 

Well dried thinfilm on ITO substrate was subjected to annealing. For this purpose it was heated 

at 200oC in a muffle furnace for 8 hrs at the rate of 2oC min-1.   

  



 

5 RESULTS AND DISCUSSION

5.1 MORPHOLOGY OF COMPOSI

 

Morphology of the composite particles was investigated by SEM. In Fig. 3, SEM micrographs of 

single composite particle along with composites

presented. 

In Fig. 5.1a and b, single particle and agglomerates were focused where they clearly shows the 

successful coating of polythiophene on BaTiO

polymer then denser ceramic particles.

while outer lighter shell belongs to polythiophene.

Fig. 5.1 SEM micrographs of BaTiO

 

It can be clearly infer from the micrographs

polythiophene from 10% to 40%,particle nature of composite is gradually replaced by cluster 

type and submicron size particles. For 10% polythiophene, BT particles are more distinct while 

at 40% percent BaTiO3 particles cannot be distinguished rather they are embedded in 

polythiophene matrix. Composite with 40% polythiophene also contain some tetragonal micro 

size polythiophene particles with embedded BT.

CHAPTER 

ISCUSSION 

ORPHOLOGY OF COMPOSITE PARTICLES 

Morphology of the composite particles was investigated by SEM. In Fig. 3, SEM micrographs of 

with composites having different fractions of polythiophene are 

single particle and agglomerates were focused where they clearly shows the 

polythiophene on BaTiO3 nanoparticles. Electron beam penetrates 

polymer then denser ceramic particles. So here we can infer that denser area is the BaTiO

while outer lighter shell belongs to polythiophene. 

SEM micrographs of BaTiO3-PTh Nanoparticles. 

r from the micrographs in fig. 5.2 that by increasing the percentage of

polythiophene from 10% to 40%,particle nature of composite is gradually replaced by cluster 

particles. For 10% polythiophene, BT particles are more distinct while 

particles cannot be distinguished rather they are embedded in 

polythiophene matrix. Composite with 40% polythiophene also contain some tetragonal micro 

size polythiophene particles with embedded BT. 
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HAPTER 5 

Morphology of the composite particles was investigated by SEM. In Fig. 3, SEM micrographs of 

of polythiophene are 

single particle and agglomerates were focused where they clearly shows the 

Electron beam penetrates more in 

So here we can infer that denser area is the BaTiO3core 

 

that by increasing the percentage of 

polythiophene from 10% to 40%,particle nature of composite is gradually replaced by cluster 

particles. For 10% polythiophene, BT particles are more distinct while 

particles cannot be distinguished rather they are embedded in 

polythiophene matrix. Composite with 40% polythiophene also contain some tetragonal micro 
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Fig. 5.2 SEM micrographs of BaTiO3-PTh Nanocomposite. 

 

5.2 CHEMICAL STRUCTURE OF COMPOSITE 

 

5.2.1 FOURIER TRANSFORM INFRARED SCPECTROSCOPY (FTIR) 

 

Fig. 5.3 shows the FTIR spectra of BaTiO3, PTh and BaTiO3-PTh nanocomposite. Two distinct 

peaks at 560 and 440 cm-1 are the characteristic peaks of BT in BaTiO3 spectrum. Bands at 

3418cm-1 and 2932cm-1in PTh are originated from O-H stretching vibration of water in KBr. 

Peak at 2854cm-1 represents C-H asymmetric stretching of polythiophene[74]. The peaks at 1628 

and 1385cm-1 corresponds to C=C symmetric and asymmetric stretching in PTh spectrum[75]. In 

BaTiO3-PThspectrum, the stretching frequencies of Cβ–H at about 1035 and 788 cm-1 in the 

reported polythiophene spectrum [76] were shifted to 1077 and 983 cm-1 respectively due to the 

formation of hydrogen bond between Polythiophene and BaTiO3. While band at 1123 cm-1 

belongs to Cα- Cα resonance absorption between two thiophene rings[76]. Sharp peak at 610cm-1 

was assigned to C-S-C ring deformation. All peaks in Polythiophene and composite matches 

except little change in intensity at 1000 to 1200 cm-1. From above analysis we can infer that 

BaTiO3-PThnanocomposite has successfully been prepared. 

20% PTh 10% PTh 

30% PTh 40% PTh 



 

Fig. 5.3 FTIR spectrum of Barium Titanate

 

5.2.2 X-RAY DIFFRACTION (XRD)

 

X-ray diffraction patterns of both pure PTh and BaTiO

Figure5. Pure polythiophene(PTh) which is amorphous in nature, shows a wide amorphous peak 

at around 23o as shown in curve. It corresponds to intermolecular π

amorphous packing of polymer[

BaTiO3 peaks ( ) but the intensity of the main peaks characterizing BT becomes weakened as 

well as some extra peaks were also observed. This change in intensity is due to the influence of 

amorphous PTh on the crystallinity of BT particles. 

Thus both FTIR and XRD results

Polythiophene/BaTiO3nanocomposite without any change in the chemical structure of both 

components. 
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) but the intensity of the main peaks characterizing BT becomes weakened as 
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amorphous PTh on the crystallinity of BT particles.  

Thus both FTIR and XRD results clearly indicate the formation of 

nanocomposite without any change in the chemical structure of both 
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e(PTh) and PTh/BT Composite(BTPTH) 

PTh composite are represented in 

Figure5. Pure polythiophene(PTh) which is amorphous in nature, shows a wide amorphous peak 

π stacking structure and 

PTh composite XRD pattern shows characteristic 

) but the intensity of the main peaks characterizing BT becomes weakened as 

well as some extra peaks were also observed. This change in intensity is due to the influence of 

clearly indicate the formation of 

nanocomposite without any change in the chemical structure of both 
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 Fig. 5.4 XRD patterns of BariumTitanate(BaTiO3),  Polythiophene(PTh) and  PTh/BaTiO3 nanoparticles 

 

5.3 ELECTROPHORETIC DEPOSITION 

 

Thin films of composite were electrophoreticaly deposited on conducting substrate by using it as 

electrode. Using conducting substrate was not an issue as dielectric materials used in capacitor 

must be employed in the form of layer between two conductive plates. Therefore, substrate can 

be used as one plate of capacitor. Both ITO and Copper were found to have good affinity to 

composite particles in solution. Therefore film formed was intact firmly to the substrate. 

Particles to deposit electrophoreticaly must be dispersed and have good stability in solvent. 

Coating of polymer made the BT particles to disperse easily in the mixture of water and propanol 

by providing stearic stability. Also addition of HCl charged the particles positively. When 

potential of 3V was applied, positively charged particles were migrated to cathode.  The 

electrophoretic deposition technique was used to prepare thin film on conducting substrate. 

About 0.05g composite was added in to the solution of 40ml of propanol and water in equal 

proportion. Acetic acid was added in an amount to make 0.1M out of above solution for surface 

charging of the particles.  The dispersion was sonicated for 1 hour to make a homogenous stable 

dispersion. A potential of 10V was applied across the two electrodes at room temperature and in 
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ambient atmosphere. During deposition stirring was perform to make homogenous film.  Fig. 7 

shows the schematic drawing of process and mechanism. 

 

Fig. 5.5 Schematic drawing of process and mechanism of EPD 

 

The thin films thus prepared were characterized by SEM and AFM. Uniform films with average 

roughness of 9nm and thickness of 244.5nm of composite were prepared. Below in Fig. 5.6 and 

5.7 is shown the SEM and AFM micrographs of thin film electrophoreticaly deposited. 

 

 

Fig. 5.6 SEM micrographs of thin films: (a) Surface Morphology, (b) Film thickness. 

 

(a) (b) 
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Fig. 5.7 AFM images of thin film: (a) 3D surface topography, (b) surface roughness. 

 

5.4 DIELECTRIC MEASUREMENTS 

 

The dielectric permittivity was calculated using relation 1. The variations of frequency 

dependent complex dielectric permittivity with addition of Polythiophene % in BaTiO3 have 

been shown in Figure 5.8. It can be seen from the figure that real parts of complex permittivity 

decreased from 47 to 14 with increase in Polythiophene % for all the samples at room 

temperature in low frequency region. The dielectric permittivity decreased as the applied 

frequency is increased from 100 Hz to 5 MHz. The decrease of dielectric permittivity with 

frequency is due to the decrease of the orientation polarization, since it takes longer time than 

other types of polarization and the dipoles cannot be able to rotate rapidly, so that their 

oscillations lag behind the field. As the applied frequency is further increased the dipole will be 

completely unable to follow the alternating field and the orientation polarization stopped; so 

dielectric permittivity decreases approaching a constant value at high frequencies due to the 

space charge polarization. The space charges are able to follow the frequency of an applied field 

at low frequency while they may not undergo relaxation at high frequencies. 

 

(a) (b) 
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Fig. 5.8 Comparison of Dielectric constant of press pellets (X=%age of polythiophene) 

 

The dielectric loss tangent (tanδ) was measured using relation 2. The dielectric loss tangent 

represents the energy loss within the dielectric medium. The frequency dependence of the 

dielectric loss tangent with addition of Polythiophene % in BaTiO3 system at room temperature 

is shown in Figure 5.9. The values of dielectric loss tangent at low frequency decreased from 

0.55 to 0.045 as the concentration of Polythiophene increased from 0% to 40%.It can be seen 

from figure 10 the dielectric loss tangent is observed to decrease rapidly in the low frequency 

region; the rate of decrease slows down as the frequency rises and finally becomes almost 

constant at high frequencies. This behavior of BaTiO3 with addition of Polythiophene %can be 

explained on the basis that in the low frequency region, which corresponds to the high resistivity 

of grain boundaries, more energy is required for electron hopping and as a result the loss is high. 
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In the high frequency region, which corresponds to the high conductivity of grain, energy 

required for the hopping of electrons is less and dielectric loss tangent decreases [26,27]. 

 

Fig. 5.9 Comparison of Dielectric loss tangent (tanδ) of press pellets (X = %age of polythiophene). 

 

The dielectric loss (ε//) was determined using equation 3. Dielectric loss is an important part of 

the total core loss in materials. The dielectric loss decreased from 25 to 0.1 as the concentration 

of BaTiO3 with Polythiophene % increases. Hence for low core loss, low dielectric losses are 

desirable. The dielectric loss as a function of frequency for all the compositions is shown in 

figure 5.10. The dielectric loss profiles are similar to those of the real part of dielectric constant. 

The increase in hopping electrons result in a local displacement in the direction of the extent 

electric field causing an increase in electric polarization enhances dielectric loss. 
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Fig. 5.10 Comparison of Dielectric loss (ε//) of press pellets (X = %age of polythiophene) 

 

AC conductivity is calculated using relation 4. The variation of AC conductivity as a function of 

frequency and composition at room temperature has been shown in Figure 5.11. It is obvious 

from the graphs that AC conductivity increases linearly with frequency of the applied field and 

decreases with increasing the concentration of Polythiophene % in BaTiO3 with. At lower 

frequencies grain boundaries influence on conduction is more as compared to grain which 

contributes more in high frequencies. It can be observed also that AC conductivity decreases 

with increase of Polythiophene % concentration in the BaTiO3. The reason for such decrease in 

conductivity can be explained by microstructure and the jumping probability and jump length. 
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Smaller the grain size greater will be the insulating grain boundaries and less will be the 

conductivity of the material. 

 

Fig. 11 Comparison of AC conductivity (σAC) of press pellets (X = %age of polythiophene). 

 

The dielectric constant was determined from the formula 

 

ε/ = 
��

���
           (Equation 5.1) 

Where C is the capacitance of the pellet in farad, d the thickness of the pellet in meter, A the 

cross-sectional area of the flat surface of the pellet and εo the constant of permittivity of free 

space. 
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The dielectric tangent loss factor can be calculated using the relation 

 

tanδ=
�

�������
          (Equation 5.2) 

 

Where δ is the loss angle, f is the frequency, Rp is the equivalent parallel resistance and Cp is the 

equivalent parallel capacitance. 

The dielectric loss (ε//) is also measured in terms of tangent loss factor (tanδ) defined by the 

relation: 

 

ε//= ε/tanδ          (Equation 5.3) 

 

The AC conductivity can be calculated using the values of frequency and dielectric loss factors. 

 

σAC = 2πƒεoε
/tanδ         (Equation 5.4) 

 

Where εo, ε
/and tanδ are defined above.  
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CHAPTER 6 

6 CONCLUSION 
 

The PTh/BaTiO3 Nano composites consist of nanoparticles with BaTiO3 core and PTh shell were 

prepared by the oxidative polymerization of thiophene in the presence of BT particles in 

dispersed form. XRD and FTIR confirmed that both polythiophene and BT did not lose their 

chemical identity. By means of scanning electron microscopy, the expected core-shell structure 

of the BT/PTh nano composite was confirmed. Dielectric properties of pressed pellets of 

composite with different BT-PTh ratio were investigated by LCR meter. It was observed that by 

increasing the percentage of PTh while keeping the other variables constant, a decrease in 

dielectric constant as well as dielectric loss occurs. The Electrophoretic deposition technique was 

used for the preparation of smooth and thin film with average thickness of 260nm and roughness 

of 8nm out of composite on conducting substrates (Cu,ITO,SS). Various conditions such as 

concentration, time and voltage can be employed to prepare films of different thickness and 

particle size. Such films can further be characterized for capacitance behavior and can have wide 

applications in capacitors and FETs [77]. 
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