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Abstract

Polymer Nanocomposite Materials with High Dielectric Permittivity and Low Dielectric
Loss Properties

by

Anju Toor

Doctor of Philosophy in Engineering - Mechanical Engineering

University of California, Berkeley

Professor Tarek Zohdi, Co-chair

Professor Albert P. Pisano, Co-chair

Materials with high dielectric permittivity have drawn increasing interests in recent years
for their important applications in capacitors, actuators, and high energy density pulsed-
power. Particularly, polymer-based dielectrics are excellent candidates, owing to their prop-
erties such as high breakdown strength, low dielectric loss, flexibility and easy processing. To
enhance the dielectric permittivity of polymer materials, typically, high dielectric constant
filler materials are added to the polymer. Previously, ferroelectric and conductive fillers have
been mainly used. However, such systems suffered from various limitations. For example,
composites based on ferroelectric materials like barium titanate, exhibited high dielectric
loss, and poor saturation voltages. Conductive fillers are used in the form of powder aggre-
gates, and they may show 10-100 times enhancement in dielectric constant, however these
nanoparticle aggregates cause the dielectric loss to be significant. Also, agglomerates limit
the volume fraction of fillers in polymer and hence, the ability to achieve superior dielectric
constants. Thus, the aggregation of nanoparticles is a significant challenge to their use to
improve the dielectric permittivity.

We propose the use of ligand-coated metal nanoparticle fillers to enhance the dielectric
properties of the host polymer while minimizing dielectric loss by preventing nanoparticle
agglomeration. The focus is on obtaining uniform dispersion of nanoparticles with no agglom-
eration by utilizing appropriate ligands/surface functionalizations on the gold nanoparticle
surface. Use of ligand coated metal nanoparticles will enhance the dielectric constant while
minimizing dielectric loss, even with the particles closely packed in the polymer matrix.
Novel combinations of materials, which use 5 nm diameter metal nanoparticles embedded
inside high breakdown strength polymer materials are evaluated. High breakdown strength
polymer materials are chosen to allow further exploration of these materials for energy stor-
age applications.

In summary, two novel nanocomposite materials are designed and synthesized, one in-
volving polyvinylidene fluoride (PVDF) as the host polymer for potential applications in
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energy storage and the other with SU-8 for microelectronic applications. Scanning elec-
tron microscopy (SEM), transmission electron microscopy (TEM), energy dispersive X-ray
spectroscopy and ultramicrotoming techniques were used for the material characterization
of the nanocomposite materials. A homogeneous dispersion of gold nanoparticles with low
particle agglomeration has been achieved. Fabricated nanoparticle polymer composite films
showed the absence of voids and cracks. Also, no evidence of macro-phase separation of
nanoparticles from the polymer phase was observed. This is important because nanoparticle
agglomeration and phase separation from the polymer usually results in poor processability
of films and a high defect density. Dielectric characterization of the nanocomposite mate-
rials showed enhancement in the dielectric constant over the base polymer values and low
dielectric loss values were observed.
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Chapter 1

Introduction

To meet the needs of future power generation and distribution, improved and efficient energy
storage devices are required. The market for electric energy storage is continuously emerging
(Figure 1.1), mainly driven by applications based on electric mobility for example, electronics
and plug in vehicles, including new applications such as stationery energy storage in power
grids. This need of efficient energy storage drives the development of new materials and their
implementation into devices remains a major challenge in the energy research. Batteries,
capacitors, fuel cells, and solid-state film capacitors are the main electrical energy storage
technologies for consumer markets. Performance of these energy storage mechanisms is
usually evaluated in terms of two key parameters, one is energy density i.e. how long the
stored energy can supply/last and the other is power density which implies how fast the
energy can be released.

Current energy storage mechanisms such as batteries and fuel cells have high energy den-
sity but are not suitable for high power applications due to the slow reaction kinetics of the
battery electrodes and the mass transport of the reactants. Supercapacitors can handle high
power rates, but they have moderate energy storage capacities, and suffer from low operating
voltages and high leakage currents. This prevents their usage in pulsed power applications.
Furthermore, their power density is low. In contrast, capacitors based on solid-state dielec-
tric films have high power density due their fast charge-discharge characteristics but their
energy density is low. The energy density in solid-state capacitors depends on the dielectric
permittivity and the breakdown strength of the dielectric materials that separate the oppo-
sitely charged electrodes. The aim of this thesis is to develop solid-state dielectric materials
with enhanced dielectric properties. We propose the development of polymer nanocomposite
materials embedded with high permittivity nanofillers to obtain high permittivity dielectric
materials. Previously, ceramic dielectrics based on highly polarizable materials, such as
calcium copper titanates, [1] have been employed for pulse power applications. Although
ceramic dielectric materials possess high dielectric constants, their breakdown strength is
low [2]. Further, it is hard to manufacture ceramic-based capacitors, whereas polymers can
be easily processed into large-area films.

This chapter specifically discusses the shortfalls of the approaches used in the past to
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Figure 1.1: Trends in the energy storage market [3].

enhance the dielectric permittivity of the polymer composite materials and the motivation
for using appropriate surface functionalization on the nanoparticle surface to overcome these
limitations. In addition, the significance of sub-10 nm size fillers over the microsized fillers,
and the fundamental working principles of polymer nanocomposite materials are discussed.

1.1 Polymer Nanocomposite Dielectrics

Nanocomposite materials are widely used in the areas of photonics, electronics, catalysis,
energy storage, and biotechnology [4–10]. Particularly, polymer composite materials with
high permittivity, high breakdown strength, low dielectric loss, and good processability are
of great interest because of their various applications in energy storage, capacitors, and
actuators [11, 12]. Solid-state dielectric materials with high permittivity and high breakdown
strength would be an excellent candidate for future energy storage devices.
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Polymers offer high breakdown strength, ease of processing, and low dielectric loss, but
their dielectric constant is low. Typically, high permittivity fillers such as conductive and
ferroelectric fillers [barium titanate (BaTiO3), lead zirconate titanate (PZT)] are embedded
in polymers to enhance their permittivity [13–15]. Ideally, the enhancement in dielectric con-
stant should be attained without any comprise in dielectric loss or/and breakdown strength,
which entails a uniform dispersion of nanoparticles in the polymer matrices without particle
agglomeration and phase separation. However, the dispersion of nanoparticles in polymer
matrices is usually challenging, because nanoparticles tend to aggregate or phase-separate.

Table 1.1: Dielectric properties of polymer composites as reported in the literature

Filler
Material

Dielectric
Constant

Energy Density
(J/cc)

Reference

Barium
Strontium Titanate

18 14.86
Tang et al.,

Nanoletters, 2013 [16]
Ferroelectric

Filler
Composites

Barium
Titanate

70 10.48
Haixiong et al.,

Adv. Energy. Mat., 2013 [17]

Silver (Ag) 500 —–
Shen et al.,

Adv. Mat., 2007 [18]
Conductive

Filler
Composites Nickel (Ni) 800 —–

Nan et al.,
Ann. Rev. of Mat. Res., 2010 [19]

1.2 Background

Conductive particles mainly in the form of aggregates were used as fillers in polymers [19–
23]. Although extremely high k values were reported for composites near percolation, the
dielectric loss was significant [19–23]. A similar trend in the dielectric loss was reported
for composite materials containing ferroelectric materials such as BaTiO3 and PZT [13–15].
High dielectric loss and low breakdown strength can be attributed to the poor dispersion of
nanoparticles in polymer matrices. Recently, results have been reported for BaTiO3-based
nanocomposites, indicating the enhancement in dielectric permittivity with low dielectric
loss values (0.03−0.15) [24–27]; however, these systems suffer from limited energy storage
capacity due to the low saturation voltage of the fillers used [28]. In contrast, conductive-
filler-based composites do not suffer from such disadvantages and can enhance the dielectric
permittivity significantly [29–31]. However, the particle surface still needs to be passivated
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with suitable ligands [32–34] to minimize dielectric loss. Therefore, particle dispersion with-
out agglomeration is imperative to achieve an optimal enhancement in dielectric properties,
regardless of the choice of filler material.

1.3 Nanocomposite Dielectric Concepts

1.3.1 Working Principle

Under an electric field, metal nanoparticles will polarize as shown in Figure 1.2, leading
to space charge accumulation at the nanoparticle-polymer interface which results in higher
permittivity. Due to the difference in the relaxation times of the two phases, charges get
accumulated at the particle-polymer interface, until the charges are relaxed by tunneling
(in the case of particle separation within the tunneling range) or by ohmic conduction (in
the case of direct particle contact). This interfacial polarization mechanism also known as
Maxwell-Wagnar gives rise to the increase in the dielectric permittivity at low frequencies. In
addition, the ligand coating on the nanoparticle surface provides local electrical resistance, so
these nanoparticles could still be incorporated at a high volume ratio in the polymer scaffold
without compromising the breakdown strength and causing an increase in the dielectric
loss of the polymer nanocomposite. This is in contrast to the previous studies where a
significant enhancement in the dielectric permittivity was obtained on the the addition of the
conductive fillers to the polymer matrix but at a high dielectric loss and reduced breakdown
strengths. The interfacial ligand/surface functionalization layer can restrict the electron
transfer between the nanoparticles, resulting in a more gradual increase in the dielectric
permittivity with the increase in nanoparticle concentration.

Nanometric-sized high dielectric constant particles are particularly attractive candidates
for their use as fillers in dielectric nanocomposite materials [35, 36]. It has been indicated
that dielectric properties can be enhanced (controlled) by an interfacial interaction between

Figure 1.2: Metal nanoparticles embedded in a polymer matrix (a) in the absence and (b)
in the presence of an electric field.
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Figure 1.3: (a) Spherical geometry is assumed for the interface volume calculations relating
particle diameter d, interface thickness a, and the interface volume fraction. (b) Interface
volume fraction as a function of interface thickness for 1, 5, 10, and 100 nm particles.

particles and polymers as particles size decreases to nanoscale [35–39]. Figure 1.3 shows the
variation of the interface volume fraction with the interface thickness for different particle
sizes [9,53]. Spherical geometry is assumed for the interface volume calculations relating
particle diameter (d), interface thickness (a) and the interface volume fraction. It should
be noted that the interface volume fraction exceeds 0.5 of the whole particle volume for the
particle diameter less than 5 nm and the interface thickness of 1 nm [35, 36]. Therefore,
the nanoparticles/matrix interfaces can significantly affect the physical, mechanical, and
electrical properties of nanocomposites [35–39]. In particular, Putson et al. [40] observed
that the enhancement in the effective dielectric permittivity was more obvious in case of
nano-sized copper particles compared to the micro-sized particles. Furthermore, the size
of the nanoparticles could significantly affect their distribution in the host polymer matrix
[41, 42]. In general, nanoparticles with size comparable to the radius of the gyration of the
host polymer chains can facilitate favorable particle-polymer interactions [41]. The effect of
particle size on their state of dispersion in polymer is discussed in detail in Chapter-2.

1.3.2 Dielectric Permittivity

Electrical energy can be stored in the form of charge separation in dielectric materials, when
the charge distributions around the constituent atoms or molecules are polarized under an
external electric field. The complex permittivity of a material is defined as:

ε∗ = ε
′ − jε” (1.1)
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where ε
′

and ε” is the real and imaginery parts of the complex permittivity. The magnitudes
of ε

′
and ε” depend on the frequency of the applied electric field. The real part of the electric

permittivity is defined as:
ε
′
= εoεr (1.2)

where εr is the relative permittivity and εo is the permittivity of the free vacuum. For a
parallel plate capacitor containing a dielectric material with area A and thickness d, the
capacitance is given by:

C = εoεrA/d (1.3)

As the polarization of a material under an electric field varies, part of the field energy is
dissipated due to conduction or conversion into thermal energy. Loss tangent measures the
energy dissipated by the dielectric in an oscillating electric field. It is defined as the ratio
of the imaginery and real parts of the permittivity. Ideally the loss tangent should be zero,
since we want to minimize the dielectric losses in a energy storage device such as capacitor.

tanδ = ε”/ε
′

(1.4)

1.3.3 Breakdown Strength

The energy stored in a capacitor is expressed as:

W = (1/2)CV 2
bd (1.5)

where Vbd is defined as the breakdown voltage of the dielectric material. The above expression
can be reformulated in terms of the relative permittivity as:

W = (1/2)εoεrAdE
2
bd (1.6)

where Ebd is defined as the breakdown field strength. Equation 1.6 implies that the dielectric
permittivity and dielectric breakdown strength should be enhanced simultaneously to realize
high capacity energy storage.

Polymer nanocomposite dielectrics are limited by the amount of the voltage they can
withstand prior to their electrical and chemical breakdown. The maximum applied electric
field strength that a dielectric can withstand is defined as the dielectric breakdown strength.
In polymers, there are there mechanisms of breakdown; electronic, thermal and mechanical
processes [43]. In general, the dielectric breakdown in polymers is attributed to the electronic
avalanche mechanism via the formation and propagation of electrical trees in the dielectric
film [44–46]. Structural defects in the film are the primary cause of the formation of electrical
trees that eventually propagates between the top and the bottom electrodes leading to break-
down. The thermal breakdown process is initiated by the steady state or impulse thermal
processes at high temperatures, and above a certain critical temperature, an electromechan-
ical mechanism dominates the breakdown behavior. The electrostatic forces between the
electrodes cause deformations and softening of polymers resulting in an electromechanical
breakdown of the dielectric.
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1.4 Thesis Outline and Description

This introductory chapter has provided the motivation and background in polymer nanocom-
posite dielectric materials. The next chapter covers the fundamental approaches used for con-
trolling particle dispersion in polymer, and the material selection strategies for the nanocom-
posite design. This chapter also discusses the nanoparticle and polymer materials that
were selected for the nanocomposite design and development. The third chapter focuses on
the experimental methods used for nanocomposite synthesis, material, and electrical char-
acterization. Chapter 4 reports on the design and development of a photodefinable gold
nanoparticle/SU-8 polymer nanocomposite for potential applications in embedded capaci-
tors. This chapter begins by describing the nanoparticle synthesis protocol, followed by the
detailed characterization of the nanocomposite film morphology, nanoparticle dispersion in
the polymer matrix and the dielectric properties. The fifth chapter focuses on the develop-
ment of gold nanoparticle/PVDF nanocomposite dielectric. This includes optimization of
the process conditions to obtain dielectric films with reduced voids, selection of appropriate
ligands to prevent nanoparticle agglomeration, detailed characterization of the particle dis-
persion under varied particle volume fractions. The chapter concludes with an evaluation
of the overall enhancement in the dielectric properties. The sixth chapter summarizes the
dissertation and the last chapter examines the areas for future research.
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Chapter 2

Material Design

This chapter discusses the factors affecting the distribution and agglomeration of nanopar-
ticles in the polymer matrices, material selection strategies used for selecting the polymer
and nanoparticle materials, and the individual components of the polymer nanocomposite
systems considered in this dissertation. To reduce the dielectric loss and the reduction in the
breakdown strength, it is important to minimize the particle agglomeration and to obtain a
uniform particle dispersion. Hence, the nanoparticle surface functionalization/ligand should
be selected so as to promote favorable interactions between the particles and polymer.

A nanocomposite dielectric consists of a high permittivity phase such as nanoparti-
cles/nanorods/nanoplatelets embedded inside a polymer phase. Typically, the dispersion
of nanoparticles in polymer matrices is problematic and the nanoparticles tend to phase
separate or aggregate in the polymer matrix. The interaction of nanoparticles with the
polymer phase is mediated by the ligands attached to the nanoparticle surface. Hence, the
ligands play a significant role in controlling the particle dispersion and spatial distribution
in the polymer matrix. Owing to the complex physical and chemical interactions between
the various components (Figure 2.1), the optimization of material selection is not obvious.
Moreover, it is challenging to predict the phase stability of the nanoparticle polymer blends
due to the computational difficulty in accessing the relevant length and time scales.

Figure 2.1: Interactions among the various components of a polymer nanocomposite system.
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2.1 Nanoparticle dispersion in polymer matrices

In nanoparticle polymer composite systems, although enthalpic interactions (related to the
nanoparticle ligands) are usually dominant [47], [41], entropic interactions (i.e. size of the
nanoparticles relative to the radius of gyration of polymer) can also play a critical role in
controlling the nanoparticle dispersion.

2.1.1 Nanoparticle Surface Functionalization

Through surface modification of nanoparticles, it is possible to vary the enthalpic inter-
actions in the nanoparticle polymer system. To achieve repulsion in polymer composite
systems, functional small molecules or polymers are attached to the nanoparticle surface
by physical adsorption or covalent bonding. Synthesis of nanoparticles coated with small
molecule ligands usually involve decomposition of the organometallic precursors in a solution
environment. Examples include alkane based ligands such as alkyl thiols, phosphine oxides,
amines. The direct mixing of such nanoparticles with most polymers leads to nonuniform
distribution and aggregation. To obtain uniform dispersion, these conventional ligands are
replaced with ligands that favorably interact with the host polymer.

Figure 2.2: Scheme showing the polymer grafting strategies on nanoparticle surface [48].

Synthesis of polymer-coated nanoparticles is accomplished by either “grafting to” and
“grafting from” methods. The “grafting to” technique involves performing the particle syn-
thesis in the polymer matrix, replacing the ligands inherent to nanoparticle synthesis with
the end-functionalized polymer molecules. According to “grafting from” technique, growth of
polymers is initiated from the nanoparticle surface by the attached (usually covalent bonded)
initiating groups. For example, Figure 2.2 illustrates the polymer grafting strategies on the
gold nanoparticle surface. Figure 2.2 (a) shows the replacement of the trisodium citrate
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capping molecules with polymer grafts. In Figure 2.2 (b), the polymers are grown from the
nanoparticle surface via polymerization reaction.

2.1.2 Wetting Characteristics

Since the nanoparticles are solids, the polymer chains must stretch around these obstacles,
causing a loss in the conformational entropy that increases with the particle radius [49]. In
the absence of specific interactions, larger nanoparticles are expelled from the bulk of the
polymer, whereas smaller particles are not. This significantly affects the global distribution
of nanoparticles in the polymer matrix.

In case of polymer coated nanoparticles, for wetting to be favored entropically, either the
particle size must be lower than the radius of gyration (Rg) of the matrix polymer [41] (viable
only for very small nanoparticles, in general), or the size of the brush polymer must be no
less than the matrix polymer size [50, 51]. If the brush polymers are appreciably smaller than
those of the matrix polymer, entropy gained due to mixing of brush and matrix is less than
entropy lost by the matrix chains when penetrating the brush layer. This discrepancy results
in the brush being excluded from the matrix, leading to particle aggregation, as shown in
Figure 2.3. Due to low entropy of mixing in polymers, the brush must be either miscible
with or chemically identical to the matrix polymer so that dispersion is not enthalpically
disfavored. For a multilayer system where a layer of poly(methyl methacrylate) (PMMA)
containing poly(ethylene oxide)-coated CdSe particles is in contact with a brittle silicon oxide
layer, the nanoparticles with size comparable to the radius of gyration (Rg) of host PMMA
were found to migrate in the crack in silicon oxide layer [52]. This crack was induced upon
heating the multilayer system above the glass transition temperature of the composite [52].

Figure 2.3: Effect of brush molecular weight on the dispersion of PS-grafted silica (14
nm diameter, 0.01 chains/nm2 graft density) in a 42 kg mol−1 PS homopolymer ma-
trix. Brush polymer molecular weight: a) 25 kg mol−1(< MWmatrix), b) 51 kg mol−1(≈
MWmatrix), c) 158 kg mol−1(> MWmatrix). [53]
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2.2 Material Selection

2.2.1 Polymers

We considered high breakdown strength polymers based on literature as shown in Figure
2.4, and evaluated them against four key parameters namely breakdown strength, solubility,
compatibility, and the ease of thin film fabrication. Here, solubility is defined as the ability of
the chosen polymer to be dissolved in various organic solvents, and compatibility means the
extent to which the polymer solvent is compatible with the solvent in which nanoparticles
are dispersed. It is worth noting that a solution-mixing approach is used for the synthesis of
the polymer nanocomposite material that involves mixing of a nanoparticle solution with the
polymer solution. Hence, solubility and compatibility parameters are considered for polymer
selection in addition to the polymer breakdown strength and the ease of film fabrication.
The solubility of polymers was analyzed in various organic solvents. Figure 2.4 shows that
polycarbonate and polypropylene have high breakdown strength and good solubility, but lack
of compatibility with the nanoparticle solvent rules them out. Based on breakdown strength,
solubility and compatibility parameters, PVDF would be an ideal choice. However, since
we need to fabricate these films from solution, we also considered ease of film fabrication
and hence, selected SU-8 as well. Furthermore, SU-8 is a photodefinable polymer and would
be useful for embedded capacitor applications that require photopatternable high dielectric
permittivity dielectrics.

Figure 2.4: Selection of the host polymer matrix [54–56]
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2.2.1.1 SU-8

SU-8 is a well-established epoxy which is commonly used in microfabrication. The physical
properties of SU-8 are listed in Table 2.1. It can be inferred that SU-8 has been a very
comprehensively investigated material. In addition to the listed properties, SU-8 has good
stability at elevated temperatures and resistance to moisture and solvents, implying that it
wouldn’t swell or/and dissolve in solvent exposing environments. SU-8 also has high glass
transition and degradation temperatures.

Table 2.1: Summary of important properties of SU-8

Characteristics Value Conditions Reference

Density
1190 Kg/m3 Raw SU-8 resin [57]

1218 Kg/m3 Fully cross-linked [58]

Melting Point 82◦C Raw SU-8 [59]

Polymer shrinkage 7.5% Post-baked at 95◦C [60]

Glass transition temperature 50◦C Unexposed film [61]

> 200◦C Fully cross-linked film [61]

Degradation temperature 380◦C Fully cross-linked [61]

Volume resistivity (1.8 − 2.8) × 1014Ωm Hard-baked at 150◦C [62]

Surface resistivity (5.1 − 18) × 1014Ωm Hard-baked at 150◦C [62]

Dielectric constant
4 Post-baked at 100◦C; 20 GHz [63]

4.5 at 10 MHz [63]

5.07 Hard-baked at 150◦C; 1 MHz [59]

Loss tangent 0.14 at 1 THz [64]

SU-8 is composed of Bisphenol A Novolak epoxy oligomer that is dissolved in an appro-
priate organic solvent and the photoinitiator (usually from triarylsulfonium salts family) to
crosslink SU-8. When exposed to light, a photochemical reaction takes place producing an
acid which acts as catalyst in the cross-linking reaction. In order for the cross-linking to take
place, post exposure bake must be done above the glass transition temperature of SU-8.
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Figure 2.5: Molecular structure of SU-8 monomer. There are eight epoxy groups in the
monomer, which justifies the number ′8′ in the name (SU-8).

The molecular structure of the SU-8 monomer before and after cross-linking is shown in
Figure 2.5(a) and (b). The number ′8′ in the polymer name (SU-8) can be assigned to the
number of epoxy groups in the oligomer. Bisphenol A Novolak epoxy oligomer also known
as EPON Resin SU-8 is commercially available in the granular form and is manufactured by
Momentive Specialty Chemicals Inc.

2.2.1.2 PVDF

Poly(vinylidene fluoride) (PVDF) is a thermoplastic fluoropolymer with excellent chemical
resistance, high mechanical strength and thermal stability [65–69]. It is widely used in
dielectric applications because of its high dielectric constant (8-10) [70], and high breakdown
strength. The physical properties of PVDF are listed in Table 2.2. PVDF is a semi-crystalline
polymer with four crystalline forms: the nonpolar α and the polar β, γ and δ forms [71, 72].
The most common polymorph is the nonpolar α phase, the dipole moments of α crystallites
are oriented in opposite directions resulting in a zero net polarization. The highest dipole
moment is obtained when all the dipoles are aligned in the same direction, corresponding to
the β phase of PVDF. The α and β conformations are shown in Figure 2.6.

2.2.2 Nanoparticles

Conductive particles are used as nanofillers with the aim of enhancing the dielectric per-
mittivity of the host polymers. In particular, gold nanoparticles are promising candidates
for polymer nanocomposites due to their ease of functionalization with a variety of capping
ligands such as alkyl thiols, phosphine oxides, amines, and polymer brushes. Moreover, gold
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nanoparticles can be easily synthesized in large volumes with precise size control/tight size
tolerances.

Table 2.2: Important properties of PVDF [73]

Properties Values Conditions
Density 1780 Kg/m3 at 25◦C

Melt flow 7-20 g/10 min (230◦C/12.5kg)

Melting point 166 − 170◦C ASTM D 3418

Glass transition temperature −30◦C DMTA

Viscosity 17500-21500 poise (230◦C) (100 sec−1)(lit.)

Hardness 76-80 (Shore D, ASTM D 2240)

Impact strength 2-4 ft-lb/in. (Izod, ASTM D 256)

Dielectric constant 8-9.5 at 100 Hz (ASTM D 150)

Figure 2.6: Structure of the α and the β phase of PVDF [74].
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Figure 2.7: Components of a polymer nanocomposite system

Figure 2.8: Components of the gold nanoparticle/polymer nanocomposite systems.

2.3 Polymer Nanocomposite Systems

Nanoparticle, polymer and ligands (nanoparticles’ surface functionalization) are the compo-
nents of a polymer nanocomposite system (Figure 2.7). Ligands are molecules which are
physically or chemically bonded onto the nanoparticle surface to prevent the nanoparticle
agglomeration, which is a major issue due to the high surface area of nanoparticles. The
solubility of SU-8 and PVDF was analyzed in various solvents and based on experiments,
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chloroform and dimethylformamide was selected for SU-8 and PVDF respectively. For the
selected SU-8 and PVDF polymers, nanoparticle surface functionalization groups were appro-
priately chosen to facilitate favorable interactions between the particles and polymer. Figure
2.8 shows a list of the components of each of the SU-8 and PVDF polymer nanocomposite
systems.
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Chapter 3

Experimental Techniques

In this chapter, first the methods for synthesizing nanocomposite materials, their advantages
and limitations are discussed. The range and the specificity of the nanocomposite materials
that can be synthesized could vary from one method to another. Hence, it is important to
understand the basic principles involved in the synthesis approaches for making the right
selection. Next, thin film deposition methods, and material characterization techniques used
to study the particle agglomeration in polymer and the morphology of the nanocomposite
films is discussed. The last part of the chapter concerns the fundamentals and the testing
procedure employed for the dielectric permittivity and the breakdown strength measure-
ments.

3.1 Nanocomposite Synthesis and Processing

Techniques

3.1.1 Synthesis

There are three general methods for the fabrication of nanocomposites as discussed below.

3.1.1.1 In Situ Polymerization Method

The first method involves the in situ polymerization in the presence of nanofillers. In this
method, the fillers are embedded in a monomer solution and the resulting mixture is poly-
merized [75–78]. Figure 3.1 shows a schematic of the in situ polymerization method. The
key to this technique is the homogeneous dispersion of the fillers in the monomer, which
might necessitate functionalization of the nanofiller surface to improve the wetting of the
nanofillers by the polymers.
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Figure 3.1: A scheme for the in-situ polymerization nanocomposite synthesis method.

3.1.1.2 Sol-Gel Method

The second method includes the in situ formation of the nanofillers and the in situ poly-
merization. This is a bottom-up approach that typically employs the reaction of the metal
alkoxides [79–85]. For example, equation 3.1 shows the sol-gel reaction used for the synthesis
of the silica/polymer molecular composite materials.

Si(OR)4 + 4H2O[Si(OH)x(OR)4−x + xROH]SiO2 + 4ROH + 2H2O (3.1)

This approach is limited to polymers having hydrogen bond acceptor moieties that can bind
to the hydroxyl groups on the inorganic naofiller surface via hydrogen bonding, for example:
nanoparticles with alcohol group on their surface and water soluble polymers. In addition,
the dispersion of the nanofillers in the polymer is dictated by the experimental conditions of
the sol-gel reactions. Due to the limitation in the selection of the polymers and the difficulty
involved in the synthesis of composite materials with stable quality, usage of this approach
is fairly limited.

3.1.1.3 Direct Mixing of Nanoparticles and Polymers

The third method involves the direct mechanical mixing of the nanofillers and the poly-
mer. Nanofillers and polymers can be directly mixed in two ways. The first one involves
mixing a polymer with the nanofillers in the absence of solvents, also referred to as the
melt-compounding method (Figure 3.2). In the second method, also called solution-mixing
(Figure 3.3), the nanofillers and polymers are mixed as in a solution.

In the melt-compounding method [86–90], shear stresses induced in the polymer melt
during melt compounding cause the breakdown of the filler aggregates to nano-scale. There-
fore, the shear stresses primarily governs the dispersion of the nanofillers in the polymer
matrix. In the solution-mixing method, the nanofillers are dispersed in a pre-synthesized
polymer solution to prepare the nanocomposite solution, followed by the evaporation of the
solvent from the nanocomposite solution [91–95]. The shear forces induced in the nanocom-
posite solution during the mixing process are much lower and hence, the dispersion of
nanofillers in the polymer relies on the external factors such as surface functionalization
of the nanofillers/nanoparticles [93, 94]. Unlike in situ polymerization, and sol-gel methods,
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this method provides full synthetic control over both nanoparticles and polymer and has the
potential of generating a wide variety of composite materials. In this work, solution-mixing
approach is adopted for the synthesis of the nanocomposite material.

Figure 3.2: A schematic of the fabrication of polymer nanocomposites by the melt-
compounding method [96].

Figure 3.3: A conceptual illustration of the synthesis of nanocomposites using solution-
mixing method.

3.1.2 Thin Film Deposition

For the deposition of thin films from solutions several approaches have been developed namely
solution casting, spin coating, doctor blade coating, and dip coating. Out of these approaches
solution casting and spin coating are used more frequently. Solution casting involves drop-
ping the nanocomposite solution on the substrate and subsequently, allowing the solvent to
evaporate. In the spin coating method (Figure 3.4 ), first the solution is dropped onto the
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substrate followed by spinning the substrate at a certain rotation speed for a certain amount
of time.

Spin casting method results in a much more uniform film thickness than solution casting.
The final film thickness depends on the viscosity of the solution, rotation speed, and time.
Too high of a speed or too long of a spin time can result in much faster evaporation of
solvent. This can minimize the film thickness but can also result in poor quality films. Too
slow of a speed or too short of a spin time can result in uneven spreading of the solution
across the substrate, resulting in non-uniform films. Therefore, a balance must be achieved
in order to deposit films well on the substrate.

Figure 3.4: A schematic to illustrate the spin coating process [97].

Dip coating is a commercially used wet thin film deposition method. In the dip coating
method, first the substrate is immersed into the polymer/nanofiller solution at a constant
speed followed by a dwell time to allow sufficient interaction of the substrate with the solu-
tion. Then, the substrate is pulled upward at a constant speed to obtain a thin layer of the
coating solution, the excess liquid solution will drain from the surface. Finally, the solvent
evaporates from the coated layer, forming as-deposited film. Figure 3.5 shows a schematic
of the dip coating process. The resulting film can be subjected to further heat treatment
process if needed. The dip coating method offers the advantage of good uniformity, large
area processing, and very low film thickness. However, this process is time consuming, and
the wastage of the material is a concern.

Doctor blade coating is widely used in paper, photographic film, textile and printing
industries for large area thin film processing. In this method, a static blade (a metal bar)
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applies a unidirectional shear force to the precursor solution that passes through a small
gap between the substrate and the blade. Figure 3.6 shows a conceptual illustration of the
doctor blade coating process. The advantages of this method are large area coverage, good
thickness uniformity and no wastage of material. Doctor blade coating is limited to film
thickness > 150-200 nm.

Figure 3.5: Schematic illustration of the dip coating process [98].

3.2 Material Characterization

3.2.1 Scanning Electron Microscopy (SEM)

A high resolution field-emission Quanta 3D FEG was used to study the surface morphology
of the nanocomposite films. A silicon drift detector of size 20 mm2 was fitted to the FEI
SEM for carrying out the energy dispersive spectroscopy (EDS) analysis.

3.2.2 Microtoming

Nanocomposite film cross-section samples for TEM were prepared using a Reichert-Jung
microtome. Nanocomposite film was drop-casted onto an epoxy substrate and then the
sample was cut with a diamond knife attached to a boat in which the cut sections float on
top of water. The thin slices (40-80 nm) were collected and placed onto the TEM grid for
analysis.

3.2.3 Transmission Electron Microscopy (TEM)

A FEI Tecnai 12 Transmission Electron Microscope was used for the electron microscopy
studies. For nanoparticle imaging, samples were prepared by depositing a drop of the
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Figure 3.6: Schematic illustration of the doctor blade coating process [99].

nanoparticle suspension on a copper grid covered with holey carbon film. Nanocompos-
ite film samples were prepared by the placing the microtomed cross-sections on the gold
TEM slot grids.

3.2.4 Grazing Incidence X-ray Diffraction (GIXD)

GIXD measurements were performed on Beamline 7.3.3 at the Advanced Light Source (ALS),
Lawrence Berkeley National Laboratory. An X-ray beam impinged onto the sample at a
grazing angle above and below the critical angle of the polymer film (αc = 0.16) but below
the critical angle of the silicon substrate (αc = 0.22). The wavelength of X-rays used was
1.240 Å, and the scattered intensity was detected by Pilatus 1M detector. The samples were
placed in a helium chamber during the measurement to get rid of air scattering. Beam center
and the sample-to-detector distance were calibrated using silver behinet. Figure 3.7 shows
the experimental setup used for measuring GIXD patterns. Diffraction data was obtained
using the Nika software package.
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Figure 3.7: Schematic of the setup for synchronized GIXD with the beam incident angle
α and the scattering angles β and φ in the out-of-plane (qz) and in-plane directions (qx)
respectively. GIWAXS detector plane was normal to the incident beam; the detector was
titled 45oC out of the horizontal plane to cover scattering in the qz and qx directions.

3.3 Electrical Characterization

Electrical measurements were performed using a probe station (Signatone, model H100) with
a blunt tungsten probe tip to minimize mechanical damage to the soft nanocomposite films.

Figure 3.8: Equivalent circuit diagram of the dielectric spectroscopy set-up.
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3.3.1 Dielectric Spectroscopy

The agilent semiconductor device parameter analyzer B1500A was used for the capacitance
measurements. The measured capacitance values were used to calculate the real and the
imaginary parts of the permittivity. Figure 3.8 shows a circuit diagram of the capacitance
measurement set-up.

The electric permittivity of a material is constant in a DC field in the absence of dielectric
saturation. Under an AC field, the permittivity of a material strongly depends on the
frequency of the applied electric field and can be expressed in the form of a complex number
with a real part ε′ and an imaginary part ε′′. The ratio of the imaginary part to the real
part of permittivity ε′′/ε′, is defined as the dissipation factor (DF) which is also known as
the loss tangent (tan δ) because it is related to the dielectric loss.

Measurement errors could arise due to the stray admittance and residual impedance
of the test fixture used. In order to eliminate the measurement errors, calibration was
performed in the open and short circuit conditions. The first step to perform a correction
on the test system is to apply a short across the probes, typically by setting the two probe
heads down on the same contact pad. Then, the capacitance meter measures the impedance
value, and stores it as the residual short impedance. The next step is to lift the probes,
keeping them in an orientation that approximates where they will be when the actual device
is measured. Then the capacitance meter measures the value, and stores that as the residual
open impedance.

Figure 3.9: Schematic illustration of the experimental set up used to measure the dielectric
properties and the breakdown strength.
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3.3.2 Breakdown Strength

The agilent semiconductor device parameter analyzer B1500A was used for the breakdown
strength measurements. Figure 3.9 shows the schematic illustration of the experimental
setup. For breakdown strength measurements, voltages were applied to the capacitor device
using the high power source monitor unit of the B1500A device analyzer and the resulting
current was monitored to detect the breakdown of the dielectric films.
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Chapter 4

Gold Nanoparticle/SU-8
Nanocomposite

This chapter presents the enhanced dielectric properties of a photodefinable nanocompos-
ite material containing 5 nm gold nanoparticles (NPs). The size and the dispersion of the
synthesized dodecanethiol-functionalized gold NPs was characterized using transmission elec-
tron microscopy (TEM). We investigated the particle agglomeration and dispersion during
the various stages of the nanocomposite synthesis using TEM. Physical properties such as
dielectric permittivity, dielectric loss and breakdown strength were measured experimentally.
The dependence of dielectric permittivity and loss tangent on the particle concentration and
frequency was studied. The results support the use of functional metal nanoparticles for
obtaining enhanced dielectric permittivity while maintaining low dielectric loss.

4.1 Synthesis

4.1.1 Dodecanethiol-functionalized Gold Nanoparticles

Gold nanoparticles were synthesized by the sodium borohydride reduction of an aque-
ous solution of tetrachloroauric acid in the presence of polymeric dodecylth-ioether end-
functionalized poly(methacrylic acid) stabilizer, using a previously published method [100].
Next, in order to transfer the gold nanoparticles from water to an organic phase, the water-
soluble polymer ligand was replaced by dodecanethiol by ligand exchange. Nanocomposite
material was synthesized using the solution-mixing method.

4.1.2 Polymer Nanocomposite

To prepare nanocomposite suspensions, first gold nanoparticle solution and SU-8 polymer
solution was prepared and then, equal amounts of the two solutions were mixed under ultra-
sonication. SU-8 solution was prepared by dissolving SU-8 resin in the chloroform solvent in
a 1:5 ratio by weight. The concentration of the gold nanoparticle solution was adjusted by
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varying the amount of the chloroform added to obtain nanocomposite suspensions with var-
ied gold nanoparticle content. Then, nanocomposite films were prepared using drop-casting
and spin-coating methods [101, 102].

Figure 4.1: Synthesis of gold nanoparticle/SU-8 nanocomposite solution (a) polymer solution
preparation, and (b) mixing of gold nanoparticle solution and polymer solution to obtain
nanocomposite suspension.

Figure 4.2: A schematic illustration of the fabrication of spin-coated nanocomposite film.
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Figure 4.3: Scanning electron microscopy (SEM) image of the top surface of (a) a drop-
casted, and (b) a spin-coated nanocomposite film. The drop-casted film consists of several
microbubbles and voids. In contrast, the spin-coated film is uniform and has reduced number
of microvoids.

Figure 4.4: (a) TEM image of the synthesized nanoparticle solution shows that monodis-
persed gold nanoparticles are obtained (b) Nanoparticle size distribution.
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4.2 Material Characterization

4.2.1 Nanocomposite Film Morphology

Drop-casting and spin-coating techniques were used for synthesizing the nanocomposite films.
For sample-1, nanocomposite suspension was deposited onto a SiO2 coated Si die by drop-
casting method and dried under nitrogen environment for 24 hours. For sample-2, spin-
coating method was used for casting the nanocomposite film. A 2 µm thick nanocomposite
film was prepared by spin-coating followed by a bake at 95oC for 5 min, UV curing and bake
at 95oC for 30 min to polymerize the SU-8 resin. Nanocomposite film quality and uniformity
was checked using SEM.

Figure 4.3 (a) shows the SEM image (top-view) of the sample-1 nanocomposite film.
Several microscale bubble and voids were observed throughout the nanocomposite film (dark
regions with white periphery as seen in Figure 4.3 (a)). This might be because that cross-
linking was not carried out as the sample was dried at room temperature. Figure 4.3 (b)
shows the SEM image (top-view) of the spin-coated film (sample-2), a dense film is obtained
with reduced voids or cracks. It is critical to minimize the number of voids and cracks as
they affect the optimal performance of the nanocomposite material by increasing dielectric
leakage and reducing the electric breakdown field [15]. Therefore, based on our preliminary
study [102], nanocomposite films in this study were synthesized using spin-coating method
rather than drop-casting.

4.2.2 Nanoparticle Size Distribution

To investigate the particle dispersity in the chloroform solvent, samples for the TEM analysis
of gold nanoparticles were prepared. A droplet of the chloroform dispersion of gold nanopar-
ticles was deposited onto a copper mesh grid followed by drying. Figure 4.4 (a) shows the
TEM image of the nanoparticles, indicating that nanoparticles are monodispersed. It is
important to characterize the particle dispersion prior to mixing them with the polymer for
two reasons, one is to identify whether there is any particle agglomeration without the addi-
tion of the polymer and the other is to get an estimate of the particle size. The absorption
spectra of the gold nanoparticles with different concentrations are shown in Figure 4.5 (red
curve: as-synthesized nanoparticle dispersion in chloroform; blue curve: nanoparticle solu-
tion after 2 times dilution). At a constant particle size, the optical absorbance was linearly
related to the concentration of gold nanoparticle solution, which is in accordance with the
Beer-Lambert law of absorbance showing a linear relationship between the absorbance and
the concentration of an absorber [103].
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Figure 4.5: The absorption spectra shows the variation of the absorbance with the gold
particle concentration at a fixed particle size.

4.2.3 Nanoparticle Dispersion in Gold Nanoparticle/SU-8
Polymer

We studied the particle agglomeration and dispersion in the SU-8 polymer by characterizing
the nanocomposite films using TEM. To characterize the nanoparticle dispersion in the gold
nanoparticle/SU-8 polymer composite material, thin slices (50-80 nm) of the cross-section
of the nanocomposite film were prepared by Reichert ultramicrotome for TEM imaging.
The nanocomposite sample was cut with a diamond knife attached to a boat in which
the cut thin slices float on top of water. A few of these slices were collected and placed
onto the TEM grid for imaging. Figure 4.6 (a) shows a TEM image of the cross-section
of the overall nanocomposite film containing 5% w/w nanoparticle content. The film is
resting on an epoxy substrate. During microtoming, due to the shear-induced distortions,
the nanocomposite film cross-section was distorted, therefore resulting in a cross-section with
non-uniform (uneven) thickness as seen in Figure 4.6 (a). To observe nanoparticle dispersion,
images were captured in higher magnifications from different areas of this nanocomposite film
as shown in Figure 4.6 (b-d). It can be observed that some portion of the gold nanoparticles
have agglomerated into clusters of size 20-25 nm in diameter, but the overall distribution of
nanoparticles/nanoclusters is homogeneous throughout the nanocomposite film.
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Figure 4.6: TEM images of the spin-coated nanocomposite film containing a gold nanopar-
ticle concentration of 5% w/w. (a) Cross-sectional view of overall nanocomposite film and
(b-d) zoomed-in view of nanoparticles in SU-8 matrix at different magnifications.

4.3 Electrical Characterization

To characterize the dielectric properties, electrical measurements were performed using the
probe station (Signatone, model H100) with a blunt tungsten probe tip to minimize the
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mechanical damage on the soft organic nanocomposite films. Characterization of both
nanocomposite and SU-8 only capacitor devices was done in an ambient atmosphere. Ca-
pacitance measurements were made using the multi-frequency capacitance measurement unit
(MFCMU) of the B1500A semiconductor parameter analyzer.

4.3.1 Capacitor Device Design and Fabrication

Parallel plate-type capacitor devices were fabricated to measure the dielectric properties of
the gold nanoparticle/SU-8 nanocomposite material. In short, as a first step, SiO2 (100
nm thick) was deposited on a silicon (Si) substrate (size of 10 mm × 20 mm). For the
bottom electrode of the capacitor, aluminum (200 nm thick) was deposited using sputtering
machine, followed by the spin-coating of nanocomposite film. For the top electrodes, gold
metal (100 nm thick and 2 mm diameter) was directly deposited onto the nanocomposite film.
Figure 4.7 shows the schematic of the capacitor device fabricated in a metal-insulator-metal
configuration. The thickness of each film was recorded using a stylus contact profilometer
(Alpha-Step IQ Surface Profiler).

Figure 4.7: Fabrication procedure of the capacitor device on a silicon substrate.
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4.3.2 Dielectric Properties of Gold Nanoparticle/SU-8
Nanocomposite

Figure 4.8: Frequency dependence of dielectric constant of the gold nanoparticle/SU-8
nanocomposite films. The nanocomposite samples have higher dielectric constant than the
polymer only samples in the whole frequency range.

In Figure 4.8, average dielectric constant values were plotted against frequency for nanocom-
posite films with varied nanoparticle concentration. The error bars in Figure 4.8 represent
one standard deviation of the mean dielectric constant. Figure 4.8 shows that the gold/SU-8
nanocomposite samples films have higher dielectric constant than the polymer only (i.e.,
SU-8 without gold nanoparticles) samples in the whole frequency range. An average di-
electric constant of 13.6 at 1 kHz was observed for 10% w/w nanocomposite samples. The
increase in the dielectric constant of nanocomposite is because of the accumulation of charges
at the particle-polymer interface resulting from the interfacial polarization. For nanocom-
posite films, the dielectric constant decreased at high frequency values due to the loss of
the contribution of the interfacial polarization mechanism to the total polarization. At
high frequencies, the electric field oscillates faster than charges that can accumulate at the
particle-polymer interface, reducing the dielectric permittivity [104]. This behavior becomes
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Figure 4.9: Loss tangent of the gold nanoparticle/SU-8 nanocomposite films with varied
nanoparticle concentration. The average loss tangent value for nanocomposite capacitors is
slightly greater than the SU-8 only samples. This is due to the presence of particle agglom-
erates in the SU-8 matrix for nanocomposite capacitors having 10 wt% particle content.

noticeable in the case of the nanocomposite films containing a nanoparticle concentration
of 10% w/w. The dielectric constant values are expected to increase with further increase
in particle concentration. However, we did not measure the dielectric properties beyond
10% w/w nanoparticle concentration due to the increase in nanoparticle agglomeration in
the nanocomposite films. For nanocomposite film containing 5% w/w gold nanoparticles,
the error bars are relatively small, implying that the nanoparticle distribution is homoge-
neous. This is in agreement with the TEM data shown in Figure 4.6. However, for 10%
w/w nanocomposite films, variation from the mean dielectric constant and loss tangent is
relatively large as depicted by the large error bars in Figure 4.8. This implicitly suggests an
inhomogeneous nanoparticle distribution in nanocomposite films containing 10% w/w gold
nanoparticles.

Figure 4.9 shows the loss tangent values for the nanocomposite and SU-8 only capacitors,
with the error bars showing one standard deviation of the mean loss tangent. It can be
observed that the average loss tangent for nanocomposite capacitors is higher than the SU-
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Figure 4.10: Variation of (a) dielectric constant and (b) loss tangent with nanoparticle
concentration for gold nanoparticle/SU-8 nanocomposite films at 1 kHz.
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Figure 4.11: Breakdown strength measurement of 5% and 10% w/w gold nanoparticle/SU-8
nanocomposite films. The sharp rise in current at ∼ 97 and ∼ 78 V indicate the breakdown
for 5% and 10% w/w nanocomposite films respectively.
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8 only capacitors. This is expected due to the presence of particle agglomerates in the
SU-8 matrix for nanocomposite capacitors (see Figure 4.6). However, the observed loss
tangent values are relatively low in comparison to the previously published values [105]. In
addition, the dielectric loss of the nanocomposite films showed weak frequency dependence
at high frequency ranges (> 10 kHz). Figure 4.10 (a) shows the effect of the nanoparticle
concentration on the dielectric properties of gold nanoparticle/SU-8 nanocomposite measured
at 1 kHz. The enhancement in the dielectric permittivity increased rapidly when the particle
concentration is higher than 5% w/w. A dielectric permittivity of 13.6 was observed at a 10%
w/w particle content. The effect of particle concentration on loss tangent is illustrated in
Figure 4.10 (b). The dielectric loss increased with the increase in the particle concentration.
However, the measured dielectric loss values are still quite low. For example, the loss tangent
was measured to be ∼ 0.07 for 10% w/w nanocomposites. Although further parametric
studies including the change of ligands and base polymer, spin-coating speed, baking time
and temperature can be leveraged to improve the particle dispersion at high nanoparticle
concentrations, the enhanced dielectric properties of photodefinable nanocomposites were
achieved using a combination of ligand-modified gold nanoparticles and SU-8 polymer.

4.3.3 Breakdown Strength Measurement of Gold
Nanoparticle/SU-8 Nanocomposites

Tests were performed by applying a voltage between the top (gold) and bottom (aluminum)
electrodes. The breakdown strength was measured using the voltage ramp test procedure,
where the voltage was linearly increased until the breakdown occured. The current starts
at a low value and ramps exponentially until the dielectric breakdown. A breakdown was
evident under three scenarios; a sharp rise in the current, a visually noticeable damage in
the dielectric film, or an audible sound.

The current-voltage characteristics of the gold nanoparticle/SU-8 nanocomposite films
are shown in Figure 4.11. For 5% w/w nanocomposite films, at a low voltage of 10 V, the
measured current was ∼ 1 nanoamperes (nA). A spike in the current was observed at 97 V
indicating the breakdown of the dielectric film as shown in Figure 4.11 (a). The breakdown
behavior of the 10% w/w nanocomposite film is shown in Figure 4.11 (b). The current
rose sharply to 2.8 milliamperes (mA) at 78 V suggesting the film breakdown. The average
breakdown strength for the 5% and 10% w/w gold nanoparticle/SU-8 nanocomposite films
was measured to be 97 and 70 MV/m respectively.

4.4 Discussion

In summary, a photodefinable nanocomposite with enhanced dielectric properties is suc-
cessfully developed using 5 nm dodecanethiol-functionalized gold nanoparticles and SU-8
polymer. The dispersion of the gold nanoparticles in the SU-8 polymer was investigated
using electron microscopic analysis. The nanocomposite films show relatively low dielectric
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loss and considerably high dielectric constant. At a particle concentration of 10% w/w,
nanocomposite films exhibited an average dielectric constant of 13.6 and loss tangent of 0.09
at 1 kHz.
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Chapter 5

Gold Nanoparticle/PVDF
Nanocomposite

This chapter reports on the design and development of a nanocomposite dielectric developed
by embedding PVP-encapsulated gold nanoparticles in the PVDF polymer matrix. The
coating material is carefully tailored so as to aid in the dispersion of gold nanoparticles
while providing local electrical resistance to allow increased volume fractions of particles in
the polymer scaffold. The surface functionalization of gold nanoparticles with PVP facili-
tates favorable interaction between the particle and polymer phase, enhancing nanoparticle
dispersion. Since PVP is miscible with PVDF, the particle dispersion is enthalpically fa-
vored. Furthermore, PVDF has high breakdown strength (>700 MV/m) [106] and the
overall dielectric permittivity of nanocomposites can be increased owing to nanoscale con-
ductive fillers [19, 20], thus, serving as a high energy density dielectric material and providing
several potential applications. To study the effect of entropic interactions on particle dis-
persion, nanocomposites with two different particle sizes (5 and 20 nm in diameter) were
synthesized and characterized. A uniform particle distribution was observed for nanocom-
posite films consisting of 5 nm gold particles, in contrast to the film with 20 nm particles.
The frequency-dependent dielectric permittivity and the loss tangent were measured for the
nanocomposite films. Moreover, the dielectric breakdown strength measurements were done
on the nanocomposite films.

The first section of this chapter discusses the effect of process conditions such as film-
casting method and the processing temperature on the development of nanocomposite films
with lesser number of voids. The next sections of this chapter discuss the particle dispersion
in the PVDF polymer for 5 nm and 20 nm gold nanoparticles. The last section of this
chapter covers the dielectric permittivity and breakdown field strength properties of the
nanocomposite material.
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5.1 Nanocomposite Synthesis and Material

Characterization

To identify the appropriate processing conditions for the synthesis of nanocomposite films,
first control samples were prepared using PVDF. A 10% w/w polymer solution was prepared
by mixing PVDF in form of pellets with the DMF solvent, followed by heating at 100oC
continuous stirring, until entire amount of PVDF was dissolved. Sample-1 was prepared
by drop-casting the as synthesized polymer solution film onto a SiO2 substrate, followed
by annealing in a vacuum oven at 50oC for 24 hours. Another sample was prepared by
spin-coating the PVDF solution at 1500 rpm, 30 sec and annealing at 100oC for 2 hours.

The morphology of the resulting polymer films was studied using SEM. It can be ob-
served in Figure 5.1 (a) that the drop cast film is porous, and has loosely connected PVDF
spherulites. This could be attributed to the diffusion of ambient water molecules into the
liquid composition solution, because water is miscible with DMF. However, PVDF is not
soluble in water, so phase separation might have occurred. Spin-coating was also used for
synthesizing the nanocomposite film. Fig. 5.1 (b) is the SEM image of the top surface of
the spin coated film. In comparison to the drop-cast film, it can be observed that a dense
film is achieved with no voids. This could be due to the faster evaporation of the solvent in
case of the spin coated film and hence, less time available for water molecules to diffuse in
the wet film.

Figure 5.1: SEM image of (a) drop-casted and (b) spin-coated PVDF polymer film. Drop-
casted film exhibits porosity as evident from the voids throughout the film, whereas no voids
were observed in the spin-coated film.
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Figure 5.2: Synthesis of PVDF nanocomposite solution (a) polymer solution preparation, (b)
preparation of the gold nanoparticle dispersion, and (c) mixing of gold nanoparticle solution
and polymer solution to obtain the nanocomposite suspension.

The morphology of the gold nanoparticle (5 nm)/PVDF nanocomposite films was inves-
tigated as well. In order to fabricate nanocomposite films, a nanocomposite suspension (1
% w/w nanoparticle content) was prepared by directly mixing the particle suspension with
polymer solution under sonication for an hour at room temperature as shown in Figure 5.2.
PVDF nanocomposite films were spin-coated (Figure 5.3) under the same process conditions
as described earlier for PVDF films. Figure 5.4 (a) and (b) show the surface morphologies of
the drop-casted and spin-coated nanocomposite films. It is evident that a similar behavior
was observed in the case of the nanocomposite films.
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Figure 5.3: A schematic illustration of the fabrication of spin-coated PVDF nanocomposite
film.

Figure 5.4: SEM image of (a) drop-casted and (b) spin-coated gold nanoparticle (5
nm)/PVDF polymer composite film.

5.1.1 Grazing Incidence X-ray Diffraction

Grazing-incidence wide-angle scattering (GIWAXD) was used to characterize the different
phases of the PVDF polymer. The crystal structures of PVDF, 1% and 12.5% w/w gold (5
nm)/PVDF films annealed at 100◦C, were characterized by GIWAXD as presented in Figure
5.5. For pure PVDF films, the less intensive peaks at 18.6o and 20.1o attribute to (020)α
and (110)α crystal planes respectively [107].

A broad peak centered at 21.4o is also observed, it could be explained as (012) γ-
prohibited [108]. WAXD pattern of 1% w/w PVDF nanocomposite shows a broad peak
centered at 21.4o, its full width at half maximum ranges from 20.6o to 23o. It is attributed
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to the (110) and (200) crystal planes of the β phase, [107] although contributions from the
γ phase cannot be excluded. The peak at 21.4o is typical for the γ phase, and it could be
explained as (012) γ-prohibited [108]. Similar to the 1% case, the WAXD pattern of 12.5%
w/w PVDF nanocomposite shows an intense broad peak around 20.6o that corresponds to
the (110) and (200) crystal planes of the β phase [107]. The broad peak centered at 26.5o

can be attributed to either the α or the γ phase [108]. For PVDF, and nanocomposite films
with 1 and 12.5% w/w, a peak is observed at 16.5o that cannot be explained by any of the
known crystal structures of PVDF.

Figure 5.5: GIWAXD patterns obtained for (a) PVDF film, gold (5 nm)/PVDF nanocom-
posite with (b) 1% and (c) 12.5% w/w nanoparticle content.

5.1.2 Nanoparticle Dispersion in PVDF

TEM was used to check nanoparticle size and agglomeration after preparing the nanoparticle
solution. Figure 5.6 shows that nanoparticles are monodispersed, and hence, no particle ag-
glomeration occurred during the nanoparticle solution preparation. Particle size is estimated
to be 4.40 ± 0.53 nm using the ImageJ software.
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Figure 5.6: TEM analysis of PVP-grafted 5 nm gold nanoparticles. It was observed that
nanoparticles were monodispersed.

Figure 5.7: TEM image of cross-section of nanocomposite film with gold nanoparticle con-
centration of 1% w/w. TEM images qualitatively suggests that a uniform dispersion of gold
nanoparticles in PVDF has been achieved.
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Figure 5.8: Gold nanoparticle/PVDF polymer composite film with 5% w/w nanoparticle
content at different magnification levels (a) and (b).

The spatial distribution and the dispersity of the gold nanoparticles in the PVDF poly-
mer matrix was studied using TEM [109, 110]. Nanocomposite film cross-sections (40 − 80
nm thick) were obtained using a Reichert microtome. Figure 5.7 shows the cross-section of
the nanocomposite film with fairly low nanoparticle content (1% w/w) in different magni-
fications. The nanoparticles appear to be monodispersed i.e. no particle agglomeration is
observed in the nanocomposite film.

To study the effect of the increase in particle concentration on the distribution of nanopar-
ticles, TEM analysis was performed for nanocomposite films with increased nanoparticle
concentration. A nanocomposite film with 5% w/w of nanoparticles is shown in Figure 5.8.
Figure 5.8 (b) shows a high magnification view of the 5% w/w nanocomposite film. No
dominant aggregation of the gold nanoparticles at the air/film interface is observed. These
images qualitatively indicate that a uniform dispersion of nanoparticles with no agglomer-
ation has been achieved. The particle distribution suggests that the gold nanoparticles are
effectively insulated by the polymer. Since nanoparticle agglomeration results in high dielec-
tric loss and reduced electrical breakdown strength, a uniform particle distribution with no
agglomeration is imperative to obtain optimal enhancement in the dielectric properties.
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Figure 5.9: Gold nanoparticle/PVDF polymer composite film with 12.5% w/w nanoparticle
content at different magnifications. Images a and b are taken from the bulk of the polymer,
and images c and d are captured near the air/film interface region.
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Figure 5.10: TEM image of PVP-coated 20 nm gold nanoparticles.

Gold nanoparticle distribution in the nanocomposite film with 12.5% w/w particle content
is illustrated in 5.9. Electron micrographs are captured from the different regions of the
nanocomposite film. Figures 5.9 (a), (b) represent the distribution of the nanoparticles in the
interior regions i.e. away from the air/film and film/substrate interface. It can be concluded
that the particles are uniformly distributed in the PVDF matrix and no dominant segregation
of the gold nanoparticles is observed. Figure 5.9(c) shows the particle dispersion in the
nanocomposite film near the air/film interface. The TEM image suggests that the relative
concentration of nanoparticles near the air/film interface is higher than in the interior regions
of the nanocomposite film. Although the uniform distribution of nanoparticles is desirable
throughout the nanocomposite film (even near the air/film interface), a magnified view in
Figure 5.9(d) shows that the gold nanoparticles are well-dispersed in the PVDF polymer
matrix with no agglomeration. It is noteworthy that single gold particles are embedded in
the PVDF polymer matrix, with an average size of 5 nm. Typically, nanoparticle addition
in polymer leads to particle agglomeration, which is undesirable for energy storage because
agglomerates can form percolation pathways for current leakage, resulting in increased energy
loss.
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Figure 5.11: TEM images of nanocomposite film containing 20 nm gold nanoparticles (5
% w/w). Images (a) and (b) show that nanoparticles are excluded from the host polymer
matrix to the air/film interface, with fewer particles embedded in the polymer matrix as
shown in image (c). A high-magnification view of the area highlighted by the white box in
image (c) is shown in image (d).
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To study the effect of nanoparticle size on particle dispersity in the polymer compos-
ite, nanocomposite films embedded with 20 nm PVP-functionalized gold nanoparticles were
synthesized and characterized. TEM micrograph of 20 nm gold nanoparticles is shown in
Figure 5.10. It shows that the nanoparticles are monodispersed. To study the spatial disper-
sion and agglomeration of gold nanoparticles in the PVDF polymer matrix, nanocomposite
films containing 5% w/w of gold (20 nm) nanoparticles were prepared under the same pro-
cess conditions as used for 5 nm gold nanoparticle/PVDF nanocomposite films. Figure 5.11
show the electron micrographs of a gold (20 nm)/PVDF nanocomposite film having a par-
ticle concentration of 5% w/w. TEM images are captured from the various regions of the
nanocomposite film. Figure 5.11 (a), (b) shows that the nanoparticles are being expelled
from the bulk of the polymer toward the air/film interface. Certain regions of the film have
nanoparticles embedded in the polymer, as shown in Figure 5.11 (c). However, the particle
dispersion is not uniform. Figure 5.11 (d) shows a high magnification electron micrograph
of the region marked by the white box in Figure 5.11 (c). From the TEM analysis, it can
be concluded that the distribution of 20 nm gold nanoparticles in the PVDF host matrix is
inhomogeneous. This is in contrast to the nanocomposite films with 5 nm particle size, as
observed in Figure 5.8.

The effect of particle size on the state of dispersion for particles having identical function-
ality can be explained in terms of entropic interactions (i.e. nanoparticle size relative to the
radius of gyration). In particle−polymer composites, the polymer chains undergo stretching
around the solid nanoparticles, causing a loss in the conformational entropy, which further
depends on the particle radius. For large particles, which are entropically disfavored, in
the absence of specific interactions, particles are expelled from the bulk of the polymer [49].
This characteristic significantly affects the global distribution of nanoparticles in the polymer
matrix.

5.2 Electrical Characterization

5.2.1 Dielectric Properties of Gold Nanoparticle/PVDF
Nanocomposite

To systematically investigate the dielectric properties of the composite films, impedance
measurements were made using the semiconductor parameter analyzer on nanocomposite
capacitors. Dielectric permittivity values were estimated from the measured capacitance
values using the electrode area and film thickness.
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Figure 5.12: Frequency dependent dielectric permittivity for the nanocomposite capacitors
with varied gold nanoparticle concentration.

Figure 5.12 shows the variation of the dielectric properties with frequency over the range
of 1 kHz to 1 MHz, for nanocomposite films with gold nanoparticle (5 nm) content upto
12.5% w/w. In general, the dielectric permittivity was observed to decrease with the increase
in frequency. However, the frequency dependence was weak for nanocomposite films with
particle concentration upto 1% w/w. For 5% w/w and 12.5% w/w nanocomposites, the effect
of frequency on dielectric permittivity was significant, exhibiting a substantial decrease in
dielectric permittivity with the increase in frequency. This is attributed to the space charge
polarization between the gold nanoparticles and the PVDF polymer matrix [4]. The dielectric
loss can be analyzed in terms of the loss tangent tan(δ), also known as the dissipation
factor. Loss tangent includes the dissipation due to the resistance in the leads and plates,
dielectric damping loss, and conductivity loss of a conductive material. For loss-less material,
tan(δ) = 0. The frequency-dependent response of the loss tangent is shown in Figure 5.13.

For pure PVDF film capacitors, the loss tangent shows frequency-independent character-
istics. In case of nanocomposite films, the loss tangent was observed to have weak frequency
dependence at low frequency values, but an increase in the loss tangent was observed at
higher frequencies (105 − 106 Hz), which might be attributed to the resonance/relaxation
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of the host polymer [14, 15, 20, 111, 112] or lead resistance (resistance of the connecting
leads). The dissipation due to lead resistance can be expressed as ωRsC, where ω is the
measurement frequency, Rs is the series resistance due to leads, and C is the capacitance.
At high frequencies, when ωC is large, the dissipation due to lead resistance can dominate
the total dissipation, causing an increase in the dissipation factor. This frequency-dependent
trend of loss tangent can also be found in previous reports [32–34].

Figure 5.13: Frequency-dependent loss tangent (tan δ) for the nanocomposite capacitors
with varied gold nanoparticle concentration.

Figure 5.14 shows the effect of the nanoparticle concentration on the dielectric properties
of the nanocomposite materials measured at 1 kHz. The enhancement in the dielectric
permittivity increases rapidly when the particle concentration is higher than 1% w/w. A
dielectric permittivity of ∼22 was observed at 12.5 % w/w particle content, which is much
higher than that of the pure PVDF homopolymer. The effect of the particle concentration
on the dielectric loss is illustrated in Figure 5.14. The dielectric loss increased with the
increase in the particle concentration in the nanocomposite, probably due to the ohmic
current leakage. However, the measured dielectric loss values are quite low, even at high
particle concentrations. For example, the loss tangent was measured to be ∼0.14 for 12.5%
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w/w nanocomposites. This implies that the gold nanofillers are effectively insulated by the
surrounding polymer matrix.

Dielectric measurements were also made for the nanocomposite films embedded with
20 nm gold particles. Figure 5.15 shows the frequency-dependent dielectric permittivity
for gold (20 nm)/PVDF nanocomposite films having a nanoparticle concentration of 5%
w/w. The dielectric permittivity was observed to decrease with the increase in frequency
similar to the case of nanocomposite films containing 5 nm gold nanoparticles as fillers.
However, since the nanoparticles were segregated towards the edge of the film rather than
being dispersed in the bulk of the polymer matrix (Figure 5.11), the overall enhancement
in the dielectric permittivity was not significant. The frequency-dependent loss-tangent for
gold (20 nm)/PVDF nanocomposite films having a nanoparticle concentration of 5% w/w is
shown in Figure 5.16. Similar to the gold (5 nm)/PVDF nanocomposite case, the loss tangent
was observed to have weak frequency dependence at low frequency values, and an increase
in the loss tangent was observed at higher frequencies (105 − 106 Hz). The loss-tangent
values were relatively higher than the gold (5 nm)/PVDF nanocomposite case. This might
be attributed to the agglomeration of gold (20 nm) nanoparticles in the polymer matrix as
shown in Figure 5.11.

5.2.2 Breakdown Strength of Gold Nanoparticle/PVDF
Nanocomposite

The breakdown behavior of the gold nanoparticle/PVDF nanocomposite films was studied
by applying a voltage ramp at a rate of 100 V/sec and measuring the resulting current. The
current-voltage characteristics of the PVDF film is shown in Figure 5.17. It can be observed
that a sharp increase in the current occured at a voltage of 92 V indicating the breakdown
of the dielectric film. SEM images of the capacitor devices were obtained after the dielectric
breakdown measurements to check the rupture of the film. Figure 5.18 (a) shows the top
surface of the dielectric film in lower magnification. The bright circular region in the image
corresponds to one of the top electrodes and the surrounding dark area is the polymer film. It
can be observed that the dielectric film has ruptured as evident from the several breakdown
regions. A high magnification view of one of the breakdown region is shown in Figure 5.18
(b).

For 5% w/w nanocomposite films, a spike in the current was observed at 98 V as shown
in Figure 5.19. The breakdown behavior of the 10% w/w nanocomposite film is shown in
Figure 5.19. The current rose sharply to 20 milliamperes (mA) at 57 V suggesting the film
breakdown. The average breakdown strength for PVDF, 5% and 10% w/w gold nanoparti-
cle/PVDF nanocomposite films is listed in Figure 5.20. The dielectric breakdown strength
decreased with the increase in the nanoparticle concentration in the host polymer matrix.
However, the decrease in the breakdown strength was not apparent until the particle concen-
tration was increased to 12.5% w/w, where the breakdown strength reduced to 174 MV/m
from 269 MV/m (measured for PVDF samples).
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Figure 5.14: Variation of (a) dielectric constant and (b) loss tangent with the filler concen-
tration for gold (5 nm) nanoparticle/PVDF nanocomposite films at 1 kHz.
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Figure 5.15: Frequency−dependent dielectric permittivity for the gold nanoparticle (20
nm)/PVDF nanocomposite capacitors.

Figure 5.16: Frequency−dependent loss tangent for the gold nanoparticle (20 nm)/PVDF
nanocomposite capacitors.
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Figure 5.17: Breakdown strength measurement of PVDF films. At ∼ 92 V the current jumps
several orders of magnitude, indicating the breakdown of the PVDF film.

Figure 5.18: SEM images of the capacitor device after the dielectric breakdown strength
measurement in (a) low and (b) high magnifications.
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Figure 5.19: Breakdown strength measurement of 5 % and 12.5 % w/w gold nanoparticle
(5 nm)/PVDF nanocomposite films. The sharp rise in current at ∼ 98 and ∼ 57 V indicate
the breakdown for 5 wt% and 12.5 wt% nanocomposite films respectively.

Figure 5.20: Average breakdown strength values for the gold nanoparticle (5 nm)/PVDF
polymer nanocomposite dielectric.
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5.3 Discussion

In summary, a novel hybrid composite material consisting of PVP-modified gold nanopar-
ticles and PVDF was developed. Nanocomposite films without voids and phase-separation
between the particles and polymer phase were successfully synthesized. The electron mi-
croscopy images of the gold nanoparticle (5 nm)/PVDF nanocomposite films demonstrated
no particle agglomeration up to 12.5% w/w particle concentration. The gold nanoparticle (5
nm)/PVDF nanocomposite films showed high dielectric constant and low dielectric loss, i.e.
a dielectric constant value of ∼ 22 and a loss tangent of ∼ 0.14 at 1 kHz was measured at a
particle concentration of 12.5% w/w. These results provide evidence that enhanced dielectric
permittivity can be obtained while low dielectric loss was maintained for polymer composites
embedded with ligand-coated metal nanoparticles. In addition, the effect of nanoparticle size
on the distribution of gold nanoparticles in the PVDF host polymer and the enhancement
of dielectric properties was illustrated.
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Chapter 6

Conclusions

In this dissertation, solid-state dielectric materials with high dielectric permittivity and low
dielectric loss properties were developed to enable high energy density solid-state energy
storage mechanisms. Current energy storage systems such as batteries, and supercapacitors
offer high energy density in comparison to the conventional solid-state capacitors. However,
these systems are liquid/gel based that can explode in extreme thermal conditions, or at
higher voltages. Furthermore, their power density is much lower than the conventional-solid
state capacitors.

To obtain high dielectric permittivity and low dielectric loss solid-state dielectrics, we
proposed the development of novel polymer nanocomposite materials with two key innova-
tions. One involved the 5 nm diameter metal nanoparticle fillers for enhancing the dielectric
permittivity of the host polymer matrix and the other pertaining to the selection of the
appropriate nanoparticle surface functionalization for controlling particle agglomeration and
reducing dielectric loss.

Metal nanoparticles enhance the dielectric permittivity due to the interfacial polarization
(also known as Maxwell-Wagner-Sillars polarization) caused by the different relaxation times
in particle and polymer phases (i.e., different phases). In particular, 5 nm size particles are
chosen to assist in the attainment of homogeneous particle dispersion in the host polymer
matrix. In nanoparticle/polymer composite systems, although enthalpic interactions (related
to the nanoparticle ligands) are usually dominant, entropic interactions (i.e. nanoparticle
size relative to the radius of gyration of polymer) can also play a critical role in controlling
particle dispersion. In particle-polymer composites, the polymer chains undergo stretching
around the solid nanoparticles, causing a loss in the conformational entropy which further
depends on the particle radius. For large particles which are entropically disfavored, in the
absence of specific interactions, particles are expelled from the bulk of the polymer. This
characteristic significantly affects the global distribution of nanoparticles in the polymer
matrix.

This thesis reports the development of two novel polymer nanocomposite dielectric ma-
terials one involving PVDF as the host polymer for potential applications in energy storage
and the other with SU-8 as the polymer host for microelectronic applications. For each
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polymer nanocomposite, the nanoparticle surface functionalization is carefully tailored so as
to aid in the dispersion of gold nanoparticles while providing local electrical resistance to
allow increased volume fractions of particles in the polymer scaffold.

For the gold nanoparticle/PVDF nanocomposite, PVP-coated gold nanoparticles were
embedded in the PVDF polymer matrix. Since PVP is miscible with PVDF, the particle
dispersion is enthalpically favored. PVDF has high breakdown strength (>700 MV/m) and
the overall dielectric permittivity of nanocomposites was increased owing to nanoscale con-
ductive fillers, thus serving as a high energy density dielectric material. To study the effect of
entropic interactions on particle dispersion, nanocomposites with two different particle sizes
(5 nm and 20 nm in diameter) were synthesized and characterized. Scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM), and ultramicrotoming techniques
were used for the material characterization of the nanocomposite material.

A uniform particle distribution was observed for gold nanoparticle/PVDF nanocomposite
films consisting of 5 nm gold particles in contrast to the film with 20 nm particles. Further,
the electron microscopy images of the 5 nm gold nanoparticle/PVDF nanocomposite films
demonstrated no particle agglomeration up to 12.5% w/w particle concentration. Also, no
evidence of macro-phase separation of nanoparticles from the polymer phase was observed.
This is important because nanoparticle agglomeration and phase separation from the poly-
mer usually results in poor processability of films and a high defect density. Nanocomposite
films without voids and phase-separation between the particles and polymer phase were suc-
cessfully synthesized. The frequency dependent dielectric permittivity and the loss tangent
was studied for the nanocomposite films. The nanocomposite films showed high dielectric
constant and low dielectric loss, i.e., a dielectric constant value of 22 and loss tangent of
0.14 at 1 kHz was measured at a particle concentration of 12.5 wt%. These results pro-
vide evidence that enhanced dielectric permittivity can be obtained while maintaining the
low dielectric loss for polymer composites embedded with coated metal nanoparticles. Such
solid-state dielectric materials would enable energy storage solutions having both high energy
storage capacity and high power transfer rate. Potential application of the improved energy
storage technologies will be across the board from hybrid vehicles requiring fast charge times
to consumer electronics demanding longer battery life.

For the gold nanoparticle/SU-8 nanocomposite dielectric, dodecanethiol functionalized
gold nanoparticles were embedded in the SU-8 host matrix. The nanocomposite films showed
relatively low dielectric loss and considerably high dielectric constant. At a particle concen-
tration of 10% w/w, nanocomposite films exhibited an average dielectric constant of 13.6
and loss tangent of 0.09 at 1 kHz. These results support the use of photodefinable organic
polymer composites embedded with functional metal nanoparticles for obtaining enhanced
dielectric permittivity while maintaining low dielectric loss. SU-8 based high-k nanocompos-
ite would be an excellent candidate for embedded capacitor applications as it can be easily
patterned in the desired shapes using photolithography.
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Chapter 7

Future Work

The overall conclusions of this thesis indicate that the polymer nanocomposite dielectrics
with high dielectric permittivity can be obtained while maintaining low dielectric loss by
reducing the agglomeration of the conductive fillers in the host polymer matrix. These solid-
state dielectric materials would enable the development of energy storage mechanisms with
high energy density and high power density.

As a future work, alternative methods for the fabrication of the polymer nanocomposite
dielectric films can be explored to potentially enable the high volume production of the
solid-state dielectric materials. Currently, the polymer nanocomposite dielectric films are
fabricated on a die-by-die basis using the spin-coating method. Spin coating offers the
advantage of good film uniformity and control over the film thickness but it cannot be used
for large area processing. Thin film deposition techniques such as doctor blading and dip
coating can be explored as they offer large area coverage. Dip coating has the advantage that
it can be used to obtain very thin layers. These studies would entail investigation of the state
of the nanoparticle dispersion in the resulting nanocomposite films and the measurement of
the dielectric properties for comparative analysis.

Finally for the photodefinable polymer nanocomposites, to further enhance their dielec-
tric permittivity, the gold nanoparticle dispersion in the SU-8 photopolymer can be fur-
ther improved. Alternative surface functionalization groups or polymer brushes on the gold
nanoparticle surface can be attached to improve the wettabiliity of the nanofillers in the
SU-8 polymer matrix. This would allow the addition of the gold nanoparticles in increased
volume fractions in the polymer matrix yielding enhanced dielectric performance.
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[97] Maria M Pérez-Madrigal, Elaine Armelin, Jordi Puiggaĺı, and Carlos Alemán. “Insu-
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