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ABSTRACT

High dielectric permittivity (high-k) materials are essential in fabricating energy
storage devices, thin-film transistors, and piezoelectric devices. Solution-processable
dielectrics are more desirable in energy storage film capacitors, and functional
electronics, since they are cost-effective and can be produced in large quantities. The
solution-process assisted by ultrasound is a well-known method as it provides the
possibility of tuning properties of subsequent products by easily adjusting the precursor
solutions. In this work, three categories of dielectrics, such as metal oxide-based
dielectrics, namely, lanthanum cerium oxide (LCO), lanthanum zirconium oxide
(LZO); polymer composite dielectrics, namely, polymethyl methacrylate (PMMA)-
LZO and polyvinylidene fluoride-co-hexafluoropropylene (PVDF-HFP)-LZO;
anisotropic dielectrics such as polystyrene-iron oxide (PS-FesO4) patchy particles and
lanthanum oxide-zirconium oxide (La-03-ZrO.) dumbbell-shaped Janus particles, were
fabricated at low temperatures using a sonochemical approach. In polymer composites,
the main emphasis was on obtaining a uniform distribution of high-k LZO filler into a
PMMA and PVDF-HFP matrix to improve their dielectric permittivity and energy
storage density while lowering the dielectric loss. The effect of LZO content on
dielectric properties and optimum LZO loading to achieve improved energy storage
density of the films was studied. The enhanced energy storage density of 5.94 J/cm? at
63.6 MV/m breakdown strength for PMMA-LZO and 15.8 J/cm?® at 545 MV/m for
PVDF-HFP/LZO have been achieved.

Further, the fundamental insights into the role of the polymer-metal oxide (PS-Fez04
patchy particles) and metal oxide-metal oxide (La2O3-ZrO,) interfaces on the dielectric
properties have been addressed by considering experimental outcomes and
computational simulations. Also, a new mechanism of charge build-up at these
interfaces have been proposed. Computational outcomes reveal that the creation of
interface bound-charges at the interface is predominantly responsible for the improved
dielectric properties. Local morphology, dispersibility, interface area, crystallinity, and
ionization of the metal oxides determine the overall dielectric permittivity of the film.
Polymer-inorganic interface engineering and design open up a new area to develop

hybrid materials for future energy storage systems.
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CHAPTER 1

INTRODUCTION

Ever-increasing energy needs and fossil fuel depletion demand efficient ways
of utilizing energy and the quest for sustainable and renewable resources. As a result,
renewable energy production from solar and wind technologies is growing. Due to the
intermittent evolution of such production and consumption requirements, the
development of new, low-cost, and environmentally friendly energy conversion and
storage systems such as batteries, electrochemical capacitors, fuel cells, and dielectric-
based capacitors is of utmost importance. Among these energy-storage devices,
dielectric capacitors provide intrinsically high-power density due to their rapid uptake
and delivery of energy. They are therefore promising for the generation of high-
performance electronics used in electric hybrid automobiles, transistors, inverters,
medical devices, and electrical weapon systems (Dang et al., 2013). The capacitor,
which stores electrical energy, restricts the flow of direct current (DC) and enables the
flow of alternative current (AC), comprises simply of two parallel conductive
electrodes separated by a dielectric material. Dielectric materials are the critical

component responsible for the performance of capacitors.

The majority of the dielectric materials that are commercially used belong to
either polymers and inorganics or combination of them. Polymers can be further
categorized into polar and nonpolar polymers based on their dipole moments (Lovinger
et al., 1982). Nonpolar polymers are completely covalent and have symmetric
molecules in general. There are no polar dipoles in these materials, and there is no
intentional effort to align any dipoles in an applied electric field. However, the electric
field shifts the electrons slightly in the direction of the electrical field to establish
electron polarization. Individual dipole moments cancel each other out due to symmetry
in a nonpolar polymer and are therefore responsible for lower dielectric permittivity.
Examples of some nonpolar polymers are polypropylene (PP) and polystyrene (PS),
polytetrafluoroethylene (PTFE), low-density polyethylene (LDPE), polyolefins, etc.



The polar polymers do not have a fully covalent bond, and there is a slight imbalance
in the electronic charge of the molecule. In polar polymers, dipoles are formed by an
imbalance in the distribution of electrons, and the dipoles may attempt to align with the
field in the presence of an electric field. In polar polymers, the dipoles typically do not
cancel each other. As a result, individual dipole moments become enhanced, and they
show relatively higher dielectric permittivity than nonpolar polymers. Examples of
polar polymers are polymethyl methacrylate (PMMA), polyvinylidene fluoride
(PVDEF), polyvinyl chloride (PVC), polyamides. High-k inorganic dielectrics are vital
components of the present generation and future energy storage devices. Metal oxides
(MOs) are the most common inorganic dielectrics. Some of these include barium
titanate (BaTiOz) (Hoshina, 2013), calcium copper titanate (CaCusTisO12) (Chung et
al., 2006), strontium titanate (SrTiO3z) (Nisa et al., 2008), tantalum oxide (Ta20s),
zirconium oxide (Zr0O.), titanium dioxide (TiO2), lanthanum oxide (La203), hafnium
oxide (HfO2) (Karaman et al., 2008). These high-k MOs act as insulators as they have
high electric bandgap so that accumulation of charges happens only on the application
of an electric field.

Metal oxide-based dielectrics exhibit large dielectric permittivity, along with
high stiffness and excellent thermal stability. Due to their low breakdown strength, poor
flexibility, and complex processing conditions, their usage in high-energy-density
capacitors is mostly hindered. On the other hand, polymer dielectrics have a relatively
high electric breakdown strength, low dielectric loss, and offer processing advantages.
However, most polymers still fall significantly short of the growing demands for high-
energy-density capacitors because of their intrinsic low permittivity values. Therefore,
the main challenge is to significantly increase the dielectric permittivity and energy
storage density of polymers while sustaining their excellent other physical, mechanical,
and thermal properties. New approaches have been explored, such as the use of
dielectric composites to realize desirable dielectric performance.

Dielectric polymer composites, composed of the polymer as a matrix and high-
k inorganic/ceramic fillers as the reinforcement, utilizes the properties of both

synergistically. Fabrication of polymer inorganic dielectric composites consisting of



TiO2 nanoparticles and polystyrene was first introduced by Khastgir et al. (1988).
Polymers exhibit high breakdown strength and low dielectric loss, while fillers,
especially metal oxides, have a high dielectric permittivity and high energy storage
density (Rahimabady et al., 2013a). The combination of both offers high-performance
dielectric composites depending on the type and nature of polymer matrices as well as
fillers (Luo et al., 2014).

Moreover, from the energy storage point of view, several persistent challenges
still have to be answered. The primary challenge is the physical dispersion of the high-
k metal oxide particles in polymers. Despite the potential advantages of the dielectric
composites, poor solubility/dispersibility of the high-k MOs (fillers) in the polymer
matrix remains challenging. It causes undesirable agglomeration at high filler
concentrations. It leads to an increase in the gate leakage current and degraded
performance of the dielectric film (Yeo et al., 2002). Improvement in the dielectric
permittivity of the polymer composites helps to improve the energy density slightly
compared to that of the neat polymer at high filler loading. Therefore, it is necessary to
determine the optimal volume fraction of high-k MOs in the polymer matrix to achieve
high energy density at high electrical breakdown strength, ensuring high voltage
operation of capacitors fabricated from the films of the composite materials. Also, a
proper selection of high-k MOs and the dispersion techniques in polymers and their
interaction at the microscopic level are essential to obtain high-performance dielectric

composite films.

In the present work, the low-temperature method for the fabrication of high-k
dielectrics and a formulation of metal oxide-based dielectric ink is reported considering
the above issues. The dielectric characteristics of the synthesized materials are
discussed. Also, the use of anisotropic structures, namely Janus particles and patchy
particles, as a functional dielectric and the role of the polymer-inorganic interface in
achieving high dielectric properties of composites are investigated through

computational modeling and simulations.
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CHAPTER 2

LITERATURE REVIEW

2.1. Introduction

Many excellent studies reported the use of dielectrics within the context of
energy storage devices. Furthermore, due to the rapid development of new dielectrics
and other electronic materials specifically designed for energy storage devices, it is
essential to provide a comprehensive and up-to-date overview focusing on the
integration of dielectrics with modern functional electronic materials. Figure 2.1 shows
the Ragone plot of energy density vs. power density for different energy storage devices
(Mccloskey, 2015). It is illustrating that dielectric capacitors are with the highest power
density but with the lowest energy density. It also presents the region that has urgent
requirements to be filled by electrostatic/dielectric capacitors, i.e., high-power-density
along with high energy density, to meet the immediate need for high-rate-charging and
high-energy-density devices. In the forthcoming sections, the theory of dielectrics is
detailed, including various types of dielectrics, selection of materials, and processing
techniques. A brief introduction to the history of capacitors and dielectrics is worth

mentioning before discussing materials and processing techniques.
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Figure 2.1 Ragone plot of energy density vs. power density of different energy storage

devices.

2.2 Thin-film capacitors

A capacitor is an electrical device that can store energy in the electrical field
formed between a pair of conductors separated by a dielectric (an insulator). Electrical
charges of equal magnitude but opposite polarity build up on each plate when voltage
is applied to the capacitor. These are used as energy storage devices in electrical
circuits. Capacitors have enabled several important items to be developed in modern
life, such as computer processors, television, and cameras’ flash systems. The origin of
capacitor engineering is attributed to the German Ewald Georg von Kleist (Scholz,
2011). Independently, the Leyden jar was invented in 1746 by Pieter van
Musschenbroek, a Dutch physicist at Leyden University (Ho et al., 2010). A hundred
years later, a variable capacitor was discovered by Michael Faraday (Brusso and
Chaparala, 2014). He achieved this by calculating the varying capacitance of various
dielectrics on the capacitors. When the first aluminum capacitor was discovered, about
thirty years after Faraday's work, a Farad (F) was named in his honor by the Sl unit for
measuring capacitance. Since then, different forms of electrical power generation,
distribution, transmission, and conversion have been invented. These are based
primarily on the use of two types of materials: electrical conducting and wide-energy

insulating materials.

In the 19" century, dielectric phenomena became more common and
fundamental. Clausius-Mossotti explored the dielectric properties of materials in a
systematic way (Felderhof et al., 1983). They aimed to correlate the specific inductive
capacity a macroscopic feature of the insulator introduced by Faraday that is now
popularly referred to as dielectric permittivity with the material's microscopic structure.
Clausius-Mossotti was able to derive a correlation between the real part of the dielectric
permittivity e and the volume fraction filled by the conductive particles in the
dielectric. Debye discovered at the beginning of the 20" century that certain molecules

are correlated with permanent electric dipole moments. This molecular dipole moment



is crucial for the macroscopic dielectric properties of such materials (Debye, 1922).
Debye succeeded in expanding the principle of Clausius-Mossotti to take into
consideration the permanent moments of the molecule, which enabled him and others
to determine the moment of the molecular dipole from the dielectric permittivity
calculation. Throughout the 20" century, energy band gap tuning greatly expanded the
energy sources and technologies of materials and devices. In the 21% century, the rising
demand for electrical power and electrification has put dielectric materials as a focal
point on the world stage. Figure 2.2 illustrates to represent the multitude of interactions
between the many and diverse core areas of dielectrics that present challenging
opportunities in research, development, and manufacturing to the community of

scientists, engineers, and technologists.

Dielectrics

Science Technology

Performance/Reliability
Physics —(  Material Processing Manufacturin

Interface

Chemistry Characterization Modeling Applications

Figure 2.2 Interactions among the core areas of dielectric science and technology

The capacitors need to be small in volume, lightweight, and reliable for many
applications like medical devices such as surgical lasers, defibrillators, and X-ray
equipment (Thakur and Gupta, 2016). In electronic circuits, thin-film capacitors that
offer significant advantages in volume, reliability, uniformity, thickness, and efficiency
play a major role. High-performance thin-film capacitors should display low current
leakage, low dissipation, and voltage coefficients of capacitance and high breakdown
voltage and high capacitance per unit area. In a thin-film capacitor structure, electrode
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resistance contributes to the total losses of the capacitor as a series resistance. The

typical thin-film capacitor structure with a dielectric layer is shown in Fig. 2.3.
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Figure 2.3 (a) Cross-sectional view of a parallel plate thin film capacitor (b) Generic

structure of a thin film capacitor.

2.2.1 Capacitance of the thin film

Topologically, the area of capacitance for a thin film capacitor comprised of two
parallel electrodes with a common surface area (A), separated by a dielectric film of a
thickness (t) with a relative dielectric permittivity (e/) is given by

= €0&rA (2.1)
t
where g= 8.8541878x10*2 F/cm is the permittivity of vacuum. If the dielectric

thickness is much lower than the other dimensions of the dielectric, the capacitance
contribution from the edges of the dielectric film is neglected (Tyunina and Levoska,
2006).

From Eqg. (2.1) two approaches can be used to increase the capacitance value per unit
area: (a) to reduce the dielectric thickness and (b) to use a higher dielectric-constant
material as a dielectric. Nevertheless, the dielectric cannot be too thin to retain the

performance of the capacitor. In other words, for a given dielectric material, there is a



maximum capacity value per unit area achievable. Hence, understanding the theory and

mechanism of dielectrics is essential.

2.3 Theory of dielectrics

The dielectric permittivity or relative permittivity of a material determines the
electrostatic energy stored for a given voltage in that material per unit volume. Clausius-
Mossotti relation (Hannay, 1983) is used to describe the numerical evaluation of a

dielectric in an electrical field (Eq. 2.2).

&—1 M_ Npa (22)

T +2 p 3%

P is the molar polarizability, €, is the permittivity in a vacuum, e, is the relative
permittivity, M is the molecular weight of a repeat unit, a is polarizability, p is density,
and Na is the Avogadro constant. This equation demonstrates that the dielectric
permittivity depends on the polarizability and the free volume of the elements present
in the materials. Polarizability refers to the constant of proportionality under the
influence of the electric field for the formation of a dipole. Its value is, therefore, typical
of each atom or molecule type. An applied electrical field can polarize a dielectric.
When a dielectric is under the influence of the electrical field, electrical charges move
from their average position of equilibrium, creating dielectric polarization.
Polarization is defined as the total dipole moments in a dielectric per unit volume
(Felderhof et al., 1983). In general, the dielectric cannot polarize instantaneously in
response to the applied electric field (E). Thereby, a more general formula of the
polarization density (P) as a function of time (t) is
P(t) = g JtXe(t — t")E(t) dt’ (23)

0

where ¢, is the electric permittivity of vacuum (8.854x107'> Fm™'), and X, is the
electrical susceptibility, it is related to the dielectric permittivity (k) by Eq. 2.4
X, =k—1 (2.4)



Dielectric relaxation, caused by a delay in polarization in a dielectric medium
concerning a changing electric field, indicates irreversible energy degradation.
Dielectric loss (tan ) a measure of dielectric relaxation can be defined as,

k' (2.5)
tand = T

where kand k' are the real and imaginary dielectric permittivity, respectively. An
interesting class of dielectric materials for thin-film capacitor applications is the one
associated with a very low dielectric loss, typically <0.01.

The frequency-dependent behavior of dielectric permittivity (k) and dielectric loss (tan
d) characterizes the amplitude and time scale of fluctuations in charge density across
the sample shown in Fig. 2.4. The electron cloud is displaced from the nuclei in the
opposite direction to the applied field. As a result, the positive and negative charges are
separated, and the molecules act as an electric dipole. There are four types of
polarization, and these polarizations (shown in Fig. 2.4) are highly dependent on
material types.
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Figure 2.4 Different types of frequency-dependent polarization that are interfacial,
orientation, ionic, and electronic polarization. Dielectric permittivity and corresponding

losses depicted with blue and red lines, respectively.



Electronic polarization (Fig. 2.5a), operating at frequencies up to 10® Hz, arises
in atoms when the negative electronic cloud is distorted by an electric field around the
material's positive atomic nuclei in the opposite direction to the field (Bécu et al., 2006).
Typically, ionic polarization (Fig. 2.5b) arises in ionic compounds and reacts to field
frequencies of up to approximately 10'? Hz. The cations and anions become pushed in
opposite directions when an external field is applied, resulting in an induced
polarization. Orientational polarization (Fig. 2.5c) takes place when there is a
permanent dipole moment in the material that rearranges when an electric field is
applied. The reorientation of permanent molecular dipole moments and dipolar
molecules (Fig. 2.5d) attached to polymers in the direction of the applied field induces
polarization. Their relaxation frequencies are at an intermediate-frequency range
(~108-10'° Hz) (Chernyak, 2006).

(b) .. (C). ®
.

Electronic Polarization lonic Polarization Orientation Polarization

Fri counterion

Chain relaxation

Phase 1 Phase 2

Electrode Medium Electrode

Interfacial Polarization Electrode/EDL Polarization

Figure 2.5 Schematic of (a) electronic polarization, (b) ionic polarization, (c)
orientation polarization, (d) chain relaxation polarization, (e¢) free counterion and
condensed counterion polarizations in a polyelectrolyte, (f) interfacial polarization, and
(9) electrode or EDL (electric double layer) polarization. The monomer size b in panel

(e) is the average spacing between charged groups on the polyion chain. &is the
11



correlation length. In all diagrams, the electric field direction is horizontal to the right
(Wang et al., 2018).

A dielectric electrolyte comprises of free and condensed counterions in large
concentrations (Fig. 2.5e). Free counterions react to the applied field at frequencies in
the MHz (10° Hz) range and polarize on the length of the correlation scale. Polarization
between the interfaces and the electrode/EDL can only contribute to the dielectric
response at low frequencies (<102 Hz). Interfacial polarization (Fig. 2.5f) occurs when
a heterogeneous substance composed of more than one phase accumulates charges at
the interfaces. This kind of polarization affects both free and bound charges. Due to
which, interfacial polarization is generally observed in polycrystalline solids and hybrid
systems. About electrode/EDL polarization, all-electric/ionic conducting systems
comprise free charges and ions that move towards the electrode interface under the
influence of an electric field eventually led to the development of electric/ionic double
layers in these regions (Fig. 2.59). The polarization of the electrodes depends on many
factors such as conductivity, structure, composition, temperature, and electrode
physicochemical condition, usually the physicochemical parameters that describe the
bulk phase (Bordi et al., 2004).

2.4 Classification of dielectric materials

Dielectric materials are classified into inorganic, polymers, and polymer
composites/hybrid dielectrics, which have undergone an exciting research and
development process in modern history. The advantage of a high dielectric permittivity
(K) or permittivity in inorganic dielectrics resulted in high capacitance of thin-film
capacitors and miniaturization of multilayer ceramic film capacitor, whereas polymer
dielectrics, which offer a high breakdown strength and self-healing feature, that enables
reliable operation and higher energy storage stability (Tan, 2019). The perfect dielectric
material should possess a wide energy bandgap (Eg) to avoid the leakage current. Too

small energy band offset to undesirable high leakage currents due to the thermionic



emission of electrons or holes into the dielectric bands. Figure 2.6 shows the schematic

representation of the energy gap offset of an insulator, semiconductor, and conductor.

Conduction Band
(Empty)

Energy Gap

Valence Band
(Full)

Insulator Semiconductor Conductor

Figure 2.6 Schematic of energy band structure for dielectric/insulating, semiconducting

and metal/conducting materials

2.4.1 Inorganic dielectrics

High-k inorganic dielectrics are critical components of the present era and future
electronic devices. The focus on new dielectric materials emerged primarily from the
need for low-cost device manufacturing processes and the reduction of the operating
voltages needed for new flexible printed electronics. One of these needs is to reduce the
size of the device, which can also be achieved with high-capacitance dielectrics. In this
sense, SiO- has attained its scaling limit (Tseng and Ellenbogen, 2001), which directs
the research of many groups in quest of alternative high-k dielectrics. Metal oxides
(MOs) such as Zirconium oxide (ZrOz), Hafnium oxide (HfO.), Lanthanum oxide
(La203), Tantalum pentoxide (Ta20s), Aluminum oxide (Al203), Yttrium oxide (Y203),
Cerium oxide (CeOy), Titanium oxide (TiO2), and perovskites are the most common

inorganic dielectrics.
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Figure 2.7 (a) Relation between bandgap and dielectric permittivity for metal oxide
dielectrics. (b) Calculated band offsets of the dielectrics. The values are normalized to
the valence band maximum (VBM) of ZnO. The dotted line indicates the minimum of
1 eV for the conduction band offset (Wang et al., 2018).

The bandgap (Eg) is inversely proportional to the dielectric permittivity in
typical inorganic dielectrics (Fig. 2.7a). Hence, dielectric films with a lower E4 should
be expected to increase k. However, a large Egq is desirable to suppress charge infusion
from the electrodes and decrease charge generation due to thermal/photoexcitation
processes. To achieve reliable performance and low leakage current of the energy
storage thin films, the band offset of the dielectric valence band and conduction band



should be >1eV. Figure 2.7b shows the energy bands of the calculated conduction band
maximum (CBM) and valence band maximum (VBM) offsets of the presented

dielectrics.

2.4.1.1 Zirconium oxide (ZrQOz2)

ZrO; is an acceptable candidate with real potential to replace conventional SiO>
dielectric in thin-film electronics due to high dielectric permittivity (k~23), large
bandgap (~5.8eV), high efficiency, excellent thermal stability in contact with Si
substrate (Panda and Tseng, 2013). In general, monoclinic and amorphous ZrO> films
have identical dielectric permittivities (k~23); besides, theoretical calculations indicate
that k could be increased to 35-50 for cubic or tetragonal ZrO; films. The epitaxial
growth of ZrO- films in order to achieve high-k ZrO; films by stabilizing the tetragonal
structure by using selective dc-sputtering reaction at different growth temperatures
reported (Zhou et al., 2008). ZrO> films grown by spin-coating of solution-processed
ZrCla/methoxyethanol and subsequent high-pressure thermal annealing (high-pressure
annealing, HPA). It was observed that spin-coated ZrO; films annealed at 350 °C for
30 min under 10 atm pressure were polycrystalline, smoother, and better insulators than
those annealed at 500 °C without HPA. Results of FT-IR, SEM, and spectroscopic
ellipsometry demonstrate that the cycle of de-hydroxylation can be improved by using
densification-promoting HPA (Kim et al., 2011b).

Synthesis of ZrO, films by spray combustion on different substrates at
temperatures below 350 °C was recently reported (Wang et al., 2016). The precursor
formulation contained zirconium oxynitrate (oxidizer) and acetylacetone (fuel) in 2-
methoxy ethanol. High-quality, smooth, and amorphous ZrO; films are obtained by
optimizing the oxidizer: fuel ratio, precursor concentration, and substrate temperature.
The obtained ZrO films (25 nm thick) show a low leakage current density of 1.2x10~"
Alcm? at 2 MV/cm and high breakdown strength of 9.5 MV/cm. Also, the areal
capacitance is 370 nF/cm? at 1 kHz (k = 14.3).
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2.4.1.2 Hafnium oxide (HfO2)

HfO- is the first and most commonly used gate dielectric substitute for silicon
oxide in memory-based electronics. This material is quite inert and shows good
tolerance to moisture. It has a dielectric permittivity of k~22 with a bandgap of 5.3-5.7
eV. Until 2007 HfO, was not implemented in organic-based devices as a gate dielectric;
later in 2007, Tardy et al. introduced sol-gel deposition and anodization for HfO>
deposition on organic substrates (Tardy et al., 2007).

In order to achieve amorphous HfO2 films using a sputtering technique,
Fortunato's team performed extensive studies and found that Al>Osz and SiO> were
strong co-sputtering options. For instance, 25 °C co-deposited HfAIOx films are
amorphous even after annealing at 500 °C, whereas the 25 °C sputtered 200 nm thick
HfO> films are nanocrystalline films. Also, the leakage current density at 0.25 MV/cm
is significantly lower than 3x101° A/cm? (Pei et al., 2009). Spray pyrolysis was also
used in the synthesis of dielectric HfO, films. For instance, in a mixture of methanol
and ethanol (1:2), a 40 mg/mL HfCls solution was sprayed onto a 450 °C SnOz: Sb-
coated glass. They showed that the resulting polycrystalline HfO, films have a
monoclinic structure and have a wide bandgap (5.7 eV) and a small surface roughness
(0.8 nm). Electrical measurements show a high dielectric permittivity (k~18.8), a high
breakdown voltage (2.7 MV/cm), and a leakage current density of 5107 A/lcm? at 1
MV/cm (Esro et al., 2015).

2.4.1.3 Lanthanum oxide (La203)

La>O3 exhibits many advantages such as high dielectric permittivity (k~27) with
a large bandgap (~6eV), and broad conduction band offset (~2.4eV) with the GaAs
substrate. However, it suffers from high moisture absorption and leads to poor device
performance. Most of the report suggests that the La>Os shows better dielectric
properties when it doped with highly stable high-k oxides such as ZrO,, HfO2, Al20s3,
Ce0», TiO2 (Kharton et al., 2000). We considered a few of the La-doped binary oxides

as a gate dielectric. Lanthanum zirconium oxide (La2Zr.O7) and lanthanum hafnium



oxide LaHf>0O7 pyrochlores have a <1% lattice mismatch with silicon that enables them
to be grown epitaxially. However, the fluorite-structured phase formed with the
pyrochlore phase in epitaxially deposited films. The development of stable fluorite
solutions on the crystallization of amorphous powders from precipitation was observed
in these systems. The solid solution of the fluorite form in the Hf and Zr systems with
La is metastable in the pyrochlore phase shown in Fig 2.8a &b. The phase diagrams are
characterized by narrow fields of solid solutions based on monoclinic and tetragonal
hafnia and zirconia. The temperatures of all phase transformations in hafnia are higher
compared to zirconia-based phases, and larger additions of dopants are needed to
stabilize the cubic adjustment. For hafnia-based oxides, oxygen ionic conductivity is
significantly lower than in zirconia-based oxides. La2Os solid solubility is less than 1
mol% in monoclinic HfO, (Ushakov et al., 2004).
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Figure 2.8 Phase diagram of HfO>—La,0O3 and ZrO»—La>O3 binary oxide systems show
the pyrochlore phase and melting temperatures for La>Zr.O7 and LaxHf207.

Recently, thermal analysis and high-temperature X-ray diffraction (HTXRD)
have been used to study the crystallization of precipitated La-doped hafnia and zirconia

(doping level 4 to 50%). The crystallization temperature of amorphous hafnium and
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zirconium oxides can be significantly increased by alloying with La;O3 (Fig. 2.7a &b).
The crystallization temperature of La2Hf20y7 is higher than 900 °C, making it a perfect
choice for advanced dielectrics for the high-temperature devices. Ko et al. recently
reported amorphous Hf-La,Os films formed by solution-processed spin-coating of a
hafnium hydroxide/lanthanum hydroxide precursor solution on Si substrates followed
by annealing for one hour at 500 °C (Ko et al., 2014).

2.4.1.4 Titanium oxide (TiOz)

TiO2 shows a high dielectric permittivity (k~50-80) and is, therefore, of special
interest in the high-k oxide category (Baek et al., 2016). Nevertheless, because of the
inherently small bandgap (Eg=3.5 eV), TiO> films inevitably suffer from large leakage
currents and weak dielectric breakdown fields. Grain boundaries in polycrystalline
films are believed to constitute electrical pathways of leakage, resulting in dramatically
increased currents of gate leakage. It is advantageous to use TiO> as a dielectric because
it provides both amorphous films up to 350 °C and can grow epitaxial crystalline film
at a higher temperature. Yoon's group reported TiO2 film growth through the sol-gel
process (Yoon et al., 2006). They achieved condensation and film densification using
Titanium isopropoxide and methoxy ethanol precursor solution spin-coated and
annealed at above ~250 °C (Sung et al., 2015). High leakage current is one of the major
disadvantages of TiO- dielectric films, which restrict their use in an organic field-effect
transistor (OFETSs). Several techniques used in inorganic devices to eliminate this
leakage current were used to fabricate cryogenic devices use high-k sol-gel derived
TiO: electron beam resistors. The leakage current is suppressed at liquid helium

temperatures, and appropriate FET behaviors are achieved (Khan et al., 2008).

2.4.1.5 Cerium oxide (CeOz)

CeOo, with a dielectric permittivity of k~23, has emerged as a successful
dielectric layer candidate in inorganic electronics. In its simple stoichiometric form in

the fluorite structure, CeO> has a stable structure over a wide range of temperatures,



and the composition remains unchanged. Also, CeO> has considered a potential gate
dielectric material for next-generation technologies in metal-oxide-semiconductor and
storage devices (Tarnuzzer et al., 2005). Because CeO, has a high oxygen storage
capacity, making CeO> one of the most crucial exhaust catalysts in the automotive
industry. Though, due to the polycrystalline nature, the possibility of leakage is high,
which leads to poor device performance. Grain boundaries are typically seen as
effective leakage pathways in polycrystalline structures resulting in permanent
deterioration of OFETSs. Nonetheless, additional treatments (i.e., surface modification
with organic groups) are needed to achieve low leakage currents and appropriate growth
grain. Several researchers also investigated the suitability of CeO2-SiO, composite
films as a possible solution. However, the capacitance is lower, and these films are both
amorphous and denser and smoother than pure CeO; films (Kim et al., 2007b).

2.4.1.6 Aluminum oxide (Al203)

Al203 is the most widely practiced dielectric oxide material (k~8). Atomic layer
deposition (ALD) can produce high-quality Al>Os films using a range of organometallic
precursors in relatively short cycle times (Groner et al., 2002). ALD films produced on
several substrates, including different metals (Au, Co, Cu, Mo, etc.), using Al(CHz)3
(trimethylaluminum), zinc oxide (ZnO) and water as reactants. Optimal dielectric Al,O3
films (almost 12 nm thick) are grown at a temperature of 350 °C and show a leakage
current density of approximately 10~ A cm~2 at 2 MV cm™!, and dielectric permittivity
(k~7). The same team subsequently lowered the growth temperature of Al,O3to 33 °C
using a viscous-flow reactor and specifically adjusting the purge cycle. Amorphous
Al>03 thin film combustion synthesized by spin-coating an aluminum nitrate and urea
water-based precursor solution. In combustion synthesis, the reaction between a fuel
(urea) and an oxidizer (metal nitrate) after deposition of the metal oxide (MO) film
precursor generates localized and exothermic chemical transformations, facilitating
rapid M-O-M lattice condensation and film densification at much lower temperatures
than conventional sol—gel processes (Liu et al., 2015). However, due to the relatively

low dielectric permittivity of Al>Os (k=8) compared to most other oxide systems,

19



researchers are focused on the development of composite/stack layers of materials with

even higher k values.

2.4.1.7 Perovskites

Recent developments in energy storage systems are associated with high energy
storage density, low leakage, and strong temperature stability. Crystalline perovskites
possess extremely high dielectric permittivities (>1000) due to space polarization
within the crystal lattice (Shen et al., 2010). Nevertheless, amorphous are much more
suitable candidates for thin-film transistor (TFT) applications despite lower k values
(10—50). Barium titanate (BaTiOs) ceramics is the first ferroelectric perovskite
discovered in 1941(Randall et al., 2004). Apart from BaTiOs, strontium titanate
(SrTiO3), lead titanate (PbTiO3), calcium titanate (CaTiOz) ceramics are widely used
perovskite dielectrics. In 1999, Dimitrakopoulos and his team carried out the first
research describing amorphous perovskites as gate dielectrics. They prepared barium
strontium titanate (BST) films by sputtering a BST target in an Ar/O2 gas mixture
atmosphere by radio frequency magnetron (Dimitrakopoulos et al., 1999).

Manganese (Mn) doping suppresses the leakage density of sputtered BST films.
Due to the increased crystallinity and formation of the perovskite phase, the dielectric
permittivity of 3 mol% Mn-doped BST films rises from 24 to 260 as-deposited at 600
°C. Surprisingly, there is no significant rise in leakage current for 3% Mn-doped BST
films (Kang et al., 2008). Using spin-coating a titanium isopropoxide and barium
acetate 2-methoxyphenyl solution, Wang and co-workers prepared solution-processed
BaTiOz (BT) gate dielectrics and then thermal annealing at 180 °C for 10 min. The
resulting 250 nm thick BT films obtained through multiple coating/annealing phases
had a dielectric permittivity of 250 with a surface roughness of 0.8 nm (Wang et al.,
2013).

However, perovskite dielectrics have much smaller dielectric strength than
polymers. Therefore, they could not make significant use of their higher polarizability

to store more energy in the material.



2.4.2 Polymer dielectrics

Polymer-based dielectrics exhibit many complementary properties compared to
conventional inorganic materials such as being lightweight and low-temperature
processability and mechanical flexibility. Additionally, many polymers are amorphous
or partially crystalline, and their films provide smooth surfaces (Li et al., 2015).
Polymers could be classified into polar and nonpolar polymers based primarily on their
mean dipole moments. Individual dipole moments cancel each other due to symmetry

in a nonpolar polymer and are therefore responsible for a lower dielectric permittivity.

In polar polymers, however, the dipoles typically do not cancel each other,
resulting in individual dipole moments being strengthened and exhibiting a relatively
higher dielectric permittivity than nonpolar polymers. The polar nature of polymers
relies on both the existence of polar groups and the chain's geometry. The polarity
originates because of the difference in electronegativity between the elements of a bond.
The more electronegative elements pull the electron cloud to its side, resulting in partial
negative charge at the benefit of the other element, which takes on a partially positive
charge.

For example, in all-trans 3-PVDF, dipoles are in one direction among different
forms of poly(vinylidene fluoride) (PVDF), giving rise to polar nature. In particular,
due to higher breakdown strengths and dielectric permittivity of as much as k=10,
PVDF has a greater energy density, especially in comparison to other polymers such as
polyimides, poly(arylene ether nitrile). Examples of some dielectric polar polymers are
PVA, PMMA, PVDF based copolymers (Chu et al., 2006). Table 2.1 summarizes the

commercially used polymer dielectrics with different dielectric properties.

2.4.2.1 Bi-axially oriented polypropylene (BOPP)

Bi-axially oriented polypropylene (BOPP) is the most important polymer film
used in commercial capacitors. The advantageous properties of BOPP are derived from
the structure of the polymers chain, which includes no polar groups. In capacitor

applications, BOPP has the highest breakdown strength among standard polymer films
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shown in Table 2.1. BOPP even has a low dielectric loss and outstanding self-healing
capabilities, allowing high-electric field operations. On the other side, at room
temperature, BOPP has relatively low permittivity, resulting in a low energy density of
1.2 J/em?® (Rabuffi and Picci, 2002). Much research has been done to improve the
dielectric properties of PP film by blending with ferroelectric polymers and

copolymers.

Table 2.1: Summary of various polymer dielectrics and their dielectric properties

Polymers Dielectric Loss Breakdown References

permittivity  tangent at strength

at 1 kHz 1 kHz (kV/cm)
Polystyrene (PS) 2.4-2.7 0.008 2000 (Khastgir et
al., 1988)
Poly methyl 4.5 0.05 2500 (Bergman et
methacrylate (PMMA) al., 1998)
Polyvinyl alcohol (Bettinger and
(PVA) Bao, 2010)
Poly vinylidene 1500-5000 (Ameduri,
fluoride (PVDF) 2009)
Polyetheretherketone (Zhao and Liu,
(PEEK) 2010)
Low density (Arbatti et al.,
polyethylene (LDPE) 2007)
Poly ethylene 2750-3000 (Zhao and L.iu,
terephthalate (PET) 2010)
Biaxially oriented (Rabuffi and
polypropylene (BOPP) Picci, 2002)
Polycarbonate (PC) (Potschke et
al., 2003)
Polyurethane (PU) (Lietal.,

2015)



2.4.2.2 Polyvinyl alcohol (PVA)

Poly(vinyl alcohol) (PVA) is a water-soluble polymer that can be processed at
low temperatures suitable with flexible substrates and shows excellent resistance with
most organic solvents. Pristine PVA films have k values between 5 and 8 at 10—10° Hz
as obtained by impedance spectroscopy. However, thick PVA films (>1 um) are
essential to ensure low leakage current. Chemical cross-linking is a common strategy
to enhance the dielectric strength of polymers. PVA films are photo-cross-linked with
ammonium dichromate (AD) as a cross-linking agent (Bettinger and Bao, 2010). After
that, a relatively thick dielectric PVA film (1.3 pm) deposited by spin-coating has been
used to planarize the substrates of biodegradable poly(L-lactide-co-glycolide) (PLGA)
and to ensure low gate-leakage. Even though the capacitance is small (4.56 nF cm™
with a k=6.7), the surface roughness of the cross-linked PVA films on the PLGA
substrate is only 0.24 nm, which allows proper film morphology for evaporated small
molecule semiconductors. Recent work explored how cross-linkers influence the
dielectric properties of PVA films (Benvenho et al., 2013). Thereby, the spin-coated
PVA films have been cross-linked for 10 min by UV irradiation followed by annealing
in a vacuum oven at 60 °C overnight. The films reveal smooth surfaces with a roughness
of 0.25 nm.

2.4.2.3 Polymethyl methacrylate (PMMA)

Polymethyl methacrylate (PMMA), an exceptional transparent (refractive
index, n=1.49) thermoplastic polymer with dielectric permittivity of k=4.5, is widely
used in many industrial and scientific applications. It also posses a better chemical
resistance and mechanical flexibility. For transparent electronic devices, PMMA is
combined with other inorganic components, primarily silicon oxide, to make hybrid
composite materials with sharp optical clarity, lower weight, physical stability, and ease
of processability. Jang’s group developed a pentacene thin-film transistor utilizing
PMMA as a dielectric gate, demonstrating that PMMA transistors had more exceptional
electrical properties than SiO: transistors (Jang et al., 2015). Kang’s group used

pentacene as an organic semiconductor and ITO as the gate electrode to compare
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polymethylmethacrylate (PMMA) with PVP gate dielectrics. They found better FET
output in PMMA-based devices, with field-effect flexibility of (0.045 cm?V1s™ and -
27.5 V), whereas superior insulating properties were obtained for PMMA than PVP.
The improved flexibility of PMMA was due to smaller grain sizes, which resulted in a

more compact distribution of pi-electron orbitals (Kang et al., 2005).

2.4.2.4 Polyvinylidene fluoride (PVDF) and its copolymers

One of the most typically used dielectric materials for high-energy capacitors is
PVDF based polymers. These are among the highest dielectric permittivity materials in
the polymers category and exhibit strong breakdown strength. PVDF was first
synthesized in the year 1940, and in the 1970s, ferroelectric behavior was discovered
(Gerhard-Multhaupt, 1987). Using IR spectroscopy, Naegele, and Yoon examined both
the direction of molecular dipoles and ferroelectric behavior. IR absorptions at 512 &
446 cm™! were correlated with moments of transition along and perpendicular to the
dipole of CF, (Naegele and Yoon, 1978). Kepler and Anderson noticed that the axes of
PVDF crystalline regions were oriented towards the applied electrical field, based on
the X-ray diffraction (XRD) of the sample before and after poling (Kepler and
Anderson, 1978).

Several PVDF-based copolymers have been widely used to alter the electrical
properties of dielectric composites. These are poly(vinylidene fluoride-co-
hexafluoropropylene) P(VDF-HFP), poly(vinylidene fluoride-co-trifluoro ethylene)
P(VDF-TrFE), poly(vinylidene  fluoride-co-chloride trifluoride  ethylene)
P(VDF—CTFE). PVDF-HFP is formed by introducing a hexafluoropropylene (HFP)
group in the matrix of PVDF. A variety of interesting properties arise from different
HFP content in P(VDF—HFP). Low HFP content (~5-15 mol% HFP) is referred to as
flexible PVDF, which is thermoplastic and semi-crystalline, whereas higher content
(>19-20 mol%) renders it amorphous and elastomeric property. Nonetheless, 22 mol%
HFP provides the best choice between low glass transition temperature and completely
amorphous polymer (Ameduri, 2009). P(VDF—HFP) has a relatively lower crystallinity
than that of PVDF due to the existence of large CF3 groups. The ferroelectric



characteristics of P(VDF-HFP) polymers are highly reliant on the preparation
conditions (Sousa et al., 2014).

So far, two class of dielectrics have been reviewed to fabricate thin-film
capacitor (i) use of high-k inorganic materials and (ii) use of easily processable
polymer dielectrics. Both deliver some advantages and disadvantages. In particular,
while high-k metal oxides are perfect candidates for the film capacitor with high
dielectric permittivity, but most of them are required high-temperature annealing
methods and shows a high dielectric loss. On the other hand, easily processable
polymers usually have a low dielectric loss and less leakage current. However, they
suffer from low dielectric permittivity with low operating temperatures. In the
following section, the utilization of both inorganic and polymer dielectric in a

composite form is discussed.

2.4.3 Polymer nanocomposite dielectrics

Polymer nanocomposite materials have relatively high electric breakdown
strength compared to conventional high-k oxides. Most notably, they offer many
processing benefits, including mechanical flexibility and the ability to be formed into
various shapes to power electronic devices with reduced weight to volume ratio.
Combining low-k polymers with high-k metal oxides is proved to be an effective
technique for increasing dielectric permittivity of the nanocomposites (Arbatti et al.,
2007).

The composite strategy focuses on the idea that a high energy storage capacity can
result from the high permittivity of high-k oxides and excellent dielectric strength of
polymers. In order to maintain the energy (W) stored in a capacitor constantly with a
provided dielectric material, it is necessary to reduce the thickness (d) of the dielectric
film to counteract the reduction in the volume of the capacitor (Av) which can be

represented by the Eq. 2.6.

1 1 Av 2.6
W = ZCV2 = Zepe V2 (5) (2.6)

where C is the capacitance of the parallel plate capacitor with an applied voltage V.
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The only way to prevent the conflict mentioned above is to replace the microparticles
with nanometer-sized fillers to prepare dielectric nanocomposite. The benefits of
nanocomposite dielectrics involve low filler loading, nanometer sizes, and high internal
surface areas. The low nanofiller loads permit the formation of a composite structure
without losing some of the intrinsic polymeric properties, including density, flexibility,
and easy processing. The following sections summarize the recent progress in the
design of dielectric composite/polymer nanocomposites, their dielectric properties,
polymer-nanofiller interactions, and theoretical models to predict the dielectric

permittivity of the nanocomposite.

Many research groups have dedicated themselves to developing dielectric
materials that offer excellent electrical performance and mechanical flexibility and
incur low fabrication costs. Polymer matrix embedded with high-k dielectric
nanoparticles (NP) have been considered as promising insulating materials with an
improved dielectric property for energy storage devices. The constituent NP
composition, the concentration of NP in the matrix, and surface modification of NPs
are crucial control parameters to enhance the permittivity of well-known insulating
polymers, such as PS, PMMA, and polyvinylidene fluoride copolymers. One of the first
studies investigating insulators of polymer-nanoparticles emerged in 1988 based on PS-
TiO2 nanoparticles as a composite dielectric material (Khastgir et al., 1988). However,
this first attempt ended in an inhomogeneous system in the composite material with

porosity issues.

A polymer-ceramic composite using a P(VDF-TrFE) as the polymer matrix and
Pb(MgxNby)O3-PbTiOs as the ceramic filler reported by Bai et al. They found that the
dielectric permittivity increased with the weight fraction of ceramic filler. At higher
filler loading, filler tends to agglomerate, and dielectric composite shows a high
dielectric loss (Bai et al., 2000)._ Marks group (2007) reported a method for disrupting
agglomeration of the nanoparticles by in-situ polymerization utilizing metallocene
catalysts supported by ferroelectric oxide nanoparticles. By coating the nanoparticles

with methylalumoxane (MAQ), accompanied by in-situ propylene polymerization,



BaTiOsz and TiO2 nanoparticles were homogeneously dispersed within a processable,

high-strength polypropylene matrix (Guo et al., 2007).

Researchers also attempted to improve the dispersion stability of TiO;
nanoparticles in PVP with added surfactants. The surfactant, as anticipated, helps TiO2
dispersion in the polymer matrix; however, there was still some aggregation which
increased leakage currents and degraded the efficiency of the device compared to the
pure polymer (Lee et al., 2007). Another technique to reduce the leakage current by
dispersing high-k TiO2 nanoparticles in a Nylon-6 polymer matrix using a solution-

based process was reported (Kim et al., 2007a).

To enhance the dispersion of nanoparticles in different polymers by treating
Al>;O3 particles with a trimethoxy silane and then dispersed in a PVP matrix. The
electrical and mechanical stability, as well as the surface roughness, have been
substantially improved in these functional nanocomposite dielectrics. Specifically, the
dielectric permittivity increases linearly from 4.9 for pure PVP to 7.2 for a
nanocomposite with 24 vol% Al,O3 (Noh et al., 2008). The size effect of filler on the
dielectric properties of BaTiOs/PVDF nanocomposites was examined (Mao et al.,
2010). The dielectric permittivity increased from 52 to 95 at 60 vol%. A transition from
cubic to the tetragonal phase of BaTiOs was correlated to the rise in dielectric
permittivity. It is well established that the tetragonal phase of BaTiOsz exhibits
comparatively higher dielectric permittivity than the cubic phase due to the non-
symmetry of the tetragonal form. Therefore, the polymer nanocomposites dielectric

permittivity was indeed improved.

2.4.4 Effect of interfaces in the polymer nanocomposites

The incorporation of various types of nanoparticles, varying from non-
conducting to conducting nanomaterials, directly affects the ultimate properties of the
resulting dielectric nanocomposites. A variety of parameters, such as polymer chain
mobility, crystallinity, and Coulombic potential, have been reported to govern

nanoparticles’ interaction with polymer matrices (Ho and Greenbaum, 2018).
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In order to understand the effect of interface on the dielectric behavior of polymer
nanocomposites, two specific models are hypothesized, namely Lewis’s model and

Tanaka’s model.

2.4.4.1 Lewis’s model

The inclusion of nanofillers to the polymer matrix results in the formation of
multiple nanometric interfaces. The surface of at least part of the nanofillers can
eventually be charged based on the difference in Fermi levels and the chemical potential
of the nanoparticles and the polymer matrix (Lewis et al., 1996). The polymer matrix,
in turn, reacts by creating counter-charges near the surface of the nanofillers. Consider
the presence of a positively charged particle inside the polymer matrix, as shown in Fig

2.9a. Here, the surface of the nanoparticle is shown to be planar for simplicity.
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Figure 2.9 (a) Diffuse electrical double layer formed by a positively charged particle in
a polymer matrix comprising mobile ions, with the resulting electrical potential
distribution Y (r). (b) Conduction via diffuse double layers in a polymer nanocomposite

system.



The charged nanoparticle allows the reallocation of charges in the matrix due to
the Coulomb attraction, which leads to the formation of an electrical double layer
comprising of a Stern layer and a Gouy-Chapman diffused layer. The Stern or
Helmholtz double layer is developed on the surface of the nanoparticle due to the
adsorption of the counterions. The diffuse layer is created around the Stern layer by the

distribution of positive and negative ions.

The capacitance model was developed by Gouy and Chapman and Stern and
Geary (1924). They proposed the existence of a diffuse layer in the electrolyte owing
to the accumulation of ions on the electrode surface shown in Fig 2.9b. This layer
decides the dielectric properties of polymer nanocomposites and becomes more
prominent near the filler percolation threshold.

2.4.4.2 Tanaka’s model

Bonded Layer
(~1 nm)

Bound Layer
(2 to 9 nm)

Loose Layer
(several tens of nm)

Diameter of nanoparticle: 20 to 50 nm
Thickness of layers: 10 to 30 nm
Inter-particle distance in polymer matrix
(Surface to surface): 40 to 100 nm

Figure 2.10 Tanaka’s theoretical multicore model for polymer-nanoparticle interfaces.

With the addition of spherical nanoparticles in the polymer matrix, Tanaka et

al. proposed a theoretical model for the formation of interfaces either by physical,
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chemical or electrical means (Tanaka et al., 2005). The interface of nanoparticles is
assumed to consist of three layers: bonded layers, bound layers, and loose layers, as
shown in Fig. 2.10. The first layer or bonded layer refers to the transition layer with a
thickness of 1 nm and is strongly bonded to both organic and inorganic layers. Strong
bonding is associated with either hydrogen bonds, or ion or covalent bonds or van der

Waals force.

In the interfacial region, the polymer chains are firmly bound and interact with
the bonded layer and perhaps even the surface of the inorganic particles. Though its
thickness is between 2-9 nm, it is strongly dependent on the interaction between the
polymer and nanoparticles. The loose layer is coupled to the bound layer with a
thickness of several tens of nm. In this region, the polymer matrix has different chain
conformation, crystallinity, mobility, free volume than the bulk polymer matrix.
Tanaka's model explores the different ways in which the dielectric properties of
polymer nanocomposites can be tailored. The dipole orientation of the polar radicals in
the bound layer is adversely affected. The loose layer, on the other hand, reduces the
free volume. Both effects lead to a decrease in dielectric permittivity. The choice of an
effective coupling agent is, therefore, an essential factor in achieving a high energy

density.

2.4.5 Theoretical models to predict the dielectric permittivity of the polymer

nanocomposite

The effective dielectric permittivity of a polymer nanocomposite depends on
the dielectric permittivities of the fillers and the polymer matrix, along with the different
fillers loading and interactions between them. Different models have been developed
to determine the effective dielectric permittivity of nanocomposites. Such models are
developed based on certain assumptions, which in turn provide insight into the different

properties of polymer nanocomposites.



2.4.5.1 Lichtenker’s Model

It is a logarithmic combination equation and is most effective in measuring the
polymer nanocomposite's effective permittivity. Equation 2.7 describes Lichtenker’s
formula (Feng et al., 2018a).

Eeff = PrEF T PpEp (2.7)
where &5 is the effective dielectric permittivity of the nanocomposites, ¢, and & are
the dielectric permittivity of the polymer matrix and insulating filler, respectively. s
and «p are the volume fractions of fillers and polymer, respectively. Here, o varies from
-1 to 1. Thus, the equation sets the upper and lower limits of the dielectric permittivity

of the mixture.

2.4.5.2 Maxwell-Garnett Model

Because of its linearity, the Maxwell-Garnett method is relatively simpler to
model. However, this model can be applied at low nanofiller loadings, i.e., below their
percolation limit (Skryabin et al., 1997). The model assumes that the inter-filler distance
of randomly oriented fillers is larger than their standard sizes. Moreover, the resistivity
of the matrix or filler in nanocomposites is not constrained. The theoretical effective
dielectric permittivity (e ) of nanocomposites filled with nanoparticles is given in Eqg.
2.8.

3¢e(er — €p) (2.8)
cpm(sf - sp) + 3¢,

where @ is, the volume fraction and its subscripts f and p indicate filler and polymer

Eeff = Sp 1+

matrix, respectively. Apart from the well-known models discussed above, there are
various other models valid under particular conditions. The applicability of different
models depends on the nature of fillers as well as the polymer matrix.

Now, the next section will cover solution-based processes for the fabrication of

dielectrics that can be utilized in the energy storage devices.
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2.5 Solution processed high-k dielectric films

High-k oxides films are being produced using conventional costly vacuum-
based methods, such as physical vapor deposition (PVD), chemical vapor deposition
(CVD) (Mehandru et al., 2003), atomic layer deposition (ALD) (Youm et al., 2003),
and Electron beam evaporation (Triyoso et al., 2007). These methods demand long
processing times in high-vacuum environments for perfect film deposition. Typically
for film densification, post-deposition treatment at relatively high temperatures is also
necessary. In this context, the solution-processable dielectrics are more advantageous
for fabricating electronic devices because they are cost-effective and can be processed
in large volumes. The solution-based process provides a substantial reduction in
manufacturing costs by removing vacuum deposition systems and replacing them with

printable precursor materials.

Solution-Processed Oxide Dielectric Thin Film

Solute Analysis Methods
Nitrate; Acetylacetonate; XRD
Chloride; Acetate;
Isopropoxide. Precursor XRR
Preparation AFM
Solvent SEM
2-methoxyethanol; TEM
N,N-dimethylformamide; FT-IR
Acetonitrile. v RAman
Spin/Dip-Coating; Thin-Film =
Drop-Casting; <> Dep05iti0n XAS
Spray-Pyrolysis; EBSD
Printing. EELS
NEXAFS
Field-Effect Transistor; ' XANES
Memory; Capacitor; - - SAXS
Energy Storage; <> ATh 'Ir! 'Fltl.m Optical Spectroscopy
High-Frequency pplicaties Electrical/Thermal
Communication. Characterization

Figure 2.11 Different stages required for the fabrication of solution-processed derived

oxide thin films.



There are several ways to make high-k oxide films utilizing solution techniques,
such as spin/dip/spray/bar coating, drop-casting, and different printing methods. Each
technique has its benefits and drawbacks, including operational ease, precursor
preparation, throughput efficiency, and position accuracy (Schneller et al., 2013). The
selection of metal salt and solvent is crucial to achieving structurally dense oxide films
at low temperatures. Figure 2.11 shows that commonly used precursor metal salts for
oxide film fabrication primarily include chlorides, nitrates, acetates, and
acetylacetonate (Pasquarelli et al., 2011).

2.5.1 Spin coating

The spin coating technique has been widely used to fabricate oxide dielectric
due to low cost and ease of processing (Norrman et al., 2005). The main advantages
include better reproducibility and ease of integration with conventional micro-
fabrication techniques. During the spin coating process, drops of a precursor solution
are deposited on hydrophilic substrates, which are then accelerated to high angular
velocities (hundreds to thousands of rpm) to spin off excess solution, resulting in thin
and uniform film (Fig. 2.12a). Solvent evaporation aids solid-like gel film formation
for dramatically increased viscosity. The thickness (d) of the resulting gel film is
defined primarily by the viscosity (n) of the precursor and the angular speed in rpm
(w), d =nw=1/2. Spin coating simplicity is more suitable for nanoparticle-based
solution, sol-gel route, and hybrid-type approaches, providing a quick deposition of
oxide thin films (Fig. 2.12b).

However, spin coating is a batch process, somewhat limited in scalability, not
suitable for large scale production. Moreover, in most of the case, a precursor solution
(=85%) is wasted during the deposition step. Despite the simplicity of the solution-
based process, high annealing temperature (>400 °C) is necessary to develop a pinhole-
free and dense film, which is a prerequisite for a dielectric to block the capacitor leakage
current. Therefore, high-temperature annealing is not acceptable with polymer

substrates, which restricts the versatile use of polymer in device applications.
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Recently developed chemical approaches and post-treatment methodologies
have permitted the investigation of several low-temperature techniques. The carbon-
free water-induced (WI) path, chemical combustion (CB) reaction, and UV/plasma
activation assisted were identified as promising strategies to fabricate oxide thin films.

One approach is solution combustion.

(a) Solution Accelerate Thin film
Deposited & Hold Formation

1
(b)

Nanoparticle-based process Sol-gel-based process

& N " - s

Metallic precursors/
oxide nanoparticles

Oxide nanopatrticles

) Condensation/evaporation Condensation/evaporation
Evaporation of solvent of organic components of organic components
- thin film formation - thin film formation - thin film formation

. J . J . J

Figure 2.12 a) Spin coating to fabricate thin films b) Various approaches to form oxide

thin films by spin coating (Liu et al., 2018).

2.5.2 Solution Combustion

A simple method to reduce processing temperature within the as-deposited films
is the exothermic solution combustion method. Solution combustion is one such
technique where redox chemistry involving fuel and the oxidizer are utilized. The
exothermic reaction between these constituents results in the heat output at low reaction



initiation temperature. The principle of combustion for the fabrication of an oxide thin
film transistor was first suggested by the Marks group (Kim et al., 2011a). By using
nitrate as an oxidizer and acetylacetone/urea as a fuel, the localized exothermic reaction
and induced energy within the gel film facilitate the decomposition of residual
impurities and the effective formation of the metal oxide lattice, eliminating the need
for high thermal energy (Wang et al., 2016). Another variant in the solution processing
is the usage of colloidal solution of nanoparticles of the desired material. The solvent
evaporated deposits of colloidal solution results in the formation of the film due to the
sintering of nanoparticles under the supplied thermal energy. However, the process has
an additional challenge regarding the morphological development of the film. The
evaporation of the solvent guides the movement of nanoparticles within the drop; this
may lead to an undesired coffee-ring effect (Deegan et al., 1997).

2.6 Sonochemical synthesis of metal oxides

Sonochemistry derives from the extreme transient conditions caused by high-
intensity ultrasound, which produce distinctive hot spots capable of reaching
temperatures above 5000 K, pressures equaling 1000 atm, and heating and cooling rates
exceeding 10%° K st (Suslick, 1990). Such conditions are distinct from several other
conventional synthesis techniques such as photochemistry, wet chemical method,
hydrothermal synthesis, or flame pyrolysis. High-energy chemical reactions arise when
a substance is irradiated by high-intensity ultrasound. High-intensity ultrasound is
responsible for numerous physical and chemical results that are beneficial to
nanomaterial preparation or modification. The diverse action mechanisms allow it as a
powerful tool applicable to a variety of subjects of current interest, including graphene,
polymers, catalysts, metal and metal oxide, crystallization, and anisotropic materials
(Xu et al., 2013).

The first effort to utilize ultrasound to increase chemical reaction rates was
attempted (Richards and Loomis, 1927). Since then, the use of ultrasound in synthesis
has proven to be a considerable technique in various fields of engineering, materials
science, and chemistry. A variety of nanostructured materials with regulated

morphologies, shapes, and formulations have been effectively prepared by applying
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high-intensity ultrasound with specific combinations of reaction conditions and
precursor compositions. Sonochemical approaches exhibit positive attributes such as
accelerated polymerization, lower reaction temperatures, and a high molecular weight
of polymers. Sonochemistry often induces and accelerates chemical reactions that
decrease reaction time, increase production rates, and induce reactions that are not
achievable using conventional methods. Sonochemical methods dictate a specific way
of producing different types of polymer nanocomposites, not only for the dispersion of
fillers in the matrix but also for polymerization reactions (Doktycz and Suslick, 1990).
The extreme transient conditions developed during the sonochemical reaction result in
the creation of specific materials. It also allows synthesis on the benchtop in a room-
temperature liquid that might otherwise require high temperatures, high pressures, or

long reaction times.

Sonochemistry is widely used for the preparation of nanostructured noble
metals when non-volatile precursors are dissolved in reactive solvents (usually water
or alcohol). In these situations, sonolysis of the solvent vapor creates strong reducers
that have many advantages over conventional reduction techniques: no additional
reducing agents are needed, the reduction rate is typically very high, and very small
nanoclusters can be generated in this way when suitable stabilizers are available (Xu et
al., 2013). A large number of chemical routes, including controlled chemical reduction,
solvothermal synthesis, photochemical reduction, and radiolytic reduction, can be used
to prepare nanostructured metal oxides. Sonochemical preparation also provides an
easy route to the synthesis of metal oxide nanoparticles (FesO4, CuO, ZnO, TiOy)
(Kumar et al., 2000). A systematic study on the effect of ultrasound on the production
of metal oxide nanoparticles suggests that solvent/surfactant properties largely
determine particle size: particle size is inversely related to alcohol concentration and
alkyl chains (Grieser, 1997).

Sonochemistry can also improve sol-gel synthesis, a versatile strategy for the
preparation of nanoscale metal oxides. The use of ultrasound during the sol-gel process
can accelerate hydrolysis and produce metal oxides with narrower size distributions,
higher surface area, and improved phase purity. For example, TiO2 (titanium oxide),

zinc oxide (ZnO), cerium oxide (CeOy), vanadium oxide (V20s), and indium oxide



(In203) were all prepared by ultrasonic irradiation of their respective precursor solutions
(Qian et al., 2003). A range of nanostructured materials with controlled morphologies,
structures, and compositions can be prepared by the application of high-intensity
ultrasound with specific modifications of reaction conditions and precursor

compositions.

Several research articles in the field of dielectric polymer composites published from
different countries during 1953-2020.
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2.7 Challenges for improving energy storage density of the polymer composite

dielectrics

Although metal oxides (MOs) provide numerous advantages in the fabrication
of high-permittivity polymer composites, the achievement of ultrahigh-energy-density
nanocomposites poses several challenges. One of the typical problems is that it needs a
very high-volume fraction of MOs (>50 vol%), which induces a critical increase in
Young's modulus of composites with the addition of many irregularities such as voids,
pores, and other indirect structural defects, resulting in a decreased dielectric
breakdown strength of these polymer-based nanocomposites. The agglomeration of the
MOs results in lower electrical field-derived electronic conduction and undesirable
porosity with excessive dielectric loss and dielectric failure. Surface-modified MOs
using a coupling agent, hydroxylation, surfactants, and other organic molecules have
been effectively used to address the agglomeration issues. However, these techniques
still have several limitations, as the modifiers do not actively participate in enhancing
the property. There is an urgent need not only to develop high energy density dielectric
composites without agglomeration of MOs but also to control composite morphologies.
The new processes must substantially increase the energy storage density of dielectrics

to reducing the size, weight, and cost of electronic devices.

The interface between MOs and polymers, one of the most crucial parameters
for improving the energy storage density of composites, still requires understanding.
There is a need for an approach to understanding the polymer-inorganic interface
behavior under the applied electric field to fabricate high-performance dielectric
composite films. The following are the key points to be addressed from the literature
review, (i) better dispersion of MOs nanoparticles in the polymer matrix to obtain low
dielectric loss and high breakdown strength, (ii) low-temperature solution techniques
to fabricate high-energy flexible polymer composites, (iii) fabricating dielectric
composite in single-stage/or by in-situ formation of MOs in polymer solution via the
concept of dielectric ink (v) computational modeling to understand the interface
behavior to control the stability of the dielectric characteristics, this being crucial for

electronic applications.



2.8 Scope and objectives of the work

2.8.1 Scope

Metal oxide dielectrics were widely utilized in electrostatic capacitors because
of their excellent physical and chemical properties. However, its usage is limited by
aggressive miniaturization of microelectronic devices and low breakdown strength and
high dielectric loss. High leakage current and undesirable power dissipation may have
occurred in the extremely thin-film oxide. The thicker dielectric film reduces the overall
energy storage density of the capacitors. Thus, a new combination of dielectric
material/composites with physically thin but high energy storage density with high
dielectric permittivity is needed. Some high dielectric permittivity metal oxides such as
HfO2, ZrO,, Al20s3, La203, TiO2, Ta20s, Y203, and polymers such as PVDF, PMMA,
PTFE, and LDPE were reported in the literature (Dang et al., 2013). Lanthanum and
zirconium-based and polymer-based dielectrics have been investigated because they
have high dielectric permittivity, relatively large bandgap, high breakdown strength,
high conduction offset, low interface trap densities, small lattice mismatch with Si, and
high both thermal and chemical stability. The combination of metal oxide and polymers
offers high-performance dielectric composites depending on the type and nature of
polymer matrices and fillers. However, there are more details left to emerge the

feasibility of these dielectrics.

Nevertheless, there is still lack of information on the a) low-temperature and
straightforward strategies for the fabrication of lanthanum and zirconium-based
dielectrics b) formulation of high-k colloidal dielectric ink which can be directly
printable on polymer substrate c¢) utilization of polymer-inorganic patchy particles as
functional dielectrics d) interface effect on the dielectric properties e) design of metal
oxide-based dielectrics with Janus structures. An intensive study on the research gaps
mentioned above is required to fully discover the possibility of metal oxide-based
polymer composite dielectrics in thin-film capacitors or other energy storage devices.
The following specific objectives are formulated within the scope of the research work.
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2.8.2 Objectives

e To synthesize and characterize Lanthanum doped Cerium Oxide nanopowder and
Lanthanum Zirconium Oxide dielectric ink using a low-temperature sonochemical
approach for thin-film capacitors and to study their dielectric properties.

e To fabricate Lanthanum Zirconium Oxide (LZO) reinforced PMMA
nanocomposites for improved energy storage density.

e To formulate composite dielectric ink of PVDF-HFP/LZO and optimize LZO
content for desirable dielectric properties of PVDF-HFP/LZO composite films to
make thin-film capacitors.

e To design and fabricate PS-FesO4 patchy microspheres and to understand the
dielectric behaviour at the polymer-inorganic interface through computational
modeling and simulations.

e To fabricate a new functional Janus structure of La>O3-ZrO, dumbbell shape and to

explore their dielectric responses.



CHAPTER 3

SONOCHEMICAL SYNTHESIS OF LANTHANUM DOPED CERIUM OXIDE
NANOPOWDER AND LANTHANUM ZIRCONIUM OXIDE DIELECTRIC
INK

3.1 INTRODUCTION

The primary challenges in the field of high-k metal oxides are developing
reproducible, easily scalable, and economical processes for the synthesis of stable
nanomaterials. Various factors that control the shape, size, and crystallinity of the high-
k metal oxides produced include precursor salt, temperature, time, pH, the degree of
mixing. The energy needed for the chemical reactions or physical transformations may
be supplied directly through thermal and pressure energies or indirectly through
microwaves or ultrasonic waves. The commonly employed conventional methods for
the synthesis of high-k metal oxides (MOs) are hydrothermal, sol-gel, high-temperature
solid-state, molten salt route, spray pyrolysis, and supercritical solvothermal (Bai et al.,
2000). However, most of the methods may require high reaction temperatures due to
calcination step involved, and few may need high pressures. Hence, there is a need to
develop simple, faster methods that can be operated at low temperatures and pressures
to produce stable high-k MOs.

The sonochemical method is one of the simple, fast, and energy-efficient ways
to synthesize high-k MOs over conventional methods (Pinjari and Pandit, 2011). In the
sonochemical method, shock waves and local turbulence are produced due to
continuous formation, growth, and implosive collapse of bubbles known as acoustic
cavitation in liquids at the microscopic level during the ultrasonic irradiation of liquids.
According to hot-spot theory (Doktycz and Suslick, 1990), during the collapse of
transient cavitation bubbles, hot spots, i.e., the core of the bubbles with localized hot
temperature (~1000’s of K) and high pressures (~100’s of bars) exist for very short

timescales and vanish. Each microbubble acts as a small microreactor which produces
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different reactive species and heat during its collapse. Therefore, enhanced mixing,
heat, and mass transfer rates can be obtained by coupling ultrasound with the liquids or
liquid-solid (slurry) systems. It makes the sonochemical method a viable and attractive
technique for synthesizing high-k MOs through wet chemical methods (Kahlaoui et al.,
2013). The sonochemical method provides the facile, greener, and an inherently safer
way to create supercritical conditions of high temperatures and pressures
microscopically in liquids, which cannot be easily achieved by other conventional
methods.

The conventional method used to synthesize the lanthanum cerium oxide (LCO)
and lanthanum zirconium oxide (LZO) solution comprise a molecular dispersion
method and a nanoparticles dispersion method. In the molecular dispersion method,
inorganic precursors are initially dispersed into a solvent (dispersant) through
hydrolysis and thermal decomposition to obtain the LCO or LZO precursor solution
(Woods et al., 2017). The precursor solution is then coated on the substrate with a
subsequent thermal treatment under a reducing atmosphere for the formation of thin
LCO or LZO films that protects the substrate from oxidation. In the nanoparticle
dispersion, nanoparticles of LCO or LZO are synthesized first and then dispersed in
solvent through suitable means and stabilization to obtain a precursor solution. This
LCO or LZO precursor solution is then coated on the substrates with a thermal treatment
to form a thin LZO film. The conventional methods used for synthesizing the LCO and
LZO is a tedious process and requires a high temperature that leads to the wrinkled
film, production of corrosion and toxic gases, and difficulty in achieving uniform

deposition of the precursor solution.

Hence, efficient and straightforward methods to prepare LCO and LZO
dielectric materials are required, which can be used directly to manufacture a thin-film
capacitor. In this chapter, a simple sonochemical method for the synthesis of La-doped
CeO2 nanopowder and LZO dielectric ink at a relatively low temperature (70 °C)

without calcination is discussed.



3.2 EXPERIMENTAL METHOD

3.2.1. Materials used

Lanthanum Oxide (La203, 99.999%), Cerium Oxide (CeO2, 99.999%), ethanol
(C2HsOH, 99%) and polyethylene glycol (PEG 8000 kDa), Lanthanum chloride
(La(NOg)3, 99.999%), Nitric acid (HNOsz, 99.99% trace metal basis) Zirconium
acetylacetonates (Zr(CsH702)s, >97%) were purchased from Sigma-Aldrich. All the
chemicals were analytical grade and used without further purification. Deionized and

double distilled water was used throughout the experiment.
3.2.2 Synthesis of lanthanum doped cerium oxide nanopowder

For the preparation of lanthanum doped cerium oxide (La2Ce20O7), 0.0075 mol
La203 and 0.029 mol CeO> powders were dissolved separately in 5 ml of concentrated
nitric acid using a magnetic stirrer. Both solutions were mixed with 20 ml of distilled
water using a homogenizer. A small amount (2 wt%) of polyethylene glycol (PEG)
(surfactant) was added to it, and then the solution was subjected to sonication for one
hour. A 20 kHz frequency sonicator with a 500 W ultrasonic generator and 13.2 mm
diameter probe was used to create acoustic cavitation in the liquid medium. The
sonicator was operated in a pulsed mode (ON/OFF ratio of 5s/3s) at a 40% power
amplitude. The reaction temperature of the solution was 70 °C. As-synthesized products
were centrifuged, washed with ethanol/water mixture, and dried at 80 °C for 8 h in the

hot-air oven.
3.2.3 Synthesis of lanthanum zirconium oxide dielectric ink

Lanthanum zirconium oxide (La2Zr.O7) dielectric ink was prepared by the
sonochemical approach. 1 g of lanthanum nitrate in a 5 ml concentrated nitric acid to
obtain the lanthanum solution. 1 g of zirconium acetylacetonates was dissolved in a
mixture of ethanol-water to obtain the zirconium solution. The lanthanum-based
solution was added dropwise to the zirconium-based solution to obtain an LZO
precursor solution. LZO precursor solution was sonicated at a 40% amplitude of 500
W using a 20 kHz frequency probe sonicator to obtain LZO dielectric ink. Next, LZO

dielectric ink was coated on Indium tin oxide (ITO) coated glass substrate by spin
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coating and annealed to form a thin transparent LZO film. Here the LZO dielectric ink
prepared at low temperature is used directly for the fabrication of the thin-film
capacitor. The steps involved in the fabrication of LZO ink and thin-film is are shown
in Fig. 3.1.
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Zirconium based
solution

Sonochemical reactor Lanthanum-zirconium based ink
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Figure 3.1 Schematic of LZO dielectric ink preparation and thin-film capacitor

fabrication.
3.2.4 Characterization

The nanopowders of both undoped and La-doped CeO, were characterized by
various techniques. The XRD pattern was recorded by Bruker D8 Advance X-ray
powder diffractometer using Cu Ka radiation (40 kV, 40 mA) (wavelength A=1.5406
A). Raman spectra were collected using Bruker RFS-100/S Raman spectrometer with
Fourier transform. A 1064 nm YAG laser was used as the excitation source, and its
power was kept at 150 mW. The photoluminescence (PL) characteristics were
investigated using the 325 nm line from He-Cd laser excitation. Selected area electron
diffraction (SAED) patterns, particle size distribution, and lattice images of the



synthesized nanopowders were obtained using the JEOL 2010F TEM (HR-TEM)
capable of operating up to 200 kV. The composition of nanopowder was determined by
energy-dispersive X-ray analysis (EDX) attached to JEOL 2010F TEM. The dried
nanopowder was pressed uniaxially into disc-shaped pellets of 10 mm diameter with 2
mm thickness using the isostatic pressure of 200 MPa to measure dielectric properties.
The pressed samples were sintered at 100 °C for 2 h. Dielectric permittivity and loss
were measured at different frequencies in the range of 1 kHzto 1 MHz, using an
impedance analyzer (IM3536, Hioki, Japan). The fabricated LZO capacitor is
characterized using the Phoenix temperature-dependent 1VV/CV tool (make: Karl Suss,
model: PM8). The characteristics of the capacitor do include capacitance (C) as a

function of frequency (F) and capacitance (C) as a function of applied voltage (V).

3.3 RESULTS AND DISCUSSION
3.3.1 Crystallinity, chemical structure, and morphology of La-doped CeO2
3.3.1.1 X-ray diffraction analysis

XRD patterns of the undoped CeO, La-doped CeO3, and standard stick pattern
of pure CeO- are shown in Fig. 3.2a. The obtained XRD pattern matches well with the
standard cubic fluorite phase (Fm-3m225) of CeO». The diffraction peaks of all samples
located at 28.2°, 32.6°, 46.8°, and 55.6° can be well indexed to the (111), (200), (220)
and (311) planes (JCPDS File 043-1002). No characteristic peaks of La>O3 were
observed. The lattice parameter (constant) of a crystalline powder is a key factor for the
confirmation of doping. The true value of the lattice parameter can be obtained by
removing the systematic errors of both undoped and doped CeO: through the
construction of Nelson-Riley (NR) plots. NR plots provide a better way to eradicate the
systematic errors involved in the measurement of the lattice parameter. The lattice
parameter of both undoped and La-doped CeO, measured in the present experiments is
in good agreement with the theoretical values reported by VVanpoucke et al. (Vanpoucke
et al., 2014) from the ab-initio density functional theory calculations. By comparing the
XRD patterns of undoped and La-doped CeO, a significant change in peak shift and

peak intensity was observed. Lanthanum (La3*) has a higher ionic radius compared to
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Cerium (Ce**). Doping of Lanthanum (La3*) in CeO; fluorite structure leads to the

expansion of crystal lattice of CeO, from 5.41A to 5.59 A.
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Figure 3.2 (a) XRD spectra with standard stick pattern of CeO. (b) Raman spectra (c)
Photoluminescence spectra of undoped and La-doped CeO; (d) Frequency-dependent

AC conductivity of the La-doped CeO2 measured at room temperature.

Lattice expansion can be attributed to a combination of the effects of the
increasing number of oxygen vacancies due to La doping and the larger ionic radius of

La3* versus Ce** (Philip et al., 2006). From Bragg’s law of X-ray diffraction and the

lattice parameter, we have the relation for the cubic system ot 2 (where
= n=
P ' y 2sinf  Vh2tk*+12 ’

positive integer, A = wavelength of the incident wave, (h k1) = Miller indices, a=lattice
parameter). The lattice parameter is inversely proportional to diffraction angle 6. A

clear shift in all the peaks towards the lower diffraction angle (Fig. 3.2a) was observed



because of lattice expansion in La-doped CeO., which confirms uniform doping of La
in CeO2. By doping Lanthanum in CeO, the La®*" element is introduced to the parent
(CeOy) crystal structure, and the mean atomic scattering of parent CeO: is changed. In
XRD, the strength of the atomic scattering from a given element is dependent on its
atomic radius. Larger the atomic radius of a dopant, higher will be the atomic scattering
and results in increased relative intensity. The higher relative intensity of the XRD
peaks was observed in the case of La-doped CeO, compared to undoped CeOx. It is
because of the substitution of Lanthanum (La3*) whose ionic radius is larger than Ce
in CeOa.

3.3.1.2 Raman Spectra and photoluminescence emission spectra

Figure 3.2b shows the visible Raman spectra of undoped CeO- and La-doped
CeOz. In the case of undoped CeO-, only one Raman band at 464 cm™! was noted,
which corresponds to the F,, Raman band from the space group Fm3m of cubic fluorite
structure (Shannon, 1976). The intensity of the Raman band was found to be increased
in the case of La-doped CeO.. High-intensity broadband is due to the creation of a large
number of oxygen vacancies because of La3* doping in the CeO; fluorite structure.
Further, it was found that the Raman band of La-doped CeO- shifted towards the lower
frequency due to La3* doping (464 cm™! to 457 cm™1). The main reason for this shift
might be due to the lattice expansion of CeO because of the larger ionic dopant, La3*.
The presence of surface-bound water leads to the poor dielectric properties of the
material. Raman spectra can also provide the evidence if surface-bound water present
in the sample. The broad multimode band around 3200-3450 cm™ is attributed to the
O-H stretching of surface-bound water (Pastorczak et al., 2009). However, there was
no band in the region of 3200-3450 cm™, so there is no surface-bound water present in
La-doped CeO:o.

Photoluminescence (PL) spectra of undoped and La-doped CeO> recorded at
room temperature are shown in Fig. 3.2c. PL emission is strongly dependent on the
number of oxygen vacancies present in the CeO,. Due to the addition of La3* in CeOp,
the number of oxygen vacancies increases, and the emissions are attributed to the charge

transfer from 0, to Ce**, which is O (2P%) — Ce (4f°) electron transition or the charge
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transfer from oxygen vacancies. The undoped CeO> showed two significant peaks at
445nm and 510 nm. For La-doped CeO,, the emission intensity was higher at 510 nm
due to a large number of O, vacancies present. Therefore, it can be understood from PL
emission spectra that both undoped and La-doped CeO, samples that the oxygen
vacancy mediated emission from undoped CeO: is enhanced due to La doping. In
addition to XRD and Raman spectra, PL spectra also confirm the successful doping of

La in CeO2 by the sonochemical method.

Figure 3.3 (a) TEM image of undoped CeOz, inset shows the SAED pattern is the

diffraction pattern obtained in the reverse space of the lattice planes (b) HRTEM image
shows the lattice image of undoped CeO: with a d-spacing value of 0.312 nm, inset
shows the presence of Ce and O elements (¢) TEM image of La-doped CeO3; inset
shows the SAED pattern (d) HRTEM image shows the lattice image of La-doped CeO:



with the d-spacing of 0.322 nm and it confirms the CeO. lattice expansion, inset

confirms the presence of La, Ce and O elements in LaxCe>0O7 atomic ratio.
3.3.1.3 Transmission electron microscopy analysis

The TEM analysis on the undoped CeO: and La-doped CeO2 nanopowder
revealed the information about phase evolution and morphology. From Fig. 3.3a, it can
be observed that undoped CeO> mainly composed of monodispersed particles, which
were in size range of 20-50 nm. Supercritical conditions of high temperature and
pressure that are produced locally with short lifetimes in a liquid by acoustic cavitation
lead to nanopowder formation with a unique size range. The inset in Fig. 3.3a shows the
selected area electron diffraction (SAED) pattern of the undoped CeO, with the rings
made up of individual bright spots. It indicates that the sample consists of
nanocrystalline material. In the case of La-doped CeO: (Fig. 3.3c), it can be seen from
the TEM image that the shape of particles is irregular with an average particle size of
well below 50 nm. From Fig. 3.3c inset, the first four rings in the SAED pattern match
well with the (111), (200), (220) and (311) planes of the La-doped CeO; (JCPDS File
043-1002). d-spacing of the (111) plane was determined by considering the radius of
the first ring (3.1 nm™1) and the inverse of that provides d-spacing of the (111) plane,
i.e.,, 0.322 nm, which is in concert with the d-spacing value obtained from XRD

analysis.

High-resolution transmission electron microscopy (HRTEM) images were
taken at a 2 nm scale for both undoped CeO.; moreover, La-doped CeO; to obtain the
internal structure and lattice fringes. Fig. 3.3b clearly, reveals the lattice fringes image
of d-spacing 0.312 nm for undoped CeO., which corresponds to the distance between
(111) facet of the cubic CeO. Figure 3.3c shows the lattice image of La-doped CeO-
with the d-spacing value of 0.322 nm for (111) planes, which is slightly higher than
undoped CeO: as expected. The higher d-spacing value is because of lattice expansion
caused by the doping of La3*. The actual Lanthanum and Cerium contents in the
synthesized nanopowder were determined quantitatively by EDX analysis. EDX image
of La-doped CeO: (Fig. 3.3d inset) shows the atomic percent of each element, and the

chemical composition was found to be La, sCe, 504 75, which is in close agreement with
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the stoichiometric composition LayCe(1-x0(,_x (with x = 0.5). It further confirms
2

that the doping was successful. The d-spacing values obtained from all three
techniques, namely, XRD, SAED, and HRTEM, are in concert for both La-doped CeO>
(0.322 nm) and undoped CeO: (0.312 nm). The lattice parameters obtained from the
NR function and SAED pattern for La-doped CeO> also agree well. A lattice expansion
from 5.41 A for undoped CeO2 to 5.59 A for La-doped CeO, was observed, and it
indicates the successful doping of La in CeO- fluorite structure. The activation energy
required for the doping of La in CeO. was supplied by the hot spots created during
acoustic cavitation. The acoustic cavitation in liquid-solid slurries also induces high-
velocity inter-particle collisions, and the impact of such collisions is sufficient to melt
most metals (Pinjari and Pandit, 2011).

3.3.1.4 Dielectric properties

For the dielectric measurements, namely dielectric permittivity (¢) and

dielectric loss (tan &), the high dense La-doped CeO> ceramic pellet was prepared and
sintered at 100 °C for 2 h. Frequency-dependent ¢, values of La-doped CeO: in the
range from 10 Hz to 1 MHz shown in Fig. 3.4a. It can be observed that high ¢, values
at the low frequencies because of interfacial or space charge polarization. At higher
frequencies, €, value decreases with increasing frequency and reaches a constant value.
Interfacial or space charge polarization in La-doped CeO: is high due to the higher
number of oxygen vacancies and structural in-homogeneity because of the large
surface-to-volume ratio of nanoparticles. When the dielectric material is subjected to
the external electric field, the space charges present in the material can move and
trapped through the defects and vacancies at the interfaces leading to the formation of
dipole moments.

Maxwell-Wagner dielectric dispersion theory says that the space charge
polarization is dominant at low frequencies, and orientational polarization can be seen
at higher frequencies (Arbatti et al., 2007). However, the dielectric permittivity
decreases exponentially, and at higher frequencies, the dipoles fail to cope with rapid

electric field variations. Therefore, a constant value was obtained for the dielectric



permittivity at higher frequencies. The dielectric loss (tan ) behavior in a frequency
range from 10 Hz to 1MHz is shown in Fig. 3.4b. When AC voltage is applied across
a dielectric, the molecular dipoles change their direction many times, depending on the
frequency of the applied electric field. This rapid change leads to molecular friction,
and some amount of energy is lost as heat (dielectric loss). The dielectric loss will be
more at higher frequencies, and the tan 6 values were found to increase with increasing
frequency due to space charge polarization. The value of tan § is found to be <0.2 at
1 kHz and reaches ~0.4 at 1 MHz.

The AC conductivity of the prepared La-doped CeO. the sample was obtained
at different frequencies from 1 kHz to 1 MHz and is shown in Fig. 3.2d. At a higher
frequency region, AC conductivity value increases with increasing frequency since the
immigration of electrons increased with an increase in frequency. It is due to electronic
hopping, creating energetic free electrons in the polarized region. The dielectric
properties of synthesized La-doped CeO- show that it can be used as a high-k dielectric

in thin-film capacitors and transistors.
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Figure 3.4 Frequency-dependent (a) Dielectric permittivity e, values of La-doped
Ce0qy, in the range from 10 Hz to 1 MHz (b) Dielectric loss (tan §) of La-doped CeOy,

dielectric data were measured at room temperature.
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3.3.2 Thermal behavior, chemical structure, size distribution and morphology of
LZO dielectric ink

3.3.2.1 Thermogravimetry analysis

Thermal stability of Lanthanum nitrate, Zirconium acetylacetonates, and LZO
ink was studied by TGA, and the respective thermograms are shown in Fig. 3.5.
Thermal decomposition of La(NO3)s begins with a small mass loss around 100 °C,
likely from loss of excess (unbound) water, and proceeds through two significant mass-
loss events starting around 180 and 400 °C, attributable to the loss of bound water and
nitrates, respectively (Fig. 3.5a). The final mass-loss event starting around 500 °C can
be attributed to the expulsion of residual water and nitrates during the final
condensation and densification of the oxide. The mass-loss profile of Zr(CsH702)s is
more gradual and appears as two significant mass loss events from 90 to 200 °C and
220 to 400 °C. These events likely correspond to gradual water and acetyl group loss,
respectively. The mass loss profile of the LZO precursor appears to be an approximate
average of the two precursor salts. It shows a gradual mass decrease from 100 to 160
°C (water loss), a mass-loss event around 220 °C (nitrate loss), and a more pronounced,
gradual mass loss over several hundred degrees (further nitrate loss, condensation, and
densification). Conversion of the LZO precursor to the corresponding oxide is
completed by 500 °C (Cloet et al., 2009), which occurs at a lower temperature than for
either the La or Zr salts individually. The TGA curve of LZO follows closely that of
Zr-precursor salt. The weight loss of LZO is negligible after 500 °C; it confirms that
the nitrates and acetates were removed from the precursor, and pure LZO is formed
after 500 °C. Although thermal decomposition of the LZO ink is not necessarily
representative of the decomposition pathways in thin films, the bulk mass-loss events

offer insight into film formation phenomena.

3.3.2.2 X-ray diffraction and particle size distribution analysis

Figure 3.5b shows the powder X-ray diffraction pattern of the as-synthesized
La>Zr,O7 samples. Powder heat-treated for 4 h at 600 °C resulted in a fully crystalline

single-phase material, La>Zr.O7. The pyrochlore superstructure reflections from the



planes (222), (400), (440), (622) were evident in the XRD spectra of LZO powders
calcined at 600 °C. They coincide with the standard data of La,Zr,0; (ICSD-15475)
(Bai et al., 2000), indicating the pure cubic pyrochlore structure with the space group
Fd3m and the lattice parameters a = 10.793 nm. The characteristic peaks of the fluorite
phase of LZO were not found in the XRD pattern. It confirms that the LZO powder is
made of a single pyrochlore phase. Figure 3.5¢ shows the thin film XRD pattern of
fabricated LZO thin film annealed at 350 °C. There are no sharp crystalline peaks in
the pattern, which reveals that the fabricated LZO film was in an amorphous state. It
can be noted that the film was still in the amorphous state even after annealing at 350
°C for 3 h.
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Figure 3.5 (a) TGA thermograph of LZO, lanthanum nitrate, and zirconium
acetylacetonates (b) XRD pattern LZO powder obtained by drying of LZO dielectric
ink at 90 °C for 3 h in the hot-air oven (c) Thin-film XRD of spin-coated LZO dielectric
film (d) Particle size distribution of LZO dielectric ink contains monodispersed

particles with a mean diameter of 41 nm.
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Thin-film XRD indicates that the crystallization temperature of the LZO film is
higher than 350 °C. As a gate dielectric, an amorphous film is preferred over a poly-
crystalline film because grain boundaries can induce a leakage current through the
dielectric. Particle size analysis was done using a zeta size analyzer (Horiba Zeta-sizer).
This instrument determines the size, high-resolution size distributions, and particle
concentration. Unique optics can analyze polydisperse assemblages of particles in
liquids and resolve separate size modes in complex samples. The LZO particles are in
the range of 35-50 nm, and the average particle size is 41 nm, as shown in Fig. 3.5d.
This result significantly shows that the prepared LZO ink contains colloidal

nanoparticle dispersion.

3.3.2.2 Surface roughness, film thickness, and capacitance measurement
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Figure 3.6 (a) Surface roughness image of LZO thin-film obtained by AFM (b)
Fabricated transparent image of LZO thin-film spin-coated on ITO glass (c) Schematic
of the thin-film capacitor made of LZO dielectric layer with top and bottom electrode
(d) Thickness of the fabricated LZO thin-film measured by a profilometer. The
thickness of LZO dielectric film is measured using the profilometer and roughness of

the film determined using Atomic Force Microscopy (AFM).



Figure 3.6¢ shows the schematic of the thin-film capacitor made of the LZO
dielectric layer with aluminum top and ITO bottom electrode to complete the circuit.
The aluminum layer was deposited by the thermal evaporation technique with the
controlled thickness. Figure 3.6d represents the thickness profile of the LZO film coated
on the ITO glass substrate. The thickness of the fabricated LZO film found to be 91 nm
measured using a profilometer. The surface roughness of the LZO film is determined
to be 1.93 nm, shown in Fig. 3.6a. The overall surface of the LZO film is smooth and
homogeneous, over an area of 2.5 um?. Transparent LZO spin-coated on ITO glass is
shown in Fig. 3.6b. Capacitance is a constant value of the capacitor, which is
determined by the LZO dielectric layer. The capacitance of a capacitor is plotted against
a function of frequency shown in Fig 3.7a. The capacitance decreases with the increase
in frequency show the typical behavior of the thin-film capacitor. In Fig. 3.7b, the
capacitance is plotted against a function of applied voltage, where the capacitance (C)
of 4.5nF/cm? at 1 kHz is stable for different applied voltage (V).
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of the thin-film capacitor made of LZO dielectric layer prepared using LZO dielectric

ink.
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3.4 SUMMARY

LCO nanopowder was synthesized by a sonochemical approach at a relatively
lower temperature (70 °C). The supercritical condition created due to the sonochemical
effect in the liquid medium was sufficient for doping of La3* inside CeO- fluorite
structure, without any additional heat treatment like calcination. Raman spectroscopy
and PL emission spectra confirmed the doping of lanthanum inside the fluorite structure
of CeO2. No secondary phases like La,0; and La,(CO3); were present in the
synthesized nanopowder, as confirmed by XRD analysis. TEM analysis revealed that
particles were in a size range of 20-50 nm. La-doped CeO; possesses a very high

dielectric permittivity of 106 at 1 kHz with a very less dielectric loss of 0.2.

Lanthanum Zirconium Oxide (LZO) dielectric ink was prepared. The
nanodispersion of LZO was confirmed by particle size analysis. Nano-dispersion/
dielectric ink showed particles with an average size of 41 nm. Dielectric ink was
directly used for the fabrication of the thin-film capacitor. Various characterization
techniques were used to examine the size, purity, thickness of the thin film, and
capacitance measurement. A sonochemical route is a promising approach for the

preparation of dielectric ink in a single-step method.



CHAPTER 4

FABRICATION OF PMMA/LZO AND PVDF-HFP/LZO DIELECTRIC
COMPOSITES FOR HIGH ENERGY STORAGE DENSITY APPLICATIONS

4.1 INTRODUCTION TO PMMA BASED COMPOSITES

Polymer nanocomposites are being used overwhelmingly in high-energy
storage density devices and open up many research opportunities in recent years. The
energy storage density of a polymer composite depends mainly on the dielectric
permittivity and loss factor. Various approaches such as sol-gel, chemical vapor
deposition (CVD), template synthesis, and melt mixing are being used to fabricate the
polymer composites with high-energy storage density by improving their dielectric
permittivity (Ruiz-Hitzky et al., 2011). In PMMA based composites, a high (> 30 vol%)
filler loading significantly enhances the dielectric permittivity of the PMMA but also
makes the composite film brittle. Therefore, they suffer from high dielectric loss. The
core-shell high-k PMMA@BaTiOs and polystyrene @SrTiOs nanocomposites for
energy storage applications have been reported (Yang et al., 2012). The nanocomposite
of PMMA/hyperbranched aromatic polyamide (HBP)@BaTiO3 by blending the core-
shell HBP@BaTiO3/CaCusTisO12 nanoparticles with PMMA was reported by Xie et al.
(2013). However, high hysteresis loss and leakage current make it challenging to use
BaTiOs, SrTiOs3 and CaCusTisO12 in the polymer matrix. These ceramics need further
surface modification or functionalization to use in energy storage devices with a low

dielectric loss.

On the other hand, while considering the inorganic dielectric as a filler, the
Lanthanum Zirconium oxide (LZO-LaxZr,07) is a promising amorphous high-k
dielectric material with less leakage current and high dielectric permittivity. Combining
high-k dielectric LZO with PMMA provides a new opportunity for high-k polymer
nanocomposite materials in transparent, flexible electronics. Although LZO inorganic
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fillers provide various advantages in fabricating high-k polymer nanocomposites, they
also offer many challenges in the realization of high-performance polymer
nanocomposites. Typical challenges include achieving homogeneous dispersion of
LZO fillers in polymer and tailoring interface between polymer and filler, which play
a crucial role in obtaining desirable electrical characteristics. In order to get a high
dielectric permittivity, a high-volume fraction of fillers is usually needed, which causes
difficulty in getting uniform dispersion (Wang et al., 2015). However, the homogeneous
dispersion of LZO fillers in PMMA and the strong interfacial adhesion between fillers
with PMMA matrix can be achieved with a proper fabrication method. In short, the
preparation process for polymer composites is crucial because it affects their dielectric
properties. The process type and conditions for its operation must be determined by the

material’s physical, chemical, rheological, and thermal characteristics.

PMMA-LZO composite dielectric film is fabricated with a minimum filler
quantity and better dispersion of LZO fillers in PMMA, considering all the issues
mentioned above. Uniform dispersion of LZO filler in the PMMA matrix obtained by
sonication. The PMMA-LZO dielectric solution was directly spin-coated on the Indium
tin oxide/base silicon dioxide (ITO/SiO2) substrate under optimized spin coating
conditions to obtain a desired thickness of the coating. The dielectric permittivity and
energy storage density of LZO-PMMA nanocomposite films were improved

significantly with a low dielectric loss compared to neat PMMA.

4.2 EXPERIMENTAL METHOD

4.2.1 Preparation of PMMA-LZO composite solution

2 g of PMMA (Synthesis grade with average molecular weight ~15 kDa by GPC
from Sigma-Aldrich) powder was dissolved in 50 ml of toluene using a magnetic stirrer
for 20 min. LZO solution was prepared by dissolving 2 g of LZO powder in 20 ml of
distilled water (Sigma-Aldrich)/10 ml of acetic acid (CHzCOOH, 99.8%, Sigma-
Aldrich)/10 ml of triethanolamine (N(CH2CH20H)3, 99.9%, Merck) system. LZO



solution was taken in 2, 5, 10, and 15 vol% and mixed with PMMA solution using a
probe-type sonicator. 20 kHz frequency generator (500 W) that was operated on a
pulsed mode (4 s ON/ 2 s OFF) at a 40% power amplitude (200 W) for 30 min. The
maximum temperature of the solution reached during sonication was 60 °C. A well-
dispersed PMMA-LZO solution was directly spin-coated on ITO/SiO2 without any

further processing.

4.2.2 PMMA-LZO dielectric film fabrication

The ITO/SIO; (25%x25%0.7) mm? square glass with a surface resistivity of 10
ohms/sq. Cleaned with acetone and kept in the ozone chamber for 30 s. PMMA-LZO
solution containing a different composition of LZO was spin-coated on ITO/SiO>
substrate using a vacuum-free spin coater (Navson-NT1200). The spin coater was
operated with an initial speed of 1000 rpm for 10 s, and then the speed was increased
to 3000 rpm for 30 s with an acceleration time of 5 s. The as-spun film was dried under
the UV chamber for 30 min. The copper layer was deposited on the PMMA-LZO film
to make a film capacitor. The dielectric properties of PMMA-LZO film were studied
using an impedance analyzer (IM3536, Hioki, Japan) to determine the dielectric
permittivity, loss tangent in the frequency range of 1 Hz-1 MHz. All impedance
measurements were carried out at room temperature. Energy storage density and
breakdown strength were determined by the ferroelectric workstation (Radiant, Inc.).
The x-ray diffraction pattern was recorded by Bruker D8 Advance X-ray powder
diffractometer using Cu-Ka radiation (40 kV, 40 mA) (wavelength A=1.5406 A). Film
thickness and surface morphology were measured using SEM (JEOL JSM 6400).
Schematics of PMMA-LZO dielectric film coated on ITO/SiO> substrate and a cross-
sectional view of ITO/PMMA-LZO/Copper film capacitor are shown in Fig. 4.1.
Copper was deposited on LZO-PMMA coated ITO/SiO2 substrate as a top electrode to
analyze the dielectric properties of the LZO-PMMA film. PMMA-LZO transparent

flexible film with the copper masked layer is shown in the inset of Fig. 4.1.
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Figure 4.1 Schematics of PMMA-LZO dielectric film coated on ITO/SiO2 substrate and
a cross-sectional view of ITO/PMMA-LZO/Copper capacitor film. Copper was
deposited as a top electrode by thermal evaporation for the analysis of the dielectric
properties of the LZO-PMMA films. The inset shows as-prepared PMMA-LZO
dielectric film peeled off from the ITO-coated glass substrate (left side) and copper
deposited PMMA-LZO dielectric film (right side).

4.3 RESULTS AND DISCUSSION

4.3.1 X-Ray Diffraction Pattern

PMMA is an amorphous transparent thermoplastic polymer. Since it has no
crystalline phase, there are no scattering sites for diffraction. Hence, there were no sharp
peaks observed in the XRD pattern of neat PMMA, as shown in Fig. 4.2. However, a
low-intensity peak at a 20 value of 23° was observed due to ordered packing of polymer
chains. At 2 vol% LZO loading, there was no crystallinity noticed in PMMA composite.
However, when the LZO content increases gradually from 5% to 15 vol% in PMMA,
the XRD patterns of the respective samples show the crystal peaks corresponding to
La>Zr,O7 with major diffraction peaks identified as a pyrochlore structure (ICSD-
15475). The different planes of neat LZO were marked in Fig. 4.2. As LZO finds

specific scattering sites at particular diffraction angle 26 (30°), intensive peaks were



recognized in samples with higher LZO content, as shown in Fig. 4.2. At 15 vol% LZO
content in PMMA, peaks at 30-32° and 45-48° appear similar to that of neat LZO.
Though the intensity is low, the characteristic peaks of LZO as per standard ICDD
pattern appeared in all composite samples. Therefore, the XRD results confirm that the
prepared composite material is still amorphous with 2 vol% LZO content. However,
the crystalline peaks of LZO start appearing from 5 vol%. PMMA-LZO (15 vol%)
showed an apparent crystalline behavior, as evident from the dominant LZO peak

intensities.
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Figure 4.2 XRD pattern of neat PMMA, neat LZO, and PMMA-LZO composite film
with different LZO filler loadings.

4.3.2 Surface morphology and film thickness

The morphology of PMMA-LZO composite films with different LZO content
is presented in Fig. 4.3. SEM images of all samples are presented in Fig. 4.3 (a-e) at the
same magnification for comparison. At lower LZO contents (Fig. 4.3a&b), though the

LZO particles were fairly distributed in the PMMA matrix, the surface was not entirely
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covered. The average distance between the LZO particles in PMMA matrix at lower
LZO loadings is ~1 um. LZO particles were still evenly distributed in a PMMA matrix
at higher LZO contents (Fig. 4.3c&d), and the interparticle distance becomes smaller
than 1 um. However, particle agglomeration was noticed at 15 vol% LZO loading.
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Figure 4.3 SEM images of PMMA-LZO composite films with different LZO filler
loadings taken at 1um scale (a) 2 vol% LZO (b) 5 vol% LZO (c) 10 vol% LZO (d) 15
vol% LZO (e) neat LZO (f) Cross-sectional SEM image of PMMA-LZO composite
film coated on ITO/SiOz substrate.



Figure 4.3e shows neat LZO particles sintered whose sizes are below 1 pm.
Agglomerated particles lead to the charge trapping and creation of a local electric field
under an applied voltage. When frequency increases, the trapped charge at the
agglomerated site starts losing its energy as heat. High dielectric loss in 15 vol% LZO
filled PMMA film was observed. The bottom line is that it is preferred to have a uniform
distribution with fewer particles of LZO fillers in PMMA rather than having more
particles with the agglomerated state in order to achieve better dielectric properties.
Three distinct layers of PMMA-LZO, ITO, and SiOz can be seen in the composite film's
cross-sectional SEM image (Fig. 4.3f). The thickness of the composite film was

measured as 1.6 pum.

4.3.3 Dielectric properties of LZO-PMMA films

LZO filler content in polymer composite plays a crucial role in enhancing the
dielectric properties of a polymer matrix. An increase in filler loading indeed increases
the dielectric permittivity of the composite but suffers from dielectric loss. However,
higher filler loading also leads to the brittleness of the film. The brittle film is not
advisable to use in thin-film capacitors or transistors. The filler loading was chosen as
minimum as possible to avoid high dielectric loss and focused on achieving uniform
distribution of LZO particles with the aid of ultrasound. Uniform dispersion of LZO in
the polymer is facilitated when the solvent dissolves the polymer at low temperature
with minimum time. During sonication, LZO particles dispersed well in the PMMA

matrix within 30 min.

Dielectric permittivity of neat PMMA, neat LZO, and PMMA-LZO composite
films with different LZO contents are presented as a function of frequency in Fig. 4.4a.
The dielectric permittivity changes as a function of polarizable molecules or atoms
present in a material. PMMA has lower dielectric permittivity since there are no valence
electrons in PMMA. The molecular polarizability of the C-C bond in PMMA is very
low compared to other inorganic bonding. The dielectric permittivity of a material is a
critical parameter to store more charges on the capacitor plate. The dielectric
permittivity of composite increases as the content of LZO increases due to the

interfacial polarization. Maxwell-Wagner-Sillars (MWS) model explains the
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phenomenon of interfacial polarization (Dang et al., 2012). When the LZO particles are
in the PMMA matrix, the dielectric mismatch between a polymer and inorganic rises to
high dipole moment in the composite. Enhanced dipole moment leads to rapid
interfacial polarization. Due to this effect, the charge holding capacity of the composite
film increases.
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Figure 4.4 (a) Dielectric permittivity vs. frequency (b) Dielectric loss (tan 0) vs.
frequency in the range of 10-10 MHz (c) Energy storage density vs. electric field (d)
Breakdown strength is calculated using a probability of failure vs. electric field for neat
PMMA, neat LZO, and PMMA-LZO composite films with different LZO filler loading.

The dielectric loss (tan d) also was recorded for neat PMMA, neat LZO, and
PMMA-LZO composite films as a function of the frequency from 1 Hz to 1 MHZ (Fig.
4.4b). As the LZO content increases, the dielectric loss of PMMA also increases. The

dielectric loss for neat PMMA, 2%, 5%, and 10 vol% LZO filled PMMA lies below



0.027 at 1 kHz. However, for the 15 vol% LZO, dielectric loss increased to 0.0582,
which is almost three times larger than that of neat PMMA. The interaction between
LZO particles becomes significant at higher concentrations of LZO because the
distance between fillers in the PMMA matrix is extremely close, especially for
nanosized fillers. Because of the high concentration of LZO nanoparticles, the local
electric field generation accounts for the dielectric loss. Jaysundere and Smith's realistic
mixing rule can describe the dielectric loss in polymer nanocomposite (Jayasundere and
Smith, 1993). According to their rule, the electric field formation with dielectric
particles embedded in a continuous PMMA matrix always depends on the polarization
of inorganic particles and their distance. By increasing the filler concentration, particles
come closer to each other and lead to rapid electric field formation, which accounts for
the dielectric loss in the form of heat. An increased dielectric loss at all frequencies for
the composite samples with increasing LZO loading because of electrical conduction

and dipolar polarization was observed

Dielectric permittivity, dielectric loss, breakdown strength, and energy storage
density of PMMA-LZO composite films with different LZO filler loading are presented
in Table 4.1. The dielectric breakdown strength of PMMA decreased from 85.3 to 54
MV/m at 15 vol% LZO loading. Also, the dielectric loss increased almost three folds
larger than that of neat PMMA. As 15% LZO loading leads to agglomeration and crack
in PMMA-LZO films, the PMMA matrix loses its flexibility, which results in a high
dielectric loss. Increased LZO content accounts for the nanoparticle percolation and
high electric field gradient between neighboring LZO particles due to which the host
PMMA chains fail to respond to the abrupt decrease in breakdown strength. These
results suggest that the optimal LZO volume fraction for the maximum energy density

must be 10 vol%.
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Table 4.1: Summary of dielectric properties such as dielectric permittivity, energy
storage density, and breakdown strength of PMMA-LZO composite dielectric films
with different LZO filler loadings.

LZO content in | Dielectric Dielectric | Energy storage | Breakdown
PMMA-LZO permittivity (k) at loss density (J/cm®) | strength
composite films | 1 kHz (tan 9) (MV/m)
(vol%)

0 (Neat PMMA) | 3.1 0.0183 2.91 85.3

2 5.7 0.0186 3.3 80

5 8.9 0.025 3.86 71

10 13.4 0.0271 5.94 63.6

15 15.3 0.0582 6.53 54

100 (Neat LZO) | 26 0.120 9.92 31.8

4.3.4 Energy storage density and breakdown strength

PMMA-LZO film capacitors store energy in the form of an electric field. When
voltage is applied across, the capacitor carries current until the potential attains the
voltage rating of the capacitor. If the applied potential is higher, it may result in damage
to the capacitor. The breakdown strength of the polymer composite should be high
enough to withstand the applied voltage. The stored energy is directly proportional to
the square of the voltage across the capacitor. PS-b-PMMA copolymer was developed
to improve energy storage and breakdown strength (Samant et al., 2016). A copolymer
having different monomer in backbone changes the configuration of the polar
molecules results in the improved dielectric properties. The energy storage density of
neat PMMA and neat LZO was measured as 2.91 J/cm? at 85.3 MV/m and 9.92 J/cm®
at 31.8 MV/m electric field, respectively, as shown in Fig. 4.4c. The storage density of
PMMA is improved up to 6.53 J/cm?® at 15 vol% LZO loading. However, at 15 vol%
LZO, since particle agglomeration begins, and the cracks and void defects present in
the film result in high dielectric loss and reduced dielectric field strength. Nevertheless,
10 vol% LZO-PPMA film provides an improved storage density of 5.94 J/cm?® while
the dielectric loss was comparatively lower. The electric field strength of 10 vol% LZO-



PMMA is 63.6 MV/m, but it decreased to 54 MV/m at 15 vol% LZO content. Since the
local electric field formation is high in inorganic fillers due to the conductive path, the
electric field strength is always low for inorganic high-k dielectrics compared to

polymers.

The breakdown strength of a dielectric film has a critical role in energy storage
devices. The probability of failure of LZO-PMMA composite films as a function of
breakdown strength is plotted in Fig. 4.4d. 15 vol% LZO-PMMA showed a low
breakdown strength of 50 MV/m, while a neat PMMA showed 85.3 MV/m. The
breakdown strength of PMMA decreases with LZO filler content due to uneven electric
field distribution as the number of LZO particles increases. The inherent difference in
conductivity and permittivity between LZO filler and PMMA matrix results in the space
charge formation opposite to the applied electric field. As the LZO filler loading
increases from 2 to 15 vol%, energy storage density increases significantly compared
to that of neat PMMA. However, PMMA-LZO film suffers from dielectric loss and

reduced breakdown strength.

The phenomenon was ascribed not only to the low electrical breakdown of LZO
fillers themselves but also to the possible path of percolation in the PMMA matrix
through the LZO islands that can be seen from SEM images (Fig. 4.3c&d). The
breakdown strength of the composites is strongly affected by interfacial areas,
agglomerations, and voids. These aspects result in an inhomogeneous breakdown of the
electrical field strength in the polymer matrix and lead to a reduction in the effective
storage strength of the PMMA-LZO nanocomposites. Polymer chains start conducting
electricity due to the formation of a tangential electric tree with an increase in applied
voltage. The failure might be associated with an avalanche discharge process
originating with the promotion of few valence electrons into a conduction band.
Breakdown happens when the formation of a threshold electric field due to the intense
and disruptive flow of charges, which generates an irreversible modification in

polymeric chains and materials can melt locally.
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4.3.5 Effect of LZO filler loading in PMMA on dielectric properties at 1 kHz
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Figure 4.5 Dielectric permittivity at 1 kHz and max energy storage density of the
PMMA-LZO films as a function of volume fraction of LZO in PMMA-LZO composite

films.

For practical applications, it is essential to achieve high energy density with
high-efficiency, as dielectric losses often contribute to heating and degenerating
material performance and reliability. The role of the LZO content (2—15 vol%) on the
dielectric properties (dielectric permittivity, dielectric loss, energy storage density, and
breakdown strength) of the composite film was investigated to determine the optimum
LZO loading. It was found that the dielectric permittivity and energy storage density of
composites increases with LZO content, as shown in Fig. 4.5. Even though both energy
storage density and dielectric permittivity were followed a rapid increase with LZO
content, 10 vol% LZO was found to be optimum loading considering the stability of the
film.

Table 4.2 reports the comparison of dielectric properties of a PMMA-LZO
composite film prepared in this work with various other composite films reported in the
literature. It can be noted that PMMA-LZO film properties are comparable with that of
other composite films. However, the dielectric loss of other composite films was 2-3
times higher than that of PMMA-LZO film (present work) except PS-b-PMMA.

However, PS-b-PMMA copolymer film shows less energy storage density compared to



other films. The energy storage density of 5.94 J/cm® was achieved with a dielectric
loss of 0.0271 in 10 vol% PMMA-LZO. The high dielectric loss deteriorates the films
and accounts for the poor device performance. Keeping the dielectric loss as low as
possible with energy storage density above 4 Jicm?® is technically preferred in
transparent electronic devices. Thus, the present work demonstrated the transparent
PMMA-LZO composite with moderate energy storage density and low dielectric loss.
A properly optimized filler fraction and the nanoparticle-polymer interface are essential
for achieving desirable high dielectric properties and thus high energy storage capacity.

Table 4.2: Comparison of dielectric properties of PMMA-LZO (10 vol%) composite

film with other composite films reported by other research groups.

Material Dielectric Dielectric | Energy | Breakdown | Reference
permittivity | loss storage | strength
density | (MV/m)
(Ilcm?)
PMMA-LZO 13.4 0.0271 5.94 63.6 Present work
(10 vol%)
PMMA/P(VDF- | 15 0.05 10.3 378 (Feng et al.,
HFP)-BST 2018b)
PVDF-HFP)- 21 0.04 8.13 325 (Luo et al,
Hydantoin 2015)
BaTiOs
PS-b-PMMA 2.75 0.02 4.6 289 (Samant et
al., 2016)
PMMA- 7 014 |- 167 (Xie et al,
Si0O.@MgO 2013)
PMMA@BT 45 0.06 |- (Huang and
Jiang, 2015)
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4.3 INTRODUCTION TO PVDF BASED COMPOSITES

Dielectric composites that provide a high dielectric permittivity (k) and
dielectric breakdown strength without an excessive dielectric loss is necessary for high
energy-storage capacitors. Because of its inherent high energy density, PVDF
(polyvinylidene fluoride) based polymers are the preferred choice for capacitive
devices. PVDF-based copolymers were often used to improve nanocomposites'
electrical characteristics (Yang et al., 2013). Among all PVDF based copolymers,
PVDF-HFP exhibits high breakdown strength and high energy storage density.
However, PVDF-HFP suffers from a lower dielectric permittivity compared to other
PVDF copolymers. Recently, the fabrication of PVDF-BST (Hu et al., 2015), PVDF-
CTFE/BaTiOz (Suematsu et al., 2016), PVDF-HFP/GO, PVDF-HFP/TIO (Kim et al.,
2006) have been reported to improve the dielectric properties. However, the main
drawback of the above reported dielectric composites is that the high-volume fraction
(>40-50 vol%) of the filler is needed to achieve high dielectric permittivity with energy
storage density. However, the high vol% of fillers tend to increase the particle
packaging density, leading to a breakdown path via aggregated fillers (Cheng et al.,
2002).

Therefore, there is a need for an alternative approach to overcome these issues
in the fabrication of high-performance dielectric composite films. In this chapter, a low
temperature (70 °C) formulation of PVDF-HFP/LZO composite ink using the
sonochemical approach followed by dielectric thin-film deposition via spin coating
technique is presented. The concept of composite ink enables us to avoid several
processing steps and the agglomeration of colloidal LZO particles. The optimum
volume fraction of LZO colloidal particles in the PVDF-HFP solution is achieved
through computational simulations. The composite dielectric ink contains uniformly
dispersed LZO colloidal particles in the PVDF-HFP polymeric solution prepared at low
temperature, which can be directly printable on a substrate to build a thin-film capacitor.
The sonochemical approach allows greener and inherently safer to create
microscopically supercritical conditions of high temperatures and pressures in liquids

that are not easily achievable by other conventional methods such as hydrothermal, sol-



gel, solution combustion and microemulsion. This exciting approach not only benefits
better dispersibility of LZO in a polymer medium but also affords a high energy density
composite ink at a high electric field. The effect of LZO content on dielectric properties
was thoroughly investigated. The electric field distribution, polarization, and energy
storage density of PVDF-HFP/LZO thin-film were calculated using FEM based
COMSOL Multiphysics. The results obtained from the experiments and computational

simulations are compared.

4.4 MODELING AND SIMULATION

4.4.1 Model set-up

The software COMSOL Multiphysics was used to study the electric field
formation, polarization, and energy storage phenomena in a thin-film capacitor made
up of PVDF-HFP/LZO dielectric layer. The different volume fractions (5, 10, 15, 20,
30 vol%) of LZO was considered in the PVDF-HFP solution. For each vol% of LZO,
the energy storage density and breakdown strength of the dielectric layer was
determined. A geometry was built in the desired space dimensions, to study a thin-film
capacitor model, and after that, material properties such as dielectric permittivity, and
AC conductivity was provided. The electrostatics under AC/DC module calculates the
displacement of an electric field and polarization in a thin-film capacitor under given
conditions where the distribution of electric charge is prescribed. The physical interface
solves the Gauss’s law (Vold, 1993) and Maxwell constituent equations (Dziaugys et
al., 2015) to determine the electric field formation using the electric potential as the
dependent variable. Two fundamental boundaries, such as outer and interior, were
applied. An exterior boundary is an outer boundary of the modelling domain, and an
interior boundary is an interface which divides two domains in the geometry. Details of
model set-up, geometry, meshing, and solver were discussed in the supplementary
information file. The arrangement of a thin-film capacitor is illustrated in Fig. 4.6,
where the direction of current and the resulting electric field is shown. At the lower
plate, electrons will accumulate and thus becomes negatively charged. It will form an

electric field between the plates directed from positive towards negative.
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Figure 4.6 Schematic of a parallel-plate capacitor of two conductive plates separated
by a dielectric, the direction of current, electric field formation, and accumulation of

charges on the plates are shown.

4.4.2 Model equations

There are three model equations in the study of the interaction of
electric charges and currents. Gauss's law (Eq. 4.1) in free space defining the interaction
between the divergence of the electric field and the charge density. Ohm's law (Eq. 4.2)
specifying that the current density is proportional to the electric field by the factor and

the continuity equation (Eq. 4.3). The equations are given as follows

S (4.1)
€o

] =oE 4.2)

__% @3
V=5

where E is the electric field vector in V/m, p is the total charge density in C/m3, g, is
the constant of free space 8.85x102 in F/m, J is the electric current density vector in

A/m?and, o is a proportionality factor called conductivity of a medium in S/m.

The charges can be shifted from their original position if the PVDF-HFP/LZO dielectric

is placed in an electric field. It leads to induce dipole moments that allow the dipoles to



align in the same direction. Different types of polarization occur in PVDF-HFP/LZO
dielectrics, including atomic electronic, dipolar (orientational), and interfacial
polarization. Such mechanisms eventually lead to accumulations of charges within the
PVDF-HFP/LZO dielectric defined by a volume charge density as in Eq. 4.4 (Maxwell

constituent equation)

- 4.4)

dp (

v.-p=2£
dv

V - P is the divergence of polarization, dp is the differential electric dipole moment, dv

is the differential volume. The entire surface of each electrode is at the same potential.

Capacitor plates have equal and opposite voltages that the boundary on the box is at

zero potential.

4.4.3 Boundary conditions

The electric shielding boundary node is said to model a thin conductive layer
and reduces the number of mesh components by approximating a thin layer. The
thickness of the layer, relative permittivity, and AC conductivity is given to the node.
The following Eq. 4.5 at this moment be applied at the boundary

n-(J1—J2) = —Vi(do + jwe, )V (4.5)
n-J=0 (4.6)
where n is the normal vector, V, is the tangential gradient, d is the thickness of the
conductive layer, o is the conductivity of the layer, &, is the relative permittivity of the

layer, jw is the displacement current, ¢ is the electric potential.

Eq. 4.6 defines that there are no electric current flows through the PVDF-HFP/LZO
dielectric layer. Once the boundary conditions are selected, a meshing sequence is
applied. It enables the discretization of the geometry into small units. A solver provided
in COMSOL solves the model by using the finite element method. The model output is

discussed in the results and discussion section.
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4.5 EXPERIMENTAL METHOD

4.5.1 Preparation of composite ink

PVDF-HFP pellets were dissolved in 50 ml of N, N-Dimethylformamide
(DMF) using a magnetic stirrer for 20 min. LZO solution was prepared by dissolving
3g of LZO powder in 10 ml of distilled water (Sigma-Aldrich)/5 ml of acetic acid
(CH3COOH, 99.8%, Merck)/5 ml of triethanolamine (N(CH2CH20H)3, 99.9%, Merck)
system. Triethanolamine and acetic acid are water-based solutions that may help to
minimize the formation of non-specific complexes. LZO powder dispersed in these
solvents and subjected to sonication for 15 min to form LZO colloidal solution. High-
intensity ultrasonication helps to form a nano colloidal solution from LZO powder.
LZO solution was taken in 15 vol% and mixed with PVDF-HFP solution by vigorous
stirring for 15 min. After complete dissolution, the solution was subjected to sonication
using a probe-type sonicator (SONICS Vibra cell with a 500W ultrasonic processor and
13.2 mm diameter probe). 20 kHz frequency with a 500-watt ultrasonic generator was
used. The sonicator was operated at a pulsed mode (ON/OFF ratio of 4s/2s) at a 40%
power amplitude for 30 min. The maximum temperature of the solution reached during
sonication was 70 °C. After 30 minutes, the product solution is collected in a container
and directly spin-coated to form thin-film. The composite ink found to be a milky white
with no suspended particles. It gives clear evidence of the stability of the solution

derived from the sonochemical technique.

4.5.2. Thin-film deposition

A well-dispersed LZO/PVDF-HFP solution was directly spin-coated on
ITO/SiO2 without any further processing. The composite ink is spin-coated (3000 rpm
for 30 s with 10 s ramp-up timing) on to the ITO coated glass (resistance: 150, make:
Luminescence Technology Corp.), which acts as the bottom gate electrode for the
capacitor. The spin-coated film then annealed at 100 °C for 1 min and then the second
layer is deposited with same spin coating parameters which were then followed by a
post-annealing at 70 °C for 2 h on a hot plate and cooled down to room temperature just



by turning off the hot plate. Neat LZO film is fabricated by spin-coating LZO colloidal
solution (3500 rpm for 30 s with 15 s ramp up timing) on to the ITO coated glass. The
spin-coated film then annealed at 200 °C for 1 min and then the second layer is
deposited with the same spin coating parameters, which were then followed by a post-
annealing at 100 °C for 2 h on a hot plate and cooled down to room temperature. Further
top contacts were made using thermally evaporated copper (Cu, purity - 99.9999%,
Alfa Aesar pure) pads (area: 1 mm x 2 mm). A schematic of composite ink preparation
and device fabrication is shown in Fig. 4.7.

Probe type
sonicator

LZO colloidal
solution -

LZO-(PVDF-HFP)
composite ink

ITO Substrate
\ LZO-PVDF-HFP Film ]

1

I

Thin film capacitor architecture Spin-coater

Figure 4.7 Schematic of steps involved in PVDF-HFP/LZO composite ink preparation
and thin-film fabrication process.
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4.5.3 Characterization

PVDF-HFP/LZO film capacitor was subjected to the impedance analysis
(IM3536, Hioki, Japan) to determine the dielectric permittivity, loss tangent at different
frequencies in the range of 10 Hz to 1 MHz. All impedance measurements were made
at room temperature using bias voltage -1 to +1. Energy storage density and breakdown
strength were determined by the ferroelectric workstation (Radiant, Inc.). XRD pattern
was recorded by Bruker D8 Advance X-ray powder diffractometer using Cu-Ka
radiation (40 kV, 40 mA) (wavelength A=1.5406 A). Film thickness and surface
morphology were measured using SEM (JEOL JSM 6400). Cryo-Electron Microscopy
was used to capture PVDF-HFP/LZO composite ink in freeze-fracture mode. Cryo-
electron microscopy facility has a 200 kV Talos-Arctica electron microscope
(FEI/Thermo Scientific) equipped with Gatan K2 Summit Direct Electron Detector.
Computational modeling was carried out in COMSOL Multiphysics using the finite
element method (FEM).

4.6 RESULTS AND DISCUSSION

4.6.1 Crystallinity, morphology, and chemical structure analysis

X-ray diffraction (XRD) patterns of PVDF-HFP, LZO, PVDF-HFP/15 vol%
LZO are presented in Fig. 4.8a without smoothening of the plot. Hereafter, PVDF-
HFP/15vol% LZO is named PVDF-HFP/LZO15. The peak at 18.4° and 20.8°
corresponds to alpha (a) and beta (B) phase, respectively, a broad peak at 26.6° and
38.8" corresponds to the gamma (y) phase of PVDF-HFP. XRD of PVDF-HFP shows
the typical semi-crystalline nature. Since LZO is not calcined at high temperature, we
did not observe sharp crystalline peaks. However, the broad peaks at 12.3°, 28.2°, 33.2°,
47.6°, and 56.6° confirm the LZO cubic pyrochlore phase (ICSD-15475). XRD pattern
of PVDF-HFP/LZO15 displays the combined peaks of LZO and PVDF-HFP, which
indicates the presence of both LZO particles and PVDF-HFP in the composite film.



(@)
4'\% PVDF-HFPILZO
')M/ %MM’\WWW
o

—_ =
S | ] S
|

o= a"\” Y \ PR | £

c

g/ £

£ (222) c
=

L20

(440) (622)

| i Eos g

I 2 1 S 1 ¥ 1 K 1 i 1 X 1

10 20 30 40 50 60 70 ' 810 2000 1800 1600 1400 1200 1000 800 600
-1
2theta (degree) Wavenumber (cm))

Figure 4.8 (a) XRD pattern and (b) FTIR spectra of LZO, PVDF-HFP, and PVDF-
HFP/LZO15 composites.

Fourier-transform infrared spectroscopy (FTIR) analysis is performed in the
range of 600-2000 cm™* as shown in Fig. 4.8b. FTIR spectra of PVDF-HFP and PVDF-
HFP/LZO15 composite exhibit the typical absorption peaks of a- phase, B-phase, and
y-phase of PVDF-HFP at around 615 cm™, 730 cm™ and 890 cm™, which indicate that
the crystalline type of the composites is almost the same as the PVDF. The bending of
C-C-C is observed at 1070 cm™, while the peak of CH, appears at 1400 cm™.
Meanwhile, no peak of hydrogen bonds can be detected in neat PVDF-HFP. In the
spectra of PVDF-HFP/LZ0O15 composites, the absorption peaks range from 1000 cm*
to 1200 cm are attributed to the hydroxy! stretching vibration, which suggests that the
strong hydrogen bonds are formed between the hydroxyl groups of LZO fillers and
fluoride atoms of PVDF-HFP. The reduction of hydroxyl vibration energy suggests the

formation of more stable hydrogen bonds.
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Figure 4.9 (a) Cryo-electron microscopy image of PVDF-HFP/LZO composite ink
prepared by the sonochemical approach. SEM images of (b) Neat LZO colloidal
particles (c) PVDF-HFP/LZ0O15 composite film deposited via spin coating annealed at
70 °C (d) Cross-sectional view of the composite film and thickness of the film is-18 um

after two layers of spin-coating.

The cryo-EM image soon after preparing PVDF-HFP/LZO15 composite ink
(the liquid form of the sample) in freeze-fracture mode was is captured. The spherical
structures could be PVDF-HFP polymer spheres surrounded by LZO colloidal particles
in the nanometre-scale, as shown in Fig. 4.9a. SEM images of LZO particles were in
nanoscale and spin-coated PVDF-HFP/LZO15 composite film shown in Fig. 4.9b&c,
respectively. 15 vol% of LZO particles are distributed uniformly in the PVDF-HFP
matrix after annealing at 70 °C for 2 h. LZO dielectric ink containing LZO colloidal
particles are mixed with PVDF-HFP polymer solution using ultrasonication. The
thickness of the composite film after two layers of spin-coating is 18 um calculated

using an SEM cross-sectional view of the film, as shown in Fig. 4.9d.



Table 4.3: Dielectric properties of fabricated films obtained by the impedance analysis
used as input in simulations to compute the energy storage density and breakdown
strength of LZO/PVDF-HFP composite films with different LZO content.

Material Dielectric permittivity | Breakdown strength (Ep)
(er)
LZO 26 6.2 MV/m
PVDF-HFP 11 659 MV/m
15LZ0O/PVDF-HFP 21 545 MV/m

4.6.2 Dielectric Properties

In general, the energy storage density of dielectric capacitors is determined by
the integral from Eq. 4.7:
0 4.7
U =j E dD (4.7)

Dmax
where E is the electric field, and D is the electric displacement, and for linear dielectrics,
the energy storage density can be defined from the Eq. 4.8:

U= EsoerEg (4.8)

where U is the energy storage density, &, is the dielectric permittivity of free space, &, is
the dielectric permittivity of the composite, and Ey, is the breakdown strength. The
energy storage density of a composite is determined by the field that can be applied to
the capacitor, which is constrained by the film's dielectric breakdown (Ep) strength.
Thus, to increase the energy density of the capacitor, it is critically important to develop
low-loss electroactive materials with high dielectric permittivity and high breakdown
strength. From previous studies (Dang et al., 2013); (Chen et al., 2018), with the
addition of a high-k filler to the polymer matrix despite the increase in the dielectric
permittivity of the polymer composites, there is also a reduction in the breakdown

strength which results in a lower energy density compared to the neat polymer matrix.
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Hence, our primary goal is to find the optimum volume fraction of LZO in PVDF-HFP
from computational modeling to achieve high energy storage density without
compromising much in breakdown strength. Table 4.3 shows the material parameters
obtained by the impedance analysis, which are used as inputs in simulations to calculate
energy storage density and breakdown strength of LZO/PVDF-HFP composite film.
The computed energy storage density for LZO/PVDF-HFP dielectric capacitor with
different volume fraction (5, 10, 15, 20, 30 vol%) of LZO colloidal particles is shown
in Fig. 4.10a. The energy storage density of the composite film increases from 8.9 to
19.0 J/cm? with a corresponding change in LZO vol% from 5 to 20% as excepted due
to the high energy density of LZO (20.6 J/cm®). PVDF-HFP/LZO30 film shows a

storage density of 14.8 J/cm?® at 233 MV/m because of lower breakdown strength.

However, these composite films fabricated with different vol% of LZO breaks
at a particular applied electric field called breakdown strength. Computational modeling
is carried out along with energy storage density using the Weibull distribution function
to study the breakdown strength phenomena. The breakdown strength of composite
films increases initially at lower LZO content in PVDF-HFP but ultimately drops to
lower values at very high LZO contents shown in Fig. 4.10b. Initially, the breakdown
strength increases from 680 MV/m at 5 vol% to 710 MV/m at 10 vol% due to stronger
interaction of LZO particle surface with PVDF-HFP chains and redistribution of an
electric field within the polymer matrix (Rahimabady et al., 2013b). However, it drops
from 420 MV/m to 233 MV/m when the volume fraction of LZO changes from 20 to
30 vol%. A possible reason for decrease (at 30% LZO) could be the formation of
percolation path, unusual distribution of electric field among LZO particles, and the
creation of air voids in composites. In our model, only the number of LZO particles
distributed in the given area of the PVDF-HFP matrix was considered. However, from
the previous work done by Kim et al. (2009) developed a model to calculate the
dielectric permittivity and breakdown strength using statistical particle packing
simulations and effective medium theory. They discussed the important roles of
nanoparticle percolation and porosity of the nanocomposites on the dielectric
properties. From their observation “the effective permittivity is decreased with

increasing nanoparticle volume fraction (>40%), due to an increase in porosity and air



voids of the spin-coated nanocomposite films”, this might be the possible reason for
the abrupt decrease in the breakdown strength of the 30LZO/PVDF-HFP composite

film.

The computational modeling shows that PVDF-HFP/LZO15 has better energy storage
density (16.5 J/cm®) with a breakdown strength of 530 MV/m. To validate the
computational results, 10%, 15%, and 20 vol% LZO in PVDF-HFP composite film,
neat LZO film, and neat PVDF-HFP film was fabricated. Further, dielectric
permittivity, dielectric loss, energy storage density, and breakdown strength were
obtained. The frequency-dependent dielectric permittivity and dielectric loss of the
composite film were measured at room temperature. Dielectric permittivity (k) of LZO
is found to be 26 and for neat PVDF-HFP ~11 at 1 kHz. PVDF-HFP/LZO15 film
exhibits k~21 almost double as compared to that of neat PVDF-HFP, whereas 10% and
20 vol% film show k~15 and k~22, respectively shown in Fig. 4.11a.
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Figure 4.10 Computational model results: (a) Energy density of PVDF-HFP/LZO
composite films with the different volume fraction of LZO (5-30%) as a function of the

applied electric field (b) Breakdown strength of the composite films with different LZO
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contents (c) Energy storage density and (d) Polarization of a PVDF-HFP/LZO thin-film

capacitor 3D model.

The possible reason for this high dielectric permittivity is the accumulation of
charges at the interface between the PVDF-HFP and LZO dielectric medium. Such
charge accumulation at the interfaces causes interfacial polarization. The interfacial
polarization, also known as the Maxwell-Wagner—Sillars (MWS) effect, is responsible
for a significant increase in low-frequency permittivity (Nan et al., 2010). The
substantial increase in the intensity of the local electric field contributes to the migration
and accumulation of charge carriers at filler-matrix interfaces. These charges are
generated by either the surface plasma resonance or the charge injection from the
external electrodes, depending on the relaxation time of the two phases. Hence, the
MWS effect is more significant in polymer composite dielectrics. The MWS
polarization arises once the current, including the dipole reorientation component,
passes across materials with electrical inhomogeneity. The bonded charges accumulate
at the interfaces of two distinct dielectric mediums. In the measured range of 10 Hz-10
MHz, the dielectric permittivity gradually declines at a higher frequency for all the three

samples due to a decrease in dipolar orientation polarization.

The dielectric loss (tan 8) of LZO is 0.328, which is much higher than the
PVDF-HFP/LZO15 composite film (tan 6~0.12) shown in Fig. 4.11b. Tan & of neat
PVDF-HFP is around 0.028 and reached up to 0.12 when 15 vol% of LZO is
incorporated. 20 vol% film shows nearly 0.15. An increase in the dielectric loss above
20 kHz frequency range is attributed to interfacial polarization of the PVDF-HFP/LZO
dielectric interface and reorientation of dipoles of the crystalline phase in PVDF. The
polar interaction between the positive space charges in LZO with the electronegative
fluorine in the CF3 group of PVDF-HFP. This particular interaction is frequency-
dependent and cannot shift in the polarity at a higher frequency range; hence, the
increased dielectric loss of PVDF-HFP/LZO film was observed. High-k value of
PVDF-HFP/LZO composite by increasing LZO content could be achieved. However,
the increase in filler content makes film brittle and decreases the breakdown strength
of PVDF-HFP film.



A simple model is proposed (Tian et al., 2015)) based on the space-charge effect
in PVDF-based MFM capacitors and inorganic oxide-based capacitors. According to
the model, the space-charge mechanism can be considered as an interfacial effect and
treated electrostatically when mobile charges trapped by defect sites are released and
occupies more positive space charges in the high-k oxide films such as LaTiOs,
LaxZr.07, BaTiOs. Due to the Fermi level difference between LZO and PVDF-HFP,
LZO occupies positive charges, while negative charges accumulated at the polymer due
to the presence of electronegative fluorine in P(VDF-HFP). The characteristic dielectric
breakdown strength (Eb) of the PVDF-HFP/LZO composites is analyzed using a two-
parameter Weibull distribution function (Eq. 4.9)

P(E) =1 —exp(—(E/Ew)®) (4.9)
where P(E) is the cumulative probability of dielectric failure, E is experimental
breakdown strength, E is a scale parameter defines the breakdown strength at 63.2%
probability for the film to breakdown, and B is the Weibull modulus related with the
linear regressive fit of the distribution (Shen et al., 2016). E, of LZO and neat PVDF-
HFP are measured to be 6.2 and 659 MV/m, respectively. E, of PVDF-HFP/LZ0O15
composite film is 545 MV/m, is shown in Fig. 4.11c. The computational model found
that Ep of 15 vol% of LZO composite film is 530 MV/m is a good agreement with
experimental data. The high Ey, of these films implies that the movement of electrons is
restricted, and the free charges available at the interface move difficulty in the PVDF-
HFP and PVDF-HFP/LZO composite when an electric field is applied.

To explain the energy storage mechanism in the composite film, the electric
field formation in the PVDF-HFP matrix is essential as per the Eq. 4.7. the electric field
with no LZO content and with a different volume fraction of LZO (5, 10, 15, 20, 30
vol%) in the PVDF-HFP matrix by electrostatic capacitor model shown in Fig. 4.12 (a-
f). Electric field distribution is almost even with negative and positive terminal ends
when there is no LZO in PVDF-HFP. As 5 vol% of LZO is introduced into the matrix,
the free electrons from LZO accelerated by the applied electric field will be
attracted/scattered due to Coulomb force and show higher electric filed about 0.19
MV/m. Additionally, if the volume fraction of the LZO reaches a certain high level,

conductive pathways could be formed as the interfacial regions around the adjacent
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LZO particles overlap. Also, the LZO particles lose their energy as they collide each

other resulting in a rapid rise in the electric field up to 0.3 MV/m at 30 vol%.

In order to visualize the energy storage density and polarization phenomena,
PVDF-HFP/LZO thin-film capacitor is built with a top and bottom electrode. The
computational result exhibits the electric charge storage on the capacitor plates shown
in Fig. 4.10d. When current passes through the capacitor circuit, charges separate
themselves leading to create an electric field between the plates. Apparently, the top
electrode becomes positively charged (red color), and the bottom electrode negatively
charged (blue color) indicated in color gradients shown in Fig. 4.10c. Charge separation
based on the polarity can also be observed in a dielectric layer from the color gradient.
The average value of energy density from the simulation is 16.5 J/cm?, comparable to
the experimental value of 15.8 J/cm® shown in Fig. 4.11d. The energy storage density
of neat PVDF-HFP is improved from 7.7 J/cm?® to 15.8 J/cm® nearly by two times when
15 vol% of LZO is incorporated. 10% LZO shows a better breakdown strength of 653
MV/m with 11.7 J/cm?® energy storage density. However, the energy storage density of
15% LZO composite film exhibits a much higher value of 15.8 J/cm? at breakdown
strength of 545 MV/m because of an increase in dielectric permittivity to the rapid
polarization formation among LZO particles. Thus, 15% LZO/PVDF-HFP composite

film is optimized in terms of energy storage density.

Both experiments and simulations results suggest that 15% of LZO content is
optimal. Energy storage density and breakdown strength of the 10%, 15%, and 20%
LZO/PVDF-HFP films are shown in Fig. 4.11c&d. Our result could be compared with
previous work of PVDF/BaTiOs composites with a high energy density of 13 J/cm? at
500 MV/m for reported by Zhang et al. (2015). For P(VDF-HFP)-BT@TiO2 core-shell
nanocomposites, the highest reported value of energy density is 12.2 Jicm?® at 340
MV/m. The reason for improved energy storage could be the combination of increased
dielectric polarization and high breakdown strength. The polarization density in the Eq.
4.4 in the electrostatic model was computed to understand the polarization behavior in
a thin-film capacitor. Dipole moments in the dielectric layer could be equally
distributed, so the same and uniform polarization is witnessed around the dielectric

layer. Besides, the large interfacial areas in the composite between the PVDF-HFP and



the LZO particle could also facilitate the exchange coupling effect (confirmed from

FITR spectra Fig. 4.8b) via dipolar interface layer, offering higher polarization levels,

dielectric response, and breakdown strength. However, the negative activation energy

indicates that a large number of electrons are possibly present at the interface of the

PVDF-HFP/LZO composites, which results in intense interfacial polarization.
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Figure 4.11 Frequency-dependent (a) Dielectric permittivity and (b) Dielectric loss of
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Breakdown strength is calculated using a probability of failure vs. the electric field (d)
Energy storage density vs. electric field of LZO, PVDF-HFP, and 10%, 15%, and 20%
LZO/PVDF-HFP composite films.
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Figure 4.12 Electric field formation in (a) PVDF-HFP matrix without LZO particles (b)
5 vol% of LZO (c) 10 vol% of LZO (d) 15 vol% of LZO (e) 20 vol% of LZO (f) 30
vol% of LZO in PVDF-HFP matrix. The top portion of the layer is connected to the

positive terminal, and the bottom one is grounded.

The improvement of dielectric properties in PVDF-HFP/LZO composites is
attributed to the enhancement of interfacial polarization, large interface area, and
uniform distribution of LZO particles. Recently, the ultra-high dielectric permittivity
for LaisSrosNiO4/PVDF composites was obtained due to interfacial polarization
arising from a large interfacial area of nano-size filler and shorter interparticle distance
(Meeporn and Thongbai, 2020).



The experimental results with model predicted values of LZO/PVDF-HFP
composite films for energy storage density and breakdown strength were compared. It
is considered 15% LZO/PVDF-HFP composite film is optimal concerning energy
storage density, dielectric loss, and breakdown strength. From Table 4.4, it can be
observed that LZO/PVDF-HFP composite film properties are comparable with that of

model-predicted values.

Table 4.4: Comparison of model-predicted values and experimental results of PVDF-
HFP composite films with different LZO content

LZO Energy storage density (J/cm?®) Breakdown strength (MV/m)
content

(%) Model predicted | Experimental | Model predicted | Experimental
5 8.9 680
10 12.3 11.7 710 653
15 16.5 15.8 530 545
20 19.0 17.9 420 398
30 14.8 233

4.7 SUMMARY

PVDF-HFP/LZO based composite dielectric ink was prepared by the
sonochemical approach at low temperature, and both computational modeling and
experiments assessed the dielectric performance of the composites. The interfacial
interaction between LZO particles and the PVDF-HFP polymer phase is improved in
solution-processed composite ink, which is highly favorable to achieve better dielectric
properties. The effect of LZO content on the dielectric properties of the polymer
composite film was studied. The model results confirmed a significant improvement in

dielectric constant and energy storage density and an acceptable drop in breakdown
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strength with increasing LZO content. Limited experimental data validated the results
of the computational model. PVDF-HFP/LZO15 was found to be having a better energy
storage density of 16.5 J/cm?® at 530 MV/m with low dielectric loss. Computational
modeling helps us avoid waste of material and optimize the filler content in composites
to achieve the most desirable dielectric properties of the composites. The present
findings suggest that the modeling approach can be used to model thin-film capacitors
with polymer composite as a dielectric layer to estimate the energy density. Also, one
can design a thin-film capacitor of interest with a different combination of
inorganic/polymer composite dielectrics for functional electronic devices using
computational modeling. The dielectric performance of PVDF-HFP/LZO composites
suggests that capacitors fabricated from the composite ink of PVDF-HFP/LZO could
be operated at high voltages.



CHAPTER 5

FABRICATION OF PATCHY PARTICLES AND DUMBBELL SHAPED
JANUS STRUCTURES

5.1 INTRODUCTION

Anisotropic particles like patchy, Janus, and composite particles have gained
attention in the field of material science due to their unique morphologies and potential
applications. Every patchy and Janus particle's essential characteristic is anisotropy
with chemically or morphologically different structures in nature. Accessibility of at
least two unique materials in a single unit would allow various physical or chemical
functionalities (Walther et al., 2009). Combinations of getting patchy/Janus particles
include either organic or inorganic or hybrid organic-inorganic compounds. It is shown
that as the size of patchy particles decreases to the nanoscale, large interfacial areas
between core and patches would facilitate the effect of exchange coupling via the
dipolar interface layer, providing higher polarization levels, dielectric response, and
breakdown strength. (Pawar and Kretzschmar, 2009) classified patchy particle
fabrication as follows in their review article: (a) templating, (b) colloidal assembly, (c)
glancing-angle deposition, (d) particle lithography, (e) nanosphere lithography, (f)
electrospray using a biphasic nozzle, (g) anisotropic self-assembly of polymer-grafted
spherical nanoparticles (Zhang et al., 2014). Another exciting technique, called the
Pickering emulsion route, was recently introduced to prepare patchy particles (Luo et
al., 2019).

Zang and Glotzer introduced the word patchy particle in 2004. They proposed

a simplified model capable of simulating patchy particles with a different shape and
size. This model presents the relationship between interaction among particles, particle
shape, and the self-assembly of target structures with few numbers of particles. Their
findings indicated how accurately patch arrangements associated with patch
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“identification” or “selectivity” that can be used to regulate the relative position of
particles within a structure and thus influence the overall configuration of particle
structures. Theoretical models for patchy particles with a pair of potential, particles with
differentiable patches and core particles, protein interactions, and anisotropic
interactions between particles were reported (Zhang and Glotzer, 2004). Patchy and
Janus particles can be utilized as artificial atoms for building a new material not only
by combining their shape and size but also taking advantage of their electromagnetic
interactions. A recent study on emulsion polymerization of styrene in the presence of
nanogel as a stabilizer to form patchy microspheres is reported. They showed that one
could tailor the patch positions by varying the pH of the polymer solution (Lotierzo et
al., 2018).

Although the approaches used in the models differ, the aim is to understand the
interactions between particles, phase transitions, and predicting the structural phase
diagrams for patchy particles. The above discussion is an advancement in modeling and
fabrication of anisotropic patchy particles with specific geometries and topologies.
Peng et al., (2019) reported a new way to detect local polarization properties in
ferroelectric nanocomposites at the matrix/filler interface using Kelvin probe force
microscopy. They found that the dielectric permittivity of the interfacial region within
the measured voltage range is ~17% greater than that of the matrix. Improved dielectric
permittivity of the interfacial region implies that the polarization under the identical
applied electrical fields is strong, i.e., the electric field can lead to greater induced dipole
moment in the interface than in the matrix. The unusual performance of dielectric
nanocomposites is believed to originate from the interfacial region between the core
(polymer) and patches (nanoparticles). In principle, their dielectric behavior differs
from that of the nanofiller inclusions or the polymer matrix in interfacial regions, as it

could be attributed to additional interfacial polarization.

The use of patchy and Janus particles as dielectric materials remains challenging
due to a lack of understanding of patch-core interaction and interface behavior of
chemically two different metal oxides in an applied electric field, respectively.
Therefore, there has been no considerable progress in correlating the local electric field



and polarization in the interfacial region with the unusual performance of bulk materials
in patchy and Janus dielectric materials. Information on polarization and electric field
formation in patchy and Janus particles are needed to design high-performance

dielectric materials for functional electronic devices.

This chapter discusses the effect of the interface or the contact points of the PS-
Fe304 particles and La,0O3-ZrO> Janus particles on the dielectric properties, mainly
polarization and electric field formation. Dielectric responses of PS-Fes3Os patchy
microspheres such as polarization and electric field formation in an applied electric
field are reported. From the Maxwell constituent equation (Eg. 5.1), the dielectric
permittivity of a material (er) can be calculated with a function of dielectric polarization
(P) and electric field (E).

& =1+ 61

& E

where &, is the permittivity of vacuum, dielectric permittivity (er) values of PS-
Fe304 patchy microspheres were calculated from Eq. 5.1. Dielectric response data of
neat PS and FezO4 obtained from the impedance analyzer were used in the 2D
electrostatic computational model and simulations. The dielectric permittivity values of
PS Fe304 patchy microspheres obtained by the impedance analysis and simulations of
the computational model were compared. The models are used to analyze the dielectric
behavior of neat FesO4 and neat PS spheres. A new charge build-up mechanism at the
patchy interface based on experimental outcomes and computational simulations is
proposed. The advantage of using patchy particles is that the inorganic patches would
not cover the entire surface of the polymer (core). Therefore, no control over the
distribution of the electrical field around the surface is required. Although the
permittivity mismatch occurs in patchy particles, the interface accumulates and
distributes the charge through the patches. Computer simulations predict that patchy
particles with well-defined interactions can self-assemble into ordered and disordered
phases to improve dielectric properties (Chen et al., 2004). Another advantage of
preparing films using patchy spheres is that the dispersion issues can be overcome
compared to when composites are prepared commonly by dispersing nanoparticles in
the polymer.
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5.2 EXPERIMENTAL METHOD

5.2.1 Materials

Ferric chloride (FeCls, 99.999%), Ferrous chloride (FeCl, 99.999%), Ammonium
hydroxide (NHsOH, analytical grade), Oleic acid, (99% GC grade).
Azobisisobutyronitrile (AIBN, 98%, Free radical initiator), Styrene (Monomer grade with
99.9% purity). All chemicals were purchased from Sigma-Aldrich and used without any

further purification.

5.2.2 Synthesis of Fe3O,4 coated polystyrene patchy microspheres

PS-Fe304 patchy microspheres were synthesized based on the work reported by
Kim et al., (2013) with a process modification. They carried out polymerization for 12
h, but we used ultrasonication to reduce the polymerization duration to 2 h. In this
method, FesO4 particles with a range of 400-500 nm stabilize the styrene-in-water
emulsion droplets by sturdy surface assimilation at the liquid-liquid interface. The
formation of PS-Fesz04 patchy spheres via the Pickering emulsion route is shown in Fig.
5.1. Pickering emulsions have higher stabilities against coalescence than the standard
surfactant-stabilized emulsions due to the adsorbed particles behaving like a
mechanical barrier. 80 mL of deionized water and 2g of FesO4 particles (~20 % vol/vol
to the styrene) was mixed and sonicated for 15 min to form FesO4 dispersion. 10 mL of
styrene was added to the FesOs dispersion and agitated in a homogenizer until the
styrene layer was well dispersed in the aqueous phase as emulsified droplets. The
resulting emulsion poured into a 250 mL, 3-neck round-bottomed flask that
was bubbled with nitrogen for 30 min. An aqueous AIBN (0.1 g of AIBN/5 mL of
deionized water) was added to an emulsion and sonicated for 2 h. The sonicated product
was dried in an oven for 4 h. Again, the product was kept overnight in a freezer at -28
°C and freeze-dried at -80 °C for two days to get PS-FesO4 patchy microspheres. The
different steps involved in the fabrication of PS-Fe3O4 patchy microspheres are shown
in Fig. 5.2.
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Figure 5.1 Schematic of PS-FesO4 patchy microsphere preparation via the Pickering

emulsion route.
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Figure 5.2 Different stages involved in the fabrication PS-FesO4 patchy microsphere

and thin-film coating.

5.2.3 Characterization

Various techniques were used to characterize the PS-FesOs patchy
microspheres. Surface morphology and elemental analysis were done using scanning
electron microscopy (SEM) on JEOL JSM 6400 attached with energy-dispersive X-ray
spectroscopy (EDX). Images were taken at 20kV of accelerating voltage. The XRD

pattern was recorded by Bruker D8 Advance X-ray powder diffractometer using Cu-
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Ko radiation (40 kV, 40 mA) (wavelength A = 1.5406 A). Fourier transform infrared
spectrophotometer (FTIR) (Perkin-Elmer, FTIR-100, UK) analysis was performed to
determine the chemical structure. The spectra were taken in KBr pellets over the range
4000—400 cm* in the deflection mode. Thermogravimetric analysis (TGA) (using TA
instrument Q600) of dried powder was carried out by heating the powder samples under
a nitrogen atmosphere from ambient temperature to 800 °C at a heating rate of 10
°C/min. For dielectric measurements, ITO/SiO2 (25x25%0.7) mm? glass with a surface
resistivity of 10 ohms/sq cleaned with acetone and treated in the ozone chamber for 40
s. PS-Fe304 patchy microsphere powder was dispersed in water/acetone (70/30) solvent
mixture using a magnetic stirrer to make a coating solution. This solution was spin-
coated on the ITO/SIiO> substrate. The spinning speed with 1000 rpm for 15 s step up
to 2500 rpm for 30 s with acceleration time 5 s was maintained using a vacuum-free
spin coater (Navson-NT1200). The film substrate was annealed at 70 °C for 15 min.
Spin-coating parameters were optimized after several attempts. Water/acetone (70/30)
solvent mixture was selected for easy dispersion and fast solvent evaporation. ITO acts
as a base electrode. Impedance analyzer’s probe act as a top electrode. AC voltage is
applied across a dielectric film. Dielectric permittivity, dielectric loss, real and
imaginary impedance were measured at different frequencies in the range of 10 Hz to
1 MHz using an impedance analyzer (IM3536, Hioki, Japan). All impedance

measurements were made at room temperature.

5.3 MODELING AND SIMULATION

The electrostatic 2D model of a single PS-FezOs patchy microsphere was
developed and simulated using the finite element method (FEM) based COMSOL
Multi-physics software. Simulation studies require precise geometry, governing
equations, and boundary conditions. It is essential to understand the charge build-up
mechanism at the interface based on both electrical and chemical analysis. The patchy
microsphere in 2D geometry was created by using the information obtained from SEM
and impedance analysis. The shape of both PS and Fe3O4 particles were considered to

be spherical. The radii of PS and FesO4 particles are 2.5 pum and 250 nm, respectively.



The position of FezO4 particles on a microsphere was chosen based on the symmetry.
The number of FesO4 particles was varied as 8, 20, 24, 28, 32, 36, and 108. It took 108
Fe304 particles to cover the 2D surface of the PS microsphere fully. Simulation of each
of these patchy microspheres containing a different number of FesO4 particles was
performed. The electrostatics and radio-frequency modules in COMSOL for the
simulation were selected. The electrostatics from AC/DC module calculates the electric
field formation, displacement of an electric field, and polarization in dielectrics under
conditions where the distribution of electric charge is prescribed. The physical interface
solves the Maxwell constituent equations to determine the electric field formation,
using the electric potential as the dependent variable. The dielectric behavior of patchy
particles using the electrostatic 2D model as a physical interface was studied. Dielectric
permittivity is a function of electric field and polarization according to the Maxwell
constituent equation. The field elements are therefore chosen as polarization and
electrical fields in the constant frequency domain. The equations include constitutive

relations that describe the macroscopic properties of the medium. They are given as
. — — - — d__p)
V-D=p,and P .
where (V . 5) is the divergence of the electric field displacement, &, is the dielectric
permittivity of the vacuum, and p,, is the total electric charge density (charge per unit

volume). P is the polarization vector, @’is the differential electric dipole moment

vector, dv is the differential volume.

Boundary condition: across a material interface, the tangential component of the
electric field is continuous. The model solves electric field displacement and
polarization according to the governing equation given in the flow diagram shown in
Fig. 5.3b. The experimental values of dielectric permittivity, Alternative Current
(AC) conductivity, and dielectric loss of PS and FesOs particles measured by
impedance analyzer, were used as model input. These values are presented in Table 5.1.
It also includes the experimentally measured values for PS-FesO4 patchy microspheres.

The model solves Maxwell’s constituent equation (Eqg. 5.2) (Maxwell, 1865) and
Clausius-Mossotti relation (Eq. 5.3) (Rysselberghe, 2002) to describe a relationship
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between the polarization, dielectric permittivity, and electric field formation of PS-

Fe304 microspheres.

D= €& E + P (5.2)
ﬁ_sr—l_& (5.3)
g +2 3g

Table 5.1: Dielectric properties of neat PS, Fe3O4, and PS-FezO4 patchy microspheres
at a 1 kHz frequency measured from the impedance analyzer at room temperature. The
values of the properties measured were used as material input parameters for neat PS

and Fes304 particles in simulations.

Material Dielectric permittivity | AC conductivity Dielectric loss
(r) (oac) S/m (tan )
Polystyrene ~2.9 4.8x1012 0.15
(PS)
FesO4 ~21 2.9x108 0.6
PS-Fe304 ~14.8 7x10710 0.32

Where g, is the permittivity of a vacuum, ¢, is the relative permittivity of a material, D
is electric displacement, E is an electric field, « is polarizability, N is the Avogadro
constant. The electric polarization vector (P) describes how the material is polarized
when an electric field (E) and electric displacement (D) are present. It can be defined
as the volume density of electric dipole moments. P is generally a function of E. The
mechanism contributing to dielectric properties is the electric field interaction with

electronic, atomic, and dipole polarization.

In an electric field E, the dipole moment of the spheres is at the sphere's center. The
magnitude and direction of the dipoles are x=1, y=-1 with the sphere diameter di=5um,

d>=500 nm for PS and FesO;4 particles, respectively, as shown in Fig. 5.3a.
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Figure 5.3 (a) Geometry and direction of dipoles considered (b) Flow diagram of

electrostatic 2D modeling and simulation of PS microsphere and FesO4 particles.
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5.4 RESULTS AND DISCUSSION

5.4.1 Structure, Morphology, and thermal analysis

Using the morphological details of PS-FesO4 particles obtained from SEM
analysis, a 2D geometry of PS-FesOs; patchy microspheres was developed. The
spherical shaped polystyrene microsphere with no FesOs particles with a radius of
~2.5um shown in Fig. 5.4a. The PS microsphere was decorated with FezO4 particles.
The radius of FezO4 particles was in ~250 nm, as shown in Fig. 5.4b. SEM-EDX
elemental color mapping analysis was performed to confirm the composition of the
patchy microspheres. Element mapping exhibits the spatial distribution of constituent
elements in a patchy sphere shown in Fig. 5.4d. It indicates individual atomic positions
of the patchy spheres by their chemical signal (red is FezOa, green is PS), and elements

can be readily differentiated.

Selective area EDX plot (highlighted in yellow and white color box) shows that
the PS surface has no elements except carbon (from PS chain), and signals from smaller
spheres correspond to FesOs. These images are based on raw data without post-
processing signals to avoid bright spot coloring. The individual positions of FezOs
spheres on the patchy microsphere are noticeable and differentiated from their
neighbors with quite high contrast and signal-to-noise quality. In Pickering emulsion
polymerization, FesO4 particles dispersed in deionized water and then styrene droplets
have only been stabilized by the organization of the FesO4 particles at the oil/water
(O/W) interface. Styrene droplets begin to polymerize into polystyrene microspheres
after adding the radical initiator (AIBN). FesO4 particles were eventually adsorbed to
the PS microsphere surface. Ultrasonication provides a narrow size distribution of
emulsion droplets to obtain uniform patches on microspheres. From the cross-sectional
view of the film (Fig. 5.4c¢), it is verified that inside the film, there are PS-Fez04 patchy
microspheres. Three different layers can be assigned to the substrate, ITO layer, and

PS-Fe304 patchy spheres layer. Film thickness is measured to be 8.8 um.
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Figure 5.4 (a) Polystyrene microsphere prepared via emulsion polymerization with the
aid of ultrasonication (b) PS-Fez04 patchy microspheres with the diameter of ~5 um,
uniformly attached FezOa particles (c) Cross-sectional SEM image of PS-FezO4 film
with a thickness of 8.8 um coated on ITO substrate (d) SEM-EDX image of PS-Fe304
patchy microsphere, elemental color mapping confirms the presence of FesOas (red

color) particles on PS surface (green color).

A series of characteristic peaks appear in the XRD pattern of FesO4 particles at
260 values of 30.02°, 35.6°, 42.24°, 53.7°, 57.32°, and 62.9° as shown in Fig. 5.5a. They
correspond to the diffractions of 220, 311, 400, 422, 511, and 440 crystal faces of Fe3O4
spinel structure, respectively (JCPDS card 19-0629). The 26 positions and relative
intensities of the reflection signals of FesO4 particles are in good agreement with the
XRD of standard FesO4 samples. Fe3sO4 peak positions remained at the same 26 values
in the PS-Fes0s XRD pattern. However, due to the presence of polystyrene
microspheres, an additional amorphous broad peak is observed at 26 values of 15-25°.
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Figure 5.5 (a) X-ray diffraction pattern of PS, Fes30s, and PS-FesOs patchy
microspheres, data recorded at room temperature. Combined amorphous and crystalline
peaks in PS-FesO4 were highlighted (b) FTIR transmittance spectra of PS, Fe304, and
PS-Fe304 patchy microspheres, characteristic peaks of both PS and FezOs were
highlighted (c) TGA weight loss curves of PS, Fes0s, and PS-Fe3Os patchy

microspheres were taken in the temperature range of 30-800 °C.

FTIR spectroscopy was performed to investigate the chemical structures of the
Fe304, PS, and PS-FesO4 microspheres. Samples were loaded into KBr pellets and
scanned over a wavenumber of 4000-400 cm™. In Fig. 5.5b, Fe-O vibration modes are
attributed to bands of approximately 560 cm™. The broadband with low intensity at
3400 cm* shows hydroxyl groups' presence on the surface of FesOa. The peaks of the
aromatic ring stretching vibration at 1600-1430 cm™ are observed from the FTIR
spectrum of PS. The bands of approximately 760 cm™ and 690 cm™ confirm the
presence of a single aromatic group. The C-H stretching vibration is also detected at
2975-2950 cm*. The FTIR spectrum of PS-FesO4 microspheres displays the typical
chemical characteristics of PS and FezO4 particles.



The TGA curve of neat Fe3zO4 indicates that the weight loss of Fe3Oa is because
of the presence of oleic acid content shown in Fig. 5.5¢. From the TGA curve of Fe304
and PS-Fe30a, the weight loss that can be seen in till 100 °C is due to the presence of
solvents and moisture and a weight loss of 3% at 220 °C is due to the presence of
carboxylate group in oleic acid. In FesOs, from 250 to 700 °C, there is a prominent
weight loss of 15%, and after 700 °C, weight loss is negligible. The weight loss over
the temperature range from 250 °C to 700 °C is due to the decomposition of the sorbed
oleic acid used as a coating agent to prevent the agglomeration of FezO4 particles. The
weight loss of Fe3O4 particles themselves, attributed to the reducing gas produced by
the coating agent, could be another reason. The peak at ~700 °C is attributed to the
crystalline phase transition of FesOa. PS is stable up to 250 °C, the weight loss from
250-400 °C is due to the degradation of polymeric chains. The maximum rate of weight
loss of PS-Fe3O4 occurred in the temperature range of 370-450 °C due to the thermal
degradation of polystyrene. The improvement in the thermal stability of the PS-FezO4
patchy microsphere is attributed to the protective effect of the Fe3O4 particles on PS
spheres. The PS-Fes04 interface restricts the thermal motion of the PS chains due to the
chemical bonding (confirmed by FTIR) between PS and FezOa4. The energy demand for
breaking this interface bond is high and delays the PS microsphere degradation. It is
known that at a temperature above 800 °C, the organic part of the patchy particles burns
away, and the remaining percentage after calcination corresponds to the inorganic
content. The TGA analysis exhibited the better thermal stability of PS-FesO4 patchy

microspheres.

5.4.2 Dielectric properties of PS, Fe304, and PS-Fe304 patchy microspheres

Dielectric permittivity, dielectric loss, and AC conductivity were measured in
the frequency range of 10 Hz to 1 MHz using impedance analyzer at room temperature
shown Fig. 5.6. The values obtained for neat PS, Fe3Os, and PS-FesOs patchy
microspheres are tabulated in Table 5.1. The dielectric permittivity of PS increased
from ~2.9 to 14.8 at 1 kHz frequency after decorating with FesOs particles on its

surfaces shown in Fig. 5.6a. It is ascribed to the space charge effects of Maxwell-
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Wagner-Sillars interfacial polarization. Maxwell-Wagner-Sillars (MWS) model
describes the polarization at both mesoscopic and microscopic scales in the low-
frequency region (Zhang et al., 2005). This model applies to all inhomogeneous
materials, like multiphase materials, and materials with a broad range of interfaces and
defects. On the lines of this model, the reason for improved dielectric permittivity could
be interpreted precisely. PS-FesO4 patchy microspheres have a phase anisotropy with

different dielectric permittivity and electrical conductivity.
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Figure 5.6 (a) Dielectric permittivity vs. frequency plot of PS, Fe3Oas, and PS-Fez04
patchy microsphere dielectric film (b) AC conductivity vs. frequency plot. The value
of dielectric permittivity and AC conductivity of all three samples were highlighted (c)
Dielectric loss vs. frequency plot, the dielectric loss at 1 kHz and an exponential loss
after 10* Hz were highlighted. Impedance data were recorded at room temperature in
the frequency range 10-10° Hz (d) Nyquist plot-imaginary impedance (Z") vs. real
impedance (Z') of PS, FesOs4, and PS-FesO4 dielectric film. The inset shows the

equivalent parallel circuit and the values of each component.



Two mechanisms for patchy microspheres can be witnessed in the applied
electric field, according to MWS dispersion theory. First, the space charges present in
the system could move and trap at the interfaces, leading to a high dipole moment.
Second, the instantaneous charge builds up, and interfacial polarization occurs at the
interface due to the difference in Fermi level and permittivity mismatch between FezO4
particle and PS microspheres. To describe how the interfaces react with changing
electric field, Tanaka et al. (2005) proposed a multi-core model for a nanocomposite
consisting of spherical inorganic nanoparticles embedded in a polymer matrix. Based
on the multi-core model and our simulation results, a new charge build-up mechanism
at the interface of polymer and inorganic particles was proposed, as shown in Fig. 5.7a.
PS-Fe304 patchy microsphere can be considered as a three-phase system, namely FezO4
particles, PS microsphere, and interface created between them. When the electric field
applied to the three-phase system, enhanced mobile charge interference from charge
trapping, charge distribution mechanisms at the PS-FezO4 interface can be observed.
Also, the surface of the FesO4 becomes charged due to the difference in the Fermi level
or chemical potential of the FesO4 and PS.

To investigate surface charge formation, the surface current density for single
Fe304 particle attached to the PS microsphere presented in Fig. 5.7d. The simulation
results confirmed that the surface of FesOs4 is more charged than the PS microsphere.
Under an applied electric field, the interfacial charges present in the PS spheres form a
Gouy-Chapman-Stern layer at the PS-FesO4 interface (Peng et al., 2019). Due to this
layer and interface charge build-up, the superimposition of dipoles may arise from
Fes04 particles and the PS sphere. Because of this superimposition, an induced electric
field layer is witnessed in the interfacial region shown in Fig. 5.7b and magnified image
Fig. 5.7c. It was anticipated that this interfacial superimposition could cause a
collaborative effect among other microspheres to intensify the interface effects on the

polarization and dielectric permittivity.
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Interface electric field formation
due to the charge build-up

Figure 5.7 (a) Schematic of charge build-up due to the dipole-dipole interaction at the
PS and Fe3Oq4 interface (b) Interface electric field formation in an applied electric field
at 1 kHz frequency for a single PS-Fe3O4 patchy microsphere (c) Magnified PS-Fe3O4
interface image to confirm the formation charge build-up layer (d) Surface current
density created on PS and FesO4 sphere surface under an applied electric field.
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Figure 5.8 Individual electric field formation and polarization at 1 kHz frequency (a)
Electric field formation from FeszO4 particles with a radius of 250 nm (b) Polarization
on the surface of the Fe3Os particles (c) Electric field formation from the PS
microsphere of size 2.5 um radius (d) Polarization on the surface of a PS microsphere.
Units on the x-y axis are in um. All the simulations were done at room temperature in
COMSOL Multiphysics.

The simulation data for FezOs, PS, PS-Fez04 patchy microsphere with 8 and
108 Fe304 particles. 108 FezO4 particles were sufficient enough to cover the PS
microsphere in the 2D surface. The formation of an electric field (0.19x108 V//m) and
polarization (32.4x10® C/m?) in FesO4at 1 kHz frequency is shown in Fig. 5.8a&b,
respectively. Figure 5.8c shows the electric field of 0.059x108 V/m for neat PS, which
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is lower than that of FesO4. A polarization of neat PS is shown in Fig. 5.8d. Polystyrene
is nonpolar and does not have a conducting path, and hence, a lower value of

polarization and the electric field was obtained.

The high electric field formation (Fig. 5.9a) and heterogeneous distribution of
polarization (Fig. 5.9b) were observed at the interface due to the random dipole moment
and dipole-dipole interaction at a polymeric-inorganic interface. The polarization of the
particles mainly depends on the surface conductivity that depends on the particle size.
That means the overall conductivity of FesO4 particles is higher than PS microspheres,
making them more polarized than PS microsphere. The polarization of material may
result from dipoles created by the chemical interaction of charges within the material
(permanent dipoles) or by the application of an external electric field (induced dipoles).
Enhancement of the electric field due to the increased dipole moment, charge build-up,
and trapping at an interface is observed in the PS-Fez04 patchy microsphere compared
to neat PS and FesO4 individually. This enhancement of the electric field distortion
improves the alignment of the dipoles in the applied field direction. In the electric field,
two polarizations are acting on the medium. One is the polarization of the PS
microsphere, and another one is the surface-bound local polarization due to the FezOs
particles. These two polarizations contribute to effective interfacial polarization. As
interfacial polarization increases, the dielectric permittivity of the patchy microspheres
is also increasing. The polarization and electric field values obtained from the
simulations are presented in Table 5.2. The dielectric permittivity values of PS, Fe3Oa,
and PS-Fe304 are calculated using the Eq. 5.1. Experimentally determined dielectric
permittivity values are tabulated and compared with the values predicted by the model.
The predicted values of the model are well in agreement with the actual values obtained
from the experiment. The induced field formation improves the electric field due to the
Fes0s4 particles. Zang and co-workers (Zhang et al., 2014) developed a phase-field
model to understand the polarization and electric field distribution in TiO2 nanofibers
embedded with BaTiO3 nanoparticles further fused with polyvinyl difluoride (PVDF)
polymer matrix. According to their study, the TiO; interfacial layers create a percolation
path for the accumulation of charges at the interfacial region of TiO2-BaTiOs
nanofibers, which further enhances the dielectric permittivity. The improved dielectric



permittivity of PS-FesO4 patchy microspheres is due to the charge accumulation in the

interfacial region of PS and Fe3O4 by correlating the phase-field model with the present

study.
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Figure 5.9 (a) Electric field formation from PS-Fe3O4 patchy microsphere with 8 Fe3O4

surface particles of radii 250 nm (b) Polarization on the surface of the PS-Fez04 patchy

microsphere (c) Electric field formation from the PS microsphere covered with 108

Fe3O4 particles (d) Polarization on the surface of a PS-FezO4 patchy microsphere with

108 Fe304 particles. Units on the x-y axis are in pm.

In general, the dielectric interfaces are the ideal location for an accumulation of space

charges. The conductivity of the dielectric material plays a vital role in the interface

polarization process. From Fig. 5.6b, it can be observed that the increased AC
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conductivity with an increase in frequency for both FesO4 and PS-Fes04 samples. In
neat PS, since there is no conduction path, polymer chains act as a dielectric barrier at
low frequency, and AC conductivity is less compare to Fe3Os. Whereas in high-
frequency electronic polarization takes place in PS leads to increased AC conductivity.
Koop's theory (Koops, 1951) can describe the frequency dependence of electrical
conductivity and dielectric loss in FesO4 and PS-Fe30a. In Koop's theory, conductivity
is associated with the presence of grains with high conductivity and their boundaries
with high resistance in higher frequencies (f>10* Hz at room temperature). The
increased conductivity in the high-frequency region can be understood by the increased
hopping of the charge carrier phenomenon. This conductivity is related to the
occurrence of Fe3* and Fe?* ions in the magnetite structure and has been ascribed to
electron hopping between them. Since there is an electron hopping between Fe?* and
Fe®" ions, the electric field formation in Fes04 and PS-Fe3Oa is higher than the neat PS.
In PS-Fe3O4 patchy microspheres, the charge carriers are localized at the PS-FesO4
interface, and all Fe?* ions in the octahedral site participate in the hopping transport.
Hence, AC conductivity is increased in both Fe3O4 and PS-FesOa. The dielectric loss is
low at lower frequencies for all the three samples (Fig. 5.6¢). The maximum dielectric

loss occurs in the frequency range of 10*to 108 Hz highlighted in Fig. 5.6c.

Polarization oscillates with the changes in the alternating current field. It takes
some time for dipoles to align in the material. Dipolar alignments can respond quickly
enough at a low frequency so that all three samples show a less dielectric loss, almost
static behavior. However, there is not enough time for dipoles to react to the changing
field at high-frequency dipoles. Therefore, the maximum dielectric loss in both FezO4
and PS-FesOs was observed. Because only electronic polarization occurs in
polystyrene, its dielectric permittivity and dielectric loss are relatively static at high
frequencies. Impedance data are displayed in the form of Nyquist plot imaginary
impedance Z" (capacitive) against real impedance Z’ (resistive). From the Nyquist plot
(Fig. 5.6d), a single semi-circle in both neat PS and FeszOas is seen, and it behaves
electrically as an RC network with a single relaxation process. Whereas in PS-Fe3Og,
one semi-circle followed by a sharp step-down line is identified. This behavior indicates
that these patchy microspheres offer two types of impedance, one from the bulk PS-



Fe304 particles and another from the interface of PS and FezOs. Due to the rapid
accumulation of charges, the charge transport process at the PS-FesO4 interface is high
compared to the bulk PS-Fez04. Consequently, the impedance offered by the PS-Fez04
film identified by a first semi-circle assigned to bulk PS-FesO4. However, the sharp
step-down line followed by a second semi-circle of PS-Fe3Os attributed to higher

charge transport from the interface of PS-Fe3Oa.

Table 5.2: Polarization, electric field, predicted dielectric permittivity, and
experimentally obtained dielectric permittivity values of PS, Fe3O4, and PS-Fe304 at a
1 kHz frequency under AC field obtained from COMSOL Multiphysics.

Material Polarization | Electric field Predicted Experimental
(UC/m?) (MV/m) Dielectric Dielectric
Permittivity Permittivity
FesO4 32.4 0.190 20.26 21
Polystyrene 01.11 0.059 03.12 2.9
PS with 8 Fe304 06.11 0.061 12.31
PS with 06.82 0.065 12.85
20Fe304
PS with 07.24 0.071 12.52 14.8
24Fe304
PS with 28 09.93 0.082 14.68
FesO4
PS with 32 10.41 0.086 14.67
Fe304
PS with 36 10.73 0.090 14.45
FesO4
PS with 108 12.80 0.100 15.46
Fe304
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The neat PS shows step-upward at the end of the semi-circle with higher
impedance. In neat PS, dipolar alignments cannot respond quickly at high frequency to
the changing electric field, which provides a high resistance to charge transfer. Further,
the Nyquist plot allows describing various components and their values in the
equivalent circuit. From Fig. 5.6d, the inset shows the two parallel Resistive-Capacitive
(RC) circuit, a model connected in series, and the values of each component in the
equivalent circuit. The capacitance values obtained from the equivalent-circuit model
could be assigned to bulk capacitance and surface layer capacitance of the sample. It
means that the first RC circuit is assigned to bulk PS- FesO4 and the second one to the
interface of PS and FesOa4. The interface is more capacitive than the PS-FezO4 bulk. It
is due to the increased polarization at the interface that can drive more electric charges
in the electric field applied. Simulation results also confirmed the increased electric
field formation (Fig. 5.9c) and polarization (Fig. 5.9d) at the interface of PS-Fe304 than
the individual materials. From Fig. 5.6d, it can be understood that modulus of
impedance decreases with an increase in frequency in neat PS and Fe3O4. However, in
the case of PS-Fe3O4 patchy microspheres, two impedance behavior is noticed. The
interface of PS and Fez04 tends to behave more capacitive at high-frequency so that the
variation can be noticed compared with the low-frequency behavior. The capacitance
of the material can be engineered by tuning the interfacial region and surface
morphology. By changing the orientation and amount of FesOs particle
microscopically, one can design a capacitor or a transistor with the desired value of

dielectric permittivity.

5.5 EXPERIMENTAL METHOD

5.5.1 Synthesis of La203-ZrO2 dumbbell-shaped Janus particles

Dumbbell shaped La»O3-ZrO, Janus particles were synthesized using
sonochemical assisted the phase-separation method. 0.5g of lanthanum chloride was
dissolved in 50ml distilled water. It was sonicated first for 15 min, which results in
La>O3, followed by the addition of 0.5g of zirconium oxynitrate. The mixture was
sonicated for 30 min to get Janus particles. A 20 kHz frequency probe sonicator with a



500 W ultrasonic generator and 13.2 mm diameter probe was used. The sonicator was

operated at a 40% power amplitude in a pulsed mode (on/off ratio of 5s/3s).
5.6 RESULTS AND DISCUSSION
Figure 5.10a confirms the formation of La>03-ZrO, dumbbell-shaped Janus

particles. Contrast color mapping from EDX analysis shows the presence of La>Os3
(blue) and ZrO; (red) elements (Fig. 5.10b).
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Figure 5.10 (a) SEM image of dumbbell shape Janus particles captured at 0.5 pum scale
(b) EDX image confirms the presence of two different metal oxide microspheres which
are La,O3 and ZrO, further confirmed by contrast color mapping (c) Polarization on the
surface of the dumbbell shape Janus particles (d) Electric field formation from La,Os-

ZrO; distribution around the microspheres.
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The microscopic visualization of the electric field and polarization is important
to understanding the dielectric behavior of dumbbell shape Janus particles. The
polarization is caused by charge asymmetry, i.e., the center of gravity of the positive
charges varies from that of the negative charges when there is an external electric field.
The polarization formation (Fig. 5.10c) on both the particles was comparable, and the
interface between them shows the highest polarization due to the rapid physiochemical
changes under an applied electric field. Changes may involve phase transformation,
such as crystallization or phase separation, and chemical reactions between adjacent
layers, including inter-diffusion. The electric field formation of Janus particles obtained
from the computational simulation is shown in Fig. 5.10d. The uneven distribution of
the electric field around the Janus particles was observed, and it could lead to the
enhanced dielectric properties of Janus Particles. Overall, the interface of the La2Os-

ZrO» Janus particles exhibited a vital role in interfacial polarization.

For the comparison, the dielectric analysis was carried out for the La>Zr.O7
(LZO) sample, a single-phase system. Figure 5.11a presents the dielectric permittivity
of LZO powder and La>03-ZrO, dumbbell shape Janus particle. La2O3-ZrO2 shows the
k value of 320, which is 11 times higher than the LZO powder sample. The increment
in dielectric permittivity due to the rapid electric field formation and surface
polarization. The interface between these Janus particles is energy storage spots where
electric dipole drastically changes its path of potential. In general, there will only be a
few of the possible polarizations in a given material. The maximum value of dielectric
permittivity would be at the low frequency when there are multiple polarizations such
as electronic, ionic, interfacial polarization present in a material. Also, these
polarizations will contribute to the overall dielectric permittivity at a given AC

frequency.

The dielectric loss of the Janus particle is a minimum below 1 MHz frequency
range, and the rapid increase in a loss at a higher frequency than the LZO sample has
shown in Fig. 5.11b. The reason could be the charged defects and no time for interfacial
dipoles to respond to the external electric field immediately, which leads to the

dielectric loss.



The breakdown strength of LZO and Janus particle is calculated using a
probability of failure vs. electric field shown in Fig. 5.11c. The breakdown strength of
the Janus particle is 40.8 MV/m 6 times higher than the LZO sample, which is 6.2
MV/m, possibly due to the strong interfacial metal-oxygen-metal (M-O-M) bond
between La,O3 and ZrO-. The energy storage density of LZO is 20.6 J/cm® and the
Janus particle is 136 J/cm®shown in Fig. 5.11d. The plausible explanation for this high
energy storage density is the accumulation of charges between the three-dielectric
media at the interfaces. Such charge accumulation at the interfaces produces Maxwell-
Wagner-Sillars (MWS) polarization. The MWS polarization arises when the current,
including the dipole reorientation component, passes via materials of electrical
inhomogeneity. The bonded charges accumulate at the interfaces between two different
dielectric media.
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Figure 5.11 Frequency-dependent (a) Dielectric permittivity and (b) Dielectric loss of
the LZO and La>Os-ZrO> Janus particles in the range 1kHz-1MHz at room temperature
(c) Breakdown strength is calculated using a probability of failure vs. the electric field
(d) Energy storage density vs. electric field of LZO and La>0s-ZrO> Janus particles.
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In Janus particles that enhance the dielectric properties, dielectric breakdown
strength, interfacial contribution, interparticle surface chemistry, and contamination
due to ionic species are significant. The function of the interface must be taken into
account, not just in terms of its nature and also the way it influences the overall system.
(Sudeep and Emrick, 2007) used experimental results and mathematical calculations
for molecular dipole polarization to explore the effect of the interface on the dielectric
properties. They have demonstrated that the dielectric characteristics of metal oxide-
polymer regions influence the material’s overall dielectric reaction. The interphase area
is largely reliant on the chemical bonding at the filler interface and is capable of forming
covalent or hydrogen bonds to the filler surface. The interface material has unique
dielectric characteristics; it is an interface area of dielectrics consisting of mismatch and
phase difference.

5.7 SUMMARY

A 2D electrostatic model for a neat FesOs, neat PS, and PS-FesO4 patchy
microsphere with a specific geometry was developed based on experiments to
understand the dielectric behavior of the PS-Fe3O4 interface. A new charge build-up
mechanism at the interface was proposed based on computational results along with
experimental outcomes. Due to enhanced polarization and induced electrical field
formation, charge build-up at the PS-FesOs interface is greater than that in bulk.
Dielectric responses are dominated by the interfacial region of polystyrene and Fe3Oa.
The size, shape, and position of FesO4 particles are crucial in developing patchy
microspheres. Local morphology, interface area, crystallinity, and ionization of the
interfacial region of polymer-inorganic surface determine the overall dielectric
permittivity of the patchy microspheres. Controllable patchy particle design can provide
excellent paradigms for the design and development of high-performance polymer
dielectrics. Tailoring the patch surface and tuning the size of the polymer microsphere
are critical approaches to meeting future functional electronic devices. Polymer-
inorganic interface chemistry and design opens up a new avenue to develop efficient

hybrid materials for future electronics.



The present approach of sonochemical synthesis has offered a new route to the
preparation of dumbbell shape Janus particles with tuneable shapes and novel
properties. The Lax0O3z-ZrO- Janus particles show high dielectric permittivity and better
energy storage density with an improved breakdown strength. Computational results
exhibit the effect of the M-O-M interface on the polarization and electric field. The
Janus particles find potential uses in areas such as electroactive energy storage systems,
targeted drug delivery, magnetically operated optical switches, processing of micro
engines, assembly of colloid crystal systems with novel symmetries, and

stabilization/destabilization processes of emulsions.
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CHAPTER 6

SUMMARY AND CONCLUSIONS

In this work, three types of dielectrics, such as metal oxide, metal oxide
reinforced polymers, and metal oxide decorated high-k polymer dielectrics, were
fabricated at low temperatures (below 100 °C) using a sonochemical method. The
lowest fabrication temperature reported so far. A new way of preparing metal oxide-
based dielectric ink using the sonochemical approach have been reported. The
sonochemical approach allows a greener and inherently safer way to create
microscopically supercritical conditions of high temperatures and pressures in liquids.
This is not readily achievable by other conventional methods such as hydrothermal,
solvothermal, solution combustion, and microemulsion. This exciting approach
benefits the low-temperature solution process and aids in dispersing metal oxides better

in a polymer medium.

Metal oxide dielectrics, namely, Lanthanum Cerium Oxide (LCO) and
Lanthanum Zirconium Oxide (LZO), have been successfully synthesized by a
sonochemical method at a relatively lower temperature. LZO dielectric ink was directly
used for the fabrication of a thin film capacitor. Various characterization techniques
were used to examine the crystallinity, particle size, phase purity, the thickness of the
thin film. Performance of the LZO-PMMA and P(VDF-HFP)/LZO dielectric film has
been studied with different LZO loading. Dielectric analysis exhibit that 10-15% LZO
loading is sufficient to obtain high energy storage thin films with a minimum dielectric
loss. Uniform distribution of the LZO particles in a polymer matrix is crucial to
achieving high dielectric permittivity and energy storage density with a minimum
dielectric loss. The sonochemical method helps to overcome the difficulty of LZO
particle agglomeration and their phase separation in the polymer matrix. It also
enhances the interfacial interaction between LZO particles and the polymer phase.
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Computational modeling helps us to avoid wastage of material and to optimize
the filler content to achieve the most desirable dielectric properties of the dielectric
composites. The present findings suggest that the modeling approach can be used to
model thin-film capacitors with polymer composite as a dielectric layer to estimate the

energy density.

Next, the anisotropic particles named Polystyrene-iron oxide (PS-Fez0a) patchy
particles and lanthanum oxide-zirconium oxide dumbbell shape Janus particles were
fabricated. The unique structure of patchy particles opens up a new research possibility,
especially the interface of PS-FesOs particles. The computational model using
COMSOL was developed to understand the behavior of polymer-inorganic interface
under an applied electric field. The studies showed exciting results, such as rapid
polarization and electric field formation at the interface were found. Interfaces play a
vital role in virtually all materials and devices, encompassing a wide variety of
applications related to bulk and surface processes. A new mechanism at the interface
was proposed after validating computational results with experimental outcomes. The

interfacial region of anisotropic particles dominates in determining dielectric responses.

The outcome of both the computational simulation and experiment analysis
inferred that the energy storage capacity is more at the interface than in bulk. It is the
first sort of report that describes the role of patchy particle and Janus particle interface
in improving dielectric properties. By interface study, it is possible to design and
synthesize materials with new functionalities with molecular-level accuracy, enabling

new frontiers in electroactive materials.



FUTURE SCOPE

Application areas that remain open for further study for lanthanum zirconium oxide
dielectrics and Janus particle include epitaxial oxide integration on Silicon. PMMA and
PVDF-HFP polymers exhibit excellent dielectric properties with suitable metal oxide
fillers. Such polymer composite dielectrics can be used as lightweight, flexible,
transparent high-capacitive thin-films in biosensors. Applicability of these polymer

composite dielectrics at high-temperature (>200 °C) operation can be explored.

Computer modeling and polarization imaging will contribute to a deeper understanding
of interfacial interactions and provide a picture of the local breakdown phenomenon's
impact on the electric field. With these computational details, an electronic device of

interest can be designed and manufactured.

Metal oxide-based anisotropic particles such as patchy and Janus particles could be

utilized as a potential hybrid material in drug delivery and medical diagnosis.
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