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Preface

The rapid developments in the microelectronic industry accelerate the
search for new material with innovative properties which can fulfill the
requirements of technological advances. The dielectric ceramics play a
prominent role in telecommunication and satellite broadcasting industry for
its potential advantages such as reliability, ease of integration, good
dielectric properties and excellent performance. The basic requirements of
materials for RF applications are low dielectric loss, optimum relative
permittivity and nearly zero temperature coefficient of resonant frequency.
In electronic industry, dielectric materials are being used as electronic
packages, substrates, dielectric resonators, waveguides, dielectric antennas
and capacitors etc. The distinction between these applications is basically
based on the permittivity value of the dielectric material. The thesis entitled
“INVESTIGATIONS ON LOW DIELECTRIC LOSS LITHIUM BASED
CERAMICS AND THEIR COMPOSITES FOR MICROWAVE AND
EMBEDDED PASSIVE APPLICATIONS” divided into 8 chapters. It is the
outcome of a detailed investigation carried out on the synthesis and
characterization of several low loss ceramics and composites for substrate,
LTCC, dielectric resonator and capacitor applications.

The first chapter of the thesis gives a general introduction to dielectric
substrates, resonators and composites. Emerging technologies such as low
temperature co-fired ceramic and embedded capacitor technology for
miniaturization and its requirements and advantages are also discussed in
this chapter. The preparation and characterization techniques used for the
microwave dielectric ceramics and polymer ceramic composite are given in

the chapter 2.

The chapter 3 discusses the synthesis, characterization and

microwave dielectric properties of novel low loss low permittivity Li2ASiOx4

vii



(A=Mg and Ca) ceramics for microwave substrate applications. The effects
of synthesis condition on the microwave dielectric properties of both the
ceramics are discussed. The influence of different borosilicate glass additions
on the sinterability, densification, structure, microstructure and the
microwave dielectric properties of the LixASiOs (A=Mg and Ca) dielectric
ceramics has been investigated. These ceramics show relative permittivity in
the range 4-9 with low dielectric loss (tan 6 ~ 104). Compared to LCS-glass
composites, the LMS-glass composites show excellent microwave dielectric
properties at a low sintering temperature and can be a promising candidate

for substrate and LTCC based devices.

Fourth chapter discusses the synthesis, characterization and
microwave dielectric properties of novel temperature stable high Q dielectric
ceramics (LizMg1xZnyTisOs (x=0 to 1) and Li2A1xCaxTizOs (A=Mg, Zn, and
x= 0 to 0.2) which can be sintered at a low sintering temperature of 1075
°C/4hrs. An attempt has also been made to lower the sintering of
LioMgTi30s and Li2ZnTizOs ceramics for possible application in LTCC based
devices. Among all the compositions of LixMgi1.xZn«Ti3Os ceramics, the
Li2Mgo9Zno1TisOs dielectric ceramic composition shows the best dielectric
properties such as & = 27, Qu x f = 62000 GHz, and 1= (+) 1.2 ppm/°C when
sintered at 1075 ©C/4hrs. The effect of Ca substitution on the structure and
microwave dielectric properties of Li2A1xCaxTizO0s (A=Mg, Zn, and x= 0 to
0.2) has been investigated and it is found that formation of second phase
degrades the microwave dielectric properties slightly. Effect of LMZBS glass
addition on the sinterability and microwave dielectric properties of
LixMgZnTi30s, LizMgZnTisOs dielectric ceramics has been investigated for
LTCC applications. The microwave dielectric materials presented in this
chapter are superior in terms of cost of raw materials, sintering temperature

and microwave dielectric properties compared to the already known

viii



dielectric ceramics and these materials may be a major milestone in

microwave dielectric resonator research.

The development of low temperature sintered low loss high
permittivity microwave ceramics for resonator applications are discussed in
the fifth chapter. The influence of various borosilicate glasses on the
sinterability, densification, structure and microstructure and the microwave
dielectric properties of the Ca[(Li1/3A2/3)1xTix]Os5 (A=Nb,Ta) dielectric
ceramics is investigated. The temperature coefficient of the CLNT-glass and
CLTT-glass system are tuned in the range + 10 ppm/°C by increasing the
rutile content in the CLNT and CLTT ceramics. Compared to CLTT-glass
system, the CLNT-glass system shows excellent temperature stable
microwave dielectric properties when sintered at a relatively low

temperature of about 950 °C.

Sixth chapter discusses the preparation and dielectric properties
Cal[(Li1/3Nbz/3)08Ti02]Os-5 ceramic filled polymer composites for substrate
applications. The physical and dielectric properties of the composites are
investigated in terms of volume fraction of filler, frequency, and
temperature. The experimentally observed relative permittivity and
dielectric loss are compared with different theoretical models. The predicted
relative permittivity of this composite using Lichtenecker and EMT model is
in agreement with experimentally observed results. Coplanar Waveguide
Fed monopole Antenna was designed and fabricated using epoxy-CLNT
polymer-ceramic composite and compared the return loss characteristics

with standard FR-4 epoxy.

The high permittivity ceramic-metal and polymer-ceramic-metal
composites for capacitor applications are discussed in chapter seven. The
effect of sintering temperature on the percolation threshold and the

dielectric properties of Ca[(Li1/3Nbz/3)08Ti 02]O3.5 (CLNT) - Ag composite

X



for LTCC based high permittivity application is discussed in the first section
and the polymer based CLNT-epoxy-Ag three phase composite for printed
wiring board compatible embedded capacitor application is discussed in the
next section. The experimentally observed relative permittivity of ceramic-
metal and polymer-ceramic-metal composites is in agreement with power

law.

The major results of the present investigation and the scope for future
work is presented in chapter eight. Tape casting of the LTCC ceramics for
multilayered structures and the design and fabrication of microstrip antenna
using the tape would be of great scientific and technological importance.
Present work reports several temperature stable, low loss, high permittivity
ceramics. The Design and fabrication of dielectric resonator antennas having
different geometries (Hemispherical and Conical) using these ceramics and

polymer-ceramic composite are the hot topics to be pursued.
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Chapter-1
L |

Microwave Dielectric Ceramics and Composites

This chapter discusses how the dielectrics are pivotal
to the applications in microwave and embedded passive
devices. A general introduction about the scientific and
technological aspects of low permittivity dielectrics for
substrate applications and the fundamental aspects,
working principle and applications of dielectric resonators
are discussed. [Emerging technologies such as low
temperature co-fired ceramic and embedded capacitor

technology and their requirements and advantages are also

/e

discussed in this chapter.




Chapter 1

1.1 Introduction to Microwave Communication

The ability to communicate with people while on the move has
evolved remarkably since Marconi first demonstrated radio ability to
provide continuous contact with ship sailing the English channel. This was
in 1897, and since then new wireless communications methods and services
have been enthusiastically adopted throughout the world. Particularly
during the last two decades, the mobile radio communication industry has
grown orders of magnitude, fueled by digital and RF circuit fabrication
improvements, new large scale circuit integration, and other miniaturization
technologies [1]. Historically the mobile communication has come slowly,
and has been coupled closely to technological improvements [2]. The ability
to provide wireless communication to an entire population was not even
conceived until BEL laboratories developed the cellular concept in 1970’s
and wireless communication era was born in the 1970’s. Wireless
communication network have now become much more pervasive than
anyone could have imagined when the cellular concept was first developed
in the 1970’s. Wireless technology is a truly revolutionary paradigm shift,
enabling multimedia communications between people and devices from any

location.

Wireless is a term used to describe telecommunications in which
electromagnetic waves carry the signal over part of the entire
communication. For wireless communication, a high frequency is desirable
since the amount of information communicated directly scales with
frequency. Today, microwave techniques have been increasingly adopted in
radio astronomy, long distance communications, space navigation radar
systems, medical equipments and missile electronic systems. With the
increase in demand for exchanges of information via wireless

communications, needs for communication systems using microwaves are
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increasing. The term microwave seems to have first appeared in the paper
by Nello Carrara in the first issue of Alta Frequenza in 1932. A credible
definition came from Pozar’s text microwave engineering, which states that
the term microwave refers to alternating current signals with frequencies
between 300 MHz to 300 GHz [3]. The existence of electromagnetic waves of
which microwaves are part of the higher frequency spectrum, was predicted
by James Clark Maxwell in 1868. In 1888, Heinrich Hertz was the first to
demonstrate the existence of electromagnetic waves by building apparatus
to produce radio waves. Microwaves are easier to control because small
antenna could direct the waves as well. One advantage of such control is
that the energy could be easily confined to tight beam. This beam could be
focused on another antenna several kilometers away, making it difficult for
someone to intercept the conversation. Another characteristic is that because
of their high frequency, greater amount of information could be put on
them. Both these advantageous (narrow beam width and modulation
bandwidth) make microwaves very useful for RADAR as well as
communications [4]. The telecommunication industry is one of the largest
and rapidly growing industries with more than 1.5 trillion dollars in annual
revenues for services and equipment. There are about 3.6 billion mobile
phone subscribers worldwide which is more than half of the world
population. The mobile phones operate in the range of 0.8 to 2 GHz.
Frequencies from about 100 MHz to 2 GHz are used for communicating with
low earth orbit satellites (LEOs) and 6-24 GHz are useful frequencies for
geostationary satcoms. With continuing advances in microwave devices,
more systems are being developed for millimeter portion of the microwave

band. Figure 1.1 shows the microwave spectra and its applications.

The recent explosive growth in the wireless communication industry

led to tremendous demand for novel low dielectric loss microwave
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components. In wireless communication systems, a variety of dielectric

ceramics have been utilized for microwave dielectric applications [5].

Fig. 1.1 microwave spectra and its applications (Ref. 5)

1.2 Role of Dielectrics in Microwave Applications

From a historical perspective, guided electromagnetic wave
propagation in dielectric media received much attention in the early days of
researching microwaves. The dielectric ceramics play a prominent role in
telecommunication and satellite broadcasting industry for its potential
advantages such as reliability, ease of integration, good dielectric properties
and excellent performance [6]. In electronic industry, dielectric materials are
being used as electronic packages, substrates, dielectric resonators, dielectric

waveguides, dielectric antennas, capacitors etc.
1.2.1 Electronic packaging applications

The international technology roadmap for semiconductor (ITRS)

predicts the necessity of low permittivity materials for interlayer dielectrics
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as the components in the electronic modules increases according to Moor’s
law. The ITRS lists the development of low permittivity materials as one of
the key five difficult challenges through 2009 for the semiconductor industry
[7]. Moor’s law predicts that the number of components in a module doubles
in two years. The propagation delay time (t1) of electromagnetic waves in a

dielectric is given by the equation,

[

t, =

&
A (1.1)
c

where [ is the line length, & is the relative permittivity of the substrate and ¢
is the speed of light [5]. For electronic packaging application the relative
permittivity should be as low as possible. The relative permittivity less than

3 is generally accepted for packaging applications.
1.2.2 Substrate application

Microstrip patch antennas are resonant radiating structures that can
be printed on circuit boards. Microstrip antennas comprise a radiator
element commonly referred to as a patch. Microstrip patch antennas usually
comprise just one square or circular metal antenna element attached to a
low-loss dielectric substrate. The equations of electromagnetic waves
derived from Maxwell equations is

1 0°H
=g —————- 1.2 V’H =—
¢ or? 1.2) c¢? o’

—————— (1.3)

where E is the electric field, H is the magnetic field strength and c is the

velocity of electromagnetic wave in vacuum [8].

If the medium is dielectric, then the velocity of electromagnetic waves
through a dielectric medium is given by v o« (ue)?2. Hence the value of
relative permittivity (&) greatly affects the speed of electromagnetic waves in

a dielectric medium. Hence low permittivity is preferred in this aspect.
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However, the width of the microstrip patch antenna [9], is given by the

equation,

we— S (1.4)

- (I1+¢)
2f, Ty

where ¢ is the permittivity of the substrate.

Hence as a compromise between the speed and the dimension, for a
substrate material, the relative permittivity should be in the range of 4-15 is

preferred.
1.2.3 Dielectric resonator application

A dielectric resonator is an electronic component that exhibits
resonance for a narrow range of frequencies, generally in the microwave
band. Dielectric ceramics are widely used as dielectric resonators and
dielectric filters which are mounted to electronic devices such as in mobile
phones, personal radios and satellite receivers. The use of dielectrics in
microwave communication reduces substantially the overall dimensions of
microwave circuits [5]. A high &, facilitates circuit miniaturization because
the wavelength inside the DR is inversely proportional to the square root of

its permittivity as given by the equation.

A, = F —————— (1.5)
where A; is the wavelength in the dielectric, Ao is the wavelength in air
(actually in vacuum). The dimension of the dielectric sample must be an
integral multiple of half-wavelength in the dielectric to resonate in the
simplest fundamental mode. If that wavelength is reduced, then the physical
dimensions of the resonator must be reduced as well. When microwaves
enter a dielectric material, they are slowed down by a factor roughly equal

to the square root of the permittivity which implies that the wavelength
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decreases by the same amount and the frequency is unaffected as shown in

Fig. 1.2.

VAV AR

1.2.4 Capacitor application

Fig. 1.2. The wave length reduced
by a factor (g)/2 when the wave
enters in the dielectric medium.
(Ref. 5)

Capacitors are the indispensable components in all the electronic
devices. Basic function of the capacitor is to charge and discharge during its
operation. The value of permittivity determines the charge storage capacity

of the capacitor. The capacitance C is given by the equation,

EEA
C=—"————— - 1.6
p (1.6)

where ¢, and ¢, are the permittivity of the vacuum and relative permittivity
of the dielectric material, A is the area of the electrode material and d is the
thickness of the dielectric material. Hence, high permittivity dielectric

material is preferred for miniaturization of the electronic devices [10].

The scope and breadth of dielectric ceramic material usage in
electrical circuitry related electronic packaging and allied electro ceramics
applications have expanded significantly during the last decades and the

dielectric ceramic is an essential components in the microelectronic industry.
1.3 Physics of Dielectrics

Fundamentally, a dielectric is an insulating but polarizable material
in an applied electric field. Such materials usually find uses as either
capacitors or microwave resonators. The dielectric is characterized by
relative permittivity (e). The relative permittivity is the measure of the
polarizability of the materials [11]. Important applications of microwaves

result from their interaction with various types of materials. The interaction
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of electromagnetic waves with dielectric materials causes a net polarization
of the substance. There are several mechanisms which are responsible for
this occurrence, including: interfacial (space-charge), molecular (dipole),
ionic and electronic polarization. For a given material, the sum of the
contributions from each mechanism determines the net polarization, P, of

the dielectric material.
P=Pelectronic+Pionic+Pmolecular+PinterfaciaI

Interfacial (space charge) polarization: Piling up of mobile charge carriers
at physical barriers such as grain boundaries is the cause of interfacial
polarization (space charge). At low frequency the mechanism give rise to

high relative permittivity and in some cases may extend up to ~103Hz.

Dipolar (molecular) polarization: In zero fields the dipoles will be
randomly oriented and thus carry a polarization. When an electric field is
applied, the dipoles will tend to align in the direction of applied field and
the materials will acquire a net dipole moment. This is called orientational
polarization. It is temperature dependent. With increase in temperature the

thermal energy tends to randomize the alignment.

Ionic polarization: During chemical bonding the atom may acquire an
excess of positive or negative charge and form an ionic bond. The
displacement of positive and negative ions with respect to each other due to

the application of electric field gives rise to ionic polarization.

Electronic polarization: When an electric field is applied the valence
electron cloud shifts with respect to nucleus. This occurs at high frequency
(~10%> Hz). It is independent of temperature. Electronic polarization is
present in all materials and it does not contribute to conductivity or
dielectric loss in most dielectrics. Electronic polarization is responsible for
the optical refractive index, n and is a part of relative permittivity in all

materials.
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Figure 1.3 shows the frequency dependence of polarization. It is clear
that the ionic and electronic polarization contributes to dielectric properties

at microwave frequencies.

Fig. 1.3 The frequency dependence of polarization.
(http://en.wikipedia.org/wiki/Dielectric_spectroscopy)

1.4 Microwave Dielectric Substrates; a Brief History

Fig. 1.4 Schematic representation
of a substrate. (en.wikipedia.org)

A substrate is composed of ceramic or a composite material, on or
within which electronic components are placed. Substrates have been used
for hybrid integrated circuits (HIC) and for packaging semiconductor IC
chips [10, 12]. Dielectric substrates are also used for fabricating transmission
line media, including microstrip, strip line, coax and even waveguide.

Important characteristics required for substrate applications are (i) low
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relative permittivity (to increase signal speed) (ii) Low dielectric loss (for
selectivity) (iii) high thermal conductivity (to dissipate heat) (iv) low or
matching coefficient of thermal expansion to that of the materials attached to
it, and (iv) low temperature coefficient of relative permittivity [13]. Dielectric
substrate materials are classified into hard substrates and soft substrates.

Fig. 1.4 shows the schematic representation of a substrate.
1.4.1 Hard Substrates

Hard substrates are ceramics such as alumina, aluminum nitride and
beryllium oxide which can withstand extreme heat during wirebonding [10].
The market for these ceramic substrates has increased in recent years with
the development of electronic industry. The development of hybrid circuits
has given rise to the need for a substrate with a very smooth surface,
available as thin flat plates and mechanically strong. A high thermal
conductivity is also necessary since the miniaturization of components leads
to high energy densities. For electronic applications steatite and alumina
have been used as the substrate for its high mechanical strength and lower
dielectric losses. The physical and dielectric properties of various dielectric

substrates are shown in Table 1.1.

Alumina: Alumina and aluminous porcelain have good mechanical
strength, resistivity, low dielectric loss and particularly thermal
conductivity. Their thermal stability and freedom from crystallographic
transitions enable them to survive the heat treatment involved in
metallization and component formation with negligible dimensional
distortion and without degradation of surface smoothness. One
disadvantage of pure alumina is its high sintering temperature. Alumina
containing small amount of manganese, chromium, or cobalt oxide can be
sintered at a lower sintering temperature (1400 °C) in air and is widely used

for packaging applications.
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Beryllia: Beryllium oxide is well known as a ceramic having high thermal
conductivity about eight times as high as alumina ceramics. Its main
disadvantages are its high cost, toxicity while processing, lack of adequately
smooth flat surface. Beryllia has found considerable use as substrate for high
power semiconducting devices such as rectifier but is not widely used as a

substrate for hybrid circuits.

Steatite: Steatite of which the principle constituent is magnesium silicate has
a high thermal conductivity and thermal expansion close to that of
commonly used metals. It can also be pressed directly into complex shapes
which meet dimensional tolerances. It has low dissipation factor and low
temperature coefficient of capacitance. Steatite has been widely used as a

structural material in electronic devices and as dielectric.

Aluminium Nitride: Aluminium nitride is now available commercially in
the form of substrates. Its thermal conductivity is intermediate between
those of alumina and beryllia. Its thermal expansion is low and close to that
of silicon. It may therefore find applications as base for silicon integrated

circuits with high power dissipations.

Quartz: Thin slice of single crystal quartz is used as substrates for hybrid
circuits operating at higher frequencies. Low permittivity minimizes the
coupling between the components and conductors on the surface and low

dissipation factor is essential at their frequencies.

Last two decades have witnessed an immense research on the
development of low permittivity materials. Forsterite (Mg2SiO4), Cordierite
(Mg2AlsSisO1s), Mullite (ALSiOs), Wollastonite (CaSiOs), and Spinel
aluminates (MgAl2O4 and ZnAl;Os4) has been developed as hard substrates
[5, 10, 14-16].

11
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Table 1.1. The physical and dielectric properties of various dielectric substrates. (Ref. 10)

Dissipation | Resistivi Thermal Thermal
Materials | Permittivity factof (104) (Qm) ty Conductivity | Expansion
(Wm-K-1) (10 K1)
Alumina 9.9 1 >1012 37 6.6
Beryllia 13
K 120 6.6 2 10 208 9.2
Steatite 6 8 to 40 1015 35 7.8t010.4
Aluminium
9
Nitride 10 20 10 155 2.7
Quartz 4.5 2 1012 to 1014 8.5 10
Forsterite
15
MgSiOs 5.8t0 6.7 41010 10 1.6to4.2 10.6
Spinel 7.5 4 10° to 1010 7.6 6.6
MgALOy ’ ’ )
1.4.2 Soft Substrates

Soft substrates are used in applications where packaged parts are
soldered on the board [12]. Generally, the polymers are used as soft
substrates. Polymers like polytetrafluroethylene (PTFE), polyethylene,
polystyrene, poly-ether-ether-ketone and epoxy shows excellent dielectric
properties. However, their low thermal conductivity and high thermal
expansion limits their application as substrate in electronic modules. A third
category of substrate materials is the composites in which the soft substrates

are loaded with particles of hard ceramics.
1.5 Composites

Composite materials are engineered materials made from two or
more constituent materials with significantly different physical or chemical

properties and which remain separate and distinct on a macroscopic level

12
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within the finished structure [17]. There are two categories of constituent
materials: matrix and reinforcement. At least one portion of each type is
required. The matrix material surrounds and supports the reinforcement
materials by maintaining their relative positions. The reinforcements impart
their special mechanical and physical properties to enhance the matrix
properties. The major advantages of composites are attainment of unique
combination of properties and properties can be made to vary continuously
over a range. Another important property is that the composite can achieve
some physical properties which are not attainable independently by its

constituents.
1.5.1 Connectivity

Making ceramic polymer composites not only involves choosing of
right material but also coupling them with best possible design. The concept
of connectivity was first established by Newnham et al.[18]. Connectivity is
a key feature in the development of multi phase solids since the physical
properties can be changed in different orders of magnitude depending on
how the connections are made [19]. The interspatial relationship in a
multiphase material has maximum importance because it controls the
mechanical, electrical, magnetic and thermal fluxes between the phases. In a
composite each phase may be self-connected in either one, two or three
dimensions. In a two phase composite there are 10 different combinations of
connectivity and they are 0-0, 0-1, 0-2, 0-3, 1-1, 1-2, 1-3, 2-2, 2-3 and 3-3
connectivity. These connectivity patterns are illustrated in Fig. 1.5 using
cube as building block. The most commonly studied composites are 0-3 and
1-3 configurations. 0-3 configuration can be easily prepared at relatively low

cost [20].
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Fig. 1.5 Connectivity patterns in a di-phasic composites systems. (Ref. 18)

1.5.2 Polymer matrix composites

Polymeric composites are one of the most prominent classes of
composites. Polymeric composites were introduced in early 1940s. Gradually
the applications of the polymer composites continued to grow over years
finding applications in aircrafts, ships, electronic industry etc. In a polymer
based composites, physical properties of the polymer is modified using
various fillers like ceramic, metal etc. Depending on the polymers used
polymer composites can be classified in to two [21], (i) thermoplastic
matrices (ii) thermoset matrices. Thermosetting plastics are polymer
materials that irreversibly cure to a stronger form. The cure may be done
through heat, through a chemical reaction (two-part epoxy, for example), or
irradiation such as electron beam processing. A thermoplastic is a plastic
that melts to a liquid when heated and freezes to a brittle, very glassy state
when cooled sufficiently. Most thermoplastics are high-molecular-weight

polymers whose chains associate through weak Van der Waals forces
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(polyethylene); stronger dipole-dipole interactions and hydrogen bonding
(nylon); or even stacking of aromatic rings (polystyrene). Thermoplastic
polymers differ from thermosetting polymers as they can be re-melted and
remolded. Thermoplastics are elastic and flexible above a glass transition
temperature T, There are number thermoplastic polymers like;
polyethylene, polystyrene, polypropylene, poly-ether-ether-ketone (PEEK)
etc used for making composites. Thermoset materials are usually liquid or
malleable prior to curing and designed to be molded into their final form.
The curing process transforms the resin into a plastic or rubber by a cross-
linking process. The cross-linking process forms a molecule with a larger
molecular weight, resulting in a material with a higher melting point.
Thermoset materials are generally stronger than thermoplastic materials due
to this 3-D network of bonds, and are also better suited to high-temperature
applications up to the decomposition temperature of the material. The most
commonly used thermoset matrices are, epoxy resins, Polyimide, bakelite etc

[21].
1.5.2.1 Polymer-ceramic composites for electronic applications.

Polymeric materials play a vital role in electronic substrates and
microelectronic packages as a result of their ease of processing, low cost, low
relative permittivity, adhesive properties, high electrically insulating
properties etc [22]. The polymers show low permittivity and low dielectric
loss but high coefficient of thermal expansion and low thermal conductivity
precludes their immediate applications [22]. Further, for substrate
application the relative permittivity should be in the range of 3-15. Hence,
the monolithic polymers are limited in electronic applications. On the other
hand, low dielectric loss ceramics have low coefficient of thermal expansion
and average thermal conductivity. Thus the dielectric and thermal
properties required for a substrate can be easily achieved by making ceramic

polymer composites. In polymer-ceramic composites the dielectric
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properties are controlled by the amount of filler, particle size and
distribution of the filler, shape and orientation of the filler and finally
dispersion of the filler in the polymer matrix [23]. The particle size of the
filler has extreme importance in determining the permittivity of the
composite. Extremely fine particles may exhibit lower permittivity
compared to larger fillers. The shape of the particle plays a key role in
determining the final permittivity of the composites through depolarization
and volume loading effects. Non-spheroidal particles exhibit orientation

effect with respect to measurement direction [24].
1.6 Dielectric Resonator; an Overview

The growth of satellite communication and cellular radio systems
has led to the requirement of compact, temperature stable, and low cost
filters. In the early seventies, it was difficult to find a device which could
perform as filter, oscillator, and antenna with weight and size features
suitable for integration in miniature circuits. For instance, for frequency
stabilization, one has to rely upon the bulky expensive metallic cavities
which were not integrable. These problems were alleviated with the advent
of ceramic microwave dielectric resonators and have been essential in
eliminating metallic cavities and waveguides. The past 25 years have seen a
rapid development in the miniaturization of microwave circuitry and this
has led to the development of dielectric resonators which can replace the
bulky metallic cavities. The dielectric resonators used in filters oscillators
and antennas have become indispensable component in microwave
communication systems for its integration potential, size reduction,
reliability and temperature stability [5]. The materials for dielectric
resonators are required to excel in three characteristics, a high relative
permittivity, a high quality factor, and a nearly zero temperature coefficient

of resonant frequency. High relative permittivity is essential since it is the
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key factor for miniaturization and can thus lower the cost of production. The
higher the quality factor, the lower is the insertion loss and steeper the cut
off. Moreover, a high quality factor provides a narrow band width and
hence enables the allocation of more number of channels within a given

frequency range [5, 25, 26].

The possibility of using unmetallized dielectrics as resonators was
first proposed by Ritchmyer [27] in 1939. The search for dielectrics for
microwave applications started from 1960. The first reported work on the
adaptability of a high relative permittivity dielectric rod to generate
standing wave resonance phenomena was proposed by Schlike [28]. Okaya
reported that a piece of rutile (TiO2) acted as a resonator and subsequently
Okaya and Barash analyzed the different modes of a dielectric resonator [29,
30]. The first microwave filter proposed by Cohn [31] in 1968 where TiO:
was used as the dielectric resonator. The rutile TiO, has a high relative
permittivity (e = 100), high quality factor (Qxf = 10000 GHz), and high
temperature coefficient of resonant frequency (ts= +450 ppm/©C). This filter
was not put into practical use because of its large 1. A real breakthrough in
microwave ceramic technology occurred when the first temperature stable
ceramic dielectric barium tetratitanate developed by Raytheon [32] in 1970.
Later, a modified barium titanate with improved performance was reported
from BEL laboratories [33]. The next major breakthrough came from Japan
when the Murata Manufacturing Company produced (Zr-Sn) TiO4 ceramics
with excellent microwave dielectric properties [34, 35]. These positive results
led to an intensive research and actual implementation of dielectric
resonator as the indispensable component in the microwave
communications. In 2008, the current trend and the state of the art of
microwave dielectric materials for telecommunication applications is
discussed in the book “Dielectric materials for wireless communications” [5].

This book reports the sintering temperature and microwave dielectric
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properties of more than 2000 low loss dielectric ceramic compositions and
explains the ways to tailor their properties by possible substitution, dopant

and glass additions.

The extensive research in the last three decades provides several
extremely low loss ceramics suitable for resonator applications. The main
DR families currenty used for practical applications are MgTiO3-CaTiOs [5,
36], BaTisO9 [37, 38], BaTioOx [33], (Zr1xSnx)TiOs [5, 34, 35], Ba(Zn1/3Taz/3)Os
and Ba(Mgi/3Taz/3)Os [39], BaO-RE205-TiO2 [40], SrTiOs-LaAlOs, CaTiOs-
LaAlOs [41-44].

With the revolution in mobile phone and satellite communication
systems using microwave as propagation media, the research and
development in the field of microwave dielectrics for device miniaturization
and excellent performance has been one of the biggest challenges in the
contemporary area of materials science. Hence search for new materials and

tailoring the properties of existing materials are going on.
1.6.1 Working principle of DRs

A piece of dielectric can confine microwave energy at a few discrete
frequencies through multiple internal reflections, provided energy is fed in
the appropriate directions [27]. An electromagnetic wave moving from high
permittivity region to low permittivity region encounters very high
impedance at the dielectric-air interface and reflects back to the dielectric.
As the permittivity of the dielectric increases the impedance offered by the
boundary will also increase which enhances confinement of microwave
energy (see Fig. 1.6). The reflection coefficient approaches unity when the
permittivity approaches infinity. The trapped electromagnetic waves will
form standing waves to generate resonance. If the transverse dimensions of
the dielectric are comparable to the wavelength of the microwave, then

certain modes satisfying Maxwell equations and boundary conditions will
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be excited. The frequency of resonance depends on the physical dimensions

and permittivity of the dielectric specimen.

@
~~ | |
/ ALECETR | | |
= e ~~ Microstripline
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Fig. 1.6 Sketch of multiple Fig.1.7 DR as circuit element
internal reflections in DR coupled to a microstripline

Figure 1.7 shows a schematic representation of DR coupled to a
microstripline. This coupling is a result of field interaction due to the
microstrip line and DR. The fundamental TEs resonance mode, is excited
due to electromagnetic coupling between DR and microstripline. The
quality factor (Q), which is the ability to confine energy in a certain mode is

to be calculated at resonant frequency [5]. Hence,

W,

0= 27{#} ——————— (1.7)
d [Cal

where Wiy is the maximum energy stored in the resonator. Wy is the

dissipated energy in the resonator during one period given by Wi = PiT,
2z . I . .

where T = — , Ps is the average power dissipated in the resonator and o is
@

the angular velocity. Thus eqn. (1.7) can be rewritten as
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A bulk dielectric material excited for resonance using microwave
energy is equivalent to a parallel LCR resonant circuit. Hence the alternating
field will have inductive, capacitive and resistive components. From the
fundamental rules of resonant electrical circuits, the electric energy stored in

the capacitor is given as

vl _ V|’ cos*(ar)

w=—-t = 1.9
. (1) 5 5 (1.9)
and magnetic energy stored in the inductor is
LII®OP V[ cos*(ar)
W (f) = S Tt (1.10)

2 20°L

At resonance, capacitive and inductive reactance become equal and
opposite to vanish. Hence the impedance of the circuit equals the ohmic
resistance and maximum energy storage takes place within the body of the

dielectric resonator. At this condition,

D=0 ; —————— (1.11)

res \/E

The maximum stored energy Wmax will be the sum of that stored in capacitor
(We) and inductor (Wm). Since the average energy values are equal to one

half of their peak values,
Wmax = 2WL’ = 2Wn = W€ +Wn ______ (1 . 12)

Now using Eqn. (1.11) in (1.7), the definition of Q at resonance becomes [45]

Qz{w} —————— 1.13)

If the operational frequency is not equal to the resonant frequency,

the peak of the stored electric energy is not equal to the peak of the stored
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magnetic energy. Therefore the definition of Q is not unique at any

frequency other than @yes.
1.6.2 Modes in DRs

A microwave resonator has infinite number of resonant modes, each
of them corresponding to a particular resonant frequency, at which the
electric stored energy is equal to the magnetic one. The excited modes can be
classified into three distinct types: TE, TM and hybrid. The fields for TE and
TM modes are axisymmetric whereas hybrid modes are azimuthally

dependent. The hybrid modes can again be categorized into HE and EH.

A Y /(a) ;‘If:_:.(,h
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Fig. 1.9 Fields inside a cylindrical DR for TE;;5
mode with (a) Top view of E — Field (b) Top
view of H — Field (c) H-Field in side view.

Fig. 1.8 Three dimensional view of
an isolated cylindrical dielectric
resonator.

According to the mode nomenclature described by Kobayashi et al.[46, 47],
the variation of fields along the azimuthal, radial and z-direction inside the
resonator, are denoted by adding mode indices as subscripts to each family
of modes. This nomenclature is historically based on the mode nomenclature
of cylindrical dielectric waveguides. The TE, TM, HE and EH modes are
classified as TEump+s TMump+s HEump+s and EHump+s respectively. The first
index denotes the number of full-period field variations in azimuthal

direction, the index m (m =1, 2, 3 .....) denotes the order of variation of the
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field along the radial direction and the index p+o (p =0, 1, 2...... ) denotes

the order of variation of the fields along the Z-direction.

An interesting feature of DR is the variation in field distribution of
different modes, because the modes behave like electric and magnetic
multipoles such as dipole, quadrupole, octupole etc. The mode
nomenclature makes it congenial the accurate prediction of far field
radiation of dielectric resonators in their application as antennas. For
example, the TEp1s mode radiates like magnetic dipole oriented along its axis
and TEo1+s radiates like an axial magnetic quadrupole. Similarly, the TM
counterparts radiate like electric dipole and quadrupole respectively. Three
dimensional view of the isolated cylindrical dielectric resonator is shown in
Fig. 1.8 and pictorial representations of the field distribution for various
modes are shown in Figs. 1.9 - 1.11. In the cross sectional view, the field
lines can be either concentric circles (like E field of the TEo15s mode), or the

radial straight line (like H field of the same mode).

TMi15 E

e J

Fig.1.10 Fields inside a cylindrical DR for Fig. 1.11 Fields inside a cylindrical DR for

TM;;5 mode with (a) Top view of HE,;5 mode with (a) Top view of
H - Field (b) Top view of E — Field E - Field (b) Top view of H — Field
(c) E-Field in side view (Ref. 26). (c) E-Field in side view (Ref. 26).
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The resonant mode most often used in shielded microwave circuits is
TEo1s In classical waveguide cavities, the third index is used to denote the
number of half-wavelength variations in the axial direction of the
waveguide. Here, the third index, denotes the fact that the dielectric
resonator is shorter than one-half wavelength. The actual value of 6 depends
on the relative permittivity of the resonator and the substrate, and on the
proximity to the top and bottom conductor planes. Practically a part of the
field in the z-direction will decay exponentially outwards to the flat surface
of the DR and is termed as evanescent field. Hence it is customary to denote
the fraction of the half cycle variation in the z-direction [48] with J, which
takes values between 0.5 to 1. For higher modes, the pure transverse electric
or transverse magnetic fields cannot exist, so that both electric and magnetic
field must have nonvanishing longitudinal components. Such modes are
termed as hybrid modes and the lowest being HEi15. Hybrid modes are
frequently used in dielectric resonator filters and whispering gallery mode
resonators at millimeter wave frequencies. One of the main draw back of DR
is that resonant frequencies of the modes are close to each other. For
practical applications the design of the resonators is done in such a way that
there is maximum separation of modes. The DR aspect ratio (D/L) of 1.8 to
2.1 is reported for optimum quality factor and minimum interference of

spurious modes [5].
1.6.3 Types of Dielectric Resonators

A typical dielectric resonator for use in the microwave band is formed
using a rectangular or cylindrical dielectric block having a coaxial through-
hole wherein an inner conductor is formed on the inner surface of the
through-hole and an outer conductor is formed on the outer surface of the
dielectric block. Dielectric resonators are smaller than air cavity resonators

having equivalent resonant frequencies because wavelengths in the
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dielectric resonator are divided by the square root of the resonator's relative
permittivity. The shape of a DR is usually a solid cylinder but can also be
tubular, spherical and paralellopiped (Fig. 1.12).

Fig. 1.12 Different types of
Dielectric Resonators (courtesy:
www.ntktech.com/product_detail.
asp.productid=91)

The resonant frequency of modes can be tuned by inserting metal or
ferrite screws into the central hole of a ring resonator. Similar techniques are
used to avoid interference of unwanted modes with the desired mode in a
DR by suppressing the modes and thereby reducing the dielectric loss. The
mode spectrum and resonant frequencies of DRs greatly depend on the
aspect ratio (diameter D/length L). The dimensions of the specimen are
important to achieve wide separation of modes. The proper aspect ratios are
1.0 to 1.3 and 1.9 to 2.3. In practice the specimen diameters in the range 7 to

25 mm have been found most suitable.
1.6.4 Material requirements

Dielectric resonators utilizing a dielectric as a material for
constructing the resonator have been widely used so as to miniaturize the
resonant system of an electric circuit which handles high-frequency waves
such as microwaves. The important characteristics required for a dielectric
resonator material are high permittivity (er) for miniaturization, high quality
factor for selectivity and low temperature variation of resonant frequency

for thermal stability [5].
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1.6.4.1 Relative permittivity (&)

The relative permittivity of material is its energy storing capacity
when an electric potential is applied across it. The main contribution to the
relative permittivity at microwave frequencies is the ionic polarization.
Hence, materials containing ions with large ionic polarizabilities are
required for sufficiently high €. In order to achieve circuit miniaturization
the permittivity of the ceramic must be high. A high & material facilitates
miniaturization because the wavelength inside the DR is inversely
proportional to square root of its permittivity. The experimental
determination of & at microwave frequency is done by resonance method
and will be described in the next chapter. It should be noted that, in
polycrystalline ceramics, the experimental & deviates more from the
theoretical value because, the polarizability of the ceramics are affected by

porosity, impurities and secondary phases.
1.6.4.1.1 Claussius mossotti equation

The relative permittivity of an insulator is related to the polarizability
of atoms comprising it. The permittivity & can be calculated theoretically

using Clausius-Mossotti equation for cubic or isotropic materials [49]

£ -1 =(4—”j D | (1.14)
£ +2 3NV,
Rearranging we get
_ W H8may, (1.15)
"3V, —drna, '

where Vi, is the molar volume and oap is the sum of the dielectric
polarizabilities of individual ions. The Vm of the dielectric material can be
obtained from X-ray diffraction studies. Based on the additivity rule,

Shannon states that the molecular polarizabilities ap of a complex material
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can be broken up into the molecular polarizabilities of simpler compounds

by [50]
a,(A,A0,)=2a,(AO)+a,(AO,)—————— (1.16)

where A are the cations. Furthermore, it is possible to break up the

molecular polarizabilities of complex compounds in to ions according to
a(A,A0,) =2a(A* )+ a(A*)+4a(0* ) —————— (1.17)

The dielectric polarizabilities of several ions are reported by Shannon
[50].  The calculated & usually agree well with porosity-corrected
experimental values for well-behaved ceramics [50]. It may be noted that
deviations from calculated values can occur due to deviations from cubic
symmetry, and also the fact that the sample is ceramic and not a single
crystal. Presence of ionic or electronic conductivity, H2O or COz in channels,
rattling of ions, presence of dipolar impurities or ferroelectric behavior also

cause deviations from the calculated values [50].
1.6.4.2 High quality factor (Q.xf)

The dielectric loss tangent of a material denotes quantitatively the
dissipation of electrical energy due to different physical phenomenon such
as electrical conduction, dielectric resonance, and loss from non linear-
process. For describing microwave systems quality factor is commonly used
instead of loss tangent. The efficiency of a resonant circuit to confine
electromagnetic energy is termed as its quality factor (Q - factor). This is the
figure of merit for assessing the performance or quality of a resonator. In the
case of bulk ceramics energized by electromagnetic wave, quality factor is
roughly the inverse of dielectric loss of the material. Q factor is defined as a
ratio of the energy stored in the fields inside the resonator to energy loss or

dissipation per cycle. If Wy is the stored energy per cycle, P is power
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dissipation and @, = 27f; is the angular velocity of the electromagnetic wave

at resonant frequency f,, then Q- factor is given by [51].

0=2x Maximum _ Energy Stored per cycle (1.18)

Average Energy Dissipated per cycle

2zW, w W
= = 42— - - - - - 1.19
Q T P ( )

In practical experiments the Q - factor is determined from the
sharpness of the resonance curve, when the DR is connected in the
transmission mode. If Af is the 3 dB band width of the resonant curve, then
from the resonant frequency,

— wﬂ — fr ______
0=t = A (1.20)

Hence, the sharper the resonance curve the higher the Q - factor.

The total Q-factor of a DR loaded on a circuit is termed as loaded quality

factor (QL) given as

Lt (1.21)

0. 0 0

where Q. and Q. represents the external and unloaded Q-factor of the DR

respectively.

The unloaded Q-factor arises due to three individual components such as
conductor loss (1/Q.), dielectric loss (1/Qu) and radiation loss (1/Q;). The
conductor loss is due to the contact between the metallic cavity and DR,
radiation loss is due to the evanescent field decaying out from the DR

surface and dielectric loss is the intrinsic loss of the material.
Hence, the total unloaded Q-factor (Q.) of a DR can be represented as

. r.t (1.22)

1
o, 0 0 ¢
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In polycrystalline ceramics, defects such as grain boundaries, stacking
faults, chemical or structural disorder, point defects, planar defects, line
defects, inclusions, secondary phases, twinning, porosity etc. contribute
towards the extrinsic dielectric loss. For an ideal DR devoid of all such

intrinsic losses, an approximation can be made as

Y (1.23)

tand

It should also be noted that in the case of an isolated DR, Qs = Q. as a
general convention. However, the quality factor of a DR can only be
measured as the loaded value (Qr) by keeping in an external circuit. Hence it
is necessary to have a relation between the two forms of quality factor (Qu

and Qr) and is represented as
0,=0,(1+p)-————- (1.24)

where [ is termed as the coupling coefficient given by
f=—t—————— (1.25)

P, is the power loss due to external factors and P, is the sum of power losses

due to conductor, dielectric and radiation.

According to Classical dispersion theory, [52, 53] in the microwave
region, the loss is mainly due to the interaction of the applied field with
phonons. The microwave energy is transferred to transverse optical
phonons. These optical phonons can then generate thermal phonons. This
leads to damping of the optical lattice vibrations and therefore causes
dielectric loss. There is a linear increase of loss with frequency which is a
characteristic phonon effect. Hence the quality factor of a DR is normally
represented as Quxf instead of Q. as a general convention. In general the

losses are lower for centro-symmetric crystals than the non centro-
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symmetric crystals. Normally a quality factor greater than 2000 is required
for better selectivity and hence improved power handling capacity of the

device comprising DR.
1.6.4.3 Low temperature coefficient of resonant frequency ()

The temperature coefficient of resonant frequency (1) decides thermal
stability of the dielectric resonator. The electronic devices employing

microwave resonators require near zero tr values. The 17 is defined as

T, = 1y (1.26)
f, AT
where f; is the resonant frequency at room temperature, Af is the
variation of resonant frequency from room temperature for a change in
temperature AT. The 1r depends on the temperature variation of & (t¢) and

coefficient of linear thermal expansion (oL) according to the expression

For most of the ceramics ar is about 10 ppm/°C, indicating a major
control of T on 1. The value of T should be near to zero for practical
applications. However, often the device engineer requires a small positive or
negative Tr to compensate for the temperature variation of the resonant

frequency due to the external circuit connected to DR.
1.7 Factors Affecting Microwave Dielectric Properties

Microwave dielectric properties are influenced by a number of factors
such as processing conditions, phase transitions, raw material impurities
and crystal defects and porosity [54-61]. The three important parameters that
affect the performance of the microwave components are ¢, Quxf, and 7. The
dielectric loss is the result of a combined contribution of the degree of crystal

structure imperfection, microstructural inhomogenity and interaction of
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phonons. Ceramics with microstructural inhomogenities such as relaxation
of space charges or dipoles which lie either between matrix grains and
inclusions, or at grain boundaries have higher losses (low Q.). Such
inhomogenities may arise due to secondary phases, impurity segregation,

incomplete densification etc.

The structural factors that are involved in loss mechanism include
lattice defects, distortion of symmetry, mass of ions, cation ordering etc. The
dielectric loss tangent of microwave dielectrics (tan 6) is brought about by
the effect of anharmonic terms in the potential energy on the mean
separation of a pair of atoms and is increased by lattice imperfections in the
crystal. The dielectric loss caused by the anharmonic terms increases at
higher temperatures. The random distribution of ions also is considered to
be a kind of imperfection in the atomic ordering. The Q factor of the ordered
ceramics would be much greater than the less ordered ceramics. Any type of
defects such as grain boundaries, stacking faults, chemical or structural
disorder, point defects, planar defects, line defects, inclusions, secondary
phases, twinning, porosity etc. contribute losses. In the microwave region,
the intrinsic loss is mainly due to the interaction of the applied field with
phonons. This leads to dampening of the phonon modes of fundamental

lattice.

Because of the natural difficulties involved in getting ceramics with
reproducible microstructures, it is essential that the ceramic is at least
composed of a single phase with homogeneous microstructure to have as

high Q, as possible.
1.7.1 Effect of humidity

The tan & increases with increasing porosity due to collection of
moisture in the pores. Humidity effects on low frequency dielectric

properties of porous materials have been studied [62, 63]. Jonscher [60]
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identified low frequency loss mechanism in porous materials in the presence
of moisture, and Tinga et al. [64] studied the effect in some materials at
microwaves. It is clear that the relaxation process centered at low frequency
is responsible for high dielectric loss over a wide frequency range extending
into the microwave range. The humidity effects on low frequency dielectric
properties of porous materials have been associated with the liberation of
ions tightly bound in the dry condition. In contact with an adsorbed water
film, these ions become free to move over extended regions. This
mechanism would produce an interfacial polarization process giving rise to

a low frequency peak.
1.7.2 Effect of porosity

(@) Relative permittivity

The dielectric is a composite system of two dielectrics (dielectric
material and porosity) with different relative permittivities. Consider the
dielectric as parallel layers of two dielectrics having volume fractions V,, and
Vi and relative permittivities ¢, (g, =¢,,, dielectric phase) andeg, (¢, =1,

porosity) respectively. There are two possible configurations
(a) Electric field is perpendicular to the plane of the plates [65]. Then

g=¢ —Ple, -1)—————- (1.28)

(b) If electric field is parallel to the plane of the plates,

g=— bn ______ (1.29)
Pe —D+1

Where P is the fractional porosity.

Maxwell [65] derived a realistic model of spherical particles of relative

permittivity £,in a dielectric matrix €,. The relative permittivity of the

mixture is given by
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‘/m 8m g + gd + Vd 80,'
: 3 3¢,
g=— " "/ (1.30)

V., g+g—d +V,
3 3¢,

If the spheres are pores and applying a linearized approximation for

(€

m =€) (€ , then the above equation becomes
(b) Dielectric loss (tan d)

The complex permittivity of a material is given by

Real component ¢'is relative permittivity and imaginary component

€ describes the dissipation of the electric field.

Dielectric loss tangent, tand = 8— —————— (1.33)
£
. 1
Quality factor, = (1.34)
tan o

The loss increases with porosity and an additional term to loss is introduced.
Plot of tan 6 against porosity on a log-log plot suggested a straight line

which would give a dependence of the form,

tand =(1-P)tand, + AP" —————— (1.35)

tan 0, is the loss tangent of fully dense material which depends on the
amount of material present i.e., it should depend on the porosity. A = 1.298 x
10-2 and n = 2.73. The above equation can be put in the form of law of

mixtures as
tand =(1-P)tano, +P(AP"™")—————— (1.36)

The loss may be related to the surface area of the pore volume, S
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tand =(1-P)tano, +P(AS)—————— 1.37)

From sintering theory, surface area of the pores varies with porosity as

2/3
S o (LJ —————— (1.38)

Substituting the above equation in equation. (1.37), we get [61]

P 2/3
tano =(1—-P)tano, + A'P{ﬁ} —————— (1.39)

1.8 Applications of Dielectric Resonators

Dielectric Resonators are useful in RF communication devices in
connection with filters, low noise oscillators, and resonator antennas [26].
Dielectric resonators are inevitable components in microwave subsystems
which are used in the range of military to consumer products. These
products include satellite receiver modules and cellular telephones. DRs find
applications in Low Noise Block converters (LNB) for digital broadcasting
systems, direct broadcast satellite (DBS) receivers, microwave filters,
security systems, detectors, auto cruise control (ACC) radar systems,
wireless communication equipments, cellular base stations, collision
avoidance systems, global positioning systems, satellite multiplexing filter
devices, high stability dielectric resonator oscillators, microwave duplexers,
radio links, WiMAX filters, wideband networks LMDS, GSM, etc. In all the
above mentioned applications DRs can be categorized based on their ability
to determine and stabilize the frequency of a microwave oscillator or as a

resonant element in a microwave filter.
1.8.1 Dielectric resonator oscillators

Dielectric resonator oscillators (DROs) are very popular devices in the
radio frequency (RF) or microwave electronic field. These oscillators are

typically employed in communication systems, radar systems, navigation
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systems and other signal receiving and/or transmitting systems. Their
popularity has been attributed to their high-Q, low loss, and conveniently
sized devices for various applications in the RF and microwave fields. The
oscillation frequency of a dielectric resonator oscillator depends on its
dimensions and on the electromagnetic properties of its environment.
Dielectric resonator oscillators have been used in radars, transponders, and
communication systems, among other systems, to generate microwave
signals with extremely low phase noise and good temperature stability.
Generally, in these systems, the DRO is used to generate a frequency that is
locked to a reference oscillator within a phase-locked loop circuit. The
application of DR as oscillator element was first proposed by Day [66] in
1970. Subsequently, in 1977, a 4 GHz Ba2Ti9O2 resonator integrated with Si
bipolar transistor was used as a fixed frequency oscillator [33]. These
fundamental fixed frequency oscillators are significantly simpler and
efficient with 10-20 dB lower phase noise than conventional electronic
oscillators. Later efforts were made to design tunable frequency DR
oscillators functioning in the X-band using metallic/dielectric rod to perturb
the evanescent fields, by optical methods or by varactor connected circuits

[67]. A mechanical tunable DRO is shown in Fig. 1.13

Fig. 1.13 Silicon bipolar mechanically
tunable DRO at 10 GHz with parallel
feed back stability. (londonmet.ac.uk)
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1.8.2 Dielectric resonator filters

Owing to the superior performance characteristics of dielectric
resonators, the use of dielectric resonators has become widespread,
particularly in highly selective bandpass filters. Dielectric resonator filters
are a class of stable microwave filters that are frequently used in radar and
communications systems. A typical dielectric resonator filter consists of a
ceramic resonator disc mounted in a particular way inside a metal cavity.
Dielectric resonators are often utilized in filter circuits because of an
intrinsically high Q value. The dielectric resonator, operating at a particular
frequency, is tunable over a narrow bandwidth and frequency, fine tuning
must be accomplished without affecting the high Q of the resonator. These
characteristics allow a filter employing a dielectric resonator to have
excellent frequency stability with only a small amount of frequency drift
over a wide range of temperatures and environmental conditions. There are
a variety of configurations regarding the filter design, including single
mode, dual mode etc. The first DR filter was reported in 1975 by Wakino et
al.[68]. In its basic structure, a DR filter consists of a high & material
suspended remote from a metal enclosure. At the resonant frequency, most
of the electromagnetic energy is stored within the dielectric. The enclosure
stops radiation and since the enclosure is remote, the resonant frequency is
mainly controlled by the & and dimensions of the DR sample. Practical
filters are constructed by arranging coupled DRs to achieve specified
frequency selective transfer function. The most commonly used DR structure
is cylindrical one operated in TEps mode. Consequent to the wide
applications in wireless devices, a wide variety of DR structures and modes
such as TMo15, HE115 etc. are currently in use [69] to improve the rate of
change of attenuation from passband to stopband (selectivity) and passband
insertion loss. The major disadvantage of DR band pass filters is that the

necessary encapsulation in a metal case to minimize radiation loss which
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makes them bulky, especially for medium and low frequencies. Fig. 1.14
shows some of the DR geometries used to fabricate filters and Fig. 1.15

shows silver cavity and ceramic pucks used in filter.

Fig. 1. 14 Various geometries of ceramic pucks ~ Fig. 1. 15 Silver coated cavity with ceramic
to be used as single and multi mode resonators pucks used in filter technology.
and filters (Ref. 70). (innovexpo.itee.uq.edu.au)

1.8.3 Dielectric resonators antennas

Dielectric resonator antennas (DRAs) are miniaturized antennas of
ceramics or another dielectric medium for microwave frequencies. The
radiation properties of dielectric resonator are known earlier, the use of DR
as an antenna was first published in 1983 [71, 72]. Dielectric resonator
antennas are fabricated entirely from low loss dielectric materials and are
typically mounted on ground planes. Their radiation characteristics are a
function of the mode of operation excited in the DRA. The mode is generally
chosen based upon the operational requirement. Dielectric resonator
antennas offer several advantages over other antennas, such as small size,
high radiation efficiency, and simplified coupling schemes for various
transmission lines. The DRA radiates through the whole surface except the
ground part [72] and hence the surface can be avoided. The bandwidth can
be controlled over a wide range by the choice of relative permittivity, and
the geometric parameters of the resonator. Fig. 1.16 shows various ceramic
geometries used in DRAs and Fig. 1.17 shows a dielectric resonator antenna

with a cap for measuring radiation efficiency
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Fig. 1.16 Various DRA geometries. Fig. 1.17 A dielectric resonator antenna with a cap.
(Ref. 72) (www.ee.olemiss.edu)

1.9 Low Temperature Co-fired Ceramics: an Overview

The ever widening range of microwave products in the consumer
electronic market is continuously pushing device and component
manufactures to seek new advanced integration, packaging and
interconnection technologies, as size, cost, and performance are critical
factors for the success of the microwave products [73]. Majority of ceramic
component used in the system remain discrete. Transition from surface
mount discrete components to integrated components in substrate requires
low temperature firing ceramics co-firable with metallic electrodes. LTCC
can be applied for the integration of passive elements into monolithic highly
reliable and robust LTCC module [74]. These modules consist of several
layers of substrate material with integrated elements inductors, capacitors,
resonators, filters that are interconnected with 3-D stripline technology. The
benefits of LTCC technology are cost efficiency for high volumes, high
packaging density, reliability, the ability to utilise highly conductive and
inexpensive metallization, good dielectric thickness control, high print
resolution of conductors, low permittivity dielectric material, environmental
stability, compact structures, integration [75-77] etc. Integrating resistors and
capacitors into the LTCC substrate eliminates any solder joints and wire

bonds. Because of the excellent insulation provided by the thin layers of
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ceramic material, circuits can be alternately stacked, allowing digital, analog
and microwave assemblies to be embedded in the same LTCC structure.
This eliminates the need for separate housings and provides significant
space and weight reductions. The schematic diagram describing the process

of LTCC technology is shown in Fig. 1.18.

Fig. 1.18. Schematic diagram describing the process of LTCC technology.

(www.ltcc.de/en/services_man.php)
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The low sintering temperature provided by the LTCC technology is
the key issue enabling its advantageous utilization for today’s packaging
concepts in microelectronic and microsystems and in microwave modules.
This technology enables fabrication of 3-dimensional ceramic modules with
embedded silver or copper electrodes, and LTCCs with relative permittivity
from about 3 up to over 100 have been developed showing low dielectric
loss. These advantages make the LTCC technology suitable for the high
frequency circuits required for high-speed data communications. Although
there are also other high-density, multilayer substrate technologies available,
such as organic laminates, LTCC has a unique set of combined
characteristics, which makes it a more attractive alternative as the

frequencies shift into the microwave region.
1.9.1 A Brief history of LTCC

The origin of multilayer ceramic substrate technology was at RCA
Corporation in the late 1950’s and the basis of current process technologies
(green sheet fabrication technology and multilayer laminate technology
using the doctor blade method) was discovered at this time [78]. Progress
was made using these technologies with IBM taking the lead, and the circuit
board for IBM’s mainframe computer commercialized in the early 1980’s
was the inheritance [79]. Since this multilayer board was cofired at the high
temperature of 1600 °C with the alumina insulating material and conductor
material (Mo, W, Mo-Mn), it is called High Temperature Cofired Ceramic.
From the middle of the 1980’s, efforts to increase the speed of mainframe
computers accelerated, and as the key to increasing computer performance,
further improvements are made to multilayer ceramic substrates for high
density mounting applications. Fine wires were used in order to increase
wiring density in circuit boards for high density mounting. But the
attenuation of signal occurs due to the electrical resistance of the wiring.

Hence it is necessary to use materials with low electrical resistance (like Cu
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or Au). In addition, with the flip chip method of connecting bare LSI
components directly, poor connection of the interconnects may result if the
thermal expansion of the board is not close to that of the silicon (3.5
ppm/°C). Hence an insulating material with low thermal expansion
(ceramic) is desirable. Further, to achieve high speed transmission of signals,
it is necessary that the ceramic has a low relative permittivity. In the early
1990’s, many Japanese and American electronics and ceramics
manufacturers had developed multilayer boards (LTCC) that met these
requirements [74]. Among them, Fujitsu and IBM were the first to succeed
with commercial applications of multilayer substrates using copper wiring
material and low relative permittivity ceramics. From the latter half of the
1990’s to the present, the focus of applications has shifted to high frequency
wireless for the electronic components, modules and so on used in mobile
communication devices. For the multilayer circuit board, the low thermal
expansion of ceramics was its biggest merit for the purpose of high density
mounting of LSI components. For high frequency applications, its low
transmission loss is its key feature, and the low dielectric loss of ceramic

gives it an advantage over other materials.

During the late 1980’s, U.S. and Japanese manufacturers of computers
and ceramic materials conducted extensive research and development of
LTCC technology that is crucial to present day and future communication
technologies. During the past 15 years scientists world over have developed
a large number of new dielectric LTCCs (about 400) for high frequency
applications with low sintering temperature or improved the properties of
known materials. About 1000 papers and about 500 patents are filed in the
area of LTCC materials and related technologies. Next-generation electronics
systems will demand the performance, reliability, light weight and
affordability that LTCC technology can provide. Low-temperature co-fired

ceramics (LTCCs) has entered the mainstream of electronic design. The
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process, design aspects and requirements for LTCC technology is discussed
in the review “Low loss dielectric materials for LTCC applications: A

review” authored by Sebastian and Jantunen [73].
1.9.2 Materials selection and requirements

Although the LTCC technology for high frequency applications
demonstrates some very advantageous features, its development is still in
the early stages. The main problems relate to the rigorous demands placed
on the materials requirement. In general it is believed that the main
difficulties in the development of new LTCC materials are not related to
their dielectric properties but to their sintering behaviour, thermomechanical
properties, chemical compatibility, production cost and the range of

variation of each parameter [73].
1.9.2.1 Densification temperature

To produce a module, the LTCC materials are co-fired with an inner
electrode structure and, as a consequence, the sintering temperature must be
lower than the melting point of the electrode. In addition, a chemical
compatibility between the LTCC material and the electrode must exist.
Silver is a usual choice for the electrode, which means the sintering
temperature is commonly adjusted to about 900 °C. It should be noted that
any densification or crystallisation of the composite at lower temperatures,
such as below 800 °C, is undesirable as this can prevent the evaporation of
the organics and solvents used in conductive pastes and binder and
plasticizers causing residual carbon traces in the microstructure. Any
residual carbon that may form during binder decomposition if left in the
LTCC would adversely affect the dielectric properties. This means that the

densification of the ceramic should start above this temperature.
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1.9.2.2 Dielectric properties

The dielectric properties of the LTCC materials determine its
functionality. Low relative permittivity materials with & = 4 -14 are used for
substrate layers while high permittivity materials are used mainly for
capacitor layers. Low temperature processing of ceramics affect the dielectric
losses of LTCC ceramics and the dielectric loss significantly affects the
performance of the LTCC based devices. The dielectric loss value of common
LTCC materials, as expressed with the Q value (= 1/tand) multiplied by the
measurement frequency, which should be greater than 1000 for a good
LTCC material. The temperature dependence of the resonance frequency is
important because filters and resonators based on noncompensated
dielectric materials need additional mechanical and electrical design to
ensure satisfactory electrical performance of the device over its operating
temperature. Nearly zero 7, is preferred for LTCC applications. However, 1t

of £10 ppm ©/C is commonly accepted for substrate application [74].
1.9.2.3 Thermal properties

The removal of heat generated by the device during operation is
critical for the efficient functioning of the package. It is therefore necessary
to maintain the temperature below 100 °C for efficient and reliable operation
of the device. The heat removal has become even more critical in recent
years because of the ever-growing need to fabricate high density and high
power devices that can operate at high speed. One disadvantage of LTCC is
its low thermal conductivity usually in the order of 2-5 W/mK, although, it
is ten times more than that for organic laminates. A common method to
improve thermal dissipation is to use a heat spreader, but a more
advantageous alternative provided by LTCC technology is to place metallic
via arrays under high power components. Another important material

aspect is its coefficient of thermal expansion. A thermal expansion mismatch
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would give rise to failure of area solder connections between the chip and

the substrate. These affect the reliability of the designed components.
1.9.2.4 Chemical compatibility with electrode material

The LTCC should not react with the electrode material. The formation
of additional phases in the ceramic should be minimised since the reaction of
the composites with the conducting electrode, deteriorate the performance
of the microwave modules. A critical issue in manufacturing LTCC
microelectronics is the precise and reproductive control of shrinkage on
sintering. Thus when developing LTCC materials, one has to take into
account reactions not only with the conductive material like silver but also

with other additives of the conductor paste [78].

In general, there are three methods to lower the sintering temperature
of ceramics such as low melting glass addition, chemical processing, and
using starting materials with small particle size [80, 81]. The first method has
been commonly found effective to decrease the firing temperature in spite of
degradation of microwave dielectric properties of ceramics. In practice,
there are two approaches to exploit the glasses to obtain ceramic
compositions sinterable below 1000 °C. The first approach is via the glass-
ceramic route, which starts with a fully glassy system that devitrifies almost
completely during high temperature processing. The starting materials used
in the glass -ceramics approach are pure glass, such as cordierite glass which
densifies first, followed by crystallisation. The physical properties of the
resulting composites in the glass-ceramic approach are controlled by the
degree of crystallisation. The amorphous glass phase is the main component,
but it may contain a small amount of crystalline phase which acts as a
nucleating agent during firing. During firing, the glass recrystallises to low
loss phases and produces a low dielectric loss ceramic body. The second

approach (glass + ceramics) consists of adding a low softening point glass to
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the crystalline ceramic component. Densification of glass + ceramics can be
described by three-stage liquid phase sintering, i.e., particle rearrangement,
dissolution and precipitation and solid state sintering. Depending upon the
reactivity between glass and ceramics, the densification of glass + ceramics
can be classified as non-reactive, partially reactive and completely reactive
systems [73]. Little dissolution of ceramic filler in glass during firing is
observed for nonreactive systems, such as borosilicate glass (BSG) +
cordierite [82] in which densification is mainly achieved by particle
rearrangement. Addition of glass has been widely used to reduce the
sintering temperature. However, when glass is used in microwave ceramics
Quxf invariably degrades due to loss mechanism associated with the glass.
Therefore, the selection of glass and amount of glass required to lower the
sintering temperature of the low loss ceramics is very important. CuO, B2O3,
V205 are well known liquid phase sintering promoters. However, reports
show that single component low melting additives easily forms second
phase with parent materials which may degrades the microwave dielectric
properties [73, 83-85]. Earlier investigations on glass added ceramics reveals
that multicomponent glasses are more effective in lowering the sintering
temperature of the ceramics without degrading the microwave dielectric
properties [5, 73]. Wu et al. and Navias et al. reported the microwave
dielectric properties of various borosilicate glasses [86, 87]. The multi
component glasses with SiO4 and B2Os configurations joined to form (-Si-O-
B-O-) linkages, will have high electrical resistance and low dielectric loss.
The physical and dielectric properties of all the borosilicate glasses in the

present investigation are shown in Table 1.2.
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Table 1.2 Physical and dielectric properties of various borosilicate glasses

- . Softening
Glass Composition Density Temperature . Tan & Ref.
code (mole%) (g/cc) )
40:PbO,40:B,0s, 7.1x10°
PBS 205105 431 448 129 | hGHg | 7387
30:Ba0,60:B.0s, 4.4x10°3
BBS 10510, 3.40 627 7.20 (15 GHz) [73, 87]
60:Zn0,30:B,053, 1.07x102
ZBS 10510, 3.60 582 7.50 (15 GHz) [73, 87]
35.5:Li20O, 5
LBS 31.66:B205, 2.34 513 6.44 le\ld(i—I (1 [73, 88]
33.2:50, 2)
35:Bi203, 32:Zn0, 1.3x103
BZBS 278,05, 6:5i05 4.30 950 8.80 (1 MHz) [73, 89]
20:Li>O, 20:MgO, 1x10%
LMZBS | 20: ZnO, 20:B2053, 2.75 900 6.90 a XMHz) [73,90]
20:Si0,

1.10 High Permittivity Composite for Capacitor applications
1.10.1 Introduction

With technological progress, natural materials become insufficient to
meet increasing demands on product capabilities and functions. These lead
scientists to invent many new ceramic materials to meet increasing
requirements and demands in various application areas. High k materials
have received increasing interest in recent years as they are attractive as
potential material for various applications including gate dielectrics,
capacitor dielectrics and electrostrictive materials [91-94]. In memory devices
based on capacitor components, the permittivity of the material will
ultimately decide the degree of miniaturization. It is well known that
enhanced electrostriction is related to the enhanced relative permittivity.

This suggests that the electrostriction can be enhanced by increasing the
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relative permittivity of the composite, so that same electric field can induce
higher polarization and thus higher electrostriction [95]. Hence the
development of high k materials has become one of the major scientific and
technological issues. Few strategies have been developed to increase the
permittivity of the ceramic or polymer [96-100]. A common approach is the
addition of high permittivity ceramic fillers in to the polymer matrix. A very
high relative permittivity could not be achieved through this approach.
Another strategy is the introduction of conducting phase in ceramic or
polymers. The study of two phase composite consisting of one phase, which
is strongly conducting and the other phase which is insulating has been
reported in number of papers due to potential advantageous changes in
dielectric properties [101]. As the volume fraction of metals or conducting
phases in these composites increase, the permittivity and conductivity
increases gradually and when the volume fraction of the conductive powder
reaches a critical value, the conductivity as well as relative permittivity of
the composite increases by several orders of magnitude. This critical value is
referred to as percolation limit of the composite. The high permittivity is
obtained when the volume fraction of the conductive phase is very close to
but not exceeds the percolation threshold due to the existence of large
number of conductive particles in very close proximity and blocked by very
thin layer of dielectric material. It is believed that in the percolative systems,
the ultra high permittivity of the composites does not result from the
intrinsic permittivity value of the filler, but from giant interfacial
polarization and effective increase of electrode surface area due to the
formation of conductive particle clusters at the filler contents just below the

percolation threshold [99, 100].
1.10.2 Percolation

The theory of percolation was initially developed by Broadbent and

Hammersley in 1957 to describe several abrupt transitions commonly found
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in transport phenomena [102]. In common language, this term refers to the
ability of a fluid to pass through a filter. However, based on this model, a
general theory was built that satisfactorily explains a large number of
physical processes in which macroscopic magnitudes are strongly modified
as a result of small microscopic changes in connectivity. This theory predicts
the permittivity of the composite comprising conductive filler embedded in
a dielectric matrix diverges at the percolation threshold, where the insulator-
metal transition occurs. In recent years several researchers made extensive
theoretical and experimental studies on the critical behaviour of metal-
insulator composites near percolation threshold. In such networks there is
either direct contact between adjacent particles or sufficiently small gaps
between them, to enable a mechanism of quantum mechanical tunnelling or
hopping. Among other factors, the percolation threshold is strongly
influenced by the geometrical characteristics of the conductive fillers such as
aspect ratio, particle size and its distribution, so that increase in their value
may dramatically drop the filler concentration required to achieve the
conduction in a given insulating matrix. Composite materials of an
insulating matrix and randomly dispersed metal particles are considered as
heterogeneous disordered systems. Interfacial polarization is the result of
the heterogeneity of the system, such as mobile charges accumulated at the
metal particles-insulating matrix interface, forming large dipoles. On the
other hand, locally restricted or extended through the whole system,
migration of charges gives rise to materials conductivity. The concentration
of the conductive inclusions has been proved to be a crucial parameter,
governing the electrical behavior of the composites. When the filler content
is low, the mean distance between metal particles or clusters is sufficiently
large and conductance is restricted by the presence of the dielectric matrix.
However, by increasing the conductive phase content, the metal “islands”

get closer and at a critical concentration of the filler, a physical path is

47



Chapter 1

formed, through which the current can flow percolating the whole system.
Percolation theory describes the transition from the state of limited and
spatially restricted connections of conductive elements to the state of an
infinite network of connections. In the vicinity of the transition, transport
properties exhibit strongly non-linear behavior which, in the case of
electrical conduction, is expressed via a power-law variation of conductivity.
The electrical properties of the composites formed by loading a kind of
conducting particle into the insulating host media can be predicted by the
classical percolation theory. According to the well known percolation
theory, the permittivity of a percolating composite is inversely proportional
to the difference between the real filling fraction of the fillers and the
threshold value of the percolation. The concentration dependence of the
electrical properties is given by the following power law on the basis of

percolation theory [103],

where €x) and o) is the permittivity and conductivity of insulating phase,
V. is the volume fraction of metal at percolation, V is the volume fraction of

metal, ‘g " and ‘s “ are the critical exponents.
1.10.3. Embedded capacitor technology

As part of the general effort to miniaturize electronic equipments, the
electronics packaging industry is continuously seeking ways to increase the
integration density of printed circuit boards (PCBs). Towards this goal the so
called “embedded passive technology” has attracted considerable interest in
recent years. Embedded capacitor technology is an important emerging
technology that will enable significant improvement in the performance and
functionality of future electronic devices [104]. Embedded capacitors are

especially printed portions of printed circuit board laminates which perform
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the charge storing function but do not require space on the surface of PCB.
Integration of embedded passive components into printed circuit board
offers a significant reduction in size, better electrical performance, reliability,
lower costs and improved design options. Among embedded passive
components, the embedded capacitor is particularly important because they
are used in large number of various functions such as decoupling,
bypassing, energy storage and filtering capacitors. One major technical
challenge for implementing this technology is the development of
appropriate dielectric materials with good electrical and mechanical
properties because traditional ceramic dielectrics can not be applied by
current PCB manufacturing methodologies. Particulate filled (0-3
connectivity) polymer based composites provide an ideal solution,
processing enhanced electrical properties and retaining the mechanical
properties of the matrix. Much research work has been done on the ceramic-
polymer systems that adopt traditional ceramic fillers. Advantages of these
composites include predictable permittivity, low dielectric loss and easy
fabrication. Embedded passive component technology is being researched
by Georgia Tech’s Packaging Research Centre in conjunction with the novel
concept of a system on package [97, 104, 105]. Fig. 1.19 shows the typical layout

of embedded capacitor technology.

Fig. 1.19 Typical Layout of Embedded passive Technology. (Ref: 104, 105)
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Chapter 2

Synthesis and Characterization of Dielectric
Substrates, Resonators and Composites

The sequential description of various steps
involved in the synthesis of microwave dielectric
ceramics and its composites is presented in this
chapter. A brief description of the instrumentation
techniques used for studying the structural,
microstructural, dielectric and thermal characteristics
of low loss microwave dielectric ceramics and
polymer composites studied in the thesis is also

presented.
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Chapter 2

2.1 Synthesis of Dielectric Ceramics
2.1.1 Introduction

The term ceramics derived from the ancient Greek word “Keramos”
which means fired clay. A ceramic is a polycrystalline non-metallic body
made by forming a shape from a powder and heating the sample to impart
mechanical strength [1]. Kingery, regarded as the father of modern ceramic
engineering, suggested a new definition of ceramics: “art and science of
making and using solid articles which have as their essential components,
and are composed of inorganic and nonmetallic materials”[2]. The term
ceramics is usually associated with pottery sculpture, sanitary ware, tiles etc.
However, this view point is incomplete as it contains only the traditional or
silicate based ceramics. Today the field of ceramics can be divided into
traditional and advanced ceramics. Traditional ceramics are characterized by
silicate based porous microstructures that are coarse, non uniform and
multiphase. They are formed by mixing clays and feldspar followed by
forming either by slip-casting or on potters wheel, then firing and finally
glazing. Regarding the applications of traditional ceramics are quite
common from sanitary ware to fine Chinas. Ceramics for today’s
engineering applications are synthesized using highly refined raw material,
rigorously controlled composition, strictly regulated forming and sintering
and are known as “Fine or Advanced Ceramics”[3]. Advanced ceramics
possess properties which allow their use in a variety of defense and
commercial applications. Advanced ceramics consist of oxides, carbides,
perovskites and even completely synthetic materials which have no natural
equivalents. The microstructure of the ceramics contains: fine crystalline
grains, grain boundaries, impurities and crystal lattice defects in the grains
and grain boundaries and pores in the grain as well as in grain boundaries

[4, 5]. High technology advanced ceramics is an essential part of the
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electronic and electrical equipment used for the consumer, industrial, and
military applications. The electronic ceramics are integral components of the
circuits used in computers, signal processing, telecommunications, power
transmission, and power control technologies [2]. The electrical and
electronic applications include, electrical insulators, ferroelectric and
piezoelectric ceramics, semiconductors, superconductors, ionic conductors,
thermistors, insulators in electronic applications, microwave dielectrics,
magnetic materials etc. The telecommunication technology is the fastest
growing technology in the world. Among electrical and electronic
applications of ceramics, microwave dielectrics have extreme importance,
since the dielectric materials play prominent role in microelectronic devices
and satellite communications. Hence thorough investigations on dielectric

ceramic materials are become increasingly important in our modern world.

Technical or engineering ceramic production is a demanding and
complex procedure. Processing of ceramics into useful products requires
transformation of powdered raw materials to a dense uniform body through
the application of consolidation techniques and subsequent thermal
processing. Ceramic fabrication techniques generally include various
powder processing methods with powder synthesis, forming and sintering.
The powder synthesis processes of ceramics include several techniques like
(a) solid state reaction methods (b) mechanical methods and (c) chemical
methods [6, 7]. The synthesis of specific powders and better control of
chemical and physical characteristics of ceramic powders can deliver
improved and reproducible properties. The physical and chemical
characteristics of ceramic powders strongly influence their behavior during
processing and thus impact the microstructure and performance of the

ceramic component.

The most common method of preparing ceramic powders is by solid-

state reaction method, because it is the simplest, easier and cost effective
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method to make bulk amount of ceramics [8, 9]. The inhomogeneity of
particle size distribution and high temperature of formation are the major
drawbacks of solid state ceramic techniques. However, compared to
chemical synthesis it is cost effective, less time consuming and hence it is
more popular. In the mechanical methods, small particles are produced
from larger ones by mechanical forces, a process referred to as comminution
[10]. The process of comminution involves operations such as crushing,
grinding and milling. Mechanical treatment of ceramic powders can reduce
particle size and enables to obtain nano-structured powders, which are of
the main interest in the current trend of miniaturization and integration of
electronic components. However, this technique lacks the synthesis of phase
pure ceramics, which is essential for the fabrication of microwave dielectric
ceramics with optimum dielectric properties. The citrate gel, molten salt, co-
precipitation, sol-gel, hydrothermal and polymer precursor methods are the
well known chemical methods to prepare ceramics [11, 12]. But the
sinterability of bulk ceramics prepared using chemically derived powders
was found to be very poor and hence none of these techniques could give a
higher quality factor for dielectric resonators compared to the dielectric
resonators obtained through solid state technique. Moreover the stringent
operation conditions involved in the reaction sequence as well as the high
cost of chemicals limit the usage of chemical methods for the industrial
fabrication of microwave dielectrics. Hence in the present study we have
employed the conventional solid state synthesis of ceramics for the
fabrication of microwave dielectrics, because this method is cost effective
and can lead to better dielectric properties, which is the primary interest in

the fabrication of devices employing microwave dielectrics.
2.1.2 Solid state synthesis of ceramics

The most realistic method of preparing ceramic powders is by solid-

state reaction methods, because it is the simplest, easier and cost effective
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method for producing bulk ceramics. Conventional solid state synthesis
techniques involve heating mixtures of two or more solids to form a single
solid phase product. High purity materials and precise methods of
production must be employed to ensure that the desired properties of these
advanced materials are achieved in the final product. On heating at high
temperatures, a new material is formed (see Fig. 2.1) to reduce the free
energy, at the points of contact through solid state diffusion. This new
product layer (of a few A) eventually acts as a potential barrier between the
two grains and thus impeding further grain to grain material transport. This
demands the need of new point of contacts to be introduced which is usually
achieved through grinding or ball milling. This frequent grinding coupled
with multiple calcination maximizes the product to reactant ratio [13]. The
different stages for the solid state reaction method employed in the present

work are shown in Fig.2.2.

reaction
product

partially reacted fully reacted

Fig. 2. 1 Reaction between two kinds of particles to form a
product at the points of contact

Raw Stoichiometric Calcining Grinding Adding
Materials Mixing Polymer
Binders

a
Shaping P Sintering H Finishing P Testing

Fig. 2. 2 The different stages for the solid state reaction method employed in the present work
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2.1.2.1 Weighing of raw materials

The first step to prepare the dielectric ceramic by the solid-state route
is to weigh the different oxides or carbonates according to the stoichiometry
of the product phase. The presence of impurities in the raw materials can
affect reactivity as well as dielectric properties of the fired ceramics. Hence
the raw material purity should be greater than 99.9 % for obtaining phase
pure compounds. Electronic Balance is used to obtain accuracy up to four

decimal places.
2.1.2.2 Mixing of raw materials

Solid state reaction of oxides involves the interdiffusion of the ions
concerned to form a compound or solid solution which may be
homogeneous in composition. The raw materials need to be intimately
mixed to increase the point of contacts between reactant oxides, which in
turn act as ‘product layer formation centers’. The mixing and milling
eliminates agglomerates and reduces particle size. If agglomerates are
present, the densification may be more rapid resulting in pores. During the
mixing process agglomerates are broken and defects are introduced into the
grains that enhance diffusion mechanism. Therefore the mixture of powders
is ground well and thoroughly mixed using liquid medium. The best
dispersion of particles is obtained by milling in a liquid medium. Water is
the most commonly used liquid, although alcohol or acetone is used where
oxidation in water is undesirable. Ball mills using yittriya stabilized zirconia
balls are used for the mixing purpose. In the milling process, the particles
experience mechanical stresses at their contact points due to compression,
impact or shear with the milling medium or with other particles [14]. The
mechanical stress leads to elastic and inelastic deformation. If the stresses
exceed ultimate strength of the particle, it will fracture the particles. The

mechanical energy supplied to the particle is used not only to create new
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surfaces but also to produce other physical changes in the particle [14, 15]. In
the present investigation, the mixture of constituent powders taken in
polythethylene bottles were ball milled for sufficient duration in ethanol
medium using Yttria Stabilized Zirconia (YSZ) balls. The resultant slurry

after stoichiometric mixing was dried using hot air oven.
2.1.2.3 Calcination

Calcination is the intermediate heat treatment process at a lower
temperature prior to sintering [16]. Calcination reactions often play a vital
role in the synthesis of multicomponent ceramic compounds. The purpose of
calcination is to promote sufficient interaction between the constituents to
form a material that will sinter to a dimensionally, mechanically and
electrically satisfactory body. Calcination involves chemical decomposition
reactions, in which a solid reactant is heated to produce a new solid product
with the liberation of gas. The optimum calcination conditions are usually
determined empirically to suit local manufacturing practice. The kinetics of
solid state reactions occurring during calcination may be controlled by any
one of three processes: (i) the reaction at the interface between the reactant
and the solid product, (ii) heat transfer to the reaction surface or (iii) gas
diffusion or permeation from the reaction surface through the porous
product layer. The calcination conditions such as temperature, duration of
heating and atmosphere are important factors controlling shrinkage during
sintering. Though the final phases of interest may not be completely formed,

the calcination yields a consistent product.
2.1.2.4 Grinding

Calcined powders are invariably agglomerated, often with a
hierarchy of agglomerates. The largest agglomerates are usually porous.
Grinding prepares the reacted material for ceramic forming. The grinding

also helps to homogenize the compositional variations that may still exist or
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that may arise during calcination. Generally, grinding to particles of about 1
to 10 pm is advisable. If the grinding is coarser, the ceramic can have larger
intergranular voids and lower fired density. If grinding is too fine, the
colloidal properties may interfere with subsequent forming operations.
Generally, for grinding purpose ball mill or mortar with pestle is used. Ball-
mills are commonly used for large scale operation [17]. The amount of balls
and the liquid medium used in the mixing operation must be sufficient to
allow free movement of the balls while the mills rotate. The process of ball
milling for grinding is bound to introduce impurities coming from the
surfaces getting into contact with the powder. Hence, grinding the ceramic

powders using mortar and pestle is used in the present investigation
2.1.2.5 Addition of polymeric binder

The purposes of addition of binders are to impart sufficient strength
and appropriate mechanical properties to ceramics for handling and shaping
during the post forming stage. The constituents added to confer plasticity,
strength prior to firing or to assist sintering must be carefully chosen such
that it will not affect the properties of the ultimate product. Materials added
to facilitate shaping in the green state are therefore usually organic, so that
they will be completely burned off in the early stages of sintering. In modern
ceramic technology, in die pressing, a narrow range of water-soluble organic
binders, such as poly vinyl alcohol (PVA) is most often used to improve the
rheological properties of the powder compact [18]. The polymeric
dispersions and organic binders provide the pressed ceramic powders with
optimal properties from the point of view of thickening abilities and
mechanical strength of the pressed samples [19]. The commonly used
polymers for ceramic binding purpose are poly vinyl alcohol (PVA), poly
ethylene glycol (PEG), carboxymethylcellulose etc. most of which are water
thinnable polymeric dispersions. The binder concentration for each process

is about 3 % in dry process, 3-17 % in wet processing and 7-20 % in plastic
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forming [20]. The recent research trends suggest that the PVA and PEG are
ideal binder additives for fabrication of microwave dielectric ceramics [21].

The PVA will burn out on heating above 400°C.
2.1.2.6 Forming

Forming or shaping is the process of making the powder in the
desired form or shape. The primary processes for forming shaped compacts
of a ceramic powder include dry pressing, slip casting, tape casting,
extrusion, injection molding and green machining [3, 4]. The most common
and widespread is uniaxial dry pressing. The aim of powder pressing is to
form a net-shaped, homogeneously dense powder compact that is nominally
free of defects. A typical pressing operation has three basic steps: (i) filling
the mold or die with powder (ii) compacting the powder to a specific size
and shape and (iii) ejecting the compact from the die. Die filling/uniformity
influences compaction density, which ultimately determines the size, shape,
microstructure and properties of the final sintered product. To optimize die
filling and packing uniformity, free-flowing granulated powders are
generally used. During powder pressing, the compaction pressure promotes
consolidation by granule rearrangement and granule deformation. Particle
coordination number, green density and compact strength all increase with
increasing pressure, while volume and size of the porosity in the compact
decrease [22, 23]. In the present study the fine powder is compacted into
cylindrical and rectangular specimen by uniaxial dry-pressing. Compaction
is done slowly to facilitate the escape of the entrapped air. Internal lubricants
such as stearic acid dissolved in isopropyl alcohol, is used to reduce the
friction between the powder and die wall. Pressure of 50-150 MPa is ideal for

low loss ceramic forming.
2.1.2.7 Sintering
Sintering is a method for making objects from powder, by heating the

material in a sintering furnace below its melting point where diffusional
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mass transport is appreciable and which results in a dense polycrystalline
solid [24, 25]. Thermodynamically, sintering is an irreversible process in
which a free energy decrease is brought about by a decrease in surface area.
The principal goal of sintering is the reduction of compact porosity. Atomic
motion in sintering contributes to the formation of weld bonds between the
particles and the elimination of pores. The development of microstructure
and densification during sintering is a direct consequence of mass transport
through several possible paths and one of these paths is usually
predominant at any given stage of sintering. They are (i)
evaporation/condensation (ii) solution/precipitation (ii) lattice diffusion
and (iv) surface diffusion or grain boundary diffusion [26]. The normal
sintering method is also termed as standard pressure sintering and is used in
the present investigation. The pressed ceramic green sample is loaded over
cleaned platinum plates and heated in high temperature furnaces. In this
method at a certain temperature the ceramics begin to diffuse and shrinkage
occurs resulting in densification. Usually the sintering temperature is a little
below the melting point of the ceramics. Additive phases that improve
diffusion rates during sintering are used in many ceramic materials. These
phases can be used to stabilize desirable crystal structures or more typically
to form a liquid phase to increase the rate of sintering. The sintering
phenomena are of two types: Solid-state sintering, where all densification is
achieved through changes in particle shape, without particle rearrangement
or the presence of liquid and liquid-phase sintering, where some liquid that

is present at sintering temperatures aids compaction.
2.1.2.7.1 Solid state sintering

Solid state sintering is the process in which fine particles, which are in
contact with each other when heated to a suitable temperature, which results
in the decrease in porosity [25]. During solid state sintering, the surface

energy is reduced by transferring matter from the interior of grains to
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adjacent pores. Grain boundaries serve as vacancy sinks. Grain growth also
takes place in parallel with densification, which is favored by reduction in
the area of grain boundaries. Rapid growth of discontinuous grains during
sintering will trap porosity, which in turn will deteriorate the dielectric
properties. Coble [26] described the sintering stage as an “interval of
geometric change in which pore shape is totally defined or an interval of
time during which the pore remains constant in shape while decreasing in

size.”

Fig. 2.3. Micrographs showing the perspectives of actual sintering behavior. (Ref. 4)

The micrographs provide the perspectives of actual sintering
behavior (See Fig. 2.3). These photographs shows the change in density,
grain size and pore structure that are characteristics of sintering. The initial
stage of sintering generally corresponds to a microstructure with large
curvature gradients. The neck size ratio and shrinkage are small and the
grain size is no longer than the initial particle size [26]. In the intermediate
stage, the pores are smoother and density is between 70 and 92% of the
theoretical. Grain growth occurs late in the intermediate stage; thus grain
size is larger than the initial particle size. By the final stages of sintering the

pores are spherical and closed, and the grain growth is evident. Solid state
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sintering involves movement of atoms that in turn is dependent on
temperature and concentration of structural imperfections such as vacancies
and interstitials. The process variables in sintering are (a) sintering
temperature (b) sintering time (c) sintering atmosphere. The factors affecting
solid state sintering are (a) particle size and particle size distribution (b)
particle shape (c) uniformity of green microstructure (d) particle

composition and (e) green density [27].
2.1.2.7.2 Liquid phase sintering (LPS)

Liquid Phase Sintering (LPS) is an important means of manufacturing
dense ceramic components from powder compacts. LPS is a subclass of the
sintering process involving particulate solid along with a coexisting liquid
during some part of the thermal cycle [28, 29]. The major advantages of LPS
over solid state sintering are the enhanced sintering kinetics and the
tailorable properties. The disadvantages of LPS are that ceramics densified
by LPS has a susceptibility to shape deformation and it may be difficult to
control the sintering parameters due to additional complications from the
liquid phase. The three general requirements for LPS are, (1) a liquid must
be present at sintering temperature, (2) there must be a good wetting of a
liquid on solid (3) there must be appreciable solubility of solid in liquid [29].
When the liquid coats each grain, the material can often be sintered to a
higher density at a lower temperature. Less than 1 volume % of the liquid
phase is sufficient to coat the grains if the liquid is distributed uniformly and
the grain size is about 1 um. The wetting liquid concentrates at the particle
contacts and forms a meniscus; this exerts an effective compressive pressure
on the compact. There is a rapid rearrangement of particles into a higher
density configuration. The higher amount of liquid phases deteriorates the
microwave properties. Upon melting, a wetting liquid will penetrate
between grains and exert an attractive force, pulling them together. The

combination of these forces and the lubricating effect of the liquid as it
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penetrates between grains leads to the following mechanisms that operate in

succession: [5, 29].

Rearrangement of particles: Initial densification results from particle
rearrangement under the influence of capillary forces and the filling of pores
by the liquid phase. The driving force for rearrangement arises because of
an imbalance in capillary pressure as a result of particle size distribution,
irregular particle shape, local density fluctuation in the powder compact and
anisotropic material properties. Both solid and liquid are subjected to
rearrangement because of unbalanced capillary forces around solid particles
as dictated by particle contact and liquid meniscus geometries that result in
shearing and rotational movements of particles. As density increases,
particles experience increasing resistance to further rearrangement due to
crowding by neighbouring particles until the formation of a closely packed

dense structure.

Solution precipitation: In solution precipitation different solubilities of
the solid in the liquid are responsible for the transport of the material from
the points of solid-solid contacts to the free surfaces of the particles. When
rearrangement becomes insignificant, additional densification can be
achieved by dissolution of the solid at grain contacts thus resulting in the
center-to-center approach of particles. The dissolved solute transfers to the
uncompressed part of the grain structure by diffusion through a liquid
phase followed by precipitation on uncompressed solid surface for a
multicomponent system. There are two rate-limiting processes for solution-
precipitation, diffusion controlled and interface reaction controlled material

transport.

Pore removal: During intermediate stage of sintering the interconnected

pore channels pinch off to form closed pores in the density range from 90 %
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to 95 % depending upon the material. The final stage of LPS starts after pore

closure.
2.2 Preparation of Borosilicate Glasses

The sintering temperature of the ceramics can be lowered by the
addition of different borosilicate glasses. Following glasses such as lithium
borosilicate (35.5:Li2O, 31.66:B203, 33.2:5i02) (LBS), lead borosilicate (40:PbO,
40:B203, 20:5i02) (PBS), barium borosilicate (30:BaO, 60:B203, 10:Si02) (BBS),
zinc borosilicate (60:ZnO, 30:B20s, 10:5i02) (ZBS), bismuth zinc borosilicate
(35:Bi203, 32:Zn0O, 27:B20s, 6:5i02) (BZBS) and lithium magnesium zinc
borosilicate (20:Li>O, 20:MgO, 20:ZnO 20:B20s, 20:5i02) (LMZBS) have been
selected in the present investigation. The above mentioned glass powders
were synthesized from high purity oxide chemicals of B2Os, Li2COs, SiO,
ZnO, PbO, BaCO;, Bi2Os and (MgCOs)s Mg(OH)2 5H20 (99.9 % Aldrich
chemical company, U.S.A). These oxides were weighed stoichiometrically
and were mixed in an agate mortar for 2 hours using ethanol as medium.
They were dried, melted in platinum crucible above their melting point,

quenched and powdered.
2.3 Preparation of Ceramic-Polymer Composites

Composite materials are engineered materials made from two or
more constituent materials with significantly different physical or chemical
properties and which remain separate and distinct on a macroscopic level
within the finished structure. Composite materials play a key role in the
modern science and technology, especially in the area of electronics.
Polymer based composite materials has a number of applications. Low
dielectric loss ceramic loaded polymers can be used in electronic packaging
and substrate applications. Mainly there are three preparation methods (i)
Powder processing method (ii) Melt mixing and (iii) Molding or

thermosetting. The powder processed polymer composites generally show
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poor mechanical properties compared to other techniques and may limits
their applications in electronic devices. Hence, melt mixing and

thermosetting techniques have been used in the present investigation.

2.3.1 Melt mixing

(@) ()

(0

(d)

Fig. 2.4. Photographs of (a) Kneeding machine, (b) Hot press, (c) Die set used
in hot press and (d) polymer-ceramic composite samples

Melt mixing technique can be employed to make composite if the
polymers are thermoplastic with low viscosity during melting and low
melting point (<300 °C). The melt mixing technique has been used to
fabricate composite based on high density polyethylene (HDPE) and
polystyrene (PS). A kneading machine was used to fabricate ceramic
polymer composites. It consists of variable speed mixer having two counter
rotating sigma blades and heating facility up to 300 °C. Fig. 2.4 shows the
photograph of a) Kneading machine, (b) Hot press, (c) Die sets used in hot
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press and (d) polymer-ceramic composite samples in the present
investigation. Desired amount of polymer (normally 20 g) were taken in
Kneading machine and slowly the temperature is increased. As the
temperature is increased the polymer starts melting and viscous fluid is
formed. Then the selected amount of ceramic was added in very small
amount keeping the temperature constant and rotating the sigma blades.
The preparation temperature is about 150 to 165 °C for HDPE and PS. The
rotation of the sigma blades causes uniform mixing of polymer and ceramic.
Thus obtained composite were hot pressed under a pressure of 50 MPa and

150 °C for 15 min.
2.3.2 Thermosetting or molding

Molding technique is used for making polymer composites involving
thermosetting polymers like epoxy resin. This has an additional advantage
of room temperature processing. The epoxy used in the present study was
diglycidyl ether of bisphenol A (DGEBA). The curing agent used was
polyamines. The epoxy to hardener ratio is 10:1. The starting materials,
epoxy and ceramic powders were mixed separately using an agate and
mortar for 45 minutes with an intermediate heat treatment of about 50 °C.
The intermediate heat treatment lowers the viscosity of epoxy and thereby
promotes the uniform dispersion of ceramic powders. The hardener was
added to the epoxy-ceramic composite and mixed for 10 minutes. The
presence of hardener also lowers the viscosity of the epoxy and fills up the
gap between the ceramic fillers. The composite was then poured into
corresponding die and kept in evacuated dessicator for 5 hours. The

composite was then shaped for testing.

70



Chapter 2

24 Structural and Microstructural Characterization of
Dielectrics

2.4.1 X-Ray diffraction

X-ray diffraction is a tool for the investigation of crystal structure of
matter. X-ray scattering techniques are a family of non-destructive analytical
techniques which reveal information about the crystallographic structure,
chemical composition, and physical properties of materials and thin films
[30, 31]. X-ray diffraction techniques are based on the elastic scattering of X-
rays from structures that have long range order. The crystal structures of the
powdered ceramic specimens in this investigation were first analyzed by X-
Ray diffraction (XRD) techniques. The X-Ray diffraction method is most
useful for qualitative, rather than quantitative analysis. An X-Ray
diffractometer utilizes a powdered sample, a goniometer, and a detector to
measure the diffraction patterns of unknown samples. The powdered
sample provides (theoretically) all possible orientations of the crystal lattice,
the goniometer provides a variety of angles of incidence, and the detector
measures the intensity of the diffracted beam. The resulting analysis is
described graphically as a set of peaks with percentage intensity on the Y-
axis and goniometer angle on the X-axis. The exact angle and intensity of a
set of peaks is unique to the crystal structure being examined. A
monochromator is used to ensure that a specific wavelength reaches the
detector, eliminating fluorescent radiation. The resulting trace consists of
recording of the intensity against counter angle (20). The trace can then be
used to identify the phases present in the sample. Diffraction data from
many materials have been recorded in a computer searchable Powder
Diffraction File (PDF). Comparing the observed data with that in the PDF
allows the phases in the sample to be identified [31]. In this investigation
XRD spectra were recorded using CuKa radiations employing Philips X-ray
Diffractometer (Model- Expert Pro, Netherlands).
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2.4.2 Scanning electron microscopy

Scanning Electron Microscopic (SEM) methods were adopted in the
present study to analyze the microstructure of sintered and thermally etched
surface of ceramic samples [32, 33]. The scanning electron microscope (SEM)
uses a focused beam of high-energy electrons to generate a variety of signals
at the surface of solid specimens. The signals that derive from electron-
sample interactions reveal information about the sample including external
morphology (texture), chemical composition, and crystalline structure and
orientation of materials making up the sample. In most applications, data
are collected over a selected area of the surface of the sample, and a 2-
dimensional image is generated that displays spatial variations in these
properties. All metal samples are conductive and require no preparation
before being used. However, all non-metals need to be made conductive by
covering the sample with a thin layer of conductive material like gold. In
this study we have used a JEOL-JSM 5600 LV, Tokyo, Japan for

microstructural investigations.
2.4.3 Energy dispersive X-ray analyzer (EDXA)

Energy Dispersive X-Ray Spectroscopy (EDS or EDX) is a chemical
microanalysis technique used in conjunction with scanning electron
microscopy (SEM). The EDS is an analytical technique used for the
elemental analysis or chemical characterization of a sample [34]. As a type of
spectroscopy, it relies on the investigation of a sample through interactions
between electromagnetic radiation and matter, analyzing x-rays emitted by
the matter in response to being hit with charged particles. Its
characterization capabilities are due in large part to the fundamental
principle that each element has a unique atomic structure allowing x-rays
that are characteristic of an element's atomic structure to be identified

uniquely from each other. The electron beam in an SEM has energy typically
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between 5,000 and 20,000 electron volts (eV). The energy holding electrons in
atoms (the binding energy) ranges from a few eV up to many kilovolts.
Many of these electrons are dislodged as the incident electrons pass through
the specimen. Ejection of an atomic electron by an electron in the beam
ionizes the atom, which is then quickly neutralized by other electrons. In the
neutralization process an x-ray beam with an energy characteristic of the
parent atom is emitted. By collecting and analyzing the energy of these x-
rays, the constituent elements of the specimen can be determined. There are
four primary components of the EDXA setup: the beam source; the X-ray
detector; the pulse processor; and the analyzer. Electron microscopes are
equipped with a cathode and magnetic lenses to create and focus a beam of
electrons. A detector is used to convert X-ray energy into voltage signals;
this information is sent to a pulse processor, which measures the signals and

passes them onto an analyzer for data display and analysis.
2.5 Microwave Characterization

2.5.1 Introduction

Microwave materials have been widely used in a variety of
applications ranging from communication devices to military satellite
services, and the study of materials properties at microwave frequencies and
the development of functional materials have always been among the most
active area of materials science, electrical and electronic engineering. In
recent years, the increasing requirements for the development of high speed,
high frequency circuits and systems require complete understanding of the
properties of materials functioning at microwave frequencies. All these
aspects make the characterization of material properties an important field
in microwave electronics. The microwave methods for materials
characterization generally fall into non-resonant method and resonant

methods [35, 36]. Non-resonant methods are often used to get a general
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knowledge of electromagnetic properties over a frequency range while the
resonant methods are used to get accurate knowledge of dielectric properties

at a single frequency or several discrete frequencies.
2.5.2 Network analyzer

Network Analyzer is the major instrument used in this investigation
for the characterization low loss microwave dielectric ceramics. A
measurement of the reflection from and/or transmission through a material
along with knowledge of its physical dimensions provides the information
to characterize the permittivity and permeability of the material. Network
Analyzer is a swept frequency measurement equipment to completely
characterize the complex network parameters in comparatively less time,
without any degradation in accuracy and precision. Two types of network
analyzers are available, scalar and vector network analyzers. Scalar network
analyzer measures only the magnitude of reflection and transmission
coefficients while the vector network analyzer measures both the magnitude
and phase. Both the magnitude and phase behavior of a component can be
critical to the performance of a communications system. A vector network
analyzer can provide information on a wide range of these devices, from
active devices such as amplifiers and transistors, to passive devices such as
capacitors and filters. A basic network analyzer is designed to show
graphically, a plot of the voltage gain or loss of a network versus frequency.
The network analyzer measures the magnitude, phase and group delay of
two-port networks to characterize their linear behavior. A vector network
analyzer consists of a signal source, a receiver and a display. The source
launches a signal at a single frequency to the material under test. The
receiver is tuned to that frequency to detect the reflected and transmitted
signals from the material. The measured response produces the magnitude
and phase data at that frequency. The source is then stepped to the next

frequency and the measurement is repeated to display the reflection and
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transmission measurement response as a function of frequency (Bode
response plot). The analyzer can operate in ramp or in step mode. In the
ramp mode the analyzer directs the source to sweep in a linear ramp over

the frequency and in the step mode, it provides maximum precision.
2.5.3 Non-resonant method

In non-resonant methods, the properties of materials are
fundamentally deduced from their impedance and wave velocities in the
materials. When electromagnetic wave propagates from one material to
another, both the characteristic wave impedance and velocity change,
resulting in a partial reflection of the electromagnetic wave from the
interface between the two materials. Measurements of the reflection from
such an interface and the transmission through the interface can provide
information for the deduction of permittivity and permeability relation
between the materials. Non-resonant method mainly includes reflection

methods and reflection/transmission methods [35].

Reflection methods: In reflection methods, the properties of a sample are
obtained from the reflection due to the impedance discontinuity caused by
the presence of sample in a transmission structure. When the permittivity
becomes high, there occurs considerable error in the measurement of

complex voltage reflection coefficient [37].

Transmission/reflection methods: In a transmission/reflection method, the
material under test is inserted into a segment of transmission line and the
properties of the materials are deduced on the basis of the reflection from

the material and the transmission through the material.

Optical methods: Optical methods are applicable for wavelength below one
centimeter. Since this method requires large amount of material it is not

suitable for DRs [38].

75



Chapter 2

Transmission line techniques: This technique has a serious disadvantage of
the very small waveguide size used below 4 mm, which gives rise to
practical difficulties [39]. Moreover imperfections in the sample dimensions
produce errors in the measurement. It was reported that the accuracy of
transmission mode measurements of the dielectric properties is more in

weak coupling conditions [40].
2.5.4 Resonant method

Resonant methods usually have higher accuracy than non-resonant
methods, and they are most suitable for low loss samples. Resonant methods

generally include resonator method and resonant perturbation methods [35,

36].

Resonator method: Resonant methods are widely used because of their high
accuracy and sensitivity. This method is often called dielectric resonator
method. In this method the sample serves as a resonator or a key part of the
resonator in the measurement circuit and the properties of the sample

derived from the resonant properties of the resonator.

Resonant perturbation method: In a resonant perturbation method, the
sample is inserted into a resonator, and the properties of the sample are
calculated from the changes of the resonant frequency and the quality factor
of the resonator caused by the sample. The perturbation methods are highly
suitable for materials of small size since the material should not alter the
field configuration considerably. These techniques are suitable for relative
permittivity less than 10, although this range can be extended by an exact
solution of the resonator containing the specimen. Hence this technique is
not commonly used for DR characterization. However, this method is

suitable for low loss, low permittivity substrate characterization.

The resonant method is the most accurate method as compared to the

above-mentioned methods for the measurement of DRs and substrates. In
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this method, the exact resonant frequency of the resonator is measured using
different techniques. From the resonant characteristics, parameters like &, Qu
etc are determined. This method is excellent for measuring the quality factor
of microwave ceramics. Special techniques of exact resonance are used in the

present study, which are described in detail in the following sections.
2.5.5 Measurement of relative permittivity (&)

In this method developed by Hakki and Coleman [41] a circular disc
of material whose & to be measured is inserted between two mathematically

infinite conducting plates, as shown in Fig 2.5.

If the dielectric material is isotropic then the characteristic equation

for this resonant structure operating in the TEpu mode is written as

aJo(Ot) =—,5K0('B)

J (@) K\(B)

where Jo(@) and Ji(@) are Bessel functions of the first kind of orders zero and
one respectively. The Ko(f) and Ki(f) are the modified Bessel functions of the
second kind of order zero and one respectively. The parameters « and S
depend on the geometry, the resonant wavelength inside and outside the DR

respectively and dielectric properties. Thus

7D 1A, .
a:/1— {8,—(2£j} —————— (2.2)

7D IA, 2_ o
,B—/%— KZL) 1} (2.3)

(2

where | = the longitudinal variations of the field along the axis, L = Length

of the DR, D = Diameter of the DR, A, = free space resonant wave length.

The characteristic equation is a transcendental equation and hence a

graphical solution is necessary. Corresponding to each value of S there are
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infinite number of (an) that solves the characteristic equation. Hakki and
Coleman [41, 42] obtained a mode chart showing the variation of « values as

a function of f#and are shown in Fig. 2.6.
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Fig. 2.5 Hakki-Coleman method for measuring Fig. 2.6 Mode charts of Hakki —Coleman
& by end shorted method Ref: 41, 42 giving ¢; as functions of £. Ref: 36, 41, 42

The relative permittivity of the resonator can be calculated using the
mode chart parameters (ca and fi), the resonant frequency (f) and the

dimensions of the dielectric puck using the equation

e =1+[@%} (> +p%)-————- (2.4)

The horizontally oriented E-field probes for coupling microwaves to
the DRs, was proposed by Courtney [42] which enabled to span a wide
range of frequencies, since there is no cut-off frequency for coaxial lines. The
TEo11 mode is used for the measurements since this mode propagates inside
the sample but is evanescent outside the geometry of DR. Therefore, a large
amount of electrical energy can be stored in the high Q dielectric resonators
[43]. However, in the open space post resonator setup, a part of electrical
energy is radiated out as evanescent field and hence the axial mode number
is usually expressed as 0 since it is less than 1 (i.e. TEo1s). In the end shorted
condition the E-field becomes zero close to the metal wall and electric energy

vanishes in the air gap [44].
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In the experimental setup, a Vector Network Analyzer, Agilent 8753
ET is used for taking measurements at microwave frequencies. The network
analyzer was interfaced with computer for quick and accurate measurement.
The specimen is placed approximately symmetrical with two E-probes. The
resonant modes are visualized by giving a wide frequency range by
adjusting the Network Analyzer. To select the TE1 resonance from the
several modes having non zero E. components, the upper metal plate is
slightly tilted to introduce an air gap. As the plate is tilted the entire TM
modes move rapidly to the higher frequencies while the TEp11 mode remains
almost stationary. It is well known that in exact resonance technique, TEo11 is
least perturbed by the surroundings. After identifying the TEp:; resonant
frequency or central frequency (f;), the span around f; is reduced as much as
possible to get maximum resolution. The 3 dB bandwidth of the curve
decreases and a stage of saturation is reached when the width will remain
the least possible. The coupling loops are fixed at this position and the
centre frequency can be noted corresponding to the maxima as f.. By
knowing the diameter ‘D’ and length ‘L’ of the sample fis calculated using
equation 2.4. From the mode chart, the value of a1 corresponding to i value

is noted. The permittivity & is calculated using Eqn. 2.4.
2.5.6 Measurement of unloaded quality factor (Q.)

Various methods [45-48] are available in literature for measurement
of Q-factors of microwave resonators. However, all these methods failed to
account for the practical effects such as noise, crosstalk, coupling losses,
transmission line delay and impedance mismatch introduced by a real
measurement system. Moreover the microwave loss factors of DRs are
affected by many other intrinsic and extrinsic factors. Inadequate accounting
of these effects may lead to significant uncertainty in the measured quality

factor of the DRs. End-shorted method applied for the measurement of &:can
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also be used for measuring the unloaded quality factor (Q.). But the quality
factor measured for the TEo;1 mode using the parallel plate rod resonator is

very low since there occurs losses due to conducting plates, radiation etc.

NN

S o
Fig. 2.7 The cavity set up for the Fig. 2.8 The method of calculating Q from
measurement of Q factor, Ref: 36 resonant mode using Eqn. 2.5, Ref: 36

In the present study the Q, of the DR samples are measured by using
a method proposed by Krupka et al.[46] (See Fig. 2.7). In this method, the DR
specimen to be characterized is placed inside a cylindrical copper/invar
cavity whose inner surface is silver coated to reduce radiation loss. The
diameter of the cavity is designed almost four times of the sample diameter
to reduce the effect of cavity shielding. Samples with diameter/length (D/L)
ratio of 1.8 - 2.2 is preferable to get maximum mode separation and to avoid
interference from other modes. The DR specimen is kept over a quartz
spacer placed at the inner bottom surface, which enables to avoid the

conduction loss. The cavity is provided with a tunable upper lid.

This enables to tune the height of air layer in the metallic cavity and hence
more accuracy in the determination of the resonant mode and Qu can be
attained and also allows to measure samples with various dimensions.
Microwaves are fed into the sample using two loop coaxial antennas which

provides a magnetic coupling to excite the transmission mode resonance
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spectrum of dielectric cylinder. The coupling is adjusted to be optimum
(weak coupling for high Q, and strong coupling for lossy samples). Observe
S21 versus frequency spectrum. In principle the cavity has infinite number of
modes, when excited with microwave spectrum of frequencies. TEo1s mode
is identified as the fundamental mode with least perturbation when the
tunable top lid is adjusted properly. After identifying the desired mode, the
lid is fine tuned to get maximum separation between TEy;s and any nearby
cavity modes, to attain maximum possible accuracy in the Q, measurement.
Measure TEps mode frequency (fo) and the 3 dB bandwidth (Af) from the

resonance spectrum (See Fig. 2.8) to calculate the Q factor as

o=Jo______ (2.5)

Af

One can assume that for low loss dielectrics, the unloaded Q factor is
equal to loaded Q factor if coupling is weak. In the microwave frequency
range the dielectric loss increases with frequency and hence there exists an
inverse relationship between quality factor and resonant frequency. Hence
the quality factor of dielectric resonators are conventionally represented in

units of Q, x f, rather than Q..
2.5.7 Measurement of temperature coefficient of resonant frequency (1)

Stability of resonant frequency with temperature is an important

property of a DR to operate in microwave devices. T is defined as

lﬁxloﬁ( ppm/° C)—————— (2.6)

T, =
T AT

The unit of t is parts per million per degree Celsius. In order to
measure T, DR is kept in a cavity, same as that used for quality factor
measurement. Then the entire set up is heated in the temperature range of 25
to 75 °C. The probe of the thermocouple is kept just inside the isothermal

enclosure so that it does not disturb the resonant frequency. Shift in the
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resonant frequency of TEis is noted at every 2 °C increment in temperature.
The variation of resonant frequency is noted using an interfaced computer

and ttis calculated.
2.5.8 Split Post Dielectric Resonator (SPDR)

The SPDR provides another accurate method for measuring the
complex permittivity and loss tangent of substrates and thin films at a single
frequency point in the frequency range of 1 to 20 GHz [36]. In the split post
dielectric resonator (SPDR) method, [49-53] the sample should be in the form
of a flat rectangular piece or a sheet. The SPDR uses a particular resonant
mode which has a specific resonant frequency depending on the resonator
dimensions and the relative permittivity. This method does not have
flexibility in the measurement frequency and dimensions as the samples
need to be prepared in the form of thin sheets. In this method flat samples of
the test material are inserted through one of the open sides of the fixture.
The laminar dielectric under test is placed between two low loss dielectric

rods or resonators kept in a metallic enclosure as shown in Fig. 2.9 (a).

The electric field in the resonator sample is parallel to the surface of
the sample. Hence the test sample should have strictly parallel faces and the
thickness of the sample should be less than the fixture air gap and the
sample should have enough area to cover inside of the fixture. The air gap
between the sample and the dielectric resonator does not affect the accuracy
of the measurement. The required thickness of the sample also depends on
the & of the material. Materials with high & must have less thickness. Fig 2.9
schematically shows the SPDR. Although, different modes of the resonator
can be identified and used for the microwave characterization, TEp;s mode is
preferable since this mode is insensitive to the presence of air gaps
perpendicular to z-axis of the fixture. The thickness of the sample needs to

be measured and is provided as a parameter to the software. The real part
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of the complex permittivity can be computed from the measured resonant
frequencies and thickness of the sample as an iterative solution of the
following equation.
£ = 1+% —————— 2.7)

where h is the thickness of the test sample, fy is the resonant frequency of the
empty SPDR, f; is the resonant frequency of the SPDR with the dielectric
sample. K is a function of & and has to be evaluated for a number of & and
using Rayleigh-Ritz technique. The loss tangent of the test sample is
calculated from the measured unloaded Q factors of the SPDR with and

without the dielectric sample based on

where Qpr! and Q! denote losses of the metallic and dielectric parts
of the resonator respectively and P. is the electric energy filling factor of the

sample.

SPDR has superior accuracy as compared to the reflection-
transmission methods. In terms of sample geometry, the only requirements
are that the sample must extend beyond the diameter of the two cavity
sections and the sample must be flat. This provides the accuracy of a
resonator technique without having to machine the sample. Typical
uncertainty of the permittivity measurements of a sample of thickness /i can
be estimated as Ag/e = +(0.0015+Ah/h) and uncertainty in loss tangent
measurements A tan 6 =2 x 10-5. The method is convenient, fast to measure
low loss laminar dielectrics such as substrates or LTCC, printed circuit

boards and even thin films but not suitable for dielectric resonators.
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(a)
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Fig. 2.9 Schematic representation of SPDR.

2.5.9 Cavity Perturbation Technique

Cavity perturbation methods are widely used in the study of
electromagnetic properties of dielectrics, semiconductors, magnetic
materials and composites materials [35, 36, 54]. This is a good technique for
the low and medium dielectric loss materials. However, extremely low
dielectric loss samples can not be characterized using the cavity perturbation
technique. In this technique the sample is introduced to the antinode of
electric field or magnetic field in a cavity, as shown in Fig. 2.10. The resonant
frequency and quality factor of the cavity now changes. The dielectric
permittivity and loss tangent can be calculated from the changes in the
resonant frequency and quality factor of the cavity modes. The following

equations were used for the measurement of permittivity and loss tangent.

84



Chapter 2

g;:1+[K££;;§2J —————— (2.9)
2V,

ere| Y@ =0) |\ (2.10)

' 4Vv Qs QO

tans=5 - 2.11)
E

r

where f, = resonant frequency of the cavity, fs= resonant frequency of the
samples, V.= Volume of the cavity, Vs= Volume of the sample, Qo = Quality

factor of the empty cavity, Qs= Quality factor of the sample loaded cavity.

The microwave dielectric properties of the low relative permittivity
substrates and composites in this thesis were measured using the cavity
perturbation technique using HP 8510 C Network Analyzer (Agilent
Technologies) in the X band (8 -12 GHz). The experimental error was found
to be less than 2% in case of relative permittivity and 1.3% in the case

dielectric loss.

Fig. 2.10 Schematic representation of Cavity perturbation technique.
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2.5.10 Radio frequency dielectric measurements

LCR meters are generally used for measurement of the capacitance
conductance, impedance, and dissipation factor of dielectric ceramics in the
radio frequency region by the well-known parallel plate capacitor method.
The parallel plate capacitor method involves sandwiching a thin sheet of the
material between two electrodes to form a capacitor. The capacitance of a
parallel-plate capacitor in vacuum is compared with one in the presence of
the material for which the dielectric properties are to be measured. Then
relative permittivity is calculated using the equation

_EEA

C="el o 2.12
p (2.12)

where C is the capacitance of material, & and & are the relative permittivities

of material and free space respectively.

In the present study, the dielectric properties at radio frequency were
measured using LCR meter (HIOKI 3532-50 LCR Hi TESTER, Japan)
(parallel plate capacitor method).

2.5.11 Error calculations in dielectric property measurements

The measurement of microwave dielectric properties was done with
two decimal point accuracy. Usually three samples were prepared in a batch
corresponding to a particular composition and the measurements were
made at least twice per each specimen. The error in ¢, is calculated using the
root sum of squares (RSS) method. The accuracy of & measurement is
restricted to the accuracy in measurement of resonant frequency and
dimensions of the sample. Hence the possible errors in the measured value

of permittivity of a sample of height (L), radius (r) and resonant frequency

(fr) given by
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B agr 2 5& 2 agr I
e (B o3 o) o[% ] 21

If the independent sources of error corresponds to one standard deviation,

then the error in & will also corresponds to one standard deviation [55]. The
errors in unloaded quality factor (Q.) and temperature coefficient of
resonant frequency (1) were calculated using RSS method by taking partial
derivative of these parameters with respect to independent variables. The
low frequency relative permittivity was measured using LCR meter. The
error in the measurement of relative permittivity depends on the error in the
evaluation of sample dimensions. Since a digital vernier is used for the
determination of the dimensions, the maximum error in the measurement is
only 0.0lmm. Hence the maximum error in the relative permittivity is less

than 2%.
2.6 Calculation of Relative Density of Composites

The relative density of the specimen was measured by the
Archimedes method. The theoretical density (D) of the composite can be

calculated using the equation [56]

p=_MtW, (2.14)

W W.
ot b,

where W1 and IV; are the weight percentage of the two phases with densities

D1 and D respectively.
2.7 Thermal Characterization

The determination of reaction during firing can best be accomplished
by using techniques that measure chemical and physical changes as the
sample being tested. Thermal analysis is defined as a group of methods by

which the physical or chemical properties of a substance, a mixture and/or a
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reactant are measured as a function of temperature or time while the sample

is subjected to a controlled temperature program.
2.7.1 Thermo Gravimetric Analysis (TGA)

Thermo gravimetric analysis is a technique in which the weight of a
sample is continuously measured as the sample is subjected to a selected
firing profile that is usually linear [57]. In a thermo gravimetric analysis the
mass of a sample in a controlled atmosphere is recorded continuously as a
function of temperature or time as the temperature of the sample is
increased. Thermo gravimetric methods are largely limited to
decomposition and oxidation reactions and also to physical processes such

as vaporization, sublimation and desorption.
2.7.2 Differential Thermal Analysis (DTA)

Differential thermal analysis (DTA) [57] employs two thermocouples
connected differentially so that their electromotive force outputs are in
opposition. DTA is a technique in which the difference in temperature
between a substance and a reference material is measured as a function of
temperature while the substance and reference material are subjected to a
controlled temperature program. Information on the inorganic compounds
such as dehydration, oxidation, reduction and solid-state reactions is

provided by DTA.

2.7.3 Thermo Mechanical Analysis (TMA)

Dilatometry [57, 58] is the continuous measurement of the length of
the sample as the specimen is subjected to a controlled linear heating rate. In
this technique (TMA), dimensional changes in a sample are the primarily
measured, with negligible force acting on it, while the sample is heated,
cooled, or studied at a fixed temperature. The data obtained includes the

shrinkage of a composition and more importantly the onset and completion
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of the sintering cycle. TMA is also used to confirm the softening and
melting temperature of glass-ceramic composites used for low temperature
cofired ceramic applications. In the present study, TMA (TMA- 60 H,

Shimadzu, Kyoto, Japan) is used to determine the shrinkage characteristics.

The sequential description of various steps involved in the synthesis
of dielectric ceramics and composites is presented in this chapter. Next
chapter discusses the synthesis, characterization and microwave dielectric
properties of low loss and low permittivity ceramics for LTCC substrate

applications.
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Chapter 3

Low temperature sintering and microwave dielectric
properties of LizASiO4 (A = Mg and Ca) ceramics for
LTCC Substrate Applications.

This chapter discusses the synthesis, characterization
and microwave dielectric properties of novel low loss low
permittivity LixASiOs (A=Mg and Ca) ceramics for
microwave substrate applications. The effect of different
borosilicate glasses on the sinterability, densification,
structure, microstructure and the microwave dielectric
properties of the LiASiOs (A = Mg and Ca) dielectric
ceramics are discussed. The present work aims to explore the
adaptability of this ceramics and ceramic-glass composite

for the possible applications in microelectronic industry as

7

substrate and packaging materials.
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3.1 Introduction

Recently, the utilizable region for the frequency has been expanding
to the millimeter wave region because of the shortage of conventional
frequency regions [1, 2]. The growing work frequency of microwave
components make it essential to researching the low-permittivity and low
loss ceramics used at higher frequency [3, 4]. Several microwave ceramics
with excellent microwave dielectric properties have been developed for
resonator filter and duplexer applications [5]. However, these ceramic
systems show relatively higher relative permittivity (>15). In the case of
substrate, packaging and antenna applications, the relative permittivity
should be less than 10 and are ideal for integrated circuits. Reducing the
permittivity, especially on large area high-speed chip will reduce cross talk,
propagation delay time, noise, power dissipation and increase the signal
speed [6-8]. The typical characteristics required for substrate applications [3,
5, 9-11] are described in chapter 1, section 1.4. At microwave frequencies,
ionic polarization is dominant and is responsible for the relatively higher
permittivity. The only way to avoid this type of polarization is the use of
predominantly covalent bonded materials. In the context of low permittivity
materials, several forsterite, willemite, and aluminate ceramics for
millimeter wave applications have been developed and modified, according
to the needs of the specific applications [3, 12-24]. In the commercial
applications such as high frequency systems, silicates have been reported as
the attractive candidate for practical use [3, 4]. Silicates are formed by SiO4
tetrahedral framework with about 45% ionic bond and about 55% covalent
bond. The covalent bond lowers & because of higher bond strength and the
atoms cannot rattle around. Most of the aluminates and silicate ceramics are
having high processing temperature and limits its applications in Low
Temperature Co-fired Ceramic (LTCC) based devices. A detailed description
and requirements for LTCC technology is described in chapter 1, section 1.9.

94



Chapter 3

Among the various methods, liquid phase sintering using glass addition is
known to be the most effective and least expensive way of achieving high
density sintered ceramics at low sintering temperature [25-28]. Generally,
addition of glass degrades the microwave dielectric properties of ceramics.
Hence the development of low loss and low permittivity LTCC ceramics is
one of the major challenges in today’s microelectronic industry. In this
perspective, the development of alternative low loss ceramic substrate
always attracts attention as a substitute for the existing conventional ceramic

insulators that are used in microelectronics.

The aim of the present investigation is to develop novel low loss, low
permittivity dielectric ceramics for substrate applications. In 1973, Gard et al.
[29] reported the crystal structure of Li2CaSiOs. Luminescent and
spectroscopic properties of rare earth doped Li2CaSiOs has been extensively
investigated [30-32]. However, low temperature sintering and the
microwave dielectric properties of Li2CaSiO4 have not been reported in the
literature. Mori et al. reported the LixMgSiOs crystal phase while developing
new glass-ceramics consist of MgAl:O4 crystal and highly crystallized Li-
Mg-Zn-B-5i-O glass [33]. However, a detailed investigation on the low
temperature sintering and microwave dielectric properties of LixMgSiOs
dielectric ceramics has not been investigated so far. This chapter reports the
synthesis characterization and microwave dielectric properties of Li2ASiOs
(A=Mg, Ca) dielectric ceramics. The aim of the present work is also to
develop low temperature sinterable low loss, low permittivity ceramics.
Earlier investigations on glass added ceramics reveals that multicomponent
glasses are more effective in lowering the sintering temperature of the
ceramics without degrading the microwave dielectric properties [27, 34].
Hence the effect of different borosilicate glass (see table 1.2, chapter 1 section
1.9.3) additions on the sinterability and microwave dielectric properties of

Li2ASiO4 (A=Mg, Ca) dielectric ceramics is investigated in this chapter. The
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low temperature sintering and microwave dielectric properties of Li2ASiOx4
(A=Mg, Ca) dielectric ceramics for LTCC application are also being reported

for the first time.
3.2 Experimental

3.2.1 Preparation of Li2ASiO; (A=Mg, Ca) ceramics

The Li2ASiOs (A=Mg, Ca) ceramics were prepared by the
conventional solid state ceramic route. High purity LixCOs, (MgCOs)s
Mg(OH)2 5H20, CaCOs and SiO2 (99.9+%, Aldrich chemical company, Inc,
Milwaukee, WI, USA) were used as the starting materials. Stoichiometric
amounts of the powder samples were mixed and ball milled using zirconia
balls in ethanol medium for 24 hours. The resultant slurry was then dried
and calcined at 800 to 900 °C/4hrs for LixMgSiO4 ceramics and 700 to 850
°C/4hrs for Li2CaSiOs ceramics. Polyvinyl alcohol (PVA) (Molecular Weight
22000, BDH Lab Suppliers, England) solution was then added to the
powder, mixed, dried and ground well and pressed into cylindrical disks of
about 11 mm diameter and 2 mm thickness, by applying a pressure of about
100 MPa for low frequency measurements. These compacts were muffled by
powder of the same composition and sintered at different temperatures in
the range 1200 to 1300 °C/2hrs for LixMgSiO4 ceramics and 900 to 1025
°C/2hrs for Li»CaSiO4 ceramics in air to optimize the sintering temperature.
To study the dielectric properties in the microwave frequency range,
rectangular sheets of dimensions (40x2x1 mm?3) were made and sintered at
the optimized sintering temperature of 1250 °C/2hrs for LixMgSiO4 ceramics
and 1000 °C/2hrs for Li>CaSiO4 ceramics. The preparation of different
borosilicate glasses is discussed in the chapter 2 section 2.2. Different weight
percentage of various borosilicate glasses was added to the fine powder of
calcined LMS and LCS ceramic. Polyvinyl alcohol (PVA) (4 wt%) solution

was then added to the powder, mixed, dried and ground well and pressed
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to form pellets as described earlier. These compacts were muffled by
powders of the same composition and sintered at different temperatures in

the range 800 °C to 975 °C/2hrs in air.
3.2.2 Characterization

The crystal structure and phase purity of the powdered samples were
studied by X- ray diffraction technique using Ni-filtered Cu-Ka radiation
using Rigaku Dmax-I, Japan, diffractometer. The microstructures of the
thermally etched sintered samples were studied using scanning electron
microscope (JEOL-JSM 5600 LV, Tokyo, Japan). The sintered density of the
specimen was measured by the dimensional method. Electrodes were
connected to both sides of the sintered and polished compacts using silver
paste and these samples were used for measuring the dielectric properties.
The dielectric properties were measured using a LCR meter (HIOKI 3532-50
LCR Hi TESTER, Japan). The microwave dielectric properties of the pure
Li2ASiOs (A=Mg, Ca) ceramics and its glass composites were measured by
cavity perturbation technique using an HP 8510 C Vector Network Analyzer
[5, 35, 36]. Detailed description of cavity perturbation technique is discussed
in chapter 2.

3.3 Results and Discussion
3.3.1 Optimization of calcination and sintering temperature of
Li2ASiO4 (A=Mg, Ca) ceramics

Figure 3.1 shows the optimization of calcination temperature of LMS
and LCS ceramics. The calcination temperature is optimized for the best
density and dielectric properties. The LMS ceramics is calcined in the
temperature range 800 °C to 900 °C/4hrs and sintered at 1250 °C/2hrs and
the LCS ceramics is calcined in the range 700 °C to 850 °C/4hrs and sintered
at 1000 °C/2hrs. It is found that, the relative density and relative

permittivity increases gradually with calcination temperature up to 850 °C
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and further increase in the calcination temperature decreases the density and
relative permittivity of LMS ceramics. However, for LCS ceramics the
relative density and relative permittivity increases gradually with
calcination temperature up to 800 °C and further increase in the calcination
temperature decreases the density and relative permittivity. The dielectric
loss is also found to be minimum at a calcination temperature of 850 °C for
LMS and 800 °C for LCS ceramics. The best dielectric properties and
densification is observed for LMS calcined at 850 °C/4hrs and that of LCS
calcined at 800 °C/4hrs.
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Fig. 3.1 Optimization of Calcination temperature of (a) LixMgSiO, and (b)

Li,CaSiO4 ceramics

The Fig. 3.2 shows the optimization of sintering temperature of LMS
and LCS ceramics calcined at 850 °C/4hrs and 800 °C/4hrs respectively. The
best dielectric properties and densification are observed for LMS sintered at
1250 °C/2hrs and that of LCS sintered at 1000 °C/2hrs. Earlier investigations

on lithium based ceramics showed that the lithium is volatile and evaporates
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at higher sintering temperatures [37]. Hence the decreased density and
dielectric properties of LMS and LCS at higher sintering temperature could
be due to the escape of lithium. A maximum relative permittivity and
minimum dielectric loss are observed for the best density. The LCS ceramics
is difficult to densify by increasing the sintering temperature and a
maximum densification of 70% of the theoretical density (2.93 g/cc) (ICDD
File No: 27-0290) is observed at its optimum sintering temperature of 1000
°C/2hrs. Further increase in the sintering temperature decreases the density
of LCS ceramics and starts to melt. The dielectric properties of LMS sintered
at 1250 °C/2hrs are & = 6.45 and tan & = 3x10# at 1 MHz. The Li>CaSiO4
sintered at 1000 °C/2hrs has & = 6.58 and tan 8 = 3. 3x10°% at 1 MHz. The
relatively higher loss for LCS ceramics attributes to the high porosity.
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3.3.2 Phase and microstructural analysis
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Figure 3.3 (a) shows the XRD pattern of LixMgSiO; sintered at 1250

°C/2hrs. All the peaks are indexed based on orthorhombic crystal symmetry
which is consistent with standard ICDD file No: 24-0636. Fig. 3.3 (b) shows
the X-ray diffraction pattern of Li»CaSiOs sintered at 1000 °C/2hrs. The

peaks are indexed based on tetragonal symmetry (ICDD File No: 27-0290).

Fig. 3.4 (a) and (b) shows the microstructure of pure LMS sintered at 1250
°C/2hrs and LCS sintered at 1000 °C/2hrs. The LMS are 2 - 10 pm grain size.

However, it is evident from the microstructure (Fig. 3.4 (b)) that the LCS has

less than 1 pm grain size with a porous structure. The microstructures are

good in agreement with the percentage density value 92% for LMS and 70%

for LCS ceramics at its optimum sintering temperature.
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Fig. 3.3 The XRD pattern of
LizMgSiO4 and Li2CaSiO4
ceramics sintered at 1250 °C/2hrs
and 1000 °C/2hrs respectively.

(b)

Fig. 3.4 The SEM images of thermally etched (a) Li2MgSiO4 and (b) Li>CaSiO4
ceramics sintered at 1250 °C/2hrs and 1000 °C/2hrs respectively
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Table 3.1 shows the microwave dielectric properties of LMS and LCS
sintered at its optimum sintering temperature. Both the silicates are found to
have low densification. Hence, the porosity corrected relative permittivity is

calculated using the equation (3.1) and is shown in the table 3.1.

where € is the permittivity of the material corrected for porosity, & is the

experimentally obtained permittivity and P is the fractional porosity.

Table 3.1 The microwave dielectric properties of LMS and LCS sintered at its optimum
sintering temperature.

. Sintering % & Porosity Tan b Ter
Material . ,
Temperature | Density | (9 GHz) | corrected & (9 GHz) (IMHz)
LixMgSiOy | 1250 °C/2hrs 92 5.1 5.8 0.0005 0.11%
Li>CaSiOs | 1000 °C/2hrs 70 44 71 0.0060 0.03%

The LMS and LCS ceramics shows excellent microwave dielectric
properties, however the sintering temperature is slightly higher than melting
point of silver for the possible application in the LTCC based devices. Hence
it is necessary to reduce the sintering temperature and improve the
densification for the useful LTCC applications. The next section discusses
the effect of various borosilicate glass additions on the sinterability,
structure, microstructure and microwave dielectric properties of both LMS

and LCS ceramics.
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3.3.3 Effect of borosilicate glass additions on the sinterability and
microwave dielectric properties of Li2 ASiO4 (A=Mg, Ca) ceramics

3.3.3.1 Shrinkage characteristics

Literature shows that the onset of sintering can be lowered well
below the melting point of silver by the addition of low melting glasses [26,
27]. Based on this aspect, the dilatometry study provides insight to the
densification process of the ceramic-glass system. The linear shrinkage of the
as pressed pellets of ceramic-glass composite as a function of temperature is
to be measured initially to check whether the glass additive would be

effective on the low temperature firing of LMS and LCS ceramics.
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Fig. 3.5 The shrinkage characteristics of LMS and LCS ceramics with 2 wt%

of various borosilicate glasses

Figure 3.5 shows the shrinkage characteristics of LMS and LCS
ceramics with 2 wt% of various borosilicate glasses. It is found that less than
2 % of linear shrinkage takes place for pure LCS in the temperature range of
600-1000 °C which strongly supports the low densification of LCS ceramics
at its optimum sintering temperature. However, the onset of sintering for
LMS ceramics starts around 1000 °C. It is found that less than 4% of linear
shrinkage for pure LMS in the temperature range of 1000-1250 °C. Addition
of 2 wt% BZBS, LBS, BBS, LMZBS and PBS glass in LCS has a linear
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shrinkage of 6%, 11%, 11% 16 % and 16% respectively in the temperature
range 800-975°C. However, nearly 4 % of linear shrinkage is observed for 2
wt% ZBS glass added LCS ceramics. For LMS-glass composites, the onset of
sintering starts around 900 °C and nearly 14% of linear shrinkage is observed
for 2 wt % PBS, ZBS and BBS glasses in LMS ceramics. Around 10 % of linear
shrinkage is observed for 2 wt% of LMZBS and LBS glass added LMS

ceramics.
3.3.3.2 Densification

From the previous section, it can be inferred that the onset of
sintering starts early with the addition of borosilicate glasses in both the
LMS and LCS ceramics. This indicates that the sintering temperature can be
lowered with the addition of glasses in LMS and LCS ceramics. Figure 3.6
shows the variation of sintering temperature and relative density of
LixMgSiO4 (LMS) and Li2CaSiO4 (LCS) ceramics mixed with different wt% of
various borosilicate glasses. The sintering temperature is optimized for best
density and dielectric properties. In the case of LMS-glass system, all the
borosilicate glasses except BZBS glass lower the sintering temperature below
the melting point of silver suitable for LTCC application. It can be observed
that small amount of glass addition in LMS ceramic itself lowers the
sintering temperature below the melting point of silver and subsequent
addition of glasses does not decrease the sintering temperature further. For
example, 3 wt% of LBS decreases the sintering temperature of LMS from
1250°C/2hrs to 850°C/2hrs. However, higher wt% of glass addition (5 wt%)
doesn’t decrease the sintering temperature further. This trend has been
observed in other borosilicate glasses in LMS ceramics. For LCS-glass
composite, the addition of all the borosilicate glasses effectively lowers the
sintering temperature from 1000 °C to below 900 °C. Apart from the LMS-
glass systems, the sintering temperatures of the LCS-glass composite

decreases gradually with increase in the glass addition.
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Fig. 3.6 Variation of sintering temperature and relative density of LMS-glass
and LCS-glass composite as a function of glass content

Silicate based ceramics are generally found to have poor
densification. The maximum densification of 92% and 70% is observed for
LMS and LCS ceramics respectively which are in agreement with SEM
results (see Fig. 3.4). Fig. 3.6 also shows the variation of relative density of
both LMS-glass and LCS-glass composite as a function of the amount of
borosilicate glasses. It can be observed that all the borosilicate glass except
BZBS glass additions in LMS ceramics increases the relative density. As the
amount of glass increases, the relative density increases to a maximum value
and further addition of glasses decreases the relative density slightly. For
example, the relative density of LMS increases from 92% to 96% with the
addition of 1 wt% of LBS glass and decreases to 94% with the addition of
5wt% of LBS glass. A sharp increase in the relative density can be observed

for the LCS-glass composites. It is worth to note that, a maximum
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densification of 70% can only be achieved for pure LCS sintered at 1000
°C/2hrs. All the borosilicate glass additions in LCS increase the relative
density which is well above 93%. The glassy liquid phase at the grain
boundary effectively eliminates pores and thereby increases the relative
density [26, 27, 38]. Trapped porosity associated with grain growth and
formations of pores by the evaporation of excess glass components are the
reasons for the decrease in the density for higher wt% of glass fluxing [25,
28]. In general, addition of small amount of glass improves densification and
it degrades with higher wt% of glass. This trend has been observed in almost
all the ceramic-glass systems [25, 27, 28]. However, it may be noted that the
relative density for all the sintered LMS-glass and LCS-glass composite is
slightly higher than that of pure LMS or LCS sintered at its optimum
sintering temperature. It is worth to note that the addition of 5 wt% of all the
borosilicate glasses except BZBS glass in LMS ceramics shows a relative
density greater than 94%. The relative density greater than 90% is observed
for all the LCS-glass composites. The bulk density of all the borosilicate
glasses is comparable or greater than that of LMS and LCS ceramics. The
physical and dielectric properties of all the borosilicate glasses in the present
investigation are shown in Table 1.2 (see chapter 1, section 9.2.3). The
eutectic glassy phase at the grain boundary effectively eliminates the pores
and enhances the densification. The low densification of the LMS (92 %) and
LCS (70 %) ceramics and the liquid phase sintering are the reasons for the

increased density for the entire wt% of LBS glass addition in LMS.
3.3.3.3 Phase analysis

Low sintering temperature along with the non reactivity of electrode
materials such as silver with the ceramic is essential for LTCC applications.
Fig. 3.7 and 3.8 shows the XRD pattern of 20 wt% of silver added LMS-glass
and LCS-glass composites respectively. All the peaks in Fig 3.7 are indexed

based on orthorhombic crystal symmetry which is consistent with standard
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ICDD file No: 24-0636. The peaks in Fig. 3.8 are indexed based on tetragonal
symmetry (ICDD File No: 27-0290). It is worth to note from the X-ray
diffraction pattern (Fig. 3.7 and Fig. 3.8) that, there are no additional phases
are present other than silver (ICDD file No: 03-0921) and LixMgSiO4 or
LixCaSiOy4 ceramics. Hence, it can be concluded that silver can be used as an
electrode material for both LMS-glass and LCS-glass composites for LTCC

applications.
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Fig. 3.7. X-ray diffraction pattern of (a) LMS, Fig. 3.8. X-ray diffraction pattern of (a) LCS, 20
20 wt% of silver added LMS and 2wt% of (b) wt% of silver added LCS and 2wt% of (b)
ZBS, (c) BBS, (d) PBS, (e) LBS, (f) BZBS, (g) ZBS, (c) BBS, (d) PBS, (e) LBS, (f) BZBS, (g)
LMZBS glasses sintered at its optimum LMZBS glasses sintered at its optimum
sintering temperature. sintering temperature.

3.3.3.4 Microstructural analysis

Figure 3.9 shows the microstructure of thermally etched (a) LMS+1
wt% LBS, (b) LMS+2 wt% LMZBS, (c) LMS+2 wt% ZBS and (d) LMS+2 wt%
PBS ceramic glass composites sintered at its optimum sintering temperature.
It can be observed that the glass melts and wets the grains and enhances the
densification. Fig. 3.9 (a) is an example of liquid phase sintering in which the
LBS glass melts and flows through the grain boundaries. The glass added
ceramics shows relatively dense microstructure with grain size in the range

of 5-10 pm and is in agreement with the results of improved densification
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with glass addition in LMS ceramics. Fig. 3.9 (e) and (f) shows the SEM
images of 20 wt% of silver added LMS with 1 wt% of LBS and 2 wt% of
LMZBS glasses sintered at 925 °C/2hrs and 875 °C/2hrs respectively. It is
observed that the silver does not react with glass-ceramic composite and is
distributed randomly which supports the results from the X-ray diffraction

pattern (see Fig. 3.7 and Fig. 3.8).

(a) (b)
(c) (d)
(e) ()

Fig. 3.9. The SEM images of thermally etched (a) LMS+1 wt% LBS, (b)
LMS+2 wt% LMZBS, (c) LMS+2 wt% ZBS, (d) LMS+2 wt% PBS, (e) 20 wt%
of silver added LMS with 1 wt% of LBS and (f) 20 wt% of silver added LMS
with 1 wt% of LMZBS glass at its optimum sintering temperature.
Fig. 3.10 shows the microstructure of thermally etched (a) LCS+3 wt%
ZBS, (b) LCS+2 wt% LBS and (c) LCS+2 wt% BBS ceramic glass composites

sintered at its optimum sintering temperature. It can also be observed that
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the glasses melt and lie at the grain boundaries and thereby enhance the
densification. By comparing Fig 3.4 (b) and Fig. 3.10, it can be observed that
the addition of glasses increases the grain growth and enhances the
densification. Pure LCS sintered at 1000 °C has the grains of less than 1 pm
size and the glass added LCS has the grains of about 10 um size. It can be
observed from Fig. 3.10 (d) that, the silver does not react with the LCS-glass

composite and are distributed randomly.

(a) (b)

(c) (d)

Fig. 3.10 The SEM images of thermally etched (a) LCS+3 wt% ZBS, (b)
LCS+2 wt% LBS and (c) LCS+2 wt% BBS and (d) 20 wt% of silver added
LCS with 2 wt% of LBS glass at its optimum sintering temperature.

3.3.3.5 Dielectric properties of various borosilicate glass added
Li2ASiO4 (A=Mg and Ca) Ceramics.

It is well known that the relative density and dielectric properties are
inter-related. Fig. 3.11 shows the dielectric properties of different wt% of
various borosilicate glasses mixed with LMS and LCS ceramics at 1 MHz. It
is found that the dielectric properties vary in a manner similar to that of
density. As the amount of glass increases the relative permittivity increases

to a maximum value and further increase in glass addition decreases the
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permittivity slightly. This trend has been observed in both the LMS-glass
and LCS-glass composites. For example, the relative permittivity increases
from 6.45 to 6.82 with the addition of 1 wt% of LBS glass in LMS. However,
subsequent glass addition (5 wt %) decreased the relative permittivity to 6.7.
In the case of LCS-glass composites, the addition of 1 wt% of LBS glass
increases the permittivity from 6.58 to 9.2 and subsequent addition of glass
(5 wt%) decreases the permittivity slightly to 8.9. The improved relative

permittivity can be attributed to the increased densification of ceramic-glass

composite.
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Fig. 3.11 Variation of relative permittivity and dielectric loss of LMS-
glass and LCS-glass composite as a function of glass content

Generally, higher wt% of glass addition decreases the relative
permittivity of ceramic glass composites [5, 25, 26, 28, 39-41]. This is due to
the low relative permittivity of glass compared to that of high permittivity

ceramics. However, the relative permittivity of entire LMS-glass and LCS-
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glass composites are slightly higher than that of pure LMS and LCS at its
optimized sintering temperature. This could be due to the nearly same
relative permittivity of glasses compared to that of LMS and LCS. In
addition, it is worth to note that the glass added ceramics in the present
investigation has higher densification compared to glass free LMS and LCS
ceramics. It is well known that the densification of dielectric ceramics has
strong effect on the permittivity value. The relative permittivity increases
with increase in the densification of ceramics. The high densification of LMS-
glass and LCS-glass composites may also be the reason for the increase in
the permittivity with glass addition. A slight decrease in the permittivity for
higher wt% of glass addition may be due to the slightly lower densification
by the evaporation of excess glass from the grain boundaries. Fig. 3.11 also
shows the variation of dielectric loss of LMS-glass and LCS-glass as a
function of glass content. As the amount of LBS and LMZBS glass increases
in LMS-glass composites, the dielectric loss decreases initially and then
increases with higher wt% of glass additions. For other borosilicate glass
additions in the LMS ceramics, the dielectric loss increases gradually.
However, all the LMS-glass composites in the present investigation have the
dielectric loss less than 0.002 (except LMS-BZBS composite). Similar trend
has been observed in the LCS-glass composites also. In the case of LCS-glass
composites, addition of 1 wt% of BBS and BZBS glass decreases the dielectric

loss slightly and increases with higher wt% of borosilicate glass additions.

The variation in the relative permittivity with temperature should be
small for practical applications. Figs. 3.12 and 3.13 show the variation of the
relative permittivity of LMS-glass and LCS-glass composite as a function of
temperature. It is found that the relative permittivity of pure LMS, LCS and
its composites with glass increases slightly with increase in temperature.
Silicates are generally found to have positive temperature coefficient of

permittivity (te) [13, 14, 23]. It has been reported that the glasses also have
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positive temperature coefficient of permittivity [27]. Hence, the high t. of
glass could be the reason for the increase in the relative permittivity with

temperature for all the ceramic-glass composites in the present investigation.
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Fig. 3.12. The variation of the relative permittivity of LMS-glass composite
as a function of temperature.

Fig. 3.13 shows a small peak in the temperature range of 15 to 25 °C
for pure LCS sintered at 1000 °C/2hrs. As the temperature increases from 15
to 20 °C, the permittivity increases from 6.1 to 8.0 and further increase in the
temperature decreases the permittivity to 6.2. The increase in relative
permittivity in this range is around 33% and it is found that this anomalous
behavior decreases with glass addition. For LBS, BZBS and PBS based glass
ceramic composite, the deviation is less. Similar trend has been observed for
BazP207 ceramics [42]. This nonlinear behavior of pure LCS may be due to a
change in symmetry or tilting of the tetrahedral or the reversible phase

transitions and hence further work is needed to understand this.
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Fig. 3.13. The variation of the relative permittivity of LCS-glass
composite as a function of temperature.

Tables. 3.2 and 3.3 show the microwave dielectric properties of LMS-
glass and LCS-glass composites measured at 9 GHz for different wt%
various borosilicate glasses. It is found that all the optimized ceramic-glass
composites are sintered below the melting point of silver and shows
excellent microwave dielectric properties. The microwave permittivity of all
the LMS-glass composites varies in a manner similar to that of the variation
of permittivity at low frequency (1 MHz) and the densification. Among all
the borosilicate glass additions in the LMS ceramics, the addition of 1 wt% of
LBS and 2 wt% of LMZBS glass in LMS shows excellent microwave dielectric
properties. LMS sintered at 1250 °C/2hrs shows & = 5.1 and tan 6 = 5.2x10#
at 9 GHz. LMS mixed with 2 wt% of LMZBS glass sintered at 875 °C/2hrs
shows & = 5.9 and tan & = 7x10° at 9 GHz. Addition of 1 wt% LBS in LMS
sintered at 925 °C/2hrs has &= 5.5 and tan 6 = 7x10 at 9 GHz. Similar trend
has been observed in the LCS-glass composites also. LCS sintered at 1000
°C/2hrs has relative permittivity of 4.4 and dielectric loss of 0.006 at 9 GHz.
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Addition of 2 wt % of LBS glass in LCS sintered at 925 © C/2hrs has & = 7.4
and tan 6 = 0.005 at 9 GHz. The LMS-glass composite shows excellent
physical and microwave dielectric properties compared to LCS-glass
composites. The excellent microwave dielectric properties of LMS-glass and

LCS-glass composites offer the perspectives for LTCC substrate applications.

Table 3.2 Microwave dielectric properties of LMS-glass composites

. wt % of Sintering & tan §
Material
glasses Temperature (°C) (9 GHz) (9 GHz)
LMS 1250 5.1 0.00050
0.5 1000 5.5 0.00180
1 975 5.7 0.00200
2 950 6.3 0.00090
LMS+BBS
3 925 6.1 0.00300
5 900 5.9 0.00300
0.5 1000 5.5 0.00180
1 975 5.7 0.00200
2 950 6.3 0.00090
LMS+ZBS
3 925 6.1 0.00300
5 900 59 0.00300
0.5 975 5.5 0.00140
1 975 5.6 0.00100
2 950 5.6 0.00060
LMS+PBS
3 900 5.5 0.00500
5 875 5.3 0.00300

113



Chapter 3

Table 3.2 continued...

Material wt % of | Sintering & tan 6
glasses Temperature (°C) (9 GHz) (9 GHz)

LMS+LBS 0.5 925 5.4 0.00011
1 925 5.5 0.00007
2 875 5.2 0.00012
3 850 51 0.00019
5 850 5.2 0.00064

LMS+BZBS 0.5 1075 5.6 0.00050
1 1075 5.8 0.00504
2 1050 5.8 0.00456
3 1000 59 0.00482
5 1000 5.8 0.00176

LMS+LMZBS | 0.5 925 5.5 0.00011
1 925 5.6 0.00010
2 875 5.9 0.00007
3 850 5.0 0.00080
5 850 49 0.00090
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Table. 3.3. Microwave dielectric properties of LCS-glass composites

Material wt % of Sintering & tan &
glasses Temperature (°C) (9 GHz) (9 GHz)
LCS 0 1000 44 0.006
0.5 925 6.5 0.006
1 925 8.2 0.006
LCS+BBS
2 900 8.2 0.007
3 900 8.1 0.005
5 850 8.0 0.008
0.5 975 5.8 0.006
1 975 6.0 0.004
LCS+ZBS
2 925 6.7 0.004
3 875 7.1 0.006
5 825 6.8 0.008
0.5 975 6.5 0.006
1 925 6.8 0.007
LCS+PBS
2 900 7.6 0.007
3 900 7.8 0.005
5 875 7.5 0.006
0.5 925 7.1 0.005
1 925 7.2 0.004
LCS+LBS 2 900 74 0.005
3 875 7.0 0.005
5 850 6.8 0.006
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Table 3.3 continued...

Material wt % of Sintering & tan
glasses Temperature (°C) (9 GHz) (9 GHz)
0.5 975 5.9 0.006
1 950 6.0 0.006
LCS+BZBS
2 925 7.5 0.007
3 900 7.3 0.007
5 875 6.9 0.007
0.5 975 6.8 0.007
1 975 7.3 0.008
LCS+LMZBS

2 925 8.5 0.008
3 875 7.6 0.009
5 850 6.5 0.010

3.4. Conclusions

% The Li2ASiOs (A=Mg, Ca) dielectric ceramics are prepared by solid
state ceramic route and its structure, microstructure and microwave

dielectric properties for substrate applications are investigated.

% The LixMgSiO4 ceramics sintered at 1250 °C/2hrs has & = 5.1 and tan
0 = 5x10+# at 9 GHz. The Li>CaSiO4 ceramics sintered at 1000 °C/2hrs
has & = 4.4 and tan & = 0.006 at 9 GHz.

% The effect of various borosilicate glass additions on the sinterability

densification structure and microstructure and microwave dielectric
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properties of Li2ASiOs (A=Mg, Ca) dielectric ceramics have been
investigated for the possible applications in LTCC based devices.

% The SEM and XRD studies indicate that the low temperature sintered
LMS-glass and LCS-glass system does not react with the silver

electrode material.

% Addition of 1 wt% LBS in LMS sintered at 925°C/2hrs has & = 5.5 and
tan 60 = 7x105 at 9 GHz. LMS mixed with 2 wt% of LMZBS glass
sintered at 875°C/2hrs shows &= 5.9 and tan 6 = 7x10 at 9 GHz.

< Addition of 2 wt % of LBS glass in LCS sintered at 925 © C/2hrs has &,
=7.4 and tan 6 = 0.005 at 9 GHz

% Compared to LCS-glass composites, the LMS-glass composites show
excellent microwave dielectric properties at a low sintering
temperature and can be a promising candidate for substrate and

LTCC based devices.

This chapter discusses the synthesis, characterization and microwave
dielectric properties of novel low loss low permittivity Li2 ASiO4 (A=Mg and
Ca) ceramics for LTCC substrate applications. Next chapter discusses
microwave dielectric properties of novel temperature stable high Q dielectric

ceramics for dielectric resonator applications.
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Chapter 4

Microwave Dielectric Properties of Novel Temperature
Stable High Q LixMg1-xZn,Ti30s and Li2A1-xCaxTi30s
(A=Mg, Zn) Ceramics

The technological advances always necessitate the discovery of
new materials with innovative properties. This chapter discusses the
synthesis, characterization and microwave dielectric properties of
novel temperature stable high Q dielectric ceramics (LixMg1-xZn,Ti30s
(x=0 to 1) and Li2A1xCaxTi30s (A=Mg, Zn, and x= 0 to 0.2)) which can
be sintered at a low sintering temperature of 1075 °C/4hrs. Attempt has
also been made to lower the sintering of LixMgTi30s and Li2ZnTi3Os
ceramics for possible application in LTCC based devices. The
microwave dielectric materials presented in this chapter are superior
in terms of cost of raw materials, sintering temperature and
microwave dielectric properties as compared to the existing
microwave dielectric ceramics. The discovery of excellent properties of

these materials may lead to a major milestone in microwave dielectric

/4

resonator research.




Chapter 4

4.1 Introduction

In pace with the advances in microwave telecommunication and
satellite broadcasting, a variety of microwave devices have been developed
using dielectric resonator and the resonator has become indispensable
component in microwave communication systems [1-4]. The microwave
dielectric materials are advantageous in terms of compactness, light weight,
temperature stability and low cost in the production of high frequency
devices [5, 6]. A variety of microwave devices have been developed using
dielectric resonators as the frequency determining components. Due to the
constraints of size, frequency of operation, frequency stability and
selectivity, only those materials with high relative permittivity (&), low
dielectric loss and nearly zero temperature coefficient of resonant frequency
() can meet the requirements for DR applications [1, 3, 4, 7, 8]. These
requirements put constraints on the number of materials available for DR
applications. The family of commercially available low loss dielectric
materials and the materials which are the real breakthrough in the dielectric
resonator research is shown in Table 4.1. The current trend and the state of
the art of microwave dielectric materials for telecommunication applications
are discussed in the book “Dielectric materials for wireless communications”
[4]. The complex perovskite structure such as Ba(Zni/3Taz/3)Os5 (BZT) and
Ba(Mg1/3Taz/3)Os (BMT) shows the relative permittivity in the range 25-40
with high quality factor (Qxf > 200000) and low t¢ [9-11]. However, they are
usually made up of expensive chemicals such as niobates and tantalates.
Titanates occupy prominent position in advanced materials and the titanate
based ceramics have low cost compared to tantalate and niobate based
ceramics. The (ZrixSnx)TiOs, BaTisO20, BaTisO¢ are the other low cost
materials which shows excellent microwave dielectric properties [12-14].
However, high sintering temperature together with a long annealing time is

necessary for obtaining excellent microwave dielectric properties. Hence,
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these high Q dielectric ceramics are not cost effective either in terms of its
cost of raw materials or its high processing temperature. Another constraint
in making light weight electronic modules is the high density (=5 g/cm3) of
dielectric ceramics. Several dielectric materials with excellent dielectric
properties have been reported in the literature [4, 15-23]. Most of the
ceramics developed cannot meet their requirements simultaneously and
hence their properties need to be tuned. Much attention has been paid to
tailor the sinterability and dielectric properties of ceramics by dopant
addition, substitution, and the formation of solid solutions [24-32]. However,
most of such system forms a second phase and which may degrade the
dielectric properties. The developed dielectric materials reported so far have
failed either atleast one of its important properties such as cost of the raw
materials, sintering temperature, permittivity, quality factor, temperature

coefficient of resonant frequency, or bulk density.

From the device design point of view, a good combination of high
relative permittivity (for miniaturization), high quality factor (for
selectivity), nearly zero temperature coefficient of resonant frequency (for
stability), low processing temperature (for low cost), low cost of raw
materials (for low cost of the device) and low density (for light weight of the
electronic module) are required in a microwave dielectric material. In
addition it is desirable that the temperature coefficient of resonant frequency
be able to be tuned by small variations in the composition. Achieving all
these requirements in one material is a formidable task and optimal balance
of these properties is one of the major challenges in the electronic industry. If
a material which can satisfies all the above mentioned requirements, then
that material become the next major breakthrough in the dielectric resonator
research after (ZrixSnx)TiOs developed [14] by Murata manufacturing
company, Japan. The physical and dielectric properties of (Zr1xSnx)TiO4

ceramics is shown in Table 4.1. This chapter reports a family microwave
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dielectric material which satisfies all the above mentioned requirements and
can be the real landmark in the microwave dielectric resonator research.
Design of dielectric resonator oscillator requires the accurate knowledge of
electric parameters of the resonators such as resonant frequency, unloaded
quality factor and the effect with temperature. This chapter discusses the
synthesis, characterization and dielectric properties of novel low loss
dielectric materials (LizMg1.xZnxTi30s (x=0 to 1) and Li2A1xCaxTi30s (A=Mg,
Zn, and x= 0 to 0.2)) having spinel structure and it's composite with glass,
which can address the growing demand of microelectronic industry.

Table 4.1 The physical and dielectric properties of commercially available low loss
microwave dielectric materials.

) - Sintering
Material & Qxf (GHz) (ppm/°C) Temperature (°C) Ref.
MgTiO; - CaTiOs 20 55000 0 1400 [33]
BaTisOy 37 22700 15 1300 [12, 34]
Ba,Ti9Ox0 39 32000 2 1350 [13]
(Zr1x5n ,)TiO4 39 51500 0.7 1600 [14]
Ba(Zni/3Taz/3)Os 28 168000 0.5 1500 [9]
Ba(Mg1/3Taz/3)O3 24 430000 8 1640 [10, 35]
BaO-Smy03-TiO, 77.5 11200 -34 1360 [36]
CaTiOs - NdAIO; 41 33000 -17 1450 [37]
SrTiO; - LaAlOs 39 32000 2 1450 [38]

4.2. Spinels

Dielectric ceramics having spinel structure shows high quality factor
after complex perovskite structure. Hence much attention has been paid on

the development of microwave dielectric ceramics having spinel structure.
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Ideal spinel structure consist of a cubic close packed array of anions, with
one eighth of the tetrahedral and one half of the octahedral intersticies
occupied by cations, having general formula A[B2]Os, where A is
tetrahedrally surrounded cations, B an octahedrally surrounded one and X
an anion. Their cubic cell contain close packed array of 32 oxygen atoms
with cations in the tetrahedral and octrahedral interstices. Fig. 4.1 shows the
crystal structure of spinel. Complex spinel phases allow either tetrahedral or
octahedral sites to be occupied by more than one kind of cation. The
distributions over both sets of interstices tend to be random at high
temperatures, while they are often ordered at low temperatures with
lowering of the symmetry. The ternary spinels such as LixMgTisOs and
Li»ZnTi30s ceramics have been selected in the present investigation. Table
42 shows the structure data of lithium based spinel in the present

investigation [39, 40].
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Fig. 4.1 Crystal structure of Spinel
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Table 4.2 The structure data of lithium based spinel in the present
investigation [ref: 39, 40].

Composition | Symmetry Lattice parameter | Cation distribution
LixMgTizsOs | Cubic (p4332) 8.377(9) Lio55Mgpo.45[ (Lio.4sMgo.05) Ti1.5]O4
Li»ZnTizOs | Cubic (p4332) 8.371(2) Lios5Znos[Lio5Ti15]O4

4.3. Experimental

The LixMg1.xZn«Ti30s (x=0 to 1) and Li2A1xCaxTi30s (A=Mg, Zn, and
x= 0 to 0.2) ceramic samples were prepared by the conventional solid state
ceramic route. High purity Li>CO3;, ZnO, (MgCOs)s Mg(OH)2 5H20, CaCOs
and TiOz (99.9+%, Aldrich chemical company, Inc, Milwaukee, WI, USA)
were used as the starting materials. Stoichiometric amounts of the powder
samples were mixed and ball milled using zirconia balls in ethanol medium
for 24 hours to prevent the dissolution of Li»COs in water. The resultant
slurry was then dried. The thermal analysis were carried out on a
simultaneous thermogravimetry differential thermal analysis (TG-DTA)
instrument (Pyris Diamond TG/DTA, Perkin Elmer, US). The phase
formation temperature was found to be 900 °C. The LioMg1xZn,Ti30s (x=0 to
1) and Li2A1xCaxTi30s (A=Mg, Zn, and x= 0 to 0.1) ceramic powders were
calcined at 900 °C for four hours. The calcined powders were ground to form
fine powders and polyvinyl alcohol (PVA) (Molecular Weight 22000, BDH
Lab Suppliers, England) solution was then added to the powder, mixed,
dried and ground well and pressed into cylindrical disks of about 14 mm
diameter and 7mm thickness, by applying a pressure of about 100 MPa.
These compacts were muffled by powder of the same composition and
sintered at different temperatures in the range 1000 °C - 1125 °C for 4 hours.

The sintering temperature was optimized for the best density and dielectric
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properties. The muffling was done to prevent the escape of volatile lithium
at elevated sintering temperatures. The sintering temperature of the
LioMgTizOs and Li2ZnTisOs ceramics were lowered by the addition of
lithium magnesium zinc borosilicate (20:Li2O, 20:MgO, 20:ZnO, 20:B20;,
20:5i0») (LMZBS) glass. This glass was chosen since the elements in the glass
was lithium, magnesium, and zinc which was also present in the parent
material. This may avoid the formation of second phase in the final product.
The preparation of glass is discussed in chapter 2, section 2.2. Different
weight percentage of LMZBS glass was added to the fine powder of calcined
LixMgTisOs and Li>ZnTi3Os ceramics. Polyvinyl alcohol (PVA) (Molecular
Weight 22000, BDH Lab Suppliers, England) solution (4 wt%) was then
added to the powder, mixed, dried and ground well and pressed into
cylindrical disks of about 14 mm diameter and 7mm thickness, by applying
a pressure of about 100 MPa. These compacts were muffled by calcined
powder of the same composition and sintered at different temperatures in
the range 850 °C - 1075 °C for 4 hours. The sintering temperature of the
ceramic glass composite was optimized for the best density and dielectric
properties. The crystal structure and phase purity of the powdered samples
were studied by X- ray diffraction technique using Ni-filtered Cu-Ko
radiation using Rigaku Dmax-I, Japan, diffractometer. The microstructures
of the sintered samples were studied using scanning electron microscope
(JEOL-JSM 5600 LV, Tokyo, Japan). The sintered density of the specimen
was measured by the Archimedes method. The theoretical density of the
ceramic glass composite was calculated using the equation 2.14 (see chapter
2, section 2.6). The microwave dielectric properties were measured in the
frequency range 4 to 6 GHz by a Vector Network Analyzer (8753 ET, Agilent
Technologies). The dielectric constant and unloaded quality factor of the

samples were measured by Hakki and Coleman and cavity methods
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respectively [4, 41, 42] (discussed in chapter 2). Shrinkage characteristics
were investigated using Dilatometer (TMA-60 H, Shimadzu, Kyoto, japan).

4.4 Results and discussion

4.4.1 TG/DTA analysis

The thermal characterization (TG/DTA) curve of (a) Li2MgTisOs
(LMT) and (b) Li2ZnTi3Os (LZT) ceramics are shown in Fig. 4.2. Large weight
loss usually occurs when heat treating the precursor due to the
decomposition of the oxides or carbonates of the raw materials used in the
solid state ceramic route. The TG curve of as prepared LMT ceramics
indicate that the mass loss occurs in three distinct stages. The first stage
mainly occurring at 200 °C is due to the evaporation of absorbed moisture
and the release of molecular water. The weight loss at this temperature is
around 5%. The second stage, occurring in the range 300 to 400 °C, may
correspond to the partial decomposition of LixMgTisOs to yield
oxycarbonate intermediates [43, 44]. The weight loss at even higher
temperature (third stage) is due to the further decomposition of
oxycarbonate to yield oxides. The three distinct stages of decomposition is
not observed in the TG/DTA curve of Li2ZnTi3Os ceramics. The (MgCOs3)4
Mg(OH)2 5H2O is used as the starting raw material for the preparation of
LixMgTi3sOs ceramics and ZnO is used for the LixZnTizOs ceramics. The
evaporation of water in the hydrated magnesium carbonate is responsible
for the three distinct stages of decomposition of LMT. The TG/DTA curve
for LMT and LZT ceramics indicate that the decomposition has taken place
in the temperature range 200 to 650 °C and there is only a minor weight loss
between 650 to 950 °C. It can be observed that the complete decomposition
and the X-ray crystalline phase of LMT and LZT is formed around 900 °C.

Thus the calcination temperature is optimized for 900 °C.
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Fig. 4.2 TG/DTA curve of dried (a) LixMgTi30s and (b) Li»ZnTi30s ceramics.

4.4.2 Densification of Li2MgTi30s and Li2ZnTi30s ceramics

Figure 4.3 shows the variation of the relative density of Li2MgTi3Os
(LMT) and Li2ZnTi30s (LZT) ceramics calcined at 900 °C/4hrs as a function
of sintering temperature. As the sintering temperature is increased to 1075
°C the relative density increases to a maximum value and further increase in
sintering temperature decreases the density. The increased densification
could be due the elimination of pores in the ceramics. A maximum

densification of 95.5 % and 95 % is observed for LMT and LZT ceramics
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respectively at a sintering temperature of 1075 °C/4hrs. It is reported that
lithium is volatile and evaporates at higher sintering temperatures [45]. The
decreased densification at higher sintering temperature could be due to the
trapped porosity by the evaporation of lithium and also due to the abnormal

grain growth.
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4.4.3 Crystalline phase and micro structural analysis

Figure 4.4 shows the X-ray diffraction pattern of Li2Mgi1xZnxTi30s (x =
0, 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1) ceramics sintered at its optimized sintering
temperature of 1075 °C/4hrs. All the peaks are indexed based on JCPDS file
number 48-0263 for LixMgTisOs and 86-1512 for Li»ZnTizOs with cubic
crystal symmetry. The strongest peak is observed at 20 of 18.2995 (d=4.8442)
for LixMgTi3O0s and 20 of 35.526 (d=2.52488) for Li»ZnTisOs respectively. As
the x increases in LixMgi1xZn«TizOs ceramics, a sudden shift of strongest
intensity peak from 20 =18.2995 to 20 = 35.526 is observed. This transition is
observed near x=0.1. Figure 4.5 shows the variation of lattice parameter and
the cell volume as a function of composition. As x increases, the cell
parameter and the cell volume of LixMgi1xZnyTisOs decreases. The lattice

parameter is a = 8.381(4) A for Li-MgTisOs and a = 8.372(2) A for Li»ZnTisOs
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which is consistent with corresponding reported JCPDS files. Since the
LixMg1xZnsTisOs ceramics is cubic symmetry, the lattice parameters are
calculated by plotting lattice parameter ‘a’ versus Sin?(0) [46]. A straight line
will be formed and extrapolating this line to Sin? (0) = 1 will give the value

of lattice parameter ‘a’. Inset of Fig 4.5 shows the extrapolation of the lattice

parameter.
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Fig. 4.4 X-ray diffraction patterns of LixMgi1.xZn,Ti30s (x =0, 0.1, 0.2,
0.3, 0.4, 0.6, 0.8, 1) ceramics sintered at 1075 °C/4hrs.
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Fig. 4.5 The variation of lattice parameter and the cell volume of Li;Mg;4«Zn,Ti3Os (x = 0,
0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1) ceramics sintered at 1075 °C/4hrs as a function of x. Inset
shows the extrapolation of the lattice parameter
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Fig. 4.6 SEM images of thermally
etched LiMg1.xZn,Ti30s ceramics
(@) x=0 (b) x=1, (c) x=0.2, (d) x=0.4
(e) x= 0.6, (f) x= 0.8, (g) magnified
image of x=0.6.

Figure 4.6 shows the SEM images of thermally etched (25 °C below
the optimized sintering temperature) (a) Li2MgTisOs and (b) Li2ZnTizOs
ceramics sintered at 1075 °C/4hrs. The grains are closely packed and small
amount of porosity can be observed. The majority of the grains are having
an average size of 30-40 pm. However, smaller grains are also observed for

both the ceramics. Fig 4.6 also shows the SEM micrograph of the thermally
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etched LixMg1xZnsTi30s (c) x=0.2, (d) 0.4 (e) 0.6 and (f) 0.8. All the SEM
images except Fig. 4.6 (c) (x=0.2) shows similar microstructure and the Fig.
4.6 (c) shows a porous microstructure. Two types of grains having different
contrast are observed in the Fig 4.6 (e). Fig. 4.6 (g) is the magnified image of
Fig 4.6 (e) which confirms the phase purity.

4.4.4 Microwave dielectric properties of LixMgTi30s and Li»ZnTi3Os
ceramics with sintering temperature

Figure 4.7 shows the (a) relative permittivity (b) Quality factor and (c)
temperature coefficient of resonant frequency of LixMgTisOs (LMT) and
Li»ZnTisO0s (LZT) ceramics as a function of sintering temperature. It can be
observed that the variation of microwave dielectric properties of LMT and
LZT ceramics with sintering temperature is similar to that of densification.
The best dielectric properties are observed for the best densification. As the
sintering temperature increases to 1075 °C, the relative permittivity and
quality factor reaches a maximum value and the temperature coefficient of
resonant frequency is found to be minimum. However, subsequent increase
in sintering temperature degrades the microwave dielectric properties. The
improvements in microwave dielectric properties are attributed due to the
improvement in densification. On the other hand, the dielectric properties
are degraded due to the decreased densification by the evaporation of
volatile element like lithium at elevated temperature [45]. The LixMgTi3Os
ceramics sintered at 1075 °C has & = 27.2 and Quxf = 42000 GHz and ¢ = (+)
3.2 ppm/°C at 5 GHz. The Li»ZnTizOs ceramics sintered at 1075 °C shows &
= 25.6 and Quxf = 72000 GHz and 1 = (-) 11.2 ppm/°C at 5 GHz. Most of the
titanium based ceramics have high processing temperature (>1400 °C). The
high sintering temperature results coring effect in titanium based ceramics
(oxygen deficient interior of the sintered pellet). This phenomenon has been
observed in zirconium tin titanate (ZrosSno2TiOs), BaTisO9 and BarTisO2o

ceramics [47]. The coring effect is due to the oxygen deficiency and this led
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to the reduction of Ti** to Ti%*. This causes the degradation of quality factor
of microwave dielectric ceramics. In the present case the sintering

temperature is relatively low for the titanium reduction.

The well known microwave dielectric materials with high quality
factor in general need high sintering temperature together with long soaking
time. However, the LixMgTi3Os and Li»ZnTi3Os dielectric ceramics in the
present investigation shows excellent dielectric properties at a low sintering
temperature of 1075 °C/4hrs. The microwave dielectric losses in bulk
ceramics fall into two categories, intrinsic and extrinsic [48, 49]. Intrinsic
losses are dependent on the crystal structure and can be described by the
interaction of phonon systems with ac electric field. The ac electric field
alters the equilibrium of the phonon system and the subsequent relaxation
associated with energy dissipation [48, 49]. Extrinsic losses are associated
with the imperfections in the crystal structure like porosity, grain
boundaries, microstructural defects etc [4]. Recently, Alford et al. [50] tried
to answer the question of “Do grain boundary affect the microwave
dielectric loss in oxides?”. The interplay of other parameters such as
porosity, liquid phase and cation ordering makes it difficult to make
definitive remark on the relationship between grain size and dielectric loss.
However, in sintered alumina, it has been reported that the dielectric loss is
found to depend strongly on pore size, pore volume, and grain size [51]. The
grain boundaries in the polycrystalline microwave dielectric ceramics have
long been suspected for the dielectric loss. Report shows that the impurities
even in minor amount will cause an increase in the dielectric loss of ceramics
[52]. The sintering process sweeps the impurities to the grain boundaries so
that the impurities and grain boundaries are inextricably linked. For small
grains, there is a possibility of accumulation of impurities at the grain
boundaries which is less for larger grains and that markedly affect the

quality factor. Hence, it is reasonable to assume that if the grain boundaries
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are a source of dielectric loss, then reducing their number might be expected

to reduce the dielectric loss. It is generally accepted that ceramics having

larger grains shows relatively better microwave dielectric properties in

addition to the inherent properties. From the SEM image it is worth to note

that both the ceramics are having the grain size of about 30-40 um. The large

grain size of the LioMgTi3Os and Li2ZnTisOs ceramics could be reason for the

high quality factor when sintered at 1075 °C/4hrs.
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4.4.5 Densification and microwave dielectric properties of Li:Mgi-

xZnxTi30s ceramics

It has been observed that the LixMgTisOs and Li>ZnTisOs ceramics

show excellent microwave dielectric properties with temperature coefficient

of resonant frequency of +3.3 ppm/°C and -11.3 ppm/°C respectively. In

order to tune the dielectric properties many attempts such A/B site modified
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ceramics, layered system, solid solutions, dopant addition etc. have been
proposed [24, 26, 29, 30, 53-55]. However, many of the system may result in
multiphase with degradation in dielectric properties. Using two or
compounds with positive and negative temperature coefficients to form a
solid solution or mixed phase is the most promising method of obtaining
zero Ti. It is clear from the previous sections that the LixMgTizOs and
Li2ZnTi3Os ceramics has 1w of (+) 3.2 ppm/°C and (-) 11.2 ppm/°C
respectively. The present section discusses the densification and microwave

dielectric properties of LioMg1xZnxTizOs ceramics.

Figure 4.8 shows the densification and the relative permittivity of
Li>Mg1.xZnsTi30s ceramic as a function of x. A maximum densification of
95.5% and 95% is observed for LixMgTisOs and Li2ZnTisOs ceramics
respectively. The densification of Li2MgixZn«TisOg ceramics is expected to
be in between the densities of extreme composition. However, a sharp
decrease in the densification (90% of theoretical density) is observed in the
vicinity of x=0.2. This composition is very difficult to sinter and increasing
the sintering temperature decreases the density of the samples further. From
the SEM picture (see Fig 4.6 (c) (x = 0.2) it can be observed that the
microstructure shows poor densification. Figure 4.8 shows relative
permittivity curve of LixMgi1xZn«Ti30s as a function of x. As the x increases
from 0 to 1, the relative permittivity of LixMg1-xZnxTi30s ceramics decreases
from 27 to 25.5. All the compositions of Li2Mg1-xZn«TizOs ceramics have the
densification of about 93 to 95.5%. The porosity corrected permittivity of
Li2Mg1.xZnxTi3Os ceramics is calculated using the equation 3.1 (see chapter 3
section 3.3) [51] and shown in Fig 4.8. The porosity corrected relative
permittivity of LiaMgi1.xZn«TisOs ceramics shows a decrease with an increase
in x. As the x increases from 0 to 1, the porosity corrected relative

permittivity of LixMg1 xZnxTi30s ceramics decreases from 29.5 to 27.8.
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Fig. 4.8 The variation of densification and the relative permittivity of Li-Mg;.
xZnyTi30g ceramic as a function of x.

Figure 4.9 shows the quality factor and the temperature coefficient of
resonant frequency (1) of LioMg1xZnxTisOs ceramics sintered at 1075
°C/4hrs as a function of x. The quality factor of LixMgTi30s and Li2ZnTi3Os
ceramics are 42000 GHz and 72000 GHz respectively. Hence the quality
factor of LioMg1xZnyTizOs ceramics sintered at 1075 °C/4hrs is expected to
be in between the quality factor of the end compositions. As the x increases
from 0 to 0.1, the quality factor of LizMg1-xZnxTisOs ceramics increases from
42000 GHz to 62000 GHz. However, subsequent increases in x (x = 0.2), the
LioMg1xZnxTi3Os ceramics shows poor resonance (Qu x f of about 10000
GHz). It is worth to note that this is the composition where the densification
decreases rapidly. The extrinsic factors such as poor densification and the
associated moisture may be the reason for high loss factor at x = 0.2.
However, from Fig. 4.9 that further increase in the x value increases the
quality factor of LixMgi1.xZn«Ti3Os ceramics. The variation of temperature
coefficient of resonant frequency of LixMgi1xZn«Ti3Os ceramics sintered at

1075 °oC/4hrs as a function of x is also shown in Fig. 4.9. It can be observed
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that, as the x increases from 0 to 1, the t of LixMgi1xZnxTi3Os ceramics varies
from (+) 3.1 to (-) 11.2 ppm/°C. Figure 4.9 clearly shows that as x=0.2 is the

composition where the 1t approaches the zero value with poor resonance.
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Fig. 4.9 The variation of quality factor and the temperature coefficient of
resonant frequency of Li;Mg;..Zn,Ti3Os ceramics sintered at 1075
°C/4hrs as a function of x

4.4.6 Effect of calcium substitution on the structure and
microwave dielectric properties of Liz(A1xCax)Ti3Os
ceramics (A=Mg, Zn, and x=0, 0.05, 0.1, 0.15, 0.20)

Extensive investigation has been paid for tailoring the microwave
dielectric properties of several low loss dielectric ceramics by possible
substitution, dopant addition, solid solution formation and layered
dielectrics [4, 16, 30, 53, 56-58]. It has been reported that, substitutions
always improve or degrade the dielectric properties depending on the
chemical reactivity, solid solubility and the formation of the second phase of
substituting element with the parent composition [57]. If the substituting
element is having larger or smaller size compared to host element, then it is
very difficult to be substituted at the respective site obeying vegard’s law

[59, 60] and may form second phase easily. This second phase may in
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general degrade the microwave dielectric properties. However, if the second
phase formed is low loss, then the properties may not be affected
considerably. In the previous section we have see that the zinc act as good
substitutant for magnesium in the composition Lix(MgixZnx)TizsOs and
improved the quality factor. The ionic radii of zinc (0.74 A) and magnesium
(0.72 A) are comparable. The calcium is having slightly higher ionic radii (1.0
A) compared to zinc and magnesium (CN=6). The present section discuss
the effect of substitution element having higher ionic radii (calcium) on the
microwave dielectric properties of Liz(A1xCax)TisOs ceramics (A=Mg, Zn,

and x=0, 0.05, 0.1, 0.15, 0.20) ceramics.

4.4.6.1 Crystalline phase and micro structural analysis

Figure 4.10 and 4.11 show the X-ray diffraction pattern of Liz(A1-
xCax)TisOs ceramics (A=Mg, Zn, and x=0, 0.05, 0.1, 0.15, 0.20) ceramics
sintered at 1075 °C/4hrs. All the peaks in Fig. 4.10 is indexed based on
JCPDS file number 48-0263 for LixMgTi3Os ceramics and Fig. 4.11 is indexed
based on JCPDS file number 86-1512 for Ca substituted Li2ZnTizOs ceramics
with cubic crystal symmetry. A small amount of second phase (CaTiOs) has
been observed for the calcium substitution of Liz(A1xCax)TisOs ceramics
(A=Mg, Zn, and x=0, 0.05, 0.1, 0.15, 0.20) ceramics. The intensity of second
phase is found to be increased with increase in the calcium substitution. The
formation of the second phase could be due to the relatively higher ionic
radius of calcium compared to that of magnesium and zinc. The second
phase observed is CaTiOs and which can be indexed based on the JCPDS file
42-0423. In the case of Ca substitution for Mg, second phase is formed for x =
0.05 and the CaTiOs content increases with increase in x value. The intensity
of XRD peak corresponding to CaTiOs increases with Ca substitution. In the
case of Zn, the CaTiOs XRD peaks start appearing at x = 0.1 and the intensity

of XRD peak corresponding to CaTiOs increases with increase in x.
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Fig. 4.10 X-ray diffraction patterns of LixMg1«CaxTi30s (x = 0, 0.05, 0.10,
0.15, 0.20) ceramics sintered 1075 °C/4hrs.
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Fig. 4.11 X-ray diffraction patterns of Li»Zn;«Ca\Ti3Os (x = 0, 0.05, 0.10, 0.15,
0.20) ceramics sintered 1075 °C/4hrs.

Fig. 412 shows the microstructure of Lix(A1xCax)TisOs (A=Mg, Zn)
ceramics as a function of Ca concentration. The grains are having an average
size of about 30-40 pm. By comparing the Figs. 4.6 and 4.12, it can be

observed that the substitution of calcium does not change much the grain
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morphology or grain size. However, small amount of second phase (CaTiOs)
which is randomly distributed on the grains and grain boundaries is
observed. It is clear from the SEM image that, as the Ca concentration of
Li2(A1xCax)TisOs (A=Mg, Zn) ceramics increases, the amount of second
phase (CaTiOs) also increases. The mixture phase observed in the
microstructure strongly support the secondary phase detected in the X-ray
diffraction of Lix(A1xCax)TisOs (A=Mg, Zn) ceramics. The second phase
formed is marked in the inset of Fig. 4. 12(b).

(a) (b)

::’/CaTi03

(c) (d)

Fig. 4.12 SEM images of Liz(A1.xCax)Ti30s (a) A=Mg and x=0.10, (b) A=Mg and x=0.20,
(c) A=Zn and x=0.10, (b) A=Zn and x=0.20 ceramics sintered 1075 °C/4hrs. Inset of Fig.
(b) is its magnified image.

4.4.6.2 Densification and microwave dielectric properties

Figure 4. 13 (a) shows the variation of density of Liz(A1.xCax)Ti3Os
(A=Mg, Zn) ceramics as a function of x. It is clear from the SEM images that
the increase in the Ca substitution increases the porosity. Hence it is
expected to decrease the density of the Liz(MgixCax)Ti3Os ceramics with Ca

substitution. A slight decrease in the density is observed for the Ca
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substitution (up to x = 0.05) for Li(Mgi«Cax)TisOs ceramics. However,
further increase in Ca substitution increases the density slightly. The second
phase (CaTiOs) has slightly higher density (4.036 g/cm3) compared to that of
LMT and LZT ceramics. The increase in the density of Lix(Mgi«xCax)TizOs
with an increase in Ca substitution could be due to the CaTiO3 second phase.
The slight decrease in the density of Liz(Zni1.xCax)Ti3Os with an increase in
Ca substitution could be due to the formation of pores which seems to be
more for Liz(Zn1«Cax)TisOs compared to Li2(Mgi1«Cax)TisOs (see Fig. 4.12).
As the Ca substitution increases from 0 to 0.20 the density of Lix(Mgi-
xCax)Ti3Os increases from 3.31 to 3.41g/cm?3 and that of Lix(Zni«Cax)TizOs
varies from 3.77 to 3.74g/cm3. Fig. 413 (b) shows the variation of relative
permittivity of Liz(A1xCax)TisOs (A=Mg, Zn) ceramics as a function of
calcium substitution. The relative permittivity is found to increase with an
increase in the calcium substitution for both the Liz(MgixCax)TisOs and
Liz(Znmi1«Cax)TisOs ceramics. It can be observed from the X-ray diffraction
pattern and SEM micrograph that the amount of second phase (CaTiOs)
increases with calcium concentration in Lix(A1xCax)TisOs (A=Mg, Zn)
ceramics. The CaTiOs has permittivity of about 174 [4, 26, 29] which is much
higher than that of LixMgTisOs and Li2ZnTisOs ceramics. The higher
permittivity of the second phase could be the reason for the increase in the
permittivity of Liz(A1xCax)TisOs (A=Mg, Zn) ceramics with calcium
concentration. As the x increases from 0 to 0.2, the relative permittivity of
Li2(Mg1.xCax)TisOs and Liz(Znmi«Cax)TisOs ceramics increases from 27.2 to
32.8 and 25.6 to 30.8 respectively. The variation of quality factor of Liz(A1-
xCax)TisOs (A=Mg, Zn) ceramics as a function of calcium concentration is
shown in Fig. 4.13 (c). The quality factor of both Lix(MgixCax)Ti3O0s and
Liz2(Zn1xCax)TisOs ceramics is found to be decreased with increase in the
calcium substitution. Compared to LixMgTi3Os and Li>ZnTi3Os ceramics, the

CaTiOs has a low quality factor of about 3600 GHz [4, 26, 29]. Hence the
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increases in the amount of CaTiOs phase having lower quality factor with
calcium concentration could be the reason for the decrease in the quality

factor of Liz(A1.xCax)TisOs (A=Mg, Zn) ceramics.
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Fig. 4.13 Variation of (a) density, (b) relative permittivity, (c) quality factor, and
(d) temperature coefficient of resonant frequency of Liz(A1«Cax)TizOs
(A=Mg, Zn) ceramics as a function of x.

Fig. 413 (d) depicts the variation of the temperature coefficient of
resonant frequency of Liz(A1.xCax)TizOs (A=Mg, Zn) ceramics as a function of
calcium concentration. The ¢ of Li2(Mg1xCax)Ti3Os increases from +3.1 to 51
ppm/°C where as the 1t of Liz(Zm«xCax)Ti3Os shifts from -11.21 to +38
ppm/°C. It is well known that the CaTiOs has a high positive 1t of about
(+800 ppm/°C) and it is commonly used to tune the temperature coefficient
of resonant frequency of microwave dielectric ceramics which are having a

negative 1 [37, 61, 62]. The high positive s of the CaTiOs second phase could
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be the reason for the increase in the temperature coefficient of resonant
frequency of Lix(A1xCax)TisOs (A=Mg, Zn) ceramics with calcium

concentration.

4.4.7 Effect of glass addition on the sinterability and
microwave dielectric properties of Li2ATi3Os ceramics
(A=Mg, Zn)

Recently, the development of dielectric materials for microwave
applications have focused on the low temperature co-fired ceramics due to
their functional advantages for the miniaturization of the dimensions of
multilayer devices [63]. LTCC materials are required to have good
sinterability below the melting point of commonly used electrodes such as
copper and silver with good microwave dielectric properties. From the
previous sections, we have seen that the LixMgTizOs and Li>xZnTizOs
ceramics shows excellent microwave dielectric properties when sintered at
1075 °C/4hrs. The low sintering temperature of this dielectric ceramics
opens a wide window for the possible application in LTCC based devices.
However, slightly higher sintering temperature of these materials as
compared to the melting point of silver electrode material restricts its
immediate application in LTCC technology. It is well known that the liquid
phase sintering by glass addition is the best method to lower the sintering
temperature of the ceramics with reasonably good microwave dielectric
properties [64-71]. Earlier investigations on glass added ceramics reveals
that multicomponent glasses are more effective to lower the sintering
temperature of the ceramics without degrading the microwave dielectric
properties [63, 72]. In the present study we have selected lithium magnesium
zinc borosilicate (LMZBS) glass as the sintering aid. The physical and
dielectric properties of the LMZBS glass are shown in Table 1.2 (see chapter
1, section 1.9). If the amount of glass frit is large, the network formers in the

excess glass can profoundly absorb the microwave at higher frequencies and
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thereby degrade the quality factor of the final products [73]. Hence the
amount of glass frit for lowering the sintering temperature of each ceramics
has to be optimized. The following section discusses the effect of glass
addition on the sinterability, microstructure and microwave dielectric

properties of Li-MgTi3Os and Li>ZnTi3Os ceramics.

4.4.7.1 Shrinkage characteristics
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Fig. 4.14 Shrinkage characteristics of (a) Li2MgTi30s and (b) Li»ZnTi3Os ceramics
with and without 3 wt% of lithium magnesium zinc borosilicate (LMZBS) glass.

The dilatometry study provides an insight to the densification process
for the ceramic glass systems. Fig. 4.14 shows the shrinkage characteristics of
(@) LioMgTisOs and (b) Li2ZnTi3sOs ceramics with and without 3 wt% of
lithium magnesium zinc borosilicate (LMZBS) glass. It is found that the
sintering of LixMgTi3Os and Li»ZnTi30s ceramics starts around 850 °C and 12
% of linear shrinkage is in the temperature range of 850-1050 °C. The low
onset of sintering behavior of temperature stable high Q materials has not
been reported so far. This offers the perspective of the application of these
materials in LTCC based devices. It can be observed from Fig. 4.14 that the
onset of sintering of both LMT + 3 wt% LMZBS and LMT + 3 wt% LMZBS

ceramic glass composite starts around 750 °C and a linear shrinkage of about
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15 % is observed in the temperature range of 750-950 °C. The eutectic liquid
phase formation of the LMZBS glass could be the reason for the reduction of
onset of sintering of both the microwave dielectric ceramics in the present
investigation. This implies that the LMZBS glass acts as sintering aid to

lower the sintering temperature of LioMgTi30s and Li2ZnTi3Os ceramics.
4.4.7.2 Crystalline phase and micro structural analysis

Generally addition of glass in ceramics degrades the microwave
dielectric properties by the formation of secondary phases while sintering.
Fig. 4.15 shows the X-ray diffraction pattern of (a) LiaMgTi3Os sintered at
1075 oC/4hrs, (b) LixMgTi30s + 3 wt% of LMZBS sintered at 925 °C/4hrs, (c)
LioMgTisOs + 3 wt% of LMZBS + 20 wt% of Ag sintered at 925 °C/4hrs, (d)
Li2ZnTi3Os sintered at 1075 °C/4hrs, (e) Li2ZnTisOs + 3 wt% of LMZBS
sintered at 900 °C/4hrs, and (f) Li2ZnTi30s + 3 wt% of LMZBS + 20 wt% of
Ag sintered at 900 °C/4hrs. It can be observed that the addition of LMZBS
glass does not lead to formation of any secondary phase. All the peaks in the
XRD pattern are indexed based on JCPDS file number 48-0263 for
LioMgTisOs+LMZBS system and JCPDS file number 86-1512 for
Li2ZnTisOs+LMZBS system with cubic crystal symmetry. For LTCC
applications the electrode material should not react with the ceramic
material during co-firing. The X-ray diffraction pattern of dielectric ceramics
and electrode material sintered at its optimized sintering temperature is an
acceptable way to study the interface reaction. It can be observed from Figs.
415 (c) and (f) that, there is no additional phase other than metallic silver
(JCPDS file number 03-0921) and LixMgTi3Os (JCPDS file number 48-0263) or
Li2ZnTisOs (JCPDS file number 86-1512) phases. Since the formation of
secondary phase is not observed in the pattern, it may be possible to use Ag

as the electrode material for these ceramic glass composites.
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Fig. 415 The X-ray diffraction pattern of (a) LixMgTi3Os sintered at 1075 °C/4hrs, (b)
LiMgTi30s + 3 wt% of LMZBS sintered at 925 °C/4hrs, (c) LixMgTi30s + 3 wt% of LMZBS
+ 20 wt% of Ag sintered at 925 °C/4hrs, (d) Li2ZnTi3Os sintered at 1075 °C/4hrs, (e)
Li>ZnTiz0s + 3 wt% of LMZBS sintered at 900 °C/4hrs, and (f) Li»ZnTizOs + 3 wt% of
LMZBS + 20 wt% of Ag sintered at 900 °C/4hrs.

Figure 4.16 shows the scanning electron micrograph of thermally
etched 3 wt% of LMZBS glass added (a) LixMgTi30s ceramics sintered at 925
°C/4hrs and (b) Li2ZnTizOs ceramics sintered at 900 °C/4hrs. The influence
of glass addition in ceramics varies from material to material. Fig. 4.16 (a) is
a typical example of liquid phase sintering in which the glass melts and wet
the grains and flows between the grains of LixMgTi3Os ceramics. It is well
known that the liquid phase sintering decreases the grain size of dielectric
ceramics [74]. The LMT ceramics sintered at 1075 ©C/4hrs has a grain size of
about 30-40 pm where as the 3 wt% of LMZBS glass added LMT ceramics
sintered at 925 has a grain size of about 8 to 10 pm. The effect of LMZBS
glass addition in Li»ZnTisOs ceramics is different from that of LixMgTisOs
ceramics. From Fig. 4.16 (b), it can be observed that the glass is concentrated

mainly at the grain boundaries and there is no significant change in the grain
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size compared to pure LZT sintered at 1075 °C/4hrs. This is clear from the
low magnification image (see Fig. 4.17) of Li»ZnTiz0s + 3 wt% of LMZBS
glass sintered at 900 °C/4hrs. Hence, it can be concluded that the LMZBS
glass decreases the grain size of LixMgTi3Os ceramics. This could be due to
the liquid phase sintering and the decrease in the sintering temperature.
However, no significant decrease in the grain size is observed for LMZBS

glass added Li»ZnTi3Os ceramics.

(a) (b)

(c) (d)

Fig. 4.16 SEM images thermally etched (a) 3 wt% of LMZBS glass added LMT ceramics
sintered at 925 °C/4hrs and (b) 3 wt% of LMZBS glass added LZT ceramics sintered at 900
oC/4hrs, (c) LMT+3wt% of LMZBS+ 20 wt% of Ag sintered at 925 °C/4hrs, and (d) LZT+3
wt% of LMZBS + 20 wt% of Ag sintered at 900 °C/4hrs.

Fig 4.17 The Low magnification
image of Li»ZnTi30s + 3 wt% of
LMZBS glass sintered at 900
°C/4hrs.
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Fig. 4.16 shows the micrograph of (c) LiaMgTisOs + 3 wt% of LMZBS +
20 wt% of Ag sintered at 925 °C/4hrs and (d) Li2ZnTi30s + 3 wt% of LMZBS
+ 20 wt% of Ag sintered at 900 °C/4hrs. The silver did not react with the
ceramic-glass composites and are distributed randomly. This micrograph
strongly supports the results of non-reactivity of silver with ceramic glass

system as evidenced from the X-ray diffraction pattern (see Fig. 4.15).
4.4.7.3 Densification and microwave dielectric properties

Addition of sintering aid not only lowers the sintering temperature
but also affect the densification of the ceramics. Fig. 4.18 shows the variation
of sintering temperature and relative density of (a) LixMgTisOs and (b)
Li2ZnTizOs ceramics as a function of LMZBS glass fluxing. The sintering
temperature is optimized for best density and dielectric properties. As the
amount of glass increases, a gradual decrease in the sintering temperature of
both the LixMgTisOs + LMZBS and Li>ZnTizOs + LMZBS ceramics glass
composites are observed. Addition of 3 wt% of LMZBS decreases the
sintering temperature of LixMgTi3Os from 1075 °C/4hrs to 925 °C/4hrs and
that of Li2>ZnTizOg ceramics from 1075 °C/4hrs to 900 °C/4hrs. However,
higher wt% of glass fluxing does not decrease the sintering temperature
further. The glassy liquid phase at the grain boundary effectively eliminates
pores and thereby lowers the sintering temperature. Hence the decrease in
the sintering temperature could be due to the liquid phase sintering as
evident from SEM images (see Fig. 4 .16). The relative density of both

LixMgTi30s and Li2ZnTi3Os ceramics is found to decrease with glass fluxing.

It is worth to note that the density of LMZBS glass (2.75 g/cm3) (see
Table 1.2, Chapter 1, Section 1.9) is slightly lower than the density of both
LMT and LZT ceramics. It is strongly believed that the sintering
characteristics are strongly correlated with the formation temperature of the

eutectic liquid phase. The decrease in densification of glass added ceramics
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could be due to the inhomogeneous evaporation of the liquid phase from the
grain boundary causing incomplete wetting, formation of pores and
suppressed grain growth [65]. Maximum densification of 93.5% is observed
for 3 wt% of LMZBS glass added LMT ceramics and 93.5 % for 3 wt% of
LMZBS glass added LZT ceramics. Trapped porosity associated with grain
growth and formations of pores by the evaporation of excess glass
components are the reasons for the reduction of density for higher wt% of

glass fluxing.
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Figure 4.18 The variation of sintering temperature and relative density of (a)

Li:MgTi30s and (b) Li2ZnTi30s ceramics as a function of LMZBS glass
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Figure 4.19 Variation of relative permittivity and quality factor of (a) LMT and
(b) LZT ceramics as a function of LMZBS glass addition.

The eutectic liquid phase in the ceramic glass system will significantly
change the microwave dielectric properties of the ceramics. The effect of
glass addition on the microwave dielectric properties of dielectric ceramics
depend strongly on the chemistry of glass, the chemical reaction, the phase
change during sintering and the final density [65, 68]. Generally, the Q value
of the ceramic glass composite decreased with increasing the glass content
despite the increase in the density. Fig. 4.19 shows the relative permittivity
and quality factor of (a) LMT and (b) LZT ceramics as a function of LMZBS
glass addition. It is found that the dielectric properties changes in a manner

similar to that of densification. As the LMZBS glass content increases from 0
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to 5 wt%, the relative permittivity LMT decreases from 27.2 to 23.7 and that
of LZT decreases from 25.7 to 22.8. The decrease in the permittivity of both
the LMT + LMZBS and LZT + LMZBS ceramic glass composite is expected
since the permittivity of LMZBS glass is (e = 6.9) lower than that of LMT
and LZT ceramics. It is also worth to note that the densification of glass
added LMT and LZT ceramics decreases with increase in the amount of
glass. The decrease in densification and the low relative permittivity of glass
could be the reason for the decrease in the relative permittivity of the LMT +
LMZBS and LZT + LMZBS ceramic glass composites. Fig. 4.19 also illustrates
the variation of quality factor of (a) LMT and (b) LZT ceramics as a function
of LMZBS glass fluxing. It can be observed that a small amount of glass (1 wt
%) increases the quality factor of LMT ceramics from 42000 GHz to 52000
GHz and further addition of LMZBS glass (5 wt %) decreases the quality
factor of LMT to 38000 GHz. For LZT + LMZBS ceramics glass composites, a
gradual decrease in the quality factor is observed along with a decrease in
sintering temperature. The quality factor of LZT ceramics decreases from
72000 GHz to 27000 GHz with the addition of 5 wt % of LMZBS glass. The
added glasses not only acted as the sintering aid but also as an impurity
phase with low quality factor and & that can adversely affect the microwave
dielectric properties. It has been reported that, the microwave dielectric loss
is mainly caused not only by the lattice vibrations but also by the pores, the
grain morphology and the second phase [3]. It can be evidenced by
comparing the SEM image (see Fig 4.6, 4.16 and 4. 17) that the LMZBS glass
addition in LMT and LZT ceramics increases porosity and the glasses are
concentrated at the grain boundaries. It is reported that during sintering the
impurities are concentrated at the grain boundary intersections and this
accumulated impurities increases with an increase in the grain boundary
intersections [63, 71]. In addition, the dielectric loss of glasses is much higher

than that of LMT and LZT ceramics. The relatively higher dielectric loss of
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the glass and the low densification could be the reason for the decrease in
the quality factor of LMT + LMZBS and LZT + LMZBS ceramic glass
composite with glass additions. Addition of 3 wt% of LMZBS glass in LMT
and LZT shows the quality factor of 43000 GHz and 30000 GHz when
sintered at 925 °C/4hrs and 900 °C/4hrs respectively.

4
~~ 2-
o . .
2 1 LMT+LMZBS Fig. 420 The ve?r{atlon of
& o temperature coefficient of
- = resonant frequency of LMT and
12 LZT ceramics as a function of
] LMZBS glass fluxing.
-144
] LZT+LMZBS
-16-
o 1 2 3 4 5

wt % of Glass

The stability of resonant frequency of resonator or filter with ambient
temperature is important as far as the design and performance of the
microelectronic devices are concerned. Fig. 4.20 shows the variation of
temperature coefficient of resonant frequency of LMT and LZT ceramics
with different wt% of LMZBS glass. It can be observed that the addition of 5
wt % LMZBS glass in LMT decreases the 1t from (+) 3.1 to (+) 0.5 ppm/°C
and that of LZT varies from (-) 11.2 to (-) 16.5 ppm/°C. The decrease in the T
of the present ceramic glass system could be due to the relatively high
negative 1t of LMZBS glass compared to LMT and LZT ceramics. The
excellent sinterability and microwave dielectric properties of this new family
of LTCC materials can address the growing demand of electronic

manufacturers to reduce packaging size.
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Table 4.3. The sintering temperature, permittivity, quality factor, 1 and density of
microwave dielectric ceramics developed in the present investigation

Mateal | g S |, | Qa6 v | pesiy

(ppmy°Q) | (gem?)
Li2MgTisOs (LMT) 1075 27.20 | 42000 (+)32 331
Li2(Mgo9Zno.1) TizOs 1075 27.01 | 62000 (+)1.2 333
Liz(MgosZno ) TizOs 1075 25.79 | 10000 (-)0.2 3.26
Liz(Mgo7Zno3) TisOs 1075 26.02 | 32700 ()33 337
Li2(Mgo.6Zno.4) TizOs 1075 25.94 | 60000 (-) 4.2 3.48
Li2(Mgo4Zno.6) TisOs 1075 25.85 | 65000 ()82 352
Liz(Mgo2Zno ) TisOs 1075 25.77 | 66500 () 105 3.64
LixZnTisOs (LZT) 1075 2556 | 72000 () 112 3.77
Li>(Mgo95Cao 05) Tis0s 1075 2838 | 40000 (+)14.2 3.29
Li2(Mgo9Cao.1) TisOs 1075 29.34 | 38000 (+)26 3.30
Liz(Mgp85Ca 15) TisOs 1075 30.65 | 36000 (+)43 3.34
Liz(Mgp50Cap 20) TisOs 1075 32.7 | 35500 (+) 51 341
Lix(Zno 5Cao 05) TisOs 1075 27.06 | 51100 (-)2.24 3.71
Li>(Zno9Cao1)TisOs 1075 27.69 | 44500 | (+)11.3 3.72
Liz(Znos5Cao1) TizOs 1075 29.85 | 37500 | (+)20.9 3.73
Liz(ZnosCao.) TisOs 1075 30.9 | 34600 | (+)38.0 3.74
LMT + 0.5 LMZBS 975 2540 | 51000 (+)1.97 3.20
LMT + 1 LMZBS 950 2521 | 55000 (+)1.1 317
LMT + 3 LMZBS 925 2454 | 44000 (+)0.25 3.16
LMT + 5 LMZBS 925 2370 | 38000 ()03 315
LZT + 0.5 LMZBS 1000 2456 | 70000 ()135 3.64
LZT +1LMZBS 925 2431 | 58000 (-1)14.4 3.62
LZT + 3 LMZBS 900 2324 | 31300 ()15.6 3.58
LZT + 5 LMZBS 900 228 | 25000 () 16.6 3.59
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The major results such as sintering temperature, density, relative
permittivity, quality factor and 1t of Li2(MgixZnx)Ti3O0s (x=0 to 1), Liz(A1-
xCax)TisOs (A=Mg, Zn) ceramics and the effect of LMZBS glass addition on
Li>MgTi3sOs and Li»ZnTisOs ceramics are given in Table 4.3. Materials with
excellent physical (low sintering temperature and low bulk density) and
microwave dielectric properties (high Qu x f, high & and low 1) have not
been reported so far. The materials developed in the present investigation
(see Table 4.3) are superior in terms of dielectric properties, sintering
temperature and cost of raw materials as compared to commercially
available high Q dielectric resonators (see Table 4.1). Hence the introduction
of Li2(Mg1xZny)Ti30s ceramics and its glass composites can move the

technology forward in wireless communication industry.
4.5 Conclusions

% The LioMg1xZnyTi30s (x=0 to 1) and Li2A1.xCaxTisOs (A=Mg, Zn, and
x= 0 to 0.2) ceramic samples are prepared by the conventional solid
state ceramic route and the phase purity, microstructure and

microwave dielectric properties are investigated.

% The LioMgTi30s and Li2ZnTizOs ceramics shows & = 27.2, Qu x f =
42000 GHz, and = (+) 3.2 and & = 25.56, Qu x f = 72000 GHz, and 1=
(-) 11.2 ppm/°C respectively when sintered at 1075 °C/4hrs.

% Among all the compositions of LixMgixZnyTi3Os ceramics, the
LizMg09Zno1TizOs dielectric ceramic composition shows the best
dielectric properties such as & = 27, Qu x f = 62000 GHz, and 1 = (+)
1.2 ppm/°C when sintered at 1075 °C/4hrs.

% The second phase (CaTiOs3) has been found with the Ca substitution
in Li2A1.xCaxTi30s (A=Mg, Zn, and x= 0 to 0.2) ceramics and which

degrades the microwave dielectric properties slightly.

154



®
%

®
L4

Chapter 4

Effect of LMZBS glass addition on the sinterability and microwave
dielectric properties of LixMgZnTisOs and LixMgZnTizOs dielectric

ceramics has been investigated for LTCC applications.

The LMT + 3 wt% of LMZBS glass sintered at 925 °C/4hrs has & =
24.5, Qu x £ = 44000 GHz, and t = (+) 0.25 ppm/°C. Addition of LZT
ceramics with 3 wt% of LMZBS glass sintered at 900 °C/4hrs has & =
23.24, Qu x f = 31300 GHz, and = (-) 15.6 ppm/°C.

The non reactivity of ceramic glass composite with silver evidenced
from X-ray diffraction and SEM analysis reveals the silver can be used
an electrode material for LMT+LMZBS and LMT+LMZBS ceramic
glass composite for LTCC applications.

The major results of Lix(Mgi1«Znx)TizOs (x=0 to 1), Li2(A1xCax)TisOs
(A=Mg, Zn) ceramics and the effect of LMZBS glass addition on
LioMgTi30g and Li»ZnTi3Og ceramics is shown in Table 4.3.

The discovery of low cost and the excellent physical and microwave
dielectric properties of LioMg1xZn«Ti30s (x=0 to 1), Li2A1xCaxTizOs
(A=Mg, Zn, and x= 0 to 0.2) dielectric ceramics and its glass
composites will be the remarkable milestone in the microwave

dielectric resonator research.

In this chapter we have introduced new temperature stable high Q high

permittivity, Li2Mg1xZnxTi30s (x=0 to 1) dielectric ceramics for dielectric

resonator applications. The influence of various borosilicate glass

additives on the sinterability, and microwave dielectric properties of the

Ca[(Li1/3A2/3)1xT1x]O35 (A=Nb,Ta) complex perovskite ceramics is

discussed in the next chapter.
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Chapter 5

Effect of Borosilicate Glass Fluxing in Ca[(Liy3Azs3)1-
xI'ix]O3.5 (A=NDb,Ta) Complex Perovskite Ceramics

The development of low temperature sintered low loss
high permittivity microwave ceramics is one of the major
challenges in electronic industry. The influence of various
borosilicate glasses mentioned in chapter 1, on the sinterability,
densification, structure, microstructure and the microwave
dielectric properties of the Cal(Lii3A23)1-xTix]O3-5 (A=Nb,Ta)
dielectric ceramics is discussed in this chapter. The objective of
the present work is to find out an ideal glass system which can
lower the sintering temperature of the ceramics with reasonably
good microwave dielectric properties for the possible

application in Low Temperature Co-fired Ceramics (LTCC)

/4

based devices.
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5.1 Introduction

Telecommunication industry today requires high volume efficiency
without degradation of electrical performance of the devices [1, 2]. In order
to reduce the size of microwave devices in communication systems, the
dielectric components must also be miniaturized. To achieve the volume
efficiency, a multilayer device has been developed [3, 4]. In order to use a
material for incorporation into multilayer type elements, the dielectric
material should be capable of being sintered along with electrode, in
addition to having dielectric properties suitable for desired applications.
Low Temperature Co-fired Ceramic (LTCC) technology is one of the
promising technology for advanced packaging and multilayered structures
with buried passive components for fast digital applications [5, 6]. A
detailed description of advantages of LTCC technology is mentioned in
chapter 1, section 1.9. Liquid phase sintering using glass addition is known
to be the most effective and least expensive way of achieving high density
sintered ceramics at low sintering temperature. Efforts have been made to
lower the sintering temperature of low loss dielectric resonator materials like
(Zr,5n)TiOs4,  BaxTisO20, Ba(Mgi/3Taz/3)0s3, CasNb2TiO12,  BaTisOo,
0.83ZnA1204-0.17TiO2, MgxCa1xTiO3, Mg:SiO4 etc. with glass additions [7-
15]. Earlier investigations on glass added ceramics reveals that
multicomponent glasses are more effective in lower the sintering
temperature of the ceramics without degrading the microwave dielectric
properties [2, 6]. In the present investigation we have selected different

borosilicate glasses mentioned in chapter 1, section 1.9.

Commercially available dielectric resonator materials for wireless
applications show high quality factor, and high permittivity. However, they
need to be sintered at high temperature (>1300 °C) for long duration to

attain better densification and thereby the improved performance [2]. In
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most of the high temperature processed high quality factor complex
perovskites, a drastic degradation in microwave dielectric properties is
observed with the glass addition which lower the sintering temperature.
Generally, the amount of glass required to lower the sintering temperature
of ceramics also depend on the sintering temperature of ceramics. Hence,
large amount of glass is necessary to lower the sintering temperature for
ceramics having high processing temperatures. As the amount of glass
increases, generally the quality factor decreases. Hence the selection of the
low loss ceramics having low processing temperature is important for glass
addition. Earlier studies [16, 17] show that Ca[(Li1/3A2/3)1xTix]O3-5 [A=NDb,
Ta] ceramics have excellent dielectric properties and are promising
candidate for low temperature sintering because they can be sintered at 1150
oC without sintering aid. However, the sintering temperature of this material
is still too high to use silver or copper as an internal electrode in

multilayered structures.

In the present work, we have carried out investigations on the liquid
phase sintering and the microwave dielectric properties of Ca[(Li1/3A2/3)1-

xTix]Os.5 [A=NDb, Ta] ceramics with different borosilicate glasses.

5.2 Milestones in the research of Ca[(Liiy3Az3)1xTix]Os5
[A=Nb,Ta] complex perovskite ceramics

The perovskite family is of considerable technological importance for
its excellent microwave dielectric properties. The first material reported in
this family was CaTiOs and later named as mineral perovskite by Gustave
Rose and named it after the memory of famous Russian mineralogist Count
Lev Aleksevich von Perovski [18]. Ideal perovskites have general formula
ABXs, where A site cations are typically larger than the B site cations and
similar in size to the X site anions [19]. Fig. 5.1 shows the ideal perovskite

structure where the A cations are surrounded by 12 anions in the cubo-
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octahedral coordination and B cations are surrounded by 6 anions in the
octahedral coordination. The X anions are coordinated by two B site cations
and 4 A site cations. Ideal perovskites structure adopts cubic
symmetry Pm3m as in the case of CaTiOs. However, the deviations from the
ideal structure with orthorhombic, rhombohedral, tetragonal, triclinic, and
monoclinic are known. These deviations from cubic perovskite structure
may proceed from a simple distortion of the cubic cell, or the enlargement of

cubic unit cell.

(a) (a)

Fig. 5.1 (a) Ideal Perovskite (ABX3) structure showing 6-fold and 12-fold co-ordinations
of B and A site cations respectively (b) Unit cell of ABX; perovskite showing eight BXe
octahedron enclosing the A-site. (Ref. [19])

Complex perovskites are formed when either or both of the A and B
site cations are replaced by combination of other cations located at specific
crystallographic sites. Hence perovskites with general formula A(BB")Os,
(AA")BOs and (AA’)(BB)Os are possible [19, 20]. The perovskite structure
can tolerate a wide range of elements of differing size and charge which
results in a large number of possible permutations of the cations. The
tolerance factor (t) to account for the limits of the size of the cations to form a

perovskite structure is

_ RA +RO (
" V2R, +R) oD
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For complex perovskites of the type A(B’1/3B”2/3)Os, the above equation can

be modified as

R, +R,
————— 52
J2[033R,4067R,"+R, ] 62

Tolerance factor might be a guide as to whether a given assemblage of ions
will adopt the perovskite structure at a particular temperature and pressure.
For ideal perovskites the tolerance factor is unity. Majority of the ordered
perovskite studied to date are oxide perovskite which exhibit B site ordering

due to their application potential as dielectric resonators.

The Ca[(Li1/3Nb2/3)]Os ceramics is a 1:2 complex perovskite structure
with A site occupied by Ca and the B site by Li and Nb. Recently, Choi et al.
and Liu et al. reported the microwave dielectric characteristics of
Ca[(Li1/3A2/3)1xBx]O35 ceramics (A=Nb, Ta, B=Ti, Zr, Sn) complex
perovskite ceramics [16, 17, 21]. The X ray diffraction pattern of
Ca(Li1/3A2/3)O3.5 [A=NDb,Ta] can be indexed based on CaTiOs orthorhombic
perovskite structure with a small amount of second phase. However, the
stability of Ca[(Li1/3Nbz/3)1-x Bx]Os-5 increases with increase in concentration
of B (Ti, Zr, and Sn) and the single phase was obtained in the range of 0.2< x
<0.3. In Ca[(Li1/3A2/3)1xBx]O3ss (A=Nb, Ta, B=Ti, Zr, Sn) complex
perovskites, the relative permittivity increases with increasing amount of Ti
and Zr, but decreases with Sn concentration. The temperature coefficient of
resonant frequency increases from negative value to positive value for
increase in Ti concentration but remains negative value for increase in both
Zr and Sn concentration. Ca[(Li1/3Nbz/3)1xTix]Os.5 (CLNT) ceramics with
x=0.2 sintered at 1150 °C/4hrs has &= 38.6 and Quxf =26100 GHz and nearly
zero temperature coefficient of resonant frequency [16]. Table 5.1 shows the
microwave dielectric properties of Ca[(Li1/3Nb2/3)1xBx]Oss (B=Ti, Zr, Sn)

complex perovskites with tolerance factor.
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Table 5.1 Microwave dielectric properties of Ca[(LiisNby3)1xBx]Os.5 (B=T1i, Zr, Sn)
complex perovskite ceramics..

. Tolerance T
Material X factor & Q.uxf (GHz) (ppmyoC

0.00 | 0.931656 29.6 40000 -21

0.10 | 0.935010 34.6 27200 23

Ca[(Li1/aNby/3)1xTix]O3.5 | 0.20 | 0.938388 38.6 26100 0

0.30 | 0.941792 447 22500 20

0.50 | 0.948672 55.2 18600 83

0.10 | 0.931191 25.2 48200 -14

0.15 | 0.930958 24.8 49100 -25
Ca|[(Li1/aNb2/3)145n:]Os.5

0.20 | 0.930725 23.3 50600 -30

0.30 | 0.930261 22.6 46300 -39

0.05 | 0.930750 29.9 41800 -20

0.10 | 0.929850 30.1 36000 -5
Ca[(Li1/3Nbz/3)1xZ1x]Os.5

0.20 | 0.928051 30.5 33000 -12

0.30 | 0.926258 31.1 27100 -15

For Ca[(Li1/3Taz/3)1xTix]Os5 (CLTT) ceramics, the single phase was
obtained in the range of 0.3< x <0.4. The microwave dielectric properties of
CLTT ceramics sintered at 1200 °C/4hrs has & = 36.2 and Quxf = 29500 GHz
and the temperature coefficient of resonant frequency was nearly zero
ppm/°C at x = 0.30 [17]. Both the CLNT and CLTT ceramics shows excellent
dielectric properties and is a promising candidate for low temperature
sintering because they can be sintered near 1200 °C without sintering aid.
Several authors tried to control the escape of volatile lithium by lowering the
sintering temperature of CLNT ceramics by the addition of low melting

additives such as B2Os, Bi2Os, glass frit and LiF [17, 22-28]. However, a
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detailed investigation on the sinterability and microwave dielectric
properties of CLNT and CLTT ceramics with different borosilicate glass has
not been done so far. Among the Ca[(Li1/3A2/3)1xMx]O3s [A=NDb, Ta and
M=Ti, Zr, Sn] complex perovskites, the Ti** substitution has a wide range of
1 extending from -21 to +83 ppm/°C with reasonably good quality factor
[16]. A single phase perovskites with zero tr were observed in the vicinity of
x=0.2 for Ca[(Li1/3Nb2/3)1xTix]O3-5 (CLNT) and x=0.3 for Ca[(Li1/3Taz/3)1-
xTix]Os.5 (CLTT). Hence we have selected CLNT and CLTT ceramics as the

host dielectric ceramic materials for the present investigation.

The present study focused on (i) the effect of various borosilicate glass
additions on the sinterability, densification, structure and microstructure
and the microwave dielectric properties of the CLNT and CLTT dielectric
ceramics, and (ii) to find out an ideal glass system which can lower the
sintering temperature of the ceramics with reasonably good microwave

dielectric properties.
5.3. Experimental

The Ca[(Li1/3Nbz/3)1xTix]Os-5 (x=0.2 and 0.25) and Ca[(Li1/3Taz/3)1-
xTix]O3.5 (x=0.3 and 0.4) ceramic samples were prepared by the conventional
solid state ceramic route. High purity CaCO3, Li2COs3, TiO2 (99.9+ %, Aldrich
chemical company, Inc, Milwaukee, WI, USA) Ta205 and Nb2Os (99.9+%,
NFC Hyderabad, India) were used as the starting materials. Stoichiometric
amounts of the powder samples were ball milled using zirconia balls in
ethanol medium for 24 hours. The resultant slurry was then dried and
calcined. The calcinations were carried out at temperature in the range 900 to
1050 °C for four hours. The preparation of different borosilicate glasses were
explained in the chapter 2, section 2.2. Different weight percentages of
various glasses were added to the fine powder of calcined CLNT and CLTT
ceramics. Polyvinyl alcohol (PVA) (Molecular Weight 22000, BDH Lab
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Suppliers, England) solution was then added to the powder, mixed, dried,
ground well and pressed into cylindrical disks of about 14 mm diameter and
7mm thickness, by applying a pressure of about 100 MPa. These compacts
were muffled by CLNT or CLTT powder of the same composition and
sintered at different temperatures in the range 875 °C - 1200 °C for 4 hours.
The sintering temperature was optimized for the best density and dielectric
properties. The muffling was done to prevent the escape of volatile lithium
at elevated sintering temperatures. The crystal structure and phase purity of
the powdered samples were studied by X- ray diffraction technique using
Ni-filtered Cu-Ka radiation using Rigaku Dmax-1, Japan, diffractometer. The
microstructures of the sintered samples were studied using scanning
electron microscope (JEOL-JSM 5600 LV, Tokyo, Japan). The sintered density
of the specimens was measured by the Archimedes method. The microwave
dielectric properties were measured in frequency range 4 to 6 GHz by a
Vector Network Analyzer (8753 ET, Agilent Technologies). The relative
permittivity and unloaded quality factor of the samples were measured by
Hakki and Coleman [29] and cavity method [30] respectively as explained in
chapter 2. Shrinkage characteristics were done using Dilatometer (TMA-60

H, Shimadzu, Kyoto, Japan).
5.4. Results and Discussion
5.4.1 Optimization of sintering condition

It is well known that lithium is volatile and escape during sintering at
elevated temperature [16, 25, 31-33]. Muffling of the samples with same
composition or keeping the pellets in closed box is the best method to avoid
the volatilization of lithium. It is also possible to control the escape of
lithium by the addition of extra lithium in the parent composition. We
compare the microwave dielectric properties of the Ca[(Li1/3Nb2/3)08Ti0.2]Os-5

ceramics with different sintering condition such as open sintering (without
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muffling), with muffling and different wt% of extra lithium addition to the
parent material. Fig. 5.2 shows the densification and the microwave
dielectric properties of Ca[(Li1/3Nbz/3)0sTi02]Os.5 ceramics with different
sintering condition such as muffling, without muffling, and addition of extra
Li>COs to the parent material. It is found that the sample sintered without
muffling has inferior dielectric properties as compared to other sintering
conditions. Different wt% of extra lithium addition in parent material shows
dielectric properties comparable to that of muffling. However, there is a
possibility of the formation of second phase with the addition of extra
lithium. Hence muffling is the best method to avoid the volatilization of

lithium.

I CLNT Muffled
w22 CLNT Without muffling
PO CLNT+ 5 wt% of Li,CO (without muffling)

E== CLNT+10 wt% of Li,CO (without muffling) Fig 5.2 Relative density and

[III0 CLNT+15 wt% of Li,CO (without muffling) dielectric  properties  of
Ca|[(LiysNbz3)0sTi02]O3-5
ceramics with  different
sintering condition.
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5.4.2 Optimization of Calcination and Sintering temperatures

The microwave dielectric properties not only depend on the chemical
composition but also on the calcination and sintering temperatures. Figs. 5.3
and 5.4 show the optimization of calcination and sintering temperatures of
Ca[(Li1/3Nb2/3)08Ti0.2]Os-5 and Ca[(Li1/3Taz2/3)07Ti03]Os5 ceramics
respectively. These compositions have been taken for its phase purity and

excellent temperature stable microwave dielectric properties. The calcination
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and sintering temperature are optimized for best density and dielectric
properties. It can be observed that an increase in calcination temperature
increased the densification and dielectric properties. The best physical and
dielectric properties are observed for the compounds calcined at 975
°C/4hrs. Further increase in the calcination temperature decreased the
densification and dielectric properties. Unreacted materials in the under-
calcined powder acted as an inhibitor during sintering. It is reported that
high calcination temperature lowered the reactivity of ceramic powders
resulting in the increase in the number of pores [34]. These could be the
reason for poor densification and the degradation of dielectric properties

below and above the optimum calcination temperatures.
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Fig. 5.3 Variation of densification and microwave dielectric properties of (a) CLNT
and (b) CLTT ceramics as a function of calcination temperature for 4 hours.

Figure 5.4 shows the optimization of sintering temperature of
Cal[(Li1/3Nb2/3)0.8Ti02]Os-5 and Ca[(Li1/3Taz/3)0.7Ti03]Os-5 ceramics. It is found

that the density and dielectric properties increase with increase in the

169

Relative Permittivity (¢ )



Chapter 5

sintering temperature. The increase in the permittivity and quality factor
with sintering temperature is attributed to the improvement in densification.
On the other hand the dielectric properties are degraded due to the
formation of pores and evaporation of volatile lithium at higher sintering
temperature. The optimized sintering temperature of
Ca[(Li1/3sNbz/3)0sTi02]Os5 (CLNT) and Cal[(Lii/sTaz/3)07Tios]Os5  (CLTT)
ceramics are 1175 °C/4hrs and 1200 °C/4hrs respectively for the best density

and dielectric properties.
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Fig. 5.4. Variation of densification and microwave dielectric properties of (a) CLNT
and (b) CLTT ceramics as a function of sintering temperature for 4 hrs.

5.4.3 Shrinkage Characteristics

To identify whether the glass additive would be effective on the low
temperature firing of CLNT / CLTT ceramics, the linear shrinkage of as
pressed pellets as a function of temperature is to be measured initially. The

dilatometry study provides insight to the densification process for the glass
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ceramic systems. Figure 5.5 (a) and (b) show the shrinkage characteristics of
CLNT / CLTT ceramics and with 12 wt% of various borosilicate glasses. It is
found that no linear shrinkage take place for pure CLNT and CLTT in the
temperature range of 800-1100 °C. This indicates that sintering does not start
even at 1100 °C for both the ceramics. However, a linear shrinkage is
observed for all the glass added ceramics which implies that all the
borosilicate glasses act as sintering aid. Among the various borosilicate
glasses, LBS, LMZBS, and ZBS glasses in CLNT and BZBS, ZBS and LMZBS
glasses in CLTT ceramics shows a linear shrinkage of more than 12 % in the

temperature range 800-1000 °C.
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Fig. 5.5. Shrinkage characteristics of (a) CLNT and (b) CLTT ceramics with
various borosilicate glass additions

5.4.4 Densification

Figure 5.6 shows the variation of sintering temperature, and the
relative density of CLNT / CLTT ceramics mixed with different wt% of
various borosilicate glasses. It is found that addition of all the glasses
decrease the sintering temperature. However, among the six borosilicate
glasses, LBS, LMZBS and ZBS glass could reduce the sintering temperature
of CLNT ceramics and ZBS and BZBS glass reduce the sintering temperature

of CLTT ceramics below the melting point of silver. Fig. 5.6 also shows the
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variation of relative density as a function of glass content. The relative

density of ceramic glass composite is calculated using the equation 2. 14 (see

chapter 2, section 2.6). The relative density decreases with increase of glass

content in CLTT ceramics. For CLNT-glass composite, the relative density

increases slightly with a slight increase in the glass content. However, higher

wt% of glass addition decreases the densification of CLNT-glass composite.

The relative density and the densification temperatures are different for

different glasses in both the CLNT and CLTT ceramics.
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CLNT and (b) CLTT ceramics with different wt% of various borosilicate glasses.
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The effectiveness of sintering aid depends on several factors such as

sintering temperature, viscosity, solubility, and glass wettability. The

densification of ceramic-glass systems is due the formation of liquid phase.

The glassy liquid phase at the grain boundary effectively eliminates pores
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and this could be the reason for the increase in the relative density of CLNT-

glass system. Trapped porosity associated with grain growth and formation

of pores by the evaporation of excess glass components are the reasons for

the reduction in the density for higher wt% of glass fluxing [35]. In addition

to that, the glasses have lower density compared to CLNT / CLTT ceramics.

The required densification for practical application could be obtained by the

addition of glasses. However, undesirable decomposition of host dielectric

material and the formation of second phase may occur which may degrade

the microwave dielectric properties. Hence the best glass and the amount of

glass frit have to be optimized to get the best dielectric properties. The best
glass for CLNT ceramics are LBS, LMZBS, and ZBS glass and that for CLTT

ceramics are BZBS and ZBS glasses.

5.4.5 Phase analysis
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Fig. 5.7 The X-ray powder diffraction
patterns of sintered (a) CLNT ceramics,
CLNT ceramics with (b) 12 wt% of BBS, (c)
12 wt% of PBS, (d) 5 wt% of LBS, (e) 12
wt% of LMZBS, (f) 8 wt% of ZBS, (g) 12
wt% of BZBS glasses, (h) 5 wt% of LBS
glass and 20 wt% of silver and (i) 8 wt% of
ZBS glass and 20 wt% of silver and (j) 12
wt% of LMZBS glass and 20 wt% of silver
using Ni-filtered Cu-Ka radiation.
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Fig. 5.8 The X-ray powder diffraction
patterns of sintered (a) CLTT ceramics,
CLTT ceramics with 12 wt% of (b) BBS,
(c) PBS, (d) LBS, (e) LMZBS, (f) ZBS, (g)
BZBS glasses, (h) CLTT ceramics with 12
wt% of ZBS glass and 20 wt% of silver
and (i) CLTT ceramics with 12 wt% of
BZBS glass and 20 wt% of silver using
Ni-filtered Cu-Ka radiation.



Chapter 5

Figure 5.7 and 5.8 shows X-ray powder diffraction patterns of
sintered CLNT / CLTT ceramics and the various borosilicate glass added
CLNT / CLTT ceramics at the respective optimized sintering temperature.
The optimized sintering temperature is different for different wt% of various
borosilicate glasses added ceramics (see Fig 5.6). The XRD patterns are
indexed based on the CaTiOs type orthorhombic perovskite structure with
four formula units per cell. It is found from Fig 5.7 that, no secondary phases
are observed with the addition of LBS glass up to 5 wt%, ZBS up to 8 wt%
and LMZBS glass up to 12 wt%. However, addition of higher wt% of other
borosilicate glasses in CLNT ceramics results in small amount of secondary
phases. Higher wt% glasses resulted in a small amount of second phase

which is prominent for LBS glass addition in CLTT ceramics.

For co-firing applications, the glass ceramic composite should not
react with silver. The X-ray powder diffraction patterns of heat treated
mixture of dielectric ceramic and electrode material is an acceptable way to
study the reaction between them. Fig. 5.7 (h), (i) and (j) shows the X-ray
diffraction pattern of sintered CLNT ceramics with 20 wt% of silver and 5
wt% of LBS, 12 wt% of LMZBS, and 8 wt% of ZBS glasses respectively.
Similarly Fig. 5.8 (h) and (i) shows the X-ray diffraction pattern of 20 wt% of
silver added CLTT ceramics with 12 wt% of ZBS and BZBS glasses sintered
at its optimum sintering temperature. It is evident from the X-ray diffraction
patterns that there is no additional phases other than orthorhombic CLNT /
CLTT ceramics and metallic silver (ICDD File No: 03-0921), which is one of

the stringent requirement for LTCC based devices.
5.4.6 Microstructure analysis

Figures 5.9 (a) and 5.10 (a) shows the scanning electron micrographs
of thermally etched CLNT and CLTT at its optimized sintering temperature
(see Fig 5.6). The etching temperature is 25 °C below the optimized sintering
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temperature for each sample. The CLNT and CLTT ceramics sintered at 1175

°C/4hrs and 1200 °C/4hrs gives an average grain size of 2-4 um.

Fig.5.9 The microstructure of sintered Ca[(LiysNbzs)0sTio2]Os.5 ceramics with

(a) OWt%, (b) 1 wt% LBS (c) 5 wt% LBS, (d) 5 wt% of LBS + 20 wt% Ag, (e) 8

wt % ZBS and (f) 12 wt% LMZBS glass.

It is evident from the micrograph that lower wt% glass addition helps
the densification of CLNT ceramics by liquid phase sintering. The density
increases initially up to 1 wt% of LBS glass and further addition of glass
increases the porosity which can be clearly seen from Fig 5.9 (c). Figs 5.9 (e),
and (f) show the SEM images of 8 and 12 wt% of ZBS and LMZBS glass
added CLNT ceramics sintered at 950 °C/4hrs and 900 °C/4hrs respectively.
It is also evident from the micrographs (see Fig 5.9 and 5.10) that the glass

addition decreases the grain size which is in agreement with previous
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reports [25]. At higher sintering temperature the glasses melts and may
evaporate and generate porosity which can be seen in Fig. 5.10 (b) and (c).
Figs. 5.9 (d) and 5.10 (d) show the scanning electron micrographs of CLNT +
5 wt% of LBS + 20 wt% of Ag and CLTT + 12 wt% of BZBS + 20 wt% of Ag
respectively. It is observed that the silver does not react with ceramic-glass
composite and hence silver can be used as the electrode material for the

LTCC materials developed in the present investigation.

(a) (b)

(c) (d)

Fig. 510 The microstructure of sintered Ca[(LiisTaz3)0.7Ti03]Os-5 ceramics with (a) 0
wt %, (b) 12 wt% BZBS (c) 12 wt% ZBS, and (d) 12 wt% of BZBS + 20 wt% Ag.

5.4.7 Microwave Dielectric Properties

Addition of glass not only promotes the sinterability but also affect
the microwave dielectric properties. It is well known that relative density
and dielectric properties are interrelated. Fig. 5.11 shows the microwave
dielectric properties CLNT / CLTT ceramic as a function of different wt% of
various borosilicate glasses. It is found that the relative permittivity of glass
added CLNT / CLTT ceramics decreases with increase of glass content. It

can be noted from Table 1.2 (chapter 1, section 1.9) that the relative
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permittivity of all the borosilicate glasses is much lower than that of both the
CLNT/CLTT ceramics. Moreover, the addition of higher wt% of glass
increased the porosity and decreased the densification. The low permittivity
of glass and the poor densification are the reasons for the decrease in the
relative permittivity of CLNT/CLTT ceramics with higher wt% of glass

addition.

Figure 5.11 (a) also shows the optimized quality factor for the
addition of 0-12 wt% of different borosilicate glasses in CLNT ceramics. It
can be concluded from Fig. 5.6 that, all the glasses could not act as good
sintering aid to lower the sintering temperature below 950 °C/4hrs. Among
six borosilicate glasses, only the LBS, LMZBS, and ZBS glass could reduce
the sintering temperature of CLNT ceramics with reasonably good dielectric
properties. It is observed that the addition of small amount of LBS, ZBS and
LMZBS glass increased the quality factor slightly. Maximum Quxf value of
22900 GHz, 24500 GHz, and 23500 GHz (f = 4 to 5 GHz) is found with the
addition of 1 wt% of LBS, 3 wt% of LMZBS, and 1 wt% of ZBS glass
respectively at optimized sintering temperature (for optimized sintering
temperature see fig 5.6). These could be due to the increased densification of
CLNT ceramics by liquid phase sintering. These compositions have relative
permittivity of 34.2, 34 and 38.3 respectively with a 1t of around -10 ppm/
°C. Higher wt% of glass addition in CLNT ceramics lowered the sintering
temperature with slightly inferior quality factor. The CLNT ceramics with 5
wt% of LBS glass sintered at 950 °C/4hrs has &= 30.5, Qux f = 14700 GHz (f
= 4.6 GHz) and 1t = -18 ppm/ °C. A similar trend is also observed with the
addition of ZBS and LMZBS glasses in CLNT ceramics. Addition of 12 wt%
of ZBS glass in CLNT ceramics shows the relative permittivity of 33.5 with
Qux f of about 13200 GHz and 7 of -28 ppm/°C when sintered at 950
°C/4hrs. Hence for CLNT ceramics, out of various six borosilicate glasses

the LBS, LMZBS, and ZBS glass act as good sintering aid to lower the

177



Chapter 5

sintering temperature with reasonably good microwave dielectric

properties.
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Fig. 5.11 Variation of relative permittivity and quality factor of (a) CLNT
and (b) CLTT ceramics with different wt% of various borosilicate glasses.

It can be observed from Fig. 5.11 (b) that the quality factor of CLTT
ceramics decreased with increase of all the borosilicate glass additions. For
CLTT ceramics, the ZBS and BZBS glass act as a good sintering aid and the
other glasses such as BBS, PBS, LBS, and LMZBS could not lower the
sintering temperature below 950 °C with reasonably good dielectric
properties. The CLTT ceramics with 12 wt% of ZBS glass sintered at 950 °C
showed & = 31.8, Qu x f = 9000 GHz (f = 4.6 GHz). Addition of 12 wt% of
BZBS glass in CLTT ceramics sintered at 950 °C showed & = 32.0, Qux f =
9000 GHz (f = 4.7 GHz). The addition of 12 wt% of LBS and LMZBS glass in

CLTT ceramics diminishes the resonance. The glass addition decreases the
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grain size and increases the porosity. In addition, the dielectric loss of
glasses is much higher than that of pure CLTT ceramics. The added glasses
not only acted as the sintering aid but also as an impurity that can adversely
affect the microwave dielectric properties. It is reported that the microwave
dielectric loss was mainly caused not only by the lattice vibrations but also
by the pores, the grain morphology and the second phase [6]. These could be
the reason for the decrease in the quality factor of CLNT and CLTT ceramics

with glass additions.

54 —a—BZBS —=—BZBS
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Fig. 5.12 Variation of temperature coefficient of resonant frequency of (a)

CLNT and (b) CLTT ceramics with different wt% of various borosilicate

Figure 5.12 shows the variation of temperature coefficient of resonant
frequency of CLNT / CLTT ceramics with different wt% of various
borosilicate glasses. Addition of various borosilicate glasses decreased the
temperature coefficient of resonant frequency (7) of CLNT ceramics from +4
ppm/°C to -22 ppm/° C and that of CLTT ceramics from -3 ppm/° C to -41
ppm/° C. This is due to the high negative 1 of all the borosilicate glasses
compared to that of CLTT ceramics [2, 36]. The CLNT/CLTT ceramics
sintered below 950 °C with borosilicate glasses show excellent dielectric
properties. However, the temperature coefficient of resonant frequency is
slightly higher (> -20 ppm/° C). Hence, it is necessary to lower the 7 close to
zero for applications in LTCC based devices. It is well known that rutile has

high positive 7 and is widely used for tuning the temperature coefficient of
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resonant frequency of dielectric resonators [37-40]. In order to lower the 1
value, the Ca[(Li1/sNbz/3)0sTio2]Os.s ceramics is modified to
Ca[(Li1/3Nbz/3)o75 Tio2s5]Oss and the Ca[(Lii/sTaz/3)07Ti03]Os-5 ceramics is

modified to Ca[(Li1/3Taz/3)0.6 Tio.4]Os-5 by increasing the rutile content.

5.4.8 1t tuning

Table 5.2 Microwave dielectric properties of LBS and LMZBS glass added
Ca[(Li1zsNbys)o.75Tio25]Os.5 ceramics and the BZBS glass added Ca[(LiisTazs)os Tioa]Os-5
ceramics.

e T
Material Sintering & Q.xf (GHz)
Temperature °C ppm/°eC
Cal[(Li1/3Nbz/3)075 Ti0.25]Os3-5 1175 41.9 17500 +23
Ca[(Li1/3Nbz/3)075 Tio25]035 + 5 950 33.0 11500 P
wt% LBS
Ca[(Li1/3Nba/3)0.75 Tio25]Os.5 + 8
wt% LBS 940 30.5 9750 -5
Cal[(Li1/3Nb2/3)075 Tio.25] O35 +
12 wt% LMZBS 920 28.5 11000 -3
Ca[(Li1/3Nba/3)075 Tio25]Os.6 +
15 wt% LMZBS 900 27.4 11100 -8
Ca[(Li1/3Ta2/3)046Tio,4]03_5 1200 38.7 15000 +15
Ca[(Li1/aTaz/3)06Ti04]Os.5 + 12 _
wt% of BZBS glass 950 34.90 6500 6

Table 5.2 shows the microwave dielectric properties of LBS and
LMZBS glass added Ca[(Li1/3Nb2/3)0.75Ti025]O3.5 ceramics and the BZBS glass
added Ca[(Li1/3Taz2/3)0.6 Ti0.4]Os.s ceramics. The Ti substitution increased the
relative permittivity of the CLNT / CLTT ceramics. This can be due to the
incorporation of small Ti** ion (0.605 A) to the B site [Lii/s Nb/Taz/3]367+
with slightly larger ionic radius (0.66 A) and hence the atoms can not rattle

around with the electric field. The Ca[(Li1/3Nbz/3)0.75 Tio.25]O3.5 ceramics with
12 wt% LMZBS glass sintered at 900° C has & =28.5, Qu x f =11000 GHz (f =
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4.7 GHz) and t = -3 ppm/°C and that of LBS glass addition of 5 wt%
sintered at 950 °C has & = 33, Qu x f =11500 GHz (f = 4.6 GHz) and 1 = -2
ppm/°C. The Ca[(Li1/3Taz/3)0.6 Ti04]Os3.5 ceramics with 12 wt% of BZBS glass
sintered at 950 °C has & = 34.9, Qu x f =6500 GHz (f = 4.4 GHz) and t = -6
ppm/°C. The CLNT ceramics shows excellent dielectric properties at low
sintering temperature compared to CLTT ceramics. Hence the
Cal[(Li1/3Nbz/3)0.75 Tio.25] Os-5 ceramics with suitable amount of glass addition

can find application in LTCC based devices.
5.5. Conclusions

% The Ca[(Li1/3Nbz/3)08Ti02]Os5 ceramics and Ca[(Li1/3Taz/3)0.7Ti0.3]Os-5
ceramics are single phase and have best temperature stable
microwave dielectric properties. Hence, they are chosen for LTCC

studies.

% The effect of various borosilicate glass additions on the sinterability,
densification structure, microstructure and microwave dielectric
properties of Ca[(Li1/sNbz/3)1xTix]Oss (x=0.2 and 0.25) and
Ca[(Li1sTaz/3)1xTix]Oss  (x=0.3 and 0.4) ceramics have been

investigated.

% The SEM and XRD studies indicate that the addition of glasses
decrease the grain size and thereby increase the porosity and also
reveals that the low temperature sintered CLNT-glass and CLTT-

glass system does not react with the silver electrode material.

% The sintering temperature of Ca[(Lii/3sNbz/3)08Ti02]O35 (CLNT)
ceramics lowered below the melting point of silver by the addition of
LBS, LMZBS and ZBS glasses. Among these the CLNT ceramics with
5 wt% of LBS glass sintered at 950 °C/4hrs shows best dielectric
properties such as &= 30.5, Qux f = 14700 GHz (f = 4.6 GHz) and 1=
-18 ppm/ °C.
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% The sintering temperature of Ca[(Lii/sTaz/3)07Ti0o3]Os5 (CLTT)
ceramics lowered by the addition of ZBS and BZBS glasses. Addition
of 12 wt% of BZBS glass in CLTT ceramics sintered at 950 °C/4hrs
shows & = 32.0, Qux f = 9000 GHz (f = 4.7 GHz) and -41 ppm/°C.

% The temperature coefficient of the CLNT-glass and CLTT-glass
system are tuned in the range + 10 ppm/°C with reasonably good

microwave dielectric properties by increasing the rutile content in the

CLNT and CLTT ceramics.

% Compared to CLTT-glass system, the CLNT-glass system shows
excellent temperature stable microwave dielectric properties at a low
sintering temperature of 950 °C and can be a promising candidate for

LTCC based devices.

The influence of various borosilicate glasses on the sinterability,
densification, structure and microstructure and the microwave dielectric
properties of the Ca[(Lii/3A2/3)1xTix]Os5 (A=Nb,Ta) complex perovskite
dielectric ceramics is discussed in this chapter. Next chapter discusses the
preparation and dielectric properties Ca[(Li1/3Nb2/3)08Ti02]Oss ceramic

filled polymer composites for substrate applications.
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Chapter 6

Dielectric Response of Cal(Li13Nbzs)0.8Ti0.2103-5 Ceramic
Filled Polymer Composites

This chapter discusses the preparation and dielectric
properties  Cal(Li1sNbys)osTio2]03.5  ceramic filled
polymer composites for substrate applications. The
dielectrics properties are investigated in terms of volume
fraction of filler, frequency, and temperature. The
prediction of the dielectric properties of polymer-ceramic
composites using different theoretical models is also
discussed. A Coplanar Waveguide Monopole Antenna is
designed and fabricated using epoxy-CLNT polymer-

ceramic composite and compared its response with

/4

standard FR-4 epoxy.
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6.1 Introduction

The lower regions of microwave spectrum are increasingly getting
overcrowded in the communication sector with the advent of modern
communication systems. This has necessitated microwave dielectric
materials with low dielectric loss, optimum relative permittivity, low
coefficient of thermal expansion, moisture absorption resistance and good
mechanical stability [1-4]. In the context of low permittivity materials,
several ceramics such as silicates and aluminates with excellent microwave
dielectric, thermal and mechanical properties have been developed for
substrate and packaging applications [5-9]. However, they are brittle and
have high processing temperature. This leads to difficulty in fabrication of
complex shapes or machining the ceramic substrates during circuit
fabrication. Moreover, expensive conductor layers have to be patterned over
ceramic substrates for circuit realization. Polymer materials play a vital role
in electronic packages as a result of their ease of processing, low cost,
excellent microwave dielectric properties, and adhesive properties [10, 11].
However, they suffer from poor thermal, mechanical and dimensional
stability and high coefficient of thermal expansion. Therefore the application
of an individual polymer or ceramic is restricted in many aspects. Recently,
Button et al. proposed a composite strategy of combining the advantages of
ceramic and polymer to achieve a superior property balance [12]. Polymer-
ceramic composite have shown a synergetic behavior between the polymer
and inorganic materials. They offer an attractive combination of
processibility and properties, which cannot be attained from individual
components. Filled polymer substrates are generally classified as soft
substrates, which are advantageous over ceramic substrates because of their
ease of machinability, thermal shock resistance, low density and cheap
conducting layer [13]. Significant amount of work has been done on

Polytetrafluroethylene (PTFE) based polymer-ceramic composites [14-22].
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However, high melt viscosity of PTFE (<1010 Pa S) restricts the uniform
distribution of filler materials in the polymer matrix while employing
conventional powder processing route. In addition, these composites suffer
from poor mechanical stability. It has been reported that polyethylene (PE)
and polystyrene (PS) have low processing temperature (160°C), good
flexibility and excellent microwave dielectric properties compared to
polyvinylidene fluoride, polymethyl methacrylate and polyanilene [10].
Epoxy resins (diglicidyl ether of bisphenol A) is considered as a common
and successful polymer matrix for the fabrication of composite material due
to its good adhesion with reinforcing element, enhanced chemical stability,
enhanced thermal stability, resistance to degradation under the influence of
corrosive environment [23]. Moreover, epoxy is thermosetting polymer so
that it can be easily fabricated into different shapes. In the present
investigation, we have taken polyethylene, polystyrene and epoxy as the
polymer bases for polymer-ceramic composites. The microwave dielectric
properties of the polyethylene, polystyrene and epoxy used in the present
investigation are shown in Table 6.1.

Table 6.1 Microwave dielectric properties of the polymers used in
the present investigation at 9 GHz.

Polymer Relflti've. Loss
Permittivity tangent

Epoxy 3.0 ~10-2

Polyethylene (HDPE) 2.3 ~104

Polystyrene 21 ~104

The relative permittivity of the individual phases and the volume
fraction of the filler are the most important factors influencing the dielectric
properties of the composites. The permittivity of the polymer can be tailored
to greater extent by using high permittivity low loss fillers. Generally, as the

permittivity increases, the loss tangent also increases and the number of
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temperature stable low loss materials with high permittivity is also limited
[6]. Commonly used high relative permittivity ceramics for polymer-
ceramic composites are Pb(Mgi/3 Nbz/3)Os-PbTiO; (PMNT), Pb(Zr Ti)Os
(PZT), 50Pb(Ni1/3 Nb2/3)Os -35PbTiOs -15PbZrOs (PNN-PT-PZ), BaTiOs [24-
27]. However, these ceramics are ferroelectrics with relatively high dielectric
loss compared to low loss linear dielectrics. In addition, lead based ceramics
are not environmentally friendly and have strong temperature and
frequency dependence. Earlier studies show that Ca[(Li1/3Nbz2/3)1xTix]Os-5
(CLNT) ceramics have excellent temperature stable microwave dielectric
properties (€: = 38, Quxf = 22000 GHz and 1t = 0 ppm/°C) [28]. It is reported
that the micron size particle filled composites show excellent properties
compared to nano sized filler loaded composites [19, 29]. Hence in the
present study, we have selected micron size CLNT ceramic as the filler to

improve the dielectric properties of the polymers.

The performance of the chip antenna and electronic circuits depends
on the electrical properties of the encapsulating material. Hence it is
necessary to investigate the properties of polymer ceramic composites for
such applications. In the present work we report the physical and
microwave dielectric properties of polyethylene-CLNT (PE-CLNT),
polystyrene - CLNT (PS-CLNT) and Epoxy-CLNT polymer-ceramic
composites for substrate applications. The experimentally observed results
are compared with different theoretical models [23, 30-40]. In the present
study, attempts also have been paid to explore the possibility of using CLNT
filled epoxy as a substrate material for high frequency antenna applications.
A Coplanar Waveguide Monopole Antenna is designed [41] and fabricated
using epoxy-CLNT polymer-ceramic composite and compared its response

with standard FR-4 epoxy.
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6.2 Theoretical Modeling
6.2.1 Relative Permittivity

The composites are considered as heterogeneous disordered systems.
Their performance depends up on many factors such as electrical properties
of their constituents, geometric characteristics, volume fraction of the filler,
spatial distribution, and the interactions between the phases. One of the
attractive features of the composites is that their dielectric properties can be
designed by varying the volume fraction of the filler. Hence the prediction of
effective dielectric behavior of the composite is important as far as its
application in electronic packaging is concerned. There have been several
attempts to model and predict the effective properties of random filler

distributed composites [23, 30-40].

Recently, Rao et al. [34] proposed an EMT model to predict the
effective relative permittivity of the composite. In this model the composite
is treated in terms of an effective medium whose effective & can be obtained
by averaging over the relative permittivity of the two constituents. The
ceramic morphology factor ‘n” of the EMT model is related to ceramic

particle and can be determined empirically.

V(e -¢,)
e, +nll-V, e ~¢,)

Er=E |1+ EMT model ~ (6.1)

where &g, &, and & are the relative permittivities of the composites, ceramic

and the polymer matrix respectively, V, is the volume fraction of the

f
ceramic and n is the correction factor (ceramic morphology factor) to
compensate for the shape of the fillers used in polymer-ceramic composite.
The schematic representation of the microstructure of polymer ceramic

composites is shown in Fig. 6.1. In order to account for the major features of
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a composite microstructure, a random unit cell is defined as core of &
surrounded by a shell of host matrix & as shown in Fig. 6.1 (a) [where &, &

and &fare the permittivity of ceramics, matrix and composites respectively].

(a) Cep ) |(b) ()

Fig. 6.1 Schematic diagram of random unit cell embedded in the effective medium,
(b) aggregate of Random unit cell and (c) microstructure of composite materials.

The most commonly used equation is the logarithmic law of mixing as shown in
equation 6.2. It considers the composite system as randomly oriented spheroids that

are uniformly distributed in a continuous matrix [42].
_ Lichtenecker Egn. 6.2
Ing, =V, Ing +(1-V, )Ine, o 62

The Maxwell - Garnett mixing rule was initially used to calculate the
effective permittivity of a system where metal particles are encapsulated in
an insulating matrix. This mixing rule was modified for polymer-ceramic
composites incorporating homogeneous distribution of spherical ceramic

particles.

Ep —Enm -V €& —¢,

=V, Maxwell Garnett Eqn. (6.3)
Ey +2€, £ +2¢,

Jayasundere and Smith derived an equation which was modified from the
well known Kerner equations by including interactions between
neighboring spheres for the measurement of relative permittivity of binary

composite [30].
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3V.le. —
v e[ 5 T e])
, e +2¢e, £ +2¢,

off
V. le —¢
1-V,)+V, 36, 1+ M
' 1 E +2e, g +2¢,

Jayasundere.Eqn. (6.4)

E

6.2.2 Dielectric Loss

The number of theoretical models available for predicting loss
tangent is relatively less, as it is more complicated. Literatures show that a
composite of two low loss materials generally exhibits higher dielectric loss
than the constituents. The trend of dielectric loss with different volume
fraction of filler in the composite is entirely different from that of
permittivity relation. The following relations are used to model the dielectric

loss tangent of the composites [23, 39, 40].

(tand,)” =X¢@ (tano,)” General mixingrule (6.5)

e (€.—€")(E' +2€' )E' I 3(e-€')
(€.—€' e +2E' E' " (€.—€' e 2 )

"

i

Bruggemen model (6.6)

where tan O, tan 0;, are the loss tangent of the composite and the i th material
and i is the volume fraction of the i th material. The constant a determines
the mixing rule, if a = -1 serial mixing, and a = 1 parallel mixing rule. In
Bruggemen model, &, en’, €, &”, em”, € are the real and imaginary parts of

the permittivity of the filler, matrix and the composite respectively.
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6.3 Experimental

Cal[(Li1/3sNbz/3)0sTi02]Os.s (CLNT) ceramics were prepared by
conventional solid-state ceramic route. A detailed description of the
experimental procedure is described in chapter 5, section 5.3. The sintered
CLNT ceramics were ground well to form fine powders. Polystyrene-CLNT
and polyethylene-CLNT polymer-ceramic composites were prepared by
sigma blending technique (melt mixing technique) as described in chapter 2,
section 2.3. The epoxy based polymer-ceramic composites were prepared by
mechanical mixing and subsequent curing in vacuum as discussed in
chapter 2, section 2.3. A maximum of 50 volume percentage of filler loading
was made for polystyrene and polyethylene based composites and 40
volume percentage of filler loading for epoxy based composites. The density
of the specimen was measured by the Archimedes method. The relative
density was calculated using the equation 2.14 (see chapter2, section 2.6).
The surface morphology of the composites was studied by scanning electron
microscope (JEOL-JSM 5600 LV, Tokyo, Japan). Electrodes were made on
both sides of the samples having the dimensions of 11 mm in diameter and 1
mm in thickness. The low frequency dielectric properties were measured by
LCR meter (Hioki 3532-50 Japan). The coefficient of thermal expansion (CTE)
of the composites was measured using a thermo mechanical analyzer (TMA
- 60H, Shimadzu) in the range 25 - 100°C. The micromechanical properties
of PS/CLNT composites were measured using micro hardness tester
(Clemex 4, Germany). Both the surfaces of the samples were polished to
have optically flat surface for indentation. The specimen was subjected to a
load of 50 g and dwell time of 10 s. For pure ceramic sample the load was
increased to 500 g. A total of 5 readings were taken to get average hardness.
The microwave dielectric properties (x-band) of the sample were measured

by the cavity perturbation technique using HP 8510 C Network Analyzer
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(Agilent Technologies). The detailed description of cavity perturbation

technique is discussed in chapter 2.
6.4 Results and discussion

Typical microstructure (both planar and fractured surface) of
polyethylene-CLNT (PE-CLNT), polystyrene-CLNT (PS-CLNT) and epoxy-
CLNT polymer-ceramic composites for different volume fraction of ceramic
loading is shown in Fig. 6.2. It can be observed that the CLNT ceramic
particles are randomly distributed throughout the polymer and higher
volume fraction of ceramic loading results connectivity of ceramics in some
localized regions. Figs. 6.2 (e) and (f) show the fractured surface of both PE-
CLNT and PS-CLNT polymer-ceramic composite for 0.50 volume fraction of
ceramic loading. Figure 6.2 (g) and (h) shows the polished surface of epoxy-
0.10 V¢ of CLNT, and fractured surface of epoxy-0.30 Vi of CLNT. The
fractured surface shows a dense microstructure and the polymer surrounds
each ceramic particles. It is clear from the micrograph that the polymers act

as good adhesives for combining ceramic particles.

The CLNT ceramics are prepared by solid state ceramic route and the
particles may have different size. Fig. 6.3 shows the particle size distribution
of CLNT ceramics in micrometer scale. It is clear from the figure that CLNT
possess a very small particle size variation and have an average size of 3.7

pum which is in agreement with the SEM image (Fig. 6.2).
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Fig. 6.2. SEM images of (a) Polyethylene-0.20 V¢ of CLNT, (b) Polyethylene-0.40 V¢ of
CLNT, (c) Polystyrene-0.20 V¢ of CLNT, (d) Polystyrene-0.40 V¢ of CLNT, (e) fractured
surface of polyethylene-0.40 V¢ of CLNT, (f) fractured surface of polystyrene-0.40 Vf of
CLNT, (g) polished surface of epoxy-0.10 V¢ of CLNT, and (h) fractured surface of
epoxy-0.30 V¢ of CLNT.
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Fig. 6.3 Particle size distribution of CLNT powder in micrometers.

It can be observed from Fig. 6.4 (a) that, the coefficient of thermal
expansion (CTE) of polymer-ceramic composite decreases with increase in
the filler loading. This is due to the relatively low thermal expansion of
ceramic compared to polymers. The addition of ceramic fillers hinders the
expansion of polymers with temperature. As the volume fraction of ceramic
increases from 0.0 to 0.40, the CTE of epoxy-CLNT composites decrease from
90 to 20 ppm/°C. For 0.50 volume fraction of ceramic loading, the CTE of
polyethylene and polystyrene are 65 ppm/°C and 21 ppm/°C respectively.
Fig. 6.4 (b) shows the micromechanical properties of both the polymer-
ceramic composites as a function of ceramic loading. The micro hardness
increases with increase in the ceramic loading and around more than 100
percent of increase is observed for all the polymer-ceramic composite at
higher volume fraction of ceramic loading. The microhardness of CLNT
ceramics is (640 Kg/mm?) much higher than polyethylene (10 Kg/mm?),
polystyrene (20 Kg/mm?) and epoxy (30 Kg/mm?). This is the reason for the
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increase in the microhardness even though the densification decreases with

ceramic loading.

G 250 %0
< —=— PE-CLNT [
E —e—PS-CLNT 20
: ] —A— Epoxy-CLNT —=—PS-CLNT -70
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Fig. 6.4. Variation of (a) coefficient of linear expansion and (b) microhardness of
polymer ceramic composite as a function of ceramic loading,.

Table 6.2 shows the physical and electrical properties of PE-CLNT,
PS-CLNT and Epoxy-CLNT polymer-ceramic composites for different
volume fraction of filler content. It is found that the relative density
decreases with increase in the ceramic loading. Recently, Doyle et al. [43]
reported that clustering of particle in the composite may have significant
effect on the effective composite properties. As the volume fraction of filler
increases, the ceramic-ceramic connectivity increases and accordingly the
polymer matrix slowly losses its 0-3 connectivity. This leads to the
development of internal pores [17-19]. Hence it can be inferred that the
reduction in densification is due to the void formation at higher filler
loading. For 0.50 volume fraction of ceramic loading 95.8% of density is
observed for PE-CLNT composite and 97.1% for PS-CLNT polymer-ceramic
composite. More than 99% of densification is observed for epoxy-CLNT
composite. Therefore the percentage of porosity is less than 5% for both the
PE-CLNT and PS-CLNT composites and less than 1% for epoxy-CLNT
composite. It can be observed from Table 6.2 that, the relative permittivity,

dielectric loss and conductivity increases with increase in the filler content.
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The overall properties of the composites mainly depend on the properties of
constituent components. The increase in the relative permittivity of the
entire composite under study is due to the relatively higher permittivity of
CLNT ceramic (41 at 1 MHz) compared to polyethylene (2.62 at 1 MHz),
polystyrene (3.2 at 1 MHz) and epoxy (4.2 at 1 MHz). In addition, the
increase in the volume fraction of CLNT ceramic increases the interface
between CLNT and polymer and hence the influence of interfacial
polarization on the relative permittivity and dielectric loss tangent is
significant. The Maxwell-Wagner-Sillars effect appears generally in
heterogeneous media due to the accumulation of charges at the interface
which leads to the formation of large dipoles [44]. As the filler loading
increases, the connectivity among the filler particle increases and this leads
to an increase in the dipole - dipole interaction [45]. Hence the relative
permittivity increases with ceramic loading. The dielectric loss of CLNT
ceramics and polymers are of the order of 104. However, the dielectric loss
of polymer-ceramic composites increases with increase of ceramic loading in
PE-CLNT and PS-CLNT polymer-ceramic composite. The origin of dielectric
loss in polymers are the dipolar impurities, end groups, chain fold and
branch point [10]. The lower the concentration of the groups, the lower will
be the dielectric loss [10]. It has been reported that, the dielectric loss of
polymer-ceramic composite is affected by a number of factors such as
porosity, water content and interface between two components in the
composite [46]. The interfacial area and porosity increases with increase in
the ceramic loading. As the interfacial area increases, the possibility of
accumulation of space charges at interface of polymer-ceramic composite

increases which in turn increases the dielectric loss.
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Table 6.2 Physical and dielectric properties (1 MHz) of polyethylene-CLNT, polystyrene -
CLNT and epoxy-CLNT polymer ceramic composites.

Composite | Votume | Densiy | | fand | Conductivity | o
Fraction | (%) | (IMH2) 2| (Sfem) (%)
0.0 98.5 262 | 00006 | 2.40x109 0.02
0.10 97.2 336 | 0.0008 | 2.60x109 0.06
Polyethylene. | °2 96.8 455 | 00020 | 5.70x107 0.05
CLNT 0.30 96.5 596 | 00028 | 870x109 0.05
0.40 96.0 855 | 00050 | 110x10% 0.07
0.50 958 | 11.60 | 00070 | 4.90x10% 0.16
0.0 99.2 320 | 00017 | 110x10% 0.02
0.10 98.8 360 | 00014 | 1.86x10% 0.02
Polystyrene. | 02 98.2 470 | 00022 | 1.90x10% 0.03
CLNT 0.30 98.0 640 | 00028 | 230x10% 0.03
0.40 97.5 802 | 00045 | 250x10% 0.04
0.50 97.1 1140 | 00054 | 330x108 0.04
0.00 1000 | 427 0.020 2.43x10% 0.04
0.10 99.7 5.10 0.017 4.56x10% 0.12
0.20 99.8 6.60 0.013 4.96x10% 0.10
Epoxy-CLNT | 59 99.0 8.00 0.009 5.03x10% 0.30
0.40 993 | 1030 | 0011 4.55x10% 0.40

Generally, the dielectric loss of almost all the polymer ceramic
composites increases with ceramic filler loading [15, 17-19, 21]. However, in
the present epoxy based polymer-ceramic composites, a slight decrease in
the dielectric loss is observed with higher ceramic loading. This could be due

to the low dielectric loss of ceramics (tan & =10#) compared to that of epoxy
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(tan & =102). For 0.3 volume fraction of CLNT ceramic loading, the epoxy-
CLNT composite shows & = 8.0 with tan 6 = 0.009 at 1 MHz. Subodh et al.
also observed similar trend in SroCe>Ti12036 ceramic filled epoxy composites
[23]. It can be observed that the conductivity of the composite increases with
ceramic loading. This is due to the slightly higher conductivity of the CLNT
ceramics compared to polymer and also due to the heterogeneity of the
composites. Moisture absorption is an important parameter for materials
used for packaging applications. Absorption of moisture from the working
atmosphere will degrade especially the dielectric properties since the water
is a polar molecule. It is evident from the Table 6.2 that as the filler content
increases, the water absorption of both the composites increases. This is
probably due to the void formation at higher ceramic loading. For 0.50
volume fraction of filler loading, a maximum value of 0.16 % and 0.04 % of
water absorption is observed for PE-CLNT and PS-CLNT polymer ceramic
composite respectively. A maximum value of 0.4 % of water absorption is
observed for epoxy-CLNT polymer-ceramic composite. The relative density
of epoxy-CLNT composite is much higher than PE-CLNT and PS-CLNT.
However, the water absorption of the epoxy-CLNT composite is found to be
much higher. This could be due to the open pores in the epoxy-CLNT

compared to the other two composites.

The composite may be considered to be a homogeneous phase of
composite particles. Each composite particle consists of a ceramic particle
surrounded by a layer of polymer, although there can be distributions in the
layer thickness. As the ceramic content increases with a corresponding
decrease in the polymer ratio, the homogeneity of the composites decreases
because the composite now consists of some ceramic particles which are not
covered by the polymer layer (due to a reduction in the polymer content),

thus leading to a heterogeneous mixture. As the ceramic increases, the
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heterogeneity of composite increases and this lead to an increase in relative

permittivity and dielectric loss of polymer ceramic composites.

Figure 6.5 shows the microwave dielectric properties of both PE-
CLNT and PS-CLNT polymer-ceramic composite as a function of ceramic
loading. It is found that, at 9 GHz both the relative permittivity and
dielectric loss increase with increase in the ceramic loading in polymer-
ceramic composite. The increase in the relative permittivity of polymer-
ceramic composite is expected since; the particulate filler has much higher
relative permittivity compared with that of the polymer matrix. The
variation of relative permittivity of polymer-ceramic composite with respect
to the filler concentration can be attributed to an increase in the total
polarizability of the composite material. As the filler content increased from
0 to 0.50 volume fractions, the relative permittivity and dielectric loss
increased from 2.3 to 9 and 0.0006 to 0.005 respectively for polyethylene-
CLNT composite. The relative permittivity increases from 2.1 to 10.5 and
dielectric loss increases from 0.0005 to 0.0032 with an increase of CLNT
loading of 0.0 to 0.50 volume fraction in polystyrene. For 0.4 volume fraction
of filler loading, the Polyethylene-CLNT composite shows & = 7.7 and tan &
= (0.004 and for polystyrene-CLNT composite, the & = 7.4 and tan & = 0.003 at
9 GHz. As the filler content increases from 0 to 0.40 volume fractions, the
relative permittivity of epoxy-CLNT increases from 3.02 to 9.60. The loss
tangent initially shows an increasing trend up to a filler concentration of 0.10
volume fraction and with further filler addition, the loss tangent starts
decreasing. Similar observations in loss tangent have been reported by
Subodh et al. [23]. For 0.3 volume fraction of filler loading, the epoxy-CLNT

composite shows an € of 7.1 and tan 6 of 0.026.
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Figure 6.6 shows the comparison of experimentally observed effective
relative permittivity with the values predicted using the equations (6.1) to
(6.4). The variation of effective permittivity of both the polymer-ceramic
composites obtained using numerical equations shows the same trend as
experimentally observed results. The morphology factor ‘n” for EMT model
is found to be 0.11, 0.07 and 0.10 for PE-CLNT, PS-CLNT and Epoxy-CLNT

composites respectively. This is in agreement with previous reports [14, 21-
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23, 47]. The composite morphology does not necessarily exhibit a
homogeneous distribution of the dispersed component. Therefore, effective
medium results are indeterminate for arbitrary composite architectures. It is
found that the EMT, Jayasundere-Smith and Maxwell Garnet models are
valid for low volume fraction of filler loading where as the Lichtenecker
equation is found to match with experimental values for PE-CLNT and PS-
CLNT polymer-ceramic composites. For epoxy-CLNT composites, the
Maxwell Garnett models is valid for low volume fraction of filler loading
where as the EMT, Jayasundere-Smith and Lichtenecker equations are found
to match with experimental results. Generally, the theoretical predictions are
valid for lower volume fraction of filler loading [14-20, 22, 23, 47]. This is due
the imperfect dispersion of ceramic particle in polymer matrix. Many
theoretical models suggest that the filler particles in a material should
ideally be separated, non-interacting and roughly spherical [48]. Moreover,
the ceramic filler should be sufficient concentric layers of polymer matrix.
However, many composites of interest in practice deviate markedly from
this ideal configuration. In PMN-PT- polymer composite, it has been
reported that the failure of theoretical predictions at higher filler loading
could be either due to increase in porosity or the clustering of filler particles
[25]. Recent studies show that, the interface regions of polymer-ceramic
composites have a relative permittivity significantly different from that of
polymer or ceramic phases [49]. Hence the effective permittivity of the
composite depends on the permittivity of each phase in the mixture, their
volume fractions, shape, size, porosity, interface polarizabiliy and interface
volume fractions. As a result, the effective permittivity has a nonlinear
behaviour and consideration of all these parameters make the calculations
tedious. Hence accurate prediction of dielectric properties of such composite
is difficult. This is the reason for the deviation of experimental value of

relative permittivity from the theoretical value for higher filler loading.
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The comparison of theoretical and experimentally observed dielectric
loss of (a) polyethylene-CLNT and (b) Polystyrene-CLNT and Epoxy-CLNT
polymer ceramic composite as function of ceramic loading is shown in Fig.
6.7. The dielectric loss of all the three composite using Bruggemen model,
serial mixing model and the parallel mixing model is very low compared to
experimentally observed results. All the calculated dielectric loss is nearly
the same for the different models in the PE-CLNT and PS-CLNT system.
However, in the epoxy-CLNT composite, Bruggemen model and the parallel
mixing model shows the same trend as that of experimentally observed
results. The dielectric loss depends on intrinsic and extrinsic factors. In
heterogeneous materials such as composites, the intrinsic factor such as
interaction of ac field with phonon is pronounced. Extrinsic factors such as

defects, interfaces, size and shape of the fillers, moisture, impurities in the
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interface of the composites, and pores can contribute to dielectric loss in the
composites. A model which can consider all these parameters can predict the
dielectric loss of the composites. Hence accurate prediction of dielectric loss
of such composite is difficult and this is the reason for the deviation of

experimental value of dielectric loss from the theoretical value.
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Figure 6.8 shows the stability of relative permittivity with frequency
for different volume fraction of filler in polyethylene and polystyrene. For all
volume fractions of filler loading the relative permittivity is nearly constant
in the range 1 kHz to 1 MHz. Such a frequency independent behavior is
consistent with other polymer-ceramic composites [14, 17, 20-22]. Loading of
fillers in polymers makes the system heterogeneous and the interfacial area
increases with ceramic loading. In addition to the dipolar polarization,

interfacial polarization is also present in the composites. A slight decrease in
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relative permittivity is noted for both the composites at 170 kHz. This may
be probably due to the dipolar relaxation process associated with the
matrices. Subodh et al.[20, 21, 47] and Thomas et al. [22, 50] reported a

similar broad relaxation peak at 170 kHz in the polymer-ceramic composites.
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Figure 6.9 shows the variation in relative permittivity of CLNT filled
polyethylene, polystyrene and epoxy as a function of temperature. The drift
in relative permittivity with temperature should be small for practical
applications. The variations in the relative permittivity are less than 2% for
the entire polymer-ceramic composite in the temperature range -20 to +70°C.
Literature shows that polyethylene, polystyrene based composite generally
have a tendency of decrease in relative permittivity with temperature. It can
be observed from Fig 6.9 (a) and (b) that the relative permittivity decreases
slightly at higher temperature of around 70 °C. This is in agreement with

previous reports. However, the relative permittivity increases slightly with
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temperature for epoxy-CLNT composites. Earlier investigations on pure
epoxy using thermally stimulated depolarizing current technique showed
that the space charge density increases with increase in temperature of pure
epoxy and controls the dielectric behavior above room temperature. It has
been reported that space charge density increases inside the material with
increase in the temperature of heterogeneous composites [23, 44, 51]. The
thermally created charge carriers become more mobile at higher temperature
and are responsible for the increase in the relative permittivity with
temperature for epoxy-CLNT polymer-ceramic composites. The increase in
relative permittivity with temperature of epoxy-CLNT is in agreement with

several epoxy based composites [23, 51].
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6.5 Coplanar Waveguide Monopole Antenna using Epoxy-
CLNT substrate

The field of antenna engineering is the central to all wireless
technologies. The advances in wireless communications technologies has
promoted the development of chip antennas due to its advantages such as
light weight, compact, relatively cheap, and easy to manufacture. With the
development of microwave integrated circuits and high frequency
semiconductor devices, microstrip has drawn the maximum attention of
antenna community in recent years. One of the basic form of microstrip
antenna comprised of a metallic radiating patch of any shape etched on low
loss dielectric substrate with a ground plane. The dielectric properties of the
substrate material are the one of the governing factor that controls the size
and performance of the microstrip antenna. Using high permittivity
substrate is a well known effective way to reduce the antenna size [52]. This
chapter discusses the polymer ceramic composites for substrate applications.
In the present work, attempts have been paid to explore the possibility of
using CLNT filled epoxy as a substrate material for high frequency antenna

applications.

Epoxy is a thermosetting polymer and hence, it can be easily
fabricated with different shapes which are suitable for antenna applications.
The epoxy-CLNT composite shows higher microhardness and low
coefficient of thermal expansion compared to polyethylene and polystyrene
based composites. Moreover, the polyethylene and polystyrene based
composites cannot withstand higher temperature and hence we have
selected epoxy-CLNT as the substrate for the fabrication of coplanar
monopole antenna. The epoxy + 0.30 V¢ of CLNT shows & = 7.1 and tan 6 =
10-2. Fig. 6.10 shows the typical structure of coplanar wave guide monopole
antenna. The epoxy + 0.30 V¢ of CLNT polymer ceramic substrate having the

dimensions of 40 x 40 x 2 mm?3 is fabricated and copper metal is coated using
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electroplating method. The patterns are etched according to the standard
design [41]. Ground plane is having 15 mm x 10 mm on both sides of the
centre signal strip with 0.35mm gap. The dimension of the resonating
element is 31 mm length and 3 mm width. The coplanar wave guide
monopole antenna with same dimension has been made on standard FR-4
epoxy. The variation of the return loss characteristics of coplanar waveguide
fed monopole antenna fabricated using CLNT-epoxy composite and the
comparison with standard FR-4 epoxy substrate with same resonating
length is shown in Fig 6.12. It is found that the resonant frequency (4.6GHz)
is shifted to lower region (3.8 GHz) for Epoxy + 0.30 V¢ of CLNT polymer
ceramic composite compared to standard FR4 substrate. This is due to
relatively high permittivity of epoxy-CLNT substrate compared to FR-4
substrate. Hence the radiating length and the size of the antenna can be
reduced to make it more compact compared to standard FR-4. The radiation
characteristic of the antenna on new substrate is found to be same as that of

the standard antenna with an average gain of 2.7dBi.

Resonant
Y element

Dielectric g Resonant gap

substrate

Ground plane

Antenna Fed Line

Fig. 6.10 Schematic image of coplanar wave guide monopole antenna
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Fig. 6.11 Measurement setup for the coplanar wave guide monopole antenna
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6.12 Return loss characteristics of coplanar waveguide fed monopole antenna fabricated
using CLNT-epoxy composite and the comparison with standard FR4 epoxy substrate.
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6.6 Conclusions
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The CLNT ceramic loaded polyethylene and polystyrene composites
are prepared by melt mixing and hot molding techniques and the
epoxy composites are prepared by mechanical mixing and

thermosetting techniques.

The physical and dielectric properties of the composites are
investigated in terms of volume fraction of filler, frequency, and

temperature.

The experimentally observed relative permittivity and dielectric loss

are compared with different theoretical models.

As the volume fraction of filler in the polymer increases, the relative
permittivity, dielectric loss and microhardness increases where as, the
coefficient of linear thermal expansion decreases in CLNT ceramic
reinforced polymer composites. For 0.4 volume fraction of filler
loading, the Polyethylene-CLNT composite shows & = 7.7 and tan 6 =
0.004 and for polystyrene-CLNT composite, the & = 7.4 and tan 6 =
0.003 at 9 GHz. The predicted relative permittivity of this composites
using Lichtenecker equation is in agreement with experimentally

observed results.

For 0.3 volume fraction of filler loading, the epoxy-CLNT composite
shows an & of 7.1 and tan 6 = 0.026 at 9 GHz. The predicted relative
permittivity of epoxy-CLNT composite using Lichtenecker and EMT

model is in agreement with experimentally observed results.

Coplanar Waveguide Fed monopole Antenna was designed and
fabricated wusing epoxy-CLNT polymer-ceramic composite and

compared the return loss characteristics with standard FR-4 epoxy.
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Chapter 7

High Permittivity Composites for Embedded Passive
Applications

The high permittivity ceramic-metal and polymer-ceramic-
metal composites for embedded passive applications are
discussed in this chapter. The effect of sintering temperature on
the percolation threshold and the dielectric properties of
Ca[(Li13Nbzs3)05 Ti 02]03-5 (CLNT)- Ag composite for LTCC based
high permittivity application is discussed in the first section and
the polymer based CLNT-epoxy-Ag three phase composite for
printed wiring board compatible embedded capacitor application
is discussed in the next section. The objective of the present work
is to address the materials, processes and properties of high
permittivity composites for LTCC based modules and printed

wire board compatible high permittivity composite for embedded

/4

capacitor applications.




Chapter 7

7.1 Introduction

Recently, ever-increasing demand for high-density-circuits in
electronics has greatly accelerated the miniaturization and integration of
chip electronic components with high performance, multifunctionality,
smaller size, high efficiency, and low cost [1, 2]. This has led to considerable
attention towards the high permittivity materials for its technologically
important applications in high k gate dielectrics, capacitor dielectrics and
electrostrictive materials [1, 3-5]. Development of high permittivity materials
has become one of the major scientific and technological issues. High
relative permittivity, reasonably low loss, low temperature coefficient of
permittivity and low processing temperature are the basic requirements of
these materials for such applications. Commonly used high permittivity
ceramics are ferroelectric with high processing temperature and are less
stable with temperature and frequency [6-9]. Polymers have low processing
temperature but it has low permittivity. Hence, monolithic polymers and
dielectrics cannot be used as such in high permittivity based devices.
Therefore, the concept of two component and three component composites
which contain randomly distributed conductive fillers in an insulating
matrix have been developed [10-14]. As the volume fraction of metals or
conducting phases in these composites increase, the relative permittivity and
conductivity increases gradually and when the volume fraction of the
conductive powder reaches a critical value, the conductivity as well as
relative permittivity of the composite increases by several orders of
magnitude. This critical value is referred to as percolation limit of the
composite [15-21]. The concentration of the conductive additives has been
proved to be a crucial parameter, governing the electrical behavior of the
composites. Percolation theory describes the transition from the state of
limited and spatially restricted connections of conductive elements to the

state of an infinite network of connections. The percolation threshold
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represents the critical concentration or volume fraction of the conductive
inclusions, which is necessary for the onset of conductive behavior [16, 22,
23]. In the context of high relative permittivity percolative materials, several
polymer-ceramic [1, 5, 6, 24-27], polymer-metal composites [28-37] and
ceramic-metal composites [12, 13, 23, 38-45] have been studied. Fig 7.1 shows
the typical permittivity versus filler volume fraction curve of polymer-
ceramic, polymer-metal, ceramic-metal and polymer-ceramic-metal

composites.
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Fig. 7.1 Typical permittivity versus filler volume fraction curve of polymer-ceramic,
polymer-metal, ceramic-metal and polymer-ceramic-metal composites.
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In polymer-ceramic composite higher volume fraction of ceramics
loading is needed to enhance the relative permittivity and the higher filler
loading results processability issues and poor performance. But in polymer
metal and ceramic metal composite small amount of filler loading is quite
enough to raise the relative permittivity. The conductor-insulator percolative
composite system has been recognized as the promising method to achieve
high permittivity. In order to apply percolative system for manufacturing of
capacitors, the conductive filler content and the distribution within the
matrix have to be precisely controlled, because less than 1% variation of
filler content exerts a dramatic effect on the permittivity, conductivity and
dielectric loss. This problem can be alleviated by the concept of three phase
composite where the insulating ceramic filler in polymer-ceramic-metal
three phase composite extend the percolation threshold and improves the
electrical performance of the devices [46-49]. This chapter consists of two
sections; first section discuss the ceramic-metal composites for LTCC based
embedded passive application and the second section discusses the
polymer-ceramic-metal three phase composites for PCB compatible

embedded capacitor applications.
7. 2 Giant permittivity Ceramic-metal composites
7.2.1 Introduction

Ceramic-metal composites have been extensively studied for its
potential application in high permittivity based modules. The metallic
powders used in ceramic metal composites are Pt, Pd, Ag, Al, Cu, Ni, etc.
Among them Pt and Pd are too expensive and Al, Cu, Ni have the problem
of oxidization while sintering at higher temperatures and require inert
atmosphere. Hence these metal powders cannot be considered as possible
candidates for practical applications. However, silver containing composites

do not have such drawbacks and show excellent permittivity near the
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percolation threshold [23, 38, 40-42]. In order to achieve high relative
permittivity in cermets system below percolation, the relative permittivity of
the ceramics must also be as high as possible. Commonly used high relative
permittivity ceramics are Pb(Mgi/3 Nb2/3)O3-PbTiOs (PMNT), Pb(Zr Ti)Os
(PZT), 50Pb(Ni1/3 Nbz/3)Os -35PbTiOs -15PbZrOs (PNN-PT-PZ), BaTiOs [1, 5,
6, 24, 50, 51]. However, these ceramics are ferroelectrics with relatively high
dielectric loss compared to low loss dielectrics. In addition, lead based
ceramics are not environmentally friendly and have strong frequency and
temperature dependence. All the ceramic-silver composites reported so far
were sintered at the sintering temperature of ceramics, which is much above
the melting point of silver. Several previous reports show that silver can
diffuse along open pores in the ceramics at higher temperatures and escape
from the surface, since the melting point of silver (961°C) is lower than the
sintering temperature used for the ceramic-Ag composites [52-54]. This loss
of silver during sintering of ceramic-Ag composites and its impact on the
properties were ignored in the earlier studies [54, 55]. Thus, it is necessary to
lower the sintering temperature of composite to prevent the loss of silver.
Hence, the selection of ceramics is important in the context of high relative

permittivity ceramic-metal composites.

Earlier studies show that, the Ca[(Li1/3Nbz/3)1xTi x]Oss (CLNT) with
x=0.2 sintered at 1150°C/2hrs shows the & = 38, tand = 10 and nearly zero
temperature coefficient of relative permittivity in microwave frequency
range [56]. However, the sintering temperature of this material is still higher
than the melting point of silver. In chapter 5 we have seen that the sintering
temperature of the CLNT can be lowered from 1150 ° C to 950 °C by addition
of 5 wt % of lithium borosilicate glass without much degradation on the
microwave dielectric properties. The dielectric and conducting properties of
CLNT + LBS + Ag composites are systematically investigated in terms of

frequency, volume fraction of silver and temperature. The effect of sintering
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temperature on the percolation threshold of ceramic metal composite is also

discussed.
7. 2. 2 Experimental

The Cal(Li1/3sNb2/3)08Ti02]Oss (CLNT) ceramic samples were
prepared by the conventional solid state ceramic route as described in
chapter 5 (section 5.3). Preparation of lithium borosilicate (35.1Li2O-
31.7B205-33.25i02) (LBS) glass and the detailed description of experimental
procedure are discussed in chapter 2 (section 2.2). From chapter 5, it is
evident that, the addition of 5 wt% of LBS glass lowers the sintering
temperature of CLNT ceramics below 950 °C. The calcined CLNT powder
with 5 wt% of LBS glass powder was prepared by mixing in ethanol
medium followed by drying and grinding. Different volume fraction of
silver (99.99%, -60 mesh, Aldrich chemical company, Inc, Milwaukee, WI,
USA) were added to calcined CLNT powder and 5 wt% of LBS glass added
CLNT powder separately and mixed again in ethanol medium. Polyvinyl
alcohol (PVA) (Molecular Weight 22000, BDH Lab Suppliers, England)
solution was then added to the powder, mixed, dried and ground well. This
composite was pressed into cylindrical disks of about 11 mm diameter and
Imm thickness, by applying a pressure of 100 MPa. The CLNT+Ag
composites were sintered at different temperatures from 1050 °C to 1175
°C/2hrs and that of CLNT+5 wt% LBS + Ag composites from 875 °C to 950
oC/2hrs. Electrodes were connected to both sides of the sintered and
polished compacts using silver paste and these samples were used for
measuring the dielectric properties. The dielectric properties were measured
using a LCR meter (HIOKI 3532-50 LCR Hi TESTER, Japan). The sintered
density of the specimen was measured by the Archimedes method. The
crystal structure and phase purity of the powdered samples were studied by
X- ray diffraction technique using Ni-filtered Cu-Koa radiation using Rigaku

Dmax-I, Japan diffractometer. The surface morphology of the sintered
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samples was studied using an optical microscope (Leica, DMRX, Germany).
The variation in relative permittivity with temperature was also investigated

for the composites in the temperature range 25-70 °C.
7.2.3 Results and Discussion

Figure 7.2 shows the X-ray diffraction patterns of (a) CLNT ceramics
sintered at 1150 °C, (b) CLNT+5 wt% LBS sintered at 950 °C and (c) 0.20
volume fraction of silver added CLNT+5wt% of LBS glass sintered at 1150
°C/2hrs. The XRD patterns are indexed based on the CaTiOs type
orthorhombic perovskite structure with four formula units per unit cell.
Fig.7.2 (c) shows the XRD pattern of CLNT ceramics with 5 wt% of LBS glass
and 0.20 volume fraction of silver sintered at 925 °C/2hrs. XRD analysis did
not show any phase other than pure CLNT and metallic silver. This indicates
that there is no chemical reaction between silver and CLNT+5 wt% of LBS

glass.
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Fig. 7.2 X-ray diffraction patterns of sintered Ca[(Li1sNbzs3)0.s8Ti02]Os.5 ceramics
with; (a) 0 wt%, (b) 5 wt% of LBS and (c) 5 wt% of LBS + 0.20 Vf of Ag.

Figure 7.3 shows the variation of relative density of CLNT+Ag
composite as a function of sintering temperature. It is found that all the

CLNT+Ag composite shows maximum densification when sintered at 1150
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°C/2hrs. Thus the optimized sintering temperature of CLNT+Ag composite
is 1150 °C/2hrs. The decrease in the relative density could be due to the

evaporation of silver at higher sintering temperature.
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Fig. 7.3 Variation of relative density of CLNT-Ag composite as a function of
sintering temperature of LBS + 0.15 Vf of Ag.

Figure 7.4 (a) shows the relative permittivity and dielectric loss of
CLNT+Ag composite sintered at 1150 °C/2hrs as a function of silver
loading. The relative permittivity and dielectric loss increases with increase
in the volume fraction of silver. The increase in relative permittivity can be
explained by the existence of large number of metal particles in parallel and
in very close proximity but blocked by thin barriers of dielectric materials
forming microcapacitiors [13, 23, 33, 35]. It has been reported that, above
percolation threshold, the relative permittivity of the ceramic-silver
composite increased to a very high value (~ 10%) accompanied by an increase
in dielectric loss and conductivity [12, 13, 21, 35, 38, 44]. Generally the
percolation threshold for ceramic-silver composite was around 0.16 volume

fraction [12, 13, 54, 57]. However, in CLNT + Ag composite the percolation
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threshold is not attained even at 0.28 volume fraction of silver. It is worth to
note that all samples were sintered at 1150 °C/2hrs for maximum

densification, and this is well above the melting point of silver.
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Fig. 7. 4 Variation of (a) Relative permittivity and Dielectric loss and (b) Relative
density and percentage of weight loss after sintering of Ca[(Liy3Nbysz)os Tio2]035-
Ag composite sintered at 1150°C/ 2hrs as a function of silver loading.

Figure 7.4(b) shows the relative density and difference in weight
percentage before and after sintering (weight loss in percentage) of the
composites with different volume fraction of silver. It is observed that
relative density of CLNT+Ag composite increased to a maximum value at

0.15 volume fraction of silver loading sintered at 1150 °C/2hrs. However,
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further silver addition decreased the relative density. The composites having
more than 0.25 volume fraction of silver loading shows the relative density
less than 90% and this densification is attained only at 1150 °C/2hrs. In
ceramic-silver composite, it is reported that above 960 °C, silver melts,
diffuse along the open pores of ceramics and escape [54]. Hence the volume
fraction of silver after sintering will be reduced from the starting value due
to the escape of silver. The escape of silver could be quantitatively evaluated
by comparing the weight before and after sintering. Fig. 7.4(b) suggest that
volatilization of silver is more remarkable at high silver concentration. In
CLNT + Ag composites, the silver melts at 960 °C and the density of
ceramics is still low so that silver diffuse to external region and then escape.
As a result the actual volume fraction of Ag in the composite becomes lower
than the initial amount. This could be the reason for the decrease in density

of CLNT + Ag composite at higher volume fraction of silver.

Figure 7.5 shows the optical micrograph of CLNT ceramics with 25
and 28 volume fraction of silver loading sintered at 1075 °C/2hrs. It is
observed that at this sintering temperature, the relative density of CLNT+Ag
composite is less than 80% and silver melts and comes to the surface as
bubbles. It strongly supports the escape of silver at elevated temperatures.
At higher sintering temperature, the silver particles melt and move along the
grain boundary and accumulate at the boundary intersections [43]. Hence
the particle size of the silver is increased. Thus in CLNT+Ag composite, the
size of the silver particle increased and volume of silver decreased at its
optimum sintering temperature. Thus the number of microcapacitor
decreased and thereby decreased the relative permittivity. It is worth to note
that the relative density of high volume fraction of silver loaded CLNT
ceramics is less than 90% at its optimum sintering temperature of 1150 °C.

Hence the high optimum sintering temperature of the CLNT+Ag composite
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could be the reason for the percolation threshold not reaching even at 0.28

volume fraction of silver.

(a) (b)

Fig. 7.5 The optical micrograph of unpolished CLNT ceramics with (a) 25 and
(b) 28 volume fraction of silver loading sintered at 1075°C/2hrs.

The escape of silver at higher sintering temperature is avoided by
lowering the sintering temperature of ceramics below 950 °C by the addition
of low melting glass. The sintering temperature of CLNT ceramics can be
lowered below the melting point of silver with the addition of LBS glass
which is explained in chapter 5. The sintering temperature of CLNT + LBS +
Ag is optimized for best density and dielectric properties. The densification
and relative permittivity of CLNT + 5 wt% LBS + Ag with different volume
fraction of silver as a function of sintering temperature is shown in Fig. 7.6. It
is observed that relative density increases first with increasing sintering
temperature and then slightly decreases for all samples. The temperature at
which maximum density attained varies with different volume fraction of
silver loading in CLNT + 5 wt% LBS composites. The optimum sintering
temperature of CLNT + 5 wt% LBS + Ag composite up to 0.15 volume
fraction of silver loading was found to be 925 °C/2hrs and that of
composites with higher volume fraction of silver (0.16 volume fraction
onwards) is found to be 900 °C/2hrs. Addition of silver further reduces the
sintering temperature. It is found that more than 90% of the relative density

is attained at 900 °C, which is well below the melting point of silver. Hence,
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the detailed study of the CLNT+5 wt% LBS +Ag composite is done at its

corresponding optimum sintering temperature.
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Fig. 7.6 The variation of (a) relative density and (b) relative permittivity of CLNT + 5 wt%
LBS + Ag with different volume fraction of silver as a function of sintering
temperature.

The variation of relative permittivity, dielectric loss and conductivity
of CLNT + 5 wt% LBS + Ag composite with different volume fraction of
silver at 100 KHz and 1 MHz are shown in Fig. 7.7. It is observed that 0.17
volume fraction silver loading increased the relative permittivity of the
composite from 32 to 272 with dielectric loss of 103 and conductivity of
1.8x107 S/cm at 1 MHz. However, a maximum relative permittivity of & =~
4x 10> were observed for 0.18 volume fraction of silver loading. It is reported
that silver particles are primarily located at grain boundaries when sintering
is performed around 900 °C [41]. The sudden increase in relative permittivity
is due to the interfacial polarization phenomenon which occurs at the
interface of the dissimilar materials [58]. The charge carriers in the different
phases of the composite are trapped at the interfaces within the dielectrics.
These charges are unable to discharge freely and give rise to an over all field
distortion, which results in an increase in capacitance and relative

permittivity [10, 59]. Interfacial polarization is the result of the heterogeneity
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of the system, such as mobile charges accumulated at the metal matrix
interface, form large dipoles. Another reason for the enhancement of relative
permittivity is the formation of micro capacitors. There are regions in the
microstructure where the conductive clusters are separated by a thin
insulating layer [13]. The silver particles in the composites act as internal
electrodes of unit micro-capacitor. Such regions contribute to extremely
large capacitance, which adds up macroscopically and result in a giant
effective relative permittivity. It can be seen from Fig. 7.7(b) that the
dielectric loss also increases sharply at percolation threshold. The addition of
silver increases the defects and induces space charge. Therefore the increase
in dielectric loss could be due to increase in metallic silver in the composite.
It is well known that ceramic metal composite can have insulator-metal
transition with increasing metal concentration. An abrupt change in
conductivity at percolation in CLNT + 5wt% LBS + Ag composite with
different volume fractions of silver is shown in Fig. 7.7(c). The concentration
of the conductive inclusions has been proved to be a crucial parameter,
governing the electrical behavior of the composites. When the filler content
is low, the mean distance between metal particles or clusters is sufficiently
large and conductance is restricted by the presence of the dielectric matrix.
However, by increasing the conductive phase content, the metal “islands”
get closer and at a critical concentration of the filler, a physical path is
formed, through which the current can flow percolating the whole system.
In such a network there is either direct contact between the adjacent
conducting particles or sufficiently small gap between them to enable a
mechanism of jump over the potential barrier and quantum mechanical
tunnelling. The insulator-metal transitions are characterized by an abrupt

change in conductivity [17, 18, 33, 60].
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Figure 7.8 shows both experimental and theoretical values of relative

permittivity of CLNT + 5wt% LBS + Ag composite with different volume

fraction of silver at 1 MHz. It is observed that as the silver content increases

from 0 to 0.16-volume fraction, the relative permittivity increases from 32 to

221 with dielectric loss of 103. The concentration dependence of relative

permittivity is given by the following power law on the basis of percolation

theory [15, 22].

where &, is the relative permittivity of pure silver free CLNT + 5wt% LBS,

V¢ is the volume fraction of silver at percolation, V is the volume fraction of
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silver and q is a critical exponent. The experimental values of effective
relative permittivity are in agreement with equation-7.1, with q=0.86 and

V=0.17 as can be seen from Fig. 7.8.
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Fig. 7.8. Variation of relative permittivity of CLNT + 5wt% LBS + Ag composites
with different volume fraction of silver below percolation threshold and the
comparison with power law.

(a) (b)

Fig. 7.9 The optical micrograph of polished CLNT + 5 wt% LBS + (a) 0.17 V¢ and (b) 0.20
V¢ of Ag composites sintered at 900° C /2hrs.

Figure 7.9 shows the optical micrograph of sintered CLNT + 5 w%

LBS + Ag composite with 0.17 and 0.20 volume fraction of silver. It can be
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noted that silver particles (white area) are distributed in CLNT matrix and
some silver particles are lost during polishing (black area). It clearly reflects
the dispersion of Ag particle in the CLNT matrix and there is no apparent
interconnection among silver particles. However, above percolation
threshold (0.17) the silver particles agglomerated to become larger size as

shown in Fig. 7.9(b).

Figure 7.10 (a) shows the variation of relative permittivity of sintered
CLNT + 5wt% LBS + Ag composites with frequency for different volume
fraction of silver. As described earlier the relative permittivity increases
gradually with silver content when the volume fraction is less than the
percolation limit. When the silver content is beyond the percolation limit, the
relative permittivity also increases by several orders of magnitude. It is
found that relative permittivity decreases with increase in frequency above
percolation threshold. It is well known that the polarization mechanism has
strong dependence on the frequency. The direct relation to polarization,
relative permittivity can have strong frequency variation as different
polarization mechanisms become active. The variation of conductivity of
sintered CLNT + 5wt% LBS + Ag composites with frequency for different
volume fractions of silver are shown in Fig. 7.10 (b). It can be noticed that as
the silver content in the composite increases the conductivity also increases.
Composites containing silver less than the percolation limit, show gradual
increase in conductivity while those with more silver than the percolation
limit show conductivity values that are several orders higher. As the
frequency increases, the conductivity increases to a maximum value for
composites containing less silver than that of the percolation limit. However,
subsequent increase in silver content in the composite beyond the
percolation limit decreases the conductivity with increase in frequency.
Below percolation threshold, as the frequency increases, the current passing

through the each capacitor increases resulting in the increased conductivity
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of the sample. To describe the frequency dependent conductivity, over a
wide range of frequencies, in disordered solids at constant temperature Dyre
[61, 62] proposed the random free-energy barrier model (also referred to as
the symmetric hopping model). The conductivity values are increasing with
frequency, since alternating current conductivity sums all dissipative effects
including an actual ohmic conductivity, caused by migrating charge carriers
on isolated metallic clusters, as well as a frequency dielectric dispersion [63].
According to percolation theory below percolation threshold, the
conductivity is proportional to applied frequency (o = f %, where f is the
frequency and x is the critical exponent) [64]. The frequency dependence of
relative permittivity and conductivity of disordered solids generally results
from the polarization between the clusters and anomalous diffusion within
each cluster. The capacitive effect between clusters on the conductivity and

relative permittivity becomes significant at high frequency.
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Fig. 7.10 The variation of (a) relative permittivity (b) conductivity of sintered CLNT +
5 wt% LBS + Ag composites with different volume fraction of silver as a function of
frequency.

Figure 7.11 shows the temperature dependence of relative

permittivity of CLNT +5 wt% LBS + Ag composites with different volume
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fraction of silver measured at 1 MHz. It is clear that for all the volume

fractions of silver, the relative permittivity is independent of temperature.
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The percolative composites show an abrupt rise in the permittivity

near percolation threshold and have a narrow smearing region [23, 25, 28,
29, 33]. The region at which percolation starts is called the smearing region.
In these composites, it is very difficult to control the filler loading very close
to the percolation threshold to achieve high relative permittivity. This can be
alleviated by the introduction of third component (ceramic) in the polymer-
metal composites. This polymer based three phase composite has an
additional advantage of low processing temperature. The giant permittivity

of polymer-ceramic-metal composite is discussed in the next section.

7.3 Polymer-Ceramic-Metal Three-Phase Composite for
Embedded Capacitor Applications

7.3.1 Introduction

The fundamental building component of all electronic packaging
system consists of active and passive components. Majority of the electronic
component in microelectronic circuits are passive and occupy more than
80% of the printed wired surface area. Discrete passives have already

become the major barrier for the miniaturization of the electronic system.
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Integration of embedded passive components into printed circuit board
offers a significant reduction in size, better electrical performance, reliability,
lower costs and improved design options. Among embedded passive
components, the embedded capacitor is particularly favorable because they
are used in large numbers of various functions such as decoupling,
bypassing, energy storage and filtering capacitors [1, 3, 50, 65]. One major
challenge for implementing the embedded capacitor technology is the
development of new dielectric material that possesses good dielectric and
mechanical properties and processabilities. Recently significant efforts have
been focused on developing percolative composites that are suitable for a
dielectric material as capacitor in embedded passive devices. Ceramic metal
composites show high relative permittivity but the processing temperature
is too high hence it cannot be used for printed wired board compatible
devices. Polymer-metal and ceramic-metal composites show an abrupt rise
in the permittivity near percolation threshold and have a narrow smearing
region [23, 28, 29, 33]. The narrow percolation transition region in the
polymer metal and ceramic metal has limited their applications in
embedded passive devices. In these composites, it is very difficult to control
the filler loading very close to the percolation threshold to achieve high
relative permittivity. Recently, Lim et. al [66] reported that the smearing
region can be expanded by introducing a third component in the two phase
composite. This three phase polymer based composite is advantageous in
terms of its broad smearing region, good dielectric properties, low
processing temperature, ease of fabrication in to various shapes and the

compatibility with PWB.

The present section discusses the synthesis and dielectric properties
of three-phase composite containing epoxy as the polymer base and silver
and Ca[(Li1/3Nbz/3)08Ti02]Os.5 (CLNT) [56] ceramic as the filler. In this three-

phase composite, temperature stable low loss CLNT ceramics is used as the

232



Chapter 7

dielectric filler and silver as the conducting phase to improve the dielectric
properties of the composites. Epoxy was taken as the polymer base because
it is thermosetting and can be easily fabricated in to various shapes. This
three phase composite can be treated as the adhesion of ceramic and metal
using polymer to achieve high relative permittivity with low processing
temperature. Such a three phase polymer matrix composite is flexible and
can be easily fabricated in to various shapes with low processing
temperature. It might be an attractive for applications in capacitors and

electric energy storage devices.
7.3.2. Experimental

The epoxy-CLNT-Ag three-phase composites were prepared by two
step mixing and thermosetting method. The low loss CLNT ceramics were
prepared by solid state ceramic route. Different volume fractions of fine
powders of sintered CLNT ceramics, epoxy and hardener were mechanically
mixed for 30 minutes to have uniform distribution of ceramic powder in the
matrix. The mixture was then poured into a cylindrical mold of 10 mm
diameter and 2 mm thickness. These samples were cured at 70 °C for 2
hours. A series of CLNT/epoxy composite with CLNT volume varying from
0.0 to 0.40 volume fractions were fabricated. Epoxy with 0.30 volume
fractions of CLNT was considered for further studies to visualize the effect
of metallic inclusions on the dielectric properties of three-phase composites.
The epoxy-CLNT-Ag composites in which the volume fraction of Ag is
varying from 0.0 to 0.32 were prepared. Copper electrodes were connected
to both sides of the polished compacts using silver paste and these samples
were used for measuring the dielectric properties. The dielectric properties
(1 KHz to 1 MHz) were measured using LCR meter (HIOKI 3532-50 LCR Hi
TESTER, Japan). The surface morphology of the samples was studied using

an optical microscope (Leica, DMRX, Germany). The variation in relative
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permittivity with temperature was also investigated for the composites in

the temperature range -50 to +100 °C.
7.3.3. Results and Discussion

Fig. 7.12 shows the variation of dielectric properties of epoxy-CLNT
two phase composites with different volume fraction of the CLNT loading.
A gradual increase in relative permittivity with CLNT loading is observed in
the epoxy-CLNT polymer ceramic composite. The resultant properties of the
composites mainly depend on the properties of constituent components. The
increase in the relative permittivity of the epoxy-CLNT composite is due to
the relatively high permittivity of CLNT ceramic (41 at 1 MHz) compared to
epoxy. In addition, the increase of CLNT filler content in the composite
increases the interface between CLNT and polymer and hence the significant
influence of interfacial polarization on the relative permittivity [60]. Thus the
relative permittivity increases with increase in ceramic loading. Generally,
the dielectric loss of almost all the polymer ceramic composites increases
with increase in ceramic filler loading. However, in the present epoxy-CLNT
composite the dielectric loss decreases with ceramic loading. This could be
due to the low dielectric loss of CLNT ceramic (tan 6 =10-#) compared to that
of epoxy (tan 6 =10-2). For 0.3 volume fraction of CLNT ceramic loading, the
epoxy-CLNT composite shows & = 8.0 with tan 6 = 0.009 at 1 MHz. As the
volume fraction increases the agglomeration of ceramic particle also
increases, which results in higher porosity and thereby decreases the
densification. This could be the reason for the slight increase in the dielectric
loss at higher volume fraction (V¢ = 0.40) of CLNT loading in epoxy-CLNT
composite. It is observed that the addition of 0.40 volume fraction of CLNT
ceramics in the epoxy increases the relative permittivity from 4.3 to 10.2. It
has been reported that higher ceramic loading is necessary to enhance the
relative permittivity in the polymer ceramic composite for embedded

capacitor applications [1]. However, higher ceramic loading dramatically
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decreases the adhesion of the composite, which will degrade its
processability and reliability of embedded capacitors. Therefore, a limitation
of ceramic loading is existing for polymer-ceramic composite to improve its
relative permittivity. The relative permittivity of the polymer-ceramic
composites can be enhanced further by incorporating conducting phase in
the two phase composites. Hence we have added metallic silver as a

conducting phase in epoxy with 0.30 volume fraction of CLNT ceramics.
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Fig. 7.12 Variation of relative permittivity and dielectric loss of epoxy-CLNT
composites at 1 MHz as a function of filler loading.

Table 7.1 shows the dielectric properties and conductivity of epoxy-
CLNT-Ag composite with different volume fraction of silver loading at 1
KHz and 1 MHz. The increase in relative permittivity with silver loading is a
result of interfacial polarization associated with the entrapment of free
charges generated in the interface of conducting and insulating phase of the
composites. The dielectric response of the specimens is attributed to
interfacial polarization or Maxwell-Wagner-Sillars (MWS) effect. The MWS
effect arises in heterogeneous systems due to the accumulation of charges at

the interface of the constituents. The charges can migrate under the influence

of the applied field contributing to the electrical response of the system.
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These charges are unable to discharge freely and give rise to an overall field
distortion. This dielectric field developed around the conducting phase can
result an increase of relative permittivity [10].

Table 7.1 The dielectric properties and conductivity of epoxy-CLNT-Ag
composites at 1 kHz and 1 MHz

fr‘z::tlit(l)rrl:f) ¢ & Tan 8 o (S/cm) & Tan & o (S/cm)
Silver (1 kHz) (1 kHz) (1 kHz) (1MHz) | (1 MHz) (1 MHz)
0 8.4 0.013 6.26x10-11 8.00 0.009 4.30x108
0.05 11.5 0.011 6.45x10-11 10.8 0.020 1.30x107
0.08 14.6 0.030 2.67x10-10 13.1 0.023 1.79x107
0.10 16.8 0.019 6.15x10-10 154 0.024 2.08x107
0.12 18.4 0.026 8.75x10-10 16.6 0.027 2.54x107
0.14 22.1 0.030 7.53x10-10 19.1 0.032 3.47x107
0.16 23.0 0.026 9.31x10-10 20.2 0.032 4.24x107
0.18 24.1 0.025 1.06x10° 221 0.039 6.21x107
0.20 304 0.025 1.44x10° 26.4 0.042 7.09x107
0.22 34.8 0.031 1.93x10°* 29.3 0.060 9.54x107
0.24 65.0 0.065 2.41x10° 51.1 0.069 1.87x10-¢
0.26 95.0 0.090 6.7x10° 72.3 0.065 2.51x10%°
0.28 550 0.870 5.9x107 142 0.15 2.05x10>
0.30 9.73x108 4.400 2.9x102 818000 2.6 2.80x102
0.32 4.46x1090 9.900 1.29 510000 9.9 1.31

The existence of large number of conducting particles in parallel and
blocked by thin insulating layers can also increase the relative permittivity
[13]. Each conducting phase in the composites acts as an internal electrode of
tiny capacitors. Hence the Ag-CLNT-Ag forms a microcapacitor and these

tiny microcapacitors are connected each other by epoxy. These tiny super

236



Chapter 7

capacitor networks with large electrode area and small dielectric thickness
macroscopically add up to result giant permittivity. The addition of silver
increases not only the permittivity but also the dielectric loss. The
conduction is the dominative mechanism near percolation threshold, so the
dielectric loss increases as the content of conductive filler increases. The
increase in dielectric loss in the present three phase composite could also be
due to the increase in defects concentration and induced space charge with
silver loading. It can also be useful for number of applications such as flash
lamp and heart actuators working at low frequency for which large
capacitance is more important than dielectric loss [49]. As the volume
fraction of silver is increased, the conductive phase has a tendency to
connect to form a conductive network. Above percolation limit, there is a
continuous path of adjacent allowed sites across the system. This leads to a

sudden increase in conductivity of the composite above percolation

threshold.

Generally, percolation threshold of both the ceramic-metal and
polymer-metal composites is around 0.16 volume fraction of metal and have
a narrow smearing region. However, in the present three-phase composite,
the ceramic particle effectively isolates the silver particles and extends the
smearing region of present high permittivity composite. Addition of 0.28
volume fraction of silver in epoxy-CLNT composite increases the relative
permittivity from 8.4 to 550 at 1 KHz and 8 to 142 at 1 MHz respectively
with low dielectric loss and low conductivity. The increase in the
capacitance and relative permittivity is not particular to a given composition
of a particular dielectric material, but depends only on the microstructure of

the aggregate and on the ratio between the conducting and insulating phase.

The present epoxy-CLNT-Ag three phase composite can be
considered as the loading of conducting silver particle in the insulating

epoxy-CLNT phase. Fig. 7.13 shows both experimental and theoretical
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values of relative permittivity of epoxy-CLNT- Ag composite with different
volume fraction of silver at 1 MHz. It is observed that as the silver content
increases from 0 to 0.26-volume fraction, the relative permittivity of the
epoxy-CLNT composite increases from 8 to 73. The concentration
dependence of relative permittivity is given by the following power law on
the basis of percolation theory (equation 7.1) [15, 22]. In this case & is the
relative permittivity of pure silver free epoxy-CLNT composite, V. is the
volume fraction of silver at percolation, V is the volume fraction of silver
and q is a critical exponent. The experimental values of effective relative
permittivity are in agreement with equation-7.1, with q=0.86 and V.=0.28 as

can be seen from Fig. 7.13.
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Fig. 7.13 Variation of relative permittivity of epoxy-CLNT-Ag composites
with different volume fraction of silver below percolation threshold and
the comparison with power law.

Figure 7.14 shows the optical micrograph of epoxy-CLNT-Ag
composite with (a) 0.10 and (b) 0.20 volume fraction of Ag. The silver

particles and CLNT ceramics are distributed randomly in the epoxy matrix

and no apparent interconnection is observed among silver particles.
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(a) (b)

Fig. 7.14 Optical micrograph of epoxy-CLNT- Ag composite having (a)
0.10 and (b) 0.20 V¢ of silver

04 o—o—o—o—o—o—o—o—o—o—o—i@

. ) ——0.0
£ -2+ —e—0.08
2 1 —a—0.18
z -4 —v—0.22
= ] —<—0.24
2 64 —>—0.26
E —e—0.28
3 1 —e—0.30
w8 —e—0.32
;J L

-10

10
gu
P —=—0.00
= \—e—0.08
£ (a |—a—0.18
E 61 —v—0.22
& ——0.24
g 4 —>—0.26
i —e—0.28
] —a—0.30
w24 +— .32
-

0 T

3.0 35 4.0 45 50 55 6.0
Log Frequency (Hz)

Fig.7.15 Variation of (a) relative permittivity and (b) conductivity of epoxy-
CLNT-Ag composites as a function of frequency.
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Figure 7.15 shows the frequency dependence of both relative
permittivity and conductivity of epoxy-CLNT-Ag composite. A gradual
decrease in the relative permittivity with frequency is observed for all the
composites. This is expected since different polarization mechanisms are
frequency dependent. It has been reported that the gradual decrease of
permittivity with frequency was due to an interfacial polarization [30, 60,
67]. The interfacial polarization effect is a slow process and is predominant
at low frequency region. It can be observed that the conductivity increases
with increase in frequency for low volume fraction of silver loading. At low
frequencies where the applied electric field, forces the charge carriers to drift
over large distance [61]. As the frequency increases, the mean displacement
of the charge carriers is reduced and the real part of conductivity increases,
which follows the law o = f %, where f is the frequency and x is the critical
exponent (0 < x <1) [64]. The frequency dependence of relative permittivity
and conductivity of disordered solids generally results from the polarization

between the clusters and anomalous diffusion within each cluster.

The drift in relative permittivity with temperature should be small for
practical applications. Fig. 7.16 shows the variation of relative permittivity in
epoxy-CLNT-Ag composite as a function of temperature. The relative
permittivity of the composite is found to be independent of temperature and
it satisfies X7R EIA specifications. In ceramic-metal and polymer-metal
composites, above percolation threshold the conductivity is also increased.
This may lead to undesirable leakage current in the composite. However, the
composite for 0.28 volume fraction of silver loading in epoxy-CLNT
composite shows excellent dielectric properties such as high permittivity,
low conductivity and low processing temperature and hence this

composition is suitable for embedded capacitor applications.
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Fig. 7.16 Variation of relative permittivity of epoxy-CLNT-Ag composites with
temperature and the inset shows the variation of relative permittivity for 0.30
volume fraction of silver loaded epoxy-CLNT-Ag composite.

7.4. Conclusions

% The high permittivity ceramic-metal and polymer-ceramic-metal

composite for microelectronic application have been investigated.

®

% The sintering temperature of ceramic metal composite is found to

have strong dependence on the percolation threshold.

% Addition of 0.17-volume fraction of silver increases the relative
permittivity of CLNT + 5 wt% LBS from 32 to 272 with dielectric loss
of 103 and conductivity of 1.8 x 107 S/cm at 1 MHz. 0.18-volume
fraction of silver loading in CLNT + 5 wt% LBS composite shows a
maximum relative permittivity (e = 4x10°) with low dielectric loss

(tand=10-2) at 1 MHz.
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The high processing temperature of the ceramic metal composite have
been overcome by the preparing polymer-ceramic-metal three phase

composite.

Near percolation threshold (0.28 volume fraction of Ag in epoxy+0.30
V¢ of CLNT) the composite shows a relative permittivity of 142 with
low dielectric loss (0.15) and low conductivity (10°S/cm) at 1 MHz.

The experimentally observed relative permittivity of ceramic-metal
and polymer-ceramic-metal composites is in agreement with power

law.

The relative permittivity of the composite is found to be independent

of temperature.
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Conclusions and Scope of Future Work

This chapter provides a brief summary of the
thesis and future direction of the work. The major results

in thesis is outlined as chapter wise and also highlighted

7

in table.




Chapter 8

In wireless communication industry, dielectric materials are being
used as electronic packages, substrates, dielectric resonators, waveguides,
dielectric resonator antenna and capacitor applications etc. The value of
relative permittivity of the dielectric material mainly distinguishes its use in
above mentioned application. The thesis entitled “Investigations on Low
Dielectric Loss Lithium Based Ceramics and Their Composites for
Microwave and Embedded Passive Applications” is divided into 8 chapters.
It is the outcome of a detailed investigation carried out on the synthesis and
characterization of several low loss ceramics and composites for substrate,
LTCC, dielectric resonators and capacitor applications.

The first chapter of the thesis gives a general introduction to dielectric
substrates, resonators and composites. Emerging technologies such as low
temperature co-fired ceramic and embedded capacitor technology for
miniaturization and its requirements and advantages are also discussed in
this chapter. The preparation and characterization techniques used for the
microwave dielectric ceramics and polymer ceramic composite are given in

the chapter 2.

The chapter 3 discusses the synthesis, characterization and
microwave dielectric properties of novel low loss low permittivity Li2ASiOxs
(A=Mg and Ca) ceramics for microwave substrate applications. The effects
of synthesis condition on the microwave dielectric properties of both the
ceramics are discussed. The LixMgSiOs4 (LMS) ceramics sintered at 1250
oC/2hrs has & = 5.1 and tan 6 = 5x104 at 9 GHz. The Li»CaSiO4 ceramics
sintered at 1000 °C/2hrs has & = 4.4 and tan 8 = 0.006 at 9 GHz. The
influence of different borosilicate glass additions on the sinterability,
densification, structure, microstructure and the microwave dielectric
properties of the Li2ASiOs (A=Mg and Ca) dielectric ceramics has been
investigated. These ceramics show relative permittivity in the range 4-9 with

low dielectric loss (tan 6 ~ 104). Addition of 1 wt% LBS in LMS sintered at
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925°C/2hrs has & = 5.5 and tan 6 = 7x10 at 9 GHz. LMS mixed with 2 wt%
of LMZBS glass sintered at 875°C/2hrs shows &= 5.9 and tan 6 = 7x10-5 at 9
GHz. Addition of 2 wt % of LBS glass in LCS and sintered at 925 ° C/2hrs
has &= 7.4 and tan 6 = 0.005 at 9 GHz. Compared to LCS-glass composites,
the LMS-glass composites show excellent microwave dielectric properties at

a low sintering temperature and can be a promising candidate for substrate

and LTCC based devices.

Fourth chapter discusses the synthesis, characterization and
microwave dielectric properties of novel temperature stable high Q dielectric
ceramics (LizMg1xZnyTisOs (x=0 to 1) and Li2A1xCaxTis0s (A=Mg, Zn, and
x= 0 to 0.2)) which can be sintered at a low sintering temperature of 1075
°C/4hrs. An attempt has also been made to lower the sintering temperature
of LioMgTi30s and Li2ZnTi3Os ceramics for the possible application in LTCC
based devices. The LixMgTi3Os and Li>ZnTi3Os ceramics shows & = 27.2, Qu
x f = 42000 GHz, and 1= (+) 3.2 ppm/°C and & = 25.56, Qu x f = 72000 GHz,
and 1= (-) 11.2 ppm/°C respectively when sintered at 1075 °C/4hrs. Among
all the compositions of LixMgi1-xZn«Ti30s ceramics, the LixMgo9Zno1Ti3Os
dielectric ceramic composition shows the best dielectric properties such as &
= 27, Qu x f = 62000 GHz, and 1= (+) 1.1 ppm/°C when sintered at 1075
oC/4hrs. The effect of Ca substitution on the structure and microwave
dielectric properties of Li2A1xCaxTisOs (A=Mg, Zn, and x= 0 to 0.2 has been
investigated and it is found that formation of second phase degrades the
microwave dielectric properties slightly. Effect of LMZBS glass addition on
the sinterability and microwave dielectric properties of LixMgZnTisOs,
LioMgZnTisOs dielectric ceramics has been investigated for LTCC
applications. The LMT + 3 wt% of LMZBS glass sintered at 925 °C/4hrs has
& =245, Qu x f = 44000 GHz, and 1= (+) 0.25 ppm/°C. Addition of LZT
ceramics with 3 wt% of LMZBS glass sintered at 900 °C/4hrs has & = 23.24,
Qu x f = 31300 GHz, and t = (-) 15.6 ppm/°C. The microwave dielectric
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materials presented in this chapter are superior in terms of cost of raw
materials, sintering temperature and microwave dielectric properties
compared to the already developed microwave dielectric ceramics and these
materials will be the major milestone in microwave dielectric resonator

research.

The development of low temperature sintered low loss high
permittivity microwave ceramics for resonator applications are discussed in
the fifth chapter. The Ca[(Li1/3Nbz/3)0sTi0.2]Os-5 ceramics sintered at 1175 °C
has & = 38.6, Quxf = 21200 GHz and 1t = +4 ppm/°C. The Ca[(Li1/3Taz/3)07
Ti03]Os.5 ceramics sintered at 1200 °C has & = 36.0, Quxf = 29500 GHz and 1t =
-3ppm/°C. The influence of various borosilicate glasses on the sinterability,
densification, structure and microstructure and the microwave dielectric
properties of the Ca[(Li1/3A2/3)1xTix]Os-5 (A=Nb,Ta) dielectric ceramics is
investigated. The sintering temperature of Ca[(Li1/3Nbz/3)0sTi02]Os-5 (CLNT)
ceramics is lowered below the melting point of silver by the addition of LBS,
LMZBS and ZBS glasses. Among these the CLNT ceramics with 5 wt% of
LBS glass sintered at 950 °C/4hrs shows best dielectric properties such as &
=30.5, Qux f = 14700 GHz (f = 4.6 GHz) and 7= -18 ppm/ °C. The sintering
temperature of Ca[(Li1/3Taz/3)0.7Ti03]Os5 (CLTT) ceramics is lowered by the
addition of ZBS and BZBS glasses. Addition of 12 wt% of BZBS glass in
CLTT ceramics sintered at 950 °C/4hrs shows & = 32.0, Qux f = 9000 GHz (f
= 4.7 GHz) and -41 ppm/°C. The temperature coefficient of the CLNT-glass
and CLTT-glass system are tuned in the range + 10 ppm/°C by increasing
the rutile content in the CLNT and CLTT ceramics.The microwave dielectric
properties of Ca[(Li1/sNbz/3)075 Tio25]Os.5 ceramics with 5 wt% LBS glass
sintered at 950 °C/4hrs shows & = 33, Qu x f =11500 GHz (f = 4.6 GHz) and
Tt = -2 ppm/°C. The Ca[(Li1/3Taz/3)0.6 Ti0.4]O35 ceramics with 12 wt% of BZBS
glass sintered at 950 °C shows &, = 34.9, Qu x f =6500 GHz (f = 4.6 GHz) and
1t = -6 ppm/°C. Compared to CLTT-glass system, the CLNT-glass system

249



Chapter 8

shows excellent temperature stable microwave dielectric properties at a low
sintering temperature of 950 °C and can be a promising candidate for LTCC

based devices.

Sixth chapter discusses the preparation and dielectric properties
Ca[(Li1/3Nbz/3)0.8Ti02]Os.5 ceramic filled polymer composites for substrate
applications. The CLNT ceramic loaded polyethylene and polystyrene
composites are prepared by melt mixing and hot molding techniques and
the epoxy composites are prepared by mechanical mixing and thermosetting
techniques. The physical and dielectric properties of the composites are
investigated in terms of volume fraction of filler, frequency, and
temperature. The experimentally observed relative permittivity and
dielectric loss are compared with different theoretical models. As the
volume fraction of filler in the polymer increases, the relative permittivity,
dielectric loss and microhardness increases where as, the coefficient of linear
thermal expansion decreases in CLNT ceramic reinforced polymer
composites. For 0.4 volume fraction of filler loading, the Polyethylene-CLNT
composite shows & = 7.7 and tan 8 = 0.004 and for polystyrene-CLNT
composite, the & = 7.4 and tan 6 = 0.003 at 9 GHz. The predicted relative
permittivity of this composites using Lichtenecker equation is in agreement
with experimentally observed results. For 0.3 volume fraction of filler
loading, the epoxy-CLNT composite shows an & of 7.1 and tan & = 0.026 at 9
GHz. The predicted relative permittivity of epoxy-CLNT composite using
Lichtenecker and EMT model is in agreement with experimentally observed
results. The relative permittivity of polymer-ceramic composite is almost
stable with respect to temperature. Coplanar Waveguide Fed Monopole
Antenna was designed and fabricated using epoxy-CLNT polymer-ceramic

composite and compared the return loss characteristics with standard FR-4

epoxy.

250



Chapter 8

The high permittivity ceramic-metal and polymer-ceramic-metal
composites for capacitor applications are discussed in chapter seven. The
effect of sintering temperature on the percolation threshold and the
dielectric properties of Ca[(Li1/sNbz/3)osTi 02]Oss (CLNT) - Ag composite
for LTCC based high permittivity application is discussed in the first section
and the polymer based CLNT-epoxy-Ag three phase composite for printed
wiring board compatible embedded capacitor application is discussed in the
next section. Addition of glass lowers the percolation threshold of CLNT -
Ag composite. The sintering temperature of ceramic silver composite is
found to have strong dependence on the percolation threshold. Addition of
0.17-volume fraction of silver increases the relative permittivity of CLNT + 5
wt% LBS from 32 to 272 with dielectric loss of 10-3and conductivity of 1.8 x
107 S/cm at 1 MHz when sintered at 925 °C. The 0.18-volume fraction of
silver loading in CLNT + 5 wt% LBS composite shows a maximum relative
permittivity (& = 4x10%) with low dielectric loss (tané=10-2) at 1 MHz. The
high processing temperature of the ceramic metal composite have been
overcome by preparing the polymer-ceramic-metal three phase composite.
Near percolation threshold (0.28 volume fraction of Ag in epoxy+0.30 Vr of
CLNT) the composite shows a relative permittivity of 142 with low dielectric
loss (0.15) and low conductivity (10> S/cm) at 1 MHz. The experimentally
observed relative permittivity of ceramic-metal and polymer-ceramic-metal
composites is in agreement with power law. These composites can be

considered as promising candidate for capacitor applications.

The most important results from the thesis are summarized in Table
8.1, 8.2, 8.3 and 8.4. Table 8.1 shows the low loss, low permittivity dielectric
ceramics for LTCC substrate applications. The microwave dielectric
properties of polymer-ceramic composite substrate are shown in Table 8.2.
The sintering temperature and microwave dielectric properties of dielectric

materials for resonator application are shown in Table 8.3. The dielectric
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properties of high permittivity ceramic-metal and polymer-ceramic-metal

composite are given in Table 8.4.

Table 8.1 The physical microwave dielectric properties of LMS-glass and LCS- glass
composite for LTCC substrate applications.

Material Sintering % & Tan Ter
ateria Temperature (°C) | Density | (9 GHz) | (9 GHz) | (1IMHz)
Li>MgSiO, ] 0
(LMS) 1250 oC/2hrs 92 5.1 0.00050 0.11%
LizCaSiO4 o 0,
(LCS) 1000 °C/2hrs 70 4.4 0.00600 0.03%
IMS+1wth | gr50c/2hrs 9% 55 0.00007 | 0.08%
LBS
LMS + 2 wt% 9
LMZBS 875°C/2hrs 97 5.9 0.00007 0.09%
L& EBlsW% 9250C/2hrs 94 7.1 0.0040 | 0.05%

Table 8.2 Microwave dielectric properties of CLNT-Polymer composite
for substrate applications.

. Relative Relative Dielectric Coefficient Water
Composite . e s of Thermal .
Material Dez}sﬁy Pern;ttcllv_'llty lozs C(;tIe}In ) Expansion abso;‘/ptlon
e z z
(%) | () OGHz) | (OGHz) | PD (%)
PE- 0.4 V¢
CLNT 96.0 7.7 0.004 91 0.07
PS-0.4 Vi
CLNT 97.5 74 0.003 29 0.04
Epoxy- 0.3
V; CLNT 99.0 7.1 0.026 20 0.30
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Table 8.3. The microwave dielectric properties of dielectric ceramics useful for
practical applications.

Sinterin,
Material Temperatfre & (8uHX£) (PP;/"C)
(O

LizMgTisOs (LMT) 1075 27.20 | 42000 (+)3.20
Li2(Mgo9Zno.1) TizOs 1075 27.01 | 62000 (+)1.20
Li2(Mgo2Znos) TizOs 1075 25.77 | 66500 (-)10.50
LixZnTisOs (LZT) 1075 2556 | 72000 (1)11.20
Li2(Mgo95Ca0.05) TisOs 1075 2838 | 40000 | (+)14.20
Lix(Zno.95Ca0.05) TisOs 1075 27.06 | 51100 (-) 2.24
LMT + 1 LMZBS 950 2521 | 55000 (+)1.10
LMT +3 LMZBS 925 24.54 | 44000 (+)0.25
LZT +1LMZBS 925 2431 | 58000 (-) 14.4
LZT +3 LMZBS 900 2324 | 31300 (-)15.6
Cal(Liy 31\?(’?2{;1)0;;?02103'5 1175 386 | 21200 (+) 4.00
Cal(Liy 3T?gﬁ219§103’103'6 1200 36.0 | 29500 (-) 3.00
CLNT +5 wt% LBS 950 305 | 14700 (-) 18
CLTT + 12 wt% BZBS 950 320 | 9000 (-) 41
S?ﬁfﬂ’g Jo75Tozs] O 950 330 | 11500 () 2.0
f?%if;%ﬁ“ﬁﬁ&do&ﬁ 950 349 | 6500 (-) 6.0
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Table 8.4 Dielectric properties of high permittivity composites for
capacitor applications.

Composite Sintering Relf:lti‘ve‘e Dielectric Electri?a!
Material Temperature Permittivity | loss (tan 8) | Conductivity
(°C) (&) (1 MHz) (1 MHz) o (S/cm)
CLNT +0.3 Vs Ag 1150 260 0.002 107
CU\P& g v tfgLBS 925 129 0.002 107
CLI\P&;\VZ thgLBS 925 272 0.003 107
CU\FO; 85 v tz’gLBS 925 4x105 0.10 102
Epo’g’L;}%?’ Vi - 72.3 0.065 2.51x10+
CLElfI’;’Xer sz%i/:';g - 142 0.15 2.05x10°

The dielectric materials presented in this thesis extends from low
permittivity for substrate applications to high permittivity for resonator and
capacitor applications. The scope for the extension of work described in this
thesis lies mainly in two areas: Tape casting and fabrication of antennas.
First one is the tape casting of LTCC dielectric ceramics reported in the
present investigation. Design and fabrication of microstrip antenna using the
tape would be of great scientific and technological importance. It is intresing
to study the variation of antenna properties with the permittivity and loss
tangent of the various substrates. Hence fabrication of antennas on ceramic
polymer composites and investigating there properties are another topic to
be pursued.

Present work reports several temperature stable, low loss, high
permittivity ceramics. Design and fabrication of dielectric resonator
antennas having different geometries (Hemispherical and Conical) using
these ceramics and polymer-ceramic composite is also to be investigated.
The LioMgixZnkTizOs ceramics shows excellent microwave dielectric

properties at a low sintering temperature of 1075 °C. The effect of different
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synthesis methods such as hydrothermal, sol-gel, citrate-gel and co-
precipitation on the sinterability and microwave dielectric properties of
these ceramics and the possible substitution of Mg and Zn with Ni, Mn, Co

and Cu are also to be investigated.
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