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ABSTRACT 

Process Optimization of P(VDF-TrFE)-BaTiO3 Nanocomposites for Storage 

Capacitor Applications 

Mahmoud Almadhoun 

Increasing demands for efficient energy storage in microelectronics has pushed 

the scientific community towards finding suitable materials that can effectively 

deliver high pulse power in miniaturized systems. Polymer-ceramic composites 

are considered to be one possible solution towards the fabrication of high energy 

density capacitors, whether as embedded capacitors or gate insulators in organic 

field effect transistors (OFETs). Selecting high permittivity ceramics mixed with 

polymers with high breakdown field strengths would be the wisest approach 

towards enhancing energy storage. As such, novel ferroelectric polymers such as 

P(VDF-TrFE-CTFE) are being developed and researched, all displaying record 

dielectric values (K > 50) as promising candidates for high energy density 

composite capacitors (> 25 J/cm3).          

However, much work is still needed to understand the interaction mechanisms 

between the phases. We aim to seek an understanding of the processing 

challenges, especially in terms of fabricating thin film ferroelectric polymers and 

their application in nanocomposite capacitors while effectively maintaining 

optimized performance when embedded in flexible electronics. 

A process for synthesizing high performance P(VDF-TrFE) thin films is 

developed realizing the importance of controlling several process parameters to 
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achieve high quality devices. Electrical and physicochemical characterization 

demonstrate how the performance of the polymer films improves with prolonged 

annealing periods by allowing sufficient time for solvent evaporation, 

crystallization and preferential-orientation of the crystallites. 

The polymer P(VDF-TrFE) is then used as a host material with barium titanate 

(BTO) nanoparticles below 100 nm (K = 150) as a ceramic filler in 

nanocomposite films. Facile surface modification by hydroxylation proved to be 

essential in the performance of the devices in terms of leakage current. A 

decrease of approximately 2 orders of magnitude in current leakage is recorded 

in surface modified BTO displaying potential for higher breakdown strength. 

Besides developing a process for P(VDF-TrFE) and low leakage composites, the 

importance of dispersion techniques and filler loadings are also discussed. 

Combining higher BTO volume fractions dispersed via colloidal milling enhances 

the effective permittivity by ~112% and lowers energy dissipation to a maximum 

of 0.1 at higher frequencies (1 MHz). 
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CHAPTER 1 

1 Introduction 

Rapid advancement in nano-electronics as observed by Moore‟s law is leading 

towards the development of new materials with low cost, enhanced properties, 

better fabrication and reduced size [1]. Among passive elements in electronic 

circuits, capacitors with high dielectric performance are of major importance 

comprising the majority of these components [2]. Typical capacitor applications 

include analog-to-digital conversion, dynamic random access memory, and 

energy storage. In high power density applications, electrostatic capacitors play a 

major role in storing and releasing electrical energy within short time periods, a 

mechanism that is normally difficult to achieve in batteries and supercapacitors. 

The magnitude of this stored energy is highly dependent on the properties and 

performance of the dielectric material. 

One of the approaches used in achieving high performance capacitor devices is 

to combine high dielectric ceramic fillers embedded in low-cost and flexible 

ferroelectric polymers with high voltage breakdown. Maximal energy storage is 

achieved when the versatile properties of such hybrid nanocomposite capacitors 

are effectively processed in terms of homogeneity. The primary research 

challenge is to optimize the dispersion between the typically hydrophilic inorganic 

fillers within the hydrophobic matrix. Thus, it is imperative to have good 

knowledge and control of the interfaces within the system. 
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Various processing techniques have been developed in an effort to improve 

dispersion. Surface modification of high permittivity ceramic nanoparticles is one 

of the approaches used to improve interfacial compatibility in polymer composites 

and will be the primary focus of this thesis. 

1.1 Physics of dielectric materials 

 

1.1.1 Capacitors 

 

The basic principle of a capacitor device is having a dielectric material 

sandwiched between two conducting electrodes preventing charges from flowing 

between them. The capacitance (C) is defined as the measure of stored charge 

(Q) per unit voltage (V) and is given in units of Farads (F) as shown in Equation 

1.1: 

     𝐶 = 𝑄/𝑉         Equation 1.1 

Equation 1.2 expresses the capacitance of a capacitor with parallel conducting 

plate geometry: 

             𝐶 =
휀0휀𝑟𝐴

𝑑
         Equation 1.2 

The area (A) of the electrodes and (d) is the distance between the plates. ε0 

(=8.854x10-12 F/m) is the permittivity of free space and εr is the relative 

permittivity, also known as the dielectric constant, of the material between the 

plates. Thus, the capacitance can be increased by changing the geometry of the 
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device (decreasing thickness and increasing area) or by increasing the relative 

permittivity of the medium between the plates. 

Induced by an electric field, separated charges in capacitors store energy (E), 

given by Equation 1.3: 

     𝐸 =
1

2
𝐶𝑉2             Equation 1.3 

The above equation can also be used to describe the maximum stored energy 

(Emax) of a device when applying a maximum voltage (VBD) before breaking the 

device. 

Using equation 1.3, the maximum stored energy per volume (Energy density) can 

also be derived as follows: 

 

𝑈𝑚𝑎𝑥 =
𝐸𝑚𝑎𝑥

𝑣𝑜𝑙𝑢𝑚𝑒
=

1

2
휀0휀𝑟  

𝑉𝐵𝐷

𝑑
 

2

=
1

2
휀0휀𝑟𝐸𝐵𝐷

2
            Equation 1.4 

 

where EBD is the dielectric breakdown field strength. This concludes that the 

maximum energy stored would be proportional to the permittivity and the square 

of the breakdown field strength of the dielectric material. 

1.1.2 Origin of Polarizations and Energy storage 

 

Dielectric materials store energy due to their ability to polarize. This is attributed 

to the separation and alignment of electric charges induced when applying an 
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electric field. Depending on the frequency range, different polarization 

mechanisms occur in dielectric materials as depicted in Figure 1 [3]. 

 

 

Figure 1 Origin of polarization and its mechanisms [4] 

 

Since each polarization mechanism has its own characteristic relaxation 

frequency, the permittivity of different dielectric materials show frequency 

dependence. For example, slow mechanisms such as molecular polarization 



15 
 

 
 

involving rotation of molecules fail to respond at higher frequencies resulting in 

lower contribution to the dielectric energy storage at high frequencies. 

Furthermore, the total electric polarization at a given frequency is the sum of all 

polarization contributions of the material. The permittivity also varies with bias, 

temperature, crystal structure, and impurity of the material. 

1.1.3 Dielectric loss and Energy Dissipation 

 

Independent of capacitor geometry and under an applied AC field, the dielectric 

loss represents the energy loss of the material. Also known as the dissipation 

factor (DF), this material property is expressed as the loss tangent (tan δ), which 

is defined as: 

 

     𝑡𝑎𝑛𝛿 ≡
휀 ′′

휀 ′
             Equation 1.5 

 

where ε” and ε‟ are the imaginary and real part of permittivity respectively. 

Dielectric losses originate from dipolar, interfacial (movement or rotation of 

molecules or atoms in an AC field), conduction (DC electrical conductivity) and 

distortional losses (ionic and electronic polarization mechanisms). 

 

The energy dissipated (W) is proportional to the loss tangent, frequency, 

permittivity, and electric field strength of the dielectric material [5]. 

 

               𝑊 ≈ 휀′𝐸𝑓𝑡𝑎𝑛𝛿                        Equation 1.6 
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To reduce energy dissipation, it would be important to have low dielectric losses, 

especially in applications operating at high frequencies. 

1.2 Inorganic Dielectric Materials 

 

Ever since the discovery of barium titanate (BaTiO3) with its exceptionally high 

permittivity in bulk form (K~3000); dielectric materials based on ceramics have 

been extensively used [6]. 

This is mainly due to the unique crystal structure found in ABO3 type metal 

oxides possessing a perovskite structure (Figure 2). 

 

 

Figure 2 Crystalline structure of perovskite barium titanate [7] 

 

For simplicity, above the Curie temperature (Tc), the structure can be described 

as a face-centered cubic (FCC) structure (lattice constant = 4.01 A) having the 
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Barium and Oxygen atoms occupying all the corners and faces respectively. The 

Titanium atom occupies the body-center on the octahedral site formed by the 

Oxygen octahedron. 

Transition from the paraelectric cubic to ferroelectric tetragonal (a,b = 3.98 A; c = 

4.03 A) phases in the structure occurs when the temperature goes below Tc of 

the material. In the case of BaTiO3 (BTO), this transition occurs at Tc ~ 120°C 

[8]. 

The tetragonal perovskite phase is responsible for polarization and thus, the 

ferroelectric behaviour of the material (Figure 3). 

  

 

Figure 3 Polarization occurs by the displacement of the center B atom (green Ti) along the c axis inducing a 

dipole moment (a) parallel to the direction of the applied field (b) and can be switched by applying an 

opposing field.  Unlike paraelectric phases, the dipole in ferroelectrics is maintained even after removing the 

external field and can be cancelled by either applying sufficiently high thermal energy or by applying a 

coercive field [9]. 

The disadvantage of such ceramic materials is high temperature processing and 

sintering (>600°C), low breakdown strength, and large leakage currents making 

them unsuitable in embedded capacitor applications of the rising low-cost organic 
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industry. Furthermore, the dielectric properties of ceramics are highly sensitive to 

temperature, thickness, bias, and frequency resulting in significant nonlinear 

performance [8]. 

1.3 Organic Dielectric Materials 

Most polymers are insulators or dielectrics due to their high current resistance. 

Relative to ceramics, polymers usually have much lower dielectric constants. On 

the other hand, their dielectric breakdown field strength can take place at 

sufficiently high fields making them attractive for high energy density 

applications, especially since we can tune their dielectric constant through 

molecular modification and via composite fabrication. More importantly, the 

energy density is not only dependent on the high field strength of polymers but 

also on their high charge density, or electric displacement (D). For example, a 

high energy density (~4 Jcm-3) polymer such as biaxially oriented polypropylene 

(BOPP) shows generally a low permittivity (~2.2) given by its low electric 

displacements (< 0.012 Cm-2) under a field of 600 MVm-1 [10,11]. 

In this thesis, I will be focusing on polar ferroelectric-type polymers. These 

polymers form unbalanced electron distributions due to unique molecular 

conformations that induce dipoles. These also lead to alignment along the 

direction of an applied field. Polarization in ferroelectric polymers gives rise to 

high dipole density with higher achievable electric displacements (0.1 Cm-2). This 

leads to an order of magnitude increase in the energy density [12]. 

Among the best known ferroelectric polymers with high electric displacements is 

poly (vinylidene fluoride), P(VDF). These fluorocarbons form highly polar C-F 
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bonds responsible for polarization. Polymer chain configuration as well as C-F 

and C-H bond directions highly affect the polycrystallinity and structural order, 

and thus can alter the vectorial sum of the dipole moment of the repeating units 

along the carbon chain. Therefore, it would be important to understand the 

different conformations and phases that exist within the crystal (  
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Table 1). 

Depending on the relative position of the side bonds along the carbon chain, 

different trans (T) and gauche (G) conformations arise. This thesis will target the 

all-trans (TTTT) polar β-polymorph due to its highest ferroelectric response and 

optimal dipole alignment in the crystal unit cell [12]. Moreover, chemical 

modification through co- or ter-polymerization of P(VDF) with different monomers 

can enhance the crystallinity of the β phase. 

The crystalline phase formation in P(VDF) is highly dependent on the fabrication 

method. A short review of the co- and ter- polymers as well as process 

optimization of P(VDF) will be presented in chapter 2. 

1.4 Composite Dielectric Materials 

Composite materials are mixtures of two or more components behaving like one 

system but combine the desirable properties of the constituent materials. 

Typically, these composites contain inorganic fillers in an organic host or vice 

versa. As described in the previous sections, ideally, the inorganic fillers help 

increase the effective dielectric constant of the composite without compromising 

the high breakdown strength of the organic host. Furthermore, the effective  
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Table 1 Three common stereochemical conformations in P(VDF) [13] 

Conformation Phase Unit cell 

TG+TG- α 

 

TTTT β 

 

TTTG+TTTG- γ 
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dielectric enhancement of the composite must not show an unacceptable 

increase in energy dissipation. Unfortunately, in practice, simple processibility of 

composites with high breakdown field strength, high dielectric constant, and low 

dissipation is not easily achievable, and there must be a compromise [14]. A 

clear understanding of composite materials, phases, and fabrication towards 

satisfying the above-mentioned prerequisites have still not been fully realized 

today. Theoretical models and predictions described in the following section have 

helped in our understanding of strategies and techniques for further improvement 

of composite dielectric properties in candidate materials. 

1.4.1 Connectivity Models 

 

Composite fabrication requires a clear understanding of the component 

properties, their loading, and how they are interconnected. Newnham et al. has 

established the concept of connectivity of diphase constituents in the composite 

[15]. Different connectivity notations can be used to describe composites, all 

depending on the nature and the morphology of the phases. Among the ten 

different possible connectivities, 3 types are presented in Figure 4.  

 

Figure 4 Common connectivity patterns in biphasic solids [15] 
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Randomly dispersed and isolated nanoparticles in a matrix depict 0-3 type 

connectivity, where the first and second numbers denote the filler and host 

connectivity respectively. Thus, depending on the properties and loading of the 

components, special analytical theories and models have been used to describe 

and predict the effective permittivity of such composite connectivity. Random 

orientations and shapes existing in 0-3 type composites induce more complicated 

field distortions and particle polarizations; thus, different formulas have been 

proposed, each considering comparable assumptions. Examples of some 

effective permittivity models and formulas proposed are listed below: 

1. Effective medium theory (EMT) [16] 

휀𝑒𝑓𝑓 = 휀𝑚  1 +
𝜐𝑓 휀𝑓 − 휀𝑚 

휀𝑚 + 𝑛(1 − 𝜐𝑓) 휀𝑓 − 휀𝑚 
  

2. Maxwell-Wagner equation [17] 

휀𝑒𝑓𝑓 = 휀𝑚

2휀𝑚 + 휀𝑓 + 2𝜐𝑓 휀𝑓 − 휀𝑚 

2휀𝑚 + 휀𝑓 − 𝜐𝑓 휀𝑓 − 휀𝑚 
 

3. Series mixing formula [16] 

1

휀𝑒𝑓𝑓

=
𝜐𝑓

휀𝑓
−

𝜐𝑚

휀𝑚

 

4. Modified Lichtnecker equation [16] 

log 휀𝑒𝑓𝑓 = log 휀𝑚 + 𝜐𝑓 1 − 𝑛 log
휀𝑓

휀𝑚

 

5. Bruggeman formula [18] 
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𝜐𝑓  
휀𝑓 − 휀𝑒𝑓𝑓

휀𝑓 + 2휀𝑒𝑓𝑓

 + 𝜐𝑚  
휀𝑚 − 휀𝑒𝑓𝑓

휀𝑚 + 2휀𝑒𝑓𝑓

 = 0 

6. Jayasundere-Smith (JS) equation [19] 

휀𝑒𝑓𝑓 =

휀𝑚 1 − 𝜐𝑓 +휀𝑓𝜐𝑓  
3휀𝑚

휀𝑓 + 2휀𝑚
  

1 + 3𝜐𝑓 휀𝑓 − 휀𝑚 
휀𝑓 + 2휀𝑚

 

1 − 𝜐𝑓 + 𝜐𝑓  
3휀𝑚

휀𝑓 + 2휀𝑚
  

1 + 3𝜐𝑓 휀𝑓 − 휀𝑚 
휀𝑓 + 2휀𝑚

 

 

 

where εeff, εf, and εm are the permittivity of the composites, filler, and matrix, 

respectively. υf and υf are the volume fractions of the ceramic filler and polymer 

matrix. n is a fitting parameter or morphology factor dependant on the shape of 

the filler particles. 

1.4.2 Material Options for high K composites 

 

As suggested in the dielectric theory, low energy dissipation and high dielectric 

constants are two important parameters for embedded capacitor applications. As 

such, considerable attention has been given towards the research and 

development of candidate composite materials.  A brief review on these materials 

is discussed in the following sections. 

1.4.2.1 Conductive Filler/Polymer Composites 

 

Ultrahigh K materials with conductive-insulator composites based on the 

percolation theory are one approach for integral capacitors of next-generation 

microelectronics [20]. 
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Conductive fillers such as nickel, aluminum, silver, and carbon black have been 

used for preparation polymer composites, some reaching effective permittivity 

three to four orders higher than that of the insulating polymer matrix. This 

approach requires very low volume fractions of the fillers relative to other high-k 

fillers in polymer hosts [4]. 

However, high energy dissipation, low breakdown field strength and narrow filler 

range limit the applications of these composites. 

1.4.2.2 All-Organic Composites 

 

Zhang et al. has reported all-organic composites with very high dielectric 

constants by introducing copper-phthalocyanine (CuPc) oligomers with K values 

as high as 105 [21]. Mixing these fillers in co-polymer P(VDF-TrFE) hosts showed 

a dielectric constant of 225 with a dissipation factor of 0.4 at 1 Hz. Further 

chemical modification of the oligomer by Wang et al. reduced losses and 

improved filler dispersion in the matrix [22]. Conductive organics such as 

polyaniline (PANI) embedded in ter-polymer P(VDF-TrFE-CTFE) reached K 

values above 1000 at 1 kHz as demonstrated by Huang et al [23]. 

Although all-organic materials display promising candidates towards high-K 

composites, further investigation is needed to realize these materials in 

embedded thin film capacitors. 
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1.4.2.3 Ferroelectric Ceramic/Polymer Composites 

 

This category of hybrid composite capacitors has been actively explored by 

various groups for embedded capacitor applications. The advantage of low 

temperature processing, low cost and mechanical flexibility of the polymer host 

with desirable dielectric properties of the ceramic filler makes this combination an 

attractive approach for simple fabrication of high energy density capacitors [24-

26]. 

Synthesis of high-K ceramic nanoparticles at high temperature before being 

applied to the polymer matrix gives more flexibility for composite fabrication at 

tolerable temperatures either by screen printing, drop casting or even spinning 

making them suitable for application on flexible organic substrates. 

Of course, challenges in processing hybrid capacitors still remain. Air gaps, weak 

adhesion, defects and incompatible interfaces in composites degrade 

capacitance performance. Achieving homogenous dispersion and 

deagglomeration of nanoparticles in the matrix are also among the major 

difficulties. 

The above-mentioned issues become even more difficult with higher filler volume 

loadings. The amount of filler loading required to reach optimal performance, 

without compromising the desired properties of the phases, depends on the 

dielectric contrast between the inorganic and organic materials in the composite. 

Thus, high dielectric contrast of the phases would require higher volume fraction 

of the ceramic filler for effective permittivity enhancements. The permittivity in 
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composites has been described in various theoretical models discussed in 

section 1.4.1. 

1.5 Thesis Objectives 

 

Before selecting candidate composite materials, theoretical predictions have 

highlighted some of the major techniques that can be used to maximize the 

dielectric constant and minimize energy dissipation. These techniques are: 

1. Filler content optimization to maximize the dielectric constant. 

2. Morphology, packing and distribution enhancement of dielectric via 

effective dispersion. 

3. Devising suitable processing techniques. 

4. Filler interfacial modification to suppress dielectric loss. 

In chapter two, we will be focusing on optimizing a process for P(VDF-TrFE) thin 

films at different thicknesses and annealing periods. 

After establishing this process, chapter three will explore and discuss the effect 

of surface modification through high density hydroxylation of barium titanate 

nanoparticles dispersed onto a polymer host of P(VDF-TrFE) on the energy 

density of capacitor devices. 

Finally, we will conclude our final chapter by investigating processing techniques 

and the effect of increasing filler loading on the dielectric constant of the 

composite films. 
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CHAPTER 2 

2 Process Optimization of P(VDF-TrFE) Thin Films 

 

This chapter starts with a mini-review on ferroelectric P(VDF) polymers before 

proceeding to the experimental section describing optimized processing and 

characterization of co-polymer P(VDF-TrFE). 

2.1 Introduction 

 

Enhancing the effective permittivity of composites would require high permittivity 

polymer hosts, especially since that would decrease the dielectric contrast 

between the ceramic and polymer. As described in section 1.3, ferroelectric 

polyvinylidene fluoride P(VDF) has a high electric displacements thereby 

increasing the total polarization and capacitance making it an interesting electro-

active polymer for energy storage. Large and stable polarizations at short 

switching times as well as low leakage currents [27] have also been reported. 

The β-phase in P(VDF) is primarily responsible for this desirable effect due to 

optimal domain alignment by the all-trans conformation. However, P(VDF) is 

typically a polymorphous material achieving a maximum of 50% β-phase 

crystallinity and 25% polarization [28]. 

As indicated by XRD in Figure 5, maximizing the β-phase crystallinity is achieved 

by chemical modification of the polymer by introducing additional monomer units 

such as trifluoroethylene (TrFE). 
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Figure 5 XRD showing β-phase enhancement in P(VDF) co-polymer [29] 

 

Figure 6 shows the molecular structures of P(VDF) and the co-polymer P(VDF-

TrFE). 

 

Figure 6 Molecular structure of P(VDF) and its co-polymer [27] 

 

It has been demonstrated that the P(VDF-TrFE) co-polymer can enhance β-

phase crystallinity to over 90% and achieve 80% polarization containing TrFE 

ratios between 0.5 and 0.8 [28]. Introducing large fluorine atoms in the chain help 

increase and maintain crystallization of the desired conformation through steric 

hindrance [28]. 

Furthermore, structural modification decreases the Curie temperature of the 

polymer below its melting point, transforming it into the hexagonal phase. This 
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results into ~10% intermolecular expansion offering flexible chain mobility along 

the carbon backbone towards easier lamellar crystal growth [30]. Upon cooling, 

the overall polymer chains shrink and become densely packed. 

Other ways of controlling the Curie temperature to closely match the working 

temperatures of different applications is through further modification of the 

polymer, either by changing the monomers or by introducing 2 or 3 additional 

monomers along the repeating chain. 

Another example of further reduction in the crystalline domain size and phase 

transition energy barrier has been reported by incorporating a small amount of 

chlorotrifluoroethylene (CTFE) into P(VDF-TrFE) lowering the Curie temperature 

down to room temperature [31]. 

Dielectric properties of selected types of VDF co- and ter-polymers are 

summarized in Table 2. 

Table 2 Permittivity of common ferroelectric polymers based on P(VDF) [31] 

Host polymer Dielectric constant ( at 1 kHz) 

P(VDF) 12.5 

P(VDF-TrFE) – 70/30 14 

P(VDF-TrFE-CTFE) 32.3 - 50 

P(VDF-HFP) 11.9 
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2.2 Materials and Methods 

 

Before attempting to fabricate composite films discussed in the next chapter, this 

section aims to identify optimum recipes in preparing host P(VDF-TrFE) thin 

films. 

The ferroelectric co-polymer, P(VDF-TrFE), was obtained in fine powder form 

from Piezotech S.A, France. Methyl Ethyl Ketone (MEK), also known as 

Butanone, was used as the dissolving solvent. Platinum coated silicon wafers 

were scribed and used as a substrate and bottom electrode.    

2.2.1 Experimental 

2.2.1.1 Ferroelectric Device fabrication 

 

 Polymer solutions at different concentrations (1, 2 and 3wt%) were prepared 

by dissolving appropriate masses of polymer powder in MEK inside a glove 

purged with nitrogen. Powders were left to completely dissolve for at least 4 

hours. 

 Substrates were cut and cleaned by rinsing with acetone, isopropanol and 

deionized water. Water was dried under streaming nitrogen gas. 

 All polymer solutions were spun on the substrates inside the glove under 

constant spinning conditions (6000 rpm for 60 seconds). 

 Spun samples were pre-heated at 80 C on a hot plate for 30 minutes to 

evaporate the solvent. 

 Further solvent removal and film crystallization were done inside a vacuum 

oven at 120C for 2, 4 and 8 hours. The samples were allowed to slowly cool 
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down under vacuum to room temperature inside the oven to facilitate grain 

growth. 

 Top Au electrodes (~100 nm thick) were evaporated through a shadow mask 

at 0.1 nm/sec. 

 Film thicknesses for all samples were measured using a Dektak profilometer. 

By following the above procedures, 9 samples have been prepared as 

summarized in chart below. 

 

  

P(VDF-TrFE) concentration 

(wt%) 

Film thickness 

(nm) ± 10 

1 50 

2 170 

3 330 

2 HOUR ANNEAL 

120C 

4 HOUR ANNEAL 

120C 

 

8 HOUR ANNEAL 

120C 

 

1 

wt% 

 

 

3 

wt% 

 

 

1 

wt% 

 

 

2 

wt% 

 

 

3 

wt% 

 

 

1 

wt% 

 

 

2 

wt% 

 

 

3 

wt% 

 

 

2 

wt% 
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2.2.1.2 Electrical Characterization 

 
All electrical characterizations were performed using a Cascade Microteck 

(Summit 11000 AP) probe station with a sharp probe tip. 

 

 

Figure 7 Fabricated devices of P(VDF-TrFE) films 

Ferroelectric characterization: 

Charge displacement versus electric field (D-E) hysteresis loops were measured 

under a standard bipolar signal using Premier Precision II (Radiant Technologies 

Inc.) under various switching voltages and a frequency of 10 Hz. 
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Dielectric spectroscopy: 

Frequency dependence and the loss tangent were measured from 1 kHz to 1 

MHz using an Agilent LCR meter operating in an equivalent parallel circuit mode 

under small signal AC oscillation level of 50 mV without applying a DC bias. 

Frequency scan range was taken from 1 kHz to 1 Mhz. 

I-V characterization: 

Leakage current density characterizations were measured by applying a DC field 

while recording the change in current output using a Keithley 4200-SCS 

Semiconductor Characterization System. An initial DC pulse of 25 V, sufficient to 

pole and switch the devices was applied prior to each measurement. 

2.2.1.3 Spectroscopic Characterization 

Fourier Transform Infrared Spectroscopy (FTIR): 

A beam of infrared energy is emitted from a source and passes through an 

aperture to regulate the magnitude of energy reaching the sample. 

Spectral encoding occurs at the interferometer producing a signal which is sent 

to the sample. 

Depending on the nature of the material, specific frequencies of energy are 

absorbed that are characteristic to the excitation energies of the bonds present in 

the molecules of the sample. 
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After passing through the sample, the interferometer signal is then measured at 

the detector and finally decoded in a computer using Fourier transformation, 

where individual frequencies are interpreted and presented in spectral form for 

further analysis. 

The schematic of the technique process is summarized below [52]: 

 

Grazing angle attenuated total reflectance (GATR-FTIR) spectroscopy was used 

to acquire spectra using a Nicolet iS10 with 512 scans at a resolution of 2 cm-1. 

This technique is specifically useful for thin film analysis because the incident IR 

radiation interacts with the sample differently. The small incident angles result in 

attenuation as well as total internal reflection of the beam, providing the 

possibility for more stringent analysis of additional vibrational modes. 
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Grazing Incidence X-ray Diffraction (GIXRD): 

Standard X-ray diffraction on thin films can be a disadvantage since the 

contribution from the substrate may obscure the contribution from actual thin film 

material. Thus, the GIXRD technique offers a solution to minimize substrate 

contributions and maximize intensity of the thin film. 

In this technique, a monochromatic and parallel X-ray beam hits the sample at a 

fixed incident angle where the diffraction patterns are only recorded through the 

movement of the detector. Provided that the incidence angle is small enough so 

that the refractive index is less than unity, total external reflection of the beam 

occurs. This limits the penetration depth and offers more information regarding 

the order of the atoms at the thin film surface. 

In our analysis, an incident angle of 0.5 degrees, scan speed of 5, and resolution 

of 0.01 using a Bruker D8 Discover. A scan range from 17-23 2θ was used for 

data acquisition, characteristic of the (200) and (110) planes of the β-phase.   
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2.3 Results and Discussion 

Before presenting our results, it is worth noting that, after multiple attempts, we 

eventually succeeded in fabricating switchable ferroelectric P(VDF-TrFE) thin 

films by optimizing the following: 

 Vacuum pressure level inside the drying oven must be sufficiently low (< 1 

Torr). 

 Slow cooling of films down to room temperature under vacuum 

recommended. 

Neglecting the above points usually resulted in leaky devices, possibly due to 

humid laboratory conditions. 

2.3.1 Effect of Annealing Period on Polarization 

In this section, we want to investigate the effect of annealing period on the 

performance of the devices. As described in the experimental, 2, 4, and 8 hour 

annealing times were selected. 

Interestingly, the change in ferroelectric properties with annealing time for both 

the 170 and 330 nm films followed the same trend. Polarization loops in Figure 8 

(left) indicate that longer annealing times increases the remnant polarization (Pr) 

without any significant change in the Ec (50-60 MV/m). 

Remnant polarization values for 4 and 8 hour anneals are comparable (Pr ~6-

6.5), whereas a drop in Pr (<6) is observed for samples annealed for 2 hours. 

Further analyses were made in an attempt to explain these changes. 
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Figure 8 Polarization loops at 10 Hz under an applied field of 120 MV/m for 170 and 330 nm films as a 

function of annealing time (left). Corresponding leakage current densities for each sample after poling with a 

25 V pulse (right) 

Sample leakage and crystallinity directly correlate to the maximum achievable 

polarization observed in the hysteresis loops. More leakage (Figure 8 (right)) was 

observed in the shorter annealing periods in agreement with the performances 

found in the PE curves. This suggests that increasing the annealing period 
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permits more effective solvent evaporation from the films and promotes 

crystallization. 

Besides enhanced solvent evaporation, for the samples annealed above 4 hours, 

the carbon chain backbone has been found to preferentially orient parallel to the 

substrate as depicted in Figure 9. 

 

 

 

 

 

 

 

 

Figure 9 Schematic representation of polymer chain orientation on the Pt substrate. Arrows depict the 

resultant direction of the dipole moment µ  

The phases present in P(VDF-TrFE) respond differently under external 

electromagnetic fields used in FTIR spectroscopy [36], where stronger 

interactions take place when the IR electric field is perpendicular to the dipole 

moments of a ferroelectric. 2 FTIR data acquisition modes have been used for 

this analysis, p-polarization (IR field parallel to substrate) and s-polarizations (IR 

field perpendicular to substrate). In Figure 10 a), absorption peaks at 1288 and 

850 cm-1 bands represent symmetric stretching of the CF2 bonds characteristic to 

the β-phase [37]. Comparing the β peaks relative to sample thickness, there is a 

µ 

‘p’ polarized 

bands 

‘s’ polarized 

bands 

µ 
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clear increase in the band intensity between 2 and 8 hour annealed samples. 

Furthermore, in the s-polarization mode displayed in Figure 10 b), the 1288 

absorption peaks completely disappear for samples annealed for 8 hours. This 

reveals that preferential orientation and relaxation of the polymer chains parallel 

to the substrate occur at prolonged annealing times, resulting into higher density 

of dipole moments normal to the substrate (and electrodes), desirable for 

polarization performance in our parallel plate capacitors. 

 

 

Figure 10 a) p and b) s polarized FTIR scans for 170 and 330 nm films as a function of annealing period. 
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Finally, as indicated in Figure 11, the degree of crystallinity is also enhanced for 

samples annealed at 8 hours. The inter-planar distance was calculated to be 

approximately 4.44 Å. 

 

 

 

Figure 11 GAXRD of polymers films as a function of annealing period 

β (110),(200) 

β (110),(200) 
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2.3.2 Thickness Dependant Polarization 

The polarization switching behaviour of ferroelectric P(VDF-TrFE) changes as 

the film thickness is reduced near a threshold thickness. Several papers have 

investigated the effect of film thickness on polarization behaviour of the polymer 

[32-34]. 

In this section, we will only present the datasets relevant to these findings. Figure 

12 shows the polarization behaviour of three P(VDF-TrFE) devices at different 

thicknesses annealed for 8 hours at 120°C. 

After switching all the samples by applying a DC of 20V (50 & 170 nm films) and 

40 V (330 nm films), it can be seen that the coercive field (Ec) for both 330 and 

170 nm films are comparable, ranging between 50-60 MV/m. 

However, for the 50 nm film, a much higher switching field is required to pole the 

sample where greater switching field at around 75 MV/m is observed. Thus, there 

appears to be a threshold thickness at which the ferroelectric switching field 

increases dramatically, supporting the claims discussed in several publications 

by Feng et. al [32-34]. 50 nm films also displayed the largest non-switchable 

polarization primarily due to defects induced at the interface between the PT 

electrode and the polymer film.  

Nonetheless, sub-100 nm polymer films reached an Ec as low as 3 V. This 

coercive voltage can potentially be further reduced by introducing more 

compatible organic electrodes (PEDOT:PSS) at the interface inhibiting defect 

formation [35]. 
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Figure 12 Hysteresis loops as a function of film thickness under a 

frequency of 10 Hz. 
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Comparing the leakage currents of the devices at 10V DC, almost 3 orders of 

magnitude increase in leakage current is observed in the 50 nm films (Figure 13), 

possibly due to strain-induced defects that allow conductivity by tunnelling. 

Presented in Figure 14, GIXRD data taken from thickness from 50 to 330 nm, 

where characteristic (110, 200) reflections of the β-phase was measured [38]. All 

peaks are at the approximately the same position which indicate that, regardless 

of film thickness, adjacent chain spacing is constant. However, there appears to 

be a clear drop in crystallinity towards ultrathin films. 

 

Figure 13 Leakage current density as a function of film thickness. All 

samples were poled by applying a 25V DC pulse prior to leakage 

testing. 
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Figure 14 GAXRD of the β-phase of P(VDF-TrFE) as a function of film thickness 

 

Supported by I-V and XRD data, the polarization behaviour in ultrathin films 

would require higher switching fields which affect the efficiency of the devices. 

Furthermore, it has been reported that this high field dependency in sub-100 nm 

thick films do not retain high Pr and increase the switching times [35]. This 

indicates that low performance films below 100 nm would not serve our primary 

purpose and goes beyond the scope of this study. 

2.4 Conclusion 

P(VDF-TrFE) thin film capacitors have been fabricated and tested as a function 

of thickness and annealing times. The properties of the polymer significantly 

β (110),(200) 
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change towards ultrathin films as indicated from the decrease in Pr and increase 

in Ec due to loss in crystallinity and increased current leakage below a threshold 

thickness. Furthermore, the highest Pr was observed for samples annealed for 8 

hours. Longer annealing decreased current leakage, promoted chain alignment 

parallel to the substrate and increased crystallinity. In conclusion, above a certain 

threshold thickness, the ferroelectric behaviour of P(VDF-TrFE) films are affected 

by the crystallization process in terms of annealing periods, permitting more 

solvent evaporation, improved chain orientation, crystallization and finally the 

overall ferroelectric polarization and device performance.         
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CHAPTER 3 
 

3 Surface Modification of Barium Titanate Nanoparticles 

 

3.1 Introduction 

 

To maximize energy storage, composite dielectrics should normally operate 

close to their maximum breakdown field strength while minimizing current 

leakage. In dielectrics, breakdown strength can be enhanced by inhibiting charge 

transport by introducing deep electron and hole trap states. In composite 

dielectrics with high interfacial density, engineering these trap states at the 

interfaces is crucial to the performance of the device. Thus, it is imperative to 

realize that interfacial science has become the art of composite materials. 

Before fabricating composite thin films as we proceed in this chapter, this section 

reviews some of the surface modification techniques being applied to fillers in 

nanocomposites. These techniques have been introduced in an attempt to 

suppress dielectric loss via effective filler distribution and dispersion in the matrix. 

Basically, surface modification enhances the compatibility of the typically 

hydrophilic metal oxide nanoparticles in the hydrophobic polymer matrix. In 

conclusion, the primary challenge will be on how well we can deagglomerate the 

particles and homogenously distribute them in the host polymer. 
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3.1.1 Common Surface Modification of Nanoparticles 

 

As previously mentioned, understanding the interface region is very important to 

explain the significant changes in behaviour of the polymers exerted by the 

addition of nanofillers. Frank Caruso provided an extensive study on types of 

surface functionalization of nanoparticle surfaces in an organic host [39]. Some 

examples of applications that target surface functionalities range from 

nanoparticle aggregation prevention, dispersability, solubility, and wetting 

modification as well as adhesion [31]. Examples of modification techniques 

(Figure 15) are summarized in the following sub-sections. 

 

Figure 15 Types of particle surface modification [40] 

3.1.1.1 Block Co-polymer Coating [40] 

Polymerizing a polymer connected to the surface of the particle by: 

a) Grafting: Strong attachment of an initiator followed by polymerization at 

the grafted nodes.  

b) Hydrogen-bond adsorption: Adsorption of monomers on the particle 

surface followed by polymerization. 
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3.1.1.2 Organic Coating [40] 

The surface of metal oxide nanoparticles are normally terminated with hydroxyl 

groups (M-OH) which act as reactive sites for organic coupling reactions with 

organic ligands providing a variety of tailored functionalities. Depending on the 

nature of the particles and their applications, ligands (sometimes referred to as 

surfactants) such as silanes (M-O-Si), phosphonic acids (M-O-P), and sulfonic 

acids (M-O-S) have been used. Several other types of acids have also been 

explored. 

3.1.1.3 Inorganic Coating [40] 

Sol-gel processes to deposit or precipitate inorganic materials such as titanates, 

silicates, and zirconia on usually metal oxide nanoparticles have been reported. 

These coatings can attach to ligands to cross-link with the polymer host. 

Xiaoliang Dou et al. has demonstrated enhancement in the dielectric strength of 

BTO/P(VDF) composites up to ~7% filler loading by coating BTO with a layer of 

titanate [41]. 

3.1.2 Surface Modification by Dense Hydroxylation 

Hydroxyl groups on the surface of BTO are normally used as reactive sites for 

further organic coupling of the particle with different ligands. A proton is replaced 

with a binding group from the ligand through electrophilic substitution. Large 

coupling density through strong, stable and fast binding kinetics is one of the 

desired aspects towards effective surface modification [31]. 
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In this report, instead of using surface hydroxyl groups for functionalization of 

filler particles with organic ligands, we chose to just apply denser surface 

hydroxylation without further modification.   

3.3 Materials and Methods 

This section describes a method for dense hydroxylation of barium titanate 

nanoparticles (BTO) in an attempt to reduce current leakage when directly 

dispersed in P(VDF-TrFE) towards higher energy density composite capacitors. 

Pre-synthesized BTO particles (<100 nm) were purchased from Sigma Aldrich. 

Polymer films were fabricated based on the findings from the previous chapter. 

3.3.1 Experimental 

3.3.1.1 Hydroxylation of BaTiO3 Nanoparticles 

This process has been adapted from a recent publication describing efficient 

hydroxylation of BTO particles using hydrogen peroxide [42]. 

 200 mg of BTO nanopowder was refluxed in 80 mL of aqueous solution of 

hydrogen peroxide (H2O2) at 106°C for 4 hours. 

 Following reflex, suspended particles were filtered from the solution and 

washed with DI water for at least 7 times. 

 Treated particles were dried overnight in an oven at 80°C and stored in a 

dessicator. 

3.3.1.2 BTO-P(VDF-TrFE) Capacitor Fabrication 

 2wt% polymer solution was prepared as described in the previous chapter. 
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 Hydroxylated BTO (BTO-OH) and as-received BTO particles were weighed 

according to the desired filler loading (5 and 10% volume fractions). 

 Powders were then suspended on the polymer solution and ultrasonicated for 

at least 1 hour before being spun on substrate. Spinning recipe described in 

chapter 2 was followed. 

 Films were dried for 30 minutes on a hotplate before further crystallization in 

the vacuum oven at 120°C for 4 hours. 

 Top Au electrodes were deposited by evaporation using a shadow mask. 

 Film thicknesses were measured with a profilometer. 

3.3.1.3 Transmission FTIR 

FTIR was chosen to confirm BTO powder hydroxylation using the transmission 

mode. 100 mg of KBr powder was pressed for background collection. 2 additional 

pellets containing 1% BTO and BTO-OH in 100 mg  KBr were also pressed for 

comparison. 

Transmission FTIR spectroscopy was used to acquire spectra using a Nicolet 

iS10 with 64 scans at a resolution of 4 cm-1.   

3.4 Results and Discussion 

3.4.1 BaTiO3 hydroxylation 

The effect of H2O2 treated BTO nanoparticles is studied using transmission FTIR. 
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Figure 16 Transmission FTIR of as-received and hydroxylated BTO particles. KBr background subtracted 

Three main absorption bands at 550, 1442 and 3433 cm-1 are observed in Figure 

16. The band at 550 cm-1 corresponds to the Ti-O bond vibration in BTO whereas 

the band at 1442 cm-1 is assigned to the stretching vibrations of –CO3
2- that 

comes from BaCO3 contaminant normally found in the powder. More important is 

the absorbance at the 3433 cm-1 band which represents the stretching mode of 

hydroxyl groups on the surface of the particles. A stronger hydroxyl peak appears 

on the treated particles [42]. 

Additional analysis was done by comparing the absorbance of the BTO-OH 

sample relative to as-received BTO background shown in Figure 17. The 

following relationship was used to retrieve the absorbance [43]: 

     𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = −𝑙𝑜𝑔10  
𝐵

𝐴
                 Equation 3.1 
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Figure 17 Transmission FTIR of hydroxylated BTO. As-received BTO background subtracted 

Where B and A are the sample and background spectra respectively. The 

intensity of carbonate contaminant is very strong on the treated particles 

indicating leaching of the particles in the aqueous solution. These impurities can 

be removed by washing with ammonium chloride [31]. It is clear that the ratio of 

hydroxyl groups on the surface of BTO-OH is greater than the as-received 

samples. Our data confirms that the nanoparticles have been hydroxylated. 

A publication by Mario Chiesa investigating the role of surface hydroxyl groups 

on MgO quotes: “Hydrated metal-oxide surfaces are becoming an important topic 

among surface scientists, as the physical and chemical properties of oxide 

surfaces and their potential nanotechnological applications have been shown to 

be strongly influenced by the degree of surface hydroxylation.” [44] 
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Considering the lattice structure of barium titanate, the titanium atoms are 

surrounded by 6 oxygen atoms forming an octahedron giving less flexibility to 

bond with surface hydroxyl groups. However, the barium lattice points are more 

isolated from its neighbouring atoms offering enhanced bonding capability with –

OH on the surface. Figure 18 shows a schematic illustration of the first 3 surface 

layers in BTO showing the possibility for denser surface hydroxylation in Ba 

atoms. 

 

Figure 18 Schematic of the first three surface layers in BTO [45] 

According to the publication on the hydroxylation process of BTO adapted in this 

report, the authors also conducted an XPS study on H2O2-treated particles and 

concluded that denser hydroxylation was mainly due to Bronsted-basic bonding 

of –OH with the Ba atoms on the surface (Figure 19). 
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Figure 19 Surface nature of BTO treated by hydrogen peroxide and standard acid-treatment [42] 

Having established a process for facile BTO hydroxylation, we proceed in the 

next section to investigate whether this surface modification affects the 

performance of our composite devices.  

3.4.2 Influence of Hydroxylated BaTiO3 on Hybrid Capacitor Performance 

Typical composite device fabrication by mixing nano-sized ferroelectric particles 

in a polymer solution followed by solvent evaporation was used. This permits low 

temperature processing of high dielectric constant BTO in P(VDF-TrFE). 

The main purpose of this work is to process composite films in which the leakage 

currents induced by defects at the filler/matrix interface are minimized through 

surface modification. 

Composite capacitors containing 5 and 10% BTO filler loadings were prepared. A 

reference P(VDF-TrfE) polymer, polymer+BTO, and polymer+BTO-OH samples 

for each loading was used for comparative reasons. In Figure 20, a low signal 

(50 mV AC) Cp-frequency sweeps from 1 kHz to 1 MHz were applied on devices 

across the whole film for each sample. The median data for each sample is 

presented. The effective permittivity of the composites relative to the reference 
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sample clearly increases demonstrating the influence of adding high-k ceramic 

particles in the polymer. Samples containing 10% filler loading of BTO and BTO-

OH particles showed 24% and 20% enhancement in the dielectric constant 

respectively. Furthermore, 5% filler loading of BTO and BTO-OH also showed 

dielectric enhancement of 5% and 7% respectively. 

  

Figure 20 Left: Dielectric spectroscopy of P(VDF-TrFE) nanocomposites containing 5 and 10 vol% BTO and 

BTO-OH from 1kHz to 1Mhz. Right: The Dielectric loss of the corresponding samples. 

Uniformity of particles dispersed on the films highly influences our recorded 

permittivity values, so the percentage enhancement would not necessarily reflect 

on the quality of the sample as large BTO agglomerates under an electrode may 
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show higher permittivity values. Nonetheless, we have established that addition 

of BTO, regardless of modification, does increase the dielectric constant. 

Typically, Weibull analysis would be a powerful tool for investigating the 

breakdown strength of our devices. However, an alternative study on these 

samples was made in terms of leakage currents. The magnitude of current 

density as a function of DC voltage provides information on how well the films 

resist current flow across the conductive plates which would highly affect the 

breakdown field strength and therefore, the maximum allowable energy density. 

Relative to composites fabricated using as-received BTO, surface modified 

samples by hydroxylation displayed significantly lowered leakage currents 

(Figure 21). We suggest that this decrease in leakage current could be due to 

increase in the density of electron traps introduced by the hydroxyl groups on the 

particle surface. 

 

Figure 21 Leakage current density of P(VDF-TrFE) compared with composites containing as-received and 

hydroxylated BTO. All samples were initially poled prior to testing 
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Similar observations from commonly used SiO2 dielectrics have been found to 

exhibit large electron trap sites at the semiconductor-interface by surface 

hydroxyl groups [46]. 

The interaction and compatibility between the polymer and ceramic greatly 

influence the properties of the composite dielectric. Charge traps at the interface 

between the inorganic and organic phases drastically reduce electron transport 

through the film by existing –OH groups with high electron affinity [47]. 

In addition to the marginal decrease in the leakage currents, we anticipate that 

breakdown analysis can also demonstrate that hydroxylation of the inorganic 

particles may have also enhanced homogenous dispersion and lowered the 

density of defect sites thereby resulting into higher breakdown strengths. On the 

other hand, higher leakage currents and lower breakdown strengths of 

unmodified BTO in the polymer matrix would be due to increase in interfacial 

defects by coalesced particles promoting though-space charge transport and 

percolation, and possibly resulting into earlier avalanche breakdown.  

Bar charts shown Figure 22 summarize our findings by comparing the relative 

permittivity at 1 kHz and leakage current density at 20V for each sample. 
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Figure 22 A comparative summary of dielectric enhancement (at 10 kHz) and leakage currents (at 20 V) for 

composites containing 5 and 10 vol% BTO and BTO-OH.  
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CHAPTER 4 

4 The Role and Fabrication Techniques of Nanoparticle 

Volume Fraction in Hybrid Capacitors 

In this final chapter, we investigate fabrication techniques and the dependence of 

dielectric properties on the filler loadings in nanocomposites using hydroxylated 

BTO and ferroelectric P(VDF-TrFE) polymer. The experimental results are then 

compared with analytical models based on the Jayasundere-Smith (JS) equation 

[19]. 

4.1 Introduction 

Many options for material choice have been studied and reviewed towards high 

permittivity composites but this report will only focus on incorporating BTO fillers 

in a polymer host in an effort to enhance the dielectric constant and breakdown 

field strength. These polymer-ceramic composite materials are mainly used for 

energy storage and high pulse power applications [14]. Table 3 summarizes a 

compilation of the properties on some BTO/polymer nanocomposites that have 

been recently studied. 

Generally, the energy density of a nanocomposite is the sum of the energy 

densities of the constituents. Most ceramic-polymer type nanocomposites contain 

equivalent volume fractions of the constituents and thus, a significant role 

towards the total energy density is needed from each material. This raises the 

importance of selecting polymer-ceramic materials with a low dielectric contrast 
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not to significantly limit the maximum achievable energy density due to highly 

inhomogeneous electric fields that mainly accumulate at the polymer matrix. 

Although large permittivity polymers such as P(VDF-TrFE-CFE) (K~50) would 

reduce the dielectric contrast with BTO nanoparticles (K~150), our study will be 

limited to P(VDF-TrFE)+BTO. 

Table 3 Compilation from literature on the properties polymers containing BTO [14] 

Matrix BTO Filler 

loading (%) 

 

Dielectric 

constant 

Breakdown 

strength 

(V/µm) 

Energy 

Density 

(J/cm3) 

P(VDF) 7 15 250 4.15 

Polyimide 80 70 168 8.74 

P(VDF-HFP) 50 37 210 6.10 

Ether bisphenol 

epoxy resin 

polycarbonate 

50 10 332 4.88 

Polyimide 60 30 168 3.75 

Polystyrene 60 45 120 2.87 

P(VDF-TrFE-

CTFE) 

20 48 115 2.8 
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In terms of size, micron-sized fillers usually deteriorate the breakdown strength 

caused by aggregation leading to defect regions that distort and form local 

electric fields in capacitor films. These field distortions mainly arise by the 

differences of the filler and matrix in terms of permittivity under AC fields and 

conductivity under DC fields. Moreover, the minimum achievable film thickness 

for 0-3 type connectivity composites is limited to the size of nanoparticles (Figure 

23). 

 

Figure 23 Dependency of minimal film thickness on filler size [48] 

Therefore, to achieve minimal film thickness, it would be very important to 

consider the surface-to-bulk ratio of our target composite films. One way to 

overcome these limitations is to introduce filler particles at the nanometer 

dimension. We will describe fabrication of nanocomposite thin films above 170 

nm using BTO particles below 100 nm. 
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4.2 Materials and Methods 

Among the major challenges in the development of efficient and reliable 

composite devices is maintaining reproducible and controlled fabrication routes. 

Before we discuss the theoretical implication of hybrid capacitors, we will first 

describe the processing techniques used to enhance the quality of our samples. 

Depending on the thickness of the polymer film and the degree of filler loading, 

we have devised different approaches to achieve optimized homogenous 

dispersion of the nanoparticles in the matrix. These approaches are described in 

the next section. 

4.2.1 Experimental 

4.2.1.1 Composite capacitor fabrication 

Similar to the procedure described in section 3.3.1.2 (p.49), BTO-OH was 

weighed according to the desired volume fractions and suspended in the polymer 

solution. The concentration of the polymer in the solvent was modified depending 

on the desired film thickness. Thicker films were chosen for nanocomposites 

containing more than 20% BTO volume fraction based on our reasoning 

described in the introduction of this chapter and due to technical difficulties that 

will be discussed later. 

In addition to our results for 5 and 10 vol% hydroxylated BTO discussed in the 

previous chapter, three additional samples have been prepared as described in 

Table 4. 
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In conclusion, filler loadings of 5, 10, 15, 20, and 30% were chosen for our study 

on the effect of nanoparticle volume fraction on the dielectric constant of the 

composite. 

Table 4 Summary of fabrication steps and parameters of nanocomposites 

P(VDF-TrFE) 

concentration 

(wt%) 

Thickness 

achieved 

(nm) 

BTO 

volume 

fraction 

Suspension 

spinning 

conditions 

Dispersion 

technique 

2 180 15 6000 rpm – 60 

sec 

Ultrasonication 

2 180 20 6000 rpm – 60 

sec 

Ultrasonication 

6 5400 30 1000 rpm – 60 

sec 

Colloidal 

Milling 

    

4.2.1.2 Colloidal Milling 

A grinding mill from Retsch GmbH (Planetary Ball Mill PM 200) was used to 

disperse and distribute BTO-OH in MEK. Yttria-stablized Zirconia (YSZ) jars with 

nominal volume of 125 ml and ball of size 10 mm were used as the dispersing 

media in the process (Figure 24). The Mohs hardness of YSZ is above 9 which is 

sufficiently greater than BTO (~5). 
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Initially, MEK+BTO-OH were milled for 1 day at 200 rpm, followed by addition of 

P(VDF-TrFE) powder for further milling under the same milling rate and period. 

 

Figure 24 YSZ colloidal milling balls and jar 

4.2.1.3 Oxygen Plasma Treatment 

Before spinning the polymer/ceramic solutions, all substrates were treated under 

oxygen plasma (OP) (Harrick Plasma) for 30 seconds to remove all undesired 

organic contaminants and to enhance the hydrophilicity of the substrate surface. 

This is specifically important when spinning highly viscous solutions while 

maintaining uniform thicknesses across the substrate. 

  

Figure 26 Standard acetone+ISP+DI (left) and Oxygen Plasma (right) cleaned substrates. DI droplet 

is barely observable on the OP-treated hydrophilic surface 
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The processing sequence of the ball milled sample is summarized in the 

flowchart below.  

Hydroxylated BTO + MEK 

Initial ball milling 

(200 rpm – 24 hours) 

Additional ball milling 

(200 rpm – 24 hours) 

Nanocomposite solution 

Spin coating 

(1000 rpm – 60 sec) 

Hot Plate (80°C – 30 min) then 

Vacuum Oven (120°C – 4 hr) 

Top electrode deposition 

(+300 nm Au) 

P(VDF-TrFE) powder 

Plasma treated Si/Pt substrate 
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4.3 Results and Discussion 

4.3.1 Effect of Milling on Nanocomposite dispersion 

Fabricating thicker films requires higher polymer concentration in the solution. 

This leads to an increase in the viscosity making it very challenging to 

deagglomerate and disperse the nanoparticle suspension using ultrasonication. 

The optical images in Figure 27 offer a general insight on how the addition of 

BTO affects the surface topology and overall quality of the composites using 

ultrasonication. 

 

Figure 27 Optical images showing degree of agglomeration with increasing filler loadings on film surfaces 

(scale bar = 1 mm). All films were ultrasonically dispersed 
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On the other hand, using an alternative approach by ball milling resulted in 

significant enhancement in particle dispersion, Figure 28. 

 

Figure 28 Optical images: Less agglomeration, lower roughness, and better dispersion of particles by milling 

4.3.2 The Effect of Filler Loading on the Dielectric Constant 

The effective permittivities of P(VDF-TrFE)/BTO-OH nanocomposites were 

measured using dielectric spectroscopy for all samples having different 

nanoparticle filler loadings. All film thicknesses were measured and verified with 

a profilometer. Thickness of reference samples was measured using the SEM 

(Figure 29) in an attempt to support profilometer measurement and explain the 

high dielectric value of ~17. A thickness of 2.2 µm confirmed our observation of a 

20% enhancement in the dielectric for our thick P(VDF-TrfE) sample, possibly 

due to contribution from a dead layer. 

 

Figure 29 Cross-sectional SEM of P(VDF-TrFE) polymer. Thickness ~ 2.2 µm 
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The values of the permittivity gradually increase with increasing filler loading. 

Figure 30 shows the maximum permittivity of 36 at 10 kHz achieved with 30 vol% 

BTO-OH in the polymer matrix giving a 112% dielectric enhancement. 

 

Figure 30 Dielectric spectroscopy and energy dissipation of bare (reference) P(VDF-TrFE) and 30 vol% BTO 

milled in the polymer from 10 kHz to 1 Mhz 

Excluding ultrathin polymer films, all the reference samples showed a loss 

tangent of about 0.15 at 1 MHz. However, further addition of the ceramic filler 

showed a decrease in the loss tangent to a maximum of 0.1 at 1 MHz. This 

reveals that the dielectric loss is primarily due to resonance of the host polymer 

without any significant contribution from BTO-OH [49] 
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The other samples also showed a dielectric enhancement dependent on the filler 

volume fraction. Maintaining consistency of film thickness and other external 

parameters proved to be difficult when fabricating these composites. A reference 

sample of bare polymer capacitor was fabricated with each batch of synthesized 

devices which allowed us identify the degree of dielectric enhancement for each 

batch. Therefore, for the sake of comparison, a plot of dielectric enhancement in 

percentage at 10 kHz (relative to their reference sample) against BTO-OH 

volume fraction is shown in Figure 31. We have also included information from 

literature on similar types of composites indicating that we are in line with our 

expected degree of enhancement [49-51].  

 

Figure 31 Dielectric enhancement as a function of BTO volume fraction at 10 kHz. Data from literature on 

other P(VDF) co- and ter-polymers included for comparison 
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At 30 vol% BTO-OH, we compare very well with other studies on similar systems, 

especially since more efficient particle dispersion was used via milling. 

The dielectric constant of the BTO nanoparticles (< 100 nm) is much lower than 

when in bulk form and is approximately 150, as indicated by the supplier. This is 

due to large proportion of the cubic phase at the surface of the nanoparticles. 

From this, we were able to calculate the effective permittivity of our composites 

based on the calculated permittivity value of P(VDF-TrFE).  

Mathematical models (see section 1.4.1 p.22) were used to derive the effective 

permittivity based on theoretical prediction and compared our calculated 

experimental values as shown in Figure 32. Our randomly dispersed particles 

can be viewed as 0-3 type connectivity as assumed in these models. Excluding 

the Jayasundere-Smith (JS or modified Kerner) and Bruggeman models, all 

models can be effectively used under the assumption of high dilution of filler 

loading. However, as the filler loading increases, our experimental values 

gradually deviate to higher values relative to those predicted in the models. On 

the other hand, the JS and Bruggeman models have been devised for spherical 

filler loadings below 50% which is within the range of our study. These models 

have been carefully devised to consider interfacial contributions with increasing 

filler loadings. Thus, as we increased the volume fraction of BTO-OH, our values 

fell only slightly below the expected effective permittivity of these 2 models. 

Furthermore, better fitting is observed using the Bruggeman approximation. 
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Figure 32 Comparison of measured effective permittivity (at 10 kHz) of nanocomposites as a function of 

BTO-OH volume fraction with predicted values various mixing models. Permittivity value of 150 was used for 

BTO-OH 

4.3.3 Strategies for Maximum Energy Density 

To maximize the energy stored, we have demonstrated how increasing filler 

loading enhances the effective permittivity and established their closeness to 

theoretical predictions. However, the loading can only be increased to certain 

optimal volume fraction before it begins to drop again (usually above 50 vol%) 

[49]. Provided we assume permittivity values of 14 and 150 for P(VDF-TrFE) and 
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BTO respectively, in practice, the maximum achievable effective permittivity is 

limited to approximately 60.   

Moreover, considering the breakdown field strength of the composites, chapter 3 

revealed how we were able to enhance the permittivity while maintaining low 

leakage currents, a promising observation towards higher breakdown fields. 

Combining optimal filler loadings by controlled dispersion to achieve higher 

capacitance (Chapter 4) as well as effective surface modification to achieve 

lower leakage currents (Chapter 3) may offer viable solutions for maximal energy 

densities in our nanocomposite capacitors.  

4.4 Conclusion 

Five P(VDF-TrFE)+BTO samples have been fabricated with different BTO filler 

loadings. As expected, increasing the volume fraction of BTO enhanced the 

effective permittivity of the hybrid composite comparable with literature from 

similar systems as well as from theoretical models of composites. According to 

the dielectric properties of the polymer and ceramic used in our study, composite 

formation would in practice offer a nominal effective permittivity of around 60. 

Breakdown strength measurements are still required to fully realize the effect of 

our process techniques. 

Higher-K polymer/ceramic nanocomposites have been reported based on 

alternative ferroelectric materials, some of which were briefly reviewed in our 

report. 
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5 Summary 

Firstly, a process to fabricate ferroelectric (PVDF-TrFE) was developed in this 

thesis. It was found that optimal polarization performance required sufficient 

drying times (≥ 4 hours) under vacuum (< 1 Torr) to maximize crystallization of 

the β-phase at a temperature above Tc (120°C) but below Tm (146°C). Hysteresis 

loops displayed a Pr of ~ 6.5 and Ec between 50-60 MV/cm for films above 100 

nm thickness. Device polarization improved with longer annealing times due to 

higher crystallinity and preferential chain orientation. 

Secondly, fabrication of polymer-ceramic nanocomposite capacitors by pre-

surface hydroxylation of the BTO fillers revealed marginally lower leakage 

currents of the films compared to films of similar thickness containing as-received 

BTO particles, possibly due to enhanced electron traps at the interfaces by 

hydroxyl groups. This observation suggests an enhancement in the breakdown 

field strengths of samples with modified particles and thus, an improvement in 

the achievable stored energy density. 

Finally, we conclude our report by highlighting some of the current techniques 

that are being used to fabricate 0-3 type composites via randomly dispersed 

fillers in the matrix. Colloidal milling enabled effective breaking of large BTO 

agglomerates and improved homogenous dispersion along the polymer film. 

Increasing volume loading of BTO in P(VDF-TrFE) enhanced the effective 

permittivity in line with calculated values using the Jayasundere-Smith model, 
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reaching a maximum of 112% enhancement (K = 36) in composites containing 

30 vol% BTO. More improvement is expected, possibly up to 50 vol% BTO. 

By realizing how the above processing techniques contribute in improving energy 

storage, whether in terms of polymer film quality for better polarization, interfacial 

compatibility for improved breakdown field strength or dispersion efficiency for 

increasing device permittivity, we can devise strategies for the fabrication of high 

power density thin film nanocomposites. 
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