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Abstract 

     Extensive interest is being invested into the research of polymer based nanodielectric 

films that provides a more practical energy storage solution primarily for embedded 

capacitors. Electrical dielectric constant (K) around 20 was reported using expensive gold 

(Au) coated with functionalized polystyrene (SiO2) shell i.e.;(Au-SiO2) nanoparticles 

inside a Polyvinylpyrrolidone (PVP) polymer matrix 

     This process has been improved as reported here by eliminating trivial 

functionalization steps to create a shell around a core by embedding a Polyvinilydine 

fluoride (PVDF) matrix, which is chemically inert to most solvents, with metal aluminum 

(Al) core nanoparticles surrounded by solid aluminum oxide (Al2O3) as a capping shell 

for electrical insulation.  

     Preliminary results show that proper loadings of oxidized aluminum (Al-Al2O3) 

nanoparticles in PVDF provide an improved dielectric constant and quality factor along 

with added structural flexibility. The dielectric constant, quality factor, frequency and 

thermal response of capacitance on structural parameters of the produced films for 

different loadings of embedded nanoparticles has been investigated. The effective 

dielectric constant of the nanocomposite has been modeled using COMSOL 

Multiphysics, and compared with experimental results. Also other dielectric properties of 

the nanocomposite have been studied using the simulation results.  
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CHAPTER 1: INTRODUCTION 

1.1 Energy storage in electronic system 

     Energy storage is crucial in any electronic system starting from basic electronic 

devices to huge power systems which are used in industries. Capacitors that can store 

large amounts of energy and also deliver the stored energy instantaneously with high 

efficiency are highly desired in energy conversion systems, renewable energy storage 

systems along with many military and commercial applications like hybrid electric 

vehicle, electric aircraft, electric warships and so on [1]. 

     Capacitors, supercapacitors and batteries can be classified with power and energy 

criteria. Capacitors carry higher power density with less energy density relative to 

batteries which have high energy and low power densities. Supercapacitors fall in 

between the capacitor and battery in terms of energy and power densities. To achieve 

high-energy storage along with instantaneous discharge of stored electrical energy 

combinations of the batteries and capacitors are used in some of the commercial 

applications like hybrid electric vehicles. Significant research is currently being carried 

out to increase energy storage capacity in a capacitor, which has a longer lifetime and can 

rapidly discharge the stored electrical energy [2], which if achieved can be considered as 

a super capacitor that can even replace batteries with further improvement in energy 

density. In printed circuit boards and many electronic devices passive components such 

as capacitors greatly limit the realization of higher energy systems as the size of the 

passive elements have to be greatly increased to store the required high energy. The 

ability of a capacitor to store energy depends on the dielectric material with which it is 
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made. So, engineering a new dielectric material meeting the above mentioned 

requirements could make a great foundation for future electronic systems. 

1.2 Energy storage in capacitors  

     Capacitors are the dominating passive element in electronic systems that are used to 

store energy. Capacitors store static charge in a layer of insulating material sandwiched 

between conductive plates. A capacitor’s size, dielectric constant and separation between 

the sandwiched plates determine the amount of energy it can store. Capacitors with high 

energy densities could make lighter electrical systems in case of hybrid vehicles, and cost 

effective energy conversion systems which can be extended to renewable energy 

resources [1]. With recent developments in technology and the need for miniaturization 

of the electronic components, capacitor area and separation between the metal plates have 

to be maintained low thus leaving the dielectric constant alone to be played around with 

to increase the energy storage capacity. 

      Electrical polarization is the principle used by dielectric materials to store electrical 

energy under an applied external electric field. Different kinds of electrical polarization 

are discussed in later sections. Along with polarization there is always some loss because 

of charge migration, which leads to conduction in dielectric material with dissipation of 

heat because of friction associated with molecular vibrations – this is called dielectric 

loss. The dielectric loss is required to be maintained well within permissible limits. 

Hence a dielectric material is expected to have high dielectric constant with minimal 

dielectric loss. 

1.3 Energy storage issues in capacitor                                                                   

     It is difficult to achieve a dielectric material with high dielectric strength along with  
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high energy density. An attempt to increase one of the parameters has a great negative 

impact on the other. This is greatly seen in some of the commercial capacitors made with 

polypropylene, which can be operated at higher voltages meaning has high dielectric 

strength, but can relatively store only a small amount of charge in a given volume [3]. 

Ceramic capacitors are said to have high dielectric constant but they have inherent low 

breakdown field strength, which lowers the energy density of ceramic capacitor. Over 

years of research polymer-based nanodielectric material was considered to be the optimal 

solution to obtain high dielectric constant while maintaining good dielectric strength and 

dielectric loss under permissible limits. This polymer nanocomposite dielectric material 

takes the advantage of high dielectric strength of the polymer whose dielectric constant is 

improved by adding nanoparticles as fillers inside the polymer matrix. Thus by 

incorporating nanofillers into polymer composites both high dielectric strength and 

dielectric constant is obtained keeping dielectric loss in an acceptable range, which 

finally leads to higher energy storage [3]. 

1.4 Research Objective 

      The objective of this research is to produce a capacitor with a dielectric material made 

up of a polymer containing nanoparticles with the dielectric possessing high capacitance, 

high dielectric strength, high breakdown field, and low loss. The procedure used to 

develop such a dielectric material that is also cost effective the embedding of a 

Polyvinilydine fluoride (PVDF) matrix with high conductivity aluminum (Al) core 

particles having aluminum oxide (Al2O3) as a capping shell for electrical insulation. The 

primary goal of this work is to increase the effective dielectric constant of the composite 

formed by embedding Aluminum-Alumina (Al@Al2O3) core-shell nanoparticles in the 
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PVDF host matrix. Apart from increasing the dielectric constant, efforts have been made 

to maintain low dielectric loss, and to maintain considerable dielectric strength of the 

composite. Steps taken towards this include controlling the loading of nanoparticles in 

PVDF matrix, amount of PVDF used, and control of the processing techniques.  

      Effective dielectric properties of the prepared nanocomposites are also examined 

using COMSOL Multiphysics, which is a finite element method (FEM)-based simulation 

software that helps in predicting effective properties of the dielectric even before 

conducting an experiment. Earlier simulation work [4] indicated values, which were in 

high discrepancy with the experimental results because of consideration of highly ordered 

distribution of nanoparticles inside the polymer matrix. We propose to bridge this gap in 

the results by modeling nanodielectric films with less ordered nanoparticles in the 

polymer matrix so as to feedback the experimental work. 
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CHAPTER 2: BASICS OF A CAPACITOR 

     A capacitor is a two terminal electrical component to store energy electro statistically 

in an electric field. The forms of practical capacitors vary widely, but all contain at least 

two electrical conductors as electrodes separated by a dielectric insulator. When there is 

a potential difference between the electrodes an electric field is generated across the 

dielectric, causing a partial shift in positive charge to collect on the electrode at negative 

voltage, and negative charge to collect on the other electrode which is at a positive 

voltage. Energy is stored in the form of the electrostatic field. Although charges get 

accumulate on the plates of the capacitor there is no actual flow of charges inside it. An 

ideal capacitor is characterized by a single constant value capacitance denoted by C with 

charge Q stored on the electrodes and voltage V applied to the electrodes. Capacitance is 

given by the equation 

       Q = C* V.                                                                (1) 

2.1 Capacitance  

     Capacitance is the amount of energy stored in a capacitor. The capacitance is a 

function of physical dimensions (geometry) of the conductors and the dielectric constant 

of the dielectric material used. Capacitance C is obtained from equation (1) given by  

                                                C= Q/V.                                                                 (2) 

     Capacitance is measured in farads (F), and its range varies from microfarad to pico 

farad. A ne-farad capacitor when charged with one-coulomb of electrical charge will 

have a potential difference of one-volt between its plates. Equation (3) shows that 

capacitance varies in direct proportion with area of the parallel conductors (A) and is 
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inversely proportional to the distance (d) between the conductors at which potential is 

applied.  

                                    C = (ε0* K * A)/d.                                                            (3) 

Where ε=ε0* K, represent the permittivity of the dielectric medium which is defined as 

the polarization capability of a given material when placed in an electric field; ε0 is a 

constant known as permittivity of free space (8.854 x 10-12 F/m); K is dielectric constant. 

2.2 Dielectric constant 

     The dielectric constant (K), also known as the relative permittivity of a material, is 

defined as the ratio of the amount of electrical energy stored in a material relative to that 

stored in a vacuum. In other words, it is a dimensionless quantity which is the ratio of 

permittivity of a medium to the permittivity of free space. Every material has its own 

dielectric constant. The dielectric constant for the vacuum is 1, and for all other materials 

it is greater than 1. Dielectric constant increases the capability of capacitor to store more 

charge as a capacitor filled with an insulating dielectric material can store K times more 

charge than an air dielectric capacitor with similar dimensions. In reality every dielectric 

material is associated with some loss and hence the dielectric constant is represented by a 

complex permittivity (ε) [4] with real (εʹ′) and imaginary (εʹ′ʹ′) parts given by: 

                                                   ε = εʹ′ + i* εʹ′ʹ′ .                                                                       (4) 

The real part of ε is the dielectric permittivity, and the complex term signifies the 

dielectric loss of the material. 

2.3 Dielectric loss 

     Dielectric loss seen in capacitors is a measure of their energy loss, which is due to the  
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movement of mobile charges inside the dielectric under the influence of an alternating 

field.  Due to dielectric loss, the current to voltage angle deviates from ideal value of 900. 

This angular difference is termed the loss angle δ. This loss is also expressed in terms of 

the dissipation factor (DF) and quality factor (Q) which is represented by the following 

equation:  

                                                Tan (δ) = DF = 1/ Q.                                                             (5) 

     The quality factor is also used to determine the quality of a capacitor. It is defined as 

the ratio of reactance to the resistive component in the circuit at a particular frequency. 

The higher the Q factor of the capacitor, the closer it approaches the behavior of an ideal 

lossless capacitor. Dissipation factors less than 0.1% are accepted. We generally want 

dielectric loss to be a minimum, thus a capacitor with low dissipation factor and high 

quality factor is the requirement.  

2.4 Dielectric strength  
 
     The maximum electrical field strength that a material can withstand without loosing 

its insulating properties is termed its dielectric strength. An electric field applied above 

the dielectric strength value cause damage to the capacitor (breakdown), and this damage 

is permanent for all gaseous dielectrics [5]. Dielectric strength is expressed in units of 

volts or Kilovolts per unit of thickness. For a good dielectric material dielectric strength 

is always expected to be high which helps in operating at higher field strength. 

2.5 Energy stored in a capacitor  

     The amount of energy  (E) stored in a capacitor is expressed as follows: 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

€ 

E =
1
2
*C *V 2 ,                                                                   (6) 
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 where V is voltage applied across the electrodes of capacitor. Hence, stored energy is 

directly proportional to the capacitance (C), which is related to the dielectric constant (K) 

of a capacitor. Thus, for high energy storage we need a high dielectric constant. 

2.6 Dielectric Polarization 
 

     When an electric field is applied across a dielectric material it induces electrical 

dipoles inside the dielectric medium. This results in a slight change in position of positive 

and negative charge clouds under the influence of external electric field, which is termed 

as dielectric polarization. Dipoles orient in such a way that they create an internal electric 

field that opposes the applied field strength, thus reducing the effective field across the 

dielectric medium. 

     There are different types of dielectric polarizations, namely electronic polarization Pe, 

ionic polarization Pi, orientational polarization Pm , and space charge polarization Ps. Total 

polarization is sum of all these different polarizations. Electronic polarization (Pe) is the 

result of a relative shift of positive and negative charges in opposite directions within an 

insulator or dielectric induced by an electric field. Ionic polarization results from 

displacement of ions under an applied electric field, which results in dipole elongation. 

Orientational polarization is seen in materials with permanent dipoles created by 

unbalanced distribution of charge clouds. It is also known as dipole polarization. Space 

charge or interfacial polarization (Ps) occurs in composite systems where there is a 

significant difference in the properties of constituent materials. This mechanism takes 

place at the interface of the constituents and results in charge buildup.  
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CHAPTER 3: DIELECTRIC MATERIALS OVERVIEW  

3.1 Organic polymers 

     Polymers that are not artificially synthesized and occur naturally are called organic 

polymers. Organic polymers show very high dielectric strength with good mechanical 

flexibility combined with low dielectric loss which greatly interest their application as 

dielectric materials, but they show very low dielectric constant if used alone as a 

dielectric material. There are two types of organic polymers, which are classified as polar 

and non-polar polymers.  

     Polar polymers have some permanent dipoles, which are created by an imbalance in 

the distribution of electrons, and in the presence of an electric field these dipoles will 

attempt to align with the applied electric field [6]. Movement of dipoles is associated 

with dielectric polarization, which depends on the frequency of the applied electric field. 

At very low frequencies dipoles have a longer time to get themselves aligned to the 

applied electric field, which greatly helps in increasing the dielectric constant of material. 

At very high frequencies dipoles find it difficult to align with fast varying field, which 

leads to lower dielectric constant. 

     The non-polar polymers on the other hand do not have any permanent dipoles because 

of symmetrical molecular structure, and thus dipolar polarization is absent in these 

materials. However, an applied electric field tends to move the electrons to create 

electron polarization which is of much lower magnitude as compared to dipole 

polarization, and thus non polar polymers have dielectric constants of value less than 3. 

Its magnitude has no dependency with frequency of applied field as electrons react 

instantaneously even at higher frequencies. 
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 3.2 Ceramic dielectrics      

   Ceramic dielectrics, as the name signifies, are made of ceramic materials. They are the 

most widely used dielectrics due to their cost and efficiency. They are made from a 

variety of materials in many forms but the most commonly used materials are titanium 

dioxide, strontium titanate, and barium titanate [7]. Electronic Industries Alliance (EIA) 

categorizes ceramic capacitors into three classes namely Class-1, Class-2 and Class-3.  

• Class-1 capacitors are the most stable of all ceramic capacitors in terms of 

operational temperature. They are usually use magnesium titanate or calcium 

titanate as the dielectric.   

• Class-2 capacitors are less stable compared to Class-1 capacitors but they are 

more efficient volumetrically. Volumetric efficiency for a capacitor is one of the 

important figures of merit, and is the product of capacitance with the maximum 

voltage that can be applied to the capacitor. Class-2 are used as decoupling, by-

pass and coupling capacitors, as efficiency is not an issue in such applications.  

• Class-3 capacitors have high dielectric constant and high volumetric efficiency at 

room temperature.  They are made with Barium titanate, which has a dielectric 

constant of up to 1250 [7], and are used as decoupling capacitors and for other 

power supply applications. 

3.3 Thin film dielectrics    

     Thin film dielectric uses polymer or ceramic materials. Capacitors with such 

dielectrics typically have a cylindrical structure with two pieces of plastic film enclosed 

with metallic electrodes which acts as terminals. Usually thin film capacitors are not 

polarized, hence their electrodes are interchangeable. Thin film capacitors can be 

customized by choosing different film materials for the dielectric layer to get desired 
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characteristics like dielectric strength, stability and other electrical characteristics. Thin 

film capacitor values range from 100pF to few microfarads [7]. 

3.4 Dielectrics made from ferroelectric ceramics fillers in a polymer matrix 

     Polymers are basically electrical insulators with low dielectric constant and often high 

dielectric strength. On the other hand, ceramic fillers have high dielectric constant and 

thermal strength. Preparing a composite medium by combining two materials with 

different electrical properties might lead to a composite system that has superior electrical 

performance. Composites with native ceramics such as BaTiO3, BaSrTiO3, or PbZrTiO3, 

which are embedded as fillers in a polymer matrix [1,3] have displayed K values of less 

than 100. However, K values of these composites were successfully increased to a value 

of 200 by modifying the intrinsic dielectric constant of the bare polymer. The major 

concern of ceramic/polymer composites; however is that they require very high ceramic 

loading, resulting in less mechanical flexibility and high dielectric loss due to lack of 

good dispersion of fillers in the polymer matrix. 

3.5 Metal filled polymer composite dielectrics 

     Polymer composites embedded with metal particles were developed to increase the 

dielectric constant of polymer. It was observed that the electrical characteristics of such 

composites are close to the properties of metals but having all the mechanical properties 

of a polymer with processing method very similar to that used for polymer dielectrics [8]. 

The electrical characteristics of such a composite medium greatly depend on the amount 

of loading of metal particles, which is closely related to the percolation threshold. The 

concept of percolation threshold and percolation theory is explained with details in a later 

section. A high dielectric constant for the resulting composite medium can be obtained 
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with minimal loading provided that dielectric loss is maintained low by preventing the 

agglomeration of conductive metal fillers [9].   

3.6 Nanodielectrics   

     Nanodielectric composites belong to a new type of materials that exhibit interesting 

physical, chemical, electrical and magnetic properties [5]. This is explained from the fact 

that metal nanomaterials are used as fillers replacing the conventional filler systems, thus 

forming nanocomposites. An important reason for this improved behavior is that 

nanoparticles have a higher surface interaction area than regular micron sized fillers. 

Another advantage of nanocomposites is their ability to attain higher capacitance 

densities with much thinner films. However, due to the tendency to form clusters of 

nanoparticles a conducting path is formed in the dielectric, which results in a catastrophic 

failure of the device. Therefore, uniform dispersion of nanoparticles is necessary to 

prevent these failures and to improve dielectric properties. 

3.7 Core - shell hybrid filler polymer composite dielectrics  

     Direct contact of conductive fillers will result in a high dielectric loss because they 

form conduction path inside the dielectric. Therefore, a core-shell structure is proposed 

for nanofillers in which an insulating shell is coated around each conducting filler. These 

non-conductive shells act as inter-particle insulating barriers that prevent the conductive 

cores from coming in contact with each other. Core/shell structured nanoparticles can be 

synthesized using methods such as coating a non-conductive shell onto a conducting filler 

[10], oxidizing a conductive core to form a shell of its non-conductive oxide, which is 

observed in aluminum metal that forms alumina even when exposed to air. Core-shell 
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filler/polymer composites have high K values because of the increased net polarization of 

the dielectric and low tangent losses (δ) due to non-conductive shell.  
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CHAPTER 4: POLYVINILYDENE FLUORIDE POLYMER 

	  	  	  	  	  Polyvinilydene fluoride (PVDF) is a semi crystalline polymer which possesses great 

ferroelectric properties besides its pyroelectric and piezoelectric properties. PVDF 

polymer is easy to process to get thin films. Some of its electrical characteristics such as 

high dielectric constant, relatively low dissipation factor and high dielectric strength have 

made this polymer useful as a capacitor dielectric material. Polymorphisms of PVDF 

exhibit  crystalline structure in four phases:α, β, γ and δ. These phases give this polymer 

greater potential to exhibit diversity in dielectric behavior.  

4.1 Advantages of Polyvinilydene fluoride polymer	  

     PVDF is now being considered as a great candidate for polymer nanocomposites as it 

is highly non-reactive and resistant to solvents, acids, bases and heat, as well as low 

smoke generation during a fire event. PVDF has a low density (1.78) and low cost 

compared to the other fluoropolymers [11]. Apart from the above features, PVDF is 

highly ferroelectric which further enhances the dielectric response at lower electrical 

fields with a low loading of nanoparticles.   

4.2 Different phases of polyvinilydene fluoride polymer  

     As noted, PVDF, exists in four different crystalline phases: α, β, γ and δ. It displays 

these diverse crystalline phases depending on crystallization conditions. The non-polar α 

phase is the common phase, which is obtained by a process called, melt crystallization at 

temperatures below 1600C. The β-phase is the polar desirable phase due to its 

ferroelectric characteristics, and hence it is important to maximize β-phase in PVDF films 

used as dielectrics. The γ and δ are polar phases, but the magnitude of their dipole 

moment is much smaller compared to the β-phase. Thus, PVDF polymer containing β-
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phase has garnered the most interest for electronic applications as it can provide the best 

ferroelectric properties. It is also possible to extract the β-phase from other phases by 

varying crystallization temperature and structural deformation [12].  

      It has been reported that PVDF films derived using N,N-Dimethylformamide (DMF) 

polar solvent have a polar β-phase [12], and they are used in the experimental procedure 

to prepare polymer and nanoparticle solutions. Extraction of different phases by varying 

the annealing conditions is explained in the later section.  

4.3 Ferroelectricity  

     Ferroelectricity is the property of a material to show spontaneous polarization that can 

be reversed by an external electrical field. This mechanism of switching the polarization 

is accomplished by shifting the ions to opposite sides by an applied electric potential 

[13]. The so-called “order-disorder” materials belong to a special class of ferroelectric 

materials which are characterized by a transition from randomly oriented dipoles in the 

paraelectric phase to ordered dipoles in the ferroelectric phase. The paraelectric phase is 

the property of material that allows it to get polarized under external electric field even in 

the absence of permanent electric dipoles, unlike ferroelectrics that require permanent 

dipoles. Some of the dipolar ordering molecules including PVDF fall into this category of 

order-disorder materials. Hence, ferroelectricity plays a crucial role to improve K of a 

ferroelectric dielectric material. 

4.3.1 Electrical polarization in polymer 

      Polymers exhibit three types of electric polarization [13], namely ferroelectricity, 

metastable dipolar dielectric orientation, and nonuniform space-charge distribution. 

These mechanisms are illustrated in Figure 1a-c. In the case of ferroelectricity (Figure 
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1a), the polarization occurs in the material with cooperative interactions that generate 

parallel alignment of permanent electric dipoles, which continue to remain in the 

equilibrium state [13]. The polarization in dipolar dielectric materials (Figure 1b), in 

contrast, is not as strong as in ferroelectrics as the alignment of the dipoles is primarily 

due to an applied external field with negligible or zero cooperative interaction among the 

dipoles.  As a result the induced polarization is said to be in metastable state, and in the 

absence of an external electric field it will get back to its non-polar equilibrium state. In 

the case of non-uniform space-charge distribution (Figure 1c) trapped charge will 

produce an apparent polarization [13] which shows a non-zero magnitude even after the 

external field is removed. In case of the PVDF polymer, ferroelectricity is the dominant 

electrical polarization mechanism. 

 

a)   

 

 

 

 

b) 
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c) 

 

 

 

Figure 1. Manifestation of polarization in a) an ordered ferroelectric crystal, b) dipolar     

                dielectric, and c) a space-charge dielectric material [13]. 

     It is not usual to observe all three of the above mechanisms in semi-crystalline dipolar 

polymers. As a result, when attempting to characterize the ferroelectric properties of a 

given polymer system, care must be taken to insure that the polarization is truly bistable 

and that polarization reversal is indeed associated with the equilibrium properties of the 

medium and not external effects such as injected charge or metastable dipole alignment.  

4.3.2 Ferroelectricity in polyvinilydene fluoride   

     PVDF stands out in ferroelectric behavior in β-phase because of its ideal molecular 

structure. The β-phase has an all trans planar zigzag structure as shown in Figure 2. In this 

all trans planar conformation dipole moments of the C-F and C-H bonds add up to yield 

an effective dipole moment in the direction perpendicular to the carbon backbone for 

every monomer. Hence, the β-phase has the largest spontaneous polarization thus 

exhibiting superior ferroelectric and piezoelectric properties. Ferroelectric behavior of 

PVDF is studied using simulated polarization values in the frequency range of 1Mhz – 

10Ghz in section (7.2). 

 
 

Figure 2. All-trans planar conformation of PVDF with a coplanar carbon back-bone [13]. 
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CHAPTER5: EXPERIMENTAL PROCEDURE 
 
5.1 Synthesis of polymer embedded nanoparticles 

     Preparation of samples by embedding nanoparticles into the polymer dielectric 

material involves a two-step fabrication process. The first step is to prepare an aluminum-

alumina core-shell nanoparticle solution, and the second step is to mix the nanoparticle 

solution with the PVDF polymer solution, before spin coating the solution onto a Si 

wafer. Hereafter, aluminum-alumina core-shell nanoparticles will be denoted using the 

notation Al@Al2O3. 

5.2 Aluminum nanoparticles  

   Aluminum nanoparticles used in the experiments are manufactured by American 

Elements Inc® [14]. The size of the aluminum nanoparticles used is calculated from the 

high resolution SEM images of fabricated nanodielectric composites and is found to vary 

between 60nm to 100nm in diameter. Precautions like use of masks to prevent inhalation 

of nanoparticles during experimental procedures must be used. 

5.3 Preparation of polyvinilydene fluoride solution 

     As noted the aluminum nanoparticles are dissolved in DMF solvent, hence it is 

essential to choose a polymer that dissolves in DMF for the two solutions to be 

compatible, and PVDF readily dissolves in the DMF solvent which also gives us the 

feasibility to choose a particular phase of PVDF by simply varying the curing 

temperature as explained in section 4.2. The DMF - PVDF polymer solution is placed in 

a beaker, covered with a parafilm and aluminum foil to prevent evaporation of solution, 

and is stirred in a thermolyne stirrer for 3 hours.  
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5.4 Preparation of the Aluminum-Alumina (Al@Al2O3) solution  

     Aluminum nanoparticles when exposed to air form an Al2O3 shell because of the highly  

reactive nature of aluminum. This eliminates the need of a functionalization procedure to  

form an insulating shell around the metal aluminum core. The Al@Al2O3 core-shell 

nanoparticles are mixed into a DMF polar solvent which facilitates the use of polar 

mechanisms like dielectric polarization. This solution is taken in a beaker covered with 

parafilm and aluminum foil to prevent evaporation of solution, and is sonicated in a high-

power Mesonic sonicator to break-up any agglomerates for 120 min with the solution 

maintained at room temperature. 

 

            

                   

 

 

Figure 3. Illustration of the proposed fabrication steps of Al-Al2O3/PVDF core-shell    
                nanodielectric. 

 
5.5 Mixing polymer and nanoparticle solution 

     The Al@Al2O3 nanoparticle DMF solution is mixed with the PVDF dielectric, and is 

then is fabricated into a thin film by spinning the solution onto a substrate. The important 

step in determining the characteristics of the nanodielectric is mixing the PVDF and 

Al@Al2O3 nanoparticle-DMF solutions in proper proportions as the capacitance of the 

film coated using Al@Al2O3 nanoparticles and PVDF depends on the concentration of 

nanoparticles (also termed as loading) in the dielectric.  
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     PVDF and nanoparticles solutions are sonicated thoroughly for 3 hours before mixing 

them. After mixing the individual solutions in required proportions, the mixture is 

thoroughly sonicated before it is spin coated onto the substrate. This ensures dispersion of 

nanoparticles in the polymer matrix with proper blending in the final solution. 

5.6 Si Wafer Cleaning Procedure 

     The PVDF and Al@Al2O3 solution mixture is spin coated onto a Si wafer, which acts 

as base for fabricating capacitors. Before spinning the solution mixture, the Si wafer is 

cleaned to removed grease and surface dust. Trichloroethylene, acetone and methanol are 

used in similar volumes to clean the wafer. 10ml of each of these solvents are put into a 

beaker with the Si wafer.  This is sonicated in an ultrasound sonicator bath for one minute 

with the substrate then dried on a hotplate at 1200C for 1min. To ensure the removal of 

any oxide layer on the wafer, it is rinsed in a solution containing a 1:10 ratio by volume 

of Hydrofluoric acid (HF) and water. Finally, the wafer is blown with dry nitrogen gas 

after rinsing with Milli Q water. 

5.7 Spin Coating the Nanodielectric 

     After cleaning the Si wafer, it is cleaved into pieces and again blown with nitrogen gas 

before mounting it on a spinner. A Spinner is a platform which is capable of spinning a 

substrate like Si wafer. When a solution is dripped onto the wafer before or during 

spinning, a thin film is formed on the substrate. The thickness and uniformity of the film 

depends on the solution’s viscosity and the spinning pattern followed. For thin films, 

higher spinning speed is used with a less viscous solution and vice versa for thicker films. 

A small amount of the PVDF and Al@Al2O3 solution mixture is placed on the Si wafer 

using a pipette. Before placing the solution, the Si wafer is centered on the spinner and is 
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held in its position using vacuum, which completes the pre-spinning setup. Now the 

spinning pattern has to be determined which is crucial at this stage. A sequence of trial 

and error attempts was made to find the best spinning procedure that would lead to a 1-

step spinning process.  This process, which is used to fabricate all the dielectric samples 

mentioned in this work, entails a spinning at a speed of 1000rpm speed for 12 min at 

which time the dielectric is spin coated on the substrate and is ready for post-processing.  

5.8 Post-Processing the Nanodielectric 

     Post-processing is one of the key stages in fabrication as it plays an important role in 

deciding the material characteristics of the dielectric. Post-processing a PVDF dielectric 

increases its breakdown strength and decreases the dielectric loss. This post-processing 

involves heating the spin-coated dielectric to a temperature that allows PVDF to 

crosslink. As a part of this work, curing temperatures over a range of 300C to 1200C were 

tested for 10 minutes on each sample. From the results it was determined that samples 

which were cured at 1200C for 10 minutes showed β and γ phases in the polymer of 

which β-phase has highest ferroelectric nature as explained earlier. As a result, this 

curing process is used with all the samples associated with this work. 

5.9 Top electrode deposition  
 
     The spin coated and cured dielectric is now ready for top electrode deposition which 

involves physical vapor deposition of a metal film in a vacuum chamber. When a top 

electrode is coated, the fabricated device completes the structure of a parallel plate 

capacitor with a metal top electrode, a Al@Al2O3/PVDF nanodielectric layer in the 

middle, and a Si wafer at the bottom acting as a bottom electrode.  

 
 



 
 

22	  
 

 

5.9.1 Physical Vapor Deposition  
 

 
Figure 4. Schematic of Physical vapor deposition evaporation [27]. 

     The thermal evaporation technique is a physical vapor deposition technique which 

requires high temperature to melt the source material into the vapor state. The atoms or 

molecules of the source material are accelerated by high temperature allowing them to 

pass through the vacuum space and deposit onto substrate surface. A vacuum 

environment is required to reduce contamination of the evaporated film by background 

gases and to allow free motion of the evaporating atoms/molecules in the chamber. As 

represented in the schematic shown in Figure 4, the source contains an alumina coated 

boat crucible which holds the source material and is heated by a heater supported by the 

bus bars connected to a high current power supply.  The substrate is held above the 

source on a substrate holder, and a shutter blocks the deposition of source material onto 

the substrate until it is opened for deposition. Thickness of the source material deposited 

onto the substrate depends on the deposition rate of vaporized material and duration for 

which shutter is opened. Figure 5 below shows the actual physical vapor deposition 

chamber setup which was used in the experiments carried out. 
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     Figure 5 shows the deposition chamber with a foreline valve, a roughing valve to 

separate chamber form mechanical pump, and a gate valve to isolate turbo pump from the 

chamber. The main chamber is connected to a turbo pump, which maintains the base 

pressure of the chamber at 10-6 Torr. A chiller circulates cold water around the turbo 

pump in a loop to dissipate the generated heat. The substrate is first loaded into the 

substrate holder with source material loaded into source inside the chamber. The chamber 

is first pumped with a dry rotary mechanical vacuum pump. After the chamber pressure 

reaches a value of 10-3 Torr, the gate valve is opened which brings down the chamber 

pressure to 10-6 Torr by the turbo pump.  

 

Figure 5. Physical Vapor Deposition chamber.	  
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5.9.2 Stencil Mask Design  

     Before the nanodielectric coated Si wafer is placed in the vacuum chamber for 

deposition it is masked with a stencil mask to make metal deposition of desired shapes 

and sizes. A thin aluminum plate stencil mask with a square hole 3mm on a side is used 

for the deposition of Al top electrode. Therefore, all the devices in this research are 

parallel plate capacitors with 3mm square metal films as the top electrode. Figure 6 

shows a schematic of the aluminum mask used. Other designs of stencil mask can also be 

used to make devices of different shapes and sizes on the same Si wafer.  

 
 

 

 

 

 

 

 

 

Figure 6. Stencil mask with square opening of side 3mm. 

5.9.3 Physical vapor Deposition process:  

     After masking the substrate with the stencil mask it is loaded into the chamber and the 

chamber pumped as described in the section 5.9.1. Before the mechanical pump is turned 

on, chilled water line is turned on to prevent damage of turbo pump. The deposition 

process involves turning on power to the source boat once the chamber is at the required 
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deposition pressure. A quartz crystal thickness monitor is used to read the deposition rate 

of source material. The thickness monitor is placed beside the substrate. When the shutter 

is opened, the substrate gets deposited by the source material and thickness monitor starts 

displaying the deposition rate at (Å/s). Deposition takes place at below 10-5 Torr pressure, 

and is continued until the required thickness is obtained on substrate after which the 

shutter is closed and current through crucible is slowly brought down to 0 amp. The 

experimental developmental steps in making the capacitor device using synthesized 

nanodielectrics are shown in Figure 7.  

 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 7. Fabrication steps in making planar capacitor devices. 
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CHAPTER 6: COMSOL Multiphysics simulation 

      The effective dielectric properties of the nanocomposites are modeled using 

COMSOL Multiphysics, a finite element method (FEM) based simulation software. FEM 

analysis is generally used to decrease the development times and predict the output 

patterns for a variety of processes. This saves time and expensive production costs. The 

primary goal of simulation in this research is to calculate the effective dielectric constant 

of the composite medium formed by PVDF and Al@Al2O3 core-shell nanoparticles and 

to study the polarization and electric field dependence on fraction of loading. Polarization 

dependence on frequency is also studied so as to study the ferroelectric property of PVDF 

material. An in-plane AC model was used in COMSOL multiphysics software to simulate 

the effective properties of nanofillers embedded in polymer dielectric composite 

capacitors. 

6.1 FEM SIMULATION 

     The finite element method (FEM) also known as finite element analysis (FEA) is a 

quantitative technique used to find approximate solutions for partial differential and 

integral equations. FEM requires a problem to be defined as a geometry, which is 

subdivided into a number of symmetrical identities called mesh elements. The complex 

dielectric function of PVDF is calculated using the Drude theory. The effective dielectric 

constant of the composite dielectric medium can be calculated by using percolation 

theory and generalized effective medium theories (EMT) [17]. Percolation theory helps in 

determining the behavior of the composite system near the percolation threshold using a 

simple power law expression, which is described in later sections.  

6.2 Background theory 



 
 

27	  
 

 

6.2.1 Drude theory for dielectric material 

     Debye [15] considered a set of dipoles free to rotate in opposite direction of the 

applied electric field to determine relaxation of polarization in a dielectric material with a 

single relaxation time. The equation for complex permittivity proposed by Debye is as 

follows: 

.   
 

Where ε0 = Dielectric constant at low frequency, 

 ε00= Dielectric constant at high frequency, 

 ω= Angular frequency, and 

 τ= Relaxation time. 

According to Frohlich, the real and imaginary parts of the dielectric permittivity are given 

by 

.
 

ε׳ , the real part, determines the permittivity of a material in the presence of an electric 

field, and ε״ the imaginary part, determines the intrinsic loss mechanisms involved in the 

dielectric medium. 

6.2.2 Dielectric function of core-shell nanoparticle 

     A core-shell hybrid filler configuration is proposed to reduce the dielectric loss 

associated when metal nanoparticles alone were used as fillers [15]. An insulating shell is 

formed around each metal nanoparticle, which helps in configuring metal-insulator core-

shell type particles. It is important to calculate the dielectric permittivity of the particles 

(8)	  

(7)	  
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themselves to measure the effective dielectric constant of a composite made with core-

shell nanoparticles. The effective dielectric permittivity of core-shell nanoparticles is 

given by following equation  

	  

€ 

εcs = εc *
1+ (a*[εc −εs])
εs + (b*[εc −εs])
⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 
.	  
         

where εcs is the dielectric function of the core-shell particle, εc is the dielectric function of 

the metallic core, εs is the dielectric constant of the shell material, a is analogous to area 

fraction of core which is given as (r1/r2)3 for 3D particles, and b is a depolarization factor 

with value 1/3 for spheres (3D). The radius of the core is given by r1 and that of the shell 

is given by r2. 

 

 

 

 

Figure 8: Model of Nano-Metal polymer composite. 

6.2.3 Effective Medium Theory 

     Effective medium theories (EMT) and other mean-field like theories are physical 

models based on properties of individual components and their fractions in the composite 

structure [16]. Generally, the properties that are calculated using EMTs are the dielectric 

constant and the conductivity. There are many EMTs, and the accuracy of each theory is 

dependent upon different conditions. Most popular EMTs [17, 19] are as follows: 

the Maxwell – Garnett model, 

€ 

εeff =
1
4
3 f (ε i −εh ) + 2εh −ε i + (1− 3 f 2)ε i

2 + 2(2 + 9 f − 9 f 2)ε iεh + (3 f − 2)2[ ]
 
 

and the Symmetric Bruggeman model, 

(10)	  

        (9) 
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where εeff is the effective dielectric constant of the medium, f is the volume fraction of 

the filler, εi is the dielectric constant of the Al filler, and εh is the dielectric constant of 

the host PVDF matrix.  

6.2.4    Percolation theory  

     The technique to increase dielectric constant of polymer based capacitors by 

preparing percolative composites greatly depends on the concentration of the nanofillers. 

As mentioned earlier, when loading of the nanofillers is in the vicinity of the percolation 

threshold the effective dielectric constant of the composites can be increased 

dramatically. In percolation theory distribution of fillers in the composite medium 

depends on the filler shape, size and orientation, and is independent of materialistic 

properties of the fillers or host medium [20]. Percolation theory is significant when 

loading of fillers reaches a critical value called the percolation threshold (fc). At this 

threshold value substantial changes take place in the physical and electrical   properties 

of the system. Using COMSOL multiphysics variation of dielectric constant is studied 

using percolation theory. The abrupt difference in the properties of aluminum (electrical 

conductivity) and PVDF (electrical conductivity) gives us a good platform for use of the 

percolation theory. A simple power law relation, equation (13), can be used to describe 

the changes in the system properties near the percolation threshold as 

 . 

Where K is the effective dielectric constant, Kh is the dielectric constant of the host 

PVDF material, f is a fraction of the inclusions, fc is the fraction of inclusions at the 

 (11 )	  

 (12)	  
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percolation threshold, and s is an exponent of value 1. 

6.3 Use of COMSOL Multiphysics 

     Simulation in COMSOL can be broadly classified into three steps: creating geometry, 

setting the model and solving the model. 

6.3.1 Creating the geometry 

     Creating a geometry that is most suitable to the problem being solved is the first step 

in the COMSOL simulation. The geometries needed for simulation of the composite 

nanodielectric environment are drawn in 3D models with varying filler fractions.  Each 

loading fraction in either model is created as a separate file with an independent 

geometry. Figure 9 shows the geometry setup of the 3D model for the nanodielectric 

embedded core-shell nanoparticles with spherical disks of core diameter 35nm and shell 

diameter 45nm that are enclosed in a cubical block of size 350nm that defines the PVDF 

polymer matrix. The locations of the different nanoparticles are randomly generated by a 

MATLAB function, and the corresponding geometry is built in COMSOL software 

helping the simulation results to be more appropriate to the experimental results. 

 

                                             

 

 

 

 

Figure 9. Polymer matrix with randomly dispersed nanoparticles. 
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6.3.2 Setting the model 

     In COMSOL Multiphysics, the electrostatics in-plane electric current module was 

used to simulate the effective properties of Al@Al2O3 core-shell nanofiller/PVDF 

composite capacitors. This module allows a frequency sweep to be conducted for 

different loadings of the nanofiller at different frequencies. In sub-domain settings, the 

polarization (P) of the composite determined by equation (13) is chosen as the basic 

governing equation as it is the major concept of the governing physics of metal-

insulator composite nanodielectric capacitors.  

                                                   P=ε0*(εr-1)*E                                                           (13) 

where E is the electric field, ε0 represent the permittivity of free space and εr represent 

the permittivity of dielectric medium of composite material. After completion of the 

geometry, sub-domain settings are used to assign materials to the different sections of 

the geometry. In a 3D geometry, the top face is set to the input the positive potential 

where input-alternating voltage (sine function is considered in simulations with unit 

amplitude) is applied while maintaining opposite the face at ground. The remaining 

sides are maintained as periodic boundary condition. This gives the geometry that is 

analogous to a parallel-plate capacitor with a voltage applied across its plates. 

6.3.3 Solving the model 

     The final steps before simulating the model is declaring the physical properties and 

defining the guiding equations and constants with corresponding variables. There is also 

a privilege in COMSOL to do the parametric sweep for selected parameters. In the 

following simulations frequency of the input sinusoidal voltage was varied and the 

corresponding characterizations are studied and plotted, which completes the model 

building that can be analyzed and solved. 
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CHAPTER 7: RESULTS 

     After fabrication of a capacitor as described in chapter 6, it was characterized to                                 

determine the device performance. The dielectric constant, quality factor and thermal 

response are considered to characterize the fabricated capacitor. Also XRD and SEM 

analysis was done to understand the structural composition of the prepared composites. 

The dielectric constant of PVDF is calculated for a range of frequencies using Drude 

theory. The effective dielectric constant of the composite is calculated using Effective 

medium theories and percolation theory as mentioned in section 6.2.4. Results from 

COMSOL Multiphysics simulated 3D models for varying filler concentrations are 

analyzed and compared.  

7.1 Fabrication Results 

7.1.1 Producing uniform PVDF Film  

     It is important to understand and optimize the technique for fabricating polymer films 

which display the best possible characteristics of Al@Al2O3/PVDF composite films. 

Initially, films were made exclusively with PVDF to understand its functioning as a 

dielectric matrix. Thin PVDF films were made using the procedure mentioned in Chapter 

4. To optimize the procedure for use of PVDF as an efficient dielectric, experiments 

were conducted with different concentration of PVDF solutions, varying spinning 

patterns, and a range of curing temperatures. Table 1 lists procedures involved in making 

the PVDF samples and their results.  
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Table 1: Polyvinilydene fluoride film uniformity test at varying concentration and curing        

j             temperature. 

Sample  

no 

Amount 

of PVDF  

Spinning 

 pattern 

Curing 

temperature 
Film 

thickness  

Result 

1a 1gm 10s at 100rpm, 

10s at 500rpm, 

20s at 2000rpm 

and 30s at 

3000rpm 

1300C 1.8µm Substrate 

breakage 

2a 1.5gm 10s at 100rpm, 

10s at 500rpm, 

20s at 2000rpm 

and 30s at 

3000rpm 

1200C 2.5µm Substrate 

breakage 

3a 2gm 10s at 100rpm, 

10s at 500rpm, 

20s at 2000rpm 

and 30s at 

3000rpm 

1100C 3.3µm Substrate 

breakage 

4a 2.5gm 10s at 100rpm, 

10s at 500rpm, 

20s at 2000rpm 

and 30s at 

3000rpm 

570C to 800C 

At 800C for 10 

min 

800C to 1000C 

and at 1000C 

(10 min) 

1000C to 

1200C at      

120 0C (10 

min) 

 

4.2µm Substrate 

breakage 



 
 

34	  
 

 

     The amount of polymer listed in Table 1 was mixed with 13ml of N,N-

Dimethylformamide (DMF) solvent and mixed thoroughly using a magnetic stirrer to 

form a clear solution. A small amount of mixture, approximately 0.2ml, was used to 

make thin PVDF films on quarter of a 2-inch silicon wafer (Si) using a Laurell 

Technologies WS-400 spinner followed by curing on a hotplate. Before spin coating 

acleaned Si wafers it is spin coated with 3-Aminopropyl triethoxy silane to improve the 

adherence of deposited film dielectric film onto the Si wafer [21].   

     3mm square Al top electrodes were deposited by PVD with the help of a stencil mask. 

The thickness of the prepared dielectric films was measured using scanning electron 

microscopy (SEM). The PVDF concentration used for sample 3a gave a film with 

considerable thickness which is standardized for proceeding samples in the experiment, 

but the film obtained was non-uniform and substrate breakage occurred for all the 

samples.  The reason for this was considered to be the spinning pattern and curing 

procedure. Based on reference [3], the spinning patterns shown in Table 2 are 

considered. 

     For the spinning patterns listed in Table2 that of sample 2b was to be used for 

succeeding samples; however, the curing procedure needed to be improved to prevent the 

irregularities obtained on the surface of film. Curing in vacuum for 12hours at defined 

temperature with pre-curing at 900C for 10min greatly improved the samples with 

reduction of irregularities on prepared film. To test the repeatability of this technique, 

multiple samples were made with the same recipe and all of them showed the same 

characteristics. Hence, spinning patterns of 1000rpm for 12 min and pre-curing 

temperature of 900C is standardized for proceeding samples.  
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Table 2: Polyvinilydene fluoride film uniformity test at varying spinning pattern.  

Sample 
no 

Amount of 
PVDF  

Spinning 
pattern 

Curing 
temperature 
for 10min 

Film 
thickness  

Result 

1b 2.5gm 800rpm for 

12min 

90 oC 4.8µm Improvement 

in uniformity 

of film but 

with 

irregularities 

2b 2.5gm 1000rpm 

for 12min 

90 oC 3.6µm Improvement 

in uniformity 

of film but 

with 

irregularities 

3b 2gm 1200rpm 

for 12min 

90 oC 2.5µm Improvement 

in uniformity 

of film but 

with 

irregularities 

4b 2.5gm 1500rpm 

for 12min 

90 oC 1.6µm Improvement 

in uniformity 

of film but 

with 

irregularities 

 

 7.1.2 Phase of PVDF  

     As described earlier in section 4.2, the phase of the PVDF material in prepared film 

depends on curing temperature, and hence the different phases of PVDF were studied by 

varying the curing temperature. Table 3 lists the various phases obtained for the different 

curing temperature with varying spinning pattern. 
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Table 3: Phases of Polyvinilydene fluoride. 

Sample 700rpm 1000rpm 1500rpm 2000rpm 300C 900C 1200C 1600C Phase 

1 √    √    α,γ 

2 √     √   β 

3 √      √  γ,β 

4 √       √ γ 

5  √   √    α,γ 

6  √    √   β 

7  √     √  γ,β 

8  √      √ γ 

9   √  √    α,γ 

10   √   √   β 

11   √    √  γ,β 

12   √     √ γ 

13    √ √    α,γ 

14    √  √   β 

15    √   √  γ,β 

16    √    √ γ 
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     Hence, to get high dielectric constant the beta phase is preferred, which needs a curing 

temperature around 900C.  However, curing at this temperature leaves some irregularities 

on the fabricated film, hence, a curing temperature of 1200C is preferred, which also 

yields the β-phase along with some γ-phase and gives a uniform dielectric film. 

Therefore, the procedure mentioned in section 7.1.1 with a post curing temperature of 

1200C, was used as a standard on all the samples discussed further in this work. From the 

above samples, the dielectric constant (K) for PVDF was established as 12 and is in 

agreement with the results published by other research groups [22]. This dielectric 

constant value of PVDF is used throughout the rest of this work. 

7.1.3 Characteristics of Al@Al2O3/PVDF Films 

     The successful optimization of the technique to fabricate PVDF as a dielectric led to 

an advancement of polymer dielectric films fabricated with embedded Al@Al2O3 core-

shell nanoparticles. A capacitor using unloaded PVDF as a reference sample and two 

capacitors with different volume loadings of Al@Al2O3 fillers in the PVDF host polymer 

were fabricated. The capacitor devices were then characterized for their capacitance 

characteristics using an HP-4275A high frequency LCR meter. Table 4 represents the 

specifications of the fabricated capacitors such as quality factor, capacitance as well as 

the average value characteristics of tested capacitors at 10 KHz. The dielectric constant of 

fabricated capacitors can be calculated using the measured capacitance, the thickness of 

dielectric, and the area of the electrodes (area of the 3mm square electrode) from Table 4 

and equation (3).  
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Table 4: Characterization of fabricated capacitors 

Tested Capacitors  

1 2 3 

Capacitance (pF) 262 250 300 

Thickness (nm) 3600 5500 6340 

Quality factor 100 160 730 

Loading (Vol. %) 0 10 20 

Dielectric constant (K) 12 17.3 23.6 

 
      The dielectric constant of the bare PVDF is calculated to be 12.  This increases to a 

value of 17.3 with a nanoparticle loading of 10% by volume. With further addition of 

nanoparticles the dielectric constant value is doubled when loading reached 20%by 

volume. The quality factor increased with increasing loading of Al nanoparticles in the 

insulating polymer, which is most likely due to the good electrical contact between the 

top aluminum electrode and polymer nanocomposite. Figure 10 shows the frequency 

behavior of typical capacitors with 3mm x 3mm square Al top electrode. Each reading of 

the capacitance represents the average value of measurements taken on an array of 5 

capacitor units. For comparison purpose, the capacitance values are normalized to the 

same film thickness of 6340 nm. The electrical characterization shows reproducible and 

stable capacitors over frequencies up to 10 MHz.  
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Figure10. Dependence of capacitance on frequency for tested capacitors ranging from 

         150 pF to 300 pF as normalized to the same film thickness of 6300 nm.                                     

     Figure 11 describes the thermal characteristics of the fabricated capacitors. Capacitors 

were heated on an ALESSI-4500 THERMOCHUCK test bench from room temperature 

to melting point of PVDF polymer i.e.; 1700C.  The capacitance was calculated using an 

HP-4275A LCR meter for capacitors with pure PVDF as dielectric and with loading of 

10% and 20% by volume of nanoparticles. It is observed that capacitance showed steady 

response until the temperature reached the pre melting point of 700C, and decayed 

thereafter. However, the capacitor with high loading (20%) of nanoparticles showed a 

drastic fall in capacitance when the temperature reached 700C.  This might be due to high 

loading and also to the polymer being thermally less conductive compared to that of the 

aluminum nanoparticles, which leads to a decay of the interfacial interaction between the 

polymer and the nanoparticles with increase in temperature. Under these conditions the 

nanoparticles are no longer bonded by the polymer matrix which gives rise to high 

dielectric loss and decay in dielectric constant. This phenomenon was observed to be 
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reversible i.e., capacitors retrieved their original capacitance value when temperature was 

brought down to room temperature. 

  

 

 

 

 

 

 

 

 

 

Figure 11. Thermal characterization of fabricated capacitors. 

7.1.4 Structural Analysis  

     In nanodielectrics, agglomeration of nanoparticles is the major reason for many device 

failures. Local spots with increased electric field concentration are created, known as hot-

spots, due to agglomeration. The presence of hot-spots creates an imbalances in the 

charge distribution, which results in electron conduction through the dielectric leading to 

catastrophic failure of the device [20]. This can be prevented by uniform dispersion of 

nanoparticles in the dielectric.  

     To study the arrangement of nanoparticles laterally, SEM analysis was conducted 

using an FEI XL-30FEG on the cross-section of the Al@Al2O3/PVDF nanodielectric with 

the data shown in Figure 12. The high resolution SEM picture in Figure 13 shows the 
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particle size of core-shell nanoparticles embedded in the PVDF matrix. The size of 

nanoparticles ranges from 60 – 100 nm and the Al2O3 shell is about 15 nm. 

 

 

                             

 

 

 

 

 

 

 

 

Figure12. SEM pictures of parallel-plate capacitor cross-section. 

      

 

 

 

 

 

 
 

 

Figure 13. SEM images of Al@Al2O3 NPs in the PVDF matrix. 
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     X-ray diffraction analysis was carried out for prepared nanodielectric to look for the 

phase of PVDF polymer, and to measure the aluminum and alumina materials. The XRD 

peaks in Figure 14 positioned at diffraction angle (2θ) of 20.10 and 20.30 confirm [12] the 

presence of the γ (110), and the β (200,110) phases of PVDF. Also the XRD peak at 

38.520, 44.670, 65.130, 78.270, 28.560, 26.640, 34.670 identify the presence of Al (111), Al 

(200), Al (220), Al (211) [23], Si (111) [25], α-Al2O3 (012), and α-Al2O3 (104) [24] 

respectively.   

 

 

 

 

 
 

 
 

Figure 14. XRD image of Al@Al2O3 NPs in PVDF matrix. 
 
7.2 FEM SIMULATIONS 

7.2.1 Dielectric constant of PVDF 

     The complex dielectric permittivity of the PVDF material is calculated by Drude 

theory for dielectric material to calculate its complex dielectric function using equation 

[8] considering t h e  damping term to be (logΓ= -16.41) and a dielectric constant 

(ξ0) of 12 at low frequency and a  dielectric constant at higher frequencies (ξ00) 

approximated to be 4.5.  
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Figure 15. Imaginary part of dielectric function of PVDF. 

 

 

 

 

 

 

 

 

 

 

Figure 16. Real part of dielectric function of PVDF. 

     Figures 15 and 16 describe the complex dielectric permittivity behavior of PVDF 

with frequency using equation (8). The real part of dielectric function, which is the 

dielectric permittivity of PVDF remained constant until a frequency of 10E13Hz is 
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reached, and there after it decays with increase in frequency due to increased dielectric 

loss (imaginary part of dielectric function) in the frequency range of 10E13Hz to 

10E16Hz. 

7.2.2 3D Modeling  

     When a voltage is applied across the dielectric, an electric field is generated in the 

direction shown in Figure 17a. When nanoparticles are embedded in the PVDF matrix, an 

additional electric field (EPolarization) is generated in the opposite direction due to the 

orientation of surface charges of the nanoparticle fillers, as shown in Figure 17b. This 

leads to a decrease in effective electric field (Eeffective) inside of the dielectric as per 

equation (14), along with increase in the polarization of dielectric medium as the 

embedded nanoparticles polarize and orient in the direction of effective electric field. 

According to equation (15), the dielectric constant (K) of the composite should increase 

when Eeffective decreases with a resultant increase in polarization.   

 

 

 

                                                                                                                   

 

 Figure 17: Electric field in (a) pure PVDF dielectric (b) Al@Al2O3/PVDF nanodielectric. 

 Eeffective=E-EPolarization          and                                                                                                              (14) 

 P=ε0(K-1)Eeffective                                                                                                                                          (15) 

E 

Epolarizatio

n 
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     Generation of electric field and polarization due to the introduction of nanoparticle 

fillers is studied using COMSOL Multiphysics simulations. Built-in functions available 

in the COMSOL multiphysics software are used to calculate the electric field and 

polarization distribution inside of the dielectric medium. In 3D simulation, cases with 

different loadings of Al@Al2O3 core-shell nanoparticles were considered, with the results 

compared to the bare PVDF polymer. Figure 18 shows the modeled electric field 

distribution in the composite nanodielectric medium with nanoparticle loading fraction 

varying from 0 to 0.12. It was observed that as the loading increased the effective electric 

field in the composite dielectric medium decreased from 2.69*106(V/m) in the case of 

pure a PVDF medium, to 1.12*106(V/m) for a loading fraction of 0.12. This is because 

the internal electric field, namely Epolarization, increased from a null value in case of a pure 

PVDF medium to a value of 1.57*106(V/m) for a loading fraction of 0.12 thus following 

equation (14).  
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                                                                  (b) 
 

 

 

 

 

 

 

 

 

                                       
                                                                    
                                                                    (c) 
 

Figure 18. Electric field in 3D nanodielectric with loading of (a) f=0, (b) f=0.03  

                          and (c) f=0.12. 
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Color tables to the right in the Figure 18 are used to identifiy the electric field value 

across the dielectric medium. It can also be inferred using the color table that field 

reversal takes place at every nanoparticle with red color signifying the maximum electric 

field, which is observed at the bottom surface of nanoparticle and blue color for the field 

observed at top surface of the nanoparticle. Thus, the effective field across the 

nanoparticle i.e., Epolarization is opposing the applied electric field resulting in reduction of 

the effective electric field in the medium. It was also observed that closer the nanoparticle 

is to the positive electrode the greater is the field across the nanoparticle. 
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 (b) 

 

 

 

 

 

 

 

 

 

 

(c) 

Figure 19. Electric polarization in 3D nanodielectric with loading of (a) f=0, 
                            (b) f=0.03 and (c) f=0.12. 
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     Similarly Figure 19 shows the polarization plot for the dielectric medium composite 

with nanoparticle loading fraction varying from 0 to 0.12. It was observed from the figure 

that as the loading increased, polarization of the composite medium was found to increase 

from a value of 1.02*10-3C/m2 for a pure PVDF medium to 3.42*10-3C/m2 for the 

medium with loading fraction of 0.12. This points to  the fact that the addition of nano 

sized fillers into the polymer matrix helps to increase the net polarization of the medium 

with reduction of the effective electric field around the composite dielectric medium.  

Thus from equation (15) the dielectric constant of the composite dielectric medium 

should increase with increased loading of fillers, which is shown by the percolation 

theory plot in Figure 20.  

  

 

 

 

 

 

 

 

 

 
                      
 
 
         
 

 
Figure 20. Percolation threshold plot. 
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     In the percolation theory plot in Figure 20 it is observed that with increased loading 

the dielectric constant increases until the percolation threshold loading of 0.16 where 

dielectric constant has a value of 2800.  Beyond this loading the dielectric constant 

drastically until the fraction of loading attains a value of unity. This is because the 

dielectric will no longer have its insulating properties, and starts behaving like a 

conductor beyond the percolation threshold. According to percolation theory the 

dielectric constant should decay after the percolation threshold loading of 0.16, but it was 

observed in the experimental results that the dielectric constant further increased from 12 

to 23.6 when the loading fraction increased from 0 to 0.20, which is beyond the 

percolation threshold. This is because Percolation theory doesn’t consider the 

materialistic properties and inter-particle interactions of the nanoparticles involved in the 

medium but depends only on the fraction of fillers, size of fillers used and dielectric 

constant of host polymer matrix.  Figure 21 shows the percolation plot of the dielectric 

constant from 0 to 0.14 loading  

     Percolation theory calculated dielectric constant of bare polymer to be 12 which 

increased to a value of 39.02 at a loading fraction of 0.10. Obtained results were in 

good agreement with experiment results which were found to be 12 and 17.3 for the 

bare polymer and the polymer with loading fraction of 0.10. As it is practically 

difficult to achieve the percolation threshold loading fraction of 0.16, the region of 

interest for the modeling work was near to the percolation threshold loading to 

achieve high dielectric constant. 
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Figure 21. Percolation threshold plot with fraction of loading varying from 0 to 0.14. 

7.2.3 Dielectric constant calculation using Effective Medium Theories 

     The dielectric constant of the medium is also calculated using the effective 

medium theory equations (10) and (11) for loading fraction of 0.20 by varying 

frequency from 10Hz to 10E15Hz. The dielectric constants of aluminum (1.6) and 

alumina (9.4) are used to calculate the composite dielectric constant of the core-shell 

structure using equation (9). 
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Figure 22. EMT theory plot of dielectric constant with varying frequency calculated for     
                   polymer embedded with 10% loading of Al@Al2O3 nanoparticles by volume. 

 
     It is seen from Figure 22 that the calculated K value remained constant until a 

frequency of 10E12Hz, and there after decayed with increase in frequency.  This is 

because only atomic and electronic polarization mechanism are observed at frequencies 

greater than 10E12Hz, both of which are of much lesser magnitude than the other 

polarization mechanisms. The calculated K value of 26.2 using EMT showed close 

match with the experimental results of 23.6 at a loading fraction of 0.20.  The 

experimental results also showed response relatively constant value of K in the 

frequency range of 10Hz to 1Mhz.  

7.2.4 Case study at the interaction of two shells 
 
     The interaction of two Alumina shells was studied to understand the electrical 

insulation produced by the alumina shells when two core-shell nanoparticles are in close 

contact to each other. Simulation results clearly showed that polarization dropped from 
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16.83E-5 C/m2 at the shell to 5.62E-5 C/m2 at the interaction surface. This clearly 

signifies how non-conductive alumina shells act as inter-particle barriers and prevent the 

conductive cores from coming in contact with each other.  

 

 

 

 

 

 

 

 

Figure 23. Polarization plot at the interaction of alumina shells. 

     Figure 24 illustrate the electric field orientation in pure PVDF polymer and polymer 

embedded with nanoparticles when an electric potential is applied. Arrows with length 

proportional to the magnitude proportional to the field represent field orientation. As 

explained earlier, the electric field deviates near surface of the nanoparticles with the 

particles bending in a direction to oppose the applied electric field. The higher the 

loading the greater is the field reversal across the nanoparticle, which further reduces the 

effective electric field around the composite dielectric medium.  
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 (a) 

 

 

 

 

 

  

                                                                 

                                                                        

(b) 

Figure 24. Electric field orientation in a) PVDF polymer b) PVDF polymer embedded with    
                  nanoparticles. 
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7.2.5 Polarization plot signifying the importance of ferroelectric behavior of PVDF 

      Figure 25 depicts the complex dielectric permittivity dependence on frequency in a 

regular dielectric material. As the frequency increases the response of the dipole to the 

applied field decreases since regular dielectric materials have only low frequency dipolar 

polarization, which decays at higher frequencies starting from 1Mhz [28]. However, 

ferroelectric materials have high frequency dipolar polarization [28] that becomes active 

in this frequency range and tend to show improved polarization up to a frequency of 

10E12Hz and there after only atomic or electronic polarization exist in a material. This is 

studied in COMSOL multiphysics by plotting polarization in the frequency range of 

1Mhz to 10Ghz, which is shown in Figure 26. 

 

 
 
 
 
 
 
 
 

 

 

 

 

Figure 25. Dielectric permittivity spectrum of a regular dielectric material [26]. 
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(a) 

 
 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 
 

 
 

 
 

(b) 
 

Figure 26. Polarization plot for a) PVDF, b) PVDF/Al@Al2O3 (10% loading) with   
                   varying frequency. 
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     As noted above, the pure PVDF polymer, which is ferroelectric by nature, shows an 

increasing polarization from 5E-3 C/m2 at 1E6HZ to 15E-3 C/m2 at 1E10 Hz.  When the 

polymer is embedded with Al@Al2O3 nanoparticles, polarization further increased to 80E-3 

C/m2 at 1E9 Hz from 0.3E-3 C/m2 at 1E6Hz, and then drops to a value of 1.32E-3 C/m2 at a 

frequency of 1E10 Hz. The reason for the decay in polarization might be due to inter particle 

oscillations that create higher dielectric loss, which reduces the polarization of composite 

medium. Thus, the ferroelectric polymer showed improved polarization at higher frequencies 

even when embedded with Al@Al2O3 nanoparticles. 
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CHAPTER 8: Conclusion and future work 

8.1 Conclusions 

     A procedure has been developed to fabricate parallel plate capacitors with PVDF as a 

dielectric film and every step of the fabrication process has been optimized. Different 

loadings of nanoparticles were embedded into the PVDF polymer and its corresponding 

dielectric constant was calculated. It was observed that the dielectric constant K of the 

composite dielectric medium increased from 12 for pure PVDF polymer to a value of 

23.6 when PVDF was embedded with a 20% loading of nanoparticles by volume. 

Frequency dependence of capacitance for fabricated capacitors with different loadings is 

also studied which gave a relatively constant response from 10KHz to 1MHz. Thermal 

characterization was carried out to study the variation of capacitance with temperature. It 

was observed that for PVDF polymer alone, and when embedded with nanoparticles of 

loading 10% and 20%, the PVDF gave a steady response until the temperature reached 

the PVDF pre melting point of  700C, and there after showed a steady decay with increase 

in temperature. Polymer with 20% loading showed a drastic drop in the capacitance after 

the pre melting point, which requires further study to understand the reason for this decay 

in capacitance. SEM analysis revealed a uniform nanodielectric film of thickness 

6.34µm, which can be controlled by varying the concentration of polymer in the polymer 

solution. The XRD analysis confirmed the presence of Al2O3 along with Al inside the 

PVDF polymer that was found to have both β & γ phases.  Table 5 shows the comparison 

of fabricated capacitors with other literature work. 
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Table 5: Comparison of fabricated capacitor with literature work 

 

     From Table 5 it can be inferred that Al@Al2O3 fillers when embedded in PVDF 

polymer showed improved dielectric constant and very low dielectric loss with minimal 

loading of fillers as compared to the ceramic filler BaTiO3 that gave high dielectric 

constant and dielectric loss with much higher loading of fillers. Also although the Au-

SiO2 core shell nanoparticle structure showed god response, it required many 

intermediate steps to functionalize an SiO2 shell around expensive Au nanoparticles. This 

method not only makes the process costly but also has negative impact on the efficiency 

at which the capacitor dielectric is fabricated because of the introduction of additional 

chemicals at each stage of the functionalization process of the SiO2 shell. There is also a 

possibility of the SiO2 shell being ripped off the Au nanoparticles. Besides, the PVP 

polymer used is highly reactive with water and other solvents, which raises a great 

concern of its implementation for printed circuit boards. Hence, using Al nanoparticles 

with naturally formed Al2O3 shell embedded in PVDF polymer, which being chemically 

inert can greatly help to overcome the above mentioned disadvantages. Further the 

Materials K Tan δ Filler Size Filler 
loading 

Ref. 

BaTiO3/epoxy 40 (1 Hz) 0.035 (1 Hz) 100-200nm 60 Vol% 29 

Bimodal BaTiO3 90 (100 kHz) 0.03 (100 kHz) 916nm+60 75 Vol% 30 

Al/Ag-epoxy 160 (10 kHz) 0.045 (10 kHz) Ag: <20nm Al: 80 wt% 31 

Au-SiO2/PVP 20 (10 kHz) 0.08 (10 kHz) 35-60 nm 
Core-shell 

64 Vol% 20 

Al@Al2O3/PVDF 23.6 (10 kHz) 0.0013 (10 kHz) Al: 60 -

100nm 

Al2O3 – 15nm 

thick shell 

20% This 

Work 
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Al@Al2O3 PVDF dielectric has a cost effective fabrication process and shows 

significant improvment of the dielectric constant with minimal dielectric loss at lower 

loading of fillers as compared to other literature work shown by Table5.  

     3D FEM simulations of the nanodielectric composites were performed through 

COMSOL Multiphysics with random distribution of nanoparticle. The dielectric function 

of PVDF polymer was calculated using the Drude model that displayed relatively 

constant dielectric value K with decay at higher frequencies because of increase in 

dielectric loss. Electric polarization and electric field patterns inside the dielectric were 

studied for increased loading of nanoparticles, and it was observed that the effective 

electric field around the composite medium decreased with increased polarization.  

Figure 27 illustrates the comparison of simulated values of the dielectric constant using 

percolation theory with experimental results. 

	  

	  

 

 

 

 

 

 

 
Figure 27. Comparison between simulation and experimental results for effective    
                   dielectric constant. 
      
         Difference with the results of Figure 26 is because percolation theory is a 

mathematical equation, which doesn’t consider the materialistic properties and 
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interparticle behavior inside the medium that play a crucial role in practical 

nanodielectric composite. Hence, it was concluded that percolation theory could be used 

as a guide to get the loading fraction of nanoparticles that shows high dielectric constant 

in COMSOL simulations, which can be used as feedback for experimental work. 

Effective medium theory was also applied to understand the variation of K of 

nanodielectric composite with increase in frequency of applied potential.  It was seen 

that the calculations followed experimental data shown in Figure 10 and further showed 

a relatively constant response up to a frequency of 10E12Hz and decay thereafter. Thus, 

EMT can be used as good approximation to predict the dielectric constant dependence 

on frequency at higher loadings. The polarization plot of PVDF and PVDF embedded 

with 10% loading of nanoparticles was also studied in the frequency range 1Mhz to 

10Ghz to understand the behavior of the ferroelectric PVDF polymer at higher 

frequencies. Polarization was found to increase with frequency by a factor of 3 for bare 

PVDF polymer and by a much higher factor of 250 when embedded with nanoparticles 

over the frequency range of 1Mhz – 10Ghz. Also, decay in polarization from 80E-3 

C/m2 to 1.5 E-3 C/m2 was observed in the polymer embedded nanoparticle composite, 

which requires further research to understand the reason for this decay. Thus, simulation 

results for polarization at higher frequencies helps us to realize that fabricated capacitors 

with PVDF ferroelectric polymer and Al@Al2O3 nanoparticles can be considered as a 

potential candidate to be used at higher frequencies and at higher voltages because of the 

high dielectric strength of the polymers compared to ceramic capacitors which are now 

being used at higher frequencies but with low operating voltage. 
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8.2 Directives for Future Work 

     This research can be extended to reach the target loading that can give a K value of 

70, which is considered excellent in case of ferroelectric dielectric materials. This is 

possible by developing efficient ways to highly disperse nanoparticles into the polymer 

matrix with less agglomeration. Making the simulation more realistic by including 

boundary conditions at the interparticle interface, and by considering nanoparticles with 

varying sizes as observed in the SEM Figure 13,  can give good direction to future 

experimental work. Further, the ferroelectric properties of the composite should be 

explored, which can be helpful in enhancing the dielectric properties of the 

nanocomposite and increasing the scope of application of fabricated capacitors at higher 

frequencies.  
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